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Microfluidic electrochemical sensors (uCS) can be portable, highly sensitive, and low-cost but are less
frequently studied nor applied. Additionally, simultaneous electro-deposition of gold nanoparticles (ED
(AuNPs)) and electro-polymerization of L-cysteine (EP (L-cys)) are introduced for the first time for modifying
the surface of the working electrode through a paper-based microfluidic sensor. This study depicts that by
employing such modification, the electrochemically active surface area (ECSA) and the electron transfer
rate are increased together and result in improved sensitivity. The modified uCS is depicted to enable
sensitive voltametric determination of, e.g., clozapine (CLZ), an anti-psychotic drug to treat schizophrenia.
The proposed sensor was characterized by different techniques, and several key parameters were
optimized. Under the optimum conditions and using square-wave voltametry (SWV), a linear dose-
response for a concentration range from 0.5 to 10.0 uM of CLZ was achieved. The limit of detection and
sensitivity resulted in 70.0 nM and 0.045 mA cm™ uM™, respectively. Besides, this excellent sensitivity
combines with high stability, which was tested for six repetitive measurements with a single device
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DOI: 10.1039/d4sd00252k resulting in high reproducibility. Additionally, this procedure was validated with measurements of clozapine
in human blood plasma, which demonstrated the excellent applicability of the device, rendering it a

rsc.li/sensors promising platform for point-of-care diagnostics and environmental monitoring.

emphasizing the critical need for precise dosage control
strategies.  Different analytical techniques, such as

1. Introduction

Schizophrenia is a debilitating mental disorder characterized
by disruptions in perceiving reality, often leading to
hallucinations and violent behaviors that impede daily
activities.”” Among the drugs approved by the United States
Food and Drug Administration (US-FDA) for treating
schizophrenia, clozapine C;gH;4CIN, (CLZ), stands out as the
most promising drug.®* It is unique in that its efficacy can be
anticipated by blood testing, with recommended therapeutic
levels falling within the range of 1-3 uM in human blood®™®
which is a narrow therapeutic margin. Despite its widespread
use, CLZ usage is associated with significant adverse effects,
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chromatography and spectrophotometry, are frequently used
to monitor CLZ levels in diverse formulations and biological
samples.®® Yet, despite their established accuracy and
dependability, most of these methods come with inherent
limitations. Spectroscopic methods, for example, often exhibit
lower sensitivity, while high-performance liquid
chromatographic (HPLC) methods are time-consuming and
relatively costly because of employing expensive reagents,
equipment and eluents.">

On the other hand, electroanalytical techniques are being
considered in contrast to other techniques for their distinct
advantages. These techniques are favored because of their
operational simplicity, rapid analysis, cost-effectiveness,
utilization of safe and non-toxic materials, height sensitivity,
and the potential for miniaturization, enabling applications,
like in vivo biosensors.” ™ Several electrochemical techniques,
such as amperometry and voltammetry, have been used to
monitor CLZ levels.>*' However, some of these methods
exhibit drawbacks including limited selectivity, high detection
limits, low sensitivity and low linear concentration range. As
mentioned before, because of the challenge of maintaining
CLZ serum levels within a narrow therapeutic range (1-3 uM),
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the development of a sensitive and reliable measurement
method for this drug is important.'™

The fabrication of a highly sensitive and selective
electrochemical sensor hinges on establishing a robust
platform to ensure a stable electrochemical response.
Utilizing cost-effective and user-friendly screen-printed
carbon-based electrodes (SPCE) stands out as a pivotal
approach. These SPCEs offer advantages such as
demonstrated analytical efficacy, miniature size, ease of
handling, minimal sample volumes, high sensitivity and
specificity, biodegradability, and the potential for
multiplexing capabilities and are thus, intensively
studied.”'* An alternative also offering these advantages and
thus, recently attracting attention are microfluidic
electrochemical sensors (uCS)."> In a recent study, we
compared the performance of SPCE and puCS arrangements
for heavy metal sensing and demonstrated that the intrinsic
properties of the pCS arrangement lead to superior
performance over SPCE in stability tests and real sample
analyses, affirming its exceptional sensitivity, selectivity, and
stability. This opens the question whether this new platform
could not also show advantages in sensing of other analytes.

