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Abstract. A new electrochemical sensor was fabricated by using ionic liquid (IL) 1-octyl-3-methylimid-
azolium hexafluorophosphate (OMIMPF4) modified carbon paste electrode (denoted as IL-CPE). The
electrode was characterized by scanning electron microscopy, cyclic voltammetry and electrochemical
impedance spectroscopy. Due to the presence of high conductive IL in the carbon paste electrode, IL-CPE
exhibited excellent electrocatalytic ability to the oxidation of guanosine-5’-monophosphate (GMP) with
the increase of the oxidation peak current. A single well-defined irreversible oxidation peak appeared at
+1.14 V in a B-R buffer of pH = 5.0 with adsorption-controlled process. The electrochemical reaction pa-
rameters of GMP oxidation were calculated with the electron transfer coefficient (o) as 0.32, the apparent
heterogeneous electron transfer rate constant, ks = 9.14 x 10 57! and the surface coverage, [1=2.34 x 107
mol cm 2. Under the selected conditions the oxidation peak current was proportional to GMP concentra-
tion over the range from 1.0 to 1000.0 pmol dm* with the detection limit as 0.16 umol dm (35) by dif-
ferential pulse voltammetry. The proposed method was further applied to determine the GMP contents in
artificial samples and chicken powder samples with satisfactory results. (doi: 10.5562/ccal976)

Keywords: carbon ionic liquid electrode, guanosine-5’-monophosphate, cyclic voltammetry, differential
pulse voltammetry, 1-octyl-3-methylimidazolium hexafluorophosphate

INTRODUCTION

Guanine nucleotides serve as energy sources' and play
an important role in regulatory systems in a wide variety
of tissues and organisms, which can facilitate the main-
tenance of the internal milieu.” Guanosine-5’-mono-
phosphate (GMP) is one of the four main ribosyl nucle-
otides present in RNA, which can be synthesized in the
human body and plays a crucial role in many functions
related to normal cellular metabolism and cardiac activi-
ties, such as enhancing the immune response, influenc-
ing the metabolism of fatty acids and improving the
gastrointestinal tract repair after damage,’ exerting
trophic effects on neural cells,*’ protecting brain slices
in a model of hypoxia,® stimulating the removal of ex-
tracellular glutamate by astrocytes”® and so on. There-
fore, it is necessary to establish a sensitive and reliable
method for GMP determination. Up to now different
kinds of analytical methods such as as luminescence

method,” high performance liquid chromatography
(HPLC)," ion-pair HPLC,'" capillary zone electropho-
resis'? and electrochemical methods'*'* had been devel-
oped for the sensitive determination of GMP. Some of
these methods require expensive instruments with time
consuming. Electrochemical methods have been proven
to be an efficient way for the determination of GMP
with the advantages such as high sensitivity, simplicity,
low cost and excellent selectivity, small dimensional
and cheap instruments. Rajendra et al. investigated the
electrooxidation of GMP at the pyrolytic graphite elec-
trode."” Xie et al. also investigated the electrocatalytic
oxidation of GMP on a redox polymer film modified
indium tin oxide (ITO) electrode.'® All the results indi-
cated that electrochemical oxidation of GMP could be
realized and greatly enhanced on the modified electrodes.

In recent years ionic liquid (IL) has been used as a
new kind of binder in the carbon paste electrode (CPE)
to fabricate an IL modified electrode, which exhibits as
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high performance working electrode in the field of elec-
trochemical sensor.'” " ILs exhibit the specific charac-
teristics such as good chemical and thermal stability,
almost negligible vapor pressure, good ionic conductivi-
ty and wide electrochemical windows, which have been
widely used in different fields of electrochemistry.**!
Maleki et al. indicated that IL modified CPE exhibited
the superiority to different kinds of carbon electrodes
such as glassy carbon electrode (GCE), carbon nano-
tubes (CNTs) modified electrode and edge plane
pyrolytic graphite electrode.”> IL-CPE exhibits many
advantages such as high electrocatalytic activity, wide
electrochemical windows and good antifouling ability,
so it is used for the electroanalytical chemistry or elec-
trochemical biosensors. Zhang et al. applied a 1-amyl-
3-methylimidazolium bromide modified CPE for the
sensitive voltammetric determination of rutin.”* Our
groups also applied different kinds of IL-CPE to study
the direct electrochemistry of electroactive substances
such as hemoglobin (Hb), ssDNA, dsDNA, catechol
and so on.**

