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This study proposes a chemical sensing approach for the selective detection of tropane alkaloid drugs
based on an extended-gate-type organic field-effect transistor (OFET) functionalized with a molecularly
imprinted polymer (MIP). From the viewpoint of pharmaceutical chemistry, the development of versatile
chemical sensors to determine the enantiomeric purity of over-the-counter (OTC) tropane drugs is
important because of their side effects and different pharmacological activities depending on their
chirality. To this end, we newly designed an OFET sensor with an MIP (MIP-OFET) as the recognition
element for tropane drugs based on a high complementarity among a template (i.e., (S)-hyoscyamine)
and functional monomers such as N-isopropylacrylamide and 2,2-dimethyl-4-pentenoic acid. Indeed,
the MIP optimized by density functional theory (DFT) has succeeded in the sensitive and selective
detection of (S)-hyoscyamine (as low as 1 uM) by the combination of the OFET with highly selective

Received 19th May 2022, recognition sites in the MIP. The MIP-OFET was further applied to determine the enantiomeric excess

Accepted 28th June 2022 (ee) of commercially available (S)-hyoscyamine, and the linearity changes in the threshold voltages of
the OFET corresponded to the % ee values of (S)-hyoscyamine. Overall, the validation with tropane

alkaloids revealed the potential of the MIP combined with OFET as a chemical sensor chip for OTC
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1. Introduction

Alkaloid drugs classified in natural products, such as narcotics
and psychotropics, possess strong pharmacological activity
toward the nervous system because positively charged nitrogen
atoms in these drugs are capable of binding to protein recep-
tors through electrostatic interactions.” Among them, tropane
skeletons based on 8-azabicyclo[3.2.1]octane are employed as
the main component of drugs including atropine, scopolamine,
etc.,® while such muscarinic blocking drugs could potentially
evoke side effects (hallucination, memory impairment, blurred
vision, etc.).* In particular, atropine is one of the antidotes to
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treat intoxications by organophosphorus derivatives, whereas
relationships between these neurobiological side effects and
the tropane drugs are still unclear.” In addition, the pharma-
cological activity of tropane drugs significantly depends on
their chirality. Indeed, atropine is racemic hyoscyamine, and
only the (S)-hyoscyamine enantiomer shows pharmacological
activity.! Taking into consideration the strict regulations con-
cerning enantiomeric purity in the pharmaceutical industry,
the accurate and easy determination of enantiomeric excess
(ee) of over-the-counter (OTC) drugs is required.®™®

To date, the detection of atropine has been performed by
utilizing liquid chromatography equipped with tandem mass
spectrometry, which achieved the % ee determination of
atropine.'®!' However, such conventional instrumental meth-
ods are complicated and time-consuming because of the pre-
processing of samples. Therefore, we focused on an organic
field-effect transistor (OFET) device'>'® as a sensing platform
for tropane alkaloid detection. The transistor characteristics
rely on potential changes on a gate electrode."® Indeed, OFETs
can quantify chemical information by an appropriate sensor
design utilizing the gate electrode. In an extended-gate-type
OFET, a molecular recognition scaffold on the separated gate

This journal is © The Royal Society of Chemistry 2022
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electrode (i.e., extended-gate) as the sensing part is connected
to the gate of the OFET, which allows chemical sensing in
aqueous media.?*>?

For the detection of tropane derivatives, elaborate receptor
designs considering high steric hindrance are necessary.>
Conventional alkaloid sensors based on cavity molecules and
molecular clefts have been widely studied,?™*® but the devel-
opment of easy-to-use drug sensors is still challenging because
of the difficulty of appropriate receptor designs. In this regard,
molecular imprinting is capable of generating cavities for
specific analyte recognitions by noncovalent interactions
(hydrogen bonds, m-n interactions, electrostatic interactions,
etc.) in synthetic polymers (molecularly imprinted polymers,
MIPs), achieving highly sensitive and selective detection.”®™*
With this three-dimensional recognition space, MIPs were
shown to successfully detect tropane drugs.>*>® However, pre-
vious works on the use of MIPs for the detection of atropine did
not report on the selective discrimination of (S)-
hyoscyamine.***> Besides, previous reports have confirmed
that MIPs can be formed as thin layers or membranes on
substrates including electrodes,**™*° interfacing MIPs with the
extended-gate electrode should be possible. Indeed, the
detectability of extended-gate-type inorganic FETs functiona-
lized with MIPs for various chemical species has already
been reported.”” ™ Hence, we propose herein an extended-gate-
type OFET functionalized with a novel MIP (MIP-OFET) based
on poly(N-isopropylacrylamide-co-2,2-dimethyl-4-pentenoic acid-co-
N,N'-methylenebisacrylamide) (p(NIPAM-co-DMPA-co-MBAAM)) for
the detection of (S)-hyoscyamine and its ee determination (Fig. 1).

