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a b s t r a c t

A novel electrochemical sensor based on molecularly imprinted polymer film has been developed for
aspirin detection. The sensitive film was prepared by co-polymerization of p-aminothiophenol (p-ATP)
and HAuCl4 on the Au electrode surface. First, p-ATP was self-assembled on the Au electrode surface
by the formation of Au–S bonds. Then, the acetylsalicylic acid (ASA) template was assembled onto the
monolayer of p-ATP through the hydrogen-bonding interaction between amino group (p-ATP) and oxygen
(ASA). Finally, a conductive hybrid membrane was fabricated at the surface of Au electrode by the co-
polymerization in the mixing solution containing additional p-ATP, HAuCl4 and ASA template. Meanwhile,
the ASA was spontaneously imprinted into the poly-aminothiophenol gold nanoparticles (PATP–AuNPs)
complex film. The amount of imprinted sites at the PATP–AuNPs film significantly increases due to
the additional replenishment of ASA templates. With the significant increasing of imprinted sites and
doped gold nanoparticles, the sensitivity of the molecular imprinted polymer (MIP) electrode grad-

ually increased. The molecularly imprinted sensor was characterized by electrochemical impedance
spectroscopy (EIS), differential pulse voltammetry (DPV), and cyclic voltammetry (CV). The linear rela-
tionships between current and logarithmic concentration were obtained in the range from 1 nmol L−1

to 0.1 �mol L−1 and 0.7 �mol L−1 to 0.1 mmol L−1. The detection limit of 0.3 nmol L−1 was achieved. This
molecularly imprinted sensor for the determination of ASA has high sensitivity, good selectivity and
reproducibility, with the testing in some biological fluids also has good selectivity and recovery.
. Introduction

Acetylsalicylic acid (ASA), commonly known as aspirin, is one
f the most important anti-inflammatory drugs in the world. It can
e used to relieve minor aches, pains and reduce fever. In recent
ears, studies show that aspirin is also used to treat the antithrom-
otic, coronary heart disease, prevent colon cancer and pregnancy

nduced pre-eclampsy [1,2]. Such widespread use of aspirin has
esulted in problems of overdose [3]. To date, various methods have
lready been proposed to detect ASA and its metabolites such as
igh-performance liquid chromatography (HPLC) [4–6], ultravio-

et spectrophotometry and fluorescence detection [7]. However,
ome of these instrumental analyses are usually expensive or
equire sample pretreatment and highly trained technical person-
el. Because the ASA has a weak electrochemical activity, there are
ew reports detecting it through electrochemical methods. Accord-
ngly, it remains a great challenge to develop a rapid, inexpensive
ut sensitive method for the detection of ASA in biological fluids.

∗ Corresponding author. Tel.: +86 931 7971276; fax: +86 931 7971323.
E-mail address: luxq@nwnu.edu.cn (X. Lu).

039-9140/$ – see front matter. Crown Copyright © 2011 Published by Elsevier B.V. All ri
oi:10.1016/j.talanta.2011.06.067
Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.

The molecular imprinted polymer (MIP) technique has been
demonstrated as one of the most promising techniques in the
sensor field [8–12] for its low cost, simplicity, reliability, and
wide choice of templates and functional monomers [13–18]. The
technique has been widely explored in the field of analytical chem-
istry, especially in studies on stationary phases for HPLC [19,20],
capillary electrochromatography [21], enzyme-linked sorbent for
chemiluminescence and colorimetric detection [22]. Owing to the
complementarity in binding sites and shape, the created nanocav-
ities can exhibit good selectivity and act as artificial antibodies
toward the imprinted molecules, including a large and diverse
set of important metal ions [23], organic molecules [24] or bioor-
ganic molecules [25]. The MIP sensor can be divided into four
categories according to the origin of signal detection [26,27]: (i)
signal due to change in properties of the system as a result of
binding of the analyte with the MIP [28,29]; (ii) signal by ana-
lyte itself [30–37]; (iii) signal by competitive measurements with
displacement [38,39] and (iv) by electrochemical probe [40–42].

