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A Molecular Imprinted PEDOT CMOS Chip-Based
Biosensor for Carbamazepine Detection

Abbas Hammoud
Dang Khoa Nguyen

Abstract—A miniaturized biosensor for carbamazepine (CBZ)
detection and quantification was designed, implemented and fab-
ricated. The 1 X 1 mm? CMOS chip was packaged and coupled with
a 3-electrode electrochemical cell. A complete characterization of
the sensor was conducted via two steps: 1) Molecular imprinting of
PEDOT polymer sites by cyclic voltammetry (CV) on glassy carbon
electrode (GCE) surfaces; and 2) Quantification of CBZ solutions
through both CV, and a current peak detection circuitry. The pro-
posed biosensor offered high-selectivity and high-sensitivity to CBZ
molecules. Scanning electron microscopy (SEM) was utilized to
validate the synthesis of the PEDOT chains. CBZ removal from the
imprinted polymer was conducted through soaking the modified
GCEs in acetonitrile (ACN). Extraction was then confirmed by
ultraviolet-visible (UV-vis) spectroscopy and CV analyzing data
from pre- and post-template extraction. Furthermore, in order
to characterize the electrodes’ response to CBZ levels in phos-
phate buffered solution (PBS) with [Fe(CN)g]*#~ as a redox
pair/mediator, CV and peak detection was conducted resulting in
redox peak currents vs. CBZ concentration graphs. The limits of
detection (LOD) and quantification (LOQ) were calculated to be
2.04 and 6.2 pg/mL respectively. Finally, selectivity towards CBZ
was validated by studying the effect of valproic acid (VPA) and
phenytoin (PHT) on the biosensor’s performance. The proposed
biosensor is highly sensitive and selective to CBZ molecules, simple
to construct and easy to operate.

Index Terms—Biosensor, CMOS, electropolymerization,
antiseizure medication, carbamazepine, molecular imprinted
polymer, PEDOT.

1. INTRODUCTION

PILEPSY is characterized by recurrent seizures and in-
fluences over 50 million patients across the world [1].
Primarily, clinicians prescribe antiseizure medications (ASMs)
as a prophylactic treatment. Such ASMs may be taken daily or
for protracted periods. Currently, more than twelve ASMs are
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being utilized. The most common ASM is CBZ, an anticonvul-
sant which works by blocking presynaptic sodium and calcium
voltage-dependent channels [2]. Various side effects of ASMs
include dizziness, blurred vision, dysarthria, ataxia, somnolence,
and psychomotor slowing.

While treating epileptic patients, clinicians must continuously
monitor the levels of CBZ in blood, referred to as Therapeutic
Drug Monitoring (TDM). This practice is critical in order to
enhance drug dosage, minimize toxicity, eliminate undesirable
dug interactions, and ensure proper compliance. Current TDM
is conducted via frequent phlebotomy visits, and has several
limitations such as: a) drug levels are affected by numerous
conditions of which some are unpredictable; b) CBZ levels in
blood greatly vary with time of measurement (the levels before
taking CBZ are different than after taking the CBZ); and c¢) going
to clinics and waiting for extended periods of time for blood
collection is time-consuming, tedious, and may hinder patients
from following a strict blood sampling schedule.

Common reported techniques utilized for the detection and
quantification of CBZ can be categorized into electrochemi-
cal based methods such as CV [3], differential pulse voltam-
metry (DPV) [4], [5], and amperometry [6], [7], and non-
electrochemical based methods such as high performance liquid
chromatography (HPLC) [8]-[10], and spectrophotometry [11].
The latter offer the highest sensitivity and selectivity, how-
ever, require bulky equipment, trained clinicians, and sample
pre-treatment. Furthermore, such methods are cuambersome and
cannot be rendered miniature or portable. On the other hand,
electrochemical based methods possess great attributes such
as sensitivity, speed, low-cost, simplicity, and portability mak-
ing them good candidates to be utilized in environmental and
medical applications. However, contemporary electrochemical
based sensors rely on commercially available electrodes that lack
selectivity to the target molecules. To the best of our knowledge,
no reported miniaturized detection biosensor can selectively
measure the CBZ concentration within a complex medium.

