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Electrodeposited sol–gel-imprinted sensing film for cytidine
recognition on Au-electrode surface
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Abstract

A novel thin molecularly imprinted sol–gel film with specific recognition for cytidine was electrodeposited on the surface of piezoelectric quartz
crystal (PQC) Au-electrode. In this method, a sufficiently negative potential was applied to the electrode surface to generate hydroxyl ions, which
play the role of the catalyst for the hydrolysis and condensation of 3-(aminopropyl)trimethoxysilane (APTMS). The process of the preparation of
the imprinted sol–gel film was investigated in detail by using the piezoelectric quartz crystal impedance (PQCI) technique and cyclic voltammetry.
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he thickness of the imprinted film was controlled easily by adjusting the applied potential and the deposited time. The binding ca
he selectivity of the electrodeposited imprinted sol–gel film were also studied in detail by using PQCI, electrochemically impedance
nd capacitance technique. The electrodeposited imprinted sol–gel film exhibited high selectivity toward cytidine in comparison to
ubstances. The dissociation constant (Kd) in the nanomolar range indicated a strong imprinted interaction existing between the electrod
ol–gel-imprinted film and the template cytidine.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Applications of molecularly imprinted polymers (MIPs) for
ensing materials attract growing interest for their potential mer-
ts, such as good mechanical strength, durability to heat and pres-
ure, physical robustness, high affinity and outstanding substrate
ecognition ability[1–5]. Many methods for synthesis have been
eveloped, such as precipitation polymerization[6], electrosyn-

hesis polymerization[7], surface imprinting polymerization[8],
nd scaffold imprinting polymerization[9] and so on. Among

hese methods, the recently developed self-assembly molecu-
arly imprinting polymerization based on sol–gel technique is
ne of the fastest emerging fields[10,11].

Sol–gel approach has been employed to develop new materi-
ls for chemical sensors, separations, optical media, and solid-
tate electrochemical devices because the sol–gel-derived mate-
ials can yield high sensitivity and long-term stability[12–15].

∗ Corresponding author.
E-mail address: szyao@hnu.net.cn (S. Yao).

The most common configurations of sol–gel-derived mate
are monoliths and thin films. Generally, monoliths are prep
by pouring the silica sol into a container and allowing it to
age, and dry slowly. Thin films of silica have been prepare
dip-coating or spin-coating the silica sol on the surface of a
able substrate. Few years ago, the fabrication of sol–gel-de
hydrophobic silica films using an electrodeposition proce
was reported[16,17]. However, the film usually flakes off t
Au-electrode surface, which is an extensively applied subs
for the analytical research, especially in the piezoelectric q
crystal (PQC) MIPs sensor. Thus, it is necessary to improv
sol–gel technique to promote the sol–gel film adhesion to
surface stably.

In this work, a novel sol–gel-imprinted film stably depos
on the surface of the PQC Au-electrode by using the
assembly and electrodeposited technique was achieved
hexanedithiol and Au nanoparticles were introduced durin
preparation to avoid the resultant electrodeposited sol–ge
flaking off. A significantly negative potential was applied
increase the pH near Au-electrode surface, which resulte
homogeneous thin sol–gel cytidine imprinted film on the
039-9140/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2005.10.008
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electrode surface steadily. 3-(Aminopropyl)trimethoxysilane
(APTMS) was proposed as the silicon precursor. The deposition
condition was investigated in detail. The characteristics of the
sol–gel-imprinted PQC Au-electrode during the self-assembly
and electrodeposition were investigated by using piezoelectric
technique and cyclic voltammetry. The binding performance of
the sol–gel cytidine imprinted electrodeposited film was also
discussed by using the piezoelectric quartz crystal impedance
(PQCI) technique, electrochemical impedance technique and
capacitance technique. The results show that this sol–gel elec-
trodeposition method is a feasible method for the preparation of
imprinted sensing film.

