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Abstract
Purpose of Review Environmental pollutants are threat to human beings. Pollutants can lead to human health and environment
hazards. The purpose of this review is to summarize the work done on detection of environmental pollutants using DNA
nanosensors and challenges in the areas that can be focused for safe environment.
Recent Findings Most of the DNA-based nanosensors designed so far use DNA as recognition element. ssDNA, dsDNA,
complementary mismatched DNA, aptamers, and G-quadruplex DNA are commonly used as probes in nanosensors. More
and more DNA sequences are being designed that can specifically detect various pollutants even simultaneously in complex
milk, wastewater, soil, blood, tap water, river, and pond water samples. The feasibility of direct detection, ease of designing, and
analysis makes DNA nanosensors fit for future point-of-care applications.
Summary DNA nanosensors are easy to design and have good sensitivity. DNA component and nanomaterials can be designed
in a controlled manner to detect various environmental pollutants. This review identifies the recent advances in DNA nanosensor
designing and opportunities available to design nanosensors for unexplored pathogens, antibiotics, pesticides, GMO, heavy
metals, and other toxic pollutant.
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Introduction

Human activities in twentieth century have been associated
with undue alteration in the existing environmental conditions
with a tendency of over exploitation of natural resources un-
like other animals. Civilization, increasing population follow-
ed by industrialization has set a race for the production and
usage of man-made resources with a simultaneous depletion
of natural resources. There is an increased demand for food,
daily essential amenities that in turn has raised concern regard-
ing human health. Engineering in the last 2–3 decades has

focused over designing of new chemicals and materials with
never-known properties. These man-made resources do not
have natural fate and pile up in the environment. Most of these
man-made resources are serious threat to human health and
environment [1]. Pollutants may be present in air, water, food,
and day-to-day consumer products. Contaminated air, water,
soil, and daily use materials directly affect human health.
Pollution claimed approximately 9 million deaths globally in
2015. The causalities are three times higher than deaths from
AIDS, tuberculosis, and malaria. Pollution negatively affects
every aspect of physical and mental human health including
intellectual ability [1–3]. Many commonly used pesticides
have endocrine-disrupting and cancer-inducing effect [4].
Pathogenic microbes specifically infectious microorganisms
are always a challenge to human survival. Increased
healthcare awareness has led to the production of a wide range
of antibiotics. However, the misuse of antibiotics for the last
two decades has led to increase in the number of antibiotic-
resistant pathogenic microorganisms. The resistant microor-
ganisms cannot be cured using existing antibiotics and their
contamination is a serious threat [5]. The agricultural land
under cultivation is shrinking due to increasing urbanization.
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The first and second agricultural revolutions gave birth to
agricultural and agricultural practices. Introduction of green
revolution very well conceptualized the harnessing of re-
sources for sustainable agricultural yield by making use of
chemical fertilizers, herbicides, pesticides, and high-yield crop
varieties [6]. However, the idea and use of chemical agents not
only supported the agricultural yield on short time scale but
introduced the chemical toxicity to air, water, and soil in a
longer time frame [7]. This has, thus, led to the requirement
of another agricultural revolution aimed at sustainable crop
productivity with least environmental toxicity. Hence, focus
is on exploring the scope of various nanomaterials as agricul-
tural promoters. Later, advent of genetic engineering and pro-
duction of resistant varieties was projected as better alternative
to use of pesticides. But it has also added new class of biolog-
ical contaminants in the form of genetically modified organ-
isms (GMO). GMO are also a serious threat to biodiversity,
wildlife, and human health. The genetic modification of plants
is banned in most of the countries even for agricultural pur-
pose. However, the GMO are commonly used for the indus-
trial-scale production of nutraceuticals, enzymes, pharmaceu-
ticals, dyes, and beverages. GMOs directly pose great threat to
living organism in current times. Hence, safer techniques to
produce and handle GMO are urgently required [8•, 9•].
Contamination of soil and water due to heavy metals is also
one of the major concerns. Heavy metal contaminants are
contributed by atmospheric, domestic, mining, agricultural,
pharmaceutical, textile, electronics, and other industrial activ-
ities. Arsenic, cadmium, chromium, lead, and mercury are
labeled as toxic heavy metals with serious ill effect on the
various human organs even at low concentrations [10].
Efforts are constantly being made to develop reliable and sim-
ple sensors for the detection of environmental pollutants. The
amount of pollutant present is sensitive to the site and medium
in which it is present. The routine analytical methods used for
pollutant detection vary from one to another country. Sensor
detects an analyte with the help of recognition component and
converts this signal to understandable signal using transducer
or transduction component (Fig. 1). Biosensor uses biological
component as recognition element [11•, 12••]. In case of nano-
biosensor, the nanotechnology component is used to improve
the transduction process in terms of selectivity, sensitivity,
reproducibility, durability, and cost-effectiveness. Few cases
report nanomaterial as recognition as well as transuding
element [13, 14]. DNA nanosensors are nanobiosensors with
DNA mostly as recognition and nanomaterials as transducing
component. Large number of DNA-based nanosensor has
been designed for various human applications including the
detection of environmental pollutants [15••].

In the last few years, DNA components like ssDNA,
dsDNA, mismatch DNA, CA rich, C rich, T rich, G-
quadruplex, and aptamer have been used for the detection of
pollutant. The commonly used nanomaterials include

metallic, metal oxides, quantum dots (QDs), platinum (Pt),
copper (Cu), magnetic, tungsten disulfide (WS2), mesoporous
silica (MSN), graphdiyne, graphene, and graphene oxide
[16–22]. Gold (Au) and silica NPs have been labeled as com-
petitively safer nanomaterials for sensor application [11•].
AuNPs are commonly used while silica NPs are not explored
much for DNA nanosensor formation. Hence, various studies
indicate a scope towards the designing and development of
specific and selective DNA nanobiosensors for more robust
screening of air, water, food, and soil. This review focuses on
the strategies, challenges, and opportunities in designing DNA
nanosensor related to health, food, and daily use essential
materials (Fig. 2). The challenges and gap in the knowledge
of design and use of DNA nanosensor for the detection of
pathogenic microorganisms, antibiotics, pesticides, GMO,
toxic metals, heavy metals, and other toxic pollutants are
discussed in detail.

