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Abstract
Electrospun nanofibers have been extensively investigated in recent years for the generation of various advanced sensing 
technique like high efficiency biosensors, chemosensors, colorimetric sensing strip, and nanofibrillar-based biosorbent for 
waste water management, remediation and environmental monitoring. The present review article highlights various different 
types of conventional sensors, their limitations and the further advancement towards development of highly sensitive sensor 
with faster response time using functionalized nanofibrous matrix. It also explains the various approaches for the generation 
of nanofibrous matrix through melt blowing, force spinning, template melt extrusion and electrospinning methods and their 
further modification with suitable probe for the detection and elimination of various water contaminants. This review dis-
cussed various nanofibrous matrices that have been modified for the sensing and remediation of heavy metals such as mercury 
(Hg), lead (Pb), copper (Cu), organic pollutants such as dye, petroleum, phenolic compounds, and microorganisms such as 
Escherichia coli (E. coli), BVDV (bovine viral diarrhoea virus), Staphylococcus aureus (S. aureus) and Candida albicans 
(C. albicans). Finally, the various challenges and future perspectives associated with the usage of nanofibrous matrix-based 
sensors for detection and remediation of water pollutant are discussed.
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Introduction

Water is the most irreplaceable liquid that plays an integral 
role in the survival of life on earth. Water in pure form is 
necessary for plants, animals, humans, etc. for their survival 
and utilized by human beings for various purposes such as 
agriculture, industry, drinking, household, etc. According 
to WHO (World Health Organization), almost 2 billion peo-
ple consume microbially contaminated drinking water that 
can cause diarrhoea, typhoid, cholera, dysentery, and polio, 
which leads to diarrhoeal death of over 485,000 people per 

year. Not only microbes but the chemical effluents contain-
ing heavy metals like copper (Cu), cadmium(Cd), zinc(Zn), 
mercury(Hg), arsenic(As), lead(Pb), chromium(Cr), 
silver(Ag) etc. from the textile, agricultural, and pharma-
ceutical industry can cause toxicity if consumed, leading to 
a wide range of health hazards (Some et al. 2021). Heavy 
metals are one of the most commonly released contaminants 
in water bodies, since they are non-biodegradable, lead to 
bioaccumulation and over a period can directly / indirectly 
affect a wide range of organisms due to biomagnification 
(Zamora-Ledezma et  al. 2021). Other than heavy met-
als organic compounds such as oil from the mill, oilfield 
wastewater etc. can also pollute the water. These organic 
substances may have the potential to react with other sub-
stances and leads to formation of very harmful chemicals. 
For example, it has been reported earlier that when phenolic 
compounds, chlorine and acetic acid were released in the 
pond, they reacted with each other to form a herbicide 2,4-D 
that contaminated the groundwater and caused crop damage 
upon using as a source for irrigation (He et al. 2022)
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Water quality monitoring helps us to assess the suitability 
of water for a particular use but the exponential growth of 
the human population, rapid urbanization, and industrializa-
tion leads to a drastic downgrade of the water quality. Early 
detection and remediation can help in improving the quality 
of water and further preventing water pollution. There are 
several types of detectors developed for the monitoring of 
water quality based on evaluation of changes in pH, con-
ductance, turbidity, dissolved oxygen etc. Previously, used 
conventional techniques had the disadvantage of frequent 
data sampling, sample pre-treatment and these majorly com-
prised of extensive laboratory techniques thus making the 
conventional technique expensive and time-consuming. The 
development of biosensors made a difference in allowing 
the detection of water quality onsite using certain specific 
biological markers for specific biochemical entities and 
can be detected using simple electrochemical detection. 
The conventionally used biosensors for the detection are of 
four types – optical, thermal, electrochemical, and piezo-
electric. The main drawback of these biosensors was that 
they were unable to create a visual difference to perform 
naked-eye onsite detection. To circumvent this limitation, 
nanofibrous biosensors were developed which provided the 
advantage of naked-eye onsite detection. Though biosen-
sors were an effective tool for the detection of pollutants in 
water, nanofibers came with a bigger advantage of possess-
ing a high surface area to volume ratio, high porosity, better 
specificity and sensitivity as well as higher loading capac-
ity which not only helped in sensing water contaminants 
with a visual difference but also helped in remediation of 
contaminants (Halicka and Cabaj 2021) (Ejeian et al. 2018) 
(Odobašić et al. 2019).

The present review highlights the various types of con-
ventional biosensors available for the detection of water con-
taminants and the advancement of nanofibrous sensing sys-
tems for the detection and remediation of water pollutants. 
The different fabrication techniques for nanofibrous-matrix 
generation such as melt blowing, force spinning, electrospin-
ning and template melt extrusion have also been highlighted. 

Herein we discuss the various nanofibrous matrices that have 
been developed and modified between the years 2010 and 
2021 for the sensing and remediation of heavy metals such 
as mercury, lead, and copper, organic pollutants such as dye, 
petroleum, and phenolic compound, microorganisms such as 
E. coli, BVDV (bovine viral diarrhoea virus), S. aureus and 
C. albicans. We also summarized the advantages, limitations 
and efficacy limits associated with the differently function-
alised nanofibrous matrices for sensing and remediating dif-
ferent water contaminants. Finally, we put forward the chal-
lenges and future scope in the usage of nanofibrous matrices.

Biosensors and their types

Biosensors are devices composed of biological detection ele-
ments, a transducer and a display interface. The biological 
recognition material is immobilised and is connected to a 
transducer, which converts the biochemical signal into an 
electrical signal. This electrical signal forms the basis for 
the detection of an analyte. Figure 1 shows the schematical 
workflow of biosensors (Odobašić et al. 2019). Detection of 
water contaminants using biosensors requires the appropri-
ate selection of the biological detection element and trans-
ducer based on the action of the contaminant on the targeted 
subject (Tsopela et al. 2016). In the last few years, biosen-
sors have become important tools in detecting water pollut-
ants because they not only detect the major contaminants but 
also detect trace levels of contaminant as well and often help 
in real-time analysis of the contaminant (Ejeian et al. 2018). 
Moreover, a biosensor can play a potential role in a low-cost 
portable highly efficient device development for the onsite 
analysis of contaminants and also overcomes the limitations 
of conventional technologies in the detection of trace con-
taminants (Tsopela et al. 2016). Biosensors have been clas-
sified into four types based on the transduction mechanism 
(i) electrochemical, (ii) optical, (iii) piezoelectric and (iv) 
thermal biosensors (S C I E N C E’ S C O M P A S S, n.d.).

Fig. 1  Schematical representa-
tion of biosensor and its basic 
components based on mecha-
nism of analyte detection
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Optical biosensors

Optical biosensor allows direct, real-time and label-
free detection of chemical analyte or biological samples 
(Damborský et al. 2016). In an optical biosensor, the bio-
logical detection element reacts with an analyte, which 
results in changes in input light, and finally detected by 
the transducer. The amplitude of oscillation in input light 
will helps in measurement of the analyte’s concentration. 
Also, optical biosensors are free from electromagnetic 
interference, possess minimal and simple instrumentation 
and are non-invasive. Optical biosensors can be classi-
fied into four types- Absorption-based biosensors, surface 
plasmon resonance biosensors, Fluorescence-based optical 
biosensors and Luminescence-based biosensors. In both 
absorption-based and surface plasmon-based biosensors, 
the analyte's absorption characteristics as well as its elec-
tric or dielectric properties are exploited. Similarly, optical 
properties such as fluorescence and luminescence of the 
target molecule are employed in Fluorescence and lumi-
nescence-based biosensors respectively (Asal et al. 2018; 
Bosch et al. 2007; Wijaya et al. 2011).