For all platforms, it is known that modifiers play a crucial
role in electrochemical sensing. Using catalytic active
modifiers and additives, such as those aimed at enhancing
electron or ion transport in electrochemical sensors, typically
offers substantial advantages by enhancing sensitivity and
selectivity."®'” An elegant way to deposit metals is electro-
deposition, and for polymers, electro-polymerization. These
techniques have been successfully applied as external
pretreatments of the electrodes and resulted in sensing with
enhanced catalytic activity, stability, reproducibility, and
active surface area.'®'” Among the metals, nanoparticles, i.e.
gold nanoparticles (AuNPs), play a significant role in
electrochemical sensors for medical applications as catalytic
activity is combined with biocompatibility."®'® Electro-
deposition of AuNPs can occur over a wide pH range from
pH 2 to pH 8.1

The utilization of organic additives has also garnered
considerable attention. r-Cysteine (i-cys), a zwitter-ionic
amino acid (depending on pH, it contains both positively
charged NH;" and negatively charged COO™ functional
groups), is an example which can also be deposited by
electro-deposition. The isoelectric point of L-cys is around pH
5.0, which means that at pH values below the isoelectric
point, 1-cys is positively charged, and at pH values above the
isoelectric point, r-cys is negatively charged. Also, it contains
a thiol group (SH) which can additionally attract
analytes."”?**! The electro-polymerization of r-cys is more
favored at pH values above the isoelectric point where the
negatively charged 1-cys can interact more efficiently with the
positively charged electrode surface. Hence, electro-
polymerization of r-cys is typically performed at a pH range
of around 6.0-8.0."%>' Despite the extensive studies of
electro-deposition of AuNPs and electro-polymerization of
L-cys in static voltammetry using glassy carbon electrodes or
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SPCEs, their application to microfluidic systems has been
limited,>>** and to the best of our knowledge, no study
reports the electro-deposition and electro-polymerization
directly within a paper-based microfluidic sensor.

In this study, we demonstrate the direct and simultaneous
electro-deposition of AuNPs and electro-polymerization of
1-cys onto the pCS electrodes. This puCS sensor is then
subsequently applied for CLZ sensing. As the puCS sensor
showed superior performance, also the analysis of human
blood serum samples was carried out and proved the
excellent sensitivity, selectivity and stability of such device.

2. Experimental

2.1. Chemicals and apparatus

The chemicals and solvents used in this study were
analytical-grade reagents and used as received. These
included clozapine (Thermo Fisher Scientific, UK), 1-cysteine,
97% (Sigma-Aldrich, Louis, USA), gold(m) chloride trihydrate,
99.9% (Merck, Louis, USA), K,Fe(CN)s, 99.98% (Sigma-
Aldrich, Taufkirchen, Germany), K;Fe(CN)s, 98.5% (Sigma-
Aldrich, Taufkirchen, Germany), methanol (Sigma-Aldrich,
France), Graphite foil (Sigraflex, Meitingen, Germany), Filter
paper (referred to as microfluidic paper) with a pore size of
12-15 pm (VWR, France), and other reagents were sourced
from Sigma-Aldrich, VWR or Carl Roth and used as received.
The paper was cut into small stripes of 5 mm x 35 mm and
further used to assemble the paper-based microfluidic sensor
as outlined below. Acetate buffer (ABS) and
phosphate buffer solution (PBS) were prepared using relevant

solution

salts. All solutions were prepared employing double-distilled
water. CLZ was dissolved in methanol to obtain a 1.0 mM
CLZ stock solution.

Scanning electron microscope (SEM) images
captured using Zeiss EVO  10-SmartSEM
Electrochemical measurements were executed utilizing a
Potentiostat, (Ivium (Vertex), Eindhoven, Netherlands)
controlled with IviumSoft software.

To assess the impact of various modifiers and additives,
cyclic voltammograms (CVs) were conducted using 5.0 mM
[Fe(CN)¢] and 0.1 M KCI as a redox probe solution. To
evaluate the efficiency of different platforms for the
enhancement of the surface area, the active surface area A

were
touch.

