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Glyphosate (GLY), a versatile herbicide with several applications, has become quite popular for controlling
weed growth in residential, commercial, and agricultural settings. Its widespread acceptance has been
facilitated by its effectiveness and low cost. However, overuse and improper application of GLY have
become an urgent concern, raising questions about potential harm to human health and
environmental sustainability. Studies have revealed that GLY exhibits toxic properties that can lead to
detrimental consequences for human well-being. These include the potential to induce cancer,
contribute to birth defects, and disrupt reproductive functions. Moreover, when exposed to non-target
organisms, GLY has been found to inflict adverse impacts on various forms of aquatic life, insects, and
essential soil microorganisms. Because of its great solubility and low quantities in soil and water, GLY
detection is a difficult process. In response to the concerns surrounding GLY, several detection
techniqgues have been devised, encompassing and mass

chromatography, immunoassays,
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application in agriculture and the environment. The study also emphasizes the need for continued
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Environmental significance

The occurrence and chemistry of glyphosate in the environment, its impact on living beings, and its detection in the environmental system are central themes of
this review. GLY, a herbicide, has become a matter of environmental and public health concern in recent years. Although it is effective in weed control, its
excessive use has negative effects on ecosystems, biodiversity, and precious soil. The overuse of GLY has prompted the search for alternatives, which is a topic of
discussion in both the scientific community and civil society. Numerous chromatographic and immunoassay-based detection techniques, as well as precision-
era sensitive detection techniques, have been developed and utilized for monitoring and regulating GLY.

1. Introduction

In the modern world of agriculture, herbicides and pesticides
have emerged as powerful tools, enabling farmers to combat
pests and weeds masterfully, and thereby ultimately boosting
production to new heights. However, the widespread use of
these chemicals has also raised concerns about their impact on
human health and the delicate balance of our environment.
One such herbicide glyphosate (GLY) or N-phosphomethyl
glycine is used most widely due to its effectiveness and versa-
tility." Dr John Franz, a chemist at Monsanto, made a ground-
breaking discovery on the herbicidal properties of GLY in
1970. This important finding paved the way for the much-
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praised Roundup's commercial debut in 1974.> It was
approved and registered in the USA in 1974 and underwent re-
registration in 1983. Subsequently, it had to be registered
separately in each country under varying conditions in Europe.
The European Union (EU) introduced a harmonized registration
system in 1991, requiring the re-registration of “old” active
ingredients. GLY went through evaluation, with Germany as the
Rapporteur Member State, and was included in Annex I of
Council Directive 91/414/EEC. Its authorization was renewed
under subsequent regulations in 2011 and 2012.°> Regulatory
agencies in the US further divided pesticide chemicals into two
groups: active components and inert ingredients. A pest or weed
is a target organism; active components are compounds that
directly inhibit the growth of a pest. Ingredients are termed
inert and are added to the pesticide formulation to enhance its
overall performance but do not have any direct pesticidal
activity.* GLY is an active ingredient of nearly 750 formulations,
e.g. isopropyl amine (IPA), diammonium, mono ammonium,
potassium, trimethyl sulfonium, and sesquisodium salts.*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Polyoxyethylene amine (POEA) is one such formulation that is
usually used to increase the uptake and transfer of active
ingredients in the plant body. The most prevalent POEA-based
weed control product, Roundup, is used throughout the world
and is believed to be more hazardous than pure GLY.** To
minimize weeds and other undesirable plant growth,
glyphosate-based herbicides (GBHs) are now widely used in
forestry, agriculture, and other sectors such as verges, railway
sidings, and land preparation for grass seeding.® The
compound enters through different modes, such as leaves,
roots, stems, and trunks, resulting in the inhibition of the
shikimate pathway. It is generally considered to have low
toxicity for animals because it functions by inhibiting an
enzyme pathway that is specific to plants and not found in
animals. In both agricultural and non-agricultural environ-
ments, GLY is a favoured weed killer due to its selective toxicity.®
There are almost hundreds of commercialized GBHs used in
more than 100 countries, and nearly 600-750 thousand tonnes
are used annually.”® Crops using GLY more frequently are
soybeans, field corn, pasture, wheat, and hay.>® About an
average of 1 kg hectare ' of GLY is used to control specific weed
species by minimizing their impact on the main crops.”
However, the quantity is not fixed, and it may vary depending on
different geographical locations, crops, and government poli-
cies. Further, more details are available in previous papers.*®