Many experiments relating to the molecular imprinted polymer
by electropolymerization have been reported [43–46]. As experts
agree, the sensitivity of the imprinted sensor was dictated by the
amount of effective recognition sites in the molecularly imprinted

ghts reserved.
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olymer films and conductivity. Although the number of the bind-
ng sites increases with the increase of the imprinted membrane
hickness, thick imprinted membranes can lead to slow diffusion
f the analytes to the recognition sites and inefficient communica-
ion between the imprinted sites and transducers [47]. To further
ncrease the amount of effective binding sites in the sensor, the
implest method is to provide a higher surface area of the polymer
lm [48], through the assembly of nanoparticles in the composite
embrane [49–51]. In order to improve the conductivity of molec-

larly imprinted sensor, the most effective way is polymerization of
onductive polymers or doping metal nanoparticles. Conclusively,
he co-polymerization gold nanoparticles (AuNPs) and conductive
olymers of the composite membrane result in high conductivity,

arge specific surface area, and good biocompatibility [52].
In the present study, we constructed a novel sensor for deter-

ination ASA based on MIP and co-polymerized technology.
olecularly imprinted film was modified on the electrode sur-

ace, and ASA was linked to the cavities constructed by binding
ites of molecularly imprinted film. We hypothesize the combina-
ion of surface molecular self-assembly with co-polymerization of
oly-aminothiophenol and gold nanoparticles (PATP–AuNPs) on Au
lectrode will produce the total amount of effective imprinted sites
nd enhance its conductivity. The molecular imprinting sensor not
nly strikingly improves the sensitivity and selectivity of ASA anal-
sis, but also obtains good repeatability. Thus, it can be potentially
xploited for the detection of ASA and its metabolites in the bio-
ogical assay. In addition, the sensor can be used to monitor the
onelectrochemical signal substances.

. Experimental

.1. Reagents

p-Aminothiophenol (p-ATP), Tetrabutylammonium perchlorate
TBAP) and tetrachloroaurate (III) acid (HAuCl4) were purchased
rom Sigma. Aspirin and salicylic acid were obtained from Aladdin
hemistry Co., Ltd. Benzoic acid and phenol were purchased

rom Shanghai Chemicals Ltd. Other reagents were commercially
vailable as analytical reagent grade and used without further
urification.

.2. Instrumentation

UV–vis absorption spectra were taken by absorption mode with
UV-1102 UV–vis spectrophotometer (Shanghai, China). The spec-

ra are recorded in the 210–350 nm region. Scanning electron
icroscopy (SEM) pictures were collected on a Hitachi s-4800 field

mission scanning electron microscope (Japan). Cyclic voltamme-
ry (CV) and differential pulse voltammetry (DPV) experiments
ere performed on CHI-832 working station (CHI instrument, Co.

td., Austin, USA). Electrochemical impedance spectroscopy (EIS)
xperiments were performed on Multi-potentiostat (VMP2, Prince-
on Applied Research, USA). A three-electrode system consisting of
Ag/AgCl:KCl reference electrode, a platinum wire as counter elec-

rode, and a PATP–AuNPs modified gold electrode (AuE, ˚ 3 mm)
as used for electrochemical measurements. The impedance spec-

ra were recorded upon the application of the bias potentials in the
requency range 100 mHz to 10 kHz, using an ac voltage of 5 mV
mplitude. The data obtained were analyzed using the fitting pro-
ram in ZSimpWin software. All measurements were carried out at
mbient temperature (18 ± 2 ◦C).
.3. Pretreatment and self-assembly of Au electrode

A gold electrode was polished with alumina slurry (0.30 and
.05 �m), rinsed thoroughly with redistilled water, and succes-
(2011) 1672–1679 1673

sively ultrasonicated in ethanol and redistilled water for 5 min.
Finally, cyclic voltammetry was performed in 0.5 mol L−1 H2SO4
solution with the potential range from −0.1 to 1.5 V (scan rate
100 mV s−1). p-ATP self-assembly to the surface of Au electrode
was carried out by methods that were reported in the litera-
ture [47,53,54]. p-ATP functionalized electrodes were prepared
by immersing the Au electrode into 50 mmol L−1 p-ATP ethanol
solution for 24 h at room temperature, washing the electrode
thoroughly with ethanol and double distilled water to remove
physically absorbed p-ATP. After that, the p-ATP modified Au elec-
trode was immersed into an ethanol solution with 1 mmol L−1 ASA
for 4 h. The electrode was taken out, rinsed with ethanol and dou-
ble distilled water to remove absorbed ASA, and then dried under
nitrogen flow at room temperature.

