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Introduction

Advances in electrospun nanofibrous membrane
sensors for ion detection

Lianggiang Wu,? Yan Song,® Shuo Xing,? Yapeng Li, © 2 Hai Xu,*® Qingbiao Yang & *2
and Yaoxian Li°

Harmful metal ions and toxic anions produced in industrial processes cause serious damage to the
environment and human health. Chemical sensors are used as an efficient and convenient detection
method for harmful ions. Electrospun fiber membranes are widely used in the field of solid-state
chemical sensors due to high specific surface area, high porosity, and strong adsorption. This paper
reviews the solid-state chemical sensors based on electrospinning technology for the detection of
harmful heavy metal ions and toxic anions in water over the past decade. These electrospun fiber
sensors have different preparation methods, sensing mechanisms, and sensing properties. The
preparation method can be completed by physical doping, chemical modification, copolymerization,
surface adsorption and self-assembly combined with electrospinning, and the material can also be
combined with organic fluorescent molecules, biological matrix materials and precious metal materials.
Sensing performance aspects can also be manifested as changes in color and fluorescence. By
comparing the literature, we summarize the advantages and disadvantages of electrospinning
technology in the field of ion sensing, and discuss the opportunities and challenges of electrospun fiber
sensor research. We hope that this review can provide inspiration for the development of electrospun
fiber sensors.

Hg”") and anions (CN~, F~, HSO; , ClO") in wastewater
produced in industrial processes will enter the environment
and cause serious health problems to animals and plants in

With the development of industry, while bringing progress to
human society, it also causes damage to the environment. For
example, the harmful metal ions (Cu®’, Zn>*, Fe**, AI**, Pb*",
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water bodies, including humans.*”

Among them, iron, copper and zinc are essential trace
elements for human beings and play vital roles in human
physiological activities.®® However, high levels of them can also
affect the normal physiological activities of the body, causing
a series of diseases. Excessive intake of Cu®" may cause Alz-
heimer's disease, familial amyotrophic lateral sclerosis, and
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Mikan Wilson diseases.!**? Excessive intake of Zn>" can cause
poisoning with gastrointestinal symptoms such as vomiting
and diarrhea. In addition, it can cause damage to liver, kidney
function and immunity.***” Excessive Fe** accumulate in body
can lead to tissue damage, organ failure and eventually
death."° Excessive aluminum ions in the body can also lead to
physiological dysfunction, which may cause mental retardation,
Alzheimer's syndrome, etc.>*>* At the same time, some harmful
heavy metal ions (Pb**, Hg*>") in the water body will directly
cause poisoning to our body. Ingesting trace amounts of
harmful heavy metal ions can wreak havoc on our bodies and
cause serious diseases such as cancer, cardiovascular disease,
brain damage, failure of kidney and nervous system.>*>°

CN™, F~ are widely used in metallurgy and production of
daily chemicals. However, cyanide will rapidly combine with
iron in cytochrome oxidase, inhibiting the activity of oxidase,
resulting in the inability of cells to use oxygen, causing symp-
toms such as vomiting, convulsions, loss of consciousness, and
even death.’**?* Fluoride plays an important role in preventing
dental caries and treating osteoporosis, but excessive fluoride
can lead to dental fluorosis and bone fluorosis.**** Hypochlo-
rite is widely used as a common disinfectant and bleach.
However, as a kind of reactive oxygen species, it has a significant
impact on the physiological activities of the human body.
Studies have shown that high levels of hypochlorite in the
human body will react with proteins, DNA and RNA to cause
various diseases. Such as osteoarthritis, cardiovascular disease,
atherosclerosis, pneumonia, pulmonary fibrosis, and even
cancer.** Sulfur dioxide, sulfite and hydrogen sulfite are
common food additives that can be effectively preserved and
they also have important physiological roles. For example, SO,
can act synergistically with NO to relieve vascular smooth
muscle and dilate blood vessels. However, high levels of sulfur
dioxide and SO5*7/HSO; ™ are also toxic. Lung cancer, migraine,
stroke and other respiratory, nervous system, cardiovascular
and cerebrovascular diseases are all associated with high levels
of sulfur dioxide and SO;* /HSO,.*"*

These harmful ions pose a threat to human health. There-
fore, it is an inevitable trend to develop a method that can
quickly detect the type and content of harmful anions and metal
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ions in water. At present, plasma emission spectroscopy,* mass
spectrometry,** chromatography* and electrochemical analysis
methods*® have been widely used in the detection of harmful
ions in the environment. Although these detection methods can
well complete the qualitative and quantitative detection of
harmful ions in the environment, they have the disadvantages
of relying on large-scale equipment, complex sample pretreat-
ment, low detection efficiency, and high cost. Despite its
advantages of simple operation, fast response time, low cost,
naked eye identification and colorimetric detection, fluorescent
probes have the disadvantage that they cannot be recovered and
separated from the detection system.*** Solid-phase sensors
have the advantages of convenient operation, environmental
friendliness, easy separation, and reusability, and are widely
used in environmental monitoring. Therefore, the development
of solid-phase composite nano-fluorescence sensors has
become an important direction for fluorescence sensing.***
Electrospinning technology is an efficient method for the
preparation of nanofibers. Compared with traditional nano-
fibers, electrospun nanofibers have the advantages of high
porosity, ultra-high specific surface area and uniform fiber
diameter, which are ideal sensing substrates. In addition,
electrospinning technology is simple to operate, low cost,
widely applicable (almost all linear polymers and sols) and
capable of continuous production in large batches.>*> Reneker
once pointed out that electrospinning technology can prepare
nanofibers up to one kilometer long.> Yuris Dzenis define it as
an effective method that can realize the preparation of
“Continuous Fibers for Nanotechnology".>* It has been widely
used in the fields of environment,>*® energy,””** biomedi-
cine,*”* sensing,*>*> EMI shielding,* fiber reinforced compos-
ites,*** smart textiles,*® food packaging,”” electrocatalysts,*®
actuator,®”® water treatment.”””* Usually, some sensing units
(fluorescent dyes, quantum dots, metal-organic framework
luminescent metal nanoclusters, etc.) and nanofiber materials
are combined to form a composite sensing material and
prepared into test strips for sensing (Scheme 1). The current
electrospun fiber test strips for colorimetric or fluorescent
detection have made great progress in sensing pH,™*
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temperature,” harmful ions,”® toxic gases’” and biomolecules.”
After the test, the test strip can be directly removed from the
water, and can even be prepared as a reusable test strip. There
are many ways to combine the materials of electrospun nano-
fibers with chemical sensor, such as physical doping, chemical
modification, copolymerization, surface adsorption and self-
assembly.

