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Abstract Molecularly imprinted polymers (MIPs) have
been applied as molecular recognition elements to chemical
sensors. In this paper, we combined the use of MIPs and
electropolymerization to produce a sensor which was
capable of detecting dopamine (DA). The MIP electrode
was obtained by electrocopolymerization of o-phenylenedi-
amine and resorcinol in the presence of the template
molecular DA. The MIP electrode exhibited a much higher
current response compared with the non-imprinted elec-
trode. The response of the imprinted sensor to DA was
linearly proportional to its concentration over the range
5.0%x1077-4.0x10 °M. The detection limit of DA is
0.13 uM (S/N=3). Moreover, the proposed method could
discriminate between DA and its analogs, such as ascorbic
acid and uric acid. This method was successfully applied to
the determination of DA in dopamine hydrochloride
injection and healthy human blood serum. These results
revealed that such a sensor fulfilled the selectivity,
sensitivity, sped, and simplicity requirements for DA
detection and provided possibilities of clinical application
in physiological fields.
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Introduction

Dopamine ((3,4-dihydroxyphenyl) ethylamine, DA), plays
a significant role in the functioning of central nervous,
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renal, and hormonal systems [1]. It is essential to develop
simple and rapid methods for dopamine detection [2, 3].
Various methods have been applied to detecting DA, such
as spectrophotometry [4], HPLC [5], and ion chromatogra-
phy [6] and so on. Although these methods are highly
specific and sensitive, they require sophisticated and
expensive instrumentation, and are time-consuming. Elec-
trochemical methods are widely used for the reason that
they offer a simple, rapid, on-line, and sensitive way of
detecting DA [7]. The major problem of electrochemical
determination is the interference from ascorbic acid (AA)
and uric acid (UA), which largely coexist with DA. The
oxidation potentials of DA, AA, and UA were nearly the
same on solid electrodes, resulting in an overlapping
voltammetric response. Recently, various chemical-
modified electrodes have been used to improve the
selectivity of the DA detection [8, 9].

Molecularly imprinted polymers (MIPs) have been the
subject of vigorous research in the last two decades [10,
11]. Molecular imprinting technique is an approach to
synthesizing a polymer matrix with molecular recognition
sites, which are specific in shape and size to the target
molecular, showing specific high binding behaviors to the
target molecules [12]. Due to their mechanical and
chemical stability, high affinity and outstanding substrate
recognition ability, and low cost of preparation, MIPs have
been successfully applied in the chemical sensing area [13,
14].

In the application of MIPs as sensing elements for
chemical sensors, the majority of reports on MIPs synthesis
refer to radical polymerization with acrylic or vinylic types
of monomers [15, 16]. Less work has been carried out to
study the formation of MIPs by electropolymerization. This
method has many advantages such as simple preparation,
easy control of the film thickness and good reproducibility
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of uniform polymer films [17, 18]. Besides, electropolyme-
rization could construct multilayer structures with low
thickness, fabricating fast responding sensors with reduced
interferences [19, 20]. What’s more, the template molecular
in the imprinted film can be removed rapidly and
thoroughly. The extraction procedure can be shortened to
a large extent.

Weetall et al. produced a sensing electropolymerized
electrode using an aqueous solution equimolar in resorcin-
ol/o-phenylenediamine and in the presence of the template
molecular, which showed higher affinity for template
molecular 2,4-dichlorophenoxyacetic acid than for a non-
template dye [18]. Li et al. successfully synthesized DA-
imprinted o-aminophenol membranes, which showed high
selectivity, sensitivity, and reproducibility to the determina-
tion of DA [21]. As so far, less study reported the
combination of electrochemical method and molecular
imprinting technology for DA detection. In this paper,
considering the potential permselectivity [22] of poly(o-
phenylenediamine) and the advantages of MIP, we chose an
equal mixture of o-phenylenediamine and resorcinol as
matrix polymer, successfully fabricated a rapid and conve-
nient DA-imprinted sensor. The preparation conditions for
the MIP electrode, suitable operating conditions, calibration
curve, detection limit, and selectively in DA detection were
presented and discussed. The modified electrode not only

Fig. 2 a DPVs of dopamine-

‘ ascorbic acid

o uric acid

exhibited an excellent sensibility and sensitivity for
determination of DA in the presence of high concentration
AA and UA, but also can be used to detect DA in dopamine
hydrochloride injection and healthy human blood serum,
with satisfied result.