In this study an IL 1-octyl-3-methylimidazolium
hexafluorophosphate (OMIMPFs) modified electrode
was used for the electrochemical determination of GMP
for the first time. The selected OMIMPF¢ was a hydro-
phobic IL that was more efficient for ion transfer within
the CPE than other polar liquid.”> Optimal conditions
for the electrochemical analysis were selected and GMP
exhibited an adsorption controlled electrochemical pro-
cess on IL-CPE. The electrochemical parameters of
GMP were calculated and the prepared electrode
showed high sensitivity and stability with the GMP
determination over the concentration range from 1.0 to
1000.0 pmol dm>.

EXPERIMENTAL

Reagents

The stock solution (¢ = 10.0 mmol dm) of guanosine-
5’-monophosphate (GMP, > 98.0 %, Shanghai Kayon
Biological Tech. Ltd. Co., China) was prepared just
before use and stored in a refrigerator at 4 °C. IL 1-octyl-
3-methylimidazolium hexafluorophosphate (OMIMPF,
Hangzhou Kemer Chemical Ltd. Co., China), graphite
powder (average particle size 30 pm, Shanghai Colloid
Chemical Co., China) and adenosine-5’-triphosphate
(ATP, > 98.0 %, Shanghai Kayon Biological Technolo-
gy Ltd. Co., China) were used without furthur purifica-
tion. 0.2 M Britton-Robinson (B-R) buffer solutions
with various pH values were used as the supporting
electrolyte. All the solutions were prepared from dou-
ble-distilled water and other chemicals used were of
analytical reagent grade.
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Apparatus

All the voltammetric measurements were carried out on
a CHI 1210A electrochemical workstation (Shanghai
CH Instruments, China). A three-electrode system,
which was composed of a IL-CPE as working electrode,
a saturated calomel electrode (SCE) as reference elec-
trode and a platinum wire as auxiliary electrode, was
employed in the experiment. Electrochemical imped-
ance spectroscopy (EIS) was performed on a CHI 750B
electrochemical workstation (Shanghai CH Instruments,
China). Scanning electron microscopy (SEM) was con-
ducted with a JSM-6700F scanning electron microscope
(Japan Electron Company, Japan).

Fabrication of Modified Electrodes

The traditional CPE was prepared by hand-mixing of
graphite powder with liquid paraffin at a mass ratio of
70:30 in an agate mortar. The OMIMPF¢ modified CPE
was fabricated by mixing 0.25 g of OMIMPFg, 3.2 g of
graphite powder and 1.0 mL of liquid paraffin in a mor-
tar. The homogeneous paste was packed into a cavity of
glass tube with the diameter of 4.2 mm. The electrical
contact was got with a copper wire connected to the
paste in the tube and the surfaces of CPE or IL-CPE
were polished on a weighing paper just before use.

Voltammetric Measurements

The three-electrode system was immersed in a 10 mL
electrochemical cell with proper amount of GMP and
0.2 M B-R buffer solution (pH = 5.0). After accumula-
tion at 0.3 V in a still solution for 60 s, cyclic
voltammetric experiments were performed in the poten-
tial range from 0.8 to 1.6 V with the scan rate as 100 mV
s'. The experimental parameters of differential pulse
voltammetry (DPV) were selected as follow: increment
potential, 0.008 V; pulse amplitude, 0.05 V; pulse
width, 0.05 s; sample width, 0.0167 s; pulse period, 0.2 s;
quiet time, 30 s. The voltammograms of B-R buffer so-
lution were recorded and used as the background.

