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Abstract 
The use of 3D-printed electrodes is reported fabricated from in-house conductive filament composed of a mixture of recycled 
poly (lactic acid) (rPLA), graphite (Gpt), and carbon black (CB) for fast detection of the abused drug ketamine. Firstly, the 
performance of these electrodes was evaluated in comparison to 3D-printed electrodes produced employing a commercially 
available conductive filament. After a simple pretreatment step (mechanical polishing), the new 3D-printed electrodes pre- 
sented better performance than the electrodes produced from commercial filament in relation to peak-to-peak separation of 
the redox probe [Fe(CN)6]3-/4- (130 mV and 759 mV, respectively), charge transfer resistance (Rct = 1.04 ± 0.05 kΩ and 9.62 ± 
0.03 kΩ, respectively), and heterogeneous rate constant (k0 = 7.16 ± 0.05 × 10–3 cm s−1 and 3.57 ± 0.03 × 10–3 cm s-1, 
respectively). Excellent analytical characteristics for the detection of ketamine were achieved, including wide linear range (10 
to 250 μmol L-1), excellent sensitivity (0.024 ± 0.001 μA μmol L-1), low limit of detection (LOD = 0.7 μmol L-1), and 
recovery values from 82 to 115% for beverage samples (white and red wines, beer, water, and vodka) spiked with the abused 
drug ketamine. 

 
Keywords 3D printing · Disposable device · Drugs of abuse · Electrochemical sensor · Differential pulse voltammetry · 
Beverage samples · Date rape drug · Circular economy 

 

Introduction 

The use of drugs of abuse is a significant global issue [1]. 
In 2019, the United Nations Office on Drugs and Crime 
(UNODC) estimated that approximately 35 million people 
suffered from substance use disorders, with around half a 
million deaths attributed to drug overdoses each year [2]. 
Many drugs, commonly known as “date rape drugs,” are 
used to facilitate sexual assault, where the victim—either 
voluntarily or unknowingly—consumes a substance that 
impairs their ability to give consent, leading to non-con- 
sensual sexual activity [3]. Therefore, the accurate quanti- 
fication of the prevalence of date rape drugs is challenging, 
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as victims, predominantly women, often present amnesia or 
choose not to report the assault due to fear of victim- 
blaming [1]. 

Despite of this, the European Monitoring Centre for 
Drugs and Drug Addiction reports that 75% of rape victims 
were drugged with illicit substances, alcohol, or a com- 
bination of both [4]. This statistic highlights the need for 
increased awareness and action to prevent drug-facilitated 
sexual violence. The substances used include common 
drugs: alcohol (ethanol), benzodiazepines (midazolam, 
flunitrazepam, diazepam, etc.), antihistamines (diphenhy- 
dramine and hydroxyzine), ketamine (KET), barbiturates 
(phenobarbital, secobarbital, thiopental, etc.), gamma- 
hydroxybutiric acid (GHB), opioids (fentanyl, morphine, 
etc.) and other less popular drugs, including emerging rec- 
reational drugs [5, 6]; however, the most common drugs 
applied as date rape drug are ethanol, benzodiazepines, 
GHB and KET [6]. 

KET, also known as Cat Valium, Kitkat, and Super K, 
is a common dissociative anesthetic medication used in 
surgical procedures for both humans and animals as it 
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can cause a loss of consciousness. Its use for recreational 
purposes started in 1971 and, in the 1980s, KET usage 
became more prevalent in drug-facilitated sexual assaults. 
The incidence of KET abuse was reported at 1.7% in the 
UK in 2008/2009, and around 1% among American college 
students [7]. Moreover, there has been a noted increase in 
overdose cases linked with KET consumption [8]. It is 
important to emphasize that KET is odorless and tasteless, 
meaning it does not alter the flavor of the victim’s drink, 
hence its prevalence in sexual assault cases. Recently, U.S. 
Food and Drug Administration (FDA) also approved the 
use of KET as an antidepressant [7, 9, 10]. 

From a forensic point of view, screening tests must be 
reliable, whilst enabling rapid and on-site detection of sub- 
stances [11, 12]. Usually, colorimetric tests are employed 
for this purpose, and although these tests are rapid and 
low-cost, they offer lower selectivity and rely on subjective 
interpretations [13, 14]. In this context, electrochemical 
methods offer advantageous characteristics, such as mini- 
mal sample handling, high sensitivity, cost-effectiveness, 
rapidity, selectivity, and easy miniaturization. Recently, 
Balamurugan and co-workers reviewed current trends in the 
development of electrochemical sensors aimed at the 
detection of date rape drugs [15]. 

