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lized graphene oxide-based
electrochemical biosensor for glutathione
detection
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Shweta Jagtap *c and Sunit Rane *a

Glutathione acts as a natural antioxidant in the human body and the reduction of its content is a sign of

oxidative stress. In this study, a sensitive electrochemical sensor was developed using laccase enzyme

immobilized onto graphene oxide (GO) for detection of glutathione. The surface of the indium tin oxide

(ITO) was modified with GO via a drop casting method. Subsequently, laccase was immobilized onto the

modified ITO decorated with GO. The modified electrode was characterized using field-emission

scanning electron microscopy (FESEM), X-ray photoelectron spectroscopy (XPS), Fourier transform

infrared spectroscopy (FTIR), cyclic voltammetry (CV) and electrochemical impedance spectroscopy

(EIS). The FTIR spectra of laccase/GO confirmed the successful immobilization of laccase onto GO

sheets. FESEM analysis revealed the transformation from a layered, wrinkled structure to a compact,

smooth surface with spherical laccase, confirming successful enzyme integration. Raman analysis

confirmed successful laccase immobilization onto GO, as evidenced by structural changes in the D and

G bands, highlighting the modification of the material. The cyclic voltammetry measurements revealed

that laccase/GO/ITO exhibited better electrocatalytic activity toward oxidation of GSH in acetate buffer

solution than the bare ITO electrode. This newly developed electrode exhibited a good response to

glutathione with a wide linear range from 1 mM to 100 mM, a limit of detection of 0.89 mM and high

sensitivity (6.51 mA mM−1). Furthermore, it exhibited excellent selectivity, repeatability, and long-term

stability. The modified electrode was successfully used for the detection of GSH in a real sample,

offering satisfactory results.
Introduction

Development of biosensors is receiving a lot of attention in the
biomedical and healthcare elds owing to its extensive use in
medicine, clinical care and food processing. A biosensor is an
analytical device that measures the changes in biological
elements or materials, such as cells, tissues, enzymes, and
microorganisms, and converts them into electrical signals. The
output of the transducer will either be current or voltage,
depending on the kind of enzyme and components utilized in
the biological element.1–3 Biosensors are made up of various
elements, including an analyser, bio receptor, transducer,
electronics, and a reader display. Novel nanobiosensors can be
developed by combining biological sensing components with
organic, inorganic or hybrid nanomaterials to detect chemical
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e@yahoo.com

ter Studies, Pune, India

tation Science, Savitribai Phule Pune

eta.jagtap@gmail.com

le Pune University, Pune-411007, India

the Royal Society of Chemistry
or biological substances. Rapid advances in nanotechnology
have led to the development of innovative nanomaterials and
nanodevices that hold promise for use in biomedical and
healthcare applications in the future.4–8 The rst biosensor was
created in 1916 when proteins were immobilized on activated
charcoal. Later, Clark furthered the technology for the amper-
ometric detection of glucose.9 The advancement of
nanomaterial-based biosensors opens a new way for the iden-
tication and real-time monitoring of biomarkers linked to
a variety of diseases and their treatments. Electrochemical
biosensors based on nanomaterials have changed the outlook
for traditional biosensors by enhancing their performance in
terms of sensitivity, stability, and selectivity for the detection of
different biomolecules.10–12 Nanomaterials with special chem-
ical and physical properties are advantageous for developing
efficient biosensors owing to the high surface area for loading
enzymes. Carbon-based nanomaterials, particularly graphene,
have contributed to improved insights in the elds of bioengi-
neering and medicine.13,14 In comparison with other materials,
graphene is recognised as the lightest material, and it is used in
practically every aspect of life owing to its exceptional qualities,
including its high surface area, excellent electrical conductivity,
RSC Adv., 2025, 15, 12987–12996 | 12987
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extensive strength, simplicity of functionalization, superior
thermal conductivity, chemical inertness, and gas
impermeability.15–17 Graphene oxide (GO) has a signicantly
better capability for protein adsorption compared with other
carbonaceous materials with a wide surface area. Its physico-
chemical characteristics and structure are said to be advanta-
geous for alterations in enzyme activity. Enzymatic
electrochemical biosensors have gained signicant interest in
recent times owing to their efficaciousness and stability.18,19 The
human body is made up of several biomolecules that control
physiological processes, including proteins, carbohydrates,
nucleic acids, and amino acids. Abnormal concentrations of
these biomolecules cause a number of diseases. As a result,
selective and sensitive detection of these biomolecules is crucial
for pharmacological compositions and clinical diagnostics.20,21