RESULTS AND DISCUSSION

Characteristics of the IL Modified Electrode

Figure la showed the SEM image of CPE and the sur-
face was not very smooth. On the IL-CPE a more uni-
form surface topography was obtained with graphite
particles dispersed and bridged by OMIMPF, (Figure
1b), which was related to the preparation process of the
modified carbon paste. OMIMPF¢ is an IL with high
viscosity, which can disperse and adhere the graphite
powder together with void space filled with IL, so the
uniform surface appeared on IL-CPE.
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Ferricyanide/ferrocyanide redox system is used to
compare the electroactivity of the modified electrodes.
Cyclic voltammograms of CPE and IL-CPE were rec-
orded in a 0.5 M KCI solution containing K3;[Fe(CN); ]
(¢ = 1.0 mmol dm™) at a scan rate of 100 mV s .
As shown in Figure lc, the redox peak current of
[Fe(CN)é]H‘F probe were much higher at IL-CPE with
the peak-to-peak separation, AE = 90 mV (curve b) as
compared to that of CPE, which had the value of AE =
382 mV (curve 1). This result informed that IL-CPE
could provide an increased electrochemical response
and better reversibility due to the good ionic conductivi-
ty of IL in the carbon paste. The faradic current (/,) of
ferricyanide exhibited good linear relationship with the
square root of scan rate (v'’?) in the range from 30.0 to
500.0 mV s ', indicating the electrode process was con-
trolled by a semi-infinite linear diffusional process. The
electrochemical effective area of IL-CPE was estimated
by the Randles-Sevcik equation using ferricyanide (¢ =
1.0 mmol dm as the electrochemical probe. By explor-
ing the relationship of 7, with scan rate, an electrochem-
ical effective area of 0.15 cm’® was obtained for IL-CPE,
while the electrochemical area of CPE, though with
same geometric area, was only 0.11 cm®.

The interfacial properties of the modified elec-
trodes were furthur compared by electrochemical im-
pedance spectroscopy (EIS) with the typical Nyquist
plots presented in Figure 1d. EIS is a commonly used
method to probe the interface information during the
modification process of the chemically modified elec-
trodes. In EIS results the semicircular part at higher
frequencies corresponds to the electron transfer limited
process and the linear part at lower frequencies corre-
sponds to the diffusion process. The diameter of the
semicircle is equal to the electron transfer resistance
(Ret), which controls the electron transfer kinetics of the
redox probe at the electrode interface. In Figure 1d the
Z' and Z" are the real and imaginary variable of imped-
ance and the Randle circuit (Figure 1d, inset) is further
used to fit the impedance data obtained in the experiment.
Here the semi-circular part at higher frequencies corre-
sponds to the electron-transfer limited process, and its
diameter is equal to the electron-transfer resistance (Ret),
which controls the electron-transfer kinetics of the redox
probe at the electrode interface. On traditional CPE a big
semicircle domain appeared, indicating a high electron
transfer resistance existed (curve 1). The result was due to
the nonconductive liquid paraffin existed in the carbon
paste. While on IL-CPE a nearly straight line appeared
(curve 2) and the Ret value of IL-CPE (47.47 ) was much
smaller than that of CPE (1035.95 Q), also indicating the
loading of high ionic conductive ILs into carbon paste
improved the conductivity of the modified electrode.

The capacitance of the modified electrode was
further calculated from the experimental background
current by using the equation of C*=1/(S"v),”
where / is the average of the positive and the negative
charging current obtained from the cyclic voltam-
metric curves at 0.4 V, which were performed in
phosphate buffer solution (¢ = 0.05 mol dm*, pH = 7.4)
between 0 and 0.6 V; S is the geometric area of
the electrode; v is the scan rate. The capacitance
value of IL-CPE was calculated as 46.11 pF cm 2,
which was much higher than that of the CPE (6.1
uF cm?). The increase of the capacitance of the
modified electrode reflected that the presence of IL
film on the electrode surface could act as the double
layer on the interface.

