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Abstract

Rapid industrialization is accompanied by the deterioration of the natural environment. The deepening crisis associated with
the ecological environment has garnered widespread attention toward strengthening environmental monitoring and protection.
Environmental sensors are one of the key technologies for environmental monitoring, ultimately enabling environmental
protection. In recent decades, micro/nanomaterials have been widely studied and applied in environmental sensing owing
to their unique dimensional properties. Electrospinning has been developed and adopted as a facile, quick, and effective
technology to produce continuous micro- and nanofiber materials. The technology has advanced rapidly and become one of
the hotspots in the field of nanomaterials research. Environmental sensors made from electrospun nanofibers possess many
advantages, such as having a porous structure and high specific surface area, which effectively improve their performance in
environmental sensing. Furthermore, by introducing functional nanomaterials (carbon nanotubes, metal oxides, conjugated
polymers, etc.) into electrospun fibers, synergistic effects between different materials can be utilized to improve the catalytic
activity and sensitivity of the sensors. In this review, we aimed to outline the progress of research over the past decade on

electrospinning nanofibers with different morphologies and functional characteristics in environmental sensors.
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Introduction

Rapid global industrialization and urbanization not only
have resulted in significant economic benefits, but also led
to resource depletion and grave environmental pollution
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problems, including air, soil, water, and energy (light, sound,
heat, and radioactivity) pollution [1]. The large amounts of
flammable, toxic, and harmful gases emitted from intensive
industrial production and urbanization exacerbate air pollu-
tion. Motor vehicle emissions, comprising a large amount
of greenhouse gases, toxic nitrogen oxide, sulfur oxide, and
other gases, are one of the leading reasons for air pollution
[2, 3]. Many indoor decoration materials are not environ-
mentally-friendly and produce large amounts of carcinogenic
formaldehyde, toluene, and other volatile solvent vapors.
These gaseous pollutants not only cause global warming,
haze, acid rain, and other environmental pollution problems,
but also acutely jeopardize human health [3]. In the aquatic
environment, pollution is aggravated by a large amount of
improperly discharged wastewater, including wastewater
contaminated by antibiotics from pharmaceutical companies
and livestock farms, heavy metals from industrial manufac-
turing processes, and pesticides from agriculture and hor-
ticulture. Numerous harmful pollutants in the aquatic envi-
ronment can easily enter the human body through several
pathways, especially through the food chain where they can
cause different food-borne diseases and even the formation
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of "super bacteria" [4—6]. Agricultural pollutants, and their
by-products produced in soil, can cause serious damage to
human health after entering the food chain. Among the many
food safety problems caused by soil pollution, contamina-
tion by heavy metals, such as Pb, As, Cr, and Hg, is the most
serious. Therefore, the development of sensor technologies
with superior performance metrics, such as high sensitivity,
rapid response, and good selectivity and stability, is crucial;
however, it remains a major challenge. Recently, there has
been increasing interest in the use of chemical sensors for
the analysis of environmental contaminants. Owing to the
benefits of easy sample preparation, miniaturization, port-
ability, and the low cost of producing the new chemical sen-
sors, these sensors can complement or even replace classical
analytical instruments in real-time on-site or online detection
[7-10].

The type and structure of the sensing material are piv-
otal to the performance of the chemical sensing technol-
ogy. Previously, a strategy has been proposed to improve the
performance of a sensor by enhancing the transfer capabil-
ity between the sensing material and the target analytes by
adjusting the specific surface area of the sensing material
[11]. In this context, nanomaterials play an important role in
the field of sensor technology owing to their unique dimen-
sional properties. Furthermore, sensors fabricated using
diverse nanomaterials with tunable sizes and surface func-
tional groups have been reported to remarkably increase sen-
sitivity and expand the range of target contaminants. Nano-
materials are widely recognized for their excellent prospects
in the development of advanced sensing technologies [11].
By adapting and optimizing electrospinning, nanofibers
with unique structures, morphologies, and functions can be
produced. Therefore, electrospinning technology has been
recognized as a highly promising method in the design and
development of nanomaterial-based ultra-sensitive sen-
sor systems [12-14].

During electrospinning, a polymer solution or melt is
charged and deformed by a high-voltage electrostatic field,
forming a pendant cone-shaped droplet at the end of a noz-
zle [13, 15]. When the charge repulsion on the surface of
the droplet exceeds its surface tension, tiny jets of the poly-
mer fluid, referred to as "jets", are ejected at a high speed
from the surface of the droplet towards the plate electrode
at a relatively short distance to form the polymer fibers [16,
17]. When the diameters are scaled down from micron to
sub-micron or even nanometer, polymer fibers exhibit sev-
eral unique properties. Conventional preparation methods
for nanofibers include stretching, template synthesis, phase
separation, and self-assembly [5, 12, 18, 19]. The diameters
of fibers prepared using conventional approaches are in hun-
dreds of microns, whereas those obtained by electrospinning
are 2-3 orders of magnitude smaller. The specific surface
area of conventional fibers is normally 0.4 m? g~!, while
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that of electrospun fibers is typically 40 m*> g~!' [18, 19].
Electrospinning substantially increases the surface area-to-
volume ratio of the nanomaterials (up to 1,000-fold higher
for ultrafine fibers) [13]. Moreover, the mechanical strength,
hydrophilicity/hydrophobicity, electrical conductivity, and
flexibility of nanomaterials can be tailored as required via
polymer selection, concentration modulation, optimization
of electrospinning parameters, and chemical modification
through functionalization [13, 20, 21]. There are two main
approaches for the preparation of sensors by electrospinning.
The first approach produces nanofibers with direct sensing
functions by electrospinning functional polymers, such as
polyacrylic acid and polyacrylonitrile (PAN) and utilizing
these nanofibers directly as the sensing elements of the sen-
sors [13, 20]. The second approach uses electrospun nanofib-
ers as stencils and deposits responsive sensing materials
with surface functionalization on the fiber surface to create
micro- and nanostructures with selective sensing proper-
ties [22]. Nanofibers prepared via electrospinning generally
exhibit a large specific surface area with most atoms located
on the surface or within interfacial regions, exhibiting high
chemical reactivity owing to their unique and complex sur-
face structure [20]. One-dimensional nanomaterials prepared
via electrospinning are not limited to nanometer size and
can have a high aspect ratio for the fast transfer of electrons
[13, 14]. Therefore, the introduction of nanomaterials with
a high specific surface area during the design of sensing
materials favors both sensitivity enhancement and response
time reduction.

Compared with the hydrothermal and templating meth-
ods, the electrospinning technology is more flexible for
nanomaterial preparation. It can regulate the morphology,
structure, composition, and function of the nanofibers in
a diverse and multifaceted manner via polymer concen-
tration, co-blending of different polymers, and chemical
cross-linking between polymers [14, 20]. The electrospin-
ning technology enables the continuous preparation of
nanomaterials with different structures and morphologies,
including nanofibers, nanowires (nanorods), nanoribbons,
hollow nanofibers, core-shell structures, hollow nanotubes,
nanodendrites, etc. [22—30]. In addition, nanomaterials pre-
pared via electrospinning exhibit high axial strength and
can achieve continuous electron transfer, which facilitates
charge transfer along the long-axis direction and enables
higher sensitivity for sensors fabricated in this way [13, 15,
31]. Electrospinning is facile, and the derived materials are
highly reproducible and scalable for industrial production.
Owing to these characteristics, the electrospun nanofibers
provide greater selectivity towards environmental sensing.

In this review, we sought to provide an overview of the
applications of electrospinning in the field of environmen-
tal sensing over the past decade. This review further dis-
cusses progress from multiple perspectives on environmental
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sensing by comparing and summarizing the morphology,
function, and composition of nanomaterials prepared using
the electrospinning technology.

Electrospinning and Nanofibers
Background

Electrospinning is a technology in which polymer solu-
tions are sprayed and stretched under the action of static
electricity to obtain nanoscale fibers. The electrospinning
equipment is mainly composed of three parts: a high-voltage
power supply, micro-injection pump and nozzle, and fiber-
receiving substrate. A high-voltage direct current (several
thousands to tens of thousands volts) is applied to the poly-
mer solution. When the electric field force is sufficiently
large, the charged polymer droplets overcome the surface
tension to form a jet stream that evaporates or solidifies
with the solvent during the jetting process [13, 32]. Finally,
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Fig. 1 Special collectors for obtaining aligned fibers: a high-speed
rotating drum collectors; reproduced with permission from ref. [16],
Copyright 2018, Elsevier. b Tip collectors; reproduced with permis-

it falls on the collection substrate to form a fiber mat that
is similar to a non-woven fabric. The diameters of the
nanofibers formed range between tens of nanometers (nm)
and micrometers (um). Generally, the fiber membranes col-
lected on the collector substrate are composed of randomly
oriented and entangled fibers. With a specially designed col-
lector substrate, fibers with high strength and toughness can
be obtained in highly aligned patterns. Special collectors
(Fig. 1), such as high-speed rotating drum collectors, paral-
lel collectors, and tip collectors, are suitable for obtaining
aligned fibers [16, 33, 34].

Traditional electrospinning equipment commonly adopts
a single capillary nozzle and is generally employed to pre-
pare solid and smooth nanofibers. However, only nanofib-
ers composed of a single material can be obtained from the
traditional equipment, and hence accompanied with several
shortcomings that include insufficient surface specific-
ity and poor mechanical properties. It is difficult to pre-
pare composite materials with multiple functional struc-
tures. Although these materials can be adopted for a wide

sion from ref. [33], Copyright 2003, American Chemical Society. ¢
Parallel plates collectors; reproduced with permission from ref. [34],
Copyright 2010, Elsevier
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range of applications [12, 35]. To overcome these shortcom-
ings, researchers have improved electrospinning via three
strategies: (1) surface modification of nanofibrous mem-
branes, (2) blending multiple functional materials, and (3)
coaxial electrospinning technique. These strategies proved
convenience in preparing continuous core-shell nanofibers
or hollow-structured nanofibers in a single step. In the coax-
ial electrospinning process, mixing does not occur before
solidification due to the short confluence time and low diffu-
sion coefficient of the two spinning solutions at the capillary
outlet. When a high-voltage electric field is applied to the
liquids in the inner and outer orifices of the capillary, the
charges of the solution in the inner orifice gradually migrate
to the solution surface in the outer orifice [32]. Increase in
voltage, and electric field, results in a gradual increase in
the amount of charge on the solution surface in the outer
orifice [12, 36]. When the charge reaches a certain limit, its
repulsive force causes the outer solution to form a compos-
ite Taylor cone at the electrospinning nozzle followed by a
coaxial composite structure with a core-shell double layer.
A hollow nanofiber is formed when the core (inner) layer is
removed through heating or dissolution in suitable solvent
system.