Fortunately, MIPs overcome such limitation. They are alter-
natives to antibodies that are robust, easy to fabricate and could
be prepared by various methods. MIPs have been widely coupled
with electrochemical techniques improving sensor’s selectivity
and sensitivity. Liu et al., [12] reports the successful detection
of streptomycin residues in food using magnetic MIP based
on nanogold-encapsulated poly(o-phenylenediamine) shell on
magnetic iron oxide cores. Furthermore, MIPs have been
reported for bisphenol A (BPA) detection [13], insecticide
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Fig. 1. Molecular imprinting principle.

fenamiphos (FEN) detection [14] ceftizoxime detection [15],
epinephrine detection [16], and amyloid- protein detection
[17]. As presented in Fig. 1, a template of interest is chosen to be
imprinted within the polymer during the polymerization process.
Post-polymerization, the template is extracted from the polymer
leaving a gap similar to its structure. Due to the presence of such
gaps, the MIP has a high affinity towards the imprinted template.
MIPs demonstrated their ability to be vigorous, efficient, and
most importantly, inexpensive. Amongst the various methods
of MIP synthesis, to date, addition polymerization has been
used for CBZ detection. This preparation technique involves
a monomer, a cross-linker, a porogen, an initiator along with
the template/analyte of interest. Despite their effectiveness, both
controlling the thickness of chemically synthesized MIPs and
their deposition on the electrodes’ surfaces are challenging.

Electropolymerization is an alternative method to synthe-
size MIPs. It permits the direct formation of controlled thick-
ness MIP layers on the electrode’s surface through adjusting
the various electrochemical conditions such as monomer con-
centration, applied voltage, number of cycles, etc. Poly-34-
Ethylenedioxythiophene (PEDOT) is a popular biocompatible
polymer synthesized by electropolymerization. It has proven to
enhance electrodes’ sensitivity and fidelity [18]. Additionally,
PEDOT has been successfully deployed in nucleic acid detection
systems in order to enhance the flexibility of two-dimensional
transition-metal carbonitrides TigCo Ty MXene whilst preserv-
ing its conductive properties [19]. Other PEDOT applications
are reported in [20] synthesizing a pressure based sensor PE-
DOT:PSS modified sponge for highly sensitive detection of
carcinoembryonic antigen (CEA). PEDOT synthesis requires
less time, less skill, and is low-cost compared to additional
polymerization.

A biosensor capable of selectively detecting CBZ must consist
of an interface circuit connected to specifically modified CBZ
sensing electrodes. As part of our previous work, we have
reported the development of MIP modified electrodes capable of
selectively capturing CBZ molecules overcoming the limitation
of miniature electrochemical sensors for CBZ detection [21].
The MIP was based on the electropolymerization of PEDOT on
GCEs by CV.

In this paper we present a solution to selectively target
CBZ molecules by developing a miniaturized potentiostat-based
biosensor capable of the electropolymerization of a PEDOT-
based MIP on the biosensing electrodes followed by succes-
sive detection of CBZ molecules by CV as shown in Fig. 2.
In the remainder of this paper, in section II, we present the
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Fig. 2. Proposed sensor’s overall design. Mode 1 is for molecular imprinted
polymer polymerization, and mode 2 is for CBZ detection and quantification.
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Fig. 3.  Electrode-electrolyte interface electrical model. (a) Three-electrode
electrochemical cell. (b) Charge transfer resistance replaced by diodes.

electrode-electrolyte model, followed by a system overview
analysis and design considerations in Section III. Afterwards,
Section IV encompasses post-layout simulations along with
results of the fabricated chip and in-vitro experiments. Finally,
in Section V we present a conclusion of our work.

II. AN ELECTROCHEMICAL CELL

Understanding the electrode-electrolyte interface is crucial
to enable design of an effective potentiostat and to simulate
accurately its behavior. Fig. 3 presents the adopted electrical
model circuit of the electrode-electrolyte interface for the 3-
electrode cell. Ry is the solution resistance that exists between
combinations of working electrode (WE), counter electrode
(CE) and reference electrode (RE).

Rg can be determined by (1), Values of Rg have been reported
in the range of 10 to 220 Q) [22].

p

Rs = —
° 4r

e))
where r denotes the radius of the electrodes and p is the resistivity
of the solution.