(cm?) representing the surface roughness value of the
immobilized modifier on the WE surface for pCS. This
determination was accomplished by recording CV curves in
the redox probe solution at different scan rates (v) from 40
mV s ' to 200 mV s (Fig. S11) and applying the Randles-
Sevcik equation.”*

2.2. Human plasma sample preparation

Human blood serum samples, obtained from the Blood Bank
(University Hospital Erlangen Transfusion Medicine and
Hemostaseology Department) Erlangen, Germany, were used
as real samples in the study. The samples were diluted with
0.1 M PBS at pH 8.0 at a 1:5 ratio, and some specific
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concentrations of the CLZ were spiked into each diluted
sample (1 mL of plasma diluted with 4 mL of PBS) to avoid
interference from other available higher concentration
substances in plasma. Subsequently, the SWV signals for
each prepared solution were separately and independently
measured by the sensor using standard addition method.

2.3. Fabrication of the modified pCS device

The configuration of the component for the uCS device is
outlined in Scheme 1, employing a working electrode (WE),
counter electrode (CE), and pseudo reference electrode (RE),
for which 0.5 mm thick graphite foil was cut into specific
shapes. Cleaning procedure involved sonication in ethanol and
deionized water mixture (1:1) for 15 minutes at 300 W,
followed by air-drying at room temperature before use. To
maintain cleanliness and prevent contamination, the
poly(methyl methacrylate) (PMMA) substrate and sampling
sponge, alongside the graphite foil, were cleaned before each
uCS device fabrication. A piece of microfluidic paper was
sandwiched between the CE and WE to minimize ohmic
resistance, with the RE positioned adjacent to the WE. As
shown in Scheme 1, the electrodes were placed on a PMMA
substrate for user convenience. An analyte reservoir, composed
of a piece of sponge at one end of the paper strip, held 2.0 mL
of analyte solution, continuously supplying the analyte solution
over a 15 minute period. To prevent concentration changes of
the analyte due to water evaporation, a glass vial was used to
envelop the sampling sponge. An absorbent pad is located at
the opposite end of the paper strip facilitated fluid wicking
through the paper strip, maintained a constant analyte flow

Paper

within the paper strip (the average flow rate of an aqueous
analyte is estimated to be 130 pL min™), and collected the
analyte passing through the detection sites."*'® Finally, the
HAuCl, and r-cys solution was electro-deposited simultaneously
on the WE of the uCS through cyclic voltammetry (CV) as
mentioned below:

(i) AuNPs electro-deposition was carried out for 10 cycles
onto the bare WE surface at 0.1 M PBS at pH = 7 comprising
1.0 mM HAuCl, and 0.1 M KNO; from 0.0 V to +0.8 V under
a scan rate of 50 mV s 7,

(ii) 1-Cys electro-polymerization was carried out for 10
cycles onto the bare WE surface at 0.1 M PBS at pH = 6
comprising 1.0 mM r-cys from -1.5 V to +2.2 V under a scan
rate of 50 mV s .

(iii) AuNPs were electro-deposited, and r-cys were electro-
polymerized simultaneously through the pCS by handling a
potential window of —1.5 to +2.2 V at a scan rate of 100 mV
s™' via CV run for 10 cycles in a solution of 0.1 M PBS at pH
= 6.0 consists of 1.0 mM HAuCl, and 1.0 mM t-cys (Fig. S27).

As a result, the prepared simultaneous electro-deposition
of AuNPs and electro-polymerization of i-cys through a
paper-based microfluidic sensor (ED/EP-sim-uCS) was used
after three CV runs in 0.1 M PBS at pH = 6.0 and employed
as the (bio)sensor.

2.4. Electrochemical sensing

Electrochemical measurements were conducted using an
Ivium potentiostat (Vertex) controlled with IviumSoft
software. All experiments were conducted at room
temperature. Electrochemical impedance spectroscopy (EIS),

UCS sensor device assembling

S

CE: Counter Electrode 1
RE: Reference Electrode
WE: Working Electrode
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Scheme 1 Scheme illustration the ED/EP-sim-uCS sensor device assembling as well as the direct electrode modification and subsequent use in

sensing.
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and cyclic voltammetry (CV), were employed throughout the
experiment via [Fe(CN)¢]*”’* as a redox probe solution to
compare various unmodified and modified platforms. The
EIS experiment was recorded at a frequency range of 0.1-100
000 Hz, and the CV experiment was recorded under a scan
rate of 100 mV s ™' from 1.0 V to +1.0 V.

