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Ketamine (KET) is a clinically used anesthetic with a high potential for abuse. Recreational and improper use of
this substance pose significant health risks, including psychological, cardiovascular, neurotoxic, and
dependency-related effects. However, there is currently no official and reliable method for its preliminary
detection. Therefore, the development of rapid, selective, and simple analytical methods for KET detection is of
great interest in both clinical and forensic contexts. In this study, we present an unprecedented application of
rosin - a natural, eco-friendly resin derived from Pinus species - as a green binding additive in graphite-based
conductive formulations for the fabrication of stencil-printed electrodes (graphite-pine rosin composite stencil
electrode, GPC-SE). The GPC-SE fabrication process was optimized, and ideal conditions for reversibility and
performance were established with a composition of 45% rosin, 55% graphite, and 5 mL of solvent. The resulting
sensor was characterized by Raman spectroscopy, scanning electron microscopy, and electrochemical tech-
niques. The GPC-SE combined with square-wave voltammetry exhibited wide linear range (50-500 pmol L™!) in
Britton-Robinson buffer solution (pH 8, 50 mmol L’l), high sensitivity and low limits of detection (3.3 pmol L’l)
and quantification (10.1 pmol L1). The developed GPC-SE provided satisfactory reproducibility (RSDs <1.0%
for Ep and <7% for Ip) and accuracy based on addition-recovery experiments on seized samples, beverages, and
spiked biological samples. These findings demonstrate the applicability of the method in both forensic and
clinical scenarios as rapid, reliable, and sustainable strategy for on-site identification of KET.

1. Introduction Due to its abuse potential, KET is classified by the United States Drug

Enforcement Administration as a Schedule III controlled substance,

Ketamine (KET) is a dissociative anesthetic that has been used clin-
ically since the 1960s; however, its recreational use has increased due to
its dissociative and hallucinogenic effects. Chronic consumption is
associated with urinary, gastrointestinal, and neuropsychiatric compli-
cations [1]. Moreover, KET may induce psychological dependence and is
occasionally employed as a crime-facilitating substance due to its
sedative and amnesic properties [2]. Its growing availability, both legal
and illicit, contributes to recreational use and poses public health and
safety concerns in multiple countries [3].
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subject to federal regulation [4]. In parallel, KET can also be recognized
as a New Psychoactive Substance (NPS) due to its emerging recreational
use outside the traditional medical context, being monitored interna-
tionally by both the illicit market and public health authorities [4].
Furthermore, KET has frequently been identified as an adulterant in
ecstasy, cocaine, and methamphetamine samples [5]. The detection of
NPS such as KET outside clinical settings represents a significant chal-
lenge. The United Nations Office on Drugs and Crime (UNODC) rec-
ommends a two-step approach for NPS detection: (1) preliminary rapid
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screening using colorimetric tests or immunochromatographic strips
(dipsticks) for detection in urine or blood, allowing initial field identi-
fication; and (2) confirmatory testing using conventional techniques,
including gas or liquid chromatography coupled with mass spectrom-
etry, to validate results [6]. However, these screening methods lack
selectivity and may produce false-positive or false-negative outcomes,
which substantially limit the rapid and selective detection of NPS.

Given these challenges, the development of new portable and
accessible analytical methods for the preliminary detection of KET is of
significant interest in forensic applications. Electrochemical techniques
have increasingly gained prominence for preliminary drug analysis [7]
offering rapidity, high sensitivity, selectivity, and ease of use [8].
Various types of electrodes can be employed, including boron-doped
diamond electrodes [9-11], glassy carbon electrodes [12],
carbon-based electrodes produced by 3D printing [13-17], and
screen-printed or stencil-printed electrodes [18,19]. The latter are
particularly advantageous due to their low sample volume requirements
(uL), portability, and simplicity, and they have been widely applied in
the detection of diverse drug classes, such as amphetamines [20],
phenylethylamines [21,22], synthetic cathinones [9,23,24], and KET
[25,26].