2. Experimental section

2.1. Reagents

Guanosine, adenosine, cytidine, thymidine, uridine, deoxyth-
ymidine, deoxyguanosine, and adenosine monophosphate
(AMP) were purchased from Sigma Chemical Co. 1,6-Hexane-
dithiol, hydrogen tetrachloroaurate(III) (HAuCl4·4H2O), and
APTMS (97%) were purchased from Aldrich. Anhydrous
ethanol, sodium hydroxyl, potassium ferricyanide, potassium
ferrocyanide, potassium di-hydrogen phosphate, and di-sodium
hydrogen phosphate were purchased from Changsha Chemi-
cal Co. Phosphate buffer solution (0.1 M, formed by mixing
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The size of the resultant Au nanoparticles was ca.10–20 nm by
using scanning electron microscopy.

As shown inFig. 1, prior to electrodeposition, the surface
of the PQC Au-electrode was modified with organic/inorganic
multilayer by using the self-assembly technique. Firstly, the
Au-electrode was immersed in an ethanol solution of 1,6-
hexanedithiol (0.01 M) for 12 h, rinsed with ethanol and dried
under nitrogen gas. Secondly, Au nanoparticles were adsorbed
on the surface of the Au-electrode via covalent bond between Au
and thiol, which was achieved by immersing the Au-electrode
into Au nanoparticles colloid for 6 h. Thirdly, the electrode
was immersed in toluene solution of 0.1 M APTMS for 12 h
to accomplish the layer-by-layer self-assembly procedure.

The electrodeposited sol–gel film on the surface of the self-
assembled PQC Au-electrode was carried out by using cyclic
voltammetry. A solution containing 2.0 ml of 0.2 M KCl, 2.0 ml
of ethanol, and 0.5 ml of APTMS, was sonicated for ca. 3 min
until a homogeneous phase (initial sol) was observed. About
200�l of 0.1 M cytidine solution was added into 2 ml of the ini-
tial sol and stirred. Then negative potential from−0.4 to−1.2 V
(versus SCE, the scanning rate is 0.05 mV/s) was applied to
the self-assembled PQC Au-electrode for 20–30 min. Finally,
the electrodeposited sol–gel-imprinted Au-electrode was taken
out of the cell, rinsed with ethanol and dried in a desiccator at
room temperature for 24 h. The electrodeposited non-imprinted
sol–gel Au-electrode was prepared with the same procedure
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H2PO4 with Na2HPO4 solutions, PBS) was used as ba
round solution.

.2. Apparatus

9 MHz PQC (AT-cut, 12.5 mm in diameter) coated with
lectrode (6 mm in diameter) on both sides was used. The e

mental setup for PQCI can be found in our previous w
18]. The conductance (G) and susceptance (B) of the
u electrode were measured synchronously with a HP 41
F impedance analyzer (frequency range 5 Hz–13 MHz, U
pplication program was written in Visual Basic (VB 5.0)
ontrol the HP 4192A LF impedance analyzer. The resonan
uencies, equivalent parameters, data-collecting time, and

imes were recorded during the experiments.
An electrochemical workstation (CHI660A, Shanghai Ch

ua Instrument Co.) was employed to investigate the ele
hemical performance of the sol–gel-imprinted electrodepo
lm. All electrochemical experiments were performed usin
hree-electrode system with the sol–gel-imprinted Au-elect
s the working electrode, a platinum electrode as the aux
lectrode, and a saturated calomel electrode (SCE) as refe
lectrode.

.3. Preparation of the sol–gel film

The preparation of Au nanoparticles was carried out acc
ng to a previously reported work[19]. 1.8 ml of 1% (w/w)
odium citrate solution was added into 50 ml of 0.01% (w
AuCl4 boiling solution, refluxed for ca.15 min until a win

ed color solution was observed and cooled at room temper
r-

-
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ithout addition of cytidine into the initial sol.
The extraction of the template molecule from the imprin

ol–gel film was achieved through repeatedly washing
mprinted sol–gel electrode with the ethanol and double-dis
ater until the template molecule could no longer be dete
nder UV (λmax= 280 nm) from the supernatant.

