
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

02
5/

10
/1

6 
17

:2
4:

50
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Enhanced perfor
aDepartment of Fundamental Chemistry

University-USP, São Paulo, SP, 05508-900, B
bDepartment of Analytical Chemistry, Inst

Campinas-UNICAMP, Campinas, SP, 13083

† Electronic supplementary informa
10.1039/d0ra08874a

‡ The manuscript was written through co
have given approval to the nal versio
contributed equally to this work.

Cite this: RSC Adv., 2021, 11, 1644

Received 18th October 2020
Accepted 28th November 2020

DOI: 10.1039/d0ra08874a

rsc.li/rsc-advances

1644 | RSC Adv., 2021, 11, 1644–1653
mance of pencil-drawn paper-
based electrodes by laser-scribing treatment†

Vanessa N. Ataide,‡*a Wilson A. Ameku,‡a Raphael P. Bacil, ‡a Lúcio Angnes, ‡a

William R. de Araujo ‡b and Thiago R. L. C. Paixão ‡a

Electrochemical Paper-based Analytical Devices (ePADs) are an alternative to traditional portable analytical

techniques due to features such as low-cost, easy surface modification with different materials, and high

sensitivity. A fast and simple method to fabricate enhanced ePADs using pencil-drawing which involves

the CO2 laser treatment of the carbon surface deposited on paper is described. The electrochemical

performances of the devices were evaluated using cyclic voltammetry (CV) with different redox probes

and electrochemical impedance spectroscopy (EIS). The electrochemical results show that a treated

surface presents a lower resistance to charge transfer and changes the approach of the probe and the

overlap of its orbitals with the electrode. To investigate the effects of the laser treatment process,

chemical and structural characteristics were evaluated using scanning electron microscopy (SEM), X-ray

photoelectron spectroscopy (XPS), and Raman spectroscopy. These results indicated that laser treatment

promoted the restoration of carbon–carbon double bonds and removed a thin layer of nanodebris

present in commercial pencils, resulting in an improvement of the electrochemical kinetics. As a proof-

of-concept, the Pencil-Drawing Electrode (PDE) was used for the detection and quantification of

furosemide (FUR) in a sample of synthetic urine, exhibiting a limit of detection (LOD) of

2.4 � 10�7 mol L�1. The percentages of recovery of the FUR added to the samples A and B were 95%

and 110%, respectively. The analysis using CO2 laser-treated PDE resulted in a fast, simple, and reliable

method for this doping agent.
1 Introduction

The Paper-based Analytical Devices (PADs) proposed by the
Whitesides group in 2007 received great attention due to their
features such as low-cost, disposability, low volume-sample
requirement, and ease-of-use.1 These PADs, have a three-
dimensional brous structure conferring microuidic proper-
ties, biocompatibility and biodegradability, are easy to modify
and available worldwide.2,3 Thus, they provide an alternative
method for clinical, environmental, forensics, and food quality
control analysis.4–6 Initially, colorimetric detection was themain
technique coupled to PADs due to their simplicity. In 2009,
Dungchai et al.7 reported the rst PAD based on electrochemical
detection (ePAD). This approach allows the miniaturization of
conductive tracks on paper that with the use of portable
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potentiostats, enables in-eld electrochemical paper-based
measurements coupled with different electrochemical tech-
niques making it suitable for application in the analysis of
single or multiple species of interest.8 Remarkably, the elec-
trochemical detectors can be fabricated without a considerable
increase in the nal cost of the device and allow an enhance in
selectivity and detectability when compared to the colorimetric
setup. Different approaches have been used to create these
ePADs, such as inkjet printing,9 pencil drawing,10,11 screen-
printing,7 sputtering,12 laser-scribing,13 and microwire attach-
ment.14 Besides, novel methods have been emerging every year,
thereby expanding the scope of electroanalytical measurements
outside laboratories.

