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ABSTRACT: A facile approach to tailor-made, highly selective, and robust ultrathin sensor film for
theophylline detection was demonstrated by an electropolymerized molecularly imprinted polymer (E-MIP)
film of a terthiophene derivative. The method involved direct electropolymerization of the H-bond complex-
ing terthiophene monomer. A key enabling step in sensor fabrication is the use of an electrochemically
mediated washing step of the template. The formation of the E-MIP film was monitored by in situ
electrochemical surface plasmon resonance (EC-SPR) spectroscopy, allowing real-time observation of the
simultaneous changes in electrochemical and optical properties of the film. Surface characterization
techniques for the electropolymerized films include atomic force microscopy (AFM), ellipsometry, static
contact angle, X-ray photoelectron spectroscopy (XPS), and quartz crystal microbalance (QCM). A linear
calibration curve (R = 0.994) of the E-MIP/SPR sensor for theophylline detection was obtained with a
10—50 uM ! range and a limit of detection (LOD) of 3.36 «M ™. The fabricated E-MIP sensor film showed a
homogeneous surface coverage, high sensitivity, long-term stability, and strong selectivity toward the
imprinted template molecule. This indicated the formation of precise and stable cavities that retained the
exact memory of the size, shape, and orientation of the functional groups during the templating electro-

polymerization steps.

Introduction

Theophylline, one of the most clinically monitored drugs, is
frequently used as bronchodilators and respiratory stimulators
for the treatment of the symptoms of acute and chronic asthmatic
condition. However, an overdose of theo;l)hylline can be lethal or
lead to permanent neurological damage.” The safe and effective
use of this drug molecule relies on careful dosage adjustments
based on accurate measurements of theophylline concentration in
the blood serum. Theophylline with theobromine and caffeine
(and other xanthine derivatives) can also be found in food
products such as tea, coffee, cocoa beans, and chocolates. These
compounds, which have been reported by the National Institute
of Standards and Technology (NIST), have received increased
attention in the food and nutrition industry for their various
physiological effects.” It is necessary and important to cautiously
analyze food products that might have an excess amount of these
xanthine classes of compounds. Thus, convenient and reliable
methods for detection and rapid online analysis of theophylline
are of high importance.

The ideal measurement system of theophylline should be sensi-
tive, selective, robust, and relatively inexpensive. The molecular
imprinted polymer (MIP) technique has been demonstrated as
one of the most promising techniques in sensor technology
because of its simplicity, reliability, capability of miniaturization,
and low cost method of fabrication. Generally, the imprinting
procedure involves polymerizing functionalized monomers with
cross-linkers in the presence of the template molecule (analyte).
The subsequent solvent extraction of the template from the
polymer film creates complementary cavities (also called imprint
sites) that contain the memory of the size, shape, and functional
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group orientation of the imprinted molecule. As a result, the
polymer film serves as a selective recognition element or artificial
receptor for the rebinding of the template.

A noncovalent MIP approach® involves a template that is not
covalently bound to the monomer. It relies mainly on weak
intermolecular interactions resulting from electrostatic attrac-
tions, hydrophobic interactions, H-bonding, 7—z stacking, metal
coordination, charge transfer, etc. Most MIP films are prepared
using this approach because of its simplicity of fabrication,
commercial availability of functional monomers that are capable
of hydrophobic interactions and H-bonding, and ease of removal
of the template molecule by simple washing even with a mild
solvent condition. The idea of noncovalent MIP using organic
polymers was first introduced by Mosbach in the 1980s.> Since
then, a large number of studies have been reported to detect a
variety of analytes using noncovalent MIP.*

Surface plasmon resonance (SPR) sensing of theophylline was
performed using the MIP film prepared by in situ electrochemical
polymerization. SPR is a well-established, noninvasive, and sur-
face-sensitive analytical technique capable of providing informa-
tion about interfacial phenomena. SPR spectroscopy measures
the optical dielectric constants of thin films deposited onto noble-
metal-coated substrates. Recently, label-free sensors based on
imprinted thin films on SPR chips have been reported.’ Rapid,
label-free, high-sensitivity, and real-time measurements are the
hallmarks of SPR for sensing. In general, sensing occurs when
light is coupled to a metal under total internal reflection condi-
tions. In the presence of an external event on a dielectric layer, the
refractive index and the thickness of the sensor surface change
upon binding of the target analyte to the surface. SPR have also
been proven to be highly sensitive for monitoring changes at
the electrode and electrolyte solution interface.® For example, the
technique has been successfully demonstrated by our group in
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Figure 1. (a) Molecular imprinting of the template. (b) Formation of
cavity after washing the template. (c) SPR setup for sensing of the
template.

sensing various analytes’ including a nerve agent analogue.® More
detailed information dbout the principles of SPR measurements
can be found elsewhere.” The combination of SPR with electro-
chemical measurements or EC-SPR is a powerful analytical
technique for the simultaneous characterization and manipulation
of electrodelelectrolyte interfaces.”® An advantage of using the
EC-SPR technique is that the electrochemical and optical proper-
ties are simultaneously obtained on surfaces and ultrathin films at
the nanometer scale. It has been employed to monitor the inter-
facial reactions and the buildup of complex architectures at solid—
liquid interfaces.'® In EC-SPR, the Au substrate which carries the
optical surface mode is also used as the working electrode for
electrochemical/potential experiments. In the past, our group has
shown the use of SPR, EC-SPR, and AFM-EC-SPR in character-
izing the formation of ultrathin films of conducting polymers on
gold substrates.'' The latter involved the simultaneous monitoring
with an atomic force microscope (AFM).

