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Abstract: Glutathione transferases are enzymes involved
in the detoxification against xenobiotics and noxious
compounds. These enzymes catalyse a variety of reactions
on many physiological and xenobiotic compounds using
glutathione as a co-substrate. Moreover, many com-
pounds are inhibitors of such enzymes. A wide array of
biosensors based on glutathione transferases have been

developed for analysing a variety of noxious compounds,
as well as several biosensors devoted to the detection and
quantification of glutathione and of glutathione trans-
ferases themselves. Here, we review the state of the art in
this active field of research, highlighting the possible
applications of such devices.
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1 Introduction

Glutathione transferases (GSTs) are a family of multi-
functional enzymes that play a crucial role in the cellular
detoxification against exogenous and noxious molecules,
including drugs and environmental pollutants [1, 2]. GSTs
are able to conjugate glutathione (GSH) to a wide range
of hydrophobic and electrophilic compounds, making
them less toxic and predisposed to further modification
for discharge from the cells [2, 3]. They are also involved
in other catalytic processes and are able to bind numerous
molecules non-catalytically [2, 4]. GSTs are widely dis-
tributed in nature and they are found in both eukaryotic
and prokaryotic organisms [1,2,4–9]. GSTs have been
grouped into different classes based on their physical,
chemical, and structural properties and are considered
important biomarkers for several human pathologies,
including cancer and neurodegenerative diseases [1]. In
the recent years, given their versatility in catalysing
different reactions and in binding several substrates and
inhibitors, GSTs have been successfully utilized for the
development of biosensors with several applications [10].

Biosensors are analytical devices consisting of a bio-
logical recognition element coupled to a chemical or
physical transducer that produces an electronic signal
which is then transmitted to a data acquisition system for
signal processing and rendition into a graphical display or
a plain numerical value [11,12] (Figure 1). In general,
biosensors are categorized on the basis of their biological
recognition elements including enzymes, antibodies, nu-
cleic acids, bacteriophages, aptamers, as well as both
eukaryotic and prokaryotic whole cells [13–20]. Biosen-
sors are also classified into different groups depending on
the method of signal transduction such as electrochemical,
optical, calorimetric or piezoelectric transducers [21–23].
These devices have an extensive range of applications
including pathogens detection, environmental monitoring,
food safety, drug discovery and biomarker detection [24–

32]. Recently, new generations of biosensors are con-
stantly being developed that use nanomaterials in view of
their excellent multiplicity properties [31–33]. Indeed,
nanotechnology plays an increasingly important role in
this field due to the chemical and physical characteristics
of nanomaterials and the possibility to miniaturize the
devices [34,35].

Among biosensors, those based on enzymes are the
most popular and have been extensively developed thanks
to the easy of construction, the affordability of the
instrumentation, the simple operation procedure and the
high sensitivity [16, 35,36]. The working mechanisms of
these biosensors may be based on direct substrate
detection or either reversible or irreversible inhibition of
enzymes’ activities [37,38]. Substrate detection is based
on the enzymatic conversion of the analyte into a sensor-
detectable product (Figure 2A). Reversible and irrever-
sible inhibitor detection is based on the quantification of
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the inhibitor by measuring the enzymatic activity on a
conventional substrate in its absence and presence (Fig-
ure 2B). Moreover, it is often possible to improve the
sensitivity and specificity of enzymatic biosensors by
modifying enzymes’ sequences to obtain protein variants
with the desired molecular properties [39,40].

All the above-mentioned developments and opportu-
nities have been used in the construction of biosensors
based on glutathione transferases for the detection of a
large number of compounds, including glutathione. Here
we review the state-of-the-art in this active field of
research, highlighting the many possible applications of
such devices.

2 GST-based Biosensors for the Detection of
Pesticides

GST-based biosensors are encouraging tools for the
detection of pesticides whose residues in the environment
can cause long-term damage to human health [10].
Indeed, up to twenty-seven different pesticides were
screened based on their enzymatic inhibition of human
GSTs belonging to different classes. All of them were
shown to act as inhibitors of one of more GSTs showing
the feasibility of this approach [41]. Here the most
important examples of GST-based biosensors for the
detection of pesticides are summarized.

2.1 Captan

The mammalian GSTP1-1 was used to develop an optical
biosensor for the detection of captan in contaminated

waters [42]. Captan is a fungicide used to control a broad
spectrum of plant pathogenic microorganisms and it is a
strong inhibitor of GSTs [43]. The optical biosensor was
developed on the basis of the inhibition of GSTP1-1 by
captan. GSTs catalyse the conjugation of the substrate 1-
chloro-2,4-dinitrobenzene (CDNB, Figure 3) and GSH to
form 1-(S-glutathionyl)-2,4-dinitrobenzene (GS-DNB), a
yellow product with an absorption peak at 340 nm. The
proposed mechanism of inhibition is based on captan-
mediated oxidation of up to four GSTP1-1 cysteine
residues leading to both intra and intermolecular disul-
phide bond formation [43]. In the presence of captan, a
decrease in product formation is observed due to the
inhibition of the GST catalysed reaction by the fungicide
(Figure. 4 A). The biosensor could successfully detect
captan up to a concentration of 2 ppm with a response
time to steady sensor signal of about 15 min [42]. A GST-
based electrochemical biosensor to measure captan has
also been developed [44]. This new biosensor could detect
captan concentrations lower than 1 ppm and also its
metabolites. Furthermore, this device exhibited a sensitiv-
ity of 4.5 uA/ppm.

