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Abstract: This work reports the analytical applications of
a graphene paste electrode (GrPE) for the quantification
of dopamine, ethanol and phenolic compounds. Dopa-
mine was detected by differential pulse voltammetry-ad-
sorptive stripping with medium exchange at submicromo-
lar levels even in the presence of high excess of ascorbic
acid and serotonin. The electrocatalytic activity of gra-

phene towards the oxidation of NADH and the reduction
of quinones allowed the sensitive amperometric determi-
nation of ethanol and phenols using GrPE modified with
alcohol dehydrogenase/NAD™ or polyphenol oxidase, re-
spectively, with successful applications in real samples
like alcoholic beverages and tea.
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1 Introduction

Dopamine (Do) plays an important role in the function
of different systems: cardiovascular, central nervous,
renal, and hormonal [1]. Do is involved in drugs addic-
tion [2] and its deficiency may cause neurological illnesses
such as schizophrenia, Huntington and Parkinson diseases
[3]. Several analytical methods have been proposed for
the quantification of Do, high performance liquid chro-
matography [4], capillary electrophoresis [5], and acoustic
methods [6], among others; however, such approaches
depend on expensive equipments and need to be handled
by trained staff. Due to their known advantages, connect-
ed with high sensitivity, possibility of miniaturization, rel-
ative low-costs, fast response and real-time detection [7],
the electrochemical methods have appeared as an inter-
esting alternative. However, the electrochemical quantifi-
cation of Do presents the problem of the potential inter-
ference of electroactive compounds such as ascorbic acid
(AA) and uric acid (UA), which are oxidized at poten-
tials very close to that of Do at most of the electrodes
[8]. Therefore, one of the more important challenges in
bioelectroanalysis is the development of strategies that
allow the selective quantification of Do in the presence of
AA and UA. Several alternatives have been reported,
based on the use of organic redox mediators, nanoparti-
cles, polymers, self-assembled multilayers, CNTs, and
more recently, graphene (Gr) [9-17].

Phenolic compounds are widely used in agriculture and
manufacturing industries [18] and some of them present
inherent toxicity to human health and environment [19].
Catechols could cause damage to the lungs, liver, kidney
and genito-urinary tract after prolonged oral or dermal
exposure [20]. Spectrophotometry, gas and liquid chroma-
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tography, and capillary electrophoresis have been success-
fully used for the quantification of phenolic compounds
[21-23]; however, less expensive sensing methodologies,
faster sample preparation and easier operation are still
necessary. In this sense, the use of amperometric biosen-
sors based on the immobilization of polyphenol oxidase
(PPO), a copper-protein that catalyzes the oxidation of
phenols to the corresponding quinones in the presence of
oxygen, has received enormous attention for the detec-
tion of different phenols and catechols [24-27].

Ethanol is a compound commonly involved in clinical
and forensic chemistry [28,29], control of fermentation
processes and quality control of beverages and foods in-
dustries [30]. Most of the ethanol electrochemical biosen-
sors are based on the use of alcohol dehydrogenase
(ADH) and its cofactor NAD* [31-33] and the quantifi-
cation of ethanol from the oxidation of the enzymatically
generated NADH. The electrochemical detection of
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NADH presents two problems, the requirement of high
overvoltages for its electrooxidation and the passivating
characteristics of the oxidation product. Therefore, the
development of electrodes that make possible the detec-
tion of NADH at low overvoltages without fouling the
surface is highly required.

Graphene (Gr), discovered by Geim et al. in 2004 [34],
is a single layer of carbon atoms with sp? hybridization in
a closely packed honeycomb two-dimensional (2-D) sheet
of carbon atoms organized in a hexagonal configuration.
In view of the large specific surface, high conductivity, ex-
cellent biocompatibility, multiple possibilities of function-
alization, strong accumulation ability, low production
costs [35-37], and even more important, the capability to
promote the electron transfer between electroactive spe-
cies and electrodes, Gr has demonstrated to be an effi-
cient electrode material for fabricating electrochemical
(bio)sensors [38-40].

