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Abstract

Electrochemical detection behavior of phenolic compounds in a series dual-electrode

detector constructed from track-etched membrane electrodes (TEMEs) was investigated

using microbore high-performance liquid chromatography. This detector featured

complete electrolysis provided by the electrode structure, which consisted of cylindrical

pores with a uniform diameter. The collection efficiency, which was defined as the ratio

of peak areas observed at the first and second working electrodes, ranged from negative

values up to 1.0. Because it reflected the electrochemical reaction's reversibility and the

reaction products' stability, the substance-inherent collection efficiency varied over a

much broader range of values than that obtained with conventional electrochemical

detectors. The collection efficiencies of catechol and hydroquinone were up to 1.0.

Resorcinol produced an anodic peak at both the first and second working electrodes

despite a lower potential for polarization of the second electrode than the first electrode.

In this case, the collection efficiency was negative. The results showed that the resulting

product was oxidized in a low potential region. Catechin compounds, which have both

catechol and resorcinol moieties, displayed the characteristics of both catechol and

resorcinol simultaneously. Gallic acid, which produced an irreversible cyclic

voltammogram, showed a quasi-reversible property produced by a relatively short
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transition time in the dual-electrode detector. The reported data will be valuable for peak

identification and estimation of peak purities in complex chromatograms.
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1. Introduction

Improvement of separation-based analytical methods, such as high-performance

liquid chromatography (HPLC), has made it possible to focus on individual chemical

components in food, medicine, and biological samples. Among the available detection

methods, electrochemical detection is promising to investigate the role and dynamics of

trace materials because of the sensitivities and selectivities of certain substances that are

active in electrochemical reactions. This detection method has been applied to various

electrochemically active substances, such as phenolic compounds [1-5], phytochemicals

[6], pesticide residues [7,8], and vitamins [9,10]. As described in prominent review

articles [11-15], HPLC with electrochemical detection has been applied in a wide range

of analytical fields.

Dual-electrode systems are often used in electrochemical detection. This electrode

system, in which two closely located electrodes are arranged in series, parallel-adjacent,

or parallel-opposed positions, often has superior selectivity and sensitivity compared with

other electrode systems [11,13,14,16,17]. In a series dual-electrode system, oxidation and

reduction reactions proceed step-by-step at each electrode. Several operation modes, such

as screening mode, redox mode, and others, are available in this system. Screening mode

enables the removal of interfering species by oxidation or reduction at the upstream
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working electrode. Redox mode allows for selective detection of substances with quasi-

reversible properties in electrochemical reactions. In this case, the collection efficiency,

which is defined as the ratio of the peak currents observed at the first and the second

electrodes, is the magnitude of the fraction of the first electrolysis product detected at the

second electrode. The collection efficiency reflects the reversibility in an electrochemical

reaction and the stability of the first electrolysis products, and can be helpful for peak

identification [18]. However, the collection efficiency also depends on the electrode

shape. For example, a disk-like electrode pair embedded in a thin layer flow cell used by

Roston et al. provided a limited collection efficiency of up to 37% [18]. Later, an

interdigitated microarray dual-electrode [19-21] and a split-disk dual-electrode [22] were

reported. These electrodes provided much higher collection efficiency and improved

detection limit based on redox cycling between two working electrodes.

We have previously proposed series multi-electrode systems using track-etched

membrane electrodes (TEMESs) [23-27]. The electrode for these systems is prepared using

a track-etched membrane filter consisting of smooth flat surfaces and cylindrical pores

with a uniform diameter. The thickness of the membrane filter is approximately 10 um.

This filter electrode provides highly efficient electrolysis of the electrolyte solution as it

filters through the electrode, and the efficiency is maintained close to 100% even at a
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relatively high flow rate. Furthermore, the series multi-electrode system is easily

fabricated by alternately stacking the electrodes. Therefore, this configuration

simultaneously provides high electrolysis efficiency (~100%) and increased collection

efficiency (~100%) [23]. In previous studies, this electrode system was applied to flow

injection/anodic stripping voltammetry [24] and enzyme-based flow biosensors [25,26].

Microbore HPLC can be used for coulometric detection of catecholamines with an

improved flow cell, and redox-mode detection using a series dual-electrode detector is

also available [27].