CLZ detection was carried out via square wave voltammetry
(SWV) with the following parameter settings: pulse height at 25
mV; step height at 10 mV and frequency set to 25 Hz from 0.0
V to +0.8 V. To ensure that the analyte solution reached the
surface of the electrodes, electrochemical analyses were started
after a 30 s holding time prior to starting the 60 s accumulation
time at open circuit potential. Since the baseline is not strictly
linear and the peaks tend to show tailing, a baseline is
obtained by averaging almost five points to the left and right of
the peak and forming a linear equation. After baseline
subtraction, the peak is fitted with a Gaussian function.

The limit of detection (LOD) and quantification (LOQ)
were calculated by the equation k-s/m (ref. 25) where k was
set to 3 for LOD and 10 for LOQ, “s” is the standard deviation
of the peak current of the blank (n = 4) and “m” is the slope
of the calibration plot for CLZ.

Unmodified Modification via AuNPs

Modification via L-cysteine

Sensors & Diagnostics

Recovery represents the efficiency with which the sensor can
detect and measure the known added amount of analyte within
the complex matrix of the human plasma sample. It is typically
expressed as a percentage and calculated using the formula:

Measured Concentration
Recovery (%) =

= R 100
Known Added Concentration

3. Results and discussion
3.1. Direct modification of electrode

As one can see from Fig. 1B showing SEM images to study the
morphology of the nanostructures obtained from pCs devices,
AuNPs were successfully electro-deposited onto the working
electrode surface. Indeed, gold ions (Au®*) in the electrolyte
solution are reduced and additionally poly (i-cys) structures
electro-polymerized successfully onto the working electrode
surface. Thus, a possible interaction of the paper fiber surface
with the deposition solution has no negative effect.
Interestingly, it is observed that the majority of the polymers
are preferentially located at the edges of the graphite flakes, as
depicted in Fig. 1B(e-i). These findings suggest that the edge

Serial modification Simultaneous modification

via first AuNPs electro-deposition and via AuNPs electro-deposition and

electrode elects electro-poly ization

HCs ED-pCs EP-puCs

Pristine graphite foil
a

d 5

JED/EP-sim-uCS [1.0: 1.0]
g%

5

Fig. 1

then L-cystei lects L-cysteine electro-polymerization

ED/EP-ser-uCs ED/EP-sim-pCS

ED/EP-sim-puCS [1.0: 1.0]

(A) Overview on the materials nomenclature for the different electrodes resulting after the different modification procedures, (B) SEM

images of the different electrodes resulting from the different modification procedures.
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surface positions of graphite flakes, characterized by lower
coordination numbers of carbon atoms, may exhibit higher
activity in catalyzing the electro-deposition of AuNPs and the
electro-polymerization of i1-cys. This phenomenon is not
entirely unexpected, as it is well-established that
electrochemical reactions at graphite edge sites are favored due
to the slower kinetics of bond formation at basal plane sites
compared to edge/defect sites."> However, as previously
demonstrated, a properly designed sensor configuration is also
essential for achieving high sensing performance in these
microfluidic electrochemical sensing (uCS) devices. The
functional groups present in r-cys enable the modification of
electrode surfaces, leading to better analyte detection,
selectivity, and overall sensor reliability.”*®

3.2. Electrochemical characterization of electrodes

To confirm the immobilization of each substrate onto the
nCs working electrode surface during the modification
process, CVs of the platforms were recorded in the redox
probe solution consisting of 5.0 mM of [Fe(CN)s]*/*". As can
be seen in Fig. 2A, two well-defined redox peaks with a peak-
to-peak separation (AEp) of around 55 mV is observed for the
bare uCS. By modifying the pCS by simultaneous electro-
deposition of AuNPs and electro-polymerization of (L-cys) not
only did peak currents markedly increase but also AE, was
decreased to 13 mV for ED/EP-sim-uCS. This decremental
behavior indicating the presence of AuNPs and poly (r-cys)
enhances the reversible nature of the electrochemical
reaction. In total, as one can see from Fig. 2A, particularly
the bare electrode shows notable resistive components
primarily due to the solution resistance, which results an iR
drop. This resistive component is influenced by (i) the
electrolyte's resistance, (ii) the concentration of redox species,
(iii) the electrode surface area, (iv) the geometry of the
electrochemical cell and (v) double layer effects. The iR drop
leads to distortions in the voltammogram, such as peak

