
Vol.:(0123456789)1 3

https://doi.org/10.1007/s10008-021-05075-w

SHORT COMMUNICATION

Fabrication of paper‑based analytical devices using a PLA 
3D‑printed stencil for electrochemical determination of chloroquine 
and escitalopram

Martin K. L. Silva1  · Guilherme S. Sousa1 · Rafael P. Simoes1 · Ivana Cesarino1

Received: 28 September 2021 / Revised: 25 October 2021 / Accepted: 26 October 2021 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract
In recent years, the use of prescribed and non-prescribed drugs has increased. Therefore, advances in new technologies 
and sensors for detecting molecules in natural environments are required. In this work, a 3D-printed polylactic acid stencil 
is used to fabricate paper-based analytical devices (ePADs). Herein, we report the use of carbon-based lab-manufactured 
conductive ink for the fabrication of sensors towards the detection of chloroquine and escitalopram. For each batch, eight 
ePADs were successfully fabricated. Firstly, the fabricated sensors were evaluated morphologically by scanning electron 
microscopy and electrochemically by cyclic voltammetry and electrochemical impedance spectroscopy experiments. The 
sensors displayed a well-defined voltammetric profile in the presence of the redox couple, when compared to a commercial 
carbon screen-printed electrode. Differential pulse voltammetry conducted the detection of chloroquine and escitalopram 
with detection limits of 4.0 and 0.5 µmol  L−1, respectively. The ePADs fabricated using the 3D stencil are here presented as 
alternatives for the fabrication of electrochemical analytical devices.

Keywords Electrochemical paper-based analytical devices (ePADs) · 3D-printing · Conductive ink · Chloroquine · 
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Introduction

Pharmaceuticals play a vital role in human day life, which 
may induce the consumption of prescription, and non-
prescribed drugs have increased [1]. In addition, over 
the past two decades, the number of detected drugs and 
activated pharmaceutical ingredients in the natural envi-
ronment has increased, especially in natural waters [2]. 
Quarantine and isolation can drastically affect our mental 
health, increasing adverse effects such as insomnia, anxiety, 
and depression [3], leading to the search for professional 
psychological treatments and anti-depressant pharmaceu-
ticals. Escitalopram (EST) is a selective serotonin reuptake 
inhibitor (SSRI) [4, 5] commonly known as a prescription 
to the treatment of depression [6] and generalized anxiety 

disorder. Another common pharmaceutical often searched 
and currently taken without medical prescription is chlo-
roquine (CQ). This anti-malarial drug has been exten-
sively used to treat malaria and eliminate prophylaxis [7]. 
Recently, the use of CQ has been reported as one of ten 
medications currently being evaluated as a potential treat-
ment for COVID-19 [8]. However, until this point, there 
are no effective therapies for severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2). Currently, the US 
Food and Drug Administration (USFDA) and the World 
Health Organization (WHO) do not have any supporting 
data on the effective role of CQ in this specific treatment 
[8]. High ingestion of pharmaceuticals leads to constant 
disposal of active pharmaceutical ingredients in aquatic 
environments through improper manufacturer disposal, hos-
pital discharges, and domestic wastewater, which increases 
awareness of the unintended presence of these molecules 
in the aquatic environment (e.g., rivers, lakes, sediments, 
and biota) [9–11].

Electrochemical paper-based analytical devices (ePADs) 
have emerged as an opportunity to develop low-cost devices 
for monitoring possible water contaminants as CQ and EST. 
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This technology has been applied in the field of electroanaly-
sis due to suitable characteristics, such as manufacturing 
of different electrode arrangements, suitability for on-site 
(“in-loco”) monitoring, high sensitivity, and a wide range of 
applications [12–14]. Traditionally, an ePAD and a screen-
printed electrode (SPE) consist of a set of three electrodes 
(working, reference, and counter) printed using a carbon ink 
or carbon paste [15]. The ink consists mainly of a conductive 
material, such as graphite or carbon black, complemented 
with a binder or plasticizer to input robustness to the printing 
technology [13]. Carbon-based inks can be fabricated either 
in a laboratory scale using graphite powder and common 
binders, such as nail polish [16] and glass varnish [17], or 
in an industrial scale.

