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Amaranth is widely added to food and can cause many adverse health effects when it is excessively
consumed. Therefore, the monitoring of amaranth is quite important. Herein, an electrochemical
sensor for the sensitive and rapid detection of amaranth was reported using multiwall carbon
nanotube (MWNT) as the sensing film. Due to the large surface area and high accumulation
efficiency, the MWNT sensor showed a strong enhancement effect on the oxidation of amaranth,
and greatly increased the current signal. The detection conditions such as pH value, amount of
MWNT, accumulation potential and time were optimized. The linear range is from 40 nM to 0.8 uM,
and the limit of detection is 35 nM. Finally, the new sensor was successfully employed to detect
amaranth in soft drinks, and the results were tested by high-performance liquid chromatography.
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INTRODUCTION

Compared with natural dyes, synthetic dyes have many merits
such as high stability to light, oxygen and pH, color uniformity,
low microbiological contamination and low production cost.
Therefore, synthetic dyes have been widely added into foodstuffs
and drinks to make them more attractive and appealing. How-
ever, many of them can be pathogenic, particularly when they are
excessively consumed (7, 2).

Amaranth as shown in Figure 1 is a synthetic azo dye, and it is
used extensively to give fascinating red color to drinks, syrups and
sweets. Studies have shown that amaranth can cause many adverse
health effects such as high genotoxicity, cytostaticity and cytotoxi-
city (3). In China, amaranth is permitted and the value of acceptable
daily intake (ADI) is between 0 and 0.5 mg kg~ according to the
hygienic standards for uses of food additive (GB 2760-1996).
Therefore, the detection of amaranth in food is quite important
for controlling the food quality and guaranteeing the consumers’
safety. Until now, several methods have been applied for the
detection of amaranth, such as spectrophotometry (4) and high-
performance liquid chromatography (5, 6). Amaranth was also
detected using electrochemical methods since its —N=N— group
can be reduced at the electrode surface (7—12). For example, a ratio
derivative voltammetry (/3) and a square-wave adsorptive stripping
voltammetry (/4) using hanging mercury drop electrode (HMDE)
were reported for the detection of amaranth. However, these
methods have some intrinsic drawbacks. First, a toxic mercury
electrode is used, leading to environmental pollution and adverse
health effects. Second, soluble oxygen heavily influences the
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reduction signal of amaranth, and must be totally removed from
the solution before detection.

Carbon nanotubes (CNTs), including single-wall carbon nano-
tube (SWNT) and multiwall carbon nanotube (MWNT), have
obtained wide applications in electrochemical detection owing
to distinctive properties (/5—19). However, electrochemical
oxidation and detection of amaranth using a carbon nanotube-
modified electrode is still missing. Herein, a MWNT film-
modified glassy carbon electrode (denoted as MWNT/GCE)
was successfully used to construct an electrochemical sensor for
amaranth. At the MWNT/GCE, an irreversible and greatly
improved oxidation peak is observed, suggesting that MWNT
film possesses a notable enhancement effect on the oxidation of
amaranth. The detection conditions were optimized, and a new
electrochemical method was developed for the detection of
amaranth. The limit of detection of this sensor is 35 nM, and
the analysis time is shorter than 3 min. In addition, this method is
more convenient since it is based on the oxidation signal, and the
influence of oxygen is negligible.

MATERIALS AND METHODS

Reagents. All the chemicals were of analytical grade and used as
received. Amaranth (Sigma) was dissolved into redistilled water to prepare
0.01 M standard solution. The solution was stored in a refrigerator at 4 °C.
MWNT (purity >95%) was purchased from Shenzhen Nanotech Port
Co. Ltd., China. Dihexadecyl hydrogen phosphate (DHP) was obtained
from Sigma.

Instruments. Electrochemical measurements were conducted on an
EC 550 Electrochemical Workstation (Gaoss Union Co. Ltd., China) with
a conventional three-electrode system. The working electrodeisa MWNT/
GCE, the reference electrode is a saturated calomel electrode (SCE), and
the counter electrode is a platinum wire. Scanning electron microscopy
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Figure 1. Molecular structure of amaranth.
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(SEM) was performed with a Quanta 200 microscope (FEI Company,
Netherlands). High performance liquid chromatographic detection was
carried out with an Agilent 1100, coupled with a UV—vis detector.