A 40— T T T T
20 |- -
<
g L J
5
£ 00 _
5] —a
L —b |
=0
20F —d
—¢€
. 1
-1.0 0.0 1.0

Potential (V)
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broadening and shifting, which are more pronounced at
higher scan rates and currents.>**°" Addressing this issue

involves a combination of optimizing the electrolyte
composition, adjusting the cell design, and electrode
configuration (by employing smaller electrodes and

minimizing distance between electrodes), and using iR
compensation techniques. Each of these strategies can help
minimize the impact of the iR drop, leading to more accurate
and reliable voltammetric measurements.>*>%"

In order to study the charge transfer resistance (R.)
parameter (which indicates the kinetics of the probe at the
electrode interface), Nyquist plots of the modified and bare
platform related to the EIS technique were recorded in the
redox probe (Fig. 2B). By comparing the curves related to the
bare uCS and ED/EP-sim-uCS, it becomes clear that the R,
value for bare uCS (46 Q) is higher than ED/EP-sim-uCS (13
Q). Interestingly, the simultaneous deposition of AuNPs and
poly (i-cys) shows the lowest R. and could show high
performance sensor. A summary of the EIS parameters can
be found in Table S1.f

To ensure the performance of both simultaneous electro-
deoposition of AuNPs and electro-polymerization of 1-cys and
pCs in the enhancement of the surface area, accordingly, the
calculated A of the ED/EP-sim-uCS was estimated to be 1.14
cm? In comparison with the A value of the bare uCS, (0.31
cm?), this increase is 3.6 times that of the pCS device.
Consequently, employing the simultaneous electro-deposition
of AuNPs and electro-polymerization of poly (i-cys) onto the
WE surface increases the electrochemically active surface area
and amplifies the current signal of the modified platforms. All
these results confirm that AuNPs and poly (i-cys) were
successfully deposited onto the WE surface and show a positive
impact. Since the ED/EP-sim-uCS showed the best results, we
chose it to investigate its application in CLZ sensing.

Based on these results, the ED/EP-sim modification was
chosen for further investigations and further optimization of
the electro-deposition and polymerization step carried out. The

2" (Q)
)
<)
T

10

Z'(Q)

Fig. 2 (A) CVs and (B) EIS of proposed platforms which recorded in a redox probe solution consisting of 5 mM of [Fe(CN)g]*”*~ and 0.1 M KCl
under a scan rate of 100 mV s of bare and different modified electrodes. Insets: Equivalent circuits for fitting the plots from the EIS Nyquist plots.

a) Bare uCS, b) EP-uCS c) ED-uCS, d) ED/EP-ser-uCS, €) ED/EP-sim-uCS.
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following parameters were studied in a redox probe solution
consisting 5 mM of [Fe(CN)s”™ and 0.1 M KCl: (a)
concentration ratio of the gold(m) chloride trihydrate/i-cys; and
(b) effect of the potential windows on the electrode modification
process; respective text and figures are given in the ESIf (Fig.
S3-S5). Briefly, the subsequent experimental parameters were
achieved to give best outcomes: (a) concentration ratio of the
gold(m) chloride trihydrate/t-cys [1.0 mM: 1.0 mM] in 0.1 M PBS
with pH 6.0; and (b) the potential windows on the electrode
modification process; from —1.5 V to +2.2 V.

3.3. Comparison of different modified pCS and assessing pH
influence

In assessing the performance of the suggested sensors for
detecting CLZ (Fig. 3A), the electrocatalytic properties of all
modified and unmodified pCS were examined. As shown in
Fig. S6,f in the absence of CLZ (in 0.1 M PBS with pH = 8.0),
no oxidation peak for CLZ was observed for bare pCS while
for the ED/EP-sim-uCS, a just increased capacitive current
was observed throughout the CV study. Also, as one can see
from Fig. S7,f the oxidation peak for the proposed sensor in
a solution containing of 3.0 uM CLZ (in 0.1 M PBS with pH =
8.0) was not clear in the recorded CV which is due to the
presence of a high capacitive current. In the presence of 10.0
uM CLZ in pH = 8.0 (0.1 M PBS), the experiments were
conducted following 1 min of cathodic accumulation at 0.0 V,
followed by sensing via SWV. All platforms distinctly
exhibited a stripping (oxidation) peak for CLZ. A comparison
of all modified and unmodified pCS, results depict that EP
(t-cys), ED (AuNPs), ED/EP serial preparation and ED/EP
simultaneous preparation increase the peak current by a
factor of 1.9, 2.8, 3.0 and 3.2, respectively, when compared to
the unmodified pCS. The previously noted lower charge
transfer resistance and increased electrochemical surface
area with the ED/EP-sim-uCS consequently results in
enhanced capabilities for CLZ sensing.

