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Abstract. Electrochemical oxidation of 2’-deoxyguanosine-5’-triphosphate (dGTP) was investigated on
the ionic liquid modified carbon paste microelectrode by cyclic voltammetry in this paper. The carbon io-
nic liquid microelectrode (mCILE) was prepared with ionic liquid 1-ethyl-3-methylimidazolium ethylsul-
fate ([Emim][EtOSOs]) as the modifier. Then the electrochemical process of dGTP on the mCILE was
recorded with the electrochemical parameters calculated and the oxidation mechanism discussed. Under
the optimal conditions differential pulse voltammetric peak current was proportional to the dGTP concen-
tration in the range from 1.0x 10 M to 7.0x 10* M with the linear regression equation as log(1a/A) =
0.77 log(c/mol dm ) — 4.082 (y = 0.999). The proposed method showed good selectivity and stability
without the interferences of coexisting substances. (doi: 10.5562/ccal737)

Keywords: 2’-deoxyguanosine-5’-triphosphate, carbon ionic liquid microelectrode, cyclic voltammetry,
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INTRODUCTION

2’-Deoxyguanosine-5’-triphosphate (dGTP) is the most
important substance required for DNA synthesis and
several normal cellular functions. For example the con-
centration of dGTP had an great impact on human and
Chinese Hamster Ovary (CHO) telomerase activities,
which could produce longer primer extension products
with the increase of dGTP concentration over a range of
1.5-50 uM." A kinetics shift of primers biphasic dis-
sociation from slow phase to fast phase was observed
in the presence of dGTP, which may implicate dGTP
as a positive effector of translocation.” Also the attack
of cellular dGTP by OHe radical can result in the oxi-
dized 2’-deoxyguanosine-5’-triphosphate (oxo-dGTP),
which is promutagenic due to its tendency to preferen-
tially pair with adenosine over cytosine during DNA
replication, leading to G:C— T:A transversions.* Be-
cause the concentration of dGTP in the cytoplasm
is very lower,” sensitive and accurate methods are
required for dGTP determination in biological samples.
Electrochemical methods including voltammetry and
amperometry have been exhibited the advantages such
as wide dynamic range, low detection and ease of mi-

niaturization. The electrochemistry of bases has been
investigated on different kind of working electrodes.
Xie et al. investigated the electrochemical behavior of
guanine, guanosine, and guanosine monophosphate at
redox polymer film modified indium tin oxide (ITO)
electrode.® Goyal et al. investigated the electrochemi-
cal oxidation mechanism of guanosine-5’-triphosphate
(GTP)’ and guanosine-5’-monophosphate® at a pyrolytic
graphite electrode. They also used a nanogold modified
ITO electrode for the simultaneous determination of
guanosine and GTP in the human blood plasma sam-
ples’. Zhang er al. described a novel PCR-electro-
chemical detection strategy using dGTP as a probe,
which had a well-defined voltammetric oxidation peak
at the short single-walled carbon nanotubes modified
glassy carbon electrode.

Ionic liquids (ILs) are a new kind of modifier in
the carbon paste electrode (CPE), which have been
exhibited many advantages such as high ionic conduc-
tivity, wide electrochemical windows and stable elec-
trochemical responses. Preparation of carbon paste
electrodes with ILs as a binder, which is often named
as carbon ionic liquid electrode (CILE), has been re-
ported by several groups.'' ' ILs-based carbon paste
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electrodes show very sensitive and stable responses
compared to pastes made of non-conductive binder such
as liquid paraffin. The enhanced anti-fouling effect of
the ILs paste electrode is another feature to be added to
this attractive class of material. However, one major
concern is the high background current which limited
the analytical utility of these IL-based paste electrodes.
One approach to minimize the background current and
to increase the analytical signal-to-background ratio is
made via decreasing the electrode active surface area
and increasing mass transport rates by utilizing micro-
electrodes. El-Nour prepared a highly active carbon
fiber ultramicroelectrode (CFE) as sensor in the sensi-
tive determination of adenosine under physiological
conditions." Oliveira-Brett used a carbon fiber micro-
electrode for the investigation on the electrooxidation
mechanism of guanine and adenine.'® The reduced
capacitive contribution of microelectrodes makes it
possible to study the electron transfer (ET) reactions of
these processes by means of fast scan rate cyclic vol-
tammetry and to establish a more sensitive detection
method by differential pulse voltammetry. Musameh
et al. also fabricated different ILs modified carbon paste
microelectrode and investigated the detection of differ-
ent electroactive species, which exhibited the advantages
of improved sensitivity, stability and reproducibility.”