Experimental
Chemicals and apparatus

DA, AA, and UA were bought from Sigma. Resorcinol and
o-phenylenediamine were obtained from Sinopharm Chem-
ical Reagent Co. Dopamine hydrochloride injection was
bought from Harvest Pharmaceutical Co. Phosphate buffer
solution (0.1 M, formed by mixing NaH,PO, with
Na,HPO, solutions, PBS) was used as supporting electro-
lyte solution. All chemicals were of analytical grade and
used without further purification. All solutions were
prepared with twice-distilled water.

Instruments
Electropolymerization and voltammetric techniques such as

cyclic voltammetry (CV) and differential pulse voltamme-
try (DPV) were performed with a CHI660C electrochemical

imprinted film before a and after a 04 b 04
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workstation (Shanghai Chenhua, China). All electrochem-
ical experiments were carried out in a conventional three-
electrode system using a modified Au electrode as working
electrode, a platinum wire as counter electrode, and a
saturated calomel electrode as reference electrode. Electro-
chemical solutions were thoroughly deoxygenated by N2
bubbling before use and maintained N, atmosphere
throughout the experiment. All experiments were carried
out at room temperature.

Preparation of the MIP-modified electrode

The surface of the Au electrode was polished with 1.0, 0.3,
and 0.05 um alumina slurry, respectively, sonicated with
distilled water after each polishing step. Then the electrode
was subjected to cyclic potential sweeps between 0.2 and
1.5 Vin 1.0 M H,SO, until a stable cyclic voltammogram
was obtained.
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Fig. 4 DPVs of DA at MIP electrode in 0.1 M pH7.4 PBS. DA
concentrations (from 0.5 to 40 uM). Inset is the linear relationship
between peak currents and the concentration of DA

Electropolymerization was performed by cyclic voltam-
metry (20 cycles) in the potential range of 0-0.8 V at a scan
rate 50 mV/s in a solution of 0-PD (5 mM) and resorcinol
(5 mM) with NaAc-HAc (0.1 M, pH®6.5). For the
preparation of imprinted polymerization, dopamine was
also added at a concentration of 20 mM. Then, the electrode
was rinsed several times in 0.1 M PBS (pH7.4) to remove
the template entrapped in the polymeric matrix. A control
electrode (non-imprinted polymer electrode, NIP electrode)
was obtained in the same way but without being added the
dopamine template.

In fabricating the MIP electrode, dopamine was
imprinted and formed specific sites on the Au electrode
by electrosynthesis of o-phenylenediamine and resorcinol.
The schematic of the MIP electrode preparation was shown
in Fig. 1.

Electrochemical measurements

Electrochemical measurements were carried out on the
three-electrode system which was immersed in a cell
containing 10 mL PBS (pH7.4). CV were performed from
0.8 to —0.4 V. DPV were performed from 0.6 to —0.4 V, the
pulse amplitude was 50 mV, the pulse width was 50 ms, the
pulse period was 0.2 s, and the potential increment was
4 mV.

Results and discussion

Electrochemical responses of the MIP electrode

Figure 2a showed the DPV of the DA-imprinted film before
and after removal of DA template with 0.1 M PBS (pH7.4).
Since the template molecular DA is electroactive, the

electrode showed an apparent peak at 0.100 V before
extraction (a in Fig. 2a). After extracting the template with
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Table 1 Comparison of the MIP electrode with other modified electrodes

Modified electrode Detection range (mol/L) Detection limit (mol/L) Reference
Fc-SWNTs 5.0x107%-3.0x107 5.0x107% [9]