The pH of the electrolyte solution stands as another
critical factor in the catalytic detection of the analyte.
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Scheme 2 The electrooxidation mechanism of CLZ.

Consequently, for the best performing ED/EP-sim-uCS, the
impact of electrolyte pH on the peak current of CLZ was
studied by altering the pH values from 4.0 to 9.0 via SWV
(Fig. 3B). It was depicted that the shape and peak potential of
CLZ oxidation depend on electrolyte pH. Accordingly, it is
suggested the participation of proton in the CLZ oxidation
reaction. As illustrated in Fig. S8 the I, exhibited a rapid
rise as the pH values increased from 4.0 to 8.0, however,
further elevating the pH to 9.0 resulted in a reduction in peak
currents for CLZ detection. The optimal pH for this study
was determined to be 8.0. As one can see from Fig. S8, by
plotting E,, against pH, a linear relationship between the
oxidation peak potential and pH can be approximated (R*> =
0.96). The calculated slope offers an equivalent contribution
of protons and electrons (two electron-two proton) in the
oxidation of CLZ at the fabricated electrode within the pH
range of 4.0 to 9.0. This alignment supports the proposed
mechanism of the electrochemical reaction of CLZ, as
depicted in Scheme 2.7

3.4. Analytical performance

3.4.1. Linear range and detection limit of the sensor. In
order to increase the performance of the ED/EP-sim-uCS,
SWV was applied for CLZ analysis under these optimized
protocols. Well-defined anodic stripping peaks, centered at
0.42 V (vs. carbon pseudoreference electrode) were achieved
for CLZ as illustrated in Fig. 4A. To confirm the correlation
between I, and CLZ concentration, calibration plots for the

Current (mA)

. . 1 ;
0.2 0.4 0.6 0.8

Potential (V)

Fig. 3 SWVs for 10.0 uM CLZ in pH = 8.0 (0.1 M PBS) and t,. = 1 min, (A) for various modified and unmodified uCS, (B) SWVs recorded from pH

4.0 to 9.0, in a solution containing 3.0 uM CLZ.
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Fig. 4 (A) SWVs of the ED/EP-sim-pCS for different concentrations of CLZ in 0.1 M PBS with pH = 8.0, (B) the calibration plot of Iy, vs. the
different CLZ concentrations. (C) Dependence of /., vs. replicates. (D) Peak currents for 10.0 pM CLZ in 0.1 M PBS at pH 8.0 detection
compared to expected peak currents when various possible interfering biomolecules were present with 30.0 uM as single interfering molecule
or a mixture of 30.0 uM of ascorbic acid, glucose and uric acid each (error bar represents the standard deviation for the three different
individual experiments (n = 3)).

Table 1 Comparison of the proposed sensor with other sensors for the monitoring of CLZ

Method Technique Deposition time (s) Potential (mV) pH  Liner range (nM) LOD (nM) Real samples Ref.
TiO,NP/CPE* DPV? 420 370 9.0 5x10%-45x 10° 61.0 Tablet 5
MWWT/GCE® Swv? — 462 7.0 1.0 x 10°-2.0 x 10°> 30.0 Urine and blood 25

WFSE® Amperometry — 320 7.4 1.0 x 10>-1.0 x 10* 24.0 Blood 9
Ru-TiO,//CPE SWV 15 210 10.4 9.0 x 10°-4.0 x 10* 0.43 Tablet and urine 13
Nf/MWCNT on CTS® SWV 60 150 7.4 1.0 x 10°-5.0 x 10> 83 Blood 32

TPED" CA'! — 320 74 5.0%x10%5.0 x10° 10 Blood 1
ED/EP-sim-uCS SWV 60 420 8.0 5.0 x10*-1.0 x 10* 70 Blood This work

