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adducts between oxidized
rosmarinic acid and glutathione compounds by
electrochemistry, liquid chromatography and mass
spectrometry

Emad F. Newair *a and François Garciab

Natural polyphenols are omnipresent and are an integral part of the human diet as well as quinones.

Glutathione (GSH) is present in a significant amount inside cells and consequently, GSH conjugates of

polyphenols will be encountered in the body. In the current work, voltammetry and liquid

chromatography–mass spectrometry were carried out to characterize the reaction mechanism of the

electrochemical oxidation of polyphenolic rosmarinic acid (RA) with GSH nucleophiles in aqueous

solution. Electrochemical investigation of RA revealed that two consecutive transfer steps (which depend

on pH) of two electrons and protons occur during the reversible oxidation of RA. Moreover, it was found

that the first oxidation step is associated with the 3,4-dihydroxyphenyl lactic acid moiety, whereas the

second oxidation step corresponds to the oxidation of the caffeic acid one. By using ultrahigh-

performance liquid chromatography-diode array detection-mass spectrometry (UPLC-DAD-MS) in the

negative ion mode, the oxidation pathways of RA in the presence of GSH were analyzed, and a total of

four RA-GSH conjugates were identified. The oxidative degradation pathway of RA can be better

apprehended and forecasted by the acquired results in this study.
1. Introduction

Food quality can signicantly deteriorate via an oxidative
process which will lead to modications of safety as well as
texture, avour, and colour of foodstuffs. To prevent food
oxidation, polyphenols can play a signicant protective role.
Among the hydroxycinnamic acid derivative class, rosmarinic
acid (RA) is a natural polyphenolic compound that is greatly
present in fruits and vegetables for human consumption.1

Scarpati and Oriente isolated RA from Rosmarinus officinalis L.
(Lamiaceae) (rosemary) for the rst time in 1958,2 and it is
considered to be a constituent of numerous medicinal plant
species with one of the highest bioactive effects.3 It has been
reported that RA has many medicinal values, including anti-
inammatory,4 antiangiogenesis,5 antioxidant,6 antitumor,7

and antiphotodamage properties.8 A study concerning carnosic
and rosmarinic acids, two rosemary components, and their
protective effects against oxidative stress as well as hyperlipid-
emia and hypoglycemia in diabetic rats has been performed.9

The authors reported that these compounds exhibit a reduction
in a signicant way of the different levels of triglycerides as well
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as total cholesterol and fasting plasma glucose. They also re-
ported that, for rats, RA has a more important protective effect
concerning symptoms of mitigated diabetes than carnosic acid.
Furthermore, other pharmacological activities, notably anti-
allergic properties, inhibition of both cyclooxygenase and
murine cell proliferation as well as preventive effects on low-
density lipoprotein oxidation have been reported.10

RA is an ester of caffeic acid (CA) and 3,4-dihydrox-
yphenyllactic acid (DHPLA) (Fig. 1). Thus, RA can react with free
radicals through both catechol moieties (ring A and ring B) it
possesses via an electron/proton donor mechanism. In addition
to that, RA can also easily chelate via hydroxyl and carboxyl
oxygen.11 However, despite all these useful therapeutic proper-
ties, compounds that contain catechol rings can autoxidize to
Fig. 1 The chemical structure of RA.

This journal is © The Royal Society of Chemistry 2022
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form quinones which accelerate the formation of reactive oxygen
species (ROS).12 The fundament of the biological activity of
quinones is based on their capacity to generate oxidative stress
with the macromolecules of the cellules. As a result of this stress,
damage of molecules needed for cell survival occurs. A quinone
is completely reduced by the capture of two electrons and also
two protons to a quinol (hydroquinone or catechol). The semi-
quinone, which is the reduced form of the quinone with only one
electron, can react with molecular oxygen with the formation of
the superoxide anion radical (O2c

�). The O2c
� radical subse-

quently undergoes either spontaneous or enzyme-catalyzed dis-
mutation to form H2O2 (hydrogen peroxide). The superoxide
anion radical also reduces Fe3+ to Fe2+. Then, hydrogen peroxide
can react with Fe2+ to produce OHc� (hydroxyl radical). Finally,
the quinone-mediated oxidative damage is certainly caused by
the OHc� radical. Nucleophilic addition for a quinone corre-
sponds to a formal two-electron reduction. Thus, thiol addition
to the quinone double bond corresponds to nucleophilic addi-
tion to an a,b-unsaturated carbonyl.13

