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Abstract: This work presents a new additive manufacturing electrochemical device with conductive
graphene and polylactic acid (PLA) filament and its application for epinephrine sensing. A three-
electrode configuration based on a screen-printed electrode architecture and an easy-to-connect
connector was designed. The sensor surface was chemically treated with dimethylformamide (DMF)
to remove the insulating thermoplastic and expose the graphene binding groups. The scanning
electron microscopy (SEM) results showed that the surface PLA was removed and the graphene
nanofibers exposed, which corroborated the X-ray diffraction spectra (XRD). As a proof of concept,
the G-PLA electrode was applied for the determination of epinephrine in human blood samples by
square wave voltammetry with a linear range from 4.0 to 100 umol L~! and a limit of detection of
0.2 umol L. Based on the results obtained and sensor application, 3D-printed G-PLA proved an
excellent choice for epinephrine sensing purposes.

Keywords: additive manufacturing; electrochemical sensor; lab-made connector; surface chemical
treatments; stress biomarker; epinephrine sensing

1. Introduction

Psychological stress is understood as an overload of demands that exceed the indi-
vidual’s adaptive capacity. From the response to the stress stimulus, responses of the
endocrine system are induced: the hypothalamic—pituitary—adrenocortical axis and the
sympathetic-adrenal-medullary system [1]. However, this prolonged activation caused by
stress can interfere with immunological and inflammatory processes, influencing depres-
sion, infectious, autoimmune, and coronary artery diseases, and at least some cancers [2].

Despite being adaptable, chronic overactivation of the hypothalamic—pituitary
—adrenocortical and sympathetic-adrenal-medullary endocrine system induces a “domino
effect” in the biological system, stimulating overcompensation, leading to breakdown,
and exposing the organism to stress-related diseases. In this case, there is a prolonged
production of specific hormones related to the stress process (epinephrine, norepinephrine,
and cortisol), which fail to fulfill their function of protecting a suffering individual and
start to damage the brain and body.

Many bodily functions are controlled by glands and variations in the proportions
of neurotransmitters. Their concentrations are used as parameters of the state of the
body and are therefore called biomarkers. Excessive concentrations of cortisol, serotonin,
epinephrine (EP), and dopamine biomarkers correspond to variations in emotional condi-
tions or disease [3]. Given these facts, the development of simple and relatively low-cost
techniques for the monitoring levels of these biomarkers in body fluids (blood, urine, sweat,
and saliva) has been receiving increasing attention. In this regard, many works in the
literature have used voltammetric techniques, such as the work by Hongchao et al. [4], in
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which a film-modified glassy carbon electrode (GCE) composed of multi-walled carbon
nanotubes, brilliant Cresyl Blue, and dihexadecyl phosphate was presented for the determi-
nation of low concentrations of EP. Mekassa et al. [5] constructed a simple and sensitive
glassy carbon electrode modified with poly (L-aspartic acid) and electrochemically reduced
graphene oxide for the detection of EP in pharmaceutical samples.

A new and recently explored technology applied in several fields of research is 3D
printing, which has stood out for its great potential for prototyping in a practical way and
a short period. The advancement of this technology has allowed resolutions to micrometric
levels and, together with this, a production process with relatively low cost [6,7]. This
technology allows the construction of objects of infinite types and designs using only
one printing machine, giving it a high production potential when compared to other
prototyping and object construction techniques [8].

Among the existing printing methods, the most common is the extrusion method,
known as fused deposition modeling (FDM). In this method, the materials used are thermo-
plastics (for example, PLA—polylactic acid, acrylonitrile butadiene styrene, polyethylene
terephthalate-glycol, etc.) which, in contact with the heated extruder nozzle, change from a
solid to a semi-melted state. These materials are then deposited in contact with a lower-
temperature surface, solidifying again and thus forming the first layers. From this, the
next layers are deposited on top of the previous layer, one by one, until the entire object is
printed [9].

