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INTRODUCTION

Analytical science is related to the development and application of techniques for detection of
analytes, characterization of composites, analysis of samples, and monitoring of chemical and
biochemical systems. It has played significant roles in the studies of physical, life, material,
environmental, food, medical, and sustainability sciences. In recent years, we have witnessed
various techniques for single-cell analysis, screening of circulating tumor cells, viral diagnostics,
detection of radioactive substances and explosive compounds, screening and identification of abused
drugs, tracking contaminants and chemicals to ensure water quality and food safety, the study of
omics, and characterization of synthetic polymers and nanomaterials. For example, various
analytical techniques, such as reverse transcription polymerase chain reaction (RT-qPCR), loop-
mediated amplification (LAMP), and clustered regularly interspaced short palindromic repeats
(CRISPR) assays have been applied for sensitive and specific detection of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) that causes COVID-19 disease (Huang et al., 2020; Wang
et al., 2021). LAMP is attractive because there is no need for temperature cycling and it provides
extremely high sensitivity (down to fM) with fluorescent, electrochemical, or electroluminescent
signal transduction. To minimize the threat of pandemics, vaccines against pathogens such as Zika
virus and SARS-CoV-2 have been developed. For quality control and safety of vaccines, many
analytical techniques such as sampling, purification, high performance liquid chromatography
(HPLC), and gene expression profiling are needed.

To meet the requirement of various studies and needs of society, analytical techniques must be, in
general, sensitive, selective, fast, accurate, and simple. The instruments must be cost-effective, easy to
operate and maintain, compact (portable ideally), suitable for the analysis of various samples, and
available to provide wide dynamic ranges for quantitation of analytes. Analytical techniques are
chosen mainly based on the purpose of the study, equipment available, properties of the analyte, and
nature of the sample. For example, optical techniques that provide high temporal and spatial
resolution are commonly applied for cell tracking. To improve reproducibility, efficiency, and
accuracy of the cell studies, the sequential cell images are then subjected to computational object
tracking to track cells events over time and to obtain signals from each object. When in-vivo
monitoring of drug function is the aim, nonconstructive optical techniques allowing deep
penetration from the surface are usually carried out. In this case, materials that can absorb light
and generate optical signals like fluorescence in the infrared (IR) or near IR (NIR) regions are
suitable. For environmental analysis and forensics, portable and low-cost on-field analytical
instruments are ideal.

To provide high specificity and sensitivity for quantitation of various analytes, nanomaterials with
high electrochemical activity and conductivity have become more popular in developing
electrochemical sensing systems (Wongkaew et al., 2019). Many nanomaterials-based functional
electrodes have shown their potential in various fields; for example, fuel cells, removal of
contaminants from polluted water, and degradation of toxic chemicals in the air. Nano or micro
devices have gained more attention in biological analysis, with advantages of use of small sample
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volume, consumption of extremely low amounts of reagents and
solvent, high resolution, and rapidity. Many of them have been
applied for differentiation of cancer cells from normal cells,
quantitation of circular tumor cells, study of cell-to-cell
interaction in the single-cell level, and detection of trace
biomarkers (Chen C.-H. et al., 2020). Mass spectrometry (MS)
providing high sensitivity and wide linear dynamic ranges makes
it suitable for the quantitation of chemicals of interest in
environmental and biological samples. Hyphenated techniques
such asMS in conjunction with capillary electrophoresis or HPLC
have shown potential in various studies such as omics and
pharmaceutical analysis, with advantages of automation,
rapidity, high resolution, and sensitivity. Nanoscale and
microscale electrophoresis systems in conjunction with MS
have gained more attention in biological studies, like detection
of single cells, bacteria, and viruses. MS integrated with other
techniques such as nanospray desorption electrospray ionization
plays a strong role in many studies such as molecular profiling
and quantification of endogenous species in single cells
(Bergmana and Lanekoff, 2017). In the last decade, we have
also witnessed more important roles for artificial intelligence (AI)
in analytical science.