2.2 Molinate

An electrochemical biosensor was successfully realized to
monitor molinate in environmental samples [45]. Molinate
is a thiocarbamate herbicide used to control the germina-
tion of weeds in rice fields and other crops [46]. GST from
equine liver was immobilized onto a glassy carbon
electrode via an aminosilane-glutaraldehyde covalent
bond. Electrochemical detection of molinate is based on
the inhibition of GST enzymatic activity measured in the
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reaction with CDNB and GSH as substrates [47] (Fig-
ure 4B). The inhibition of the enzyme leads to a decrease
in current peak measurement by differential pulse
voltammetry [45]. Compared with other analytical meth-
ods for the quantification of molinate, this sensor showed
high accuracy, good selectivity and a low detection limit
of 64 μg/L [45].

2.3 Captan and Molinate Detection through
Vegetative-mycelium-specific Hydrophobin 2 Based
Biosensor

Recently, a novel GST-based biosensor – more sensitive
than the ones reported above – has been developed and
tested in the detection and quantification of both captan
and molinate molecules in aqueous environmental sam-
ples [48]. This biosensor was developed using the self-
assembling characteristic of vegetative-mycelium-specific
hydrophobin 2 (Vmh2), purified from the mushroom
Pleurotus ostreatus [49]. Hydrophobins are small proteins
produced by filamentous fungi that can self-assemble into
amphiphilic films, like amyloid structures. Hydrophobins
are of great interest in the production of new materials, in
particular in the nanobiotechnological field. Schistosoma
japonicum GST (SjGST) was fused to the Vmh2 protein
and the fusion product was immobilized via hydrophobin

film on the polystyrene surface of multiwell plates [48].
Detection of both pesticides is based on the inhibition of
SjGST activity in the presence of GSH and CDNB
substrates. The inhibition of the enzymatic activity results
in a decrease of the yellow GS-DNB product. The
detection limits for molinate and captan were 5 μg/L and
1 μg/L respectively. The main characteristics of this
biosensor are the simplicity and speed of preparation,
high sensitivity, accuracy and reusability.

2.4 Malathion

Organophosphorus compounds are used in public health,
household and agricultural environment to control a wide
spectrum of pests. Toxic effects of these molecules and
their residues were observed in several organisms, includ-
ing humans, and the risk of exposure is very high
considering the extensive use of organophosphates, in
particular in the agricultural field. Furthermore, the
excessive use of organophosphates leads to the contami-
nation of the environment and food. Organophosphates
irreversibly inhibit acetylcholinesterase that catalyses the
breakdown of the neurotransmitter acetylcholine. Pre-
vious data demonstrated that GSTs can detoxify organo-
phosphate insecticides by a O-dealkylation mechanism

Fig. 1. General structure of a biosensor. It contains a biological recognition element (such as nucleic acids, enzymes, proteins, whole
cells and aptamers) coupled to a signal transduction element.
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[50]. Indeed, in insects, epsilon class GSTs play a key role
in the resistance to organophosphate insecticides [51].

Malathion, a widely used organophosphorus com-
pound [52], exhibited a reversible competitive inhibition
of ZmGSTF1 (an isoenzyme of GST from maize) with
respect both CDNB and GSH, indicating that the
molecule binds to the substrate binding site of the enzyme
[53] (Figure 4C). Furthermore, the ZmGSTF1 mutant
Gln53Ala (Gln53 is one of the amino acid residues
involved in binding of CDNB and other xenobiotics) was
shown to be more sensitive than the wild-type enzyme to
malathion, suggesting higher affinity for the molecule. In

fact, the mutant enzyme exhibited about 100% inhibition
by malathion. Therefore, immobilized Gln53Ala mutant
GST was used to develop a potentiometric biosensor for
the quantification of malathion [53]. The biosensor
measured the pH change caused by the H+ ions released
during the CDNB/GSH conjugation reaction catalysed by
GST.

2.5 Atrazine

Atrazine is one of the most widely used herbicides to
control unwanted plant growth. Because of its persistence

Fig. 2. Main working mechanisms of enzyme-based biosensors. A. Substrate detection. B. Reversible and irreversible inhibitor
detection.

Fig. 3. The canonical enzymatic activity of GSTs consists in the conjugation of GSH to a wide range of hydrophobic and electrophilic
compounds. Here the conjugation reaction with 1-chloro-2,4-dinitrobenzene (CDNB) as second substrate to form 1-(S-glutathionyl)-
2,4-dinitrobenzene (GS-DNB) is shown.
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in soil and water and to several adverse effects in humans,
it is a major public health issue in areas of heavy
application.

