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Abstract Guanosine-5′-monophosphate (GMP) was inves-
tigated the electrochemical behaviors based on solid-phase
extractionon (SPE) at Cu-Mg-Al hydrotalcite-like com-
pound (HTLC) modified glass carbon electrode. Cu-Mg-Al
hydrotalcite-like compound (HTLC) was proved as a new
sorbent for SPE of GMP, which showed an irreversible
adsorption oxidation process on the HTLC/GCE with the
oxidation peak potential located at 1.15 V (vs. SCE) in a
pH 5.0 acetate buffer solution. Influencing factors of the
electrochemical behavior of GMP on the HLTC/GCE were
optimized and kinetic parameters were calculated. Under
the optimal conditions, with differential pulse voltammetry
(DPV), a linear relationship was obtained between the
oxidation peak current and the GMP concentration in the
range from 1.0×10−6 to 8.0×10−4 molL−1 with the detection
limit as 5.0×10−7 molL−1 (signal-to-noise ratio of 3). The
modified electrode surface has very good reproducibility and
stability.
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Introduction

Purine nucleotides play an important role in various biological
processes. As one of them, guanosine-5′-monophosphate
(GMP) can exert trophic effects on neural cells [1, 2], protect

brain slices in a model of hypoxia [3], stimulate the removal
of extracellular glutamate by astrocytes [4, 5] and protect
against seizures induced by the glutamatergic agents,
quinolinic acid (QA) or a-dendrotoxin (a-DTX) in rodents
[6–9]. So, it is important to establish a sensitive method for
the detection of GMP. Up to now, different analytical
methods have been developed for the determination of
GMP, based on thin layer chromatography [10], ion-pair
HPLC [11] and high performance liquid chromatography
(HPLC) [12]. Electrochemical methods can also be used for
having the advantages of fast response, cheap instrument,
low cost, simple operation, time saving, high sensitivity,
excellent selectivity and real-time detection in situ condition.
However, direct detection of GMP using electrochemical
sensor is rare, because the response of GMP at traditional
electrochemical sensor is poor. Therefore, different kinds of
chemical modified electrodes were devised for GMP
detection. Rajendra N. G. et al. investigated the electro-
oxidation of guanosine-5′-triphosphate (GTP) at the pyrolytic
graphite electrode [13] and gold nanoparticles modified
indium tin oxide electrode [14]. Xie et al. [15] studied the
electrochemical behavior of GMP at redox polymer film
modified indium tin oxide (ITO) electrode. These works all
showed the modified electrodes can facilitate its application
to study the electrochemical behavior of GMP and its
determination.

As new nano-composite materials, hydrotalcite-like
compounds (HTLCs) have been received considerable
attention in recent years. The layered structure consists
metal cations that at least two different oxidation states with
positive charges, and metal hydroxide layers separated from
each other by anions and water molecules. The chemical
composition of hydrotalcite-like compounds can be repre-
sented by [M1−x

IIMx
III(OH)2]

x+[Ax/n
n− yH2O]

x−, where MII

and MIII represent divalent and trivalent metal ions within
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the brucite-like layers (Mg2+, Zn2+, Ni2+, Co2+, Cu2+, Al3+,
Cr3+, Fe3+, Mn3+, etc.), and An− is an n-valent anion (Cl−,
NO3

−, ClO4
−, CO3

2−, SO4
2−) [16, 17]. HTLCs are

interested as electrode surface modifiers for the properties
of the layered structures, large surface areas and anion
exchange [18–20]. They are often used as catalysts or
catalyst precursors, ion exchangers, adsorbents, polymer
stabilizers, etc. The copper-containing hydrotalcite-like
compound can be used as a catalyst for the Baeyer-
Villiger oxidation of ketones [21], the coupling of phenyl-
ethyne [22], alkylation of phenol [23] and removal of
nitrogen oxides [24]. So far, hydrotalcite-like compounds
(HTLCs) present excellent catalytic properties and intense
adsorbability for a number of processings of technological
interest, and these nanocomposites can prevent biomolecules
from degradation and the functionalized HTLCs can facilitate
the electron transfer between protein and electrode [25].