In this study, we report the development of a lab-made electrode
produced by stencil printing with carbon ink and rosin (graphite-pine
rosin composite stencil electrode, referred to as GPC-SE) for in-situ KET
detection. Rosin is a natural and environmentally sustainable resin that
has been previously reported as an efficient component in the formu-
lation of conductive inks [27]. It is a hard, yellowish solid obtained from
the distillation of oleoresin extracted from trees of the Pinus genus. Its
chemical composition is predominantly based on resin acids, including
abietic, palustric, levopimaric, dehydroabietic, and neoabietic acids,
along with a fraction of neutral compounds (approximately 5-10 %)
belonging to the pimaric class, which confers broad industrial applica-
bility [27]. However, because rosin is mainly composed of resin acids (e.
g., abietic-type acids), it may undergo oxidative degradation under
repeated potential cycling, potentially compromising the long-term
reproducibility and durability of the electrode response [27]. The pro-
posed GPC-SE sensors were investigated for the detection of KET in
samples of forensic relevance, including seized materials and beverages,
as well as in biological matrices of clinical interest, based on
square-wave voltammetry (SWV) measurements. The main advances of
this work lie in the use of a rosin-based conductive ink that enables
simple fabrication, low material cost, mechanical robustness, and po-
tential scalability of the electrode platform. These features, combined
with compatibility with portable electrochemical instrumentation, po-
sition the proposed approach as a practical and sustainable alternative
for in situ forensic screening applications.

2. Experimental section
2.1. Chemicals, materials and samples

KET analytical standard was provided by the United Nations Office
on Drugs and Crime (UNODC) in powder form and diluted in 1 mL of
HPLC-grade methanol (Sigma-Aldrich, St. Louis, MO, EUA) to obtain a
stock solution of 1072 mol L™1. Real samples in tablet form were supplied
by the Civil Police of the Federal District (PCDF) - Brazil. These samples
underwent an extraction procedure at the PCDF, in which they were
weighed, macerated, and diluted in 1 mL of HPLC-grade methanol. The
resulting solutions were subsequently diluted in a suitable supporting
electrolyte for electrochemical analysis and/or in an appropriate solvent
for confirmatory methods. Synthetic biological matrices, including
artificial saliva, synthetic urine, and artificial vitreous humor, were
prepared as previously described elsewhere [28-30] while human
serum was obtained from Sigma-Aldrich (St. Louis, MO, USA).

Potential interferents in KET detection, including 3,4-methyleno-
dioxymethamphetamine (MDMA), procaine, lidocaine, cocaine,
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mephedrone, methadone, and morphine, as well as a commonly found
adulterant (paracetamol) [31], were evaluated using the proposed
method at concentrations of 102 molL ™. All reagents were of analytical
grade, with drug standards obtained from UNODC and paracetamol
from Sigma-Aldrich (St. Louis, MO, USA).

For electrochemical characterization, ferro-/ferricyanide ([Fe
(CN)6]4_/ 3-) and hexaammineruthenium ([Ru(NH3)6]2+/ 3+ solutions
were prepared at 1.0 mmol L™} in 0.1 mol L™! KCL. A 0.05 mol L™}
Britton-Robinson (BR) buffer solution was prepared by mixing boric,
phosphoric, and acetic acids (purities > 99.9 %), and the pH was
adjusted between 2-12 using 1.0 mol L"! NaOH. Additional supporting
electrolytes were also evaluated including borate and phosphate buffers
(0.1 mol L’l, pH 8.0), as well as BR buffer solutions at different con-
centrations. Acetic acid was used for electrochemical cleaning of the
working electrode (WE) of the GPC-SE. Ultrapure water (18.2 MQ cm)
obtained from a Millipore Direct-Q®3 purification system was used to
prepare all solutions.

Graphite powder, silver ink, EVA-coated polyester substrate, and
vinyl adhesive were from Sigma-Aldrich (St. Louis, MO, USA), Joint
Metal Commercial LTDA (Sao Paulo, Brazil), and purchased locally,
respectively.

2.2. Production of conductive carbon-rosin ink

The conductive ink was prepared by varying the proportions of the
conductive material (graphite) and the binder (rosin), as well as the
volume of the solvent (acetone). Different graphite-rosin compositions
were calculated and weighed at ratios of 40:60% (1.20 g of graphite,
1.80 g of rosin, and 5 mL of acetone), 45:55% (1.35 g of graphite, 1.65 g
of rosin, and 5 mL of acetone), 50:50% (1.50 g of graphite, 1.50 g of
rosin, and 5 mL of acetone), and 55:45% (1.65 g of graphite, 1.35 g of
rosin, and 5 mL of acetone). The resulting mixtures were homogenized
under magnetic stirring for 15-20 min to optimize the parameters
influencing the chemical composition and consistency of the carbon-
based ink.

