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1. Introduction

Screen printed 3D microfluidic paper-based and
modifier-free electroanalytical device for
clozapine sensingf

Mohammad Hossein Ghanbari, 2 #° Markus Biesalski, I ® Oliver Friedrich {2 ¢ and

Bastian J. M. Etzold (&) *@b

The increasing demand in healthcare for accessible and cost-effective analytical tools is driving the devel-
opment of reliable platforms to the customization of therapy according to individual patient drug serum
levels, e.g. of anti-psychotics in schizophrenia. A modifier-free microfluidic paper-based electroanalytical
device (WPED) holds promise as a portable, sensitive, and affordable solution. While many studies focus on
the working electrode catalysts, improvements by engineering aspects e.g. of the electrode arrangement
are less reported. In our study, we demonstrate the enhanced capabilities of the 3D electrode layout of
RPED compared to 2D pPED arrangements. We especially show that screen printing can be employed to
prepare 3D yPEDs. We conducted a comparison of different 2D and 3D electrode arrangements utilizing

cyclic voltammetry in [Fe(CN)gl>~/4~

, along with square-wave voltammetry for clozapine (CLZ) sensing.
Our findings reveal that the utilization of the 3D pPED leads to an increase in both the electrochemically
active surface area and the electron transfer rate. Consequently, this enhancement contributes to improve
sensitivity in the CLZ sensing. The 3D pPED clearly outperforms the 2D pPED arrangement in terms of
signal strength. With the 3D pPED under the optimized conditions, a linear dose—response for a concen-
tration range from 7.0 to 100 pM was achieved. The limit of detection and sensitivity was determined to
be 1.47 uM and 1.69 pA pM~* cm™2, respectively. This evaluation is conducted in the context of detection
and determination of CLZ in a human blood serum sample. These findings underscore the potential of
the 3D pPED for future applications in pharmacokinetic analyses and clinical tests to personalize the man-

agement of schizophrenia.

ination of delays in test results due to specimen transport and
preparation ensures rapid availability at the point of care.'” This

The healthcare landscape is evolving towards a new era where
decentralized and rapid analysis plays a pivotal role. This shift
is witnessing a decline in the widespread use of conventional
clinical laboratory analyses in favor of cost-effective laboratory
testing and decentralized point-of-care testing. Embracing
novel sensing techniques is becoming increasingly appealing.
Miniaturized, accessible, user-friendly, and equipment-free
detection tools are significantly reducing decision-making
time for subsequent testing or treatment. Moreover, the elim-
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facilitates direct diagnosis in medical facilities or primary care
settings, enabling prompt responses and swift treatment
decisions. Nevertheless, it remains imperative for these tests to
maintain high accuracy and sensitivity, ensuring a reliable and
quality diagnosis process. Reliable and less expensive sensors
stand as promising solutions to fulfill these criteria, offering
minimal sample volume requirements, along with miniaturized,
portable devices, and user-friendly procedures. Furthermore, a
range of detection techniques, including colorimetry, fluorimetry,
and electrochemistry, are being employed to develop highly sensi-
tive and accurate sensing devices.>™®

Among various options, paper-based electrochemical
detection tools present notable attributes including minia-
turization, mobility, eco-friendliness, and cost-effectiveness,
along with the capability to function in turbid and colorful
environments.”® In line with this, the principles of Green
Analytical Chemistry which have garnered significant atten-
tion over the past decade,*'®™* strive to phase out plastic
and testing cartridges currently employed in analytical

Analyst, 2024, 149, 5411-5422 | 5411


http://rsc.li/analyst
http://orcid.org/0000-0003-0951-8028
http://orcid.org/0000-0001-6662-0673
http://orcid.org/0000-0003-2238-2049
http://orcid.org/0000-0001-6530-4978
https://doi.org/10.1039/d4an01136h
https://doi.org/10.1039/d4an01136h
https://doi.org/10.1039/d4an01136h
http://crossmark.crossref.org/dialog/?doi=10.1039/d4an01136h&domain=pdf&date_stamp=2024-10-30
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4an01136h
https://pubs.rsc.org/en/journals/journal/AN
https://pubs.rsc.org/en/journals/journal/AN?issueid=AN149022

Open Access Article. Published on 04 October 2024. Downloaded on 4/13/2026 3:29:26 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

methods due to their inability to be recycled or disposed of
properly.