Detecting GLY can be quite challenging despite its advan-
tages due to its presence in low concentrations and suscepti-
bility to various toxic effects. However, different analytical
methods are wused for GLY detection, including
chromatography-based methods, immunoassays, and molec-
ular methods. These methods offer varying degrees of sensi-
tivity, specificity, and practicality depending on the application
and the matrix of interest." Accurate detection of GLY is crucial
for several reasons, including monitoring for potential exposure
in occupational and environmental settings, ensuring compli-
ance with regulatory limits, and assessing the safety and quality
of food and water supplies. Moreover, detecting GLY can help to
inform decisions about the appropriate use and management of
this herbicide, including efforts to minimize its potential
impacts on human health and the environment. Thus,
continued efforts to develop and refine GLY detection methods
are likely to remain an important area of research and devel-
opment in the years to come.

This review extensively discusses the detrimental impacts of
GLY on both human health and the environment, along with
the challenges associated with its detection across multiple
parameters. Emphasizing the necessity for ongoing research
and the exploration of innovative approaches to mitigate
potential risks, this review underscores the importance of GLY
monitoring.

2. Insight into the chemical and
physical features of GLY

The GLY herbicide is a relatively tiny and polar chemical
compound with a molecular weight of 169.05 g mol ".*° GLY is
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Table 1 Physio-chemical properties of GLY

Property Value

N-(Phosphonomethyl) glycine'®
C3HgNO,;P"

169.07 (ref. 10)

11.6 g L' at 25 °C (ref. 12)

184 °C (ref. 10)

No data available®

(1.31 x 107 Pa, 25 °C) (ref. 13)
—1.70 (ref. 14)

6 x10 "

129.8 A® (ref. 10)

220 A? (ref. 10)

322 AZ (ref. 10)

106.9 A (ref. 10)

1.0 to 67.7 days'>'®

Complete degradation of GLY within
4 days"’

Chemical name

Molecular formula

Molecular weight (g mole ™)
Solubility (water)

Melting point

Boiling point

Vapour pressure

Log P (octanol/water)

Donor electron pairs

van der Waals volume

van der Waals surface area
Solvent accessible surface area
Topological polar surface area
Half-life (soil and water)
Degradation to AMPA
(Ochrobactrum sp.)

sparingly soluble in organic solvents, such as ethanol and
acetone, but it is highly soluble in water. Its solubility is
inversely pH dependent, demonstrating higher solubility at
a lower pH value." The chemical and physical features of GLY,
as summarized in Table 1, provide insights into its behaviour
and fate in multiple ecosystems.

3. Deciphering the role of GLY in
integrated pest management

GLY is a synthetic phosphonate molecule consisting of a carbon-
phosphorus (C-P) link (Fig. 1), which is an important component
that contributes to its herbicidal effect. Unlike other herbicides,
Gly normally features a carbon-nitrogen (C-N) or carbon-oxygen
(C-0) bond. Because of the strong stability of GLY and resistance
to deterioration, the herbicide can persist in the environment for
up to one year after application at low concentrations.’”*® An IPA
salt of GLY, a surfactant, and water are the three major ingre-
dients needed for commercial GLY manufacturing. Because of
the existence of the C-P linkage, it is resistant to full decompo-
sition. Nonetheless, biologically induced biodegradation of such
chemical is conceivable via two major pathways, namely by the
C-P lyase enzyme and oxidase enzyme, which breaks down the
C-N bond in GLY." It is present in both terrestrial and aquatic
habitats due to improper application and overspray because it
adheres to soil particles and deposits majorly in the top layer of
soil. It disturbs soil microflora by restricting microorganism
growth and encouraging plant pathogen growth." It also inhibits
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Fig. 1 Chemical composition of GLY, a compound.
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the acetylcholinesterase enzyme and causes oxidative stress in
non-mammalian animals, leading to organ failure.*® The herbi-
cide is believed to be the safest candidate although its excessive
use can have long-term impacts on life and the environment.
Weed control is critical because weeds compete with the crop,
nutrients, sunlight, and space, and also their seeds taint crop
harvests and degrade grain quality.®