In order to better characterize the preventive role of RA
concerning oxidative stress and consequently free radical
damage, a study concerning the electrochemical oxidation
mechanism of RA appears important. Indeed, the character-
ization of the antioxidant capacity of polyphenols, as well as the
mechanisms of their reactions, can be possible by electro-
chemical measurements via the obtained physicochemical
parameters of polyphenols such as the redox potential, the
number of transferred electrons during the reaction, the
transfer rate constant of electrons, etc. These parameters appear
to possess great potential not only for evaluating the antioxidant
abilities of polyphenols but also for understanding their reac-
tion mechanisms. Some authors investigated electrochemically
the rosmarinic acid oxidation in aqueous solutions.14 They re-
ported that RA was oxidized through an ErEr mechanism giving
two oxidation–reduction peaks. The electrochemical behavior of
rosmarinic acid in phosphate buffer at pH 7.4 was also inves-
tigated at the glassy carbon electrode. The electrode reaction
mechanism was studied using electrochemical methods, cyclic
voltammetry, and square wave stripping voltammetry.15 Elec-
trochemical studies have showed that the rst oxidation step is
related to the caffeic acid moiety, whereas the second oxidation
step is associated with the oxidation of the 3,4-dihydroxyphenyl
lactic acid one.16 The highest antioxidant potential of RA
because of its structural features is higher than those of other
hydroxycinnamic acid derivatives.17–19

Glutathione which is a natural tripeptide (glutamate, cysteine,
and glycine) mainly exists in the reduced form (GSH). It repre-
sents the major non-protein sulydryl compound in cells.20

Glutathione reacts with quinones yielding a (2S)-glutathionyl
product;21 the reaction of glutathione with quinones is usually
estimated to induce a cytoprotective effect. Indeed, nucleophilic
sites on macromolecules of cellules with a critical function are
preserved from irreversible reactions by the sulydryl group of
GSH which plays the role of a “sacricial” nucleophile. There-
fore, the use of GSH allows characterization of oxidation prod-
ucts of phenolic compounds. Several biological activities result
from the GSH conjugates aer the reaction of multiple
This journal is © The Royal Society of Chemistry 2022
polyphenolic compounds. Indeed, the redox activity of poly-
phenols is oen increased with GSH conjugation. The distinctive
structural features of polyphenolic-GSH conjugates provide the
basis concerning structures not only for toxicological activity but
also for pharmacological ones.22 Identication of adducts
between RA quinones and thiol compounds was performed
using liquid chromatography and mass spectrometry. It was
demonstrated that one quinone-RA/GSH adduct was formed.23

Furthermore, it was reported that several products are obtained
by nucleophilic additions on a unique quinone molecule.24,25

To better apprehend the prevention of stress induced by
oxidation as well as free radical spoilage and particularly con-
cerning natural polyphenols, the electrochemical oxidation
mechanism study appears decisive. The antioxidant activity of
polyphenols was investigated by numerous electrochemical
measurements in the literature.26–34 We recently investigated the
electrochemical oxidation mechanism of eriodictyol with
glutathione in aqueous buffer solutions. Pathways of oxidation
and characterization of the produced oxidation compounds
were studied using electrochemical-ultrahigh-performance
liquid chromatography combined with mass spectrometry
(EC-UPLC-MS).35

In the present article, the oxidation of RA by electrochemical
means with GSH in an aqueous solution is studied to investi-
gate the reaction mechanism of the formed RA o-quinone
intermediate with GSH. The investigation was performed at
a GCE using cyclic voltammetry (CV) and square wave voltam-
metry (SWV). Identication of the oxidation products was
elucidated using UPLC-MS. The established electrochemical
EC-UPLC-MS exhibits promising performance for the identi-
cation of the GSH conjugates of RA.
2. Materials and methods
2.1. Chemical products

Rosmarinic acid ($97.0%), reduced L-glutathione ($98.0%),
phosphoric acid solution (49–51% HPLC grade), glacial acetic
acid (USP reference standard), boric acid ($99.5% ACS reagent),
and sodium hydroxide ($98% reagent grade) were obtained
from Sigma-Aldrich (France). Ethanol ($99.8% HPLC grade)
was purchased from Merck (USA).
2.2. Solution preparation

