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ABSTRACT: A folic acid sensor was prepared via an electropolymerized molecularly
imprinted polymer (E-MIP) film of a bis-terthiophene dendron on a quartz crystal A
microbalance (QCM). The cyclic voltammetry (CV) electrodeposition of the im-
printed polymer film was monitored by electrochemical QCM or E-QCM, enabling in
situ monitoring and characterization of E-MIP film formation and the viscoelastic
behavior of the film. A key component of the E-MIP process is the use of a bifunctional
monomer design to precomplex with the template and function as a cross-linker. The

complex was electropolymerized and cross-linked by CV to form a polythiophene Ms“sr P "mpmmm"ﬂ:i
matrix. Stable cavities were formed that specifically fit the size and shape of the folic acid w;,‘ v;;g;ﬁ@{%o
template. The same substrate surface was used for folic acid sensing. The predicted ™y G
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geometry of the 1:2 folic acid/terthiophene complex was obtained through semiempi-

rical AM1 quantum calculations. The analytical performance, expressed through the figures of merit, of the sensor in aqueous
solutions of the analyte was investigated. A relatively good linearity, R* = 0.985, was obtained within the concentration range
0—100 uM folic acid. The detection limit was found to be equal to 15.4 uM (6.8 ug). The relative cross selectivity of the folic acid
imprinted polymer against the three molecules follows this trend: pteroic acid (= S0%) > caffeine (= 41%) > theophylline (= 6%).
The potential and limitations of the E-MIP method were also discussed.
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B INTRODUCTION

Molecular imprinting (MIP) is a technique widely used for the
preparation of polymeric materials for molecular recognition.' ~*
In MIP, the specific interaction of a functional monomer with the
template is manifested through the organization of specific
binding sites, which usually occur during fabrication of a three-
dimensional polymer monolith or film. Regardless of the type of
interaction, i.e., whether covalent or noncovalent, the preorga-
nized interaction creates a geometry that is complementary to the
size and shape of the template or target molecule. This enables
recognition of the template by the polymer matrix in subsequent
rebinding studies or applications. MIP is a valuable component in
the preparation of sensors.” '® The biomimetic properties of
MIPs render them attractive as chemical recognition elements in
sensors or artificial receptors. For recognition, MIP offers a very
promising alternative to natural receptors such as antibodies and
enzymes, which have relatively poor stability and a short shelf-
life."' Because of low cost, ease of preparation, robustness,
coupled with a wide choice of templates and functional mono-
mers, and an increase in demand in the fields of food analysis,
environmental monitoring, pharmaceutical assays, and security
monitoring that includes the detection of explosives, chemical
warfare agents, and illicit drugs,12 MIP has become one of the
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most widely used methods for the preparation of sensor films."?
However, MIP has some limitations, which include poor recog-
nition properties in water, long equilibrium binding kinetics, and
slow leaching of the template from the polymer matrix, which
must be addressed appropriately.'>'*

A main challenge in the design of MIP-based chemical sensors is
that these materials are usually prepared in bulk as monoliths, thus
lacking the ability to form a smooth film that is directly interfaced with
a transducer or electrode. Other groups have resorted to obtaining
bulk polymer films or membranes.">” ' Another option is surface
imprinting by spray- or spin-coating techniques that have been used to
obtain thin films on piezoelectric devices *°. Spin coating, in particular,
often suffers from the following drawbacks: difficulty in depositing
high-quality films of submicrometer thickness, tendency to form
coating defects (e.g, the orange-peel effect), poor homogeneity in
composition, and unwanted precipitation of the polymer due to the
premature evaporation of solvents.”! To this end, direct electroche-
mical deposition of polymers offers a viable means of introducing the
recognition domain as films on the surface of a transducer.”
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Electrodeposition of polymers is a method for directly adsorb-
ing an electropolymerized material on an electrode interface.”
Electrodeposition of polymers is accomplished by either anodic
or cathodic electropolymerization. These methods can be dis-
tinguished in terms of a radical-cation®* % (anodic) and a
radical-anion (cathodic) mechanism. Also, electrodeposition, in
contrast with the usual bulk polymerization, eliminates the need
for rigorous synthesis and film preparation typically required by
spin- or solvent-casting techniques. The film thickness and
composition can be easily achieved by controlling the electro-
chemical parameters in cyclic voltammetry (CV) or potentiostatic
deposition methods. The film thickness directly affects the
sensor's response time and, hence, is a critical controlling factor
for most sensing applications.”’

Polythiophene has been one of the most notable among
7t-conjugated polymers® because of its intrinsic electrical con-
ductivity, stability, and processability in both doped and neutral
states »°. Like polypyrrole and polyaniline, polythiophenes can
be both oxidatively or reductively doped in a proper solvent.*
The presence of sulfur in polythiophenes also enables it to be
reduced and thus n-doped.”® Significantly, polythiophenes can be
straightforwardly synthesized using anodic electrodeposition
techniques. There have been a number of studies conducted
on electrochemically prepared polythiophene films for sensing
applications®' ~** Other than sensors, the high interest in poly-
thiophene material is its potential for various applications such
as smart coatings, organic light-emitting diodes, photovoltaics,
and electrochromic windows.*®

Though a range of MIP-based chemosensors have already
been devised, *' the electrochemical approach in tandem with
the MIP process has not been largely explored because of issues
pertaining to homogeneous film formation and difficulty in in
situ characterization.* Also, the possible interference or degra-
dation of the template/analyte with the electropolymerization
process is a main concern. It is important, therefore, to develop
an MIP method in which the template can be protected and an in
situ monitoring method be employed to characterize the MIP
process. Although it is possible to monitor the MIP process
primarily by electrochemical analysis (current versus potential or
I=V) measurements, hyphenated techniques with a quartz
crystal microbalance (QCM)**** and surface plasmon resonance
(SPR) spectroscopy”™ * are attractive. Electrochemistry
coupled with QCM, which is also known as E-QCM, as well as
electrochemistry in tandem with SPR, or simply termed E-SPR,
should enable the in situ growth monitoring of the MIP films on a
gold electrode surface #9752 For E-QCM, the frequency (mass)
and viscoelastic behavior of the film can be monitored simulta-
neously during electrodeposition.”>* At the same time, I—V or
I—T (current versus time) measurements can be made because
the Au-QCM electrode is also a working electrode for a three-
electrode cell electrochemical setup.