The current path across the electrode-electrolyte interface
is represented by a capacitance in parallel with a non-linear
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resistance. Cywg and Ccg are the capacitances at the WE-
electrolyte and the CE-electrolyte interfaces respectively. The
Gouy-Chapman-Stern model (GCS) offers a derivation of the
interface capacitance as a series combination of the double
layer capacitance, known as the Helmholtz capacitance Cy, and
the diffusion layer capacitance, known as the Gouy-Chapman
capacitance Cg. This theoretical derivation is determined by
(2). Depending on different electrolyte compositions and modi-
fications to the WE surface, [22], [23] report the values of Cywg
in the order of 1 to 100 xF cm™~2.

11,1 _dowe , fas U
C Cyg Ca EOEr 2n0z2q £0g,cosh (%)

)
where do iy p and €, are the double layer’s thickness and relative
permittivity respectively. €¢ is the permittivity of free space, z
is the solution’s ion charge, ¢q is the applied potential, U; is
the thermal voltage, ¢ is the elementary charge, and n° is the
concentration of ions in the bulk solution.

The non-linear resistance depends on several mechanisms
such as the charge transfer at the electrode’s surface, the chemi-
cal reactions and the diffusion of reactants to and from the elec-
trode’s surface along with the crystallization process. However,
both the crystallization process and chemical reactions may be
ignored. Therefore, this resistance is mainly due to the charge
transfer resistance represented by Ry and can be determined
by (3).

The resistance R.; has been reported to range between 1 and
10 MX2 [24]. This resistance decays exponentially to a couple of
k(2 at large overpotentials, and could be replaced by two diode-
connected MOSFETs in reverse parallel as shown in Fig. 3(b).

Vv 1
Ret = (Jt) —_— 3)
0Z2/ cosh (—;\Z)

In (4), Jy is the absolute value of the oxidation and reduction
current at equilibrium, 7 is the overpotential, Vi = kT/q which
denotes the thermal voltage, Ay denotes the equilibrium po-
tential, 5 denotes the symmetry factor, k. denotes the reduction
reactionrate constant, and c 5 denotes the electron-acceptorions’
concentration.

BAYg

Jo = Fkecae Vo “)

III. SYSTEM OVERVIEW

Fig. 4 presents the architecture of a basic 3-electrode potentio-
stat cell. It consists of a control amplifier followed by a current
to voltage converter circuit. The core function of the potentiostat
stems from the regulation of the WE node potential to match the
RE node potential, while measuring the current flowing through
WE, and ensuring that no current flows into RE.

The applied potential VSource is the same as the potential
on RE, since the voltage at both +ve and —ve terminals of the
Op-Amp are nominally equal, if the amplifier has a negligible
offset. Similarly, since the +ve terminal of the second Op-Amp
is connected to Vref, the potential at WE is set to Vref. These
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+
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- Veell OpAmp b Vo Ut
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Fig. 4. Basic potentiostat design of a 3-electrode electrochemical cell.
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Proposed potentiostat design with I-V conversion and peak detection

two settings enable the regulation of the WE potential to match
that on RE.

Given that the Op-Amp’s input impedance is high, no cur-
rent flows through it. Therefore, all the current flows from CE
through WE with no current passing through RE. Additionally,
the second Op-Amp is utilized to measure the current passing
through WE. This current is converted into a potential drop
across the feedback resistor Rf. These fundamental functions
of the potentiostat necessitate the design of high gain and high
input impedance Op-Amps.

The proposed design in Fig. 5 occupies 0.55 x 0.55 mm? chip
area and was fabricated in a standard 180 nm CMOS process.
It consists of a sensing channel and a control amplifier used to
regulate the cell voltage across WE with respect to RE. Addi-
tionally, the sensing channel compromises a current to voltage
conversion and a peak detection stage. The biosensor detects
CBZ molecules through a two-step process. First, by applying a
cyclic voltage signal to form the MIP on the electrode’s surface,
followed by another cyclic voltage signal for CBZ detection.
The resulting anodic and cathodic currents yield a proportional
voltage that could be measured across the feedback resistance at
the transimpedance amplifier stage. On the other hand, the peak
detection circuitry detects the peak redox currents for different
CBZ concentrations.

