1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

s NIH Public Access
Y,

Author Manuscript

Published in final edited form as:
Anal Chem. 2006 November 1; 78(21): 7577—7581. doi:10.1021/ac061451q.

Electrochemical Detection of Glutathione Using Redox Indicators

Eden Joy Pacsial-Ong, Robin L. McCarIey*, Weihua Wang, and Robert M. Strongin
Department of Chemistry and Center for Biomodular Multiscale Systems, Louisiana State
University, 232 Choppin Hall, Baton Rouge, Louisiana 70803-1804

Abstract

The nucleophilic addition of the aminothiols homocysteine (HCY), cysteine (CYS), and glutathione
(GSH) to the electrogenerated quinone of fluorone black (1) via the ECE mechanism is reported. It
is demonstrated that 1 selectively reacts with GSH to form the bis-GSH adduct, 1-(GSH),, while
only the monothiol adducts were generated in the presence of HCY and CYS (1-HCY and 1-CYS,
respectively). The more anodic Ep, of 1-(GSH); relative to 1 and 1-GSH (AEp, ~ +0.14) is the
voltammetric signature that allows the discrimination of GSH from HCY and CYS. It is also shown
that the presence of structurally similar aminothiols—HCY and CYS—posed no interference to the
signature voltammetric response of 1-(GSH),.

It is well established that organothiols play important roles in numerous cellular biochemical
reactions.! The presence of sulfur-containing amino acids in bodily fluids, such as
homocysteine (HCY), cysteine (CYS), and glutathione (GSH), provides biomedical scientists
an avenue for evaluating a number of clinical conditions.2 The importance of these three
specific aminothiols to the biomedical community has grown because these thiols are
recognized as valuable biomarkers for a wide variety of diseases.3:4 For instance, elevated
levels of these aminothiols have been linked to Alzheimer’s, Parkinson’s, and cardiovascular
diseases,® and increased levels of GSH and CY'S have been noted in AIDS-related dementia.
3 Depletion of intracellular CYS and GSH has been associated with leukemia, cervical cancer,
liver disease, and several other disorders.3—> Hence, development of a variety of methods that
are capable of monitoring aminothiol levels in physiological systems is needed to further
investigate their specific role as biomarkers.2:3

The analytical community has focused its attention on the well-documented redox properties
of the aminothiols HCY, CYS, and GSH.1~5 Electrochemical techniques hold much potential
for the in vitro analysis of these aminothiols because such methods offer the advantage of
minimal sample pretreatment, rapid analysis time, and simple experimental approach.3
However, the limitations of electroanalytical methodologies that employ solid electrodes have
diminished the broad acceptance of these protocols.Gv7 In the case of Hg amalgam-coated
electrodes,1:6-8 for instance, the toxicity of the materials used, as well as the more complex
and time-consuming configuration of the setup, outweigh the high sensitivity and low limit of
detection of the method.1:2 On the other hand, methods that employ direct detection of
aminothiols at solid electrode surfaces have limited selectivities because such protocols are
impeded by the poor voltammetric responses of the analytes at high anodic potentials.2'8'9
The known voltammetric techniques typically require mediators, derivatizing agents, or
complicated sample pretreatments, such that the attainment of optimum sensitivity and low
limit of detection is negated by poor selectivity and vice versa.4:8.9 Al of the reported
electroanalytical methodologies have successfully presented the fundamental characterization
technique for biological thiols, but the viability of the electrochemical protocols has remained
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amatter of speculation,zrg’vgb as obstacles are always encountered due to the complex functions
of these aminothiols in physiological systems.

