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Abstract—Molecular recognition sites were imprinted in inorganic TiO, films, and acrylamide—acrylamidephenylboronic acid copolymer
membranes, associated with ion-sensitive field-effect transistors, ISFETSs, that act as transduction devices for the association of the substrates
to the imprinted membranes. Molecular structures of carboxylic acids, e.g. 4-chlorophenoxyacetic acid (1), 2,4-dichlorophenoxyacetic acid
(2), fumaric acid (3), and maleic acid (4), are imprinted in TiO, films. The imprinted sites reveal high specificity, and substrates, structurally-
related to the imprinted compounds are fully differentiated by the imprinted membranes. The specificity of the imprinted sites originates from
the complementary structural fitting and ligation of the guest carboxylic acid residues to the Ti(IV)—OH sites in the host carboxylic acids to
the imprinted cavities. An acrylamide—acrylamidephenylboronic acid copolymer acts as a functional polymer for the imprinting of nucleo-
tides, e.g. adenosine 5’-monophosphate, AMP, (7), guanosine 5’-monophosphate, GMP, (8), or cytosine 5’-monophosphate, CMP, (9). The
specificity of the imprinted nucleotide sites originates from the cooperative binding interactions between the nucleotides and the boronic acid
ligand and acrylamide H-bonds. The detection regions and sensitivities for sensing of the different substrates by the functional polymers are

determined. © 2002 Elsevier Science Ltd. All rights reserved.

Imprinting of molecular recognition sites in bulk polymers
or inorganic matrices has been a subject of extensive
research efforts in the last two decades.!?> Two general stra-
tegies have been suggested to generate molecular imprinted
recognition sites. One method includes the polymerization
of monomer units complementary to the chemical function-
alities in a substrate molecule, followed by the physical
removal of the imprinted substrate by a washing process.™

The second approach includes the covalent attachment’ or
coordination® of the substrate to polymerizable monomer
units. Polymerization of the functionalized substrate
molecule in the presence of another monomer yields a sub-
strate-functionalized copolymer. Cleavage of the polymer-
linked substrate yields the imprinted sites. Molecular
imprinted organic polymers or inorganic polymers such as
silica gels’ or TiO,® were prepared with structural’ and
chiral'® selectivities. The different imprinted matrices
were used for chromatographic separations'''> and for
selective reactions in the imprinted cavities."> The use of
membranes that include imprinted molecular recognition
sites is particularly tempting for selective sensing appli-
cations. Although different sensors based on the imprinting
process have been reported,'* the methods suffer from basic
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limitations: (i) the imprinted polymer matrices are usually
thick, and the number of recognition sites per unit volume of
the polymer is relatively low. This introduces diffusion
barriers for the substrate, resulting in slow response-times
and moderate sensitivities and (ii) it is difficult to electri-
cally communicate the molecular recognition sites with
electronic transducers, and thus the electronic transduction
of the sensing events is difficult. Indeed, most of the sensor
devices based on molecular imprinted matrices are either
optical (include a chromogenic marker)' or include micro-
gravimetric, quartz-crystal microbalance (QCM)'*!
analyses of the substrates.

Recently, an approach to generate molecular imprinted sites
in a two-dimensional monolayer array associated with a
surface was reported.'®"” Imprinting of molecular recog-
nition sites was accomplished by photochemical cleavage
of the imprinted substrate from the monolayer assembly'® or
by the incogporation of a specific binding element in the
monolayer.' The close proximity between the electrode
and the imprinted sites in these systems enabled the electro-
chemical transduction (amperometric or capacitance sig-
nals) of the formation of the affinity complexes between
the substrate and the imprinted sites.

Recently, we have reported on the assembly of TiO, thin
films on an ISFET, and in a preliminary study we reported
on the selective analysis of chloroaromatic acids.” In the
present report we describe a comprehensive study on the
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Scheme 1. (A) Schematic configuration of the molecular-imprinted ISFET device. (B) Preparation of molecular-imprinted sites for carboxylic acids in a TiO,

thin film acting as the sensing interface on the ISFET gate.

imprinting of molecular recognition sites in thin inorganic
or organic films associated with ISFETs and piezoelectric
quartz-crystals. We describe a novel method for the imprint-
ing of molecular recognition sites for nucleotides. We also
demonstrate significant structural selectivity upon imprint-
ing of molecular recognition sites in TiO, membranes.