Folic acid (also known as folacin and folate) is an important
nutrient for the human body because it plays an essential role in
the synthesis of purines and pyrimidines for DNA and in cell
replication. By chemical structure, it belongs to a group of
heterocyclic compounds based on the 4-[ (pteridin-6-ylmethyl)-
amino |benzoic acid structure. It plays a vital role in tissue growth
and the formation of red blood cells. A number of studies have
focused on its ability to act as an optimal targeting ligand for
imaging and cancer therapy.>® Folic acid is known to exhibit a
high affinity to folate receptors (K3~ 1 x 10~ '° mol/L), which
makes it very attractive for targeting cytotoxic agents.56’57

As a nutraceutical additive, folic acid is also routinely measured
in food and biological samples. There is a need to monitor its
concentration in fortified foods in comgpliance with government
regulations and product monitoring.>*>” The standard micro-
biological assays commonly used for routine analysis of folic acid
are based on light-scattering dispersion of the flocculent growth
of the organisms Lactobacillus helveticus and Streptococcus faecalis
in a folate-enriched media.®®~® However, these are not sensitive
to various chemical forms of the vitamin.®* Others have used a
wide range of analytical techniques, including polarographic
methods, which is the official method used in Russian pharma-
copoeia.®® Fluorimetric procedures have found useful ;16p6plication
in determining folic acid in natural extracts and yeasts.” A color-
imetric method based on color development with 1,2-naphtho-
quinone-4-sulfonic acid, sodium salt, has been used successfully
for assaying folic acid tablets containing folic acid alone or in com-
bination with iron and vitamin B,,.*’

In this study, electropolymerized molecularly imprinted poly-
mer (E-MIP) films based on polyterthiophenes were used to
generate a folic acid QCM sensor (Figure 1). In principle, the
E-MIP film serves as a chemical recognition element directly
interfaced with QCM transduction for subsequent quantification
based on the frequency shift and resistance response. On the
other hand, the gold surface of the QCM is also a working
electrode in a three-electrode electrochemical cell setup. It is
important to have the monomer complexed with the analyte,
together with a cross-linker. In this case, a bis-terthiophene or
bifunctional monomer derivative, 3,5-bis[[2-(2,5-dithiophen-2-
ylthiophen-3-yl)ethoxy]phenylJmethanol, a dendron and simply
referred to as G1 3TOH, was synthesized. A key feature of this
design is that the AB, dendron acts as both a monomer complex-
ing agent and a cross-linker for the MIP process. This interaction
was modeled by a semiempirical AM1 quantum calculation
method. Another important consideration is to monitor the
deposition of the folic acid bis-terthiophene complex because it
forms a polythiophene MIP matrix film.*> This condition was
largely accomplished by employing the hyphenated E-QCM
setup. After electrodeposition, the analytical performance of
the sensor, quantified through the figures of merit, was deter-
mined in a water/acetonitrile (ACN) (9:1, v/v) solution of folic
acid. The E-MIP film was also found to exhibit comparatively
high selectivity toward folic acid against structurally similar
analogues. Moreover, the E-MIP film preparation has been
shown to be simple and reproducible and their performance
more robust than standard microbiological-based assays.

B EXPERIMENTAL SECTION

Chemicals. Folic acid, tetrabutylammonium hexafluorophosphate
(TBAH), and pteroic acid were purchased from Sigma-Aldrich (St.
Louis, MO). All chemicals were used as received. Aqueous solutions
were prepared from water purified using a Millipore (Billerica, MA)
system (resistivity 18.2 MQ-cm). The G1 3TOH AB, dendron was
synthesized according to a literature procedure previously reported.”>>*
Briefly, ethyl 3-thiophene-3-acetate was used as the starting material to
produce a GO 3TOH monomer. This was then subjected to a modified
Mitsunobu etherification reaction accompanied with sonication to give
the G1 3T ester monomer. The G1 3T ester was then reduced using
lithium aluminum hydride to produce the G1 3TOH monomer as a pale-
yellow solid in 90% yield.***° In principle, the dendron synthesis can be
carried out to succeeding generations, G2, G3, G4, ..., as needed in an
AB, convergent manner.
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Figure 1. Schematic illustration of the fabrication of a polythiophene-based sensor for folic acid.

