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A novel and simple sensor was constructed based on the
glassy carbon electrode (GCE) modified with poly-
alanine/sulfosalicylic acid layer-by-layer composite film
by electrochemical deposition method, and the
electrochemical behavior of dopamine (DA) on the
electrode was studied in detail by using cyclic
voltammetry and differential pulse voltammetry. Under
the optimal conditions, the poly-alanine/sulfosalicylic
acid/GCE exhibited a higher catalytic activity for
dopamine compared with poly-sulfosalicylic acid/GCE,
poly-alanine/GCE and bare GCE, which was attributed to
its good synergistic effect between alanine and
sulfosalicylic acid and the electrostatic attraction between
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sulfonate groups and dopamine cations. The detection
limit of the composite film modified electrode for
dopamine was 0.12 pmol/L with a linear range from 0.7
to 300 umol/L. At the same time, the diffusion coefficient
was estimated to be 6.16x10% cm?/s and the number of
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the electrons transferred during the heterogeneous reaction was calculated as 1.9, indicating that the redox reaction of dopamine on
modified electrode involved two protons and two electrons. Moreover, the sensor was not interfered by ascorbic acid (AA) and uric
acid (UA), and the peak potentials of AA, DA, UA were 0.109V, 0.281V and 0.427V, respectively, which was vital to improve the
selectivity of the sensor for DA detection. The prepared electrochemical sensor was successfully used to detect dopamine in
pharmaceutical dopamine hydrochloride injection with satisfactory results.

INTRODUCTION

Dopamine is an important catecholamine and a
precursor of norepinephrine biosynthesis. It plays
an important role in regulating physiological
functions such as the central nervous system of
movement.® In normal organisms, the average
concentration of dopamine ranges from 10°% to

* Corresponding author: chunxiaohe211@163.com; Tel: 18152282565

10-® mol/L, and the maximum concentration in the
brain can reach 50 pmol/L.*® Abnormal levels of
dopamine in the body have been resulted in diseases
such as heart disease, Parkinson's disease,
neuromuscular disorders and schizophrenia.”®
Therefore, the establishment of a simple and
efficient analysis method has important application
value in the detection of dopamine. Meanwhile, the
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concentration of dopamine in biological system is
very low, so it is necessary to develop the highly
sensitive and selective methods to determine
dopamine. At present, there are many methods for
determination of dopamine, such as spectroscopic
method, high performance liquid chromatography,
fluorescence method, chemiluminescence method,
electrophoresis method and electrochemical
method.'>** Among them, the electrochemical
method has simple operation, high sensitivity, good
accuracy, low cost and rapid response,*1° so it is
regarded as the best method for the detection of
dopamine.

The  electrochemical measurement  of
dopamine with the conventional electrodes is
difficult due to the high overpotential of
dopamine on the carbon electrode or metal
electrode. At the same time, dopamine is easily
oxidized, and the oxidation products accumulate
at the surface of the electrode, which cause the
deactivation of the working electrode. Moreover,
dopamine, ascorbic acid and uric acid usually
coexist in the same biological samples. They are
electroactive substances, and the oxidation
potentials on the conventional electrode are very
close, even the electrochemical signals overlap
each other, which make it difficult to detect
dopamine in the presence of ascorbic acid and
uric acid.’®*® Therefore, the preparation of a
highly  selective  functionalized  modified
electrode to reduce overpotential, lower the
deactivation of the electrode surface and
effectively prevent the interference of ascorbic
acid and uric acid on the determination of
dopamine has become the focus of researchers.

In the last decade, the electrode modified by
polymer membrane has attracted wide attention
due to its unique properties. Usually, the polymer
membrane has good stability and high catalytic
activity, and its three-dimensional structure
contains a large number of active sites, about
107 ~ 10 mol/cm?, which is conducive to
accelerate the electrochemical catalytic reaction
rate.’® Hassan et al.? reported a highly sensitive
sensor for the detection of dopamine based
on the glassy carbon electrode modified by Ni
nanoparticles/poly (1, 2-diaminoanthraquinone)
using cyclic voltammetry technique. Zhou et al.?
constructed poly (indoleacetic acid) film
modified electrode for the determination of
dopamine.