One of the simplest ways to fabricate ePADs is by pencil-
drawing, which involves the transfer of conductive carbon
materials onto paper using a pencil. Also, this technique allows
easy and rapid fabrication of ePADs using materials available
worldwide15 and with limited resources and/or poor infra-
structure.16 These pencil leads are exfoliated and the graphite
layers get stuck in the irregular structured cellulose bers,
creating a conductive carbon track with a smooth surface.17 The
PDEs can be applied into several elds of interest, such as in the
determination of Pb2+ in environmental samples by anodic
stripping voltammetry,18 as a exible anode in ion-potassium
© 2021 The Author(s). Published by the Royal Society of Chemistry
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and lithium-ion batteries,19 in ion-selective electrodes,20 in
glucose biosensing,21 in the contactless conductivity detection
(C4D) for sodium and potassium ions,22 among others.

The use of PDEs in electrochemical applications is relatively
recent; therefore, the literature still lacks studies regarding the
role of the graphite surface in the heterogeneous electron
transfer to different redox species. The heterogeneity of the
graphite surface in drawing pencils occurs due to the compo-
sition of the matrix in which it is inserted. The commercial
drawing pencil composition consists of a mixture of graphite,
clay, and binding agents, such as waxes, polymers, and resins.
The percentages of graphite and the other components of the
matrix classify the pencil concerning its hardness. The desig-
nation H indicates that the pencil contains a higher amount of
clay, so it is harder. The designation B means that the pencil
includes higher amounts of graphite, making it soer and
creating a darker or black mark.18,23 The presence of clay plays
a vital role in modifying the graphite structure, resulting in
increasing (hard pencils) or decreasing (so pencils) structural
disorder. The electrochemical behavior of different redox
probes is affected by the structural differences of varying
graphite surfaces in different matrices.24 On the other hand, the
treatment and/or activation of carbon surfaces by different
techniques has been widely described in the literature,11,25–28

demonstrating that the nature of the surface plays an important
role in electron transfer. In this sense, Santhiago et al.29 re-
ported that an electrochemical surface treatment in PDE
improved the electron transfer of potassium ferrocyanide.
Given the simplicity of the pencil-drawing technique and the
ability to activate/treat the graphite surface, it provides
perspectives towards the development of methods for portable
electrochemical sensors with enhanced performance in an
affordable way.

The use of different laser systems to treat/activate the surface
of conventional electrodes is well-known in the literature, it is
mainly used for carbon materials such as glassy carbon (GC).
Usually, the main effects described are desorption of impuri-
ties, ablation of carbon microparticles, and formation or expo-
sure of active regions on the GC surface, which could provide
reproducible high electron transfer rates.30,31 However, the
literature lacks studies regarding the effects of the simple laser
treatment under carbon tracks on paper platform. The super-
cial laser treatments are dependent on the electrode material,
laser system used (type, power, pulse duration, etc.). Thus,
a critical factor when making laser photo-thermal activation on
graphite lm onto the paper substrate is to ensure that it is
useful, i.e., providing lower resistances in the graphite surface
without burning or destroying the cellulosic substrate. Another
challenge is to guarantee reproducibility in the applied power,
which is directly related to cleaning the lenses that constitute
the optical system of the equipment.

To demonstrate the application of CO2 laser-treated PDEs as
portable electrochemical sensors, we studied the detection of
furosemide (FUR), a diuretic drug widely used for the treatment
of hypertension and renal failure, pulmonary edema, liver
cirrhosis, and nephrotic syndrome.32,33 However, it is also
a doping agent since it increases the urinary ow and changes
© 2021 The Author(s). Published by the Royal Society of Chemistry
its composition to hide the presence of prohibited substances
in the body.34

Therefore, in this work, we developed a fast and simple
method to fabricate the ePADs using a commercial pencil to
create the conductive tracks on office paper and a CO2 laser
system to treat/activate this surface and pattern the design of
the electrodes. The results showed an improved electron
transfer process, which could be attributed to the removal of the
debris present in the graphite matrix, and also to the partial
restoration of carbon–carbon double bonds on the graphite
surface. Additionally, the fabricated PDE was used in the
detection of FUR in synthetic urine samples.
2 Experimental
2.1 Materials and chemicals

The office paper (A4 size) used to fabricate the devices were
obtained from Chamex® (International Paper, Brazil). Analyt-
ical grade hexaammineruthenium(III) chloride, ascorbic acid
(AA), and furosemide (FUR) reagents were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Potassium hex-
acyanoferrate(III/IV) and potassium chloride were acquired from
Merck (Darmstadt, Germany). Potassium monohydrogen
phosphate and potassium dihydrogen phosphate were obtained
from Synth (Diadema, SP, Brazil). All reagents were used
without further purication. 6B pencils (Faber Castell, Stein,
Germany) were purchased from the local market. Silver ink was
obtained from Joint Metal Comércio Ltda (Diadema, SP, Brazil).
All solutions were prepared in deionized water with a resistivity
of 18.2 MU cm (at 25 �C, Direct-Q 5 Ultrapure Water Systems,
Millipore, MA, USA).