1. Results and discussion

Carboxylic acids were imprinted in TiO, films associated
with the gate surface of an ISFET device as shown in
Scheme 1(A). Hydrolytic polymerization of the Ti(IV)
carboxylate or tributoxide complex on the SiO, surface of
the ISFET followed by the removal of the carboxylate in the
presence of ammonia, yields imprinted sites in the resulting
TiO, film. Scheme 1(B) shows the schematic configuration

of the ISFET device that includes the imprinted membrane
as sensing interface. Deprotonation of the hydroxylated
Ti—OH interface controls the charge and, respectively, the
potential of the gate. That is, at a certain gate potential, and
upon the application of the appropriate potential between
the source and drain of the ISFET, a constant current flows
between the source and drain. Binding of the host—substrate
to the imprinted sites generates the Ti(IV)-—carboxylate
complex. This depletes the hydroxyl functionalities and
alters the gate potential. In order to retain the current
between the source and drain of the FET, the gate potential
must be compensated by an external voltage, V,, (applied
between the reference electrode and the source). Provided
the imprinted sites are selectively occupied by the imprinted
substrate the bulk concentration of the substrate controls the
occupation of the imprinted membrane, and thus the gate
potential.
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Figure 1. The gate—source potential changes, (AV,;) of the device upon: (a)
interaction of the device with the (1)-imprinted TiO, film with varying
concentrations of (1); (b) interaction of the device which includes a non-
imprinted TiO, film with varying concentrations of (1); (c)—(e) interaction
of the (1)-imprinted device with varying concentrations of 2,4-dichlorophe-
noxyacetic acid (2), cinnamic acid and benzoic acid, respectively. Inset:
cyclic analysis of (1) by the (1)-imprinted TiO, film-functionalized ISFET
device. Upper points correspond to the response of the device after inter-
action with (1) (6.25%107> M). Lower points correspond to the response of
the device after the rinsing of the membrane and the depletion of the bound
analyte with ammonia solution, 1% (v/v), followed by rinsing with 0.1 M
phosphate buffer solution, pH=7.2. The Na*-salt of the different acids were
used in the different experiments. A=Analysed carboxylic acid.

Chloroaromatic acids such as 4-chlorophenoxyacetic acid
(1) or 2,4-dichlorophenoxyacetic acid (2) act as herbicides
and are common ground, water and food contaminants.
Previous studies reported on the imprint of molecular recog-
nition sites for (1) and (2) in poly(ethyleneglycol dimeth-
acrylate-co-4-vinylpyridine) or poly(trimethylolpropane
trimethacrylate-co-4-vinylpyridine) polymer matrices and
their analysis by means of fluorescene immunoassays,*'
differential-pulse voltammetry on screen-printed elec-
trodes,”'® infrared evanescent wave spectroscopy,>'® and
colorimetric and chemiluminescence assays.”'® We have
generated imprinted TiO, membranes for (1) or (2) on the
ISFET device. Fig. 1, curve (a), shows the analysis of (1) by
the 4-chlorophenoxyacetic acid imprinted ISFET device.
The substrate is analyzed with the sensitivity corresponding
to 38 mV/dec and the lower detection limit of (5%2)
x10"* M. By rinsing the ISFET device with a 1% NH;
solution, the sensing membrane can be regenerated, and
(1) can be re-analyzed, Fig. 1, inset. The analysis of 4-chloro-
phenoxyacetic acid by the (1)-imprinted membrane is
specific. A TiO, membrane which does not include any
imprinted sites, assembled on the gate interface of the
ISFET device by the hydrolytic polymerization of Ti(IV)—
tetrabutoxide, does not yield a functional membrane for the
analysis of (1), Fig. 1, curve (b). Similarly, the related
aromatic acids, 2,4-dichlorophenoxyacetic acid, cinnamic
acid and benzoic acid are not sensed by the (1)-imprinted
TiO, membrane on the ISFET, Fig. 1, curves (c)—(e),
respectively. Fig. 2 shows the analysis of 2.,4-dichloro-
phenoxyacetic acid (2) by the (2)-imprinted TiO, membrane
assembled on the ISFET device. It is clear that 2,4-dichloro-
phenoxyacetic acid is sensed by the (2)-imprinted
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Figure 2. The gate—source potential changes, (AV,,) of the ISFET upon:
(a) interaction of the (2)-imprinted TiO, film sensing interface with varying
concentrations of (2); (b) interaction of the device that includes a non-
imprinted TiO, film with varying concentrations of (2); (c)—(e) treatment
of the (2)-imprinted sensing interface with varying concentrations of (1),
cinnamic acid and benzoic acid, respectively. Inset: time-dependent
development of the gate—source potential of the ISFET functionalized
with the (2)-imprinted TiO, film upon the sensing (2), 1X107* M.