Glutathione (GSH) is a tripeptide of L-glutamyl-L-cysteinyl-
glycine thiol molecule with a low intracellular molar mass and
is an essential antioxidant cofactor for the metabolism of living
cells. Glutathione concentration changes to low levels are con-
nected to diseases such as leukaemia, pre-mature arterioscle-
rosis, diabetes, Alzheimer's, and AIDS-related dementia. As
a result, there has been a growing interest in and demand for
this biomarker's accurate detection during the past ten years.22

The preservation of enzyme activity, involvement in bio-
reductive reactions, transport of amino acids, and detoxica-
tion of free radicals, hydrogen peroxide, and toxins are all
signicant functions of reduced glutathione (GSH).23,24 Gluta-
thione inhibits laccase, a frequently utilised multicopper
oxidase for oxygen reduction.

In this research, the developed biosensor utilizes the cata-
lytic activity of laccase combined with the unique properties of
GO to achieve high sensitivity and selectivity. The interaction
between the analyte (glutathione) and the enzyme leads to
measurable changes in the solution's properties, which are then
detected by the biosensor. We focused on laccase's potential
application as a glutathione sensor.25,26 In this study, we used an
electrochemical biosensor based on laccase to examine the
electrochemical behaviour of GSH. First, we synthesized GO
which was deposited on the surface of bare indium tin oxide
(ITO). Then, laccase was immobilized onto the electrode surface
using a gelatin membrane, which was cross-linked by glutaral-
dehyde. Furthermore, the electrochemical behavior of the
modied electrode was investigated by cyclic voltammetry. The
results of this study indicate that GO may be used as a potential
sensing material in conjunction with an enzyme to detect GSH.
The modied electrode showed high selectivity for the deter-
mination of GSH in real samples.

Experimental
Materials

Glutathione (GSH), cysteine (CYS), dopamine (DA), ascorbic
acid (AA), uric acid (UA), glutaraldehyde, and laccase were
purchased from Sigma-Aldrich. Graphite powder, potassium
permanganate, sulfuric acid (99.99%), hydrochloric acid, and
sodium nitrate were purchased from Merck Company. All other
compounds were analytical reagent grade and all solutions were
12988 | RSC Adv., 2025, 15, 12987–12996
made with deionized water. 0.1 M phosphate buffer solution
(PBS, pH 7) was used as the background electrolyte. A stock
solution of 1 mM GSH was prepared.

Preparation of laccase/GO/ITO electrode

An ITO-coated piece of glass slide (0.5 × 0.5 cm2) was used as
the substrate. Prior to usage, the substrate was cleaned using
ultrasonic cleaning in deionized water and ethanol. GO was
prepared using Hummer's method.27–29 Furthermore, GO was
electrodeposited on the surface of bare ITO by the drop casting
method. The electrode was dried under an infrared (IR) lamp
until the solvent evaporated and the electrode surface was fully
dry. In the next step, laccase was immobilized onto GO/ITO. For
this purpose, 20 mg of laccase was diluted in 100 mL of phos-
phate buffer solution (pH 7.0). Then, 25 U of laccase and 12 mg
of gelatin were mixed at 38 °C in potassium phosphate buffer
(pH 7.0, 100 mL). Next, 25 mL of the mixed solution was spread
over the modied electrode surface and allowed to dry at 4 °C
for 1 h. Finally, it was immersed in 2.5% glutaraldehyde in
phosphate buffer (50 mM, pH 7.0) for 5 min for cross-linkage.30

To evaluate the electrochemical behavior of the developed
sensors, cyclic voltammetry was used with a three-electrode
system with a working electrode of 0.25 cm2 electrochemical
active surface area.