Britton–Robinson (B–R) buffer was utilized over the pH range
from 1.81 to 7.07. Solutions of acetic, boric, and phosphoric
acids at a concentration of 0.04 M were prepared. Ammonium
hydroxide solution with a concentration of 0.2 M allowed
adjusting the pH of the B–R buffer at the desired value using
a pH-meter (HI 2210, HANNA, Romania) equipped with
a combined pH reference electrode. A concentrated stock
solution of rosmarinic acid was prepared at a concentration of
1.05 mM in water/ethanol (50/50 v/v). The solutions were pro-
tected from light effect by using aluminium foil and stored at
4 �C. For all experiments, the solutions were prepared freshly by
diluting the stock solution. The puried water used in the
preparation of all solutions was Milli-Q grade.
Anal. Methods, 2022, 14, 286–297 | 287
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2.3. Cyclic and square wave voltammetry

All electrochemical experiments were carried out by means of
a potentiostat-galvanostat PGSTAT 128N Autolab (Eco-Chemie,
Utrecht, Holland) and the soware NOVA 2.0. A three-
electrode cell (20 mL) was used, equipped with a glassy
carbon working electrode (GCE) (3.0 mm diameter, Metrohm-
Autolab, Switzerland), a silver/silver chloride (Ag/AgCl–KCl, 3.0
M) reference electrode, and a platinum wire counter electrode.
The surface of the glassy carbon electrode was polished before
each measurement using alumina powder (0.3 mm, Metrohm,
France), rinsed using Milli-Q water, and nally dipped for 5
minutes in an ultrasonic bath. Then, electrochemical cleaning
was carried out by cyclic voltammetry in the Briton–Robinson
buffer supporting electrolyte until the steady-state. All
measurements were carried out in duplicate.
2.4. Controlled potential electrolysis

The electrolysis experiments were carried out using a coulo-
metric cell (m-PrepCell, Antec, United States of America)
equipped with a rectangular glassy carbon electrode (1.9 cm2),
a HyREF (Pd/H2) and a titanium electrode as working, reference
and auxiliary electrodes, respectively.

In order to study closely the electrochemical oxidation
products of rosmarinic acid with or without GSH solution, the
electrolysis cell was coupled to an UPLC-MS (Fig. 2). The solu-
tion of RA at a concentration of 0.1 mmol L�1 in water/ethanol
(50/50 v/v) was introduced into the coulometric cell with a 0.1
mL min�1

ow rate while a potential of 250 mV (vs. Pd/H2) was
continuously applied at the GCE. Until baseline stabilization,
the potential was maintained constant for more than 3minutes.
Aerward, the solutions of the oxidized products were sampled
under an argon atmosphere in tinted vials in order to be
introduced into the UPLC apparatus. In order to trap the
oxidation products, a GSH solution at a concentration of
5.0 mmol L�1 was utilized.
2.5. UPLC-DAD-MS system

RA and its GSH conjugates have been characterized using UPLC-
MS. Analyses were carried out using an Acquity UPLC (Waters,
Fig. 2 Schematic presentation of the EC-LC-MS set-up comprising an
electrochemical cell (EC), liquid chromatography (LC) and mass
spectrometry (MS).
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Milford, MA). The detector was a photodiode array (PDA). The
column used was a HSS T3, 100 � 2.1 mm, 1.8 mm column,
Nucleosil 120-3 C18 end-capped (Macherey-Nagel, Sweden).
Concerning the solvents, the following gradient was applied
with solvent A (H2O–HCOOH, 99/1 v/v) and solvent B (CH3CN–
H2O–HCOOH, 80/19/1 v/v/v): rst 0.1% of B; 0 to 5 minutes:
linear change to 60% of B; 5 to 7 minutes: to 99% of B; isocratic
99% of B. A mass spectrometer of an AmaZon X electrospray
ionization-trap (Bruker Daltonics, Bremen, Germany) was
coupled on line with the Acquity UPLC apparatus. The experi-
mental conditions during the analysis were the pressure of the
nebulizer 44 psi, the temperature of the dry gas 200 �C with
a ow rate of 12 L min�1, and the voltage of the capillary 4 kV.
The ionization in the negative mode was used, and the data
concerning the mass spectra were followed over a 90–1500 Th
mass range. Finally, the speed of the mass spectrum acquisition
was set to 8.1 m/z min�1.

3. Results and discussion
3.1. Electrochemical oxidation behaviour of RA

The electrochemical oxidation behaviour of RA was studied at
a GCE using CV and SWV in the pH range between 1.81 and
7.07.

