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ABSTRACT

The quantitative analysis of the ratio of reduced glutathione to total
glutathione-provides useful information for the evaluation of the oxidative stress levels
in biological samples. We report an electro-analytical methodology for determining
this ratio using cyclic voltammetry and platinum screen-printed electrodes. The
method involves the use of the reaction of electro-generated iodine with biological
thiols, using GSH as a model, which produces an increase in the current of the anodic
peak from iodide oxidation, and allows its easy analytical quantification. lodine reacts
with thiols in its reduced state, but not with disulfides, making possible the
discrimination of these two kinds of compounds in a mixture. For the total glutathione
determination, sodium borohydride was added as a reducing agent. Calibration plots
for the reduced and total glutathione were analyzed. It was demonstrated that this
method is able to analyze these compounds in solutions spiked with reduced and
oxidized glutathione. Finally, to test the effectiveness of the analytical method in real
samples, plant extracts from Pisum sativum (pea) were analyzed by the developed
methodology as a proof-of-concept and validated independently with a
spectrophotometric method.
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1. INTRODUCTION

Thiols (-SH) are the main form of reduced sulphur in plants and can be found as
protein thiols (thioredoxins) and low molecular weight thiols (cysteine, glutathione or
phytochelatins) 1. These compounds play important roles in the stress response of
plants and their adaptation to the environment. Thiols can be oxidized to disulfides (-S-
S-) and the oxidized/reduced couple ratio is regarded as an important biochemical
marker for oxidative stress 2. In particular, the tripeptide glutathione (y-L-glutamyl-L-
cysteinyl-glycine, GSH), whose concentrations are reported to range up to millimolar in
some tissues 3, and its corresponding oxidized form (GSSG), is the most abundant
thiol/disulfide redox pair in plant cells. GSH is a critical factor in protecting organisms
against toxicity and disease both in animals and plants #. In plants, this metabolite acts
in the so-called ascorbate-glutathione cycle, helping to prevent damages caused by
reactive oxygen species >’. Under normal physiological conditions, the glutathione
pool is mainly in its reduced form (GSH), while the rest is present as disulfide or
thioether 1. However the ratio GSSG/GSH is shifted towards GSSG upon stress, as a
result of reactive oxygen species (ROS) scavenging pathways that can lead to
programmed cell death 2. Therefore, from a physiological point of view, the ratio of
oxidized GSH with respect to total GSH (tGSH) is more relevant than the total
concentration of GSH itself 8. Monitoring these compounds is very useful in the study
of plant metabolism, its growth and developmental processes, as well as its response
to a variety of external stressors.

Nowadays there are different methods for the analysis of thiols such as
chromatography °1° , colorimetry 12, fluorescence ** or mass spectrometry !4,
However, these methods have some disadvantages such as high costs, long analysis
times and often require laborious technical handling and chemical derivation °. The
use of electroanalysis has its major advantages over the mentioned methods, being
cheap, technically straightforward and having good sensitivity. Electrochemical
techniques have been used as versatile tools to measure biologically relevant
compounds and study biochemical pathways®®. Significant effort has been placed upon
finding electrochemical methods by which the glutathione content and/or
thiol/disulfide ratio could be analytically determined °. Some of these methods use
quinones or quinone analogs as electrochemical mediators /2% and have been applied
in the measurement of thiols in commercial tissue culture media?!, plasma and saliva
2224 Harfield et al (2012) offers a critical review about the electrochemical
determination of GSH for medical applications *°.

Electrochemical techniques have been demonstrated to be useful tools for the
determination of plant metabolites related on oxidative stress. For example, the
electrochemical detection of extracellular hydrogen peroxide in Arabidopsis thaliana
cell suspensions was successfully used for the evaluation of oxidative stress %°. In
addition, the first in situ detection of the hormone salicylate in Ocimum basilicum plant
leaves via reverse iontophoresis in combination with cyclic voltammetry at disposable
screen-printed electrodes has been recently published 6. However little is found in the



literature about electrochemical quantification of thiols and disulfides in plant extracts.
Supalkova et al (2007) 27 showed that the electrochemical techniques were useful in
the analysis of plant thiols. These authors used maize extracts and studied the effect of
cadmium on the concentration of GSH, GSSG and phytochelatins. Furthermore, Ryant
et al (2008) 28 also performed the electrochemical determination of low molecular
weight thiols content in potato extracts. However, in these papers, a mercury drop
electrode was used as working electrode and a supporting electrolyte at high pH (> 9)
was employed. Under a technical point of view, these are drawbacks due to the high
toxicity of mercury and that, at this basic pH, the GSH spontaneous oxidation takes
place ?°. Therefore the development of simple and less polluting electrochemical
sensors, able to work at physiological pH values, is very important in the analysis of
these compounds in plants and other biological samples.