Preparation of MWNT Sensor. In order to disperse MWNT into
water easily and homogeneously, DHP was employed due to its easy
dispersion in water and strong hydrophobic interaction with MWNT.
Ultrasonication of 40 min was used to disperse 10 mg of MWNT and 10
mg of DHP into 10 mL of redistilled water, giving a stable and homo-
geneous suspension (1 mg mL™"). Before the surface modification, the
GCE was polished with 0.05 um alumina slurry, and then sonicated in
redistilled water for 2 min. After that, the GCE surface was coated with
4 uL of MWNT suspension, and the water was evaporated from the
surface under an infrared lamp in air. The DHP film-modified GCE
(DHP/GCE) was prepared by the same procedure but without MWNT.

Analytical Procedure. Unless otherwise stated, pH 5 acetate buffer
(0.1 M) was used as the supporting electrolyte for the detection of
amaranth. After 2 min accumulation at 0.2 V, the differential pulse
voltammograms were recorded from 0.2 to 1 V, and the oxidation peak
current at 0.74 V was estimated. The pulse amplitude is 50 mV, the pulse
width is 40 ms, and the scan rate is 40 mV s~ .

Sample Detection. Different soft drinks were purchased from a local
market and used directly without any pretreatment. When detecting
amaranth using a MWNT sensor, a 0.2 mL sample solution was added
into 10.0 mL of pH 5 acetate buffer, and then analyzed according to the
analytical procedure. In addition, HPLC was also used to detect amaranth
in drinks, and the conditions are as follows. The column was a CI18
analytical column (4.6 mm x 150 mm x 5 um). The gradient mobile phase
was methanol (A) and 0.02 M ammonium acetate (B), filtered through a
0.45 um Millipore filter prior to use. The column was initially equilibrated
at 80% mobile phase B. After injection, the concentration of mobile phase
B was reduced to 77% over 5 min, and then further decreased to 65% in 7
min and finally to 20% in 12 min. After 12 min, the system was returned to
original conditions (mobile phase B at 80%) and equilibrated for 5 min
before the next injection. The flow rate was 1 mL min~', and the sample
injection volume was 20 uL. The detection was performed at a wavelength
of 230 nm.

RESULTS AND DISCUSSION

Surface Property of MWNT Film. Figure 2 shows the surface
morphology of MWNT/GCE, which was characterized using
SEM. It is clearly found that the GCE surface was coated with
uniform and pure MWNT, and the average diameter is about
40 nm. Moreover, the electrochemical response of 5 mM K;[Fe-
(CN)g] in 1 M KCI at GCE and MWNT/GCE was examined to
evaluate their electrochemical active area (not shown). A pair of
redox peaks is observed during the cyclic sweep from 0.6 to 0 V,
and the peak current increases linearly with the square root of
scan rate, indicating a diffusion-controlled process. From the
comparison, it is found that the peak current obviously increases
at the MWNT film surface. According to the Randles-Sevcik
equation, the active area of GCE and MWNT/GCE was calcu-
lated to be 0.055 and 0.067 cm?’, suggesting that the MWNT
enhances the response area.

Electrochemical Response of Amaranth. The electrochemical
behavior of amaranth at different electrodes was studied using
cyclic voltammetry (CV), which is shown in Figure 3. In pH 5
acetate buffer, just an oxidation peak at 0.89 V is observed at the
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Figure 2. SEM image of MWNT film on GCE surface.
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Figure 3. CV curves of 0.1 mM amaranth at GCE (curve b), DHP/GCE
(curve d) and MWNT/GCE (curve f) in pH 5 acetate buffer. Curves a, cand e:
background of GCE, DHP/GCE and MWNT/GCE. Scan rate = 100 mV s,

unmodified GCE for 0.1 mM amaranth (curve b). No reduction
peak appears on the reverse scan, indicating the irreversible
oxidation of amaranth. When using the DHP/GCE, the oxida-
tion peak vanishes (curve d). This is because DHP, a surfactant
with poor electric conductivity, forms a perfect film on the GCE
surface and retards the electron transfer of amaranth. However, a
greatly improved oxidation peak is observed for amaranth at
MWNT/GCE (curve f). Compared with those at the bare GCE,
the oxidation peak shifts negatively from 0.89 to 0.78 V, and the
peak current obviously increases. The negative shift of oxidation
potential and the enhancement of peak current clearly suggest
that the MWNT film exhibits highly efficient catalytic activity to
the oxidation of amaranth (20). In addition, it is also found that
the oxidation peak of amaranth remarkably decreases in the
second anodic sweep. This is probably due to the adsorption of
oxidative products at the electrode surface. As controlled experi-
ments, curves a, ¢ and e depict the voltammetric responses on the
GCE, DHP/GCE and MWNT/GCE in pH 5 acetate buffer. They
are featureless. Thus, the oxidation peaks in Figure 3 are caused
by the oxidation of amaranth.