In this report, an electrochemical sensor was
successfully  constructed based on  poly-
alanine/sulfosalicylic acid/GCE for the detection of
dopamine. The sensor exhibited excellent
electrocatalytic activity towards the oxidation of
dopamine compared to  poly-sulfosalicylic
acid/GCE, poly-alanine/GCE and bare GCE.
Meanwhile, the modified electrode has wide linear
range, low detection limit and good anti-
interference ability. Satisfactory results have been
obtained in the determination of dopamine content
in real samples under the best conditions by
standard addition method.

EXPERIMENTAL

Reagents and apparatus

Dopamine, ascorbic acid and uric acid were
purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd. Dopamine hydrochloride
injection (10 mg/mL) was acquired from a local
hospital.  All  reagents except dopamine
hydrochloride injection used in the experiment
were of analytical grade and used as received
without any further purification. The phosphate
buffer solution (pH = 6.0) was prepared with
analytical grade KH.PO. and K;HPO.. Double
distilled water was used throughout in all aqueous
solutions.

The electrochemical experiments were carried
out wusing a model RST electrochemical
workstation. Scanning electron microscopy (SEM)
was performed using a Model ULTRA Plus system
(Carl Zeiss AG, Ltd., Germany). A conventional
three-electrode system was used, with Pt electrode
as the auxiliary electrode, saturated calomel
electrode (SCE) as the reference electrode and
glassy carbon electrode (GCE) or modified
electrode as the working electrode. The pH value
was measured by PHS-3C acidometer.

Preparation of modified electrode

Before modification, the GCE was polished with
0.3 and 0.05 pm alumina slurries on a polishing pad,
then rinsed with distilled water and ultrasonicated in
distilled water, nitric acid (1:1) and absolute ethanol
for 5 min each. After being rinsed with distilled
water again, a clean bare GCE was obtained.
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Fig. 1 — A) Cyclic voltammogram of alanine deposited on the surface of GCE (from 1-4: the first, second, third, fourth scan); B)
Cyclic voltammogram of sulfosalicylic acid on poly-alanine/GCE (from 1-12: the first, second, third, fourth, fifth, sixth, seventh,
eighth, ninth, tenth, eleventh, twelfth scan); SEM images of high C) and Low D) magnifications of poly-alanine/sulfosalicylic acid
composites.

The modified electrode was prepared by
electrochemical deposition. In the first place, the
GCE was placed in 1 mmol/L alanine solution
containing 0.05 mol/L PBS, and scanned by cyclic
voltammetry for 4 cycles at a scan rate of 50 mV/s
between -1.2 V and 2.0 V. Thus the poly-
alanine/GCE was obtained and the cyclic
voltammogram was displayed in Fig.1A.
Thereafter, sulfosalicylic acid was deposited on the
surface of poly-alanine/GCE by the cycled (12
cycles) potential ranged from -1.5 V to 2.5 V and
the electrode obtained herein was described as poly-
alanine/sulfosalicylic acid/GCE. The result was
shown in Fig. 1B. It displayed that there was a group
of oxidation and reduction peaks, and the peak
potential occurred at about 1.6V, -0.75V,
respectively. Meanwhile, the peak current gradually
increased with increasing the scan number. After
scanning for 12 cycles, the peak current remained
unchanged, and the electropolymerization process
reached equilibrium, which suggested that a

conductive polymeric film of polysulfosalicylic
acid was grown at the electrode surface.

In order to confirm the growth of the composite
film on the surface of the glass carbon electrode,
SEM was carried out in the experiment. As can be
seen from Fig. 1C-D, a conductive polymeric film
was grown on the GCE substrate.

