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Nanomaterials (NMs) in Analytical Sciences

1.1 Introduction

Analytical science is the branch of science that finds solutions and improvement of
classical methods by fulfilling the demands for analytical information modeled by
modern economic and scientific society [1]. Analytical information is about describ-
ing chemical systems and determination of their components. Technically, analytical
information consists of two major components, i.e. analytical capabilities and ana-
lytical properties of the system to be analyzed. The measurement of upgrading of
an analytical method, characterization, and its results is called analytical capabil-
ities, while analytical properties can be of three different types, i.e. basic, princi-
pal, and socio-environmental. In the past, most of the developments are generally
focused on techniques and solving instrumental problems, and there was no scope
of socio-environmental aspects.

The rapid progresses of the microelectronic industry since 1960s established semi-
conductor preparation techniques to enhance the density of transistors in integrated
circuits. In 1980s, these techniques led to the first design and fabrication of the
microelectromechanical systems (MEMSs) [2]. With the introduction of microelec-
tronics and computer technologies, analytical science has undergone remarkable
expansions in terms of automation, miniaturization, higher sensitivities, and greater
precision and complete analytical effectiveness.

Nanotechnology is defined as the technology that appreciates and controls the
matter at dimensions between 1 and 100 nm, called nanomaterials (NMs). NMs have
received much attention in the past decade due to the novel physical and chemi-
cal properties associated with their size and shape [3-12]. Widespread applications
and outstanding performance of NMs not only have accelerated the development of
materials science but also offer many opportunities in other related disciplines and
have a significant impact on many fields of science, including chemistry, electron-
ics, optics, medicine, and bioanalysis. NMs possess different properties compared to
the same material in their coarser or bulk form. NM structures can be in the form
of particles, pores, wires, or tubes or combination of these. Unusual properties such
as high conductivity, greater heat transfer, higher melting temperature, exceptional
optical and magnetic properties, and super adsorbent, etc., provide NMs for a wide
range of novel applications [13-20]. The main objective of nanotechnology is to use
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these exceptional properties of NMs and develop new products, tools, and methods.
Nanotechnology can play an important role in analytical sciences. Principal design
and fabrication of NMs with the incorporation of interfacial elements would be of
paramount importance for the whole process of molecular analysis at present times
and near future. The objective of this chapter is to focus on recent developments
with different types of NMs in analytical sciences, i.e. sample preparation, separa-
tion, extraction, and identification techniques.

NMs can be highly selective materials when it comes to purification techniques.
During last few years, these have been intensively researched in all types of chro-
matographic techniques such as gas chromatography [21], liquid chromatography
[22], capillary chromatography [23], and membrane technology [24]. Overall, NMs
are proven extremely important and exhibited effective improvements over present
systems. However, obstacles to overcome them in separation sciences are the aggre-
gations, stability, safety, and economic issues.

This chapter provides an overview of NMs in analytical sciences. The chapter
starts with the description of the types of NMs including carbon nanotubes (CNTs),
fullerenes (FULSs), graphene, inorganic nanoparticles, and magnetic nanoparticles.
Then, various examples on the application of NMs are demonstrated.

1.2 Types of NMs

Unique properties of NMs and new methods for the analysis of NMs are strong areas
for research these days. NMs have initiated the development of new ways of perform-
ing target concentration and detection and new analytical methods and instrumen-
tation for measuring the properties of NMs. The optical and electronic properties
of NMs are often dominated by their surface chemistry, and this makes the task of
analyzing NMs immensely more challenging than bulk materials or homogeneous
solutions. A particularly intriguing incentive for developing new approaches to NMs
fabrication is the potential for creating new constructs with nanoscale order and
unique functional properties. NMs for analysis can be constructed with the manip-
ulation of one or more components.

1.2.1 Graphene

Graphene was discovered in 2004 by Professor Andre Geim and Professor Kostya
Novoselov from the University of Manchester [25]. Since then, many efforts were
put into the design and development of new graphene-based functional materials.
In addition, the Nobel Prize for Physics in 2010 was awarded to Geim and Novoselov
in the University of Manchester for their research on graphene [26]. The excellent
features of graphene make it the starting point of new technologies in many appli-
cation areas. Although graphene has a very low thickness, it is more robust than
the diamond and 300 times stronger than steel. It conducts electricity better than
copper, passes light, and bends without any deformation and can be put into any
desired shape. It also exhibits great features such as large surface area, high stability,
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and layered structure. These superior features of graphene make it as an excellent
NM in many applications such as separation processes, sensors, bioimaging, and
drug delivery [27-30].

Due to the large requirement for research and applications, there has been
much investment put into the development of methods to prepare the high-quality
graphene in bulk. The preparation methods can be classified into two categories,
one is “top-down” and the other is “bottom-up.” The former one is to break graphite
into graphene through approaches like mechanical cleavage, liquid exfoliation,
thermal expansion, and electrochemical exfoliation. The latter one is to synthe-
size graphene by the techniques such as chemical vapor deposition (CVD), arc
discharge, epitaxial growth on SiC, and unzipping CNTs [31-34].