In recent years, interest in 3D-printing technology, par- 
ticularly in Fused Filament Fabrication (FFF), has surged 
due to its notable advantages, such as the following: (i) the 
ability to produce mass-scale and custom-designed objects; 
(ii) reduced waste generation compared to traditional sub- 
tractive manufacturing methods; (iii) cost-effective produc- 
tion; and (iv) a broad and continuously expanding range of 
printable materials [16, 17]. Some research groups have 
been exploring the potential applications of 3D-printed 
electrodes for detecting various target substances in forensic 
samples, including cocaine [18], atropine [19], explosives 
[20], and amphetamine-type substances [21]. Commercially 
available filaments, composed of poly(lactic acid) (PLA) as 
the polymer and carbon black (CB) as the conductive filler, 
have been utilized for constructing additively manufactured 
electrodes (AMEs). However, a growing trend in 3D-print- 
ing electrochemistry is the development of custom-made 
filaments [22]. This approach aims to enhance sustainability 
and reduce production costs [23]. Additionally, the use of 
plasticizers allows for the incorporation of higher amounts of 
conductive materials while maintaining the filament's 
flexibility, which significantly increase the electrochemical 
performance of the sensor compared to commercially avail- 
able CB/PLA electrodes [22, 23]. 

Plastic waste has garnered significant attention in recent 
years as a critical environmental challenge [24–26]. The 
concept of a circular economy has emerged as the most 
promising alternative solution to address plastic pollution. 
In 2015, European Union proposed a “Plastics in a circular 

economy” that consisted of an action plan and proposals 
for revised legislation on waste [27]. This is an interesting 
contribution of the European Union to develop a sustainable, 
low carbon, resource efficient and competitive economy. A 
circular economy encompasses strategies, practices, poli- 
cies, and technologies aimed at achieving principles such as 
reusing, recycling, redesigning, repurposing, remanufactur- 
ing, refurbishing, and recovering water, waste materials, and 
nutrients to preserve natural resources [28]. This approach 
creates essential conditions to motivate economic and social 
interested parties to adopt sustainability-oriented strategies. 
Recently, Sigley and co-workers introduced the idea of cir- 
cular economy in electrochemistry field [28]. For this pur- 
pose, the authors used recycled PLA from post-industrial 
coffee pod waste to construct electrochemical cell as well 
as additive manufactured electrodes for detecting caffeine. 

Moreover, Cruvinel and colleagues demonstrated the 
production of a filament based on graphite (12 wt %), 
carbon black (18 wt %), as conductive materials, and 
castor oil (10 wt %) and recycled PLA (60 wt %) as a 
bioplasticizer and thermoplastic material, respectively, for 
the detection of TNT residues in simulated explosions [29]. 
Importantly, the electrochemical device required only 
surface polishing before use to obtain a smooth sur- face, 
which is a remarkable advantage compared to most 3D-
printed electrodes that necessitate additional surface 
treatment protocols [30]. Herein, we proposed the con- 
struction of AMEs using FFF technology to detect KET 
in spiked beverage samples (vodka, red wine, beer, white 
wine and drinking water). A conductive filament made 
from recycled PLA, incorporating carbon black and graph- 
ite, and castor oil, was used to produce working electrodes. 

 
 
 

Experimental 

Chemical and samples 
 

All standard reagents were analytical grade and employed 
without further purification. Deionized water with a resis- 
tivity greater than 18 MΩ cm (Millipore Direct-Q3 water 
purification, MA, USA) was used to prepare all aque- 
ous solutions. KET was donated by the Civil Police of 
Minas Gerais (Belo Horizonte, Brazil). Potassium chlo- 
ride (≥ 99.5% w/w) was purchased from Êxodo Cientifica 
(São Paulo, Brazil), potassium ferricyanide (99% w/w) 
from Labsynth (Diadema, Brazil), hexaammineruthenium 
trichloride (98% w/w) and atropine sulfate (pharmaceuti- 
cal secondary standard) from Sigma Aldrich (St. Louis, 
USA), acetic and phosphoric acids from Vetec (Rio de 
Janeiro, Brazil), boric acid (99% w/w) from AppliChem 
Panreac  (Barcelona,  Spain),  sodium  hydroxide  (98% 



 

 

w/w) from ChemiFlex (São Bernardo do Campo, Brazil). 
Cocaine and benzodiazepines (midazolam, clonazepam, 
diazepam, and bromazepam) were donated by the Brazil- ian 
Federal Police (Minas Gerais, Brazil). 