Characterization

The crystallographic structure of the samples were studied
using X-ray diffraction (XRD) analysis using a Bruker D8
Advance with a monochromator of CuKa radiation (l= 1.541 87
Å) over a 2q range of 5–80°. The surface morphology and
microstructural analysis of the samples were performed using
a NOVA NanoSEM 450 (Thermo Fisher Scientic, USA). The
instrument was operated at an accelerating voltage ranging
from 1 to 30 kV, depending on the sample's conductivity.
Elemental composition analysis was performed using an
energy-dispersive X-ray spectroscopy (EDS) system (Bruker
XFlash 6I30). Fourier transform infrared spectroscopy (FTIR)
was performed using a Shimadzu FTIR-8900 to identify the
chemical functional groups present in all synthesizedmaterials,
covering a spectral range of 4000–400 cm−1. The K-Lyte poten-
tiostat is used for conducting cyclic voltammetry (CV) experi-
ments as part of electrochemical analyses. For the
electrochemical measurements, a standard three-electrode cell
assembly made up of an Ag/AgCl as reference electrode, a Pt
counter electrode and an ITO working electrode.

Results and discussion
(A) Physical characterization of the nanocomposite

Fourier transforms infrared spectroscopy (FTIR). The func-
tional groups involved in the interaction of nanocomposites are
examined using Fourier transform infrared spectroscopy (FTIR)
from 4000 to 500 cm−1 (Fig. 1). The peaks observed at
3177 cm−1, 1619 cm−1, and 1031 cm−1 correspond to the O–H
stretching, O–H stretching, C]O stretching, and C–O stretch-
ing vibration, indicating that the graphene was oxidized and the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FTIR spectra of GO, laccase/GO and GSH/laccase/GO.

Fig. 2 FESEM surface image of (a) GO and (b) high magnification
images of GO and (c) laccase/GO. Cross-sectional images of (d) GO
and (e) laccase/GO. EDS spectra of (f) GO and (g) laccase/GO.
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GO product could be successfully dispersed in water.31 For lac-
case, the peak at 3284 cm−1 was caused by O–H stretching in
laccase. The spectrum also showed an amide I band at
1636 cm−1 due to C]O stretching and a band at 1165–948 cm−1

characteristic of laccase.32 The FTIR spectrum of laccase/GO
showed that laccase was successfully immobilized onto GO
due to presence of characteristic peaks of laccase and the GO.

Morphological studies. Field emission scanning electron
microscopy (FESEM) and energy dispersive spectroscopy (EDS)
measurements were used to study the morphology and the
elemental distribution of GO nanosheets and the laccase/GO
surface. Fig. 2a–e represents the top view and cross-sectional
view FESEM images of GO and laccase/GO. The GO sheets
exhibit a aky, layered structure (Fig. 2a), with the higher-
magnication view highlighting the ne surface texture and
smaller wrinkle shape morphology of GO sheets (Fig. 2b). The
surface morphology signicantly changes aer the incorpora-
tion of laccase (Fig. 2c). The spherical laccases were uniformly
distributed on the laccase/GO surface, indicating that the lac-
case was stably immobilized on GO. Zhou et al.33 reported
enzyme-enhanced adsorption of laccase-immobilized graphene
oxide for micropollutant removal, where morphological anal-
ysis revealed that GO exhibits a at layered structure with
a smooth surface and crumpled edges. Additionally, spherical
laccases were evenly distributed on the laccase/GO surface
indicating stable immobilization of laccase on GO sheets. These
structural observations are well aligned with our studies. In the
cross-sectional view, GO and laccase/GO lms appear compact,
although the laccase/GO lm exhibits slight interlayer and
surface modications (Fig. 2d and e). EDS images indicate the
presence of carbon and oxygen functionalities on the surface of
the GO sheets (Fig. 2f), while laccase/GO showed C, O, and N
elements related to laccase, conrming the successful immo-
bilization of laccase onto GO (Fig. 2g).