Instrumentation. CV was performed on an Amel 2049 Potentio-
stat and Power Lab system (Milano, Italy) with a three-electrode cell.
The conditions and parameters for the procedure are specified in the
Results and Discussion section because they vary with the experiments.
EChem Windows was used to run data acquisition. This electrochemical
setup is attached to a Research Quartz Crystal Microbalance (RQCM)
obtained from Maxtek, Inc. (now INFICON Corp., New York). The
gold surface of the QCM was used as the working electrode in the three-
electrode electrochemical cell setup. The instrument is equipped with a
built-in phase lock oscillator and is controlled using RQCM Data-Log
Software. Prior to electropolymerization, a standard AT-cut, S MHz,
1-in.-diameter polished quartz crystal was cleaned in piranha solution for
60 s [1:3 (v/v) H,0,/H,SO,] and was then subjected to plasma
cleaning using a March Plasmod GCM 200 (Concord, CA) for 150 s
at 10 W with an argon gas purge. Caution! Piranha solution is highly
corrosive and reacts violently with organic compounds; extreme precaution
must be observed in handling this solution. QCM sensing was done by
monitoring actual kinetic curves. A typical measurement for comparison
was done with 100 uM folic acid in 9:1 (v/v) water/ACN, unless various
concentrations were specified for sensitivity studies. The QCM curve
was recorded three times with an average deviation of 5% from the shape
of the curves, i.e., until a plateau is obtained, before choosing the final
representative plot. The surface morphology was studied using atomic
force microscopy (AFM) imaging, performed in ambient air with a
PicoScan SPM system (Molecular Imaging, now Agilent Technologies,
Santa Clara, CA) equipped with a 10 x 10 um” scanner. Magnetic-
alternating-current (MAC) mode and/or tapping mode were used for all
of the AFM images. Commercially available tapping-mode tips
(TAP300, Silicon AFM Probes, Ted Pella, Inc., Redding, CA) were
used on cantilevers with a resonance frequency ranging from 290 to 410
kHz. For X-ray photoelectron spectroscopy (XPS), photoelectrons were
collected on a Physical Electronics model 5700 XPS instrument
(Chanhassen, MN) using a monochromatic Al Kot X-ray source
(1486.6 V) operated at 350 W. The analyzed area, collection solid
cone, and take-off angle were set at 800 mm, 5°, and 45°, respectively. A
pass energy of 11.75 eV was employed, resulting in an energy resolution
of better than 0.51 eV. All spectra were acquired in vacuum (5 x 10”7
Torr or better) and at room temperature. A Shirley background

subtraction routine was applied throughout the experiment. The binding-
energy scale was calibrated prior to analysis using the Au 4f;/, line.
Charge neutralization was ensured through cobombardment of the
irradiated area with an electron beam. Data processing was carried out
using the Multipak software package. Ellipsometry measurements were
conducted using the Optrel Multiskop (Bavaria, Germany) at an angle of
60° with respect to the surface normal and at a fixed wavelength of 632.8
nm. A and W values were obtained for the polymer films and the clean
gold-coated quartz crystal surface. The ellipsometry data were then fitted
using a fitting program (Elli, Optrel), assuming a refractive index of
1.5 for the polymer layer.”*”"

Modeling studies were performed to determine the extent of inter-
action that exists between the G1 3TOH monomer and folic acid. The
extent of such interaction is quantified through calculated free energy
changes exerted by the interacting molecules. Specifically, equilibrium
geometry calculations at the ground state using the semiempirical
method AM1 were carried out using Spartan 08 (Wavefunction, Inc.,
Irvine, CA). It is based on neglect of the diatomic differential overlap
integral approximation. Specifically, it is a generalization of the modified
neglect of the differential diatomic overlap (MNDO) approximation in
which the central approximation asserts that the atomic orbitals residing
on different atomic centers do not overlap, thus reducing overall com-
putations. Single-point calculations were also performed using the same
theoretical model on the separate folic acid and monomer components in
order to determine if the observed differences in the enthalpy of formation,
AHjp were induced by monomer—monomer interactions. Energy mini-
mization was performed to obtain the initial geometries of each individual
molecule and of folic acid/G1 3TOH complexes. This procedure was
performed before submission of each structure for final geometry optimiza-
tion. Also, a global minimum search was included in each calculation setup.
Table S1 in the Supporting Information summarizes the calculated energies
for the different folic acid/G1 3TOH complex systems. Briefly, just to give
information on the values indicated in Table S1, the first column of values is
the energy (heat of formation) of the optimized geometry of the complex
formed by the interaction of folic acid with varying numbers of G1 3TOH
units. On the other hand, the second column contains the sum of the
energies of the individual components that make up the complex: > "E(heat
of formation) = > E(G1 3TOH units) + E(folic acid molecule). The third
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Figure 2. Cyclic voltammograms of the imprinted (a) and nonimprinted (b) polymer films: potential cycling from 0 to 1.1 V at a scan rate of S00 mV/s

for 20 cycles with 0.1 M TBAH as the supporting electrolyte.

column gives the single-point energy of the G1 3TOH units calculated at
different ratios, while the fourth column shows the energy of the folic acid
molecule extracted from the optimized geometries for each folic acid/G1
3TOH molar ratio.

NMR spectra were recorded on a 400 MHz 'H NMR General Electric
QE 300 spectrometer (Fairfield, CT). UV—vis spectra were recorded
using an Agilent 8453 spectrometer.

B RESULTS AND DISCUSSION

Surface Imprinting by in Situ E-QCM. The formation of the
nonimprinted and folic acid-imprinted polymer films was mon-
itored in situ on the surface of a gold quartz crystal electrode by
E-QCM. The E-QCM technique allows the preparation of films
with varying thickness by changing the CV parameters and
enables the direct deposition of the imprinted and nonimprinted
polymer films onto a piezoelectric transducer surface. As shown
schematically in Figure 1, a three-electrode electrochemical setup
was attached to the Kynar QCM cell connected to a potentiostat.
Ag/AgCl, platinum, and the gold quartz crystal were used as the
reference, auxiliary, and working electrodes, respectively. Poly
merization was conducted by cycling 20 times (20 cycles) the
potential from 0 to 1.1 V at a scan rate of S00 mV/s (Figure 2).
The MIP film was prepared from a 200 #M solution of G1 3TOH
and 100 uM folic acid in ACN containing 0.1 M TBAH as the
supporting electrolyte. A control polymer film, i.e., the nonim-
printed polymer (NIP) film, was prepared under the same con-
ditions but in the absence of the template (folic acid). A brown
(rustlike) film was obtained from the electrochemical polymer-
ization of G1 3TOH, with and without the template. Essentially,
the brown color refresents the absorption properties of a poly-
thiophene film.>**