1.2.2 Carbon Nanotubes (CNTs)

CNTs were first discovered by Ijima [35] in 1991 and were successfully employed for
different purposes in analytical sciences due to their mechanical, electric, optical,
and magnetic properties as well as their extremely large surface area [36, 37]. CNTs
are hollow graphitic materials composed of one or multiple layers of graphene
sheets: single-walled carbon nanotubes (SWCNTs) and multiwalled carbon nan-
otubes (MWCNTSs), respectively. The schematic depiction of the formation of
SWCNTs and MWCNTs by rolling of graphite layer is shown in Figure 1.1.

The synthesis of CNTs can be carried out by means of three main techniques:
CVD [39], laser ablation (LA) [40], and catalytic arc discharge (CAD) [41]. CVD
seems to be the most efficient approach for the synthesis of CNTs for analytical appli-
cations due to high purity and desirable tuning at low temperature. However, for
all the synthesis methods, the presence of different undesired by-products (such as
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Figure 1.1 The schematic depiction of the formation of SWCNTs and MWCNTs by rolling of
graphite layer. Source: Khan et al. [38]. © 2017, Elsevier.
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carbonaceous residues, amorphous carbon, metal impurities, and others) makes it
necessary to purify CNTs. To purify the synthesized nanotubes, different strategies
including chemical oxidation, physical separation, or combination of both chemical
and physical techniques have been employed so far. Chemical oxidation is a purifi-
cation system based on the fact that carbonaceous impurity residues are oxidized
sooner than CNTs. The main advantage is its easy use, but it should be noted that
the oxidation process affects the structure of the nanotube introducing functional
groups (hydroxyl, carbonyl, and carboxyl) and defects in the side walls. Physical
purification procedures are based on the different physical properties (such as size,
ratio, weight, electrical and magnetic characteristics, etc.) between impurities and
CNTs. Filtration, centrifugation, chromatography, and electrophoresis are the com-
monly employed techniques. The disadvantages of these procedures are: first, the
elimination of certain impurities is inefficient; second, a high dispersion of CNTs is
required; and third, only a low quantity of CNT can be purified.

The adsorption sites on CNTs are on the wall and in the interstitial spaces between
tubes. These sites are easily accessed for both adsorption and rapid desorption. The
impurity coverage on the CNT reduces their availability because the sorbate has
to diffuse through these impurities to reach the CNT. Moreover, the porous struc-
ture of impurities introduces mass transfer limitations, slowing both adsorption and
desorption. Understanding these characteristics is important for their application
separation media. The excellent features of CNTs, along with their nanoscale fea-
tures, make them ideal candidates for microscale devices for gas as well as liquid
phase analysis. In gas phase analysis, one can implement a micro-concentrator or
a micro-sorbent trap, which has been used in a variety of online chromatography
and sensing applications. The purpose of such devices is usually to act as a fast
pre-concentrator or to modulate the concentration of a stream for real-time monitor-
ing. They have been fabricated in small capillary tubing and also by micromachining
silicon and other substrates. The interesting liquid phase pre-concentrating applica-
tions are microscale solid-phase extraction (p-SPE) and solid-phase microextraction
(SPME).

Functionalization of CNTs offers a unique opportunity of altering the physical and
chemical characteristics of the CNTs [42, 43]. The presence of a covalently attached
functional group can alter the retention/affinity of the CNT surface and important
properties such as polarity, hydrophilicity, and other specific interactions. The func-
tional groups may also alter diffusional resistance and reduce the accessibility and
affinity of CNT surfaces for certain analytes. Functionalization also enhances inter-
action with polymers and other materials, thus facilitating the formation of com-
posites that can be used as pre-concentrating substrates. These include polymers
and sol-gel-type immobilization.

1.2.3 Fullerenes (FULs)

FULs have attracted considerable attention in different fields of science since
their discovery in 1985 [44]. Physical, chemical, and biological properties of
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Figure 1.2 The historical development of fullerenes and their derivatives since their
discovery. Source: Pan et al. [45]. © 2020, Elsevier.

fullerenes have shown their promising applications for future. It is inferred that
size, hydrophobicity, three-dimensionality, and electronic configurations make
them an appealing subject in chemistry. The historical development of fullerenes
and their derivatives since their discovery is illustrated in Figure 1.2.

FULSs are often accompanied with large amounts of soot; therefore, purification
is a necessary step before their real applications are realized. Purification of FULs
normally involves extraction from soot and then separation by liquid chromatogra-
phy. Additionally, other purification techniques, like elution on molecular sieves or
activated charcoal, gel permeation, and supercritical fluids purification, have also
been used.