2.3. Construction of GPC-SE

The GPC-SE was fabricated following the procedure described else-
where [32], with specific adaptations. Two layers of vinyl adhesive (8
cm x 11 cm) were affixed onto a polyester substrate (80 mm x 110 mm
x 250 um). The integrated electrode layout was designed using
Silhouette Studio® software, comprising a working electrode (WE; ¢ = 4
mm), a reference electrode (RE), and an auxiliary electrode (AE). The
electrode patterns were cut into the vinyl adhesive using a Silhouette
cutting plotter (Belo Horizonte, MG, Brazil).

Subsequently, the adhesive layers containing the electrode stencil
were mechanically removed from the polyester substrate using twee-
zers, as illustrated in Scheme la. The previously prepared conductive
carbon ink was then deposited, following the methodology depicted in
Scheme 1b, onto the regions corresponding to the working electrode
(WE), auxiliary electrode (AE), and electrical connections.

The optimized carbon ink was spread over the stencil pattern using a
spatula and allowed to dry at room temperature for 40 min. After
complete solvent evaporation and ink curing, the remaining adhesive
layers were mechanically removed using tweezers, fully releasing the
polyester substrate from the vinyl mold and ensuring the structural
integrity of the printed electrode layer, as shown in Scheme 1b.

Thereafter, a hydrophobic barrier was applied to define the sample
deposition area on the GPC-SE. For this purpose, a commercial nail
polish (Colorama Cremoso Leite de Coco, 8 mL), mainly composed of
nitrocellulose dissolved in volatile solvents, was used to promote the
rapid formation of a homogeneous film. Finally, the reference electrode
(RE) was fabricated using commercial silver ink.



J.P. Campos et al.

Electrochimica Acta 556 (2026) 148448

== Vinyl sticker
== Polyester | -

R .

Colophony
(Pinus elliottii)

Scheme 1. a) Schematic representation of the GPC-SE printing method. b) Preparation of conductive ink using carbon, rosin and acetone for manufacturing the

GPC-SE.

2.4. Instrumental and apparatus

Electrochemical measurements were carried out using a uStat 400
bipotentiostat/galvanostat (DropSens, SL, Oviedo, Spain) controlled by
DropView 8400 software. The electrochemical behavior of KET at the
GPC-SE was investigated by cyclic voltammetry (CV) at different pH
values. Prior to each measurement, the GPC-SE was subjected to elec-
trochemical pretreatment by CV at a scan rate of 100 mV s ', within a
potential window from —0.6 to +1.0 V, for 10 scans in 5.0 mol L™ ! acetic
acid solution as described elsewhere [33]. The detection of KET was
further optimized and compared using SWV and differential pulse vol-
tammetry (DPV). The SWV voltammograms were processed using Ori-
ginPro 2025 software, with baseline corrections applied where
appropriate.

Scanning electron microscopy (SEM) and GC-MS analyzes of seized
samples were performed as described in the electronic supplementary
material (ESM).

2.5. Green analytical chemistry metrics for electrochemical analyses

The environmental sustainability of the proposed electrochemical
method, in comparison with conventional approaches, was assessed
using the free software AGREE [34].

3. Results and discussion
3.1. Physicochemical characterization of GPC-SE

Different proportions of graphite, rosin, and acetone were investi-
gated for the preparation of the GPC-SE, and the electrochemical
response of the sensor was assessed using the [Fe(CN)s]4‘/ 3- redox
couple in 0.1 mol L™! KCl by CV at 50 mV s, before and after acid
pretreatment of the WE. The choice of 5.0 mol L™ acetic acid, as re-
ported in the literature [33], is consistent with the principles of Green
Chemistry, particularly regarding the use of safer reagents and the
minimization of waste [35]. As a weak organic acid with low toxicity,
high biodegradability, and lower corrosiveness compared to strong
mineral acids such as HCI or H2SOs, acetic acid is widely recognized as a
more environmentally benign alternative [36]. In addition, the use of a
reduced volume further contributes to decreasing reagent consumption
and waste generation [35]. Despite its mild nature, acetic acid treatment
is effective for surface modification of the electrode, promoting the
removal of residual impurities and the activation of oxygen-containing
functional groups [37]. This enhances surface wettability and electro-
de-electrolyte interactions without significantly compromising the
conductive matrix [37,38]. The electrochemical performance was
evaluated in terms of the reversibility of the redox process, considering

