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Mechanistic Pathways and Identification of the
Electrochemically Generated Oxidation Products of
Flavonoid Eriodictyol in the Presence of Glutathione
Emad F. Newair,*[a] Ayman Nafady,*[a, b] Refat Abdel-Hamid,[a] Abdullah M. Al-Enizi,[b] and
François Garcia*[c]

Abstract: The metabolic oxidation pathways of dietary
flavonoid eriodictyol (Er) are not very well-probed. In the
present work, the electrochemical oxidation behavior of
Er was studied in aqueous Britton-Robinson (B-R) buffer
solution using cyclic voltammetry (CV), chronoamperometry (CA), and bulk-electrolysis (BE). The oxidation
products and reaction pathways of Er in the absence and
the presence of glutathione (GSH) were proposed and
identified in view of the results obtained by ultra-highperformance liquid chromatography coupled with mass
spectrometry (UPLC-MS). In the absence of GSH,
eriodictyol shows one quasi-reversible oxidation process
at E1/2 = 0.305 V, followed by a totally irreversible anodic
peak at a more positive potential (Epa = 1.05 V vs. Ag/

AgCl, 3 M KCl). Putatively, the first process corresponds
to the oxidation of the catechol moiety on the B ring of
Er while the second one is attributed to the oxidation of
the resorcinol moiety on the A ring. In the presence of
GSH, however, the anodic oxidation of Er was proposed
to be an ECEC-type mechanism. The Er molecule first
underwent a two-electron oxidation coupled with loss of
two-proton to generate the corresponding quinone, which
was either reduced to the original Er molecule by GSH,
or further interacted with GSH to produce mono- and biglutathione conjugates of Er. The proposed mechanism
was confirmed by digital simulation of the cyclic voltammograms.

Keywords: Cyclic voltammetry · Electrolysis · Oxidation Mechanism · Eriodictyol · Glutathione conjugates

1 Introduction
Like many polyphenols, the antioxidant activity of
flavonoids is related to their ability to scavenge radicals
by hydrogen or electron-transfer in a much faster process
than radical attack on an organic substrate. Eriodictyol
(Er, (2S)-2-(3,4-dihydroxyphenyl)-5,7-dihydroxy-2,3-dihydrochromen-4-one, Figure 1), is an interesting flavonoid
owing to its prevalence in foodstuffs and its beneficial
biological activity. It is present in several fruits and
vegetables, such as yerba santa, pistachio, cork, lemon
balm, rose hips, tomato, and particularly abundant in
lemon species [1–5]. Eriodictyol exhibits diverse biological
effects, including radioprotective, anti-tumor, antimicrobial, vasodilatory, and anti-inflammatory actions. It has
also been used as a bitter masking agent in cosmetic and
pharmaceutical formulations. Several researchers have
demonstrated that Er can significantly suppress the
oxidative stress in the serum, liver, and kidneys of diabetic
rats [6–9]. Reportedly, Er can protect the retinal cells
from oxidative damage [10, 11], and also attenuate the
degree of retinal inflammation and plasma lipid peroxidation, thereby preserving the blood-retinal barrier
(BRB) in early diabetic rats [12]. These effects have been
attributed to a combination of transient receptor potential
vanilloid (TRPV1) antagonism and an antioxidant effect
[13]. The antidiabetic properties of Er have been shown to
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be related to increased glucose uptake and improved
insulin resistance [14].
Oxidation of flavonoids has been studied under
various oxidizing conditions, including enzymatic [15–18],
microbial [19–21], metal ion-mediated [22, 23], chemical
[24], electrochemical [25–28], and superoxide anion radical [29] oxidation. The enzymatic oxidation pathway of Er
has been previously studied using mushroom tyrosinase
[30]. It was found that Er was oxidized to form
eriodictyol-o-quinone, which then underwent nucleophilic
attack by another Er unit to yield a dimer. This dimer was
further oxidized by eriodictyol-o-quinone. Electrochemi[a] E. F. Newair, A. Nafady, R. Abdel-Hamid
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Sigma-Aldrich (France). Ethanol ( 99.8 % HPLC) was
obtained from Merck (United States). Alumina powder
was supplied from Metrohm (France). Purified water from
a Millipore (Milli-Q) system was used to prepare all
solutions.
2.2 Solutions and Sample Preparation

