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Abstract

Oxidation of the reduced form of glutathione based on the 1:1 copper(Cu*?)-glutathione(GSH) complexes was found to occur
at a decreased overpotential at a glassy carbon electrode modified with highly ordered mesoporous silica thin films (MSTFs)
by means of the electrochemically assisted self-assembly (EASA) process. Adsorption of complexes can be performed on the
electrode by taking advantage of the anionic nature of the silica walls of the MSTF which provide an excellent fixation site
for accumulation of the Cu*>-GSH complex. The current response of voltammetric glutathione sensor is monitored at low
oxidation potential of —0.10 V versus standard mercury/mercurous sulfate reference electrode which makes the proposed
sensor applicable to minimize interference from easily oxidizable species in the analysis of biological fluids. The proposed
method represents a sensitive voltammetric sensor with a good linear detection range of 1.0-35.0 uM, which is in the range
of GSH concentration in physiological fluids reported in literature with a suitable limit of detection of 0.08 pM. The proposed
sensor offers several advantages such as being rapid and cost-effective, having good reproducibility, simple operation, and
nontoxicity for glutathione detection.

Keywords Voltammetric sensor - Mesoporous silica thin film - Electro-assisted self-assembly method - Copper-glutathione

complex - Low overpotential

Introduction

Glutathione, as an auspicious biomarker for early diagno-
sis of various diseases, has the highest amount of thiol in
animal cells with cellular concentrations of 1.0 to 10.0 mM
[1]. The antioxidant properties of this tripeptide can act as a
sweeper for oxygen-derived free radicals in living systems
which are involved in increasing various diseases like diabe-
tes, heart attack, stroke, arthritis, and some types of cancer
[2-5]. Glutathione in two forms of reduced and oxidized
species supplies the needs of various metabolic processes
[6]. In healthy cells and tissue, more than 90% of the total
glutathione pool is in the reduced form and less than 10%
exists in the disulfide form [7]. A shift in the ratio of these
two forms can be an indication of cellular oxidative stress,
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when glutathione changes from the reduced form (GSH) to
the oxidized form (GSSG) [8]. Recently, many studies have
shown that alteration in glutathione concentration in human
fluids directly leads to several pathological diseases such as
diabetes, Parkinson’s disease, macular degeneration, HIV
disease, and numerous types of cancers [9—11]. For these
reasons, the use of sensitive detection methods for moni-
toring glutathione levels in physiological systems is highly
demanded.

Among the available approaches for measuring such
thiols, chromatographic measurement techniques [12, 13],
capillary electrophoresis/capillary zone electrophoresis
(CE/CZE) [14, 15], and flow injection analysis (FIA) [16]
present top selectivity and low limit of detection; however,
they are time-consuming and costly procedures due to the
essential separation/preconcentration steps. Compared to the
mentioned techniques, electroanalytical methods [17-20] as
less labor-intensive methods for monitoring of thiol have
the favorable condition of simplicity and low cost, high
detectability and sensitivity, minimal sample pretreatment,
and fast responses. The direct oxidation of thiols is slow
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at usual electrodes and requires a large overpotential about
1.0 V with the problem of electrode passivation [21]. An
excellent tactic is to oxidize GSH at lower positive potentials
to prevent multiple interferences and background signals as
well as electrode fouling. Several amperometric and voltam-
metric techniques are summarized in Table 1 that benefit
from the use of modified electrodes for the electrochemical
measurement of glutathione at as low potential as possible.

Recently, there has been interest in the development
of electrodes modified with highly arranged mesoporous
silica thin films (MSTFs) with nanopore channels pro-
duced through the successful electro-assisted self-assembly
(EASA), a simple and adaptable method that combines the
electrochemical assembly of surfactants at the surface of
electrodes by hydrolytic polycondensation of alkoxysilane
precursors [22-24]. MSTFs have excellent properties that
make them an attractive possibility to use in electrochemi-
cal sensing or biosensing. Such deposited films on the
electrode by altering the surface demonstrate the benefi-
cial properties of ordered mesoporous materials, including
large surface area, narrow pore size distribution, widely
open uniform pore structure, obtaining the great fixation
site with easily available active place and hosting capa-
bilities for active biomolecules species, high surface area,
simple functionalization, and chemical inertness [25, 26].
In addition, the silica films increase the surface area which
causes the number of reactive sites to increase, and thus
improves the response of voltammetry, which results in

an increase in the signal-to-noise ratio. Another advantage
of these films is that they can decrease surface passivation
[27] by limiting access to the electrode surface; therefore,
the thiol is not able to adsorb the electrode metal surface
[17].