Film formation was monitored through the changes in the
current per cycle. At each CV cycle, the oxidation current increases,
suggesting a stepwise growth of the polymer film. The electro-
chemical polymerization represents intra- and intermolecular reac-
tions between the terthiophene units.”” For clarity, the term poly-
merization indicates the formation of linear polymeric or oligomeric
species mainly coming from free terthiophene or bis-terthiophene
units. The term “cross-linking” refers mostly to the reaction of the
terthiophene units in the template—dendron complex. The pres-
ence of folic acid as the template facilitated the creation of a
polyterthiophene-based E-MIP film, which is complementary to the
use of linear polythiophene for molecular recognition.” As a result,

binding cavities, templated by the size and shape of folic acid,
were formed and were used for the subsequent detection of this
analyte.

It was further noted that initially two peaks seem to be
observed for both voltammograms, which eventually evolved
into one single peak at higher CV cycles. This could represent
initially a two-electron oxidation process that later transitioned
into a one-electron process. This behavior changes with the use
of different solvents and/or temperature and can also be kinet-
ically induced.”* Tt is similar to what has been previously
observed with polyterthiophene electrodeposition from a pre-
cursor polymer *’. The NIP film also deposited more materials
per cycle as compared to the E-MIP film, depicted by a fairly
larger change in the anodic peak current. Table S2 in the
Supporting Information provides a summary of the electrochem-
ical data obtained for the deposition of MIP and NIP polymer
films on the QCM gold surface.

While CV clearly illustrates the successful deposition of E-MIP
films, interfacing it with QCM permits the correlation of
electrochemically induced mass changes on the quartz crystal
electrode per CV cycle.”>””” Simultaneous with the reduction
and oxidation peaks on the voltammograms, the changes in the
frequency of the quartz crystal electrode were also obtained from
the QCM, which, in turn, can be translated into the correspond-
ing deposited mass arisingg from polymer film formation, through
the Sauerbrey equation’

Af = =2’ Am/A(pu,)'" (1)

where f; is the fundamental resonant frequency of the QCM ($
MHz), A is the area of the electrode (1.327 cm?), pqis the density
of the quartz (2.65 g/cm®), and 4 is the shear modulus of the
quartz (2.95 x 106 N/cm®). The negative sign in the equation
signifies that, as the film is deposited on the gold surface of the
QCM crystal during electropolymerization, the corresponding
frequency of the crystal decreases.”>* Moreover, this equation
can also be used in translation of the changes in frequency
observed during the doping and dedoping (oxidation and
reduction) processes to mass transport. To clearly illustrate
the doping and dedoping processes, during the anodic cycle
(oxidation), the polyterthiophene film is deposited simulta-
neously with doping of hexafluorophosphate counterions, which
constitutes a corresponding decrease in the frequency due to an
increase in mass. On the other hand, during the cathodic cycle
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Figure 3. QCM response during electropolymerization: (a) plot of the change in frequency as a function of time; (b) plot of the change in mass against
the number of CV cycles. The mass was converted using the Sauerbrey equation.

(reduction), the change in the frequency (increase) is due to
dedoping of ions, indicating a decrease in mass.”™

As shown in Figure 3, as electropolymerization progresses, the
change in the amplitude of the oscillator becomes more pro-
nounced. At the end of the 20th cycle for the MIP, the change in
the frequency has reached —187.5 Hz, compared to —213.75 Hz
for the NIP control polymer film. These correspond to a higher
surface mass density for the control NIP film relative to the
imprinted MIP film, i.e., 3.5 ,ug/cmz (Ag=1327 cm?) against 3.1
ug/cm®. A plot of the change in mass deposited at each cycle is
given (Figure 3). What is common for both MIP and NIP films is
that the mass deposition is well behaved and gives a linear growth
rate coincident with a highly reversible redox behavior.

In E-MIP, the viscoelastic property may be an important issue
for the polymer matrix, which provides support for the formation
of binding sites and access by the analyte. Coupling the electro-
deposition process with the QCM technique enables determina-
tion of the changes in the damping resistance. A change in the
damping resonant resistance usually accompanies changes oc-
curring on the surface of the quartz crystal such as adsorption,
antibody—antigen interaction, and others. Thus, we attempted
to correlate viscoelastic property changes concomitant with the
electrochemical polymerization process. Changes on the mo-
tional resistance, AR, can be used to validate the formation of a
structured template complex and film thermomechanical stabil-
ity. E-MIP films may be gauged as stable if it is rigid enough to
maintain the structure of the cavities after template removal, yet
elastic or porous enough to allow high reuptake of the template.
This should be possible with the right balance of linear polymeri-
zation and cross-linking reactions during the imprinting process.

We obtained a plot of AR as a function of AF for the E-MIP
and control NIP films under the same conditions: 20 cycles and
0.1 M concentration in TBAH (Figure 4). The results show that,
as the polymer film grows by CV, a smaller AR vs AF change is
observed for the MIP film compared to the NIP film. Assuming
that the template—dendron complex (prepolymer interaction””)
has been preserved during the electropolymerization process,
this indicates a more rigid film compared to the NIP film, which
does not incorporate any template molecule. The reaction is
primarily dominated by cross-linking of the terthiophene units
both inter-and intratemplate.*® During cycling in ACN (termed
as template solvation®'), the functional groups responsible for
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Figure 4. Illustration of the viscoelastic behavior of the nonimprinted
and imprinted polymer films.

the template—dendron interactions should retain its stable arrange-
ment, e.g,, stable hydrogen-bonding arrangement, because the polar
ACN is not expected to disrupt the stronger donor—acceptor
hydrogen-bond pairing of the template—dendron complex. If this
is the case, then the MIP film deposited on the gold surface should
retain the shape and, subsequently, the cavity of the template. The
fact that MIP contains a smaller amount of the terthiophene/
volume but still retains a rigid viscoelastic response compared to
NIP suggests that this template—dendron complex was effective in
making the terthiophenes available for cross-linking,*** thus yield-
ing a high number of fidelity sites for binding **. On the other hand,
more linear polythiophene species will then be expected from the
NIP film, which would mean fewer thermosetting properties of a
cross-linked system. The result is a more lossy film behavior. The
CV behavior verifies the formation of more linear polythiophene
species for NIP as discussed previously based on differences in the
onset oxidation potential and current/cycle.