A. Control Amplifier Design

In a 3-electrode CV experiment, a cyclic voltage signal is set
across WE and RE, and the resulting current through WE and
CE is recorded. As previously mentioned, the first operation of
the biosensor is the PEDOT polymerization on the electrode’s
surface obtained by applying a cyclic potential of —0.1 V to
+1.4V across Vcell. Secondly, another CV potential of —0.1 V
to 0.6 V across Vcell is applied to analyze CBZ levels’ effect on
the resulting current. Hence, the control amplifier was designed
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Fig. 7. Transimpedance current to voltage conversion circuit.

to have an input voltage range of —0.0 V to +1.5 V. Another
important design factor was the output stage current which
limits the flow of current through WE. This current was set
to 3 mA to ensure proper operation. Finally, the compliance
voltage, which is the maximum voltage required between WE
and RE throughout the electrochemical system, was measured
in-vitro to be 2 V, therefore it was necessary to minimize the
saturation voltages of the output PMOS transistor to obtain 2 V
bias between WE and CE.

The control amplifier was designed to be a high gain 2-stage
Op-Amp with a power supply of 3.3 V and a bias current of
100 pA. The measured gain was 53.07 dB and with a phase
margin of 85.76° as shown in Fig. 6. A 1 pF Miller capacitor
was added to ensure stability of the Op-Amp over a wide range
of capacitive load.

B. I-V Conversion Circuit

The sensing channel consists of a 2-stage Op-Amp with a
feedback resistor in a transimpedance configuration as presented
in Fig. 7. The choice of the resistor value is critical to the
sensitivity of the sensing amplifier. According to our previous
reports, the redox currents could be as high as 800 p A, therefore,
the value of Rf was chosen to be 1 k2 to ensure good sensitivity.
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Fig. 8. Recorded potential at WE and RE after applying a cyclic input voltage
of —0.0 V to 1.5 V with a step size of 100 mV/s.
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Fig. 9. Electric double layer capacitance plots. Recorded voltammograms of

current vs cell voltage with Cywg, and Ccg of 3 uF, 5 uF, 7 uF, and 10 uF.

The —ve terminal of the amplifier was set to ground and
the +ve terminal was connected to WE. By applying KCL we
obtain.

T
Vout — Vwe = %E (5)
Vour — V
Twe = t T WE ©6)
— f
Twg = M (7

R

Since both input terminals of the amplifier have similar volt-
ages due to the high-input impedance, the voltage on WE will
become Vref.

A cyclic voltage signal from O to 1.5 V with a step size of
100 mV/s was applied at the source of the control amplifier
and the voltage Vref was set at 1.4 V which to match Vcell of
—0.1 to +1.4 V, which is the maximum voltage required for the
polymerization of the imprinted matrix. Afterwards the voltage
at WE was measured along with the voltage across RE. Fig. 8
shows that indeed throughout the applied signal, the voltage
Vweg remained at 1.4 V and Vig was a replica of the source
validating successful manipulation of the cell voltage Vcell.

To further test the stability of the potentiostat, the current Iy
through the WE was recorded whilst varying Cocgr and Cwg
from 1 to 10 puF. The effect of different electric double layer
capacitance is provided in Fig. 9.
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C. Peak Detection Circuit

Peak detection enables us to promptly draw a correlation
between CBZ concentration and the anodic peak currents pro-
duced. The configuration of the proposed peak detection circuit
is provided in Fig. 5. Iywg was mirrored through transistors M2
to M3 to the peak detection stage. This current then passes
through the resistor Rp. The voltage drop signal across Rp, Vg,
is identical in form to that of the redox current Iywyg. The output
resistance value Ro was chosen to be 2 k). The differential
amplifier utilized in the current to voltage conversion is similar to
the differential amplifier stage in the control Op-Amp with a bias
current of 100 pA. Fig. 10 presents the graph of Vi throughout
different solution resistance Rg values. As Rg increases the
current Iy decreases yielding a decrease in V. On the other
hand, as Rg decreases, the current Iyyg increases, yielding an
increase in Vi. The same observation could be drawn with
respect to changes in the charge transfer resistance Rg;.

IV. EXPERIMENTAL RESULTS

This section validates the chip fabrication, the in-vitro setup
used to test it, and obtained experimental results. Initially, the
fabricated chip was utilized to electropolymerize the molec-
ular imprinted PEDOT on the electrode’s surface. Followed
by SEM to validate the polymer’s formation along with its
uniform deposition. Furthermore, CV tests were conducted in
order to measure the sensor’s response to different therapeutic
CBZ levels using [Fe(CN)g]*~"*~ as a redox mediator in PBS.
Throughout the experiments, CBZ removal from the imprinted
sites was validated through UV-vis spectroscopy.