both the peak-to-peak separation and the anodic-to-cathodic peak cur-
rent ratio. These parameters, summarized in Tables S1 and S2 and
illustrated in Figures S1 and S2, allowed a comparative evaluation of
electrode performance. Quality control criteria were applied during the
production of the electrode batches to verify the integrity of the elec-
trical connections, the complete formation of the electrodes, and the
homogeneity of the coating surface. Electrodes that did not meet these
criteria were excluded from subsequent analyses. The best electro-
chemical response was achieved with a formulation containing 55%
graphite and 45% rosin, combined with 5 mL of acetone as solvent.
Devices produced under these conditions exhibited low mechanical
strength. Structural fragility was observed, particularly at the electrical
contacts, which proved to be brittle and prone to failure. Consequently,
the formulation containing 5 mL of solvent was selected for subsequent
studies, as it enabled the fabrication of devices with improved me-
chanical integrity, a lower incidence of manufacturing defects, and more
reproducible electrochemical performance. In addition, this formulation
allowed the production of two blisters, each containing 20 disposable
electrodes, thereby increasing the number of units obtained per fabri-
cation batch. Under these conditions, improved signal reversibility and
peak current ratios closer to unity were observed, confirming the suit-
ability of this formulation for the fabrication of the GPC-SE. Then,
physicochemical characterization of the lab-made electrodes was per-
formed before and after activation, using Raman spectroscopy and SEM
(Fig. 1).

Fig. 1a shows the Raman spectra of the GPC-SE electrodes before and
after acid treatment, displaying the characteristic bands of graphite-like
structures: D (~1332 cm’l,), G (~1580 cm’l), and 2D (~2778 cm’l).
The calculated Ip/Ig ratios were 0.61 for the untreated GPC-SE and 0.69
for GPC-SE with treatment, indicating a degree of structural disorder in
the graphitic materials. The increase in the Ip/Ig ratio for GPC-SE after
acid treatment suggests that the acid treatment introduces more struc-
tural defects, leading to greater disorder within the graphitic structure
[39]. This treatment may also remove part of the binder or modify its
conformation, thereby exposing a larger fraction of the active graphite
area. SEM images were obtained to analyze the surface morphology of
the GPC-SE electrodes without treatment (Fig. 1¢) and with treatment
(Fig. 1b). As shown in Fig. 1c, the untreated electrode surface consists of
a polymeric matrix with small projecting structures, corresponding to
the typical carbonaceous morphology, characterized by lighter, spher-
ical features, probably corresponding to binder deposits on the graphite
matrix. The smoother regions surrounding these features suggest partial
coverage of the graphite surface by the resin. In contrast, the activated
electrode (Fig. 1b) exhibited a clear reduction or absence of these
spherical aggregates, which may suggest an increase in surface defects.

Electrochemical characterization was initially performed through
scan rate studies using representative outer- and inner-sphere redox
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Fig. 1. a) Raman spectra for GPC-SE without treatment in red and with treatment in blue. SEM micrographs for the surface with treatment b) and without treatment

c) at 10 k magnification.

probes, [Fe(CN)g]*™/3~ and [Ru(NHs)e]?™3*(1.0 mmol L™ in 0.1 mol
L~ KCI), as shown in Fig. 2a-b.

To further investigate mass transport behavior and interfacial
sensitivity, two different redox couples were employed, namely the
inner-sphere [Fe(CN)6]4’/ 3~ and the outer-sphere [Ru(NH3)6]2+/ 3+
systems. For the ferri/ferrocyanide couple, excellent linearity was ob-
tained for both anodic and cathodic branches, with correlation co-
efficients of R? = 0.998 and R? = 0.993, respectively. The corresponding
slopes were 3.59 x 10°and —2.84 x 10 ° A (Vs )2 indicating a
diffusion-controlled regime with some dependence on surface-related
interactions typical of inner-sphere probes. Similarly, the RuHex
couple also displayed a clear diffusion-governed response, with slopes of
4.98 x 107° and - 4.98 x 107> A (V s™1)712 and high linearity (R =
0.9842 and R? = 0.9997), suggesting more efficient electron transfer and
reduced sensitivity to surface functional groups, consistent with its
outer-sphere character [40,41].