Structure-switching DNA optical biosensors have been 
used to detect heavy metal ions such as  Hg2+ in polluted 
water. This technique involves a fibre optic sensor with 
an immobilised DNA probe complementary to the T-rich 
cDNA labelled with a fluorophore. The cDNA was made 
to hybridise with the probe, and then  Hg2+ was introduced 
over the sensor surface. The  Hg2+ could bind with the T-T 
mismatch pairs present in cDNA and lead to the formation 
of a hairpin loop containing the T-Hg2+-T complex. This 
structure led to the detachment of fluorescently labelled 
cDNA and exhibit decreased fluorescence. A quantitative 
measurement of  Hg2+ could be done by measuring the 
changes in fluorescence intensity. The greater the  Hg2+ 
concentration in water samples, the more the fluores-
cence quenching. This technique could be extrapolated 
for detecting other heavy metal ions such as  Ag+ and  Pb2+ 
(Long et al. 2013). Biosensors are generally used for single 
analyte detection, but array-based enzymatic optical bio-
sensor has been used for multianalyte detection for sensing 
pH, urea, acetylcholine and heavy metals. Sol–gel matrix 
designed with FITC-dextran as a sensing probe and urease 
and acetylcholinesterase used as model enzymes for the 
detection of pH, urea, acetylcholine and heavy metals like 
 Hg2+,  Cu2+ and  Cd2+ in water samples (Tsai and Doong 
et al. 2005).

Optical biosensors can also be used to detect micro-
organisms in polluted water samples. The aptamer-based 
optical biosensor was reported to be used for the detection 
of the E-coli O157:H7 strain. Such aptamer-based biosen-
sor involves the mixing of fluorescently labelled E.coli 

or E.coli specific aptamers and the solution was filtered, 
resulting in free aptamers in the filtrate. These free aptam-
ers were allowed to hybridise with their complementary 
probe DNA entrapped on the surface of optical fibre. The 
fluorescence intensity was inversely proportional to the 
amount of E.coli in the sample. This was a very economi-
cal, portable and stable system because of the usage of 
DNA aptamers to detect E.coli in water samples (Yildirim 
et al. 2014).

Electrochemical biosensors

Electrochemical-based biosensors were the first commer-
cialised biosensors that sense the occurrence of a chemical 
reaction as the analyte react with the biological recogni-
tion element. These chemical reactions involve the gain 
or loss of ions or electrons, which changes the electrical 
properties, such as the electric current or potential of the 
analyte solution. The changes in the electric properties is 
further detected by the transducer and results in producing 
an electrochemical signal that corresponds to the quantity 
of an analyte in the sample. Such electrochemical biosen-
sors involve easy sample preparation methods, and detec-
tion of an analyte in small sample volumes and are ame-
nable to automation, making them an easy and accessible 
tool for detecting polluted water samples. These biosensors 
can be classified into (i) Potentiometric, (ii) Amperometric, 
(iii) Conductometric biosensors and (iv) Biosensors based 
on ion-selective field-effect transistors (Belkhamssa et al. 
2016). Most of these biosensors rely on chemical reaction-
mediated fluctuation in electric potential followed by sig-
nal detection and quantification of the analyte. Most of the 
electrochemical biosensors require minimal effort in sam-
ple preparation and direct analysis of the analyte leads to 
automation of the technique. Belkhamssa et al. 2016 used 
electrochemical biosensors as a disposable analytical device 
to detect the presence of alkylphenols in polluted seawater 
samples. The device consisted of field-effect transistors and 
a single-walled carbon nanotube and detection is based on 
immunoreaction between the antibody (anti-alkylphenol) 
and antigen (4-nonylphenol). The resulting electrical sig-
nal will decreases as the amount of analyte in the sample 
increased because of the formation of immune complexes 
between antigen and antibody. This system could detect 
trace alkylphenols as low as five microgram/L in seawater 
samples (Belkhamssa et al. 2016). Furthermore, Geng et.al 
2011 designed an electrochemical biosensor for the detec-
tion of E. coli. based on specific DNA sequences of the uid 
A gene which encodes for the enzyme β-D-glucuronidase. 
The alginic acid-coated cobalt magnetic beads were used to 
immobilise the  NH2-labelled oligonucleotide DNA probe 
and helped in the magnetic separation of the hybridised 
complex of the probe and target sequence. This hybridisation 
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was detected using daunomycin's current signal and thus 
used as an indicator of hybridisation. The concentration of 
hybridised target sequences of E. coli. was inversely propor-
tional to the current signal intensity (Geng et al. 2011). Ali 
et al. 2019 described the same method of detecting Mercury 
(II) with the help of an optical biosensor as described by 
Long et al. 2013 but with electrochemical modifications to 
make it a system that could detect Mercury (II) and Lead (II) 
ions in water using ssDNA-Aptamer-based electrochemical 
detection method. The aptamers were labelled at their 5' and 
3' ends with ferrocene for  Hg2+ or methylene blue for  Pb2+ 
and thiol groups, respectively. The thiol group plays signifi-
cant role in aptamer attachment to the screen-printed gold 
electrode. The binding of heavy metal ions to the aptamer 
led to its conformational change to a hairpin-like structure 
and thereby the redox functional groups, i.e., ferrocene or 
methylene blue, were made closer to the gold electrode 
and increased the electron charge transfer with subsequent 
increase in the electrochemical current and could be detected 
by the transducer. The limit of detection of  Hg2+ and  Pb2+ 
of this system was reported to be as low as 0.1 ppb in water 
samples and thus such biosensors are widely used for water 
quality testing (Abu-Ali et al. 2019).

Piezoelectric biosensors

A piezoelectric biosensor device consists of a transducer 
made up of piezoelectric material and integrated with the 
biological detection element. It helps in the detection of 
the analyte based on the characteristic of the piezoelectric 
material. Such material can undergo deformation when an 
electric field is applied, or it can also generate an electri-
cal field under the application of mechanical deformation. 
Measurement of mechanical deformation or induced electric 
field can be correlated with the amount of analyte present 
in the sample. Quartz crystal is increasingly used as piezo-
electric material because of its accessibility, stability at high 
temperatures, and is chemically stable in an aqueous solution 
(Monošík et al. 2012; Pohanka 2017).

Teh et al. 2014 established a piezoelectric method for a 
pollution-free detection of  Pb2+ in water samples. In this 
biosensor, GR5 DNAzyme was incorporated on quartz crys-
tal microbalance with dissipation monitoring (QCM-D) sen-
sor's surface. The substrate with gold nanoparticle attached 
at its 5' end was allowed to hybridise with the  Pb2+ specific 
GR5 DNAzyme. The sensing was based on the principle 
that the presence of  Pb2+ would let the DNAzyme to cleave 
the substrate and finally led to the removal of the substrate 
from the surface. This resulted in decreasing dissipation fac-
tor and increasing frequency signals. This dissipation factor 
and frequency signals could be measured. The measure-
ment of these signals indicates the amount of  Pb2+ present 
in water samples (Teh et al. 2014). Similarly, Serra et al. 

2008 showed a method which involves the application of 
electrochemical quartz crystal microbalance (EQCM) for the 
biosensing of bacteria in water. Lectins were entrapped on a 
gold-plated quartz crystal which helped in sensing bacteria 
through its cell wall glycocalyx constituents. This led to the 
development of a label-free, real-time monitoring piezo-
electric biosensing method based on lectin bacteria binding 
events (Serra et al. 2008).

Thermal biosensors

Thermal biosensors detect the targeted analyte in present in 
the samples based on analyte reaction with biological detec-
tion element and ultimately leads to a change in temperature. 
The changes in temperature corresponds to the amount of 
analyte present in the sample. The transducers in thermal 
biosensors should be thermistors or thermophiles and should 
not get degraded with an increase in temperature. Thermal 
biosensors provide an easy, label-free detection method 
where there is no interference from the electrochemical and 
optical properties of the sample (Perumal and Hashim 2014; 
Wang et al. 2008).