The aim of this review is to update on recent advances in
the field of DNA nanosensor and highlight the importance of
DNA nanosensor for the detection of environmental pollutant.
This review address application and scope of DNA
nanosensor in pathogenic bacteria, GMO, antibiotic, pesticide,
heavy metal, and other toxic pollutant detection. Pollutant
interacts with DNA to exert a toxic effect. DNA-pollutant
interaction is specific as particular pollutant leads to a partic-
ular toxic response. The ability of DNA to change specificity
with change in its sequence and structure is useful for the
sensing of diverse analytes. The combination of DNA with
unique properties of nanomaterials has synergistic effect and
wide scope. Interaction of DNA molecule with a type of ana-
lyte deciphers the type of response to be obtained. The use of
ssDNA nucleotide, dsDNA, and aptamers with different levels
of structural arrangement and complexity and its binding with
complementary ssDNA strand having mismatch of single or
more bases or no mismatch also creates a lot of possibilities.
Hence, the tendency and response of DNA interaction with
biological or chemical molecules has scope towards multifar-
ious detection applications with lower limitations. Binding of
ssDNA or dsDNA in DNA nanosensor with analyte induces
change in color, UV-visible absorption intensity, and/or wave-
length of nanomaterials. Only few nanomaterials have been
tested for designing of optical DNA nanosensor. AuNPs and
AgNPs are most commonly used nanomaterials for DNA
nanosensor development. However, these are only used for
few analyte detections, thus limiting their exploitation to full.
QDs, iron oxide, magnesium oxide, and manganese oxide
NPs have been used as optical nanosensor and can also be
explored to design DNA nanosensor for large number of unex-
plored analytes as an alternative to routine complex analytical
assays. Luminescence, chemiluminescence and phosphoresce
abilities of nanomaterials are still neglected and not explored
using existing nanomaterials and available DNA sequences
[23, 24]. Change in the properties of intercalating fluorescent
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dyes or electroactive substances in presence and absence of
analyte leading to change in florescence or electrochemical
signal also has great scope. In this case, the DNA needs to
possess preferential binding for analyte rather than complemen-
tary sequence or other interfering molecules present in the test
sample. Only few dyes and electroactive substances have been
used for limited number of analytes. The similar strategy needs
to be tested for more analytes as it has ease of detection and
does not need complex time-consuming steps [25–27••].
Further, we need to have better predicting software that can
predict the kind of sequence required for absolute specificity
even in presence of closest interfering molecules. It has been
reported in very few studies but missing in large number of
studies. Bioinformatic tools and software need to be redesigned
to have more accuracy in predicting DNA aptamer and their
specificity towards multiple analytes in a complex medium.
More nanomaterials need to be explored for electrochemical
sensing applications. New nanomaterials can be designed that
can detect even small change in electrochemical signals. Only
few analytes have been tested using electrochemical approach.
Better nanomaterials with better conductivity and easy control
over conductivity need to be designed and integrated with their
functionalization with variable underexplored DNA sequences.
The functionalization of DNAwith some unique tag molecules
like antibodies, florescent molecule, and enzymes can be ex-
plored to improve the sensitivity of DNA nanosensor for

pollutants that do not fluoresce and do not generate any elec-
tronic and/or other signals. More sequence variation in DNA,
introducing more DNA mismatch between complementary
DNA strand for better selectivity, better procedures for attach-
ment of DNA to nanomaterials, functionalization of
nanomaterials with various functional groups, and synthesis
of noble nanomaterials are some of the opportunities to be
addressed for improvement in existing DNA nanosensor.
Apart from the above technical aspect, the safety concerns of
nanomaterials are largely ignored. Almost all studies used
nanomaterials prepared using one or other chemicals that con-
taminate environment itself. Alternative to use of chemicals is
use of better approach, green nanotechnology. In the last de-
cade, there are a lot of studies raising concern regarding safety
concerns of nanomaterials as these materials can invade any
cell and organelles to interact at biomolecule level [14, 28•].
The toxicity of nanomaterial to be used as component of DNA
nanosensor needs to be thoroughly investigated before declar-
ing it fit for use. It would help in exploring the huge potential of
nanomaterials in the best possible way.

Detection of Pathogens

Pathogenic bacteria, fungi, and viruses can contaminate water,
soil, and air. Water and food contamination are global
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Fig. 1 The schematic representation of principle of environment
pollutant detection. The pollutants interact with DNA nanosensor to
produce signal or to suppress signal. The type of signal may vary from
light, electroactivity, pH change, mass change, and heat change upon

interaction with pollutant in a concentration-dependent manner. The
data is processed using a data processing system and output is produced
in a readable format
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problems. Detection of bacteria at lowest possible level is
required to avoid any contagious disease outbreak, epidemic,
or even pandemic-like situation. The traditional-, biosensor-,
and nanosensor-based methods have their own advantages
and disadvantages as shown in Table 1.

DNA-based nanosensor has been used to specifically de-
tect pathogenic microorganisms like Vibrio cholera,
Escherichia coli, methicillin-resistant Staphylococcus aureus
(MRSA), Aspergillus, Candida, and Bacillus subtilis (Table
1).

Water-borne microbe V. cholera can be identified using
selective binding of O1 OmpW gene with two DNA probes.
Magnetic NP-probe1-O1 OmpW-fluorescein amidite (FAM)
probe2-AuNP complex formation occurs only if V. cholera is
present in the test sample. The FAM probe can be isolated and
quantified using fluorescence [29]. Fluorescent DNA-func-
tionalized nanomaterials have many advantages in terms of
DNA sequ enc e - d ep enden t f l u o r e s c e n c e , e a s y
functionalization, wide availability, water solubility, and ex-
cellent biocompatibility [34]. Binding of the heat-labile toxin
LT1 gene of enterotoxin-producing E. coli with DNA probe-

AuNPs induces visible change in the color of NPs from red to
purple [35]. Capture probe DNA-AuNPs preferably bind to
aptamer and remain stable in the presence of G-quadruplex
having complementary sequence to capture probe. In case of
presence of common intestinal pathogen E. coli K88 in the test
sample, aptamer leaves capture probe-AuNPs and preferably
forms complex with E. coli. The G-quadruplex binds to cap-
ture DNA-AuNPs to induce the aggregation and color change
of AuNPs [26•]. AuNP-based DNA nanosensors are most
commonly used for microorganism detection (Fig. 3).