3.1.1. Cyclic voltammetry. The electrochemical behaviour
of 25.6 mMRA using CV was investigated on the GCE at different
scan rates in Britton–Robinson buffer (pH 2.5) (Fig. 3A). On the
positive-going scan, RA exhibits two discernible anodic steps;
the rst one appears like a shoulder (peak 1a) for Ep1a¼ +0.449 V
whereas the second one appears like a well-dened anodic step
(peak 2a) for Ep2a ¼ +0.498 V. On scanning in the negative
direction, two cathodic counterpart steps are obtained, a step
(peak 2c) for Ep2c ¼ +0.467 V, followed by a step (peak 1c) for Ep1c
¼ +0.420 V. The differences between the anodic and cathodic
peak potentials, DE ¼ (Epa � Epc) are 29 and 31 mV for the rst
and the second peaks, respectively, corresponding to a two-
electron reversible electrode reaction theoretical value of
30 mV.36,37 In fact, two catechol moieties are present in the
chemical structure of RA, one corresponding to caffeic acid and
the other one to DHPLA.

The difference of the oxidation peak potentials for CA and
DHPLA is caused by both electron density and inductive effects,
considering the electron-withdrawing effect (�d) of carboxylic
and ester groups, opposite to the electron-releasing effect (+d) of
alkyl groups.27 On one hand, for DHPLA, the carboxyl group
causes only a weak negative inductive effect due to the weak-
ening of the electrostatic induction along the chain. On the
other hand, for caffeic acid, the carboxyl group maintains the
disabling effect caused by the double bond.38 Nevertheless, the
electronic density is diminished, caused by the carboxylic
function concerning the phenolic sites. Consequently, the
electron transfer will be less straightforward for caffeic acid.
Recently, Beiginejad et al. performed theoretical studies and
their results showed that the two catechol rings of RA oxidized
independently of each other. The rst redox wave is related to
the catechol moiety of DHPLA while the second redox wave is
related to the CA moiety.14 In addition to that, when the scan
This journal is © The Royal Society of Chemistry 2022



Fig. 3 (A) Cyclic voltammograms of 25.6 mm RA in B–R buffer (pH 2.5)
at different scan rates using GCE and (B) log–log relationship.

Fig. 4 (A) Cyclic voltammograms of 10.4 mm RA in B–R buffer at
different pH values on the GCE at a scan rate of 20 mV s�1 (B) E0/
(midway potential) vs. pH relationship.
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rate increases, the anodic peak potentials of the two waves are
slightly shied to higher values whereas the cathodic peak
potentials of the two waves are slightly shied to lower values.
However, the peak potential difference DE remains constant
even for important scan rates. Moreover, when the scan rate
increases from 5 to 200 mV s�1, a linear log–log variation (log ip,
vs. log n) is obtained with a slope value of 0.51 in the scan rate
range from 5 to 60 mV s�1 and a slope value of 1.10 in the scan
rate range from 80 to 200 mV s�1 (Fig. 3B).

Under these experimental conditions, the second step peak
current ratio (Ipc2/Ipa2) is about one, 0.98, at a scan rate of 30 mV
s�1: this value can be considered as a stability criterion of the
formed RA o-quinone at the electrode. Thus, no hydroxylation
or dimerization reactions which are slow can be observed
during the cyclic voltammetric experiments.39 On increasing the
scan rate, the second step peak current ratio (Ipc2/Ipa2) and the
current function for the second peak (Ipa2/n

1/2) are slightly
changed. This behaviour is indicative that the electrode reac-
tion follows an ErevCrev mechanism: a reversible electron
transfer reaction followed by a reversible chemical reaction.40

Furthermore, the number of electrons (n) per oxidized molecule
is given by Faraday's law of electrolysis (eqn (1)):

n ¼ Q/(FN) (1)
This journal is © The Royal Society of Chemistry 2022
where Q is the charge passed during electrolysis, F is the
Faraday constant and N is the number of moles. Bulk electrol-
ysis was carried out on 2.31� 10�10 mol of RA in B–R buffer (pH
1.80) at 250 mV vs. Pd/H2 with coulometric analysis. The
consumed net charge was 8.69 � 10�5 Coulomb for 2.31 �
10�10 mol of RA which gives 3.9 transferred electrons per
molecule considering the global redox process.