Process of electrochemical measurements

The poly-alanine/sulfosalicylic acid/GCE was
used to catalyze and detect dopamine. A
conventional three-electrode system was placed in 5
mmol/L dopamine solution containing 0.5 mol/L
PBS (pH = 6.0). The cyclic voltammetry curves and
differential pulse voltammetry curves were
recorded in the experiment. Known concentrations
of AA, DA and UA were prepared in the same PBS
(0.5 mol/L, pH = 6.0) to study the anti-interfere
ability of the sensor. In real sample analysis,
dopamine hydrochloride injection sample was
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diluted with PBS (0.5 mol/L, pH = 6.0) and tested
using standard addition method. All the experiments
were accomplished at room temperature.

RESULTS AND DISCUSSION

Effect of the concentration of buffer solution
and pH value

Compared with other buffer solutions, there
were fewer impure peaks when PBS was added in
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dopamine solution, so we used PBS as the buffer
solution. In the experiment, we investigated the
influence of poly-alanine/sulfosalicylic acid/GCE
on the electrocatalysis of dopamine when the
concentration of PBS varied in the range of 0.1 ~ 0.6
mol/L. The result was displayed in Fig. 2A. As can
be seen, with the increase of the concentration of
buffer solution, the peak current gradually increased
first and then decreased. The higher peak current
was obtained when the concentration of PBS was
0.5 mol/L. So the optimal concentration was
selected as 0.5 mol/L.
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Fig. 2 — A) The effect of the concentration of buffer solution on the peak currents of DA; B) cyclic voltammograms of poly-
alanine/sulfosalicylic acid/GCE in 5 mmol/L dopamine and 0.5 mol/L PBS at different pH values (from a to f: 5.0, 5.5, 6.0, 6.5, 7.0,
7.5); C) the effect of solution pH on the peak currents of DA; D) the relationship between the pH and Ep.

Most redox reactions occur with the transfer of
protons. When protons participate in the
electrochemical reaction, the peak current and peak
potential are related to the proton concentration in the
system, that is, to the pH value. Therefore, the effect
of pH value on the sensor response was studied when
pH changed within the range of 5.0 ~ 7.5 (shown in
Fig. 2B-D). Figure 2B showed cyclic voltammograms

of poly-alanine/sulfosalicylic acid/GCE in 5 mmol/L
dopamine and 0.5 mol/L PBS at different pH values.
It revealed the oxidation peak potential of dopamine
gradually shifted negatively with the increase of pH,
indicating that protons were involved in the electrode
reaction.?? The influence of pH value on the peak
current was displayed in Fig. 2C. It could be seen that
the break point occurred at pH = 6.0, so pH = 6.0 was
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chosen as the optimal pH value of the buffer solution.
Figure 2D showed the relationship between the peak
potential and the pH value. As expected, there was a
good linear relationship between Ep and pH, and the
linear equation was Ep = —0.0498 pH + 0.4708, R? =
0.9941. The slope of —0.0498 V/pH unit which is close
to the theoretical value of —0.059 V/pH proves that the
number of protons and electrons in the redox of
dopamine on the modified electrode are equal.®

Electrochemical behavior of dopamine at
different electrodes

Under the optimum experimental conditions, the
electrochemical behavior of dopamine at different
electrodes was investigated. Figure 3 exhibited the
electrocatalytic behavior of dopamine on bare GCE
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(@), poly-alanine/GCE (b), poly-sulfosalicylic
acid/GCE (c) and poly-alanine/sulfosalicylic
acid/GCE (d). It was clear that there were broad
peaks at the bare electrode, and the oxidation and
reduction peak potentials occured at 0.26 V and
0.154 V, AE = 0.106 V, while at the modified
electrode, the shape of peaks improved significantly
and the peak current increased obviously.
Meanwhile, compared with poly-sulfosalicylic
acid/GCE, poly-alanine/GCE and bare GCE, the
peak current of dopamine on the poly-
alanine/sulfosalicylic acid/GCE was the largest, Ip
=157 pA, and the reversibility improved
significantly. The oxidation peak potential was
0.248 V, the reduction peak potential was 0.175 V,
AE =0.073 V, and the overpotential decreased by
33 mV in comparison with bare GCE.