ssDNA isolated from MRSA can induce sandwich com-
plex formation between complementary ssDNA-AuNPs and
ssDNA probe-fluorescent nanobeads. The complex formation
leads to decrease in Brownian motion as compared to un-
bound nanobeads that can be analyzed using diffusometry
[27••]. AuNP spots functionalized with ssDNA complemen-
tary to target microorganism DNA undergo change in local
refractive index that can be detected through spectroscope.
This sensor can detect several pathogenic fungi and bacteria
simultaneously as shown in Table 1 [29]. Large number of
microorganisms are still unexplored. The use of DNA

Fig. 2 Schematic DNA-based nanosensor for detection of environmental
pollutants related to (i) human health like pathogens and antibiotics; (ii)
food safety like pesticide and GMO; and (iii) other environmental
pollutants like toxic metals, heavy metals, and other chemicals. The
pollutants specifically interact with bioreceptor, DNA molecules of
different sequence and structure to induce change in properties that is
converted to appropriate signal by transducer. Nanomaterials can be
used to improve the response of bioreceptors or transducer or both
depending upon the exact nanosensor. The signal generated can be

further amplified to enhance the sensitivity and specificity in a complex
test sample and final amplified signal is recorded in the form of relevant
change in optical, electronic, and mechanical properties. Constant efforts
are being made and required in near future to make DNA nanosensors
absolutely specific and ultrasensitive to desired test pollutant even in
complex test medium containing large number of similar interfering
molecule and its limit of detection should be low to detect minimum
possible amount of pollutant
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nanosensor for virus detection is less explored but has huge
scope [37].

Antibiotic Detection

Contaminating antibiotics are contributed by industries pro-
ducing antibiotics, human waste, and animal farming. The
antibiotics used for animal farming are cheap and specifically
hazardous to human and environment. DNA nanosensor can
detect different antibiotics in water and complex biological
medium (Table 1). Aptamer-AuNPs stayed stable in salt solu-
tion in absence of ofloxacin (OFL). Presence of OFL in water
and synthetic urine samples induced aggregation of AuNPs
that can be visualized with color change from red to purple/

blue [38]. AuNPs are aggregated by salt due to preferential
binding of aptamer to FAM-labeled complementary strand in
solution. There is strong emission of fluorescence by FAM
and the color of solution appears blue. In presence of strepto-
mycin, aptamer preferably binds to antibiotic. The FAM-la-
beled ds-DNA binds to AuNPs avoiding salt precipitation
leading to florescence quenching by AuNPs and appearance
of red color [39, 40]. Release of ochratoxin A (OTA) aptamer
adsorbed on the exit gate of rhodamine B-loaded MSN pores
in the presence of OTA in the test sample has been used for
designing OTA florescence sensor. The nanosensor was used
to detect OTA in commercially available foodstuffs [41].
Three-dimensional graphene-AuNP composite–coated glassy
carbon electrode was functionalized with oxytetracycline
(OTC) antibodies. OTC present in the test sample binds to

Table 1 The advantages and disadvantages of traditional-, biosensor-, and nanomaterial-based methods for the detection of pathogen. Reproduced
with permission from [29], MDPI

Methods of pathogen and endotoxin detection Advantages Disadvantages References

Traditional methods

Immunology-based method High selectivity and sensitivity Real-time pathogen detection not possible [29, 30]

Count method of culturing and colony High demand Laborious; takes 2–3 days for initial
results; 1 week to determine the specific
pathogenic microorganisms

[29]

Polymerase chain reaction method (PCR) Popular; sensitive Complex to perform; require costly
instruments and trained personnel

[29]

Biosensor and nanosensor

Optical biosensor Successful; reliable and label-free detection Costly [29, 31, 32]

Electrochemical biosensor Low cost; requires large quantity of sample;
automation and label-free detection
feasible

Low specificity and sensitivity; needs a
lot of washing steps

[29, 31, 32]

Mass-sensitivity–based biosensor Low cost; fast; easy operation, can detect
in real-time; detection is label-free

Low specificity and sensitivity; requires
long incubation time and problematic
to regenerate the crystal surface

[29, 31, 32]

Nanosensor Medium cost; excellent stability; low
detection limit; user friendly; measurement
can be done in real time

Toxicity concerns of the nanomaterial
and difficulty in sensor regeneration

[29, 33]

Fig. 3 Schematic for gold NP-
oligonucleotide conjugate–based
detection of microorganism.
Reproduced with permission
from Jamdagni et al., Springer
Nature [36]
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the antibodies and is detected using aptamer-AuNPs contain-
ing horseradish peroxidase. The horseradish peroxidase pro-
moted catalysis of hydrogen peroxide to produce peak current
[42]. The surface of thionine-decorated graphene was func-
tionalized with aptamer containing hierarchical nanoporous
platinum-copper alloy to develop a differential pulse volt-
ammetry (DPV)-based kanamycin biosensor. Thionine-coat-
ed electronically conductive graphene provides support to
aptamer hierarchical nanoporous platinum-copper that ulti-
mately promotes the electroactivity. Binding of kanamycin
present in pork meat and chicken liver with aptamer induces
decrease in DPV current [16]. Carbendazim present in the
lettuce and orange juice sample binds to the surface of
AuNPs and impedes the electron transfer to carbon
nanohorns/aptamer-AuNP nanocomposite–coated electrode
[43••]. Ampicillin present in the human serum, river water,
and milk samples binds to aptamer-nanosheet–modified gold
electrode that leads to charge transfer resistance. Aptamer G-
quadruplex formation is responsible for increase in charge
transfer resistance value [44]. Among various types of
aptasensors, more than 50% sensors are electrochemical in
nature. Electrochemical DNA aptamer–based nanosensors of-
fer cost-effective and faster multiplexed analysis with better
sensitivity and specificity as compared to other biosensors
[45•].