The objective of our work is the development of novel and simple electroanalytical
methodologies that employ catechol analogues as redox indicators for the in vitro assay of
HCY, CYS, and GSH (Figure 1A). As part of a collaborative program aimed at developing
selective and sensitive methods for the detection of these aminothiols, 10 we report here initial
investigations that target the direct detection and discrimination of GSH from HCY and CYS
using inexpensive and readily available materials. The central sensing element of this work
utilizes electrochemically generated o-quinones of catechol analogues (Figure 1B) as redox
reporters of the aminothiols. The metabolic mechanism of catechol-containing compounds in
biological systemsll—which involves their oxidation to the corresponding o-quinones and
subsequent nucleophilic addition reaction with thiols12-has been investigated in studies of
catechol estrogens,13 catecholamines, 14 p-cresol (4—methy|phenol),15 chlorogenic acid, 16
and dopamine.17 This same mechanism forms the basis of the thiol—catechol reactions detailed
in Scheme 1, which also outlines the redox-promoted signals generated by the oxidation of
catechol-thiol adducts. We specifically propose that the voltammetric discrimination of GSH
from HCY and CYS arises from the differences in the electrochemical oxidation potentials of
the GSH-indicator adducts from those of HCY- and CY S—indicator adducts.

EXPERIMENTAL SECTION

Reagents of the highest purity available were purchased from Aldrich and were used as
received. Compound 3-GSH was synthesized according to literature procedures.31 All
solutions and subsequent dilutions were prepared using triply distilled, deionized water (18
MQ-cm) from a Barnstead Nanopure water purification system. Solutions of catechol
derivatives (1.0 x 1073 M) were prepared in a 70:30 MeOH/H,0 (0.050 M phosphate buffer,
pH 7.3) solvent system. The catechol solutions were titrated with aliquots of the aminothiols
to obtain the desired concentrations for the electrochemical measurements. In all cases,
solutions were deaerated with high-purity N, prior to their evaluation.

The electrochemical measurements were obtained using a computer-controlled EG&G PAR
model 273A potentiostat and a standard three-electrode cell of 5-mL volume. Glassy carbon
(A =0.07 cm?, CH Instruments, Austin, TX) served as the working electrode, a homemade
99.9% platinum wire (d = 0.05 cm, CH Instruments) coil as the counter electrode, and Ag/
AgCI (3.0 M KCI, CH Instruments) as the reference electrode. The working electrode was
polished between measurements on a Buehler microcloth with alumina micropolish (1 zm)
paste.

RESULTS AND DISCUSSION

The mechanism of the catechol-thiol adduct formation is detailed in Scheme 1,18 where the
electrochemical detection of the aminothiols relies on the analytical signal generated from the
oxidation of catechol-thiol adducts C and E. Catechol-analogue indicator A is
electrochemically oxidized to quinone B, which then undergoes nucleophilic attack by the thiol
species to produce the catechol-thiol adduct C. Oxidation of C, which occurs at a potential
similar to that of A, yields quinone D (eq I), which can further react with the thiol to generate
catechol—(bisthiol) adduct E (eq Il). The oxidation of E to F (eq Il) occurs at a potential that
is different from either A or C. Such voltammetric discrimina tion between the anodic response
of catechol—(bisthiol) E from those of A and catechol-(monothiol) C provides the selectivity
of the approach.

We employed fluorone black (1) as the redox reporter in the electrochemical detection of the
aminothiols, as we have shown this catechol analogue to be a promising optical indicator for

Anal Chem. Author manuscript; available in PMC 2009 March 29.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pacsial-Ong et al.

Page 3

these thiols.10 The cyclic voltammetric profile of 1 in 70:30 MeOH/H,0 (0.050 M phosphate
buffer, pH 7.3), shown in Figure 2, exhibits an irreversible oxidation at +0.26 V (vs Ag/AgCl)
as the redox signature of the system. Upon addition of 10 equiv of GSH to a solution of 1, the
sole voltammetric signal is an oxidation peak at + 0.42 V. We ascribe this response at +0.42
V to the oxidation of 1-(GSH), that is formed from the electrochemically initiated reaction
pathway shown in Scheme 1 (eq I1). Cyclic voltammograms of GSH in the absence of 1 exhibit
no significant oxidation or reduction peaks over the potential range shown in Figure 2.