membrane, Fig. 2, curve (a). The substrate is sensed in the
concentration range of 0.1-9.0 mM with the sensitivity
corresponding to 28 mV/dec, and the lower detection limit
of (5+0.2)x107> M. Fig. 2, inset shows the equilibration
time of the device upon the analysis of (2). The equilibration
time, Tos9, corresponds to ca. 5 min, (Tgs¢, corresponds to the
time-interval needed to reach 95% of the saturation value).
A non-imprinted TiO, membrane assembled on the gate
interface by the hydrolysis of Ti(IV)—tetrabutoxide is
inactive in the analysis of (2), Fig. 2, curve (b). The
(2)-imprinted TiO, membrane reveals significant selec-
tivity. The structurally related aromatic acids 4-chloro-
phenoxyacetic acid (1), and cinnamic acid are not sensed
by the (2)-imprinted ISFET device, Fig. 2, curves (c) and
(d), respectively. The (2) imprinted ISFET device, however,
yields a low signal in the presence of a high concentration of
benzoic acid (in the concentration range of 1-10 mM the
slope of the calibration curve is 18 mV/dec). The differen-
tiation of the chloroaromatic acids (1) and (2) by the (1)- or
(2)-imprinted membranes is significant. The lack of inter-
action of the (1)-imprinted membrane with (2) may be
attributed to the cavity dimensions of the (1)-imprinted
interface that cannot accommodate the larger 2,4-dichloro-
phenoxyacetic acid (2). The differentiation of the 4-chloro-
phenoxyacetic acid (1) by the (2)-imprinted ISFET device
is, however, of further interest since (1) may structurally fit
the larger 2,4-dichlorophenoxyacetic acid-imprinted cavity.
To explain the observed sensing specificity we refer to
Scheme 1 that outlines the mechanism of association of
the guest substrate to the imprinted sites. The binding of
the carboxylic acid to the imprinted site requires the
structural fit of the acid to the imprinted polymeric contour
and the additional covalent substitution of the Ti(IV)-OH
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Figure 3. (A) The gate—source potential changes, (A V) of the ISFET
functionalized with the (3)-imprinted TiO, membrane upon: (a) interaction
with variable concentrations of (3); (b)—(d) interaction with variable
concentrations of maleic acid (4), acetylene dicarboxylic acid (§), and
succinic acid (6), respectively; (e) the response of the (3)-imprinted sensing
interface to (3) after 10 days of the operation. (B) The gate—source potential
changes, (AV,,) of the ISFET that includes the (4)-imprinted TiO, film
upon: (a) interaction with varying concentrations of (4); (b)—(d) treatment
with varying concentrations of fumaric acid (3), acetylene dicarboxylic acid
(5), and succinic acid (6), respectively; (e) the response of the device that
includes the (4)-imprinted TiO, film upon the sensing of (4) after 10 days of
the operation.

functionality with the carboxylate group. These two binding
interactions act synergetically in the association of the
imprinted substrate to the functional cavities. Thus,
although the (2)-imprinted membrane includes cavities
that structurally may accommodate (1), the cavities lack
the appropriate geometry that enables the simultaneous
association to the cavities and the substitution of the
Ti(IV)—OH sites by the carboxylate groups. The imprinted
TiO, membranes reveal high stability towards the sensing of
the imprinted substrates. We find that the imprinted
membranes are stable for at least 1 month under continuous
operating conditions. After 1 month of operation of the
sensing devices we observe a 8—10% decrease in the sensi-
tivity of the device. This might originate from the partial

physical detachment of the membrane from the gate
subjected to regeneration and rinsing cycles under con-
tinuous operation conditions, or to the partial degradation