Key Regulating Factors in the Electrospinning
Process

Characteristics of the Electrospinning Solution

Polymer: Electrospinning has been recognized as a low-
cost, convenient, and environmentally friendly method
that is widely adopted to produce nanofibers with various
morphologies and functions [12]. Water-soluble polymers,
such as poly (vinylpyrrolidone), polyethylene oxide, poly
(vinyl acetate), and polyvinyl alcohol (PVA), and solvent-
soluble polymers, such as polyimide, PAN, polyvinylidene
fluoride (PVDF), poly (methyl methacrylate), and polysty-
rene (PS) are the most common polymers used in electro-
spun nanofibers. Notably, the addition of multifunctional
materials, such as metal oxides, inorganic non-metals,
metal-organic frameworks, and covalent organic frame-
works, to polymers allows the preparation of composite
nanofibers with different morphologies, structures, and func-
tionalities under controlled conditions [37-39].

Conductivity: The conductivity of the electrospinning
solution is another key parameter that affects the morphol-
ogy of electrospun fibers and contributes to jet formation.
The addition of salts, ionic polymers, or conductive poly-
mers to the electrospinning solution increases the solution
conductivity and supports the formation of high-quality fib-
ers with fewer defects and smaller diameters [40].

Surface Tension: In electrospinning, a trickle is
ejected when the charged solution overcomes its surface
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tension. Generally, high surface tension in a liquid reduces
its surface area, maintains its spherical shape, and is the
predominant contributing factor towards the formation
of liquid beads [40]. Therefore, the surface tension of the
electrospinning solution is minimized to enlarge its surface
area as much as possible to prevent the formation of liquid
beads and reduce the fiber diameter. Routine approaches to
reduce the surface tension of the solution include (1) the
use of a solvent with low surface tension, such as ethanol or
acetone, and (2) the addition of surfactants into the electro-
spinning solution.

Concentration and Viscosity of the Electrospinning Solu-
tion: Low polymer concentration typically results in low vis-
cosity that causes the jet to be unstable and discontinuous.
Such a low concentration also results in the formation of
beaded nanofibers in which this phenomenon is known as
the "flying filaments". Viscosity increases with increasing
polymer concentration [41]. However, the flow of the solu-
tion is hindered when the polymer concentration exceeds a
certain limit, causing nozzle blockage or what some authors
refer to as "non-spinning" [13].

Equipment Parameters

Electric Field Intensity: Low voltage applied cannot over-
come the surface tension of the electrospinning solution due
to a low electric field, which hinders the stretching and split-
ting of the solution, resulting in larger nanofiber diameters
[35]. As the electric field strength increases, higher surface
charge density and electrostatic repulsion accumulate on the
jet of the polymeric electrospinning solution. Simultane-
ously, a higher electric field strength accelerates the jet to a
higher velocity. These factors contribute to the formation of
fibers with greater tensile stress and finer textures. However,
a high electric field strength over a certain limit induces a
very fast jet flow and hampers its stretching and splitting,
which consequently results in larger fiber diameters, worse
uniformity, and beaded fibers [42—44].

Needle Pitch: The distance between the electrospinning
needle and collector affects the electric field strength and
volatilization of the electrospinning solution, thereby alter-
ing the diameter of the nanofibers. When the voltage is kept
constant, the electric field strength is inversely proportional
to the distance. In a typical electrospinning setup, the dis-
tance ranges from 10 to 15 cm, which usually allows suf-
ficient evaporation of the solvent from the jet before being
deposited as a dried fiber bundle. If the distance is too short
to allow sufficient evaporation of the solvent of the jet, unfa-
vorable fused fibers may be formed [44, 45].

Flow Rate: The electrospinning rate is controlled by the
flow rate of the syringe. The electrospinning rate not only
governs the production of high-quality nanofibers, but more
importantly influences the jet stability and fiber diameter,
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which increases with decreasing electrospinning speed [32,
46].

Environmental Factors

Environmental temperature and humidity in the electrospin-
ning process have a significant impact on the evaporation
rate of jet solvents and the morphology and diameter of the
produced fibers. Temperature is known to affect solvent
evaporation, Brownian motion, and the diffusion of ions,
atoms, molecules, and particles. The increased tempera-
ture of the electrospinning solution reduces its viscosity
and elevates its solvent evaporation and Brownian motion,
ultimately altering the fiber diameter [47]. Humidity also
changes the volatilization rate of solvents in the spinning
solution, affecting the void distribution on the surface of
the electrospun nanofibers. Several studies have revealed a
relatively smoother surface of electrospun fibers produced
with less than 25% humidity and a rougher surface with
more pores on the fiber surface as humidity exceeds 30%.
Notably, very low humidity speeds up the solvent evapora-
tion of a jet and increases its viscosity, both of which may
cause nozzle clogging at the capillary tip. In contrast, high
humidity aggravates the formation of dangerous conducting
air and slows solvent volatilization [38, 48].

Diversity of the Fiber Structure

The structure of electrospun fibers is one of the factors gov-
erning their performance. Fibers fabricated using multiple
electrospinning techniques produce different types of struc-
tures and morphologies than those using a single type of
electrospinning. Fibers with unique structures, morpholo-
gies, and functions can be produced by selecting and opti-
mizing the suitable type of electrospinning technique.

Individual Single Types of Electrospinning

Beaded Fiber: Beaded fibers are formed by unstable fluid
jets under an external electric field. Owing to their unique
structure, they can be applied in different applications.
Moreover, it has become possible to carry out the corre-
sponding theoretical modelling on the formation of beaded
fibers with the rapid advancement in electrospinning tech-
nology in the recent years [30, 49, 50].

Core-Shell/Hollow Nanofiber: Electrospun core-shell/hol-
low nanofibers have been widely assessed and applied by
many researchers in sensing systems. These nanofibers can
be produced by coaxial or emulsion electrospinning. In the
former process, the outer and inner electrospinning solutions
are delivered to two capillaries with different inner diam-
eters. Thereafter, they combine to form a coaxial Taylor cone
followed by coaxial fluid jets in a high-voltage electrostatic

field, of which the jets solidify into core-shell nanofibers
with different interior and exterior contents. If the core layer
is removed via heating or dissolution, hollow nanofibers are
formed with a hollow inner lumen surrounded by an intact
outer layer.

Prior studies revealed that polymeric electrolytes based
on ionic liquids do not only have high conductivity, but also
excellent mechanical properties [51-53]. Ionic gels with
high capacitance can be used as thin films to prepare capaci-
tive sensors [54]. However, the surface of a hydrogel (ionic
gel) is prone to dehydration. Therefore, a protective mecha-
nism must be developed to prevent water from evaporating
from its surface [55]. In addition, surface area affects the
capacitance of an ionic hydrogel matrix film and limits the
sensitivity and stability of its capacitive sensor device. Lin
et al. [29] overcame the above-mentioned problems using the
coaxial electrospinning method. An ionic gel was employed
as the core with the copolymer PVDF as the outer shell to
produce a core-shell nanofiber mat. The advantages of a
co-polymer shell include its larger surface area and sealed
protective layer that effectively prevents dehydration of the
core-shell ionic gel.

Liu et al. [56] developed a chemical sensor based on the
core-shell structured semiconductor nanofibers through
rapid single-nozzle electrospinning process and spontaneous
phase separation. The rich active sites of the core-shell struc-
tured nanofibers effectively promote interactions between
charge carriers in their conductive channels and chemical
analytes, and change the output current and charge carrier
mobility that lead to a high sensitivity in the resulting sensor.
The shell thickness in a core-shell structure can be adjusted
by changing the ratio of the outer and inner electrospinning
solutions in the mixed solution. A nanofiber-based sensor
with an appropriate core-shell ratio exhibits high sensitivity
toward low concentrations of ammonia (the limit of detec-
tion was as low as 50 ppb).

Hollow nanofibers with porous surfaces and tubular struc-
tures also exhibit outstanding properties. Electric current
can easily flow around their disturbance zone and target
contaminants can freely diffuse in and out of them, thereby
shortening the response and recovery time [57]. Park et al.
[28] took advantage of the Kirkendall effect to fabricate
porous hollow nanofibers of SnO,-CuO nanocomposite by
single-needle electrospinning. The Kirkendall effect arises
from the supersaturation of lattice vacancies caused by the
different diffusivities of distinct atoms. A nanotube structure
is formed after calcination, which is attributed to the Kirk-
endall effect [58]. A fast response was achieved with the
prepared SnO,-CuO hollow nanofiber-felt for the detection
of H,S gas with a rapid detection time of 5.27 s and a low
concentration range of 1-40 ppm.

Porous Fiber: Emerging porous materials generally have
channels, pores, and gaps on their surfaces or interiors.

@ Springer



434

Advanced Fiber Materials (2023) 5:429-460

These materials also usually have the characteristics of
low density, high specific surface area, high porosity, and
high adsorption capacity and thus widely adopted in sen-
sors, filtration, catalysis, and other applications [59—-61]
reported that the calcination of electrospun PVA composite
nanofibers containing silica sol nanoparticles at 450 °C pro-
duced porous inorganic nanofibers with high specific sur-
face areas. Liu et al. [62] prepared porous alumina nanofib-
ers with hollow structures by sintering aluminum-nitrate/
PAN nanofibers through high-temperature calcination. Ma
et al. [63] prepared the porous PAN nanofibers by wash-
ing electrospun PAN/NaHCO; composite nanofibers with
a 10% hydrochloric acid solution to dissolve and remove
NaHCO;, and the escaping CO, gas "blown" nanopores in
the PAN nanofibers. The electrospun porous nanofibers also
had discontinuous pore structures in the interior or open pore
structures on the surface. The porous structure of nanofiber
materials provides superior properties, including large spe-
cific surface areas and reduced thermal conductivity, which
further broadens their application range.

