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Abstract: (R)- or (S)-2-Methylferro-
cene carboxylic acids, (R)-1 or (S)-1,
(R)- or (S)-2-phenylbutanoic acid, (R)-2
or (S)-2, and (R)- or (S)-2-propanoic
acid, (R)-3 or (S)-3, can be imprinted
in thin TiO2 films on the gate surface
of ion-sensitive field-effect transistor
(ISFET) devices. The imprinting is per-
formed by hydrolyzing the respective
carboxylate TiIV butoxide complex on
the gate surface, followed by washing off
the acid from the resulting TiO2 film.

The imprinted sites reveal chiroselectiv-
ity only towards the sensing of the
imprinted enantiomer. The chiral recog-
nition sites reveal not only chiroselec-
tivity but also chirospecificity and, for
example, the (R)-2-imprinted film is
active in the sensing of (R)-2, but

insensitive towards the sensing of (R)-
2-phenylpropanoic acid, (R)-3, which
exhibits a similar chirality. Similarly,
the (R)-3-imprinted film is inactive in
the analysis of (R)-2. The chiroselectiv-
ity and chirospecificity of the resulting
imprinted films are attributed to the
need to align and fit the respective
substrates in precise molecular contours
generated in the cross-linked TiO2 films
upon the imprinting process.
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Introduction

Imprinting of molecular recognition sites in bulk polymer or
inorganic matrices has been a subject of extensive research
efforts in the last two decades.[1, 2] Two general strategies have
been suggested to generate the molecular-imprinted recog-
nition sites. One method includes the polymerization of
monomer units complementary to the chemical functionali-
ties in the substrate molecule, followed by physical removal of
the imprinted substrate by a washing process.[3, 4] The second
approach includes the covalent attachment[5] or coordina-
tion[6] of the substrate to polymerizable monomer units.
Polymerization of the units followed by chemical cleavage of
the bonds results in the imprinted molecular recognition sites.
Molecular-imprinted inorganic matrices have been prepared
by the incorporation of substrates in silica gels[7] or TiO2

[8]

followed by the removal of the imprinted substrate from the
respective oxides. Inorganic oxides with selective affinities for
the imprinted substrate and chiroselective imprinted[9] sites
have been reported. The different imprinted matrices have
been used for chromatographic separations[10, 11] and for

selective reactions in the imprinted cavities.[12] Recently, the
effect of chiral cavities on the ligand exchange in platinum
complexes was addressed.[13] The use of imprinted molecular
recognition sites in membrane assemblies is particularly
tempting for selective sensing applications. Although differ-
ent sensors based on the imprinting process have been
reported,[14] the method suffers from basic limitations: 1)
The imprinted polymer matrices are usually thick, and the
number of recognition sites per unit volume of imprinted
matrix is relatively low; this introduces diffusion barriers for
the analyte substrate, resulting in slow response-times and
moderate sensitivities. 2) It is difficult to electrically contact
the molecular recognition sites with electronic transducers,
and thus the electronic transduction of the sensing process is
problematic. Indeed, most of the sensor devices based on
molecular-imprinted membranes are either optical[15] or
include the microgravimetric, quartz-crystal-microbalance
(QCM) analysis of the substrate.[16] Recently, methods to
imprint molecular recognition sites in two-dimensional mono-
layers assembled on electrodes were reported.[17, 18] The close
proximity between the electrode and the binding sites enabled
the electrochemical transduction (amperometric or capaci-
tance signals) of the formation of the affinity complexes
between the substrate and the imprinted sites. In a prelimi-
nary study[19] we reported on the assembly of selective
molecular recognition sites for chloro aromatic acids in TiO2

thin films associated with the gate interface of an ion-sensitive
field-effect transistor (ISFET) device. Specific binding sites
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for 4-chlorophenoxyacetic acid
or 2,4-dichlorophenoxyacetic
acid in the TiO2 film were
produced. Variation of the gate
potential upon the binding of
the host substrate, by changing
the degree of proton dissocia-
tion of the oxide interface, en-
abled the ISFET-transduction
of the sensing processes. Here
we wish to report on the imprint
of chiral molecular recognition
sites in TiO2 films associated
with the gate surface on an
ISFET and on the chiroselec-
tive and chirospecific sensing of
the imprinted substrates.