of the imprinted sites.”
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The structural selectivity of imprinted molecular recog-
nition sites for carboxylic acids in TiO, films is further
emphasized by the generation of specific cavities for low
molecular weight dicarboxylic acids, including cis/trans
isomers. Fig. 3(A), curve (a), shows the response of a
fumaric acid, (3) imprinted membrane associated with an
ISFET device upon the analysis of (3). Fumaric acid is
sensed in the concentration range of 0.08—1 mM with the
sensitivity corresponding to 75%£3 mV/dec. The lower
detection limit for the analysis of (3) is 0.15 mM. The
(3)-imprinted membrane is almost insensitive towards the
analysis of the structurally related dicarboxylic acids such as
maleic acid (4), acetylene dicarboxylic acid (5), and
succinic acid (6), Fig. 3(A), curves (b)—(d), respectively.
The resulting membrane reveals significant stability under
continuous operation, and the response of the device after
10 days of operation is depicted in Fig. 3(A), curve (e).
After this time-interval the sensor reveals the sensitivity
of 65%£2 mV/dec without changing the lower detection
limit. The analysis of maleic acid (4), by the (4)-imprinted
TiO,-membrane associated with the ISFET device is shown
in Fig. 3(B), curve (a). The imprinted substrate is sensed
with the sensitivity of 702 mV/dec (concentration range
of 0.2-3.0 mM), and the detection limit of 0.25 mM. Again,
the imprinted membrane reveals specificity towards the
imprinted substrate, and the structurally related substrates,
fumaric acid (3), acetylene dicarboxylic acid (5), and suc-
cinic acid (6), are not detected by the (4)-imprinted
membrane, Fig. 3(B), curves (b)—(d), respectively. Also,
the (4)-imprinted membrane reveals high stability, and its
sensitivity decreases by ca. 17% after 10 days of operation,
Fig. 3(B), curve (e). Since the activity of functionalized
ISFET device is retained under non-operating conditions,
the partial degradation is attributed to the physical removal
of parts of the membrane under continuous operation.

H‘o— /COH HO,C_  ,CO,H
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H H
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The latter C4-dicarboxylic acid systems are interesting as
they demonstrate that specific recognition sites, and molec-
ular contours can be generated for low molecular weight
substances of limited steric shape. The significant separation
of the unsaturated acids (3) and (4) by the respective
imprinted membranes is attributed to polymer contours
and cavity structures dictated by the Ti(IV)—carboxylate



M. Zayats et al. / Tetrahedron 58 (2002) 815-824 819

0.5
Op—g o
0.5 [
log H [
& _ : )
1r log [l . |
C log [typyl -
15 F log [ty@)] -
L log [yl - @ ]
_2_....|....|."‘r:‘.f“\..n.ul....1
0 1 2 3 4 5
log (f/Hz)

Figure 4. Transconductance curves corresponding to (a) the bare ISFET;
(b) the TiO, film-functionalized ISFET device. Using the derived 7, and 7,
values and Egs. (1)-(3), the TiO, film thickness was estimated to be
8510 pm.

groups linked to the dicarboxylic acid functional groups of
the substrate. In this context, it is important to mention the
full differentiation of succinic acid (6) by the (3) and (4)-
imprinted membranes. One would expect that the free
C,—C; bond-rotation would enable the association of a
distorted succinic acid conformer to the imprinted sites.
The experimental results clearly indicate that such binding
of (6) does not occur. This complete steric differentiation of
the imprinted sites is attributed to the fact that two comple-
mentary interactions operate in the specific binding of
the substrate to the imprinted cavities. These include the
cavity steric dimensions and the structural orientations of
the carboxylate residues that form covalent bonds with the
Ti(IV)-OH sites. The structural elongation of the sp’-
saturated dicarboxylic acid (6), prevents its binding to the
sp> or sp-dicarboxylic acid confined structures.

Acrylamide

3-(acrylamido)phenylboronic acid
N,N'-methylenebisacrylamide

PH OH OH OH

ALO,

Ammonium persulfate
AMP

N,N,N',N'-tetramethylethylenediamine

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.”>** The impedance
features of the gate interface are controlled by the chemical
composition of the modified gate.”**** In a recent study®
we suggested to use impedance spectroscopy measurements
on a functionalized gate as a method to evaluate the thick-
ness of chemically assembled thin films on the gate surface.
According to this method, the transconductance functions of
the systems are recorded at variable applied frequencies and
the time-constants, 7, (Eq. (1)), and 7, (Eq. (2)) are
extracted from the curves, cf. Fig. 4. Using the time-
constants, the resistance of the TiO, membrane, Ry, and
the capacitance of the TiO, film, C,.,, are determined. The
value C,x corresponds to the capacitance of the Al,O; inter-
face on which the TiO, film is assembled. From these
values, the film thickness, &y, i determined by using
Eq. (3), where €, and €y, are dielectric constants of the
vacuum (€,=8.85%10" "> F/m) and the dielectric constant of
the membrane, respectively, and A is the gate area.

= Rmem(cmem + Cox) = Rmemcox (1)

T = Rmemcmem (2)
€,€mnemA

C — So%mem 3

mem 8mem ( )

Fig. 4 shows the transconductance curves at variable
frequencies corresponding to the bare ISFET device,
curve (a), and the TiO, film-functionalized gate, curve (b).
Using the derived Ciery and €., =10, we estimate the TiO,
film thickness to be 8510 pm.