4. Understanding glyphosate's
mechanism: inhibition of the shikimate
pathway and its implications

Because GLY is non-selective in nature and not applicable
directly to the crop, therefore, it diffuses after being sprayed on
plant parts. Surfactants based on ethylene oxide (EO) are highly
used to enhance the surface for GLY uptake. One of the most
crucial measures is the hydrophile/lipophile balance (HLB),
which links the surfactant type and mechanism of action. Low
HLB surfactants often have a higher lipophilicity than high HLB
surfactants, which allows them to diffuse more easily into the
lipophilic cuticle.** After entering the phloem, the GLY travels
through a symplastic pathway and can persist for longer
periods. Moreover, the herbicide is transported to the plant
xylem through an apoplastic pathway that originates from the
roots.”” It can be taken up by roots of different crop species,
such as maize, beets, rapeseed, cotton, and barley, with 2-6% of
the applied GLY being absorbed by roots within 6-24 h after
application.”** The enzyme EPSPS, found in plant plastids,
facilitates the transfer of the enolpyruvyl group from phospho-
enolpyruvate (PEP) to 5-hydroxyl shikimate-3-phosphate,
resulting in 5-enolpyruvylshikimate-3-phosphate (EPSP). Upon
application to crops, it binds to the enzyme EPSPS and inhibits
its functions, as shown in Fig. 2, resulting in hindered plant
growth.**® The manufacturing of GBHs involves mixing GLY
with different formulations to stabilize the active ingredient
and enhance its penetration into plant parts.>*

5. Examining the risks and
consequences to health and the
environment

5.1. Land and water

After being sprayed, GLY breaks down into two stages: early or
primary degradation and secondary or ultimate degradation.
GLY first degrades into aminomethylphosphonic acid (AMPA)
and glyoxylate, both of which have half-lives of approximately 68
days. There are several common sources of AMPA, including the
degradation of organic phosphonates used in water treatment
and phosphonic acids used in detergents and industrial boilers
in Europe. AMPA combines with Ca®, Mg**, Mn>", and Zn>" to
create metal complexes because of its phosphonate and amine
functional groups. AMPA is securely adsorbed to the soil.>® The
process for establishing environmental quality standards for
AMPA at 450 mg L' is provided under the water framework
directive.*® Similar to GLY, AMPA breaks down considerably
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Fig. 2 Inhibition of the enzyme EPSPS by the action of GLY, which
results in the absence of growth hormones in plants.?

more slowly in soil and water. Its adhesion to particles may be
stronger, which explains why cell membrane penetration is
reduced. The sediment's concentration of AMPA may vary based
on how quickly it degrades compared to GLY.*®

During secondary degradation, AMPA further breaks down
into various compounds.”> However, the degradation rates of
AMPA depend on various factors, such as soil habitat and
microflora. Additionally, GLY acts as a potent chelating agent and
can form chemical bonds with essential micronutrients, such as
calcium, iron, magnesium, nickel, and zinc, present in soil.®
These interactions can impact the availability of these micro-
nutrients for plants and other organisms in the soil ecosystem. It
also alters nitrogen metabolism, which affects the rhizobia
symbiont and ultimately leads to plant death by affecting the
physiology of the host genotypes.”® Earthworms are important in
soil ecology because they are used as indicator organisms. They
are highly affected by exposure to pure GLY. A previous study
stated that 26.3 mg of GLY for one kg of soil containing compost
worms can lose their biomass by 14.8 to 25.9%.* Studies have
shown that low dosages of GLY can considerably reduce root
mycorrhization with a 40% reduction in arbuscular production
noted particularly. Arbuscular mycorrhizal fungal (AMF) spore
quantity in the soil is significantly regulated by arbuscules.””

Recent studies have suggested that GLY may affect other
aquatic creatures less adversely than fish and amphibians.
However, it is still unclear how exposure to GLY can affect the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 lllustration of different risks associated with limitless use of GLY
altering environment as well as human health.

ecological systems of these creatures, underscoring the need for
more study in this area.”® In the EU, the drinking water directive
has set a maximum allowed concentration (MAC) of 0.1 ug L™ for
pesticides in drinking water.” In the USA, the environmental
protection agency (EPA) allows a MAC of 700 pg L™ for GLY in
drinking water.* To reduce long-term health effects, regular GLY
content assessments and effective water treatment methods are
essential. The government and the general public must work
together to ensure that the right steps are taken to secure water
supplies and defend against pollution of human health. Fig. 3
shows the toxic effects of GLY across different parameters.