.4. PQCI measurements

In the following step, the variations of the equivalent par
ters (the response frequency; the motional resistance a
tatic capacitance) were real-time recorded with HP 41
mpedance analyzer. After the sol–gel PQC Au-electrode
mmersed in 10 ml of background solution (0.1 M PBS, pH
or 20 min, stable base-line parameters were obtained. T
eries of sample solutions (cytidine standard solutions)
dded into the background solution in an increasing con

ration order and the corresponding response parameters
ecorded. After the measurement, the electrode was imm
n ethanol and double-distilled water to remove the adso
nalyte.

.5. Electrochemical measurements

The electrochemical impedance measurements were
ormed in the presence of 10 ml of 10 mM K3[Fe(CN)6]/K4
Fe(CN)6] (1:1) PBS (containing 0.2 M NaCl solution as s
orting electrolyte). Prior to addition of sample into the ba
round solution, the three electrodes were stabilized in
ackground solution for ca. 20 min. The sample was added

ncreasing concentration order and the time interval for the
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Fig. 1. Schematic representation of the preparation of molecularly imprinted film on the surface of PQC Au-electrode. corresponds to 1,6-hexanedithiol;

to Au nanoparticles; to APTMS and to cytidine.

tion of the standard sample solution was 15 min. The temperature
of the tested solution in electrochemical cell was controlled at
25± 0.1◦C. After the measurement, the analyte was removed
as mentioned above.

3. Result and discussion

3.1. Imprinting procedure

A cytidine imprinted sol–gel film attempted to deposit
directly on the surface of the PQC Au-electrode without adding
acid-catalyzer or base-catalyzer into the sol. In order to achieve
it, a significantly negative potential was applied to increase
the pH at the electrode surface. The concentration increase of
hydroxyl ions, which act as a catalyst in the condensation pro-
cess, resulted in the deposition of a sol–gel film. The reactions
taking place in the two-step procedure are as follows:

NH2(CH2)3Si(OCH3)3 + 3H2O

→ NH2(CH2)3Si(OH)3 + 3CH3OH (1)

NH2(CH2)3Si(OH)3 + NH2(CH2)3Si(OH)3

→ NH2(CH2)3(OH)2Si O Si(OH)2(CH2)3NH2 + H2O

(2)
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bifunctional organics (thiol) have two reactive centers, one reacts
with an oxide and the other reacts with a metal for attachment of a
strongly adherent thin silica layer on Au surfaces[20]. However,
the insulation of the resulted modified layer made the further
electrodeposition of alkoxysilane on the electrode impossible.
Therefore, a hybrid multilayer film based on thiol-Au nanopar-
ticles and Au nanoparticles-amidogen has been fabricated via
self-assembly because a compact film of Au nanoparticles has
good conductivity[21]. The procedure is shown inFig. 1. For
each process, the mass modified on the surface of the PQC
Au-electrode was calculated by using the piezoelectric tech-
nique and the results are given inTable 1. Given the thiol has
a strong tendency to adsorb onto Au surface, it is reasonable to
assume that all the Au nanoparticles are linked with the APTMS
molecules. Thus, the value of 1.3 of the molar ratio between the
adsorbed Au nanoparticles and the adsorbed APTMS suggests
the combinations between the Au nanoparticle and APTMS may
be in molar ratio of 1:1, and may be in that of 2:1 or more.