Titration studies were performed in order to investigate the formation of 1-(GSH), in more
detail. The voltammetric profile for the titration of 1 with GSH (1-10 equiv) in Figure 3 reveals
important observations at three GSH/1 ratios: (i) the apparent increase in the anodic current of
1 at low GSH/1 (<4:1) ratios; (ii) the gradual decrease in anodic current corresponding to the
oxidation of 1 at an intermediate ratio of GSH/1 (6:1); and (iii) a progressive appearance of
the more anodic oxidation peak at +0.42 V and a concomitant decrease of current at +0.28 V
athigh GSH/1 (>8:1) ratios. The result at low GSH/1 (<4:1) ratios is in agreement with previous
reports on related systems, where the anodic current enhancement at the oxidation peak
potentials (Ep,) of the indicators was attributed to the formation of a catechol-glutathionyl
adduct via an ECE mechanism (Scheme 1, eq I).2v9’11‘3'18‘20 In our case, the increase in
current?l at +0.28 V corresponds to the formation of a reduced 1-GSH adduct (equivalent of
C in Scheme 1) that is %overned by the same ECE mechanism (eq | in Scheme 1).18 In analogy
to a previous account, 9 no shift in Epa Was observed for the solutions of 1 containing low
amounts of GSH (<4 equiv) because the oxidation of 1-GSH adduct occurs at a potential that
is very similar to that of indicator 1. At high GSH/1 (> 8:1) ratios, the emergence of the new
anodic response at +0.42 V is in contrast to previously studied systems, where the occurrence
of a new reduction wave was designated as the signature of the catechol-thiol adduct.19.20
We propose that the Ep, at +0.42 V is indicative of the oxidation of 1-(GSH), (E — F in
Scheme 1), which is produced by the reductive addition of GSH to the electrogenerated o-
quinone of 1-GSH (C — D — E in Scheme 1). Thus, at an intermediate ratio of GSH/1 (6:1),
the anodic current of 1-GSH at +0.28 V begins to diminish because 1-(GSH) is being
generated at the expense of 1-GSH. No further increase in the anodic peak current at +0.42 V
is observed beyond GSH/1 (>10:1) ratios, which suggests that quantitative conversion of 1
GSH to 1-(GSH), is attained at GSH/1 (10:1) ratio. Overall, the signature anodic peak at +0.42
V marks the ability of this novel approach to selectively distinguish the redox response of 1—-
(GSH), from those of 1-GSH and 1.

The proposed mechanisms in Scheme 1 are in accord with earlier reports on the formation of
catechol—-(multi-glutathionyl) conjugates in biological systems, which are known to be driven
by the tendency of the aforementioned GSH adducts to undergo autoxidation and redox cycling
processes.llbvzz’23 Our claim is further supported by previous accounts on the formation of
catechol—(bisglutathion%/? conjugates of similar catechol analogues in the presence of excess
amounts of GSH.16:17.24 Thys, it is also reasonable to conclude that 1-GSH is predominantly
formed at low GSH/1 (<4:1) ratios and is an intermediate to the eventual formation of 1-
(GSH),. Therefore, increasing the concentrations of GSH beyond 4 equiv shifts the product
distribution in favor of 1-(GSH),, whose anodic potential signature is very much different
from that of unreacted 1 and 1-GSH. While the Ep, of 1-GSH is very similar to 1, the more
anodic Ep, of 1-(GSH); that is observed at high GSH/1 (=8 equiv) ratios indicates that 1-
(GSH), is thermodynamically more difficult to oxidize than 1 and 1-GSH.25

Scan rate-dependence studies further support the anodic peak assignment at +0.42 V (scan rate,
v=0.1V-s 1) to the oxidation of 1-(GSH),. The current-normalized voltammograms of 1 in
the presence of 6 equiv of GSH at two different scan rates are shown in Figure 4. When the

applied potential is scanned at v = 0.01 V-s™1, the anodic peak at ~+0.40 V 6 that is attributed
to the oxidation of 1-(GSH), is clearly visible. At this relatively slow v (i.e., long voltammetric
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time scale), the reaction between the electrogenerated quinone of 1-GSH and GSH via the
ECE mechanism (D — E in Scheme 1) has ample time to occur. At a shorter time scale of v =
0.03 V-s71, the anodic response for the oxidation of 1-(GSH), is not readily apparent and only
the peak at +0.28 V dominates. Taken together, these observations indicate that the slower time
scale at v = 0.03 Vs is insufficient to allow the formation of the bisubstituted conjugate.