In this paper, the sensing of theophylline by SPR utilizing
ultrathin films of electrochemically molecularly imprinted poly-
mer (E-MIP) films of the carboxyl functionalized-terthiophene
monomer is reported (Figure 1). This monomer has several
advantages compared to direct electropolymerization of thio-
phene. These include noncovalent binding with the analyte, lower
oxidation potential, and cross-linkability. To the best of our
knowledge, the use of poly(terthiopene) as a conducting polymer
for imprinting and sensing of theophylline has not been previously
reported. It should be noted also that its advantage in template
removal or sensor regeneration has not been carefully explored.
The imprinting of theophylline was achieved previously by elec-
tropolymerization of either phenol or methylene green'? as func-
tional monomers. Unlike most MIPs, our method employs the
complexing ability of a single monomer to the template via the
orthogonal —COOH functional group and also facilitates cross-
linking through the terthiophene pendant group. The terthiophene
units are then free to polymerize both in an intra- and intercomplex
manner more similar to a cross-linking process. Thus, the use of a
m-conjugated poly(terthiophene) presented the proper combina-
tion of electropolymerizability, stability, and doping (swelling)
properties that enabled the demonstration of an improved sensi-
tivity, high selectivity, and robust chemical sensing. In addition, an
efficient and faster method of template removal employing the
electrochemical properties of the poly(terthiophene) matrix has
been developed. This has led to better sensitivity and selectivity for
analyte detection. Moreover, we demonstrate the robust charac-
teristics of this chemical recognition element through several cycles
of sensing (i.e., 45 days) with only 15% attenuation.
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Scheme 1. Synthesis Route of 2-(2,5-Di(thiophen-2-yl)thiophen-
3-yDacetic Acid (G0-3T COOH)
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Experimental Section

Materials. The chemicals used were purchased from Sigma-
Aldrich except for the terthiophene monomer with carboxylic
acid functional group (2-(2,5-di(thiophen-2-yl)thiophen-3-yl)ace-
tic acid abbreviated as GO-3T COOH), which was synthesized by a
modified procedure reported previously (Scheme 1).'* The details
of the synthesis and their NMR spectra (Figures 1—3) are found in
the Supporting Information. A monomer-to-template ratio of 2:1
molar ratio was used in making the MIP film. This optimum ratio
was determined from the theoretical modeling studies, which is
later discussed. For instance, the MIP solution was prepared by
mixing 200 uM of GO0-3T COOH (monomer) with 100 uM
theophylline (template) in acetonitrile (ACN) with 0.1 M tetra-
butylammonium hexafluorophosphate (TBAH) or 0.1 M lithium
perchlorate (LiClOy). The nonimprinted polymer (NIP) solution
was prepared in the same manner but without the addition of the
template. For sensing experiments, the solutions of theophylline
and the other analytes were prepared in 0.1 M PBS (phosphate
buffered saline) solution at different concentrations. The MIP
solution was prepared at least 24 h prior to the electropolymeriza-
tion to allow complexation of the monomer and template in
solution (called prepolymerization complex).'*

Gold-coated (ca. 50 nm) BK 7 glass slide or silicon wafer was
used for all electropolymerization and optimization studies in an
ex-situ setup. Electropolymerization of the MIP and NIP films
for XPS measurements was performed onto gold-coated BK7
glass slide or silicon wafer. The gold coating was deposited onto
the BK7 glass substrates or silicon wafer with 2—5 nm thick
chromium adhesion layer by thermal evaporation (Edwards
E306) at a rate of 1.0—1.2 A's™ ! operating under high vacuum
(107" bar). For in situ electropolymerization and SPR sensing,
the gold substrate (50 nm) with titanium interface (1.5 nm) was
provided by Brinkmann Instruments (now Metro Ohm USA)
and Eco Chemie. Prior to electropolymerization, the evaporated
and commercially available gold substrates were subjected to
oxygen plasma cleaning (Plasmod, March Instruments) for 120 s.

EC-SPR Electropolymerization and SPR Sensing. All electro-
polymerizations were performed in an Autolab PGSTAT 12
potentiostat (Brinkmann Instruments) coupled with an SPR
instrument (Autolab ESPRIT from Eco Chemie). The Autolab
SPR setup is based on a Kretschmann configuration with a 670
nm laser source. The gold substrate, which served as the surface
plasmon resonator, was also used as the working electrode for
the electrochemistry setup in a standard three-electrode measur-
ing cell with platinum rod as the counter electrode and Ag/AgCl
wire as the reference electrode (inserted at the top of the sample
channel). The potentiostat and SPR instruments were con-
trolled using GPES version 4.9 and ESPRIT version 4 pro-
grams. Both softwares were provided by Metro Ohm and Eco
Chemie. The electropolymerization was performed using the
cyclic voltammetry technique (CV) by sweeping the voltage
from 0 to 0.8 V for 20 cycles at a scan rate of 50 mV/s. For ex-
situ setup (not coupled to SPR instrument), the electropolymer-
ization was performed using the evaporated gold substrate
inserted onto a fabricated electrochemical cell (Teflon made)
with a diameter of 1.0 cm and volume of 0.785 cm®. Prior to
sensing, the stabilization of the electropolymerized films were
completed by injecting 50 uL of PBS buffer onto the substrate
several times until a stable SPR response is achieved. During
sensing, the Autolab SPR was set to automated injection of the
background solution (PBS buffer) for 120 s followed by sample
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injection (50 uL volume) for 900 s and then rinsing of the film
with the background solution for 300 s. The SPR response due
to the binding of the template and other analytes only were
compared and plotted after the abrupt change in angle, which is
mainly due to the change in the refractive index of the bulk
solution. All the SPR angular and kinetic curves were normal-
ized to zero. Curve and peak analysis were done using Origin
Lab version 7.