Physical doping method is through the sensing unit (fluo-
rescent dye, quantum dots, metal-organic framework, etc.)
directly dispersed in a certain concentration of polymer solu-
tion, and then using electrospinning technology to prepare
nanofiber membrane. This method has the advantages of
simple preparation and wide application. However, the binding
mode of sensing units and polymers only relies on weak inter-
molecular interactions, so some hydrophilic sensing units fall
off the nanofibers in aqueous environment, which affects the
sensing effect. Moreover, many luminescent units will undergo
aggregation-induced quenching in the aggregated state, which
is not suitable for direct physical doping. The utilization rate of
the large number of sensing units wrapped inside the fiber is
not high.

In the copolymerization method, the sensing unit is
prepared into monomer and copolymerized with some high
performance polymer monomer to form block polymer, which
is then prepared into nanofiber film. This method effectively
avoids the shortcomings of the sensor unit falling off the fiber,
but the problems of aggregation-induced quenching and the
inability to utilize the sensor unit inside the fiber are not solved.

Chemical modification is made by grafting sensing units on
the polymer and reusing electrospinning technology to prepare
nanofibers or grafting sensing units on the surface of nano-
fibers. The idea is to form strong chemical bonds between the
sensing unit and the polymer chain. Among them, the method
of chemical modification of sensing unit on fiber surface can
reduce the influence of aggregation induced quenching and
make the sensing unit directly contact with the measured
object, so that the sensing efficiency is higher.

The method of surface adsorption is similar to surface
chemical modification, except that one uses strong chemical
bond binding while surface adsorption uses electrostatic
interaction binding between fiber surface and sensing unit.
This method can also effectively reduce the effect of
aggregation-induced quenching and enhance the utilization of
sensing units.

The host-guest self-assembly method makes use of the ion—-
dipole, hydrogen bond, van der Waals force and hydrophobic
interactions of the host and guest to form substances with
specific structures. In the preparation of electrospun nano-
fibers, we synthesize polymers and sensing units with subject or
guest structures, respectively. The modified polymer is then
prepared into nanofibers, which are combined by host-guest
interaction. This method is similar to surface chemical modi-
fication and surface adsorption, except that we can change the
structure of host and guest by changing the conditions to
regulate the binding and separation between them.

This article will review the related nanofiber sensors in the
past ten years (2012-2022) from the aspects of fiber material,
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preparation method, sensing mechanism, and sensor perfor-
mance based on the different types of ions to be detected.

Electrospun nanofiber fluorescent
sensor for detection of harmful metal
ions

Generally, transition metal ions have empty orbitals and usually
have strong coordination. Based on this characteristic, many
compound of ligands with N, S and O atoms can be designed to
detect metal ions such as organic molecular probes, surface-
modified noble metal clusters and quantum dots. In order to
enhance the convenience of use and sensing sensitivity of the
sensor and reduce the pollution to the environment, metal-ion
composite sensors based on electrospun nanofibers have made
remarkable progress in the past decade. Some electrospun fiber
membrane metal ion sensor base on organic molecular probes,
metal nanoclusters, nanoparticles and quantum dots have been
prepared by physical doping, chemical modification, copoly-
merization and self-assembly.

Electrospun nanofiber fluorescent sensor for detection of Cu”*

Physical doping method. Some organic molecular and
nanoparticle probes that respond to Cu®* can be combined into
nanofibers by physical doping to prepare nanofiber membrane
sensors for detecting Cu®*, due to the strong interaction
between sensing molecules and polymers.

Min et al.” doped salicylaldehyde-modified rhodamine dye
into poly(ether-sulfone) (PES) to prepare a sensor for copper ion
response in aqueous medium by electrospinning technology.
The nanofiber membrane sensor can achieve high sensitivity
and selective response to copper ions. The detection limit is as
low as 1.1 nM and it exhibits remarkable fluorescence
enhancement and colorimetric effect. The fiber membrane
shows good reusability after treatment with EDTA (Fig. 1(A) and
2(A)). Zhang et al.* fabricated an electrospun fiber membrane
from chitosan/polyacrylonitrile (CS/PAN) doped with rhoda-
mine hydrazide salicylaldehyde Schiff base as a Cu®" nanofiber
membrane (NFM) sensor. The response mechanism of the NFM
to copper ions is the coordination of copper ions and oxygen
leads to the opening of the cyclic lactam, which causes the color
change. The naked-eye detection limit of NFM is as low as
10~® M, which is about three orders of magnitude lower than
that of pure probe solution. The NFM shows good reusability
after treatment with EDTA (Fig. 1(B) and 2(B)). In 2020, Jin
et al® doped rhodamine-phenothiazine-based Schiff base
derivative RB into polymethyl methacrylate (PMMA) to prepare
a reusable ratio fluorescence-colorimetric nanofibrous
membrane sensor by electrospinning technology. The excited-
state intramolecular proton transfer (ESIPT) process of the
probe molecule was inhibited by the coordination of copper ion
with the oxygen atom on the carbonyl group on RB and the
nitrogen atom on the pyridine, which manifested as a red shift
of the emission peak and enhanced UV absorption and the limit
of detection (LOD) is 0.11 uM/0.28 pM. After adding adenosine
triphosphate (ATP), the copper ions will fall off from the RB

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Preparation of copper ion sensor by physical doping method and their sensing mechanism. (A) Reprinted with permission from ref. 79.
Copyright 2013, Elsevier. (B) Reprinted with permission from ref. 80. Copyright 2021, The Korean Fiber Society. (C) Reprinted with permission
from ref. 81. Copyright 2020, Elsevier. (D) Reprinted with permission from ref. 84. Copyright 2021, Elsevier. (E) Reprinted with permission from ref.