2.4. Preparation of imprinted PATP–AuNPs–ASA/Au electrode

The p-ATP-ASA modified Au electrode was immersed in the
ethanol solution containing 10 mmol L−1 p-ATP, 50 mmol L−1 TBAP,
1 mmol L−1 ASA and 0.2 g L−1 HAuCl4. The co-polymerization was
performed by the application of ten cyclic voltammetries in an
ice bath with the potential range from −0.3 to 1.2 V (scan rate
50 mV s−1). After the electropolymerization, the composite mem-
brane modified electrode (PATP–AuNPs/Au) was washed in an
ethanol: water (4:1) solution containing 0.2 mol L−1 HCl in order to
remove the ASA template at room temperature for 3 min. Then we
rinsed the imprinted PATP–AuNPs/Au electrode with ethanol, dou-
ble distilled water and finally dried under nitrogen for further use.
We prepared a control electrode following the same procedure but
without the template molecule. The control electrode was treated
by the same procedure as the imprinted electrode to ensure that
the effects were observed due only to the imprinting features and
not to the subsequent treatments undergone by the electrode.

2.5. Electrochemical measurements

Cyclic voltammetry (CV) measurements are performed in the
presence of 10 mmol L−1 [Fe(CN)6]3−/[Fe(CN)6]4− and 0.1 mol L−1

KCl solution. Electrochemical impedance spectroscopy (EIS) mea-
surements are recorded upon the application of the bias potentials
in the frequency range 100 mHz to 10 kHz, using an ac volt-
age of 5 mV amplitude. Differential pulse voltammetry (DPV)
measurements are performed in the presence of 5 mmol L−1

[Fe(CN)6]3−/[Fe(CN)6]4− and 0.1 mol L−1 KCl solution. Above all
the measurements were performed at room temperature. Cyclic
voltammograms (CVs) of the imprinted membranes were recorded
in the potential range of −0.3 to 1.2 V with a scan rate of 50 mV s−1

in an ice bath.

2.6. Application of the ASA molecularly imprinted sensor in the
biological assay

Four kinds of biological fluids were used to confirm the appli-
cability of this MIP sensor: human plasma, human serum, human
saliva, and human urine. Fresh human plasma and human serum
were obtained from the local hospital. Human saliva and human
urine were harvested from a member of our laboratory. The saliva
was collected 15 min after gargling. In order to remove the precip-
itates, the saliva and urine were centrifuged at 4000 × g at room
temperature for 15 min. The ASA solutions in biological fluids were

prepared by mixing 10 �mol L−1 ASA (in ethanol) and 50% biolog-
ical fluid (in double distilled water) with the ratio of 1:1. The final
concentration of ASA was 5 �mol L−1 in 25% biological fluids. All the
experiment conditions were the same as the foregoing detection.
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tionship between peak current and surface modification conditions
ig. 1. Evolution of UV spectra with increasing different amounts of ASA into
0 �mol L−1 p-ATP solution.

. Results and discussion

.1. Preparation of imprinted PATP–AuNPs/Au electrode

Scheme 1A illustrates the preparation procedures of the
mprinted PATP–AuNPs/Au electrode. The preparation procedures
an be summarized in four steps: Self-assembly p-ATP on the sur-
ace of Au Electrode; Hydrogen bonding adsorption ASA molecules
nto the surface of the ATP modified electrode; co-polymerization
f PATP-AuNPs on the surface of ASA/Au electrode; removal of
he template ASA molecules from the imprinted PATP–AuNPs

