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Abstract: Electrospun nanofibers have shown their advantages for applications in a wide variety of
scientific fields thanks to their unique properties. Meanwhile, electrospinning is closely following the
fast development of nano science and nanotechnology to move forward to smaller (pico-technology),
more complicated nanostructures/nanodevices and more order (all kinds of nano arrays). Particularly,
multiple-fluid electrospinning has the strong capability of creating nanostructures from a structural
spinneret in a single-step and a straightforward “top-down” manner, holding great promise for
creation on a large scale. This review is just to conclude the state-of-art studies on the related
topics and also point out that the future directions of environmental detection require chemosensors,
while the improvement of sensors requires new chemically synthesized functional substances, new
nanostructured materials, application convenience, and functional integration or synergy. Based on
the developments of electrospinning, more and more possibilities can be drawn out for detecting
environmental pollutants with electrospun nanostructures as the strong support platform.

Keywords: pollution detection; nanostructure; chemical sensing; functional integration

1. Introduction

At present, people are paying more attention to three environmental issues: the
greenhouse effect, ozone layer destruction, and acid rain. This is because environmental
pollution has begun to threaten human safety, and the harm caused by environmental
pollution to human health is very complex. Taking carcinogenesis as an example, the
World Health Organization believes that a large part of human cancer is caused by chemi-
cals found in environmental pollution. Environmental pollution is mainly manifested in
the air, water, and soil [1-3]. Clean air is mainly composed of nitrogen, oxygen, argon,
and a small amount of carbon dioxide and water vapor, as well as trace amounts of rare
gases. However, when the atmospheric composition changes and reaches a crisis level
for organisms, it causes air pollution. The sources of air pollution are both natural and
manmade. Natural pollution sources include soot, sulfur oxides, and nitrogen oxides
produced by earthquakes and volcanic eruptions [4-8]. Manmade sources of pollution
arise from human activities, especially in industry and transportation. At present, air
pollutants mainly include dust, heavy metals, sulfur oxides, nitrogen oxides, carbide, and
so on. There are a variety of toxic substances on the surface of dust particles, which can
cause respiratory tract, heart, and lung diseases after entering the human body [9-12].
Sulfur dioxide released into the atmosphere often combines with water vapor to form
sulfuric acid smoke, which is highly corrosive, while nitrogen oxides can produce a toxic
photochemical smog. Carbon monoxide is an odorless and highly cumulative toxic gas that
can be maintained in the atmosphere for two or three years [13-17]. Water is a precious
resource for mankind, without which there is no life. However, water pollution is quite
serious in the world; the main sources of water pollution are hospital sewage and untreated
industrial and domestic wastewater. Water pollution occurs when the harmful substances
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in the water exceed the self-purification capacity. These harmful substances include heavy
metals and their compounds, organic and inorganic chemicals, pathogenic microorganisms,
and radioactive substances [18-21]. Pathogenic microorganisms in sewage can cause the
spread of infectious diseases; metal compounds can cause chronic poisoning of the human
body; and organic poisons such as benzene, dichloroethane, and ethylene glycol can poison
aquatic organisms and affect aquatic life [22-24]. Water pollution is not only a serious threat
to animal and plant health, but it is also harmful to land and air. Organic matter in sewage
undergoes anaerobic decomposition, producing hydrogen sulfide, thiol, and other deleteri-
ous gases, which pollute the air. Groundwater and surface water are also polluted through
infiltration [25-27]. Land pollution occurs when soil accepts certain pollution due to its
own characteristics and has a limited self-purification capacity. Chemical substances can
invade the soil, causing the original physical and chemical properties of soil to deteriorate,
thus decreasing the land’s production potential [28-30]. The main pollutants polluting
the soil include inorganic pollutants (heavy metals), organic pesticides, organic wastes
(refractory organic waste), sludge, fly ash, and radioactive substances [31-33]. Land pollu-
tion will directly lead to the deterioration of soil properties in terms of eco-environmental
effects, resulting in the reduction of vegetation and biodiversity. In addition, land pollution
may also cause secondary environmental problems such as threatening ecological security
and air and water pollution [31,34]. In addressing the issue of environmental pollution,
comprehensive integrated control can be achieved by combining pollution abatement and
environmental monitoring [35,36].

Detecting environmental pollution has always been a concern. It involves detecting the
content of inorganic and organic pollutants in the environment to maintain environmental
quality and safety. Several complex analytical instruments can be used to accurately detect
the quantitative information of metal ions in the environment, including inductively cou-
pled plasma-mass spectrometry (ICP-MS), surface-enhanced Raman spectroscopy (SERS),
X-ray fluorescence spectroscopy (XPS), and atomic absorption spectroscopy (AAS) [37,38].
However, these methods are expensive, complicated, and time-consuming, making them
unsuitable for field measurement. Therefore, researchers have been developing field-
detection sensor devices that provide a short response time, high sensitivity, and selectivity.
A sensor is an analytical equipment used to identify analytes, consisting of receptors, physi-
cal and chemical signal sensors, and processors. The working principle of the sensor can be
divided into magnetic, mechanical, electrochemical, and optical principles according to the
type of output signal [39—44]. Electrochemical and optical chemical sensors have received
great attention in sensing detection, as they can perform real-time detection without the
use of complex spectroscopic instruments. Electrochemical techniques have been widely
used due to their high sensing performance, low detection limit, simplicity, and ability
to detect different substances simultaneously [45—-47]. Its good sensitivity and selectivity,
low cost, lightness and portability, field-detection suitability, simple operation, and short
time response can be divided into fluorescence and colorimetric sensing according to their
mechanism [48-50]. Moreover, the successful development of these detection sensors
using electron transfer and energy transfer mechanisms is related to the nature of the
constructed platform [51]. With the development of nanomaterials, sensor platforms that
realize the transduction technology are emerging, such as graphene, quantum dots (QDs),
nanotubes, molecular imprinted polymer (MIP), metal-organic framework (MOF), and
nanoparticles (NPs). These materials can significantly improve the sensors in terms of
sensitivity, selectivity, response time, multi-channel detection capabilities, and portabil-
ity. Researchers have also successfully designed sensors that depend on different light
signal transduction systems [40,45,52-56]. Nanofibers (NFs) can be applied not only to
electrochemical sensors but also to optical sensors. NFs can be produced by a variety
of methods, such as the melting method, wet spinning, self-catalyst growth, sacrificial
template method, vapor deposition method, thermal evaporation method, and electro-
spinning. However, NFs prepared by electrospinning have the advantages of easy man-
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ufacturing and functionalization, low cost, convenient detection, multiple structure, and
high porosity [11,27,57-59].