The pH effect was studied by performing cyclic voltammo-
grams of 10.40 mM RA on the glassy carbon electrode at 20 mV
s�1 (scan rate) in Britton–Robinson buffer for different pH
values ranging from 1.80 to 7.07 (Fig. 4A). The peak potential
(Ep) variation with pH gives worthwhile information concerning
the electrode process. Indeed, a shi of the two anodic peak
potentials corresponding to smaller positive values occurs when
the solution pH is increased. Moreover, it is found that the wave
response diminishes until completely disappeared for impor-
tant pH values (superior to 7.07) (Fig. 4A). This indicates that
the concentration of the electroactive form of RA is the highest
at acidic pH values, and consequently the concentration of the
active RA form is decreased when the solution pH is increased.
In addition to that, the formal potential (E�0) can be approxi-
mated by the midpoint potential, and a linear decrease of the
E�0 value with a slope of �61.0 mV pH�1 was obtained plotting
Anal. Methods, 2022, 14, 286–297 | 289



Fig. 5 (A) SWV of 1.0 mm RA in B–R buffer (pH 2.5) at the GCE: pulse
amplitude 25 mV, frequency 12 Hz and step potential 1 mV. (B) SWV of
25.6 mm RA in B–R buffer (pH 2.5) by applying several repetitive scans
on the GCE without cleaning the electrode: frequency 20 Hz, pulse
amplitude 25 mV and step potential 1 mV.
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E�0 as a function of pH (r ¼ 0.988) (Fig. 4B). The obtained
relation follows eqn (2):

E�0 ¼ E� � 2.303(mRT/(nF)) pH (2)

wherem and n are the proton and electron numbers in the redox
reaction, respectively, R is the gas constant and T is the absolute
temperature. The intercept at pH ¼ 0 gives the standard redox
potential E� (0.620 V). The slope of the straight line is close to
the expected value for a system with an equal number of elec-
trons and protons. Thus, the overall anodic oxidation of RA
under such conditions is a reversible oxidation of the two
catechol groups involving both two electrons and two protons to
the corresponding o-quinone. It worth noting that ring A
conjugated to a double bond connected with a carbonyl group
which increases the reversibility of the electrode reaction. This
enhances the electron delocalization resonance effect from the
aromatic nucleus to the formed phenoxyl radicals which leads
to phenoxy stabilization.

3.1.2. Square wave voltammetry. The behaviour of the
square wave voltammetric experiments of 1.0 mM RA in Brit-
ton–Robinson buffer (pH 2.5) for pulse amplitude 25 mV,
frequency 12 Hz and step potential 1 mV was investigated at the
GCE (Fig. 5). RA shows two anodic waves, the rst one appears
(peak 1a) at a net peak potential (DEp1) of 434 mV, followed by
the second one (peak 2a) at a DEp2 of 490 mV. The forward
current (oxidation process), the backward current (reduction
process) and the resultant net current are illustrated in Fig. 5A.
This clearly indicates that the electrode process of RA is
a reversible oxidation process. Besides, concerning the
components of wave 1a, the forward peak current (I1f) is higher
than the backward one (I1b) with a current ratio (I1f/I1b) equal to
1.06. This behavior indicates that the electrode reaction is
coupled with partial adsorption of the reactant on the surface
of the electrode.

Additionally, multi-scan SW voltammograms without clean-
ing the electrode show that the net peak current (DI1a) aer the
rst scan tends to decrease (Fig. 5B). On subsequent potential
cycling, the response (DI1a) is further decreased and the devel-
oped peak response increases. This nding is evidence of the
adsorption of the generated RA oxidation product on the
surface of the electrode during the cycling. On increasing the
frequency, RA shows an anodic shoulder peak (peak 1a) fol-
lowed by a second anodic peak (peak 2a) (Fig. 6A). Furthermore,
the peak potential is slightly changed, and the net peak current
(D2ia) is gradually changed. It was found that (D2ia) varied with
frequency. Moreover, a linear relation is obtained between
log(D2ia) vs. log f with a value of 0.71 for the slope (Fig. 6B). This
reveals that the oxidation of RA is a diffusion-controlled process
coupled with some adsorption. Furthermore, the peak potential
DEp2 is independent of the log frequency over the entire range of
investigation, indicating that both oxidized and reduced forms
of RA are conned to the electrode surface.41 This conrms the
proposed mechanism obtained from the cyclic voltammetric
behaviour of RA. The variation of the SW peak potentials versus
the frequency logarithm is not linear (data not shown). This
behavior is attributed to a reversible redox system controlled by
290 | Anal. Methods, 2022, 14, 286–297
adsorption of the reactant.42 Furthermore, the SW current peak
(D2ia) increases proportionally to the SW amplitude for a # 60
(data not shown). This response is attributed to the reversible
redox reaction of RA controlled by the adsorption process. Fig. 7
shows the inuence of the RA concentration on the square wave
voltammograms for a frequency of 12 Hz and a pH of 2.5.
Whatever the studied concentration (1.0 to 24.4 mM), the SW
voltammograms show two separate peaks. The rst peak
corresponds to the catechol moiety of DHPLA whereas the
second peak is related to the oxidation of the CA one, as dis-
cussed previously. The dependence of the net peak current on
the RA concentrations is sigmoidal (inset of Fig. 7). It is worth
mentioning that the inset of Fig. 7 is plotted using the net peak
current (D2ia) of the two oxidation peaks. The inset of the gure
shows that up to the concentration of 4.5 mM, the relationship
between the current and concentration is linear. Aer this
concentration, the relationship is no longer linear and the
This journal is © The Royal Society of Chemistry 2022