The oxidation response of a low concentration of amaranth
was then examined using differential pulse voltammetry (DPV).
Figure 4 shows the DPV curves of 0.6 uM amaranth in pH 5
acetate buffer. After 2 min accumulation, a poor-shaped oxida-
tion peak is observed at the unmodified GCE (curve b). The peak
potential is 0.79 V, and the peak current is very small, suggesting
that the oxidation activity of amaranth is very poor at the GCE
surface. However, a very sensitive and well-shaped oxidation
peak appears at the MWNT/GCE (curve d). The peak potential is
0.74 V, and the peak current significantly increases, revealing that
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Figure 4. DPV curves of 0.6 «M amaranth at GCE (curve b) and MWNT/
GCE (curve d) in pH 5 acetate buffer. Curves a and c: blank curves of GCE
and MWNT/GCE. Accumulation time: 2 min. Pulse amplitude: 50 mV.

Pulse width: 40 ms. Scan rate: 40 mV s .
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Figure 5. Effect of pH value on the oxidation peak current of 0.1 mM
amaranth. The error bars represent the standard deviation of repetitive
measurements (n = 3). Other conditions are the same as in Figure 3.

the MWNT film exhibits considerable enhancement effect to
amaranth. It is well established that MWNT possesses high
catalytic activity and electrochemical activity due to edge plane
like sites/defects (21) or metallic impurities (22—24). Therefore,
the oxidation current signal and the detection sensitivity of
amaranth are greatly improved at the MWNT sensor, owing to
the high catalytic activity and the strong accumulation efficiency
of MWNT film. As shown in curves a and ¢, the DPV curves for
the bare GCE and MWNT/GCE are featureless in the buffer.

Effect of pH Value. The oxidation signal of amaranth at
MWNT sensor was examined in different supporting electrolytes
to evaluate the influence of pH value. The used solutions include
(1) 0.1 M acetate buffer solutions with pH of 3.6, 4, 4.6, 5 and 5.6
and (2) 0.1 M phosphate buffer solutions with pH of 6, 6.5, 7, 7.5,
and 8. Figure 5 depicts the relationship between pH value and the
oxidation peak current of 0.1 mM amaranth that obtained from
the CV curves. The oxidation peak current of amaranth greatly
increases with pH value from 3.6 to 4.6, and then changes very
slightly over the pH range from 4.6 to 5.6. When we still increase
the pH value up to 8, the oxidation peak current gradually
decreases. Herein, the pH 5 acetate buffer was employed to
achieve a high and stable response signal.

Influence of Amount of MWNT Suspension. Figure 6 displays
the effect of amount of MWNT suspension on the oxidation peak
current of amaranth. The oxidation peak current of amaranth
increases linearly with the volume of MWNT suspension from 0 to
4 uL. This indicates that MWNT increase the active area of GCE
surface, leading to higher accumulation efficiency and larger peak
current. When we increase the volume of MWNT suspension up to
8 uL, gradual decline of peak current was noticed, maybe due to the
blocking effect of DHP. In order to shorten the time of solvent
evaporation and to achieve high sensitivity, 4 uL of MWNT
suspension was used to modify the GCE surface.
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Figure 6. Influence of amount of MWNT suspension on the oxidation peak
current of 0.6 uM amaranth. The error bars represent the standard
deviation of repetitive measurements (n = 3). Other conditions are the
same as in Figure 4.
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Figure 7. Effect of accumulation time on the oxidation peak current of
0.6 «M amaranth. The error bars represent the standard deviation of repetitive
measurements (n = 3). Other conditions are the same as in Figure 4.
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Figure 8. Calibration curve for amaranth. Inset plot: DPV curves of 0.04
(a),0.08(b),0.12(c), 0.16 (d), 0.4 (e), 0.6 (f) and 0.8 uM (g) amaranth at
MWNT/GCE. Other conditions are the same as in Figure 4.