The reactivity of halogens towards organosulfur compounds is well
documented 303!, However, their potential electroanalytical utility as a method of
detecting thiols in biological media has yet to be explored. lodine under aqueous
conditions is able to oxidize thiols to their corresponding disulfide 3°. The iodide/iodine
pair redox, in contrast to the bromide/bromine pair redox that can react both with
thiols and disulfides 3234, is only sensitive to the presence of thiols in their reduced
state 32. Therefore, it is a very useful tool in the discrimination between the reduced
and oxidized forms of GSH and other relevant biological thiols. Therefore, the aim of
this paper was to use screen-printed electrodes for the electrochemical measurement
of reduced and total GSH in plant extract samples using the iodide/iodine pair as a
mediator. Screen printed electrodes offer a number of advantages versus conventional
electrodes, for example, they are suitable for working with small volumes, which is
highly needed in the analysis of biological samples. This technology has never been
applied for thiol determination in plant extracts.



2. MATERIAL AND METHODS
2.1 Reagents

5-5’-dithiobis(2-nitro-benzoic acid) (DTNB), glutathione (GSH), glutathione
reductase (GR), hydrochloric acid, oxidized glutathione (GSSG), potassium carbonate,
sodium borohydride, sodium iodide, sodium perchlorate and 2-vinylpyridine (2VP)
were purchased at their highest available purity from Sigma-Aldrich (Spain) and were
used as received. All solutions were prepared with deionized water (resistivity > 18.2
MQ-cm at 25°C) (Millipore, Watford, UK). All solutions were freshly prepared every day
prior to experiments.

2.2 Plant extracts

Plant extracts from Pisum sativum (pea) leaves were supplied by the Fruit
Technology Group
(http://www.cebas.csic.es/dep spain/mejora/biotecnologia/biotec lineas.html,
CEBAS, CSIC, Murcia, Spain). Briefly, pea leaves (1g) were frozen in liquid nitrogen,
then ground in a mortar and pestle in 3 mL of 1 M HCIO4 solution. Then, the
homogenate was centrifuged at 12 000 rpm for 15 minutes at 4 2C, and the
supernatant removed and stored at -802C. The samples were neutralized with K,CO3 to
a pH of 7 prior to the analytical measurements.

2.3 Electrochemical measurements

Electrochemical measurements were carried out on three electrode platinum
screen-printed electrodes (Dropsens, DRP-550), which consist of a platinum working
electrode (diameter 4 mm), a platinum counter electrode and a quasi-silver reference
electrode. Approximately 50 plL of the sample solution were deposited onto the chip
covering the three electrodes prior to running the electrochemical experiment. The
electrochemical experiments were performed using a computer-controlled
potentiostat, AUTOLAB PGSTAT302N (Eco Chemie B.V., The Netherlands) in a Faraday
cage. All solutions were previously incubated in a Thermomixer Comfort Eppendorf
(Hamburg, Germany) at 25.0 °C before each measurement.

The method measures the total glutathione as GSH plus 2x GSSG. Firstly the
GSH (reduced form) was measured by the electrochemically generated iodine at the
platinum electrode surface. The total GSH was measured in the same way, but
previously sodium borohydride to give a final concentration of 2% was added to the
sample (solution containing GSSG or plant extract) to reduce GSSG to GSH. Then the
solution was neutralized with hydrochloric acid 1M to pH 7 prior to the
electrochemical analysis.


http://www.cebas.csic.es/dep_spain/mejora/biotecnologia/biotec_lineas.html

2.4 Spectrophotometric measurements

Spectrophotometric measurements were carried out using a UV/Vis Perkin-
Elmer Lambda 35 (Perkin Elmer Instruments, Waltham, USA) spectrophotometer
coupled to a PCB 150 Water Peltier System. Temperature was controlled at 25 °C.