Although there are different types of substrates (PET, 
polyester, PVC) that have been used for suitable screen-
printing, ePADs have gained the attention of researchers 
for developing low-cost sensors [18, 19]. Paper is a com-
mon, cheap material, and the use of paper-based devices is 
in accordance with the directives of Industry 4.0 towards 
improvement of product quality [20]. Paper-based analytical 
devices offer a wide range of intrinsic characteristics, such 
as natural capillary driven fluidic flow, which excludes the 
need for pumps [14], low cost, and reduced consumption 
of reagents [21]. In addition, three-dimensional (3D) print-
ing is an emerging technology that has been applied in the 
development and fabrication of various analytical chemistry 
applications [22].

In this context, the objective of this study was to evaluate 
the electrochemical paper-based electrodes fabricated using 
a PLA 3D-printed stencil for the electrochemical determina-
tion of the pharmaceuticals chloroquine and escitalopram.

Experimental procedures

Instrumental

Electrochemical experiments were recorded in a PGSTAT128N 
potentiostat with a FRA32M module (Metrohm) and data 
analysis was conducted using the Electrochemical Circle Fit 
at NOVA 2.1.4 software.

Morphologic characterization of the materials was 
acquired by scanning electron microscopy (SEM) using a 
JEOL MODELO JSM7500F equipped with a field emission 
gun (FEG) operated at 2 kV at the IQ-UNESP Araraquara, 
Brazil. The ePADs did not receive any coating for analysis.

3D stencil fabrication

The stencil’s design was conceptualized for printing 10 
electrodes at each batch (Online Resource 1). The parts 
were designed using the open web service Tinkercad 

(Autodesk, USA). The stencil is composed of two parts: 
the first is a plate (90 mm × 94 mm) printed in the format 
of two rows with five electrodes each. The 3-electrode 
structure (with working, reference, and auxiliary con-
tacts) was modeled on the stencil. The second part of the 
stencil is a plate (90 mm × 94 mm) and was designed to 
support the paper for conductive ink adhesion deposition. 
The two parts of the stencil are fixed using conventional 
screws. The 3D stencil was printed by fused deposition 
modeling of a thermoplastic filament technique using a 
polylactic acid (PLA) filament (3D Fila, Brazil) with a 
diameter of 1.75 mm. PLA is a biodegradable polymer 
and has resistance to organic solvents, being a suitable 
material for applying lab-made conductive inks. Printing 
was performed using an ANET ET4-PRO printer (Anet 
Technology, China) and the following print parameters: 
print temperature: 200 °C; bed temperature: 65 °C; layer 
thickness: 0.1 mm. The slicing process for generating the 
G-CODE was performed using the open software Ulti-
maker Cura version 4.8.0 (Ultimaker B.V., Netherlands).

Paper‑based electrode fabrication

The fabrication of the ePADs was conducted using a 
modified version of the method reported by Pradela-Filho 
et al. [1]. A carbon-based conductive ink was elaborated 
by hand mixing graphite powder (Sigma-Aldrich) and 
glass varnish (Acrilex®) as the binding agent, in the 
proportion of 20%. The mixture was homogenized with 
1.0 mL of acetone to assure ink viscosity. A schematic 
representation of the fabrication of the electrodes is 
shown in Fig. 1.

The lab-made ink was spread on the PLA stencil with 
a brush and forced through the paper substrate (Online 
Resource 2). The printed electrodes were dried for 12 h at 
room temperature. The obtained electrodes were ~ 2.5 cm, 
with the working electrode (WE) giving a geometric radius 
of 1.5 mm. Approximately 120 mg of conductive ink was 
used for each fabrication batch, and loss of 20% of the elec-
trodes was estimated.