QCM Measurements. The fabrication of the MIP film using
in situ electropolymerization was also monitored by quartz crystal
microbalance (QCM) coupled to an electrochemistry setup with
the same standard three-electrode system. The QCM apparatus,
probe, and crystals were made available from Maxtek Inc.
(Inficon). The AT-cut polished QCM crystals (5 MHz) with
13 mm diameter was used as the working electrode. The data
acquisition was done with an R-QCM system equipped with a
built-in phase lock oscillator and the R-QCM Data-Log soft-
ware. The QCM crystals were cleaned with an oxygen plasma
etcher (Plasmod, March) immediately prior to use. The resulting
change in frequency can be used to calculate the mass change
due to the adsorbed material onto the film using the Sauerbrey
equation:'?

- 2Fq2Am
A\ /oty

where AF is the change in frequency, Am is the mass change,
F, (= 5 MHz) is the resonant frequency of the QCM crystal,
A (= 1.227 cm?) is the area of the electrode, pq(=2.65¢ cm’) is
the density of the quartz, and uq (= 2.95 x 10° N/em?) is the
shear modulus of the quartz.

Ellipsometry Measurements. The thickness of the electropo-
lymerized film was measured by ellipsometry using the Multi-
skop ellipsometer (Optrel GmbH, Germany) equipped with a
632.8 nm laser. The measurements were all done at 60° angle
of incidence with respect to the surface normal under dry and
ambient conditions. Several measurements were performed for
each film at various positions. The measured values of delta and
psi were used to calculate the thickness of the film using an
integrated specialized software (Elli, Optrel) that was provided
with the instrument.

Water Contact Angle Measurements. The static contact angle
of the electropolymerized film was measured using a CAM 200
optical contact angle meter (KSV Instruments Ltd.) with CAM
200 software. The measurement was achieved by making ap-
proximately a 1 4L drop of Milli-Q water onto the film. Several
measurements were also performed for each film at various
positions.

AFM Measurements. Atomic force microscopy (AFM) with
an Agilent 5500 AFM/SPM System (Agilent Technologies) was
used to investigate surface morphologies of the electropolymer-
ized film. The AFM measurements were carried out using a
piezo scanner capable of scanning an area of ~10 x 10 um~ at
room temperature. The scanning rate was 0.8—1.0 lines/s. Com-
mercially available tapping mode tips (TAP300, Silicon AFM
Probes, Ted Pella, Inc.) were used on cantilevers with a reso-
nance frequency in the range of 290—410 kHz. For AFM
scanning under ambient and dry conditions, all electropolymer-
ized films were rinsed thoroughly with solvent and carefully
dried under nitrogen gas. All AFM topographic images (MAC
and tapping mode) were filtered and analyzed by using SPIP
software (Scanning Probe Image Processor, Imagemet.com).

XPS Measurements. A PHI 5700 X-ray photoelectron spec-
trometer was equipped with a monochromatic Al Ka X-ray
source (hv = 1486.7 eV) incident at 90° relative to the axis of a
hemispherical energy analyzer. The spectrometer was operated
both at high and low resolutions with pass energies of 23.5
and 187.85 eV, respectively, a photoelectron takeoff angle of
45° from the surface, and an analyzer spot diameter of 1.1 mm.
The survey spectra were collected from 0 to 1400 eV, and the

AF = (1)
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high-resolution spectra were obtained for C 1s, O 1s, S 2p, S 2s,
Au 4f, and N 1s. All spectra were collected at room temperature
with a base pressure of 1 x 10~%. Electron binding energies were
calibrated with respect to the Au 4f;, peak at 84.0 eV.'® The
peaks were analyzed first by background subtraction using the
Shirley routine. The binding energies for each peak were as-
signed based on published literature values. All the samples
(electropolymerized film on gold-evaporated silicon wafer or
BK 7 glass) were completely dried in argon gas prior to XPS
measurements.

Results and Discussion

Theoretical Modeling of the Monomer—Template Complex
in Solution (Prepolymerization). The MIP sensor film was
prepared by electropolymerizing 2-(2,5-di(thiophen-2-yl)thio-
phen-3-yl) acetic acid (G0-3T COOH) with theophylline in a
2:1 molar ratio, respectively. This ratio was deemed optimum
based on the H-bonding site in a donor—acceptor pair as
determined by modeling. The complexation between the mono-
mer and template was modeled using Spartan 08 (V1.2.0),
Wave function Inc. (AM1 semiempirical calculation), and the
net binding energy (AEp) of the monomer—template complex
was achieved from the calculated enthalpies of formation (A Hy)
using the formula

AR = (AH f;monomer— n'mplutc) - (AH £, monomer AH, f, tcmplatc)
(2)

The same modeling and procedure have been applied to
calculate for the interaction energy of other monomers and
templates prior to polymerization to form an MIP."” The net
binding energy of the complex with 2:1 momomer-to-template
ratio was determined to be —104.731 kJ/mol, which indicates
an energetically favorable complexation. The AE; values of the
other ratios were also calculated by using the same method, and
the results are as follows: —23.678 and —3.965 kJ/mol for 1:1
and 3:1 ratio, respectively (2D computer generated images in
Figure 4 of the Supporting Information). The 2:1 ratio showed
the most negative energy of formation, signifying that a
relatively stable prepolymerization complex is formed between
theophylline and G0-3T COOH. The geometry-optimized struc-
ture is shown in Figure 2 where the theophylline is surrounded
by the monomers. In this model, a desired cross-linkable con-
formation of the complex is evident which is necessary for robust
and effective imprinting of the template molecule. Furthermore,
the extent of H-bonding interaction between monomer and
template was also determined. From the Spartan calculation,
the 2:1 ratio displays a more stable complexation with higher
probability of forming H-bonding between monomer and
template. Clearly, the H-bonding (represented in broken lines)
was formed between the oxygen atom of the theophylline and
the OH functional group of the monomer (G0-3T COOH), and
the H-bond distance is calculated to be ~2.094 A. For other
ratios, H-bonding is not very evident. Thus, the 2:1 ratio was
used for the MIP electropolymerization.