GSH was measured by the recycling assay initially described by Tietze3>. In it,
GSH in its reduced state is oxidized by DTNB (producing GSSG and 2-nitro-5-
thiobenzoate (TNB)) and subsequently reduced by glutathione reductase in the
presence of NADPH. The appearance of TNB is monitored at 412 nm. The method
measures the tGSH as GSH plus 2 x GSSG. Specific determination of GSSG was achieved
by pretreatment of extract aliquots with 2VP 1. For the total GSH measurements,
triplicate aliquots of 25 ul of neutralized extract were added to a solution containing
0.5 mM NADPH and 0.6 mM DTNB. The reaction was started by the addition of GR (1
U/ml). The increase in absorbance at 412 nm was monitored for 3 min. GSSG was
quantified by the same method after the incubation of 100 pl of the neutralized
extract with 0.26M of2VP during 30 minutes at room temperature and subsequent
centrifugation for 15 min (12 000 rpm). Calibration plots were prepared using GSH and
GSSG standards at different concentrations. All solutions were prepared using 0.2 M
sodium phosphate buffer pH 7.5 containing 10 mM EDTA.

2.5 Fitting the data

Data were fitted by using the SigmaPlot Scientific Graphing Software for
Windows, version 13.0.

3. RESULTS AND DISCUSSION
3.1 Optimization of the analytical method

In this section, an optimized method for the measurement of reduced and total
GSH is studied using commercially available platinum screen printed electrodes. This
method is based on the oxidation of thiols by iodine electrochemically generated from
an aqueous iodide solution. The thiol chosen was GSH, as the level of this compound
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in plants is much greater than others such as cysteine 7. The chemical structures of the
reduced and oxidized GSH are shown in Fig 1. GSH, in its reduced form, is a tripeptide
consisting of L-cysteine, L-glutamate and glycine. Two glutathione molecules can
oxidize to form a disulfide (GSSG) via the cysteine thiol groups.

The oxidation of 1 mM iodide to iodine was recorded at a platinum screen
printed electrode (Fig. 2, green line). A well-defined quasi-reversible diffusional redox
wave occurred at approximately 0.7 V (vs Ag). This voltammetric peak corresponds to
the one-electron oxidation of the iodide ion to iodine. Despite the fact that only a
single process was observed in the voltammetry (Fig. 2, green line), the iodide
oxidation process is complicated due to the triiodide ion formation 36. This compound
is very likely to be in the aqueous solution, although in a smaller concentration than
iodine (approximately 5 times less) 32. The standard potentials for the oxidation of
iodide to iodine and iodide to triiodide only differ by less than a millivolt 3. Therefore,
it cannot be ruled out that the triiodide, although likely present in lower
concentration, was the active oxidizing species 32.

The aqueous iodide oxidation at a platinum electrode has been previously
studied by laser-activated voltammetry 38 and the following mechanism was proposed:

21" (aq) s I,(aq) + 2e” (1)
I;(aq) + I"(aq) = I3(aq) (2)
I(aq) 5 I(s) (3)
I"(aq) + I(s) S I3(aq) (4)

Voltammograms of GSH and GSSG in the absence of the iodide show that the
direct electrochemistry of GSH and GSSG is disfavoured (Fig. 2, black and red dashed
lines, respectively). The addition of GSSG to the iodide solution had not effect on the
voltammetric response (Fig. 2, red solid line). However when GSH was added to the
solution containing iodide, the voltammogram showed an increase in the forward peak
(Fig. 2, blue solid line) and a decrease in the back peak characteristic of a catalytic (EC’)
process. Therefore it is possible to discriminate between GSH and the disulfide GSSG in
the presence of iodide. This analysis is possible because iodine (electrochemically
produced) under aqueous conditions is able to oxidize thiols to their corresponding
disulfide by means of the next reaction 3°.

I
2RSH + 1, > RSSR + 2HI (5)

Cyclic voltammograms were measured using different concentrations of GSH
from 10 to 250 uM (Fig. 3). The inset of Fig. 3 shows a linear relationship between the
GSH concentration and the increase in current, (Ip-lpo (1A) = (0.033 + 0.001) [GSH]
(uM), n=3). The limit of detection was determined to be 14.06 uM using 30/S, where o
is the standard deviation and S is the sensitivity of the assay.