Effect of Accumulation Potential and Time. The oxidation peak
current of amaranth under open circuit and different accumula-
tion potentials such as —0.2 V, —0.1 V,0V,0.1 V,0.2and 0.3 V
was individually measured to study the influence of accumulation
potential. The oxidation peak current of amaranth keeps con-
stant, revealing no influence of accumulation potential on the
detection of amaranth. Therefore, the initial potential (0.2 V in
this work) was applied during the accumulation step.

However, the accumulation time has a pronounced effect on
the detection of amaranth at the MWNT sensor. As shown in
Figure 7, the oxidation peak current of amaranth remarkably
increases with accumulation time from 0 to 2 min. The adsorption
behavior at the MWNT film surface might come from its
polymerization at highly positive potential (25). When we extend
the accumulation time from 2 to 6 min, the degree of peak current
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Table 1. Detection of Amaranth in Soft Drinks
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no. by HPLC? (mg L™ ") by this sensor® (mg L") rel error RSD (%) added (mg L) found® (mg L") recovery (%)
1 13.32 13.54 1.65% 3.9 18.13 19.16 105.7

2 13.47 13.41 —0.45% 3.8 18.13 18.24 100.6

3 13.57 13.39 —1.33% 2.2 18.00 17.25 95.8

4 13.74 13.18 —4.08% 2.1 18.00 18.37 102.1

5 14.13 14.34 1.49% 3.6 18.00 19.36 107.6

6 14.34 14.16 —1.26% 2.4 18.00 16.78 93.2

#Values reported are mean of three replicates.
enhancement gradually decreases. Longer accumulation time LITERATURE CITED

than 6 min does not enhance the oxidation peak current. Con-
sidering sensitivity and working efficiency, 2 min accumulation
was used.

Reproducibility. The repeatability for successive measurements
using one MWNT sensor was examined. The used sensor was
reactivated by three continuous DPV sweeps from 0.2 to 1 V in
the supporting electrolyte after each measurement, and then
employed for the repeated detection of 0.6 uM amaranth. The
relative standard deviation (RSD) is 8.3% for 10 successive
measurements. Otherwise, the reproducibility between multiple
MWNT sensors was also evaluated by determining in parallel
the oxidation peak current of 0.6 uM amaranth. The value of
RSD s 5.1% for 11 MWNT sensors. The results indicate that this
method possesses good precision for the detection of amaranth.

Linear Range and Limit of Detection. Under optimized condi-
tions, the linear range and limit of detection (LOD) were studied
using DPV. As shown in Figure 8, the oxidation peak current of
amaranth at the MWNT sensor (i, #A) is linear to its concentra-
tion (C, M) over the range from 40 nM to 0.8 uM. The linear
regression equation is i, = 0.0625 4 2.389 x 10 C (R = 0.998).
In addition, the LOD was evaluated to be 35nM (or 21.16 ug L")
according to [TUPAC regulations (S/N = 3).

Interference. The potential interferences for the determination
of amaranth were studied. Under the optimized conditions, the
oxidation peak current of amaranth was individually measured in
the presence of different concentrations of interferents, and the
change of peak current was then checked. No influence on the
detection of 0.6 uM amaranth was found after the addition of
1000-fold concentrations of glucose, sucrose and glycine; 100-fold
concentrations of citric acid, vitamin C, Fe**, Fe>* and Ca®>*: or
20-fold concentrations of tartrazine (the peak current change is
below 5%).

Detection of Amaranth in Soft Drinks. In order to test the
performance of this method in real sample analysis, it was used to
detect amaranth in various soft drinks. Each sample solution
undergoes three parallel detections, and the RSD is below 4%,
suggesting that the results obtained by the MWNT sensor are
acceptable. The content of amaranth was determined by the
standard addition method, and the results are listed in Table 1. In
order to test the accuracy of this method, the content of amaranth
was also analyzed by HPLC. The results obtained by HPLC and
the MWNT sensor are in good agreement, revealing that this
method is satisfactory. In addition, a known amount of amaranth
standard was spiked in the sample, and then analyzed according
to the same procedure. The value of recovery is in the range from
93.2% to 107.6%, also indicating that this method is accurate and
feasible.
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