Surface Imprinting of Theophylline by EC-SPR Monitor-
ing. The CV electrodeposition was monitored in situ by the
hyphenated EC-SPR technique, allowing the direct interfac-
ing of the imprinted polymer film onto an electrode optical
transducer surface (SPR Au substrate). The same in situ
measurements were performed during the fabrication of the
nonimprinted polymer (NIP) control film by electropoly-
merization. Figure 3a shows the SPR kinetic measurement
during potential cycling (from 0 to 0.8 V and reverse) while
Figure 3b depicts the potential ramp over time. A recurring
oscillation is observed for each CV cycle that involved an
oxidation followed by a reduction process. In Figure 3a, the
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Figure 2. Computer-generated images of the 2D optimized structures (ball and spoke (a), tube (b), and space filling (c) models) of the prepolymeriza-
tion complex between monomer and template (Spartan, Wavefunction Inc., semiempirical AM1 quantum calculations). Note color representation of
elements: carbon (gray), hydrogen (white), nitrogen (blue), oxygen (red), and sulfur (yellow).

angle increased instantaneously at the start of the anodic scan
(oxidation) and slightly decreased at the beginning of the
cathodic scan (reduction). The profile achieved in the kinetic
curve (Figure 3a) concurs with our earlier results on electro-
polymerization of conducting polymers, where the SPR response
increases during oxidation and decreases upon reduction.''**
This sequential oscillation is due to the changes in the dielectric
property (related to the optical constants) of the poly-
(terthiophene) as it switches from oxidized (doped) to reduced
(dedoped) states. The change in the optical property of the
film is clearly seen in Figure 3a, where the SPR angle changes
upon oxidation—reduction. A conducting material like poly-
(terthiophene) is characterized by a complex dielectric func-
tion'® as it undergoes the doping/dedoping process:

€ = &ral t+ Eimaginary (3)

Where &imaginary = (204/c), ois conductivity, A is wavelength of
incident light, and ¢ is the speed of light. From the equation,
the variation of conductivity of the polymer film changes the
imaginary part of the dielectric constant, resulting in changes
in the optical constant manifested in the oscillation of the SPR
kinetics during the cyclic potential growth of the polymer film.
The film formation was observed by an increasing SPR
angle in the in situ kinetic measurement (Figure 3a) and SPR
angle response versus the scanning potential (Figure 3¢) dur-
ing the whole process of polymerization. The SPR angular
scan (inset of Figure 3a) taken before and after the electro-
polymerization process confirmed the result of the kinetic
measurement. What is of interest is that the trend in reflecti-
vity increase is linear and the sinusoidal behavior of the
oscillation is nearly constant. This indicates a well-behaved
film that is constantly coupled to the SPR resonance despite
the changes in the dielectric properties with thicker films. A
similar kinetic profile was observed during the NIP film
fabrication by in situ electropolymerization (Figure 5 in the
Supporting Information). It was evident from SPR kinetic
measurements that the angular shift response value is higher
during E-MIP film fabrication (angular shift ~800 mdeg)
than the NIP (~510 mdeg), indicating that more materials
were deposited during MIP film fabrication. This observation
is also consistent with the QCM measurements, which shows
more mass adsorbed with the MIP than the NIP (see Table 1 in
the Supporting Information). It is possible that the effective
complexation of the monomer and template makes the mono-
mer more easily oxidized to form the ultrathin polymer film on
the substrate. Further investigation about the kinetics of the
film deposition is beyond the scope of the present paper.

The formation of the E-MIP film was also confirmed in the
CV scan (Figure 3c, left y-axis) by an increasing current in the
oxidation peak regime (~0.6—0.8 V), demonstrating an
increase in conductivity of the substrate as a result of the
deposition of the conducting polymer film. The increase in
current during the anodic scan is accompanied by an increase
in the SPR angle particularly at the onset potential of 0.6 V,
except for the first CV cycle that immediately rise at 0.2 V
(Figure 3c, right y-axis). As earlier reported,''®*!® the
increase in the SPR angle upon sweeping the potential is
attributed to the changes in optical dielectric properties
and thickness combined due to the electrodeposition of the
conducting polymer film onto the Au substrate. Then the
SPR angle faintly decrease (ca. 0.3 V in Figure 3c, right
y-axis) during the reversal scan, which is attributed to the slight
shrinking of the film as a result of releasing the counterions
back into the bulk solution.'” Note that the SPR angle did
not return to its initial value, but rather it continues to
augment until the last CV cycle that is similar to Figure 3a.
During the potential growth of the polymer film, the peak
potentials remained constant with increasing number of
cycles (Figure 3c, left y-axis). This illustrates the stability of
the redox property of the film regardless of the changes in
both the thickness and the dielectric properties. Moreover,
the same CV curve (inset of Figure 3¢) was observed with the
E-MIP film after scanning in the solvent containing only the
supporting electrolyte (monomer-free scan or postpolymer-
ization CV). This measurement was performed when the
substrate was rinsed thoroughly with the solvent to remove
excess monomer after completion of the electropolymeriza-
tion process. Comparing the CV curve of the E-MIP with the
NIP, no additional peak was observed within the scanned
window, indicating that the template has no contribution to
the electrochemical oxidation of the monomer. In addition, a
separate study was performed to determine the electrochem-
ical stability of the template by scanning the potential from 0
to 1.1 V. The results showed that an oxidation peak was
formed in the anodic scan beyond 0.8 V, but further inves-
tigation was not performed on these findings. Hence, the
sensor film was typically prepared by scanning up to 0.8 V in
order to avoid any complications arising from possible
electrochemical activity of the template.