A strip for direct detection of kanamycin in milk samples
has been designed using DNA probes and AuNPs. Aptamer-
AuNP binds with another silver-bound complementary DNA
probe to form complex. The complex is captured at the test
zone that contains a capture probe complementary to the 3′
end of DNA bound to AgNPs. Presence of kanamycin in test
sample leads to release of AuNPs from complex and test re-
gion appears faded. The assay does not need several incuba-
tions and washing steps [46]. In a similar study using aptamer-
AuNPs, the magnetic microspheres were used to detect kana-
mycin in the form of faded band at test region on a nitrocel-
lulose strip [47]. Non-enzymatic hybridization chain reaction–
based nanosensor has been used for the detection of kanamy-
cin in milk. Hairpin DNA probe attached to AuNPs prevents
aggregation of AuNPs by salt in solution. Presence of kana-
mycin in test sample removes hairpin DNA from AuNPs sur-
face and induces DNA straightening. It creates binding sites
for another two complementary probes designed in such a way
that cascade of mechanism of complementary strand binding
and extension is triggered. The AuNPs get aggregated and
detected in the form of color change to blue and reduction in
UV-visible absorption intensity [48]. Similarly, gold bar is
modified with Y-shaped DNA formed as a result of binding
of aptamer and its complementary DNA. Presence of kana-
mycin triggers formation of hairpin-like structure. Hairpin
structure has affinity for complementary sequence present
over the magnetic NPs, thus releasing kanamycin and forming
elongated dsDNA by incorporating the SYBR green I dye.

Increase in fluorescence intensity acts as an indicator for pres-
ence of kanamycin in milk, pork, and fish samples [49•].
Functional DNA–functionalized magnetic beads (MBs) have
been used for the detection of tetracycline in honey samples
[50]. Only limited numbers of NPs have been used for DNA
nanosensor synthesis. More types of nanomaterials can be
used to improve the detection efficiency of nanosensor (Fig.
4).

Pesticide Detection

Pesticides are toxic to human beings. High food safety stan-
dards warrant sensitive methods for pesticide detection.
Pesticide categorization is complex as it contains around 100
classes with total number over 800. The main classes that are
being detected using DNA-based nanosensor are organophos-
phorus, carbamates, neonicotinoids, and triazines. There are
various traditional- and sensor-based methods available to de-
tect pesticides (Table 2).

Detection of other pesticides using nanosensor is discussed
in detail elsewhere [22, 69]. Sensor designing focuses on high
sensitivity, low limit of detection, and good selectivity along
with cost-effectiveness. Currently, HPLC, GC-MS, and other
analytical techniques are being used for pollutant detection.
DNA nanosensors have been used for the detection of large
number of pesticides (Table 1). Colorimetric DNA
nanosensor has been designed for acetamiprid detection in
celery and green tea leaves. The aptamer binding to ssDNA-
AuNPs undergoes salt-induced aggregation and the solution
appears purple. Availability of acetamiprid leads to solubili-
zation of ssDNA-AuNPs as a result of formation of red color
aptamer-acetamiprid complex [70]. In a more complex ap-
proach, the mixing of fluorescent CdTe quantum dots (CdTe
QDs) with aptamer-AuNPs leads to fluorescence quenching
via an effect known as inner filter effect (IFE). In the presence
of acetamiprid, the aptamer preferably binds to acetamiprid
leaving AuNPs prone to aggregation by salt in solution and
thus reviving the fluorescence of QDs. Acetamiprid detection
was validated on vegetable samples [71]. The conductivity of
glassy carbon electrode modified with aptamer-graphene-
AgNP nanocomposites is impeded by binding of acetamiprid
in test sample with aptamer [72]. Aptamer-AuNPs-
multiwalled carbon nanotube (MWCNT)–reduced GO
nanoribbon nanocomposite–modified electrode has similarly
been used for developing electrochemical acetamiprid
impedimetric DNA nanosensor [73••]. C60-AuNPs act as en-
ergy donor while carbon dot acts as receptor to create
electrogenerated chemiluminescence energy transfer
(ECRET) for the detection of carbofuran. The presence of
carbofuran in test sample induces structural change in aptamer
to block the chemiluminescence [23]. Phorate, an organo-
phosphate pesticide, can selectively induce aggregation of
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ssDNA aptamer-AgNPs. Aggregation leads UV-visible ab-
sorption intensity reduction and change in NP solution color
from brown to colorless [74], while acetamiprid can induce
aggregation of ssDNA aptamer-AgNPs in the presence of
NaCl salt to observe reduction in the UV-visible absorption
peak intensity and color change from yellow to gray [75••].
Test sample is exposed to biotin-functionalized aptamer to
form biotinylated profenofos-aptamer complex. The complex
can bind onto the surface of capture DNA probe-AuNP/
polyaniline (PANI)-graphite–modified screen-printed elec-
trode. The electrode is exposed to streptavidin-alkaline phos-
phatase enzyme conjugate in solution containing 1-naphthyl-
phosphate. Phosphatase hydrolyzes 1-naphthyl-phosphate to
1-naphthol that can be electrochemically detected using dif-
ferential pulse voltammetry (DPV) [76]. In contrast, methyl
parathion and chlorpyrifos binding to specific ssDNA over
electrode surface modified with acetylcholinesterase (AChE)

enzyme-SWCNT-ssDNA-AuNPs were found to inhibit
AChE enzyme activity. Inhibition of enzyme activity led to
pH change in a concentration-dependent manner as measured
by electrode [77]. Parylene-C lipid layer film containing
nanopores can be used to detect omethoate in vapor phase.
Nanopores allowDNA-aptamer passage but block omethoate-
aptamer complex leading to decrease in membrane conduc-
tance that is measured using a patch-clamp amplifier [78].

A bio-barcode amplification–based competitive immuno-
assay has been developed for triazophos detection in water,
apple, turnip, rice, and cabbage samples with sensitivity al-
most near to ELISA approach. AuNPs containing mAb as
recognition elements and thiolated ss-oligonucleotide as
barcodes were exposed to test sample containing pesticide
and magnetic microparticle (MMP) probe functionalized with
ovalbumin-pesticide-hapten (hapten-OVA). Triazophos in
sample outcompetes ovalbumin-pesticide-hapten and binds

Table 2 Different methods of pesticide detection in soil, water, vegetables, and crops

Approach Technique Sample type Advantage Disadvantage Reference

Traditional High-performance liquid
chromatography

Water, fruit, vegetable High selectivity and sensitivity;
high demand, popularity

Complex method to perform;
require costly instruments
and trained personnel

[51–54]

Gas chromatography Water, fruit, vegetable, soil

Liquid chromatography Water, fruit, vegetable, soil

Nanosensor Electrochemical Water, fruit, vegetable, soil Excellent stability; low detection
limit; user friendly;
measurement can be done
in real time

Toxicity concerns of
nanomaterial;
sensor regenerate difficult

[55–57]

Optical Water, fruit, vegetable [58–60]