E/V

Fig. 3 — Cyclic voltammograms of 0.5 mol/L PBS (pH = 6.0) containing 5 mmol/L dopamine on bare GCE (a), poly-alanine/GCE
(b), poly-sulfoalycilic acid/GCE (c) and poly-alanine/sulfosalicylic acid/GCE (d).

According to the results, it can confirm that
alanine and sulfosalicylic acid have a good
synergistic effect on the electrocatalysis of
dopamine, which promote the electrochemical
oxidation of dopamine and improve the electron
transfer rate. At the same time, a large amount of
negatively charged sulfonate groups are enriched on
the surface of the composite membrane modified
electrode, while dopamine is positively charged
under the measurement conditions. Therefore, there
are electrostatic attraction between sulfonate ions
and dopamine cations. These two effects make the
composite membrane modified electrode have high
electrocatalytic activity towards dopamine.

The determination of effective electroactive
surface area

The effective electroactive surface area of the
poly-alanine/sulfosalicylic acid/GCE was explored
in the experiment and the results were shown in Fig.
4. Curves a and b were the cyclic voltammograms
of Ks[Fe(CN)s] on bare electrode and poly-
alanine/sulfosalicylic acid/GCE. As is shown in the
figure, the peak potential difference of Ks[Fe(CN)g]
on the bare electrode was AE = 0.095 V, while the
reversibility on the poly-alanine/sulfosalicylic
acid/GCE became better, AE = 0.086 V. The inset
curve was the relationship between the peak current
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of Ks[Fe(CN)e] and the square root of scan rate.
According to the Randles-Sevcik equation,?
I, = 2.69x10°n%2DoV2vY2Ac, where n is the electron
transfer number (n = 1), Do is the diffusion
coefficient (Do = 7.6x10°° cm?/s), v is the scan rate,
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A is the surface area of the electrode, ¢ is the
concentration of Ks[Fe(CN)g] (¢ =5 mmol/L). From
the slope of 1, vs V12, the effective electroactive
surface area of the modified electrode was estimated
as 0.0743 cm?.
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Fig. 4 — Cyclic voltammograms of 5x10-3 mol/L Ks[Fe(CN)s] on bare GCE (a), and poly-alanine/sulfosalicylic acid/GCE (b). Inset
curve was the relationship between the peak current and the square root of scan rate.

The effect of scan rate

Figure 5A displayed cyclic voltammograms of
DA on poly-alanine/sulfosalicylic acid/GCE at
different scan rates in the range of 0.05 ~ 0.8 V/s. It
could be obtained that with increasing scan rate,
the peak current increased gradually, the oxidation
peak potential shifted slightly in the positive
direction, and the reduction peak potential shifted in the

negative direction, indicating that the reversibility
of the reaction was weaken. Figure 5B showed the
relationship between the peak current of DA and the
square root of scan rate. It revealed that the plot of
peak current versus square root of scan rate was
linear from 0.05 to 0.8 V/s. The linear equation was
| =701.35 v? + 23.961, R? = 0.9938. It suggests
that the redox reaction of dopamine on the modified
electrode is controlled by diffusion.
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Fig. 5— A) Cyclic voltammograms of DA on poly-alanine/sulfosalicylic acid/GCE at different scan rates: (a)0.05, (b)0.1, (c)0.15,
(d)0.2, (¢)0.25, ()0.3, (g)0.35, (h)0.4, (i)0.45, (j)0.5, (k)0.55, (1)0.6, (m)0.65, (n)0.7, (0)0.75, (p)0.8; B) variation of the peak current
versus the square root of scan rate; C) variation of the peak potential versus the logarithm of scan rate.
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In the scanning range of 0.05 ~ 0.3 VI/s, the
reduction peak potential and the logarithm of scan rate
showed a good linear relationship. The result was
shown in Fig. 5C. The linear equation was Ep. = —
0.0617 Igv+ 0.0791, R? = 0.9911. Based on the
literature,®* the slope of the linear segment is —
2.3RT/naF, where « is the electron transfer coefficient,
for the quasi reversible reaction, generally taking the
theoretical value of o = 0.5, R, T, F are the gas
constant, absolute temperature, Faraday constant,

o NH,

=%
F

F2e+2H"