Different strategies have been reported for the prepa-
ration of Gr-based electrochemical (bio)sensors, by cova-
lent attachment of biomolecules, by dispersion in differ-
ent media or by creating supramolecular architectures.
Since the first report of the graphene paste electrode in
2011 [41], it has been used for the development of elec-
trochemical sensors for the quantification of chlorproma-
zine [41], ascorbic acid [42], paracetamol [43], heavy
metals [44], phenolic compounds [45], NADH [46], acet-
azolamide [47], and uric acid [48]. It has been also used
as platform for preparing an immunosensor for hepatitis
B [49] and a DNA sensor [50].

This work is focused on the analytical application of
GrPE for the highly selective quantification of Do in the
presence of serotonin and AA by differential pulse vol-
tammetry (DPV)-adsorptive stripping with medium ex-
change and for the development of ethanol and phenols
amperometric biosensors based on the incorporation of
alcohol dehydrogenase (ADH) and its cofactor NAD™* or
polyphenol oxidase (PPO), respectively, within the com-
posite. The usefulness of the resulting biosensors for the
determination of ethanol in different beverages and poly-
phenols in tea samples is also discussed.

2 Experimental
2.1 Reagents

Graphite powder was purchased from Fisher (Chemical
Scientific grade #38). Ascorbic acid (AA) and sodium
phosphates were received from Baker. Sulfuric acid and
sodium hydroxide were acquired from Cicarelli while the
mineral oil was obtained from Aldrich. Dopamine (Do),
serotonine, catechin, catechol, hydroquinone, benzoqui-
none, nicotinamide adenine dinucleotide (NADH), alco-
hol dehydrogenase (ADH) (EC 1.1.1.1. from baker’s
yeast, 428 units/mg protein, 393 units/mg solid), NAD™
and polyphenol oxidase (PPO) (EC 1.14.18.1 from mush-
room 25000 U/g of solid, Catalog number T-7755) were
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obtained from Sigma. The reagents were analytical grade
and used as received, without further purification.

Phosphate buffer solutions pH 7.40 (either 0.050 or
0.100 M) were employed as supporting electrolytes. Ultra-
pure water (resistivity=18 MQcm) from a Millipore-
MilliQ system was used for preparing all solutions.

2.2 Apparatus and Procedure

Raman spectra of GrO, Gr and graphite powders were
obtained using a Horiba Jobin Yvon LabRam HR
Raman spectrometer equipped with an argon laser.
Raman spectra were collected at 514.83 nm, using a pin-
hole of 100 um and no attenuator filter, accumulating 20
spectra recorded for 10 s each.

Electrochemical experiments were performed with Ep-
silon (BAS) and TEQ-04 potentiostats. A platinum wire
and Ag/AgCl, 3M KCIl were used as counter and refer-
ence electrodes, respectively. All potentials are referred
to the latter. The electrodes were inserted into the cell
through holes in its Teflon cover. The amperometric ex-
periments were carried out by applying the desired poten-
tial and allowing the transient current to reach the
steady-state value prior to the addition of the analyte and
the subsequent current monitoring. A magnetic stirrer
and a stirring bar provided the convective transport. DPV
experimental conditions were the following: step height:
4 mV; width: 50 ms; period time: 200 ms; and scan rate:
0.050 Vs,

Electrochemical impedance spectroscopy (EIS) meas-
urements were performed with a Solartron 1287 FRA
1260 in the frequency range between 10 KHz and
10 mHz, with a potential perturbation of 10 mV and
a working potential of —0.100 V using 1.0x 10~ M hydro-
quinone/benzoquinone. The impedance spectra were ana-
lyzed by using the Z-view program. All measurements
were performed at room temperature.