In order to further characterize the sensing interface asso-
ciated with the gate, we attempted to estimate the number of
imprinted sites in the sensing membrane. Towards this goal

1% NH,

Scheme 2. Preparation of acrylamide—acrylamidephenylboronic acid copolymer with embedded imprinted sites for nucleotides.
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Figure 5. (A) The gate—source potential change of the ISFET device functionalized with the AMP-imprinted acrylamide—acrylamidephenylboronic acid
copolymer upon the sensing of: (a) varying concentrations of AMP (7); (b),(c) varying concentrations of GMP (8) and CMP (9), respectively; (d) response of
the ISFET functionalized with the non-imprinted acrylamide—acrylamidephenylboronic acid copolymer membrane to varying concentrations of AMP (7). (B)
The gate—source potential change of the ISFET device modified with GMP-imprinted acrylamide—acrylamidephenylboronic acid copolymer upon: (a) the
sensing of varying concentrations of GMP (8); (b),(c) the sensing of varying concentrations of AMP (7) and CMP (9); (d) the response of the ISFET modified
with the non-imprinted membrane to varying concentrations of GMP (8). (C) The gate—source potential changes of the ISFET modified with the CMP-
imprinted acrylamide—acrylamidephenylboronic acid copolymer membrane upon: (a) the sensing of varying concentrations of CMP (9); (b),(c) the sensing of
varying concentrations of AMP (7) and GMP (8), respectively; (d) the response of the ISFET modified with the non-imprinted membrane to varying

concentrations of CMP (9).

we imprinted '*CH;CO,H in the TiO, membrane associated
with the ISFET device, by a procedure similar to that
outlined for the different acids. We find that ca. 65-70%
of the radioactive counts associated with the film are
washed-off. The immobilization of the imprinted TiO,
film on the gate interface results in the spreading of the
imprinted membrane also on parts of the encapsulated
source and drain electrodes. The imprinted membrane
parts that are not associated with the gate are inactive in
the sensing surface. Accordingly, we have immobilized a
polymerized TiO, film of the imprinting solution on an
Au-quartz-crystal. By following the crystal frequency
changes we were able to estimate the total weight of the
membrane. Thus, the radioactive counts measured upon the

release of "“CH3CO,H correspond to the escape of the
imprinted acid from the total TiO, volume. Knowing the
gate area (20X700 wm?) and the membrane thickness, ca.
85 wm, we estimate the active membrane weight in the
sensing surface. Using the respective radioactive counts,
we estimate that ca. 3.7x10'® imprinted sites per gram are
associated with the TiO, membrane. It should be noted that
since the radioactive label is acetic acid, the number of
imprinted recognition sites in the sensing interface might
be considered only as a rough estimate of the number of
recognition sensing sites of the other acids described in this
study.