O

Furthermore, the diffusion coefficient Dy was
calculated based on the slope of I vs v and the value
of the electron transfer number. According to Randles-
Sevcik equation:® I, = 2.69x10°n¥2DyYA/Y2Ac, where
n=2, A=0.0743 cm? ¢ = 5 mmol/L. From the slope
of I, vs V22, Dy is calculated as 6.16x10°° cm?/s. This
value is of the same order of magnitude as that
reported in the literature.?2

The effect of the DA concentration

Differential pulse voltammetry (DPV) was used
to explore the influence of the concentration of
dopamine on peak current and the results was
reported in Fig. 6. As can be seen from the DPVs,
with the increase of dopamine concentration, the

respectively, n is the number of the electrons
transferred during the heterogeneous reaction.
Therefore, the value of n = 1.9 is evaluated on the basis
of the slope, which demonstrate that two electrons are
involved in the reaction. Based on the results of
previous experiments, it can conclude that the redox
reaction of dopamine on poly-alanine/sulfosalicylic
acid/GCE is a two-electron and two-proton process.
The results are consistent with those reported in the
literature,®? so the reaction mechanism is as follows:

HO NH,

peak current increased obviously. Inset curve was
the calibration curve for DA, constructed by plotting
the peak current versus the concentration of DA. It
turned out that the proposed sensor exhibited linear.

Inset curve shows the relationship between the
peak current and the concentration of DA responses
to DA in the ranges of 0.7 ~ 300 umol/L. The linear
equation was | = 0.06133 ¢ + 0.6645, R? = 0.9967.
The detection limit is estimated at a LOD = 3o/N
formula, where o is the standard deviation of blank
signal and N is the slope of linear. From the
calibration graph, it was calculated as 0.12 umol/L.

Furthermore, in order to evaluate the detection
performance of the sensor, the modified electrode
for DA detection was compared with those
previously reported in the literature, and the results
presented in Table 1.
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Fig. 6 — DPVs for different concentration of DA on poly-alanine/sulfosalicylic acid/GCE (a)0.7, (b)1.0, (c)5.0, (d)10.0, (€)50.0,
(£)100.0, (£)200.0, (h)250.0, (1)300.0 pmol/L.
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Table 1

Comparison of analytical performance of proposed sensor with other sensors for the determination of DA

Electrochemical

Electrodes technique Linearity (uM) Detection limit (uM) Reference
CuO nanoflowers/GCE DPV 0.1-800.0 0.03 £0.001 [26]
GO/PEDOT:PSS/Au DPV 0.01-500 0.008 [27]
PEDOT-PSS/GCE cVv 50-1000 _ [28]
MB/Ti5NbO14/GCE DPV 24.9-498.8 2.01 [29]
(CoTMPyP/TaMoO6/GCE DPV 110-1160 11 [30]
CoPc/GQDs/GCE DPV 7.92-32.85 0.0188 [31]
GP5AUNPSs5/Au DPV 0.02-40.76 0.01 [32]
CaO/MCPE cVv 10-100 0.27 [33]
PDEA-MWCNT/GO/GCE DPV ggigg 0.042 [3]
MoS2@MB/GCE DPV 1.0-500.0 0.21 [34]
PEDOT:PSS/SPE cv 50~800 118 [35]
G-PANI/SPE 50~800 101.374
poly-alanine/sulfosalicylic 5 .
aCid/GCE DPV 0.7-300 0.12 This work