FULSs are practically insoluble in water and generally tend to form aggregates in
aqueous media [45]. To disperse these in water, prolonged stirring for days is needed.
Addition of additives, e.g. surfactants, cyclodextrins, or sugar polymers, offer a pos-
sibility to disperse these in water more efficiently. FULs can also be dispersed in
water by first dissolving it in an organic solvent, then adding the solution to water
and evaporating-off the organic solvent.

Incorporation of FULs into polymeric materials to improve their processability
has become a common practice in applications. The unique properties of FULs,
such as their spherical shape, conjugated three-dimensional z-electronic sys-
tem, and the ability to exhibit donor-acceptor or n—n interactions, make them
attractive candidates for analytical applications [46]. As a result, these unique
NMs can be successfully employed as chromatographic stationary nanophases
in a wide temperature range (80-360°C), with good thermal stability and high
selectivity for aromatic compounds. Chemical functionalization of FULs is often
carried out to alter their chemical properties and/or improve miscibility with host
polymers.



6

1 Nanomaterials (NMs) in Analytical Sciences

1.2.4 Inorganic Nanoparticles

Inorganic NMs have received interest in analytical sciences because of the large
specific surface area, lower weight, excellent mechanical strength, and magnetism
[47-49]. However, in the field of sample preparation, only a few are prominent, while
others remain unexplored yet. The prominent ones are gold, silver, titanium, and
silica nanoparticles.

1.2.4.1 Gold and Silver Nanoparticles

Recent interest in the development of novel strategies for the generation of gold
nanoparticles stems from their potential applications in the fields of physics, chem-
istry, biology, medicine, and materials science. Gold nanoparticles coupled with tun-
able surface properties in the form of inorganic or inorganic-organic hybrid are
excellent platform for developing a broad range of analytical methods. Therefore,
depending on their size, shape, degree of aggregation, and nature of the protecting
organic shells on their surface, these can be engineered for individual and multi-
fold applications, including chemical sensing and imaging [50, 51]. First, the gold
core is essentially inert, and monodispersed nanoparticles can be synthesized with
core sizes ranging from 1 to 150 nm. Further versatility is imparted by relatively
simple functionalization via thiol linkages. Additionally, gold nanoparticles have
been shown to exhibit size-dependent optical properties, which make them candi-
dates for spectroscopic techniques such as surface-enhanced Raman spectroscopy
(SERS). Gold nanoparticle-based fluorescent probes have also been used in various
applications [52, 53]. The advantage of using gold nanoparticles in biological label-
ing is that visible light can be used to observe a color shift from red to blue when
it forms aggregates. The ability to synthesize Au nanoparticles of different size is
a great asset, for example, very small nanoparticles (4-6 nm) are essential for bio-
logical labeling, while SERS is typically carried out using relatively larger (around
35nm) particles. Because of their unique optical features, gold nanoparticles find
applications in many research fields. The coating of materials with gold nanoparti-
cles is extensively applied for the sampling of scanning electron microscope (SEM)
to enhance the electronic stream, which helps to achieve great SEM images with
high quality.

Silver nanoparticles have attracted a great deal of attention in recent years due
to their optical, physical, and chemical properties that differentiate them from
corresponding bulk properties [54]. Hence, they have found many applications
in catalysis, photonics, optoelectronics, information storage, and antibacterial
materials. Silver powders, having ultrafine and uniformly distributed particle size,
are of considerable use in the electronics industry as thick film conductors in
integrated circuits due to their unique properties such as high electrical and ther-
mal conductivity and high resistance to oxidation. Silver nanoparticles are also
important SERS-active substrates that significantly enhance Raman intensities [55].
Currently, there are many kinds of silver-based SERS substrates, such as charged
silver colloidal solution, acid-etching silver foil, metal island film formed through
thermal evaporation, laser-ablated silver plate, etc.
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1.2.4.2 Titanium Nanoparticles

Titanium dioxide (TiO,) is one of the most widely used of the NMs and has found
wide ranging applications such as heterogeneous photocatalysis and energy con-
version, etc. [56, 57]. TiO, naoparticles (NPs) are normally synthesized by sol-gel
process, hydrothermal methods, and also high-energy methods such as laser pyrol-
ysis/ablation, CVD, and plasma methods. Interest in Titania in analytical chemistry
arises from its high chemical stability and cost-effectiveness. Strong oxidizing power
of the holes, redox selectivity, high photo-stability, and easy preparation make TiO,
a powerful candidate as an efficient adsorbent.

1.2.4.3 Silica Nanoparticles

Mesoporous silicas are composed of a honeycomb-like porous structure with
hundreds of empty channels (mesopores) that are able to absorb/encapsulate
relatively large amounts of analytes. Unique properties, such as high surface
area (>900 m? g1), large pore volume (>0.9cm? g=1), tunable pore size with a
narrow distribution (2-10nm), and good chemical and thermal stability, make
them attractive for various sample preparation applications. Silica nanoparticles
have gained great interest for use as sorbents, separation media in chromatography,
and membrane separation [58, 59]. For mesoporous silica materials, it is difficult
to separate the small particles from liquid. Therefore, these normally incorporate
some functionalization, which provides nanosilica immobility, mechanical stability,
and water insolubility.