Yao et al. 2014 described the uses of thermal biosen-
sors for quantifying the chemical oxygen demand (COD) of 
water samples to represents presence of organic pollutants 
in water. They used a thermal biosensor composed of a flow 
injection analysis system. The COD measurement was done 
by determining the heat generated while the different water 
samples were passed through the flow injection analysis sys-
tem. After all, the experimental tests are done to check vari-
ous parameters such as the range of detection and the limit of 
detection. In comparison with previously available methods, 
this method proved to be an affordable, eco-friendly, accu-
rate detection system for testing water samples. However, 
biosensor sensitivity could be enhanced using nanofibrous 
matrices due to their large surface area to volume ratio and 
ease to modify surface as per the requirement for analyte-
specific detection at a very low level (Yao et al. 2014).

Nanofibrous matrix‑based biosensor 
for detecting water pollutants

The conventional biosensors mentioned above have played a 
significant role in identification and monitoring of water con-
tamination but there are still many difficulties and drawbacks 
associated with their uses that need to be resolved. These 
biosensors feature a very small selection of alternatives for 
the biological recognition element and thereby limits its 
application for extremely accurate element detection. With 
the usage of biosensors, other factors present in the water 
as pollutants can interfere with the detection of a specific 
element and ultimately limit the specificity of the biosensor. 
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Additionally, sample preparation is necessary for biosen-
sors and this makes onsite detection a challenging task. 
Although biosensors for aqueous systems have made tre-
mendous strides in the last few decades. However, their prac-
tical applicability is hampered by the devices’ complexity, 
size, and cost (Baeumner 2003; Bazin et al. 2017; Koedrith 
et al. 2015; M. Li et al. 2013; Theron et al. 2010). Thereby, 
the nanofibrous matrix has lately grown significantly in the 
field of sensing water contaminants since it has the poten-
tial to eliminate major drawbacks posed by conventional 
biosensors. The term “nanofiber” refers to the fibres with a 
diameter in the nanometre range and usually fabricated using 
synthetic or natural polymers. A nanofibrous matrix can be 
generated through the deposition of polymeric fibres in a 
sheet-like structure. Nanofibers can easily be functionalised 
for use in biosensing by entrapping or immobilising certain 
enzymes or nanoparticles over the surfaces. Additionally, the 
nanoscale architecture of such nanofibrous matrices expands 
the trapped enzyme's surface area and thereby plays a sig-
nificant role in enhancing the enzyme's catalytic activity. It 
also has a very high surface-to-volume ratio, which makes 
it easier to detect the contaminants with the naked eye due 
to visible colour changes in the nanofibrous matrix (Nadaf 

et al. 2022). Also, the availability of numerous synthetic and 
natural polymers makes it simple to choose desired polymer 
to fabricate nanofibers. Nanofibers can simultaneously detect 
various components and are very sensitive, cost-effective, 
and specific. Nanofibers are superior to conventional biosen-
sors because they have higher stability, a longer lifespan, 
and the potential to be reused (Liu et al. 2020). Nanofibers 
are also becoming more relevant in the remediation of water 
contaminants due to their excellent adsorption capacity, and 
customisable pore size by adjusting the polymeric concen-
tration & composition (Y. Li et al. 2021).

Techniques for the fabrication of nanofibrous matrix

Electrospinning

The electrospinning technique is an electrohydrodynamic 
process that produces a jet of electrified liquid droplets 
that undergoes stretching and elongation followed by the 
deposition of nanofibers with an average diameter ranging 
from 100 to 500 nm. Figure 2a shows various components 
like power supply (high voltage direct current or alternat-
ing current), a syringe pump (capillary with a blunt needle 

Fig. 2  Different techniques in the fabrication of nanofibers a Electrospinning, b Melt blowing, c Melt extrusion, d Force spinning
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and spinneret), and a conducting collector (it can be flat, a 
rotating drum, etc.) associated with electrospinning unit. An 
electrode is attached to the tip of the syringe to induce free 
charge in the polymeric solution/melt. The polymer forms a 
pendant drop at the tip of the capillary under applied elec-
tric field and the charged polymeric droplets are forced to 
move towards the conducting collector with opposite polar-
ity. Upon projection of the polymer, the solvent evaporates 
and dried polymeric fibres gets collected over the collector. 
The process can be summarised in 4 steps: -

i) Taylor cone formation under the influence of applied 
electric field

ii) The charged jet erupted & gets stretched in the presence 
of an electric field

iii) Polymeric jet becomes thin and displays bending insta-
bility during travelling time from needle tip to the col-
lector (plastic deformation due to high charge density 
of the jet, resulting in ultra-thin fibres and a whipping 
motion)

iv)  Finally, the solvent evaporates upon contact with the 
atmosphere and leaves behind the solid fibre on the col-
lector (Xue et al. 2019).

Naturally occurring polymers like silk, cellulose, gela-
tin etc. have a wide biomedical application and clinical 
functionality. Biocompatibility and biodegradability make 
natural polymer as a suitable biomaterial for biosensor 
development. Synthetic polymers such as Poly D,L-lactic-
co-glycolic acid (PLGA), Polyurethane (PU), etc. can be 
modified and fabricated to provide a wide variety of proper-
ties like viscosity, elasticity, strength and controlled rate of 
degradation. Volatile solvents such as dimethylformamide 
(DMF), chloroform, dichloromethane etc. can be used for 
electrospinning. These solvents show characteristics that 
influence the size, structure, morphology, mechanical prop-
erties and thermal properties of the nanofibers. Based on the 
novel properties of the nanomaterials such as high porosity, 
ultra-thin structure, and high surface area to volume ratio 
makes them potential materials for drug delivery, tissue 
engineering, and water treatment such as ProTura (Parker 
Ltd) use cellulose nanofiber in the cartridge filtration unit 
(Bhardwaj & Kundu 2010). Despite the several advantages, 
electrospinning has low throughput which led to modifica-
tions in the approach.

Non‑electrospinning method

Melt blowing (Extrusion technology) – This process is 
most commonly used to fabricate non-woven nanofibers 
(fibres that adhere to each other physically without any knit-
ting /stitching) with an average fibre diameter in the range 
of 200–500 nm. Figure 2b shows the physical setup of the 

melt blowing process. In the 1950s, Naval Research Labo-
ratory developed nanofibers by environment-friendly single 
step melt blowing process where the molten polymer was 
ejected from an orifice die and a drag force was exerted over 
the polymer by the jet of hot air due to which the polymer 
gets collected few feet apart on the collector forming self-
bonded nanofibers. Various melt blowing parameters such 
as polymer melt flow rate, airflow speed, temperature, etc. 
can be optimized to tune the nanofiber diameter/structure. 
Previously, various nanofibrous matrices were successfully 
fabricated by this approach using various polymers like 
polyamides (nylon), polyethylene, poly (butylene terephtha-
late), etc. (Ellison et  al. 2007). Zhang et  al.2019 blended 
PEG (Polyethylene glycol) into PP (Polypropylene) to pro-
duce micro-nanofibers by melt blowing approach. Using 
this approach non-woven micro–nanofibers can be fabri-
cated with large surface area and porosity to fabricate highly 
efficient filters (Zhang et al. 2019).

Template melt extrusion Template melt extrusion method 
combines the template wetting and extrusion technology for 
the production of longer nanofibers. Figure 2c explains the 
process involved in template melt extrusion based nanofi-
brous matrices fabrication. In template wetting, anodic 
aluminium oxide membrane (AAOMs) with nanoscale 
cylindrical pores is used as templates to prepare nanorods 
and tubes. At first, the polymer is added to the monomer 
in the porous template and then the chemically / electro-
chemically generated nanofiber is separated by etching the 
template. The only drawback of this method is the produc-
tion of shorter nanofibers. To overcome this Li et al. 2006 
developed a system with 3 components—a feeding polymer, 
a PTEF seal (polytetrafluoroethylene) and an aluminium 
membrane. By a hot plate compressor the molten polymer 
is forced onto the aluminium membrane and it is allowed to 
cool at room temperature. Then the polymer is isolated by 
solvent etching of the thin film polymer that connects the 
polymers inside the hollow cavity of the aluminium mem-
brane. Then the AAOM is removed by NaOH/ethanol and 
the nanofibers are separated by ultrasonic waves from the 
bulk feeding film (H. Li et al. 2006).