In this paper, SPE as the most popular sample
preparation method of GMP to Cu-Mg-Al hydrotalcite-
like compound (Cu-Mg-Al HTLC) serving as sorbent was
investigated. The oxidation response of GMP indicated that
HTLC could present excellent extraction behaviors. The
purpose of the present work is to construct a stable,
sensitive and selective analytical method to determine
GMP in a simple, fast, and inexpensive way. Based on the
electrochemical response of GMP, a new electrochemical
method for GMP detection was established and new
electrochemical sensors with HTLCs would be developed.

Experimental

Reagents and apparatus

Guanine, guanosine and guanosine-5′-monophosphate
(GMP) were purchased from Pure Crystal Reagent Ltd.
(Shanghai) and used as received. Acetate buffer solutions
were prepared by mixing stock solutions of 0.2 molL−1

CH3COOH and 0.2 molL−1 CH3COONa and adjusting the
pH with 0.2 molL−1 CH3COOH or 0.2 molL−1 NaOH.
Other chemicals were of analytical reagent grade and all the
solutions were prepared with redistilled deionized water.

Electrochemical experiments were performed with CHI
660C electrochemical workstation (Shanghai Chenhua Co.,
China) with a conventional three-electrode cell. The
working electrode is a bare glass carbon electrode (d=
2 mm) or modified glass carbon electrode. A saturated
calomel electrode (SCE) and a platinum wire were used as
reference electrode and auxiliary electrode, respectively.
Fourier transform infrared (FT-IR) spectra was recorded
with a Perkin-Elmer Model 1750 spectrometer (USA).
Powder X-ray diffraction patterns were recorded using a
Rigaku D/MAX 2200PC X-ray diffractometer (Japan) with

Cu Kα radiation (1 =0.154178 nm, graphite monochromator,
28 kV and 20 mA), a 2θ range from 8° to 80° was
investigated at a scanning speed of 10° min−1. Scanning
electron microscopy (SEM) was performed on a Hitachi
S-3000N instrument (Japan).

Preparation of HTLC

The Cu-Mg-Al HTLC was prepared by titration of a
mixture solution of mentallic ions with NaOH [26]. In
brief, 20 mL solution containing 1.208 g of Cu(NO3)2,
3.846 gMg(NO3)2 and 3.751 g Al(NO3)3 was titrated with
20 mL mixture solution of 2.40 g NaOH and 5.30 g
Na2CO3 under vigorous stirring. During the synthesis, the
temperature was maintained at 25°C. The resulting suspen-
sion was then maintained at 65°C with stirring for 1 h. The
product was filtered off and washed thoroughly with
deionized water until a neutral pH was observed, then
dried at 80°C for 2 days in air. The resulted final white
product was characterized with FT-IR, XRD and SEM.

Preparation of HTLC/GCE

Before modification, the bare GCE with a diameter of
3 mm was polished to mirror with 0.3 and 0.05 μm alumina
slurry on micro-cloth pads, and rinsed thoroughly with
redistilled deionized water, then washed successively with
anhydrous alcohol and redistilled deionized water in an
ultrasonic bath, respectively. Finally, it was dried in air
before use. For preparation of modified electrode, 2 mg
mL−1 HTLC solution was first prepared by dispersing
HTLC in redistilled deionized water, and following
ultrasonication for 1 h. With a microinjector, 10 μL of
HTLC solution was dropped on the surface of GCE to
obtain HTLC/GCE. The HTLC/GCE was stored at 4°C
in a refrigerator when it was not in use. The same
cleaned procedure was applied to the used electrode
before the electrode was modified every time.

Results and discussion

Characterization of HTLC

The FT-IR spectra of HTLC showed in Fig. 1a. The intense
broad band at 3466.56 cm−1 and the weak absorption band
at 1633 cm−1 corresponded to the OH mode, caused by the
interlayer water molecules and hydroxyl groups in the
brucite-like layers [27, 28]. IR absorptions due to the v2, v3
and v4 stretching vibration of interlayer CO3

2− ions were
recorded at around 651, 865 and 1369 cm−1. This almost can
be observed for every hydroxide irrespective to the nature of
the octahedral sheets, suggesting a rather symmetric envi-
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ronment for the interlayer anions [29]. The formation of the
HTLC is confirmed with the peaks of 448, 554 and 788 cm−1,
which could be attributed to the presence of Mg-O, Al-O,
Cu-O and O-M-O bands. Moreover, the result indicated the
Cu-Mg-Al HTLC was successfully synthesized.