2. Experimental
2.1. Materials

Reagents and solvents employed in this study were commer-
cially available and used as supplied. N-Isopropylacrylamide
(NIPAM),>®  2,2-dimethyl-4-pentenoic acid (DMPA), N,N'-
methylenebisacrylamide (MBAAM),** and ammonium persul-
fate for the synthesis of an MIP and a non-imprinted polymer
(NIP), tetradecylphosphonic acid for the dielectric layer, and
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Fig. 1 Schematic illustration of the tropane drug sensor based on the
extended-gate type OFET functionalized with the MIP.
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the analytes such as (S)-hyoscyamine, atropine, tropine, solife-
nacin succinate, tropicamide, and oxybutynin hydrochloride
were purchased from Tokyo Chemical Industry Co., Ltd. The
reagents purchased from FUJIFILM Wako Pure Chemical
Industries, Ltd were potassium chloride (KCl), hydrogen
tetrachloroaurate(m) tetrahydrate (HAuCl,), N-ethylethana-
mine and tetramethylethylenediamine (TEMED). Poly{2,5-
bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene} (PBTTT-
C14],51 tropic acid, and 1,2-dichlorobenzene were purchased
from Merck KGaA. The organic solvents and reagents obtained
from Kanto Chemical Co., Inc. were 2-propanol, potassium
hexacyanoferrate(m) (K3Fe(CN)g), sodium hydroxide, n-hexane,
and disodium hydrogenphosphate dodecahydrate (Na,H,PO,).
For the device fabrication, a glass substrate (model Eagle XG,
2 cm x 2.5 cm), gold (Au) particles, and aluminum (Al) wire
(1¢) were purchased from Corning, Inc., Tanaka Kikinzoku
Kogyo Co., Ltd, and Furuuchi Chemical Co., Ltd, respectively.
A silver paste (Dotite, type: D-500) purchased from Fujikura
Kasei Co., Ltd was utilized for the OFET measurements. The
electrochemical measurements were carried out using a Pt wire
counter electrode and an Ag/AgCl reference electrode (model:
RE-1B), which were purchased from BAS Inc. CYTOP™ (model
CTL-809M) with perfluorotributylamine and polyethylene
naphthalate (PEN) were supplied by AGC Co., Ltd and TOYOBO
Co., Ltd, respectively. Aqueous solutions for all experiments
were prepared by using Milli-Q water (18.2 MQ cm). The
enantiomeric purity of hyoscyamine was investigated by high-
performance liquid chromatography (HPLC) with a chiral
column (Daicel CHIRALCEL OZ-H). The enantiomeric purity
of the commercially available (S)-hyoscyamine was determined
to be 90.2% ee (Fig. S16, ESIT).

2.2. Measurements

The complex of monomers with (S)-hyoscyamine was optimized
by density functional theory (DFT) calculations using a package
of Gaussian 16 REV. C. 011.>> Chronoamperometry and differ-
ential pulse voltammetry (DPV) were carried out on an SP-300
potentiostat (Biologic). In the electrochemical measurements,
the potential was scanned from 0 V to 0.45 V in K3Fe(CN)s
(5 mM) with phosphate buffer (100 mM, pH 7.0) containing KCl
(100 mM) at 25 °C. The synthesized MIP was evaluated by
Fourier transform infrared spectrophotometry (FT-IR) (a Nico-
letiS5, Thermo Fisher Scientific Inc.) with a KBr pellet or with a
variable angle grazing angle ATR (Harrick Scientific), field-
emission scanning electron microscopy (FE-SEM) (a JSM6330F,
JEOL), and frequency modulation atomic force microscopy
(FM-AFM) (a NanoWizard®™ 3 BioScience AFM, Bruker). The
electrical characteristics of all OFET devices were measured
using a source meter (Keithley 2602B).