Force spinning This method was developed by Sarkar et al. 
2010 as an alternative method for the fabrication of nanofib-
ers that could overcome the shortcomings of the previous 
conventional approaches. This approach aimed to have a 
high throughput rate, increase the choice of materials, and 
produce economical fibres. This method replaced the uses of 
an electric field with centrifugal force to generate nanofib-
ers from both conducting and non-conducting materials. 
Solid materials can be melted and directly spun without the 
uses of solvent to eliminate the chemical preparation step 
and prevents material contamination. Figure 2d depicts the 
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major components of this technique including the spinning 
system and the collecting system. The polymer fluid/melt 
is loaded onto the spinning head having multiple nozzles 
along the sidewalls. Upon rotation of the spinning head to 
a critical value, the centrifugal force overcomes the surface 
tension of the fluid and ejects a liquid jet followed by exten-
sion of jet by the action of centrifugal, air friction, gravita-
tional and rheological forces. The spinning system can have 
2 syringes containing fluid that function simultaneously or 
have 3 plate spinning heads with one fluid reservoir (Sarkar 
et al. 2010). Other types of the spinning head can be cylin-
drical, spheroidal, trapezoidal, etc. The jet then gets depos-
ited as nanofibers on the inner wall of the collector due to 
the gravitational force. The diameter of the collector con-
trols the structure of the nanofiber. Circular collectors can 
be used for the batch production, whereas for continuous 
collection – suction force, air jet and water bath collectors 
can be used. The polymeric nanofibers that have been gener-
ated by this approach include, polyvinyl pyrrolidone, poly-
ethylene oxide, PA-6, polystyrene, etc. (Padron et al. 2013).

Applications of the nanofibrous matrix 
for the detection and remediation of water 
contaminants

Nanofibers based non-woven matrices can be used as a direct 
filter as the interconnected polymeric fibres of nanoscale 
dimension significantly reduces pore size of the matrices in 
the micron scale range and thus facilitate filtration of fine 
contaminants or their aggregates. Furthermore, such nanofi-
brous matrices can be modified through the functionalisa-
tion of nanofibers with chemical compounds or biological 
molecules with an affinity towards the targeted analyte. He 
et al. 2022 aimed to separate oil from water using copper 
nanofibrous mesh functionalised with silver oxide, in which 
500 layers of the given mesh showed a promising result in 
oil–water separation. This shows that nanofibrous matrices 
can be layered one upon another to obtain multi-layered 
matrices for remediation (He et al. 2022).

Heavy metals sensing and remediation

Any metallic chemical element that has a relatively high 
density and is dangerous or toxic at low concentrations is 
referred to be a heavy metal. Mercury, cadmium, arsenic, 
chromium, thallium, and lead are a few examples of heavy 
metals among which mercury and lead are highly hazard-
ous to be used for domestic purposes (Zeitoun and Mehana 
2014). Mercury is one of the toxic heavy metals found in 
water as an abundant water pollutant and mostly wastewa-
ter from the industries like chemical manufacturing, fossil 
fuel combustion and solid waste incineration are the major 

source of water pollution. It poses a significant threat to 
human health even at a low concentration by getting accu-
mulated in organs and tissues. After accumulation, it binds 
to proteins and enzymes containing sulphur leading to an 
organ dysfunction and further may lead to complete damage 
of the nervous system. With the ever-increasing number of 
industries involving the application of mercury such as chlo-
rine gas, caustic soda and electrical industries the amount 
of industrial effluent is also being continuously released 
into water bodies. Thus, leads to gradual increament in the 
mercury concentration in water bodies. This problem neces-
sitates the usage of efficient detection and remediation meth-
ods (Fu et al. 2020). Lead when present in a high amount in 
the water, pollutes the environment and causes health issues 
in humans like – high blood pressure, cancer, and neurotox-
icity. Also, leads to severe risks in children like slow motor 
activity, decreased levels of IQ(Intelligence quotient) and 
developmental disorders. Lead toxicity in agricultural water 
can also affect the plants by reducing the plant growth rate, 
exchange of gases, and yield. Hence detection of lead is of 
great importance to determine its toxicity in the water. Vari-
ous nanofibrous-based biosensors were reported with supe-
rior sensitivity towards various heavy metals and proposed 
to be suitable for water quality or contaminant detection and 
remediation (Y. Li et al. 2013).

Nanofibrous biosensor for mercury & lead sensing

The necessity for the detection of heavy metal contamina-
tion in water and the prevention of the disease has led to 
the discovery of various methods to detect heavy metals in 
polluted water. Figure 3 shows one of the recently formu-
lated detection techniques using cellulose nano fibrillated 
(CNF) matrix as a substrate used to immobilise lumines-
cent gold nanoparticles (AuNPs) as a sensor unit. CNF is 
a green substrate because it is produced from natural plant 
fibre. CNF comprises long (several micrometres) nano-sized 
(width 5–20 nm) cellulose fibrils. CNF matrix was processed 
from the spruce by barking, cooking, bleaching and wash-
ing procedures. The non-dried fibres obtained were oxidised 
by subjecting them to 2,2,6,6-tetra- methylpiperidine-1-oxyl 
radical (TEMPO) and then mechanical disintegration was 
carried out. These oxidised fibres were isolated into uni-
form nano-sized CNF suspension. The sensory unit was 
made from bovine serum albumin to produce ultra-small 
luminescent gold nanoparticles. A nanofiber matrix with 
immobilised gold nanoparticles was developed by mixing 
aqueous gold nanoparticles dispersion into aqueous CNF 
suspension and then evaporating the water. These gold 
nanoparticles fluoresced red under exposure of UV light of 
365 nm. As mercury reacts with gold nanoparticles, the fluo-
rescence was quenched and shows a “turn off” signal. The 
sensory detection strategy used in this technique was based 
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on a high-affinity metallophilic  Hg2+–Au(I) interaction 
mechanism. The quenching can be easily observed with the 
naked eye, which makes it an easy and portable onsite detec-
tion system. This method is very selective and specific for 
detecting mercury because it shows negative or negligible 
results for other metals. This technique is stable in an aque-
ous solution and can be used to detect mercury in aqueous 
water samples with a limit of detection as low as 1.0 nM. It 
is anticipated that with certain modifications in the sensory 
unit, the matrix would be able to detect other metals too, 
making this technique a pioneering breakthrough in detect-
ing heavy metal toxicity in water bodies (Fu et al. 2020).

Similarly, gold nanoclusters (AuNC) were used by 
Senthamizhan et al.2014 as a probe for the colorimetric 
detection of  Hg2+. Herein the gold nanoclusters were incor-
porated into an electrospun polyvinyl nanofibrous membrane 
(NFM). The entire system was made water stable through 
cross-linking with glutaraldehyde vapour to improve its 
stability in aqueous environment and thus facilitate detec-
tion of mercury in water. The gold nanoclusters showed red 
fluorescence under UV light (366 nm). The contact mode 
colorimetric response was observed by immersing it in  Hg2+ 
solution, which showed fluorescence quenching. Therefore, 
it was an easy naked-eye detectable method. This method 
employed selective determination of mercury up to 1 ppb 
and also reported to be highly stable against time and tem-
perature (Senthamizhan et al. 2014).

