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ABSTRACT: Paper-based electrochemical devices (PEDs) have
emerged as versatile platforms that bridge analytical chemistry and
materials science, demonstrating advantages of portability, cost-
effectiveness, and environmental sustainability. This study
investigates the integration of a graphene pseudoreference
electrode (GPRE) into a PED, and it exhibits potential advantages
over the traditional Ag/AgCl pseudoreference electrode (PRE). In
addition, the electrochemical properties and stability of GPRE are
compared with those of the traditional Ag/AgCl PRE. The results
demonstrate that GPRE exhibits a stable and reproducible
potential during electrochemical measurement throughout 180
days, demonstrating its suitability as an alternative to an expensive
metal PRE. Furthermore, a GPRE-incorporated paper-based device
is designed and evaluated for use in the electrochemical detection
of cadmium (Cd) and lead (Pb) using an in situ bismuth-modified electrode. The GPRE-incorporated PED exhibited good
analytical performance, with a low limit of detection of 0.69 and 5.77 ng mL™" and electrochemical sensitivities of 70.16 and 38.34
pA-mL-ug"-cm™ for Cd(II) and Pb(II), respectively. More than 99.9% accuracy of the sensor was obtained for both ions with
respect to conventional inductively coupled plasma-mass spectrometry. The results highlight the effectiveness and suitability of the
GPRE-incorporated PED as a sensor for various applications, such as environmental monitoring, food quality control, and medical
diagnostics.
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1. INTRODUCTION because they possess exceptional features in electrochemistry
including high conductivity and low background current.
Moreover, the inks allow plenty of simple surface modifications
such as metal depositions and composites self-assembling,
which promote the sensitivity and selectivity of detection while
providing simplicity of fabrication and importantly contribu-
ting to lower prices. Frequently, a silver/silver chloride (Ag/
AgCl)" is applied as the paste for RE; it serves as a

recognition as a safer alternative for detecting toxic compounds pseudoreference electrode (PRE) that simulates the behavior

. of an actual RE—a silver wire coated with AgCl immersed in a
such as pathogens, contaminants, and heavy metals, thereby ] o 617 ) .
o . . 3-5 saturated chloride-containing solution. ™" Despite the wide-
minimizing postuse environmental impact.

Meanwhile, screen printing is frequently employed to spFead.use of Ag/ AgCl PRE{ challe1.1ges p e'rsist: It exhil?its
fabricate the majority of PED electrodes, enabling diverse shifts in potential due to interactions with ions during

electrode conﬁgurations.é’7 Electrodes—comprising a working xp .erlmentsg l%algln;gh 1naccurac1e:h— ezpeccjiallly n dc)lrnamlc
electrode (WE), counter electrode (CE), and reference environments. — rurthermore, as the Agll fayer undergoes

electrode (RE)—can be printed onto substrates via a process

Paper-based electrochemical devices (PEDs) have emerged as
a versatile and innovative platform that bridges analytical
. . ; 1,2 . .
chemistry and material science.”” By integration of the
inherent characteristic properties of paper with electrochemical
principles, PEDs provide portable, inexpensive, and environ-
mentally sustainable solutions for diverse applications. More-
over, owing to their disposability, these devices have garnered

known as thick-film deposition,” in which conductive materials Received: ~ October 20, 2023
are compressed through a mesh screen’ and dried under hot Revised:  November 23, 2023
air. Inks or pastes are commonly made of carbon (e.g., carbon Accepted:  November 29, 2023

black, graphite, etc.) or metallic forms such as gold, silver, and Published: December 20, 2023

platinum.'’ Various carbon-based materials, including gra-
phene and its derivatives,"'~'* are often used as WE and CE
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Figure 1. CVs and SWVs of [Fe(CN)4]*~/#~ in 0.5 M KCI using Ag/AgCl RE and GPRE. For CV (a), the potential was scanned from —1.0 to 1.0
V (vs GPRE) and from —0.8 to 1.2 V (vs Ag/AgCl), employing a potential step of 0.01 V and a scan rate of 0.1 V s~ for both systems. In the case
of SWV (b), the potential was scanned from —0.5 to 0.8 V (vs GPRE) and from —0.3 to 0.8 V (vs Ag/AgCl), employing a step potential of S mV,

an amplitude of 0.25 V, and a frequency of 5 Hz (n = §).