Moreover, cellulose’s porous nature facilitates the creation
of capillary-driven microfluidics and reagent-free devices."* ™
Paper has been instrumental in crafting innovative electro-
chemical sensors applicable across diverse fields, including
environmental,'® agri-food,”® biomedical,”® and defense
sectors.”” It is noteworthy to underscore that paper’s utility
extends beyond the simple replacement of other types of
electrochemical sensors; it fundamentally enhances the func-
tionality of electrochemical platforms.>® Paper-based electro-
chemical devices demonstrate the capability to detect target
analytes in untreated samples.** This approach has attracted
significant interest from the scientific community across
various electrochemical applications, such as sensing and bio-
sensing applications."?’

So far, screen-printed carbon-based electrodes (SPCEs) with
2D arrangements have found widespread utility across various
scientific disciplines and engineering fields. Conversely,
microfluidic electrochemical sensors (pCS) with possible 3D
electrode arrangement and continuous analyte flow serve as
an alternative to SPCEs, showcasing notable performance
albeit receiving comparatively less attention in research and
practical applications. The 2D electrode arrangement of SPCE
causes the electrochemically active surface area (ECSA) to be
transferred to the edge of the working electrode, as a result
ECSA becomes smaller. On the other hand, pCS with a 3D elec-
trode arrangement using graphite foil as electrodes, as well as
paper strip as a spacer and microfluidic channel between elec-
trodes and analyte carrier effectively enabled a high electrode
utilization and additionally continuous mass transfer of
analyte to detection sites. In fact, the 3D electrode arrange-
ment allows the pCS to provide a larger electrochemically
active surface area (ECSA) as the counter electrode is placed
exactly on the surface of the working electrode where a paper
strip is sandwiched between them. For instance, in a recent
study, we compared the performance of SPCE and pCS setups
for heavy metal sensing and depicted that those intrinsic pro-
perties of the pCS configuration lead to superior performance
over SPCE in stability, selectivity, sensitivity using real sample
tests.”® Although the 3D electrode arrangement of pCS is
important for the superior results, up to now, graphite foil was
pressed onto the paper strip to achieve this.®?° This opens the
question whether the electrodes could be printed onto/into the
paper, as known from 2D SPCE, which would be a more scal-
able technique for mass production. Furthermore, we are
interested whether the resulting sensors could also be
employed for applications in pharmacokinetic analyses and
clinical tests to personalize the management of, e.g., schizo-
phrenia by sensing of clozapine (CLZ).

Schizophrenia presents as a debilitating mental condition
marked by disruptions in reality perception, often manifesting
in  hallucinations and behaviors impairing daily
functioning.>”*® Among the medications for schizophrenia
treatment, CLZ emerges as particularly promising.>*! Unlike
others, its efficacy can be gauged through blood tests, with
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therapeutic levels typically ranging from 1 to 3 pM in human
blood tests*** which is a narrow therapeutic margin. Despite
its widespread usage, CLZ administration is linked with sig-
nificant adverse effects, underscoring the critical necessity for
precise dosage management approaches. Various analytical
techniques, including spectrophotometry and chromato-
graphy, are commonly employed to monitor CLZ levels in
diverse formulations and real samples.>>* Yet, despite their
recognized accuracy and reliability, these methods are not
without drawbacks. High-performance liquid chromatographic
(HPLC) methods for instance, tend to be time-consuming and
relatively costly due to the utilization of expensive reagents,
equipment, and eluents while spectroscopic techniques may
exhibit reduced sensitivity.>”

In 2023, CLZ determination was conducted by Ghanbari
et al. utilizing nickel-doped graphene nanotubes modified by a
glassy carbon electrode (Ni@GRNT/GCE).>> The electrode’s
analytical performance was evaluated within a concentration
range of 0.3 nM to 60 uM, achieving an LOD of 0.1 nM.
Similarly, in another study, CLZ sensing was performed by
employing a miniaturized unmodified toray paper-based
electrochemical sensor.”® The electrode’s analytical perform-
ance was assessed over a concentration range of 0.5 to 5.0 uM,
yielding an LOD of 0.01 pM. Despite the extensive studies for
CLZ sensing in static voltammetry using glassy carbon electro-
des or SPCEs, their application to microfluidic paper-based
electroanalytical devices (LWPED) has been limited,**> and to
the best of our knowledge, no study reports the fabrication of
a modifier-free 3D pPED for CLZ sensing.