Stock solutions of all analytes were prepared by adding the
appropriated weighed amounts to known volumes of
0.1 mol L�1 KCl or 0.1 mol L�1 phosphate buffer-supporting
electrolytes. Controlled amounts of these stock solutions were
then suitably diluted to the desired concentrations with the
convenient supporting electrolyte before each experiment.

The commercial screen-printed electrodes of carbon and
graphene were purchased from Metrohm DropSens
(Switzerland).
2.2 Fabrication of PDEs

The steps followed in the fabrication of PDEs are presented in
Fig. 1. Initially, multiple 4 cm� 4 cm squares were drawn on an
A4 office paper using a commercial 6B pencil to create an
electrically conductive graphite layer. Then, the graphite surface
was subjected to photo-thermal treatment using CO2 pulsed
laser (WorkSpecial 9060C, São Paulo, Brazil) with a wavelength
of 10.6 mm and at a power of 6.6% (500 mW). The laser output
device to the graphite surface was positioned at a distance of
10 mm and the scan rate used was 25 mm s�1. Fig. S1† presents
a photo of the graphite surface newly treated by laser. It can be
observed that the region that has undergone the photo-thermal
treatment becomes slightly clear concerning the initially dark
gray color of the graphite, being possible to notice the region of
the treated graphite surface visually. Later, the graphite/paper
RSC Adv., 2021, 11, 1644–1653 | 1645
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Fig. 1 Schematic representation of the fabrication steps of PDEs.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

02
5/

10
/1

6 
17

:2
4:

50
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
was cut into the desired patterns to be used as working (WE)
and counter (CE) electrodes. In this case, the laser power used
was 10%, the distance was 10 mm (regarding the ePAD surface),
and the laser cutting scan rate was 20 mm s�1. The resistance of
PDE treated electrodes was then measured using a multimeter
(GoldStar DM-332, South Korea).

Subsequently, a Xerox ColorQube 8570 printer from Xerox
(Norwalk, Connecticut, USA) was used to print an arrangement
of a three-electrode system onto paper. This process enables the
creation of hydrophobic barriers in office paper to limit the
detection zone. Then, these barriers were melted on a thermal
press (Hobby Line Metalnox, Santa Catarina, Brazil) for 30 s at
120 �C to ll the three-dimensional structure of the paper, thus
hindering water absorption. Next, a reference electrode (RE) was
painted using commercial silver ink, and the WE and CE were
attached to the platform using double-sided tape.

2.3 Electrochemical measurements

All the electrochemical measurements were performed using an
Autolab PGSTAT 128N potentiostat/galvanostat (Eco Chemie,
Utrecht, The Netherlands) with a three-electrode standard
conguration controlled using the soware NOVA 1.11. Cyclic
voltammograms (CVs) for all redox probes were recorded at
a voltage scan rate of 10 mV s�1. All the voltage scan rates (n)
used during experiments are presented in the respective gure
captions. Calibration curve of FUR was prepared using differ-
ential pulse voltammetry (DPV) with an amplitude of 50 mV and
potential steps of 10 mV. The electrochemical impedance
spectroscopy (EIS) measurements were performed in
1646 | RSC Adv., 2021, 11, 1644–1653
a 0.1 mol L�1 KCl solution containing 5 mmol L�1 [Fe(CN)6]
3�/

4� by applying an open circuit potential (OCP, vs. Ag), which the
value was 0.22 V. It was also used by applying an alternating
potential with an amplitude of 10 mV with a frequency range
from 105 to 10�2 Hz.
2.4 Interfering species and synthetic urine sample

The selectivity of the CO2 laser-treated PDE in the detection of
FUR was evaluated towards the ve common urinary metabo-
lites as possible interfering species: ascorbic acid, uric acid,
urea, creatinine, and glucose. The ratio of FUR/interfering
species was 1 : 2 (100 mmol L�1 of FUR and 200 mmol L�1 of
the interfering species). The study was carried out using the
DPV in the optimized experimental conditions (described in
Section 2.3).