The optimal amount of IL added in CPE was
selected to get the best stability and electrochemical
response. By changing the ratio of IL with liquid
paraffin in the carbon paste and the electrochemical
responses of modified electrodes were recorded in the
ferricyanide solution and compared, a final amount
of 0.25 g OMIMPF was selected for the preparation
of IL-CPE, which gave the smallest AE value and the
highest redox peak current. The electrochemical
response did not changed after scanning in the
ferricyanide solution for 50 circles at the scan rate of
100 mV s™', indicating the good stability of IL-CPE
at the selected preparation ratio.
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Figure 1. SEM images of CPE (a) and IL-CPE (b); Cyclic
voltamograms (c) of CPE (1) and IL-CPE (2) in a solution of
0.5 M KCI containing 1.0 mmol dm™ K;[Fe(CN)g ] at the
scan rate of 100 mV s™'; Electrochemical impedance spectra
(d) for CPE (1) and IL-CPE (2) in a solution of 0.1 M KCl
containing 0.1 mmol dm™ [Fe(CN)¢]*”* and with the fre-
quencies swept from 10° to 10> Hz.
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Cyclic Voltamogram of GMP

Typical cyclic voltamograms of 500.0 pmol dm > GMP on
IL-CPE and CPE were recorded and shown in Figure 2.
No voltammetric responses appeared on IL-CPE (curve a)
and CPE (curve ¢) in B-R buffer solution (pH = 5.0),
indicating no electrochemical reaction took place. The
oxidation peak potential of GMP appeared at +1.15 V
on CPE (curve d) and at +1.14 V on IL-CPE (curve b)
without any reduction peak, which indicated a totally
irreversible electrode process under the selected condi-
tions. At the same time, the oxidation peak current of
GMP on IL-CPE was 1.85 times larger than that of
CPE. The results indicated that IL-CPE exhibited an
electrocatalytic activity toward the GMP oxidation.
Based on the reference®” IL-CPE showed an enhanced
electrochemical performance than CPE due to the
presence of IL in the carbon paste, which could not
only facilitate the electron transfer rate between GMP
and electrode, but also accumulate more GMP on the
electrode surface due to the presence of IL film. So the
improved determination sensitivity was achieved on
IL-CPE.

Effect of Buffer pH

The effect of solution pH on the oxidation response of
GMP was investigated by cyclic voltammetry in the pH
range of 3.5-8.0. In the pH range investigated a stable
and well-defined irreversible oxidation peak was ob-
tained and the relationship of the electrochemical re-
sponses with pH value was plotted with the results
shown in Figure 3. The highest oxidation peak current
was observed at pH = 5.0 and then decreased with in-
creasing pH. Therefore buffer of pH = 5.0 was selected
as the optimal supporting electrolyte solution. The oxi-
dation peak potential (E,,) shifted to the negative direc-
tion with the increase of solution pH value, indicating
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. 32 g
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6.0 s d
S a1
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: -5.01 1'3.90 1.00 110 1.20 1.30 140 1.5
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Figure 2. Cyclic voltamograms of IL-CPE (a), CPE in Brit-
ton-Robinson buffer solution of pH = 5.0 and that of 500.0
pmol dm~ GMP (c) on IL-CPE (b), CPE (d), respectively.
Conditions: preconcentration at +0.30 V for 60 s with the scan
rate as 100 mV s,
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that protons took part in the electrode reaction. The
relationship between the oxidation peak potential and
buffer pH was investigated with the linear regression
equation as E,,/V = —0.051 pH +1.410 (y=0.996). The
slope value of =51 mV pH ' was close to the theoretical
Nernst response of =59 mV pH ', indicating that equal
numbers of protons and electrons were involved in elec-
trochemical oxidation of GMP.

Effect of Scan Rate

The influence of scan rate on the oxidation peak current
of GMP was investigated in the range from 30 to 500
mV s . With the increase of scan rate the oxidation
peak current increased gradually and a linear relation-
ship was got between the oxidation peak current (/)
and scan rate (v) with the linear regression equation as
L/pA =-33526v/ Vs —22.26 (y = 0.999), indicating
an surface-confined adsorption-controlled electrode
process. According to the following equation:

_nFQv_ n’F*Alv
4RT

1
" 4RT

where A4 is the effective area of the electrode; Q is the
charge involved in the reaction; » is scan rate; [t
is the amount of the adsorbed analyte, n, R, F and T
have their common meanings. The coverage concentra-
tion (/'t) of GMP on the electrode surface can be calcu-
lated as 2.34x 10 mol cm 2 from the slope of the plot
of I, vs. v. With the increase of scan rate the oxidation
peak potential moved to a positive direction and the
oxidation peak potential (E,,) was proportional to
the logarithm of scan rate with the equation as
Ey/V =0.037 Inv/ Vs + 1.21 (y = 0.997). Based on
the Laviron’s equations:”!