embranes. Prior to the co-polymerization, the Au electrode was
mmersed into p-ATP solution for 24 h. A self-assembled mono-
ayer of p-ATP molecules was formed on the Au electrode surface
y Au–S bonds between gold and the thiol groups (–SH) of p-ATP
olecules. In the first step of the electrode modification, the p-
TP monolayer was chemisorbed on the gold electrode surface and
xposed an array of amino groups towards the solution. Secondly,
he ATP/Au electrode was immersed into ASA solution for 4 h. ASA

olecules in solution phase could be assembled onto the surface of
-ATP-modified Au electrode through hydrogen bond interactions
etween amino groups (–NH2) of p-ATP and oxygen atom of ASA
Scheme 1B). The intermolecular interaction between p-ATP and
SA could be confirmed by UV absorbance spectra. The maximum
bsorption wavelength of p-ATP shown red shifted in the presence
f ASA, and the maximum absorbance of p-ATP also increased with
he addition of ASA (Fig. 1). These suggest the formation of hydro-
en bond interactions between the amino group (–NH2) of p-ATP
nd the oxygen atom of ASA in the solution system. Therefore, the
trong hydrogen bond interactions would drive ASA molecules to
ssemble onto the surface of the p-ATP modified electrode. These
SA molecules assembled onto the p-ATP modified electrode sur-

ace were embedded into the imprinted PATP–AuNPs membranes
nd formed surface imprinted sites, which would increase the
mount of imprinted sites on the electrode surface and enhance
he sensitivity of the electrode. Our experiments also reveal that
f the incubation step is omitted from the preparation procedures
f the imprinted PATP–AuNPs/Au electrode, the DPV responses to
SA would decrease to about 10–15% under the same experimental
ondition.

Itamar Willner group [46,47,55] have reported the electrodepo-

ition of oligothioaniline AuNPs film using multistep procedures.

e improved the one-step co-polymerization method by con-
ucting CV in the 5 mL ethanol solution containing 10 mmol L−1
Fig. 2. Cyclic voltammograms for the co-polymerization of 10 mmol L−1 p-ATP,
0.2 g L−1 HAuCl4 and 1 mmol L−1 ASA on a gold electrode in ethanol. Scan rate:
50 mV s−1; number of scans: 10; potential range: −0.3 to 1.2 V.

p-ATP, 1 mmol L−1 ASA and 50 mmol L−1 TBAP. Fig. 2 shows the
electrochemical process used to form a PATP–AuNPs film on gold
electrode. The PATP–AuNPs–ASA film was deposited by repetitively
sweeping the potential from −0.3 to 1.2 V (vs Ag/AgCl) at a scan rate
of 50 mV s−1. It is observed that an irreversible oxidation process
appeared during the first cycle and disappeared during the second
cycle. It is well known that Au3+ could be easily reduced to Au0.
Therefore, HAuCl4 could be reduced to AuNPs firstly and absorbed
on the electrode surface. A oxidation peak was observed at 0.32 V,
which indicated that Au0 is formed on the electrode surface [56].
The reduction peak in 0.29 V may be caused by the AuNPs catalyz-
ing p-ATP polymerization. This reduction peak was not occurred,
if the HAuCl4 absence in the polymerization of p-ATP. An oxida-
tion peak of p-ATP was clearly observed at a potential of 0.48 V at
the first scan. The results demonstrated that a compact polymeric
film was formed and bound to the electrode surface. The decrease
of the peak current seems related to the continual formation of
PATP–AuNPs composite membranes that leads to the suppression
of the voltammetry response. The current gradually reduces with
the number of scan circles increasing eventually reaches a steady
state. Additionally, the parallel test in the absence of ASA has also
been observed. Meanwhile, there is no any difference obtained in
the presence/absence of ASA from CVs, indicating that ASA does not
exhibit any electrochemical activity in the chosen potential range
and its structure is not affected during co-polymerization. Fig. 3
shows the scanning electron micrographs (SEM) of the surface of
PATP/AuNPs modified electrodes. The SEM image confirms the for-
mation of AuNPs on the Au electrode surface and the surface of
PATP/AuNPs displayed roughness. Moreover, the results indicated
that the diameter of the nanoparticles was between 50 and 150 nm.