In this work, we introduce a low cost, sensitive and portable
3D pPED based on direct electrode printing on/in both sides of
a flexible filter paper substrate to decrease the distance
between the electrodes, which facilitates its use while benefit-
ing from the microfluidic behavior of paper for CLZ sensing.
Using electrode printing with varying 2D and 3D electrode
arrangements and electrode dimensions are conducted to
study the influence and compare the performance. As the 3D
HWPED arrangement showed superior performance, also the
analysis of human blood serum samples was carried out and
confirmed the excellent sensitivity and selectivity of such
devices.

2. Experimental

2.1. Chemicals and apparatus

The chemicals and solvents utilized were of analytical-grade
purity and were employed without further purification steps.
These substances included clozapine (Thermo Fisher
Scientific, UK), screen printable carbon paste (DYCOTEC, UK),
conductive silver printing ink, resistivity 5-6 pQ cm (Sigma-
Aldrich, Australia), K3Fe(CN)s, 99.98% (Sigma-Aldrich,
Taufkirchen, Germany), K,Fe(CN)s, 98.5% (Sigma-Aldrich,
Taufkirchen, Germany), methanol (Sigma-Aldrich, France),
filter paper grade 591 (Whatman™, China, standard, material:
cellulose, basis weight: 161 g m~>, thickness: 350 pum, particle

This journal is © The Royal Society of Chemistry 2024
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retention in liquid max.: 12 um, flow rate: approx.: 45 s™%),
buffer solution (Carl Roth, Germany), A4 glossy self-adhesive
paper (Evergreen Goods Ltd, China), and other reagents were
obtained from Sigma-Aldrich, Carl Roth or VWR. All solutions
were prepared using double-distilled water. CLZ was dissolved
in methanol to achieve a 1.0 mM CLZ stock solution.

Scanning electron microscope (SEM) images were captured
using a FEI-Helios NanoLab 600i FIB and were acquired by an
Everhardt-Thornley detector (ETD) for secondary electrons
(SE). Electrochemical investigations were performed employing
a Multichannel Potentiostat (Ivium, Octostat 5000 and Vertex,
Eindhoven, Netherlands) driven with IviumSoft software.

To evaluate the impact of different fabricated sensors,
cyclic voltammograms (CVs) were carried out using 5.0 mM [Fe
(CN)]*™*~ and 0.1 M KClI as a redox probe solution. To assess
the performance of various platforms in the enhancement of
the surface area, ECSA, A (cm?), representing the surface
roughness value. This was achieved by recording CV curves in
the redox probe solution at different scan rates (v) ranging
from 60 mV s~ to 200 mV s~' (Fig. S1f) and employing the
Randles-Sevcik equation.’®?” Ultimately, the performance of
3D pPEDs was compared against 2D pPED.

2.2. Human blood serum sample preparation

Human blood serum samples were obtained from the Blood
Bank (University Hospital Erlangen Transfusion Medicine and
Hemostasiology Department) Erlangen, Germany. The
samples were diluted with 0.1 M PBS at pH 8.0 at a ratio of
1:5. To minimize interference from other substances at
higher concentrations, precise concentrations of the CLZ were
added into each diluted sample (1 mL of serum diluted with
4 mL of PBS). Subsequently, the SWV signals for each prepared
solution were measured independently by the sensor utilizing
standard addition procedure.

2.3. Fabrication of the 2D and 3D pPED

The configuration of the component for the custom-produced
WPED are outlined in Schemes 1, S1 & S2.1 The glossy paper
stencil is used to create the mask for the electrode geometry.
The design of stencil patterns for 3D pPEDs, and 2D pPED
devices was generated using Autodesk Inventor 2023, the sche-
matic geometry of the dimensions (mm) of 2D pPED and 3D
WPEDs is outlined in Scheme S3.f Next, the computer-con-
trolled laser cutting tool was employed to transfer the sensor
pattern into the glossy paper stencil. This process finally prepares
the masks for the sensors. For the 3D pPED, a filter paper was
sandwiched between two stencils to minimize ohmic resistance
and increasing the surface of the working electrode (WE) facing
the counter electrode (CE), using carbon paste as the WE and the
CE and conductive silver printing ink as the pseudo-reference
electrode (RE) the electrodes were manually screen-printed on
both side of paper (WE & RE on one side of the paper, CE on the
backside of paper) then the stencils were removed with the help
of a hair dryer. At the following step, a fluidic channel was gener-
ated by employing a clear nail polish onto/into the filter paper (by
creating a hydrophobic zone). Next, the paper was placed into an