A fiber-optic biosensor for the detection and determi-
nation of atrazine was developed based on maize GST� I
expressed as recombinant protein in E. coli. The enzyme
was immobilized on the outer layer of a three-layer mini-
sandwich. GSTs are involved in the first step of atrazine
biodegradation causing the removal of the chlorine and a
hydrogen ion as produced by the atrazine–GSH conjuga-
tion [4,54] (Figure 4D). The release of hydrogen ions
results in a decrease of the pH of the bulk electrolyte

solution that is transduced to an optically measurable
signal. The optical signal is equivalent to the rate of
decrease of absorbance, measured at 625 nm [55]. The
sensor exhibited satisfactory enzyme stability and repro-
ducibility with a concentration range for atrazine determi-
nation of 2.52–125 μM. No interference from other
pesticides was observed in the absence of atrazine.

2.6 Dichlorodiphenyltrichloroethane

Commonly known as DDT, it is an organochlorine
insecticide primarily used to control malaria, typhus, and

Fig. 4. Chemical structures of pesticides and their interaction with GSTs. A. Captan structure and its inhibitory effect on GSTP1-1
through cysteine oxidation; B. Molinate is sulphoxidized to molinate sulfoxide and forms a conjugate with GSH that exerts inhibition
of GST activity; C. Inhibitory binding of malathion to GST; D. Biodegradation of atrazine; E. Dehydrochlorination of DDT.
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bubonic plague. In addition, DDT was also used on a
variety of food crops worldwide. DDT was the weapon
used to eradicate malaria in Italy and USA. Although the
use of DDT was banned in many countries since 1972
because of dread over carcinogenicity, bioaccumulation,
and health effects on wildlife, it is still used in several
areas of the world for disease vector control [56]. In
particular, DDT is recommended by the World Health
Organization for use in indoor residual spraying in stable
endemic area. Several studies have highlighted the
association between exposure to DDT and the develop-
ment of tumours in humans [56–58]. Furthermore, DDT
and its metabolites are persistent in the environment with
a half-life up to 150 years. Thus, a simple assay to monitor
insecticide levels for vector control spraying programs
could have an important impact on disease control.

An assay to measure DDT levels on sprayed surfaces
has been developed using an epsilon class GST, purified
from the parasitic vector Aedes aegypti, that possesses
high DDT dehydrochlorinase activity [59,60] (Figure 4E).
Detection was based on the pH change that occurs in a
suitable buffer system by the concomitant release of
hydrogen ions during the GST-catalysed DDT dehydro-
chlorination reaction and was measured both potentio-
metrically and colorimetrically. The range of quantifica-
tion of the potentiometric assay was of 12 to 250 μg/ml,
whereas with the colometric method was narrower: 20 to
100 μg/ml. The biosensor was found to be reproducible
and reliable as compared to HPLC methods.

In agreement with previous results, a recent paper
described molecular docking and dynamics studies on the
interaction of several pesticides with potential biosensing
enzymes (including DDT and GST) in order to identify
possible enzyme candidates to the effective biosensing of
the different pesticides [61]. It was observed that DDT
was docked into the active site of the GST with a very
high docking score. Furthermore, GST showed the highest
values for the calculated inhibition constants, indicating
its strong binding efficiency with many pesticides, includ-
ing DDT [61].

More recently, biosensor probes were constructed
through the immobilization of a cytosolic GST from
equine liver on a platinum electrode using a graphene
oxide-gelatin matrix for the detection and quantification
of a wide variety of pesticides [62]. The biosensor was
able to detect pesticides from four different classes
including benzamidazole, organochlorine, organothio-
phosphate and polyphenol substrates. Although the
biosensor offers slightly higher limits of detection as
compared to other techniques, the strong point of this
product is its high sensitivity for residues determination of
selected pesticides. This method could be applied for
checking the maximum residue levels of pesticides tested
in several types of food and agricultural commodities
present in the EU pesticides database, satisfying the
validation criteria required by the European Food Safety
Authority [62].

3 Heavy Metal Ions

Environmental contamination by heavy metals is a serious
concern to human health because these substances are
non-biodegradable. Heavy metals are not metabolized by
the body and accumulate in the tissues. Many of them –
such as lead, mercury, cadmium and arsenic–are highly
toxic even in small concentrations and may enter the
human body through food, water and air or absorption by
the skin [63]. Bovine liver GST theta 2–2, rich in histidine
residues and a S. japonicum recombinant GST� C-termi-
nal His(6)-tagged enzyme, that contains three cysteine
and three glycine residues on the surface of the protein,
were used and compared to develop biosensors for the
quantitative determination of heavy metals like Cd2+,
Zn2+ and Hg2+ [64]. These two GSTs were used because
previous studies indicated a strong binding capacity of
glycine, cysteine or histidine residues for heavy metals.
Electrochemical capacitive biosensors were prepared by
immobilizing the corresponding proteins on a gold sur-
face. Detection of heavy metals was based on conforma-
tional changes in the structure of the GSTs when the
metal ion binds the enzyme. Both biosensors were
sensitive against all metal ions with detection limits in the
range of 1 fM to 1 mM. However, bovine liver GST
showed higher selectivity for Zn2+ with respect to the
recombinant GST. The differences in selectivity of the
two biosensors could be explained by their different
amino acid composition. Future development will allow to
identify different GST isoforms, or site-specific variants of
GSTs, to obtain biosensors specific for the detection of a
given heavy metal in complex samples. Furthermore,
different biosensors could be made considering that
several metals at toxic concentrations affect GSTs by
direct inhibition of enzymatic activity [65] (see also GST-
SmtA fusion protein).