Poly (caffeic acid) 1.0x1075-3.5x107° 2.0x1077 [25]
Poly(4-(2-Pyridylazo)-Resorcinol) 5.0x107%-3.0x107° 2.0x1077 [30]

PtAu hybrid film 2.4x107°-3.8x107* 24x107° [31]

MIP 5.0x107-4.0x107° 1.3x1077 Proposed method

PBS, there was no current response observed in the DPV
measurements (b in Fig. 2a), which also confirmed the
successfully removal of the template in the buffer solution.
The rebinding ability of the imprinted film was also tested
by DPV experiments. After adding 15 uM DA into the
PBS, the MIP electrode (a in Fig. 2b) exhibited a much
higher current response, the ratio of peak current on MIP
electrode increased by a factor of 3 compared to the NIP
electrode (b in Fig. 2b), indicated that the template DA
imprinted procedure was successful. The oxidation poten-
tial of DA at the NIP electrode was 132 mV, while at the
MIP electrode the potential of DA shifted toward negative-
ly potentials. The enhanced peak current and a shift in the
oxidation potential of DA by about 32 mV clearly
illustrated catalytic effect of the MIP electrode towards to
the oxidation of DA.

Effect of scan rate

The effect of the scan rate on peak current of DA was
investigated in pH7.4 PBS containing 10 uM DA. The
anodic and cathodic peak currents were proportional to the
scan rate in the range of 20-120 mV/s. The linear regression
equations were s and i, (#A) = 0.0126 x +1.008, with the
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Fig. 5 Peak currents of 15 uM DA, AA, UA at Au electrode, MIP
electrode and NIP electrode, respectively
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correlation coefficient R, 0.996 and 0.981, respectively. It
illustrated that the process of the electrode reaction is
controlled by the adsorption of DA [23, 24].

Effect of pH

The pH of the supporting electrolyte has a significant
influence on the DA oxidation at modified electrodes by
affecting both peak currents and peak potentials [25].
Figure 3a showed the pH effect on DPVs at the MIP
electrode. The peak potentials of DA oxidation shifted
negatively at a slope of =57 mV per pH unit in the range of
5.8-8.5 (a in Fig. 3b), the magnitude of the dE,/dpH was
very close to the theoretical Nernstian value of =59 mV/pH,
indicating equal number of electrons and protons involved
in the oxidation [7, 26]. The linear regression equation was
obtained as: En, (V) = 0.533 —0.057 pH (R=0.991). As
shown in b of Fig. 3b, the peak current increased with
increasing solution pH until it reached to 7.4. The
maximum catalytic current was obtained at the value of
7.4. Since pH7.0 is the physiological pH value, PBS at pH
7.4 was chosen for use in all experiments.

Determination of DA

The determination of DA concentration using the MIP
electrode was performed by DPV (Fig. 4). The response
time of the electrode to achieve the steady-state current was
within 3 s. The results showed that plot of the anodic peak
current (ip,) as a function of concentration gave a linear line
in the range from 5.0x107-4.0x10°M with a correlation
coefficient of 0.997. The linear regression equation is
expressed as: ip(HA) = —0.140 — 0.0386 ¢ (uM). The
detection limit was determined to be 0.13 uM at a signal-
to-noise ratio of 3. This value is comparable to values
reported by other research groups for electrocatalytic
oxidation of DA at the surface of electrodes chemical
modified by other mediators (Table 1).

Interference study

A molecularly imprinted sensor should show a mini-
mum of affinity towards molecules having structures
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Table 2 Selectivity of MIP electrode to DA
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Response-selectivity coefficient of solutions containing 10 uM DA and 1,000 uM interferents

closely related to the imprinted molecules. We compared
the electrochemical response of Au electrode, MIP
electrode, and NIP electrode to the same concentration
of DA, AA, and UA (15 uM). As shown in Fig. 5, the
peak currents of the three analytes on the Au electrode
were almost as high as each other, while on the MIP
electrode, the current of DA was apparently higher than
the current of AA and UA, which showed an excellent
selectivity of the MIP electrode.