Cho et al.2016 also devised a technique for colorimetric 
fluorescent detection of mercury using electrospun nanofi-
brous chemosensors. In this technique, the fluorescent che-
mosensor was based on rhodamine B derivatives (RhBs), 
which had high fluorescence quantum yield, high sensitivity 
and high adsorption coefficient. Since, RhBs was associated 
with electrospun nanofibers having high surface-to-volume 

ratio that facilitate naked-eye detection of contaminant using 
fluorescent chemosensor. This method involved the grafting 
of fluorescent sensing probes over the surfaces of electro-
spun nanofibrous substrates. Grafting has an advantage over 
other techniques, such as blending, because grafted moie-
ties are not synthesised to have C = C and help in the quick 
detection of metal ions. The substrate used was made by 
electrospinning of copolymer poly (2-hydroxyethyl meth-
acrylate-co- N-methylolacrylamide) (poly (HEMA-co-
NMA)) using a single capillary spinneret. Poly (HEMA-co-
NMA) contained a hydrophilic hydrogel material (HEMA) 
and consist of a chemically cross-linkable segment (NMA), 
which was cross-linked later by free radicle copolymerisa-
tion for better stability. Then,  Hg2+ responsive probes with 
2-(2-aminoethyl)-3′,6′- bis(diethylamino)spiro[isoindoline-
1,9′-xanthen]-3-one (RhBN2) were grafted on the surface 
of the electrospun matrix for sensing  Hg2+. This particular 
design was found to be stable in an aqueous system. It was 
also peculiar to only  Hg2+ and showed orange-red fluores-
cence at a λPL of 580 nm when it came in contact with  Hg2+. 
This sensory system showed the lowest and highest limits 
of detection as  10–7-  10–6 M and  10–2 -10–1 M, respectively. 
Thereby, it can even detect trace levels of mercury in water. 
This system shall also be made into an on-and-off system by 
adding EDTA because it leads to the chelation of  Hg2+ to 
EDTA from RhBN2, thus restoring the emission to its origi-
nal value, and could be cycled at least four times. Further-
more, electrospun non-woven fiber's porous structure could 
be used to filter heavy metals from water (Cho et al. 2016).

Ma et al. 2016 uses fluorescent nanofibrous membrane 
(FNFM) carries immobilised fluorescent chemosensor, 
dithioacetal-modified perylenediimide (DTPDI) on poly-
acrylonitrile (PAN) nanofibers for the sensing of Hg (II). 
Electrospinning was done to produce PAN nanofibers from 

Fig. 3  Diagrammatic rep-
resentation of the cellulose 
nanofibrous matrix-function-
alised with gold nanoparticle 
membrane's design and sens-
ing mechanism. Reproduced 
with permission Fu et al. 
(2020). Green and transparent 
cellulose nanofiber substrate-
supported luminescent gold 
nanoparticles: A stable and 
sensitive solid-state sensing 
membrane for Hg(II) detec-
tion. Sensors and Actuators, B: 
Chemical, 319
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DMF solution and then electrospun matrix were treated 
with sodium hydroxide solution to introduce hydroxyl 
groups over their surface. At last, the PAN nanofibers were 
dipped in DTPDI solution to generate FNFM through elec-
trostatic attraction between negatively charged nanofibers 
and positively charged DTPDI. The developed nanofibrous 
membrane showed a high surface area to volume ratio and 
uniform porous structure, thus making it an ultra-sensitive 
sensor. This system detected mercury by sulphur-mercury 
affinity reaction in which DTPDI reacted with  Hg2+ and 
formed its hydrolysate (AL). This oil-soluble fluorescence 
dye (AL) could be dissolved in a non-polar solvent such as 

dichloromethane resulting in its detachment from FNFM, 
and the solution could be visualised as turning red. UV–vis 
spectroscopy at 561 nm of the dichloromethane solution 
could be used in the quantitative analysis of  Hg2+. The 
method was selective, and sensitive to  Hg2+ (detection 
limit-1 ppb) which is 0.004985 μM and, at the same time, 
highly durable (Ma et al.2017). The mercury ion detection 
limit of various nanofibers discussed above has been listed 
in Table 1. Upon comparing various nanofibrous biosen-
sor Fig. 4 depicts that AuNP/CNF has the lowest detection 
limit of 0.001 μM which makes it the most suitable nanofi-
brous sensor. Whereas, AuNC/Polyvinyl NFM and DTPDI/
PAN exhibit detection limit of 0.004985 μM and RhBN2/
poly(HEMA-co-NMA) has the highest detection limit of 
0.099 μM which makes this sensor a less preferred one.  

Li et al. 2013 developed a colorimetric sensor strip using 
nanofibrous matrices for sensing lead. Such colorimetric 
sensor strip required a very short time (a few minutes), cost-
efficient, need not require skilled personnel to operate and 
allowed a naked-eye recognition limit of 0.2 μM of lead ions. 
Figure 9c depicts a method in which immobilized bovine 
serum albumin (BSA) was attached to the gold nanoparticle 
to generate BAu (bovine-gold) probe. Polyamide-6 (PA-6) 

Table 1  List of the detection limit of different mercury nanofibers

Mercury Nanofibrous biosensor Mercury ion 
detection imit

Mercury ion 
detection limit 
(μM)

AuNP/CNF 1.0 nM 0.001
AuNC/Polyvinyl NFM 1 ppb 0.004985
RhBN2/poly(HEMA-co-NMA) 0.0000001 M 0.099
DTPDI/PAN 1 ppb 0.004985

Fig. 4  Mercury ion detec-
tion thresholds for various 
nanofiber-based biosensors (Fu 
et al. 2020) (Senthamizhan et al. 
2014) (Cho et al. 2016) (Ma 
et al.2017)

Fig. 5  Lead ion detection 
thresholds for various nanofiber-
based biosensors (Y. Li et al. 
2013) (Y. Li et al. 2015) (Raj 
and Shankaran 2016)
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and nitrocellulose (NC) were used to generate nanofiber 
nano-net structure through dual component alternate distri-
bution multi-jet (DADM) electrospinning. The BAu probes 
were attached to the nanofiber nets, which gave intense pink 
colouration and thereafter kept in leaching liquor (glycine 
NaOH buffer), 2-ME (mercaptoethanol),  Na2S2O3, and then 
finally  Pb2+ was added. After washing, spectrophotometry 
was done and the colour change was observed both by the 
naked eye and by diffused reflectance spectrum. Under Field 
Emission Scanning Electron Microscope images, the PA-6/
NC nanofibers were observed to have a porous structure with 
2D spider web-like nanonets supported by nanofibers by 
interlinked ultra-thin nanofibrils. The BAu probe reacts with 
 S2O3

2− and forms Au(S2O3)2.. These alkanethiols become 
strong etching agents after the addition of 2-ME and  Pb2+ 
due to the formation of the Au–S bond. By a spontaneous 
redox process, the Pb atoms get deposited on the BSA and 
accelerate the Au–S formation. Deposition of Pb quenches 
the pink colour of the probe and results in colour change 
which helps in simple, rapid and sensitive detection. Fig-
ure 6a shows the kinetic sensing response of the sensor was 
investigated by the UV–vis absorbance spectra of colorimet-
ric strips as a function of time while incubating in leaching 
liquid containing 1 μM  Pb2+ions and Fig. 6b shows the cor-
responding optical images (Y. Li et al. 2013).