Fig. 6 Square wave voltammograms of 25.6 mm RA in B–R buffer (pH
2.5) at the GCE (A) at different SW frequencies at pulse amplitude
25 mV and step potential 1 mV, and the (B) log–log relationship.

Fig. 7 SW voltammograms of RA at different concentrations in the
range from 1.0 to 24.4 mm: pulse amplitude 25 mV, frequency 12 Hz
and step potential 1 mV. The inset is the (D2ia)–[RA] relation.
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electrode surface becomes saturated at high concentrations.
These results provide additional proof that, under these
experimental conditions, the overall electrode process shows
diffusion/adsorption mixed control.
This journal is © The Royal Society of Chemistry 2022
3.2. Cyclic voltammetry of RA with GSH

Electrochemical behaviour of 21.0 mM RA was investigated by
cyclic voltammetry at a scan rate of 20 mV s�1 on a GCE in
Britton–Robinson buffer solution (pH 1.80 and 4.9) for GSH
concentrations varying from 0.074 to 0.614mM. The obtained CV
responses are presented in Fig. 8A. With addition of GSH to RA,
the voltammograms present a slight increase in the main anodic
peak current (I2a) jointly with low more positive potentials while
a large decrease in the cathodic counterpart peak current (I2c)
occurs with low peak potentials shiing to less positive values.
On the other hand, at pH 4.9, RA shows a signicant change and
the voltammogram exhibits an irreversible feature, a remarkable
improvement of the anodic peak current with intense reduction
of the cathodic peak current by increasing the GSH content
(Fig. 8B). This indicates that an electrocatalytic reaction occurs;
RA undergoes electrochemical oxidation to form RA o-quinone,
which in turn rapidly reacts with GSH to regenerate back RA and
converts GSH to disulde GSSG.

Fig. 8C shows the peak current ratio (Ipc/Iap) versus the GSH
concentration with a diminution of the peak current ratio
value at pH 1.80 while at pH 4.9, the ratio changes signi-
cantly, and therefore the cathodic counterpart disappears.
Thus, it is revealed that the chemical reaction rate of the
interaction of GSH with the o-quinone depends on its
concentration. When the GSH concentration is weak, only
a low nucleophilic attack of GSH on the electro-produced o-
quinone occurs. In contrast, on increasing the GSH contents,
the nucleophilic attack of GSH on the o-quinone increases.
The lowering of the cathodic peak current (or its disappear-
ance) is ascribed to the existence of a fast subsequent nucle-
ophilic reaction between GSH and the electro-produced RA o-
quinone. The nucleophilic attack of GSH on the o-quinone
reduces the o-quinone content in the reaction layer; conse-
quently, the cathodic peak current will be reduced or totally
disappears. It is thus suggested that the oxidation mechanism
of RA when GSH is present in solution follows an ErevCirr

mechanism for which RA was initially oxidized to form RA o-
quinone at �440 mV through a reversible electron-transfer
step (Erev). Then, the quinone species oxidizes GSH through
an irreversible catalytic chemical reaction (Cirr) to give
glutathione disulde GSSG and the original RA at 440 mV,
and GSH can also be oxidized in the vicinity of this potential.
Two possible electrochemical reaction pathways are proposed
as shown in Scheme 1. In the rst reaction pathway, GSH
undergoes a homogeneous catalytic reduction by RA o-
quinone to give the parent RA and generates the disulde
(GSSG) (pathway 1). In the second reaction pathway, the GSH
conjugate of RA is produced on the reaction of GSH with the
generated RA o-quinone (pathway 2). The generation of
phenolic compounds (the parent RA and its GSH conjugates)
which are further oxidized at the GCE is the overall process of
both pathways. The observed anodic peak current enhance-
ment and the decrease of the cathodic counterpart intensity
of RA when GSH is present in solution as illustrated in Fig. 8
are due to the formation of new phenolic compounds.
Furthermore, the total irreversibility of the cyclic
Anal. Methods, 2022, 14, 286–297 | 291