In this study, we investigated the detection patterns of phenolic compounds in redox

mode using a series dual-electrode detection system incorporated into microbore HPLC

(Fig. 1). We expected that the collection efficiency available using this proposed flow cell

would be broader than that obtained in previous studies. The relationship between the

obtained values and the molecular structure is discussed. Furthermore, we found that

resorcinol and its analogues produced substances that were electrochemically oxidizable

in the region with a higher negative potential. These properties provide a wider variety of

collection efficiencies against individual materials than those given by traditional

electrochemical flow cell. The obtained data will be helpful or peak identification and

estimation of peak purity.
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2. Experimental

2.1. Reagents

In this study, we investigated 11 types of phenolic compounds (Table 1) contained in

beverages of plant origins, such as coffee and tea. Catechol was purchased from Kanto

Chemical Co., Inc. (Tokyo, Japan). Hydroquinone, resorcinol, protocatechuic acid, and

pyrogallol were obtained from FUJIFILM Wako Pure Chemical Co. (Osaka, Japan).

Gentisic acid, caffeic acid, chlorogenic acid hydrate, gallic acid hydrate, and (+)-catechin

hydrate were purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). (—)-

Epicatechin was purchased from Combi-Blocks, Inc. (San Diego, CA). Standard solutions

of these compounds were prepared daily by dissolving them in water or acetonitrile

(HPLC grade, Kanto Chemical Co., Inc.). All other reagents were of the highest grade

available and were used without further purification. Deionized water (18 MQ cm) was

generated using a water purification system (Milli-Q Gradient A10, Millipore).

2.2. Electrochemical detector

The structure of the electrochemical detector used in this study is shown in our

previous report [23,27]. Briefly, electrodes prepared using a track-etched microporous
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membrane filter (pore size: 0.40 pum, porosity: 13%, thickness: 10 um; Whatman) were

arranged as the first and second working electrodes (WE1 and WE2, respectively), and

counter electrode along the eluent flow direction by alternately stacking the electrodes.

Track-etched membrane filters (pore size: 5.0 pm, thickness: 10 um) were inserted

between the electrodes as spacers to prevent short circuits and keep a uniform distance

between the electrodes. A Ag/AgCl reference electrode (Model RE3V; ALS Co., Ltd.,

Tokyo, Japan) was placed 10 mm downstream of the counter electrode. A multi-channel

potentiostat (HA1010mM4A; Hokuto Denko Co., Tokyo, Japan) equipped with a

function generator (HB111A; Hokuto Denko Co.) was connected to each electrode for

the dual-electrode amperometric detection. A Chromato-PRO data processor (RunTime

Co., Hachioji, Japan) was used for data processing.

2.3. Chromatography system

The HPLC system consisted of an HPLC pump (LC20AD; Shimadzu Corp., Kyoto,

Japan) and an internal sample injector with a 0.2 pL injection volume (C4-1004-.2, Valco

Instruments Co., Inc., Houston, TX). The HPLC column was a Capillary EX InertSustain

C18 (50 mm x 0.7 mm i.d., 3 um particle size; GL Sciences Inc., Tokyo, Japan). The

chromatographic separation was carried out under isocratic conditions using an 8 % (w/v)
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aqueous acetonitrile solution containing 0.1 M phosphoric acid and 0.1 M potassium
dihydrogen phosphate (pH 2.1 + 0.1). The mobile phase flow rate was 0.05 mL min .
Before each chromatography run, the eluent was treated by bubbling with argon for 30

min and ultrasonic degassing.

3. Results and discussion
3.1. Detection behaviors of the phenolic compounds

Typical chromatograms obtained using the proposed dual-electrode system are shown
in Fig. 2. In these chromatograms, positive peaks are anodic responses, and negative
peaks are cathodic responses. The potential of WE1 was adjusted to a value between +0.7
and +1.1 V. The cyclic voltammograms (CVs) showed that the electrochemical oxidation
of the phenolic compounds used in this study proceeded in this potential region (Fig. S1).
The chromatogram obtained when WE2 was polarized at —0.2 V is shown in Fig. S2. The
peak area is equivalent to the charge generated by the redox reaction on the electrodes
and is proportional to the number of electrons involved in the redox reaction and the
amount of electrolyzed substances by Coulomb’s law as follows:

C=nkclf, D

where C, n, F, ¢, V, and . are the peak area, the number of electrons involved in the redox
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reaction, the Faraday constant (9.64846x10* C/equiv.), concentration, injection volume
(0.2 pL), and electrolysis efficiency, respectively. The collection efficiency (N) was
defined as follows:

N= =Cyg/Cy; (2)
where Cwr1 and Cwez are the peak areas obtained at WE1 and WE2, respectively. The
anodic and cathodic peak areas can be positive and negative values. Equation 2 shows
that the collection efficiency is the ratio of electrolysis products from WE1 collected at
WE?2, and it can vary from 0 to 1.0. However, the collection efficiency can be negative if
the substance has anodic peaks at both WE1 and WE2. The variations of Cwei1, Cweg2, and
N against the potential at WEI are shown in Fig. 3. The anodic peaks derived from
substances such as catechol were accompanied by cathodic peaks and had positive
collection efficiencies (Fig. 4a and b). Especially when the applied potential at WE2 was
—0.2V, the collection efficiencies of catechol and hydroquinone were up to 1.0 (Fig. 4a).
By contrast, the compounds such as resorcinol, catechin, and epicatechin had negative
collection efficiencies when the applied potential at WE1 was +1.1 V (Fig. 4d). The
collection efficiencies of pyrogallol and gallic acid were obtained from negative values
to 0.9 under the tested conditions in this study (Fig. 4b, ¢, and d). In the case of L-ascorbic

acid, the collection efficiency was 0, reflecting electrochemical irreversibility (Fig. 4c,

10
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data not shown). These results indicate that the collection efficiency obtained with the

proposed detector varies over a broad range, and includes negative values. The collection

efficiency represents the stability and electrochemical properties of the electrolysis

product at WE1, and the collection efficiency observed under particular conditions is

closely related to the molecular structure. We classified the 11 phenolic compounds

according to their molecular structures to evaluate their detection behavior with the

proposed dual-electrode detector.

3.2 Catechol and its analogues

Catechol and its analogues, such as protocatechuic acid, caffeic acid, and chlorogenic

acid, which all contain the catechol moiety, produced an anodic peak at WE1 and a

corresponding cathodic peak at WE2 (Fig. 2B and C). In the case of catechol, the peak

area at WEI (Cwe1) was larger in higher potential regions, and Cwgi reached a maximum

and constant value at potentials higher than +0.9 V (Fig. 3a). This value is close to the

total charge produced by the two-electron transfer reaction (1.93 pC). The collection

efficiency increased when the potential applied at WE2 was decreased, and reached 1.0

when WE2 was polarized at —0.2 V. It is well known that electrolysis of catechol in a

typical aqueous solution is accompanied by two-electron transfer [28,29]. The CVs

11
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indicated a quasi-reversible property (see Fig. Sla, b, ¢, and d). Therefore, Cwg1 and the
collection efficiency are controlled by the overpotentials for catechol oxidation and
reduction of its anodic product, respectively. A sufficiently large overpotential provides
complete electrolysis in these reactions.

In the case of protocatechuic acid, caffeic acid, and chlorogenic acid, which contain
side-chains linked to the aromatic ring, the peak area (Cwe1) increased at higher potential
but complete electrolysis was not achieved. The maximum collection efficiencies were
obtained at +1.0 V. Although the collection efficiency tended to be higher when the
potential at WE2 was lower, the values were less than 0.9 under the conditions tested in
this study (Fig. 3b, c, and d). In this case, the detection type was as shown in Fig. 4b. The
CVs showed the oxidation potential of protocatechuic acid was slightly higher than that
of catechol, whereas those of caffeic acid and chlorogenic acid were almost the same as
that of catechol. Despite the similar electrochemical properties, the electrolysis
efficiencies and collection efficiencies of these substances were lower than that of
catechol. The efficiency of electrolysis is also affected by the flow rates. In another
experiment under the different flow rate ranging from 0.025 mL min™! to 0.075 mL min-
!, both the electrolysis efficiency and collection efficiency of chlorogenic acid slightly

increased as flow rates decreased (data not shown). These phenomena including the

12
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difference in electrolysis efficiencies may be caused by the electron-withdrawing

inductive effect of the carboxyl group [30] and dimerization side reactions.