Raman spectroscopy analysis. Raman spectroscopy gives
information about the phases and defects present in the
material. Raman spectra of GO and laccase/GO is shown in
© 2025 The Author(s). Published by the Royal Society of Chemistry
Fig. 3. The spectra show two characteristic peaks: a D-band at
1350 cm−1 associated with defects and disorder and a G-band at
1585 cm−1 associated with vibration of carbon atoms that are
sp2-bonded in a two-dimensional hexagonal lattice.34,35 There
are slight alterations in the Raman spectra for laccase/GO. The
increase in the intensity of the D peak and widening of the G
band correlates with the level of disorder. This structural
disorder is due to the interaction of the enzyme with GO. The
slight increase in ID/IG from 0.98 (GO) to 1.02 (laccase/GO)
suggests that laccase treatment introduces slight structural
disorder, verifying that the laccase immobilization onto GO was
successful.
RSC Adv., 2025, 15, 12987–12996 | 12989
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Fig. 3 Raman spectra of GO and laccase/GO.
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X-ray diffraction (XRD). The structural properties of GO and
laccase/GO lms were studied using X-ray diffraction (XRD)
analysis, which revealed the crystal structure of GO and laccase/
GO lms. The XRD patterns of GO and laccase/GO are shown in
Fig. 4. The peak at 2q = 10.39° from GO powder corresponds to
Fig. 4 X-ray diffraction patterns of GO and laccase/GO.

12990 | RSC Adv., 2025, 15, 12987–12996
an interlayer distance of 0.81 nm calculated by the Bragg
equation, which matches the reports available in the litera-
ture.33 The presence of this peak indicates the oxidation of
graphite and the formation of oxygen-containing functional
groups. However, the peak at 2q = 16.5 in laccase/GO could be
attributed to the immobilization of laccase on the GO surface as
reported by Zhou et al.33

X-ray photoelectron spectroscopy (XPS). X-ray photoelectron
spectroscopy (XPS) is one of the most popular methods for
determining the chemical composition of material surfaces. It
is an effective technique for researching surface reactions at
vacuum levels, even at the monolayer level. Surface analysis
using XPS has been applied in a number of industries,
including mineral processing, corrosion, electronics, nano-
materials, biomedicine, automotive, and aerospace, among
others. Additionally, XPS analysis can reveal information the
composition, orientation of molecules adsorbed on the surface,
structure of surface layers, and the distribution of elements on
the surface.36,37 Fig. 5a and d shows the survey scan spectrum of
the GO and laccase/GO. For GO, the bands centered at 284.74
and 530.77 eV are associated with C 1s and O 1s, respectively.
The C 1s XPS spectrum of GO indicates the degree of oxidation
with three components which correspond to C atoms in
different functional groups (Fig. 5b): the non-oxygenated ring
C]C at 283.3 eV, C–C at 284.1, the C atom in the C–OH bond at
285.6 eV, C–O at 286 eV, and the carbonyl C (C]O) at 287.13 eV.
Similarly, the oxygen 1s (O 1s) spectrum of GO showed two
functional groups in the spectra: O–C]O at 530.5 eV and C]O
at 531.2 eV, indicating that the graphene was oxidized (Fig. 5c).
XPS spectra for C 1s core levels of laccase as deposited layers on
GO contain peaks corresponding to C–C or C–H bonds at
283.4 eV, C–C bonds at 284.6 eV, C–O bonds at 285.8 eV, and
C–O–C bonds at 286.5 eV (Fig. 5e). The peak areas indicate that
the laccase layer deposited on GO is characterized by a higher
content of C–C or C–H. Similarly, O 1s core levels of spectra
showed three O components such as O–C]O at 530.7 eV, C]O
at 531.5 eV (Fig. 5f). XPS spectra for the N 1s core levels of lac-
case as-deposited layers on GO show two peaks that come from
amino groups: amide at 398.5 eV and imide at 400.06 eV
(Fig. 5g), conrming the presence of laccase molecules.38,39
(B) Electrochemical behavior

The surface characteristics of the fabricated electrode surface at
various stages of modication were examined using the CV
technique in 5 mM [Fe(CN)6]