1.2.5 Magnetic Nanoparticles

Magnetic nanoparticles are interesting advanced materials and have gained great
attention among researchers from a wide range of disciplines in science [60-63].
Magnetic nanoparticles were successfully applied for different applications such as
magnetic fluids [64], catalysis [65], magnetic resonance imaging [66], and environ-
mental remediation [67, 68]. Magnetic nanoparticles exhibit superparamagnetic fea-
ture which can be attracted to a magnetic field, but retain no residual magnetism
after the field is removed. Thus, it is very easy to separate these magnetic nanoparti-
cles adhered with target compound(s) from complex matrices such as environmen-
tal, food, and biological samples by using an external magnetic field. There is no
centrifugation or filtration step needed during this process. However, an unavoidable
drawback associated with these nanoparticles in this range of their size is instabil-
ity of these magnetic nanoparticles that tends to cause formation of agglomerates
in the sample solution. Moreover, naked metallic nanoparticles are highly chemi-
cally active and can easily be oxidized in air that leads to loss of their dispersibility
and magnetism feature. Therefore, it is important to design and develop protec-
tion approaches for the chemical stabilization of the naked magnetic nanoparticles.
These approaches for the modification of the surfaces of magnetic nanoparticle com-
prise grafting technique or coating with an inorganic layer such as carbon or silica
or coating with organic compounds including polymers and surfactants [69].
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1.3 Applications of NMs

1.3.1 NMs in Separation Processes

NMs can be successfully employed in separation processes. For example, gold
nanoparticles were successfully applied in the capillary electrophoresis (CE)-based
analysis due to the improved separation resolutions [20]. These nanoparticles also
behave as a pseudo-stationary phase in the existence of poly(ethylene oxide) (PEO)
for the efficient separation of double-stranded DNA. The interaction between PEO
and DNA molecule is increased in the existence of nanoparticles thereby enhancing
the sieving ability of PEO without any change in its viscosity. The separation
of acidic and basic proteins using a capillary filled with surfactant-capped gold
nanoparticles was also reported [70] along with great separation efficiencies
toward various target compounds [71]. A facile approach was developed and
demonstrated for the fabrication of highly effective separation columns coated
with octadecylamine-capped gold nanoparticles for open tubular capillary gas
chromatography [72].

Monodispersed silica nanotubes having desired size and shape were designed
and successfully prepared by using template-assisted synthesis approach. These
developed nanotubes have inner voids that can be filled with various compounds
varying from large protein molecules to small molecules, and the inner and outer
surfaces of the nanotube can be efficiently functionalized. One of the interesting
applications of the nanotubes is the nanophase extractor for the efficient removal
of small compounds from the solution. Because the outer surface of the nanotubes
exhibits hydrophilic feature and inner surface shows hydrophobic behavior, these
NMs are promising candidates for the efficient extraction of the lipophilic com-
pounds from the aqueous samples. The nanotube functionalized with antibody
enables an ultimate extraction selectivity. The antibody produced against the drug,
4-[3-(4-fluorophenyl)-2-hydroxy-1-[1,2,4]-triazol-1-yl-propyl]-benzonitrile ~ (FTB),
selectively binds to the RS enantiomer and the Fab fragments of the antibody
are immobilized on the inner and outer surfaces of the silica nanotubes [73]
(Figure 1.3).

1.3.2 NMs in Biomedical Applications

Nanotechnology addresses these issues by designing and applying NM-based
drug delivery systems that are capable of achieving enhanced biopharmaceutical
features by altering the biopharmaceutical and pharmacokinetics features of the
target pharmaceutical compound. Various NMs such as polymeric nanoparticles,
liposomes, nanoemulsions, micelles, and dendrimers can be successfully used
as nanodrug delivery systems (Figure 1.4). With the innovative nanoscience-
and nanotechnology-based approaches, NMs having different functionalities,
shapes, and distinct physical, chemical, and biological features were designed and
developed for the successful applications in the pharma industry.

The functionalized NMs exhibit biomimetic features since they can change their
unique features that enable them to be applied in drug delivery and self-healing
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Figure 1.3 Color dependence of various gold-based nanomaterials on their shape and size.
(a) Gold nanorods, (b) silica—gold core-shell nanoparticles, and (c) gold nanocages. The
intense color of these nanoparticles arises from the collective excitation of their conduction
electrons or surface plasmon resonance modes. (d) Optical dark-field scattering micrograph
of gold nanorods. Source: Dreaden et al. [74]. © 2020, Royal Society of Chemistry.
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Hussain [75]. © 2020, Elsevier.

materials [76]. The examples include the application of polymeric NMs as artificial
muscles that can contract and return to original shape when short-circuited. These
can replicate muscular action and can have strong visual effects.