Phosphoric, acetic and boric acids, all in 0.04 mol L−1, 
were used in the preparation of Britton-Robinson buffer 
(BR). The pH values of BR solutions were subsequently 
adjusted with the addition of 1 mol L−1 NaOH prior use as 
supporting electrolyte. 

 
 

Sample preparation 
 

Beverage samples (red and white wines, beer, drinking 
water, and vodka) were acquired from local supermarkets 
(Uberlândia, Brazil). These samples were spiked with a 
5 mmol L−1 KET, diluted in supporting electrolyte (200 
times) and analyzed using the standard addition method. 

Filament production 
 

The filament production was conducted following estab- 
lished protocols in the literature [29]. Before use, the 
recycled polylactic acid (rPLA) was dried (60 °C/ 2.5 h) 
to eliminate any residual water. The filament composition 
comprised 65 wt % rPLA, 10 wt % castor oil, 18 wt % CB, 
and 12 wt% graphite, which were mixed at 70 rpm with 
a Thermo Haake Polydrive Dynameter equipped with 
a Thermo Haake Rheomix 600 (Thermo, Germany) at 
190 °C for 5 min. The polymer composites were collected 
and processed through the hopper of a EX6 extrusion line 
(Filabot, VA, United States). The EX6 was set up with a 
single screw with four set heat zones of 60, 190, 195, and 
195 °C, respectively. The molten polymer was extruded 
from a 1.75 mm die head, pulled along an Airpath cooling 
line (Filabot, VA, United States) and collected on a spool. 
After which the filament was then ready to use for addi- 
tive manufacturing, as described in previous work [31]. 

Construction of 3D‑printed working electrodes 
 

The additive manufactured working electrode (AME) was 
printed using a Flash Forge Dreamer NX (São José dos 
Campos, São Paulo, Brazil) equipped with 0.8 mm nozzle 
at 220 °C with a bed temperature of 90 °C. Briefly, a square 
shaped electrode (1 cm × 1 cm) was produced with the fol- 
lowing printing parameters: layer thickness of 0.18 mm, 
two perimeters in a horizontal orientation with 100% infill 
density and a constant printing speed of 70 mm s−1. The 
3D-printing parameters were selected based on previous 
works using the same filament [29]. The electrochemical cell 
(internal volume = 10 mL, Figure S1) was printed using 
acrylonitrile butadiene styrene (ABS) filament (GTMax, São 

Paulo, Brazil) and a GTMax 3D printer (São Paulo, Brazil). 
More information about it, is described by Cardoso et al. 
[32]. In this 3D-printed cell, the working electrode area was 
always defined by rubber O-rings with the same internal 
diameter (i.d. = 5 mm cm; 0.22 cm2). 

Characterization 

Electrochemical measurements 
 

Cyclic voltammetry (CV), differential pulse voltamme- 
try (DPV), and electrochemical impedance spectroscopy 
(EIS) measurements were carried out in the presence 
of dissolved oxygen and at room temperature, using a 
potentiostat/galvanostat PGSTAT108N (Metrohm 
Autolab BV, Utrecht, The Netherlands). The NOVA 
2.1.7 software were used to acquire and processing 
data (baseline correction for DPV scans). A platinum 
wire and lab-made Ag|AgCl with saturated KCl solu- 
tion were employed as auxiliary and reference elec- 
trodes, respectively. AMEs constructed with recycled 
PLA (rPLA), graphite and carbon black (Gpt-CB-rPLA) 
was used as working electrodes. In order to compare the 
electrochemical activity of the proposed Gpt-CB-rPLA, 
3D-printed electrodes were also fabricated using a com- 
mercial conductive filament based on carbon black and 
PLA (CB-PLA; Protopasta®, WA, USA). 

EIS data were obtained using an open circuit potential (+ 
0.22 V vs. Ag|AgCl|KCl(sat.)) in the presence of 2 mmol L−1 
[Fe(CN)6]3−/4− and 0.1 mol L−1 KCl solution, with an 
application of an alternating potential of 10 mV ampli- 
tude over a frequency range from 30 kHz to 0.1 Hz. The 
equivalent Randles circuit was used to fit the experimental 
data and to determine the charge transfer resistance (Rct) 
related to the [Fe(CN)6]3−/4− species. 