degradation over time, the stability of the Ag/AgCl RE is
affected, leading to the loss in the accuracy of the reference
potential."*'” The stable working time of a commercial Ag/
AgCl PRE has been reported to only last for 30 min (for long-
term monitoring), which has been attributed to potential
drift."

Previously, carbon-based PREs such as graphitic carbon
or activated carbon®® have shown promising applications
ranging from pH sensing25 and corrosion monitoring26 to an
ion-sensitive field effect transistor (ISFET)-based sensor,”’ as
well as in battery and supercapacitor devices.””*” In this
regard, our group has been particularly interested in the
graphene pseudoreference electrode (GPRE) because the
chemical inertness and exceptional resistance (with respect
to mechanical stress, temperature change, and ionic
interaction) of graphene shed new insights into electro-
chemical sensing. Unlike Ag/AgCl, graphene exhibits resist-
ance to the above-mentioned factors; as a result, its reference
potential remains stable, reducing shifts during experiments.
Additionally, while the majority of GPREs have been employed
in capacitor and battery applications, only a few have been
utilized for sensing applications.”” One significant advantage of
GPRE is the simplicity of its fabrication process. It requires
only graphene paste throughout the entire process (in the case
of graphene WE/CE/RE), whereas the Ag/AgCl PRE needs a
more complex two-step process involving the WE/CE paste
and Ag/AgCl component. This streamlined approach speeds
up PED production (printing and curing processes), reduces
cost, and enhances consistency, especially for large-scale
manufacturing. Therefore, this research investigated the
capability of GPRE against Ag/AgCl PRE in a PED format.

In advancing the field of electrochemical sensing, this paper
introduces a novel GPRE-incorporated PED, which is
characterized by its all-graphene composition for the WE,
CE, and RE. This unique approach not only paves the way for
metal-free sensing systems but also offers enhanced stability
and reproducibility in electrochemical measurements com-
pared to systems employing traditional Ag/AgCl PRE. The
innovative design of the GPRE-based PED allows for the
simultaneous detection of cadmium (Cd) and lead (Pb) and is
verified, demonstrating real-world applications. To validate the
practical utility of the developed PED, a series of assays in real
matrices—including drinking water, wastewater, and biological
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fluids—are conducted, effectively encompassing diverse
applications such as food quality control, environmental
monitoring, and medical diagnostics.

2. EXPERIMENTAL SECTION

2.1. Chemical and Apparatus. Details of the chemicals
and apparatus can be found in the Supporting Material (SM).

2.2. Electrochemical Measurement. Electrochemical
experiments were conducted using an Emstat3 Blue wireless
potentiostat (PalmSens BV, The Netherlands). The detection
of Cd(II) and Pb(II) was conducted by square-wave anodic
stripping voltammetry (SWASV), which was accomplished by
transferring 100 uL of a sample solution (or standard Cd(II)
and Pb(II)) prepared in a running buffer (comprised of 0.1 M
acetate buffer at pH 4.5 along with a Bi(III) standard) onto the
designated sample zone. Throughout, the Bi(III) standard
concentration was consistently maintained at 10 yg mL™",
which was achieved after the complete dilution of the sample
solution or working standard. The detection of Cd(II) and
Pb(II) was conducted by SWASV at a potential range of —1.4
to —0.6 V (vs GPRE), unless specified otherwise. Other
electrochemical parameters were configured as follows: a step
potential of S mV (vs GPRE), an amplitude of 0.25 V (vs
GPRE), and a frequency of S Hz. The optimal deposition
potential and duration were —1.6 V (vs GPRE) and 180 s,
respectively. Further details of the optimization process are
provided in the optimization section in the SM. To investigate
the electrochemical characteristics, cyclic voltammogram (CV)
curves were recorded by scanning in the voltage range of —1.0
to 1.0 V (vs GPRE). The potential step was set at 0.01 V (vs
GPRE), and a scan rate of 0.1 V/s was maintained, unless
otherwise specified. All measurements were carried out in three
replicas (n = 3).