Electrochemical oxidation of caffeic acid and chlorogenic acid is known to be

accompanied by subsequent chemical reactions such as hydroxylation or dimerization

[31-35], and our results are consistent with these facts.

3.3 Hydroquinone and gentisic acid

The chromatograms obtained for hydroquinone and gentisic acid, an analogue of

hydroquinone, are shown in Fig. 2A and Fig. S2A. The peak areas (Cwei) for these

substances increased at higher potentials. The values of Cwgi reached a maximum and

constant value close to the total charge produced by the two-electron transfer reaction

(1.93 uC). When WE2 was polarized at —0.2 V, anodic peaks and corresponding cathodic

peaks were observed at WE1 and WE2, respectively (Fig. 3e). Gentisic acid produced

anodic and cathodic peaks even when WE2 was polarized at +0.2 V. The collection

efficiencies increased when the applied potential at WE2 decreased, and reached 1.0 over

in a wider potential range than that was the case for catechol (Fig. 3f). The CVs indicated

hydroquinone had a quasi-reversible property, and the redox reaction of gentisic acid was

accompanied by side reactions (see Fig. Sle and f). In the case of hydroquinone, the

13
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detection behavior can be explained by the overpotentials for the electrochemical

oxidation of hydroquinone and the reduction of its anodic products. However, a small

anodic response appeared at WE2 when WE2 was polarized at +0.2 V. This anode peak

at WE2 became slightly more significant when the applied potential of WE2 was set at

+0.3 or +0.4 V (data not shown). The detail of this phenomenon remains to be investigated.

But the anodic product at WE1 may have been oxidized at WE2, which is polarized at

lower potentials. The transition time from WE1 to WE2 is expected to be 7.4 ps, assuming

that radial dispersion in the proposed flow cell never occurs [27]. Therefore, the distinct

cathodic peaks at WE2 of gentisic acid clearly arise because of the rapid transfer of the

anodic product to WE2 before the side reactions progress.

3.4 Resorcinol

The chromatograms produced by resorcinol are shown in Fig. 2A and Fig. S2A. The

peak areas (Cwe1) increased in the higher potential region (Fig. 3g). In contrast to catechol

and hydroquinone, resorcinol produced a distinct anodic peak at WE2 when the applied

potential at WE1 was +1.1 V. In this case, the detection type was as shown in Fig. 4d.

The intensity of this anodic peak at WE2 was much greater than that observed at WEI,

which was polarized at +0.2 V. This result clearly shows that the electrochemical

14
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oxidation product at WE1 is further oxidized at WE2, producing the anodic peak at WE2.

The CV was irreversible for the electrochemical reaction of resorcinol, with gradual decay

of the anodic peak observed with repeated potential cycles (see Fig. Slg). The

electrochemical oxidation of resorcinol is known to form a dimer or polymer on the

electrode surface, which is accompanied by a loss of electrode activity [36-38]. We have

previously reported that one of the products produced by oxidation of resorcinol by the

ABTS radical is more readily oxidized than the original resorcinol [39]. Our results

indicate that the anodic product of resorcinol at WE1 is oxidized at WE2, which is

polarized at a lower potential than at WE1. This is consistent with the results reported in

the previous study. Although the mechanism of the reactions in the proposed detector still

needs to be investigated in detail, we found that resorcinol gives both anodic peaks,

providing negative collection efficiency. Because the electrolysis product at WE1 moves

quickly to WE2, this dual electrode detector readily provides the unique characteristics

of resorcinol that distinguish it from other phenolic compounds.

3.5 Catechin compounds

The chromatograms produced by catechin and epicatechin are shown in Fig. 2D and

Fig. S2E. The peak areas (Cwei) for these substances increased gradually in the higher
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potential region and reached maxima of 3.26 and 3.98 pC for catechin and epicatechin,

respectively, at +1.0 V (Fig. 3h and 1). These values are much larger than those obtained

for the two-electron reaction. Small anodic peaks were obtained at WE2 with polarization

at +0.2 V, whereas cathodic peaks were obtained when the applied potential was —0.2 V.