2.3 Graphene Oxide and Chemically Reduced Graphene
Oxide Synthesis

GrO was synthesized from graphite using the Hummers
method [51,52]. Briefly, graphite, sodium nitrate and po-
tassium permanganate were added to concentrated sulfu-
ric acid cooled to 0°C. After heating at 35°C for 30 min,
and when no more bubbling was observed, the reaction
was carefully quenched by the slow addition of water
with a pronounced temperature increase. The paste was
kept at 90°C for 15 min and after careful dilution with
water it was allowed to cool down to 40°C for 30 min, fol-
lowed by the addition of hydrogen peroxide. The result-
ing GrO was isolated by filtration (while still warm), and
the yellow-brown filter cake was washed with warm 5.0 %
w/v hydrochloric acid and finally with water. The solid
was solubilized in water by ultrasonication and any in-
soluble residue was removed by centrifugation. The re-
sulting stable and brownish GrO aqueous solution was re-
duced with AA in a 1:1 GrO/AA mass ratio, at room
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temperature, overnight [53,54]. The black precipitate of
chemically reduced graphene oxide (CRGrO) was fil-
tered, washed with water and dried at 100°C for 8 h. The
synthesized GrO and CRGrO were characterized by FT-
IR and Raman spectroscopy before using.

2.4 Preparation of Graphene Paste Electrodes

CRGrO was manually grinded to a fine powder before
preparation of the composite electrodes. The composites
with ADH were obtained by mixing for 30 min in an
agate mortar the corresponding mass to obtain 25.0% w/
w CRGrO, 25.0% w/w graphite, 10.0% ADH, 10.0%
NAD™* and 30.0% w/w mineral oil. The composite with
PPO was obtained by mixing for 30 min in an agate
mortar 30.0% w/w CRGrO, 28.5% w/w graphite, 1.5%
w/w PPO, and 40.0 % w/w mineral oil. In the case of bare
GrPE, the composition was 30.0% w/w graphite, 30.0 %
w/w CRGrO, and 40.0% w/w mineral oil. The classical
graphite paste electrode (CPE) was obtained under simi-
lar conditions by mixing 60.0 % w/w graphite powder and
40.0% w/w mineral oil. The resulting composites were
firmly packed into the cavity of a Teflon tube (3 mm di-
ameter) to obtain the corresponding electrodes. The elec-
trical contact was established through a stainless steel
screw. Prior to use, the GrPEs and CPEs were repacked
and polished on a weighing paper.

3 Results and Discussion
3.1 Quantification of Do

Figure 1 A displays differential pulse voltammograms ob-
tained at GrPE (a) and at CPE (b) in a 0.050 M phos-
phate buffer solution pH 7.40 after 10.0 min accumulation
at open circuit potential in 1.0x10°M Do. At GrPE
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there is a well-defined oxidation peak at 0.060 V with an
associated current of 2.4 pA. On the contrary, at CPE the
current is substantially smaller (0.014 pA) and the over-
voltage for the oxidation is 0.140 V more positive, clearly
demonstrating the advantages of the presence of CRGrO
on the adsorption and further electrooxidation of Do.
Taking into account this efficient adsorption of Do at
GrPE, we developed a new strategy for the quantification
of Do based on differential pulse voltammetry (DPV)-ad-
sorptive stripping with medium exchange. Figure 1B de-
picts the effect of the adsorption time at open circuit po-
tential for 5.0x10"° M Do. The DPV-adsorptive stripping
signals increase fast up to 10.0 min, with a trend to satura-
tion after that. Therefore, 10.0 min was selected as the op-
timum adsorption (accumulation) time for further studies.
The calibration plot for Do obtained by DPV-adsorptive
stripping after 10.0 min accumulation at open circuit po-
tential and medium exchange presented a linear relation-
ship between oxidation peak current and Do concentra-
tion from 1.2x107° to 1.0x10~* M, with a sensitivity of
(43.0£0.4) A mM™', a detection limit of 4x107’M
(taken as 3.3x0/S, where ¢ is the standard deviation of
the blank signal and S the sensitivity), and a quantification
limit of 1.2x10°°® M (taken as 10x 0/S) (not shown).
Bearing in mind that AA is an important interferent in
the electrochemical quantification of Do, we evaluated
the adsorptive stripping response of AA at GrPE. DPV-
adsorptive stripping experiments performed at GrPE at
open circuit potential after 10.0 min accumulation in
a 6.0x107°M Do solution containing increasing concen-
trations of AA from 1.00x10™*M to 1.50x107* M, dem-
onstrated that AA does not interfere in the oxidation of
Do up to 1.0x107* M (within the experimental error, not
shown). It is important to mention that differential pulse
voltammograms obtained in phosphate buffer solution
after 10.0 min accumulation at GrPE at open circuit po-
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Differential pulse voltammograms obtained at GrPE (a) and CPE (b) in a 0.050 M phosphate buffer solution pH 7.40 after