2.3. Fabrication of the Paper-Based Sensor. The device
pattern was created using Adobe Illustrator CC (Adobe Inc.,
San Jose, California, USA) and printed on Whatman 4
chromatography paper using a wax printer (ColorQube model
8580; Xerox, Connecticut, USA). The printed paper was
placed in an oven at 150 °C for 2 min to create a 3D wax
barrier. Then, three electrodes (WE, CE, and RE) were screen-
printed with the graphene paste onto the wax-printed pattern
and dried in an oven at 55 °C for 60 min.”’"”* Paper-based
sensors were used once and then disposed.

https://doi.org/10.1021/acsomega.3c08249
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Figure 2. CVs of [Fe(CN)4]*~*~ in 0.5 M KCl using Ag/AgCl PRE (a) and GPRE (b) for 100 cycles, and their corresponding half-wave potential
(E,,) from the obtained CVs (c—e). The CV potential was scanned from —0.8 to 1.2 V (vs Ag/AgCl) and from —1.0 to 1.0 V (vs GPRE),

employing a potential step of 0.01 V and a scan rate of 0.1 V s~

! for both systems.

2.4. Sample Analysis. Details of the sample analysis can
be found in the SM.

2.5. Stability Assessment. Long-term stability was
investigated by the accelerated shelf life testing (ASLT)
method according to the standard guide for accelerated aging.
In this study, the electrodes with the Ag/AgCl PRE and GPRE
systems were sealed in an aluminum bag (unless stated
otherwise), purged with nitrogen, and placed in an oven at 5§
°C. Throughout this process, the half-wave potential (E, ;) of
each system was monitored continuously by CV, which
enabled the calculation and subsequent comparison of the
real-time shelf life of the investigated electrodes. The
electrochemical species employed for this assessment were S
mM [Fe(CN)¢]*~/#~ and 0.5 M KCL.

3. RESULTS AND DISCUSSION

3.1. Electrochemical Properties of a GPRE. The
electrochemical properties of different RE systems, namely,
the Ag/AgCl PRE and GPRE, printed onto a paper-based
device, were investigated. Figure la)b shows the CVs and
square-wave voltammograms (SWVs) of S mM [Fe-
(CN)¢]*"* in 0.5 M KCl usmg A /AgCl PRE and GPRE.
The peak potential of [Fe(CN)4]*™/*" tested with Ag/AgCl
PRE compared to the GPRE is clearly shifted in the negative
direction, indicating that the reference potential (E,) of GPRE
is shifted negatively. The CV and SWV data confirm a
potential shift of 0.2 V. Notably, a small shoulder peak at 0.0 V
vs the Ag/AgCl PRE is observed, particularly under chloride-
containing electrolytes (see Figure S1). This oxidation peak is
proposed to originate from the introduction of oxidized Ag
contaminants during the RE screen printing process or
resulting from the corrosion of RE in chloride-containing
solutions,'””** which also occurs at approximately 0.0 V. These
observations suggest that the Ag/AgCl PRE may exhibit
limitations in practical electroanalysis owing to its suscepti-
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bility to oxidation, leading to reduced durability and
reproducibility in various applications.