In the last twenty years, many nanomaterials-based analytical
techniques have emerged as powerful analytical tools for various
applications (Huang et al., 2007; Lan. et al., 2010; Lee et al., 2014;
Roy et al., 2015; Chen et al., 2021). For example, gold
nanoparticles and nanoclusters have been used to develop
sensitive and selective probes (Chen et al., 2016); Fe3O4

nanoparticles are useful and efficient adsorbents for the
concentration of analytes of interest and for removal of
potential interfering species; TiO2 and HgTe nanoparticles that
can absorb laser light efficiently are effective matrixes to enhance
laser desorption/ionization efficiencies of various analytes like
proteins in MS (Chiang et al., 2011); Ag nanoparticles and Te-Au
nanowires as substrates have been used to develop sensitive
surface enhancement Raman scattering techniques for
detection of chemicals, proteins, DNA, and bacteria (Lin et al.,
2011); SiO2 nanoparticles have shown their potential as coating or
packing materials to improve separation performance in HPLC,
gas chromatography (GC), and capillary electrophoresis.
Antibody-functionalized nanomaterials have become popular
for the detection of various analytes, bacteria, and cancer cells
(Huang et al., 2018). Many selective and sensitive sensing systems
using aptamers alone or in conjunction with nanoparticles are
specific and sensitive in the quantitation of DNA, proteins, small
analytes, and cancer cells (Huang, et al., 2005). Aptamer-
functionalized nanoparticles such as Au and graphene have
been widely used in developing sensitive and selective
fluorescent, Raman scattering, electrochemical, and
electrochemiluminescent probes for various analytes. Besides
aptamers, DNA nanostructures (Li C. et al., 2021) with/
without applying signal amplification strategies such as rolling
circle amplification, strand displacement amplification, and
signal-mediated amplification (Li et al., 2021) have been
demonstrated for the detection of low amounts of analytes like
microRNA. Their sensitivity can be further improved when
combined with nanomaterials. By taking advantages of the

high catalytic activity of nanomaterials such as Ag, Ag-Au, Pt,
and CeO2 NPs and carbon dots, many nanozymes have been used
to develop sensitive electrochemical, fluorescent, and colorimetric
assays for the detection of important analytes such as glucose,
Hg(II), DNA, and proteins (Cheng et al., 2016; Wei et al., 2020).

Although many analytical techniques have been applied
successfully for many studies, they sometimes are not ready to
meet emergent crises such as a pandemic outbreak, spread of live
hazards, release of radioactive substances, and illegal additives in
food. To face these challenges, analytical chemists must work
closely with experts from different fields such as engineers,
clinicians, and/or health practitioners to develop sensitive,
selective, low-cost, and portable analytical systems in a short
period of time. The analytical systems must also be user-friendly,
allow rapid analysis, and only require small amounts of reagent/
solvent. In addition to unexpected issues, significantly different
natures in samples, matrixes, analytes, and instruments make it
difficult to address all possible challenges that analytical science
will face. To highlight the importance of analytical science for
fundamental study and to meet societal needs, some challenges as
examples will be discussed briefly in the following.

SCREENING OF PATHOGENS

Development of pathogen sensors is important to minimize life
threat and to reduce societal cost due to the outbreak of pathogens
such as influenza and SARS-CoV-2. The sensors must be
selective, sensitive, low-cost, and easy to operate, which can be
utilized in the field, clinics, and ideally homes. Colorimetric,
electrochemical, fluorescent, and light scattering techniques are
good candidates to be used in the sensing systems. Before
developing ideal sensing systems for a new and emerging
virus/bacteria-causing pandemic, DNA/RNA sequences of the
virus/bacteria, and IgM and IgG antibodies that can be produced
days to weeks following exposure to the virus/bacteria must be
provided. This usually puts great pressure on the lab to have them
ready for the public in a short period of time. Although RT-qPCR
tests with a fluorescence detection mode can be developed in a
short period of time, they require specialist training to operate
and are usually expensive and time-consuming. Immunoassays
with colorimetric, fluorescent, or electrochemical detection
modes are more suitable for on-field analysis, mainly because
of their simplicity in operation. However, poor sensitivity, false
results, and matrix interference are sometimes problematic. For
this reason, they are usually for screening purposes; the samples
with positive results are further subjected to PCR tests or MS
analysis. Although nanoparticles functionalized with expensive
antibodies have been shown to be effective in enhancing
sensitivity, their preparation in a short period of time and at a
large scale to be ready for a point-of-care (POC) purpose is
unrealistic. Stability and high specificity of the functional
nanomaterials toward analytes in complicated samples are
another issue. Alternatively, lateral flow assays (LFA), taking
advantage of nucleic acid amplification like isothermal
recombinase polymerase amplification (RPA), and the
specificity of CRISPR and its associated proteins (Cas) have
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become popular for detection of pathogens. For example, a RPA-
CRISPR/Cas9 LFA with a fluorescent detection mode shows
sensitive and selective detection of SARS-CoV-2 (Osborn
et al., 2021). However, cost, analysis time, false positive and
negative results, and complicated operation procedures are
concerns before CRISPR/Cas LFA assays with nucleic acid
amplification can be ready for POC. To save lives and prevent
over run in healthcare facilities, global collaboration to develop
simple, sensitive, cost-effective, and accurate pathogen diagnostic
tests is needed. It will be more efficient without political
interference, which is also a challenge sometimes.