Results and Discussion

Scheme 1 outlines the method
to assemble the imprinted TiO2

film on the Al2O3-gate interface
of the ISFET device. The tita-
nium(iv)butoxide ± carboxylate
complex is polymerized by hy-
dration on the gate interface
followed by drying of the re-
sulting TiO2 film. The resulting
TiO2 film is washed with an
ammonia solution to exclude
the carboxylate units and to
generate the structural con-
tours for the association of the
imprinted substrate. The hy-
drolysis of the carboxylate gen-
erates surface Ti-OH groups
that control the gate potential.
The secondary binding of the
carboxylate analyte removes
part of the hydroxyl function-
alities [Eq. (1)], and the gate
potential is altered, thus ena-
bling the electronic transduc-
tion of the association of the
substrate to the imprinted sites
in the membrane film by the
ISFET device.
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The first pair of chiral substrates that were examined by this
method were (S)-2-methylferrocene carboxylic acid and (R)-
2-methylferrocene carboxylic acid, (S)-1 and (R)-1, respec-
tively. The two chiral substrates were imprinted in the
respective TiO2-functionalized ISFETs. Figure 1A shows the
responses of the (S)-1-imprinted ISFET device upon sensing
different concentrations of (S)-1, curve a, and upon an
attempt to sense (R)-1 by the device, curve b. It is clear that
the system reveals chiroselectivity, and the device responses
to the imprinted substrate. The device is, however, insensitive
to the (R)-1 enantiomer. The system is able to sense (S)-1 in

Scheme 1. A) Schematic configuration of the molecular imprinted ISFET device. B) Preparation of molecular
imprinted sites for carboxylic acids in a TiO2 film acting as the sensing interface on the ISFET gate.
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Figure 1. A) The gate-source voltage (Vgs) of the (S)-1-imprinted TiO2-
film-functionalized ISFET device upon: a) interaction with variable
concentrations of (S)-1 and b) treatment with variable concentrations of
(R)-1. B) The gate-source voltage of the (R)-1-imprinted TiO2-film-
functionalized ISFET device upon: a) interaction with variable concen-
trations of (R)-1 and b) treatment with variable concentrations of (S)-1.

the concentration range of 0.125 to 6.25 mm with a lower
detection limit for the analysis of (S)-1 that corresponds to
0.6 mm, and an average sensitivity of 16� 1 mVdecÿ1. Fig-
ure 1B shows the ªmirror experimentº in which the TiO2 film
associated with the gate of the ISFET is imprinted with the
(R)-1 enantiomer, and the response of the system to (R)-1,
curve a or (S)-1, curve b, are examined. The system reveals
complete chiroselectivity for the imprinted substrate. While
(R)-1 is effectively sensed in the concentration range of 0.05 to
6.25 mm with a lower detection limit of 0.10 mm and an
average sensitivity that corresponds to 18� 1 mV decÿ1, the
(S)-1 enantiomer is not recognized by the membrane and no
response of the system is detected.[20] The system reveals full
reversibility and the associated substrate can be washed off
from the membrane (with 1 % NH3 solution), a process that
regenerates the sensing membrane. The functionalized ISFET
device exhibits stability towards the chiroselective analysis of
the chiral ferrocene derivatives for at least one week.

The chiroselectivity of the imprinted ISFET devices is even
more impressive upon imprinting the enantiomers of 2-phenyl
alkanoic acids in the TiO2 films and the analysis of the
respective acids by the ISFET devices. (R) or (S)-2-phenyl-
butanoic acid, (R)-2 and (S)-2, were imprinted in the TiO2

films. Figure 2A shows the results corresponding to the
analysis of the enantiomers by the (S)-2-imprinted membrane
ISFET device. The imprinted substrate, (S)-2, is effectively
sensed by the device, curve a, in the narrow concentration
range of 0.25 to 2.5 mm with the lower detection limit
corresponding to 0.50 mm. The (S)-2 imprinted membrane is,

Figure 2. A) The gate-source voltage (Vgs) of the (S)-2-imprinted TiO2-
film-functionalized ISFET device upon: a) interaction with variable
concentrations of (S)-2, b) treatment with different concentrations of
(R)-2, and c) treatment with different concentrations of (S)-3. B) The gate-
source voltage (Vgs) of the (R)-2-imprinted TiO2-film-functionalized
ISFET-device upon: a) interaction with variable concentrations of (R)-2,
b) treatment with different concentrations of (S)-2, and c) treatment with
variable concentrations of (R)-3.