The electroactive surface area was estimated using the Rand-
les-Sevéik equation for quasi-reversible systems [42,43]. The hetero-
geneous electron transfer rate constant (ko) was determined using the
Nicholson method [42,43], based on potential scan rate studies con-
ducted from 5 to 500 mV s™!. Fig. 2 also presents the corresponding
Randles-Sevéik plots. For GPC-SE, ko was calculated as 1.24 + 0.04
(x10-%) cm s™}, and the electroactive surface area was determined to be
0.06 + 0.004 cm?.

Additionally, the SPC-SE electrodes were characterized by electro-
chemical impedance spectroscopy (EIS) performed in the presence of [Fe
(CN)6]*~/3~ over a frequency range of 0.05 — 200 000 Hz. EIS provides
complementary information on the resistive and interfacial properties of
the electrode by allowing the evaluation of the solution resistance (Rs)
and the charge transfer resistance (R.). The experimental data were
fitting using a Randles-type equivalent circuit (solution resistance,
interfacial charge-transfer resistance, non-ideal double-layer capaci-
tance and Warburg), which is appropriate or carbon-based electrodes
probed with fast outer-sphere redox couples, where the impedance
response is governed primarily by electrolyte resistance, charge-transfer
kinetics, and non-ideal double-layer capacitance. The Nyquist and Bode
plots for the SPC-SE after treatment are shown in Fig. 2c¢ and 2d,
respectively.

The Nyquist representation was used to extract quantitative values of
Rs and R¢r, yielding of 1510 + 70Q and an 43.7 + 3kQ, respectively,
indicating improved interfacial charge-transfer properties after acid
treatment. The Bode plots were included as complementary data to
confirm the presence of a single dominant time constant and support the
validity of the equivalent circuit selection. Impedance spectra recorded
for electrodes without acid treatment did not exhibit a well-defined
semicircle or phase behavior suitable for reliable fitting, preventing
meaningful extraction of electrochemical parameters. This result further
supports the role of the pre-treatment step in enabling reproducible and
electrochemically active interfaces. Overall, the EIS analysis corrobo-
rates the enhancement of interfacial properties induced by the activa-
tion process, in agreement with the voltammetric characterization.

3.2. Electroanalytical determination of KET

3.2.1. Electrochemical behavior of KET

Preliminary experiments were conducted to investigate the electro-
chemical behavior of KET using CV. As shown in Figure S3, KET dis-
played two irreversible oxidation processes on GPC-SE over the pH
range 6 to 12. The oxidation processes exhibited pH-dependent
behavior, as the peak potential (E,) decreased with increasing pH
values (Figure S4a) up to pH 8.0. This difference is likely related to its
pKa of KET (7.29), as the molecule exists predominantly in its depro-
tonated form at pH > 6 [44]. The pH value of 8.0 was selected for KET
detection on GPC-SE as it yielded the best resolution between P1 and P2
peaks (Figure S4b). BR, phosphate, and borate buffers were subse-
quently evaluated (Figure S5). Interestingly, BR yielded the most
well-defined peaks and was therefore selected as the supporting elec-
trolyte for KET detection throughout this study. Different BR concen-
trations were then tested to assess the effect of ionic strength on KET
detection, with 0.05 mol L™! BR providing the optimal resolution of the
observed oxidation processes (Figure S6).

Subsequently, scan rate experiments were conducted to evaluate the
mass transport control of the P1 at 0.62 V and P2 at 0.90 V (vs. Ag)
processes at GPC-SE surface (Figure S7). The peak currents (I,) for P1
and P2 exhibited a stronger linear correlation with the square root of the
frequency (R? = 0.80 and 0.81) than with the frequency alone (R* = 0.77
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Fig. 2. Scan rate study (5 - 500 mV s~ 1) with [Fe(CN)6]4’/ 3~ @) and [Ru(NH3)6]2+/ 3+ b) (both 1 mmol L~ in 0.1 mol L ™! KCl) performed on GPC-SE. Inset: the
Randles-Sev¢ik plot. EIS Nyquist ¢) and Bode d) plots of [Fe(CN)s]*~”3". Inset: the proposed equivalent circuit.

and 0.74), indicating that the redox processes are predominantly
diffusion-controlled, which is further supported by the logarithmic plot
(Figure S7).