The demonstrated differences in structural rigidity between
the MIP and NIP films may also be validated by the difference in
mass density, with the NIP film having a higher surface mass
density. The template—dendron complex in the MIP film
enables eflicient cross-linking ability for terthiophene but at the

dx.doi.org/10.1021/am100805y |[ACS Appl. Mater. Interfaces 2011, 3, 191-203
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Figure 5. Predicted complex structure between folic acid and G1 3TOH (1: 2 ratio) within the imprinted polymer matrix (space filling model, left
image) through AM1 semiempirical calculations using Spartan 08 (Wavefunction, Inc.).

same time reduces the amount of material deposited because the
film becomes more insulating early on. In this case, the film
becomes more resistant early, i.e,, increases in the heterogeneous
electron-transfer kinetics, current resistance, or IR drop of the
film [Vioal = Vacross film + I(Raim + Rsorn) ] and a decrease of the
film conductivity.**~® This situation is favorable with the E-MIP
film because a high ratio of effective imprinted sites on the sensor
surface is created.”

Optimization of the in Situ E-QCM Method. The in situ
E-QCM method is a convenient technique for introducing and
monitoring E-MIP deposition directly on the surface of an
electrode/transducer. For sensing applications, optimization of
the film/transducer interface requires a large surface/volume
ratio capable of providing fast rebinding kinetics®® and should be
robust and even reusable. Interplay between the surface mass
density and thickness may also have an effect on the film's
response toward template molecule incorporation. A thick film
will cause deep embedding of binding/active sites, resulting in
the poor removal of the template as well as poor accessibility of
the cavities for diffusion.*’”. Thus, to further explore this potential
and utilize the capabilities of in situ E-QCM monitoring, we directed
our efforts to optimizing the parameters commonly associated with
electrochemical deposition. Particularly, we have looked into the
effect of the following parameters: template—monomer ratio, scan
rate, and thickness on the resulting E-MIP film using the relationship
of AR vs AE*** Consequently, we correlated the viscoelastic
properties to explain the observed sensitivity and selectivity toward
folic acid by the E-MIP film.

In view of the results obtained from optimization experiments
(relevant data shown in Figures S2—S4 and Table S3 in the
Supporting Information), it may be expressed that an ideal
E-MIP film should be a compromise between the right visco-
elastic behavior and electropolymerization conditions (e.g.,
template—monomer ratio, scan rate, and solvent) to effect
template removal and analyte rebinding. At the same time, this
should be thin enough to have very good coupling with the
transduction mechanism and analyte access. This compromise
seemed to have been achieved by the following conditions: 1:2
template—monomer ratios, scan rate of 500 mV/s, use of a
200 uM solution of G1 3TOH and 100 #M folic acid in ACN
containing 0.1 M TBAH as the supporting electrolyte, and finally
a thickness of ~25 nm. From henceforth, all films prepared for
further studies on the sensitivity and selectivity of the MIP films
was done using these conditions.

Theoretical Modeling of the Template—Monomer Complex.
To further confirm the importance of the 1:2 template—
dendron ratio previously discussed, a theoretical model of the 1:2
folic acid/G1 3TOH complex was obtained from semiempirical
AMI1 calculations using Spartan 08, as shown in Figure S. This
predicts the possible arrangement of the dendron and template
within the network (Figure SS and Table S1 in the Supporting
Information). The interaction energy between G1 3TOH and
folic acid was obtained from calculated heats of formation using
eq 2.

AE = Efolic acid/G1 3TOH complex [EGI 3TOH + Efolic acid] (2)

A negative value for AE denotes favorable interaction between
the monomer and target analyte.”® ®> The calculated interaction
energy for such a conformation or arrangement of the G1 3TOH/
folic acid complex is —53.8785 kJ/mol, suggesting that a relatively
stable complex is formed between G1 3TOH and folic acid. As
displayed in the space-filling figure, the two monomer units of G1
3TOH are arranged in an intertwined manner, creating a cross-
linkable conformation, with folic acid (template) being sandwiched
by these monomer units. The proposed arrangement of the
molecules may have been made possible by a hydrogen-bonding
interaction providing such stability to the formed complex between
G1 3TOH and folic acid. In particular, a favorable donor—acceptor
hydrogen bonding between the oxygen atoms in the HO— of the
G1 3TOH monomer and the hydrogen atoms of the amine groups
of the template (folic acid) is possibly formed as implied by the
calculated bond distances. To effect hydrogen-bond formation,
calculated bond distances due to hydrogen bonding (represented
by broken lines) must be less than or equal to 2.00 A. The calculated
bond distances for the hydrogen bonds formed between atoms of
G1 3TOH and folic acid were found to be as follows: 1.755, 1.916,
and 2.028 A.