however, insensitive to the (R)-2 substrate, and no signal is
transduced by the ISFET device within the entire concen-
tration range in which (S)-2 is detected, Figure 2A, curve b.
Interestingly, the (S)-2-imprinted TiO2 membrane reveals
only a minute affinity for (S)-2-phenylpropanoic acid, (S)-3,
(the slope of the calibration curve corresponds to 5�
0.5 mV decÿ1 in the concentration range of 0.4 to 6.25 mm),
Figure 2A, curve c. That is, even though (S)-2 and (S)-3
exhibit a similar configurational stereochemistry, shortening
of the alkane chain by a single methylene unit yields almost
complete structural differentiation by the sensing film. This
stereochemical specificity of the imprinted TiO2 film is
attributed to a cooperative binding effect of the imprinted
molecular contour and the carboxylic acid ligation site upon
the association of the imprinted substrate to the cross-linked
Ti-O-Ti matrix. For effective binding of the chiral carboxylic
acid (S)-2 to the Ti-OH center, the association of the substrate
to the imprinted molecular contour through the terminal
methyl group of the four-carbon chain is essential in order to
gain the appropriate structural orientation of the substrate.
Similar behavior is observed upon analyzing the two enan-
tiomers with the (R)-2-imprinted membrane, Figure 2B. The
imprinted membrane effectively binds (R)-2, curve a, in the
concentration range of 0.0625 to 1.25 mm, with an average
slope of the calibration curve that corresponds to 42�
2 mVdecÿ1 and with a lower detection limit of 0.08 mm.[20]

The imprinted membrane is insensitive to the (S)-2 enan-
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tiomer, Figure 2B, curve b. As stated above, the enantiomer
(R)-3, which exhibits identical stereochemistry to the im-
printed substrate but includes an alkyl chain shorter by a
single methylene group, is not detected by the functionalized
ISFET, Figure 2B, curve c. That is, the imprinted ISFET
devices reveal not only chiroselectivity leading to complete
differentiation between the imprinted (R) and (S) substrates,
but also impressive chirospecificity that enables the selective
recognition of the two structural analogues (R)-2, (R)-3 and
(S)-2, (S)-3.

The opposite imprinting procedure in which the enantio-
mers of 3 are imprinted in the TiO2 film, leads similarly to the
chiroselective and chirospecific membrane-functionalized
ISFET devices. Figure 3A exemplifies the performance of

Figure 3. A) The gate-source voltage (Vgs) of the (R)-3-imprinted TiO2-
film-functionalized ISFET device upon: a) interaction with variable
concentrations of (R)-3, b) treatment with different concentrations of
(S)-3, and c) treatment with variable concentrations of (R)-2. B) The gate-
source voltage of the (S)-3-imprinted TiO2-film-functionalized ISFET
device upon: a) interaction with variable concentrations of (S)-3, b) treat-
ment with different concentrations of (R)-3, and c) treatment with variable
concentrations of (S)-2.

the (R)-3-imprinted membrane. The imprinted substrate (R)-
3 is effectively sensed by the device in the concentration range
of 0.05 to 1.25 mm with the detection limit of 0.10 mm and an
average sensitivity that corresponds to 55� 2 mVdecÿ1, Fig-
ure 3A, curve a. The (R)-3-imprinted membrane is inactive in
sensing the enantiomer (S)-3, Figure 3A, curve b. Similarly,
the (R)-3-imprinted film is insensitive for the analysis of (R)-
2, which exhibits a chirality similar to that of (R)-3, Figure 3A,
curve c. Thus the imprinted matrix is able to distinguish
between two substrates that differ only by a single CH2 group.
The specificity of the imprinted TiO2 film for (R)-3 is

attributed to the cross-linked matrix of the interface. That is,
the generated molecular contour for (R)-3 cannot spatially
accommodate the larger substrate (R)-2. Analogous results
are observed upon interaction of the (S)-3-imprinted ISFET
device with the two enantiomers (S)-3 and (R)-3, Figure 3B.
The imprinted substrate (S)-3 is effectively sensed by the
interface in the concentration range of 0.3 ± 1.25 mm with the
lower detection limit of 0.45 mm. The average slope of the
calibration plot corresponds to 35� 2 mVdecÿ1, Figure 3B,
curve a. The (S)-3-imprinted membrane is, however, almost
insensitive to the (R)-3 enantiomer, revealing a minute
sensitivity of 4� 0.3 mVdecÿ1 in the range of 0.6 ± 6.25 mm,
which is within the error of measurement, Figure 3B, curve b.
Similarly, the (S)-3-imprinted film is insensitive towards the
sensing of (S)-2, which exhibits a chirality identical to that of
(S)-3, Figure 3B, curve c. These results clearly indicate that
the membrane is an active sensing interface for the imprinted
chiral substrate. The imprinted membrane can distinguish
enantiomers of similar chirality that differ by a single
methylene unit. Thus, the imprinted interface reveals chiro-
selectivity and chirospecificity.