A further direction to generate an imprinted specific
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membrane on a field-effect transistor involved the
application of an imprinted phenyl boronic acid acryl-
amide—acrylamide copolymer as an active sensing interface
for nucleotides on the ISFET device. Boronic acid ligands
bind strongly and reversibly with diols, Eq. (4). The
association properties of the boronic acid ligand were
used to develop sensing ligating materials for the optical
detection of sugars®® and for the development of gelating
materials that undergo controlled sol—gel transitions in the
presence of sugars.”’ Crosslinked polymers composed of
2-hydroxyethylmethyacrylate and 4-vinylphenylboronic
acid, were used as functional hydrogels for the adsorption
of nucleotides.” Similarly, layered assemblies consisting of
the polyanionic acrylic acid—acrylamide boronic acid and
the polycationic polydimethyl diallylammonium chloride
were employed for the microgravimetric analysis of adeno-
sine-5’-monophosphate, AMP, and adenosine-5-triphos-
phate, ATP, using a QCM.? Also, the swelling of an
acrylamide—acrylamidephenylboronic  acid  copolymer
film on surfaces upon interaction with glucose was used
for the sensing of glucose.® Surface plasmon resonance
spectroscopy, Faradaic impedance spectroscopy, and micro-
gravimetric quartz-crystal microbalance experiments were
used as optical and electronic transduction means for the
sensing of glucose by the hydrogel. The boronic acid ligand
was extensively used for the imprinting of molecular recog-
nition sites in polymers for the specific adsorption and
separation of sugars. For example, imprinted sites for
phenyl-a-D-mannopyranoside were generated in acrylic
acid-4-vinylphenylboronic acid copolymer.>' The develop-
ment of specific sensing interfaces for nucleotides, and
eventually nucleic acids, is of fundamental and practical
interest. Tailoring of specific recognition sites for nucleo-
tides would enable us to define the recognition interactions
in the binding cavities at the molecular level, whereas such
specific binding interfaces could be effective nucleotide
sensing matrices, e.g. for DNA or RNA sequencing. Only
a few reports attempted to develop imprinted polymers for
nucleotides. Ethylene glycol dimethacrylate—methacrylic
acid copolymers were used to imprint the pyrimidine/purine
bases appearing in nucleic acids using hydrogen-bond
recognition interactions.> Functional fluorophore-labeled
imprinted polymers for the cyclic adenosine 3’,5'-mono-
phosphate, cAMP, were prepared and the fluorescence
quenching of the label by the bound nucleotide was used
to probe cAMP.>> A further attempt to imprint molecular
recognition sites for adenosine monophosphate, AMP, was
reported using a layered array composed of an anionic acryl-
ic acid—acrylamidephenylboronic acid, acting as template
layer for AMP and a cationic polymer layer that functions as
a capping interface for bound AMP.** Nonetheless, in none
of these studies the specific imprint and sensing of the DNA
bases has been demonstrated. The association of cis-diols to
the boronic-acid ligand charges the polymer, Eq. (4). This
suggests that the assembly of a boronic acid polymer and
specifically an imprinted boronic acid polymer, on the gate
surface of the ISFET could yield a functional interface that
controls the gate potential upon binding of the host—
substrate to the polymer matrix (charging of the polymer).
Here we describe the novel imprinting of the three ribose-
functionalized nucleotide bases in an acrylamide—acryl-
amidephenylboronic acid copolymer assembled on the
ISFET device.

VI oo
Ot e O
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An acrylamide—acrylamidephenylboronic acid crosslinked
copolymer was in situ polymerized in the presence of the
respective nucleotide AMP (7), guanosine 5’-monophos-
phate GMP (8) or cytosine 5'-monophosphate CMP (9),
on the gate interface of the ISFET. The concept of imprint-
ing of the molecular recognition sites is schematically
shown in Scheme 2 for AMP (7). The formation of the
boronic acid ribose unit complex provides the primary
template for the generation of the imprinted cavity. The
secondary association of acrylamide polymer units to the
adenine or phosphate sites through hydrogen bonds provides
the mechanism for rigidifying the molecular recognition
contour in the polymer, and for the orientation of the respec-
tive functional groups for binding of the substrate. Rinsing
of the crosslinked polymer with ammonia is then expected
to deplete the imprinted substrate, and to yield imprinted
membranes for the respective nucleotides on the gate
surface.

Ha

% |\N H
ﬂ N/J ﬂ \ lbl)iNHz

O- O-
HOH OH OH O
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NH2
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Fig. 5(A), curve (a), shows the gate—source potential of the
ISFET device that includes imprinted sites for AMP, upon
sensing of variable concentrations of AMP (7). The
substrate is detected in the concentration range of
3.0x107° to 5x107* M with a sensitivity that corresponds
to 14.0 mV/dec and a detection limit of 1.5x107° M. Fig.
5(A), curves (b) and (c), show the responses of the AMP-
imprinted ISFET device upon the sensing of GMP and
CMP, respectively. Clearly, the responses of the device to
the non-imprinted substrates are substantially lower. For
example, GMP and CMP are detected only at concentrations
higher than 10> M with the poor sensitivity of 4 mV/dec.
Fig. 5(A), curve (d), shows the response of a non-imprinted
acrylamide—acrylamidephenylboronic acid membrane in the
presence of AMP. Clearly, the polymer sensitivity is only
5mV/dec in the concentration range of 1074-1073 M.
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Figure 6. Transconductance curves of: (a) the bare ISFET, and (b) the
acrylamide—acrylamidephenylboronic acid copolymer film-functionalized
ISFET device. Using the corresponding time-constants, 7y and 7, (and
Egs. (1)-(3)) we estimate the film thickness to be 36010 A.