Others: Electrospinning can be employed to generate fib-
ers of various shapes, such as beaded, core-shell, ribbon,
porous, spiral, square, and honeycomb (Fig. 2). Zhang et al.
[22] prepared membranes with electrospun ribbon nanofib-
ers and suggested that the formation of a fiber-ribbon shape
could be attributed to the positive charge of the polymer
precursor. According to the study, a jet carrying negative
charge on its surface attracts the positively charged polymer
precursor to its surface during the electrospinning process,
leaving its center solvent-rich and forming a tube-shaped
structure with a thin outer layer. When the residual solvent
in the tube center evaporated, a partially collapsed hollow
tube was formed with wrinkles on the surface. When the hol-
low tube collapsed completely, a ribbon-like structure was
formed. Shin et al. [26] reported a facile process for produc-
ing electrospun spiral nanofibers with a single polymer and
demonstrated the transformation of nanofibers from spiral to
linearly oriented with an adjustment in electric field strength.

Aggregate Electrospinning Structure

Figure 2g—j shows the great diversity in the structures and
morphologies of electrospun fiber membranes. The struc-
tural diversity mainly depends on the collector type, which
is one of the most important parts of the electrospinning
equipment and determines the distribution and macrostruc-
ture of the electrospun fibers. Other aspects of the process-
ing equipment, such as the electric field strength, presence
of a magnetic field, and composition of the electrospinning
solution, can be optimized to obtain the desired fiber mat
structures. The collected electrospun fibers or fiber mats are
generally divided into three groups: random fibers, arranged
fibers, and pattern fibers.
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Random Electrospinning: Random fibers are the most
common form of electrospun fiber collection. Randomly
oriented fibers can be obtained simply using a traditional
electrospinning collector. Charged polymer jets naturally
travel along spiral trajectories during the electrospinning
process and finally solidify into randomly oriented continu-
ous fine fibers on a ground plate substrate.

Oriented Electrospinning: Regularly oriented electrospun
nanofibers can be prepared using a special collector and
electrodes. Park et al. [25] prepared a hybrid scaffold with a
dual configuration of aligned and random electrospun fibers.
Wang et al. [62] prepared ordered parallel arrays of PVA
nanofibers using similar hybrid scaffolds and successfully
applied them to the detection of low concentrations of NO,.

Patterned Electrospinning: Patterned electrospun
nanofibers can be produced using appropriate solutions and
a special collecting device. Liang et al. [24] prepared an
oriented square microfiber mat using an electrostatic tem-
plate for nanofibers deposition on a pattern collector made
of regularly distributed protrusions. Gangolphe et al. [23]
developed honeycomb electrospun scaffolds and success-
fully applied them to prepare honeycomb fibrous mem-
branes with appropriate macropore size and fiber arrange-
ment. These researchers also assessed the anisotropic and
mechanical properties, and the degradation mechanism of
honeycomb membranes.

Application of Electrospinning
in Environmental Sensing

Electrospun sensing and interface materials have gradually
been adopted in the construction of various sensors, mainly
using the following characteristics: (1) nanofibrous mem-
brane materials used as sensors with a range of specific sur-
face areas that can be obtained by adjusting the fiber geom-
etry and pore size; (2) the specificity and diversity of fiber
materials offer different characteristics and a wide range of
applications; (3) the strong molecular recognition ability of
electrospun sensors eliminates tedious sample pre-treatment,
and their reusability leads to simple and rapid detection pro-
cesses; (4) the sensor interface has high sensitivity and quick
response to a small quantity of samples; (5) electrospun sen-
sors have good repeatability, stability, and reusability; and
(6) their detection cost is low. More specifically, the high
surface area of electrospun nanofibers offers more active
adsorption sites for target analytes to be adsorbed on the
sensing interfaces. In addition, the adsorption and desorption
rates of electrospun nanofibers are significantly accelerated
for rapid sensing and improved sensitivity [64]. According
to prior studies, the enhanced sensing rate can be attributed
to the high surface-area-to-volume ratio [65]. The Debye
lengths of the nanofibers, which refers to the distance over
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Fig.2 Various morphologies of electrospun fibers: a beaded fibers;
reproduced with permission from ref. [30], Copyright 2015, Wiley. b
Core-shell fibers; reproduced with permission from ref. [29], Copy-
right 2018, Elsevier. ¢ Hollow fibers; reproduced with permission
from ref. [28], Copyright 2020, Elsevier. d Porous fibers; reproduced
with permission from ref. [27], Copyright 2008, American Chemical
Society. e Ribbon fibers; reproduced with permission from ref. [22],

which significant charge separation can occur, are equivalent
to their diameters. Charge accumulation/consumption areas,
where the adsorption of analyte molecules occurs, extend
from their surface into their interior and seriously affect
current flow. Compared with two-dimensional thin films,
the current in 1D nanofibers can still flow easily around

Copyright 2019, Wiley. f Spiral fibers; reproduced with permission
from ref. [26], Copyright 2006, American Institute of Physics. g Ran-
dom fibers and h aligned fibers; reproduced with permission from
ref. [25], Copyright 2016, American Chemical Society. i Square-pat-
terned fibers; reproduced with permission from ref. [24], Copyright
2021, Wiley. j Honeycomb-patterned fibers; reproduced with permis-
sion from ref. [23], Copyright 2021, Elsevier

the disturbed area [28, 57]. Therefore, their response is fast
and the recovery time is short when the target molecules
quickly diffuse into the sensing material. In addition to
polymers, several other functional materials such as met-
als and organic/inorganic materials can be included into the
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electrospinning solutions to prepare multifunctional electro-
spun nanofibers in sensors.

Gas Sensor

With accelerated industrialization, the global air pollution
problem has become increasingly serious. Air pollutants
contain different toxic gases, such as CO, SO,, NO,, and
H,S, and volatile organic compounds (VOCs), such as ben-
zene, toluene, and formaldehyde. These hazards can cause
respiratory system damage, physiological dysfunction,
digestive system disorders, nervous system abnormalities,
mental decline, carcinogenesis, and disability. High con-
centrations of air pollutants can cause acute poisoning or
even diseases [66—68]. According to the "2019 Global State
of the Air" report recently released by the US Institute of
Health Effects (based on 2017 data), the number of people
who died of stroke, heart disease, lung cancer, diabetes, and
chronic lung disease worldwide due to air pollution reached
nearly 5 million in 2017. Notably, severe air pollution can
even cause abnormalities in the components of pulmonary
surfactants or even lung damage, making humans more sus-
ceptible to diseases, including COVID-19 [69]. Air pollu-
tion has become an urgent global problem, and authorities
in countries and organizations have specified short-term
exposure limits (STEL) for various toxic gases and VOCs
[70, 71]. Environmental protection first requires the estab-
lishment of an environmental supervision mechanism; gas
sensors, as one of the essential sensors for environmental
supervision, help the set-up of an environmental Internet of
Things [72]. Air quality affects our daily lives, and effective
actions must be taken to ensure good air quality. Continuous
monitoring of pollutant gases in the air through gas sensors
can effectively identify the potential risks of air pollution to
human health. Over the past 5 years, many gas sensors with
excellent sensitivity, stability, reversibility, response time,
and reproducibility have been reported. These gas sensors
include resistive gas sensors, quartz crystal microbalance
(QCM) gas sensors, and optical sensors with electrospun
nanostructured layers composed of polymers and functional
TiO,, SnO,, ZnO, In,0;, Fe,05, WO;, or other metal oxides
[73-75]. In the following sections, we aimed to outline the
recent progress and development in this emerging field and
highlight the sensing layer microstructures and gas-sensitive
properties of electrospun gas sensors.

Resistive Gas Sensor

Compared with traditional gas detection equipment, port-
able and inexpensive gas sensors have outstanding advan-
tages in terms of shorter detection times, without sacrificing
detection accuracy. Resistive gas sensors are one of the most
common types of gas detection sensors [76—79]. A resistive
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sensor is based on changes in the electrical resistance or
conductivity caused by the adsorption of gas molecules.
Therefore, the response rate depends on the interaction
speed and strength between the target gas molecules and
the sensor material surface, and the specific surface area
available for adsorption and desorption [80]. In an oxygen-
rich environment, oxygen molecules adsorbed onto sensor
surfaces extract electrons from the conduction band and trap
them as negatively charged ions on the surface, forming dif-
ferent surface energy levels. Accordingly, an electron deple-
tion layer and a hole accumulation layer are formed on the
sensor surface for the n- and p-type materials, respectively.
When switched to a target gas-rich environment, the tar-
get gas molecules are adsorbed onto the sensor surface and
exchange electrons with it, causing a conductivity change
in the sensing material. The resistance/conductivity of gas
sensors depends on the charge transfer mechanism between
the adsorbed gas molecules and gas-sensitive adsorbents,
as well as their surface reactions. When an n-type sensing
material is exposed to oxidizing gas, its resistance increases,
whereas exposure to reducing gas decreases its resistance
[81, 82]. Figure 3 shows the principle of the gas-sensing
mechanism of a resistive gas sensor based on the n-type and
p-type sensing materials [83].

According to the configuration, resistance gas sensors
can be further divided into ceramic tubular, flat, and flex-
ible sensors. The structure and physical diagrams of vari-
ous resistance gas sensors are shown in Fig. 4. For a long
time, the ceramic tubular sensor was the main type owing
to its simple preparation process and low cost [85, 86]. As
shown in Fig. 4a, the ceramic tube is composed of four parts:
ceramic tube, Ni-Cr heater, Au electrode, and Pt wire. The
heater is placed in a ceramic tube to maintain the working
temperature. Two rings of gold electrodes are placed on the
outer wall of the ceramic tube, on top of which is the depos-
ited sensing material for electrical signal production.