In our previous work, we have demonstrated that a large
amount of the organo-functional groups on the surface of
the MSTFs provided a way to capture the gating molecules
in order to close the mesopores, which were uncapped using
target (insulin) as external stimuli [28]. In this study, the
main success of the MSTF application is due to the ani-
onic nature of the silica film walls (silanol group), which
provides an excellent fixation site for the accumulation of
the Cu*™?-GSH complex compound. Indeed, the electrostatic
interactions between a positively charged complex ion and
the negatively charged silica wall (as a result of the depro-
tonated silanol groups on the silica surfaces after surfactant
extraction from the MSTF at EtOH/HCI solution [25, 29])
contribute to the accumulation of the Cu™>-GSH complex in
the film channels and the appearance of an electrochemical
redox probe signal after the extraction of surfactant tem-
plate. To the best of our knowledge, no reports of electrodes
decorated with MSTF using the simple EASA technique
have been reported for the determination of glutathione, a
less electroactive species in the presence of a Cu™? catalyst.
This assay provides the detection of glutathione in a cost-
effective and a notable way for shortening the time and for
easy operation without the complicated pretreatment steps.

Table 1 Electrochemical
approaches for the

Electrode Modification

Method LDR (pM) LOD (uM) Ref

electroche.mical determination GC Enzyme/Os—PVP [o\Y% 1=200 0.5 [43]

gi fﬁ?};ﬁﬁ:ﬁ that has already GC SWCNT/TOQ cv 0.07-500 0.07 [44]
GC CoTSPc-PLL CV 0.05-2.16 0.02 [45]
GC Hg(1I)-DPTA-Pb(II) DPV 0.032-32.5 0.032 [46]
CP TiO,-ferrocene carboxylic acid DPV 0.1-12 0.1 [47]
BPPG MWCNT/FeT4M PyP SWvV 1.5-5% 103 0.5 [48]
SP Catechol CV 0-60 0.11 [49]
CpP 2,7-bis(ferrocenyl ethyl) fluoren-9 one CV 52.9-4.19%x10° 14 [50]
ABPP No CV 100-280 10 [51]
Au MWCNT CV 99-8.8x10° 99 [52]
SP Prussian blue CV 2-500 2.0 [53]
CpP TTF-TCNQ CV 5-340 0.3 [54]
GC No (&\% 1-10 0.14 [34]
GC Mesoporou silica thin films Ccv 1-35 0.08 This work

GC glassy carbon, CP carbon paste, SP screen-printed, BPPG basal plane pyrolytic graphite, ABPP acety-

lene black-packed powder

CV cyclic voltammetry, SWV squarewave voltammetry, DPV differential pulse voltammetry, LOD limit of

detection, LDR linear dynamic range

SWCNT single-walled carbon nanotubes, MWCNT multi-walled carbon nanotubes, Os-PVP osmium-polyvinyl
pyridine, TOQ synthetic triptycene orthoquinone, TTF-TCNQ tetrathiafulvalene-tetracyanoquinodimethane, CoT-
SPc-PLL cobalt tetra sulfonated phthalocyanine immobilized in poly (L-lys), FeT4MPyP Fe(Ill) tetra-(N-methyl-

4-pyridyl)-porphyrin
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Experimental
Chemicals and materials

Copper(Il) nitrate trihydrate (Cu(NO3),.3H,0, 99%), glu-
tathione (GSH, 98%), and cysteine (97%) were purchased
from Sigma-Aldrich. Tetraethyl orthosilicate (TEOS, 98%,
Sigma-Aldrich), ethanol (95 —96%, Merck), NaNO; (98%,
Acros), and cetyltrimethylammonium bromide (CTAB, 99%,
Merck) were utilized for film formation. Potassium hexacy-
anoferrate (98%, Aldrich), potassium nitrate (KNO;, 99%,
Sigma-Aldrich), and KCI (99%, Acros) were employed as
supporting electrolytes. Deionized water (conductivity 18
MQ) and degassed water with N, was used to prepare all
samples.