Next, the electrochemical redox reaction of [Fe(CN),]>~/4~
in 0.5 M KCI was examined by CV measurements using Ag/
AgCl PRE (Figure 2a) and GPRE (Figure 2b) for 100 cycles.
Similar CV patterns are observed: the peak potential of the
initial CV cycle (first scan) using the GPRE system is shifted
negatively by 0.2 V in comparison with that of the initial cycle
using the Ag/AgCl PRE. Furthermore, as shown in Figure 2a,b,
the peak separation (AE) between the anodic peak (E,,) and
cathodic peak (E ) gradually increases and becomes more
pronounced after 100 cycles (Figure 2¢,d). To quantitatively
evaluate the stability of the reference potential, we determined
the half-wave potential (E,/,) from the obtained CVs. E,),
represents the midpoint between the anodic and cathodic
peaks. Interestingly, for the Ag/AgCl PRE under the
investigated conditions, E,, is shifted continuously by
approximately 46 mV to positive values after 100 cycles
(Figure 2e), indicating its instability for long-term monitoring.
The stable working time of the Ag/AgCl PRE has been
reported to be approximately 30 min."® This potential shift is
likely attributed to the cross-contamination between the tested
solution (5 mM [Fe(CN)s]*/* in 0.5 M KCl) and the
composition of the Ag/AgCl PRE, which is supported by the
change in the color of the RE surface from metallic silver to
dark brown. Similar results were reported by Lee et al,*
suggesting that the Ag/AgCl PRE is not suitable as an RE
when significant amounts of redox species are present in an
aqueous solution.”” " In contrast, E,,, for GPRE remains
stable over 100 cycles, indicating its stability and chemical
inertness”” in the tested environment; hence, it is suitable as a
PRE.* In addition, a chronoamperometric test was performed
to monitor the behavior of a redox probe ([Fe(CN)]*~* in
0.5 M KCl) over time, assessing the real-time stability of the
system. A similar trend observed in the CA measurements is
described in Figure S2 of Supporting Information. Further
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Figure 3. SEM images of GPRE (a), fresh-prepared Ag/AgCl PRE (b), accelerated aging Ag/AgCl PRE (c), and corresponding EDS spectra and
elemental mapping of fresh-prepared Ag/AgCl PRE (d) and accelerated aging Ag/AgCl PRE (e).
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Figure 4. Long-term stability (0—180 days) comparison between GPRE (blue circle) and Ag/AgCl PRE (yellow circle) using ASLT. Left and right
compared effects from storage with (a) and without aluminum bags (b). The electrochemical measurements were performed with CV (0.01 V
potential step, and 0.1 V s™* scan rate) using 5 mM [Fe(CN)4]>~# in 0.5 M KCL Standard deviations were represented from triple measurements

(n=3).

discussions of shelf life stability testing are presented in the
stability assessment section. Based on these observations,
GPRE was selected as the PRE for further investigation.

3.2. Morphological Characterization of GPRE. The
morphology of PRE was investigated by scanning electron
microscopy (SEM). Figure 3a—c shows the surface morphol-
ogy of the GPRE and two Ag/AgCl PREs, freshly prepared
Ag/AgCl PRE and Ag/AgCl PRE after accelerated aging,
respectively. SEM images at 10,000X and 50,000X reveal
distinct morphological characteristics of the GPRE and Ag/
AgCl PRE. The GPRE exhibits a uniform surface with
numerous graphene flakes, while the Ag/AgCl PRE surface is
rough and irregular, with abundant particles distributed across
its surface. These particles correspond to the AgCl layer
formed on the Ag electrode. The uniform GPRE surface is
advantageous for achieving stable and consistent electro-
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chemical measurements. Furthermore, the high conductivity of
graphene, which is used as the WE and CE, renders eflicient
charge transfer; as a result, the electrochemical performance is
enhanced.