In this paper a carbon ionic liquid microelectrode
(mCILE) was first prepared with ionic liquid 1-ethyl-3-
methylimidazolium ethylsulfate ([Emim][EtOSOs;]).
Electrochemical characteristics of mCILE were investi-
gated by cyclic voltammetry and electrochemical im-
pedance spectroscopy. Then the electrochemical beha-
vior of dGTP on the mCILE was investigated carefully
and further a sensitive electrochemical method for
dGTP detection was established.

EXPERIMENTAL

Reagents

1-Ethyl-3-methylimidazolium ethylsulfate ([Emim]
[EtOSOs], Hangzhou Kemer Chemical Limited Com-
pany, China) and graphite powder (average particle size
30 wm, Shanghai Colloid Chemical Plant, China) were
used as received. 2’-deoxyguanosine-5’- triphosphate
(= 98 %, Shanghai Promega Biological Products Ltd.,
China) was supplied as buffer-free, ready-to-use 10.0 M
solution in water. A series of 0.2 M Britton-Robinson
(B-R) buffer solutions were adjusted with 0.5M
NaOH and used as the supporting electrolyte. All
the other chemicals were commercially available
with analytical grade and used without further purifi-
cation. All the solutions were prepared with doubly
distilled water.
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Apparatus

Electrochemical measurements including cyclic vol-
tammetry (CV) and differential pulse voltammetry
(DPV) were performed on a CHI 1210A electrochemi-
cal workstation (Shanghai Chenhua Co., China). Elec-
trochemical impedance spectroscopy (EIS) was carried
out with a CHI 750B electrochemical workstation
(Shanghai Chenhua Co., China). A conventional three-
electrode system was employed with a homemade
mCILE (300 pum diameter) working electrode, an
Ag|AgCl reference electrode and a platinum wire aux-
iliary electrode. All the following potentials reported in
this work were versus the Ag|AgCl reference electrode.

Procedure

40 pL of [Emim][EtOSOs], 100 mg of paraffin oil, and
500 mg of graphite powder were mixed and ground
carefully to form a homogeneous paste, which was then
packed at the end of a pipette tip (diameter 300 pm) to a
depth of 3 mm. Electrical contact was achieved via a
copper wire to the end of the tip. The resulting micro-
electrode was denoted as mCILE. For comparison the
carbon paste microelectrode (mCPE) was prepared by
the similar procedure by mixing 500 mg of graphite
powder with 100 mg of paraffin oil. Prior to use, the
surface of the well-prepared microelectrode was smo-
othed on a weighing paper.

RESULTS AND DISCUSSION

Characterization of the Microelectrodes

Electrochemical impedance spectroscopy (EIS) can give
information on the interface changes of the modified
electrode. The semicircle diameter of well-conducting
substrates equals to the electron transfer resistance (R.).
The value of R varies when different substances are
adsorbed or modified on the electrode surface. By using
1.0x10° M solution of [Fe(CN)s]*™* as redox probe,
the EIS of different electrodes were recorded with the
results shown in Figure la. On the traditional mCPE a
big semicircle domain appeared, indicating the exis-
tence of a big electron transfer resistance (curve 1). The
result was due to the presence of non-conductive paraf-
fin oil in the carbon paste. While on the mCILE a nearly
straight line appeared and the R value was much smal-
ler than that of mCPE (curve 2), indicating that the
presence of high ionic conductive [Emim][EtOSO;] in
the carbon paste facilitated the electron transfer of the
electrochemical probe. Figure 1b showed cyclic voltam-
metric responses of mCPE and mCILE in 1.0x10°M
K;[Fe(CN)g] and 0.5 M KCIl mixture solution at the
scan rate, v of 500 mV s . On the mCPE (curve 1), the
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Figure 1. Electrochemical impedance spectra (a) for mCPE (1) and mCILE (2) in a mixture 1.0 x 10 M solution of K3 [Fe(CN)6]3’/4’
and 0.5 M KCl with the frequencies swept from 10* to 0.1 Hz. Cyclic voltamograms (b) of mCPE (1) and mCILE (2) in mixture
solution of 1.0x 10~ M K;[Fe(CN)] + 0.5 M KCI at the scan rate of 500 mV-s".

peak-to-peak potential separation (AE,) was calculated
as 450 mV with deformed curve, corresponding to a
quasi-reversible electron transfer process. While on the
mCILE (curve 2), the AE, was decreased to 124 mV,
indicating a more reversible electron transfer process.
Furthermore, the redox peak currents on the mCILE
were 2.23-fold higher than that of the mCPE, indicating
the high conductivity of the electrode interface.