Electrospinning technology can create unique structures and various functional prop-
erties in NFs. By combining polymer, metal, metal oxide, and active ingredients, using
electrospinning technology and postprocessing mixed nanocomposite materials or Janus,
core—shell, hollow, and porous structures with unique functional NFs can be prepared.
Electrospun NFs have superior mechanical properties and excellent surface characteristics,
making them ideal for use in energy, environmental, medical, and food-related applica-
tions [60,61]. Therefore, the sensor platform made from electrospun NFs is characterized
by easy preparation and function, low cost, flexibility, and mechanical stability. More-
over, the electrospun NF sensor platform is portable, making it suitable for field detection.
Various functionalization means, including direct blending and postprocessing, can be
used to achieve high selectivity and multiplex detection capability. Since the application
of electrospinning in sample preparation, many papers have been published in the sens-
ing field, and the number of publications on electrospun NF-based sensors has increased
rapidly. The numbers of publications of sensors and electrospun NF-based sensors between
2012 and 2022 are shown in Figure 1. This paper describes the research progress and the
advantages of electrospinning technology in preparing different structured NFs for the
detection nanomaterials.
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Figure 1. The literature search statistics using the themes “Sensor” and “electrospinning and electric
spinning sensor” on the Web of Science platform.

2. Electrospinning

Nanomaterials, due to their special structure and a series of unique physical and
chemical properties, are widely used in chemosensors, e.g., for the fixation of active
molecules, signal detection, and transmission amplification; greatly improve the sensitivity;
shorten the response time; and achieve high-throughput real-time detection, providing
a new research path and huge space for the development of chemosensors [62—-69]. NFs
have become a hot spot in sensing research due to their unique structure, and the elec-
trospinning process can directly and continuously prepare polymer NFs [70-73]. The
experimental setup for electrospinning technology consists of three parts: a high-voltage
power supply, a spinning device, and a collection plate (Figure 2A). The positive termi-
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nal of the power supply output by the power supply is connected to the needle of the
syringe, and the negative terminal is connected to the receiving plate [74-76]. When
the electric field force and surface tension of the spinning liquid are equal, a “Taylor
cone” will be formed at the spinneret, and the electric field force can overcome the
surface tension of the liquid by further increasing the voltage, and the charged liquid
will be ejected from the spinnerets in the form of fiber bundles and received by the
receiver [76-80]. After a series of bending and stretching processes, the diameter is continu-
ously reduced, while the solvent gradually volatilizes, and then the dried NFs fall on the
receiving plate [81-84]. Polymer chains can be rapidly frozen during electrospinning, effec-
tively inhibiting intermolecular IT-I1 interactions [85]. Electrospun NFs have the advan-
tages of a small structure size and large specific surface area, which have a good role in im-
proving the sensitivity, response time, and selectivity of sensors, so they have great potential
in the sensor field. In recent years, electrospinning technology has developed from single-
fluid to multi-fluid electrospinning technology; due to the high requirements of the single-
fluid electrospinning process on the spinnability of materials, only the simplest single-layer
NFs can be prepared in practical applications, thus creating great limitations. Multi-fluid
electrospinning technology can prepare complexly structured and functional NFs, which
can be divided into coaxial, side-by-side, and multistage electrospinning technology. The
prepared NFs will have a core-shell structure, Janus structure, or tertiary core-shell /Janus
structure (Figure 2B).

Conventional coaxial electrospinning techniques have limitations, such as the require-
ment for the sheath fluid to be spinnable, high solution concentration, and blockage of the
spinneret during the implementation process. These factors can lead to poor control of
the fiber morphology and diameter [86-88]. To address these challenges, researchers have
developed modified coaxial electrospinning methods, which regulate the release of active
substances, using specialized structures [89]. The improved coaxial electrospinning method
uses non-spinnable liquids, such as pure solvents, dilute polymer solutions, or emulsions,
as the sheath working fluid to prepare fibers. This method improves the quality of NFs and
allows for the adjustment of the fiber size. Core—shell NFs can be prepared using coaxial
spinnerets, while Janus fibers can be prepared using parallel capillary spinnerets. Spinnerets
consisting of parallel capillaries provide structural templates for producing Janus fibers.
Janus fibers have two sides in direct contact with the surrounding environment and exhibit
unique properties compared to core—shell fibers [90-92]. Li et al. prepared drug-loaded
Janus beads-on-a-string-structure NFs by using a parallel spinneret with a sleeve made of
polytetrafluoroethylene (PTFE), demonstrating bipolar controlled release [91]. However,
parallel spinnerets fail to prepare NFs with a parallel structure due to the ease of separation
of the double fluids with small contact area [93-96]. To address this limitation, researchers
designed eccentric parallel spinnerets. The rounded outer metal capillaries made the charge
evenly distributed on the surface, and sufficient contact area between the two working
fluids was provided to prevent separation [97-99]. The Janus structure produced by the
electrospinning process can be tailored by adjusting the spinning parameters to customize
the properties of the two-layer Janus nanofibers, such as the ratio of each component, the
distribution of active components, and the properties of the polymer matrix. It can be
effectively used for the development of new nanomaterials [100-102].