One of the interesting and promising research fields is the designing and
development of NMs whose structure and chemical features are responsive to the
biocatalytic action of natural enzymes. Enzymes play a crucial role in all metabolic
and biological processes, and their dysregulation is a feature of many diseases.
Therefore, the NMs can efficiently sense these enzymes in the physiological
environment and behave as an effective and promising tool for therapeutic and
diagnostic applications. Various examples of enzyme-responsive NMs are polymeric
NMs [77], phospholipids [78], and inorganic NMs [79]. Functional mesoporous
silica nanoparticles (MSNs) were successfully designed and prepared by using
alkoxysilane tether, a-cyclodextrin, and multifunctional peptides to target tumor
cells and decrease the side effects of doxorubicin (DOX), which is an antitumor
drug. The multifunctional peptides were composed of the cell-penetrating peptide
of seven arginine (R7) sequences, an enzyme-cleavable peptide of Gly-Phe-Leu-Gly
(GFLG peptide), and a tumor-targeting peptide of Arg-Gly-Asp-Ser (RGDS peptide).
When MSNs loaded with DOX are incubated with tumor cells and normal cells, the
nanoparticles could efficiently target tumor cells through the specific interactions
between RGDS and integrin receptor o, f; overexpressed on tumor cells, followed
by penetrating cell membrane with the aid of R7 sequence. Once DOX-loaded silica
nanoparticles penetrate into the cellular membrane, the antitumor drug DOX is
quickly released because of the breakage of GFLG peptide cleaved by cathepsin
B, resulting in increased antitumor activity [80]. This effective enzyme-responsive
nanoparticle-based drug delivery system exhibits an excellent potential in the area
of nanomedicine (Figure 1.5).

Among various applications of NMs, the most promising applications are in the
area of biomedical sciences. These interesting applications have crucial effects on
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Figure 1.5 The schematic representation of the (a) functionalization procedure of the
MSNs, (b) MSNs loaded with DOX under physiological conditions, (c) RGDS targeted to the
tumor cell, (d) endocytosis into a specific tumor cell, () Cathepsin Benzyme-triggered drug
release in the cytoplasm, (f) apoptosis of the tumor cell. Source: Cheng et al. [80]. © 2015,
American Chemical Society.

the human health since these NMs are targeted toward the diagnostic techniques
for disease which are fast and low cost. To decrease the side effects and increase the
therapeutic effects, the pharmaceutical compounds should be selectively targeted
at the disease site and accumulated for a prolonged time in the body. Drug release
refers to the design and development of efficient approaches, techniques, and formu-
lations required to transport any pharmaceutical compound safely within the body
to obtain the efficient therapeutic effects [81]. In this regard, NM-based drug release
systems have opened new opportunities in the area of medicine. NM-based drug
release systems accumulate and bind specifically to the disease target with controlled
release behavior. The careful design and preparation of these NMs as effective drug
carriers should address various key issues [82] such as biodegradability and biocom-
patibility, high stability at physiological pH values, excellent drug-loading capacity
without any toxicity, and industrial production of these NMs in large scale for clinical
applications. The stimuli-responsive drug release systems deliver the drug at specific
tissues in the systematic administration. These do not freely extravasate during the
blood circulation and are released at the targets where the nanocarriers accumulate
by active or passive targeting strategy [83].
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An immunoassay is a biochemical technique that is efficiently applied in the
detection of the concentration of a small molecule or a macromolecule in a sample
solution by using an antigen or an antibody. In this approach, the key issue is to
obtain a measurable signal in response to a binding effect. Screen-printed electrodes
have attracted great attention as immunosensors because of their unique features
such as miniaturized dimension, low-cost and facile fabrication, and large-scale
production. A single drop of sample, i.e. only a few microliters of a sample solution,
is used to conduct all the immunological stages, thereby decreasing the consump-
tion of the reagents. Screen-printed electrodes can be successfully coated with
nanoparticles that increase the sensitivity of these electrodes [84]. In an interesting
study, screen-printed electrode was modified with silver nanoparticles and effec-
tively applied for the preliminary screening of cystic fibrosis that is a common
genetic disease caused by the autosomal recessive gene known as the cystic fibrosis
transmembrane conductance regulator gene [85]. It affects multiple organs such as
lungs and intestines, which causes the irregular transport of chloride and sodium
ions across the epithelial cells [86]. It has been reported that the oxidation of
silver is sensitive to concentration of chloride ions [87]. Sweat chloride levels are
important for the effective diagnosis of cystic fibrosis. A layer of silver nanoparticles
is deposited on the working electrode and anodically stripped off to generate silver
cations. The anodic stripping voltammetry of silver nanoparticles yields a single
silver oxidation peak in the absence of chloride ions, whereas two voltammetry
stripping peaks (one for AgCl and other for the oxidation of Ag to Ag(I) ions) are
obtained observed in the existence of chloride ions. The silver chloride peak is used
for the quantitative determination of chloride concentration [88].