4 Titanium Dioxide Nanoparticles

Titanium dioxide nanoparticles (TiO2 NPs) are among the
most widely used nanoparticles because of their high
stability and anticorrosive and photocatalytic properties
[66]. However, the increase in the production and use of
TiO2 NPs will inevitably cause damage to organisms and
to environment. Indeed, the harmful effects of TiO2 NPs
on microorganisms and organisms, including animal cells,
have been confirmed in several studies [66]. Their toxicity
is probably due to the size-dependent interaction between
nanoparticles and intracellular biomolecules adsorbed
onto TiO2 NPs, resulting in the generation of ROS, cell
membrane damage and nanoparticles attachment to intra-
cellular organelles. The most active field in the use of
TiO2 NPs photocatalysis, given the photodegradation of a
wide range of hazardous compounds, is in the cleaning up
of polluted environments [67]. It was observed that some
organic compounds are not completely mineralized and
maintain residual products that have the potential to
produce oxidative injury to the environment. Therefore, it
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is important to evaluate the efficacy of the treatment by
determining the toxicity during degradation processes.
Several approaches for monitoring the toxicity of solu-
tions subjected to TiO2 NPs photocatalysis were described
[68]. A method based on a GST-based biosensor has been
developed using rat liver microsomal GST (mGST) a
membrane-bound enzyme with GST and glutathione
peroxidase activities [9]. Phenol and its photocatalytic
products were taken as reference molecules to test the
method. mGST was challenged both directly, incubating
the microsomes with possible reactive intermediates of
phenol, and after decomposition of the molecule by TiO2

NPs photocatalysis. The results obtained suggest that the
mGST assay is sensitive enough to respond to micromolar
levels of reactive molecules and it is a promising approach
for evaluating the effectiveness of wastewater treatment
processes.

5 Anticancer Drugs

The acquisition of resistance to chemotherapics is in part
attributed to the detoxification activity played by GSTs
through their conjugation with GSH which in turn enables
their active extrusion from cancerous cells [1]. Monitoring
the concentration of anticancer drugs can optimize
therapy and avoid over or under dosages. Moreover,
many chemotherapics also bind to GSTs non-catalytically,
suggesting the development of inhibition-based biosen-
sors. In particular, the anticancer drug cisplatin was
investigated as model molecule. The measurement of
cisplatin was based on the competition between CDNB
and this anticancer drug for GST using colorimetric or
electrochemical methods [69]. Colorimetric detection was
obtained by spectrophotometric measurements. Limits
were observed against blood serum samples due to
interference from light scattering. An electrochemical
biosensor was developed by immobilizing equine liver
GST on a carbon past electrode [69]. The inhibitory effect
following the addition of cisplatin was detected by the
decrease of the electric signal due to competition with
CDNB. The limit of detection for cisplatin was 8.8 μM.
Furthermore, this electrochemical biosensor showed a
good sensitivity and acceptable stability against cisplatin
and could be also used for other anticancer drugs.

6 Biosensors for the Detection and Quantification
of GSTs

GSTs are implicated in a variety of physiological and
pathological processes and their detection and quantifica-
tion in living systems and biological fluids may be
important for diagnostic purposes.

6.1 GST Assay with FRET System

A fluorescent turn-on device based on fluorescence
resonance energy transfer (FRET) from GSH functional-

ized Mn-doped ZnS quantum dots (QDs; as energy
donor) to graphene oxide (a highly efficient energy
transfer acceptor), was developed to detect GSTs in living
cells and human urine [70].

In the presence of graphene oxide, the fluorescence of
QDs@GSH was efficiently quenched. The addition of the
enzyme leads to the fluorescence recovery due to the
strong interaction between GST and GSH that causes
dissociation of the complex from the graphene oxide
surface. This sensor showed high selectivity and sensitivity
for GST determination and a low limit of detection of
0.21 nM [70].

6.2 GSTP1-1 Assay in Prostate Cancer

Human Pi-class GST (GSTP1-1) is overexpressed in
several types of cancers where it contributes to resistance
to apoptosis and metabolism of chemotherapeutic drugs.
Therefore, it is considered as a promising marker of
malignant and premalignant cells and a target for drug
development [71].

Screening tests for prostate cancer at an early stage
rely on blood detection of prostate-specific antigen (PSA)
and digital rectal exam (DRE). However, these tests often
lead to false positive and false negative results due to
both low sensitivity and specificity. If these exams are
anomalously abnormal, further invasive tests, such as
prostate biopsy are often done. Unlike PSA and DRE,
hypermethylation of the GSTP1-1 promoter region has
been described as a highly specific and sensitive bio-
marker for prostate cancer [72]. Indeed, under the
prostatic carcinoma setting, GSTP1-1 expression is si-
lenced due to aberrant hypermethylation in its gene
promoter. Different sensitive biosensors were developed
and used for the determination of GSTP1-1 hypermeth-
ylation as a prostate cancer biomarker [73–75].