The E-MIP film fabrication was also characterized by the
QCM technique, which is a highly sensitive measurement for
observing mass changes as a thin layer of material is ad-
sorbed onto the quartz crystal. This technique has been used
extensively by our group to study the in situ formation of
a conducting polymer on Au QCM crystal.''®'*? In QCM
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electropolymerization.

analysis, the amount of material deposited was determined
using the Sauerbrey equation'” from the frequency measure-
ment of the QCM crystal before and after electropolymer-
ization in air. With this condition, the viscous losses or
viscoelastic effect can be neglected, which is not accounted
for in the Sauerbrey approximation.''® Using the Sauerbrey
equation, the absolute mass per unit area was calculated
from the change in frequency (AF) due to the deposition
of the polymer film. The amount of material deposited
during E-MIP and NIP film fabrication was determined to

be 1.20 and 0.62 ug cm ™, respectively. The calculated den-
sities of the films (see Table 1 in Supporting Information)
were comparable to the reported density of the melamine-
imprinted polymer film electropolymerized using a bis(bithio-
phene) derivative.!

Characterization of the Fabricated E-MIP and NIP Films.
Additional surface-sensitive techniques were utilized to char-
acterize the E-MIP and NIP films after fabrication by
electrochemical polymerization. The use of different tech-
niques to carefully analyze the E-MIP film before and after
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template removal is seldom performed in most MIP studies.
The results of the ellipsometry, contact angle, and AFM
measurements are summarized in Table 1.

Figure 4 shows the AFM analysis of the films. Although
the AFM image cannot be used to directly verify that
theophylline is indeed imprinted onto the polymer film,
important informations such as topography, porosity, and
surface roughness of the films can be determined by the
technique. The NIP film is analyzed first by AFM. Its
topography and line profile scans were closer to the MIP
film before constant potential washing. The AFM image of
the NIP film showed good surface coverage and homogene-
ity for a conducting polymer film. The AFM results validate
the earlier morphology studies of poly(thiophene) films that

Table 1. Surface Characterization Measurements of the Three
Electropolymerized Films in Figure 3
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is characterized by high surface coverage and good homo-
geneity.?” The use of terthiophene as functional and cross-
linking monomer is advantageous because it can achieve a
more ordered polymer structure as a result of the regular a.,
a-coupling (2,5 position) of the monomer units, resulting in
more conjugated linear polymer segments.*® In the case of
monothiophene, a,8-coupling (2,4 position) can also take
place during the polymerization,” hence resulting in a more
disordered covalent connectivity (lower conjugation) and
rougher surface polymer film. However, in terms of cross-
linkability, the terthiophene monomer has an advantage in
that both a positions of the terminal thiophene rings have a
lower oxidation potential.

The H-bonding®® ability of the orthogonal —COOH
group?®?° of terthiophene enables anchoring of theophylline
units in the middle while the electroactive group is intended
for cross-linking with another monomer inter- or intracom-

water contact ellipsometry AFM plex to form a type of conjugated polymer network (CPN).
film angle (deg)  thickness (nm)  rms (nm) Note that two or more monomers units present in the
(a) NIP 55.84 4047 8574028 1154003 comple;x, p0551b1y surr_ougdmg the temple_lte, should enable
(b) MIP 56204056 11874026 111+ 0.03 cross-linking polymerization as a matrix for MIP. The
before template washing minimum requirement for cross-linking is a functionality
(c) MIP 52454122 10734023  1.60-40.02 or f = 3, whereas the 2:1 complex will have f = 4. This was
after template washing confirmed by the theoretical modeling studies (Figure 2).
Line Profile Phase
273 nm ] 0.116 V
s —tine protite w0103 um (b)
]
2
E 1
= 0
A 3.96nm|
B
3 Q.24v
D'ﬂ n'5 1.D 175 2'ﬂ 2'5 3'0 375 4'ﬂ DAY
—2.42 nm ) -0.212V
212 nm 0.182V
‘ Line Profile (e)
i
£
00 05 10 15 20 25 30 35 40
-2.53 nm S -0.172V
4.1 nm 47V
5
. - LA
4] Line Profile (h
3
i
>
B N S
00 05 1.0 15 20 25 30 35 40
-5.5nm X (um) 39V

“y:4.0pm

Figure 4. AFM analysis of the NIP (a, b, ¢), MIP before (d, e, f') and after (g, h, i) potential-induced washing: topography 2D images with 3D inset
(a, d, g), line profiles of the topography images (b, e, h), and phase 2D images with 3D inset (c, f, i). Note: AFM scanning area is 4 yum X 4 ym.



9730  Macromolecules, Vol. 43, No. 23, 2010

350

—— Nitrogen 1s

300

250

200

cls

150 +
100 4

50 —

(a)

Binding Energy (eV)

L AN B A R B R R B L
414 412 410 408 406 404 402 400 398 396 394

800

4 Sulfur 2s
700 4

600 -

500 -

cls

400 4
300
200

100 4

o] (®)

Binding Energy (eV)
1400

L) v ) v T v LI ) v ) v ) T v T
242 240 238 236 234 232 230 228 226 224 222

1200 4 Sulfur 2p
1000 -

800

cls

600
400

2004
; C

0

Binding Energy (eV)

v v 1 J T lJ T ) T
178 176 174 172 170 168 166 164 162 160 158

cls

cls

cl/s
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and sulfur (S) 2p (d).

After subjecting the E-MIP film to potential-induced wash-
ing, its topography image changed (Figure 4g compared to
Figure 4d), which is more evident in the phase image (Figure 4i
compared to Figure 4f). The E-MIP film appeared to be swollen
as characterized by the slight increase in size of the features on
the surface. This observation is confirmed by the values of the
x and y scales in the line profile measurements after the con-
stant potential washing. The x and y scales had increased by
~0.07 um and ~3.5 nm, respectively. Furthermore, ellipsometry
measurements verified the decrease in thickness of the polymer
film, and the contact angle also decreased becoming slightly
hydrophilic (Table 1) which is essential for the rebinding of the
template that is in aqueous media. Thus, cavities of the guest
molecule, a vital component as a sensor recognition element,
were formed by carefully releasing the template from the
polymer network. As an additional evidence on the successful
removal of the imprinted molecule, the root-mean-square (rms)
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roughness (Figure 4a—c) of the three films was calculated,
and their values were shown to be comparable to the rms
values of the E-MIP films created by electropolymeriza-
tion of a bis(bithiophene) monomer derivative.?' Prior to
removal of the template, the rms of the imprinted film is
closer to the NIP film. After releasing the template from the
highly cross-linked E-MIP film, the rms had increased, thus
indicating a more porous film was created as a result of the
formation of template cavities.