Fig. 8 Influence of GSH on the cyclic voltammograms of 21.0 mm RA
on the GCE in Britton–Robinson buffer at a scan rate of 20 mV s�1 at
(A) pH 1.80 and (B) pH 4.90, and (C) ratio of the cathodic to anodic
peak current before and after GSH addition at different pH values.
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voltammograms for important GSH concentrations
undoubtedly indicates the easy and quick interaction between
the electroformed RA o-quinone and GSH, and no RA is
present to cause reduction at the surface of the electrode
during the scan in the reverse way. Therein, the diminution of
292 | Anal. Methods, 2022, 14, 286–297
the ratio of the current ratio Ipc/Ipa was taken to indicate the
interaction degree between o-quinone and GSH (Fig. 8C).
Obviously, the increase of the midpoint (E�0) value implies
that RA tends to be stabilized and protected against oxidation
by GSH for high pH values, as established before with the
catechol reaction with GSH.42,43
3.3. Identication of RA oxidation products by UPLC-MS

At pH 1.8, RA was electrochemically oxidized with GSH in
solution by means of a coulometric cell coupled with liquid
chromatography-mass spectrometry by two methods. First, in
order to avoid the direct oxidation of GSH in the electro-
chemical cell, RA was rstly oxidized and then collected in GSH
solution (0.5 mM) (approach 1). Secondly, both RA and GSH in
excess (0.5 mM) were introduced into the coulometric cell, and
the oxidation products were collected (approach 2). UPLC-MS
analysis showed that an important part of GSH remained
reduced aer the electrolysis, thus reacting with the quinonic
forms although there is a possibility of the oxidation of GSH at
a potential of 250 mV (vs. Pd/H2) at the electrolysis electrode.
Important quantities of adducts were obtained by the two
studied approaches. When the solution was electrolyzed at
a maintained potential of 0 mV (vs. Pd/H2), only m/z 359 [M �
H]� was detected, assigned to RA (Fig. 9, peak A), illustrating
that no substantial oxidation of RA in the electrochemical cell
occurs. However, electrolysis at a higher potential of 250 mV
(vs. Pd/H2) allows the production of new compounds (Fig. 9)
aer trapping with glutathione at the exit of the electro-
chemical cell (approach 1). The observed peaks atm/z 664 [M�
H]� (peak B) and m/z 969 [M � H]� (peak C) corresponded to
the mono- and bi-GSH conjugates of RA, respectively. As
illustrated in Fig. 9, the presence of RA (peak A) as a signicant
peak shows that it is still in the reduced form aer electrolysis,
probably resulting from the fact that RA o-quinone is reduced
back to RA by GSH, as illustrated in Scheme 1 in pathway 1. For
the second method (approach 2), oxidation by applying
a potential of 250 mV (vs. Pd/H2) on RA and GSH solution for 5
minutes generates new peaks in the UPLC chromatogram at
330 nm (Fig. 9, red curve: peaks D and E). Peak D at m/z 637 [M
� 2H]2� and peak E at m/z 789 [M � 2H]2� corresponded to the
mass of tri- and four-GSH conjugates of RA, respectively.
Moreover, the UPLC chromatogram shows, close to these
characteristic peaks, numerous peaks around signals B and E
corresponding to the identical compound and possessing an
identical mass. The explanation can probably come from the
existence of stereoisomers which can be separated by the
column inducing two or more peaks with the same spectra.
Distinctions of arrangement can explain that the isomeric
connections have identical spectra although they have distinct
retention times. Thus, notable modications of the phase
affinity interaction with the column can occur, bringing a slow-
down of the isomer with identical mass.44 In this regard, the
production of tri- and four-GSH conjugates seems to be fav-
oured by the electrochemical oxidation of RA with GSH in
solution. Consequently, Schemes 2 and 3 summarize the
electrochemical oxidation pathways of RA.
This journal is © The Royal Society of Chemistry 2022



Scheme 1 Possible oxidation pathways of the reaction between RA and GSH.