This journal is © The Royal Society of Chemistry 2024
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oven at 70 °C for 30 min to cure the inks.”* At the following
phase, the sensors were cut to the appropriate dimensions. To
maintain cleanliness and prevent contamination, the poly(methyl
methacrylate) (PMMA) substrate and sampling sponge were
cleaned before pPED fabrication. 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. Next, the sensor was placed onto a PMMA substrate
for user convenience. An analyte reservoir, composed of a piece of
sponge at one end of the paper channel, 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 envelope
the sampling sponge. An absorbent pad was located at the oppo-
site end of the paper channel to facilitate fluid wicking through
the paper channel, which maintained a consistent analyte flow
within the paper channel and allowed to collect the analyte
passing through the detection sites (Scheme 2).%%¢

2.4. Electrochemical measurements

Electrochemical investigations were carried out using a
Potentiostat (Ivium, Octostat 5000 and Vertex, Eindhoven,
Netherlands), and all experiments were conducted at room
temperature. Cyclic voltammetry (CV) was utilized throughout
the experiment via [Fe(CN)s*~'* as a redox probe solution to
compare various platforms under a scan rate of 100 mV s~
from —1.0 Vto +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
—0.5 V to +1.0 V. To verify that the analyte solution adequately
reached the electrode surfaces, electrochemical measurements
were initiated following a 30 s holding time prior starting the
30 s accumulation time at open circuit potential for detecting
CLZ. A Savitzky Golay algorithm was then applied to smooth
the data using IviumSoft (11 points).

The limit of quantification (LOQ) and detection (LOD) were
determined using the expression k-s/m.*® Here, “k” is assigned
a value of 10 and 3 for LOQ and LOD, respectively. “s” and “m”
represent the standard deviation of the blank’s peak current (n
= 4) and the slope of the calibration plot for CLZ, respectively.

Recovery quantifies the sensor’s ability to accurately detect
and measure a predetermined added amount of analyte within
the complex matrix of the human blood serum sample.
Typically expressed as a percentage, it is calculated using the
equation:

measured concentration
A x 100
known added concentration

Recovery(%) = (

3. Results and discussion
3.1. Physicochemical characterization of the sensor

The resulting morphology of different parts of the pPED were
characterized by SEM. The images are given in Fig. 1. Fig. 1A

Analyst, 2024,149, 5411-5422 | 5413
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Scheme 1 Scheme illustration the 3D pPED (d) assembling process and subsequent use in CLZ sensing.

depicts an SEM image for the paper surface before electrode
printing where the shape and distribution of fibers and result-
ing porous structure can be clearly seen. Fig. 1B and C, show
the electrodes’ surface (WE, CE and RE). No voids or agglom-
eration are visible, confirming the homogeneity of the coating
resulting from the carbon paste and silver ink, respectively. It
can be also observed from Fig. 1C that silver ink well distribu-
ted spherical silver particles, agglomerated in clusters. Fig. 1E
and F, clearly show the edges created between paper and elec-
trode from carbon paste, as well as electrode from silver ink,

5414 | Analyst, 2024,149, 5411-5422

respectively. Fig. 1G shows a cross-sectional image of printing
WE and CE on/in both sides of paper leading to the successful
assembly of the printing electrodes. It can be seen from
Fig. 1D that the porous structure of the paper substrate is com-
pletely filled with nail polish and the edges created between
paper and hydrophobic barrier, which shall, as a hydrophobic
barrier, limit the flow within the microfluidic application.
Fig. 1H shows a cross-sectional image of the hydrophobic
barrier which results in a good construction of the pPED
device. In fact, it is fully impregnating the volume, but also

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4an01136h

Open Access Article. Published on 04 October 2024. Downloaded on 4/13/2026 3:29:26 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Analyst Paper

(A) , (B)
Front BaCKSIde Hydrophilicarea

. [

30

)
2 "
Hydrophobic |
(3 o
w " : area
= 3)
* 17 <

Scheme 2 (A) The schematic geometry of the dimensions (mm) for the 3D pPED, and (B) images of the fabricated sensor.