Table 1
The mass change on the surface of PQC during the self-assembly

Modification procedure Frequency shift (Hz) Mass change (ng)

1,6-Hexanedithiol 261.4± 0.6 405.1± 0.9
Au nanoparticles 205.7± 0.4 318.8± 0.6
APTMS 184.5± 0.3 290.0± 0.5

E

Previous studies showed that it was very difficult to for

hin, stable sol–gel film on the surface of Au-electrode[16],
hich is an extensively applied substrate for the analy

esearch, especially in the PQC-MIP sensor. In order to solv
roblem, firstly, we attempted to assemble a layer of organic
ate reagent by using (3-mercaptopropy1)triethoxysilane, w
s

lectrodeposition
10a 623.2± 0.3 966.0± 0.5
20a 1131.3± 0.2 1753.5± 0.4
30a 1325.2± 0.5 2054.1± 0.8
40a 1554.7± 0.1 2409.8± 0.3

a Number of scanning cycle.
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In order to investigate further the change of the conductance
of the PQC Au-electrode during the assembly, cyclic voltam-
metry was employed. When 1,6-hexanedithiol was modified on
the surface of the PQC, the significant lack of faradic current
than that of the bare Au-electrode was observed, which indi-
cates that the film is compact and electrons hardly permeate
it. It is important to note that the introduction of Au nanopar-
ticles resulted in the increment of the redox peak of the PQC
Au-electrode, which manifested that Au nanoparticles were not
only self-assembled on the electrode surface, but also partly
distributed within the film as tiny conduction centers and facil-
itated the electron-transfer. Although the faradic current of the
Au-electrode decreased again when APTMS was adsorbed on
the surface of the PQC, the PQC Au-electrode was still electric
because a pair of tiny redox peaks was observed. Thus, it made
the further electrodeposition possible.

The electrodeposition process can be performed in many
ways. Cyclic voltammetry, a classical and conventional method,
was employed in this work. A reduction wave commencing at
potential more negative than−0.8 V was observed due to the
reduction of oxygen to hydroxyl ions at the Au electrode sur-
face[16]. The current of the reduction wave reduced with the
increment of the cyclic scan, which can be explained by the poor
conductance and compactness of the resultant imprinted sol–gel
film. When the scanning cycle was over 40, the reduction wave
almost disappeared and did not reduce with the increment of the
s film.
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respectively. Additionally, the physical and chemical properties
of the background liquid also cause the frequency to change.
The effect of the density (ρL) and viscosity (ηL) of the liquid on
the resonant frequency is as follows[23]:

�f0 = −f 3/2(ρLηL)1/2

(πρqµq)1/2 (4)

The relationship between the motional resistance (Rm) and
the (ρLηL) of the liquid is given as follows[24]:

Rm = (2πf0ρLηL)1/2A

κ2 (5)

whereκ is the electromechanical coupling factor. The absolute
value�f0/�Rm for the net density/viscosity effect on the 9 MHz
PQC resonance is approximately 10.1 Hz/�[25]. Obviously, the
larger the absolute value of�f0/�Rm, the weaker the viscous
effect and the stronger the mass effect.

As given inFig. 2, when a sample solution (cytidine standard
solution) was added, the response frequency (�f0) reduced with
the increment of time and then reached a stable value. Simul-
taneously, the change of motional resistance (�Rm) and static
capacitance (�C0, which is relative to the capacity and struc-
ture of the electrical double layer) increased. The absolute value
of �f0/�Rm (62.5 Hz/�) is higher than that of the characteristic
absolute value of�f0/�Rm (10.1 Hz/�)[25]. This indicates that
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canning cycle for the insulation of the resultant sol–gel
his indicated that the thickness of the electrodeposition
id not increase any more. A layer of imprinted sol–gel film
eposited steadily on the PQC Au-electrode surface by
canning electron microscope technique.

Among the influencing factors of the film thickness,
pplied potential was the most important. The more negativ
pplied potential, the more the thickness of the resultant so
lm. For example, the thickness of the film obtained by appl
he potential over the range−0.4 to−1.0 V for 40 cyclic scan
as calculated as 40.7 nm. However, when the applied pot
as over the range−0.4 to−1.2 V, the thickness of the resulta
lm was 90.1 nm. Another parameter influencing the depo
lm thickness was the deposition time. For example, by ap
ng−1.2 V for 40 cyclic scans, the resultant film’s thickness
.85 times thicker than that of 20 cyclic scans by applying
ame potential.