10.0 min accumulation at open circuit potential in 1.0x 10> M Do. Inset: Response at CPE with different scale. B) Effect of the ad-
sorption time of 5.0x107°M Do at GrPE at open circuit potential. DPV conditions: step height: 4 mV; width: 50 ms; period time:
200 ms; and scan rate 0.050 Vs~'. Supporting electrolyte: 0.050 M phosphate buffer solution pH 7.40.
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tential in 1.0x10 M AA solution does not show any
peak, indicating that under these experimental conditions,
the adsorption of AA is negligible (not shown). The cali-
bration plot for Do in the presence of 1.0x10° M AA
obtained from DPV-adsorptive stripping measurements
with medium exchange under the selected conditions,
gave a sensitivity of (44+3) pA mM™!, value very close
to the one obtained for Do alone ((43.0£0.4) pA mM ™),
confirming that GrPE allows the highly selective determi-
nation of Do even in the presence of a large excess of
AA. Another interesting result is that the important elec-
trocatalytic activity of CRGrO made also possible the se-
lective quantification of Do not only in the presence of
AA but also in the presence of serotonin (not shown).
The resulting sensitivity for Do in the presence of 2.0x
10 M serotonin and 1.0x10°M AA was (46+3) pA
mM ™, indicating that Do can be selectively quantified
even in the presence of large excess of both compounds.

The sensor proposed here presents detection limits sim-
ilar to those obtained with GCE modified with MWCNT-
B-cyclodextrin-polyluminol and gold nanoparticles [9];
better than those achieved with GCE modified with
MWCNT-Fe natrolite and chitosan [10], GCE modified
with  SWCNT functionalized with Pt nanoparticles/
ssDNA/Nafion [11], helical carbon nanotubes modified
with poly(allilamine) [12], and GCE modified with Gr
dispersed in dimethylformamide [13]. Other sensing pro-
tocols based on the use of GCE modified with Gr sheets
mixed with MWCNT and perylene tetracarboxylic acid
dispersed in ionic liquids [14], GCE modified with
MWCNT-polyethylenimine-gold nanoparticles [15], Gr
dispersed in B-cyclodextrin [16] or Gr functionalized with
silanized EDTA and Nafion [17] reported lower detection
limits; however, at variance with our sensor, in those
cases the functionalization of Gr and the incorporation of
additional compounds were necessary to obtain the sens-
ing platform. In summary, the analytical platform pro-
posed here offers a sensitive and selective detection of
Do in a very easy way, without Gr functionalization and
without the addition of polymeric barriers or metals
nanoparticles, aspects that makes it a very competitive
and useful strategy for the selective quantification of Do.

3.2 Enzymatic Biosensors Based on GrPE

3.2.1 Phenol Biosensing Using GrPE Modified with
Polyphenol Oxidase

We investigated the analytical performance of GrPE
modified with PPO for the quantification of phenolic
compounds. In order to select the working conditions of
the biosensor, we evaluated the influence of CRGrO on
the charge transfer of phenols/catechols/quinones.