 
Results and discussion 

Characterization 
 

The lab-made conductive filament (Gpt-CB-rPLA) pre- 
sented excellent flexibility at room temperature, as observed 
in Fig. 1A. Moreover, the proposed filament demonstrated 
good printability since the construction of square-shaped 
AMEs was possible. Although the filament is flexible for 
ease of printing, the produced working electrode does not 
exhibit the same flexibility, being less flexible compared to 
the filament. The SEM image of the filament revealed an 
irregular pattern with the presence of flake-likes structures 
attributed to the graphite inserted in the composite (Fig. 1B). 
This non-uniform texture is typical of thermoplastic com- 
posites and contributes to more surface interactions. 



 

 

 

 

 
 

Fig. 1 A Real image of the lab-made filament; (B) SEM image of 
Gpt-CB-rPLA electrode surface; (C) Cyclic voltammograms 
recorded at 1 mmol L−1 [Fe(CN)6]3−/4− in 0.1 mol L−1 KCl solu- 
tion and the dashed lines refer the blank of analysis. CV conditions: 
scan rate at 50 mV s−1 and step potential (5 mV) and (D) Nyquist 

 
To better understand the results, the electrochemical 

activity of the Gpt-CB-rPLA electrode was compared with 
AMEs constructed from commercially conductive CB-PLA 
filament using cyclic voltammetry (50 mV s−1). A summary 
of the results from all electrochemical characterizations are 
shown in Table 1, emphasizing the peak anodic current (Ipa) 
and the peak-to-peak separation (ΔEp) obtained for the near- 
ideal outer-sphere ([Ru(NH ) ]2+/3+, Figure S1) and com- 

plots recorded in the presence of 1.0 mmol L−1 [Fe(CN)6]3−/4− in 
0.1 mol L−1 KCl solution applying a half-wave potential (+ 0.22 V vs. 
Ag|AgCl|KCl(sat.)), using commercial CB-PLA (black line) and Gpt- 
CB-rPLA (red line) electrodes. Solid line refers the fitting line 

 
 
 
 

Table 1 Comparison of some electrochemical parameters obtained 
for commercial CB-PLA and Gpt-CB-rPLA working electrodes 

 

Parameters Commercial CB-PLA Gpt-CB-rPLA 

3 6 
monly used inner-sphere ([Fe(CN)6] 3−/4− , Fig. 1C) probes 

(both 1 mmol L−1 in KCl 0.1 mol L−1). As observed in Fig- 
ure S2, the Gpt-CB-rPLA electrode showed a better electro- 
chemical response for the outer-sphere probe. However, this 
effect is more pronounced when using an inner-sphere probe, 
where an ill-defined voltammetric profile was achieved at 
CB-PLA electrodes, along with a higher peak-to-peak sepa- 
ration (ΔEp > 750 mV compared to 130 mV). Moreover, 

 
 
 

Data extracted from cyclic voltammetry at 50 mVs−1 in the presence 
of aouter-sphere ([Ru(NH3)6]3+/2+) and binner-sphere ([Fe(CN6)]3−/4−) 
probe, both 1.0 mmol L−1, using 0.1 mol L−1 KCl solution as sup- 
porting electrolyte. c k0 was estimated using CVs scan rates studies 
(20–100 mV s−1) in the presence of 1 mmol L−1 [Ru(NH3)6]3+/2+ in 
0.1 mol L−1KCl solution 

aΔEp / mV 75 ± 1 67 ± 1 
aIpa / µA 12.6 ± 0.9 19.5 ± 0.7 
bΔEp / mV 759 ± 3 130 ± 3 
bIpa / µA 20.5 ± 1.0 56.4 ± 0.7 
ck0 × 10–3 / cm s−1 3.57 ± 0.03 7.16 ± 0.05 
bRct/ kΩ 9.62 ± 0.03 1.04 ± 0.05 
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Fig. 2 Cyclic voltammograms obtained without (dashed lines) and 
with (solid lines) the presence of 1 mmol L−1 KET in 0.12 mol L−1 
BR buffer (pH = 9.0) with 0.1 mol L−1 KCl at Gpt-CB-rPLA (red 
line) and CB-PLA (black line) electrodes. CVs conditions: scan rate 
(50 mV s−1) and step potential (5 mV) 