Colorimetric Water, fruit, vegetable [61, 62]

Piezoelectric mass sensitive Water, fruit, vegetable [63, 64]

Chemiluminescence Water, vegetable [23, 65]

Fluorescence Water, fruit, vegetable [66–68]

Fig. 4 a, b Experiment design for tetracycline detection using DNA tetrahedron nanostructure–functionalized MBs. Reproduced with permission from
Hong et al., Elsevier 2020 [50]
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to AuNPs. Washing under magnetic field removes unbound
AuNPs. Detection is done by AuNPs catalyzed Ag staining.
The gray color intensity of Ag depends upon the concentration
of triazophos in test sample [79]. Fluorogenic RNA bound to a
quencher forms complex with mAb-AuNP-DNA probe
fixed on plate. Ribonuclease H (RNase H) can specifically
cut RNA in the DNA-RNA hybrid to generate fluorescence
signal. In presence of triazophos, there is fluorescence
quenching as the mAb-AuNP-DNA probe binds to triazophos
and DNA-RNA hybrid is not formed. The bio-barcode immu-
noassay–based nanosensors were used to detect the triazophos
residue in agricultural products and water samples (Fig. 5)
[80••].

Detection of GMO, Mutated, and Resistant
Organisms

GMO possess modified DNA that contains transgene and
some other sequences like promoter and selection markers.
Likewise, mutated and resistant organism contains DNA se-
quences different from normal organisms. The sequences
complementary to these specific sequences are used as
bioreceptor to provide specificity to DNA nanosensor as sum-
marized in Table 3.

Microorganism

Penicillin-binding protein–encoding gene is responsible for
the antibiotic resistance of microbes like MRSA. Presence of
PBP2a DNA in test sample induces change in peroxidase
activity of GO/Au due to release of PBP2a-specific aptamer

from AuNP-GO surface. This ultimately leads to variation in
the UV-visible absorption intensity [81]. The recovery of fluo-
rescence intensity is used to quantify rifampicin-resistant
Mycobacterium tuberculosis. FAM-labeled probe specific
for mutated DNA sequence providing rifampicin resistance
to M. tuberculosis is adsorbed on the surface of graphdiyne
nanosheets. The nanosheet quenches the fluorescence of FAM
probe. In the presence of target ssDNA, the FAM probe is
released from nanosheet to form complex with target DNA
(Fig. 6) [20]. IS6110 fragment of M. tuberculosis present in
the resistant test sample specifically binds to signal probe-
AuNP-fullerene/graphene nanosheet that act as signal tag to
generate electrochemical signal [82]. M204I mutation leads to
lamivudine or telbivudine antiviral therapy resistance in hep-
atitis B virus (HBV). In the presence of resistant HBV in test
sample, one end of mutated DNA is bound to glass slide
functionalized with probe while second end binds to biotin-
labeled ssDNA that further binds with streptavidin-labeled
QDs. QDs can be detected using fluorescence microscopy
[19]. ssDNA of MRSA binds to form sandwich complex with
ssDNA-MNPs on one side and ssDNA-AuNP-ferrocene
probe on other side. The complex is isolated using magnetic
field and subjected to electrochemical analysis on screen-
p r i n t e d e l e c t r o d e . AuNP - f e r r o c e n e p r o du c e s
chronoamperometric response. Dye-linked L-proline dehydro-
genase (L-proDH) can also be added to solution to increase the
oxidation of ferrocene leading to more prominent electrochem-
ical signal [90].

MRSA containing mecA target ssDNA interacts with
carboxy fluorescein (FAM)-ssDNA-GO and removes FAM
ssDNA to form double-stranded mecA-ssDNA FAM-SYBR
Green I-ssDNA complex in the presence of intercalating

Fig. 5 Schematic representation of fluorometric bio-barcode
immunoassay–based detection of triazophos by iterative cycles of
DNA-RNA hybridization and dissociation of fluorophores by
Ribonuclease H. ssDNA- and mAbs-labeled AuNP acts as a signal

generator. The fluorescence signals were generated through DNA-RNA
hybridization and subsequent specific hydrolysis of Ribonuclease H.
Reproduced with permission from Zhang et al., Elsevier [80••]
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fluorescent dye SYBR green I. SYBR green is further incor-
porated as the polymerase present in the solution extends tar-
get DNA using FAM ssDNA as template leading to increase
in the fluorescence intensity [92]. Certain MRSA contains
plasmin-sensitive cell wall proteins. Plasmin-sensitive protein
interacts with IgG-MNPs and anti-PI-antibody-AuNP-oligo-
nucleotides to form sandwich complex. Magnetic field is used
to isolate complex and the oligonucleotides are quantified in
the form of magnitude of reduction peak current using square
wave voltammetry [87]. Interaction of domain 4 protective
antigen of Bacillus anthracis with gel green–labeled
aptamer-MWCNTs induces decrease in fluorescence intensity
[93]. DNA sequence that codes for protein responsible for
pathogenesis or drug resistance can be explored to develop
nanosensor for unexplored mutant, drug-resistant, and genet-
ically modified pathogens.

Plants

Change in localized surface plasmon resonance signal of
DNA probe-AuNP–modified cuvette attached to sensor chip
upon binding of target 5-enolpyruvylshikimate 3-phosphate
synthase genes has been used for designing portable sensor.
Enolpyruvylshikimate 3-phosphate synthase transgene pro-
vides herbicide resistance to soybean [86]. Fluorescent CdTe
QD-silica nanospheres functionalized with probe specific for
nopaline synthase terminator and cauliflower mosaic virus 35s
(P35S) promoter sequence of transgenic soybean bind with

target ssDNA to induce decrease in fluorescence intensities
[84]. Genetically modified CaMV 35S marker sequence of
Maize (Zea mays L.) binds to specific probes-QDs that leads
to increase in the grain size of QDs because of aggregation and
self-assembly. Aggregation ultimately leads to reduction in
the phosphoresce intensity of QDs [90•]. Binding of Bt gene
of transgenic rice sample with probe-AuNP-silica nanocom-
posite induces change in surface-enhanced Raman scattering
signal [88••]. Loop containing dsDNA-Fe3O4@Au-MNPs in-
teracts with target soybean DNA to form open-loop structure
and activates exonuclease III releasing the target transgenic
DNA and converting the loop dsDNA to ssDNA. ssDNA
can interact with ssDNA-AuNP-Phi29 DNA polymerase-T4
DNA ligase complex to initiate a rolling circle reaction–based
synthesis of DNA. DNA acts as support for [Ru(NH3)6]