5.2. Plants

The maximum residue limits (MRLs) for GLY and AMPA in
agricultural goods exhibit considerable variation based on the
commodity and regulatory body. The range extends from 0.1 to
40 mg kg ' in plant products for human consumption to
530 mg kg~ ! in cattle feed and grass.® The significance of the
plant microbiome has long been linked to the plant's health
and growth. If GLY disrupts the microbiome in a plant's
rhizosphere, phyllosphere, or endosphere, it may decrease
competition for attachment sites and decrease the amount of
antibiotics produced to fight against infections.?

Additionally, disruptions in the production of aromatic
amino acids reduce a plant's mechanical and chemical defence,
making it easy for plant pathogens to enter through roots. These
pathogens increase the exudation of carbohydrates and amino
acids, resulting in reduced plant growth.>**

This also results in a dose-dependent reduction in CO, fixa-
tion and biomass production.® GLY acts as a competitive
inhibitor of PEP, resulting in end-product inhibition. This
prevents the formation of growth regulators and changes the
structure of the carbon intermediate.** The harmful effects of
GLY on plants can affect the synthesis of chlorophyll and Rubisco
activity, which decreases biomass production and CO, fixation.
Its insidious effects even extend to the C, cycle, thwarting aniline
production and leaving plants struggling to survive (Fig. 4).%°

5.3. Human health

GLY has been a subject of controversy and concern owing to its
possible implications on human health. Some studies suggest

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Illustration of the effects of GLY on several plant components.

that exposure to GLY may be linked to an increased risk of
cancer, while others suggest no significant association. Addi-
tionally, this may disrupt the gut microbiome, potentially
contributing to various health issues, such as obesity, diabetes,
and autoimmune disorders.*® To further understand the poten-
tially harmful effects of GLY on human health, researchers have
investigated its impact on DNA methylation processes. A study
conducted by Kwiatkowska et al. examined the effects of GLY and
GBHs on the DNA methylation process, which is a crucial
epigenetic mechanism regulating gene expression in living
organisms. The study found that exposure to GLY resulted in
DNA damage, including the formation of alkali-labile sites and
repaired DNA lesions, which may lead to generic instability.**
Research has shown that exposure to GLY can lead to reduced
sperm motility and DNA fragmentation, which can significantly
reduce fertilization rates.* Additionally, the utilization of GBH
develops aseptic meningitis with measurable GLY concentra-
tions in cerebrospinal fluid,* and RoundUp can develop vascu-
litic neuropathy.** Therefore, long-term exposure to GLY may
encourage the development of neurological diseases. Table 2
presents the half maximal effective concentration (ECs,) values
for the different species. Furthermore, high concentrations of
GLY in wheat may lead to exposure to harmful microbes,
resulting in celiac disease.*® Given the possible negative effects of
GLY and GBHs on human health and the environment, it is

Environ. Sci.: Adv., 2024, 3,1030-1038 | 1033
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Table 2 ECsq values for GLY and its salts in different species

Salt EC;, value

Toxicity to aquatic species

IPA salt of GLY

Roundup Quick™ (without POEA)
Roundup Max™ (with POEA)

4.2 mgAE per L* (ref. 43)
48.9 mgAE per L* (ref. 43)
38.1 mgAE per L* (ref. 43)

Toxicity to bacterial growth

IPA salt of GLY

Roundup Quick™ (without POEA)
Roundup Max™ (with POEA)

506 mgAE per L (ref. 43)
706 mgAE per L (ref. 43)
548 mgAE per L (ref. 43)

Toxicity to human cells

GLY 41.13 mgAE per L* (ref. 44)
Fipronil 37.59 mgAE per L (ref. 44)
Imidacloprid 663.66 mgAE per L” (ref. 44)

“ mgAE per L is a specific unit proposed to measure GLY.

essential to take caution when using them and to give priority to
the creation and use of sustainable and secure substitutes.