3−/4− solution at a scan rate of
40 mV s−1. Fig. 6 shows the CVs of the bare ITO electrode and
ITO modied with GO and GO/ITO modied with laccase. Well-
dened redox peaks were observed for bare ITO. Due to GO, the
redox peak currents increase aer the ITO was modied with
GO.40 Laccase catalyses the single electron oxidation of various
phenolic compounds. The performance of laccase-based elec-
trochemical biosensors is improved by the introduction of
graphene-based nanomaterial owing to its high conductivity,
large specic surface area, exibility and chemical inertness.
Furthermore, the redox peak current increases by placing lac-
case on modied ITO.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 XPS spectra of GO and laccase/GO. (a and d) Survey spectrum; (b and e) C 1s spectrum; (c and f) O 1s spectrum of GO and laccase/GO;
(g) N 1s spectrum of laccase/GO.
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Optimization of the experimental conditions
Effect of pH. It is generally recognised that the electrolyte's pH

plays a signicant role in electrochemical techniques. The
© 2025 The Author(s). Published by the Royal Society of Chemistry
electrocatalytic capabilities and pH of the modied electrode
are inseparably connected. Electrode materials oen exhibit
stable behaviour near neutral pH, making it suitable for
RSC Adv., 2025, 15, 12987–12996 | 12991
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Fig. 6 Cyclic voltammograms of bare ITO, GO/ITO and laccase/GO/
ITO in a 1.0 mM [Fe(CN)6]

3−/4− solution containing 0.1 M KCl.

Fig. 7 (a) Cyclic voltammograms of 5 mM GSH at the surface of lac-
case/GO/ITO in PBS at pH values of 5, 5.5, 6, 6.5, 7, and 7.5 (b) plot of Ip
vs. pH for the oxidation of GSH at the surface of laccase/GO/ITO.

Fig. 8 Cyclic voltammograms of ITO, GO/ITO, and laccase/GO/ITO in
PBS (pH = 7) containing 4 mM of GSH.
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studying fundamental electrochemical processes without
interference from extreme pH conditions. Neutral pH (around
pH 7) is relevant to many practical applications.41 The pH value
for the detection of glutathione plays a key role due to disul-
phide bond formation in the oxidation of glutathione. As
a result, the electrochemical behaviour of the modied elec-
trode for different pH values was investigated. The peak
potential (Ep) shis towards less positive values as the pH
increases (Fig. 7a). This shi suggests that the oxidation process
is inuenced by proton concentration, which affects the redox
potential. The shi in peak potential is indicative of proton-
dependent reactions occurring at the electrode surface.42,43 As
the pH increased, glutathione's oxidation peak current rst
gradually increased, then gradually reduced. The highest value
was obtained at pH 7. Therefore, pH 7 was selected as the ideal
value for the following experiment.

Catalytic effect. The electrochemical oxidation of 4 mM GSH
using various modied electrode surfaces at a scan rate of 0.4 V
s−1 was investigated by cyclic voltammetry (CV) (Fig. 8). In the
presence of 4 mM GSH, the bare ITO exhibits a small oxidation
peak current (0.08 mA) during the anodic scan, which is caused
by the oxidation of GSH. However, a dramatic change in the
oxidation peak current (0.1 mA) is observed when the ITO elec-
trode surface is modied with GO. The GO/ITO electrode shows
a pair of quasi-reversible redox peaks,44,45 due to the electro-
catalytic activity of oxygen functional species on GO towards the
GSH oxidation. Furthermore, the modied electrode enhanced
the catalytic activity when laccase is immobilized on GO-
modied ITO. However, the oxidation peak current (0.18 mA)
is higher than the other electrodes when the modied electrode
laccase/GO/ITO is tested in the same condition due to the effect
of laccase.39,40