Multifluid electrospinning technology is also increasingly used in various fields.
Yang et al. demonstrated a preparation of functional three-layer NFs by using tertiary coax-
ial electrospinning [101]. The NFs utilized cellulose acetate (CA) and polyvinylpyrrolidone
(PVP) as drug carriers, and the middle blank CA layer enabled precise two-stage drug
release. While the development of tertiary structures is still in its early stages, research is
exploring the combination of coaxial and Janus structures to form three-level structures
with diversified parallel coaxial and coaxial parallel arrangements [103-108]. Generally,
hollow NFs need to be obtained under an inert atmosphere or after freeze-drying [109-111].
However, the development of coaxial electrospinning technology has enabled the one-step
preparation of hollow NFs. The principle of preparing hollow NFs is similar to that of solid
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NFs, but the spinning parameters and post-treatment need to be adjusted. Irfan et al. used
a coaxial double capillary filament head with PVP as the sheath fluid and a salt solution as
the core fluid to prepare hollow NFs through selective calcination [112]. By controlling the
experimental parameters, the inner diameter and wall thickness of these hollow NFs can
range from tens of nanometers to hundreds of nanometers, and the core and sheath fluids
can be modified independently to achieve NF functionalization [111,113-115]. Liu et al.
made hollow NFs composed of copper oxide (CuO) and polyaniline (PANI) [111]. The
electrospinning technique was employed to fabricate hybrid NFs, which demonstrated
outstanding electrochemical characteristics in detecting hydrogen peroxide (H,O;) and
glucose without the need for enzymes. The hollow NFs possess several noteworthy at-
tributes, including their considerable surface area, high porosity, and distinctive structure,
rendering them a suitable choice for sensing materials. Notably, the hollow configuration of
the NFs facilitates the diffusion of analyte molecules into the nanofiber, thereby enhancing
the sensitivity and selectivity of H;O, and glucose detection (Figure 2C). The resulting
hollow structure of these fibers increases their surface area and capacitance. Conductive
nanoparticles are added to enhance their electrochemical performance through reversible
redox reactions. The supercapacitors fabricated using these fibers show excellent properties,
making them potential candidates for future energy storage systems. Yin et al. prepared
cobalt-iron selenides (CoFe;Ses) porous carbon NFs (PCF), using Prussian blue analogues,
as a novel phenolic chemosensor for detecting gases [113]. The nanocomposites produced
through the use of three-dimensional (3D) network nanostructures offer an optimal conduc-
tive network that promotes electron transfer and inhibits the aggregation of nanoparticles.
By utilizing porous NF-modified electrodes, hydroquinone (HQ), catechol (CC), and re-
sorcinol (RS) were simultaneously detected with excellent electrochemical performance
and multiplexing ability. The porous structure and high conductivity of the NFs make
them an ideal support material for chemosensors, resulting in a synergistic effect that
enhances electrocatalytic performance (Figure 2D). The porous NF-based sensors obtained
have a good anti-interference performance and excellent stability. When the structure of
NFs is changed from solid to porous, the fiber specific surface area can be increased, and
increasing the surface area is conducive to the application of NFs to the fields of catalysis,
filtration, adsorption, tissue engineering, and other fields [116-121]. There are three ways
to achieve porous structures in electrospun NFs, breath figures (BFs), based on selective
removal of components (SR) from NFs made from composites or blended materials and
the use of phase-separation methods [120]. Poudel et al. prepared three-dimensional
hollow and porous carbon NFs (3DHPCNF) by coaxial electrospinning and freeze-drying
and then prepared ZMA-LDH@Fe,03/3DPHCNF (ZMA-LDH, ternary zinc-magnesium—
aluminum layered double hydroxide) by hydrothermal synthesis double hydroxide and
a-Fe; O3, hematite) [114].

Coaxial electrospinning is a useful technique for fabricating core-shell NFs with con-
trolled composition and morphology. In the study, it allowed the authors to confine the
ZMA-LDH and «-Fe;O3; nanorods within the core of the NFs, while the PVP shell pre-
vented the nanorods from agglomerating during electrospinning. In conclusion, the use of
coaxial electrospinning allowed for the fabrication of a well-defined electrode material with
enhanced electrochemical properties, highlighting the potential of this technique for the de-
velopment of high-performance energy storage devices. Hollow and porous interconnects
increase the high surface area, and superior-conductivity layered composite electrodes pro-
vide high areal capacitance. Wang et al. doped 1,4-Dihydroxyanthraquinone (1,4-DHAQ)
with cellulose (CL) by using electrospinning technology, and then 1,4-DHAQ@CL porous
NFs were prepared by deacetylation for the fluorescence detection of Cu?* in contaminated
water [122]. Cu?* was added to 1,4-DHAQ@CL to generate (1,4-DHAQ)-Cu?*@CL porous
NF membrane to further fabricate a fluorescence sensor for detecting Cr®* in aqueous
solution. Fluorescence sensors are interactions between the sensing device that is modified
by fluorophore and the target molecule on the sample surface, so their sensitivity with the
surface area per unit mass (S/M ratio) of the modified sensor’s surface. The electrospun
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1,4-DHAQ @CL NF membrane is converted into a 1,4-DHAQ @CL porous NF film after
deacetylation, and a higher S/M ratio can be obtained by increasing the microporous
amount, which improves the sensing performance of the fluorescent sensor.
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Figure 2. Schematic diagram of electrospinning process. (A) Electrospinning equipment. (B) Different
processes of electrospinning. (a) Single-fluid electrospinning. (b) Two-fluid electrospinning. (c) Three-
fluid electrospinning. (C) Schematic procedure of hollow CuO/PANI NFs for detection (reproduced
with permission from [111], copyright © 2019, Elsevier). (D) The preparation of CoFe;Ses porous
carbon NFs (reproduced with permission from [113], copyright © 2020, Elsevier).