High-resolution XPS was performed with the E-MIP film
to clearly validate the electropolymerization of the monomer
and the entrapment of the template (Figure 5) and later
on the removal of the imprinted template (Figure 7 in the
Supporting Information). The appearance of the peak for S
2s at ~228.2 eV (Figure 5b) and S 2p doublet peak between
163.0 and 166.0 eV (Figure 5c) confirmed the formation of
the polymer film.
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acetonitrile.

The doublet S 2p peak has been reported as a chemisorbed
thiophene.”” The peak at ~400.0 eV with a small peak
shoulder at ~397.3 eV (Figure 5a) indicates the presence
of N 1s, which is attributed to the nitrogen atoms in the
heterocyclic ring of theophylline. This result verified the
noncovalent immobilization of theophylline onto the poly-
(terthiophene). The nitrogen element is a unique elemental
marker of the template molecule, which is not present in the
poly(terthiophene) film. The N Is spectrum resembled that
of the theophylline-modified surface, which contains two
shouldering peaks due to the presence of two types of
nitrogen functionalities (N1, 8 and N3, 5) in the structure
of theophylline.?® Moreover, earlier studies reported that the
N Is peaks located at the range between 400.0 and 400.5 eV
were due to the H-bonding interactions of tertiary amine
nitrogen and amide nitrogen atoms.?” The other elements on
the surface (Figure 5d,e) such as C 1s (between 283. 0 and
291.0eV) and O 1s (between 529.0 and 537.0 eV) divulge the
successful modification of the Au surface with the MIP
film.*>*7 The appearance of the Au doublet peak between
83.0and 89.0 eV (Figure 5f) confirmed that a thin and porous
MIP film was fabricated on Au substrate.

Removal of the Template Guest Molecule: Importance of
Constant Potential Washing. Following the MIP electropo-
lymerization is the removal of the guest molecule, which was
carried out to create an imprinted site. The efficiency of
template removal from the highly cross-linked polymer film
is very crucial to MIP film sensing. Moreover, upon removal
of the template, the integrity of the cavities with its memory
about the size, shape, and orientation of the chemical
template functionality needs to be maintained. The inability

to satisfy these important conditions would result in poor
selectivity, limited sensitivity, and lack of stability of the MIP
sensors. In order to overcome these challenges, thinner films
of nanoscale thickness were used to enable easy removal of
the template and to avoid deep burial of binding sites. AFM
analysis showed the advantage of a thin film over a thick
film. With a thicker polymer film (~50 nm), the AFM image
demonstrates greater aggregations on its surface despite
thorough washing with the solvent after electropolymeriza-
tion (Figure 6 in the Supporting Information). Aside from
making thin MIP films, the choice of appropriate solvents
for template removal was also investigated. Sensing re-
sponses were compared for several solvents during the
rebinding of the analyte (results not shown here) after solvent
washing (in flow system). Acetonitrile, which can dissolve
theophylline completely but not the poly(terthiophene), gave
the highest sensing response compared to other solvents.
Additionally, during the washing of the template with the
best solvent (acetonitrile), a constant potential (0.4 V) was
applied to dope (oxidize) the polymer film. The selected
voltage was determined from the highest sensing response
of the MIP film when different potentials were applied to it
during washing.

In Figure 6a.,b, the distinct shift in the SPR minimum
relative to the curve before applying a constant potential can
be attributed to (1) the change in thickness due to swelling
and (2) the change in optical property (refractive index)
resulting from the increase in conductivity of the polymer
film. Unlike thicker films (greater than 0.5 um), the change in
the SPR minimum was caused only by the change in refrac-
tive index.*°
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and bulk response were subtracted from the original sensogram.

Note that previously the doping process of thiophene-based
polymers has been reported to create charges within the
polymer network.?' With charging, an electrostatic repulsion
between the charges may occur, resulting in swelling of the
polythiophene film. This facilitates the release of more tem-
plate molecules, creating cavities for a sensor recognition
element. In order to confirm the swelling of the imprinted
polymer, the same experiment was performed with the NIP
film (control), which showed a similar increase in the SPR
minimum. Upon comparison, the E-MIP exhibited less angu-
lar change (about 20—40 mdeg) versus the NIP film (about
70—80 mdeg). This result can be due to the angular shift of the
E-MIP through a combination of refractive index decrease (as
a result of the formation of cavities or pores) and thickness
increase of the polymer film due to swelling. The latter might
be a more dominant effect, causing the SPR curve to shift
further to higher angular minima values. In addition, the
E-MIP film will have less swelling due to the imprinted
templates entrapped inside the highly cross-linked polymer
network.

By applying a constant positive potential (doping), the
conductivity of the conjugated polymers will change accord-
ingly. Conductivity is largest for the doped state and decreases
for the dedoped state.'® The increase in conductivity of the
polymer film changes the imaginary part of the dielectric
constant (eq 3). As a consequence, the SPR minimum will
change in terms of width (angular) and depth (peak re-
flectivity) after applying a constant potential. A very similar
trend about the SPR minimum shift was observed with a
polypyrrole film after oxidation (doping).'*® The dashed lines
in Figure 6a,b are for 0.4 V corresponding to the doped
(charge) state while the solid lines are for 0 V corresponding
the dedoped (neutral) state of poly(terthiophene).