When the sensing interface of the gas sensor is porous,
the target gas molecules can penetrate the entire sensing
layer, thereby improving sensitivity. In addition, a large
specific surface area facilitates the interaction between the
gas molecules and the sensing material. Commonly used
chemical solution deposition technology and ceramic slurry
sintering technology for preparing gas-sensitive materials
can hardly meet the requirements of porosity and large
specific surface area at the same time. However, it is dif-
ficult to uniformly coat gas-sensitive materials onto the
ceramic tube surface using traditional techniques. Hence,
they easily aggregate, their pore sizes are not uniform, and
gas molecules at their sensing interface cannot be well dif-
fused. In contrast, sensing layers prepared via electrospin-
ning can fulfill the requirements of both high porosity and
large specific surface area, and nanofibers have controllable
fiber and pore sizes. For different gases, sensor layers with
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suitable pore sizes can be developed to effectively overcome
the gas diffusion limitation, enabling unimpeded penetration
of the sensor layer by gas molecules. Han et al. [90] used
atomic layer deposition to deposit n-type ZnO on the sur-
face of CuO-polymer hybrid nanofibers. Subsequently, the
polymer molecules were removed via calcination to form
hollow p-CuO/n-ZnO nanofibers (Fig. 5a, b). The optimal
responses of the gas sensor based on the p-CuO/n-ZnO het-
erostructure were approximately 6- and 45-fold higher than
those of pure ZnO and CuO, respectively. Similarly, Zhang
et al. [91] reported the use of electrospinning to prepare
nanofibers with hierarchical porous heterostructures (p-type
Co;0, and n-type In,05). Based on their findings, Co®*/
Co™* with high catalytic activity diffused in In,O5 with uni-
form distribution (Fig. 5¢). Their results revealed that the gas
sensor had a remarkably high response to VOCs, including
acetone and formaldehyde. In addition to the heterogeneous
structure, the size of the sensing material has a significant
impact on its sensitivity. Li et al. [92] successfully prepared
electrospun ZnO/ZnFe,0,/Au nano-mixtures with controlla-
ble particle sizes using a combination of electrospinning and
atomic layer deposition techniques (Fig. 5d). Their results
showed that the response of the prepared ZnO/ZnFe204/Au
nanocomposite to acetone was 3- and 5.5-fold higher than
that of the ZnO/ZnFe,0, composites and ZnO, respectively.
More interestingly, Zhang et al. [93] synthesized Cr,05-TiO,
core-shell fibers with different shell thicknesses through a
simple coaxial electrospinning technology and discovered

that the shell thickness affected the gas sensor performance.
As the TiO, shell thickness increased, the response charac-
teristics of the prepared core-shell fiber gas sensor to acetone
showed a transition from the p-type to n-type. In addition,
the formation of a Cr,05-TiO, heterojunction in the gas sen-
sor enabled a quicker response to the target gas molecules
and a shorter recovery time.

In flat-type sensors, sensing materials are often deposited
on the insulating substrate surface of an interdigital elec-
trode (IDE) as shown in Fig. 4b. IDE sensors are favored
in the fields of biomedicine and the environment owing to
advantages such as miniaturization, low-cost, and large-scale
production [94, 95]. Bulemo et al. [96] suggested that gas
analytes diffusing into semiconductor metal oxide-based
sensing layers require gas-sensing materials to be thin and
porous, and exhibit high performance. In their study, hol-
low SiO,-Sn0O, core-shell microstrips were prepared by
etching away the SiO, core with NaOH solution (pH 12)
from electrospun calcined highly porous SiO,-SnO, core-
shell microstrips (Fig. 6a, b). After sensitizing with plati-
num nanoparticles (Pt NPs), the prepared hollow nanofib-
ers were used to detect acetone, exhibiting a highly stable
response (R,/R,=93.70+0.89) and significant selectivity
to as low as 2 ppm acetone in air. Electrospinning has also
been employed as an innovative functionalization method
for manufacturing polymer nanofibers with a diameter
range of 50-500 nm and a nano-network on the movable
plate of a capacitive micromachined ultrasonic transducer
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Fig.4 Schematic and optical images of various resistive gas sen-
sor configurations: a tubular; reproduced with permission from ref.
[87], Copyright 2020, Elsevier. b Plate-like; reproduced with permis-
sion from ref. [88], Copyright 2020, Elsevier. ¢ Wearable gas sensor;
reproduced with permission [89], Copyright 2017, Tsinghua Univer-
sity Press

(CMUT). Zhao et al. [97] reported a CMUT-based resonant
biochemical sensor that was prepared to detect SO,. The
resonance frequency shift of this sensor rapidly changed
as the SO, concentration changed (Fig. 6¢, d). Bai et al.
[98] synthesized a layered heterostructure composed of
thin MoS, nanosheets vertically grown on SnO, nanotubes
through simple electrospinning and hydrothermal strategies
(Fig. 6e). This heterojunction expands the surface area of
MoS,@Sn0O,, thereby providing more adsorption sites for
gas adsorption. The heterostructure formed by the nanofib-
ers facilitated electron communication between MoS, and
SnO,, which promoted charge generation and enhanced the
charge separation efficiency (Fig. 6f). The prepared sensing
interface MoS, @Sn0O, responded to 34.67-100 ppm NO, at
room temperature in a time-period as less as 2.2 s.

In recent years, flexible sensors have attracted consider-
able attention. Flexible gas sensors are key components of
portable electronic devices, which have been widely used
for on-site environmental and health monitoring owing to
their small size, light weight, and strong flexibility [99-101].

@ Springer

Nair et al. [102] fabricated a CNFs@Ni-Pt nanohybrid on
a flexible polyester substrate by electrospinning and chemi-
cal reduction and tested it with an H, sensor (Fig. 7a, b).
The integration of bimetallic Ni and Pt nanocatalysts on
CNF provides more active sites for hydrogen sorption and
improves the hydrogen sensing performance of the sensor.
Based on this sensor, the research team achieved a wide
range of concentration (0.01-4%) of hydrogen detection.
Furthermore, after several bending cycles, a good response
to H, (50% strength compared with that before bending)
was still exhibited owing to the high aspect ratio of the car-
bon nanofibers. Khalifa and Anandhan [103] developed a
gas sensor based on electrospun blend nanocomposite film
(EBNC), which was shown in Fig. 7c, d. The EBNC sensor
showed good response (approximately 92% saturation with
108 ppm analyte) and high selectivity for NO, gas. Further-
more, this sensor was stable for more than 30 days and 100
operation cycles, demonstrating excellent durability. Nota-
bly, even after repeated bending cycles, the performance of
the sensor did not decrease. This result demonstrates that
the electrospun nanofibers were flexible, and their sensing
performance was not affected by the bending stress.

Optical Gas Sensor

Although optical sensing technology appeared relatively
late, its development is the fastest in gas-sensing technol-
ogy. Commonly used types in the industry include ultraviolet
analyzers, infrared gas analyzers, light scattering analyzers,
photoelectric colorimetric analyzers, chemiluminescence
analyzers, etc.

Fluorescent probes have been widely explored because of
their convenient non-invasive operations [104]. The fluores-
cence of traditional organic fluorophores is often affected by
aggregation-caused quenching (ACQ), hence, the stability
of sensors made of them is also seriously affected. Fluores-
cent agents that exhibit aggregation-induced emission (AIE)
characteristics have attracted much attention because they
can overcome the ACQ problem [105-107]. In addition,
volatile acidic and alkaline gases such as hydrochloric acid
and ammonia are common hazardous components in flue
gases emitted from industrial production processes. They
are usually toxic, harmful, and corrosive, and are extremely
detrimental to human health. It was demonstrated that orga-
nosilicon precursors with AIE characteristics covalently
attached to periodic mesoporous organosilicon (PMO)
frameworks had high fluorescence efficiency [108, 109].
Electrospun three-dimensional ordered porous materials
provide abundant active sites for gas adsorption/desorp-
tion, allowing them to be used for the quick and sensitive
monitoring of pollutant gases. Gao et al. [110] prepared a
flexible film of dispersed periodic mesoporous organosilicas
(PMOs) nanospheres in a mixed fiber matrix (PMO-CFs) by
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Fig.5 a Schematic illustration of 1D p-CuO/n-ZnO hollow nanofib-
ers synthesis using a three-step method and b XRD, SEM, and TEM
images of 0.3CuO/ZnO,,,, 0.3CuO/ZnOy,y, and 0.3CuO/ZnOg,
HNFs; reproduced with permission from ref. [90], Copyright 2019,
Elsevier. ¢ SEM and XRD pattern of In,0;-Co;0, ribbon; reproduced

electrospinning and assembly technologies and successfully
applied it as an efficient fluorescent probe for the detection
of ammonia and hydrochloric acid vapor by naked eyes,
which was shown in Fig. 8a—c. In addition, the PMO-CF
sensor was easy to be regenerated and very stable to light
over a long period of time (fluorescence still above 94% after
10 cycles of regeneration).

Polymers that have been utilized in optical oxygen sen-
sors thus far include polystyrene, hydrogel, silicone rubber,
various copolymers, and fluorinated polymers [112—114].
The inclusion of fluorine can increase the rate of diffu-
sion of oxygen molecules in fluorinated copolymers [115],
which promotes the sensor to have higher sensitivity owing
to the high quenching efficiency [114]. Polymer microfib-
ers, notably fluorocopolymer fibers, are promising func-
tional materials for optoelectronic devices, sensing, and
energy storage due to their different surface properties [116,
117]. However, the existing fluorine-containing copolymers
broadly face notorious drawbacks of low fluorine content,

with permission from ref. [91], Copyright 2020, Elsevier. d SEM and
TEM images of pure ZnO hollow nanomeshes and ZnO/ZnFe,O,
composites; reproduced with permission from ref. [92], Copyright
2019, Elsevier

poor fiber morphology and non-uniformity, hampering their
application in sensor devices [118, 119]. For this reason,
Mao et al. [111] originally proposed a thin porous micro-
fiber membrane of platinum porphyrin grafted poly(isobutyl
methacrylate-co-dodecafluoromethacrylate) copolymer with
high fluorine content and applied it to an optical oxygen
sensor (Fig. 8d, e). Unlike many solid sensor membranes,
porous sensor membranes can promote the permeation of
oxygen molecules, and the large surface area of fluorine in
the fiber can offer more sites for analyte interactions and
signal transduction [120, 121]. Therefore, the sensitivity of
the fabricated optical gas sensor with a fluorine-containing
microfiber membrane was greatly enhanced to be 584%
higher than that of the solid sensor membrane.

Electrospun liquid crystal fiber mats have also been estab-
lished to be a promising medium for gas sensing [122, 123].
Liquid crystals can operate at room temperature and do not
require any input of energy as they are powered only by
thermal energy and provide a strong optical response. They
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can conveniently detect gases without intricate spectroscopy
equipment. Even low-concentration gases will strongly affect
the self-assembly of liquid crystals [124, 125]. Reyes et al.
[126] demonstrated the application of a polyvinylpyrro-
lidone-5CB fiber mat to qualitatively detect the presence of
toluene gas by optical measurement. Wang et al. [127] sug-
gested that the electrospun fiber mat made from polylactic
acid (PLA) and amyl-cyanobiphenyl (5CB) could quanti-
tatively detect toluene and acetone vapor. Agra-Kooijman
et al. [128] reported a resistive liquid crystal core polymer
fiber mat (LCC PFM) sensor, in which LC/polymer fibers
were obtained after electrospinning on the IDE substrate.
The results showed that they responded well to low con-
centrations of acetone at room temperature. These studies
have revealed that chemicals can pass through the polymeric
shell of the fiber and be absorbed by the liquid crystal in the
core. Upon absorption, the optical properties of the fiber mat
were altered by phase transition, which could be adopted
for the sensitive and selective detection of volatile organic
compounds.