Apparatus

All galvanostatic/potentiostatic analyses were measured uti-
lizing a Micro Autolab (Eco Chemie Utrecht, Netherlands).
The pH measurements were performed with a Metrohm
model 691 pH/mV meter. A routine three-electrode cell
system consisting of a standard mercury/mercurous sulfate
electrode (MSE, [Hg/Hg2S04, saturated K2S0O4],+0.64 V
vs. standard hydrogen electrode) as the reference electrode, a
platinum foil as the counter electrode, and the glassy carbon
electrode (A=0.0314 cm?, Azar Electrode Co., Urmia, Iran)
as a working electrode was used. A transmission electron
microscopy (TEM) image of the silica thin film was attained
on a Tecnai G* F20-ST from FEI Company (U.S.A) operat-
ing at 200 kV.

Electrogeneration of the mesoporous silica films
on the electrode surface

Electro-assisted deposition of the silica thin film was accom-
plished using GCE polished with 0.3 and 1.0 pm alumina
followed by sonication in water and drying with nitrogen.
For film generation, a typical sol includes 20 mL of ethanol
and 20 mL of an aqueous solution of 0.1 M NaNO; while
100 mM TEOS (450 pl) and 32 mM CTAB (0.25 g) were
added under stirring [24]. The pH of the mixture was fixed
at 3.0 by the addition of 0.1 M HCI. Sol began to hydro-
lyze by stirring for 2 h under ambient conditions before use.
Finally, the silica film was deposited on the surface of the
GCE through galvanostatic conditions using a negative cur-
rent of 0.023 mA ¢cm™ to the electrode immersed in the
hydrolyzed solution (TEOS + CTAB) for 40 s (applying a
stainless-steel rod as a counter electrode and a silver wire
as a pseudo reference electrode). Then, the electrode was
immediately pulled out from the sol and washed with water.

After film generation, the electrode was kept for one night at
50 °C. The template was removed from the silica film matrix
while the electrode was soaked in 0.1 M HCl-ethanol (vol-
ume ratio the is 1:9) solution for 6 min under gentle stirring.

Procedure

Schematic 1 summarizes the sensor fabrication steps and
the strategy for electrochemical detection of glutathione.
The silica film formation was done in one step by using the
electrochemically assisted self-assembly EASA approach at
electrode surfaces. A negative current is applied to an elec-
trode dipped in an alcoholic solution consisting of a hydro-
lyzed tetraalkoxysilane Si(OR)4 (R =Et (TEOS) as a source
of silicate and CTAB surfactant as a template which leads to
the self-assembly of CTAB on the surface of the electrode
and TEOS co-condensation. A solution containing a prede-
termined amount Cu(Il), glutathione, and 0.1 M KNO; was
mixed actively for 5 min to form a Cu™>-GSH complex prior
to electrochemical measurement. The silica thin film/GCE
was then dipped into this solution for 3 min. The electro-
static interactions between a positively charged complex ion
and the negatively charged silica surface originating from
surface silanolate groups contribute to the accumulation of
the Cu*>-GSH complex compound in the film. Stable cyclic
voltammetry (CV) was observed from —0.4 to+0.1 Volt
versus MSE reference after the third scan. The Cu™>-GSH
complex formation was confirmed via IR, UV-visible spec-
troscopy, and cyclic voltammetry.

Results and discussion

Characterization of the MSTF structure by TEM
and FTIR

TEM was used to examine the morphology of the film
structure to show the highly ordered and homogeneous
film porosity (see top (A) and cross-sectional (B) views in
Fig. 1). The morphology of the film structure indicates that
the mesochannels are thickly arranged in a typical honey-
comb configuration with nanometer vertical channels and a
uniform pore size of about 3 nm [22, 26] Scheme 1.