Additionally, the morphologies of the two Ag/AgCl PREs,
fresh-prepared Ag/AgCl (Figure 3b) and Ag/AgCl after under
accelerated aging, respectively, were examined (Figure 3c).
Although the stored Ag/AgCl PREs undergo a change from a
shiny silver metallic color to a dark brown over time, no clear
difference is observed in the SEM surface morphology.
However, energy-dispersive X-ray spectroscopy and elemental
mapping shown in Figure 3d,e clearly demonstrate that the
oxygen content of the aged Ag/AgCl PRE is almost doubled in
comparison with that of the freshly prepared Ag/AgCl PRE
(increasing from 2.4 to 4.2 wt%). This result indicates that the
Ag/AgCl electrode surface is sensitive to oxygen-rich environ-

https://doi.org/10.1021/acsomega.3c08249
ACS Omega 2024, 9, 1634—1642


https://pubs.acs.org/doi/10.1021/acsomega.3c08249?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08249?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08249?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08249?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08249?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08249?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08249?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08249?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08249?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

ments, which provides additional justification for its limited
lifespan. Figure S3a presents an EDX elemental spectrum of
the GPRE for a comprehensive comparison. Additional results
related to the stability assessment are discussed in a subsequent
section.

Additional characterization techniques (transmission elec-
tron microscopy (TEM) and confocal laser scanning
microscopy (CLSM)) are detailed in Figure S3b—d.

3.3. Long-Term Stability of GPRE. Device stability is a
crucial factor in the effective utilization of the sensor. To assess
the stability, the long-term stability of the GPRE was compared
with that of the Ag/AgCl PRE by ASLT. This method is used
to rapidly predict the device’s lifespan in the absence of real-
time data. In this study, electrodes were subjected to high-
temperature stress (55 °C) in an oven for 30 days (accelerated
aging time), and the half-wave potential (E;,,) of each system
was monitored. The real-time shelf life was calculated using the
following equation:

Real-time shelf life

= Accelerated aging time X Reaction rate B TA/10

(1)
where the reaction rate is set to 2, TE represents the evaluation
temperature (S5 °C), and TA represents the ambient
temperature (25 °C). E;/, of the electrode with GPRE is
shifted by less than 20 mV throughout the 180 day real-time
shelf life accelerated aging study (Figure 4a,b). In contrast, the
electrode with the Ag/AgCl PRE exhibits a potential shift of
less than 20 mV for only 60 days in a sealed aluminum bag and
30 days in the absence of a sealed aluminum bag. This
potential drift observed for the Ag/AgCl PRE can be attributed
to mixed potential contributions from reactions involving A
oxides formed during storage in an oxygen-rich environment.'
Similar performance characteristics of the printed Ag/AgCl
PRE, reflecting a storage life of approximately 30—40 days, also
have been reported previously.'®'” Therefore, the long lifespan
and low drift observed with the GPRE provide further evidence
of the effectiveness of graphene materials as PREs. Besides
stability, cost, and fabrication procedures are also key factors
that determine the effectiveness of GPRE. By utilizing GPRE,
the cost of the graphene-based paste is significantly reduced
(approximately 577 USD/kg) in comparison with that of Ag/
AgCl (approximately 2827 USD/kg). Additionally, single-step
printing of the electrode further reduces the overall cost and
fabrication time. Considering all of these factors, GPRE is an
excellent choice to fabricate electrodes. Table 1 summarizes
the overall characteristics.

3.4. Application of the GPRE-Incorporated Paper-
Based Device for the In Situ Electrochemical Detection
of Cd(ll) and Pb(ll) Using a Bi-Modified Electrode. Heavy
metals such as cadmium (Cd) and lead (Pb) pose significant
risks to human health, necessitating efficient methods to
monitor these metals."’ ™" Owing to their sensitivity and
selectivity, electrochemical sensors have been widely used for
the detection of heavy metals."”*® The anodic stripping
voltammetry (ASV) sensor has been extensively employed for
the detection of Cd and Pb. When a Cd- or Pb-containing
sample is introduced, the metal ions preconcentrate on the WE
surface. Next, under the application of an applied voltage, the
metal ions from the electrode are stripped and the resulting
current is measured, which helps in the determination of the
metal ion concentration of the sample. Thus, RE (in this work,
PRE) should exhibit stability and a well-defined electrode
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Table 1. Comparison between Graphene GPRE and Ag/
AgCl PRE

factors Ag/AgCl PRE GPRE
cost higher cost (approximately 2827 significantly lower
USD/Kg) cost
(approximately