To further affirm template—monomer interactions in a folic
acid—terthiophene dendron system, NMR and UV—vis studies™ *°
were also performed. NMR titration experiments have long been
widely used in determining protonation sites,” structure and hydro-
gen bonding,”®” and association constants. In this particular experi-
ment, increasing amounts of the G1 3TOH monomer were added to
a fixed amount of folic acid. The corresponding "H NMR spectra
were then measured in deuterated dimethyl sulfoxide. The interaction
of folic acid with the terthiophene dendron was ascertained by noting
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Figure 6. 3D (left) and 2D (right) AFM topography images (2 #um X 2 um® scan): nonimprinted (A), imprinted (B), and imprinted polymer after
template removal (C). 2D AFM amplitude and phase images are shown in Figure S9 in the Supporting Information.

the "H NMR spectral shifts of hydroxyl, amine, and the hydrogenated
nitrogen atom moieties of folic acid. It was reported in a study by
Sellergren et al.”>**'® that amine protonation is supported by an
upfield shift in the "H NMR spectrum of folic acid. The shift changes
are tabulated in parts a and b of Table S4a in the Supporting
Information. The addition of two monomer units of G1 3TOH with
folic acid yielded relatively large and significant changes in the
chemical shifts of the above-mentioned functionalities.

While the NMR data further support the results of modeling
studies, a UV—vis technique was also employed in this study to
determine the formation constant for the most favorable
template—monomer ratio and to display the binding capacity
of the terthiophene dendron. The mole ratio method was
employed in this particular experiment. The concentration of
the G1 3TOH monomer was held constant (10> M), while
that of folic acid was varied (from 1 to 10 #M). The changes in
the UV—vis spectra are shown in Figure S7 in the Supporting
Information, and these changes have been translated into a plot
of absorbance as a function of the G1 3TOH/folic acid ratio
(Figure S8 in the Supporting Information). The intersection of
the two slopes from the plot implies that the 2:1 G1 3TOH/
folic acid ratio yields the most pronounced spectral change. It is
assumed that, in the presence of folic acid, conformational
changes may have occurred, causing alterations on the dis-
ordered, aggregated structure of the terthiophene units. This, in

turn, resulted in an observed increase in the absorbance and a
slight shift of 4,

In summary, modeling studies coupled with NMR and
UV—vis analyses provide important structural or mechanistic
information on prepolymerization template—monomer com-
plexes, which eventually lead to affinity sites in an electropoly-
merized terthiophene MIP film. The efficiency and selectivity of
the resulting E-MIP film are dictated by the number and relative
strength of this prepolymer complex or template—monomer
interactions and hence must be given utmost importance for
future E-MIP procedures.

AFM Morphology Studies. The AFM images, as shown in
Figure 6, depict the surface topography of NIP (A), MIP (B), and
MIP after template removal (C). The images were taken using
a2 X 2 um” scanned area. The AFM images substantiate the
E-QCM data, which suggests a successful deposition of the
polymer film on the gold surface. Though the E-QCM data
show that a relatively denser film is obtained in the absence of
folic acid, a rather nonhomogeneous NIP polythiophene film was
observed in the AFM images. This can be explained by the rapid
propagation step for the polymerization and precipitation of
linear polymer species from the solution.'®' This was also
revealed through the observed differences in the roughness of
the surfaces [expressed in terms of the root-mean-square (RMS)
value]. NIP exhibited a rougher surface with a calculated RMS
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Figure 7. High-resolution XPS scan of the imprinted polymer film (N 1s) before (a) and after removal (b) of the template.

value of 1.66 nm compared to the imprinted polymer with which
the template is still incorporated into the polymer network,
having an RMS value of 1.38 nm. The roughness of the E-MIP
film after washing with methanol/acetic acid is increased though,
i.e., RMS value = 3.87 nm.

Additionally, the AFM images suggest differences in terms of
the electropolymerization mechanism.'®>'% The electrode-
position of the films should be affected by the presence of the
template (folic acid). The effect of folic acid on the formation
of the polythiophene network may be based on the nucleation
density. The AFM image of the E-MIP displays more grains on
its surface compared with that of the surface of the NIP film.
The occurrence of grains may be attributed to the dynamics
of electropolymerization. It is well-known that both three-
dimensional (3D) nucleation and two-dimensional (2D) in-
stantaneous nucleation are involved with the electrochemical
deposition process of thiophene monomers.'** However, in
the case of MIP electropolymerization, more uniform and
greater numbers of nucleation sites are initially formed to give
a moderately smoother surface relative to the surface of the
NIP film. In the presence of these nucleation sites, the MIP film
grows, as manifested by the increasing size of the domains and
aggregates.'”> These grains may be attributed to aggregates
formed by the template—dendron precomplex in solution and
extended onto the polymer electrodeposition. Furthermore,
the interaction of G1 3TOH with folic acid based on hydrogen
bonding and other associated noncovalent interactions in-
duced changes not only on monomer—monomer and monomer—
solvent forces but also on the overall complex aggregate sta-
bility in solution. For some compositions and scan rates, the
changes in this template—monomer complex could lead to a
reduction in the amount of self-aggregation or the unsuccessful
incorporation of folic acid with the polymer network. The
eventual properties of the deposited film such as polymer—
polymer entanglement and degree of cross-linking would also
account for the ability of the polymer film to swell, thereby
affecting the rebinding kinetics. With various solvent washings,
these differences could be further highlighted, e.g., the AFM
image of the film after methanol/acetic acid washing. Notably,
the polymer film should not be excessively swollen so as to
cause the collapse of the binding cavities formed during
electropolymerization.