Figure 1b displayed the XRD diffraction pattern of Cu-
Mg-Al HTLC. The sample was scaned for 2θ ranging from
10 to 80° due to CuO phase and its reflection at 35.71°,
38.96°, 48.05°, 38.89° [30]. The broad has less intense
peaks at higher angles (peaks close to 2θ=38° and 46°
ascribed to diffraction by (015) and (018) planes). The
doublet close to 61° (2θ) corresponds to diffraction by
plane (110) [31]. The results obtained in this work are in
accordance with previous reports [32, 33] and the results
of XRD can be concluded that Cu2+ was entered HTLC.

Surface morphology of HTLC/GCE

The SEM images of glassy carbon electrode coated by
HTLC were shown in Fig. 2. The layer of irregularly flakes

of HTLC was present and isolated with each other. It
showed that the LDH prepared by the precipitation method
directly was nano-scaled and three-dimensional with a size
of 20–40 nm. It also demonstrated that the surface of
HTLC/GCE was porous and rugged, which may allow the
free entry of GMP into the inner layers, and could increase
utilization of the whole film.

Characterization of electrochemical behavior of HTLC/
GCE

Cyclic voltammograms of 5×10−3 molL−1 Fe(CN)6
3−/4− at

GCE (a) and HTLC/GCE (b) are shown in Fig. 3a. A
couple of well-defined redox peaks were observed at bare
GCE with peak-to-peak separation (ΔEp) of 105 mV. But
when the electrode was coated with HTLC, an increase in
ΔEp and a decrease in peak current (Ip) were observed. It
proved that [Fe(CN)6]

3−/4− anions could incorporate into
hydrotalcite-like compounds film, via long range electrostatic
interactions with positively charge compounds surface, which
could slow the rate of the electron transfer by switching from
an aqueous to a clay phase [34, 35]. That is to say, the HTLC
film itself introduced a resistance between electrode surface
and Fe(CN)6

3−/4− into the electrode/solution system for its
non-conductibility.

Electrochemical impedance spectroscopy (EIS) was
carried out to probe the interfacial electron-transfer resis-
tance (Ret) that aroused from every surface modification
step. Generally, the semicircle portion observed at high
frequencies in the Nyquist diagrams corresponds to the
electron-transfer limiting process. The Ret value can be
directly measured as the semicircle diameter [36]. The
Nyquist diagrams of bare GCE (a) and HTLC/GCE (b) in
5.0×10−3 molL−1 [Fe(CN)6]

3−/4− containing 0.1 molL−1

KCl were shown in Fig. 3b. A smaller well defined semi-
circle at higher frequencies was obtained at the bare

Fig. 2 SEM image of the surface of HTLC modified electrode

Fig. 1 FT-IR spectra a and Power XRD patterns b of Cu-Mg-Al
HTLC
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electrode than modified electrode, and this result indicated
smaller interface impedance the bare GCE had comparing
with the modified electrode. The experiment suggested
HTLC was successfully immobilized on the GCE surface
and would decrease the rate of electron transfer of Fe
(CN)6

3−/4−.

Cyclic voltammetric behaviors of GMP

Figure 4 showed cyclic voltammograms of GCE (a, d)
and HTLC/GCE (b, c) in the presence (a, c) and absence
(b, d) of 2×10−4 molL−1 GMP at scan rate of 100 mVs−1.

No redox peak was observed at GCE without GMP. The
same phenomenon was also obtained at HTLC/GCE. From
this, it can be concluded that HTLC is electro-inactive in
the selected potential region. The oxidation peak potential
of GMP at HTLC/GCE was increased than the bare
electrode due to its non-conductibility. However, the
oxidation peak current on the HTLC/GCE was about 4
times higher than the bare GCE in 2×10−4 molL−1 GMP
after extraction. Moreover, no corresponding reduction
peak of GMP was observed at both electrodes, indicating
that the oxidation reaction was totally irreversible. Due to
the adsorption of HTLC, more GMP could be extracted on
the surface of HTLC modified electrode.