FOOD SAFETY

Many analytical techniques such as chromatography or
electrophoresis in conjunction with MS, UV-vis absorption,
and/or fluorescence have been commonly applied to ensure
food safety. For samples containing extremely low amounts of
analytes and/or complicated matrixes, sample pretreatment using
liquid-liquid extraction, solid-phase extraction, solid-phase
microextraction, and solvent trapping are usually applied.
However, low recovery efficiency and low extraction
percentage are usually problematic. On the other hand, it is
very challenging to detect trace analytes from small amounts
of complicated samples. Sometimes, multiple chromatography
separation (e.g., reversible-phase HPLC and ion-exchange HPLC)
with an extremely sensitive MS systemmay be possible. However,
such a system may not work successfully for the analysis of
samples contaminated with commercial insecticides and
pesticides that contain many active chemicals, each at a
concentration under their legal limit. To ensure food safety, it
is important to utilize chromatography-MS systems, allowing
detection of all active chemicals. It is even more challenging when
the trace analyte is unknown. In addition, most of the HPLC-MS
techniques are developed for the analysis of organic compounds;
techniques allowing detection of different types of analytes such
as large-molecular-weight surfactants and plastic microbeads are
urgent. Because of the high cost of the systems and their
maintenance, and the requirement of experienced operators,
they are not suitable for use at home.

Low-cost sensing systems such as enzyme-linked
immunosorbent assays in an LFA or array configuration are
common and more affordable for screening of potential food
contaminants such as pesticides and bacteria. Common detection
modes include colorimetry, electrochemistry, fluorescence, and
Raman scattering spectroscopy. They may provide enough
sensitivity for detection of food contaminants, but problems
are usually raised when the matrix is complex. To further
improve sensitivity, nanomaterials such as gold nanoparticles,
silver nanoparticles, and gold nanoclusters have been used to
ensure food safety (Han et al., 2020; Tao et al., 2020). When new
or unknown pesticides, insecticides, or bacterial variants are
present, standard approaches usually do not work. It is not an
easy task to develop sensitive and selective sensing systems to
meet the emergent needs. Array sensing systems are required for
detection of several contaminants present in food samples, it

however is difficult to obtain both sensitive and selective array
probes. It is also urgent to develop techniques for sensitive and
specific detection of food contaminants such as parasites, viruses,
and fungi, mainly because of the few commercial probes available
and the lack of standard approaches.