2.3. Fabrication of the MIP and NIP electrodes

NIPAM (83 mg, 0.73 mmol), MBAAM (3 mg, 0.02 mmol), (S)-
hyoscyamine (53 mg, 0.18 mmol), and DMPA (25 pL, 0.18 mmol)
were dissolved in Milli-Q water (2.5 mL), and then the mixture
was stirred for 20 min at 25 °C under an inert atmosphere. After
becoming a colorless and transparent solution, TEMED (2.7 pL,
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0.018 mmol) was added to the mixture solution and stirred for
2 min. Then, ammonium persulfate (3 mg, 0.01 mmol) was
added to the mixture solution, followed by stirring for 2 min.
After maintaining the aqueous solution for 8 h at 25 °C under
an inert atmosphere, a colorless macro hydrogel was obtained.
The hydrogel was washed with a HCI solution (10 mM) 3 times.
For the characterization of the obtained polymer by FT-IR, the
hydrogel was dried at 70 °C for 5 h by using a vacuum drying
oven (AVO-200NB, ETTAS). The NIP was synthesized according
to the above-mentioned procedure without wusing (S)-
hyoscyamine, while NaOH (2 mg, 0.05 mmol) was added to
improve the solubility of DMPA.

The extended-gate Au electrode with 15 mm® of conductive
area and 100 nm thickness was fabricated on the PEN film by
utilizing thermal evaporation equipment (SVC-700TMSG/SVC-
7PS80, SANYU Electron). A Au nanostructure (AuNS) was mod-
ified on the surface of the extended-gate electrode in a HAuCl,
solution (100 mM) by chronoamperometry based on a three-
electrode system. The potential was fixed at —0.1 V for 60 s. The
treated electrode was rinsed with ultrapure water 3 times,
followed by drying with a N, gas flow. The MIP layer was
synthesized by drop-casting the aqueous solution containing
monomers, (S)-hyoscyamine, and the initiator (i.e., the combi-
nation of TEMED and ammonium persulfate) (8 pL) onto the
extended-gate electrode. The treated electrode was kept at 25 °C
for 8 h under ambient conditions to attach the MIP to the
surface of the AuNS on the extended-gate electrode. The elec-
trode was rinsed with the HCI solution (10 mM) 3 times and
subsequently immersed in the phosphate buffer (100 mM, pH
7.0) containing KCI (100 mM) at 25 °C for 4 h for removing the
residue of the template. The NIP-attached electrode was fabri-
cated according to the above-mentioned procedure without (S)-
hyoscyamine. The MIP or NIP-attached electrode for FE-SEM
and FT-IR characterization was dried at 70 °C for 5 h in a
vacuum drying oven.

2.4. Fabrication and operation of the extended-gate-type
OFET

Vacuum thermal evaporation equipment was applied to fabri-
cate an aluminium gate electrode (30 nm in thickness) on a
glass substrate. The aluminium oxide formed by a reactive ion
etching method (SAMCO RIE-10NR) was treated with tetrade-
cylphosphonic acid to form a double dielectric layer. Next,
source and drain Au electrodes (30 nm in thickness) were
deposited using vacuum thermal evaporation equipment. Sub-
sequently, a 1,2-dichlorobenzene solution containing PBTTT-
C14 was drop cast onto a channel region of the OFET. Finally,
the surface of the polymer semiconductive layer was fully
covered with CYTOP™. The MIP- or NIP-modified extended-
gate electrode was connected to the OFET through a copper
conductive cable and the gate voltage was applied through the
Ag/AgCl reference electrode. The detectability of the extended-
gate-type OFET was assessed under ambient conditions. The
fabricated OFET device showed low-voltage operable transistor
characteristics (<|3| V), which was suitable for chemical
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sensing applications. More details of the fabrication process
and basic transistor characteristics are summarized in the ESIL.}