“ Titanium oxide nanoparticle modified carbon paste electrode. ” Differential pulse voltammetry. © Tungsten trioxide nanoparticles hydride by
a-terpineol modified glassy carbon electrode. ? Square-wave voltammetry. ° Lab-in-a-pencil graphite microfluidic sensing electrode.
f Ruthenium doped titanium oxide nanoparticle. ¢ Nafion-modified multi walled carbon nanotube. " Toray paper electrochemical device.
' Chronoamperometry.

determination of CLZ were constructed under optimal
conditions in which the peak currents of CLZ increase
linearly with concentration from 0.5 to 10.0 uM in 0.1 M ABS
in pH = 8.0 (Fig. 4B). Moreover, it is important to note that
the calibration plot generated through the
implementation of three distinct measurements using three
ED/EP-sim-uCS devices. Each device underwent
measurements with successive standard solutions, starting

was

© 2024 The Author(s). Published by the Royal Society of Chemistry

from the buffer solution and progressing from the lowest to
the highest concentration. This process resulted in three sets
of data, utilized to establish error bars (expressed as the
relative standard deviation) for every concentration. Notably,
the addition of higher CLZ concentrations facilitates
increased CLZ oxidation on the nanocomposite surface of the
sensor device. As one can see from Fig. 4A, at elevated
concentrations of CLZ, the peak potential exhibits a positive
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Fig. 5 (A) SWVs of the ED/EP-sim-pCS in human blood serum sample for various concentrations of CLZ in 0.1 M PBS (pH = 8.0). (B) the

calibration plot of /,, vs. CLZ concentration and current density vs. the different CLZ concentrations.

shift. This phenomenon can be primarily attributed to the
“delay” of the electrochemical reaction due to the limited
time available for the diffusion process, which disrupts the
reaction. Consequently, the electrochemical system applies a
higher potential, resulting in a positive shift in the peak
potential.>**° As illustrated in Fig. 4B, the linear relationship
was observed in the plot of I, over CLZ concentration. A
regression equation I (mA) = 0.051 x conc, (uM) + 0.034 (mA),
with a correlation coefficient of 0.988, was derived from these
findings. Both LOD and LOQ values were calculated to be 70
nM and 0.23 pM, respectively. The sensitivity (which is the
slope of the current density vs. the CLZ concentration), value
was found to be 0.045 mA cm™ uM™" (Fig. 4B).

Our sensor was able to monitor CLZ at clinically relevant
concentrations from 10 to 500 ng mL ™", which suggests the
ED/EP-sim-uCS device is useful for monitoring CLZ levels in
patients.*> Additionally, the outcomes demonstrate that the
approach is rapid, cost-effective, and exhibits noteworthy
sensitivity. The analytical characteristics of the sensor are
compared with various electrochemical methods and devices
in CLZ monitoring as presented in Table 1. The results
suggest that the proposed strategy is comparable in terms of
LOD and/or response linearity ranges and accumulation
time.

3.4.2. Reproducibility, stability and repeatability of the
sensor. Reproducibility is an important required feature for a
sensing device, which is mandatory to warrant reliability of
results, credibility and consistency of its performance for the
successful application in various fields, also for regulatory
approvals. Three ED/EP-sim-uCS devices were analyzed under
identical conditions in the presence of 3.0 uM of CLZ in 0.1
M PBS at pH = 8.0. The I, and relative standard deviation

Table 2 Sensing of CLZ in human blood serum samples (N = 3)

No. Added CLZ (uM) Found CLZ (uM) Recovery (%)
1 0.0 0.0 100
2 4.5 48+1.1 106
3 8.5 8524 99
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(RSD) for these devices were found as <10%, indicating that
the devices are reproducible for CLZ sensing (Fig. SOt).

Moreover, the capability for reuse stands out as another
important desirable feature for a sensing device, which can
considerably cut down on costs and waste during analytical
processes. To assess the stability of the ED/EP-sim-uCS, the
SWV signal of the sensor was recorded in the presence of 3.0
uM of CLZ in 0.1 M PBS at pH = 8.0 for 6 consecutive SWVs
(Fig. S91), and the peak current response is depicted against
the replicate in Fig. 4C. Notably, the anodic stripping current
only exhibits a marginal decrease (11%) after 6 repetitions.
The sensor maintained 89.0% of its initial peak current with
RSD < 10%. This slight reduction is likely attributed to the
depletion of the analyte within the sampling sponge or/and
the filling or removal of the modifier layer from the WE
surface. This investigation also shows the great robustness of
ED/EP-sim-uCS for drug sensing applications.