A. Chip Fabrication

The proposed CMOS biosensor was assembled by Taiwan
Semiconductor Manufacturing Company (TSMC), that has a
minimum feature size of 0.18 pum and operates at a nominal
power supply voltage of 3.3 V. The 1 x 1 mm? chip was packaged
and mounted on a socket adapter and then placed on a breadboard
fortesting. Fig. 11 presents a microscopic image of the fabricated
chip along with layout and floorplan consisting of two blocks:
the control amplifier and the sense amplifier. The packaged chip

|-V Conversign

Amplifie

Peak Detectip

IO T,
SR TEET R TTRT R R TR it
THUE

Fig. 11.
floorplan.

Photomicrographic image of the fabricated chip along with its layout

Fig. 12.  Test setup (a) packaged chip on adapter socket and breadboard (b)
3-electrode solution testing.

mounted on the adapter socket and the 3-electrode system is
shown in Fig. 12.

B. Reagents

CBZ powder along with valproic acid (VPA) and pheny-
toin (PHT) were supplied by Sigma-Aldrich. All other ana-
lytical grade reagents were purchased commercially. The 3,4-
Ethylenedioxythiophene (EDOT) monomer was also supplied
by Sigma-Aldrich. It was purified by distillation, purged by
nitrogen, and stored in darkness at a temperature of 4 °C. PBS
was used as the electrolyte. CBZ, VPA and PHT stock solutions
were prepared in a mixture of methanol/water (20:80) and stored
at a temperature of 4 °C.

C. Test Setup Apparatus

All measurements were conducted in a 3-electrode setup: a
molecular imprinted PEDOT modified GCE (MIPEDOT-GCE)
(diameter = 2 mm) as the WE; a Pt wire electrode as the CE;
and a potassium chloride (KCl)-saturated Ag/AgCl electrode
as the RE. A 33210A Keysight Waveform/Function Generator
was utilized to apply a CV signal across the cell along with
a MDO4104-6 Tektronix mixed domain oscilloscope to probe

Authorized licensed use limited to: Istanbul Universitesi. Downloaded on November 17,2022 at 09:57:54 UTC from IEEE Xplore. Restrictions apply.



20 IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS, VOL. 16, NO. 1, FEBRUARY 2022

Fig. 13.  Surface morphology of (a) bare GCE [23] and (b) electropolymerized
PEDOT using SEM at 10 kV and 20000 times magnification.
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Fig. 14.  CV graphs of bare GCE and PEDOT-GCE in PBS solution of 0.01 M
[Fe(CN)]*>~#~ and 0.1 M KCL.

output signals. SEM images were conducted at an electron
acceleration voltage of 10 kV.

D. Preparation of CBZ Imprinted PEDOT Films

Prior to use, the bare GCEs were polished using 0.3 pm and
0.05 pm alumina slurry. Afterwards, the electrodes were soni-
cated in distilled water and ethanol for 5 min each. Furthermore,
the GCEs were immersed in an ACN solution containing 0.2
M BuyNBFy, 0.2 M EDOT, and 0.015 M CBZ. PEDOT was
electropolymerized to form the imprinted sites on the electrode’s
surface, a cyclic signal across Vcell with a potential range of
—0.1 Vto+1.4V and a period of 28 s was applied for a duration
of 280 s. The electrodes were then immersed in ACN and stirred
constantly for a duration of 30 min. This resulted in the extraction
of the CBZ molecules trapped inside polymer matrix. Similarly,
non-imprinted PEDOT modified GCEs (NIPEDOT-GCESs) were
constructed in absence of CBZ to serve as control electrodes.
Fig. 13 provides a SEM image of the MIP post CBZ extrac-
tion depicting successful formation of a porous and uniformly
deposited structure.

Furthermore, CV measurements portrayed the difference in
conductivity of bare GCE’s compared to MIPEDOT-GCEs.
Hence, a cyclic signal across Vcell with a potential range of
—0.1 to +0.6 V and a period of 14 s was applied for a duration
of 42 s. Fig. 14 provides the recorded cyclic voltammograms.