The sharp vibrational band of the Si—O-Si in the range
1070 and 1220 cm™ (Fig. S1) are in good agreement with
the formation of a dense network of silica [30]. In addition,
a pure silica contains three strong peaks around 3535, 3680,
and 3747 cm™'[31]. The latter is a result of silanol groups
while the first two peaks are due to hydrogen-bonded water
molecules. Therefore, these remarkable peaks were hidden
by a broad -OH stretching vibration peak between 2500 and
3500 cm™'[32].
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Fig.1 TEM images of top (A)
and cross-sectional view (B)
of silica thin film deposited on
modified GCE generated by
EASA method

Using anionic redox probe to investigate
the presence of the MSTF on the GC electrode

Mass transport issue at the electrode modified with sil-
ica film was investigated by cyclic voltammetry using
an anionic Fe(CN)63_ redox probe in Fig. 2. First, before
template extraction (curve b), no redox peaks were
observed since the films are completely impassable
to Fe(CN),*~ redox probes, confirming that a uniform
crack-free silica is deposited on the entire electrode sur-
face. After removing the pattern (curve c), a couple of
reversible peaks was observed because the film became
porous, allowing the electrochemical probe to diffuse to

the electrode surface. However, we found a significant
reduction in the electrochemical signal intensity which is
comparable to the bare electrode in curve (a) due to some
repulsion to mass transport of Fe(CN)63' anions as a result
of negatively charged silica surfaces. Indeed, the deposited
silica film onto the surface of the electrode acts as a bar-
rier that prevents diffusion of Fe(CN)63_ probe from the
solution toward the surface of the electrode. These results
well prove the formation of silica film on the electrode sur-
face. Conversely, the accumulation of cationic species, for
example, Ru(bpy)32+ or paraquat, increases the intensity
of the electrochemical signal based on previously reported
evidence [24].

34
/ \ A ' 2Cu? Cux(GSSG) 2]
Br G 0 i + g’
OO Ol CTAD i 2GSH W i
_ \,{ 3,
CH;y ) )
(2(Cu-SG) 26 4
3 gl
?Et \ T
-2 - - - - - -
Si-.., TEOS EASA @) 04 03 02 01 00 04
B0\ OFt Potential vs MSE / V
OEt
NaNO;3
/ Electrode

Scheme 1 Schematic illustration of the electrochemical assembly method for the generation of the MSTF on the GC electrode to provide a sur-

face that allows the oxidation of the Cu>*-GSH complex
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Fig.2 Cyclic voltammograms 50
obtained with 5 mM Fe(CN)g? 0 a @[ Fe(CN), ]
in 0.1 M KNO; (pH 6.0) on
(a) bare GC electrode, GC 30 -
electrode modified with a thin
mesoporous film (b) before and ‘é_ 20 1
(c) after surfactant extraction. - 104 ¢
Scan rate was 100 mV s, g o b —
Schematic shows that the depos- =
ited silica film onto the surface 8 10 A
of electrode acts as a barrier that .20 4
prevents diffusion of Fe(CN)63_
probe from the solution toward -30 4
the surface of electrode 40 |

50 7 T T

0.5 0 0.5 1

Potential vs SCE / V

The electrochemical oxidation of GSH in the absence
and presence of Cu*? species

Figure 3 shows the cyclic voltammograms recorded
using glassy carbon electrodes at a potential sweep rate
of 50 mV s™!in 0.1 M KNOj at two different steps in the
absence and presence of copper. After producing a thin
film of silica with CTAB surfactant as a template on the
surface of the electrode, the voltammetric response was
completely suppressed (curve b, on Fig. 3), proposing the
MSTF was perfectly deposited on the entire surface of the
electrode. The increase of current in the observed signal
of curve c after removing the template confirmed the film

Current/ yA

-0.4 -0.3 -0.2 -0.1 0.0 0.1
Potential vs MSE / V

Fig.3 Cyclic voltammograms of (a) bare GC electrode in 0.1 M
KNO; solution (pH 6.0), (b) electrode deposited with MSTF tem-
plated with surfactant, (c) after template removal from silica films.
(d) 0.1 M KNO;+35.0 upM Cu*?, (e) 0.1 M KNO,+22.0 uM GSH,
and (f) 0.1 M KNO;+35.0 pM Cu*? jon +22.0 pM glutathione. Scan
rate was 50 mV s~