$77 USD/kg)
single-step printing
process

fabrication step  multistep process

stability prone to potential shifts and excellent stability
oxidation and chemical
inertness
applications limited to certain applications (not versatile
suitable when significant amounts  applications
of redox species are present)
environmental environmental concerns eco-friendly
impact

potential. However, the use of screen-printed Ag/AgCl as a
PRE for detecting heavy metals might not be suitable due to its
potential drift and the potential environmental impact of silver
(Ag). This is important given that silver (Ag), exhibiting a
density of 10.49 g/cm’, is classified as a heavy metal, akin to
Cd and Pb. Thus, Cd(II) and Pb(II) could be helpful for
studying GPRE behavior against Ag/AgCl PRE. By exploiting
the potential of a paper-based device with the GPRE system,
the proposed sensor is applied for detecting heavy metals
across a range of applications, encompassing environmental
monitoring, food quality control, and medical diagnostics.

During the ASV preconcentration step, WE will be
codeposited with Bi(IIl) to facilitate the formation of "fused
alloys” with Cd(II) and Pb(II) and promote their deposition
on the electrode surface.'” Figure Sa shows the ASVs for the
detection of Cd(II) and Pb(II) at different electrodes,
including an in situ Bi(IlI)-modified electrode and an
unmodified electrode. The anodic peaks of Cd(Il) and Pb(II)
are observed at approximately —1.1 and —0.9 V vs GPRE,
respectively. Interestingly, the peaks of Cd(II) and Pb(II) over
the unmodified electrode are clearly distinguished, which can
be attributed to the abundance of graphene sheets on the
electrode surface. However, the presence of Bi(Ill) signifi-
cantly enhances the intensity of the peaks for both metals.
Notably, Bi(III) can be stripped off at approximately —0.4 V vs
GPRE using an in situ Bi-modified electrode, both with or
without the presence of Cd(II) and Pb(II). A slight increment
(1.2-fold) in the peak current is observed for Pb(II), whereas a
remarkable 2.5-fold increment in the peak current is observed
for Cd(II). This improvement can be attributed to the role of
Bi(Ill) in promoting a larger electrode surface area and
facilitating enhanced metal deposition via the formation of
“fused alloys” with Cd(IT) and Pb(II)."’

Subsequently, the simultaneous detection of different
concentrations of a mixture of Cd(II) and Pb(II) was
conducted by ASV using an in situ Bi-modified electrode
(Figure 5Sb). Under the examined conditions, parallel
concentrations (0.1, 0.25, 0.5, 0.75, and 1.0 ug mL™") of
Cd(1I) and Pb(II) are simultaneously detected without mutual
interference. This result provides strong confirmation of the
promising potential of in situ Bi deposition for the
simultaneous detection of Cd(II) and Pb(Il). To maximize
the electrochemical response, various conditions, including
deposition time, deposition potential, and Bi(IIl) concen-
tration, that affect the performance of the sensor were
investigated thoroughly. In summary, a deposition time of
180 s, a deposition potential of —1.6 V vs GPRE, and an
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Figure 5. (a) SWASV of a mixture of 0.5 yg mL™" Cd(II) and Pb(II), and blank (acetate buffer pH 4.5) tested with unmodified electrode and in
situ Bi(II)-modified electrode (color labels are displayed within the figure) at a potential range of —1.4 to 0.0 V (vs GPRE). (b) SWASVs of
Cd(II) and Pb(II) at parallel concentrations of 0.1, 0.25, 0.5, 0.75, and 1 ug mL™" using in situ Bi(III)-modified electrode at a potential range of
—14 to —0.6 V (vs GPRE) and the inset showing a linear relationship between the anodic peak currents and different Cd(II) and Pb(II)
concentrations (n = 3). Other electrochemical parameters were configured as follows: a step potential of S mV (vs GPRE), amplitude of 0.25 V (vs
GPRE), frequency of S Hz, deposition potential of —1.6 V (vs GPRE), and deposition time of 180 s.
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Figure 6. Analytical performance for the detection of Cd(II) and Pb(II). Plots (a) and (b) are SWASVs of Cd(II) and Pb(II) mixtures, where one
metal was maintained at a fixed concentration of 0.5 yig mL™" for the detection of another metal, along with its corresponding linear relationship (c)
between the anodic peak currents and concentrations of Cd(II) and Pb(II) (n = 4). SWASV was scanned from —1.4 to —0.6 V (vs GPRE) utilizing
the following electrochemical parameters: a step potential of S mV (vs GPRE), amplitude of 0.25 V (vs GPRE), frequency of S Hz, deposition
potential of —1.6 V (vs GPRE), and deposition time of 180 s.