5.4. Animals and insects

The widespread usage of GLY and GBHs has been found to have
harmful effects on animals and insects, including rodents, fish,
and honey bees.*” Studies have shown that GLY residues are
toxic to the nervous system of several species of animals and can
lead to behavioural changes, disturbances in blood flow across
the brain, decreased neurotransmission, and impaired synaptic
function.®” Similar exposure to GLY can alter the behaviour of
rodents, resulting in changes in anxiety levels, depressive-like
symptoms, and learning difficulties.?**”*® By increasing immu-
notoxicity or overexpression in cells, GLY toxicity in fish might
cause changes in the population of fish. It can also weaken
immunity, exacerbate inflammation, and diminish anti-
oxidative capacity, all of which can kill fish.>® GLY exposure has
been found to have acute toxicity on common carp and can
reduce the number of phagocytes and decrease phagocytic
potential in catfish.*>** GLY usage also has an impact on insect
pollinators, such as honeybees. The gut microbiota of honey-
bees is at risk when exposed to GLY, leading to a decrease in
beneficial bacterial composition and an increase in opportu-
nistic infections, such as Serratia, which promote mortality.*

6. Exploring analytical techniques for
accurate GLY detection

Accurate detection methods are essential for monitoring GLY
levels in soil, water, and food products to ensure regulatory
compliance and assess potential health risks. Exploring
analytical techniques for precise GLY detection involves
a multidisciplinary approach, combining advancements in
chemistry, biochemistry, and instrumentation.

6.1. Chromatography

The most widely used methods for detecting GLY and AMPA have
been gas chromatography (GC) and high-performance liquid
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chromatography (HPLC), both of which require the derivatization
step. However, the direct determination by introducing a detec-
tion system having inductively coupled plasma with a triple
quadrupole mass spectrometer (ICP-MS/MS) for HPLC may be
more advantageous, as it omits the derivatization step.*> Instead
of identifying compounds, the ICP-MS/MS has been used to
identify heteroatoms, such as the phosphorus contained in the
AMPA and GLY molecules. Additionally, using the MS/MS mode,
interferences are removed from the matrix, which raises the
sensitivity of the method.*® A comparative study was performed
between HPLC and HPLC-ICP-MS/MS using different water
samples, which showed that the HPLC-ICP-MS/MS method pre-
sented less analysis time and no derivatization step. Furthermore,
the method's reliability is enhanced by the detector's specificity
and the reduced number of sample preparation steps. Phospho-
rous (P) atom detection provides enhanced specificity and
sensitivity with LOD 8.2 pg L' compared to LOD of HPLC
300 pug L. Only GC also helps in the detection of GLY in different
samples, but when it is coupled with tandem mass spectrometry
and isotope labelled standards, it provides more selectivity and
sensitivity with low LOD (0.05 pg L"), thereby overcoming any
possible matrix effects.”® To overcome quantitative errors caused
by the spectral overlap between natural and labelled GLY in the
chosen MRM transitions, the isotope pattern deconvolution
method has proved to be a useful substitute for the traditional
isotope dilution method in the quantification of GLY.* Using
both synthetic and real samples (urine), a thorough analysis of
the results revealed that the method is proficient in detecting GLY
to evaluate the health risks associated with GLY exposure.

Another chromatographic analysis for different soil samples
using liquid chromatography coupled (LC) to mass spectrom-
etry (MS) with triple quadrupole was conducted by Hernandez
et al.* Analysis of GLY through LC contains matrix effects
(strong ionization suppression) and the presence of interfering
compounds in samples to overcome this problem, and a clean-
up step after collection of the soil sample was performed, fol-
lowed by derivatization with fluorenyl methoxycarbonyl
(FMOC). QTOF MS is a useful tool for identifying matrix inter-
ferences and/or assisting in the proper selection of ions for
analytical use. Matrix interference discrimination is made
possible by its high resolution and mass accuracy. Although it
has a lower sensitivity than LC-MS/MS, LC-QTOF MS seems like
a promising tool for analyzing GLY in soils and merits further
investigation soon.*”

6.2. Spectrophotometric analysis

Other screening methods for GLY include colorimetric detec-
tion, which uses the Ponceau 4R-copper (P4R-Cu) complex as
the chromophore probe.*® Due to P4R's unchelated reaction
with Cu, GLY functions as a chelating agent for Cu and can
result in a very effective, dose-dependent color recovery at
505 nm. This method's obtained LOD of 0.14 uM demonstrates
its high sensitivity, affordability, and simplicity.*

Another spectrophotometric analysis, including SERS and
the ninhydrin reaction-based indirect GLY detection, was
developed.* An indirect method for analyzing GLY through its

© 2024 The Author(s). Published by the Royal Society of Chemistry
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amino group with ninhydrin to form a purple derivative. The
SERS-active coupled with Ag nanoparticles (NPs) was developed
to overcome this difficulty, as chromatography-based methods
require cleanup processes and multiple derivative operation
steps that make analysis difficult. The formed product was then
detected using SERS bands.*