Fig. 1. Chemical structure of eriodictyol (Er).

cal oxidations of Er and some polyphenolic compounds
have been barely investigated using voltammetry at a
glassy carbon electrode (GCE) [31]. The results showed
that the oxidation of Er was pH-dependent and takes
place in two steps, involving the same number of electrons
and protons [31].
Recently, it was shown that glutathione, a naturally
occurring tripeptide that exists mainly in its reduced form
(GSH), reacted with oxidized phenolic compounds and
quinones to generate a (2S)-glutathionyl product [32].
Thus, GSH can be utilized for the characterization of the
oxidation products of phenolic compounds. Furthermore,
it is known that electrochemical techniques provide
valuable insights into the underlying reaction mechanisms
of flavonoids as well as their relevant antioxidant activity
[33, 34]. Evidently, the oxidation products resulting from
the oxidative reactions of Er are still unclear. Furthermore, there has not been any systematic study precisely
illustrating the oxidation centers in Er.
In this contribution, the electrochemical oxidation of
Er in the absence and presence of GSH was undertaken
in aqueous Britton-Robinson (B-R) buffer solution
(pH 4.73) using cyclic voltammetry (CV), chronoamperometry (CA), and controlled potential coulometry (CPC).
The composition and structure of the oxidation products
were identified using ultra-high-performance liquid chromatography (UPLC) coupled with mass spectrometry
(MS). To the best of our knowledge, this is the first
detailed electrochemical-UPLC-MS study of Er oxidation
along with the characterization of GSH conjugates of
eriodictyol.

2 Materials and Methods
2.1 Chemicals
Eriodictyol ( 99 % HPLC) was purchased from Extrasynthese (France). Reduced L-glutathione ( 98.0 %),
boric acid ( 99.5 % ACS), glacial acetic acid (USP),
phosphoric acid solution (49–51 % HPLC), and sodium
hydroxide ( 98 % reagent grade) were supplied by
www.electroanalysis.wiley-vch.de

Stock solutions of Er (3.47 mmol L1) were prepared in an
ethanol/water (50 : 50, v/v) mixture. The Britton-Robinson
(B-R) buffer was used as a supporting electrolyte. All
solutions were kept in the refrigerator after protection
from light with aluminum foil, and were stable for at least
5 weeks. The working solutions were prepared freshly
from the stock solutions for each new experiment.
2.3 Instruments
A potentiostat/galvanostat, Autolab PGSTAT128 N (EcoChemie, Utrecht, The Netherlands) coupled with NOVA
2.0 software was used for electrochemical measurements
in a standard 20 mL three-electrode electrochemical cell.
A glassy carbon electrode (GCE, d = 3.0 mm, model
61204300, Metrohm-Autolab, Switzerland) was used as
the working electrode. Silver/silver chloride (Ag/AgCl,
3.0 M KCl(aq)) and platinum wire were employed as
reference and auxiliary electrodes, respectively.
The surface of the GCE was cleaned by polishing
before each measurement with 0.3 mm alumina powder,
then thoroughly rinsed with Milli-Q water and sonicated
in an ultrasonic bath for 5 min. After this mechanical
polishing of the GCE, it was subjected to further electrochemical cleaning by CV in the B-R buffer supporting
electrolyte to steady-state. The m-PrepCell, Antec, USA
electrolysis cell contained a HyREF reference electrode
(Pd/H2), a titanium counter electrode, and a glassy carbon
working electrode (1.9 cm2). The solution pH was determined using a bench-top pH-meter (HI 2210, HANNA
Instruments, Romania) with a combined pH reference
electrode.
2.4 Electrolysis
A 0.1 mM Er ethanol/water solution (50 : 50, v/v) was
prepared for electrochemical oxidation. The solution was
continuously passed through the electrochemical cell at a
flow rate of 0.1 mL min1 while a potential of 220 mV was
constantly applied between the working electrode and the
Pd/H2 reference electrode for more than 3 min to allow
baseline stabilization. The samples were then collected in
dried vials under an argon atmosphere for LC-MS
analysis. A 5.0 mM GSH solution was used for trapping
the oxidized species.
2.5 UPLC-MS System
Eriodictyol and its GSH conjugates were identified using
ultra-high-performance liquid chromatograph coupled