These structures not only increase the specific surface area of the fiber but also enhance
the functionalization of the fiber, which is conducive to enhancing the sensitivity and
detection range of the sensor platform. Below, we analyze the advantages of different
structured nanofiber-based environmental detection sensors in environmental application
areas (water, air, and soil) separately. Core—shell-structure NFs can achieve a multistage
redox reaction or have multiple detection capabilities. Janus-structure NFs have bipha-
sic controlled-release properties, thus giving them great advantages in electrochemical
detection. Hollow-structure NFs greatly increase the specific surface area of fibers and
can shorten the response time during sensing, and porous-structure NFs can improve
the charge-transfer ability and achieve good catalytic activity, thus greatly improving the
sensing performance.
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3. Type of Detection Method for the Electrospun-Nanofibers-Based Chemosensors

With the development of nanotechnology, nanomaterials such as MIPs, QDs, NPs,
MOFs, graphene, nanotubes, and NFs are increasingly being used as sensor platforms
in various sample detection fields, including biomedical, food safety, and environmental
pollution [123-129]. As a chemical-sensing platform, NFs use electrochemical and optical
detection methods to greatly accelerate the sensing response time and field detection ef-
ficiency, with increasing detection range and sensitivity [130-133]. Therefore, NFs have
high application prospects in chemosensors for high-precision qualitative and quanti-
tative detection of environmental pollution. The sensor detection performance usually
includes sensitivity, selectivity, detection limit (LOD), repeatability, response, and recov-
ery time, among which good sensitivity and linear response are the keys to preparing
sensors. The development of nanomaterials can effectively improve the sensor detection
performance [134-139].

3.1. Electrochemical Sensor

In chemosensors, the principle can be divided into electrochemical and optical sensors.
The detection principle of electrochemical sensor is based on the measured substance
in the process of electrochemical sensor surface reaction, using the recognition element
induction in electrochemical sensor surface and substrate combined to produce a certain
biological or chemical quantity; then, through the signal converter, according to a certain
rule, a quantitative electrical signal (such as current, potential difference, or conductance
properties) can be programmed so as to achieve the purpose of analysis and monitoring.
The change and the concentration of the substance to be analyzed are proportional to the
quantitative analysis of the analyte [123,140-144]. Compared with traditional methods, the
electrochemical sensor has many advantages, such as high sensitivity, a short response time,
simple operation, the ability to monitor online in complex systems, and the ability to remove
other analytes without the need for pretreatment, making it a unique analytical method
for environmental pollution detection [145,146]. Electrochemical sensors usually use the
following methods to detect environmental pollutants, namely voltammetry, amperometry,
and the impedance method [143,147]. In the voltammetry method, the test substance is
easily directly oxidized or reduced on the working electrode to obtain a specific oxidation-
reduction potential for qualitative analysis with good selectivity [148]. The amperometry
method can quantitatively analyze the concentration of the test substance by generating
a specified potential through the electrolytic current [149]. The change in impedance
caused by different concentrations of the test substance on the electrode surface can show
a micro linear range with a low detection limit [140]. Zhang et al. prepared flexible
hydrogen sulfide (H,S) sensors, using electrospun NFs coated with a porous MOF that
can detect ultralow concentrations of the gas [52]. Specifically, the researchers utilized
electrospun polyvinylidene fluoride (PVDF) NFs as a substrate to grow NO,-UiO-66, a
type of MOF, resulting in a sensitive and selective H,S sensor. Electrospinning provides
a large surface area for the growth of the MOF and improves the sensitivity of the sensor.
The article highlights the significance of electrospinning in sensor manufacturing and
proposes that this innovative technique could pave the way for the creation of flexible gas
sensors with environmental applications (Figure 3A). Song et al. prepared a sensor made
of a carbon nanofiber modified with an MOF made of iron (Fe) [41]. The resulting NFs
had a high surface area-to-volume ratio, and the Fe-based MOF was used to modify the
surface of the carbon NFs, which enhanced the selectivity and sensitivity of the sensor. The
article provides a detailed analysis of the material mechanism of electrospun NFs and the
electrochemical behavior of the sensor, which can be useful for designing and fabricating
other electrochemical sensors (Figure 3B).
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Figure 3. Application of electrochemical detection sensors in environmental pollution. (A) (a) Evalu-
ation of the selectivity of the NO,-UiO-66 nanomaterial sensor toward HjS. (b) Detection of varying
concentrations of HyS and SO, using the NO,-UiO-66 nanomaterial sensor. (c¢) Analysis of the capac-
itive variations exhibited by the sensor under normal conditions and when subjected to 180° bending.
(d) Investigation of the cyclic stability of the sensor for different concentrations of H,S while subjected
to bending (reproduced with permission from [52], copyright © 2022, Elsevier). (B) (a) Investigation
of the impedance responses of the aptasensor toward various concentrations of TC, using EIS. (b) Gen-
eration of a calibration curve for the quantitative detection of TC, using the aptasensor (reproduced
with permission from [41], copyright © 2022, Elsevier).