3. Results and discussion

3.1. Optimization and characterization of the MIP and its
modification on the extended-gate electrode

NIPAM and DMPA were selected as the main monomers,
because these monomers possess amide and carboxy groups
capable of forming hydrogen bonds with the target (S)-
hyoscyamine. Moreover, DMPA was selected owing to the steric
effect derived from its branch methyl groups for the detection
of the bulky structural drug.>® Besides, MBAAM was employed
as the crosslinker,> resulting in a 3D MIP network for increas-
ing the specific surface area (vide infra). To design the MIP for
(S)-hyoscyamine, DFT calculation was performed by Gaussian
16 at the B3LYP(D3B])/def2SVP level with the IEFPCM solvent
model (solvent set as water),”>>® the result of which was
visualized by GaussView 6.0.16.>° Four types of complexes
composed of NIPAM, DMPA, and (S)-hyoscyamine at different
molar ratios were optimized by DFT calculation. In this regard,
the binding energies were precisely calculated with the IEFPCM
solvent model and the counterpoise method, which could
decrease the influence of the basis set superposition error
(BSSE) (Table S1, ESIt). Among them, the complex with the
molar ratio (NIPAM: DMPA: (S)-hyoscyamine = 4:1:1) showed
the lowest binding energy (—107.74 k] mol "), which revealed
the high complementarity through six hydrogen bonds among
(S)-hyoscyamine, NIPAM, and DMPA (Fig. 2). Therefore, the
MIP was synthesized by radical polymerization according to the
above molar ratio. The DPV measurements of the MIP were
carried out to evaluate the changes in the peak current after the
template extraction. Almost no changes in the peak current
after third-time extraction implied the removal of the template
completely (Fig. S5, ESIT). The obtained product was character-
ized by FT-IR and the absorption peaks corresponding to C—=0
stretching (1727 cm™' for carboxylic acid, 1646 cm™' for

Fig.2 The molecular complex (NIPAM:DMPA:(S)-hyoscyamine =
4:1:1) optimized by DFT calculation at the B3LYP (D3BJ)/def2SVP level
with the [EFPCM solvent model (solvent set as water).

This journal is © The Royal Society of Chemistry 2022
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amide), N-H stretching (3305 cm™ "), C-C stretching of C-CO-O
(1166 cm™"), C-N stretching (1369 ¢cm™'), C-H stretching
(2969 cm™ '), N-H bending (1540 cm ') and CH, bending
(1454 cm™") bands supported the successful preparation of
the MIP [i.e., p(NIPAM-co-DMPA-co-MBAAM)] (Fig. S1(A), ESIT).
Meanwhile, the FT-IR result of the NIP showed similar peaks
(Fig. S1(B), ESIt), as expected due to the equivalent monomer
composition of NIP and MIP.