E. CBZ Extraction Method

The extraction of the CBZ molecules from the imprinted
polymer is a main challenge in electropolymerized polymers.

33
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Fig. 15. UV spectra of CBZ in ACN displaying a peak at 230 nm due to the

presence of CBZ in solution vs control without the presence of CBZ.

Once exposed to harsh conditions, the polymer on the electrode’s
surface may be delaminated and lose functionality. Therefore, it
is necessary to extract the CBZ molecules in gentler methods.
As such, ACN was chosen as the extraction medium since
it seamlessly dissolves CBZ. The extraction post-entrapment
was conducted through incubating the electrode in ACN and
constantly stirring for a period of 30 min. Proper removal of CBZ
molecules from the imprinted sites was then validated through
performing UV-vis spectroscopy. The UV spectra of the ACN
solution utilized for extraction was generated. Fig. 15 illustrates
a peak at a wavelength of 230 nm distinct to the presence of
CBZ molecules validating the removal of the CBZ molecules
from polymer sites.

F. MIPEDOT-GCE Calibration Curve

Therapeutic CBZ concentrations in blood have been reported
to be within 4-12 mg/L. Therefore, stock concentrations of 1-50
mg/L of CBZ were prepared by dissolving CBZ in a mixture of
methanol/water (20:80). Afterwards the MIPEDOT-GCEs were
incubated in the prepared solutions for 15 min with stirring. They
were then removed from the solution and left to dry to dry at
room temperature. Finally, the electrodes were transferred into
a solution of PBS (pH = 7.4) containing 0.01 M [Fe(CN)g]>~"#~
and 0.1 M KCl for CV testing. All measurements were conducted
3 times to confirm results validity.

Following a cyclic signal across Vcell with a potential range
of —0.1to+0.6 V and a period of 14 s applied for a duration of 42
s, the current peaks were recorded by dividing the voltage drop
VR across the resistor’s value. It was observed that the sensor’s
peak current, equivalent to the maximum current through the
solution, had a linear response to CBZ concentration. On the
other hand, NIPEDOT-GCEs did not provide a response to
CBZ concentration variation. Fig. 16 provides the constructed
calibration curve of current variation recorded by the electrode
with respect to CBZ concentration. Higher CBZ concentrations
inhibited electron transfer at the electrode’s surface resulting in
a current decrease, hence, a larger current variation with respect
to MIPEDOT-GCE response with absence of CBZ.
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Fig. 16. Calibration curve of peak current variation through modified
MIPEDOT and NIPEDOT-GCE versus CBZ concentrations of 0 to 50 ug/mL.

Both Limit of detection (LOD) and limit of Quantification
(LOQ) are terms utilized to describe the smallest concentra-
tion of the analyte that can be measured. LOD is defined as
the lowest concentration that can be detected with a stated
probability, although not quantified as an exact value. On the
other hand, LOQ is defined as the lowest concentration that
can be quantified with a specified acceptable precision and
accuracy [25]. The LOD and LOQ were calculated with re-
spect to the linear regression method [26] and found to be
2.04 and 6.2 pg/mL respectively. The biosensor’s sensitivity is
highly reliant on the CBZ extraction protocol from within the
imprinted polymer. Therefore, through the optimization of the
extraction protocol, a larger number of CBZ molecules would
free up more gaps within the polymer and enhance detection.
Additionally, sensitivity may be enhanced through increasing
the conductivity and surface area of the polymer. The latter
can be accomplished by adding conductive graphene to the
mixture.

G. Selectivity Tests

To test the selectivity of the fabricated sensor, we studied
the sensor’s response to two competing ASMs. Both PHT and
VPA are routine ASMs which may be prescribed along with
CBZ. Their therapeutic levels have been established to be 10-20
pg/mL and 50-125 pg/mL respectively [27]. As such stock
solutions of PHT and VPA were prepared by dissolving each
drug in a methanol/water mixture (20:80). Concentrations were
chosen to be with 1-150 pg/mL to cover a range wider than what
has been therapeutically reported. Furthermore, the MIPEDOT-
GCEs were incubated in each stock solution followed by con-
stant stirring for 15 min. The electrodes were then left to dry
before transferring them into a solution of PBS (pH = 7.4)
containing 0.01 M [Fe(CN)s]*> "4~ and 0.1 M KCl for CV testing.
After applying a cyclic signal across Vcell with a potential range
of —0.1 to +0.6 V and a period of 14 s applied for a duration of
42 s, no peak current change was measured. This confirms that
the fabricated sensor is not influenced by drugs other than CBZ
rendering it selective solely to CBZ.