E,=E" BT
; (—a)nF
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Figure 3. The relationship of the oxidation peak current (/,,)
and the oxidation peak potential (E,,) with buffer pH. Condi-

tions: preconcentration at +0.30 V for 60 s with the scan rate
as 100 mV s\,
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Scheme 1. Electro-oxidation process of GMP
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The values of the charge transfer coefficient (a)
and electrode reaction standard rate constant (k) were
calculated to be 0.32 and 9.14x107° s, respectively.

Based on the above results, an electrooxidation
mechanism of GMP can be proposed in Scheme 1,
which involved in the oxidation of GMP molecules to
form 8-oxoguanine occuring in the nucleophilic —
N(7)=C(8)- bond of guanine base.”

Optimal Experimental Conditions

Due to the adsorption process of GMP on IL-CPE,
accumulation step can increase the concentration of
GMP on the electrode surface, and then enhance the
sensitivity. The effect of accumulation potential was
tested from 0.3 V to 0.8 V and the oxidation peak cur-
rent of GMP had no change, implying that the accumu-
lation process was almost independent of electrostatic
interaction. Hence 0.3 V was chosen as the accumula-
tion potential. The oxidation peak current of GMP (¢ =
500.0 umol dm™) increased with the increase of accu-
mulation time in the range from 0 to 60 s. When the
accumulation time was above 60 s, the peak current
increased little and kept almost unchanged, which indi-
cated the saturated adsorption of GMP on the electrode
surface, so the optimal accumulation time was fixed at
60 s in the following experiments.

Calibration Curve

Under the selected conditions the relationship between
the oxidation peak current of GMP with its concentra-
tion was established with the typical differential pulse
voltammograms shown in Figure 4. The oxidation peak
current increased linearly with the GMP concentration.
A good linear relationship was got in the concentration
range from 1.0 to 180.0 umol dm™ with the linear re-
gression equation as [,,/pA = 0.148 ¢/ pmol dm™ +

1.273 (y = 0.986) and in the range from 180.0 to
1000.0 pmol dm with the linear regression equation as
Lo/ uA = 0.029 ¢/pmoldm™ + 19.874 (y = 0.995). The
determination limit was estimated to be 0.16 pmol dm
(S/N=3), which is calculated by the equation: ¢, =
KS,/S, where ¢, is the detection limit, K is a constant
related to the confidence level, according to the sugges-
tion of IUPAC, K = 3 (99 % confidence), S, is the
standard deviation of the blank measurements (N = 9)
and S is the slope of the calibration curve. The result
indicated that the proposed method could be applied to
low concentration GMP determination.

Five modified electrodes were prepared by the
same procedure and applied to the determination of
500.0 pmol dm ™ GMP solution with the relative stand-
ard deviation (RSD) value of 3.7 %, which indicated
that IL-CPE exhibited highly repeatability. The storage
stability of IL-CPE was investigated and 96.4 % of its
initial current value remained after 7 days and 91.5 % of
the initial responses still remained after 30 days storage,
indicating the good storage stability of the modified
electrode.
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Figure 4. Differential pulse voltammograms of different GMP
concentrations (from a to f: 50.0, 70.0, 100.0, 300.0, 500.0,
700.0 pmol dm ) on IL-CPE in B-R buffer solution of pH =
50 at the 100 mV s
preconcentration at +0.30 V for 60 s. Inset was calibration
curve between the oxidation peak current with GMP concen-
tration.

scan rate of Conditions:
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Table 1. Influence of coexisting substances on the determina-
tion of 10.0 pmol dm™> GMP (n = 3)

Coexisting Substance  ¢/pumol dm™  Relative error / %

thymine 10.0 3.90
L-valine 10.0 2.11
L-thyptophan 10.0 2.97
L-glutamate 10.0 2.18
L-leucine 10.0 2.51
cytosine 10.0 3.98
Mg* 10.0 0.27
Zn** 10.0 -0.55
Na* 10.0 1.12
Selectivity