An attempt was made to characterize the sensing interface
and the imprinted sites in the film. The film thickness was
determined by the use of impedance spectroscopy measure-
ments on the modified gate interface.[21] The impedance
features of the gate interface are controlled by the chemical
composition of the modified gate.[22, 23] In a recent study we
suggested the use of impedance spectroscopy measurements
on a functionalized gate as a method to evaluate the thickness
of chemically-assembled thin films on the gate surface.[24]

According to this method, the transconductance functions of
the system are recorded at variable applied frequencies, and
the time constants t1 [Eq. (2)] and t2 [Eq. (3)] are extracted

t1�Rmem(Cmem � Cox)�Rmem Cox (2)

t2�Rmem Cmem (3)

Cmem�
eoememA

dmem

(4)

from the curves, see Figure 4. By using the time constants, the
resistance of the TiO2 film membrane (Rmem) and the
capacitance of the TiO2 film (Cmem) can be determined. The
value Cox corresponds to the capacitance of the Al2O3

Figure 4. Transconductance curves of: a) the bare ISFET device and b) the
(R)-3-imprinted TiO2-film-functionalized ISFET device.
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interface on which the TiO2 film is assembled. From these
values, the film thickness dmem can be determined by using
Equation (4), in which eo and emem are the dielectric constants
of the vacuum (eo� 8.85� 10ÿ12 Fmÿ1) and the dielectric
constant of the membrane, respectively, and A is the gate area.

Figure 4 shows the transconductance curves at variable
frequencies corresponding to the bare ISFET device, curve a,
and the TiO2 film-functionalized gate, curve b. Using the
derived Cmem and emem� 10, we estimate the TiO2 film
thickness to be 85� 10 mm.

To further characterize the sensing interface associated with
the gate, we attempted to estimate the number of imprinted
sites in the sensing membrane. Towards this goal we imprinted
14CH3CO2H in the TiO2 membrane associated with the ISFET
device, by a similar procedure outlined for the different acids.
We measured the radioactive counts of the resulting film and
the radioactive counts resulting in the solution upon washing
the imprinted film with 1 % NH3. We find that about 65 ± 70 %
of the radioactive counts associated with the film are washed
off. Using these data, we estimate that approximately 3.68�
1018 imprinted sites per gram are associated with the TiO2

sensing interface.[25] It should be noted that since the radio-
active label is acetic acid, the number of imprinted recognition
sites in the sensing interface may be considered only as a
rough estimate of the number of recognition sensing sites of
the other acids described in this study.

Conclusions

The present study has revealed the imprint of chirospecific
and chiroselective molecular recognition sites in TiO2 thin-
films associated with a field-effect transistor. The functional-
ized ISFET device provides a sensitive electronic transducer
for the detection of the affinity interaction between the
imprinted substrate and the recognition site. The interesting
observation is that not only the different imprinted enan-
tiomers yield chiroselective recognition sites for the re-
spective enantiomers, but yield chirospecific sites that differ-
entiate structurally related compounds of similar chirality. For
example, this was clearly demonstrated by the fact that the
(R)-2-imprinted membrane is insensitive for sensing (R)-3,
and, similarly, the (R)-3 imprinted TiO2 film is inactive in the
binding of (R)-2. This unique chirospecificity was attributed to
the need for precise fitting and alignment of the imprinted
substrate in the imprinted molecular contour with respect to
the Ti-OH carboxylate ligating site.

Our study has also revealed an effort to characterize the
imprinted sensing interface on the gate surface of the ISFET,
by the combination of impedance measurements and radio-
active labeling experiments. The impedance measurements[22]

provide a sensitive technique to characterize the structure of
chemically assembled dielectric membrane films on the gate
surface of ISFETs.

Experimental Section

Materials : (S)- and (R)-2-methylferrocene carboxylic acids, (S)-1 or (R)-1,
respectively, were synthesized according to literature.[26] (S) or (R)-2-

phenylpropanoic acid, (S)-2 and (R)-2, respectively, and (S) or (R)-2-
phenylbutanoic acid, (R)-3 and (S)-3, respectively, were purchased from
Sigma. TiIV butoxide was purchased from Aldrich. All other chemicals
(Sigma or Aldrich) were of analytical grade and used as received.
Ultrapure water from Seralpur PRO 90 CN was used throughout all the
experiment.