CVs of 1.0 mmol L−1 [Fe(CN)6]3−/4− in Fig. 1C also indi- 
cates 2.8-fold increase in the anodic peak current when using 
Gpt-CB-rPLA electrodes. Next, data from scan rate studies 
(20–100 mV s−1) were plotted to determine the heterogeneous 
electrochemical rate constant (k0) in the presence of 1.0 mmol 
L−1 [Ru(NH3)6]2+/3+ in a 0.1 mol L−1 KCl solution (Figure S3 
in Supplementary Information). The calculated k0 values 
were (3.57 ± 0.03) × 10–3 and (7.16 ± 0.05) × 10–3 cm s−1 for 
CB-PLA and Gpt-CB-rPLA electrodes, respectively. These 
findings further demonstrate the enhanced electrochemical 

activity of the newly conductive filament to construct AMEs. 
Moreover, the Rct values estimated from EIS plots of Fig. 1D 
(Rct = 1.04 ± 0.05 and 9.62 ± 0.03 kΩ for Gpt-CB-rPLA and 
CB-PLA) corroborate these results described above. 

Electrochemical determination of KET in beverage 
samples 

Preliminary CV experiments were carried out to understand 
the electrochemical behavior of KET, using both electrodes 
(Fig. 2) in 0.12 mol L−1 BR buffer (pH = 9.0). An ill-defined 
oxidation peak was observed using the commercial CB-PLA 
electrode (inset of Fig. 2), whereas an irreversible oxidation 
process occurred at around + 1.1 V (vs. Ag|AgCl|KCl(sat.)) 
in the presence of 1.0 mmol L−1 KET for the Gpt-CB-rPLA 
AME. Interestingly, the Gpt-CB-rPLA electrode produced 
a significantly enhanced voltammogram over the com- 
mercial CB-PLA, as evidenced by the shift to less positive 
peak potentials and notable increase in current intensity. 
This result, once again, agreed with the previous studies 
mentioned above, involving the inner-sphere probe. In fact, 
the presence of the plasticizer in the proposed conductive 
filament allows for the incorporation of a higher amount of 
conductive filler, which contributes to enhancing the elec- 
trochemical activity of the AMEs [22]. 

In the next step, the effect of pH on the electrochemi- 
cal behavior of KET was assessed using 0.12 mol L−1 BR 
buffer at different pH values (2.0–12.0) with the Gpt-CB- 
rPLA material as the working electrode, shown in Fig. 3. 
The peak related to the oxidation of the secondary amine 
in the KET structure was observed in the pH range of 7 
to 12. At pH values below 7.0, no signals were detected 
(data not shown) within the evaluated potential window (0.0 

 

 

 
 

Fig. 3 (A) Effect of pH (7.0 to 12.0) on CV responses for 1.0 mmol 
L−1 KET in 0.12 mol L−1 BR buffer with 0.1 mol L−1 KCl using the 
Gpt-CB-rPLA as the working electrode, and (B) the relationship 

between peak potentials (Ep) and peak currents (Ip) with pHs. CV 
conditions: scan rate (50 mV s–1) and step potential (5 mV) 

Commercial CB-PLA 
Gpt-CB-rPLA 
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Fig. 4 (A) Baseline-corrected DPV recorded for increasing KET 
concentrations (10 to 250 µmol L−1) in 0.12 mol L−1 BR buffer 
(pH = 9.0) with 0.1 mol L−1 KCl and the (B) respective calibration 

plot. DPV conditions: step potential of 4 mV, amplitude of 80 mV 
and modulation time of 40 ms 

 

to + 1.5 V vs. Ag|AgCl|KCl(sat.)), which is consistent with lit- 
erature reports [33]. In acidic medium, the secondary amine 
group of KET is protonated (pKa = 7.5), resulting in a higher 
energy barrier for the electrochemical oxidation. The highest 
peak current was observed at pH 9.0, which was selected for 
further studies. 