optimal Bi(IIT) concentration of 10 ug mL™" were selected for Pb(1I). These values were also identified as the starting points
this study (Figure S4a—c). The supporting material contains of the LDR for each respective metal. The relative standard
details of the assay optimization. deviations from the triple measurements of Cd(Il) at

3.5. Analytical Performance. Under the optimized concentrations of S0 and S00 ng mL™' and Pb(II) at
conditions, SWASV was employed to evaluate the analytical concentrations of S00 and 1000 ng mL™" are less than 5.4%
performance of GPRE PED for the simultaneous detection of (n = 3), indicative of the reproducibility of the proposed
Cd(II) and Pb(II). A solution mixture of Cd(II) and Pb(II) device. Next, the impact of interfering metals (such as Ca(II),

was used, where the concentration of one metal was Mg(II), Cr(VI), As(III), Sb(III), Fe(1l), Fe(Ill), Zn(IL),
maintained constant (0.5 ug mL™') for the detection of Ni(II), Hg(II), and Cu(II)) on the developed electrode was

another metal. Linear dynamic ranges are established between investigated further (Figures SS and S6). The tolerance limit of
0.01 and 1 yg mL™" for Cd(II) and between 0.1 and S g mL ™" each metal was in the range of 10- to 50-fold higher than the
for Pb(II) with sensitivities of 70.16 and 38.34 yA-mL-ug™" target ions (500 ng mL™" of Cd(II) and Pb(II)). Details can be
cm™?, respectively (Figure 6a,b). The limits of detection found in the SM. The electroanalytical performances of the
(LOD) are determined to be 0.69 ng mL™" for Cd(II) and 5.77 proposed platforms were compared with those of previous
ng mL™' for Pb(II), while the limits of quantitation are studies and are summarized in Table SI.

calculated to be 2.30 ng mL ™" for Cd(II) and 19.2 ng mL™" for 3.6. Sample Analysis and Blind Testing. To validate the
Pb(II) (calculated as 3 SDy,,/slope and 10 SDy,../slope, proposed electrochemical device for the direct determination
respectively). Experimentally, the lowest levels of Cd(II) and of Cd(II) and Pb(II) in various sensing applications, different
Pb(II) that could be distinguished from the background noise samples from each application were analyzed. Mineral drinking
with a signal-to-noise ratio of 3 were determined to be 3 and water, industrial wastewater, tap water, seawater, urine, and
25 ng mL™}, respectively. Furthermore, the LOQs, represent- saliva samples were examined by using the proposed system.
ing the minimum concentrations at which the analytes could The obtained results were compared with those obtained by
be quantified with acceptable precision and accuracy, were inductively coupled plasma-mass spectrometry (ICP-MS).

found to be 10 ng mL™' for Cd(II) and 100 ng mL™" for Notably, the high salinity of seawater samples can cause salt
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precipitation and buildup in the ICP instrument, potentially
damaging it. Therefore, these samples (seawater) are analyzed
individually and validated by flame atomic absorption
spectrophotometry (FAAS), exhibiting limited sensitivity. As
shown in Table 2, the data obtained from the proposed