82. Copyright 2012, American Chemical Society.

molecule, and the ESIPT effect of the molecule will restore the
blue-shift of the emission peak to the original fluorescence and
weakened ultraviolet absorption (Fig. 1(C) and 2(C)). It can be
seen that the Schiff base derivative based on rhodamine is
a good copper ion recognition unit and the sensing mechanism
of copper ion is the same. Moreover, the fiber membrane sensor
prepared by physical doping method still shows good fluores-
cence and colorimetric detection effects, which indicates that
rhodamine derivatives are not easily affected by aggregation-
induced quenching. It showed good reusability after strong
ligand treatment. It provides a good model for fabricating fiber
membrane copper ion sensor easily.

Some phenols, pyridines and salicylaldehyde-based Schiff
base derivatives can also be used as recognition probes for
copper ions. Wang et al® prepared 1,4-dihydroxyan-
thraquinone (1,4-DHAQ) and cellulose acetate (CA) co-doped
nanofibrous membranes (1,4-DHAQ®@CA) by electrospinning
technology. 1,4-DHAQ@CA was then deacetylated to obtain
a microporous fibrous membrane (1,4-DHAQ®&CL). Since 1,4-
DHAQ can coordinate with Cu®>" in aqueous solution to form
phenolate, resulting in obvious fluorescence quenching. The
experimental results show that the fluorescence intensity of the
fiber membrane has a good linear relationship in the range of
copper ion concentration of 2.5 to 37.5 x 10~ ° M, the LOD is 3
x 10~° M. The nanofiber membrane can complete the specific
response to copper ions under a variety of interfering metal
ions. Therefore, the 1,4-DHAQ®@CL fiber membrane prepared

© 2022 The Author(s). Published by the Royal Society of Chemistry

by simple doping method and deacetylation can achieve high
sensitivity and selectivity for Cu®* fluorescence detection. Under
the treatment of Cr*', the sensor shows good reusability
(Fig. 1(E) and 2(E)). Lin et al® doped 1,10-phenanthroline
fluorescence sensor (F-phen) into poly (N-isopropylacrylamide-
co-N-methylol acrylamide) (P(NIPAAm-co-NMA)). A nanofiber
membrane copper ion sensor with a thermally responsive
switching mechanism was fabricated by electrospinning tech-
nology. The sensor exhibits a dynamic linear relationship in the
range of copper ion concentration from 1.0 x 10> to 1.0 x
10" M and exhibits significant fluorescence quenching. When
the temperature exceeds lower critical solution temperature
(LCST), the conformational transition of poly (N-iso-
propylacrylamide (PNIPAAm) exhibits shrinkage and hydro-
phobic state, which leads to the inhibition of fluorescence
emission by F-phen aggregation and the fibrous membrane in
the hydrophobic state is also unfavorable for binding to copper
ions, so the sensor exhibits characteristics of temperature-
controlled copper ion detection. This approach opens up the
possibility for more temperature-controlled sensor designs
(Fig. 2(D)). Jin et al.®** synthesized nanoparticles (PEI-EAS NPs)
using 4(N,N-diethyl) salicylaldehyde and poly(ethylene imine)
(PEI). The PEI-EAS NPs were doped into PMMA and the nano-
fibrous membrane sensor PEI-EAS@NF was fabricated by elec-
trospinning. PEI-EAS@NF can respond specifically to copper
ions, showing the phenomenon of green fluorescence quench-
ing. The fluorescence can be recovered by the treatment of

RSC Adv, 2022, 12, 34866-34891 | 34869
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Fig. 2 Sensing properties of copper ion sensors preparted by physical doping. (A) Reprinted with permission from ref. 79. Copyright 2013,
Elsevier. (B) Reprinted with permission from ref. 80. Copyright 2021, the Korean Fiber Society. (C) Reprinted with permission from ref. 81.
Copyright 2020, Elsevier. (D) Reprinted with permission from ref. 83. Copyright 2015, Springer Science Business Media New York. (E) Reprinted
with permission from ref. 82. Copyright 2012, American Chemical Society. (F) Reprinted with permission from ref. 84. Copyright 2021, Elsevier.

sulfur ions, and the repeated detection of copper ions can be
realized (Fig. 1(D) and 2(F)). Rhodamine derivatives have poor
photostability and the spiral rings are easy to be opened under
light conditions. Rhodamine-based sensors require strict light
avoidance during synthesis and storage. The Schiff base deriv-
ative sensor mentioned above not only has the same good
sensing performance as rhodamine derivative, but also has
better photostability, which is more suitable for the preparation
of solid-phase nanofiber membrane sensor.

Chemical modification method. Some copper ion recogni-
tion molecules can also be grafted on the surface of nanofibers
by chemical modification methods. Due to the high specific
surface area and porosity of electrospun nanofibers, the surface-
grafted sensing unit can be well combined with copper ions,
and has the advantages of fast response speed and high
sensitivity.