3.2. Molecular recognition by MIP-modified electrode

The cyclic voltammetry for the MIP film are recorded
in 10 mmol L−1 [Fe(CN)6]3−/[Fe(CN)6]4− solution contain-
ing 0.1 mmol L−1 KCl, which confirms whether or not ASA
has been embedded in the MIP film. During the procedure,
[Fe(CN)6]3−/[Fe(CN)6]4− was used as the mediator between
imprinted electrodes and substrate solutions. Fig. 4 shows the rela-
of the gold electrode. For the MIP-Au electrode, the redox peak
current decrease rapidly from curve d to a, which can be attributed
to the dense film covered the surface of the Au electrode. After the
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troscopy, a semicircle portion observed at higher frequencies would
correspond to the electron-transfer-limited process, a linear sec-
tion characteristic of the lower frequency is attributable to a
diffusion-limited electron transfer. The electron-transfer resistance
Scheme 1. Scheme of the m

emplate removal (curve f), a remarkable redox peak is obtained
from curve a to f). The increase of peak current from curve a
o f can prove that PATP–AuNPs composite membrane is a kind
f conducting film, electro-conductibility better than bare gold
lectrode. Therefore, the modified electrode has a high sensitivity
or detecting ASA. The emergence of curve c can be attributed to
he obstruction of the access of [Fe(CN)6]3−/[Fe(CN)6]4− through
he MIP film after ASA rebinding. This can be explained by the
nteraction between the ASA and the MIP film, which determines
he electron transfer of the [Fe(CN)6]3−/[Fe(CN)6]4− ion pair on the
lectrode surface. In contrast, for the NMIP-Au electrode (curve
), the redox current decreased dramatically from curve d to
, because the PATP–AuNPs film covered the surface of the Au
lectrode polymerized in the absence of ASA where no cavities
ith binding sites are obtained. The eluted non-polymerization

-ATP in the composite membrane leads to the minor change of

edox current, which is negligible after the removal template step.
his indicated that the NMIP-Au electrode is unselective and failed
o recognize ASA.

ig. 3. SEM images of the imprinted PATP–AuNPs membrane formed with ten con-
ecutive potential cycles on the Au electrode surface.
ular imprinting technique.

3.3. Electrochemical impedance spectroscopy study of
preconcentration time and washing time

It is evident that different preconcentration time and washing
time might cause different responses. To determine the optimum
operation time for ASA detection, the kinetic experiment has been
done. The EIS signal is recorded, and the results are shown in
Figs. 5 and 6. Nyquist diagrams (Zim vs Zre) were recorded in
10 mmol L−1 [Fe(CN)6]3−/[Fe(CN)6]4− containing 0.1 mol L−1 KCl as
supporting electrolyte. In the electrochemical impedance spec-
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Fig. 4. Cyclic voltammograms of 10 mmol L−1 [Fe(CN)6]3−/[Fe(CN)6]4− and
0.1 mol L−1 KCl at MIP-Au electrode (a), NMIP-Au electrode after template removal
(b), MIP-Au electrode after rebinding (c), bare Au electrode (d), MIP-Au electrode
after template removal and immersed in the ethanol/water 3 min (e), and MIP-Au
electrode after template removal (f). Scan rate: 100 mV s−1.
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Fig. 6. (A) Impedance spectra corresponding to the ASA–PATP–AuNPs/Au electrode
ance of electrolyte, the charge transfer resistance, double-layer capacitance and
he Warburg impedance, respectively. (B) Impedance response for different times
f preconcentration.

Ret) was indicated by the semicircle diameter, which depends on
he dielectric and insulating features at the electrode/electrolyte
nterface [57].

The preconcentration step is usually a simple and effective way
f enhancing the sensitivity of the imprinted sensor [58]. Fig. 5
hows the change of the impedance with the preconcentration
ime. Because the presence of ASA hinders [Fe(CN)6]3−/[Fe(CN)6]4−

on pair’s transference on the electrode surface, so different elec-
rochemical impedance diagram can be obtained when the MIP-Au
lectrode has been preconcentrated in different time with the same
oncentration of ASA. The impedance increased significantly with
he increase of preconcentration time, and a stable response is
btained after 7 min, suggesting that the adsorption equilibrium is
eached (Fig. 5(B)). Thus, the preconcentration time of 7 min before
he determination of ASA can obtain the strongest electrochemical
esponse. To optimize the washing time, the PATP–AuNPs–ASA/Au
lectrode was immersed in an ethanol:water (4:1) acid solution,