In the case of HCY and CYS, addition of these thiols (up to 10 equiv) to a solution of 1 only
results to an increase in current at +0.26 V (Figures 5 and S-1 in Supporting Information). This
observation is similar to the voltammetric responses of 1 at low GSH/1 (<4:1) ratios and has
been previously documented for the reaction of HCY and CYS with the electrogenerated o-
quinones of catechols via the ECE mechanism (B — C in Scheme 1).2'9""*18’19’2 Theincrease
in current?! at +0.26 \V, which corresponds to the formation of a reduced 1-HCY and 1-CYS
adducts (equivalent of C in Scheme 1), demonstrates that the catechol-thiol conjugates can be
oxidized at potentials that are relatively similar to the E,, values of the respective catechols.
Herein, the voltammetric results for indicator 1 in the presence of HCY and CYS complement
these earlier accounts and suggest that 1-HCY and 1-CYS were formed via the same ECE
mechanism, as outlined ineq I, Scheme 1.18 Based on the absence of a more anodic Eparelative
to the oxidation potentials of 1 and 1-thiol adducts, it is suffice to conclude that 1-(HCY), and
1-(CYS), adducts were not generated.

The selectivity of 1-(GSH), formation was assessed by examining the possible interference
posed by HCY and CYS. It has been reported that the intracellular concentration of GSH is in
the millimolar range, while HCY and CYS are present in micromolar amounts.27=29 Hence,
control experiments utilizing solutions containing millimolar concentrations of these three
thiols constitute an extreme representation of their actual physiological compositions.30 The
results of these selectivity studies (Figure 6) convincingly indicate that even though HCY and
CYS are present in equimolar amounts as GSH and 1, the signature anodic response of the 1-
(GSH), was retained.

To validate the mechanisms outlined in Scheme 1, structurally similar catechol-type indicators
2 and 3 (Figure 1B) were electrochemically evaluated in the presence of GSH, CYS, and HCY.
The voltammetric behavior of these indicators was similar in all aspects to those of the 1-thiol
mixtures. That is, the effects of HCY and CYS on the voltammograms of 2 and 3 (Figures S-2
and S-3, Supporting Information) are consistent with the formation of the indicator—
(monothiol) adducts (2-HCY, 2-CYS, 3-HCY, 3-CYS). On the other hand, the addition of
excess amounts (10 equiv) of GSH to 2 and 3 produced the expected Ep, shifts (Figures S-4
and S-5, Supporting Information) that correspond to the indicator—(bisthiol) adducts 2—
(GSH), and 3—(GSH),. To further validate the anodic peak assignment of the indicator—
(monothiol) adducts, 3-GSH was synthesizedg’l and electrochemically verified by cyclic
voltammetry. The voltammogram of the chemically synthesized 3-GSH (Figure S-5,
Supporting Information) shows that its voltammetric features are similar to the proposed
electrochemically generated 3-GSH conjugate. Based on our current voltammetric evidence,
it appears that the rate of formation of E for GSH is larger than that for CYS and HCY.
Altogether, these results once again reaffirm the proposed electrochemically initiated addition
mechanism in Scheme 1.