Cross-section

CE  Filter paper WE

Hy robhobic zone

EE

Fig. 1 SEM images showing the morphology of the paper surface (A), WE and CE (B), RE (C) edges created with hydrophobic barrier (D), carbon
paste (E) and silver ink (F). A cross-sectional view of the printing WE and CE on/in both sides of the paper (G) and resulting channels defined by
hydrophobic barriers (H).

showing an edge between the hydrophobic and hydrophilic 3.2. Electrochemical characterization of electrodes

area. Here, due to capillary forces, the edge is less straight

compared to the electrodes and can vary by approx. 30 um, The possibility to easily vary the electrode size and arrange-
which is sufficient for defining the microfluidic channels. ment with the screen-printing approach was employed to
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obtain different 2D and 3D pPEDs (Fig. 2A). To gain a deeper
understanding of the position and ratio of the working and
counter electrodes, four distinct sensors were fabricated. As
illustrated in Scheme S3, the working electrode geometry
remains constant across all four sensors, while the size and
position of the counter electrode vary. The ratio of electrodes
is the same in design (a) and (b), while for design (b), the
counter electrode is printed on the back of the paper to create
a 3D structure. Designs (c) and (d) are also 3D arrangements.
In design (c), the counter electrode area is roughly doubled
compared to (b). The ratio of electrodes in design (c) and (d)
are almost the same; however, in design (d), the counter elec-
trode is printed exactly opposite of the working electrode on
the back side of the paper. For assessing the quality of the
electrodes and comparing the different electrode arrange-
ments, CVs of platforms were recorded in the redox probe
solution containing 5.0 mM of [Fe(CN)s*""*". The inter-peak
distance provides crucial information about the electro-
chemical reaction, with small distances indicating fast, revers-
ible reactions, and larger distances suggesting slower or quasi-
reversible processes. As can be seen in Fig. 2B, two well-
defined redox peaks with a peak-to-peak separation (AEp) of
around 35, 50, 55 and 38 mV are observed for the (a), (b), (c)
and (d) designs, respectively. As illustrated in design (d), the
redox couple exhibits a shift towards higher voltages. A poten-
tial explanation for this phenomenon could be the influence
of altered local concentrations and, consequently, thermo-
dynamic potentials, differences in kinetic processes, as well as
mass transfer effects, but also differences at the quasi-refer-
ence electrode. Given that only a quasi-reference electrode is

View Article Online
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employed, it is possible that the geometrical changes may have
an impact. With regard to design (d), it resulted that the CV is
shifted in potential, rather than the redox peak moving closer
together or further apart. This is an indication that reasons are
less likely to be attributed to kinetic or mass transport factors,
and more likely to be a consequence of the quasi-reference
electrode. By employing the 3D pPED arrangements, peak cur-
rents increase markedly, the peak currents are around 20, 49,
52 and 58 pA for the (a), (b), (¢) and (d) designs, respectively.
This behavior is indicating that the 3D electrode layout
reduces the distance between the electrodes which enhances
the reversible nature of the electrochemical reaction. The
resolution for the inter-peaks is relatively low for this setup, as
the objective is not to conduct a comprehensive CV character-
ization. This is why SWV is employed e.g. for the analysis and
not CV or LVS.

The ECSA determined with the redox probe of the different
MPEDS (a), (b), (c), and (d) designs is 0.0184, 0.0185, 0.0297
and 0.0521 cm?®, respectively. Despite the same geometrical
working electrode size, the ECSA differs strongly, which is
probably because of the different electric fields building up for
the different arrangements and thus, the different utilization
of the available working electrode area. The 2D electrode
arrangement causes the ECSA to be transferred to the edge of
the working electrode, as a result ECSA becomes smaller while
the 3D electrode arrangement provides a larger ECSA as the
counter electrode is placed exactly opposite to the working
electrode on the back side of the paper, which improves the
overall efficiency of the electrochemical reactions. Additionally,
as illustrated in Fig. S2A,T the peak current has a correlation
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(A) The schematic of the prepared sensors. (B) CV of different platforms which were recorded in a redox probe solution consisting of 5.0 mM

of [Fe(CN)6]*#~ and 0.1 M KCl under a scan rate of 100 mV s~*. (C) The recorded SWVs for 50 pM CLZ under the optimum conditions.
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with the ECSA, which is in agreement with the Randles-Sevcik
equation.*®*” Consequently, employing the 3D pPED,
increases the ECSA and amplification the current signal of the
platform which the highest ECSA was observed for the 3D
WPED (d).