Lead(II) acetate ((Pb(Ac),) reacts with hydrogen sulfide
to form a brown lead sulfide precipitate. Up to now, Pb(Ac),
has been used as an indicator in the form of test papers with
a detection limit of 5 ppm to detect H,S gas leaks. The
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biochemical sensor; reproduced with permission from ref. [97], Cop-
yright 2019, IEEE Industrial Electronics Society. ¢ SEM images of
pure SnO,, MoS,@Sn0O,-1, MoS,@Sn0,-2, and MoS,@Sn0,-3 and
f energy band structure of a nanocomposite of SnO, and MoS, in air
and in NO, atmosphere; reproduced with permission from ref. [98],
Copyright 2021, Elsevier

Cha research group [129] successfully fabricated porous
nanofibers with high surface area and thermal stability
using Pb(Ac),, overcoming the limitations of traditional
Pb(Ac),-based fibers H,S sensors (Fig. 9). The nanostruc-
ture could not only prevent the aggregation of particles but
also provided a variety of reaction sites. This sensor material
detected H,S as low as 400 ppb at 90% relative humidity.

QCM Gas Sensor

Quartz crystal microbalances (QCM) have attracted atten-
tion in gas detection owing to their high accuracy, low power
consumption, and high stability. The detection mechanism
is based on the load mass changes after the sensor layer
absorbs gas molecules, which translates to changes in the
resonant frequency of the quartz crystal [130-132]. The gas
detection capability is highly dependent on the appropriate
choice of nanomaterials, including metal oxides, organic
polymers, and carbonaceous materials that make up the
QCM sensor layer. For instance, a tungsten oxide film can
detect NO,, while graphene oxide can detect formaldehyde
(HCHO) [133-135]. Despite the plethora of nanomateri-
als to select from, they lack porous structure and sufficient
adsorption sites to absorb a considerable amount of target
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gas molecules. To further improve the ability of QCM sensor
materials to absorb more gas molecules and their sensitivity,
electrospinning technology has been introduced to produce
highly porous sensor materials.

Kang et al. [136] used electrospinning and oxidative
polymerization techniques to successfully prepare SnO,
nanofibers (NFs)/PDA composites that were quantitatively
deposited onto the QCM electrode surface. The SnO,
nanofibers prepared in polymeric composites had rough
morphology, which promoted the adsorption of gas mol-
ecules. The agglomerated PDA microspheres adhered to
the surface of SnO, NFs and revealed a compact composite
structure with a larger specific surface area exposing more
active sites. The gas sensor prepared in this way showed a
high sensitivity for formaldehyde sensing. Gas adsorption
capacity is generally related to the surface functional groups
and defect sites of the sensor materials. In addition to the
porous nanofibers fabricated by electrospinning technology,
the active metal oxides on the fiber surface were also crucial
for gas adsorption, wherein the oxygen atom and imine func-
tional group hydrogen-bonded with formaldehyde molecules
[137, 138]. Moreover, the amine functional group in PDA
nanospheres had undergone condensation with the aldehyde
groups in formaldehyde to some extent [139, 140], thereby

sensing set-up used for evaluating gas sensors and d two gas sensors:
one nanocomposite films based and the other EBNC based; repro-
duced with permission from ref. [103], Copyright 2021, IOP Publish-
ing Ltd.

greatly improving the sensitivity. The fabricated nanofi-
brous QCM sensor achieved a detection limit of 500 ppb
formaldehyde.

Diltemiz’s research team [141] employed similar prin-
ciples to prepare CuO-ZnO nanofibers for detecting for-
maldehyde as low as 41 ppb and the optimal detection fre-
quency reached 8 Hz ppm~'. Zhang et al. [142] made use of
centrifugal electrospinning equipment to fabricate aligned
nanofibers to selectively adsorb CO molecules against con-
trol nitrogen gas. Based on the Sauerbrey equation, it was
found that an exceptionally high amount of CO (72.36 ng)
was adsorbed on the nanofibers with a maximum frequency
change of — 54 Hz for 50 ppm of CO feed, which was attrib-
uted to the large nanofiber surface area.

Metal lon Sensor

Rapid industrialization is accompanied by several grim envi-
ronmental problems, most notably water pollution [143].
Heavy metal pollution is a prevalent environmental issue
that plays a detrimental role to aquatic life and human health
[144, 145]. Therefore, society has paid close attention to the
excessive discharge of heavy metal effluents because of their
universality, trace-level toxicity, risk of carcinogenesis, and
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multiple organ failure. Table 1 lists the sources and effects
of some highly toxic heavy metal ions that are the cause of
many heavy metal-related diseases. In summary, in water
pollution control, methods that can accurately monitor the
heavy metals content in real time are of great significance for
protecting the environment and human health [146].
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angle measurement on the electrospun fibrous film and e the CCD
images of microfiber films under photoluminescence excitation at
different air pressures; reproduced with permission from ref. [111];
Copyright 2019, Elsevier

Electrochemical Sensors

Electrochemical techniques have been extensively stud-
ied for their application in the detection and speciation of
heavy metals. These electrochemical analyses normally use
cyclic voltammetry (CV), differential pulse voltammetry
(DPV), electrochemical impedance spectroscopy (EIS),
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chronoamperometry (i—t), linear sweep voltammetry (LSV),
and stripping voltammetry (SWSV) for that purpose. The
measurements from the electrochemical analysis are typi-
cally registered as electrical signals such as resistance and
current. Therefore, the electrochemical analysis equipment is
relatively simple to analyze, easy to automate, and performs
continuous analysis.

Chemically modified electrodes refer to the molecular
design and modification of the electrode surface by chemical
means to produce the electrode with specific electrochemi-
cal properties [159]. By endowing materials with excel-
lent properties (catalytic effect, photoelectric effect, etc.)
on the electrode surface, the conductivity of the electrode
can be greatly improved, accelerating the electron transfer
efficiency, while increasing the electrode response, thereby
improving their selectivity and sensitivity as potential sen-
sors [159, 160].

Common materials used in electrospinning are conduc-
tive polymers, carbonaceous, and metal nanoparticles [160].
Among the polymeric nanofibers, polyaniline (PANi) turned
out to be the most commonly investigated conductive pol-
ymer owing to its one-dimensional structure that ensures
high conductivity and surface area, which plays an extremely
important role in the preparation of the electrode. Prom-
phet et al. [161] uncovered the development of graphene/

H;S Acetone CH;SH NO, NH; co CH,

HS Acetone CHSH NO, NH, CcO CH,
S ppm

NFs; f images of Pb(Ac),@NFs after exposure to various H,S con-
centrations; reproduced with permission [129]; Copyright 2018,
American Chemical Society

polyaniline/polystyrene (GO/PANi/PS) nanoporous fiber-
modified screen-printed carbon electrode (SPCE), which
was successfully solved by square wave anodic stripping vol-
tammetry (SWASV) for the simultaneous determination of
lead (Pb*") and cadmium (Cd**) in the range between 10 and
500 pg L1, with detection limits of 3.30 pg L~ (Pb**) and
4.43 pg L™! (Cd**). Similarly, Huang et al. [162] used phytic
acid-doped polyaniline nanofiber-based nanocomposites to
modify glassy carbon electrodes for Cd** and Pb** detection
with EIS and differential pulse anodic stripping voltammetry
(DPASV) proved that the synergistic effect of polyaniline
nanofibers and phytic acid had enhanced the charge trans-
fer efficiency of metal ions. Due to the synergistic effect of
PANi, the detection limit of Cd>* in the range of 0.0560 pg
L' (S/N=3) was 0.02 pg L', and that of Pb>" in the range
of 0.160 pg L™! was 0.05 pg L%

Besides PANI, carbon nanofibers (CNFs) have attracted
attention because of their high mechanical strength, large
specific surface area, excellent electrical conductivity, and
strong corrosion resistance. The PAN-based CNFs prepared
by Zhao et al. [163] using electrospinning technology was
eight times more sensitive to trace amounts of Pb** with a
detection limit of 0.9 nM under anodic dissolution voltam-
metry analysis. Furthermore, Gao et al. [164] prepared nitro-
gen- and sulfur-codoped PAN-based CNFs by the pyrolysis
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Table 1 The sources and side effects of some highly toxic heavy metal and emission limit values for heavy metal ions under the Chinese, WHO,

and BIS regulations

Heavy metal Source Side effects Emission limit (mg L™")
GB 5749-2005*° WHOQ BIS®
Arsenic (As) [147, 148]  Mining, metallurgy, decolorizing agent, pesticide, ~Highly toxic 0.01 0.05 0.05
chemical fertilizer, etc Carcinogenicity

Cadmium (Cd) [149, 150] Electroplating, mining, smelting, fuel, battery Hypertension 0.005 0.005 0.01

Cardiovascular and cerebro-

vascular disease

Kidney failure

Chromium (hexavalent) ~ Cosmetic raw materials, leather preparation, elec-  Cancer 0.05 0.05  0.05

(Cr(VI)) [151, 152] troplating, industrial pigments, rubber

Lead (Pb) [153]
cosmetics, etc

Mercury (Hg) [154, 155]
cosmetics, dental materials, etc

Copper (Cu) [156, 157]

turing, rubber, etc

Zinc (Zn) [158]
manufacturing, paper industry, etc

Paint, coating, battery, smelting, electroplating,

Instrument factory, salt electrolysis, smelting,

Smelting, metal processing, machinery manufac-

Zinc mining, smelting, electroplating, machinery

Liver damage
Stomach ulcer
Muscle spasm

Highly toxic 0.01 0.05  0.05
Nervous System damage
Intellectual damage

Liver damage 0.001 0.001  0.001
Nervous system damage

Vision damage

Gastrointestinal mucosa ulcer 1 1.3 1.3
Hemolysis

Liver necrosis

Kidney damage

Diarrhea 1 5 5
Nausea
Vomiting

#Standards for drinking water quality (GB 5749-2005): Legal health standards for chemicals related to human health in drinking water issued by

the Ministry of Health of China

"WHO: World Health Organization recommended permissible limits for heavy metal ions in water

“BIS: Permissible limits for heavy metal ions as per Bureau of Indian Standards

of trithiocyanuric acid and silica nanospheres, which showed
the advantages of exhibiting large surface area (109 m? g™1),
porous structure and high proportion of heteroatoms (19
at.% of N and 0.75 at.% S). The electrochemical sensor fab-
ricated using the high-performance porous CNFs was highly
responsive to trace Cd>* in the range of 2.0500 pg L™! using
DPASV. Tang et al. [165] formed PANi nanosheet arrays
on electrospun Fe-CNFs substrates and deposited AuNPs
uniformly on the nanosheet surfaces with reducing charac-
teristics, which was shown in Fig. 10a, b. The presence of
Fe in CNF accelerated the growth of PANi nanosheets and
improved their adsorption of As**, responding to a wide
linear range (5-400 ppb) and low detection limit of 0.5 ppb
(S/N 2> 3).