Fig. 5(B), curve (a) shows the gate—source potential of the
ISFET device that includes the GMP-imprinted copolymer
membrane on the gate upon sensing varying concentrations
of (8). The GMP is detected by this functional interface in
the concentration range of 4x107> to 2x10°M with a
sensitivity of 17.0 mV/dec and a detection limit of 1.5X
107> M. Fig. 5(B), curves (b) and (c), shows the responses
of the GMP-imprinted ISFET device in the presence of
AMP and CMP, respectively. It is seen that GMP-imprinted
membrane-functionalized ISFET device enables the sensing
of (7) and (9) in the concentration ranges of 2x107* to
7%107* M ((7) and (9), respectively) with the slope of the
linear segments of 5.0 mV/dec. The lower detection limits
for the sensing of (7) and (9) correspond to 6.0x10"* and
8.0X10™* M, respectively. Fig. 5(B), curve (d), shows the
response of the non-imprinted polymer-functionalized-
device in the presence of added GMP. The device
reveals only minute response in the concentration range of
107*-107° M with the sensitivity of 6 mV/dec. Fig. 5(C),
curve (a), shows the gate—source potentials of the CMP-
imprinted polymer-functionalized-ISFET upon analysis of
CMP (9). The imprinted substrate is detected in the concen-
tration range of 2x107°-5x10"*M, a sensitivity of
17.0 mV/dec and a detection limit that corresponds to
8x1077 M. Fig. 5(C), curves (b) and (c), shows the
responses of the CMP-imprinted device upon interaction
with AMP on GMP. Clearly, the CMP-imprinted device
responds to the presence of (8) in the entire concentration
range of 107°~10~2 M with a minute sensitivity that corre-
sponds to 2 mV/dec. At the same time, the (9)-imprinted
polymer-based ISFET is entirely insensitive to the presence
of AMP, which can be attributed to the substantially larger
dimensions of this substrate. Fig. 5(C), curve (d) shows the
response of the non-imprinted-polymer-functionalized FET
device upon interaction with CMP (9). The response of the
non-imprinted device is 5 mV/dec in the concentration
range of 107°-10"* M.

This set of experiments applying the nucleotide-imprinted
polymers in analyzing the respective imprinted substrates,
and the complementary control experiments, reveal some

important conclusions on the activity and selectivity of the
functional imprinted polymer membranes: (i) imprinting of
molecular recognition sites in the polymer membranes
enhances the detection limits and the sensitivities of the
sensing interfaces. This is probably due to the higher
binding capacities of the imprinted membranes for the
imprinted substrates and (ii) the imprinted polymer
membranes reveal structural selectivity towards the sensing
of the imprinted substrates. This suggests that the imprinting
process leads to well defined molecular contours that
include the boronic-acid ligand and H-bonding anchoring
sites in appropriately aligned positions in the tailored
cavities.

To further characterize the sensing membrane on the gate
surface, its thickness was evaluated by impedometric
measurements.”> > Fig. 6 shows the transconductance
functions of the system at variable applied frequencies.
From these plots the time-constant 7; (Eq. (1)) and 7,
(Eq. (2)) were extracted. Using these time-constants, the
resistance of the polymer membrane, R, and its capaci-
tance, Cyem, Were determined. The value C,, corresponds to
the capacitance of the Al,O; gate on which the polymer film
is assembled. From these values the polymer film thickness,
O mem» Was determined using Eq. (3), where €, is the dielec-
tric constant of the vacuum (€,=8.85%10 !> F/m), and A is
the gate area. The polymer film thickness is estimated to be
36010 A.

2. Conclusions and perspectives

The present study has addressed the imprinting of molecular
recognition sites in inorganic TiO, films, and acrylamide—
acrylamidephenylboronic acid crosslinked copolymer mem-
branes, associated with ISFET devices. Molecular structures
of carboxylic acids, e.g. 4-chlorophenoxyacetic acid (1),
2,4-dichlorophenoxyacetic acid (2), fumaric acid (3), and
maleic acid (4), were imprinted in TiO, films assembled
on the ISFET gate interface. The imprinted sites reveal
high specificity, and substrates structurally-related to the
imprinted compounds, are fully differentiated by the
imprinted membranes. The specificity of the imprinted
sites originates from the complementary structural fitting
and ligation of the carboxylic acid residues to the Ti(IV)-
OH, of the host carboxylic acids to the imprinted cavities.
The acrylamide—acrylamidephenylboronic acid copolymer
provides a functional polymer for the imprinting of binding
sites for nucleotides, e.g. AMP (7), GMP (8), and CMP (9).
The charging of the polymer membrane upon the binding of
the nucleotides controls the ISFET gate potential and
enables the sensing of the respective nucleotides. Significant
selectivity of the imprinted sites is observed, although no
attempt to enhance the response and specificity was made.
In all of the systems described in the study, the response-
times of the sensor devices was ca. 5 min. The specificity of
the imprinted sites in the organic polymer is attributed to the
cooperative binding interactions between the imprinted
substrate and the polymer consisting of the boronic acid
ligand as the ligating site for the nucleotides ribose units
and complementary H-bonds between the acrylamide units
and the nucleotide. The multi-site binding cavity generates a
rigid structural contour for the binding of the imprinted
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nucleotide. We may expect that the specificity of the
imprinted sites may be enhanced by further rigidification
of the recognition sites by the optimization of the crosslink-
ing degree of the polymer.