 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Electroanalysis 2018, 30, 1706 – 1714

1707

Full Paper
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58

Fig. 2. Cyclic voltammograms obtained with GCE for 0.10 mM Er in B-R buffer solution (pH 4.73) at (a) different switching potentials
at scan rate of 20 mV s1 and (b) different scan rates (5–400 mV s1) (representative voltammograms form 5 to 100 mV s1 are shown).

with a mass spectrometer. For liquid chromatographic
analysis, an Acquity UPLC (Waters, Milford, MA) system
equipped with a photodiode array detector and HSS T3
column (100 mm 3 2.1 mm 3 1.8 mm) containing Nucleosil
120–3 (C18 end-capped, Macherey-Nagel, Sweden) was
used. The gradient conditions were as follows: solvent A,
H2O-HCOOH, 99/1, v/v; solvent B CH3CN-H2OHCOOH, 80/19/1, v/v/v; initially 0.1 % of B was introduced into the column with a linear change to 60 % B
from 0–5 min and to 99 % B from 5–7 min. At the end,
99 % B was utilized for isocratic elution. The Acquity
UPLC system was coupled online with a mass spectrometer of amaZon X ESI-Trap (Bruker Daltonics, Bremen,
Germany). For analysis, the nebulizer pressure was 44 psi,
the dry gas temperature was fixed at 200 8C with a flow
rate of 12 L min1, and the capillary voltage was 4 kV. The
mass spectral data was acquired over a 90–1500 with mass
range in the positive ionization mode. The mass spectrum
acquisition speed was set at 8.1 m/z min1.

3 Results and Discussion
3.1 Cyclic Voltammetry of Eriodictyol
Cyclic voltammograms of 0.1 mM Er (Figure 2a) were
obtained in the potential range of 0.0 to 1.30 V at a scan
rate of 20 mV s1 using a GCE in the B-R buffer
(pH 4.73). Er showed two anodic processes corresponding
to the oxidation centers present in the molecule. The first
process was apparently reversible with E1/2 = 0.305 V,
while the second process was totally irreversible with an
ill-defined shape (Epa = 1.05 V). The peak potential separation for the first wave (DEp = EpaEpc) was 49 mV,
thereby implying a two-electron quasi-reversible process
[35]. It has been previously proposed that the catechol
moiety (3’,4’- dihydroxyl groups) on the B ring is oxidized
via a two-electron/two-proton reversible mechanism to
the final o-quinone product. Likewise, the second CV
wave is attributed to the oxidation of the resorcinol
www.electroanalysis.wiley-vch.de