A differential pulse voltammetric (DPV) measurement 
was used to demonstrate the potential applicability of AMEs 
fabricated from Gpt-CB-rPLA filament for KET determi- 
nation. The DPV parameters (modulation amplitude, step 
potential and modulation time) were systematically opti- 
mized (univariate test), as shown in Figures S4, S5 and 
S6, with the best results obtained using a step potential of 4 
mV, modulation time of 40 ms and amplitude of 80 mV. 
Afterward, these optimized DPV parameters were used to 
obtain the calibration curve for KET determination. Fig- 
ure 4 shows that the oxidation peak current increased lin- 
early (R2 = 0.994) in the concentration range between 10.0 
and 250.0 µmol L−1, following the equation: Ip(µA) = (0. 
024 ± 0.001) CKET(µmol L−1) + (0.049 ± 0.028). Additional 
information is highlighted in Table 2. A wide linear range 
was achieved, demonstrating the potential of Gpt-CB-rPLA 
electrodes for the detection of KET in forensic samples. The 
limit of detection (LOD) was determined in accordance with 
IUPAC guidelines (LOD = 3σ/s), where σ is the standard 
deviation of blank signals (n = 10) and s is the sensitivity 
(slope) of the analytical curve. The estimated LOD value 
(0.7 µmol L−1) is appropriate to detect KET in forensic 
samples. For example, the average sedative dose is around 

average sedative dose [35, 36], the doses associated with 
KET abuse are often significantly higher. Reports indicate 
that recreational doses of KET typically range from 100 to 
200 mg [8, 35]. These elevated doses raise concerns regard- 
ing the potential risk of overdose associated with recrea- 
tional use. 

The inter-electrode reproducibility of Gpt-CB-rPLA was 
investigated (n = 5), and the results are presented in Fig- 
ure S7 (C and D). The scans were performed with 50 µmol 
L−1 of ketamine on each electrode. The results showed high 
precision between the electrodes, with a relative standard 
deviation (RSD) of 3.2%. Repeatability studies (n = 10) were 
also evaluated, using the same electrode throughout the day 
to determine 50 µmol L−1 of ketamine (Figure S7 A and B), 
obtaining an RSD value of 3.6%, confirming the precision 
of the filament used. 

As proof of the concept, various beverage samples (drink- 
ing water, beer, white and red wines and vodka) were spiked 

 
Table 2 Results of some analytical parameters obtained for KET 
detection using 3D-printed Gpt-CB-rPLA as the working electrode 

 

Analytical Parameters Gpt-CB-rPLA 

R2 0.994 
Linear range (µmol L−1) 10 to 250 
Slope (µAµmol L−1) 0.024 ± 0.001 
Intercept (µA) 0.049 ± 0.028 
LOD (µmol L−1) 0.7 
LOQ (µmol L−1) 2.2 

0.75 mg kg−1 [34]. Thus, for individuals weighing 65 kg, 
the concentration in a drink is around 49 mg per 100 mL 

RSD (inter-electrode, n = 5, 50 µmol L−1) / % 
RSD (intra-electrode, n = 10, 50 µmol L−1) / % 

3.2 
3.6 



 

 

(2 mmol L−1). Although the median lethal dose (LD50) of 
KET in humans is estimated to be 100-times higher than the 

R2: coefficient of determination; LOD: limit of detection; LOQ: limit 
of quantification; RSD: relative standard deviation 





 

 

Fig. 5 Baseline-corrected DPV 
responses for spiked beverage 
samples (A) vodka, (B) beer, 
(C) red wine, (D) white wine, 
and (E) drinking water diluted 
(200-fold) in 0.12 mol L−1 BR 
buffer solution with 0.1 mol 
L.−1 KCl (pH = 9.0) with suc- 
cessive additions of increasing 
concentrations of KET. The 
dashed lines refer the beverage 
samples diluted in the support- 
ing electrolyte without KET. 
DPV conditions: see Fig. 4 



 

 

with a specific concentration of KET, diluted in supporting 
electrolyte, and analyzed using the standard addition method 
(Fig. 5). As observed, no analytical signals were detected 
near the KET peak position for any of the beverage sam- 
ples (dashed line in Fig. 5). As noted in Table 3, satisfac- 
tory recovery values (82–115%) attested that the proposed 
method displayed good accuracy and is free from interfer- 
ence of beverage sample matrices. 