In 2012, Wang et al.®* reported a rhodamine surface-
modified poly (methyl methacrylate co 4-aldehyde-3-hydroxy
phenyl acrylate)nanofiber membrane (PMAR), which enables

34870 | RSC Adv, 2022, 12, 34866-34891

real-time colorimetric-fluorescence sensing of copper ions.
PMAR can sense copper ions with high efficiency and selectivity,
show obvious fluorescence enhancement and colorimetric
effect. Experiments show that the response time of PMAR to
copper ions is very short (<10 s), with a good linear relationship
in the copper ion concentration range of 1.0 x 107°-2.0 x
10~* M, the detection limit is 1.5 x 10~° M. Copper ions can be
detected repeatedly by EDTA-treated PMAR (Fig. 3(A) and 4(A)).
Cho et al.*® grafted pyrene derivatives (PyDAN2) on the surface
of electrospun  nanofibers  using poly  (2-hydrox-
yethylmethacrylic  acid-co-N-methacrylic acid acrylamide)
(P(HEMA-co-NMA)) as raw material prepared a fluorescent fiber
membrane sensor (Fiber-g-PyDAN2) with high sensitivity to
copper ions. Fiber-g-PyDAN2 nanofibers can chelate with
copper ions in aqueous solution, resulting in a blue fluores-
cence enhancement. The lowest and highest LOD of 1077 to
10 ®Mand 10> to 10~ M, respectively. Treat it with EDTA and
it can be reused at least four times (Fig. 3(B) and 4(B)). Gao
et al.¥” synthesized a tri-ethoxy silane-modified triphenylamine-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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based symmetric Schiff base derivative (L) using ultrasound-
assisted technology, and grafted L onto the surface of poly-
vinyl alcohol (PVA) electrospun nanofiber membranes. A highly
sensitive copper ion colorimetric sensor (PTLNFM) was
prepared. PTLNFM can chelate Cu** in aqueous solution,
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resulting in changes in UV absorption. It exhibits a good linear
relationship in the copper ion concentration range of 9.34 x
10~° to 1.15 x 10> M and the detection limit is 1.27 x 10 * M

to achieve an ultrasensitive response to copper ions (Fig. 3(C)
and 4(C)).

OH [oH
o a o /N
o < B
—3h nx,‘> - o A\
AT
H o{ ﬁg a\)} OH 0;1 . =/c \\\
" z{ ) e oH Z )
o Q_”\ J
H \,/ ; //
V4
\/ \ /)
Interacted PTLNFM
PTLNFM

NH2 \‘NHz
BPEI
(E) aPAN/BPEI
PVP/PAN \t
Removmg PVP DEA N,
e NH,
PVPIPAN NMs Porous PAN NMs APAN NMs
Na,(:° 5O, Na,c H.0,
AgNO,

HAuCI, Au NPs

Au/Ag core-shell NPs

Fig. 3 Preparation of copper ion sensor by chemical modification method and their sensing mechanism. (A) Reprinted with permission from ref.
85. Copyright 2013, The Royal Society of Chemistry. (B) Reprinted with permission from ref. 86. Copyright 2016, Elsevier. (C) Reprinted with
permission from ref. 87. Copyright 2018, Elsevier. (D) Reprinted with permission from ref. 88. Copyright 2021, American Chemical Society. (E)
Reprinted with permission from ref. 89. Copyright 2018, Springer-Verlag GmbH Austria, part of Springer Nature.
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Fig.4 Sensing properties of copper ion sensors prepared by chemical modification. (A) Reprinted with permission from ref. 85. Copyright 2013,
The Royal Society of Chemistry. (B) Reprinted with permission from ref. 86. Copyright 2016, Elsevier. (C) Reprinted with permission from ref. 87.
Copyright 2018, Elsevier. (D) Reprinted with permission from ref. 88. Copyright 2021, American Chemical Society. (E) Reprinted with permission
from ref. 89. Copyright 2018, Springer-Verlag GmbH Austria, part of Springer Nature.

PEI is rich in amino groups and can form tetra-amino-Cu”*
complexes with copper ions, showing a special dark blue color,
which can realize copper ion adsorption and colorimetric
detection. In 2021, Shao et al® grafted branched poly-
ethyleneimine (BPEI) onto the surface of polyacrylonitrile
(PAN)-based electrospun nanofibrous membranes to prepare
copper ion colorimetrically responsive nanofibrous membrane
sensor (aPAN/BPEI NMs). The aPAN/BPEI NMs were able to
adsorb copper ions in water, and the color of the fiber
membrane changed from yellow to blue. With the addition of
copper ions, the UV absorption peaks at 280 nm and 636 nm
gradually increased, and showed a good linear relationship in
the range of copper ion concentration from 0 to 700 uM. The

34872 | RSC Adv, 2022, 12, 34866-34891

detection limits of Cu®" is Azgo nm = 11.5 UM, As36 nm = 4.8 UM.
And it also showed a remarkable adsorption effect on copper
ions, and the adsorption capacity reached 209.53 mg g '
(Fig. 3(D) and 4(D)).

Noble metal nanoparticles can be used for sensor design due
to their easy surface modification and good stability. Abe-
dalwafa et al.** modified Au/Ag NPs with shell-core structure
onto porous ammoniated PAN electrospun fibers, and
successfully prepared a fiber membrane sensor Au/Ag NPs@a-
PAN for colorimetric detection of copper ions. With the increase
of copper ions, the yellow color of the fiber membrane gradually
faded. The mechanism of discoloration is the leaching of Au/Ag
NPs from NFM in the presence of ammonium chloride,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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thiosulfate and Cu®’, forming a soluble complex of Ag"/Au®*/
Cu”*-thiosulfate on their surface. The discolored fiber
membrane can be restored to its original yellow color by placing
it in the Au/Ag NP solution, that is, it can be regenerated. The
detection limit of Au/Ag NPs@aPAN for copper ions is 50 nM
(Fig. 3(E) and 4(E)).

Grafting on the fiber surface with rhodamine derivatives,
Schiff base compounds, gold nanoparticles is a good way to
prepare nanofiber membrane sensors that respond to copper
ions. This method allows the sensing unit to be distributed on
the surface of the fiber, and the detected object can fully contact
the identification site. In addition, for some fluorescent dyes
that are induced by aggregation, a small amount of grafting on
the surface can also slow down the quenching phenomenon.