Electrochemical response toward GSH. The electrochemical
sensing characteristics are studied by using cyclic voltammetry
(CV) to estimate the quantitative detection of GSH. CV
measurements of GSH at the modied electrode were carried
12992 | RSC Adv., 2025, 15, 12987–12996 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) CV of laccase/Go/ITO in solutions containing different
concentrations of GSH in PBS (pH = 7). (b) Linear curves of the anodic
peak currents vs. GSH concentration.
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out at the working electrode potential of 40 mV s−1 with various
concentrations of GSH (Fig. 9a). The catalytic oxidation current
increases as GSH concentration increases. The catalytic current
obtained from themeasurements is linear using 1 mM to 100 mM
Table 1 Comparison of different modified electrodes for electrochemic

Sr. no. Modied electrodes Linear r

1 GO/GCE 5–875 m

2 4-Amino-TEMPO/ERGO/GCE 1–254 m

3 AgNPs(TMSPED)–rGO/GC 0.1–2.75
4 GO/CdTe QDs 24–214.0
5 CuCoHCF/GO 5–90 mM
6 NiHCF/AuNPs/CPE 0.1 mM
7 Co–MOCP/CPE 2.5 mM–
8 Cu–CoHCF/GCE 5–90 mM
9 MWCNTs/SPE 5–20 mM
10 NiONPs/GCE 12.5 mM
11 Ni/ITO 5–840 m

12 Lacasse/GO/ITO 1–100 m

© 2025 The Author(s). Published by the Royal Society of Chemistry
GSH, with a regression coefficient of R2 = 0.9997, detection
limit of 0.89 mM, limit of quantication of 2.70 mM, and high
sensitivity (6.51 mA mM−1) (Fig. 9b). These ndings suggest that
the modied electrode is suitable for the electrochemical
determination of glutathione. Table 1 summarizes the
comparison of detection limits utilizing laccase/GO/ITO elec-
trode to other modied electrodes previously published in the
literature.

Electrochemical impedance spectra (EIS) of analysis. One of
the common electrochemical impedance spectra (EIS) is the
Nyquist plot (Zim vs. Zre), which has a semicircular region on the
Zre axis that is observed at higher frequencies and is related to
the electron-transfer-limited process, followed by a linear part
at lower frequencies that represents the diffusion-limited elec-
tron transfer process. The diameter of the semicircle is equal to
the surface electron-transfer resistance (Ret), which is managed
by the electrode's surface modication.28,57 Fig. 10 shows the EIS
of the bare ITO, GO/ITO, laccase/GO/ITO modied electrode in
5 mM [Fe(CN)6]

3−/4− with frequency sweeping from 0.1 Hz to 1
MHz. According to the obtained spectra, it can be concluded
that bare ITO demonstrates a response consistent with the
electron-transfer-limited process, whereas Ret decreased with
the incorporation of GO onto bare ITO. As a result, there was
a conducting graphene oxide (GO) on the electrode surface,
which indicates that the system is moving away from an
electron-transfer-limited process and towards a diffusion-
limited electron transfer process. However, the modied elec-
trode (laccase/GO/ITO) exhibits almost a straight line (a) with
a very small depressed semicircle due to the immobilization of
enzymes on the surface of GO/ITO. This depressed semicircle
shows the lower electron transfer resistance behaviour
compared with the bare ITO electrode. The decrease in the value
of electron transfer resistance (Ret) was caused by the immobi-
lization of enzyme on the electrode surface.30

Selectivity, stability, and reproducibility. In order to deter-
mine the selectivity of the laccase/GO/ITO-based electro-
chemical biosensor, some possible interfering species, such as
methionine, tryptophan, cysteine, and glucose, were investi-
gated at identical experimental conditions. Cyclic voltammetry
values were taken in 0.1 M PBS containing 100 mM methionine,
1 mM cysteine, 1 mM glucose, and 4 mM GSH individually
(Fig. 11). It is clear that themain difference is the anodic peak as
al sensing of GSH

ange LOD Ref.

M; 875 mM to 4.08 mM 5 mM 46
M 0.6 mM 47
mM 0.1 mM 48
mM 8.3 mM 49

0.25 mM 50
to 1.4 mM 0.5 mM 51
0.95 mM 2.5 mM 52

2.5 mM 53
2 mM 54

to 2.3 mM 2 mM 55
M 5 mM 56
M 0.89 mM This work
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Fig. 10 Electrochemical impedance spectra (EIS) of bare ITO, GO/ITO
and laccase/GO/ITO in 0.1 M KCl aqueous solution containing 5 mM
[Fe(CN)6]

3−/4−.