The LOD of the developed method was 1.43 x 10~ mol L™,
which shows a strong linear relationship between GLY
concentration and the product formed by the ninhydrin test
using the SERS band.*

6.3. Biosensors

The analytical techniques have few disadvantages because they
require a complete lab setup for herbicide, which cannot be easily
accessed by the common man. Therefore, to overcome such
disadvantages and continuity in the detection of GLY in different
samples, various biosensors have been developed, which not only
detect a sample in few minutes but are also highly sensitive and
cost effective. From immunoassays to aptamers, biosensors for
GLY detection have come a long way, but the common thread
that ties them together is an ever-evolving sensitivity that pushes
the boundaries of detection limits (Table 3). There has been rapid
evolution in the development of biosensors that can detect GLY
at increasingly lower concentrations. In this section, we trace the
evolution of biosensors owing to their detection, beginning with
the primary biosensor and highlighting the key advancements
that have been made over the years.

For an accurate analysis of GLY, a sensitive electrochemical
biosensor GE/MWCNT-HRP has been reported. HRP was
immobilized on a modified electrode surface (GE/MWCNTS) for
measuring GLY concentration. The structural confirmation of
GLY shows both positive and negative charges.*® This structural
characteristic encourages interactions between the amino acid
residues on HRP and their opposing charges, which enhances
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the selectivity and sensitivity of the detection system while
increasing the HRP/GLY molecular recognition. Studies of
circular dichroism (CD) reveal that after GLY incubation, the o-
helix content of HRP significantly decreased and continued to
be amplified when hydrogen peroxide (H,0,) was added.
Consequently, a sample clean-up procedure was unnecessary
because the biosensor allowed for the sensitive detection of the
herbicide in corn samples. It operates based on the ampero-
metric response inhibition of the H,0, reduction at GE/
MWCNT-HRP electrodes in the presence of GLY. The LOD for
the developed biosensor was 1.32 pM and the LOQ was
1.63 pM.*® A study presents a novel biosensor for GLY detection
using electro chemiluminescent (ECL) technology. The
biosensor is based on the in situ synthesis of ZnS quantum dots
(QDs) on an ordered mesoporous carbon substrate using an
enzyme. HRP was added to the reaction mixture to accelerate
the production of ZnS QDs by reducing sodium thiosulfate with
H,0,, resulting in hydrogen sulfide, which reacts with Zn>*
ions. Sensitive detection was achieved through the GLY inhi-
bition of HRP activity. The suggested ECL QD biosensor showed
outstanding sensitivity, repeatability, and selectivity.® The
developed biosensor showed a linear range and sensitivity of
0.1 nM to 10 mM for GLY. However, the sensitivity of enzymatic
biosensors for certain analytes, such as GLY, can still be
a challenge. To address this issue, researchers have developed
a novel biosensor that includes the ultrasensitive detection of
GLY in environmental and food samples.

Molecularly imprinted polymers (MIPs) with electrochemical
impedance spectroscopy (EIS) are used to construct a highly
sensitive sensor for the detection of GLY. The sensor can detect
GLY concentrations ranging from 0.31 pg mL™" to 50 ng mL™,
with an impressively low detection limit of 0.001 pg mL ™. This
sensor has the potential to be a valuable tool for the sensitive
and specific detection of GLY in various samples.**

Table 3 Detection techniques for GLY: sensitivity and limit of detection (LOD)

Sample sources Techniques Sensitivity LOD
Soil and water HPLC (pre-column derivatisation) High 20 pg kg ' and 0.2 pg L (ref. 1)
GC (nitrogen-phosphorous detector)
Soil and water GClion-trap MS Moderate 20 pg kg ' and 0.5 pg L™ (ref. 1)
Soil and Ion-pairing reversed phase liquid (RP-LC) coupled to Moderate 6 ng kg~' and 0.1 pg L™" (ref. 1)
groundwater inductively coupled plasma mass spectrometry with
octapole (ICP/MS)
Water Solid phase extraction-liquid chromatography- Low 25-32 0.2 pg L™" (ref. 1)
electrospray ionization-mass spectrometry
(SPE-LC-ESI-MS)
Soil and water Electrochemical biosensor (graphite epoxy electrodes (GE) Moderate 50 pg kg™ and 0.0005 pg L~ (ref. 1)
modified with multiwalled carbon nanotubes (MWCNTS)
and horseradish peroxidase (HRP))
Surface-enhanced
Maize Raman scattering spectroscopy (SERS) High 0.00132 pg L™ " (ref. 48)
Natural water Raman scattering spectroscopy (SERS) using the ninhydrin High 573115.4 ug L (ref. 49)
reaction
Drinking water Immunosensor (white light reflectance spectroscopy) High 1 x 107° pg L (ref. 50)
Vegetable juice Enzyme-assisted electro chemiluminescent biosensor Moderate 132000 pg L™ (ref. 51)
Lake water Electrochemical luminescence sensor based on double High 6000 pg L~ (ref. 52)