Copolymerization method. Wu et al.*® firstly copolymerized
thermally responsive N-isopropylacrylamide (NIPAAm), chemi-
cally cross-linked N-methylol acrylamide (NMA) and copper ion-
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responsive rhodamine derivative (RHPMA) to obtain polymer
(PNNR). Then, a nanofiber membrane sensor (PNNR2@NFs)
with temperature-controlled on and off and copper ion
response was fabricated by electrospinning technology. The
fluorescence intensity of PNNR2@NFs gradually weakened with
the addition of copper ions, showing a good linear relationship
in the concentration range of copper ions from 1 to 10 uM. The
change of temperature leads to the hydrophilic-hydrophobic
transition of the nanowire fibers, which shows the character-
istics of temperature on and off. The sensor can be reused under
the action of EDTA (Fig. 5(A) and 6(A)).

It is also an effective method to prepare the electrospun
nanofiber membrane sensor. Moreover, this method makes the
copper ion probe less susceptible to detachment from the fiber
due to solubility.

Surface adsorption. Quantum dots (QDs) can be used to
design chemical sensors due to their high fluorescence
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° ®
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e%e ©
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Fig.5 Preparation of copperion sensor by copolymerization and surface adsorption and their sensing mechanism. (A) Reprinted with permission
from ref. 90. Copyright 2016, Springer Science Business Media Dordrecht. (B) Reprinted with permission from ref. 91. Copyright 2021 Changchun
Institute of Applied Chemistry, Chinese Academy of Sciences. Published by Elsevier.
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Fig. 6 Sensing properties of copper ion sensors preparted by copolymerization and surface adsorption. (A) Reprinted with permission from ref.
90. Copyright 2016, Springer Science Business Media Dordrecht. (B) Reprinted with permission from ref. 92. Copyright 2015, Senthamizhan, A.
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quantum yield and photostability. Li et al.®* used electrostatic
interaction to assemble negatively charged mercaptopropionic
acid (MPA)-coated CdTe QDs with surface positively charged
polyethyleneimine (PEI)/polyvinyl alcohol (PVA) electrospun
nanofibers to prepare a solid-state fluorescent sensor that can
respond to copper ions. The fluorescence quenching degree of
CdTe QDs-electrospun nanofiber assemblies increased, with the
increase of Cu®" concentration, and the fluorescence intensity
at 652 nm showed a good linear relationship with the Cu®*
concentration in the range of 0.08-800 umol L™". The detection
limit was 11.1 nM (S/N = 3) (Fig. 5(B)). Senthamizhan et al.*>
prepared a copper ion sensor by adsorbing dithiothreitol (DTT)-
coated gold nanoclusters (DTT.AuNC) onto the surface of
porous cellulose acetate fibers (pCAF). With the increase of
copper ions, the color of the fiber membrane gradually changed
from red to blue under ultraviolet light, showing the quenching
of red fluorescence, the visual detectable limit of 1 ppm (16 pM).
This is due to the coordination of sulfhydryl groups on DTT
surface-modified with gold nanoclusters to copper ions
(Fig. 6(B)).

Using electrostatic interactions, van der Waals forces, and
coordination to adsorb sensors onto nanofiber membrane
surfaces is also a method to fabricate probe/nanofiber
membrane composite sensors. This method is easier to operate,
and the surface-adsorbed probe can quickly contact with copper
ions in water, enhancing the sensing efficiency.

Electrospun nanofiber fluorescent sensor for detection of Fe**

As a transition metal, iron has abundant empty orbitals and is
easy to form complexes with many ligands. Therefore, the
related iron ion sensor is prepared according to this
characteristic.

Physical doping method. Some organic small molecules
have more lone electron pairs, which can form chelates with
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paramagnetic iron ions, resulting in changes in fluorescence or
color. The selective detection of iron ions can be achieved.
Kacmaz et al.*® synthesized an iron-responsive fluorescent dye
N-(4-cyanobenzylidene) isonicotinohydrazide (CBINH). By co-
doping CBINH with modified ethylcellulose (EC), a nano-
fibrous membrane sensor CBINH@EC NFs with ultrasensitive
response to iron ions was fabricated by electrospinning. CBIN-
H@EC NFs exhibit an ultrasensitive response to Fe*", in the iron
ion concentration range of 10 '* to 10 ® M exhibited good
linearity with detection limits as low as 0.07 fM (7 x 10~ M).
Under the treatment of acetate buffer, CBINH@EC NFs can
achieve reversible detection of iron ions (Fig. 8(A) and (B)). Mun
et al.®* synthesized naphthalene-based probe molecules 1 and
1A, and doped 1 and 1A into PMMA in DMF solution, respec-
tively, followed by electrospinning to prepare two electrospun
fiber membrane sensors NF-1 and NF-1A that could respond to
iron ions. The LOD was found at 174 ppb for NF-1 and 59 ppb
for NF-1A. The iron ion caused fluorescence quenching through
1:1 coordination with the N atom of the naphthalene ring and
the carbonyl oxygen of the amide moiety (Fig. 7(A) and 8(C)).
Rijin et al®® doped 4,4"-fluoresceinoxybisphthalonitrile (FPN)
into polycaprolactone (PCL) solution. A nanofibrous membrane
sensor (PCL/FPN) capable of selectively detecting iron ions in
aqueous solution was fabricated by electrospinning technology.
The nitrogen atoms on the four cyano groups in the FPN
molecule can chelate with two iron ions through weak van der
Waals forces, resulting in fluorescence quenching. The
response of PCL/FPN to Fe ions was tested in the concentration
range of Fe ions from 10 to 70 nM, and the results showed that
the detection limit of Fe ions was 2.9413 nM (Fig. 7(B)).