.2. Performance of the sol–gel-imprinted film

After removal of the template molecule from the imprin
lm, imprinted cavities were obtained. The binding of
ol–gel-imprinted film with template molecule just depende
hese resultant imprinted cavities. In piezoelectric analysis
auerbrey equation shows only the mass effect on the freq
hange of the quartz crystal as follows[22]:

f0 = − 2f 2�m

(ρqµq)1/2A
(3)

heref is the fundamental frequency;A the geometric surfac
rea;ρq andµq are the density and shear modulus of qua
g

e
l

l

y

he frequency decrease is a result of the synergistic effect
he mass factor. Hence, a series of standard sample solution
ncreasing concentration order were added, and the respon
uencies of the sol–gel sensor were recorded. As given inFig. 3,
he response frequencies of the imprinted sol–gel sensor
nalyte were more significant than that of the non-impri
ol–gel sensor. This can be attributed to the much more
ng sites existing in the imprinted sol–gel film than that in
on-imprinted sol–gel film. The frequency shift increased

ig. 2. Typical PQCI spectrum of the sol–gel-imprinted PQC sensor fo
ample solution (sample concentration 2.5× 10−7 M).
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Fig. 3. Response course of the frequency shift of the sensor to each concentration
of cytidine. (1) Non-imprinted film. (2) Imprinted film. (a) 5× 10−9 M; (b)
1× 10−8 M; (c) 5× 10−8 M; (d) 1× 10−7 M; (e) 5× 10−7 M; (f) 1 × 10−6 M;
(g) 5× 10−6 M; (h) 1× 10−5 M. (i) 5 × 10−5 M.

the increment of the sample concentration over a concentra-
tion range from 5.0× 10−9 M to 5.0× 10−5 M. However, when
the sample concentration was over 5.0× 10−5 M, the frequency
shift did not increase any more. The reason may be that the
imprinted binding amount of the imprinted sol–gel film toward
the template nucleotide is limited due to the limited imprinted
sites existing in the imprinted film. As in our previous work
[26], a relationship between the frequency shift (�fi, Hz) and
the sample concentration (Ci, M) was regressed as follows:

−�fi = 494.2 + 56.9 logCi, r = 0.97 (6)

In this work, the binding capacity of the sol–gel-imprinted
film was further investigated in different pH PBS by using piezo-
electric technique. The binding capacities of the imprinted film
to template molecule at pH 5.0, 6.0, 7.0, 8.0 were measured,
respectively. FromFig. 4, the affinity of the imprinted film to
template was estimated for each buffer solution and the values
of the dissociation constants (Kd) were estimated. As shown
in Table 2, allKd are in the nanomolar range. This suggests
a strong imprinted film-template interaction existing between
the imprinted film and the nucleotide[27]. For non-imprinted
sol–gel film,Kd values vary from 1.05�M at pH 5.0 to 1.08�M
at pH 8.0, no significant effect of pH on the binding capac-
ity of it with cytidine was observed. However, for imprinted
sol–gel film, Kd value at pH 5.0 (0.19) is twice over that at

T
I

p

5
6
7
8

Fig. 4. Specific binding performance of the imprinted sol–gel film in buffer
solutions with different pHs. Data were plotted as bound max/bound (Bmax/B)
vs. 1/concentration.Kds were calculated from the slope of the curves.

pH 8.0 (0.084), which indicates its enhanced affinity at high pH.
By comparing non-imprinted sol–gel film and imprinted sol–gel
film, the optimum binding pH was estimated to be between pH
7.0 and 8.0, where the affinity of the imprinted sol–gel film
was several times higher than that of the non-imprinted sol–gel
film.