became highly porous to electrolyte diffusion. A small
anodic peak that arises at—0.1 V (curve d) corresponds
to the oxidation of Cu™? ion, which is not stable under the
experimental conditions. Curve e, the blue line in Fig. 3,
shows a cyclic voltammogram obtained for 22.0 uM glu-
tathione in the absence of Cu™? ion in 0.1 M KNOj, solution.
It can be observed that during an anodic scan at—0.1 V vs.
MSE, the current increased slightly which was related to the
oxidation of GSH to GSSG. The direct oxidation of GSH
is probably responsible for this slight increase in current.
Direct oxidation of thiols is common to give the correspond-
ing disulfides on a carbon electrode through the equation;
2RSH — RSSR +2H* +2e™. A significant increase in the
GSH oxidation signal (curve f, pink line) on the MSTF-
modified electrode was observed for 22.0 uM glutathione in
the presence of 35.0 uM Cu*? in 0.1 M KNO3 solution, sug-
gesting that the oxidation of GSH is mediated by copper(Il)
[33]. In addition, the observation clearly shows the Cu**
requirement for GSH oxidation at the electrode, because a
very small signal was observed in the absence of Cu®* for
dissolved GSH. Moreover, the silica film by modifying the
surface of the electrode increases the surface area, provid-
ing a fixation site that contributes to the accumulation of the
Cu™2-GSH complex on the silica film due to the electrostatic
interaction between the negative charge on the silica surface
and positive charge related to the complex. Repetitive cyclic
voltammetry was used in order to accumulate Cut?>-GSH
complex at modified electrodes with a silica film matrix.
Peak current as a function of the number of CV scans was
plotted (data not shown). Maximum stable response by
cyclic voltammetry was observed after the third scan. There-
fore, all the results were shown from the third cycle.

In addition, the result of UV—-visible spectroscopy sup-
ports the formation of a complex between Cu*? ions and
glutathione (Fig. 4). The obvious absorption peak recorded
around 300 nm in the spectra after adding glutathione to
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Fig.4 UV-vis spectra of 0.1 mM Cu®* (green); 0.6 mM GSH (aq)
(blue); and 0.6 mM GSH and 0.1 mM Cu** (aq) (pink) as composi-

tion of measured solution after mixing for 15 min (0.1 M KNOj; solu-
tion is blank)

a solution of Cu*? ions is related to the formation of the
Cu®*-GSH complex [34]. This result arises from the crea-
tion of the copper ion—GSSG complex which does not have a
strong absorption in this long-wavelength UV region, where
strong absorption of the Cu?’*-GSH complex is observed
[35]. Moreover, the infrared-active mode assigned to— SH
stretching (about 2500 cm™") for GSH has apparently disap-
peared in the spectrum of the Cu’>*-GSH complex, indicat-
ing the formation of the covalent bonds between GSH and
Cu*? ions as shown in Fig. S2 [36]. In contrast, the injection
of Cu*? jons into the GSSG solution reduces absorption as
Areias et al. [34] indicated.

254
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o (3] 3
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 § L)
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Potential vs MSE / V

The optimization of pH

Due to the presence of hydroxyl, carboxyl, and amine groups
in glutathione, pH is an important parameter that must be
considered. Hydrogen bonding is mostly responsible for the
aggregation of glutathione, which reduces the possibility of
covalent bonding between GSH and Cu*? ions. Therefore, to
decrease the possibility of glutathione aggregation, the best
condition is when the glutathione molecule is available in
the form of zwitterions, which can be attributed to the elec-
trostatic repulsion between negatively charged carboxylic
groups in the form of zwitterions (NH™/COO~/SH/COO")
[37]. As shown in Fig. S3, the maximum voltammetric sig-
nal of glutathione is recorded at pH 6, which no aggregation
can be induced at this selected pH. In an acidic environ-
ment, the carboxylic groups are in protonated form and the
aggregation of glutathione could be induced. Moreover, the
surface hydroxyl group on the silica walls is either neutral or
cationic at acidic pH and therefore would not prefer adsorp-

tion of Cu?"-GSH complex. Therefore, pH 6 was chosen for
subsequent experiments.