Metal oxides and metal nanoparticles are also widely
applied in electrochemical sensors due to their significant
electron transfer kinetic ability, larger specific surface area,
and availability of adsorption sites [166]. ZnO is an excellent
sensor material due to its high adsorption capacity, biocom-
patibility, and high chemical stability. The one-dimensional
nanostructure can facilitate the diffusion of ions from the
electrolyte to the surface of the sensor material more rapidly.
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Therefore, the production of nanofibers with highly uniform
one-dimensional nanostructures by electrospinning is a fea-
sible approach. Oliveira et al. [167] reported the synthesis
of ZnO nanofibers/L-cysteine (ZnO/L-cys) nanocomposite
electrode for electrochemical sensing of Pb>*. Under the
SWASYV analysis, highly sensitive quantification of Pb>*
(LOD=0.397 pug L™') was achieved in the linear range of
10,140 pg L', Girija et al. [168] corroborated that cobalt
and zinc ions form a stable tetrahedral structure with the
zeolite imidazole ester framework under electrostatic action.
On that basis, the cobalt—zinc—zeolite imidazole framework
(Co/Zn-ZIF) nanofibers were successfully synthesized to
detect heavy metal ions using CV analysis, uncovering the
catalysis effect of the electrode to facilitate electron transfer
between the electrode surface and metal ion. The Co/Zn-ZIF
nanofibers effectively detected Cd** with low interference
in the range from 100 nM to 1 mM and a detection limit of
27.27 nM. Teodoro et al. [169] used polyamide (PA6), cellu-
lose nanowhiskers (CNW), and silver nanoparticles (AgNPs)
to fabricate electrospun nanofiber electronic tongues for
the quality assessment of water samples. It was found that
the nanofiber mat was rich with pores and channels, which
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Fig. 10 a The morphology of Au-PANi-Fe-CNF and b the cur-
rent response of As(IIl) in different concentrations; reproduced with
permission from ref. [165], Copyright 2020, Elsevier. ¢ The mecha-
nism of colorimetric membrane; reproduced with permission from
ref. [170], Copyright 2016, Elsevier. d Optical images of the sensor

provided a multidisciplinary interaction between the binding
site and analytes. With high aspect ratio, high biodegradabil-
ity, and low density, CNW was uniformly blended in a co-
system with metal nanoparticles for increased conductivity,
enabling the prepared electronic tongue sensor to effectively
discriminate different heavy metal ions with detection limit
for Pb>* in aqueous solution only 10 nM.

Concentration of Cu?* (mg/L)

Concentration of Cu?* (mg/L)

immersed in Au/Ag NPs colloid solution at different period; repro-
duced with permission from ref. [171], Copyright 2018, Springer
Vienna. e Ion detection mechanism and f color-differentiation map
about Fe’* and Cu?t; reproduced with permission from ref. [172],
Copyright 2019, American Chemical Society

Colorimetric and Fluorescence Sensor

The binding constant of the analyte of interest and the nature
of sensor molecules are the main factors affecting the sen-
sitivity, specificity, reusability, and stability of the sensor.
For the colorimetric sensor interface, the signaling molecule
would need to induce responsive color change [173, 174].
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Electrospinning has the advantages of fabricating a three-
dimensional structure with a large specific surface area and
excellent biocompatibility, which can provide more binding
sites in the sensor molecules, and effectively improve the
sensitivity and response rate of the sensor [174, 175]. More-
over, the low cost, simple operation and facile surface func-
tionalization of electrospinning make it widely employed
in many fields [176]. In recent years, colorimetric sensors
constructed using electrospinning as the sensor interface
have been used to detect metal ions with careful design of
organic chemistry. Thence, with the development of nano-
technology, colorimetric methods based on surface plasmon
resonance (SPR) of metal nanomaterials have progressively
been introduced.

The core of the color sensing system is represented by the
specific recognition molecules that can generate and transmit
color signals, mainly using organic dyes or transition metal
complexes. The recognition molecule and the analyte selec-
tively interact by non-covalent bonding or covalent bonding,
which induces the charge transfer or spatial structural change
of the recognition molecule leading to the macroscopic man-
ifestation in color change.

Rhodamine B (RhB), widely used for industrial color-
ing and as a fluorescent probe, is revealed to be a reliable
color signal transmitter because of its long absorption and
emission wavelengths, high photostability, high absorption
coefficient, and quantum efficiency. Parsaee et al. [177] pre-
pared Au NPs using Gracilaria under ultrasonication, and
used electrospinning technology to modify silica gel mem-
branes in the presence of RhB. The nanofibers immobilized
with gold nanoparticles and RhB were used to detect Hg>*
in real water samples using colorimetry and fluorescence
at detection limits of 2.21 nM and 1.10 nM, respectively.
Moreover, the sensor can be reused multiple times with high
integrity upon regeneration under oxidation by air. Similarly,
Li et al. [170] used copolymers of rhodamine and quinoline
propylene-based monomers to produce electrospun NFMs
that acted as solid-state sensors and exhibited a high degree
of Fe** selectivity, which was shown in Fig. 10c. In addition,
the NFM realized the obvious color change from colorless to
pink within a minute and its LOD was 1.19 pM.

Poly(aspartic acid) (PASP) is a synthetic poly(amino
acid) with several unique properties, including strong metal
ion binding ability, biocompatibility, biodegradability, water
solubility, and low toxicity. Zhang et al. [172] developed a
reuseable PASP-based colorimetric sensor with nanofiber
structure for Cu?™ and Fe** detection, with a large amount
of Cu* or Fe’* accumulating on the PASP-based NFM after
filtration, which was shown in Fig. 10e, f. Upon exposure to
an aqueous Cu?* solution, the color of the sensor changed
from white to blue and the detection limit was reported to be
0.3 mg L™". In contrast, the membrane changed color from
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white to yellow, with a detection limit of 0.1 mg L™~! for Fe**
aqueous solution.

Noble metal nanoparticles have a small size effect, sur-
face effect, and quantum tunneling effect, and exhibit unique
physicochemical properties. SPR can be described by the
reaction of a large number of freely conducting electrons in
precious metals to external incident electromagnetic waves.
When the electronic oscillation frequency is equal to the
incident light frequency, surface plasmon oscillation occurs,
enabling the noble metal nanoparticles to produce strong
absorption and scattering spectra in the visible light range.
The spectral peak position is highly dependent on the size
and distribution of the nanoparticles, and any changes in
the external environment. When the radius of the nanopar-
ticles is larger than 3.5 nm, the clustering of nanoparticles
causes surface plasmon coupling, and a strong color change
is observed in the visible light range.

The Au/Ag NPs were fixed on the aminated PAN
nanofiber membrans (NFMs) to obtain a test strip with a
porous structure of a large surface area (38.6 m? g~!). The
color of the NFM measured at a wavelength of 420 nm,
underwent a redshift when exposed to Cu®* and the color
changed from yellow to pink to colorless. This effect was
due to the leaching of Au/Ag NPs from NFM in the pres-
ence of ammonium chloride, thiosulfate, and Cu** and the
formation of soluble thiosulfate complexes of Ag*, Au’",
and Cu?*. On that basis, Abedalwafa et al. [171] achieved
colorimetric detection of Cu®* in drinking water samples
by developing electrospun nanofiber membranes with Au/
Ag core-shell nanoparticles, which was shown in Fig. 10d.
Under optimized conditions, this method has the advantages
of low detection limit (50 nM at S/N = 3), fast determination
time (3 min), good specificity, and excellent reversibility.

Spectrometric Sensor

Surface-enhanced Raman Scattering (SERS) technology
overcomes the inherent shortcomings of traditional Raman
spectroscopy with weak signals and can increase the Raman
intensity by several orders of magnitude. One of the main
research directions in the SERS research area is the develop-
ment of SERS substrates. The fabrication of SERS substrates
usually relies on the surface plasmonic properties of the
noble metal nanoparticles [178]. The nanoparticles loaded
onto the electrospun polymer fiber mat, provides a larger
surface area that can effectively enhance the detection signal
and is considered to be an effective SERS substrate [179].
Xu et al. [180] fabricated a 3D SERS substrate composed of
electrospun polycaprolactone (PCL) fibers and silver-coated
gold nanorods (Ag/AuNRs) to detect traces of heavy metals
in the environment. The successful fabrication and fixation
of Ag/AuNRs on PCL fibers benefited from electrostatic
interaction and excellent charge transfer between the gold
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core and the silver layer in the bimetallic structure. Follow-
ing that, the detection of trace concentrations of organic
arsenic, arsenic acid and roxarsone was achieved. Zhang
et al. [181] used electrospinning technology to produce
for the first time polyacrylonitrile (PAN)/noble metal/SiO,
nanofiber mats with plasma-enhanced fluorescence activity.
These nanofiber mats selectively increased the fluorescence
intensity of conjugated polyelectrolytes (CPE), making the
polymer/noble metal nanofibers a promising substrate with
improved sensitivity for metal ion detection.

Antibiotic Sensor

Since penicillin was discovered by Fleming in 1929 and
used clinically by Florey and Chain, more than a hundred
types of antibiotics have been developed and played a huge
role in treating infectious diseases [182]. Antibiotics have
an inhibitory effect on bacteria. Therefore, they are widely
used to treat or prevent diseases in humans and animals
[183]. Moreover, antibiotics are often added to animal
feeds to promote animal growth and harvest. The types
and properties of common antibiotics are listed in Table 2.