Studies showed that the swelling of the imprinted polymer
upon the association of the analyte enhances the permeability
of the electrolyte through the imprinted polymer film[2,26].
Thus, it is possible to investigate the binding performance of
the sol–gel-imprinted film with cytidine by using the electro-
chemical impedance technique, which is an effective method to
probe the features of surface-modified electrodes[28]. Gener-
ally, a typical shape of an electrochemical impedance spectrum
(Nyquist plot) includes a semicircle segment, observed at higher
frequencies, which corresponds to the electron-transfer resis-
tance of the modified film on Au-electrode surface (Ret). As
given inFig. 5, the sample concentration ranging from 1× 10−6

to 5× 10−4 M, Ret reduced with the increment of the sample
concentration. However, when the sample concentration was
lower than 1× 10−6 M, the electrochemical impedance spec-
trum did not give significant change. According to previous
studies[29], it was found that the imprinted adsorption data
fit well to the Freundlich isotherm model. Therefore, the lower
the sample concentration, the smaller the adsorbed mass. Thus,
when the adsorbed mass was too small, the swelling degree of the
i nge
i mple
c f
t is
i ircu-
l g
k

able 2
nfluence of pH on cytidine binding of sol–gel film

H Kd (�M)

Imprinted film Non-imprinted film

.0 0.19 1.05

.0 0.14 0.99

.0 0.13 1.2

.0 0.084 1.08
mprinted film was also too small to generate significant cha
n the electrochemical impedance. However, when the sa
oncentration was over 5× 10−4 M, no significant change o
he electron-transfer resistance (Ret) was also observed. It
nteresting to note that a linear relationship between the c
ar diameter of the electrochemical impedance spectra (loRet,
�) and the sample concentration (logCi, M) ranging from
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Fig. 5. Nyquist plot of electrochemical impedance spectra of the sol–gel-
imprinted PQC Au-electrode upon interaction with cytidine of different con-
centrations. (a) 0 M. (b) 1× 10−6 M. (c) 5× 10−6 M. (d) 1× 10−5 M. (e)
5× 10−5 M. (f) 1 × 10−4 M and (g) 5× 10−4 M. Inset: relationship between
the circular diameter and the cytidine concentration.

1× 10−6 M to 5× 10−4 M was observed (Inset inFig. 5) and
regressed as follows:

log Ret = 0.567− 0.043 logCi, r = 0.97 (7)

This indicated that the electrochemical impedance technique
is a feasible method for quantified analysis of the sample con-
centration.

An attempt was made to characterize the binding perfor-
mance of the film to the template molecule by using the capac-
itance technique because the resultant electrodeposited sol–gel
imprinted film is insulating. According to previous studies
[30,31], when one plate is covered with an insulator and the other
is an image electrode of insulator/electrolyte solution interface
connected to the counter electrode, if the resultant phase angle
(θ) is close to 90◦, the device displays near-ideal capacitor behav-
ior. In this work, when the frequency of 1000 Hz was chosen as
the work frequency, the resultant phase angle (θ) was 85.5◦. This
indicated it is possible to investigate the binding performance of
the sol–gel sensor toward the template molecule by using capac-
itance technique.

According to previous studies[30,31], the capacitance,C,
between two parallel plates separated with a distanced is given
by equation:

C = ε0εA

d
(8)

w -
s a.
U s o
i ule
a ack-

Fig. 6. Capacitance shift as a function of the concentration of cytidine. Inset:
real-time binding curves of sol–gel film with cytidine (10�M) by using the
capacitive sensing technique. (1) Non-imprinted sol–gel film. (2) Imprinted
sol–gel film.

ground solution, the capacitance of the imprinted sol–gel film
reduced for ca.10 min and then became stable. The change of
the sensor capacitive response with the cytidine concentration is
shown inFig. 6(b). The results demonstrated when the concen-
tration exceeds 30�M; there is no obvious capacitance change.
The total signal change caused by cytidine for imprinted sol–gel
sensor was more than 17%. For non-imprinted sol–gel sensor,
the total signal change was only ca. 6.0%. The results confirm
that in the case of the sensor for cytidine, the analyte binding
with the film is essential for the changes in capacitance.