Electrochemical experiments

Cyclic voltammetry (CV) and electrochemical imped-
ance spectroscopy (EIS) were conducted in a 0.2 mol  L−1 
PBS (pH 7.4) solution containing 0.1 mol  L−1 of KCl and 
5.0 mmol  L−1 of the redox couple Fe(CN)6]3−/4−. CV data 
was recorded in the potential range of − 0.5 to 1.0 V (scan 
rate of 50 mV  s−1) vs. Ag/AgCl. The EIS experiments were 
recorded in an open circuit potential (OCP) setup with 10 
points per decade, frequency range of  107 and  10−2 Hz, and 
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amplitude of 10 mV. The Nyquist plots were fitted in Randles 
and Ershler electronic equivalent circuits [23].

Results and discussion

Morphology studies

Scanning electron microscopy (SEM) images of the fabricated 
ePADs are shown in Fig. S1. In Fig. S1A, it is possible to 
observe a few cellulose fibers mixed with graphite structures. 
In Fig. S1B, the graphite structures are randomly organized 
agglomerates with sizing ranging from 0.5 to 50 μm. This 
characteristic surface may be related to using a brush for the 
manual printing approach developed for this work.

Electrochemical characterization

Electrochemical characterization of the optimized ePADs 
(20%) was carried out by using CV and EIS experiments. 
In Fig. 2a, the ePADs (solid line) had a similar behavior 
compared to commercial carbon SPE (dashed line). The 
commercial electrode presented a peak separation (ΔEp) 
of ~ 270 mV. Although the ePADs showed a higher peak 
separation for the redox processes, both had a similar out-
line. This behavior was also observed by a similar study 
developed by Pradela-Filho et al. [17]. In Fig. 2b, as antici-
pated, the paper-based electrode presented a higher resist-
ance to charge transfer (Rct) in the order of 3.5 kΩ in rela-
tion to the commercial one (500 Ω). For both experiments 
above, only the working electrode of the ePADs was used; 

Fig. 1  Schematic representation of ePADs fabrication

Fig. 2  Electrochemical 
characterization of the ePADs 
recorded in 0.2 mol  L−1 PBS 
having 0.1 mol  L−1 KCl and 
5.0 mmol  L−1 [Fe(CN)6]3−/4−. a 
Cyclic voltammograms compar-
ing commercial SPE (dashed 
line) and the ePADs (solid line). 
b Nyquist plots for commer-
cial SPE (red triangle) and the 
ePADs (filled square)
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a platinum-plate was used as a counter electrode (CE) and 
Ag/AgCl as RE.

Electrochemical behavior of CQ and EST at ePADs

The electrochemical behavior of escitalopram and chloro-
quine on the ePADs was carried out in 0.2 mol  L−1 PBS 
pH 7.0, containing 200.0 μmol  L−1 of CQ or EST by cyclic 
voltammetry experiments (scan-rate = 50 mV  s−1). The 
results presented in Fig. 3a show that no electrochemical 
process was observed for the voltammetric response in 
the absence of CQ (dashed line). However, in the pres-
ence of CQ (solid line), an irreversible oxidation peak at 
Epa =  + 1.04 V vs. graphite is observed. The irreversible 
oxidation process of chloroquine has been reported in the 
literature in a range of 0.8 to 1.2 vs. Ag/AgCl reference 
electrode. This anodic peak may be related to the irrevers-
ible oxidation of the N-heterocyclic nitrogen of the amino-
quinoline portion and the nitrogen of the alkylaminoside 
group of the chloroquine molecule chain (inset Fig. 3a) 
[7, 24–26]. In Fig. 3b, escitalopram presented a similar 
irreversible oxidation peak at Epa = 1.02 vs. graphite is 
observed. This anodic peak has been reported in the lit-
erature to be correlated to the transfer of two electrons 
in the terminal tertiary amine group. A single irrevers-
ible peak for escitalopram has been reported in previous 

works towards the electrochemical detection of this anti-
depressant drug [27–29] (inset Fig. 3b).