ISFET preparation : A solution of TiIV butoxide in ethanol/toluene (1:1)
was treated with the respective carboxylic acid. The resulting mixture,
which included the TiIV-butoxide ± carboxylate complex, was deposited
onto the gate surface. The modification of the Al2O3-gate of the ISFET
device was performed by placing a 0.4 mL drop of the TiIV-butoxide ± car-
boxylate complex solution on the gate interface. The system was then dried
in an oven (Eurotherm) at 40 8C overnight. The resulting modified chip was
thoroughly rinsed with toluene and then with the working buffer solution.
The sol-gel polymerization of the mixture on the alumina oxide gate
interface resulted in a thin TiO2 film with the embedded carboxylate.
Treatment of the film with ammonia solution (1% v/v for 2 min) led to the
elimination of the carboxylate and the formation of imprinted molecular
sites for the respective acid within the TiO2 film.

Measurements : Al2O3-gate (20� 700 mm2) ion-sensitive field-effect tran-
sistors (IMT, NeuÃ chatel, Switzerland) were used. An Ag/AgCl electrode
was used as a reference electrode. The chip modified by the molecular-
imprinted TiO2 thin film was immersed in the analysis cell that included
phosphate buffer solution (0.8 mL, 0.1m, pH 7.2) and the respective acid at
different concentrations. The output signal between the ISFET source and
the reference electrode was recorded by using a semiconductor parameter
analyzer (HP 4155B). Each measurement was performed for 15 minutes
with a time interval of 2 minutes. The configuration of the system enabled
the measurement of the source-gate voltage (Vgs), while the drain current
(Id) and the source-drain voltage (Vds) remained constant (Id� 100 mA and
Vds� 1.5 V). The difference in the Vgs potentials for the ISFET modified by
the TiO2 films with and without the embedded carboxylic acid residue was
plotted. The experiments were carried out at ambient temperature without
any stirring in order to simulate real conditions of possible future in vivo
applications. Reproducibility of the measurements was�2 mV in a number
of experiments (n)� 5. All the measurements were performed using a
phosphate buffer solution (0.1m, pH 7.2).

Evaluation of TiO2 film thickness : The TiO2 film thickness was determined
by the use of impedance spectroscopy measurements on the ISFET
device.[21] The electronic circuit (see Supporting Information) was used to
follow the impedance properties of the modified ISFET device. This circuit
was recently used to characterize the modification of the gate interface with
different thin films.[24] The functionalized Al2O3-gate ISFET devices and a
Pt wire (D� 0.8 mm), acting as a counter electrode and positioned 2 mm
from the gate interface, were immersed in the cell filled with 0.8 mL of the
analyzed solution. The ISFET characteristic curves (Id vs Vds for the
appropriate Vgs values) were recorded with a HP 4155B semiconductor
parameter analyzer. The measurement setup consisted of a programmable
electrometer (Keithley 617), a lock-in amplifier (Stanford Research
System, Model SR 830 DSP), and a two-channel digital real-time oscillo-
scope (Tektronix TDS 220). For the impedance spectroscopy measure-
ments, the ISFET was conjugated to the electronic circuit. The Vds value
was adjusted to 1.5 V as indicated on a SKL MAS930L multimeter by using
a potentiometer. Then, the Keithley voltage source was adjusted to provide
a DC bias potential of 0.75 V, and the Id value, which corresponded to
100 mA, was adjusted by using the same multimeter. These operating
conditions of the ISFET enabled us to obtain an undistorted operational
amplifier output, detected on the Tektronix oscilloscope, when an AC
voltage of 0.3 V RMS was applied from the internal sine wave reference of
the lock-in amplifier. To determine the transconductance transfer func-
tions, the output potential, Vout , at variable frequencies from 1 Hz to
100 kHz, was related to the imaginary impedance, Zim. The values of the
output potentials corresponding to Zim were normalized at 1 Hz to give the
respective transfer function.[24]

Radioactive labeling experiments : The procedure for the radioactive
labeling experiments was carried out in the same way as described above in
part ªISFET preparationº, in which [2-14C] acetic acid (25 mm) was used as
a template molecule. The radioactivity of [2-14C] acetic acid embedded in
the TiO2 film and in solution was measured by a scintillation counter LS-
2800 (Beckman) with 1 % counting accuracy.[19]
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