3.3. Comparison of electrode arrangements, effect of scan
rate and assessing pH influence for CLZ sensing

In evaluating the performance of the different electrode
arrangements for CLZ sensing (Fig. 2D), the sensing and
electrocatalytic properties of the platforms were examined in
the presence of 50.0 pM CLZ at pH = 8.0 (0.1 M PBS) and
accumulation time of 30 s and followed by sensing via SWV.
All platforms distinctly exhibited an oxidation peak for CLZ.
Notably, a clear difference between all sensor arrangements
can be observed. A comparison of all 2D and 3D pPED, results
show that (b), (c), and (d) designs increase the peak current by
a factor of 1.3, 1.5, and 1.9, respectively, when compared to the

View Article Online
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(a) design. The previously noted increased ECSA with the 3D
HPED (d) thus, leading to improve capabilities for detecting
CLZ. The peak currents in CLZ sensing via SWV have a corre-
lation with the ECSA which is graphically shown in Fig. S2B.7

Therefore, the 3D pPED (d) arrangement was selected for
further study and optimization. The following parameters were
studied: (i) the effect of potential scan rate; (ii) the SWV para-
meter (data given in ESIT); and (iii) the pH of the supporting
electrolyte.

For the best performing system, the additional characteriz-
ation with CVs at different scan rates was carried out. To
examine the kinetics parameters and electrochemical behavior
of the sensor, the corresponding CVs were explored over scan
rates from 60 to 250 mV s™* in the electrolyte solution at pH
8.0, in the presence of 100.0 pM CLZ (Fig. 3A). A linear corre-
lation was evident between the anodic peak current (I,,) and
the scan rate (v) within the 60 to 250 mV s ' range, denoted by
an R” value of 0.986, which shows the adsorptive nature of the

log v(mVsT
1.5 20 2.9
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Fig. 3

(A) CVs of the proposed sensor in a solution containing 100 pM CLZ with 0.1 M PBS at pH = 8.0 for different scan rates; from inner to outer

scan rates of 60, 80, 100, 150, 200 and 250 mV s~%, respectively. (B) Variation of lpa vs. v and Eg; vs. logv; (C) SWVs for 30.0 uM CLZ at various pH
values ranging from pH 6.0 to 10.0 (D) Effect of pH of CLZ solutions on I, and E,.
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electrochemical reaction for the oxidation of CLZ onto the WE
surface of the sensor (Fig. 3B). Furthermore, with an increase
in scan rate, a shift towards more positive potentials was
observed, confirming the kinetics limitations inherent to the
electrochemical reaction. The relationship between E,, and
log v within the 60 to 250 mV s~ range is linear, as illustrated
in Fig. 3B. The corresponding linear regression equation is Ep,
= 0.108logv + 0.331, with a correlation coefficient of 0.990.
The Tafel slope (b) can be determined from the Ep, vs. logv
slope using the following equation:*>3*

b
Epa = Elogv + constant

The determined Tafel slope recorded a value of 0.21
V. Employing the number of electrons engaged in the oxi-
dation of CLZ in PBS at the sensor and the Tafel slope, the
transfer coefficient (a) was calculated to be 0.9 using the fol-
lowing equation:****

_ 2.303/RT
T (1—a)nF

The pH of the electrolyte solution is another critical factor
in the catalytic determination of the target analyte, and the
influence of electrolyte pH on the peak current of CLZ was
investigated by adjusting the pH values from 6.0 to 10.0 using
SWV (Fig. 3C). It was shown that the shape and peak potential
of CLZ oxidation depend on electrolyte pH. Therefore, it is
suggested that protons participate in the CLZ electro-oxidation
reaction. As one can see from Fig. 3C, peak current showed a
rapid rise as the pH values increased from 6.0 to 8.0. However,
further increasing the pH to 10.0 led to a decrease in peak cur-
rents observed for CLZ measurement. The optimal pH identi-
fied for this study was 8.0. As one can see from Fig. 3D, by
plotting oxidation peak potential against pH, a linear relation-
ship between the oxidation peak potential and pH resulted

(A) T T T T T T T
9.0 ——100.0 pM —
—— 80.0uM
—— 500 uM
i —— 300puM
20.0 uM
<60 70uM
- 0.0 uyM
b=
o
5
O 3.0 a
0.0 >
1 1 1 1

0.4 0.6
Potential (V)

Fig. 4

(B)

Current (HA)
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with an R* value of 0.981. The calculated slope closely aligns
with the theoretical value of 59 mV, offering an equivalent con-
tribution of protons and electrons (2¢”-2H") in the oxidation
of CLZ at the sensor within the pH ranging from 6.0 to 10.0.
Therefore, as shown in Scheme S4,} it supports the proposed
mechanism of the electro-oxidation reaction of CLZ.*"?%38