Next, chronoamperometry was utilized to form the AuNS
layer®® on the thermally deposited Au extended-gate electrode,
which could enhance the adhesion by physisorption between
the MIP layer and the Au electrode. The surface morphology of
the polymer-attached extended-gate electrodes was evaluated by
FE-SEM and FM-AFM. The FE-SEM image of the MIP indicated
that a porous xerogel was formed with some macropores,
offering a large specific surface area. In addition, sharp archi-
tectures derived from gold needles were observed (Fig. S3(A),
ESIT). Meanwhile, the NIP showed a rather plain surface with
fewer macropores (Fig. S3(B), ESIt). Moreover, the FM-AFM
image of the bare Au electrode showed low surface roughness
with a root mean square deviation (Rq) of ~5 nm (Fig. S4(A),
ESIT), while the AuNS-modified Au electrode displayed higher
surface roughness with Ry of ~220 nm (Fig. S4(B), ESIf).
Furthermore, a decrease in the surface roughness was observed
in the MIP-AuNS-modified electrode (Rq: ~144 nm) (Fig. 3).
The observed change in the R, value after immobilization of the
MIP suggested that the surface of the AuNS layer was fully
covered by the MIP layer with ~200 nm thickness. On the other
hand, the NIP (i.e., the chemically identical reference polymer
synthesized without the template) showed a rather plain sur-
face (Ry: ~120 nm) with fewer macropores (Fig. S4(C), ESI{) as
also observed in the FE-SEM. Such a difference in the surface
morphology was probably derived from the extraction of the
template that represented as much as ~16 mol% of all com-
ponents. The FT-IR (ATR) spectrum of the electrode further
supported the attachment of the MIP on the electrode by the
observed absorption peaks originating from p(NIPAM-co-
DMPA-co-MBAAM) (Fig. S2, ESIY).
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Fig.3 The FM-AFM image of the MIP-gold nanostructure (AuNS)-
attached extended-gate electrode.
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Fig. 4 DPV results of the MIP-AuNS electrode by adding (S)-hyoscyamine
in a phosphate buffer (100 mM, pH 7.0) containing KzFe(CN)g (5 mM) and
KCl (100 mM) at 25 °C. Inset represents the ratio of the peak current (/)
changes of the MIP-AuNS electrode upon adding (S)-hyoscyamine. The
terms /oo and /, indicate the peak currents before and after adding (S)-
hyoscyamine, respectively. [(S)-hyoscyamine] = 0.0-8.0 mM.

Subsequently, the detectability of the MIP-AuNS-attached
electrode for (S)-hyoscyamine was investigated by DPV
(Fig. 4). Here, the MIP-AuNS-attached electrode, the Ag/AgCl
electrode, and the Pt wire played roles as the working electrode,
the reference electrode, and the counter electrode, respectively.
As a negative control experiment, the AuNS-extended-gate
electrode functionalized with the NIP (NIP-AuNS electrode) that
did not contain (S)-hyoscyamine during polymerization was
also assessed. The peak current (I,) of the MIP-AuNS-
modified Au electrode decreased with an increase of (S)-
hyoscyamine concentration, indicating that the adsorption of
(S)-hyoscyamine prevented the electrochemical redox reaction
of the ferricyanide anion.®* On the other hand, the peak current
of the NIP-AuNS electrode showed a weaker response compared
with that of the MIP-AuNS electrode, implying that the specific
binding sites in the MIP-AuNS electrode contributed to the
response of (S)-hyoscyamine (Fig. S6, ESIT).

3.2. Detection of (S)-hyoscyamine by the extended-gate-type
OFET

The electrical detection of (S)-hyoscyamine by using the MIP-
OFET was performed in a phosphate buffer (100 mM, pH 7.0 at
25 °C) containing KCl (100 mM). Under these conditions,
almost all amino groups of the target are protonated, while
almost all carboxy groups of the MIP are deprotonated.®?
Hence, strong electrostatic interactions and hydrogen bonds
can contribute to the capture of the target. Fig. 5 shows transfer
characteristics of the MIP-OFET upon the addition of (S)-
hyoscyamine. The transfer curves were negatively shifted with
the increase of the target alkaloid drug concentration and the
corresponding change of the threshold voltages (Vyys) of the
OFET provided a sigmoidal titration curve. The negative shift of
the transfer curve was derived from the surface potential

J. Mater. Chem. B, 2022, 10, 6808-6815 | 6811
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Fig. 5 Transfer characteristics of the MIP-OFET upon the addition of (S)-
hyoscyamine in a phosphate buffer (100 mM, pH 7.0) containing KCl
(100 mM) at 25 °C. Inset represents the titration isotherm corresponding to
the (S)-hyoscyamine-induced Vry shift. [(S)-hyoscyamine] = 0.0-7.0 uM.

change on the extended-gate electrode induced by the accumu-
lation of the positively charged molecules.'® The sigmoidal
response could be due to the hydration of the target.®® Notably,
the OFET-based chemical sensor could achieve highly sensitive
detection in contrast to conventional electrochemical appara-
tuses (e.g., Faraday current response recorded by electrochemi-
cal stations)®* owing to its inherent amplification properties.
Indeed, the micromolar level detection implied higher sensi-
tivity in comparison to the conventional electrochemical hyos-
cyamine sensor.®