Table 2 Types and properties of common antibiotics

Unfortunately, the problem of antibiotic contamination has
become increasingly serious due to their mass production
and abuse [184—186].

Antibiotics can enter the water environment in many ways
and most commonly through urinary or fecal excretion [187].
The antibiotics discharged from the human body typically
flow through the sewers and end up in the sewage treatment
plant [186, 188]. However, the current sewage waste treat-
ment technology could not completely remove antibiotics,
causing residual antibiotics to be discharged from the sewage
treatment plant and causing pollution of the aquatic environ-
ment and sources of drinking water [189-191]. Similarly,
veterinary antibiotics cannot be completely metabolized and
degraded in animals, and can enter the soil in the form of
organic fertilizers and migrate to the ground- and surface
water through runoff, infiltration, and leaching [192]. In this
regard, antibiotics released into water bodies can affect the
composition and activity of microorganisms, and detrimen-
tally alter their ecological structure [193]. To make things
worse, the challenge of bacterial resistance has been loom-
ing [191, 194], and the mixed consumption of antibiotics

Types of antibiotics

Chemical formula Applications

Side effects

Mycoplasma

Gastrointestinal discomfort
Liver toxicity

Chlamydia infection

Tetracyclines [200, 201] Tetracycline Cy,H,,N,04
Oxytetracycline  C,,H,,O9N,
Doxycycline C,,H,,N,04
Aminoglycosides [202] Gentamicin CeoH 23N 50,
Kanamycin CsH36N,O
Streptomycin C,H3N-;0,,
Tobramycin C,3H37N50,
Macrolides [203] Erythromycin C37;Hg;NO 5
Clarithromycin =~ C3HgoNO 5
Dirithromycin C4,H7N,0
Roxithromycin C4H;N,0,5
Azithromycin C33H,,N,0,,
B-Lactam [204, 205] Pannixilin C6HoN;3;05S
Ampicillin C6HoN;0,S
penicillin C6H sN,O,S
Azlocillin CyoH,3N50¢S
Quinolones [206, 207]  Ciprofloxacin C,7HgFN;0;
Levofloxacin C,sH,0FN3;0,
Norfloxacin C6H sFN3O;4
Ofloxacin CsH,FN3O,
Sulfonamides [208] Trimethoprim C4HgN,O4

Sulfamethizole

C9H1 ON4OZSZ

Sulfamethoxazole C,,H;;N;05S

Lyme disease

Gram-negative bacterial infections, such as
Escherichia coli, Klebsiella, Pseudomonas
aeruginosa

Treatment of streptococcal infections, syphilis,
respiratory tract infections, and mycoplasma
infections

Broad-spectrum antibacterial, streptococcal
infection, syphilis

Urinary tract infections, bacterial prostatitis,
bacterial diarrhea, gonorrhea

Urinary tract infection

Hearing Damage
Dizziness
Nephrotoxicity

Nausea
Vomiting
Diarrhea

Gastrointestinal upset
Diarrhea

Severe allergies
Kidney toxicity

Nausea
Tendon degeneration

Nausea
Vomiting
Diarrhea
Allergic rash
Urinary stones
Kidney failure
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can cause the same kind of bacteria to develop resistance to
multiple antibiotics, thus creating "Superbugs".

The detection techniques of antibiotics in trade effluents
conventionally include capillary electrophoresis, spectropho-
tometry, SPR, gas chromatography and liquid chromatogra-
phy, hyphenated techniques, and immunoassays [195-199].
The accuracy of the detection from these methods is very
credible, with outstanding sensitivity and stability, but they
place high demands on the instrument user and where sam-
ple preparation and operation procedures are often com-
plicated and take a long time [191]. Therefore, on-site and
real-time monitoring of antibiotics in the aquatic environ-
ment requires easy-to-operate and faster detection methods
without compromising on their detection performance.

At present, there is not much research on using electro-
spinning technology to detect antibiotics, and the detection
methods involved are still mainly focused on electrochemical
detection and optical detection. The electrochemical detec-
tion method mainly includes two forms of representation:
voltammetry and impedance. Non-specific bare electrodes
typically limit the performance of the electrodes, modifica-
tion strategies must be introduced to improve their perfor-
mance. On the one hand, modifying the electrode surface by
physical or chemical means can improve the hydrophilicity
of the electrode—solution interface and thereby increase the
concentration of antibiotics in the sensing area [209, 210].
Functional materials such as nanomaterials, organic materi-
als, enzymes, or antibodies are assembled on the electrode
surface through modification methods such as self-assembly,
coating, electrodeposition, and electropolymerization. As
a result, the modified electrode displays a special surface
effect, size effect, quantum tunneling effect, and catalytic
activity, which can enhance the conductivity of the elec-
trode, accelerate the electron transfer in the interface, and
reduce the redox overpotential of antibiotics [211, 212]. The
effective amalgamation of the two above-mentioned aspects
promotes a synergistic effect and significantly improves the
sensitivity of antibiotic detection [182].

The three-dimensional porous network of CNFs network
with extensive ion transport channels and a large aspect ratio
facilitates the electron transport rate and effectively adjusts
the charge diffusion length [213]. The composite structure
formed of CNFs and other functional materials can signifi-
cantly improve the surface chemical properties and conduc-
tivity, thereby changing its electron-donating ability and
further improving the selectivity and stability of the sensor
[214, 215].

Rare earth metal orthovanadate, among reported electro-
catalysts, has become the most important functional material
because of its tunable bandgap, abundant oxygen vacancies,
non-cytotoxicity, excellent stability, and electrical conduc-
tivity. Baby et al. [195] presented a samarium vanadate/
carbon nanofiber (SmV/CNF) composite material for the
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quantification of sulfadiazine (SFZ) over a wide linear range
of 0.009-445 uM. The synergistic effect created by the com-
posite structure of SmV and CNF accelerated the charge
transfer while creating more active sites for detection. The
prepared sensor had proven significant electrocatalytic activ-
ity, a low detection limit of 0.0013 uM, and high sensitivity
of 4.03 pA uM~! cm?. In addition, Thangavelu Kokulnathan
et al. [214] used zirconia/carbon nanofibers (ZrO,/CNF) to
fabricate a modified glassy carbon electrode (GCE), which
was successfully applied for selective detection of chloram-
phenicol (CPL). DPV was used to measure the CPL reduc-
tion, which translates to quantification over a linear range
from 0.005 to 903.76 pM with LOD of 0.0018 pM. Scagion
et al. [216] assembled a new type of nanomaterial based
on electrospun PA6/PANI nanofibers on a gold interdigi-
tal microelectrode and used it as the electronic impedance
tongue sensing device to selectively detect tetracycline at a
concentration as low as 1 ppb.

Selective sensing has always been the focus and bottle-
neck in antibiotic sensor development since their chemical
structures can be very similar [217]. Common antigen-anti-
bodies have strong specific binding ability despite the com-
plicated antibody synthesis steps and strict storage condi-
tions that have always limited their application in antibiotic
sensors [218]. Easily synthesized and functionalized aptam-
ers have been recognized as viable alternative sensing probes
with high chemical stability [219, 220]. Song et al. [196]
prepared a novel electrochemical aptamer sensor based on
iron-based MOF that detected tetracycline in the range from
0.1 to 10° nM. CNFs based on the metal—organic framework
NH,-MIL-101(Fe) could not only provide more active sites
to support the aptamer, the presence of amino groups (-NH,)
also promoted electron transfer and proton coupling [221].
Furthermore, NH,-MIL-101(Fe) strongly interacted with
the functional groups of the negatively charged nucleic acid
sequence, which allowed it to capture a considerable amount
of target pollutants, thereby improving the sensitivity of the
electrochemical sensor [222, 223]. Similarly, Vafaye et al.
[224] electrodeposited gold nanoparticles on the surface of
a carbon nanofiber mat to fix the aptamer, realizing a highly
sensitive detection of penicillin (1-400 ng mL™").

Among the optical sensors, colorimetry is the most intui-
tive detection method and, Fe3* is commonly utilized in this
instance to drive color change. The chemical structure of
tetracycline is highly prone to complex with the Fe atoms as
it contains multiple O- and N-containing functional groups
[225, 226]. The oxygen atoms of the carboxylate in the algi-
nate skeleton preferentially chelate to Fe** that eventually
bind to the target antibiotic molecules. Based on this princi-
ple, Yan et al. [227] functionalized alginate directly on the
surface of PAN nanofibers for Fe>* fixation and detected
5 pg kg~! of tetracycline (TC) within 10 min with a color
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change that could be observed easily with the naked eyes,
which was shown in Fig. 11a, b.

Due to its highly effective antibacterial properties, met-
ronidazole (MTZ) is widely used as a food additive in ani-
mal husbandry to promote the growth of animals and plants.
However, MTZ can cause serious diseases through geno-
toxic, carcinogenic, and mutagenic effects [228]. Therefore,
appropriate detection methods are required to prevent exces-
sive MTZ residues from entering o the aquatic environment,
which would adversely affect human health. Under neutral
pH, the amino groups in melamine (MA) form a covalent
bond with the Au nanoparticles with increased stability.
When MTZ binds with the composite material (MA @ GNP)
via hydrogen bonding, the color of MA @ GNP changes from
pink to purple due to the aggregation of gold nanoparticles.
Mohammed et al. [229] reproduced this phenomenon by
assembling melamine-functionalized Au nanoparticles on
polyamide NFMs. The resulting colorimetric strips, which
shown in Fig. 11c, d showed good sensitivity for MTZ
with low LOD (2 nM at S/N=3) and a fast response time
(2.5 min).

Apart from colorimetry, SERS is also a powerful spec-
troscopy technique that can be used for label-free detec-
tion of (bio)chemical substances. The principle behind this
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technology is the electromagnetic amplification by noble
metal nanostructures as mentioned previously. Kang et al.
[230] reported a SERS sensor based on assembled Au@Ag
core-shell nanoparticles on an electrospun nanofiber matrix
that was used for the selective detection of methampheta-
mine at logarithmic concentration from 107! to 10* ppb,
with the detection limit reaching an impressive 7.2 ppt. Tang
et al. [231] further found that amorphous silica nanofibers
uniformly loaded with Ag nanoparticles fabricated using
electrospinning technology showed strong SERS enhance-
ment effects and achieved high efficiency for trace antibiotics
detection.