3.4. Analytical performance

3.4.1. Linear range and detection limits of the proposed
sensor. To enhance the performance of the proposed sensor,
SWV was used for CLZ sensing under the optimal conditions.
Well-defined peaks, centered at ~0.52 V were achieved for CLZ
as depicted in Fig. 4A. To corroborate the correlation between
the peak current and CLZ concentration, a calibration with
concentrations from 7.0 uM to 100 uM in 0.1 M ABS at pH =
8.0 was carried out (Fig. 4B). The calibration plot was recon-
structed based on three distinct measurements using three
sensors. Each device underwent measurements with successive
standard solutions, starting from the buffer solution and pro-
gressing from the lowest to the highest concentration. Notably,
the addition of higher CLZ concentrations facilitates increased
CLZ oxidation on the WE surface of the sensor. As shown in
Fig. 4B, the linear relationship was observed in plotting the
peak current against CLZ concentration. A regression equation
I (pA) = 0.088 x conc, (UM) + 0.461 (pA), with a correlation
coefficient of 0.996, was obtained from these results. Both
LOQ and LOD values were calculated to be 4.9 pM, and
1.47 pM, respectively. The sensitivity (the slope of current
density vs. CLZ concentration) value was determined to be
1.694 pA pM cm™2 as shown in Fig. 4B.

The outcomes demonstrate that the approach is rapid, cost-
effective, and exhibits noteworthy sensitivity. The analytical
characteristics of the sensor are compared with various electro-
chemical methods and devices in CLZ monitoring as pre-
sented in Table 1. The results indicate the proposed strategy is

—
9.0 - { +200.0
y =0.088x + 0.461 § J 1500
60| Re=09% - £
_ =
: AN H1000 >
3 y=1694x + 8.869 <
5 R? = 0.996 -
o 4
y 4 50.0
;
00 b . 0.0
0.0 30.0 60.0 90.0 120.0

Concentration (uM)

(A) SWVs of proposed sensor for different concentrations of CLZ in 0.1 M PBS at pH = 8.0, (B) the calibration plot of peak current vs. CLZ

concentration and current density vs. the different CLZ concentrations (error bars represent the standard deviation for the three different technical

replicates (n = 3)).
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Table 1 Comparison of the proposed sensor with other sensors for monitoring of CLZ

Deposition  Potential
Method Technique time (s) (mv) pH Liner range (nM) LOD (nM) Real samples Ref.
Graphene modified Au DPV* — 340 7.4 — 700 Blood 39
TPED” CAS — 320 7.4 5.0 x10-5.0 x 10" 10 Blood 28
TiO,NP?/CPE* DPV 420 370 9.0 5x 10"2-45 x 10™ 61.0 Tablet 31
PFSE/ Amperometry =~ — 320 7.4 1.0 x 10"-1.0 x 10" 24.0 Blood 32
Ion selective electrode  Potentiometry —— — 4.5-8.0 1.0x10™-1.0x 107 3700 Tablet 40
MWCNT®/CPE Potentiometry — — 3.5-5.0 1.0x107-1.0x10"7 1000 Tablet 11
Nf/MWCNT on CTS" swv' 60 150 7.4 1.0 10”-5.0 x 10" 83 Blood 42
MWWT//GCE SWV — 462 7.0 1.0 x 10"2-2.0 x 10" 30.0 Urine and blood 38
3D pPED SWV 30 520 8.0 7.0x10"™-1.0 x 10" 1470 Blood serum This work

“ Differential pulse voltammetry. ” Toray paper electrochemical device. © Chronoamperometry. ¢ Titanium oxide nanoparticle. ¢ Carbon pate elec-
trode.”/ Lab-in-a-pencil graphite microfluidic sensing electrode.  Multi walled carbon nanotube. " Nafion-modified multi walled carbon nanotube.
' Square-wave voltammetry.’ Tungsten trioxide nanoparticles hydride by « - terpineol.

comparable in terms of LOD and/or response linear concen-
tration range.

3.4.2. Reproducibility and selectivity of the
Reproducibility is a crucial requirement for a sensor, essential
to ensure the reliability, credibility and consistency of its per-
formance across various application. In order to investigate
the repeatability of independently manufactured sensors
(inter-assay repeatability, n = 3 with 7 replicates), we employed
a set of devices prepared on three different days for the
sensing of CLZ at a concentration of 40.0 uM CLZ at pH of 8.0
(0.1 M PBS). A relative standard deviation (RSD) ~15% was
obtained, showing the satisfactory response from indepen-
dently fabricated devices (Fig. S47).