On the other hand, Parkinson’s disease and Alzheimer’s disease are the most
common neurodegenerative diseases that affected 1.6% of the world population
and around 26 million people, respectively [89, 90]. This has posed a growing
challenge for the patients, clinicians, care givers, and society. The current treatment
approaches rely on the clinical symptoms of the diseases, and therefore, the
efficient diagnostic techniques depend on the proficiency of the treating physician.
Nanoparticle-based sensor systems are successfully applied to distinguish groups of
Parkinson’s disease and Alzheimer’s disease patients from a healthy control group.
The diagnostic approach relies on the identification of patterns of volatile organic
compounds in the exhaled breath [91]. The disease-related changes in the blood
chemistry may be transmitted to the alveolar exhaled breath through the lungs even
in the initial stages of the disease. The nanoparticle-based sensor undergoes fast
and reversible changes in electrical resistance on being exposed to characteristic
volatile organic compounds. Thus, breath prints can be the basis for the design and
fabrication of facile, low-cost, non-invasive biomarker using nanoparticle-based
sensor systems [92].

1.3.3 NMs in Sensor Platforms

Graphene and graphene-based nanocomposite materials were successfully applied
in sensor applications. For example, Kong et al. reported the preparation of
a nanocomposite material composed of reduced GO and Au/Ag bimetallic
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nanoparticles for the sensitive detection of daunorubicin in human serum samples
[93]. In this study, the prepared nanosensor showed high recognition behavior
toward the target compound daunorubicin in a linear concentration range between
0.01 and 15 pg mI~t. The detection limit was obtained as 3 ngml~.

In another important study conducted by Arumugam and Kim [94], the sensitive
recognition of ascorbic acid in aqueous samples was successfully carried out by using
the prepared GO modified with CdSe and ZnS quantum dots. In their study, the pre-
pared GO-based nanosensor displayed great affinity and sensitivity for the ascorbic
acid, and the detection limit was achieved as 568 pM.

GO and GO-based NMs were also successfully applied for the selective recogni-
tion and removal of various pollutants from environmental samples. For example,
Ghorbani et al. prepared GO functionalized with ethylene diamine for the removal
of Cd(II) and Pb(II) ions from wastewater samples [95]. The effects of various factors
such as the amount of the adsorbent, shaking rate, pH, and time on the extrac-
tion behavior of the prepared ethylene diamine-functionalized GO toward the target
ions were investigated. The obtained results confirmed that the prepared ethylene
diamine-functionalized GO successfully removed the target Cd(II) and Pb(II) ions
from wastewater samples. The extraction percentages for Cd(II) and Pb(II) ions were
achieved as 99.4% and 99.6%, respectively.

In another important study conducted by Keshvardoostchokami et al. [96], GO/Ag
nanocomposite was developed for the efficient removal of an insecticide pollutant
imidacloprid from water samples. The obtained results showed that approximately
63% of the target insecticide imidacloprid was removed from 50 ml water sample
containing 10 mg1~! by using 30 mg GO/Ag nanocomposite.

On the other hand, molecularly imprinted polymers (MIPs) are highly selective
polymeric materials that mimic the shape-specific binding mechanism which is
found naturally occurring in the biological structures (i.e. 3-D binding site of an
enzyme or the glycoprotein recognition sites in antibodies). However, since they are
designed and prepared from artificial polymers, MIPs display the same robustness
and adaptability found in sensors constructed from artificial materials. MIPs as
biomimetic recognition components efficiently combine the accuracy and highly
specific binding affinity of a sensor system toward the target compound(s), with the
great reusability and robustness [97-105].

The chemiluminescence technique is extensively applied in a number of areas
because of its great sensitivity toward the target compound(s). However, it has some
drawbacks such as low selectivity. Thus, one of the most crucial and urgent fields
of the researches is to design and develop new systems having improved selectivity.
Many efforts were put to overcome this significant problem. The combination
of the chemiluminescence technique and molecular imprinting technology is
a powerful approach that can be successfully applied for the development of
molecular imprinting-based spectroscopic sensor systems toward pharmaceuticals.
For example, Zor et al. prepared a photoluminescent sensor system composed of
magnetic silica, photoluminescent graphene quantum dots (GQDs) and molecu-
larly imprinted polypyrrole for the sensitive recognition of pesticide tributyltin that
exhibits genotoxic feature and lead to increase in endocrine disruptions [106]. In
their research, tributyltin was chosen as the template compound for the synthesis
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of selective MIP. The developed photoluminescent composite nanosensor based
on molecular imprinting was effectively employed for the selective and sensitive
recognition of tributyltin in sea water and water samples. The achieved limit of
detection values for tributyltin in sea water and water samples were 42.56 and 12.78,
respectively.