3+

attachment leading to increase in chronocoulometric signal
[85]. Fluorescein isothiocyanate containing ssDNA signaling
probe binds with maize taxon–specific transgenic ssDNA that
ultimately binds to amino-modified ssDNA probe specific for
maize taxon–specific transgene that is attached to
superparamagnetic core shell Fe3O4@AuNP–coated gold
electrode. Anti-fluorescein peroxidase is attached to generate
a chronoamperometric response [95]. While detecting trans-
genic tomato, one end of target CaMV35S ssDNA of trans-
genic tomato binds with the ssDNA-MWCNTs present on the
surface of glassy carbon. Other end of target DNA binds with
ssDNA-Fe3O4-Au@Ag nanocomposite to form sandwich
structure. The Fe3O4-Au@Ag nanocomposite catalyzes

Fig. 6 Scheme showing detection of drug-resistant Mycobacterium
tuberculosis using graphdiyne nanosheet–based fluorescent assay. The
graphdiyne (GDY) nanosheets are prepared by electrochemical lithium-
intercalation process. The nanosheets bind to ssDNA and efficiently
quench the fluorescent group attached to the end of ssDNA. Presence

of target ssDNA form a duplex with ssDNA, thus releasing the dsDNA
from the nanosheets. The fluorescence recovers depending upon the
presence of target ssDNA of the M. tuberculosis. Reproduced with
permission from Chang et al., American Chemical Society, 2019 [20]
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hydrogen peroxide (H2O2) reduction to produce increase in
current [94••]. The DNA sequence used for screening of ge-
netically modified plants can also be efficiently used for de-
signing a DNA nanosensor for large number of GMO expect-
ed to be produced in the near future.

Metal and Heavy Metal Detection

Arsenic, mercury, lead, cadmium, and chromium are the most
commonly found heavy metal contaminants. These toxic
metals can induce multiple organ damage and disturb human
metabolomics. Exposure to high dose of these heavy metals
may lead to morbidity and even mortality [96, 122]. The dose,
route of exposure, age, gender, genetics, and nutritional status
of exposed organism affect the toxicity of metal ions. More
than 250 vegetables in Chinese villages near industries accu-
mulated heavy metals, lead, cadmium, chromium, mercury,
and arsenic causing health hazards. Among various types of
heavy metals, metal ions like chromium and Pb cause non-
cancer risks while Cd causes various types of cancer.
Likewise, in India, chromium and cobalt accumulation into
the food crops can induce cancerous and non-cancerous dis-
eases [123]. Heavy metal enrichment in water and sediments
as well as in various organs of fish and oyster has been report-
ed from China, Persian Gulf, Turkey, and various other parts
of the globe [124–126]. The specific binding of heavy metal
ions to bioreceptor DNA molecule induces change in the
properties of nanomaterials or DNA leading to qualitative
and quantitative change in the signal. The change in signal
generated may be fluorescence intensity, luminescence inten-
sity, visible change in color, UV-visible absorption intensity,
and shift in absorption wavelength, as well as change in
microcantilever and electrochemical parameters like redox/an-
ode/cathode current, impedance, and voltage. Fluorescence
quenching approach has been used for the detection of sulfide
ions (S2−) in the hot spring and seawater samples. S2− present
in the test sample induces conformational change in the DNA
probe present over the Au/Ag nanoclusters that leads to fluo-
rescence quenching. The sensor although requires addition of
sodium peroxydisulfate to avoid non-specific interaction with
interfering iodide ions (I−) [127]. I−-specific DNA template
functionalized Au/Ag nanoclusters undergo fluorescence
quenching and color change from colorless transparent to pur-
ple red in the presence of I− in test sample [21].

Presence of arsenic [As(III)] in the test sample removes
aptamer guarding the pores of rhodamine B-loaded MSN
leading to increase in the fluorescence intensity [18].
Recovery of fluorescence quenching due to As(III)-specific
release of aptamer-nanorods bound to GO surface has been
used to design luminescence resonance energy transfer
(LRET)-based nanosensor [24]. As(III) is a carcinogenic pol-
lutant. Aptamer-controlled synthesis of crystal violet has been

used for sensing of As(III). Presence of As(III) in the test
sample leads to increase in the size of small crystal violet
nanomaterials prepared using DNA aptamer. The resonance
Rayleigh scattering (RRS) intensity increases directly with
increase in size of nanomaterial that depends upon the
As(III) concentration [108]. Cytosine-rich DNA have affinity
for Ag+. This affinity has been used to design DNA-based
lateral flow test for the visual detection of Ag+ in the tap and
river water samples. In presence of Ag+, the C-rich oligonu-
cleotide probe-AuNPs get immobilized in the form of red
band on the test zone by forming C-Ag+-C complex with
second mismatched C-rich oligonucleotide probe [115]. C-
rich ssDNA probe-AuNPs can bind to mismatched FAM
fluorophore–labeled C-rich ssDNA probe in the presence of
Ag+ ions leading to increase in the fluorescence polarization
signal [97]. Presence of C-rich ssDNA–stabilized AuNPs in-
duces FAM quenching in the solution. However, addition of
sample containing Ag+ induces conformational change in the
DNA leading to AuNPs aggregation that leads to recovery of
FAM florescence [100]. Ag+-induced dimerization and
change in florescence has been used to detect Ag+. Two 12
cytosine–containing mismatched DNA attached to AgNCs
(Cyt12-AgNCs) undergo dimer formation in the presence of
Ag+ ions. The fluorescence of Cyt12-AgNCs changes from
red to green on dimerization [101•]. CA probe–based electro-
chemical nanosensor has been designed for Ag+ detection in
antimicrobial drug, sulfadiazine. Gold electrode was modified
with CA probe such that adjacent probes undergo duplex for-
mation in the presence of Ag(I) through C-silver ion-C and C-
Ag+-A complex formation. Complex formation leads to re-
duction in electrochemical peak current [102, 110]. To design
an electrochemical sensor, AuNPs-modified carbon paste
electrode modified with poly-C ssDNA is exposed to comple-
mentary mismatched poly-C ssDNA. Two strands can only
bind in presence of Ag+ to induce decrease in the reduction
peak current [111]. Attachment of ions to microcantilever can
induce change in resonance frequency. ssDNA is attached to
microcantilever and its complementary mismatched ssDNA
attached to AuNPs is added in solution. Mismatched strand
can bind to cantilever in the presence of Ag+ only [112••].
Kelvin probe force microscopy–based DNA nanosensor has
been designed for Ag+ detection in drinking water. A conduc-
tive cantilever is exposed to AuNPs functionalized with ap-
proximately 100 ssDNA probes. Complementary target
ssDNA having 4 nucleotide-mismatched bases can bind with
AuNPs probe only in presence of Ag+. Binding of target DNA
induces change in surface potential that depends upon the
concentration of Ag+ [116].