All the above experimental results exhibited the
superiority of mCILE to mCPE in terms of improved
reversibility and enhanced sensitivity, which were attri-
buted to the use of high conductive ILs as a modifier.
On the mCILE the redox peak current increased gradual-
ly with the scan rate, v in the range from 10 to 500 mV's .
A linear relationship was got between the redox peak
current with the square root of scan rate, indicating that
the electrochemical process was diffusion-controlled.
Two linear regression equations were calculated as
I/ mA = 6.229v'*+0.2147 (y=0.998) for mCILE and
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I,./mA=2.042v"*+0.6735 (y=0.987) for mCPE.
According to the Randles-Sevcik equation,' I,=
2.69%10°n*?AD"*cv'”, where n is the number of elec-
trons transferred, A4 is the electrode area (expressed in
cm?), ¢ is the concentration (expressed in mol dm™),
D is the diffusion coefficient of [Fe(CN)e]* (6.5x10°°
ecm’s ') and v is the scan rate (expressed in V s'). The
electrode effective area of the mCILE is estimated to be
0.908 mm’, which was about 3 times higher than that of
the mCPE (0.298 mm?). So the presence of IL in the
carbon paste electrode greatly improved the electro-
chemical performances.

Cyclic Voltamograms of 2’-deoxyguanosin-5’-tri-
phosphate

Typical cyclic voltamograms of 5.0x10~* M dGTP on
mCILE and mCPE were recorded with the results
shown in Figure 2. As shown in Figure 2a, on mCPE a
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Figure 2. Cyclic voltamograms of 5.0x 10™* M dGTP on mCPE (a) and mCILE (b) in B-R buffer solution of pH = 4.0 at the scan

rate, v of 200 mV s .
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single well-defined oxidation peak (Ia) appeared at
E=+1.323 V with the oxidation peak current as 38.38 nA
when the sweep was initiated in the positive direction.
In the reverse sweep three cathodic peaks Ic (0.969 V),
IIc (0.782 V) and Illc (0.535 V) appeared. In the conti-
nuous (second) sweep to the positive direction another
two oxidation peaks Ila (0.879 V) and Illa (0.447 V)
appeared. The phenomena was very similar to the
electrooxidation of GTP,” guanoside-5’-monophos-
phate (GMP)® or 2’-deoxyguanosine-5’-monophosphate
(dGMP)"” on the pyrolytic graphite electrode. Goyal
et al. had widely investigated the oxidation mechanisms
of purine based and their nucleosides or nucleotides on
the solid electrode with different methods such as cyclic
voltammetry, spectral studies, bulk electrolysis and
related techniques. The detailed redox mechanism for
the purine nucleotide was also proposed with the final
products identified. While on mCILE a big and well-
defined oxidation peak (Ia) appeared with the oxidation
peak potential as 1.254 V and the oxidation peak current
as 73.46 nA on the first positive sweep (Figure 2b).
Based on the electro-oxidation mechanism of guanine or
guanosine with the similar molecular structure,'®?° this
oxidation peak can be attributed to the oxidation of
dGTP to a free radical moiety and further form a di-
imine specie. In the reverse sweep two cathodic peaks
of Ic (0.943 V) and Ilc (0.756 V) appeared. In the suc-
cessive second sweep towards positive potential another
well-defined oxidation peak IIa (0.835 V) appeared. The
result also proved the complicated oxidation mechanism
involved in the reduction and subsequent oxidation of
the species generated during the voltammetric sweep.
Also it can be seen that the oxidation peak currents
increased with the decrease of the oxidation peak poten-
tial, indicating the electrocatalytic activity of mCILE.
The influence of buffer pH on the voltammetric
responses of different redox peaks on mCILE was fur-
ther investigated in the pH range from 2.0 to 7.0. In all
cases the redox peak potential was pH dependent and
shifted with the change of buffer pH. The linear rela-
tionships of £, vs. pH were summarized in Table 1 with
different pH range. From the slope it can be concluded
that protons took part in the electrode reaction. The

Table 1. Influence of buffer pH on the redox peak potential
of dGTP

Peak pH Linear .regression equations
range (E, is expressed in V)
Ia 2.0-7.0 E,=-0.041 pH + 1.43 (y = 0.967)
Ic 3.0-7.0 E,=-0.056 pH + 1.11 (y = 0.995)
Ilc 2.0-4.0 E,=-0.040 pH + 0.85 (y = 0.979)
Ila 2.0-7.0 E,=-0.078 pH + 1.13 (y =0.975)

Croat. Chem. Acta 84 (2011) 33.

results were similar to the reports of electrooxidation
dGMP."