On the other hand, in the fluorescence-based detection of the target com-
pound(s) by using molecular imprinting-based nanosensors, appropriate functional
monomers having fluorescence feature are chosen for the development of molecular
imprinting-based fluorescence sensor systems [107]. Once the target compound(s)
selectively binds to recognition sites of the molecular imprinting-based sensor,
intensity of the fluorescence rises or reduces depending on the design of the
imprinted nanosensor.

In another interesting research carried out by Zhang et al. [108], a fluorescence-
based nanosensor composed of ZnS/CdSe quantum dots has a selective MIP layer
toward carbaryl which is an insecticide. The researchers successfully applied this
nanosensor for the effective recognition of carbaryl in food samples including rice
and cabbage. The achieved outputs from the experiments for the fluorescence-based
detection of the target insecticide carbaryl displayed that the fluorescence-based
imprinted nanosensor showed excellent recognition behavior and selectivity for car-
baryl in the existence of its anologues such as isocarb and metolcarb.

In a research reported by Masteri-Farahani et al. [109], a molecular imprinting-
based fluorescence nanosensor was developed for the efficient detection of
methamphetamine, which is a quite addictive and illegal psychostimulant drug.
For this purpose, they embedded GQDs into the MIP particles as schematically
illustrated in Figure 1.3a. The obtained outputs showed that the developed molec-
ular imprinting-based fluorescence nanosensor can sensitively and selectively
recognize methamphetamine even in the existence of other similar compounds
(i.e. ibuprofen, amphetamine, morphine, and codeine). The detection limit was
achieved as 1.7 pg171.

Liu et al. prepared a sensitive molecular imprinting-based fluorescence
nanosensor for the recognition of metronidazole in serum samples [110]. In this
research, first, carbon dots (CDs) were synthesized using longan peels by applying
high-pressure microwave approach. Then, the preparation of CDs-embedded MIPs
was carried out by using the functional monomers acrylamide (AM) and glycidyl
methacrylate (GMA), cross-linker ethylene glycol dimethylacrylate (EGDMA),
and initiator 2,2’-azobisisobutyronitrile (AIBN) as schematically illustrated in
Figure 1.4.

The developed molecular imprinting-based fluorescence nanosensor was
employed for the sensitive and selective recognition of metronidazole in serum
samples. The achieved sensor response toward metronidazole was linear in
the range from 50 to 1200ngml™, and the limit of detection was obtained as
17.4ngml~t.

In a work performed by Jalili et al. [111], penicillin G in milk samples was
successfully detected by using the molecular imprinting-based fluorescence
nanosensor having CDs. In their work, first, the synthesis of silica nanoparticles
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Figure 1.6 (a) The scheme of the preparation of molecular imprinting-based fluorescence
nanosensor for methamphetamine. (b) Fluorescence quenching of molecular
imprinting-based nanosensor in the existence of methamphetamine. Source:
Masteri-Farahani et al. [109]. © 2020, Elsevier.

embedded with blue-emissive CDs was performed. Then, MIP film was formed on
the surface of the prepared nanocomposite (CDs@silica nanoparticles) by using
3-aminopropyltriethoxysilane (APTES) and tetraethoxysilanz (TEOS) as functional
monomers. The prepared molecular imprinting-based fluorescence nanosensor
having CDs displayed excellent sensitivity toward penicillin G. The obtained sensor
response was linear in the range between 1 and 32nM. The limit of detection was
found as 0.34 nM (Figure 1.6).
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Figure 1.7 The scheme of the preparation of molecular imprinting-based fluorescence
nanosensor for the recognition of metronidazole. Source: Liu et al. [110]. © 2019, Elsevier.

Stoian et al. developed a molecular imprinting-based electrochemical sensor for
the selective and sensitive recognition of an antibiotic azithromycin in biological
samples including tears, plasma, and urine samples [112]. For this purpose, the elec-
trode position of the selective MIP layer was carried out on the surface of a glassy car-
bon electrode as schematically demonstrated in Figure 1.7. The functional monomer
3-thienyl boronic acid and cross-linker 2,2’-bithiophene were used for the forma-
tion of MIP layer on the electrode surface. The fabricated electrochemical sensor
displayed excellent response toward the target antibiotic azithromycin in a linear
range from 13.33nM to 66.67 pM. The limit of detection was obtained as 0.85nM
(Figure 1.8).

1.4 Conclusions

NMs offer unique opportunities for designing ultrasensitive (bio)sensors and analyt-
ical assays. The broad potential of multifunctional nanoparticles for (bio)molecular
recognition events and separations are required.