moiety (5,7-dihydroxyl groups) at the A-ring, as previously described in Ref. [31].
The effect of the scan rate (Figure 2b) on the first
oxidation process of Er was investigated using GCE over
the scan rate range of 5–400 mV s1 in BR buffer
(pH 4.73) containing 0.1 mM Er. As can be seen in
Figure 2b, upon increasing the scan rate, there was a slight
anodic shift in the oxidation potential along with a slight
cathodic shift in the reduction potential. This indicated
that the electron-transfer process was coupled with a fast
and reversible follow-up chemical reaction [36]. Moreover, both peak currents (ipa and ipc) increased linearly
with the square root of the scan rate (n1/2) (Inset of
Figure 2b). The plot of the log-log relation (log ip (A) vs.
log n (V s1) gave a straight line with a gradient of 0.51
(r2 = 0.998). These results clearly confirmed the diffusioncontrolled nature of the oxidation process [36]. Significantly, both the peak current ratio (ipa/ipc) and the current
function (ipa/n1/2) increased slightly upon increasing the
scan rate, as expected for a fast and reversible follow-up
chemical reaction accompanying the charge-transfer step
[37]. In view of these results, it can be concluded that the
oxidation of Er occurs via a quasi-reversible electrontransfer step accompanied by a deprotonation follow-up
reversible chemical reaction. Gil et al reported that for
2.0<pH<9.0 the first oxidation process of eriodictyol is
pH dependent, and involves the same number of electrons
and protons. However, at pH>9.0 the oxidation behavior
of Er was pH independent, as the compound undergoes a
chemical deprotonation in alkaline solutions [31].
A similar oxidation behavior of 0.1 mM eriodictyol in
B-R buffer solution (pH 1.80) and scan rate of 20 mV s1
is illustrated (Figure S1). Under these conditions, Er
showed two anodic processes corresponding to the
oxidation centers present in the molecule. The first
process has E1/2 = 0.506 V, while the second process has
Epa = 1.22 V.
According to Faraday’s law of electrolysis, the number
of electrons (n) produced per molecule is given by the
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equation n = Q/FN, where Q is the charge passed during
electrolysis, F is the Faraday’s constant, and N is the
number of moles. Bulk electrolysis with coulometric
analysis was undertaken using 2.0 mmol Er in B-R buffer
(pH 4.73) at 220 mV vs. Pd/H2. The net charge consumed
was 0.376 C, which corresponded to 1.95 electrons per
molecule. Consequently, the oxidation process of the first
wave of eriodictyol involves two electrons coupled with
loss of two protons.
In order to determine the diffusion coefficient of Er in
solution, double potential step chronoamperometry
(DPCA) was used. It was found that the magnitude of the
chronoamperometric current of the first step I (t > t)
depends on the DS value, while that of the second step is
controlled by both DS and DP values (DS and DP are the
diffusion coefficients for the starting and the generated
products, respectively) [38]. The chronoamperograms of

1.0 3 104 M Er at a GCE in the B-R buffer (pH 4.73)
were obtained at different duration times (data not
shown). The diffusion coefficient was estimated from the
current data at the first step i (t > t), which was unaffected
by the chemical reaction. Under diffusion, the current
related to the electrode reaction of an electroactive
substance is given by the Cottrell equation (Eq. 1) [36]:
i ðt > tÞ ¼ nFAD0 1=2 C* bulk p1=2 t1=2

ð1Þ

where D0, C*bulk, and t are diffusion coefficients (cm2 s1),
bulk concentration (mol L1), and step duration time,
respectively, and n, F, and A have their usual meaning. A
straight line was obtained for the plot of i (t > t) versus t1/
2
(Figure 3). The D0 value was estimated to be 8.19 3
106 cm2 s1 from the slope of this straight line.
3.2 Cyclic Voltammetry of Eriodictyol in the Presence of
Glutathione

Fig. 3. Relationship of i (t < s) versus t1/2 for 0.10 mM Er in BR
buffer solution (pH 4.73) using GCE.

Figure 4a shows the cyclic voltammetric responses obtained for 0.1 mM Er in B-R buffer (pH 4.73) at scan rate
of 20 mV s1 using GCE in the absence and presence of
different (0.025 to 0.35 mM) GSH concentrations. Apparently, the addition of GSH to Er resulted in a significant
change in the chemical reversibility of the first wave
associated with Er oxidation. A closer inspection of the
cyclic voltammograms illustrated in Figure 4a revealed
that there was a slight shift to more positive potentials
along with a marked increase in the anodic peak current
for the forward scan upon increasing GSH concentration.
In the reverse scan, however, a significant decrease in the
cathodic peak current was observed. This results in a
dramatic decrease the values of the peak current ratio (ipc/
ipa), and thereby minimizing the underlying chemical
reversibility of the process. These findings suggested that
the oxidation mechanism of Er in the presence of GSH
occurs via a reversible electron-transfer step (Erev), which
is accompanied by an irreversible chemical reaction (Cirr).