3.2. Optical Sensor

In the case of chemosensors, according to the principle, they can be divided into the
fluorescence method and colorimetric method. The chemosensors based on the fluores-
cence method have the characteristics of a short response time, selectivity, and a wide
detection range. Its basic principle is the specific interaction between the biomolecules
on the sensor and the object to be analyzed [4,150-156]. The light signal formed by ab-
sorption or emission band changes resulting from chemical interactions is easily detected
by fluorescent molecules, with the light signal correlated with the concentration of the
analyte [157-165]. Nanomaterials are widely used as probe indicators in various chemical
tests due to their high sensitivity, wide detection range, and convenient operation. Han et al.
prepared a novel fluorescent hydrogel for the efficient adsorption and detection of hex-
avalent chromium (Cr(VI)) [159]. The hydrogel was created by blending lignin, cellulose
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nanofibers (NFs), and carbon dots and subjecting them to electrospinning to confer fluores-
cence properties for detection purposes. The hydrogel exhibited a high adsorption capacity
for Cr(VI) and demonstrated high sensitivity in detecting its presence through fluorescence
spectroscopy. The electrospinning technology played a crucial role in developing this
innovative hydrogel due to the resulting high surface area and porosity of the material
(Figure 4A). Colorimetric detection is widely accepted as a selective and highly sensitive
method for detecting various analytes, making it suitable for the rapid and simple detection
of environmental pollution. Due to its simplicity, ease of operation, and fast field detection,
colorimetric technology is currently moving toward miniaturization without additional
cost. The development of chromogenic materials and their colorimetric sensing mechanism
is a key research direction in the development of nanomaterials, which have played a
crucial role in optical sensing equipment [159-164]. Chromogenic materials include or-
ganic materials (based on chelation reaction, self-catalyzed reaction, and enzyme-mimetic
reaction), inorganic materials (based on local surface plasmon resonance, QDs, and MOFs),
and other materials (such as photonic crystals) [165-169]. Hu et al. modified fibrous acid
NFs that were prepared by electrospinning technology, using 2-(5-Bromo-2-pyridylazo)-
5-(diethylamino) phenol (Br-PADAP) as a color developer for the quantitative detection
of uranyl (UO,2") by visual colorimetric sensing [170]. Cellulose acetate (CA) NFs were
used as a matrix for immobilizing Br-PADAP, making the sensor highly portable and stable.
The BR-PAPAP embedded in the fiber can interact strongly with UO,%*, which perturbs
the BR-PAPAP backbone and causes color changes (Figure 4B). With the advancement of
technology, smartphone-assisted colorimetric readers, which combine readout devices with
colorimetric methods, have a wide range of applications in sensor applications [43,44].
In the following sections, we mainly focus on the principle of electrochemical sensing
and optical sensing and discuss the research on electrospinning technology in the field
of chemical sensing for environmental detection, as well as the advantages of different
structured NFs in improving sensing performance.
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Figure 4. Application of optical detection sensors in environmental pollution. (A) (a) After adding
different metal ions at a concentration of 2000 mg/L, the lignin-based hydrogel exhibited changes
in its fluorescent properties. (b) The addition of various heavy metals caused the AQY (absolute
quantum yield) of FLH-3, a hydrogel made from lignin, to vary. (c) The concentration of Cr(VI) had
a gradual effect on the fluorescence of FLH-3, resulting in a decrease over time (reproduced with
permission from [159], copyright © 2021, Elsevier). (B) The process of complex formation with uranyl
ions, the duration required for colorimetric detection in photographs, and the optical colorimetric
response of Br-PADAP/CA NFs at varying concentrations of UO»?* (reproduced with permission
from [170], copyright © 2017, Elsevier).

4. Application Area for the Electrospun-Nanofibers-Based Chemosensors

With the acceleration of the industrialization process, pollution control has become
a hot issue worldwide. Electrospinning technology has been widely applied in pollution
treatment due to its own properties, including the adsorption of heavy-metal substances in
water [171], filtering of the pollutants in the air [57], and catalytic degradation of organic pol-
lutants [172]. At the same time, chemosensors prepared by electrospinning technology play
an important role in environmental pollution detection. This paper introduces the applica-
tion of electrospinning technology in chemosensors and explores the advantages and future
prospects of different structural NFs in the development of environmental-monitoring
chemosensors. Electrospun NFs often have some remarkable properties, including a spe-
cial three-dimensional morphology, a large specific surface area, and ease of preparation.
Excellent biocompatibility, degradability, and the ability to repeat NFs make environmental
monitoring more environmentally friendly and convenient, greatly reducing the pollu-
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tion in the detection process. The following presents chemosensors of NF platforms for
monitoring water, air, and land pollution.