The remarkable sensitivity of the new multifunctional nanoparticle-based
sensing protocols opens up the possibility for detecting disease markers, biothreat
agents, chemicals, or infectious agents that cannot be measured by conventional
methods. The use of multifunctional nanoparticles for detecting proteins is still in
its infancy (most of the work has been focused on separations), but the experience
gained in ultrasensitive DNA detection may provide a useful starting point. Despite
analytical research in the field is active, there is still much space to explore and to
explain tremendous opportunities and significant challenges to be afforded. For
example, whereas present work is more concentrated on multifunctional magnetic
nanoparticles, very few studies on multifunctional gold nanoparticles or quantum
dots (QDs) are still appearing. Probably, the most prominent advantage of multi-
functional magnetic nanoparticles over others lies in the fact that the particles can
be easily functionalized and magnetically manipulated using permanent magnets
independent of normal chemical or biological analysis.
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The challenges of processing nanoparticles easily and their multifunctional-
ization with (bio) molecules or other nanoparticles in a biological and chemical
friendly manner are just beginning to be addressed. Just starting with the base
nanoparticle, one of the most significant barriers along the road is the poor
reproducibility and the wide range of size distribution of nanoparticle product
synthesized from wet chemical methods. Improved synthetic methodologies that
can lead to true monodispersity and satisfactory reproducibility of nanoparticles
with well-controlled shape remain to be developed. On the other hand, nanoparti-
cle surface modification is also a critical step for protecting the nanoparticle core,
improving aqueous dispersibility and obtaining appropriate surface multifunction-
ality for the development of highly sensitive and selective “nanosensors.” Even,
from a physicochemical point of view, clear and quantitative characterizations
of the surface chemistry of the nanoparticles should be provided in terms of the
number of surface reactive functions that are effectively present at the surface of
the particles.

The rapid advancement of imaging technology over the past decade has opened
opportunities for the design of specific and multifunctional nanoprobes for medical
and pharmaceutical applications such as molecular imaging, drug delivery, target-
ing, and cancer research, some of which can be considered analytical. The use of
multifunctional nanoparticles would have advantage for preoperative tumor assess-
ment and intraoperative surgical guidance for the tumor tissue resection. Whereas
successful experiments were conducted in vitro, progress in practical applications of
these multifunctional nanoparticles may be slow, particularly due to the unknown
effects of nanoparticles in human health.

The development of novel multifunctional NMs and the exact investigation
of their performance characteristics open the way to new analytical devices in
the future. It is a highly multidisciplinary area, requiring a range of scientific
knowledge, from inorganic/organic chemistry involved in the preparation of
different types of nanoparticles, through chemistry and biological sciences to allow
for their functionalization and, of course, the basic physics of optics and magnetic
materials. It is now generally recognized that nanotechnologies and biosciences
will be one of the leading and most promising areas of research and development in
the twenty-first century. We believe that multifunctional nanoparticles could play a
very important role in these developments.

A wide number of novel applications of carbon-based NMs have been recently
reported. Besides chemical composition, size and shape are probably the most
important variables identified. In addition, the hydrophobicity of the surface
(affected by the number of functional groups) plays a key role in the optical, electro-
chemical, and adsorptive properties of carbon-based NMs and should be carefully
evaluated. Typically, hydrophobic particles can be used to enhance nonspecific
interactions (via increases in surface area) with organic molecules. On the other
hand, highly derivatized carbon-based surfaces provide excellent platforms to
develop applications based on electrostatic and specific interactions.

Although there is an incredible volume of literature supporting the use of
carbon-based NMs, researchers should carefully assess the properties of such
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materials before claiming exceptional behavior. Additionally, while the main focus
of reports published in past years has been the use of CNTs, this trend may change as
researchers develop new types of carbon-based materials. Among them, graphene
was identified as one emerging allotrope that could play a fundamental role in
the preparation of future sensors. All things considered, the use of carbon-based
nanoparticles in analytical chemistry has been obviously advantageous and has
enabled the integration of analytical chemistry with a large number of fields.
Although today the use of nanotechnology in analytical chemistry has a fairly
young approach that mixes art, intuition, and science, many researchers around the
world have recognized the utility of NMs. We believe that the analytical applications
of carbon-based NMs will continue to rise and will soon develop into a mature and
independent field. Materials science has always been an exciting research area.
There are two capabilities of advanced materials science and technology that we
found fascinating always. The physico-chemical properties of materials can be
controlled via structural designs or manipulation of physical dimensions, as well
as through incorporation of suitable components within the materials or modifica-
tion of their surfaces. When incorporated appropriately into analytical chemistry,
advanced materials ought to enhance performance levels of many existing analytical
techniques or create new exciting techniques derived from novel applications and
exploitation of unique properties of these advanced materials. Analytical chemistry
is progressing toward analysis at the molecular level, whereby interfacing materials
that interact directly with analytes will play increasingly important roles. In the
same way, extensive research that interfaces between nanomaterials and analytical
techniques will be very important in near future.
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