Using similar colorimetric strips with pH paper-like 
features Pb 2+ sensing method was developed by Li et al. 
2015. The chromic strip was developed by embedding gly-
cine (Gly) and a stimulus-responsive colorimetric polydia-
cetylene (PDA) on polyacrylonitrile nanofibrous membrane 
(NFM) containing hydrophobic silicon dioxide nanoparticles 

 (SiO2 NPs) [PAN/SiO2 NFM]. The presence of  Pb2+ results 
in a blue to a red colour change at a naked-eye recogni-
tion limit of 0.24 μM. It also showed red fluorescence upon 
incubation with  Pb2+, which was used to detect  Pb2+ among 
other ions (Y. Li et al. 2015). Later, a biocompatible cost-
efficient colorimetric sensor strip of curcumin-cellulose ace-
tate nanofiber was developed by Raj et al. 2016 with detec-
tion limit of 20 μM. Curcumin-cellulose acetate nanofiber 
was produced by electrospinning undergo a colour change 
from yellow to orange in the presence of  Pb2+. Curcumin 
was used since it has a high chelating capacity with heavy 
metal ions and cellulose acetate was used since it has good 
heavy metal adsorbent properties. It was tested with many 
metal ions but was found to be only sensitive toward Pb 2+ 
(Raj and Shankaran 2016). Ahmadian-Fard-Fini et al. 2020 
developed a lead-sensing nanofiber-based sensor based on 
photoluminescence and magnetic properties. Ball milling 
was used for the iron nanoparticles (FeNP) preperation, 
electrospinning was used for constructing cellulose acetate 
nanofibers, hydrothermal techniques were used for devel-
oping photoluminescent carbon dots, and lastly, the sono-
chemical technique was used to fabricate nanofiber/iron/car-
bon dots nanocomposite. Under visible light, the nanofibers 
appeared brown while under UV irradiation they appeared 
blue. Carbon dots in water showed the Tyndall effect where 
longer wavelengths displayed greater transmittance while 
shorter wavelengths displayed reflection. In the presence of 
toxic heavy metal ions, a reduction in the photoluminescent 
intensity of the Carbon dots was observed since the d-orbital 
of the  Pb2+ and  Hg2+ take up electrons from the excited 
carbon dots, this interaction leads to complex formation 
resulting in reduced photoluminescent due to the exchange 
of electrons between the acceptor and the donor molecules. 
The magnetic property of the nanofiber makes it easy to be 
collected by employing the magnetic filters despite being 
in the nano-dimension. Thereby, such magnetic nanofi-
brous matrices-based biosensors play a significant role in 
the advancement of biosensing devices for water contami-
nant detection and remediation (Ahmadian-Fard-Fini et al. 
2020). The nanofibers specific for lead ion detection with 
their limits of detection have been discussed and compared 
in Table 2 and Fig. 5, respectively. It can be seen in Fig. 5 
that PA-6/NC and PAN/SiO2 have an almost similar limit 

Fig. 6  Time-dependent (a) UV–vis absorption spectra and (b) Optical 
images of colorimetric strips incubated in optimum leaching liquid 
containing 0.2 M  Pb2+. Reproduced with permission Li et al. (2013).

Table 2  List of the detection limit of different lead nanofibers

Lead nanofibrous sensor Lead ion 
detection limit 
(μM)

PA-6/NC 0.2
PAN/Sio2 NFM 0.24
Curcumin–Cellulose Acetate 20
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for lead ion detection which is 0.2 μM and 0.24 μM, respec-
tively. Thus these two nanofibrous sensors can be considered 
best for detecting trace levels of lead ions in water than the 
curcumin-cellulose acetate nanofibrous sensor which has a 
very high detection limit of 20 μM.

Nanofibrous matrices for heavy metal remediation

Nanofibrous matrices were widely investigated for the 
generation of suitable and highly efficient techniques for 
wastewater management and remediation of heavy metals. 
The technique for remediating mercury from spring water 
developed by Silva et al. 2020 was composed of dual nano 
fibrillar-based biosorbent films. The films were produced 
through vacuum filtration of water suspensions of cellulose 
nanofibrils (CNF) and lysozyme nanofibrils (LNF). CNF and 
LNF possess various peptide R-groups, thus making them 
effective in binding to metal ions which in turn makes them 
an excellent nanofibrous material for the removal of mercury 
from polluted waters with a remediation efficiency of 99% at 
pH 11 or isoelectric point of the protein (Silva et al. 2020). 
Yaari et al. 2020 also devised a method to remove mercury 
from polluted water with polymeric carbon nanofiber. In this 
method, polymeric carbon nanofiber extracted from palm 
was grafted with poly-trimesoyl chloride and polyethyl-
eneimine, which provided amine functional groups and car-
bonyl groups for the removal mercury from water. Figure 7 
shows the removal efficiency of the nanofiber tested at dif-
ferent pH and temperatures, but the 100% removal efficiency 
was seen at 298 K between pH of 5 to 7, thus making it a 
reliable method for the remediation of mercury in polluted 
water (Al-Yaari et al. 2020).

Similarly (Chen et. 2021) used carboxycellulose 
nanofiber extracted from the moringa plant, which itself 
has been shown to have water purification characteristics. 
carboxycellulose nanofiber contained many carboxylate 
groups and was produced from the Moringa plant using 

nitro-oxidation (NOCNF). The large density of carboxylate 
groups over the fibres plays significant role in the removal 
of mercury through electrostatic interactions and mineralisa-
tion processes. This proved to be a highly efficient method 
with a removal capacity of 257.07 mg/g of mercury from 
water at pH 7 (Chen et al. 2021). To further enhance the 
ion-exchange potential of such nanofibrous devices Junta-
dech et al. 2021 converted biodegradable electrospun cel-
lulose acetate nanofibers into oxidised regenerated cellulose 
nanofibers (ORC) for potential use in water treatment by 
capturing heavy metals such as  Pb2+ and  Cu2+ from aque-
ous solutions. The carboxylate group was introduced via 
oxidation of the cellulose acetate nanofiber using TEMPO/
NaBr/NaOCl. In earlier reports, oxidation of nanofibers was 
reported to reduce the permeability of aqueous solution but 
in this study, no such significant changes in permeability 
rate were observed apart from a slight reduction of 10%. 
Figure 8d shows that ORC and RC (regenerated cellulose) 
nanofibers swelled in water as a result of the increased polar-
ity of the carboxylate ion, which results in a potent hydrogen 
bonding with water molecules. These ORC membranes were 
seen to have a greater ion-exchange capacity of 200 mg/g of 
membrane for  Pb2+ than  Cu2+ (20 mg/g) based on the hydra-
tion stability of the metal and the stability of metal-carboxyl 
complex (Juntadech et al. 2021).

Malik et al. 2018 developed a PAN (Polyacrylonitrile) 
loaded with  FeCl3 nanofiber using electrospinning for the 
in-situ production of magnetite on PAN nanofibers. The 
magnetite particles prevent aggregation/leaching of the 
nanoparticles during the operational process. In the selective 
study,  Pb2+ resulted in higher adsorption over the nanofib-
ers compared to other metals under optimum conditions. 
In this study, the nanofibers generated displayed reusability 
capacity up to 3 times due to the high desorption rate of 
 Pb2+. For reuses, nanofiber containing  Pb2+ need to be cen-
trifuged along with HCL solution and filtered to separate the 
nanofibers from  Pb2+. The large-scale adsorption of  Pb2+ 
in this study was related to the high surface area, vacant 
sites on the surface of the nanofiber and the interfibrous 
network of the nanofiber (Malik et al. 2018). Hong et al. 
2015, performed the extraction of  Pb2+ from an aqueous 
solution by the fabrication of highly porous PAN nanofib-
ers using wet electrospinning and then performed amination 
using DETA (diethylene triamine). This resulted in APAN 
(aminated PAN) nanofiber with micro/nano structure matrix 
and hence providing the matrix with a larger surface area. 
The developed matrix was reported to be 90% efficient in 
extracting  Pb2+ even after repeating the extraction and dis-
sociation process 6 times. The binding of the  Pb2+ ion onto 
the surface of the APAN nanofiber leads to the formation 
of hexagonal crystals  Pb3(CO3)2(OH)2 which was unique 
to  Pb2+ since no such crystal formation was observed in the 
case of cadmium. The  OH− from the aqueous medium and 

Fig. 7  The effect of pH on the removal efficiency of mercury ion by 
NOCNF. Reproduced from Al-Yaari et al. (2020)
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 CO3
2− ions from the dissolved  CO2 were considered to have 

adsorbed over the APAN surface which led to the precipita-
tion of lead carbonate  (Pb3(CO3)2(OH)2) crystals that were 
extracted and can be used as a potential technique for water 
treatment (Hong et al. 2015).