Influence of scan rate on glutathione signal

In order to evaluate the mechanism of the complex oxida-
tion, the influence of scan rate was investigated. Silica thin
film modified electrode was immersed into 0.1 M KNO; with
22.0 pM glutathione and 35.0 pM Cu and cyclic voltamme-
try was carried out at scan rates of 0.02 to 0.6 Vs™!. As can
be seen in Fig. 5, peak currents increased monotonically

> N N
w o w
A A A
R
i 2
I &
= =

Peak Current/pA
s

w
L 4

0 200 400 600 800

Scan rate/mV s’

Fig.5 a The cyclic voltammograms recorded of a MSTF/GC electrode in 0.1 M KNO,+22.0 pM glutathione and+35.0 uM Cu*? at several
scan rates of 20 (1), 50 (2), 100 (3), 200 (4), 300 (5), 400 (6), 500 (7), 600 (8) mV/s; b a plot of the Ip dependence on the scan rate

@ Springer



Journal of Solid State Electrochemistry (2022) 26:2329-2338

2335

with the scan rate. Linear dependency of the peak current on
the scan rate proposes adsorption-controlled process.

The surface coverage I" (mol cm?) can be calculated in
agreement with the Sharp equation as shown below [38]
where the peak current depends on the surface concentration
of [Cu—SG]™" on the silica thin film modified GC electrode.

I, =n’F.2ATv /4RT

In this equation, n describes the number of electrons par-
ticipating in the reaction, A indicates the surface area of the
modified electrode, and the other items have their typical
meaning. The obtained results show that the surface cov-
erage can be estimated from the slope of the anodic peak
current plotted against the scan rate, which suggests that
7.6x 1071 mol cm~2 of Cu™2-GSH complex compound can
adsorb on the proposed electrode surface for n=2.

Calibration plot for glutathione oxidation
in the presence of Cu?*

In order to plot the calibration curve, cyclic voltammetry was
studied with various concentrations of the GSH and 35.0 pM
Cu*?in 0.1 M KNOj solution. Figure 6a shows that the peak
current increases with GSH concentration. The measured Ip
is plotted versus the increasing glutathione concentration and
a linear relationship appears in Fig. 6b. The calibration curve
(the blue line) is plotted in the concentration domain varying

Current / pA

-

- T - T

0.4 0.3 0.2 0.1 0.0 0.1
Potential vs MSE /| V

Fig.6 a Cyclic voltammograms of a MSTF/GC electrode in 0.1 M
KNO, solution (pH 6.0) using 35.0 pM of Cu*? with GSH concen-
trations ranging of 0 (1); 1.0 (2); 10.0 (3); 20.0 (4); 25.0 (5); 30.0
(6); 35.0 pM (7). b The plot of peak current vs. concentration of the
glutathione in the range from 1.0 to 35.0 pM, standard deviation for

from 1.0 to 35.0 pM for GSH. In addition, the detection limit
was calculated at 0.08 pM according to the signal which
amounted to 3 times the standard deviation of the blank sig-
nal divided by the slope of the regression equation. The linear
dynamic range obtained from this method is in the range of
physiological fluids reported in the literature for GSH (2.0 to
12.0 pM of glutathione) and indicates that the sample can be
analyzed without additional dilution or preconcentration. This
is important for industrial application and clinical analysis as
it can reduce analysis time, cost, and chemical waste.

Reaction mechanism

As observed in Fig. 6, with the increase of GSH concen-
tration up to 35.0 pM, the peak current increases. When
the concentration of GSH exceeds the concentration of cop-
per, the peak current becomes relatively stable and then
decreases. Signal reduction may be attributed to the loss of
silica structure when the film is saturated with the complex.
This problem can be solved by depositing silica films with
the help of APTES electrografting as a molecular glue to
enable silica film adhere well to the glassy carbon electrode
surface [28]. The intercept of the two extrapolated best-fit
lines of the peak current against glutathione concentration
(Fig. 6b) is placed at 38.0 pM, which is the result of the
formation of a 1:1 complex [34] between Cu?* and GSH
([Cu—SG]™). Oxidation of this species on the electrode sur-
face can be described by the following equation:

=
o

N

Peak Current /pA
-3 o

B e 1

0 10 20 30 40 50 &0
clGsH]/pM

n=3. The red line is the best fit of data points achieved from GSH

concentration range from 40.0 to 45.0 pM. The extrapolation of

the two lines demonstrates that the stoichiometric ratio of the GSH
(38.0 pM) to copper(l) is 1:1
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2[Cu—SG]* — Cu,(GSSG) +2e~

A higher ability to bind copper was obtained when thiol
groups were present in the reduced form as it has been
reported. Although, the binding is minimal when thiol
groups are oxidized to disulfide bonds [39].