The complexes of rare earth elements usually have good
luminescent properties. Lanthanide rare earth MOF materials
have the characteristics of large Stokes shift and narrow emis-
sion wavelength, which can be used for ion detection.”® Zhou
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Fig. 7 Preparation of copper ion sensor by physical doping method and their sensing mechanism. (A) Reprinted with permission from ref. 94.
Copyright 2016, The Royal Society of Chemistry. (B) Reprinted with permission from ref. 95. Copyright 2019, Springer Science Business Media,

LLC, part of Springer Nature.
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et al.”” prepared an Eu-MOF material using Eu®* of the lantha-
nide series. The Eu-MOF@PAN nanofiber membrane sensor
responsive to iron ions was prepared by electrospinning Eu-
MOF-doped PAN solution. After adsorption of iron ions in Eu-
MOF@PAN, effective collisions between Fe*" and Eu*" occur.
This process will cause the energy of the excited state to be
damaged and lead to the quenching of the fluorescence of Eu*'-
MOF. The sensor exhibits excellent selectivity and sensitivity for
iron ions with a detection limit of 63 nM. Bai et al.® doped
a chain complex (1-Eu*") formed by Eu®* and organic molecular
ligands into PAN solution, and fabricated an iron ion-
responsive nanofibrous membrane sensor (1-Eu**@PAN). The
sensor showed obvious red fluorescence quenching under iron
ion treatment, and the detection limit was 6.685 x 10~ * M.

As an environmentally friendly material, biomaterials have
good application prospects and can be used in the fields of
environment, energy and sensing.”>'* Saithongdee et al.***
prepared a nanofibrous membrane sensor from a curcumin-
doped zein solution by electrospinning and amidation cross-
linking under the conditions of citric acid and heating. The
sensor is able to achieve a colorimetric response to iron ions
with a color change from yellow to brown with an optical
detection limit of 0.4 mg L™ " (Fig. 8(D)).

Many probe molecules, MOFs, and biological matrices etc.
Which can selectively detect iron ions can be mixed with some
polymers by means of physical doping to prepare nanofiber
membrane sensors that respond to iron ions by electro-
spinning. This simple mixing method is suitable for a wide
range of linear polymers with a wide range of applications and
is easy to operate. However, due to simple doping, there is no

© 2022 The Author(s). Published by the Royal Society of Chemistry

strong connection between the sensing unit and the polymer,
and the polymer and the sensing unit are easily separated by
solvents. For some sensing units that are easily soluble in water,
they are easy to dissolve in water under the water system, which
affects the sensing effect.

Chemical modification method. Direct chemical modifica-
tion of sensing molecules onto polymers and subsequent
fabrication into nanofibrous membranes can also be used for
the detection of iron ions.

Wang et al.'® used chemical modification to graft pyrene
derivatives to triblock copolymers to form a pyrene-containing
copolymer (PPy-b-PNIPAAm-b-PNMA). The pyrene-containing
copolymers were then prepared into nanofibrous membranes
by electrospinning. The fibers are aggregated from nanospheres
formed by self-assembly of PPy-b-PNIPAAm-b-PNMA copolymer,
and the pyrene-containing molecules are on the outermost side
of the nanospheres. The fiber membrane can quench the fluo-
rescence in response to iron ions and temperature. Even at the
concentration of 107> M iron ion, the fluorescence of the fiber
membrane can be quenched (Fig. 9(A) and 10(A)). Zhou et al.**
modified coumarin derivatives on copolymers of acrylic acid
and acrylonitrile (PANA) to prepare iron ion-responsive nano-
fibrous membranes (PANADC) by electrospinning. The fiber
membrane can be used for the adsorption and detection of iron
ions, and the fluorescence is quenched with the addition of iron
ions to the fiber membrane, and the detection limit and
adsorption amount are 10.63 uM and 13.93 mg g~ ', respectively
(Fig. 9(B) and 10(B)).

Utilizing the adsorption of some amino acids to iron ions
can also be used to detect iron ions by chemical cross-linking

RSC Adv, 2022, 12, 34866-34891 | 34875
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after some amino acids are prepared into polymers. Zhang
et al.** prepared poly(aspartic acid) (PASP) into nanofibrous
membranes by electrospinning and then cross-linked with
ethylenediamine to obtain an electrospun fibrous hydrogel film
(PASP-ENHM). PASP-ENHM showed a colorimetric change from
white to yellow under iron treatment with a detection limit of
0.1 mg L™ ". And the fiber membrane can continue to be used for
the detection of iron ions after being treated with EDTA
(Fig. 9(C) and 10(C)).

Copolymerization method

Directly polymerizing molecular probes with other monomers is
also a method for preparing sensing materials. Li et al'®
synthesized a rhodamine Schiff base derivative monomer RQ,
RQ and methyl acrylate were prepared by emulsion polymeri-
zation to obtain a block copolymer poly(MMA-co-RQ). Poly(-
MMA-co-RQ) was obtained by electrospinning prepared nano-
films stacked with nano-microspheres. The film can be used
for rapid colorimetric detection of iron ions from white to pink
with a detection limit of 1.19 uM, and can be reused after
treatment with ppi solution (Fig. 9(D) and 10(D)).

The iron ion sensor prepared by the above chemical modi-
fication method has good sensing performance. And it solves
the problem that the sensing unit is easy to fall off in the
physical co-doping method.

34876 | RSC Adv, 2022, 12, 34866-34891

Electrospun nanofiber fluorescent sensor for detection of
Hg™"

Gold nanoparticles, rhodamine derivatives and quantum dots
can form composite fiber membrane sensors that respond to
mercury ions through physical doping, chemical modification,
surface adsorption, self-assembly, and copolymerization.

Physical doping method. Senthamizhan et al.'*® prepared
a nanofibrous membrane responsive to mercury ions by doping
gold nanoclusters (AuCN) into polyvinyl alcohol solution. The
fiber membrane showed significant fluorescence quenching
effect on mercury ions with a detection limit of 1 ppb
(Fig. 12(4)).