The determination of total GSH requires the reduction of the disulfide bond
with a reducing agent. Sodium borohydride, a strong reductant, was selected to reduce
the oxidized GSSG due to its lack of electrochemical activity and inability to foul the
electrode surface #?%. To be sure that the NaBH,4 treatment has no interference in the
iodide/iodine voltammogram, an experiment was carried out with and without the
addition of NaBHa (Fig. 4). It should be taken into account that when the base NaBHg is
used, an important increment in pH occurs, which was corrected using the appropriate
guantity of aqueous HCI. Fig. 4 shows that there was no change nor in the forward and
neither in the backward peak (black and red solid lines). In addition, the
electrochemical activity of NaBH, itself was discarded (black dashed line), making i
possible the use of this reducing agent for the analysis.

Solutions with different GSSG concentrations were treated with NaBHi to
produce GSH (Fig. 5). The Figure shows the voltammetric behavior of the system
iodide/iodine using different concentrations of GSSG. It is shown that with each
increasing concentration, the forward peak increases with a linear relationship (Ip-Ipo
(uA) = (0.066 + 0.002)[GS-] (uM), n=3), being [GS-] the concentration of GSH generated
from GSSG. The detection limit was 11.09 uM (30/S). In addition, the same experiment
was performed using GSH (instead GSSG) in the presence of the reducing agent and a
similar slope was obtained (data not shown). Therefore the effectiveness of NaBH4 for
the reduction of GSSG to GSH is demonstrated and therefore, the tGSH quantification
is possible. In this case, the sensitivity of the GSH formed from GSSG (for tGSH
calculation) is higher in comparison to the sensitivity of the direct detection of the
reduced form of GSH. This is most likely due to the neutralization process using HCI
since pH may slightly be different (the solution was a little more alkaline than the
NaClO4 solution in the absence of the reducing agent). Anyway this does not affect the
GSH quantification because the determination of reduced GSH and total GSH were
made separately using their respective calibration plots.

Different solutions spiked with GSH and increasing concentrations of GSSG
were prepared to check if the system is able to analyze the GSH and tGSH separately.
Firstly the reduced GSH content was determined using the calibration plot obtained for
GSH without NaBH4 treatment. Subsequently, the mixed solution sample was treated
with NaBHs and neutralized with HCl (pH 7) to determine the total GSH content using
its respective calibration plot at pH 7. Figure 6 shows the comparison between the
expected and measured values for reduced and total GSH in the different mixtures.
The proposed method acceptably matches to the expected values with the average
relative standard errors of 1.9 and 3.9 % for reduced and total GSH, respectively.
Therefore the quantification and discrimination of these compounds can be performed
using this analytical method.

3.2 Application of the method in the measurement of reduced and total GSH in
plant extracts (from pea leaves).

One of the most important interests of electrochemical methods is the
obtainment of micro-molar limits of detection in complex physiological and biological
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matrices . For that reason, the aim of this work was to apply the method previously
optimized in a real sample. Plant extracts obtained from pea leaves were analyzed as a
proof-of-concept by the developed methodology and validated with a traditional
spectrophotometric method.

Fig. 7 shows the voltammograms of a plant extract (40% in NaClOs) in the
absence and presence of 1 mM Nal. The sample revealed some electroactive species,
possibly ascorbate and/or other antioxidant compounds, but the voltammetric signal
of Nal was considered enough to be used in GSH quantification by the standard
additions method.

To check the applicability of the sensor in plant real samples, the proposed
method was applied to the determination of GSH and tGSH in two plant extracts from
pea leaves. Fig. 8 shows an example in which the addition of increasing GSH
concentrations leads to an increment in the anodic peak current, making possible the
analysis. Standard additions of GSH were carried out without (Fig. 8A) and with (Fig.
8B) previous NaBHs treatment to determine the GSH and tGSH respectively.

The concentrations calculated by the standard additions method for the two
plant extracts were compared to those obtained by the classic spectrophotometric
method with DTNB and GR (reference method) and the results are shown in Table 1.
The ratio GSSG/tGSH was calculated by the two methods and a relative standard
deviation (RSD) < 7.5 % was obtained, revealing a good precision of the
electrochemical method.