Fig. 4. (a) Influence of GSH addition on the voltammetric responses of 0.10 mM Er in B-R buffer solution (pH 4.73) obtained at scan
rate of 20 mV s1 using GCE (b) Plot of the current ratios before and after addition of GSH versus [GSH].
www.electroanalysis.wiley-vch.de
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In this context, the Erev process led to generation of the oquinone of eriodictyol, whereas the Cirr took place
between the o-quinone and GSH, with the latter being the
rate-determining step, as evidenced by the decrease in the
values ipc and ration of (ipc/ipa). However, the overall
changes in the CV responses could imply a rapid electrocatalytic oxidation reaction of the thiol (glutathione) with
the o-quinone (Er quinone). On the basis of this
assumption, two possible electrochemical pathways were
predicted. In the first pathway, GSH is postulated to
undergo a chemical reduction by Er-quinone to regenerate Er and produce the disulfide form of GSH (Eq. 2). In
the second pathway, GSH may interact with Er-quinone
to afford the GSH conjugate of Er (Eq. 3).

(2)

(3)

The outcome of these two pathways is the generation
of the phenolic species (parent Er and glutathione
conjugates of Er) that can be further oxidized at the GCE.
Virtually, the formation of the new phenolic species
explains the observed increment in the anodic peak
current along with the diminished current intensity of the
cathodic counterpart in CVs obtained for Er in the
presence of GSH as shown in Figure 4a.
Furthermore, the fact that the cyclic voltammograms
became totally irreversible at high concentrations of GSH
clearly establishes the facile and rapid interaction between
GSH and the electrochemically generated Er-quinone.
Therefore, there is no Er available to be reduced at the
GCE in the reverse potential scan. In this respect, the
decrease in the current ratio ipc/ipa (ipa is proportional to
the quantity of Er available for oxidation to the quinone
form, whereas ipc is proportional to the amount of quinone
ready to be reduced back to Er after GSH addition) as
compared to the ratio before the addition of GSH was
taken as an indication of the degree of interaction
between GSH and quinone (Figure 4b). Similar behavior
was obtained for oxidation of Er at a lower pH value
(1.80) in the presence of GSH as shown in Figure S2.
Evidently, the shift of the midpoint (E1/2) to more positive
values implies that GSH has a greater tendency to
stabilize or protect Er against oxidation at lower pH
values. This conclusion was previously established via the
reaction of catechol with GSH [39, 40].
3.3 Identification of Oxidation Products of Er by
UPLC-MS
Exhaustive electrochemical oxidation of Er was conducted in the presence of GSH at pH 4.73 using a
www.electroanalysis.wiley-vch.de