Recent liquid chromatography—quadrupole time-of-flight mass
spectrometry (LC-QTOF-MS) studies confirmed that the initial oxidation
of KET leads to the formation of norketamine via demethylation,
dehydroketamine via double-bond formation, and hydroxylated KET
derivatives, analogous to the metabolic products of KET [45]. The
number of electrons involved was estimated to be —2e” using —2H™. At
more positive potentials corresponding to the second oxidation peak
(P2), additional products were observed, including an N-formyl deriv-
ative and a chlorinated derivative, likely resulting from further oxida-
tion of the initial products near the electrode surface [45]. The
formation of these products explains the lower intensity and lack of
reproducibility of the second oxidation peak observed in the voltam-
metric scans; consequently, only the first oxidation peak (P1) was used
for the detection and quantification of KET using the proposed method
[45]. These findings confirm the occurrence of two distinct irreversible
oxidation processes, consistent with the voltammetric behavior
observed in this study, and provide additional insights into the oxidation
mechanism of KET.

3.2.2. KET detection by SWV on GPC-SE
The DPV and SWV techniques were optimized and compared under
the following optimal conditions: amplitude, 0.05 V; step, 0.01 V; time

interval, 0.3 s; and modulation time, 10 ms for DPV; and amplitude, 0.05
V; step, 0.01 V; and frequency, 20 Hz for SWV. The optimal parameters
were selected based on the relationship between peak height and peak
width at half-height. Figure S8 presents the comparison between the two
techniques, KET. SWV produced better-defined peaks and was therefore
selected for subsequent experiments, in this condition KET exhibits two
irreversible oxidations at potentials +0.59 V and 0.77 V vs. Ag. Under
optimized experimental conditions, the repeatability of the method was
evaluated through intra-electrode studies performed in triplicate, con-
sisting of three consecutive measurements using the same electrode.
Reproducibility was also assessed in triplicate using three distinct
electrodes obtained from the same fabrication batch, allowing the
evaluation of both inter-electrodes. The proposed method exhibited
consistent responses across different assays performed within the same
time interval, with low relative standard deviations (RSD) for peak po-
tential (Ep < 2.0%) and peak current (In< 5.0%), shown in Figure S9a.
These results demonstrate good repeatability and reproducibility within
the stability window of the batch, confirming the reliability of the
electrochemical response associated with the KET oxidation process.
The long-term stability of the electrode was evaluated up to 15 days after
the manufacture of the SPC-SEs, as shown in Figure S9b. The GPC-SE
exhibited stable peak potential and peak currents for the P1 and P2
oxidation processes of KET for up to 10 days after fabrication, with RSDs
of 0.99% and 2.86% for E,, and 5.86% and 8.48% for I, respectively.
After 15 days, a significant decrease in the P1 peak current (40%) was
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observed, indicating that beyond this period the electrode remains
suitable for qualitative identification of KET but presents limitations for
accurate quantitative analysis.

The determination of KET using GPC-SE was evaluated over a con-
centration range of 50 — 500 umol L™} in BR buffer solution (pH 8.0, 0.05
mol L™1). The corresponding voltammograms are shown in Fig. 3.

As shown in Fig. 3, a linear range (R? = 0.999) between 50 and 500
pmol L™! was obtained for KET quantification using P1, with linear
regression: Iyq (uA) = -0.1203 + 0.0045 x [KET] pmol L. The limits of
detection (LOD) and quantification (LOQ) were calculated according to
3Sp/m and 10Sp/m, respectively [46], where Sp denotes the standard
deviation (n= 10) of the background (blank) signal, and m is the slope of
the calibration curve, yielding values of 3.3 and 10.1 umol L7 It is
important to highlight that a wide range of concentrations was evalu-
ated, although KET was detected in seized samples containing approx-
imately 20 to 300 mg per unit, according to data from the DrugsData
database (Erowid Center) [47]. Showing that the proposed method can
be applied to seized samples and biological samples from poisoning
cases containing KET. The highest incidence was observed in the 100 to
300 mg range [47], evidencing the lack of standardization in formula-
tions and possible variations in the purity and degree of dilution of the
analyzed samples. These results reinforce the need for complementary
laboratory analyses to determine the actual content of the active sub-
stance and to assess potential toxicological risks, in addition to
demonstrating the feasibility and suitability of the proposed method for
the identification and quantification of KET using SWV combined with
GPC-SE.