Reproducibility and stability

To evaluate the performance of the
electrochemical sensor, the reproducibility and
stability of poly-alanine/sulfosalicylic acid/GCE
were tested. The reproducibility of the modified
electrode was studied by keeping the electrode at
room temperature and measuring the peak current
every hour. The results showed that the peak current
remained almost constant within 9 hours, and the
relative standard deviation (RSD) of 3.4% was
achieved. The stability of the sensor was
investigated by detecting dopamine continuously in
the same solution for 15 times, the peak current
decreased 3.2% in contrast to its initial oxidation
current. These results demonstrated that the
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modified electrode had high stability and good
reproducibility and could be favorable for DA
detection.

Interference study

The selectivity of poly-alanine/sulfosalicylic
acid/GCE towards dopamine was also studied. As is
known to all, DA, AA and UA usually coexist in the
same biological samples, and the oxidation potential
of AA and UA is close to that of DA, making it
difficult to quantify dopamine selectively by
electrochemical method. Therefore, in the presence
of AA and UA, the electrocatalytic behavior of DA
on poly-alanine/sulfosalicylic acid/GCE was
explored in this work.

UA
DA T

-0.2 0.0

T T T T T
0.2 0.4 0.6
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Fig. 7 — Cyclic voltammogram for poly-alanine/sulfosalicylic acid/GCE in 0.5 mol/L PBS (pH = 6.0)
containing 5 mmol/L DA, 10 mmol/L AA and 5 mmol/L UA.
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Figure 7 was the cyclic voltammogram of
modified electrode in 0.5 mol/L PBS (pH = 6.0)
containing 5 mmol/L DA, 10 mmol/L AA and 5
mmol/L UA. We could find that three independent
peaks were observed at poly-alanine/sulfosalicylic
acid/GCE located at 0.109 V, 0.281 V and 0.427 VV
for AA, DA and UA, respectively. Meanwhile, it
has been evidenced that there was no significant
interference with adding 20 times AA and 10 times
UA. The consequences indicated that the
electrochemical sensor had good selectivity.

Real sample analysis

To further explore practical applications, the
poly-alanine/sulfosalicylic acid/GCE was used to
detect DA in dopamine hydrochloride injection
samples by standard addition method, and the
results were listed in Tabel 2. It revealed that the
recovery of spiked dopamine in sample solution
ranged from 91.3% to 106.9%, which suggested
that the method had high accuracy and good
reliability.

Table 2

Determination of DA in dopamine hydrochloride injection samples

Sample Specified Added Theoretical content Found Recovery
P (mol/L) (mol/L) (mol/L) (mol/L) (%)
1 0.002 0.00492 0.00497 102.5
2 0.004 0.00692 0.00657 913
3 0.00292 0.006 0.00892 0.00863 95.2
4 0.008 0.01092 0.01147 106.9

Moreover, the content of dopamine in the
original injection was calculated to be 9.23 mg/mL
based on the determination results, which
corresponded with the injection specification (10
mg/mL). Considering these results, it can conclude
that the sensor can be successfully applied to the
detection of dopamine in actual samples.

CONCLUSION

In summary, we successfully fabricated a novel
electrochemical sensor to detect dopamine using
cyclic voltammetry. The results showed that the
proposed sensor had a good electrocatalytic effect
on dopamine and exhibited a broad linear range
(from 0.7 to 300 umol/L), low detection limit (0.12
umol/L), good reproducibility and high stability.
Meanwhile, AA, DA and UA can be clearly
separated by this sensor, and the oxidation peaks
were 0.109V, 0.281V and 0.427V, respectively. In
addition, the sensor was used to detect DA in
dopamine hydrochloride injection samples and a
satisfactory recovery was obtained from 91.3 % to
106.9 %, indicating that poly-alanine/sulfosalicylic
acid/GCE could be used for the detection of
dopamine in real samples.
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