Figure 2 shows cyclic voltammograms obtained at
0.100 V s for 1.0x107>M catechol (A), hydroquinone
(B), and catechin (C) at CPE (dotted line) and GrPE
(solid line). Compared to CPE, the i-E profiles obtained
at GrPE show higher currents and lower overvoltages for
the oxidation of the different compounds, demonstrating
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improved electron-transfer kinetics. In fact, the overvol-
tages for the oxidation of catechol, hydroquinone and cat-
echin decrease 300, 70, and 100 mV, respectively. In the
case of catechol and hydroquinone, the peak potential
separation (AE,) decreases 190 and 88 mV, respectively;
while the cathodic-to-anodic currents ratio decreases
from 2.8 to 1.0, and from 1.3 to 1.1 for catechol and hy-
droquinone, respectively, demonstrating that, even in the
presence of non-conductive mineral oil, CRGrO retains
an excellent electrochemical reactivity.

The electrochemical behavior of GrPE was also evalu-
ated by EIS. Figure 2D displays Nyquist plots obtained at
CPE (empty circles) and GrPE (full circles) using 1.0x
103 M hydroquinone and 1.0x107*M benzoquinone at
the equilibrium potential. The solid lines represent the
corresponding fitting of the data using the Randles circuit
(shown in the inset). The charge transfer resistances (R,),
obtained at high frequencies, are (0.95+0.05) kQ and
(0.27+0.06) kQ at CPE and GrPE, respectively. The
charge transfer rate constant (k°) for the system benzo-
quinone/hydroquinone was also obtained from the EIS
experiments, using the Equation 1:

k* = RT/n*F?AR,.C (1)

where R is the gas constant, T the temperature, F is the
Faraday constant, n the number of electrons, A the elec-
troactive area, and C the redox couple concentration. k°
for benzoquinone/hydroquinone is 4.5x10*cms™' at
CPE and 1.5x10° cms™' at GrPE. The decrease in the
R, and the consequent increase in the rate constant ob-
served at GrPE can be attributed to the high surface re-
activity of CRGrO due to the presence of edge defects
[37] demonstrating, once more, the advantage of doping
CPE with this nanomaterial.

Figure 3 depicts the amperometric response at GrPE
modified with 1.5% w/w PPO at —0.100 V to successive
additions of 5.0x107° M catechol (A) and catechin (B) as
well as the corresponding calibration plots (Insets). A
well-defined and fast response is obtained after the addi-
tion of both analytes. The sensitivity for catechol is
(1.38+£0.02) x10* p)AM™!;  the detection limit, 3.4x
10~ M, and the quantification limit, 1.0x10~* M; while
for catechin the analytical parameters are the following:
sensitivity of (1.1+£0.1)x10° p)AM™!; detection limit of
82x10*M, and quantification limit of 2.5x107 M.
GrPE-PPO was used for the quantification of catechin in
a tea bag without any pretreatment, being the value
(1.9+£0.4)% wi/v per bag.

The biosensor proposed here presents better detection
limits for catechol than other electroanalytical platforms
recently reported like GCE modified with PPO covalent-
ly attached to SWCNT dispersed in chitosan and covered
by a polyaniline layer [55], ITO modified with sol-gel/
gold nanoparticles and PPO [56], Au-functionalized PVC/
TTF-TCNQ/PPO [57], SPE derivatized with 1-pyrenebu-
tanoic acid, succinimidyl ester and gold nanoparticles
functionalized with PPO [58], and PPO immobilized at
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Fig.2. Cyclic voltammograms obtained at 0.100 Vs~ for 1.0x10~* M catechol (A), hydroquinone (B), and catechin (C) at CPE
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Fig. 4. Hydrodynamic voltammograms for 1.0x10~ M NADH
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a gold SPE modified with diazonium [59]. Catechin de-
tection was also very sensitive, with detection limits lower
than those obtained at a GCE modified with Mn hexacya-
noferrate mixed-valent poly(3,4-ethylene dioxythiophene)
(PEDOT) [60]. Singh et al. [61] proposed a methodology
for the detection of catechin with lower detection limit al-
though they have used a sensor obtained by entrapment
of PPO and gold nanoparticles during the polymerization
of pyrrole. Thus, the GrPE modified with PPO proposed
here represents a very simple, fast and sensitive alterna-
tive to quantify phenolic compounds.