When the applied potential at WEI was +1.1 V, anodic peaks were obtained at WE2, and

these gave negative collection efficiencies. The CVs of catechin and epicatechin are

shown in Fig. S1h and i. Irreversible properties with two anodic peaks were observed

with a gradual decrease in the current observed with repeated sweeping of the potential

between 0 and +1.0 V. When the scan range was between 0 and +0.75 V, quasi-reversible

CVs were obtained. Catechin compounds contain catechol and resorcinol moieties, which

can undergo electrochemical oxidation [40-42]. Comparison of the CVs suggests that the

quasi-reversible property originates from the catechol moiety, and the irreversible

property is derived from electrochemical oxidation of the resorcinol moiety and

subsequent side reactions. Therefore, catechin compounds displayed the characteristics

of both catechol and resorcinol simultaneously in the proposed detector system. The

relatively high collection efficiencies (0.1-0.6) obtained in the lower potential range of

WEI from +0.7 to +1.0 V reflect the electrochemical quasi-reversibility of the catechol

moiety. In this case, these compounds indicate the detection type of Fig. 4b. By contrast,
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the negative collection efficiency obtained at the higher potential of +1.1 V reflects the

irreversible property of the resorcinol moiety. Under this potential condition, the dual-

electrode detector provides the detection type shown in Fig. 4d for the catechin

compounds.

3.6 Pyrogallol analogue

The chromatograms obtained for pyrogallol and gallic acid are shown in Fig. 2C and

D, and Fig. S2C and D. In the case of pyrogallol, Cwe increased at higher potentials and

reached a maximum of 3.47 uC at potentials higher than +0.9 V (Fig. 3j). This value was

higher than that obtained with the three-electron reaction. The cathodic peak was obtained

at WE2 with 0 or —0.2 V applied, and the peak area gradually decreased as the WEI

potential increased. By contrast, an anodic peak was observed when WE2 was polarized

at +0.2 V, and the collection efficiency became negative. Additionally, the peak area

(Cwe2) slightly increased when the potential applied at WE1 was +1.1 V. This result

indicates that the anodic product of pyrogallol at WE1 is easier to oxidize than pyrogallol.

In the case of gallic acid, the peak area (Cwe1) increased in the higher potential region,

but was much smaller than that of pyrogallol (Fig. 3k). The second electrode, WE2,

produced cathodic peaks under the conditions tested in this study. The conventional CVs
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of pyrogallol and gallic acid showed irreversible properties with two anodic peaks (Fig.

S1j and k). The two peaks arose from two-step electrochemical oxidation of the pyrogallol

moiety via a quinone radical [38,43,44]. Hamid et al. reported that gallic acid displayed

a quasi-reversible CV with a fast potential sweep using a modified glassy carbon electrode

[44]. This indicates that the anodic products are relatively unstable but electrochemically

reducible. Therefore, our results with cathodic peaks at WE2 can be explained by the

quick transfer from WE1 to WE2 in a short time in the proposed detector. The difference

in the detection behavior between pyrogallol and gallic acid may be caused by the

electron-withdrawing inductive effect of the carboxyl group [30]. Although further

investigations are needed to clarify the detailed mechanism of the reactions, the proposed

dual-electrode detector provides unique values for the collection efficiency of each

substance.

3.7 Application to an actual sample

To clarify the applicability of the proposed method to actual samples, we conducted

the detection of phenolic compounds in a coffee drink. In this study, we used a retail-

released coffee drink from the market. The drink sample was diluted 10 times after

filtration, and then injected into the HPLC system. The obtained chromatogram is shown
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in Fig. S3. Major components in the coffee sample provided anodic peaks at WEI and

corresponding peaks at WE2. This result indicates that the coffee drink contains a lot of

substances having reversibility in the electrochemical reaction. From the retention time

and the detection behaviors, the peaks (a) and (b) in Fig. S3 were assigned to chlorogenic

acid and caffeic acid, respectively. Fig. S4 shows the calibration plots. The detection

limits of these compounds were both 0.7 uM. The concentration of chlorogenic acid and

caffeic acid in the diluted coffee sample were 16.6+0.9 uM and 3.6+0.2 uM, respectively.

The collection efficiencies of chlorogenic acid and caffeic acid contained in the coffee

drink sample were 0.85+0.01 and 0.85+0.14, respectively. These values were close to

those obtained by the standard solution (0.82+0.18 for chlorogenic acid and 0.84+0.08

for caffeic acid). Therefore, the purities of these peaks were relatively high, and both

chlorogenic acid and caffeic acid were separated enough from other components. Suppose

there is a significant difference in the collection efficiencies between actual and standard

samples despite the same retention time. In that case, there is a possibility that the peaks

of other components are overlapped. As described above, the method described herein

can provide useful peak identification feature for the phenolic compounds.