IL-CPE also showed excellent ability to distinguish the
electrochemical responses of GMP and ATP in the
mixed solution. As shown in Figure 5, cyclic
voltammograms of different concentrations of GMP
with a fixed concentration of ATP on IL-CPE exhibited
two well-defined oxidation peaks at 1.096 V and 1.408
V (vs. SCE), respectively. The oxidation peaks were
corresponded to the oxidation of GMP and ATP, respec-
tively, with the peak-to-peak separation as 312 mV,
which was large enough for the simultaneous determi-
nation. Thus, electrochemical signals of GMP and ATP
were independent on IL-CPE, which exhibited good
distinguish ability of the modified electrode.

The interferences of some potentially coexisting sub-
stances on the determination of 10.0 pmol dm> GMP was
systematic evaluated in B-R buffer solution of pH = 5.0.
As shown in Table 1 metal ions such as Na‘, Mg*", Zn**
and thymine, L-valine, cytosine etc. barely influenced the
oxidation peak current of 10.0 umol dm > GMP with signal

Table 2. Determination results of GMP in artificial samples (n = 6)

100 7/A

=17 : r
1.60 1.40

1.20 1.00 0.80
E (vs. SCE) / V

Figure 5. Differential pulse voltammograms of different
concentrations of GMP on IL-CPE in B-R buffer solution of
pH = 5.0 with 100.0 pmoldm™ ATP. The concentrations of
GMP from a to e are 40.0, 60.0, 80.0, 100.0, 200.0 umol dm™.

changes below = 4 %, revealing that IL-CPE had excellent
selectivity to GMP determination.

Analytical Applications

The proposed method was applied to the determination
of artificial samples, which contained several possible
interferences in a biological sample, such as glycin, L-
leucine, Cu®*, Zn*" and Na'. Each sample was prepared
by mixing 10.0 pmol dm interferences with different
concentrations of GMP. Three samples were further
detected by the experimental procedure with standard
addition method. From Table 2 it can be seen that the
determination results were satisfactory with the recov-
ery in the range from 94.25 % to 101.5 %, which indicat-
ed that the proposed electrode could be efficiently used
for the determination of GMP in the artificial samples.
The practical application of the proposed method
was further proved by the measurement of GMP content in

Sample  ¢/pmol dm™>  ¢(Found)/pmol dm™>  ¢(Added)/pmol dm™  ¢(Total)/pmol dm™> RSD/%  Recovery /%
1@ 20.0 21.3 80.0 100.8 0.80 99.4
2® 40.0 40.5 60.0 101.4 1.40 101.5
3@ 60.0 61.1 40.0 98.8 1.20 94.25
@ Sample 1 contains 10.0 umol dm™ of glycin, L-leucine, Cu?**, Zn*" and 20.0 pmol dm~ GTP.
® Sample 2 contains 10.0 pmol dm™ of glycin, L-leucine, Zn>*, Na' and 40.0 pmol dm™ GTP.
© Sample 3 contains 10.0 umol dm™ of glycin, L-leucine, Cu®>", Na" and 60.0 pmol dm™ GTP.
Table 3. Determination results of GMP in chicken powder samples (n = 6)
Sample  ¢(Determined)/pmol dm™>  ¢(Added)/pmol dm™ ¢(Found)/pmol dm™ RSD/% Recovery /%
1 1.425 1.00 2.406 1.50 98.1
2 1.404 1.00 2.361 0.83 95.7
3 1.512 1.00 2.524 1.20 101.2

Croat. Chem. Acta 86 (2013) 129.
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chicken powder samples, which were purchased from the
local supermarket. The samples were treated with the fol-
lowing procedure. 8.0 g of chicken powder was dissolved
in 40 mL water by ultrasonicated and the solution was
filtrated with 0.45 pm Nylon film. The filtrate was collect-
ed and diluted to 50 mL with double distilled water and
further detected by the proposed method. All the solutions
were determined for six times by the standard addition
method with the results summarized in Table 3. It can be
seen that the recovery was in the range from 95.7 % to
101.2 %, indicating the precise of the proposed method.