suppression

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Another study aimed to develop a new biosensor for GLY
detection based on acid phosphatase inhibition. The biosensor
was constructed using silver nanoparticles and electrochemi-
cally reduced graphene oxide at the active electrode surface of
a screen-printed carbon electrode.” Acid phosphatase (ACP)
was immobilized through glutaraldehyde cross-linking for
indirect measurement of GLY. The biosensor showed two linear
ranges for GLY, with a detection limit of 0.015 pg mL™" and
a quantification limit of 0.045 pg mL ™", demonstrating high
sensitivity and accuracy.*

Although enzymatic biosensors have shown promise for
detecting GLY, they can suffer from sensitivity issues. However,
recent studies have demonstrated the potential of using nucleic
acids, specifically ssDNA coated on carbon nanotubes, as
a means of detecting GLY with high precision and sensitivity.
This approach, which utilizes differential pulse voltammetry, is
cost-effective, efficient, and easy to handle and monitor.*®
Moreover, this approach has been demonstrated to be effective
in detecting trace amounts of GLY.

Compared to enzymatic biosensors, this novel approach may
offer improved sensitivity and accuracy for GLY detection.
Additionally, optical biosensors integrated with transducer
systems have shown promise for GLY sensing.*®

Therefore, aptameric detection of toxic compounds is gain-
ing popularity due to its high sensitivity and easy detection. A
recent study by Zhao et al. 2022 combined a highly selective
aptamer reaction with an iron metal organic framework
(FeMOF) noncatalytic 3,3',5,5'-tetramethylbenzidine (TMB)/
H,0, trimode indicator reaction to detect GLY in wastewater.
They employed the SERS method to indicate GLY, which
showed positive results. This indicates that aptameric detection
coupled with the SERS method has the potential to be
a powerful tool for GLY detection. These methods offer advan-
tages such as high specificity, sensitivity, low cost, and
accessibility.>®

7. Conclusion and future perspectives

GLY is a commonly used herbicide that has harmful effects on
the environment and health when used excessively. Numerous
studies have highlighted various negative effects, including dis-
rupting ecosystems, reducing biodiversity, and potentially
damaging non-target organisms. These findings emphasize the
need for effective detection technologies to monitor the levels of
GLY and reduce its environmental impact. The development of
detection techniques has played a crucial role in assessing and
understanding the extent of GLY pollution. Analytical methods
such as chromatography, immunoassay and biosensors have
been used to detect and quantify GLY in different environmental
samples. These techniques have several advantages, such as high
sensitivity, selectivity, and rapid analysis, which enable
researchers and environmental authorities to precisely monitor
the presence and amounts of GLY. Additionally, the development
of biosensors has shown enormous potential in the detection of
GLY. These biosensing technologies offer real-time, on-site
monitoring capabilities with improved sensitivity and speci-
ficity, frequently including bioreceptors or nanomaterials. A
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useful tool for early warning systems, biosensors, enables quick
response to reduce the negative environmental consequences of
GLY. However, to solve the difficulties related to GLY detection,
continued research and development are required. Future
research should focus on enhancing detection limits, extending
the range of GLY metabolites that may be detected, and
enhancing the portability and cost of detection methods.

To conclude, an understanding of the environmental impact
of GLY and advanced and reliably sensitive detection tech-
niques is crucial for effective environmental monitoring and
sustainable agricultural practices. By incorporating robust
detection methods into the regulatory framework, we can
reduce the impact of GLY on the environment and safeguard
ecosystems for current and future generations. Continued
research, collaboration and innovation in the detection of GLY
will pave the way for a healthier and more environmentally
conscious future.
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