A synthetic urine sample was used to demonstrate the
application of the developed sensor. It was prepared according
to the procedure described by Laube et al.35
2.5 Characterization of the Raman spectra

Raman spectra were obtained using a Renishaw inVia spec-
trometer (United Kingdom) equipped with an objective lens
(Olympus) at 100�magnication, using an excitation light with
a wavelength of 532 nm and power of 0.88 mW. The spectra
were acquired in two modes. The rst one was taken in an
extended frequency window, with an exposition time of 10 s and
an accumulation number of 1, at a randomly selected spot on
the surface of the sample. In the second approach, Raman
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images with different magnifications of 1000� and
20 000�: (a and b) office paper, (c and d) non-treated PDEs, and (e and
f) CO2 laser-treated PDEs.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

02
5/

10
/1

6 
17

:2
4:

50
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
mapping was conducted with a static spectrum mode centered
at 1500 cm�1 in an area represented by (33 � 24) mm. The
mapping data were obtained from both CO2 laser-treated and
non-treated PDEs and processed using MATLAB.

2.6 Analysis of the XPS spectra

XPS was performed using a Thermo K-Alpha spectrometer
(Thermo Scientic, Inc., UK). All spectra were obtained using an
Al Kamicro-focused monochromatized source with a resolution
of 0.1 eV, pass energy of 50 eV, and spot size of 400 mm.

2.7 Contact angle measurements

Contact angle measurements were performed using a PixeLINK
digital camera coupled with Nikon optics (Navitar, Inc.,
Rochester, New York, USA) to evaluate the surface hydrophilicity
of both CO2 laser-treated and non-treated PDEs. Deionized
water (5 and 10 mL by volume) was dropped on the surface of the
device and a picture of the water drop was taken immediately.
The measurement of the angle between the air/solid and air/
liquid interfaces was analyzed using the ImageJ soware
(National Institutes of Health, USA). The average of 15
measurements taken at different regions was considered.

2.8 Scanning electron microscopy analysis

The scanning electron microscopy (SEM) images were obtained
using a JSM-7401F microscope (JEOL, Inc., Japan). The accel-
eration voltage was 5 kV, the working distance was 6.2 mm, and
the detector used was a secondary electron in-lens (SEI) in both
high and low magnications. To obtain the SEM images of the
cross-sectional areas, the PDE devices were cleaved using liquid
nitrogen.

3 Results and discussion
3.1 PDE morphological and chemical characterization

The PDE surfaces were analyzed through SEM to understand the
correlation between electrochemical responses and the
morphological nature. The office paper exhibited a cellulose
ber morphology (Fig. 2A and B), which is well recovered aer
the pencil hand-drawing process forming a continuous graphite
layer with a thickness of 13.4 � 1.9 mm (n ¼ 35) (Fig. S2†). Some
agglomeration of graphite particles was observed in the
graphite coating (Fig. 2C and D). Aer the CO2 laser treatment,
the surface presented some irregularities in the structure
(Fig. 2E and F). These defects increase the active supercial area
and the number of active sites responsible for the enhanced
charge transfer.36 It is important to highlight, that this process
does not affect the integrity of the graphite layer nor its elec-
trical conductivity, thus allowing the use of PDEs as an elec-
trochemical sensor.

Raman spectroscopy was used to evaluate the structural
changes in carbon microstructure. The spectra show the D and
G bands (Fig. S3†), that are related to disorder in sp2-hybridized
carbon and the C–C bond stretching in graphitic materials,
respectively.37 These bands appear in the non-treated PDE
spectra at 1352 and 1582 cm�1, respectively. In the CO2 laser-
© 2021 The Author(s). Published by the Royal Society of Chemistry
treated PDEs, the D and G bands occur at 1347 and
1578 cm�1, respectively. We observed that the intensities of the
D and G bands differ greatly depending on the region for which
the spectrum is obtained. Therefore, to understand the extent of
laser activation in graphite we mapped its surface using Raman
spectroscopy.