CONCLUSION

A new IL-CPE fabricated with 1-octyl-3-methylimid-
azolium hexdluorophosphate (OMIMPF ¢) was devel-
oped, which exhibited the characteristics such as good
stability and electrocatalytic activity. The
electrooxidation of GMP was investigated with an en-
hanced oxidation response appeared at 1.14 V and elec-
trochemical reaction was an adsorption-controlled irre-
versible process with two-electron and two-proton pro-
cess. Under the optimized conditions good linearity was
observed between the oxidation peak current and the
concentration of GMP in the range from 1.0 to 1000.0
pmol dm with a detection limit of 0.16 pmol dm™ (S/N
= 3) after accumulation for 60 s. The proposed method
showed good selectivity in the detection of GMP without
interference from coexisting substances and was further
applied to the determination of different samples with
satisfactory results.

Acknowledgements. We are grateful to the financial support
of the Natural Science Foundation of China (No. 50976043),
the Foundation of State Key Laboratory of Coal Combus-
tion of Huazhong University of Science and Technology
(FSKLCC1010) and the Foundation of State Key Laboratory
of Clean Energy Utilization of Zhejiang University.

REFERENCES

1. J. Rothblatt, P. Novick, and T. H. Stevens (Eds.), Guidebook
to the Secretory Pathway, Oxford University Press, Oxford,
1994, p. 159.

2. H. A. Harper, Review of Physiological Chemistry, Lange Medi-
cal Publications, Los Altos, CA, 1967, p. 406.

3. J.D. Carver and W. W. Allan, J. Nutr. Biochem. 6 (1995) 58-72.

4. R. Ciccarelli, P. Ballerini, G. Sabatino, M. P. Rathbone, M.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.
32.

135

D’Onofrio, F. Caciagli, and P. Di lorio, /nt. J. Dev. Neurosci. 19
(2001) 395-414.

M. P. Rathbone, P. J. Middlemiss, J. W. Gysbergs, C. Andrew,
M. A. R. Herman, J. K. Reed, R. Ciccarelli, P. D. Iorio, and F.
Caciagli, Prog. Neurobiol. 59 (1999) 663-690.

M. E. Frizzo, D. R. Lara, A. S. Prokopiuk, C. R. Vargas, C. G.
Salbego, M. Wajner, and D. O. Souza, Cell Mol. Neurobiol. 22
(2002) 353-363.

M. E. Frizzo, D. R. Lara, K. C. Dahm, A. S. Prokopiuk, R. A.
Swanson, and D. O. Souza, Neuro. Report 12 (2001) 879—-881.
M. E. Frizzo, F. A. Soares, L. P. Dall’Onder, D. R. Lara, R. A.
Swanson, and D. O. Souza, Brain. Res. 972 (2003) 84-89.