HEATH MONITORING

Many sensing kits for health monitoring have been developed for
use in the home, including glucose meters and pregnancy test kits.
With advances in wearable technology, many wearable devices
providing important body information like blood glucose
concentration, blood oxygen level, blood pressure, and heart
rhythms have been sold in the market. Electrochemical sensors
are mostly found in wearable devices, mainly because of their
advantages of miniaturization, low cost, fast response, and high
sensitivity and specificity (Hernández-Rodríguez et al., 2021). In
addition, electrodes can be added to various substrates such as
plastic, textile thread, glass, ceramic, or skin. Fabrication of
microelectrodes on substrates with good quality in a large
scale remain a challenge, although photolithographic
technologies are available. To meet healthcare needs, the
microelectrode sensors must provide high selectivity and
sensitivity for early detection of diseases like cancer or
screening of pathogens, and continuous monitoring of
treatment effectiveness. To achieve this goal, microelectrodes
must be functionalized with enzymes or nano materials with
enzyme-like properties. Preparation of cost-effective and stable
functional microelectrodes with enzymes is sometimes
problematic. On the other hand, the catalytic activity and
specificity of nanomaterials used for fabrication of
functionalized microelectrodes is usually lower than that of
nature enzymes although many candidates such as Au, BiO,
CuO, and Au alloy nanoparticles have shown their potential
(Lien et al., 2018). To minimize matrix interference, sample
pretreatment and separation using microfluidic or nanofluidic
designs in wearable devices are usually required when handling
biofluids. It is a challenge for the fabrication of such multiple
functional wearable devices. Integration of wireless and internet
of things (IoT) devices that allow patients to transfer data to
clinicians/doctors for real-time decision-making is another
challenge. Issues such as long-term stability and comfortability
of wearable devices must also be considered carefully. Accuracy
and reliability of the results provided by the microelectronic
sensors must be checked and addressed frequently. Wearable
devices for healthcare are definitely still not mature enough,
worldwide collaboration among researchers from fields of
chemistry, biochemistry, engineering, and medicine is needed.

SCREENING OF ABUSED DRUGS

Illicit drugs such as cocaine, heroin, ketamine, and marijuana
have caused serious societal problems around the world. Some
anxiolytic (hypnotic) drugs such as alprazolam and clonazepam
for treating sleep disorders have been used for drug-facilitated
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sexual assault. Many new psychoactive substances (NPS) such as
synthetic cannabinoids and cathinones have become a more
serious problem, mainly because they are more potent and
dangerous than their corresponding substances extracted from
plants. In the last twenty years, more than 190 synthetic
cannabinoids have been found in the market according to a
report from the EuropeanMonitoring Center for Drugs and Drug
Addiction. Although hyphenated chromatography-MS systems
such as GC–MS, GC-MS/MS, and HPLC–MS/MS are powerful
for the identification of abused drugs (Pellegrini et al., 2020),
numerous suspected samples collected by law enforcement
officers have put great pressure on the labs. When samples
containing several new abused drugs, additives, and
complicated matrices, the standard approaches may not be
able to provide accurate results in a short period of time. To
reduce the burden put on the lab, commercial sensing kits such as
immunoassays or chemical approaches with fluorescent,
electrochemical, or colorimetric detection modes have been
used for screening of the above addressed commonly abused
drugs. However, immunoassays with high specificity and
sensitivity for synthetic NPs are few, mainly because
antibodies with high affinity towards NPs are unavailable. It is
even more difficult to engineer antibodies with the capability to
differentiate NPs and their derivatives. To prevent the use of
antibodies and enzymes, functional nanomaterials have been
used for screening illicit drugs (Liu and Lu, 2006; Chen
J. et al., 2020). For example, based on analyte-induced
aggregation of Au nanoparticles or disassembly of Au particle
aggregates, colorimetric approaches have been shown to be
sensitive and selective for the detection of illicit drugs like
cocaine. Alternatively, Ag nanoclusters, carbon dots,
upconversion nanoparticles, and quantum dots have been used
to develop fluorescent probes for the detection of illicit drugs,
including codeine, cocaine, and ketamine, based on analyte-
induced changes in their fluorescence. Carbon dots that are
easily prepared from carbon precursors have been used for the
screening of cathinones and date rape drugs (Yen et al., 2019; Yen
et al., 2020). Interference from colorful sample matrices is usually
less serious when applying fluorescence over colorimetric
approaches. When the screening of multiple illicit drugs is
needed, array sensing systems with various functional
nanomaterials is required. Because it is difficult for each of the
nanomaterial-based probes to have high affinity toward a specific
illicit drug, a sensing systemwithmachine learning is suggested to
improve the performance of multiple drug screening. In this case,
the selection of nanomaterials and determination of the detection
threshold (machine learning) for each sensing element are
challenges. It is also tough when the suspected samples
contain a complicated matrix.