nd its stability during washing procedure was investigated by
mpedance spectroscopy. As shown in Fig. 6, the impedance value
radually decreased and reached minimum at 3 min, remained sta-
le over 3 min. The impedance spectra were recorded within the
immerse in an ethanol: water (4:1) solution containing 0.2 mol L−1 HCl at different
times (the time raised from a to e in turn). (B) Impedance response for different
times of washing.

range of 0.1–10,000 Hz at the bias potential of 0.24 V. The amplitude
of the alternate voltage is 5 mV. As a result, the preconcentration
time of 7 min and washing time of 3 min were selected for all sub-
sequent assays.

3.4. Electrochemical detection of ASA

For ASA detection, the prepared PATP–AuNPs modified elec-
trode were immersed in different concentrations of ASA solutions
(from 1e−10 to 1e−4 mol L−1), and a significant peak current
decrease is observed in Fig. 7. It demonstrated that when ASA is
rebound, a compact film appears on the surface of electrode again,
hindering the electron transfer of the [Fe(CN)6]3−/[Fe(CN)6]4− ion
pair on the electrode surface. The formed PATP–AuNPs–ASA com-
plex membrane resulted in a decreasing electrochemical reaction
of the [Fe(CN)6]3−/[Fe(CN)6]4− probe.

In the quantitative analysis, the prepared PATP–AuNPs/Au mod-
ified electrode was incubated in different concentrations of ASA
for 7 min. Differential pulse voltammograms results of the MIP film
were recorded in 5 mmol L−1 [Fe(CN)6]3−/[Fe(CN)6]4− solution con-
taining 0.1 mol L−1 KCl. After a 7 min preconcentration, due to the

binding sites in the film occupied by ASA molecules, the peak cur-
rent decreased with the increase in ASA concentration. As shown in
Fig. 8, the decrease of DPV signals were directly related to the con-
centration of ASA, which is consistent with the CV responses (Fig. 7).
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There were two different slopes of linear curves, resulting from
he different mechanism of molecular recognition in two differ-
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he solution, there was a strong Vander Waals force between ASA
olecular besides hydrogen bonding adsorption. Thus, the slope of

his linear relationship is small. Meanwhile, the lowest detectable
oncentration, as low as 0.3 nmol L−1 is obtained, which is more
ensitive than most available ASA detections.

.5. Selectivity of the molecularly imprinted sensor
An excellent sensor not only possesses good sensitivity, but
lso has a good selectivity. In order to detect the selectivity of
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ig. 8. DPV of PATP–AuNPs/Au electrode in 5 mmol L−1 [Fe(CN)6]3−/[Fe(CN)6]4−

ontaining 0.1 mol L−1 KCl. The modified electrode is incubated in different concen-
rations of ASA: (a-j) 1e−9, 3e−9, 5e−9, 7e−9, 1e−8, 3e−8, 5e−8, 7e−8, 1e−7 mol L−1

SA in ethanol solution for 3 min, respectively.

from 1 nmol L−1 to 0.1 �nmol L−1. The average of the RSD is 0.0334. (B) The rela-

tive response of PATP–AuNPs/Au electrode in different concentrations of ASA (from
0.7 �mol L−1 to 0.1 mmol L−1). Inset: A linear detection range is from 0.7 �mol L−1

to 0.1 mmol L−1. The average of the RSD is 0.0483.

the molecularly imprinted sensor, we chose three kinds of com-
pounds salicylic acid, benzoic acid and carbolic acid for the control
experiments, which have a similar structure to ASA. Fig. 10 illus-
trates different current response signals of the proposed sensing
system after the addition of 0.1 mmol L−1 salicylic acid, benzoic
acid and carbolic acid under the same experimental conditions. It
was observed that 10 nmol L−1 ASA led to an evident DPV change
(Fig. 10(A)). However, when ASA was replaced by 0.1 mmol L−1

salicylic acid, 0.1 mmol L−1 benzoic acid, and 0.1 mmol L−1 car-
bolic acid, respectively, the MIP-Au electrode hardly showed any
change of DPV (Fig. 10(B)–(D)), which proved the ASA molecularly
imprinted sensor is highly specific to ASA.