The emergence of an oxidation peak that is more anodic than the Ep, values (AEp, ~0.14 V)

of indicators 1-3 and their monothiol adducts is the key signal response that voltammetrically
discriminates GSH from HCY and CYS. The fact that the signature oxidation peak (conversion
of Eto F) isobserved only in the presence of GSH (due to the faster apparent rate of E formation
with GSH) allows the catechol-type indicators to voltammetrically discern the anodic responses
of the indicator—(bis-GSH) conjugates from those of the indicator—(mono-HCY) and indicator—
(mono-CYS) adducts. Once again, based on the absence of a more anodic Ep, relative to the
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oxidation potentials of the indicators, it is suffice to conclude that indicator—(bis-HCY) and
indicator—(bis-CY'S) adducts were not generated. The chemical reason for this distinct behavior
of GSH in the presence of the indicators (faster apparent rate of E formation) remains unclear,
but current efforts in our laboratory are now focused on effectively isolating and fully
characterizing these catechol-thiol adducts. Although a quantitative evaluation in clinically
relevant samples has not yet been carried out, the outcome of this investigation may be applied
in the fabrication of microdevices for biomedical applications.

CONCLUSIONS

This article summarizes a simple electrochemical approach for detecting and discriminating
GSH from HCY and CYS. Catechol derivatives 1-3 were utilized as electrochemical
indicators, and their electrochemically initiated reaction with the aminothiols is demonstrated.
It was shown that indicators 1-3 selectively formed indicator—(bisthiol) adducts with GSH,
while only the indicator—(monothiol) adducts were generated with CYS and HCY under the
conditions used here. The Ep, values of the indicator—(bis-GSH) adducts are more anodic than
their respective indicator—(mono-GSH) adducts (AEp, ~0.14 V) and serve as the voltammetric
signature for the detection of GSH. The voltammetric features of 1-(GSH), were retained even
in the presence of the structurally similar aminothiols HCY and CYS. Overall, the direct
methodology and the simplicity of the approach, as well as the commercial availability of
catechol-analogue indicators, are practical elements that reveal the importance of our
contribution to the electrochemical sensing of aminothiols.2=4:19,20 Eyrthermore, our
protocol provides a stable and yet flexible ground from which broad and optimized
experimental conditions can be advanced.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structures of aminothiols (A) and redox indicators (B).
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— —-1+10eqGSH

IIO pA

L Il Il I 'l A ' 1 Il I L 'l I Il Il I
0.7 0.6 0.5 0.4 0.3 0.2 0.1 0

Potential (V) vs Ag/AgCl

Figure 2.

Cyclic voltammograms of 1.0 x 103 M 1 before (solid line) and after (dashed line) addition
of GSH (1.0 x 1072 M) in 70:30 MeOH/H,0 (0.050 M phosphate buffer, pH 7.3) solution, v
=0.1 V-s~1. Arrows indicate the direction of the voltammetric scans.
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0.7 0.6 0.5 0.4 0.3 0.2 0.1 0
Potential (V) vs Ag/AgCl
Figure 3.
Cyclic voltammograms detailing the response of 1.0 x103 M 1 upon addition of increasing

amounts of GSH (0-10 equiv) in 70:30 MeOH/H,0 (0.050 M phosphate buffer, pH 7.3)
solution, v=0.1V-s1
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Potential (V) vs Ag/AgCl

Figure 4.
Current-normalized cyclic voltammograms of 1 (1.0 x 1073 M) in the presence of 6 equiv of

GSH at v = 0.01 (solid line) and v = 0.03 V-s1 (dashed line).
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0.7 0.6 0.5 0.4 0.3 0.2 0.1 0
Potential (V) vs Ag/AgCl

Figure 5.
Voltammetric responses of 1 (1.0 x 10-3 M) upon addition of increasing amounts of HCY (1-
10 equiv) in 70:30 MeOH/H,0 (0.050 M phosphate buffer, pH 7.3) solution, v = 0.10 V.51,
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Figure 6.

Cyclic voltammograms of 1 (1.0 x 1073 M) and GSH (1.0 x 1072 M) in the presence of CYS
and HCY (1.0 x 1072 M each) in 70:30 MeOH/H,0 (0.050 M phosphate buffer, pH 7.3)
solution. v=0.1V.s1
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Proposed Reaction Pathway for the Addition of Thiols to the Catechol-Analogue Derivative

via the ECE Mechanism
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