TABLE I
COMPARISON WITH RECENT CBZ ELECTROCHEMICAL-BASED DETECTION
SENSORS
Material Method LOD Sel. Ref
GO-g-C3N4 Amp. 10.5 nM No [6]
NiSe2 Amp. 18.2 nM No [28]
Au@AgPdNPs
-B-CD-IL/GCE (0)% 0.089 uM No [29]
Ce-
7n0/xGO/GCE DPV 1.2nM No [30]
MIPEDOT- This
GCE CV 8.6 UM Yes work

LOD, limit of detection Sel, selectivity

H. Stability Tests

Stability of the fabricated MIP electrodes was studied by
recording their redox peak currents in a PBS solution containing
0.01 M [Fe(CN)s]*~#~ and 0.1 M KCI while applying a cyclic
cell voltage of —0.1 to +0.6 V with a period of 14 s for 42
s. Throughout a duration of 2 months, the electrodes showed
no noticeable decline in performance and their respective peak
currents remained constant.

1. Proposed Sensor’s Advantages

Table I summarizes the most recent CBZ detection sensors
based on electrochemical methods. Sensors are classified based
on their selectivity and sensitivity and must possess both at-
tributes in order to successfully target a molecule within a com-
plex medium. Compared to the existing sensors, the proposed
sensor is the only sensor capable of selective detection of CBZ,
rendering it the most effective in complex media. Despite their
superior sensitivity, existing sensors lack selectivity and there-
fore suffer from interfering drugs or substances. Additionally,
another advantage of the proposed sensor is its ability to be
tailored towards the detection of various drugs. This can be
achieved by using another drug as a template while imprinting
the PEDOT polymer. Hence, the proposed sensor is not limited
to the detection of CBZ but potentially a wider variety of ASMs.

J. Future Work and Limitations

In the present study, a simplified architecture potentiostat
was implemented for electrochemical measurements. However,
signal to noise ratio and sensitivity could be greatly improved
by using a differential potentiostat topology as suggested in
[31] along with proper offset cancelation [32]. Additionally, the
use of a multichannel potentiostat [33] would enable concur-
rent measurements and greatly reduce measurement time whilst
enhancing sensitivity and sensor’s performance.

Furthermore, the use of integrated electrodes may greatly im-
prove signal to noise ratio by eliminating the effect of connectors
thus enhancing sensors sensitivity. Along with that, it is of great
importance to optimize the CBZ extraction protocol liberating
more imprinted sites for better template removal.
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V. CONCLUSION

The presented biosensor is intended for the therapeutic drug
monitoring of patients with epilepsy through the electropoly-
merization of molecular imprinted PEDOT on GCEs, and the
successful detection and quantification of CBZ molecules. It
is composed of a TSMC180nm CMOS chip coupled with a 3-
electrode electrochemical cell. The circuit operates at a nominal
supply voltage of 3.3 V and is capable of performing CV required
for both PEDOT polymerization and CBZ detection. A cyclic
input signal with a potential range of 0 to +1.4 V with a period
of 28 s applied for 280 s successfully polymerized molecular
imprinted PEDOT on the GCE’s surface. This was validated
by SEM images presenting the uniform deposition and porous
morphology of the polymer.

Furthermore, a cyclic input signal with a potential range of
—0.1 to +0.6 V with a period of 14 s applied for 42 s triggered
the redox currents of the mediator pair [Fe(CN)g]>*~/#~ enabling
the successful quantification of CBZ molecules entrapped within
the polymer matrix. The LOD and LOQ of the biosensor were
found to be 2.04 and 6.2 pg/mL respectively. These values are
superior to our previously reported values of 231.5 and 791.0
pg/mL respectively [21]. Additionally, the sensors selectivity
was validated by incubation in PHT and VPA. No response due
to such incubation was measured. Further sensor optimization
could be done by integrating the electrodes withing the chip, en-
abling multi-channel detection, and enhancing the potentiostat’s
performance by increasing its signal-to-noise ratio.
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