Fluorescence quenching of C-rich DNA–functionalized
AgNCs and Cu/AgNCs in the presence of Hg2+ and Cu2+

has also been explored for designing simple DNA nanosensor
[117, 128, 129]. AuNPs functionalized with thymine (T)-rich
DNA template containing FAM at distant end undergo
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fluorescence quenching in the presence of Hg2+ to induce
folding of DNA template bringing FAM in close proximity
with AuNPs [103]. The agglomeration of Au and Ag@Au
nanoplates in the presence of Hg2+ leads to change in color
from red to purple. The Ag+ interferes with Hg2+ detection
that can be avoided by functionalization of the nanoplates with
poly-deoxycytidine sequence [104]. Circular template and
DNA polymerase can lead to circular elongation of AuNP-
bound T-rich oligonucleotide over a circular template in a
rolling circular mechanism. In case of test sample containing
Hg2+, the preferential binding of T-rich oligonucleotide to
Hg2+ prevents DNA elongation. Placing reaction mixture on
a nitrocellulose-based paper leads to diffusion of DNA-bound
AuNPs depending upon the size of DNA. Sample lacking
Hg2+ travels large distance as small DNA sequence is attached
to AuNPs. Increase in the concentration of Hg2+ in the test
sample leads to low rate of diffusion of AuNPs due to attach-
ment of larger DNA and it appears as dark spot in the center
[130]. Release of aptamer bound to the surface of WS2 nano-
sheet-gold electrode in the presence of Hg2+ leads to decrease
in peak current in concentration-dependent manner [98]. 3-
Mercaptopropionic acid (MPA)–induced fluorescence
quenching of DNA-Cu/Ag nanoclusters due to MPA and the
Cu/Ag cluster interaction induced alteration in conformation
of DNA. Presence of Cu2+ in soil and pond water samples
inactivates MPA leading to recovery of fluorescence [114].
Hydroxyl radical (˙OH) produced under aerobic condition
by Fenton-like reactions from H2O2 with the help of ascorbic
acid-Cu2+ could quench the florescence of C-rich DNA-tem-
plate AuNCs in water and blood samples [105•].

Lead (Pb2+) is a non-degradable toxic heavy metal pollut-
ant that is commonly present in natural water sources as well
as added by industrial waste to water. ssDNA-AgNC pos-
sesses green fluorescence that is converted to red emission
on formation of duplex by the binding of complementary
DNA strand. Water and human serum test samples containing
Pb2+ induce Pb2+-dependent DNAzyme cleavage activity
switching fluorescence back to green [106]. Pb2+-dependent
DNAzyme was adsorbed on the surface of the nanoporous
modified electrode that formed duplex with complementary
DNA-AuNPs. AuNPs provide more space for the attachment
of electroactive hexaammineruthenium(III) chloride mole-
cules that generate current and were measured using
chronocoulometry. Pb2+ present in the tap water, river water,
and landfill leachate sample activates DNAzyme to release
aptamer-AuNPs off the electrode surface leading to the de-
crease in charge [107]. Amultiplexed Pb2+ and Cu2+ detection
using QD-labeled DNAzymes is shown in Fig. 7.

Binding of dsDNA containing aptamer and complementary
DNA probe prevents salt-induced aggregation of AuNPs in
solution containing exonuclease I as the exonuclease I can
degrade ssDNA only. Aptamer binds with Pb2+ present in test
sample and exonuclease I degrades the second strand. This

induces aggregation of AuNPs and is visualized by change
in the color of solution from red to purple [89]. DNA-AuNP
nanosensor has also been used for the detection of multiple
metal ions simultaneously. The binding of metal ions on spe-
cific FAM-labeled DNA-AuNPs induces fluorescence
quenching. Further to increase the specificity of the system,
hydroxylamine and tetrachloroauric acid were added leading
to diversification of morphologies of AuNPs depending upon
the sequence of aptamer used. The variation in morphology of
AuNPs was evident from appearance of different colors. The
sensor could specifically detect Ag+, Cd2+, Cu2+, Hg2+, Pb2+,
Zn2+, Mn2+, Cr3+, and Sn4+ in wastewater samples [99]. Metal
ion detection using DNA nanosensor is comparatively well
explored. It is a useful tool to detect heavy metals in various
environmental samples. Strategies to design and use DNA
template–based fluorescent nanoclusters for metal ion sensing
in the environmental and biological sample have been
discussed in detail elsewhere [34]. Existing nanosensor for
metal ion have high sensitivity, but most of the sensor require
complex experimental procedures and are not free from use of
costly toxic reagent.

Detection of Other Toxic Pollutants

DNA nanosensor–based detection of contaminant dyes, ex-
plosives, and toxins has also been reported. Fluorogenic
Rhodamine B dye entrapped in the pores of MSN is gated
by aptamer. Bisphenol A present in the tap water samples
binds to aptamer to release dye that creates fluorescence signal
[109]. Dopamine can induce fluorescence quenching of
dsDNA-CuNPs by photo-induced electron transfer process
with CuNPs [118]. dsDNA template containing AgNPs re-
leases DNA that become available to intercalating dye
GeneFinder if dopamine is present in the test sample to pro-
duce fluorescence [119]. Large ssDNA holds two small com-
plementary DNA strands, one side holds scaffold containing
luminescent acceptor AgNCs and other side has site for hold-
ing π-donor 6-hydroxy-l-DOPA to form donor-acceptor pair.
In the presence of explosives, contaminants, picric acid, trini-
trotoluene, and hexahydro-1,3,5-trinitro-1,3,5-triazine
(RDX), these bind to donor site as preferable acceptor leading
to fluorescence quenching [120••]. Cyanide can bind and
quench the fluorescence of AgNCs containing G-rich DNA
sequence in river water sample [121]. Carbon nanotubes,
graphene, metal, and metal oxide NP–based optical and elec-
trochemical sensors for mycotoxin detection have been
reviewed in detail earlier [131••]. Carbon dot–based DNA
nanosensor has been used for detection of mutagenic nitrosa-
mines , namely N -n i t rosod imethylamine and N -
nitrosodiethanolamine. Chitosan carbon dot–modified glassy
carbon electrode immobilized with DNA undergoes change in
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differential pulse voltammetry peak current in presence of
nitrosamines [132] (Fig. 8).