198

Template Removal Studies by XPS. XPS was used to
confirm the successful incorporation of the template molecule
on the imprinted polymer. XPS spectra were obtained from film
samples electropolymerized on a gold-coated BK7 glass. Folic
acid was then removed from the imprinted polymer by dissolu-
tion in a methanol/acetic acid solution (9:1, v/v), rinsed with
methanol only to remove traces of acetic acid, and subsequently
dried under a stream of nitrogen gas. Washing of the polymer
film was done repeatedly for six consecutive times or a total
washing time of at least 1.5 h. The NIP film that served as the
control was also treated in the same way as the MIP film. We
tracked the signal coming from the N 1s electron as a unique
marker because this atom can only be associated with the
template (folic acid). As shown in the N 1Is spectrum of the
MIP film, a band at about 398—401 eV corresponds to the
nitrogen atoms of folic acid in different environments
(Figure 7). Specifically, binding energies of 399.3, 398.3,
and 395.7 eV correspond to the amine moiety (—NH,) and
nonhydrogenated (—N=) and hydrogenated (—NH) nitro-
gen atoms of folic acid, res;)ectively (Figure S10 in the
Supporting Information).'°®** The deconvoluted spectrum
also showed a band at 405.5 eV, which refers to the nitrogen
atom of a trace quaternary ammonium cation, of the support-
ing electrolyte that may have been trapped in the MIP film
during electrodeposition.'®”

Percentage atomic concentrations of nitrogen in the control
(nonimprinted) and imprinted E-MIP films before and after
template extraction are as follows: 0.10, 1.72, and 0.85, respec-
tively. The small percentage of nitrogen obtained from the
control or nonimprinted polymer may be due to the supporting
electrolyte used, TBAH, during the electropolymerization pro-
cess. These counterions may have been trapped within the
polymer network even after the dedoping process. Removal of
folic acid by methanol/acetic acid washing would only account
for 50% of the folic acid present in the polymer network
(Figure 7b). It should be possible to optimize template removal
using a constant potential-assisted washing procedure. We also
calculated the nitrogen/sulfur ratio to assess the relative effect of
the washing solution on the polymer matrix. Because the per-
centage atomic concentration of sulfur did not change signifi-
cantly (before and after template removal, the S 2p percentage
atomic concentrations are 9.12 and 8.98, respectively), it can be
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Figure 8. (a) QCM responses of both imprinted and nonimprinted sensors toward 100 #M folic acid and (b) calibration plot for the rebinding of folic

acid by the folic acid-imprinted polymer.

ascertained that the polymer structure is not greatly affected by
the applied methanol/acetic acid washing procedure.

Analytical Performance of the MIP/QCM Sensor . Sensor’s
Response to Varying Concentrations of Folic Acid. Figure 8a gives
the QCM response of E-MIP against NIP in folic acid sensing,
confirming the successful imprinting of folic acid. The imprinting
factor can be calculated from the ratio of the folic acid binding
capacity on the imprinted E-MIP film to that of the control NIP
film.'*®"""? Calculations made using the experimental results
yield an imprinting factor of 3.89. The frequency shift as a
function of time (kinetic curve) of the QCM is shown in Figure
S11 in the Supporting Information.

The MIP film was exposed to varying concentrations of folic
acid, i.e,, from 0 to 100 M, with the extent of the frequency shift
being noted at each concentration. A calibration curve, illustrated
on Figure 8b, was obtained from the plot of the change in
frequency as a function of the folic acid concentration in micro-
molar. As shown in the plot, the imprinting effect is not clearly
demonstrated at low folic acid concentrations; however, starting at
20 uM, the ability of the E-MIP/QCM sensor to distinguish folic
acid was efficiently demonstrated. Also, from the plot, a relatively
good linearity was obtained within this concentration range of folic
acid with R = 0.985. The detection limit," ">~ "' which is defined
as the minimum concentration or mass of analyte that can be
detected at a known confidence level (multiple k = 3; ie., the
confidence level of detection will be 95%), was also calculated. The
detection limit for folic acid sensing by the E-MIP film was found
to be equal to 15.4 uM (6.8 ug) and was obtained by dividing three
times the standard deviation (30) with the experimentally deter-
mined slope (m) of the calibration plot. Also, to verify the
importance of electrodeposition of the 1:2 template—dendron
ratio on the E-MIP preparation, the highest frequency shift at
—275 Hz was only observed for this composition (Figure S2 in the
Supporting Information). Moreover, as with the other composi-
tions of MIP, the performance was similar to that of NIP, only up
to a —25 Hz shift. Similarly, as previously discussed in the section
describing the details of the optimization procedures performed,
the films prepared at 500 mV/s showed the largest frequency shift
at —225 Hz, as compared to the average of —50 Hz for both the
MIP and NIP films prepared at lower scan rates (Figure S3b in the
Supporting Information). Note that lower scan rates endow
formation of a thicker polymer film. This highlighted the impor-
tance of the right thickness in achieving optimal sensitivity.

199

Recognition Selectivity of Folic Acid E-MIP. The selectivity
of the folic acid-imprinted polymer was investigated by exposing
the polymer film to a 100 #M solution each of caffeine, pteroic
acid, and theophylline. The structures of these compounds
(Figure 9b) are similarly related to that of folic acid. A bar chart,
shown in Figure 9a, displays the observed changes in the
frequency of the QCM crystal upon exposure of the E-MIP film
to each solution of the competing molecule. Interestingly, the
most pronounced change in the frequency of E-MIP/QCM was
observed only upon binding of folic acid. The large shift with the
frequency denotes that more molecules are bound onto the
E-MIP/QCM sensor film, which is mainly due to the rebinding
of the template molecule into the imprinted cavities within the
polymer matrix. Consequently, data obtained from this plot were
used to calculate the percent of cross selectivity'”"'® of the
E-MIP film sensor. The efficiency of binding of folic acid to the
imprinted cavities is best described by the cross-selectivity ratio.
The cross-reactivity ratio is referred to as the ratio of the change
in the frequency of the crystal observed upon binding of the
competing molecule to the change in the frequency when the
film was exposed to a solution containing the target analyte, i.e.,
Afy molecute/ Aftolic acia- The relative cross selectivity of the folic
acid-imprinted polymer against the three molecules follows the
trend pteroic acid (= 50%) > caffeine (= 41%) > theophylline
(= 6%). A significantly small cross-selectivity ratio indicates very
little and/or the absence of interaction between that of the
imprinted polymer film and the competing molecule. Hence,
among the three molecules subjected to rebinding, theophylline
gave the poorest rebinding response with the imprinted polymer
film; thus, theophylline will not significantly interfere with the
sensing of folic acid. Moreover, as shown in Figure S12 in the
Supporting Information, the binding of theophylline with the
imprinted polymer film was unstable relative to the other
molecules, as suggested by a hump in the QCM response, after
about 100 min of exposure. On the other hand, pteroic acid,
which also belongs to the pterin family, may potentially interfere
with the sensing of folic acid.