Optimization parameters

Optimization of experimental conditions for SPE and CV
analysis

Since HTLC was the sorbent for SPE of GMP, its mount
plays a key role on the detection response. The influence of
HTLC load ranging from 0.5 to 4 mgmL−1 on the cyclic
voltammetry of 2×10−4 molL−1 GMP in 0.2 molL−1 pH 5.0
acetate buffer solution was studied. As can be seen in
Fig. 5a, the current response increased with increasing load
amount of HTLC until it was 2 mgmL−1, then decreased
when HTLC load amount increased further, which might be
caused by increasing film thickness. Hence, a HTLC load
of 2 mgmL−1 was used throughout this work.

The influence of the pH value on the electrochemical
response of GMP was investigated in the pH ranging from
3.6 to 5.6 with the results shown in Fig. 5b. The maximum

Fig. 4 Cyclic voltammograms of GCE a, d and HTLC/GCE b, c in
the absence b, d and presence a, c of 2×10−4 molL−1 GMP in 0.2 mol
L−1 acetate buffer solution (pH 5.0). Scan rate: 100 mV/s. Extraction
time: 180 s. Extraction potential: +0.4 V

Fig. 3 Cyclic voltammograms a and Nyquist plots b of 5×10−3 molL−1 Fe(CN)6
3−/4− (1:1) in 0.1 molL−1 KCl solution recorded at GCE (a) and

HTLC/GCE (b) Scan rate: 100 mVs−1. The frequency range was from 0.1 to 105 Hz at the formal potential of 0.18 V
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value of the oxidation peak current was obtained at pH 5.0.
Considering the sensitivity of the determination of GMP, pH
5.0 buffer solution was selected for subsequent detection. As
can be seen in Fig. 5b, the oxidation peak potential shifted to
negative direction (straight line b) with increasing buffer pH,
which indicated protons took part in the electrode reaction.
The dependence of the oxidation peak potential of GMP with
the buffer pH constructed with a linear regression equation as
EpaðVÞ ¼ �0:044pHþ 1:3517ðR ¼ 0:9948Þ.

The effect of extraction time for 2×10−4 molL−1 GMP at
HTLC/GCE was investigated and the results were shown in
Fig. 5c (a). It revealed that the oxidation peak current
increased gradually as the extraction time up to 180 s and
then leveled off. This phenomenon could be attributed to
saturated adsorption of GMP on the modified electrode
surface. So 180 s was chosen as the optimal extraction time.
Meanwhile, Fig. 5c (b) showed the effect of extraction
potential on oxidation peak current of 2×10−4 molL−1 GMP.
When the extraction potentials shifted from +0.2 to +0.6 V,
the maximum oxidation peak current was got at +0.4 V. So

the extraction potential of +0.4 V was used for GMP
detection.

Influence of scan rate

The influence of potential scan rate on the electrochemical
responses of GMP in pH 5.0 acetate buffer solution was
studied by cyclic voltammetry and the results were shown
in Fig. 6a. With the increase of scan rate, the oxidation peak
currents increased gradually. The inset of Fig. 6a showed
the peak current increased linearly with the scan rate in the
range from 20 to 100 mVs−1 and the linear regression
equation was calculated as IðmAÞ ¼ �0:2180vðmVs�1Þ�
9:014; ðR ¼ 0:9828Þ. The result indicated that electrode
process was controlled by adsorption, and the scan rate
(100 mVs−1) was employed for the whole experiment.

From Fig. 6b, it can be seen that Epa changed linearly
versus lnν with a linear regression equation of Epa ¼
0:02369lnvþ 1:0617ðV;mVs�1;R ¼ 0:9940Þ in the range
from 20 to 100 mVs−1. For an adsorption-controlled and

Fig. 5 a Dependence of current response for 2×10−4 molL−1 GMP
oxidation on the content of HTLC, b Influence of buffer pH on the
current (a) and potential (b) response of 2×10−4 molL−1 GMP at scan

rate of 100 mVs−1, c Effects of extraction time (a) and extraction
potential (b) on the oxidation peak current of 2×10−4 molL−1 GMP
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irreversible electrode process, on the basis of Laviron
method [37], Epa is defined by the following equation:

Epa ¼ Eo þ ðRT=anFÞ lnðRTk0=anFÞ þ ðRT=anFÞ ln v
ð1Þ

where α is the charge transfer coefficient, k0 is standard
rate constant of the reaction, n is electron transfer number
involved in the rate-determining step, v is scan rate, and E0

is formal potential. Other symbols have their usual
meanings. Thus, the value of αn can be easily calculated
from the slope of Epa−lnv, the calculation value of αn is
1.08 (T=298, R=8.314, and F=96480). Generally, α is

assumed to be 0.5 in totally irreversible electrode process.
So, the value of the number of electron (n) was calculated
to be 2. Integrating the result obtained in Optimization of
experimental conditions for SPE and CV analysis and this
Section, it can be concluded that the electrooxidation of
GMP on HTLC/GCE is a two-electron and two-proton
process. Therefore, the electrochemical oxidation mecha-
nism of GMP on the HTLC may be expressed with the
following equation: (Scheme 1).

The primary electrooxidation step including two steps of
two-electron and two proton process with the free radical form
involved an oxidation at N7=N8 position to give an 8-
hydroxyguanosine-5′-monophosphate, which could be fur-
ther oxidized to an unstable dimer with the above chemical
reaction step. GMP has the same mechanism with guanosine,
because they are oxidized the same part. The mechanism of
the overall reaction can be described as oxidation, followed
by deprotonation, another oxidation and deprotontional
process, and the final coupling [38, 39]. The oxidation
reaction of GMP was totally irreversible, therefore, no
further oxidation peak was observed at the electrode
surface.

Electrochemical parameter of electrode reaction

Electrochemical effective surface area A

Figure 7 showed the plots of Q-t and Q-t1/2 at bare GCE
and modified electrode in 1×10−4 molL−1K3[Fe(CN)6]
containing 1 molL−1 KCl. From the slope of the plot of Q
versus t1/2 the electrochemical effective surface area for
bare GCE and HTLC/GCE can be calculated by chrono-
coulometry using 1 × 10−4 molL−1K3[Fe(CN)6] as model
complex (the diffusion coefficient D of K3[Fe(CN)6] is 7.6×
10−6 cm2s−1 [40]) based on the Eq. 2 given by Anson [41]:

QðtÞ ¼ 2nFAcD1=2t1=2

p1=2
þ Qdl þ Qads ð2Þ

where n is electron transfer number, A is the surface area
of the working electrode, c is the concentration of
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Scheme 1 The proposed electrooxidation mechanism of GMP

Fig. 6 a Cyclic voltammograms of 2×10−4 molL−1 GMP at HTLC/
GCE in acetate buffer solution with different scan rates (from a to e:
20, 40, 60, 80, and 100 mVs−1). Inset: the plot of peak current vs. scan
rate. b The relationship between Epa and lnv
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substrate, D is the diffusion coefficient, Qdl is double layer
charge which could be eliminated by background subtrac-
tion, Qads is adsorption charge. Based on the slope of the
linear relationship between Q and t1/2, A can be calculated
to be 0.03168 cm2 and 0.03895 cm2 for GCE (Fig. 7c) and
HTLC/GCE (Fig. 7d), respectively. The results indicated
that the electrode effective surface area was increased after
modification of GCE with HTLC.

Differential electrochemical behavior of guanine,
guanosine and GMP on the HTLC/GCE

The same concentration of 2×10−4 molL−1 of guanine,
guanosine and GMP with HTLC modified electrodes were

Fig. 7 Plot of Q-t curve of GCE a and HTLC/GCE b in 1×10−4 mol
L−1K3[Fe(CN)6] containing 1 molL−1 KCl. Insert: plot of Q-t1/2 curve
on GCE c and HTLC/GCE d

Fig. 8 Differential Pulse Voltammetry at HTLC/GCE in acetate buffer
solution for concentration of 2×10−4 molL−1 of guanine a, guanosine
b, GMP c in acetate buffer solution, scan rate: 100 mVs−1

Fig. 9 a Differential Pulse Voltammetry of GMP at HTLC/GCE in
acetate buffer solution with various concentrations (from a to f: 0, 1.0×
10−6, 5.0×10−6, 1.0×10−5, 5.0×10−5, 1.0×10−4, 2.0×10−4, 4.0×10−4,
6.0×10−4, 8.0×10−4 molL−1), scan rate: 100 mVs−1, b The dependence
of peak current on the concentration of GMP