4.1. Water Pollutant

At present, due to the rapid increase of pollution sources caused by excessive industry,
a large number of harmful pollutants flow into surface water and groundwater, and the
concentration levels of various pollutants are increasing; particularly, dyes, drugs, pes-
ticides, and other industrial products make water pollution a key problem in the world.
Water pollutants are harmful and can have detrimental effects on both human health and
the environment. They can be absorbed by plants, and through the food chain, they can
cause indirect land pollution. Certain pollutants have been linked to cancer and mutagen-
esis, posing a significant risk to human beings. To address this problem, electrospinning
technology has been utilized to prepare NFs with adjustable properties, such as a specific
surface area, composition, porosity, thickness, and diameter. These NFs have been used
to develop chemosensors with excellent sensing properties, allowing for the detection
and analysis of water pollutants. Due to their large specific surface area and large active
site, the various functional metal-modified NFs have high chemical and electrochemical
stability, which helps to improve the high stability and significant conductivity of the
sensor. NF-based sensors have the advantages of specificity, stability, and low cost. NFs
with specific structures can be used to directly capture specific targets, bind to nanoma-
terials, amplify response signals, and also serve as oxygen functional groups at binding
and analyte recognition sites to improve detection performance. Hua et al. demonstrated
the preparation of a sulfonylcalix[4]arene-functionalized NF membrane (sulfonylcalix—
NFM) as a sensor and adsorbent for the detection, identification, and enrichment of Tb3*
ions through electrostatic attraction loading of anion sulfonyl-calix[4]arene onto the sur-
face of cationic NFs [173]. The adsorption mechanism of Tb3* ions was attributed to the
complex formation between sulfonylcalix[4]arene loaded on NFM and Tb3* ions. The
combination of Tb3* on sulfonylcalix-NFM and sulfonylcalix[4]arene exhibited a good
photoluminescent performance and selective fluorescence recognition, with a low detec-
tion limit for Tb3* ions under ultraviolet radiation. The adsorption of Tb3* ions onto
sulfonylcalix-NFM is believed to occur via electrostatic interactions between SO3; groups
and Tb** ions, as well as through synergistic coordination of sulfonyl O and two adjacent
phenoxy O~ (Figure 5). NF membranes were prepared by using electrospinning tech-
nology to achieve fluorescence recognition and enrichment adsorption of heavy metal
ions, demonstrating a novel method for the development of electrospinning technology
in the field of environmental detection. Chen et al. prepared porous NFs by using ultra-
efficient liquid chromatography and mass spectrometry to analyze and detect residual
sulfonamide in ambient water samples [174]. They found that polystyrene (PS) porous
NFs were effective materials for preparing different polar sulfonamides in wastewater
due to their high specific surface area, and the interaction of the formation mechanism
causes phase separation of solvent and non-solvent evaporation. The surface morphology
of the NFs may improve the absorption efficiency of the drugs. These results suggest
that porous electrospinning NFs can be a promising adsorbent with great potential in
detecting drug residues in a complex wastewater matrix. The porous structure of the NFs
facilitates and accelerates the interaction between the analyte and recognition site. Qi et al.
prepared core-and-shell-structure polypyrrole (PPy)-functionalized NFs that could detect
trace amounts of sulfated azo dye in water in the environment [175]. The PA6/PPy core—
shell-structure NFs composed of PPy NFs have good plasticity and mechanical properties,
providing perfect ductility and mechanical properties for better extraction of trace sulfated
azo dyes from aqueous solution. Core-shell-structured NFs can improve the recovery
and repeatability of sulfated azo dyes, and PPy NFs not only extract target compounds
but also effectively remove interference. Simple, fast, sensitive, and uninterrupted, this
method can provide a good alternative tool for the determination of contaminants in water
samples. Abedalwafa et al. made aptamer immobilized electrospun-NF membranes (A-
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NFMs) with signal probes (DNA-conjugated gold nanoparticles (AuNPs)) combined with
a colorimetric measurement of kanamycin (KMC) to prepare a portable biosensor [176].
The A-NFMs were modified with the complementary single-stranded DNA (cDNA) of
the KMC aptamer-coupled AuNP (cDNA @ Au) as a colorimetric agent. The prepared
colorimetric sensor finally can visually observe the resulting color changes with good
selectivity and applicability. Compared to the traditional two-dimensional planar film,
the special structure of electrospun NFs, due to their versatility, high porosity, and spe-
cific surface area, can improve its sensitivity and responsiveness; they not only have an
excellent sensing performance but also a good adsorption performance and can contin-
uously analyze trace pollutants in polluted water, thus making them more suitable for
water detection.

clectrostatic
attraction

UV 365 nm

' Sulfonylcalix[4]arenetetrasulfonate ¢ Tb* Photoluminescence

(b)

1(c)

UV 365nm

540 5
Wavelength/nm

Figure 5. Electrospun-NFs-based chemosensors for water pollutant. (a) Preparation procedure
and photoluminescent behavior of sulfonylcalix[4]arene-functionalized APAN nanofibrous for the
adsorptive removal Tb%* ions. (b) Photographs of NFs after immersing into Tb3* aqueous so-
lutions (0-100 ppm). (c) Fluorescence spectra of NFs (reproduced with permission from [173],
copyright © 2018, Royal Society of Chemistry).

4.2. Gas Pollutant

Toxic gases in the environment can affect the human respiratory system and even
contribute to global warming, making the monitoring of polluting gases a crucial aspect of
air quality management. A gas sensor is a device that provides a signal in response to a spe-
cific target gas, and gas-sensing technology has made significant progress in environmental
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testing, enabling the effective detection of air pollutants. Gas sensors are often required to
detect toxic, highly corrosive, and irritating gases, such as inorganic and organic gases, in
environmental pollution detection. Electrospinning technology can be used to fabricate
NF-based gas chemosensors that enhance sensing performance, improve chemical and
physical properties, increase specific surface area and interaction sites, and enhance the
diffusion coefficient. Compared to other types of nano-based sensors, this sensing system
can improve the sensitivity to gases and can be combined with other nanomaterials to
enhance electrospinning-based sensing parameters. NF-based chemosensors can detect
a variety of analytes in different states without interference. However, the response time
during gas sensing may be limited due to factors such as slow gas diffusion, the adsorption
characteristics, and the working environment, which can affect the real-time responsiveness
of analytes [177]. Terra et al. used p-electron conjugation in conjugated polymers to design
highly fluorescent PMMA /polyfluorene (PFO) electrospinning NFs for optical gas sensing
through luminescence quenching [178]. These NFs can detect different volatile organic
compounds (VOCs), such as chloroform, toluene, acetone, and ethanol. When the NFs are
exposed to certain vapors, they undergo a conformational change from the glass phase to
B phase under VOCs, causing fluorescence quenching that can be analyzed. The flexible
morphological structures of PMMA /PFO NFs constructed by electrospinning provide large
surface-to-volume ratios, greatly enhancing chemical functionalization and interaction with
target analytes (VOCs), which can improve the sensor’s performance (Figure 6A). Han et al.
prepared a sensor based on In,O3/ZnO yolk-shell NFs [179]. These NFs can improve the
gas-sensing performance due to their heterojunction effect, which enhances the efficiency
of photogenerated charge separation, increases reaction sites, and enhances gas adsorption.
The In; O3 /ZnO-sensing material with the YS heterostructure was synthesized using the
traditional electrospinning method, resulting in an ordered semiconductor heterostructure
with a hollow structure (Figure 6B). The hollow structure and abundant pores significantly
increase the inward diffusion rate of the gas, resulting in more active sites, which is con-
ducive to charge separation and gas transfer. The increase of adsorption sites of hollow
structures directly enhances the surface reaction involved in the gas to be measured, thereby
showing a high sensing performance. The fast detection response and complete recovery
characteristics of the sensor greatly improve its sensing performance. Ngoensawat et al. pre-
pared 2,5-dibromo-3,4-ethylenedioxythiophene (DBEDOT), poly(vinyl alcohol) (PVA), and
silver nanoparticles (AgNPs) in PEDOT/PVA / AgNPs composite fibers by emulsion electro-
spinning [180]. PEDOT/PVA/AgNPs composite fibers detected heavy metal ions (Zn(II),
cd(II), and Pb(Il)) in analytes by positive wave anode stripping voltammetry (SWASV). It
was demonstrated that electrospinning combined with solid-state polymerization (SSP) is a
simple, catalyst-free, and complex instrument-free method for the preparation of PEDOT-
based electrochemical analysis platforms (Figure 6C). Deng et al. prepared the electrospun
core-shell multiwalled carbon nanotubes (MWCNTs)/ gelatin-hemoglobin (Hb) nanobelts
on an electrode surface [181]. The electrocatalytic activity of the nanobelts toward the reduc-
tion of HyO; is improved by protein adsorption, which enhances electron-transfer kinetics.
The core—shell structure of the nanobelts, with MWCNTs providing conductivity and the
gelatin— Hb shell conferring biocompatibility and protein adsorption capability, plays a crit-
ical role in this process. The preparation method based on electrospinning can be directly
deposited on the electrode surface, adjustable-size NFs can be prepared at the specified de-
position position, and the fibers can be adapted to the auto-preconcentration of the analyte
on the electrode, thereby improving the sensitivity of electrochemical detection of real trace
sample analytes.
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Figure 6. Electrospun-NFs-based chemosensors for gas pollutant. (A) PL spectra. (a) PMMA_0.25%PFO
NF exposition to chloroform vapor; it was excited at 390 nm. (b) The dependence of the emission
intensity as function of chloroform concentration for PMMA_0.25%PFO NF (monitored at 420 nm)
(reproduced with permission from [178], copyright © 2017, Wiley Periodicals). (B) Schematic diagrams
of (a) NO, detection process, (b) In;O3/ZnO heterojunctions, and corresponding energy band diagram
(reproduced with permission from [179], copyright © 2021, Elsevier). (C) The PEDOT/PVA/AgNPs-
fibers-modified SPCE preparation. (a) Bi-alloy formation on electrode surface, followed by stripping.
(b) Electrochemical detection of heavy metal ions via SWASV (reproduced with permission from [180],
copyright © 2022, Elsevier).