Interfering species 
 

As previously reported, some species, including clonaz- 
epam (CZP), bromazepam (BZP), diazepam (DZP), mida- 
zolam (MDZ), and atropine (ATR), have been used as date 
rape drugs [15]. In this context, studies were conducted to 
assess whether these compounds could potentially interfere 
with the detection and identification of KET. The electro- 
chemical response using DPV scans of all interfering spe- cies 
and KET, both in 200 µmol L−1, were compared under 
optimized conditions. As can be noticed in Figure S8, it 
is evident that midazolam and diazepam did not exhib- 
ited peaks corresponding to the KET position, indicating 
a clear separation between KET and the this examined 
compounds. However, CZP, ATR and BZP can interfere 
in the electrochemical response. In this sense, a study of 
50 µmol L−1 KET in the presence of these potential inter- 
fering species was also conducted (Figure S9) with the 
interfering ratio in 1:1 or 2:1. Although atropine in higher 
concentration (200 µmol L−1 for both compounds in Fig- 
ure S8) seems to present a slight interference on KET peak 
position, in the evaluated ratio, atropine does not affect 
significantly the KET signal. Indeed, a decrease in the KET 
peak current occurs with the addition of different concen- 
trations of bromazepam and clonazepam. However, these 
effects can be solved using the standard addition method, 
which can overcome sample matrix effects. 

 
 
 
 

Table 3 A summary of results obtained for KET determination in 
spiked beverage samples analyzed by DPV using the standard addi- 
tion method and the Gpt-CB-rPLA electrode 

 

Sample Spiked Recovery Recovery (%) 
(µmol L−1) (µmol L−1) 

Comparison of the proposed method with other 
electrochemical procedures reported for KET 
detection 

 
Finally, the analytical parameters (linear range and limit of 
detection) of the proposed method were compared to those 
from other electrochemical methods previously reported for 
KET determination (Table S2). As observed, the Gpt- CB-
rPLA sensor exhibited superior analytical performance than 
screen printed carbon electrodes [33, 37] or carbon paste 
electrodes [38]. Despite some studies reporting supe- rior 
analytical parameters [39–43], most of the methods in the 
literature rely on working electrodes that require labor- 
intensive and expensive modification processes. Addition- 
ally, Liu and Wang reported a biosensor for KET detection in 
biological samples; however, the use of biological modifica- 
tions requires controlled conditions and can complicate the 
sensor's stability and reproducibility [41]. It is important to 
mention that 3D printing technology is a powerful apparatus 
to develop electroanalytical devices designed for the detec- 
tion of KET in different sample types. While many AMEs 
reported in the literature require post-treatment to improve 
electrochemical activity, the Gpt-CB-rPLA composite does 
not need any additional activation to boost its electrochemi- 
cal performance. 

 
Conclusion 

This study demonstrated that a laboratory-developed con- 
ductive filament comprising graphite, carbon black, and 
recycled PLA (Gpt-CB-rPLA) can be effectively utilized 
for the fabrication of AMEs specifically tailored for KET 
detection. AMEs constructed with the laboratory-made 
conductive filament (Gpt-CB-rPLA) exhibited superior 
electrochemical performance (smaller peak-to-peak separa- 
tion and higher current intensity for an inner-sphere probe) 
compared to those produced using the commercial CB/ 
PLA filament. Moreover, the Gpt-CB-rPLA sensor exhib- 
ited lower charge transfer resistance and higher heteroge- 
neous electron transfer rate constant (k0). Additionally, the 
material cost for 1 kg of the Gpt-CB-rPLA mixture is £59, 
significantly lower than the commercial £107 required for 
the commercial filament. This cost efficiency is primarily 

 
 

 
 
 
 

 

 attributed to the fact that graphite powder is approximately 
Vodka (A) 50 42 ± 1 83 ± 1 twelve times less expensive than carbon black. This material 
Beer (B) 50 41 ± 4 82 ± 8 was subsequently used for the electrochemical detection of 
Red wine (C) 25 24 ± 3 99 ± 1 KET in spiked beverage samples, yielding a sensitivity of 
White wine (D) 25 28 ± 1 115 ± 1 0.024 ± 0.001 μA μmol L−1 and a LOD of 0.7 μmol L−1. 
Drinking water (E) 50 51 ± 3 103 ± 5 Moreover, the 3D-printed Gpt-CB-rPLA sensor was tested 

 



 

 

for the detection of KET within a spiked beverage sam- 
ple, achieving recovery rates between 82 and 115%. This 
research underscores the potential of the 3D printing tech- 
nology to produce electrodes with excellent electrochemical 
performance while offering a more sustainable and cost- 
effective approaches (use of recycled PLA). 
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