Determination of glutathione in the presence
of cysteine

Some possible chemical interferences that are structurally
related to GSH, such as cysteine that is present in yeast
and blood, have also been tested [40—42]. Glutathione was
measured by introducing cysteine into the system with the
standard addition method. A mixture of equal concentrations
of glutathione (8.0 pM) and cysteine (8.0 pM) was prepared
and introduced into four standard solutions containing 7.0 to
16.0 uM glutathione standard and 35 pM of Cu*?in 0.1 M
KNOj. The results showed that the increase in the anodic
peak was related to the concentration of GSH and thus a lin-
ear relation between the concentration of the GSH standard
and the peak current is recorded in Fig. 7a. Extrapolating
to the zero current specified that 8.4 pM of glutathione is
present as the analyte in the solution (Fig. 7b), which cor-
responds well to the initial value of the reagent (8.0 pM).
Thus, the result shows cysteine does not seriously interfere
with the sensor response.

Selectivity and reproducibility of GSH electrode
Selectivity is explained as the capability of an analytical

method to precisely determine the GSH in the presence
of other expected interfering substances such as glutamic

g a

Current/pA
o o

~N
i

2

02 04 0 041

Potential vs MSE / V

04 03

Fig.7 a Cyclic voltammograms of a MSTF/GC electrode studied in
0.1 M KNOj solution (pH 6.0) containing 35.0 pM of Cu*? with vari-
ous GSH concentrations ranging of 7.0, 10.0, 13.0, and 16.0 pM in
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acid, glucose, and ascorbic acid which have similar oxida-
tion potential. For this purpose, the signal for a concen-
tration of 10.0 pm GSH was obtained and the recorded
signal was compared with the mixture of GSH and inter-
fering compound in a 5:1 molar ratio. GSH recovery val-
ues are observed in the presence of interfering compounds
in Table S1. The results displayed no interference on the
electrode response, which exhibits high selectivity of the
proposed sensor for GSH determination. In addition, the
reproducibility of the sensor was assessed by measuring
the CV peak currents of 3 different modified electrodes
for a 22.0 uM GSH solution. The relative standard devia-
tion (RSD) was 2.5%, indicating that the proposed sensor
has desirable reproducibility. To investigate the stability of
the proposed sensor, the MSTF-modified electrode before
template extraction was maintained at room temperature
for 1 month. The results showed that the corresponding CV
peak current decreased only by 2.1% of its initial current,
suggesting a good measurement stability.

GSH determination in real sample

Glutathione was determined successfully in several serum
samples by using the mesoporous silica thin film—GC elec-
trode. For this purpose, the blood samples were first centri-
fuged for 15 min at 3000 rpm to separate human serum. In this
step, 30.0 uL of human serum was diluted to 3.0 mL in 0.1 M
KNO; solution, and then various concentrations of GSH were
spiked to 1 mL of the diluted samples. As shown in Table 2,
the recoveries and RSDs are in the range of 98.6-105.5% and
1.2-2.2%, respectively, suggesting the proposed sensor has
good reliability in the determination of real sample.
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Table 2 Recovery results of MSTF/GC electrode by standard addi-
tion method for glutathione detection in 0.1 M KNO; solution at pH
6.0 using 35.0 pM of Cu*? (n=3)

Sample Added (uM) Found (uM) RSD (%) Recovery (%)
1 10 10.3 2.2 103

20 21.1 1.6 105.5
3 30 29.6 1.2 98.6
Conclusions

An organic monolayer of the mesoporous silica-based thin
film was deposited at the GC electrode surface for the rapid
and simple oxidation of glutathione mediated by copper.
Compared with the other chemically modified electrodes,
the preparation of silica film via electrochemically assisted
self-assembly (EASA) technique is a one quick step pro-
cess and very simple in design, providing good stability for
silica films on the GC electrode. Such silica films provide an
excellent fixation site, increasing the surface area to increase
the number of reactive sites, and therefore increasing the
signal-to-noise ratio and also decreasing surface passivation.
The current signal is detected at a low oxidation potential
of —0.10 V (vs. MSE) that markedly lowered the overpo-
tential for GSH oxidation and makes the proposed sensor
applicable to minimize interference. Therefore, this method
is particularly important for clinical analysis and laboratory
application.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10008-022-05234-7.
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