4.3. Soil Pollutant

Soil pollution caused by agricultural production and industrial development has be-
come an increasing environmental concern. Due to the pollution caused by pollutants, the
self-purification ability of the soil itself will change in space and time. Therefore, a continu-
ous and accurate temporal and spatial monitoring of the physical properties of the soil is
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required. However, compared with water- and air-pollution monitoring, the development
of soil-sensing monitoring is not fast. The challenges of soil-sensing monitoring include
the difficulties in sample separation and treatment compared to water- and air-pollution
monitoring. Dielectric assays can be useful for characterizing soil pollutants by relying on
information about the dielectric properties of contaminated soil. Electromagnetic methods
can measure the soil dielectric properties and determine the substances included in the
dielectric properties. In addition, biosensors, particularly enzyme biosensors, can be highly
specific and sensitive to analytes and can be used to systematically evaluate contaminated
soil based on the fluctuation of enzyme activity detected in the presence of contaminants.
Furthermore, NFs can act as a catalytic medium due to their high specific surface area
and active site characteristics, thus improving the conductivity and catalytic activity and
enabling high-precision detection of soil pollutants. Jin et al. prepared a ratiometric fluores-
cent probe for the detection of copper ions (Cu?*), using a combination of electrospinning,
strip testing, and hydrogel-encapsulation techniques [182]. The probe was composed of
ATP and a fluorophore, which exhibited a reversible response to Cu?* ions. The probe
was able to detect Cu®* ions with high sensitivity and selectivity in living cells and in soil
samples, making it a useful tool for environmental safety assessment. Electrospinning has
the potential to be a powerful tool for developing novel probes and sensors for various
applications, including environmental monitoring and biomedical diagnostics (Figure 7).
Srinivasan et al. developed a composite electrode by using copper and reduced graphene
oxide (Cu-rGO) NFs for the ultralow-level detection of the pesticide imidacloprid (IMD) in
soil, with high catalytic activity provided by the combination of NFs with redox copper and
rGO [183]. The use of electrospun composite NFs provides necessary chemical sensing and
electrocatalytic activity for the accurate detection of soil pollutants in real time. Therefore,
the composite NFs prepared through the electrospinning technique offer both the chemical
sensing and electrocatalytic activity necessary for soil pollutant detection.
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Figure 7. Schematic illustration of a ratiometric fluorescent sensing platform that uses a probe-
doped PMMA material for the specific and visual detection of Cu>* and ATP sequentially, with
photographs of the nanofibers exposed to different metal ions that confirm the selectivity of the
platform (reproduced with permission from [182], copyright © 2020, Elsevier).

From the above discussion, it can be seen that the NFs prepared via the electrospinning
process can effectively solve the manufacturing problems of such sensors due to their
unique surface morphology and a variety of nanostructures, such as the core-shell structure,
Janus structure, tertiary core—shell/Janus structure, hollow structure, porous structure,
etc. Both the sensing methods used and the multiple structural NFs can play different
roles in detecting various analytes in different states. An example includes optical sensors
that detect solutions and gases with less interference and that can achieve color change by
adding chromogenic agents, MOF, QDs, and other optically active functional groups to NFs.
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However, in soil detection, the sensing characteristics of NFs, such as the response time,
may be limited due to the slow diffusion and adsorption of analytes, which reduces the
interaction time between the analyte and reactant and limits the applicability of the analyte.
To overcome this limitation, NFs with different structures can be utilized to improve the
active adsorption site and shorten the response time, thus enhancing the real-time reliability
and stability of detection (Table 1). Currently, electrospun nanofiber-based sensors are
mostly prepared by single and coaxial electrospinning to obtain nanofibers with uniaxial,
core—shell, porous, and hollow structures. The good electron-transfer characteristics of
various nanostructured NFs enable them to have excellent electrocatalytic activity, including
sensitivity, selectivity, stability, repeatability, and multiplexing capabilities. Electrospinning
sensors are effective at adsorbing and sensing a range of analytes, with low detection limits
and fast response times. With the advancement of electrospinning technology, the unique
NF structure is improving the sensing performance of chemosensors.