An efficient DNA biosensor was proposed using the
DNA hybridization technique and GSTP1-1 promoter
hypermethylation was subsequently detected by electro-
chemical methods [73]. DNA hybridization was moni-
tored by the decrease in magnitude of the guanine
oxidation peak as measured by differential pulse voltam-
metry. An impedimetric system was used for direct
electrochemical detection by comparing the resistance
before and after hybridization [73]. Another electro-
chemical approach was described using DNA hybrid-
ization technique coupled to multi-walled carbon nano-
tubes modified screen printed electrodes for detection
[74]. This biosensor presented specificity and reproduci-
bility, with low detection limits, as well as being dispos-
able and regenerable. More recently, a label-free volta-
metric assay was also developed [75]. The biosensor used
a 16-channel platinum microelectrode array chip. The
electrochemical DNA hybridization sensor was tested
with methylated and non-methylated complementary
single stranded DNA. The device was appropriate to
detect methylation in GSTP1-1 with good sensitivity and
high specificity. Furthermore, it is suitable for a yes or no
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response in order to obtain a rapid diagnostic test [75]. A
fluorogenic substrate that allows direct and selective
detection of GSTP1-1 activity in living cells was also
developed [71]. It was observed that fluorescein diacetate
(FDA), a cell-staining fluorescent probe, is a good
substrate with selectivity for GSTP1-1 among cytosolic
GSTs. GSTP1-1 efficiently promoted fluorescence activa-
tion catalysing deacetylation of FDA and its derivatives in
a GSH-dependent manner. Fluorescein is presumed to be
formed by nucleophilic attack of the thiolate anion,
formed at the active site of GSTP-1, on the acetyl
moieties of FDA [71].

7 Biosensors Based on GST-Fusion Proteins

Biosensors that do not require GST catalytic activity have
also been described. Indeed, GST is widely used as an
affinity tag to facilitate the purification and detection of
the proteins of interest. The DNA sequence of a GST is
integrated into expression vectors to produce high levels
of recombinant proteins. The result of expression from
this vector is a GST-tagged fusion protein in which the
functional GST protein is fused to the recombinant
protein. Then, the GST-tagged fusion proteins can be
purified or detected based on the strong affinity of GST
for immobilized GSH. Below are some examples of
biosensors developed using GST-tag fusion proteins.

7.1 Detection of Methyl Parathion

To obtain an optical biosensor for the detection of methyl
parathion, a recombinant methyl parathion hydrolase
(MPH) fused with GST was used. MPH is a metal ion-
dependent enzyme capable of hydrolysing a wide range of
organophosphorus substrates like methyl parathion, a
commonly used pesticide. MPH catalysed the degradation
of methyl parathion into dimethylthiophosphoric acid and
the yellow-coloured p-nitrophenol. To detect methyl
parathion, an MPH-GST fusion protein was covalently
immobilized onto a chitosan film-coated polystyrene
microplate [76]. The MPH-GST biosensor detects p-
nitrophenol at 410 nm with a low detection limit of
0,1 μM. Furthermore, it proved to be suitable for quick
and easy screening, and capable of simultaneous multiple
sample detection.

7.2 Detection of Heavy Metal Ions

GST was fused to the synechococcal metallothionein
SmtA (GST-SmtA fusion protein) for detecting and
quantifying different heavy metal ions [77,78]. Metal-
lothioneins are proteins characterized by a high content of
cysteine residues, low molar mass and are able to bind a
wide range of metals [78]. The GST-SmtA fusion protein
was immobilized on the surface of a modified gold
electrode and a capacitive signal transducer was used. The
biosensor was based on the direct interaction between
SmtA and the target analytes. The detection principle is

based on the protein conformational change when a heavy
metal ion is bound to SmtA. GST-SmtA fusion protein-
based biosensor showed selectivity and sensitivity for zinc,
cadmium, copper and mercury ions with detection limits
of about 0.1 nM. In particular, higher sensitivity was
found for mercury. GST-SmtA electrodes could be
regenerated with EDTA and were stable over 16 days
[77,78].

7.3 Detection of PI3P and PIP3 in Entamoeba histolytica

The intestinal protozoan parasite E. histolytica is the
causative agent of amoebic dysentery and liver abscess.
Phosphatidylinositol 3-phosphate (PI3P) and phosphati-
dylinositol (3,4,5)-trisphosphate (PIP3), two products of
the signalling PI 3-kinase, have been shown to be required
for endocytosis, that plays an essential role in the patho-
genesis of the parasite. PI3P and PIP3 modulate phagocy-
tosis by recruiting proteins with specific lipid-binding
domains. Proteins with FYVE-finger domains and pleck-
strin homology (PH) domains can bind to PI3P and PIP3