3.2.2 Ethanol Biosensing Using GrPE Modified with
ADH and NAD*

GrPE was also used as platform to build an ethanol enzy-
matic biosensor through the incorporation of ADH and

0.724
b
<:ts_o.ee-
—
T
O 0.60-
| -
s
o 0.54 4
a
0.48
0 100 200 300 400 500 600 700
Time /s
Fig. 5.

Current /A

ELECTROANALYSIS

NAD?* within the composite. Figure 4 shows hydrody-
namic voltammograms for 1.0x10>M NADH obtained
at CPE (a) and GrPE (b). At GrPE there is a significant
decrease in the overvoltage for the oxidation of NADH
as well as an important enhancement in the oxidation cur-
rents, clearly demonstrating that the presence of CRGrO
largely improves the electrooxidation of NADH. A po-
tential of 0.450 V was selected for further work.

Figure 5A displays amperometric recordings at CPE-
ADH(10.0% w/w)-NAD*(10.0% w/w) (a) and GrPE-
ADH(10.0% w/w)-NAD"(10.0% w/w) (b) for successive
additions of 1.0x10° M ethanol. At CPE-ADH-NAD*
the oxidation current is negligible, as expected from the
hydrodynamic voltammogram previously shown. At var-
iance with this behavior, a highly sensitive response is ob-
tained at GTPE-ADH-NAD ™. Figure 5B displays the cor-
responding calibration plots for ethanol at both biosen-
sors. The analytical parameters of GrPE-ADH-NAD™
are the following: sensitivity (2142) pA M, detection
limit 56 pM and quantification limit 170 uM (taken as in-
dicated above). The biosensor proposed here allows the
successful quantification of ethanol in a very fast, sensi-
tive and easy way with better detection limits than other
similar biosensing strategies [30,31,62,63]. Even when
there are other approaches like the association of Gr,
CNTs, polymers, ionic liquids, and cross-linking agents
that present lower detection limits [64,65], it is important
to emphasize that in our case, we obtained an excellent
analytical performance with a very simple scheme just by
mixing GrPE with ADH/NAD ™.

The biosensor was challenged with different alcoholic
beverages. The results presented in Table 1 demonstrate
that our biosensor makes possible the quantification of
ethanol in Mumm champagne, Bacardi gold rum and
Benjamin Nieto Senetiner white wine without any treat-
ment and with very good correlation with the values indi-
cated on the labels.
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(a) and GrPE-ADH(10.0% w/w)-NAD*(10.0% w/w) (b). Working potential: 0.450 V. B) Calibration plots for ethanol obtained from

the amperometric recordings shown in Figure 4 A.

www.electroanalysis.wiley-vch.de

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Electroanalysis 2014, 26, 1694- 1701 1699


http://www.electroanalysis.wiley-vch.de

Full Paper

Table 1. Quantification of ethanol in different beverages using
the GrPE modified with PPO. Working potential: 0.450 V. Sup-
porting electrolyte: 0.050 M phosphate buffer solution pH 7.40.

Ethanol Label

(%vIv) (%viv)
Champagne Mumm extra brut 12.6+0.6 12.3
Bacardi Gold (crafted rum) 40+3 40
White wine (Benjamin Nieto 11£2 10.5

Senetiner)

4 Conclusions

The results presented here demonstrate that GrPE com-
bines the advantages of the efficient electrocatalytic activ-
ity of CRGrO with the versatility of composite materials,
providing a useful avenue for the electrochemical sensing
and biosensing of different analytes. The preferential and
efficient adsorption of Do at GrPE and the catalytic ac-
tivity of Gr made possible the quantification of Do at
submicromolar levels even in the presence of high excess
of ascorbic acid and serotonin. The incorporation of PPO
and ADH/NAD™" within the GrPE represents a fast and
simple way to design new enzymatic biosensors for the
quantification of phenols and ethanol, respectively, based
on the catalytic activity of Gr towards the reduction of
quinones and the oxidation of NADH.

In summary, the incorporation of CRGrO within the
CPE represents a very good alternative in the develop-
ment of novel analytical platforms for the detection of
different (bio)analytes in a simple and fast way.
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