Fig. 10 Cyclic voltammograms of different GMP concentrations (from
a to e: 1.0×10−4, 2.0×10−4, 4.0×10−4, 6.0×10−4, 8.0×10−4 molL−1) in
the presence of 2.0×10−4 molL−1 guanine (G) on the HTLC/GCE in pH
5.0 acetate buffer solution at the scan rate of 100 mVs−1
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carried out using DPV scanning (Fig. 8). From the
oxidation peak current of guanine, guanosine and GMP, it
could be seen the peak current of GMP was largest,
followed by guanosine, and guanine was the minimum.

It is known that the N atom can be protonated to be
positive in the weak acid environment. In the positive
potential, guanine with positive charge is repelled by the
modified electrode, so a small amount is adsorbed. While
the guanosine’s ribose in larger electronegativity can
counteract the positive charged purine ring to be slightly
negative, therefore, it has a higher adsorption than guanine
in the electrode. However, it has an inferior adsorption than
GMP in the electrode. Both the acid ribose ring and the
phosphate anion in GMP have the negative charge which
can be attracted by the surface positive charge of HTLC, so
the GMP has the largest amounts on electrode surface.
Guanine oxidation peak potential Epa is about 0.80 V,
guanosine and GMP oxidation potential are 1.04 and
1.08 V, respectively. The Epa of three different substances
indicates the reaction capacity of the purine ring is reduced
due to the substitute of ribose ring and phosphate anion.
Furthermore, guanosine and GMP have the similar response
to Epa, because the impact of phosphate radical to the
guanine ring is smaller than acid ribose ring [42], as was
shown in Fig. 8.

Calibration and limit of detection

Figure 9a displayed the DPV response of adsorbed GMP by
SPE process at the HTLC modified GCE at various
concentrations. The oxidation current was proportional to
the concentration of GMP in the range of 1.0×10−6−8.0×
10−4 molL−1 (R=0.9945) (Fig. 9b), and the detection limit
was estimated to be 5.0×10−7 molL−1 at a signal-to-noise
ratio of 3, indicating an easy method to detect GMP was
obtained. Hence, it can be concluded that the modified
electrode HTLC/GCE shows excellent sensitivity and low
detection limit for GMP.

Electrochemical response of GMP in the presence
of guanine

Figure 10 showed the cyclic voltammograms of a mixed
solution of containing 2.0×10−4 molL−1 guanine (G) with the
changes concentrations of GMP from 1.0×10−4−8.0×
10−4 molL−1. Two oxidation peaks appeared about at 0.860
and 1.160 V for G and GMP respectively, with the peak-to-
peak separation as 300 mV, which was large enough to
detect GMP in the G and GMP mixture solution. Thus, the
HTLC modified electrode showed good ability to distinguish
for the different electrochemical response.

Stability and reproducibility of the modified electrodes

The stability and reproducibility were evaluated by mea-
suring the electrochemical response of 2.0×10−4 molL−1

GMP by HTLC/GCE. The modified electrode retained 93%
of its initial response after it was kept in refrigerator at 4°C
for 10 days, which indicated that the modified electrode had
good stability. The reproducibility was investigated by five
parallel modified electrodes. The relative standard deviation
(RSD) was 5.90%, which suggested that the HTLC/GCE
displayed a good reproducibility.

Conclusion

Cu-Mg-Al HTLC served as a selective sorbent, is able to
extract GMP rapidly and effectively. Moreover, HTLC
sorbent has some main advantages: thermal stability,
chemical inertness, lack of toxicity, strong affinity for
GMP. The electrochemical parameters of GMP on HTLC/
GCE were carefully calculated with the electrochemical
oxidation mechanism proposed. The result indicated that
the positive charged Cu-Mg-Al hydrotalcite-like compound
could provide a favorable microenvironment for GMP to
realize the extractionon ability and the good promotion to
the GMP oxidation. Moreover, the preparation of the
sensor is simple and also has a lower cost. Hence, the
HTLCs will be good modified electrode materials to
detect biomolecules.
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