respectively, with high affinity and specificity. The FYVE
domains are predominantly found in several proteins
involved in various endocytic trafficking pathways, and
they are highly specific for PI3P. To better clarify the role
of PI3P parasitic cellular function, a biosensor was
developed with a GST-tagged fusion protein containing
two FYVE-finger domains in tandem (GST-2xFYVE), to
localize PI3P inside cells during endocytosis [79]. E.
histolytica cells were tested (stained) with GST-2xFYVE
and GST alone as a control and detection was performed
with a polyclonal anti-GST antibody conjugated to green-
fluorescent dye. This biosensor was useful for describing
the microscopic localization of PI3P on phagosomal
compartments of E. histolytica, supporting a role for this
lipid in phagocytosis [79]. Furthermore, to examine the
subcellular localization of PIP3 in the parasite cells during
endocytosis, a GST-tagged biosensor containing a PH
domain derived from Bruton’s tyrosine kinase (GST-
PHBtk) was constructed. The PH domain is a regulatory
module that is present in a variety of proteins involved in
signal transduction. Similarly to the previously reported
procedure, a green-fluorescent dye conjugated anti-GST
antibody was used for GST-PH domain immunodetection
[80]. The results obtained indicate that PIP3 is involved in
the early stages of phagosome formation in E. histolytica.

7.4 White Spot Syndrome Virus

A capacitive biosensor was achieved to detect quantita-
tively the white spot syndrome virus (WSSV) which is
common in most shrimp farming aquaculture facilities of
the world, causing large economic losses. A GST fused
with the white spot binding protein (WBP) was obtained
and was immobilized on a gold electrode through a self-
assembled monolayer [81]. The detected capacitance
signal was produced by the binding between immobilized
GST-WBP and WSSV through protein-protein recogni-
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tion. WBP bind specifically to VP26 a of major envelope
protein of WSSV. Under optimum conditions, the bio-
sensor detected WSSV over a linear range from 1 to 1×
105 copies/μl, with a low detection limit of 1 copy/μl. The
system was found to be highly sensitive and specific for
this virus, with a good reproducibility, and the results
were in good agreement with those obtained by real-time
PCR.

8 GST and non-GST based Biosensors for the
Detection and Quantification of GSH

GSH is the major thiol in most living organisms and is
widely distributed from mammals to many prokaryotic
species. GSH was found to be involved in numerous
cellular processes and to play a key role in defence against
oxidative stress, the neutralization of free radicals, and in
the detoxification of xenobiotics. Under normal condi-
tions, cellular glutathione is prevalent in the reduced form
(GSH) as compared to the oxidized form (GSSG; Fig-
ure 5A), with glutathione redox potential (EGSH) more
negative than � 310 mV. When oxidized, for instance by
the activity of selenium-dependent glutathione
peroxidase, it is rapidly reduced by glutathione reductase
(GR) (Figure 5B). GR is a ubiquitous flavoenzyme that
recycles GSSG back to the reduced form and is essential
to maintain the redox status of cells during oxidative
stress [82]. Anomalous cellular levels of the tripeptide in
organisms are related to a variety of human diseases,
including neurodegenerative diseases, epilepsy, and
hearth illnesses [83]. Also, an increase or decrease in
concentration relative to normal GSH values have been
observed in numerous types of cancer. Thus, the impor-
tance of monitoring GSH concentrations in physiological
systems for medical diagnosis is clear. Several different

biosensors have been developed for the detection and
quantification of GSH including electrochemical, FRET-
and photoelectrochemical (PEC)-based biosensors [84–
90].

8.1 GST-ZnO Nanocomposite

An electrochemical method for detection of sub-nM
concentrations of GSH was developed [85]. The device
was achieved using a GST linked to zinc oxide nano-
particles and dropcasted onto an oxide wafer to form a
chemiresistive channel. ZnO nanoparticles not only act as
a substrate for binding and immobilization of the GST
onto the substrate surface, but also as a semiconducting
layer that allows the movement of current. GSH measure-
ment was obtained using CDNB as a second substrate in
the classic conjugation reaction catalysed by GSTs.
Conformational changes due to the enzymatic reaction
led to a significant change in the resistance of the GST-
ZnO nanocomposite, changing the current flow that could
be measured and related to a quantitative measure of the
increase or decrease of GSH concentration. This method
displayed satisfactory sensitivity and detection limit of
5.68 nA/μM and 41.9 nM respectively. This device could
be used in detecting some types of cancer at an early
stage.

8.2 GST-MoS2-based Biosensor

A new electrochemical biosensor based on GST immobi-
lized on multilayer MoS2 (molybdenum disulphide) nano-
sheet, based on GSH and CDNB conjugation reaction,
was developed [84]. Unlike the previous device, it
exhibited satisfactory repeatability and stability that
encourages its use for cancer diagnostics. Moreover, the
electrochemical device exhibited a sensitivity of 704 pA/

Fig. 5. Selenium-dependent glutathione peroxidase (Se-GPX) and glutathione reductase (GR) enzymatic activities. A) Structure of the
oxidized form of GSH (GSSG). B) A glutathione redox cycle is shown where peroxides reduction by Se-GPX is coupled to GSH
oxidation to GSSG. The latter is in turn reduced to GSH by GR using NADPH as an electron donor.
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μM and a detection limit of 703 nM with a wide linear
detection range of 10 μM – 500 mM.