Practical Application of Nanosensors
and Future Prospective

AuNP-based DNA nanosensors have been used for the direct
colorimetric detection of Mycobacterium tuberculosis in

clinical samples. This method is inexpensive as compared to
other two molecular US Food and Drug Administration ap-
proved methods for direct M. tuberculosis detection [133].
Peptide nucleic acid and DNA/RNA-functionalized NPs have
been used for detection of the SARS-CoV-2 (COVID 19)
using plasmonic colorimetric, localized surface plasmon res-
onance, and plasmonic photothermal technique–based ap-
proach [134]. DNA nanoswitches have been designed to de-
tect highly infectious pathogenic zika virus and SARS-CoV-2
viruses in saliva samples [135] (Fig. 9).

Fig. 7 Schematic representation
of QD-based catalytic
DNAzymes. The ZnS-capped
CdSe QD is embedded in a
siloxane shell and covalently
coupled to DNAzymes. Each
DNAzyme is composed of two
quenchers. In the absence of the
target metal ions, the fluorescence
from the QD is quenched. Once
the target metal ion binds to the
DNAzyme, the fluorescence from
the QD is restored due to the
cleavage of the DNAzyme
substrate. Reproduced with
permission from Wu et al.,
American Chemical Society
[113]

Fig. 8 Schematic representation of the process of fabricating modified electrode and subsequent detection of nitrosamine. Reproduced with permission
from Majumdar et al., American Chemical Society [132]
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Fig. 9 DNA nanoswitches specifically and differentially detect RNA
from two different flaviviruses and between two highly similar ZIKV
isolates. a Zika virus (ZIKV) nanoswitches specifically detect ZIKV
RNA but not dengue virus (DENV) RNA, and vice versa. b
Multiplexed detection of ZIKV and DENV RNA. c Illustration
showing culture and RNA extraction of ZIKV Cambodia and Uganda

strains. The mismatches in a representative target sequence between the
two strains are shown. d Specificity test of Cambodia and Uganda strains
of ZIKV RNA. The asterisk denotes a band of contaminating cellular
DNA following RNA isolation. Reproduced with permission from
Zhou et al., American Association for the Advancement of Science [135]

Fig. 10 a Photograph of the biosensing platform for the on-site/in situ
detection of heavy metal ions (photo by Feng Long). Reproduced with
permission, copyright Long et al., Springer Nature [140]. b Detection of
kanamycin in milk samples. Reproduced with permission from Ou et al.,
Elsevier [47]. c Fourier transform imaging spectrometer used to measure
response of DNA-modified gold NP–based plasmonic nanosensor upon

interaction with fungal pathogen. Plasmonic microarrays are integrated in
a microfluidic chamber. Reproduced with permission from Zopf et al.,
American Chemical Society [83]. d Handheld device developed for the
detection of Hg2+, using aptamer-templated ZnOQDs. Breadboard-based
detection prototype compared with a Rupee (INR) coin. e Miniaturized
prototype. Reproduced with permission from Daniel et al., Elsevier [141]
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Detection of pork meat adulteration in meat product is a
challenge in certain Asian and European countries. AuNPs
functionalized with ssDNA probe specific for pork ssDNA
can protect AuNPs from salt-induced aggregation in the ab-
sence of pork meat. In case of pork adulteration of meatball
formulations, the probe ssDNA binds to pork ssDNA, thus
inducing aggregation and color change in the presence of salt
[136]. AuNPs containing ssDNA probe specific for horse cy-
tochrome ssDNA gene can be used to detect horse meat adul-
teration in bovine meat products. The presence of horse meat
avoids acid-induced aggregation of AuNPs as it is protected
by dsDNA formed by horse cytochrome ssDNA binding to
probe and AuNPs appear pink. In the absence of horse meat,
the AuNPs appear purple due to acid-induced aggregation as
ssDNA fails to protect AuNPs [137]. DNA-functionalized
AuNPs are useful for detection of genotoxic, 2-anthramine,
acridine orange, and 2-naphthylamine in water samples from
Henan province, China [138]. DNA-functionalized AuNPs
have been used for the sensing of kanamycin in honey, milk,
and milk powder samples [47]. Probe-functionalized Au
core-Au shell NPs have been used for the kanamycin detec-
tion in milk samples [139]. Various types of nanodevices are
designed for the industrial-scale application as shown in
Fig. 10.

Global environmental monitoring market has worth USD
14 billion in 2020. The market is growing due to continuous
rise in global pollution and expected to have value of USD
17.1 billion by 2025 [142, 143]. Spanish startup NT Sensors,
Italian startup Nasys, Israel-based startup Tracense, and US-
based startups Razzberry and nGageIT are top nanosensor
startups. The compound annual growth rate of nanosensor
was USD 208 million in 2017. It is expected to reach USD
1192.25 million with 33.73% growth in 2023. In spite of
current global economic challenges, the compound annual
growth rate of nanosensor in global market has been estimated
to increase by 10% by 2025. Nanosensors are digitalized with
recent technology that makes them accurate but sometimes
difficult for patient to operate at its own in a remote place
[142, 144]. So, designing nanosensors that are reliable and
easy to operate by patient at remote place is a challenging task.
More robust and user-friendly DNA nanosensor needs to be
designed for various environmental applications.

Conclusions

DNA nanosensors are useful for easy and cost-effective de-
tection of pathogens, antibiotics, pesticides, GMO, and other
environmental pollutants. DNA nanosensors are comparative-
ly less explored for pathogenic virus and fungus detection.
There is huge scope for detection of unexplored GMO, anti-
biotics, and pesticides using DNA nanosensor. The specifici-
ty, ease of designing, and cost-effectiveness of DNA-based

nanosensor are main features making them useful for detec-
tion of diverse analytes even in complex medium in the future
as well.
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