Fig. 3 displays the Raman maps of PDEs. The relative
intensity of the D and G bands (ID/IG ratio) was used to deter-
mine the effect of laser activation on the graphite surface. High
ID/IG ratios indicate that the graphite surface exhibits structural
disorder or edge regions (such as the presence of functional
groups), while low values are related to the basal plane (highly
ordered regions).38–40

As can be observed, the non-treated PDE surfaces presented
a more homogenous feature, in which the ID/IG ratio was mostly
�1 (green regions), as depicted in Fig. 3A. The laser-treated PDE
exhibits a heterogeneous surface, where the predominant
regions were light blue/dark blue (Fig. 3B), in which the average
ID/IG ratio was �0.5, indicating that the treatment process
promoted a decrease in this ratio. We also observed this
behavior in the Raman single spectrum (Fig. S3†). Therefore, we
can conclude that this surface presented a low ID/IG ratio, sug-
gesting that the graphite has predominantly structurally
ordered regions.41

To verify the changes in the chemical composition promoted
by the laser treatment, the surface of both PDEs were charac-
terized by XPS. The C 1s spectra of the office paper (Fig. 4A)
show the presence of C–C bonds (peak at 284.6 eV) and oxygen-
RSC Adv., 2021, 11, 1644–1653 | 1647
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Fig. 3 Raman mappings showing ID/IG ratio of (a) non-treated and (b)
CO2 laser-treated PDEs.
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containing bonds C–O (286.3 eV) and C]O (287.6 eV), which
are in agreement with the chemical composition presented in
the literature for cellulose.42 Fig. 4B and C show the C 1s spectra
for non-treated and CO2 laser-treated PDEs, respectively. As can
Fig. 4 High-resolution C 1s XPS spectra of (a) office paper, (b) non-trea

1648 | RSC Adv., 2021, 11, 1644–1653
be observed in Fig. 4B the highest intensity at a binding energy
of 284.1 eV was assigned to the p bond between carbons. Other
functional groups are also present, such as C–C (284.4 eV), C–O/
C–OH (285.3 eV), and C]O (289.2 eV).

The O 1s spectra (Fig. S4†) conrmed the presence of C–OH
groups in both PDEs. The percentage of sp2 and sp3 carbon in
the graphite surface was �47% and 30%, respectively. The
presence of oxygen groups was attributed to the commercial
graphite matrix, which has several binders as components (wax,
resin, or polymers),23 and the sp3 bond from defective carbon
structures.29 In the laser-treated PDEs (Fig. 4C), a slight increase
in the amount of sp2 carbon (�51%) and consequently
a decrease in sp3 carbon content was observed. However, no
signicant changes in the percentages of C–O and C]O groups
were observed. These values were 17% and 5.6% for non-treated
PDEs and 16% and 4.8% for CO2 laser-treated PDEs. A peak at
290.6 eV associated with p–p* transitions is also observed,
indicating an aromatic characteristic to the material.43 These
results suggest a partial restoration of the sp2 bonds between
carbons, which improves the electron transfer on the graphite
surface. The percentages of functional groups for the C 1s and O
1s spectra for both non-treated and CO2 laser-treated PDEs are
summarized in Tables S1a and S1b.†

Advancing and receding contact angle measurements (Table
S2†) show a small change in the hydrophilicity of the analyzed
surfaces. However, the contact angle hysteresis is more
pronounced in the laser-treated PDEs than in the non-treated
PDE, which was 19 and �31�, respectively. This probably
occurs due to the chemical and topographical heterogeneity of
their surface induced by photo-thermal treatment. This result is
in agreement with the Raman and SEM images, which conrm
ted PDEs, and (c) CO2 laser-treated PDEs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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that signicant changes occur in the supercial structure aer
the laser scribing procedure.

3.2 Electrochemical characterization

The parameters of the graphite surface treatment using CO2

laser were optimized, to guarantee a compromise between the
integrity of the graphite lm (avoid lm detachment from the
paper surface) and low electrical resistance values. The
parameters studied were the percentage of power and the laser
scan rate (Fig. S6A and B†). The optimized conditions for both
parameters were laser power of 6.6% and the laser scanning
speed of 25 mm s�1.