Determining the Binding Mechanism. Changes in the
QCM frequency obtained during the rebinding of different
concentrations of folic acid on the imprinted polymer were used
to calculate the amount of folic acid that rebinds with the
imprinted polymer film. The calculated values were then used
to establish the relationship of the surface mass density with the
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Figure 10. Illustration of the proposed cooperative binding among folic acid molecules due to hydrogen bonding (Spartan 08, Wavefunction, Inc.).

folic acid concentration in the bulk. This can be done by
employing the Langmuir adsorption isotherm, which assumes a
monolayer adsorption. The Langmuir equation adopted for this
study may be expressed as

Am Amgy C

A A  C+K;

(3)

where Am,,,, /A is the maximum surface mass density, while K4
gives the dissociation constant. However, the binding kinetics of
folic acid to the imprinted polymer deviates from the Langmuir
model upon fitting of the experimental data. This suggests that
the binding of folic acid to the imprinted polymer involves
specific adsorption or multilayer adsorption, unlike the Langmuir
isotherm, which is more general for nonspecific adsorption.
Instead, we used the Hill equation,''”'** commonly applied to
enzyme—substrate binding, to describe the binding event be-
tween folic acid and the imprinted polymer. Equation 4 has been
modified to follow the Hill equation

log(Am/A) = nlog [C]—log K4 (4)

where 7 is a constant, [C] is the concentration of folic acid in
micromolar, and Kj is the dissociation constant. Fitting of the
experimental data gives the equation y = 1.018x + 1.577 (R> =
0.975), indicating that cooperativity occurred during binding of
the template with the polymer, commonly associated with
enzyme kinetics. Moreover, the n value obtained is greater than 1,
suggesting a positive cooperativity. This implies that once a
folic acid molecule binds to the polymer network, its affinity for
other folic acid molecules increases. It has been reported in
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Figure 11. Plot illustrating the changes in the surface mass density of
the polymer film against increasing concentrations of folic acid.

several papers that the pterin ring of folic acid possesses the potential
to show two hydrogen-bonded self-assembling patterns.'>" This
ability to form self-assembling patterns of hydrogen bonds is illus-
trated in Figure 10 (Spartan 08, Wavefunction, Inc.).

It can also be seen from the plot in Figure 11 that there is a
small change in the surface mass density as the concentration of
folic acid is varied, as manifested by the slightly sigmoidal curve.
It could be that the polymer network may possess a flexible
structure, induced by the presence of folic acid molecules,
making the cavities reversibly accessible to the template for
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binding. This means that the template has reorganized itself as it
approaches the binding sites, allowing for a better fit with the
preformed cavities. It must be noted, however, that the K4 value
obtained from the experimental data is relatively large, i.e., 37.76
UM. At some point, folic acid molecules may tend to dissociate
and to desorb from the polymer binding sites. This could possibly
explain the reversible binding observed during the rebinding
process.

B CONCLUSIONS

On the basis of our results, we have successfully prepared a
bis-terthiophene dendron-based E-MIP sensor film for the
detection of folic acid with monitoring through an in situ
E-QCM. It was found that the relative rigidity of the imprinted
polythiophene film, prepared via optimized electropolymer-
ization conditions, is a function of the scan rate, template—
dendron composition, and thickness. Furthermore, creation
of the binding sites for these artificial receptors would also
depend on the affinity of folic acid toward the terthiophene
dendron. This was confirmed through the existence of a
favorable prepolymer complex at a 1:2 ratio. Conformational
changes brought about by complexation and other noncova-
lent interactions were clearly demonstrated using modeling
studies verified with NMR and UV —vis analyses. Moreover,
these tools proved to be vital in determining the nature of the
interaction, the number of binding sites, and the formation
constant of the folic acid/G1 3TOH complex so as to permit
the fabrication of eftective E-MIP films, i.e., exhibiting sensi-
tivity and high selectivity toward the template molecule.
A relatively good linearity was achieved (R* = 0.985) for
the rebinding of folic acid by the E-MIP/QCM film sensor
within the concentration range between 0 and 100 #M. The
polythiophene-based sensor also exhibited good selectivity toward
folic acid as compared with structurally related compounds
such as pteroic acid, theophylline, and caffeine. Indeed, the
observed sensitivity and selectivity of the polythiophene-
based E-MIP sensor film toward folic acid is due to optimized
template—monomer incorporation in the polymer matrix and
the right viscoelastic properties of the film. Moreover, a
positive cooperativity occurs during the binding of folic acid
as verified by semiempirical quantum calculations. Our cur-
rent effort is directed toward a better understanding of the
mechanism of binding, with focus on characterizing other
electropolymerized imprinted polymers by other transduction
methods such as the electrochemical impedance spectroscopy.
Also, we are presently focused on testing this concept of
electropolymerized MIP-based chemical sensors for various
classes of analytes ranging from food adulterant and additives,
endocrine-disrupting compounds, pesticides, illicit drugs, and
explosives.
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