L. Li, J. H. Yang, X. Wu, C. X. Sun, Y. Liu, S. F. Liu, and B. Y.
Su, J Lumin. 109 (2004) 31-37.

D. Huang, Y. Zhang, and X. Chen, J. Chromatogr. 784 (2003)
101-109.

S. Giannattasio, S. Gagliardi, M. Samaja, and E. Marra, Brain
Res. Protocols. 10 (2003) 168-174.

H. W. Liu, S. Z. Qi, Y. N. Zhang, A. J. Huang, and Y. L. Sun,
J. High Res. Chromatogr. 20 (1997) 242-244.

R. N. Goyal, B. K. Puri, and N. Jain, J. Chem. Soc. Perkin Trans.
2 (2001)832-837.

L. Cui, L. F. Li, S. Y. Ai, H. S. Yin, P. Ju, and T. Liu, J. Solid
State Electrochem. 6 (2011), 1253-1261.

R. N. Goyal and A. Tyagi, Anal. Bioanal. Chem. 382 (2005)
1683-1690.

H. Xie, D. W. Yang, A. Heller, and Z. Q. Gao, Biophys. J. 92
(2007) 70-72.

M. Opallo and A. Lesniewski, J. Electroanal. Chem. 656 (2011)
2-16.

M. J. A. Shiddiky and A. A. J. Torriero, Biosens. Bioelectron. 26
(2011) 1775-1787.

D. Wei and A. Ivaska, Anal. Chim. Acta 607 (2008) 126-135.

H. Ohno, Electrochemical Aspects of lonic Liquids, John Wiley
& Sons, Inc. Hoboken, New Jersey, 2005.

H. T. Liu, Y. Liu, and J. H. Li, Phys. Chem. Chem. Phys. 12
(2010) 1685-1697.

N. Maleki, A. Safavi, and F. Tajabadi, Anal. Chem. 78 (2006)
3820-3826.

Y. Zhang and J. B. Zheng, Talanta 77 (2008) 325-330.

W. Sun, R. F. Gao, and K. Jiao, J. Phys. Chem. B 111 (2007)
4560-4567.

W. Sun, Y. Z. Li, M. X. Yang, S. F. Liu, and K. Jiao,
Electrochem. Commun. 10 (2008) 298-301.

W. Sun, Y. Z. Li, H. W. Gao, and K. Jiao, Microchim. Acta 165
(2009) 313-317.

W. Sun, Y. Z. Li, M. X. Yang, and K. Jiao, Sens. Actuators B
Chem. 133 (2008) 387-392.

W. Sun, Q. Jiang, M. Y. Xi, and K. Jiao, Microchim. Acta 166
(2009) 343-348.

Y. Y. She, Y. G. Tang, H. G. Liu, and P. He, Chem. Cent. J. 4
(2010) 17-24.

M. D. Anjo, M. Kahr, M. M. Khodabakhsh, S. Nowinski, and M.
Wagner, Anal. Chem. 61 (1989) 2603-2608.

E. Laviron, J. Electroanal. Chem. 100 (1979) 263-270.

E. E. Ferapontova, Electrochim. Acta 49 (2004) 1751-1759.

Croat. Chem. Acta 86 (2013) 129.


http://dx.doi.org/10.1016/0955-2863(94)00019-I�
http://dx.doi.org/10.1016/S0736-5748(00)00084-8�
http://dx.doi.org/10.1016/S0301-0082(99)00017-9�
http://dx.doi.org/10.1023/A:1020728203682�
http://dx.doi.org/10.1097/00001756-200103260-00051�
http://dx.doi.org/10.1016/S0006-8993(03)02506-X�
http://dx.doi.org/10.1016/j.jlumin.2003.12.051�
http://dx.doi.org/10.1016/S1570-0232(02)00780-8�
http://dx.doi.org/10.1016/S1385-299X(02)00215-5�
http://dx.doi.org/10.1016/S1385-299X(02)00215-5�
http://dx.doi.org/10.1002/jhrc.1240200412�
http://dx.doi.org/10.1039/b006076n�
http://dx.doi.org/10.1007/s10008-010-1185-7�
http://dx.doi.org/10.1007/s10008-010-1185-7�
http://dx.doi.org/10.1007/s00216-005-3344-8�
http://dx.doi.org/10.1529/biophysj.106.102632�
http://dx.doi.org/10.1016/j.jelechem.2011.01.008�
http://dx.doi.org/10.1016/j.bios.2010.08.064�
http://dx.doi.org/10.1016/j.aca.2007.12.011�
http://dx.doi.org/10.1002/0471762512�
http://dx.doi.org/10.1039/b921469k�
http://dx.doi.org/10.1021/ac060070+�
http://dx.doi.org/10.1016/j.talanta.2008.06.032�
http://dx.doi.org/10.1021/jp067933n�
http://dx.doi.org/10.1016/j.elecom.2007.12.012�
http://dx.doi.org/10.1007/s00604-009-0135-5�
http://dx.doi.org/10.1016/j.snb.2008.02.043�
http://dx.doi.org/10.1016/j.snb.2008.02.043�
http://dx.doi.org/10.1007/s00604-009-0212-9�
http://dx.doi.org/10.1186/1752-153X-4-17�
http://dx.doi.org/10.1021/ac00198a004�
http://dx.doi.org/10.1016/S0022-0728(79)80167-9�
http://dx.doi.org/10.1016/j.electacta.2003.12.006�


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