Pesticide Sensor

There have been reports of pesticide pollution of the aquatic
environment around the world [232, 233]. According to
reports, many famous rivers such as the Yangtze River,
Songhua River, Tingjiang River, and Heilongjiang River
in China have been polluted by pesticides. More than 130
pesticides or their degraded products have also been iden-
tified in groundwater in the United States. Pesticide resi-
dues such as atrazine, acetochlor, and dimehypo were found
in groundwater in Jiangsu, Jiangxi, and Hebei, China. In
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general, the higher the water solubility of pesticides, the
more residues can be found in the water and studies have
shown that surface waters can easily promote the accumula-
tion of pesticides or chemical substances [234]. Additionally,
the pollutants in the surface water are easily displaced to the
groundwater through the hydrological cycle or soil infiltra-
tion. Therefore, pollution of the aquatic environment caused
by pesticides is a very urgent global issue to be addressed.

Today, the detection of pesticides in the aquatic environ-
ment relies mainly on manual on-site sampling and then
routine analytical techniques such as gas chromatography
and high-performance liquid chromatography [235-237]. It
is undeniable that chromatography is highly accurate and
a mature detection technology, but the underlying factors
such as expensive instrumentation, cumbersome sample
preparation process, and high operational requirements
make pesticide detection challenging. Over the past 5 years,
a variety of rapid detection methods have been developed,
including electrochemical sensors, colorimetric sensors, and
detection cards [232, 238]. These new detection technologies
help environmental inspectors to localize the pollutants in
the aquatic environment in time, and effectively avoid the
large-scale release and spread of pollutants.

Feng et al. [238] combined electrospinning and hydro-
philic modification to develop an emerging type of nano-/
microstructure detection card based on PCL fiber mats to
detect indole acetate and acetylcholinesterase (AChE). Pre-
treating the fiber mat with ethanol promoted hydrolysis of
the PCL fiber mat, which improved the surface wettability,
and the minimum detectable concentrations of carbofuran,
malathion, and trichlorfon were reduced by fivefold, two-
fold, and 1.5-fold, respectively (Fig. 12a, b). Using a similar
approach, Moghazy et al. [239] electrospun chitosan/PVA
nanofibers to fabricate a mutant acetylcholinesterase-based
biosensor with LOD determined to be 0.2 nM for phospho-
rus and thus far below the maximum residue limit (MRL)
of 164 nM, set by international regulations. The low LOD
could be achieved owing to the unique spatial structure, high
porosity, and large specific surface area of the electrospun
fibers. Shao et al. [240] used electrospinning technology
to manufacture flexible and hydrophobic Ag/SB nanofiber
films as SERS substrates on a large scale. Using R6G as
a probe molecule, it was observed that the Ag/SB-SERS
method had excellent sensitivity and stable signal reproduc-
ibility towards triazophos with LOD of 2.5 x 1078 M. More
importantly, the method did not require complicated sample
preparation.

Atrazine is a type 3A carcinogen and an insecticide in
the chlorotriazine family, and is known to seriously affect
the human endocrine system if consumed. The high toxicity
of atrazine extends its effect on animals and plants. Supraja
et al. [232] electrospun SnO nanofibers to perform label-
free, and ultra-sensitive electrochemical detection of atrazine
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within the wide dynamic detection range of pM, achieving a
detection limit for atrazine of 0.9 zM and sensitivity of 4.11
pA pM~! em=2 (Fig. 12c, d).

Nitrophenols, including three isomers o-nitrophenol
(0-NP), m-nitrophenol (m-NP), and p-nitrophenol (p-NP),
are all important raw materials for the production of pes-
ticides and are suspected carcinogens [241]. They have
high chemical stability and will not be easily degraded by
microorganisms, which seriously upset the ecosystem bal-
ance [242], hence are listed by the United States Environ-
mental Protection Agency (USEPA) as toxic pollutants and
hazardous wastes of top priority. According to the Euro-
pean Communities Commission regulations, the maximum
allowable amount of nitrophenol in drinking water is 5.0 pM
[243-245]. Unfortunately, o-NP and p-NP as hydrolysates
of pesticides (parathion and methyl parathion, etc.) widely
contribute to water and food contamination and are com-
monly used as markers to diagnose pesticide contamina-
tion [246]. Zhu's research group [247] prepared CNFs with
a high surface area—volume ratio and aspect ratio by the
carbonization of electrospun PAN fibers. By controlling
the polymerization time and ammonium persulfate (APS)
feed rate, a one-dimensional nanoconical PANi array with
favorable uniformity was successfully assembled on the
electrospun CNFs (PANi-array @CNF) at low tempera-
tures yielding abundant mesoporous structures necessary
for electrochemical reactions (Fig. 12e—g). Due to the large
specific surface area and highly ordered nanostructure, the
CNF electrode displayed excellent activity and response
to the electrochemical reduction of nitrophenol, enabling
ultra-sensitive and selective detection of p-nitrophenol with
a LOD as low as 1.5 nM. Moreover, the fabricated sensor
could quantify and differentiate o-NP and p-NP simultane-
ously. Antohe et al. [248] reported a PANi/platinum coating
for the highly sensitive detection of 4-nitrophenol (4-NP)
contaminant with a layered fiber surface plasmon resonance
sensor, which revealed excellent detection performance in
the low picomolar range (LOD =0.34 pM).

Others

The composition of pollutants in the aquatic environment is
complex. Besides chemical pollutants, biological contami-
nation such as bacteria, viruses, and parasites are of high
prevalence and relevance today. Schistosomiasis is one of
the deadliest diseases caused by parasites from water pollu-
tion and their transmission can be much faster than chemical
contamination to cause an outbreak of diseases.

The Coronavirus Disease 2019 (COVID-19) pandemic
has taken millions of lives worldwide and there is a need to
rapidly detect the virus. Currently, real-time (quantitative)
reverse transcription polymerase chain reaction (RT-PCR)
is considered the gold standard for COVID-19 diagnosis.
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However, RT-PCR-based tests are complex, expensive, time-
consuming, and require sample pre-treatment by trained
personnel. Over the past 2 years, researchers around the
world have developed several solutions to quickly diagnose
COVID-19. However, in the early stages of infection, there
are many false-positive misdiagnoses with these developed
sensors. To address the current challenges, Jadhav et al.
[249] proposed a diagnostic scheme based on SERS com-
bined with microfluidics integrating microchannels. The
channels consisted of Au/Ag-coated carbon nanotubes and
an electrospun micro/nanofiltration membrane reported to
have the potential to successfully capture viruses from vari-
ous biological fluids/secretions.

In other instances of monitoring biological contaminants,
Xu et al. [250] reported a novel type of aptamer @ AuNPs@
UiO-66-NH, nanofiber sensor for specific detection of
microcystin (MC-LR). High loading of MOFs and aptamers
on nanofiber fibers was achieved and successfully applied to
accurately identify MC-LR by solid-phase microextraction
(SPME) combined with LC-MS. Highly specific recogni-
tion of MC-LR was achieved with an extremely low LOD
(0.004 ng mL™") and good precision (CV% < 11.0%). Yang
et al. [251] used the electrospun nanofiber mat prepared by
the in situ assembly of tunable Ag nanoparticles on TiO,
nanofibers to detect bacteria. The Ag NPs were uniformly
deposited on the nanofibers on the surface of TiO, so that the
composite nanofiber mat had excellent SERS properties. The
minimum detection limit of the sensor was around 10~ mol
L~!. More importantly, the nanofiber mat fabricated could
be used as a SERS substrate to detect E. coli, S. aureus and
other biological macromolecules without the need for using
aptamers. Niri et al. [252] developed a CNF-based electro-
chemical biosensor for the detection of Hepatitis B virus
in a linear range of 107'>-10° M, with a detection limit
of 1.58x 1072 M. Arshad et al. [253] developed an imped-
ance sensor based on molecularly imprinted polymer (MIP)
and electrospun PS nanofibers for early detection of dengue
infection, successfully attaining a linear response ranging
from 1 to 200 ng mL~!, and the LOD as low as 0.3 ng mL~",

Conclusion and Future Trends

In the present comprehensive review, electrospinning tech-
nology has been uncovered to be one of the most effective
methods that can be used to achieve mass production of
nanofibers for different applications. Electrospun nanofiber
membrane is empowered with the advantages of display-
ing three-dimensional structure, high porosity, large spe-
cific surface area, and controllable structure. It is an ideal
nanomaterial for fabricating high-performance sensor ele-
ments. Compared to methods such as hydrothermal and
templating, electrospinning allows the blending and in situ

@ Springer

polymerization or cross-linking, of a variety of functional
materials to realize the preparation of nanomaterials with
unique structures and morphologies including nanofibers,
nanowires (nanorods), nanoribbons, hollow nanofibers,
core-shell structures, hollow nanotubes, and nanodendrites.
Moreover, these electrospun nanomaterials have high axial
strength and can facilitate continuous electron transfer along
the long-axis direction, so that they can achieve higher sen-
sitivity in the field of environmental sensing. Finally, the
electrospinning technology is easy to mass-produce and
commercialize, laying the foundation for the market appli-
cation of nanofiber-based sensors in the near future.

Although the prospects are optimistic, there are many
challenges ahead in bringing sensors based on electrospin-
ning technology into the market and realizing industrial-
scale production. These include: (1) improving the disper-
sion of nanomaterials on the surface or inside nanofibers so
that the functionalized materials are evenly distributed; (2)
the fabrication of electrospun nanofibers is highly suscepti-
ble to environmental factors, and the process of nanofibers
needs to be improved. Parameters to ensure the stability and
repeatability of nanofibers produced under large-scale manu-
facturing conditions; (3) the integration of electrospinning
nanofibers with chips, wearable devices, and other sensor
platforms; (4) at this stage, the laboratory-based environ-
mental sensors are only used for detection in a relatively
clean gas and water environment, and the actual environ-
ment contains much more complex interferences, which
poses requirements for the selectivity and anti-interference
of the sensor; and (5) environmental sensors are mainly
divided into real-time detection and long-term monitoring.
Long-term monitoring in particular poses a challenge to the
stability of the sensor.

In conclusion, nanofibers produced by electrospinning
technology offer many effective binding sites for analytes
due to their high surface area and porosity, which greatly
improves the sensitivity and response time of the sensor.
Despite the evident challenges, the authors have great con-
fidence that the future commercialization of electrospinning
technology for environmental monitoring can be expected
with the continuous research efforts.
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