To further investigate poly(terthiophene) doping and the
release of theophylline, CV electrochemical experiments were
utilized. From the CV scan, both films (MIP and NIP) showed
an increase in current at the oxidation peak regime (~0.6—
0.8 V) after applying a constant positive potential during
washing. This result indicates an increase in conductivity of
the polymer films, validating the doping process. Interest-
ingly, the E-MIP had a higher current increase compared to
the NIP film. This can be attributed to the diffusion of more
redox probe (PF ") into the doped polymer film as a result of
the formation of more pores within the MIP. Previously, the
creation of porous MIP film after solvent extraction was
determined by the insertion of more redox probe as monitored
by an electrochemistry technique.”’ Nevertheless, the peak

potentials of both NIP and E-MIP films remained the same,
proving the stability of the poly(terthiophene) against the
washing steps.

The various characterization techniques employed reveal
evidence of the release of the template molecule from the
polymer film. In order to confirm the results, an XPS high-
resolution scan was performed with the MIP film to deter-
mine approximately the quantitative amount of template
molecules that were removed during the constant potential
washing. Results showed that the N 1s peak from the
theophylline had decreased by about 87% (Figure 7a in the
Supporting Information). This observation suggested an
efficient removal of the template was achieved. Moreover,
the S 2s peak area, which is only due to poly(terthiophene),
remained almost constant, verifying the stability of the
polymer film even with the potential induced washing
(Figure 7b in the Supporting Information). The constant
potential washing enabled the fast and effective removal of
imprinted molecules for only 10 min, much faster than the
earlier methods that took hours and used a harsh solvent
condition (i.e., acids or bases) for template extraction.'*"!
With a mild solvent condition that we applied for washing,
the integrity of the imprinted cavities that serve as the
recognition element of the MIP sensor is well maintained.

Performance of the SPR Sensor Platform. The MIP film
activity was evaluated by sensing of the template using in situ
SPR measurements.*® In terms of analyte detection, SPR
offers a direct and efficient method over other analytical
techniques. Currently, the measurement of theophylline is
carried out regularly in many clinical laboratories using gas/
liquid chromatography methods and commercial immu-
noassays, all of which are relatively tedious and time-
consuming as compared to SPR detection.'®® Figure 7a
illustrates the kinetic profile of the rebinding of theophylline
onto different substrates from a 50 4M solution. The E-MIP
film shows a good sensing response creating a shift in the
SPR angle of up to ~40 mdeg. The same MIP film was used
for other sensing experiments after washing the bound
analyte with application of a constant potential of 0.4 V in
acetontrile. An equivalent amount of time was used when the
E-MIP film was washed with acetonitrile without applying a
constant potential. A change in the SPR angle of about
50 mdeg was observed after the rebinding of the template.
Compared to solvent washing alone, a ~30% increase in the
SPR response was observed from the E-MIP film after
constant potential washing in acetonitrile was applied. This
result supported our claim that by applying a constant



Article
60
504
i ‘ﬁ = anal i
— = yte (theophylline)
g 40 Analyte in PBS = polymer film (polythiophene)
= . )
5 [0 4] = interference materials
8 PBS Solution
= 301 ok o+
E
& 20
2
=~}

0 200 400 600 800
Time (second)

(a)

1000 Exact Mass: 151.06

Macromolecules, Vol. 43, No. 23, 2010 9733

CH;

P N

aCt ¢

N N\cn3 N
ch/

Theophyllme H Theobromine

Exact Mass 13006
Mol Wt.: 180.16 </

0 H;C
1}

7S CHe

CHgN,O,
Exact Mass: 180.06
Mol. Wt.: 180.16

\cus

Caffeine
CsH N0,

Exact Mass 194 08
Mol. Wt.: 194.19
H;C\

Paracetam ol Naproxen

CgHyNO, Exact Mass 230 09
Mol. Wt.: 230.26
Mol. Wt.: 151.16

(b)

Figure 8. (a) Selectivity study of the MIP sensor film using in situ SPR sensing of theophylline, 50 M (M) versus different analytes: theobromine,
500 uM (®@); caffeine, 500 uM (aA); paracetamol, 50 uM (¥); and naproxen, 50 uM (tilted A). Note: buffer shift and bulk response were subtracted from
the original sensogram. (b) Chemical structure of the compounds used for selectivity study.

potential at 0.4 V during washing more guest molecules are
removed from the polymer network, therefore creating more
imprinted sites for template sensing. Two control experi-
ments were also performed to compare with the sensing
response of the MIP film: adsorption of 50 uM theophylline
(1) onto NIP film and (2) on bare gold. It is evident that there
is no observable change in the SPR angle during the adsorp-
tion of theophylline on these substrates. These data proved
that the sensing of theophylline observed in the MIP film was
mainly due to the formation of cavities or imprinted sites,
which served as the selective sensor recognition element for
the MIP film. Moreover, the improved sensing of the im-
printed template by the MIP film was further confirmed by
imprinting other drug molecules such as paracetamol and
naproxen using exactly the same monomer and fabrication
procedure. Likewise, a higher sensing response was observed
with the MIP films that were subjected to potential-induced
washing at 0.4 V (Figure 8 in the Supporting Information).
Sensitivity Study. To determine the sensitivity of the fabri-
cated MIP film, a calibration study was performed by inject-
ing different concentrations of the templates (Figure 7b). This
experiment was also performed using the NIP film (control)
(Figure 9 in the Supporting Information), which showed no
observable response as compared to the MIP film. The slight
increase in the SPR angle is due to nonspecific binding of the
theophylline onto the NIP film. The concentration of interest
to detect theophylline is within the 10—50 M dynamic range
which corroborates a recent work regarding the detection of
theophylline using RNA-aptamer.>® The calibration plot
(Figure 7b) showed a linearity in the range 10—50 uM
concentrations of theophylline with a correlation coefficient
(R) of 0.994. The sensitivity of the MIP SPR sensor was
determined from the slope of the calibration curve’®* and
was equivalent to 1 044 mdeg #uM ', The limit of detection
(LOD, equal to 3om™") and limit of quantification (LOQ,
equal to 10om ") of determining theophylline were 3.362 and
11.207 uM, respectively, where ois the standard deviation and
m is the slope of the calibration plot.>” Finally, the sensogram
curves were evaluated by numerical integration algorithm
(OriginLab, version 7) of nonlinear curve fitting using mono-
molecular growth model to calculate for the association rate
constant (k,).>® The calculated observed rate constant (kqps)
in the association phase was plotted against the concentra-
tion of theophylline to determine k, from the resulting

straight line using linear regression (Figure 10 in the Sup-
porting Information) where the calculated k, value is
equivalent to 82.1 M~ ' s7!