Rao et al.'”” synthesized a mercury ion chemical sensor RIM
using rhodamine 6G as a raw material. The RIM and poly-
urethane were mixed uniformly, and a nanofiber membrane
was prepared by electrospinning. The fibrous membrane is able
to respond to mercury ion, the mechanism of sensing of
mercury ion by RIM is the ring opening of spirolactum resulting
in enhanced fluorescence (Fig. 11(A) and 12(B)). Girdthep
et al.** doped rhodamine B hydrazide (RBH) and rhodamine 6G
hydrazide (R6GH) into PMMA, respectively. And prepared
PMMA/RBH and PMMA/R6G mercury ion colorimetric and
fluorescent nanofiber membrane sensor by electrospinning.
Both sensors can chelate with mercury ions in a 2:1 ratio,
resulting in a white-to-pink color change and fluorescence

© 2022 The Author(s). Published by the Royal Society of Chemistry
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enhancement due to the opening of the spiro ring. The detec-
tion limits of the PMMA/RBH and PMMA/R6G are 0.8-1.099 ppb
and 3.6-4.3 ppb, respectively. The two sensors can be recycled
under the treatment of EDA solution (Fig. 11(B) and 12(C)).
Liang et al.'* fabricated a temperature-on-off magnetic
nanofiber membrane sensor (P2-5%ESNFs) for mercury ion
response. The sensor was prepared by electrospinning by mix-
ing poly (NIPAAm-co-NMA-co-AA) (P2), naphthalimide derivative
(BNPTU) and Fe;O, nanoparticles. P2-5% ESNFs showed the
performance of temperature control in response to mercury
ions. The temperature change changed the hydrophilic-hydro-
phobic state of the fiber membrane, and the chelation of
mercury ions and BNPTU was more likely to occur in the
hydrophilic state of the fiber membrane. Therefore, the on and
off effects of temperature are exhibited. The response of P2-5%
ESNFs to mercury ions changed from green to blue. The addi-
tion of Fe;O, makes the fiber membrane magnetic for easy
removal from water (Fig. 11(C) and 12(D)). Li et al."*® prepared
a one-dimensional electrospun fiber membrane material using
a mixed solution of polyethylene oxide (PEO), chitosan (CS),
Fe;04 and CQDs. The fiber membrane material can monitor the
adsorption of mercury ions by real-time fluorescence moni-
toring. The adsorption of mercury ions reaches equilibrium
within 100 min, and the maximum single-layer adsorption
capacity is 148.148 mg g '. The fluorescence of the fiber

© 2022 The Author(s). Published by the Royal Society of Chemistry

membrane was gradually quenched with the adsorption of
mercury ions. The fiber membrane is magnetic and can be
easily removed from the aqueous solution, due to the addition
of Fe;0, (Fig. 11(D)). Mercury ion probes based on rhodamine
derivatives, naphthalimide derivatives, quantum dots and gold
nanoparticles can be simply doped into polymers to quickly
prepare electrospun fiber membrane sensors with good sensing
effects. However, the sensing unit inside the fiber in this
preparation method is not used, and the sensing unit on the
surface of the fiber is easy to fall off due to the combination of
the polymer only by weak molecular force, which affects the
sensing effect.

Chemical modification method. Cho et al® fabricated
a mercury ion sensor (Fiber-g-RhBN2) by modifying a rhoda-
mine B derivative (RhBN2) on the surface of poly (HEMA-co-
NMA) electrospun nanofibers. With the addition of mercury
ions, the fluorescence intensity of Fiber-g-RhBN2 at 580 nm
gradually increased. The lowest and highest detection limits
were 10°° to 10°° M and 102 to 10 ' M, respectively.
Furthermore, treatment of Fiber-g-RhBN2 with EDTA enables
the reuse of the sensor. Cai et al.*"* reduced HAuCl, to Au-NCs
with BSA by in situ preparation on bovine serum albumin/
polyethylene oxide (BSA/PEO) electrospun fibrous membrane
and immobilized on the surface and inside of the fibrous
membrane. The modified fiber membranes (BSA/PEO-Au-NCs)
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can exhibit fluorescence quenching in the presence of mercury
ions with a detection limit of 57 pM (Fig. 13(A) and 14(A)). Deng
et al."** grafted 4-(2-pyridylazo)-resorcinol (PAR) onto PAN elec-
trospun fibers to prepare a sensor (PANMW-PAR) for colori-
metric detection of mercury ions and adsorption of mercury
ions. PANMW-PAR fibers have selective detection ability for
Hg>" with a detection limit of 35 pg L™ " (Fig. 13(B) and 14(B)).

Copolymerization method. Chen et al'® synthesized
a rhodamine derivative (RhBN2AM). Poly(N-iso-
propylacrylamide, poly(N-methylolacrylamide) and RhBN2AM
were synthesized by free radical solution polymerization to
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obtain a copolymer (poly(NIPAAm-co-NMA-co-RhBN2AM)), and
the copolymer was dot-spun to prepare a nanofiber membrane
P3. The fibrous membrane can turn into orange fluorescence in
response to mercury ions. In addition, the NIPAAm in P3 also
has the function of temperature-controlling the response of
mercury ions on and off. When the temperature exceeds the
LCST (45 °C), the fluorescence of the fiber membrane increases
instantaneously (Fig. 13(C)).