3. Experimental
3.1. Materials

The monomer 3-acrylamidenphenylboronic acid was
synthesized according to the published procedure.’> All
other chemicals were purchased from Aldrich or Sigma
and were used as supplied. Ultra pure water from Seralpur
PRO 90 CN was used throughout the experiments.

3.2. Preparation of ISFET

A solution of Ti(IV) butoxide in ethanol/toluene (1:1)
mixture was treated with the respective carboxylic acid.
The resulting mixture, which included the Ti(IV) butoxide—
carboxylate complex, was deposited onto the gate surface.
The sol-gel polymerization of the mixture on the gate
resulted in a thin TiO, film with the embedded carboxylate.
The gate of the ISFET was functionalized by placing a
0.4 pL drop of the Ti(IV) butoxide—carboxylate complex
solution on the gate. The system was then allowed to dry in
an oven (Eurotherm) at 40°C overnight. The resulting
modified chip was thoroughly rinsed with toluene and
then with the working buffer solution. Treatment of the
film with ammonia solution (1% v/v for 2 min) resulted in
the elimination of the carboxylate and the formation of
imprinted molecular sites for the respective acid within
the TiO, film. The ISFET was then treated with ammonia
solution (1% v/v for 2 min) and again with the working
buffer.

For the preparation of the imprinted polymer membrane
for the nucleotides, a mixture, consisting of acrylamide
(1.82 M), 3-(acrylamido)phenylboronic acid (0.18 M),
N,N’-methylenebisacrylamide (0.04 M), N,N,N’,N’-tetra-
methylethylenediamine (0.25 mL 10% v/v) and the respec-
tive nucleotide (0.1 M) were dissolved in 1 mL of a freshly
prepared solution of phosphate saline buffer (PBS), (0.01 M
sodium phosphate+NaCl (0.14 M), pH=7.2). The initiator
of the polymerization ammonium persulfate (0.22 M,
0.1 mL) was added to the monomer solution just before
placing an 0.4 pL drop of the mixture on the gate interface.
The resulting modified chip was dried under air for 3 h. The
ISFET was then rinsed with NH; solution (1% v/v, for
2 min) to eliminate the nucleotide from the polymer film.
This procedure led to the elimination of the nucleotide and
the formation of the imprinted membrane for the respective
nucleotide. The resulting functionalized ISFET was
thoroughly rinsed with PBS, and used for the analytical
measurements.

3.3. Measurements

ISFET devices with Al,O; or SiO, gate interfaces
(20x700 Mmz, IMT, Neuchatel, Switzerland) and an Ag/
AgCl reference electrode were used in all the experiments.
The chip modified by the respective molecularly imprinted

film was immersed in the working cell filled with PBS
(0.8 mL, pH=7.2) and variable concentrations of the
respective substrate (carboxylic acid or nucleotide). The
output signal between the source of the ISFET and the
reference electrode was recorded using a semiconductor
parameter analyzer (HP 4155 B). Each measurement was
performed for 15 min with a time interval of 2 min. The
system configuration enabled the measurements of the
source—gate voltage (Vy), while the drain current (Iy) or
the source-drain voltage (V4) remained constant (Iz=
100 wA and V4=1.5 V). The difference in the Vj, for the
ISFET modified by the respective films with or without the
embedded substrate residue was plotted versus the substrate
concentration. All the experiments were carried out at
ambient temperature and without stirring, in order to
simulate real conditions of possible future in vivo applica-
tions. Reproducibility of the measurements was £2 mV in a
number of experiments (n=5).

3.4. Evaluation of the polymer film thickness

The thickness of the TiO,-imprinted film and the
acrylamide-acrylamidophenylboronate copolymer membrane
were evaluated by impedance spectroscopy measurements
on the ISFET device.® The electronic circuit and
instruments used to follow the impedance properties of
the modified ISFET, and the conditions under which the
experiments were carried out were described elsewhere.*
To determine the transconductance transfer functions, the
output potential, V,,, at variable frequencies from 1 Hz
to 100 KHz, was related to the imaginary impedance, Z;,,.
The values of the output potentials corresponding to Zi,
were normalized at 1 Hz to give the respective transfer
function.”
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