To evaluate the electrochemical performance of the PDEs,
CVs were obtained using different redox probes molecules. In
Fig. 5, voltammograms of non-treated PDEs show a sluggish
electron transfer kinetics in all cases. On the other hand, vol-
tammograms of CO2 laser-treated PDEs exhibited better elec-
trochemical performance than the non-treated PDEs.

The electrochemical behavior of the [Ru(NH3)6]Cl3 complex
was evaluated in both CO2 laser-treated and non-treated PDE
surfaces (Fig. 5A). CVs did not show a signicant increase in
current signals and/or change in the peak-to-peak separation.
This behavior can be explained by the type of electron transfer
mechanism in this species, which is an ideal outer-sphere
complex that is insensitive to surface defects or impurities in
carbon materials.38

As indicated in Fig. 5B, the voltammetric prole of
K3[Fe(CN)6] obtained using non-treated PDE presented
a signicant resistance, exhibiting barely dened redox peaks.
On the other hand, the electrochemical behavior of this redox
Fig. 5 CVs recorded using (red line) non-treated and (black line) CO2 lase
(a) 5 mmol L�1 [Ru(NH3)6]Cl3 in 0.1 mol L�1 KCl, (b) 5 mmol L�1 K3[Fe(CN)6
(d) Nyquist plot recorded in both PDEs in a mixture of 5 mmol L�1 potass
frequency range is from 105 to 10�2 Hz. Scan rate used to record the C

© 2021 The Author(s). Published by the Royal Society of Chemistry
probe improved in the laser-treated surface. As an inner-sphere
complex, K3[Fe(CN)6] is highly dependent on the material and
structural features of the carbon surface, such as the disorder
degree, surface cleanliness, and presence of active sites.44

We also studied the electrochemical behavior of an organic
molecule (AA) using the PDEs to correlate its oxidation mech-
anism towards different carbon surfaces. As shown in Fig. 5C,
the laser-treatment of the graphite surface caused an improve-
ment in the electronic transfer between the AA and the PDE
surface. The oxidation mechanism of the organic compounds
on the carbon surface remains uncertain, despite a few
hypotheses attempting to explain these interactions, suggesting
the promotion of oxidation by the removal of impurities from
the surface (which exposes new layers of carbon), and also the
presence of functional groups containing oxygen.38,45,46

To characterize the electrochemical properties of the PDE
surface, such as electrical resistivity, and to obtain information
regarding the interface electrode/solution,47 EIS experiments
were performed with both CO2 laser-treated and non-treated
PDEs. It is necessary since the system is not only composed of
graphite but also contains other agglutinant compounds.
Fig. 5D shows a Nyquist plot of CO2 laser-treated and non-
treated PDEs. It can be observed from these plots that a capac-
itive arc is formed in the case of non-treated PDEs, thereby
indicating resistance in the transfer of electrons between this
surface and the redox species. On the other hand, the treated
surface has a smaller capacitive arc, thus strongly suggesting an
improvement in the electronic transfer, as observed in the CVs
experiments. The resistance to charge transfer (Rct) for both
PDE surfaces was calculated and their values were 2.76 kU and
r-treated PDEs in the absence (dashed line) and presence (solid line) of
] in 0.1 mol L�1 KCl, (c) 5 mmol L�1 AA in 0.1 mol L�1 PBS (pH¼ 6.8), and
ium ferricyanide/ferrocyanide solution in 0.1 mol L�1 KCl solution. The
Vs was 10 mV s�1.
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Fig. 6 CVs recorded using different carbon electrodes: (red line) non-
treated PDE, (black line) CO2 laser-treated PDE, (blue line) commercial
screen-printed carbon electrode, (green line) commercial screen-
printed graphene electrode in a solution of 1 mmol L�1 FUR in
0.1 mol L�1 PBS (pH ¼ 6.8). Inset: schematic representation of FUR
oxidation mechanism. Scan rate: 10 mV s�1.
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0.593 kU for the non-treated and laser-treated surfaces,
respectively.