8.3 MnO2-based Nanosensor

A FRET-based biosensor was developed using graphene
quantum dots (GQDs) wrapped MnO2 nanocomposite
with turn-off-on process [88]. GQD is a fluorescent
material and MnO2 has an excellent optical absorption.
Through an efficient FRET process between GQDs and
MnO2, the fluorescence of GQDs was quenched. The
presence of GSH degraded MnO2 and caused
fluorescence recovery of GQDs. GSH was determined in
samples of cancer cells as compared to normal cells. The
recognition by fluorescence of cancer cells was achieved
because of the higher GSH content in cancer cells than in
normal cells. GSH detection was satisfactory in the range
of 0.07-70 μM with a limit of about 48 nM [88].

A new FRET-based biosensor was also developed
using a near-infrared (NIR) fluorescent semiconducting
polymer coated with MnO2 [89]. NIR fluorescence
improves the analytical and imaging performance for
GSH sensing. Most used fluorescent probes emit
fluorescence in the visible spectrum, in the 400–600 nm
range, which may be affected by the relatively weak light
penetration into tissues, light scattering in turbid media,
and interference of autofluorescence from cells or bio-
logical samples in the detection process. In this work, the
developed biosensor is able to offer enhanced NIR
fluorescence brightness and prohibit the potential leakage
of embedded NIR dye, which makes it an improvement of
detection reliability and sensitivity. It was successfully
applied in monitoring GSH in living cells, revealing a
great potential in biomedical applications [89].

8.4 FRET-based GSH Detection in Serum

An interesting FRET sensor was also recently developed
using a portable smartphone-sensing platform, a ratiomet-
ric fluorescence sensor combined with the 3D-printed
smartphone device for rapid, sensitive, quantitative, and
on-the-spot determination of GSH [91]. The device was
constructed based on the fluorescence “off � on” ap-
proach using a ratiometric fluorescence nanoprobe by the
combination of blue carbon dots and orange gold nano-
clusters with the addition of copper ions. The quenched
fluorescence could be rapidly restored upon addition of
GSH, showing a distinct colour variation from blue to
purple to orange. The portable sensor exhibited a
sensitive and selective detection of GSH in the complex
human serum system. Thanks to these features, the
authors plan to develop a portable home medical equip-
ment to realize convenient and rapid preliminary mon-
itoring of abnormal levels of GSH for disease diagnosis at
an early stage [91].

8.5 Glutathione Peroxidases-based Biosensors

The family of glutathione peroxidases (GPxs) includes
several enzymes involved in different physiological roles,
including the detoxification of hydroperoxides [92]. More-
over, the involvement of GPxs in the occurrence and
development of malignant tumours was shown [93].
Selenium-dependent GPxs – with a selenocysteine in the
catalytic centre – contribute to the maintenance of redox
homeostasis in cells by catalysing the reduction of
peroxides with GSH as an oxidizable co-substrate (Fig-
ure 5B). Changes in GSH concentration in biological
fluids or tissues may be a useful marker in several diseases
and in cancers. To date, two biosensors based on GPx to
analyse GSH levels were developed. An amperometric
biosensor for GSH determination in serum samples was
described [94]. Se-GPx immobilized on pyrolytic graphite
exhibited high affinity for GSH without loss of enzymatic
activity. In the presence of hydroperoxide, GSH was
converted into oxidized glutathione which was monitored
amperometrically. The biosensor lifetime was approxi-
mately two months with continuous use. The second
device was developed using platinum nanoparticles elec-
trodeposited on the surface of a glassy carbon paste
electrode, followed by the immobilization of Se-GPx
enzyme onto the electrode surface [95]. The measurement
was based on the electrochemical oxidation of GSH to
GSSG in the presence of hydrogen peroxide. The system
was tested for GSH detection in synthetically prepared
plasma solution. The promising data obtained demon-
strate that the developed biosensor can be easily adapted
to biological samples.

8.6 Self-powered Enzyme-based Biosensor

A self-powered biosensor utilizing a biofuel cell was
developed as a quick and inexpensive alternative to
widely used methods [96]. Self-powered sensors are
essentially fuel cells where the analyte is detected by
either an increase or decrease of current and power
output. Enzymatic biofuel cells generate bioelectricity
through the oxidation of renewable energy sources such
as organic acids and sugars, coupled with the reduction of
oxygen to water [97]. The detection of GSH concentration
was based on its ability to inhibit bilirubin oxidase, an
oxidoreductase that uses oxygen as electron acceptor and
reduces it to water. Bilirubin oxidase was incorporated
into the cathode. At the anode was incorporated a glucose
oxidase which oxidizes glucose (the fuel) by O2 producing
electrical power. The current produced by the biosensor
decreases with increasing amounts of GSH due to
inhibition of bilirubin oxidase making it possible to
determine GSH concentration. Moreover, the sensor
showed a sensitivity of 22.1�0.3 μAcm� 2 Mm� 1 and a
detection limit of 43 μM [96].
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8.7 Photoelectrochemical Biosensors (PEC)

A PEC biosensor to detect GSH was developed [90]. PEC
detection is a highly sensitive technique, with response
speed and simple instrumentation. In these devices,
photocurrent is produced by the physical and chemical
interactions between biomolecules; photoactive species
are identified as detection signal. TiO2 nanomaterials
have been initially used as photoelectrodes. Then, TiO2

nanotube arrays, growing on Ti substrates, were modified
with Pt and IrO2 nanoparticles to obtain a better perform-
ance and a significantly higher PEC activity. Results
obtained showed a linear signal at GSH concentrations in
the range of 1–10 μM [90].