Selectivity Study. Selectivity is the ability of the sensor to
discriminate between different analytes. Thus, in order to test
the binding selectivity of the MIP film, a sensing experiment was
conducted using different but structurally analogous com-
pounds (also called interference compounds or analogues).
Finding a sensor that will respond to only one analyte is ideal.
However, it is more typical to find a sensor that will respond
primarily to one analyte with limited responses to other similar
analytes.® This sensor platform showed a high selectivity during
real-time sensing of closely related analytes such as caffeine and
theobromine. Theobromine and theophylline have identical
molecular weights (180.06 g/mol). The only difference between
theobromine to the target analyte is the substitution of 5-N with
a methyl group instead of the 8-N position (Figure 8b). More-
over, caffeine, theobromine, and theophylline are closely related
compounds by a metabolic process occurring in the liver.** At
present, clinical laboratories that employ gas/liquid chromatog-
raphy and commercial immunoassay in detecting theophylline
are experlencmg interfering responses from caffeine and
theobromine,'®® hence resulting in an inaccurate measurement
of theophylline concentration. In addition to these two analytes,
paracetamol and naproxen were also used to distinguish the
selectivity of the MIP sensor. From Figure 8a, it is observed that
the MIP film did not show any observable response upon
exposure to theobromine (500 M) and caffeine (500 uM) albeit
the concentration is 10 times greater than theophylline (50 uM),
which showed a ~50 mdeg change. Similarly, the MIP film did
not demonstrate a noticeable response for paracetamol and
naproxen, making the fabricated MIP film highly selective to
only the template molecule. To better express the effect of the
mterference compounds, the interference ratio (IR) is deter-
mined.*' It is calculated by taking the ratio of the SPR angular
change in the E-MIP film upon binding the interference com-
pounds to the SPR angular change due to the binding of
theophylline (IR = ABspr anatogue/ AUSPR theophyliine). A lower
IR value (<1) denotes very less or minimal interaction between
the E-MIP film and the analogue, whereas a value of 1 means a
complete binding. The IR of the theobromine and caffeine (with
concentration 10-fold higher than theophylline) are both equal
t0 0.02, which means that the E-MIP film has very less affinity to
these compounds. To verify the high selectivity of the E-MIP
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film, other drug molecules (i.e., paracetamol and naproxen)
were also imprinted using the same functional and cross-linking
monomer (G0-3T COOH), and the fabricated E-MIPs were
subjected to different compounds with some of them closely
resembling the structure of the template molecule. The results
are summarized in Figure 11 of the Supporting Information.
Similarly, the other E-MIP films demonstrated a high selectivity
toward the imprinted drug molecule and only a limited response
to other compounds due to nonspecific binding. The outstand-
ing selectivity of the E-MIP is attributed to the robust imprinted
sites or cavities of the polymer film that retained precisely the
memory of the size, shape, and orientation of chemical func-
tionality of the template molecule theophylline.

Stability Study. The working lifetime of the MIP sensor
film was evaluated by performing a stability study (Figure 9).
This study measures the ability of the sensor in maintaining
its sensing performance over a certain period of time. Briefly,
the experiment was carried out by injecting 35 and 50 uM
concentration of the template onto the MIP film and then
monitoring the SPR response as a result of the in situ analyte
binding. Two concentrations were selected to confirm the
result. Also, this experiment was repeated on different areas
of the same substrate that was kept under dry and ambient
conditions for 14 and 45 days. After 14 days, the SPR
response has decreased by ~2.08% and ~1.40% for 50 and
35 uM concentrations of theophylline, respectively, due to
template binding. Moreover, after 45 days, the sensing
response has decreased further to ~14.12% and ~15.89%
for 50 and 35 uM concentrations of the template, respec-
tively. Therefore, the fabricated MIP film does not only
exhibit outstanding selectivity and high sensitivity but also
very good stability, which can retain about 85% of its
original response after 45 days of storage in dry and ambient
conditions.

Conclusions

A facile protocol for making an E-MIP/SPR sensor device that is
highly sensitive and selective to the target analyte has been demon-
strated using polyterthiophene. Unlike most MIP systems, the
E-MIP sensor device uses an electropolymerization—cross-linking
procedure with a template—monomer complex for molecular
recognition, providing a binding functionality to a future analyte
molecule. The theoretical modeling studies by Spartan (AMI,
semiempirical calculations) highlighted the interactions between
the functional monomer and the template (prepolymerization
complex), forming an energetically stable cross-linkable conforma-
tion. The use of an electrostatic induced washing highlighted a more
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efficient and rapid way of removing the guest molecule from
the highly cross-linked polymer film. With the versatility of the
molecular imprinting technique combined with electropolymeriza-
tion, the E-MIP should be a promising approach to the fabrication
of ultrathin sensor films that can be easily attached to various
electrode transducers other than SPR. This work has a potential
not only for the fabrication of a sensor film that would detect
theophylline but also for distinguishing other important analytes
from their more closely related molecular structures in separation
procedures.
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