3.6. Reproducibility and stability of the molecularly imprinted
sensor

The reproducibility of the imprinted sensor is esti-
mated by determining the peak current in 5 mmol L−1
[Fe(CN)6]3−/[Fe(CN)6]4− containing 0.1 mmol L−1 KCl as sup-
porting electrolyte at room temperature (18 ◦C) eight times
prepared under the same conditions. Prior to detection, immersing
the modified electrode in acidic solution of ethanol 3 min remove
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more than 30 min excluding the purification step. Compared with
other methods reported, the major advantage of the method is fast,
economical, and simple.

Table 1
Detection of ASA in biologic fluids (n = 6).

Biologic fluids Added
(�mol L−1)

Found
(�mol L−1)

Recovery (%) RSD (%)
ig. 10. Selectivity of the molecularly imprinted sensor. ASA (a-d) 0, 1e−8, 1e−4 mo
o significant changes of DPV responses for 0.1 mmol L−1 salicylic acid (B), 0.1 mmo

emplate, the following results for the eight times are obtained:
02.80, 98.26, 100.60, 97.63, 99.86, 101.20, 103.70, and 101.10 �A.
elative standard deviation (RSD) of 1.9% was obtained which

ndicated good reproducibility. The stability of the sensors is an
mportant factor to consider. To ensure stability, the PATP–AuNPs

odified Au electrode is stored in the plastic casing with nitrogen
t 4 ◦C over 10 days. It was found that the peak current did not
pparently change. After a month, it decreased by about 27%.
his indicates that the molecularly imprinted sensor possesses
xcellent stability.

.7. Application of the ASA molecularly imprinted sensor in the
iological assay

The feasibility of the MIP sensor for practical applications was
nvestigated by analyzing several real samples in comparison with
he results of ASA. We chose the human plasma, human serum,

uman saliva, and human urine as four complex biological fluids.

n the 25% biological fluids the same concentration of standard
olutions of ASA were detected by DPV measurement. As shown
n Table 1, we assessed the ASA detection ability. The MIP sensor to
nd before removal the template showed an evident decrease in the DPV signal (A),
enzoic acid (C), and 0.1 mmol L−1 phenol (D).

detect ASA was not affected much by ASA in human plasma, human
serum and human urine. But the current was obviously increased in
human saliva. This may be due to the following facts: human saliva
with high viscosity, which cannot completely dissolve in the solu-
tion (a group of floc is formed in ethanol water solution) changes
the concentration of ASA in the mixture. Except human saliva, the
recoveries of this sensor range from 95.7% to 97.1%, and the RSD is
less than 3.0%. Total assay time with the proposed procedure is not
25% human plasma 5.000 4.785 95.7 2.68
25% human serum 5.000 4.810 96.2 2.94
25% human saliva 5.000 5.320 106.4 3.41
25% human urine 5.000 4.855 97.1 2.85
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. Conclusions

In this work, a MIP film electrochemical sensor used to
ndirectly detect aspirin was constructed and first developed
o-polymerization of p-ATP and HAuCl4 with the cyclic voltam-
etry in the presence of template ASA molecules. First, ASA
olecules hydrogen absorbed to the surface of gold electrode,

reatly increased the amount of imprinted sites; then, doped
anoparticles enhanced the sensitivity of MIP sensor. In this mea-
urement the lowest detectable concentration of ASA was 0.3 nM,
he linear detection range extended up to 0.7 �M. Furthermore,
he fabrication of PATP–AuNPs/Au electrode was very simple and
ontrollable, which facilitates the future design of the integrated
lectrode according to the different requirements. The results
emonstrated that the electrochemical sensor not only could strik-

ngly improve the sensitivity and selectivity of aspirin analysis, but
lso could obtain good repeatability. Therefore, the electrochemi-
al sensor could be potentially exploited for detecting the overdose
f ASA and its metabolites in biological fluids.
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