3.3. Selectivity test

The selectivity of the MIP-OFET was investigated against mus-
carinic blocking drugs (ie., (S)-hyoscyamine, scopolamine,
tropicamide, solifenacin, and oxybutynin),* and major metabo-
lites of atropine (i.e., tropic acid and tropine).®® Fig. 6 repre-
sents the highest response to (S)-hyoscyamine, stemming from
the high complementarity between the target alkaloid and the
cavities of the MIP. The components of (S)-hyoscyamine, tro-
pine and tropic acid were selected to clarify the contribution
skeletons for molecular recognition based on the MIP. The
observed moderate response to tropine suggested that
the detectability of (S)-hyoscyamine by the MIP could rely on
the skeleton of 8-azabicyclo[3.2.1]octane over that of 3-hydroxy-
2-phenylpropanoate. Remarkably, the MIP succeeded in discri-
minating (S)-hyoscyamine over scopolamine (a close structural
analog) because the epoxide moiety on scopolamine would
form an intramolecular hydrogen bond with the protonated
tertiary amino group (pK, = 7.8)*” of scopolamine at pH 7.0.
Indeed, DFT calculation (Fig. S14, ESIT) clearly showed the
isosurface between the oxygen atom of the epoxide moiety and
the protonated tertiary amino group, indicating that the elec-
tron density increased owing to the intramolecular hydrogen
bond. Such interaction would cause a conformation
change and weaken the electrostatic interactions between the

6812 | J Mater. Chem. B, 2022, 10, 6808-6815
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Fig. 6 (A) Chemical structures of muscarinic blocking drugs and meta-
bolites of atropine. (B) Result of the selectivity test against 7 analytes. Three
repetitions were carried out for each analyte in a phosphate buffer
(100 mM, pH 7.0) containing KCL (100 mM) at 25 °C. [Analyte] = 5.0 uM.

protonated tertiary amino group of scopolamine and the car-
boxylate group on the MIP, which in turn results in a low
affinity for scopolamine.

3.4. Determination of % ee of (S)-hyoscyamine

Finally, the % ee determination of (S)-hyoscyamine was performed
by using the MIP-OFET. Toward the realization of an easy-to-use
chemical sensor for OTC drugs,® the chiral discriminatory power of
the OFET-based sensor® 7" was evaluated from 0.2 to 90.2% ee
according to the enantiomeric purity of the commercially available
(S)-hyoscyamine (Fig. S15 and S16, ESIt). As shown in Fig. S17
(ESIt), the transistor characteristics shifted by increasing the % ee
values of (S)-hyoscyamine. In this regard, Fig. 7 shows the linear
dependency of the Vi on the % ee of (S)-hyoscyamine. Thus, the
MIP-OFET seems to have potential as a chemical sensor for OTC
drugs in real-world applications.

Conclusions

In summary, we designed and fabricated a chemical sensor based
on the MIP-OFET for sensitive and selective discrimination of

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Threshold voltage (V) corresponding to the % ee value of (S)-
hyoscyamine in a phosphate buffer (100 mM, pH 7.0) containing KCl
(100 mM) at 25 °C. The overall hyoscyamine concentration was set to 5.0 pM.

(S)-hyoscyamine. DFT calculation was applied for optimizing the
ratio design of the MIP components, resulting in an appropriate
molar ratio to form the favorable complex of (S)-hyoscyamine with
monomer units through hydrogen bonds. The MIP-AuNS-attached
extended-gate electrode was connected to the OFET and applied to
the electrical detection of (S)-hyoscyamine. The OFET-based sensor
device successfully detected (S)-hyoscyamine with high sensitivity.
Furthermore, we applied the MIP-OFET to the % ee determination
of commercially available (S)-hyoscyamine for the evaluation of the
usability of the sensor device against OTC drugs in real-world
scenarios. We believe that our strategy for the development of
analytical devices based on organic electronics could broaden the
horizon of the chemical sensing applications in drug analysis.
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