commercial coulometric cell coupled with LC-MS. Two
methods were employed. In the first method, collection of
the oxidized Er, passing through the electrochemical cell,
was accomplished via addition of 0.5 mM GSH solution to
avoid direct electrochemical oxidation of GSH. In the
second approach, the mixture of Er and an excess of GSH
(1.0 mM) was allowed to pass through the electrolysis cell.
The UPLC-MS data revealed that a significant fraction of
GSH remained in the reduced form after electrolysis,
thereby reacting with the quinone species despite its
possible oxidation at the electrode surface at 220 mV vs.
Pd/H2. Both methods led to the generation of large
amounts of adduct products. The main conjugated species
produced in the presence of GSH in the electrolyzed
solutions were examined using UPLC-MS.
Examination of the electrolyzed solution at a fixed
potential (0 mV vs. Pd/H2) showed that there was no
significant electrochemical oxidation of Er; only m/z 289
[M + H] + was detected, which was assigned to Er (Figure 5, black curve, peak A). However, exhaustive electrolysis at 220 mV vs. Pd/H2 gave rise to a new product after
trapping the electrolyzed solution with GSH (method 1)
(Figure 5, red curve). The relevant signal observed at m/z
594 [M + H] + (peak B) was attributed to the monoglutathione conjugate of Er. More importantly, LC-MS
data revealed the presence of Er (peak A) as an intense
signal, which remained in the reduced form after electrolysis. Detection of parent Er after complete electrolysis is
likely due to the fact that Er-quinone was reduced to the
original Er by GSH, as described in Eq. 2.
As for the second approach, exhaustive oxidation at an
applied potential of 220 mV vs. Pd/H2 in the B-R buffer
solution containing both Er and GSH for 5 min, followed
by insertion of the electrolysis products into the UPLCMS unit, resulted in a new peak on the UPLC chromatogram (peak C, blue curve, Figure 5) of the Er-GSH
mixture at 280 nm. The UPLC peak C at m/z 450 [M +
2H]2 + was assigned to the mass of a bi-glutathione
conjugate of Er. Beside these characteristic peaks, the
chromatogram contains also - multiple peaks around
signal B (Figure 5) for the same compound and having the
same mass. This behavior is probably due to the existence
of stereoisomers that can be separated by the column, and
therefore gave two or even multiple peaks with identical
spectra. The fact that these isomeric connections showed
the same spectra despite having different retention time is
explained in view of arrangement differences, which is
expected to induce marked changes in the phase affinity
interaction with the column. This could slow down the
isomer that had the same mass [41].
Previously, similar reaction mechanisms were proposed to explain the formation of mono- and biglutathione conjugates of the flavonoid catechin [42]. In
this respect, we believe that the electrochemical oxidation
of Er in the presence of GSH favors the formation of its
bi-glutathione conjugates. In view of all the aforementioned observations, the electrochemical oxidation path-
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Fig. 5. UPLC-MS chromatograms at 280 nm obtained for a 0.10 mM Er solution (black curve), 0.10 mM Er solution oxidized at 220 mV
vs Pd/H2 and trapped in a 0.50 mM GSH solution (red curve), and 0.10 mM Er solution oxidized at 220 mV vs Pd/H2 in presence of
0.50 mM GSH solution (blue curve). Mass to charge (m/z): (a) 289 [M + H] +, (b) 594 [M + H] +, and (c) 450 [M + 2H]2 +.

Scheme 1. The proposed pathways for the electrochemical generation of mono- and bi-glutathione conjugates of eriodictyol.

ways of Er in the presence of GSH can be summarized as
depicted in Scheme 1.
The overall findings demonstrate that when Er was
oxidized electrochemically, it produced the o-quinone
intermediate, which was readily converted into the
glutathione (GSH) conjugates of Er. The mono- and biGSH conjugates of Er were identified by mass spectrometric analysis. It is worth mentioning that all positions in
www.electroanalysis.wiley-vch.de

the generated o-quinone intermediate were available for
attack by GSH (Figure 6). These include the almost
equally-electrophilic reactive centers at C5’ and C2’ of the
B ring, adjacent to the carbonyl groups of the o-quinone
moiety, as well as the least electrophilic center at C6’.
However, the distinguishing feature between the three
electrophilic centers was steric hindrance, which increased
in the order C5’ < C6’ < C2’. It was evident that steric
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Fig. 6. Possible reactivity pattern for the formation of glutathione
conjugates of eriodictyol.

hindrance played a crucial role as a distinguishing factor
because GSH attacked the C6’ electrophilic center more
readily than C2’, despite the fact that the latter was more
electrophilic than the former. The C5’ site was the most
electrophilic and the least sterically hindered [43]. Consequently, C5’ site will be the most favorable position to
form the mono-glutathione conjugate of Er. The attack of
the second GSH molecule is probably available via either
C2’ or C6’ sites. However, the fact that C2’ site is a
comparatively less crowded position to form the biglutathione conjugate of Er, it is most likely that GSH will
attack this position and not C6’ site. Thus, a combination
of C5’ and C6’ is not favorable.
These results confirm that Er-quinone is a highly
reactive species; Er readily reacted with nucleophiles such
as glutathione. This also explains why GSH is an
important reagent in cellular defense against reactive
quinones [44].
3.4 Mechanistic Aspects of Er Oxidation
In view of the signals observed at m/z 594 [M + H] + (B)
and 450 [M + 2H]2 + (C), which were assigned to the
mono- and bi-GSH conjugates of Er, respectively, it was
rationalized that the catechol moiety of Er would be
induced by the abstraction of one-electron/one-proton to