After electrochemical characterization by cyclic voltam-
metry, the ePADs were applied in the detection of CQ and 
EST using differential pulse voltammetry (DPV). These 
experiments were carried out in the potential range of 0.6 to 
1.2 V with a scan rate of 10 mV  s−1 using freshly prepared 
solutions of the analytical standards of CQ and EST diluted 
in 0.2 mol  L−1 PBS (pH 7.0). In Fig. 4a, the electrochemi-
cal detection of CQ presented a linear response from 5.0 to 
75.0 μmol  L−1 (calibration graph (Ipa (μA)) = (− 0.0215 ± 0.0
014) + (0.00268 ± 0.00005) [CQ/μmol  L−1]; N = 7; r = 0.995), 
and in Fig.  4b, the detection of EST presented a linear 
response from 1.0 to 400.0 μmol  L−1 (calibration graph (Ipa 
(μA)) = (0.014 ± 0.004) + (0.00044 ± 0.00002) [EST/μmol 
 L−1]; N = 7; r = 0.98) [30]. The obtained LOD of 4.0 μmol 
 L−1 for CQ and 0.5 μmol  L−1 for EST were calculated using 
a 3σ/slope ratio, where σ is the standard deviation of three 
consecutive voltammograms without the analyte (blank).

The proposed sensor presented similar limits for detection 
of those using graphite-based inks or using low-cost binders, 
such as nail polish [16] and glass varnish [17]. Hence, the 
use of other carbon materials in ink composition like multi-
walled carbon nanotubes (MWCNT) [31], reduced graphene 
nanoribbons (rGNRs) [32], and commercial available carbon 
inks [33] may offer lower LODs and improved sensitivity for 
paper-based sensors.

Fig. 3  Cyclic voltammograms 
recorded in 0.1 mol  L−1 PBS 
(pH 7.0) in the absence (dashed 
line), a in the presence of 
200 µmol  L−1 of CQ, and b in 
the presence of 200 µmol  L−1 
of EST

Fig. 4  Baseline-corrected DPV 
voltammograms recorded with 
ePADs in 0.2 mol  L−1 PBS 
(pH 7.0) at different concentra-
tions of a chloroquine ranging 
from 5.0 to 75.0 µmol  L−1 
(inset: analytical curve for 
chloroquine) and b escitalopram 
ranging from 1.0 to 400.0 µmol 
 L−1 (inset: analytical curve for 
escitalopram). DPV conditions: 
step potential = 50 mV; modula-
tion amplitude = 25 mV
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Conclusion

This study showed that 3D-printed stencils are a promising 
alternative in the fabrication of electrochemical paper-based 
analytical devices. The composition of 80:20% of graphite/
glass varnish based ink could produce up to eight electrodes 
(N = 10) for each batch of fabrication of the ePADs. The 
morphological characterization confirmed the adherence 
of the carbon ink onto the paper substrate with graphite 
agglomerates ranging from 0.5 to 50 µm. The freshly pre-
pared ePADs showed well-defined voltammetric profiles in 
the presence of [Fe(CN)6]3−/4− redox couple and sensitiv-
ity in determining pharmaceuticals. The novel approach of 
using a 3D stencil and a lab-made conductive ink allowed 
the confection of sensitive sensors with an acceptable repro-
ducibility. The ePADs showed a linear response in small 
concentrations for chloroquine (5.0 to 75.0 μmol  L−1) and 
for escitalopram (1.0 to 400.0 μmol  L−1), respectively. The 
fabricated ePADs showed a suitable analytical performance 
comparable to those reported in the literature for the deter-
mination of different molecules, in that way advancing in the 
field of easy-to-fabricate devices with low-cost materials.

Supplementary information.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10008- 021- 05075-w.
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