3.3. Selectivity and stability

The key property of the molecularly imprinted sensor is its
capability of recognizing a specific target molecule. The selec-
tive recognition is based on functional group and shape com-
plementarity between the template molecules and 3D structure
of binding sites in the imprinted film. To assess the recogni-
tion performance of the electrodeposited imprinted sol–gel film,
selectivity factor (κit ), which is defined as the ratio of the sensor’s
frequency shift toward the interfering substance to that toward
the template molecule, was calculated. A series of interfering
compounds, which concentrations were 5× 10−5 M, were tested
by using piezoelectric technique. As shown inTable 3, allKits of
the imprinted sol–gel sensor to interfering substances are much
smaller than that of the non-imprinted sol–gel sensor, which sug-
g tidine
f

ted
A lyte,
t e as a
t u-
e ances
hereε0 is the permittivity of free space;ε the dielectric con
tant of the material between the plates, andA is the surface are
sing capacitive method, the real-time combination curve

mprinted/non-imprinted sol–gel film with template molec
re shown inFig. 6(a). When a sample was added into the b
f

ested that the imprinted sol–gel sensor can distinguish cy
rom the interfering substances.

Since differentRet can be obtained for the sol–gel-imprin
u-electrode before and after its interaction with the ana

he electrochemical impedance technique could also serv
ool to evaluate selectivity of the imprinted film modified A
lectrode. As mentioned above, a series of interfering subst
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Table 3
The selectivity of the imprinted sol–gel film

Interfering substance Imprinted sol–gel film Non-imprinted sol–gel film

Kit =�fi/�fta Kit =�Ret(i)/�Ret (t)
b Kit =�fi/�fta Kit =�Ret(i)/�Ret(t)

b

Guanosine 0.21 0.24 0.93 1.01
Thymidine 0.36 0.34 0.91 0.96
Uridine 0.44 0.41 0.89 0.99
Deoxythymidine 0.38 0.31 0.95 0.94
Deoxyguanosine 0.20 0.23 0.90 0.95
Adenosine 0.18 0.25 1.08 0.97
AMP 0.13 0.20 0.95 0.99

a Kit is defined as the ratio of the sensor’s frequency shift toward the interfering substance to that toward the template molecule.
b Kit is defined as the ratio of the change of the diameter of the electrochemical impedance spectra toward the interfering substance to that toward the template

molecule.

were also tested and the results are also shown inTable 3. Similar
results of the electrochemical impedance experiment with that of
the piezoelectric technique were observed, which further proved
that the imprinted sol–gel film can selectively recognize cytidine
from the interfering substances. In both cases, special selectivity
of the imprinted film toward its template is demonstrated. The
shape effect seems to play a crucial role in the selectivity of
the imprinted film. For example, uridine, which has very similar
size to cytidine, its selectivity factor (Kit ) is greater than other
interfering substance. However, no significant difference in the
selectivity factor (Kit ) between guanosine and deoxyguanosine;
thymidine and deoxythymidine were observed.

Another important property of the imprinted PQC sensor is
its stability. For an imprinted sol–gel sensor, with membrane
thickness of ca. 100 nm, repeatedly regenerated (seven times),
the binding capacity of the imprinted film with the template
molecule was measured during 4 weeks and the result was found
to decrease 14± 3% of its original binding capacity. The affin-
ity decrease may be caused by the partial destruction of the
imprinted binding sites when the template molecule was washed
out from the imprinted film.

4. Conclusions

A novel cytidine imprinted sol–gel silicate film was elec-
t antly
n the
r MS
i Au-
e via
s void
t a
s –ge
i nce
o iezo
e an
c niqu
c
t is
p ying
t ell
u the

tested techniques, the capacitance technique gives the narrowest
response range (5–30�M), but it provides an alternative detec-
tion tool for an insulated imprinted sol–gel film and its binding
with template. All these results suggest that the electrodeposited
sol–gel imprinted method is feasible.
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