Table 1. Reduced and total GSH in pea leaves extracts by the electrochemical and
spectrophotometric (reference) method.

Electrochemical method Spectrophotometric method
Sample Reduced Total GSH GSSG/total Reduced Total GSH GSSG/total
GSH GSH GSH GSH
(nmoles/gFW) (nmoles/gFW) (nmoles/gFW) (nmoles/gFW)
1 114.6+13.8 | 139.5+9.3 | 0.09 95.7+17.4 | 119.4418.6 | 0.10
2 71.1+£4.5 113.7+22.5 | 0.19 63.0+5.1 107.74#11.4 | 0.20

The determination of thiols concentration in plant extracts, particularly GSH,
can be used to quantify the plant stress response to environmental factors. From data
shown in Table 1 we can conclude that the sample 1 was affected by a lower oxidative
stress level than sample 2 since its GSSG/total GSH ratio was lower. On the other hand,
sample 1 revealed a higher content of both reduced and total GSH that probably could
be related with a better protection of the plant against damaging factors.
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4. Conclusions

Herein a simple, fast and easy method for determining reduced and total GSH is
described. The method exploits the redox reaction between the electrochemically
generated iodine with thiols in their reduced state. The fact that iodine is not able to
react with disulfides allows the discrimination between the reduced GSH and the
oxidized species GSSG. For total GSH, sodium borohydride was used as a reducing agent.
Cyclic voltammetry and commercially available screen-printed electrodes (using Pt as a
working electrode) were used for these studies. The sensitivity of the sensor was
(0.033+0.001) pA/uM for reduced GSH and (0.066+ 0.001) uA/uM for total GSH, with a
limit detection of 14.06 uM and 11.09 pM respectively. The applicability of the
methodology here proposed was tested with real plant extracts samples as a proof-of-
concept and validated with a spectrophotometric method, obtaining similar results in
the oxidized GSSG/tGSH ratio. Since the analysis of thiols is a potential marker for the
evaluation of oxidative stress in plants, this approach could contribute to the monitoring
of plant metabolism under normal and oxidative stress conditions.
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Figure captions
Figure 1. Chemical structures of reduced and oxidized glutathione.

Figure 2. Voltammetric response of 0.2 M NaClO4 (black solid line), 100 uM GSH (red
dashed line), 100 uM GSSG (black dashed line), 1 mM Nal (green solid line), 1 mM Nal
in the presence of 100 uM GSH (blue solid line) and 1 mM Nal in the presence of 100
UM GSSG (red solid line). All solutions were prepared in 0.2 M NaClOs. The scan rate
was 100 mVs™.

Figure 3. Voltammetry (scan rate=100 mVs?) of 1 mM Nal in the absence (red line)
and presence of increasing concentrations of GSH (10, 20, 30, 40, 50, 100, 150, 200 and
250 uM, black lines). Inset: Peak current increment vs GSH concentration, where Ipg is
the oxidative peak height of the iodide in the absence of GSH.

Figure 4. Cyclic voltammetry (scan rate=100 mVs™) at Pt screen printed electrodes: 2%
NaBH4 (black dashed line), 1 mM Nal without the NaBH4 treatment (red solid line) and
1 mM Nal after the NaBHa treatment (black solid line). All solutions containing NaBH4
were neutralized with appropriate volumes of HCl 1M.

Figure 5. Cyclic voltammetry (scan rate=100 mVs) at Pt electrode of 1 mM Nal with
different concentrations of GSH from GSSG after the NaBHs treatment. Inset: Peak
current increment vs total GS- concentration where Ipo is the oxidative peak height of
the iodide in the absence of GSSG.

Figure 6. Expected and experimental values obtained of reduced and total GSH at
different prepared solutions (n=3).

Figure 7. Cyclic voltammetry (scan rate=100 mVs) of a plant extract sample solution
(40% in NaClOg, red line) and the same sample solution containing 1 mM Nal (black
line).

Figure 8. Cyclic voltammograms (scan rate=100 mVs™!) of 40 % plant extract (in NaClO4)
with 1 mM Nal after the addition of 0, 10, 20, 30, 40, 50 and 75 uM of GSH: A) without
NaBH4 treatment to measure only the reduced GSH and B) with NaBH4 treatment to
measure total GSH.
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