3.5. Selectivity of the sensor

To scrutinize biological samples using the proposed sensor
device, an investigation into the impact of common
electrochemical species in human blood was studied via
SWV. To determine the sensor's ability to CLZ sensing in the
presence of possible potentially interfering substances,
selectivity studies were carried out. To do so, solutions
containing 10.0 uM CLZ at 0.1 M PBS and pH 8.0 were tested
alongside other substances, including ascorbic acid, glucose,
and uric acid. The resulting peak currents normalized to the
peak currents without further substances (I/1,) are outlined in
Fig. 4D. I and I, represent SWV peak current responses of
CLZ in the presence and absence of interferences,
respectively. Results show that 30.0 uM ascorbic acid or 30.0
UM uric acid did not significantly interfere with 10.0 uM CLZ,
and the sensor was able to detect CLZ even in the presence
of these common interfering substances. However, in the
presence of 30.0 uM glucose, the CLZ signal drops by 20%,
while in the presence of 30.0 uM ascorbic acid, 30.0 uM uric
acid and 30.0 uM glucose at the same time, they did not

© 2024 The Author(s). Published by the Royal Society of Chemistry
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significantly interfere with 10.0 uM CLZ. The sensor exhibited
a negligible altering current and provided notable selectivity
in CLZ sensing in the presence of ascorbic acid, glucose and
uric acid as common interfering biomolecules.

3.6. Human blood sample analyses

In order to depict the analysis of CLZ in real sample
environment, we investigated this ability in the voltametric
sensing of CLZ in human blood serum under the optimum
conditions. The SWV technique and the standard addition
method were used for this purpose. Since the plasma
environment is different from the pure buffer solution in
terms of the biomolecules present, a calibration plot for the
determination of CLZ was prepared under optimal conditions
in which the peak currents of CLZ increase linearly with
concentration from 1.0 to 9.0 uM (Fig. 5).

Upon the addition of a specific CLZ concentration, the
SWV signal was recorded. Subsequently, the acquired
concentration values were compared with the spiked
concentrations in the serum samples, leading to the
determination of RSD values based on three measurements.
Notably, the peak intensity exhibited a proportional increase
corresponding to the rising CLZ concentration within the
range of 4.5 to 8.5 uM. As shown in Table 2 and Fig. S10,f
the recovery was ranging from 106% to 99%. Accordingly, a
good adaptation is evident between the proposed sensor and
the standard method. Moreover, considering the diverse
factors influencing CLZ levels in plasma for schizophrenia
patients, such as gender, age, and drug dosage, various
studies have reported different drug concentrations in the
range of 48-1304 ng ml™"' in the literature.*****
Consequently, according to figures of merit of the proposed
sensor, sensing of CLZ in admissible concentration of blood
plasma (1-3 uM) is possible. These findings also showed that
the impact of various biomolecules in blood samples imposes
minimal effect on the sensing performance of the device.

4. Conclusion

The ED/EP-sim-uCS shows advantages in terms of cost,
simplicity, and sensitivity with advantages of microfluidic
configuration and 3D electrode layout. This study proofed
that also for CLZ sensing, an improved performance was
established. SEM analysis and detailed electrochemical
characterization proofed that electro-deposition of AuNPs
and of i-cys is possible directly within the microfluidic
device, and no additional external pretreatment step was
needed. Furthermore, the simultaneous electro-deposition
and polymerization was also carried out successfully and
boosted electrochemical activity and thus, sensitivity of the
sensor. The microfluidic properties can be employed to
accumulate the analyte prior to the sensing event and thus,
further increase the sensitivity. The ED/EP-sim-uCS is capable
of detecting CLZ within a wide linear range, low LOD, a
larger electrochemical effective surface area, and high
sensitivity. It could be further shown that the device is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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reusable and robust. This promising easy-handling method
of nCS devices with 3D electrode arrangement combined with
catalytic electrode modifiers could offer some new ideas for
other portable electroanalytical/sensing systems intended for
pharmacokinetic examinations, and clinical diagnostics to
identify different targets.
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