Fig. 11 Selectivity study of the laccase/GO/ITO base electrochemical
biosensor.

Fig. 12 Stability testing of the laccase/GO/ITO-based electrochemical
biosensor.
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the catalytic current of GSH oxidation reached a maximum at
the applied potential. The presence of these electroactive
species did not affect the selectivity on themeasurement of GSH
due to the low detection potential. These results suggest that
the sensor electrode has excellent selectivity toward the detec-
tion of GSH.47 The anti-interference capability of the laccase/
GO/ITO electrode was evaluated by conducting CV measure-
ments with 4 mM GSH in the presence of potential interferents,
including 100 mM methionine, 1mM cysteine, 1mM trypto-
phan, and 1mM glucose. Results revealed that the presence of
other common interferences had no effect on the peak currents
for the oxidation of GSH. These ndings indicated that methi-
onine, tryptophan, cysteine, glucose did not signicantly
interfere with GSH determination.48

Furthermore, the reproducibility of electrochemical sensors
is a crucial aspect in deciding their practical application. As
12994 | RSC Adv., 2025, 15, 12987–12996
a result, we used seven different electrodes (a new one used each
time) for the detection of 5 mMGSH under similar experimental
conditions. Each individual sensor's electrochemical response
was the average of 10 consecutive experiments. The result
showed that a relative standard deviation RSD% of 3.2%. In
addition, the repeatability was checked using ve consecutive
measurements on a single electrode. The results showed an
RSD% of 2.7%. The long-term stability of the modied electrode
was evaluated through repetitive CV scans over multiple cycles:
the modied electrode was tested for a month in 5 mMGSH. The
storage stability test demonstrated that the electrode retained
over 95% of its initial response aer 30 days of storage at 4 °C.
The current response (mA) vs. time (days) showed minimal
degradation for the modied electrode over 30 days, indicating
good stability (Fig. 12). The above results show that the laccase/
GO/ITO electrode has excellent stability and reproducibility.

Sensing mechanism of laccase/GO/ITO electrode. The
working principles of the biosensor and its detection mecha-
nism are shown in Fig. 13. The analyte is oxidized by the enzyme
to oxidized glutathione (GSSG) and then regenerated through
electrochemical reduction of GSSG. The resulting production of
electrons at the working electrode are detected as current.
Accordingly, the current is proportional to the concentration of
the oxidized product and to the concentration of the analyte.58,59

Analysis of GSH in real samples. The analytical applicability
of the sensor was further assessed by the determination of GSH
in a real blood sample. Human whole blood was obtained from
the health center of the university campus. Without further
pretreatment, the solution was directly added to a stirring PBS
solution at pH 7 (40.0 mL) into the voltammetric cell for anal-
ysis. The GSH concentration in the blood solution was found to
be 20 mM. The recoveries were also estimated by adding GSH
standards to the above solution. The results showed that the
sensor gave acceptable recoveries between 95% and 105.1%.
The results of actual sample analysis indicated that the
proposed sensor could determine GSH in the blood sample.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Sensing mechanism of laccase-based electrochemical
biosensor for the detection of GSH.
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Conclusion

An electrochemical biosensor based on the immobilization of
enzymes was developed for the detection of glutathione. The CV
and EIS analyses performed on laccase/GO/ITO exhibited high
electrocatalytic activity and the best selectivity toward GSH
along with a linear dynamic range of 1 mM to 100 mM. In
addition, the lower limit of detection was 0.89 mM and the limit
of quantication was 2.70 mM with high sensitivity (6.51 mA
mM−1). The modied electrode has a high potential for the
development of novel sensors due to its inexpensive cost of
electrode material, simple fabrication method, and high
sensitivity to GSH. The ndings of this work suggest that GO
could be employed as a promising sensing material along with
enzyme for the detection of GSH. Also, this developed sensor
can be successfully used to determine GSH in pharmaceutical
and biological samples.
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