Recently, compact Raman scattering systems (around USD
50K) have gained popularity for the screening of abused drugs,
but they still face challenges in screening NPs. It is difficult if the
suspected samples are not pure and their concentrations are low.
In this case, functional nanoparticles like silver nanoparticles as
an adsorbent and a surface-enhanced Raman scattering (SERS)
substrate are worthy of investigation. Preparation of functional
nanomaterials for a large number of illicit drugs is definitely

difficult at present. In addition, reproducible and accurate results
provided by SERS have to be addressed carefully. It is difficult for
most research labs to obtain illicit drugs, and thus it requires close
collaboration among researchers, law enforcement officers, and
administrators.

CHARACTERIZATION OF
NANOMATERIALS

Nanomaterials have shown many advanced applications in
various fields such as fuel cells, solar cells, catalysts,
nanozymes, and sensing (Wu et al., 2020; Xu et al., 2020; Lin
et al., 2021). Although many approaches have been used for
preparation of various nanomaterials, it is difficult to obtain
high-quality nanoparticles (e.g., slight variation in their sizes,
surface ligands, and morphologies). Techniques, including
UV–vis absorption, fluorescence, Fourier transform infrared,
electrochemistry, laser light scattering, Raman scattering, X–ray
photoelectron spectroscopy, MS, transmission electron
microscopy (TEM), and scanning electron microscopy are
often applied to characterize nanomaterials (Mourdikoudis
et al., 2018). However, it is difficult to differentiate the
oxidation states of some elements like Cu(I) and Cu(II).
Techniques allowing direct determination of the amounts of
surface ligands on each particle are still required. Such
information is not only important for understanding the
chemical and physical properties of nanomaterials, but also
for designing functional nanomaterials to have optimal
properties like recognition ability, stability, and fluorescence
quantum yield. Although TEM allows for the recording of high-
quality large-size images of nanomaterials, it does not provide
clear images for sub-nanometer nanomaterials such as DNA-Ag
nanoclusters. It is also difficult to obtain high-quality images for
small sizes of low-contrast nanomaterials like carbon dots.
Dark-field light scattering techniques can provide clear
images of nanomaterials with sizes above 10 nm, but it is
difficult to obtain smaller size of nanomaterials, especially
those with a small cross section. Thus, optical techniques
allowing recording of images of nanomaterials with sizes
smaller than 10 nm are demanded. Although MS with
electrospray ionization or laser desorption ionization and
induced coupled plasma-MS have been used to provide
important information about protein-templated Au
nanoclusters and DNA-Ag nanoclusters, determination of
their chemical structures and accurate molecular weight still
remain a challenge. Techniques providing accurate and detailed
information about the size, morphology, surface defect, surface
ligands, and oxidation state of carbon-based nanomaterials such
as graphene and carbon dots are another challenge although
TEM, SERS, absorption, and/or fluorescence have been
commonly applied for their characterization. The
information is extremely important to explain their chemical
and optical properties. To take full advantage of nanotechnology
for various applications, analytical techniques providing more
detailed surface and junction information of nanomaterials are
highly demanded.
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PROSPECTIVE

Specificity, sensitivity, accuracy, reproducibility, high-
throughput, automation, miniaturization, simplicity, and cost-
effectiveness will still be key requirements for developing new
analytical techniques to meet the needs of scientific research,
industrial development, societal events, and healthcare.
Nanomaterials will remain important in developing sensitive
and selective analytical approaches for the screening of various
targets, especially pathogens, environmental, and biological
contaminants, hazards, abused drugs, and biological markers
associated with diseases. We can also foresee that more
nanozymes combined with signal amplification will be used to
replace expensive enzymes in developing sensitive and specific
assays for food safety, water quality control, and disease
diagnostics. More advanced hyphenated techniques of MS
with separation techniques such as nano HPLC and
nanofluidic/microfluidic devices, and various detection modes
will be developed for the study of biological functions and analysis
of complicated samples. Imaging techniques of MS combined

with optical detection systems such as fluorescence and SERS that
can provide high temporal and spatial resolution remain
challenges for single-cell analysis, tissue mapping, and
characterization of nanomaterials. It is expected that AI will
remain important in developing automatic analytical systems
that allow rapid analysis of samples and processing the obtained
data for various studies such as omics, diagnostics, and drug
screening. Although many analytical systems are available, new
analytical approaches are still required to support fundamental
research and to respond to emergent needs quickly and
accurately. For example, analytical techniques must be ready
for accurate and rapid screening and identification of
pathogens immediately to minimize the global impact of the
next pandemic.
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