3.2.3. Interference study and determination in forensic samples

To assess the practical applicability of the proposed method in
beverage, biological, and real seized samples, an interference study was
performed to evaluate the detection of other drugs, including MDMA,
procaine, lidocaine, cocaine, mephedrone, morphine, and methadone,
as well as a common adulterant, paracetamol. The results of these
interference studies are shown in Fig. 4, with a comparison of the KET
electrochemical signal highlighted in all graphs (red line).

In the comparative analysis with other drugs and pharmaceuticals
(Fig. 4), it was observed that compounds such as paracetamol (+0.28 V)
and morphine (4+0.18 V) present oxidation potentials sufficiently sepa-
rated from the KET peak (4+0.59 V and 0.77 V vs. Ag.), allowing their

25 R?=0.999
4 - 20 Y= -0.1203+0.0045x
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Fig. 3. Square-wave voltammograms in 0.05 mol L ™! BR buffer solution at pH
8.0 (blank: black line) on GPC-SE before and after addition of 50 — 500 umol Lt
KET. The inset shows linear regression. All measurements were performed in
triplicate. Experimental conditions: amplitude of 0.05 V, step potential 0.01 V,
and frequency 20 Hz.
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discrimination in complex samples. Substances such as lidocaine (+0.69
V) and procaine (+0.71 V) present a different electrochemical profile,
with only one oxidation, therefore the P2 of KET can be used for se-
lective determination. However, MDMA (+0.60 / +0.94 V), cocaine,
mephedrone, and methadone exhibit overlapping or very close oxida-
tion potentials, which may lead to analytical interferences at higher
concentrations. Accordingly, selectivity was evaluated through differ-
ences in oxidation peak potentials and voltammetric profiles, and peak
discrimination was assessed qualitatively using superimposed
voltammograms.

It is important to note that MDMA and cocaine may interfere with the
electrochemical analysis of KET, particularly at high concentrations, as
these substances have previously been reported in seized samples con-
taining KET [48]. However, this does not represent a limitation for drug
control applications, since these compounds are themselves of forensic
relevance and require monitoring. The proposed electrochemical
method exhibits enhanced selectivity by enabling discrimination based
on oxidation potential, allowing KET to be distinguished from several
commonly encountered drugs. Even when partial peak overlaps occur,
the ability to resolve electroactive species provides an advantage over
conventional colorimetric screening methods. The selectivity arises from
the combined effect of the electrode material, surface treatment, and
electrochemical detection strategy. The feasibility of the proposed
method across different matrices was demonstrated through analyses of
artificial saliva, synthetic urine, human serum, and vitreous humor, as
well as alcoholic beverages (whisky and wine) and real seized samples
(Figs. 5 and S10).

Figs. 5 and S10 demonstrate that the electrochemical behavior of
KET in biological matrices, beverages, and seized samples was consistent
with that observed for the standard compound. Although the wine
sample exhibited only a single well-defined voltammetric peak for KET
(P1), this difference can be attributed either to a matrix effect associated
with the complex chemical composition of wine [49,50] or to the fact
that peak P2 corresponds to an intrinsically poorly reproducible elec-
trochemical process [45].

Seized sample 1 (Fig. 5b), containing KET, caffeine, and eutylone,
previously confirmed by GC-MS (Figure S11), was successfully identi-
fied and quantified using the proposed method with the GPC-SE,
resulting in a KET concentration of 5.78 mg. Although this value is
lower than those reported by the UNODC for seized tablets [6], this
discrepancy can be attributed to the presence of other adulterants, such
as caffeine and eutylone. Thus, the proposed method demonstrated
significant efficiency for the identification of KET in complex matrices,
including seized tablets, saliva, urine, vitreous humor, and serum. As
shown in Table S3 and Figure S10b, KET could be quantified in all
matrices using peak P1, with the exception of wine and whisky, which
showed recoveries above 120%. Small background variations in com-
plex matrices can be a potential source of variability. Nevertheless, the
biological samples exhibited recoveries of approximately 97 (+5)%,
indicating that the proposed method can be reliably applied to forensic
analyses under real conditions.