Table 2. Blind Testing Results (n = 10) for the Qualitative,
Semiquantitative, and Quantitative Detection Using a
Paper-Based Electrochemical Sensor

qualitative detection (n = 10)

information Cd Pb
yes/no 100% (10/10) 100% (10/10)
semiquantitative detection (n = 10)
information Cd Pb

high (1000 ng mL™")
medium (500 ng mL™") 90% (9/10)
low (250 ng mL™") 100% (10/10)

quantitative detection (n = 10)

100% (10/10) 100% (10/10)
80% (8/10)

100% (10/10)

information Cd Pb
correlation coefficient (R*) 0.9999 0.9996
slope 0.9345 0.9622

method and standard methods do not reveal any significant
difference between the two approaches (paired ¢ test at a 95%
confidence interval reveals that the experimental ¢ values (¢
calculated values are 0.12 for Cd(II) and 1.20 for Pb(II)) are
less than the t critical values (1.79 for Cd(II) and 1.78 for
Pb(1I)). This demonstrates the applicability and reliability of
the proposed approach. Additionally, recovery tests were
conducted by spiking the samples with Cd(1I) and Pb(II) at
concentration levels of 100 and 500 ng mL™". The data listed
in Table S2 also reveal that the overall percentage recoveries
(80.9—108%) fall within the acceptable range48 (between 80
and 110%), indicating the proficiency of the method for
detecting Cd(II) and Pb(II) in such samples.

In this study, a PED is proposed as an innovative tool for the
portable simultaneous determination of Cd(1I) and Pb(II) by
untrained personnel. To test this hypothesis, 10 randomly
selected high-school students (grade 12) from Kamnoetvidya
Science Academy, who had no prior experience using this
device, were selected to perform the entire electrochemical
assay and evaluate the results at three levels of interpretation:
qualitative, semiquantitative, and quantitative. A structural
guideline was provided for their evaluation. For qualitative
interpretation, the presence or absence of peaks corresponding
to the metal in the voltammogram was assessed. All 10 users
(100%) identified the presence of both metals. For semi-
quantitative interpretation, three blind concentrations of
Cd(II) and Pb(II) were investigated. The data were
interpreted by comparing the obtained peak current (peak
height) to the standard calibration plot prepared by the author.
All users (100%) accurately distinguished between low and
high levels of Cd(II) and Pb(II), while some users
misinterpreted the medium level of Cd(II) and Pb(II) (90
and 80% of users accurately distinguished the levels of Cd(1I)
and Pb(Il)). For quantitation, the linear calibration plot
obtained by all of the users was compared with that prepared
by the author. A strong positive correlation was observed
between the peak currents obtained from trained and
untrained users (Table 2 and Figure S7a,b). These results
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suggest that the proposed device can be effectively used, even
by untrained users.

4. CONCLUSIONS

In this study, a GPRE is integrated into a PED, and the
developed GPRE-based PED is applied for the sensitive and
selective detection of heavy metals, viz. Cd and Pb, by ASV.
The performance and stability of GPRE in comparison with
those of traditional Ag/AgCl PRE are highlighted. The results
demonstrate that GPRE exhibits chemical inertness, stability,
and reproducible potentials in electrochemical measurements,
overcoming the limitations of traditional Ag/AgCl such as
potential shifts in the presence of interacting ions, inaccuracies
in dynamic environments, and notably, its poor stability and
limited operational lifespan. The developed GPRE-based PED
demonstrates robust analytical performance, including a wide
linear range, low LOD, and acceptable sensitivity; hence, it is
suitable for real-world applications. The proposed sensor is
successfully employed for the analysis of various samples,
demonstrating its practical utility. Notably, the accessibility of
the sensor is confirmed by its effective use by untrained users.
By addressing the aforementioned limitations of the Ag/AgCl
PRE, our study positions the GPRE as a transformative
solution, enhancing the applicability of paper-based electro-
chemical sensors. The results underscore the immense
potential of a GPRE-equipped PED not only for the accurate
detection of heavy metals but also for broader applications,
marking a significant advancement in the field.
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