To better comprehend how the CO2 laser treatment changes
the surface of the PDE and if it results in an improvement
regarding the electrochemical kinetics, CVs were performed
with two different probes, [Fe(CN)6]

3� and [Ru(NH)6]
3+, which

should have distinct behavior towards the electrode due to their
net charges. Resulting in distinct charge transfer coefficients (a
and b) that are observed in the Tafel analysis. Fig. S7A† shows
the CV of [Fe(CN)6]

3� with both PDEs, non-treated and laser-
treated. The voltammograms with the non-treated PDE show
two undened redox processes (cathodic and anodic) with
a peak to peak separation around 0.7 V. On the other hand, the
treated PDE not only presents a signicant decrease in the peak
to peak separation, but also showed an increase in the peak
currents. Despite that, Fig. S7B† shows the mass corrected Tafel
analysis to both electrodes coincide. Suggesting that the
heterogeneous kinetics does not change. However, the regular
Tafel analysis, presented in Fig. S7C and D† does show
a signicant change in the charge transfer coefficient, of about
20%. This result suggests that the approach and the over-
lapping of the orbitals of the probe [Fe(CN)6]

3� with the elec-
trode is facilitated, resulting in increased electrochemical
response. Fig. S7E† shows the voltammograms with the
[Ru(NH)6]

3+ probe. Unlike the results with [Fe(CN)6]
3�, the

[Ru(NH)6]
3+ presented more discrete improvements. The peak

to peak separations decreases around 50 mV with the treated
PDE in comparison with the untreated, as the current slightly
decreases. Combining these results with the Tafel analysis
presents in Fig. S6F–H,† it is observed a slight decrease in the
charge transfer coefficients, reinforcing the conclusion that the
treatment changes the approach of the probe and the overlap of
its orbitals with the electrode.

The reproducibility of the fabrication process was analyzed
using [Ru(NH3)6]Cl3 as a redox probe. The variation of the peak
currents of the devices (n¼ 10) wasmeasured for both oxidation
and reduction processes of the probe and the coefficients of
variation were 5.9% and 8.2%, respectively. As our fabrication
process was not automatized, the small variation percentage
(below 10%) denotes good reproducibility. This shows that this
PDE manufacturing process, albeit simple, is reliable.
3.3 Electrochemical detection of FUR using PDEs

The CO2 laser-treated PDE was applied as an electrochemical
sensor for FUR detection. Fig. 6 shows that FUR exhibits two
oxidation processes, both proton-coupled electrons transfers,
around 0.7 V vs. Ag (process I) and 0.9 V vs. Ag (process II)
related to electro-oxidation of the amine functional group,
which gives rise to a radical species with one proton release
followed by a loss of an additional electron and proton,48

a schematic representation of the FUR oxidation mechanism is
shown in the inset of Fig. 6. Additionally, the CO2 laser-treated
PDE presented an improvement in the denition of the oxida-
tion peaks and a 4-fold increase in the peak current for the
process I (current signals of FUR for non-treated and laser-
treated PDEs were 1.3 and 5.3 mA, respectively) and 2-fold for
1650 | RSC Adv., 2021, 11, 1644–1653
the process II (approximately 5.3 and 11 mA, respectively) when
compared to the non-treated PDEs. We recorded CVs using
commercial screen-printed carbon and graphene electrodes to
compare the electrochemical behavior of FUR. The current
signals for processes I and II on the screen-printed carbon
electrode were 2.9 and 3.7 mA, respectively. In the screen-printed
graphene electrode, the current signal for the process I was 6.4
mA and for process II was 12 mA. We can observe that the current
signals for both FUR oxidation processes using the CO2 laser-
treated PDE were close to the current signals when the screen-
printed graphene electrode was used. Thus, it is clear that the
treated PDE's performance is similar to that of a commercial
screen-printed graphene electrode. The CVs of FUR on each
electrode is shown in Fig. S8.†