Nanofibrous biosensor for detection of organic pollutants

Industries are the major sources of the organic pollutants 
discharged in water bodies. These organic pollutants include 
pesticides, petroleum, phenols, chemical dyes, insecticides 
etc. Zhu et.al. (2020) proposed a sensing technique for nitro-
phenol developed using polyaniline nanoconical array on 
carbon nanofiber (PANI-array@CNF). Figure 9b shows the 
construction process of the PANI-array@CNF. Nitrophenols 
are one of the important raw materials used in the pesticide, 
petroleum and dyes industry. They are chemically stable 
and resistant to microbial degradation and thereby stable in 
water bodies for years. Accumulated nitrophenols can cause 
damage to the endocrine system, nervous system, liver and 
kidney when consumed through water. Thus, it’s sensing 
with an efficient technique becomes a necessity. Aniline 
monomers were polymerised on the surface of electrospun, 

carbonised polyacrylonitrile fibres at low temperatures 
and the obtained nanofibers exhibit a large surface area to 
volume ratio, which makes it easier for the electrochemi-
cal reduction of nitrophenols. This nanofibrous matrix was 
further modified with a glassy carbon electrode for an excel-
lent electrochemical response against the electrochemical 
reduction reaction and this response could be studied using 
Differential pulse voltammetry. Differential pulse voltamme-
try gives signals for different concentrations of nitrophenols 
present in the sample with a limit of detection as low as 
1.5 nM of nitrophenol (Zhu et al. 2020).

Pesticides present in water bodies can also pose hazardous 
threats to the human body even when present at a very low 
level and causes severe diseases like cancer, reproductive 
and endocrine system disorders and many more. Detection 
of pesticides in water samples with electrospun Poly(vinyl) 
alcohol (PVA) nanofibers placed on a glass substrate and 
used after coating the fibres with gold nanofilm. These 
gold-coated fibres have been used as a substrate for surface-
enhanced Raman scattering, which helps in the detection 
of three types of pesticides- deltamethrin, quinalphos and 
thiacloprid. Raman signals produced using surface-enhanced 

Fig. 8  a SEM images of Nanofiber mats (NFMs):(1)raw PAN NFMs.
(2) grooved PAN NFMs. (3) NH2-PAN NFMs. (4) grooved NH2-
PAN NFMs. Reproduced with permission Qian et  al. (2017). b 
Schematic representation of the fabrication of ZNM-IT and decol-
ourization of methyl orange, Congo red, and their binary dye mix-
ture solution. Reproduced with permission Suryamathi et al. (2021). 

c Fabrication of single-layer cellulose (CNF)and two-layer CNF/
AC(activated carbon) membranes on hardened filter paper. Repro-
duced with permission Hassan et al. (2017). d Comparison of direct-
flow processes of (ORC) oxidized regenerated cellulose nanofiber 
membrane and polymer grafted (RC) regenerated cellulose nanofiber 
membrane. Reproduced with permission Juntadech et al. (2021)
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Raman scattering were used to detect different concentra-
tions of pesticides (Chamuah et al. 2018).

Vojtěch et al. 2016 established a method for the determi-
nation of organochlorinated pesticides namely hexachloro-
cyclohexanes and chlorobenzene, which are major pollut-
ants released from the pesticides industry. Polyetherimide 
nanofibers were produced and fixed on a steel wire solid-
phase micro extraction assembly (SPME). These fibres were 
then tested in a gas chromatograph for the detection of pesti-
cides in water samples. These fibres work as good sorbents 
in solid-phase microextraction assembly and it is easy to 
produce thus they can be used as the choice material for 
SPME (Vojtěch et al. 2016).

Organic pollutant remediation using nanofibrous 
matrices

The generation of nanofibrous matrices and their modifi-
cation for organic pollutant remediation is currently being 
investigated widely across the globe for the development of 
efficient and sustainable technology for water pollution man-
agement. Suryamathi et al. 2021 formulated a method for the 
degradation of harmful dyes released from different indus-
tries such as textiles, printing, leather and pharmaceutical 

industries. In this technique, a nanofibrous matrix immo-
bilised with tyrosinase was used for the remediation of 
Azo dyes. Azo dye was reported to be harmful to the liv-
ing system and can also cause health disorders if used by 
human beings. Furthermore, Zein based nanofibrous matrix 
was also used for the immobilisation of tyrosinase enzyme 
using crosslinker – Glutaraldehyde (ZNM-IT). Tyrosi-
nase enzyme was considered because it plays a significant 
role in the degradation of azo dyes such as methyl orange, 
Congo red and as well as a binary mixture of both Congo 
red and methyl orange. Figure 8b depicts the degradation of 
these dyes from the samples which resulted in decolourisa-
tion of the water sample and this nanofibrous matrix can 
be reused for 5 cycles without the results being hampered 
with a removal efficiency of 97% (Suryamathi et al. 2021). 
Obaid et al. 2015 proposed a method for the separation of 
petroleum pollutants from water with the help of  SiO2 and 
Graphene oxide nanoparticle-loaded polysulfone nanofi-
brous membrane. The  SiO2 nanoparticles were prepared 
from rice husk by hydrothermal method and graphene oxide 
nanoparticles were prepared by Hammers’ method. These 
nanoparticles were added to a polysulfone solution and then 
electrospinning was carried out to manufacture the mem-
brane. These membranes could separate gasoline, kerosene 

Fig. 9   a Schematic representation of the electrospun capture pad 
specifically separating and detecting the microorganism by antibody-
antigen interaction. b Schematic illustration of the synthesis pro-

cess of PANI-array@CNF. Reproduced with permission Zhu et  al. 
(2020). c Fabrication of the BAu probe immobilized PA-6/NC colori-
metric strips. Reproduced with permission Li et al. (2013)



6128 Applied Nanoscience (2023) 13:6115–6132

1 3

and hexane from water with daily flux of 100, 115 and 187 
 m3/m2 respectively. Polysulfone membranes exhibited suit-
able properties like mechanical strength, thermal, aqueous/
chemical stability and thus making it a potential membrane 
for the separation of petroleum contaminants from polluted 
water (Obaid et al. 2015). The another design developed by 
Qian et al. 2017 consisted of a grooved polyacrylonitrile 
nanofiber mat functionalised with an amino group (grooved 
 NH2-PAN NFMs) and aided in removing phenolic pollutants 
from water. Figure 8(a) shows the SEM images of Nanofiber 
mats (NFMs) which includes raw PAN NFMs, grooved PAN 
NFMs and NH2-PAN NFMs. The mat was employed in the 
removal of six phenolic contaminants (phenol, 3-methoxy-
phenol, 4-nitrophenol, 2,4-dichlorophenol, 2,4,6-trichloro-
phenol, pentachlorophenol) and three phenolic xenoestro-
gens (4-tert-octylphenol, 4-nonylphenol and bisphenol A) 
from water samples. Nanofiber mats provide an extensive 
surface area and more reaction sites for the phenolic pollut-
ants, thus helping in the remediation of many contaminants 
with detection ranging from 4 to 60 pg/mL and remediation 
efficiency between 82.4 and 111.4%. Thus, the nanofibrous 
matrices with certain modifications through nanoparticle 
incorporation or functionalization of fibres with suitable 
enzymes might be beneficial for various organic pollutant 
remediation (Qian et al. 2017).