afford the corresponding intermediate radical species.
This radical intermediate would likely undergo a second
electron/proton abstraction to yield the quinone. Given
the high nucleophilicity of GSH and its tendency to attack
various reactive species such as quinones to produce
GSH-adduct species, the mechanism of electrochemical
oxidation of Er most likely followed the pathway
proposed in Scheme 1. Thus, the quinone formed after
electrochemical oxidation of Er (method 1) underwent a
GSH addition reaction, leading to the formation of monoglutathione conjugates of Er. On the other hand, the
electrochemical oxidation of Er in the presence of GSH
(method 2) generated an additional GSH adduct, observed at m/z 450 [M + 2H]2 +, thereby indicating the
formation of bi-GSH conjugates of Er.
Digital simulation of cyclic voltammograms was performed in order to evaluate the thermodynamic and
kinetic parameters associated with the oxidative response
of Er and its interaction with GSH [45]. The experimental
cyclic voltammograms were compared with the theoretical
ones obtained via DigiSim 3.03 software. Input parameters for the proposed ECEC mechanism included the
formal redox potentials (Eo), transfer coefficients (a) and
heterogeneous electron-transfer rate constants (ks) as
described by the following equations.
Er ¼ Er þ þ e

ðEÞ

Er þ ¼ Er þ Hþ

ðCÞ

Er ¼ Erþ þ e

ðEÞ

Erþ ¼ ErQ þ Hþ

ðCÞ

.

.

.

.

In the case of Er oxidation in the presence of GSH,
the following reaction was considered in the simulation
input parameters.
ErQ þ 2GSH ¼ Er þ GSSG

ðCÞ

As illustrated in Figure 7, reasonable fits between
experimental and simulated CV scans of Er in the absence
(Figure 7a) and the presence (Figure 7b) of GSH were
obtained. Table 1 lists the extracted kinetic and thermodynamic parameters. The fitting procedures were undertaken at three different sets of scan rates and different
GSH concentrations. The good agreement between experiment and theory implied that the proposed ECEC
mechanism together with the reaction described earlier in
Eq. 2 and Eq. 3 both are valid. On the basis of the
simulated mechanism it is established that Er molecule

Table 1. Digital simulation parameters for the heterogeneous electron transfer reactions and homogeneous chemical reaction of Er in
the absence and presence of GSH.
E1o
(V)

E2o
(V)

ks1
(cm s1)

ks2
(cm s1)

a1

a2

k1
(M1 s1)

k2
(M1 s1)

Do
(cm2 s1)

0.325

0.240

0.002

0.0008

0.45

0.50

5.40 3 106

2.32 3 104

8.19 3 106
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Fig. 7. Digital simulation analysis of the cyclic voltammograms of (a) 0.10 mM Er and (b) 0.10 mM Er in the presence of 0.150 mM
GSH dissolved in B-R buffer (pH 4.73) at 25 8C. Solid curves are experimental data obtained at 20 mV s1 using GCE, while dotted
curves are the simulated cyclic voltammograms.

first underwent a two-electron oxidation coupled with loss
of two-proton to generate the corresponding quinone.
Then, the formed quinone was either reduced to the
original Er molecule by GSH, or further interacted with
GSH to produce mono- and bi- glutathione conjugates of
Er.
Taken together, the overall findings of this work
clearly indicate that the combined electrochemical UPLCMS approach can be easily used to assess the antioxidant
action of GSH on oxidized polyphenols, which are usually
considered as supplements for many industries such as
food production.
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pathways.
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