8.8 Redox sensitive GFPs Biosensors

Redox probes derived from green fluorescent proteins
(GFPs) – by replacing two residues with cysteines – were
developed to monitor and to measure dynamic EGSH
changes in living cells both in the cytosol and in several
other subcellular compartments [98, 99]. The cysteine
residues form a disulphide bond upon oxidation resulting
in conformational changes of the chromophore followed
by fluorescence changes that allows for ratiometric
measurements. The redox-sensitive GFPs (roGFPs) sen-
sor exhibits an excitation maximum at 475–490 and about
400 nm in the reduced and oxidized form, respectively.
Glutaredoxin (GRX) catalyses the reduction of roGFPs
in the presence of GSH. The engineering fusion between
roGFPs and human GRX1 provided specificity and higher
efficiency to a redox sensing process increasing the kinetic
response of the biosensors and suppressing the depend-
ency of the device on endogenous GRX [99,100]. For the
GRX1-roGFP2 biosensor, the response time is much
faster, within seconds, for nanomolar concentrations of
GSSG as compared to unfused roGFP2.

This first GRX1-roGFP biosensor–with midpoint
potentials between � 280 and � 290 mV – in the presence
of a strongly oxidized environment such as the endoplas-
mic reticulum or under highly severe stress conditions
activated by pathological processes, would still be fully
oxidized. Indeed, in these conditions EGSH is outside the
measuring range of these probes thus limiting their
application. To overcome this limit, it was developed a
new GRX1-roGFP2-iL biosensor with a less negative
midpoint potential of about � 238 mV [101]. In compar-
ison with GRX1-roGFP2, the new biosensor was used to
determine EGSH in the cytosol of Arabidopsis rml1 seed-
lings, a mutant with severe depletion of GSH. Although
both biosensors measured an EGSH of about � 260 mV, the
value of GRX1-roGFP2 is at limits of the linear measure-
ment range with an oxidation of 93%, while the value of
GRX1-roGFP2-iL falls in the linear range of � 205 –
� 275 mV with an oxidation of 14% [101].

A biosensor was also developed to measure mitochon-
drial redox homeostasis in model nonmammalian organ-
isms. In this case the probe was designed by inverting the

components and fusing GRX1 to the C-terminus of
roGFP2. The roGFP2-GRX1 biosensor was successfully
imported in Drosophila melanogaster and Arabidopsis
thaliana mitochondria without compromising its function
[102].

A summary of the main characteristics of all bio-
sensors reported in this work is presented in Table 1.

9 Conclusion

The biosensors field is ever growing and find applications
in the many areas of analytical chemistry and clinical
biochemistry where good sensitivity and specificity must
be coupled with rapid detection, ease of use also for non-
expert operators, affordability and portability. Under this
light we have seen, for instance, the development of
several biosensors based on GST activity, or its reversible
and irreversible inhibition, or that use GST as a fusion
tag, that may compete and often outperform as compared
to traditional analytical methods in the detection and
quantification of many different molecules, even in
complex matrices. Both optical and electrochemical trans-
ducers were successfully used, with the latter being often
the preferential choice due to their unique ability of
taking advantage of microfabrication electronics. Devices
such those cited in this review may find applications in
pharmacology, biomarkers and noxious compounds detec-
tion in diverse biological fluids, cancer diagnosis and
stratification, virus detection not to mention the wide
opportunities they offer in the bioremediation field.

10 Future Directions

To make these biosensors effectively progress from the
research stage to the routine applications, however,
improvements can be made on different aspects of
biorecognition element and transducer architecture as
well as on the utilized materials. Under this light, the
more recent biosensors we cite in this work make ample
use of different novel nanomaterials, perfectly fitting
within a main trend in the biosensor field. Indeed,
nanotechnology offers the possibility to synthesize materi-
als according to the planned needs in terms of chemical-
physical properties, size and shape thus greatly increasing
the possibility to miniaturize the biosensor in a lab-on-
chip fashion. However, efforts have also to be spent on
making these materials cost-effective if we aim at using
them in the “real world”, for instance in routine clinical
diagnosis. Finally, before such devices become routinely
used more work has to be done on the validation of
enzymatic biosensors results on real samples of complex
matrices, to effectively assess eventual losses in sensitivity
due to interfering compounds. These may be particularly
important when using versatile enzymes like GSTs,
capable of binding dozens of molecules often with
unrelated structures. We anticipate that what has been
done so far in the field of GST-based biosensors is only
the tip of the iceberg and that many more such biosensors
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will be developed and successfully tested in the future for
many analytical purposes.
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