As a proof of concept, the treated PDEs were used to perform
an analytical detection and quantication of FUR, to show the
PDEs can be used as a portable and easy-to-use drug test aer
the laser pretreatment. The electrochemical detection of FUR
was performed using DPV. Under the optimal experimental
conditions was possible to obtain an analytical curve with
dynamic linear concentration ranging from 25 to 196 mmol L�1

for both oxidation processes (Fig. 7a).
To compare the electrochemical behavior of FUR in the CO2

laser-treated PDE, we obtained an analytical curve for the non-
treated PDEs. It can be seen in Fig. 7d that the variation of
the current signal for the rst oxidation (process I) was not
linear with the increase of analyte concentration. However, for
the second oxidation process (process II) we observed that the
increase in current was accompanied by the increase in FUR
concentration. This data demonstrates that the treatment of the
graphite surface results in a lower effect of FUR adsorption,
allowing the quantication of its two-oxidation processes,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 DPVs recorded using (a) CO2 laser-treated and (c) CO2 non-treated PDEs in 0.1 mol L�1 PBS (pH ¼ 6.8) (dashed lines) containing 25, 48,
68, 87, 125, 154, and 196 mmol L�1 FUR (solid lines), (b and d) calibration curves obtained from FURmeasurements for both CO2 laser-treated and
non-treated PDEs, respectively. Parameters: scan rate: 20 mV s�1, amplitude: 50 mV, and step: 10 mV.
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which not only facilitates the construction of the analytical
curve but also a 3-fold increase in the sensitivity of process II.
3.4 Studies of interfering species

Studies of possible interfering species in the detection of FUR
were carried out with the following species: ascorbic acid (AA),
uric acid (UA), urea (UR), creatinine (CRE), and glucose (GLU).
The measurements were registered using DPV (in the optimized
experimental conditions) in a ratio of FUR/interfering species of
1 : 2. Fig. S9† shows the variations of the FUR oxidation current
signals (processes I and II). The FUR current signals in the
presence of AA decreased by 3.5%. For the UA, the current signal
of process I increased by 0.3%, with no signicant variation for
both oxidation current signals of the analyte. There was
a signicant variation in the signal of oxidation of the FUR in
the presence of UR, a decrease of 9.2%. The presence of CRE
also caused an increase in the current signals of FUR, which was
5.8%. In the case of GLU, its presence caused a small variation
in the current signals from FUR, which represented an increase
of 0.24%.
Table 1 Results obtained for the electrochemical detection of FUR in
a synthetic urine sample using a CO2 laser-treated PDE

[FUR]added (mmol
L�1)

[FUR]found (mmol
L�1)

Recovery
(%)

Sample A 20 19 � 2 95
Sample B 20 22 � 2 110

© 2021 The Author(s). Published by the Royal Society of Chemistry
3.5 Analytical detection of FUR in synthetic urine using CO2

laser-treated PDE

The applicability of the CO2 laser-treated PDE as a portable
electrochemical sensor for the detection of FUR was carried out
using a sample of synthetic urine. The sample was spiked with
20 mmol L�1 FUR and analyzed using DPV. Table 1 shows the
results for the electrochemical detection of FUR in samples A
and B with recovery percentages of 95 and 110%, respectively.
The limit of detection calculated for the FUR analysis was 2.4 �
10�7 mol L�1.

We can notice that despite the signicant variation that the
presence of urea (which is present in the composition of the
synthetic urine used for the analysis) causes in the oxidation
current signs of FUR, it was possible to obtain adequate
recovery percentages according to the criteria established by the
Brazilian National Health Surveillance Agency (ANVISA) for this
type of analysis, which the range is 85–120%.49

4 Conclusions

In conclusion, we reported a simple method to fabricate elec-
trochemical sensors on paper using a pencil-drawn surface
activated by a CO2 laser. The process of transferring carbon
tracks onto paper was carried out through hand drawing with
a 6B pencil followed by a photo-thermal treatment process. The
activation by laser promotes the partial restoration of carbon–
carbon double bonds and removal of a thin layer of nanodebris
present in commercial pencils, thus improving the electron
transfer on the graphite surface. The voltammograms of FUR
using the laser-treated PDE showed a low and stable
RSC Adv., 2021, 11, 1644–1653 | 1651
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background current and the laser treatment minimized the
adsorption effect of FUR, even allowing quantication using
one or both of the oxidation processes. Thus, we demonstrated
the application of the device as a portable electrochemical
sensor for FUR detection in a synthetic urine sample. The
percentages of recovery of the FUR added to the samples A and
B were 95% and 110%, respectively, and LOD calculated of 2.4
� 10�7 mol L�1. Therefore, our work demonstrates that this
method can fabricate improved ePADs that still are low-cost,
disposable, and reliable electrodes. In addition to an
improved sensibility and less adsorption effect.
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