Surface adsorption. Ma et al.'** synthesized a dithioacetal-
modified pyreneimide fluorescent sensor DTPDI. Subse-
quently, DTPDI was adsorbed on the surface of PAN electrospun
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Fig. 13 Preparation and sensing mechanism of mercury ions sensor by chemical modification, self-assembly and surface adsorption (A)
reprinted with permission from ref. 111. Copyright 2012, Elsevier. (B) Reprinted with permission from ref. 112. Copyright 2019, American Chemical
Society. (C) Reprinted with permission from ref. 113. Copyright 2018, MDPI. (D) Reprinted with permission from ref. 114. Copyright 2016, Elsevier.
(E) Reprinted with permission from ref. 115. Copyright 2012, The Royal Society of Chemistry.
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fiber membrane by electrostatic interaction to form a fiber
membrane sensor FNFM that could respond to mercury ions.
FNFM produced a lipid-soluble dye AL in the presence of
mercury ions, which was exfoliated from the surface of the
fibrous membrane upon treatment with dichloromethane. The
mercury ion content can be determined by measuring the UV
absorption intensity of AL exfoliated in the solution, and the
detection limit is 1 ppb (Fig. 13(D) and 14(C)). Ghosh et al.'*®
prepared an electrospun nanofibrous membrane by blending
nylon 6 (N6) and fluorescein isothiocyanate (FITC). Then,
Au@BSA nanoclusters were adsorbed by nanofiber membrane
to prepare a sensor AU@BSA/FITC/NG6 for the selective detection
of mercury ions. Under the treatment of mercury ions, the red
fluorescence was gradually quenched and returned to green
fluorescence, which could also respond at a concentration of 1
ppt mercury ions (Fig. 14(D)). Senthamizhan et al.*® fabricated
a Hg”" sensor (AUNC*PCL-NF) by adsorbing a layer of gold
nanoclusters on the surface of polycaprolactone electrospun
fibers (PCL-NF). The amalgam caused the red fluorescence of

34880 | RSC Adv, 2022, 12, 34866-34891

the gold nanoclusters to be quenched in a very short time, and
the detection limit was at the ppt level (Fig. 14(E)).

Self-assembly. Wang et al.’” used B-cyclodextrin-modified
rhodamine derivatives (thiocarbamido-SRhB-B-CD) as the host
and poly (MMA-co-ADMA) electrospun nanofibers as the guest.
A sensor for colorimetric and fluorescence detection of mercury
ions was prepared by host-guest self-assembly. With the addi-
tion of mercury ions, the sensor exhibited an orange fluores-
cence enhancement, and the color changed from white to pink
under visible light. The detection limit was 6.0 x 10> mol L
(Fig. 13(E) and 14(F)).

Nanofiber membrane sensors were prepared by copolymer-
ization to form block polymers between mercury ion probes and
polymers. It can effectively prevent the probe from wandering
into the detection environment, but the probe utilization rate
and physical doping method are not much different. Chemical
modification, surface adsorption and self-assembly methods
can modify the mercury ion sensing unit on the surface of the
fiber membrane to increase the utilization rate of the mercury

© 2022 The Author(s). Published by the Royal Society of Chemistry
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ion sensing unit and reduce the aggregation and quenching
phenomenon of fluorescent molecules.

Electrospun nanofiber fluorescent sensor for detection of Pb>*

Some biological matrix materials and noble metal nanoclusters
are very useful for preparing lead ion nanofiber membrane
sensors by co-doping, chemical modification and other
methods.

Physical doping method. Raj et al''® prepared a fiber
membrane sensor CC-CA for colorimetric detection of lead ions
by electrospinning a mixed solution of curcumin and cellulose
acetate (CA). CC-CA changed from yellow to orange under the
treatment of lead ions with a detection limit of 20 uM (Fig. 15(A)
and 16(A)).

Chemical modification method. Li et al.'" prepared cellu-
lose acetate (CA) into nanofibrous membranes by electro-
spinning technology, and then deacetylated the CA nanofibrous
membranes to obtain DCA fibrous membranes. A sensor DCA-
PMAD for colorimetric detection of lead ions can be obtained
by grafting pyromellitic anhydride (PMAD) onto the surface of
DCA fiber membrane. With the addition of lead ions, DCA-
PMAD changed from white to dark yellow-brown, and the
detection limit was 0.048 mM. And DCA-PMAD also had
a strong adsorption capacity for lead ions, and the adsorption
capacity was 326.80 mg g~ . Under the treatment of EDTA, the
sensor is reusable (Fig. 15(B) and 16(B)).

Surface adsorption method. Sheikhzadeh et al.**® prepared
electrospun nanofibrous membranes (BCNFs) from bacterial

(A)

Increasing

trati f
e P P
N — QA —_—

Curcumin-Pb?*
(Less aggregation)

Curcumin-Pb?*
(More aggregation)

Khhnoﬁber@ Curcumin @ Lead (Pb?*)

(©)

(B)

View Article Online

RSC Advances

cellulose. The lead ion colorimetric sensor (BCNF-CU) was then
prepared by adsorbing curcumin with BCNF. The naked eye
detection limit and the calculated detection limit of BCNF-CU
were 9 uM and 0.9 pM, respectively. And applied to the detec-
tion of lead ions in rice samples (Fig. 15(C) and 16(D)). Li et al.***
prepared polyamide-6/nitrocellulose (PA-6/NC) electrospun
fiber membranes by bicomponent alternating two-flow electro-
spinning technique. The bovine serum albumin-modified gold
nanoparticles (BAu probe) were adsorbed onto the surface of the
fiber membrane by assembly method to obtain a sensor BAu
probe@PA-6/NC that can be used for the colorimetric detection
of lead ions. The color of the fiber membrane changed from
pink to white with increasing lead ion concentration, and the
detection limit was 0.2 uM. And it can be reused after soaking
with BAu probe solution (Fig. 15 (D) and 16 (C)).

Electrospun nanofiber membranes for AI** detection

Kim et al'? blended a rhodamine-based colorimetric-
fluorescent chemical sensor (R2PP) with polyurethane to
prepare an aluminum ion-responsive fiber membrane sensor by
electrospinning. Under the treatment of aluminum ions, the
fibrous membrane changed from white to pink and showed
a significant enhancement of yellow fluorescence, and the
detection limit was 8.5 x 10~° M. The sensing mechanism is
due to the formation of a 2:1 complex between R2PP and
aluminum ions, which results in the opening of the spiro ring
structure of R2PP, which changes the conjugation st