Nanofibrous biosensor for detection 
of microorganism

Including heavy metal and organic industrial effluent con-
taminants microbial load in water bodies is also one of the 
crucial challenges in detecting and performing the contami-
nant remediation before being used for agriculture or other 
common uses. In a study conducted by Yang et al. 2012, it 
was observed that 4% of death and 5.7% of global diseases 
were a result of water contamination with infectious patho-
gens, poor sanitation and hygiene. According to WHO, it 
was reported that E.coli (Escherichia coli) in faecal-contam-
inated water can result in severe and life-threatening diseases 
(Yang et al. 2012). Luo et al. 2010 fabricated a portable, 
economical, biologically functionalized nanofibrous mem-
brane. Figure 9(a) shows the biosensor which was based 
on immunoassay, immunochromatography, and magnetic 
separation of the test sample using suitable antibodies over 
the surface of conducting nanoparticles and then detection 
by the electrospun nitrocellulose capture pad. The fabricated 
nanofibers exhibited increased surface area, capillary action, 
porosity, & superior mass transfer rate that enhanced the bio-
chemical binding effect and sensing potential. The biosensor 
was reported to detect 61 CFU (colony forming unit) /mL 
of E. coli O157:H7 and 103 CCID (cell culture infectious 
dose) /mL of BVDV (bovine viral diarrhoea virus) within 
8 min. After the study, it was concluded that this method 

could be used to detect other microbes as well using specific 
antibodies. Conventional antibody-antigen interaction-based 
biosensors are complex and possess certain limitations (Luo 
et al. 2010). Shaibani et al. 2016 found that the conventional 
sensing method of using antibody-antigen interactions was 
not only complex but also had reproducibility issues due to 
unsuccessful binding or loss of biological activity. To over-
come these limitations, they fabricated pH-sensitive PAA/
PAV (poly acrylic acid/polyvinyl alcohol) hydrogel nanofib-
ers by electrospinning and annealing for simple, biocompat-
ible, economical detection of E. coli using the LAPS system 
(Light Addressable Potentiometric Sensor). The detection of 
E. coli was based on the principle that bacteria ferment sugar 
and convert it into acidic products which reduce the pH of 
the environment. This could be further detected by the LAPS 
system and generate a photocurrent. For selective binding 
of the E. coli over the hydrogel, the surface of the nanofiber 
was functionalized with D- mannose using a crosslinker 
divinyl sulfone. This nanofiber layer was fabricated on the 
sensor chip of the LAPS system. The hydrogel showed rapid 
detection within 60 min with a theoretical limit of detection 
of up to 20 CFU/ml (Shaibani et al. 2016).

Nanofibrous matrices for the remediation 
of microbial water contaminant:

Hassan et al. 2017 developed an efficient E. Coli removal 
technique from water by fabricating thin film membranes 
comprising of CNF (cellulose nanofiber) derived from 
the stalk of palm fruit, AC (activated carbon) and OCNF-
TEMPO (2,2,6,6-tetramethyl-1-piperidine oxoammonium 
salt)-oxidized CNF). Figure 8c explains the fabrication pro-
cess of single-layer cellulose nanofiber (CNF) as well as 
two-layer CNF/AC(activated carbon) membranes on hard-
ened filter paper. A double-layered membrane was produced 
on hardened filter paper – bottom of AC/OCNF and upper 
side with cross-linked CNF. The use of isopropyl alco-
hol before drying of the membrane increased its porosity, 
resulting in increased pure water flux, bacterial suspension 
flux, and efficient removal of bacteria since the pore size 
is smaller than the E. Coli. The membrane also displayed 
growth resistance in E. Coli and S. aureus due to the pres-
ence of TEMPO-oxidised CFU (Hassan et al. 2017).

Gupta et al. 2020 fabricated elongated PAZT fibre with a 
smaller diameter using PMMA (polymethyl methacrylate)/
ZnO/TiO2 and Ag conducting particles by electrospinning. 
The PAZT fibres displayed dual functions of photocatalysis of 
dyes and antimicrobial (bactericidal) effect on gram-negative 
bacteria E. Coli. The Ag particles enhance the bactericidal 
effect of PAZT nanofibers compared to PZT (PMMA/ZnO/
TiO2) fibres by increasing the electron–hole charge separation 
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time in ZnO and  TiO2 which decreases the band gap energy 
resulting in an antimicrobial effect (Gupta et al. 2020).

Rieger et al. 2016 compared the efficiency of the electro-
spun cellulose nanofibrous matrix with other membranes and 
observed that the small fibre diameter and the large porosity 
exhibit 21 times more E. Coli collection over the nanofibrous 
mats than others. The adsorption coefficient of the nanofi-
brous mat was estimated to be higher than other membranes 
at an exposure time sufficient for the microbes to attach to 
the fibre and attain a quasi-equilibrium state. The study was 
conducted first for observing the collection efficiency of E. 
Coli but then Gram-negative—Pseudomonas and Gram-pos-
itive—Staphylococcus were also removed efficiently prov-
ing that the mat is not only specific to one bacterial species. 
This cellulose nanofiber matrix has wide application for the 
removal of microbes from wounds, contaminated water or 
military clothing and many more (Rieger et al. 2016).

Ghosh et al.2010 studied the antimicrobial efficiency of 
the Ag nanoparticles (15–25 nm) in an agar matrix. The film 
generated had efficient mechanical stability and was reported 
to be highly stable for 18 months. The repeated recycling 
of the film resulted in the depletion of the efficiency due 
to degraded Ag nanoparticles. The Ag nanoparticles get 
agglomerated on exposure to microbes and undergo a con-
formational change in the microbes studied and presumed 
that the microbial cell membrane /enzyme was damaged. 
This displayed a potential for microbe purification from the 
contaminated water (Ghosh et al. 2010).

Current challenges and future scope 
in detection and remediation of water 
contaminants

Modification in nanofibers has led to a great advancement 
in the sensing and remediation of water pollutants even 
when present at trace levels in the water bodies. The high 
surface-to-volume ratio and tunable porosity make it a great 
technique for naked-eye detection and removal of pollutants 
from water respectively. Though this technology has shown 
tremendous progress, there are some limitations which need 
to be tackled. The nanofibers-based biosensor and reme-
diation matrix mentioned in this review have been shown 
to possess a certain limit of detection, retention capacity, 
adsorption efficiency and reusability. Some nanofibers show 
a very good removal efficiency at a certain pH range only 
and thereby can drastically affect the working of nanofibers 
if the pH of the water fluctuates. The antibodies used in 
microbe detection and remediation are mostly specific to 
only one microbe thus limiting the wide range of detection 
for other microbes. The limited reusability of nanofibers is 
also a major drawback because of the damage caused to the 
functional sensing groups attached to the nanofibers. These 

challenges need to be solved by the development of better 
and robust nanofiber-based biosensors. The key for the waste 
water monitoring and its purification depends on our ability 
to detect the contaminants and then successfully remediate 
them. Over the last few decades, researchers were found that 
the nanotechnology offers wide range of advantages and pro-
vide a potential future for the development highly efficient 
detection and remediation system to detect and remediate 
hazardous water pollutants. Most of the nanoscale matri-
ces, membranes, biosensors, nanoparticles etc. developed 
so far exhibit effective heavy metal detection capacity with 
the naked eye and can be further enhanced to single sensor 
with multiple detection ability over a wide range of detec-
tion limits for large-scale detection in oceans, river, ponds 
etc. Along with the advantages of the nanofibrous matrices, 
they also possess a few shortcomings one of which is the 
challenge of removal of nano-size particles less than 20 nm 
and thus to overcome this the production of environment-
friendly nanoscale materials should be encouraged. The 
fabrication of the nanomaterials should be performed under 
ambient pressure and temperature and the use of hazardous/
toxic solvents should be avoided. After the fabrication of 
the nanomaterial the characteristic property, level of toxicity 
associated with health hazards and environmental hazards, 
reusability, and disposal should be known along with its life-
cycle (from generation to degradation) for sustainable and 
safe development (Puri et al. 2021).
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