The evaluation of the electrochemical method using the AGREE
software resulted in an overall score of 0.87 (Figure S10c), demon-
strating strong compliance with the Green Analytical Chemistry prin-
ciples. The method exhibited notable advantages, including low sample
consumption, minimal waste generation, reduced toxicity, high operator
safety, lower energy demand, and potential for miniaturization. The
main limitation identified was the requirement for specific reagents;
however, overall, the method represents a sustainable and efficient
analytical alternative. Table 1 presents a comparison of the main
analytical parameters for KET determination using electroanalytical
methods and carbon-based electrodes reported to date.

When comparing the analytical parameters of the developed method
(GPC-SE - SWV) with those reported in the literature (Table 1), it can be
observed that the linear range obtained (50 — 500 pmol L) is compa-
rable to that achieved by other methods based on SPEs [25]. Although
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Fig. 4. a) SWVs voltammograms for MDMA, procaine, lidocaine and cocaine b) and for paracetamol, morphine, mephedrone, methadone. Compared with KET on
GPC-SE. All compounds were at a concentration of 80 umol L™ in 0.05 mol L™ BR buffer solution pH 8.0. The experimental conditions were the same as in Fig. 3.
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caffeine, and eutylone. The experimental conditions were the same as in Fig. 3. before and after addition of 80 umol L~ KET in BR buffer solution 0.05 mol L!
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the limit of detection (LOD) (3.3 umol L) is higher than those reported

for PGE-SWV and SPE-MOFs@G-DPV, it remains suitable for practical
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Table 1
Comparison of analytical parameters for KET detection by electrochemical
methods.

Electrode Method Linear Range LOD Reference
(umol LY (umol LY
PGE SWv 0.001 - 1.0 0.0007 [51]
EMC EIS 7.3 - 3600 1.8 [52]
SPE DPV 50 - 500 15 [25]
SPE - ItalSens IS-C SWv 50 - 2500 11.7 [45]
SPE - (MOFs@G) DPV 0.0001 - 40 4.0 x 107° [26]
GPC-SE SWvV 50 - 500 3.3 This work

PGE: Pencil-type graphite electrode; EMC: Chemically modified electrode; SPE:
Commercially available graphite screen-printed electrodes; SPE: ItalSens IS-C
disposable graphite electrodes; SPE: Screen-printed electrode modified with a
metal-organic framework/graphene nanocomposite (MOFs@G); GPC-SE:
Graphite-pine rosin composite stencil electrode.

applications, particularly in seized samples where KET concentrations
are typically higher.

Moreover, the GPC-SE electrode offers significant advantages in
terms of sustainability and cost-effectiveness. Fabricated from low-cost
materials and potentially reusable, it meets current demands for
greener analytical methods by reducing waste generation and mini-
mizing the need for sophisticated reagents or complex modification
steps required for electrodes based on MOFs or graphene. Therefore,
although the LOD is not the lowest among the compared methods, the
combination of an appropriate linear range, operational simplicity, low
cost, and sustainable design makes the proposed electrode a promising
and environmentally responsible alternative for routine KET analysis in
real forensic samples.

4. Conclusion

This study presents a novel electrochemical approach that estab-
lishes a robust analytical platform for forensic investigations involving
KET, whether related to intoxication or illicit use. The lab-made GPC-SE
electrode, composed of graphite, rosin, and acetone, employs rosin as a
sustainable and efficient binder, delivering improved performance
compared to conventional formulations. Using square-wave voltamme-
try, KET was rapidly detected in beverages, biological matrices, and
seized samples, achieving a LOD of 3.3 pmol L~! with satisfactory
reproducibility (RSD < 3.0% for Ep and < 10.0% for Ip). The method
requires only 60 pL of sample, enabling portable, on-site analyses while
ensuring reliable results. By integrating rosin as a green binder, the
proposed electrode provides a sustainable, low-cost, and high-
performance alternative for electrochemical sensing. Overall, this
study introduces an innovative electrode design and validates its
applicability in forensic contexts, providing a rapid and environmentally
friendly tool for the detection and quantification of KET in complex
matrices.
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