In order to further examine the selectivity of the
designed MIP electrode, the response of the modified
electrode was tested in a solution containing 10 uM DA
and 100-fold amounts of potential interfering substances
such as AA and UA. The response-selectivity coefficient
kpe=1,/ic [20] was calculated to demonstrated the selectivity

of the MIP sensor, where ip is the peak intensity response
of the sensor to 10 pM DA and ic is the peak intensity
response caused by 1,000 uM interferents. The results of an
interference study, undertaken with related analyte, were
shown in Table 2. It was found that AA and UA produced
negligible peak currents even when the DA-interferent ratio
of 1:100 was used. This illustrated that the binding sites of
the DA MIP could recognize the DA molecular by means
of shape selection and the size of functional groups. The
MIP had bulky negatively charged functional groups which
had strong electrostatic attraction toward DA cations while
repelled AA and UA anions. Also the functional group
(—NH2, —OH) can form strong hydrogen bonding [27] with
“imprint” molecular (DA). So the polymer can be used as a
selective binding medium for the “imprint” molecular

Table 3 The results for the determination of DA in dopamine hydrochloride injection and healthy human blood serum

No. DA in dopamine hydrochloride injection DA in healthy human blood serum
Content (mg Found (mg R.S.D. (%) n  Recovery Spiked (mg Found (mg R.S.D. (%) n  Recovery
mL ™) mL™") =5 (%) mL™") mL™") =5 (%)
10 10.04 1.87 100.4 10 9.99 0.95 99.9
2 10 9.93 2.46 99.3 10 9.92 2.31 99.2
10 10.06 1.09 100.6 10 9.67 1.60 96.7
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(DA). Therefore, satisfactory selectivity of DA was obtained
by such a kind of sensor.

Real samples analysis

In order to verify the performance and feasibility of the
method in pharmaceutical product, the MIP electrode was
applied to the determination of DA in dopamine hydrochlo-
ride injection (standard concentration of DA 10 mg/mL,
2 mL/injection). A 4.7-uL sample from dopamine hydro-
chloride injection was taken with a microinjection, and
added into 10 mL (0.1 mol/L) PBS. After solution was
mixed, the oxidation current of DA was tested. The
concentration of dopamine was calculated with the linear
regression equation. However, most of the previously
reported modified electrodes were applied to the detection
of DA content in dopamine hydrochloride injection, a very
few of reports applied for assessment of DA in human
blood serum [28]. In this paper, the recovery of DA in a
spiked healthy human blood serum sample was also
measured at the same electrode by DPV. Interfering
proteins in serum were removed by precipitation with
four volumes of ice-cold acetone containing trichloro-
acetic acid (10%, w/v) [29] and centrifugation for 15 min
at 3,000 r/min. The serum samples were diluted 1:10 with
PBS (7.4), and stored at —20°C until used. The satisfac-
tory results were listed in Table 3. The recovery and
relative standard deviations (R.S.D) were acceptable,
showing that the proposed method could be efficiently
used for the analysis of DA in real samples.

Stability and reproducibility

The storage stability of the sensor was tested, after being
stored it in refrigerator (4°C) in a dry state for 30 days, the
MIP electrode retained 94% of the initial current response.
The fabrication of five electrodes, made independently,
showed an acceptable reproducibility with the RSD of 3.5%
for the current determination of 10 uM DA.

Conclusions

A sensitive and selective electrochemical sensor was
fabricated for detection of the DA via electropolymerization
to form a thin MIP film on the Au electrode. The excellent
performance of the MIP electrode towards DA can be
ascribed to the functional monolayer with electrochemical
catalytic activities and the porous MIP film with plentiful
selective binding sites. The peak current was linear to the

@ Springer

concentration of DA from 5.0x107-4.0x10°M with the
detection limit of 0.13 uM. Moreover, as observed, the
sensor possessed selective response to DA without influ-
ence of interferents commonly existed. On this basis, we
suggest the proposed convenient and inexpensive chemical
sensor could find application in the measurement of DA
level in clinical samples as well as in pharmaceutical
industry.
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