Fig. 9 UPLC chromatograms at 330 nm of a 21.0 mm RA solution (pH 1.8) oxidized at 250 mV vs. Pd/H2 and trapped by a 0.5 mm GSH solution
(black curve) and a 21.0 mm RA solution oxidized at 250 mV vs. Pd/H2 in the presence of 0.5 mm GSH solution (red curve).
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Considering all the previous results, it can be concluded that
the o-quinone intermediate is formed during the electro-
chemical oxidation of RA and its conversion into the GSH
conjugates of RA is easily affected. The mass spectrometry
analysis (Fig. 10) revealed that numerous RA conjugates are
formed during the electrochemical oxidation: mono-, bi-, tri-
and four-GSH conjugates of RA, which corresponded to the
observed signals at m/z 664 [M � H]� (B); 969 [M � H]� (C); 637
[M � 2H]2� (D) and 789 [M � 2H]2� (E), respectively. GSH can
attack the produced o-quinone in positions as illustrated in
Fig. 11. It concerns not only the reactive centres at C5 and C2
positions of the phenolic ring near the carbonyl groups relative
to the o-quinone moiety but also the center at the C6 position
This journal is © The Royal Society of Chemistry 2022
which is the least good electrophile. In balance with electro-
philic behaviour, steric hindrance plays a crucial role in the
distinguishing factor of the reaction of GSH on electrophilic
centres and it increases in the order C5 < C6 < C2. Thus,
although the C2 center is more electrophilic than the C6 center,
the latter is more easily attacked by glutathione. Given all these
considerations, the mono-GSH conjugate will be preferentially
formed at the C5 site since it presents the least steric hindrance
as well as the more important electrophilic character.45 In
addition to that, the second attack of glutathione certainly
occurs on the C2 site rather than on the C6 center although
these two sites are available. Indeed, the C2 center is, in
comparison, a less crowded position rather than the other GSH
Anal. Methods, 2022, 14, 286–297 | 293



Scheme 2 Proposed pathways of the electrochemical oxidation of RA and trapping of the oxidized products in GSH solution.
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conjugate of rosmarinic acid, and the combination of both C6
and C5 sites is not favourable. Therefore, nucleophiles like GSH
easily react with oxidized RA, and the o-quinone is a highly
reactive species, explaining the cellular defence role played by
Scheme 3 Mechanistic pathways of the electrochemical oxidation of RA

294 | Anal. Methods, 2022, 14, 286–297
GSH against reactive quinones.46 Consequently, as illustrated in
Fig. 9 and 10, the mono-, bi-, tri- and four-GSH conjugates of RA
lead to the existence of the intermediate radical species by the
abstraction of one electron-one proton to the catechol moiety of
in the presence of GSH.

This journal is © The Royal Society of Chemistry 2022



Fig. 10 Negative ion mass spectra of a 21.0 mm RA solution oxidized at 250 mV vs. Pd/H2 in the presence of a 0.5 mm GSH solution (pH 1.8). (A)
Signal atm/z 359 [M�H]� corresponds to RA; (B) signal atm/z 664 [M�H]� corresponds tomono-glutathione conjugates of RA; (C) signal atm/
z 969 [M�H]� corresponds to bi-glutathione conjugates of RA; (D) signal atm/z 637 [M� 2H]2� corresponds to tri-glutathione conjugates of RA
and (E) signal at m/z 789 [M � 2H]2� corresponds to four-glutathione conjugates of RA.
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RA. Aer another one electron-one proton, the quinone will be
formed from the radical intermediate. The high nucleophilicity
of GSH allows it to react with numerous species such as
quinones in order to produce GSH-adducts. Thus, the mecha-
nistic study of electrochemical oxidation of RA leads to the
pathways proposed in Schemes 2 and 3. When the oxidation
This journal is © The Royal Society of Chemistry 2022
products of the electrochemical oxidation of RA are trapped in
GSH solution, mono- and bi-GSH conjugates of RA are formed
(Scheme 2). In contrast, more GSH adducts are generated when
the oxidation of RA occurs in the presence of GSH in the elec-
trochemical cell (Scheme 3).
Anal. Methods, 2022, 14, 286–297 | 295



Fig. 11 Pattern for the GSH conjugate formation of RA.
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4. Conclusions

The combination of electrochemical approaches with
ultrahigh-performance liquid chromatography-mass spec-
troscopy (EC-UPLC-MS) is a worthwhile technique for identi-
fying the oxidation products of rosmarinic acid and
glutathione that are oen very complicated to identify. In the
current study, we have successfully implemented such
a combined system for investigating the behaviour of ros-
marinic acid and elucidating the oxidation mechanism in the
absence and the presence of glutathione in aqueous solutions.
Catechol moieties of rosmarinic acid are easily oxidized to
form reactive o-quinones which can form adducts with
glutathione, including mono-, bi-, tri- and tetra-glutathione
conjugates of rosmarinic acid. The chemical structure of the
electrochemically generated adducts was conrmed by using
liquid chromatography coupled with mass spectroscopy. The
obtained results clearly conrm that EC-UPLC-MS exhibits
signicant potential to investigate/identify the oxidation
behaviour of RA.
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