4. Conclusions
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In this study, we investigated the detection behaviors of 11 types of phenolic

compounds in a dual-electrode detector that was constructed using TEMEs. The

relationship between the molecular structure and detection behavior was evaluated. The

collection efficiencies of phenolic compounds covered a broad range from negative

values to 1.0, which reflected their molecular structures and electrochemical properties.

Catechol, hydroquinone, and their analogues had high collection efficiencies (up to 1.0),

which reflected the reversibility of the electrochemical reactions. By contrast, resorcinol

produced anodic peaks at both WE1 and WE2, and the collection efficiency was negative.

Catechin provided a wide range of collection efficiencies depending on the detection

conditions. When the applied potential at the first electrode was below +1.0 V, the

collection efficiency ranged from O to 0.6, which corresponded to a quasi-reversible

property originating from the catechol moiety. By contrast, a negative collection

efficiency originating from the properties of resorcinol moiety was obtained when the

potential applied at WEI was +1.1 V. Pyrogallol and gallic acid gave positive collection

efficiencies ranging from 0 to 0.7 despite having irreversible CVs. These results indicate

that the detection behavior observed in the proposed dual-electrode detector is

characterized by the electrochemical reversibility and rate of the subsequent chemical

reaction, and gives substance-inherent values under specific conditions. Therefore, the
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chromatograms obtained by the proposed detector contain helpful information for peak

identification and peak purity. We believe the data reported herein will be beneficial for

qualitative and quantitative detection of target analytes in food, medicine, and biological

samples with complex matrices.
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Fig. 1. Schematic representation of the series HPLC dual-electrode detection system

constructed with TEMEs. a: The first working electrode (WEL), b, d: spacers, c: the

second working electrode (WE2), e: counter electrode. The structure of electrochemical

flow cell has been shown literature for detail [27].
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Fig. 2. A typical chromatogram obtained by injecting a sample containing phenolic

compounds. The sample solution for A was the mixture of hydroquinone (a), resorcinol

(b), and gentisic acid (c). The sample solution for B had protocatechuic acid (d),

chlorogenic acid (e), and caffeic acid (f). The sample solution for C contained gallic acid
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Fig. 3. The relationship between the potential applied at the first working electrode (WE1)
and the peak area at WE1 (Cwe1, closed circle), peak area at the second working electrode
(Cwe2), or the collection efficiency (V) obtained by analysis of chromatograms of catechol
(a), protocatechuic acid (b), caffeic acid (c), chlorogenic acid (d), hydroquinone (e),

gentisic acid (f), resorcinol (g), catechin (h), epicatechin (i), pyrogallol (j), and gallic acid
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644 (k). The applied potential at WE1 was adjusted between +0.7 V and +1.1 V, and the

645  applied potential at WE2 was +0.2 V (closed triangle), 0.0 V (closed square), and —0.2 V

646  (closed rhombus), respectively.
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709  Fig. 4. The detection patterns of the 11 phenolic compounds obtained with the proposed
710  dual-electrode. Collection efficiencies reflect the molecular structures and
711  electrochemical reversibility, and vary over a broad range from negative values to 1.0.
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716  Table 1 Details for the 11 phenolic compounds.

717
No. Compounds Substituent Structure
1 catechol 1,2,3,4-H
.. OH
2 protocatechuic acid 1,3,4-H, 2-COOH oH
4
3 caffeic acid 1,3.4-H, 2-CH=CH-COOH 3 iz 1
4 chlorogenic acid 1,3,4-H, 2-CH=CH-COO-R,
(3-CQA) R = quinic acid
OH
5 hydroquinone 1,2,3,4-H 4 ]
3 2
6 gentisic acid 1-COOH, 2,3,4-H
OH
OH
7  resorcinol ©\
OH
HO O__«Ry
8 (+) - catechin R1 = catechol, R, = OH mR
2
OH
HO O._«Rq
9 (-)- epicatechin R1 = catechol, R, = OH \@J-«%Rz
OH
10 pyrogallol R=H R OH
11 gallic acid R = COOH OH
718
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