The effect of scan rate on the redox peak potential
(Ep) and peak current (/) were further investigated in
the scan rate range from 10 to 400 mV s '. With the
increase of scan rate the oxidation peak potentials
shifted towards more positive directions and the reduc-
tion peak potentials moved towards more negative di-
rections. The relationships of the redox peak responses
with scan rate were constructed with the results summa-
rized in Table 2. The peak current showed a good linear
relationship with scan rate, indicating an EC nature of
the reaction, in which the electrode reaction was
coupled with an irreversible follow-up chemical reac-
tion as well as an adsorption-controlled process. Based
on the Laviron’s equations:'

RT

E v=E°+——
P (1—a)nF

RT

onkF

E =E°+

The electrochemical parameters such as electron
transfer number (n), electron transfer coefficient («) and
electrode reaction standard rate constant (k) of different
steps were calculated, respectively, with the results
listed in Table 2. Because the first oxidation peak (Ia) is
big and stable, so it was selected for the further dGTP
detection. Also due to the adsorption behavior of dGTP
on the microelectrode, the electrode cannot be directly
used after the each measurement. The microelectrode
can be regenerated by simply smoothing on a weighing

paper.
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Figure 3. DPV curves of different concentrations dGTP
on mCILE (from a to i, expressed in mol dm™: 0, 4.0x107°,
7.0x107°,1.0x 107, 4.0x 107, 7.0x 107, 1.0x 107, 4.0x 107,
7.0x10™*) in B-R buffer of pH = 4.0.
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Table 2. Electrochemical parameters of dGTP on the mCILE

Peak Linear regression equations® n a ks
E,=0.0587 Inv+1.372 (y=10.999) 6
Ia 1.28 0.71 391x107°
1,=2792v+228.5 (y=0.991)
E,=0.0189 Inv+0.991 (y=10.995) s
Ic 1.66 0.82 3.30x10
I,=621.8v+59.26 (y=10.990)
E,=0.0159 Inv+0.78 (y=0.996) »
IIc 2.08 0.78 1.27x10
I,=336.5v+34.71 (y=0.993)
E,=0.0389Inv+1.178 (y=0.996) »
Ila 2.00 0.25 2.50%10
1,=780.7v+72.03 (y=0.986)

@ E, is expressed in V, I, innA, vin Vs ™.

DPYV detection

Under the optimal conditions dGTP was detected by
more sensitive differential pulse voltammetry (DPV)
with the typical voltamograms shown in Figure 3.
A linear relationship could be established between the
oxidation peak current (Ia) and the dGTP concentra-
tion in the range of 1.0x10°-7.0x10* M. The linear
regression equation was calculated as log/,,/A=0.77
log(c/mol dm ) —4.082 (y=0.999) with the detection
limit as 1.0x 10°° mol dm™ (S/N =3).

To estimate the reproducibility of the proposed
method, the relative standard deviation (RSD) of eight
times parallel measurements of 4.0x 10 M dGTP at the
mCILE was calculated to be £4.2 %, which demonstrat-
ed the good reproducibility of the method. The elec-
trode-to-electrode repeatability was examined on three
mCILEs constructed individually with the RSD value as
+7.3 %, indicating the excellent repeatability of the mi-
croelectrode. Because the IL used is hydrophilic, so the
stability of mCILE was investigated carefully. A stable
electrochemical response was obtained after scanning in
the ferricyanide solution for 80 circles at the scan rate of
500 mV s ', indicating the stability of the mCILE in the
solution. After the modified electrode was stored for 3
weeks, only a small decrease of peak current with a
relative standard deviation (RSD) of 4.5 % for 4.0x10™*
mol dm ™ dGTP was observed, which exhibited the long
storage stability of the microelectrode.

CONCLUSIONS

In this paper a carbon ionic liquid microelectrode
(mCILE) was fabricated and used for the sensitive de-
tection of dGTP by differential pulse voltammetry.
Electrochemical behaviors of dGTP on mCILE was
investigated by cyclic voltammetry with a series of
redox peaks appeared, which was due to the initial oxi-
dation of dGTP to a diimine species with following
chemical reaction to give different products. Due to the
presence of IL in the electrode, the electrochemical

response was increased, which was ascribed to the elec-
trocatalytic ability of mCILE. Compared with early
reports about electrooxidation of dGMP' or GTP’ on
the pyrolytic graphite electrode, the initial oxidation
peak (Ia) appeared on the cyclic voltamogram was con-
tributed to the one electron and one proton oxidation
step of guanine group to give a free radical moiety,
which was occurred from the CH group at position 8.
The free radical formed could give a diimine species or
take place different following chemical reactions with
different kinds of oxidation products formed. Due to the
presence of ribose or ribosephosphate units in the mole-
cular structure of purine nucleotide, the oxidation me-
chanism was also affected with different products
formed. Based on the oxidation reaction dGTP can be
detected in the concentration range from 1.0x10° M to
7.0x10* M with the detection limit of 1.0x10™° mol
dm™. So the proposed microelectrode had the potential
applications in the sensitive dGTP detection.
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