Table 1. Electrospun-NFs-based chemosensors for environmental pollution detections.

Detection . . Application
Method Materials Structure Target Analyte Linear Range LOD Area Ref.
. NH,-MIL- . . 5 )
Electrochemical 101(Fe)/ CNF@AuNPs Single Tetracycline 0.1-10° nM 0.01 nM Water [41]
Electrochemical CuO/PANTI hybrid NFs Hollow H,0, 0.005-9.255 mM 0.11 mM - [111]
HQ 0.5-200 uM 0.13 uM
Electrochemical CoFe;Sey /PCE Porous CcC 0.5-190 uM 0.15 uM Water [113]
RS 5-350 uM 1.36 uM
Fluorescent 3D porous Porous Hexava.lent 15-200 mg/L 11.2mg/L Water [159]
fluorescent lignin chromium
Colorimetric Br-PADAP/CA NFs Single Uranyl 0-500 ppb 50 ppb Water [170]
Fluorescent Sulfonylcalix-NFM Porous Terbium(III) ions 0.1-100 ppm 0.5 ppm Water [173]
Colorimetric cDNA@Au/GA- Single Kanamycin 2.5-80 nM 2.5nM Water [176]
CA NFM & Y : :
. 10-300 479
Fluorescent PMMA /PFO NFs Single Chloroform 350_5001;1;1 154 ggg Air [178]
Zn(II) 6 ppb
Electrochemical PEDOT/PVA/AgNPs NFs  Single Cdn 10-80 ppb 3 ppb - [180]
Pb(1D) 8 ppb
. MWCNTs/ gelatin- 5.0 x 1076~
Electrochemical Hb nanobelts Core-shell H,0, 55 x 106 mol/L 0.0293 umol/L - [181]
. Copper ion 0.11 uM .
Fluorescent RB/PMMA NFs Single ATP 0.0-10 uM 0.08 uM Soil [182]

5. Conclusions and Perspectives

Electrospinning can generate a high-specific-surface-area and three-dimensional porous
meshes that can serve as chemosensors and be capable of pollution treatment due to their
unique structure and multistage processing [169,184,185]. Electrospinning has developed
rapidly in the direction of nanotechnology, developing toward microtechnology, com-
plex nanostructures/nanodevices, and various nanoarrays, and has shown its application
advantages in various scientific fields. This paper provides an overview of the vision
recognition sensing platform and rapid electron transfer sensing technology based on
electrospinning with different structures. Multi-fluid electrospinning has powerful ca-
pabilities, among which multi-component core-shell/Janus-structure NFs have a high
Young’s modulus and tensile strength, which can achieve multistage redox reactions or
have multiplexed detection capabilities. The adsorption and water stability of composite
porous structure NFs provide greater possibilities for the preparation of flexible sensors,
and their higher S/N ratio provides more active sites for optical sensing, so that analyte
diffusion can promote and accelerate the interaction between analyte and identification
sites. Moreover, hollow-structure NFs with high surface area can improve capacitance to
shorten the response time during sensing. This paper summarizes the research progress of
sensing NFs in environmental monitoring and points out the applicability of multi-fluid
electrospinning technology in multicomponent chemical sensing. The chemosensor for the
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electrospinning preparation addresses the disadvantages of spectral analysis equipment,
while the fiber properties exhibiting outstanding bending and expansion properties do not
affect the conductive properties of the electrochemical sensor. Using electrochemical and
optical sensing can enable field real-time detection and high sensing performance, with
simple operation and the ability to detect different substances at the same time. Therefore,
based on the development of electrospinning, with electrospinning nanostructures as a
strong support platform, it is increasingly possible to detect environmental pollutants, and
new nanostructures can be manufactured in a simple way, which has great prospects in the
manufacturing of large-scale chemical sensors.

Chemosensors contribute significantly to a cleaner and greener environment in the
detection of environmental pollutants (in air, water, and soil, including other pollution,
such as sound, light, and electromagnetic pollution), and the ongoing chemical-sensing
technology has strong future potential. The improvement of sensors requires new chemi-
cally synthesized functional substances, new nanostructured materials, ease of application,
and functional integration or synergy. The high porosity of electrospun NFs and the mul-
tiple adsorption sites formed by large specific surface area also make them have a good
adsorption performance, and by combining the adsorption and degradation characteris-
tics of NFs for pollutants, dual-functional environmental-pollution-sensing detection and
adsorption degradation treatment are realized. Electrospinning plays an important role
in the synthesis of novel nanomaterials by combining materials such as NPs, QDs, and
MOFs. This process enhances electrochemical properties through reversible redox reactions,
providing greater potential for the next generation of optoelectronic sensing. Due to its
unique structure and multi-fluid process, electrospinning technology can prepare new
nanomaterials with a multistage structure, adjustable form, high flexibility, and composite
functional properties. This makes nanofiber-based sensors have excellent synergy to real-
ize application and function integration, and the simple preparation method enables the
repeatability of chemosensors at low cost, which is suitable for industrialization (Figure 8).
The use of natural sources in electrospinning NFs has also realized the development of
green materials, which is suitable for the development of environmentally protective and
pollution-free environmental detection equipment. This provides a new direction for the
next improvement of sensors. Furthermore, the brand-new knowledge and strategies from
other subdisciplines of chemistry can be imitated or borrowed for developing new types of
chemosensors with electrospinning as an integration tool [186-193].

Figure 8. Application prospect of electrospinning technology in the improvement of detection of
environmental chemosensors.
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