To analyze biological samples employing the proposed
sensor, an examination of the influence of common electro-
chemical species in human blood was conducted via SWV.
Selectivity studies were performed to assess the sensor’s capa-
bility for CLZ detection in the presence of potential interfering
substances. In order to accomplish this, solutions containing
12.0 pM CLZ at 0.1 M PBS and pH 8.0 were tested alongside
other substances including 24 pM glucose, 24 pM uric acid,
24 pM theophylline, 24 pM ascorbic acid, and a solution con-
taining all at the same time. Results show with the mentioned
interfering species did not significant interfere with 12.0 uM
CLZ, and sensor was able to detect CLZ even in the presence of
these interfering substances. The peak currents normalized to
the peak current without further substances (I/I,) are indicated
in Fig. 5. I and I, represent SWV peak current responses of
CLZ in the presence and absence of interferences, respectively.
The sensor displayed a minimal current variation and exhibi-
ted significant selectivity in detecting CLZ in the presence of
glucose, uric acid, theophylline, and ascorbic acid as common
interfering substances.

Sensor.

3.5. Human blood serum sample analysis

To demonstrate the analysis of CLZ in real sample environ-
ment, we conducted voltametric sensing of CLZ in human
blood serum sample under the optimal conditions using the
SWV technique. Due to the presence of various biomolecules
in serum that are absent in pure buffer solution, a calibration

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Peak current for 12.0 pM CLZ in 0.1 M PBS at pH 8.0 detection
compared to expect peak current when various possible interfering bio-
molecules were present with 24.0 uM as single interfering molecule or a
mixture of 24.0 uM of glucose, uric acid, theophylline, and ascorbic acid
each (error bars represent the standard deviation for the three different
technical replicates (n = 3)).

plot was generated for the determination of CLZ. This plot
showed that the peak currents of CLZ increase linearly with
concentration from 10.0 to 20.0 pM (Fig. 6).

After adding a specific CLZ concentration, the SWV signal
was measured. The obtained concentration values were then
compared with the spiked concentrations in the serum
samples to calculate RSD values from three measurements.
Importantly, the peak intensity increased proportionally with
the CLZ concentration ranging from 10.0 to 15.0 uM. As
depicted in Table 2 and Fig. S5, the recovery was ranging
from 104.3% to 99.8%. Therefore, there is clear evidence of
good alignment between the proposed sensor and the stan-
dard method. Additionally, taking into account the various
factors that influence CLZ levels in plasma for schizophrenia

Analyst, 2024,149, 5411-5422 | 5419
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(A) SWVs of the proposed sensor in human blood serum sample for various concentrations of CLZ in 0.1 M PBS (pH = 8.0). (B) The calibration

plot of peak current vs. CLZ concentration and current density vs. the different CLZ concentrations.

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

Primary CLZ Added CLZ Found CLZ Recovery
No. (M) (M) (kM) (%)
1 — 0.0 0.0 100
2 — 10.0 10.43 104.3
3 — 15.0 14.97 99.8

patients, including gender, age, and drug dosage, several
studies in the literature have reported drug concentrations
ranging from 48-1304 ng ml'.*"**?% Consequently, these
fundings also demonstrated that the presence of various bio-
molecules in blood serum samples has a minimal impact on
the sensing performance of the device.

4. Conclusion

This study shows that screen printing of 3D electrode arrange-
ments is suitable for the fabrication of low cost but high per-
forming WPEDs. The electrode arrangement and design have a
distinct influence on the sensor performance. For the specific
CLZ example, the 3D pPED described in this article provides a
simple, fast, and low-cost platform for the quantitive detection
of analytes, both biological and inorganic compounds, in real
samples. This type of device offers at least six distinct advantages:
(i) it is light-weight, portable and disposable, (ii) it is flexible, (iii)
it prevents physical contaminants, such as unsolved particulates
in the sample, from fouling the electrode within the sample cell,
(iv) it prevents dissolved gas in aqueous samples from forming
bubbles and adsorbing on the electrode surface, (v) it ensures con-
tinuous flow of the aqueous solution along the paper and across
the electrodes surface through capillary forces, thereby maintain-
ing a fresh sample solution on the electrode surface without
requiring manual stirring and (vi), the 3D electrode layout
decreases distance between the electrodes which decrease the re-

5420 | Analyst, 2024, 149, 5411-5422

sistance resulting in enhanced sensitivity for sensing. The sensor
is capable of detecting CLZ over a wide linear range, low LOD, a
larger electrochemical effective surface area, and high sensitivity.
We believe our findings effectively meet the demands of point-of-
care detection for original samples in environmental monitoring,
food analysis, pharmacokinetic analyses and clinical tests.
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