In recent years, the literature has presented studies on thermoplastic filaments with
conductive materials [10-12]. Among these, filaments with graphene stand out. This type
of filament has characteristics that distinguish it from the others, including its electrical
conductivity and its high physical resistance [13]. One of the first works reporting on
sensor printing was carried out by Foster et al. [13], in which a 3D-printed disc electrode
was developed using a graphene/PLA filament. Electrodes were developed as energy
storage devices and electrocatalysts in hydrogen evolution reactions [13]. Another ex-
ample is reported in the work by Foo et al. [14], in which supercapacitor platforms and
photoelectrochemical sensors were developed. Palenzuela et al. [15] produced ring and
disk-shaped sensors using a graphene/PLA filament for the detection of picric acid and
ascorbic acid. Dos Santos et al. [16] carried out a study on the electrochemical pretreatment
and its influence on the electrochemical behavior of electrodes printed in 3D with graphene
filament, demonstrating an improvement in the electrocatalytic activity. Therefore, there is
a wide area of application and several compositions and modifications proposed for the
use of 3D technology with conductive filaments, including in the area of electrochemistry
with the development of analytical devices. To our knowledge, there are no works in the
literature so far reporting the use of 3D-printed electrodes in the detection of epinephrine.

In this work, we propose the development of an electrochemical sensor with graphene/
polylactic acid (G-PLA) filament and chemical treatment. The approach consists of a sensor
based on a screen-printed electrode, together with the development of a proper connector
to carry out measurements with a quick and easy connection. The sensor was applied for
epinephrine detection in the human serum sample.

2. Materials and Methods
2.1. Chemicals, Solutions, and Samples

The reagents used in this work were of analytical grade. Potassium chloride (>99 wt%),
ferrocene-methanol (97 wt%), epinephrine (95 wt%), and human serum from male AB
clotted whole blood (sterile-filtered) (Code: H6914) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Anhydrous mono and bibasic sodium phosphate (>98 and 99 wt%,
respectively) were acquired from Synth (Diadema, Brazil). Dimethylformamide (99.8 vol%)
was obtained from Dinamica Quimica (Indaiatuba, Brazil). Ethanol (99.9 vol%) was ob-
tained from Qhemis (Indaiatuba, Brazil). Clear enamel was used to delimit the drop region
on the sensor surface (Cora, Sao Paulo, Brazil). Solutions were prepared using ultrapure
water (Heal Force® system, resistivity > 18.0 MQ cm). A 0.1 mol L~! phosphate buffer
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solution (pH 7.0) was used as the supporting electrolyte for voltammetric measurements.
Epinephrine stock solution was prepared daily in the supporting electrolyte immediately
before the experiments. The sensor was applied for the determination of epinephrine in
the human blood serum sample, which was diluted in a proportion of 1:10 (human serum:
phosphate buffer), using the standard addition method at three levels: 8.00, 10.0, and
20.0 umol L1,

2.2. Additive Manufacturing and Device Assembly

A 3D printer (Sethi3D S3, Campinas, Brazil), powered by non-conductive (Sethi3D,
Campinas, Brazil) and graphene-doped conductive polylactic acid (PLA) thermoplastic
filaments (Black Magic 3D, New York, NY, USA), was used for the fabrication of non-
conductive parts of the connector, the base for the electrodes, and the electrodes by FDM.
All the parts were designed in Autodesk AutoCAD® software, version 2019.0.1.

To make an easy and quick connection to the potentiostat, a proper connector was
built using 3D-printed parts and electrical connection materials. The parts and electrical
materials as well as the connector assembly procedure are illustrated in Figure 1A-C. For
the box construction, three 3D-printed cylinders were developed to involve the female
metallic connection of the potentiostat cables, and the other three smaller cylinders to
involve a thread for fixing the connector to the box. In the female connection, one of
the edges of the conductor wire was soldered, as illustrated in Figure 1CIL Each female
connector was coupled to an inlet of the box and locked by a cover with a passage for
electrical wiring; the assembly is illustrated in Figure 1CII. At the other edge of each wire, a
metallic piece responsible for the electrical connection of each electrode individually was
soldered. The three connectors were positioned inside the 3D-printed connector, as shown
in Figure 1CIIL Real photos of the connector are shown in Figure 1E. The ready-to-use
connector is shown in Figure S1.
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Figure 1. Scheme of the proposed connector assembly procedure. (A) 3D-printed parts; (B) elec-
trical connection materials; (C) detailed assembly procedure for (I) female connector, (II) box, and
(III) sensor connector; (D) final assembly of the connector; (E/,E”’) photos of the connector. Scheme
of the procedure for the (F) 3D-printing and (G) DMF chemical treatment performed on the working,
counter, and reference electrodes based on PLA and graphene (G-PLA); (H) ready-to-use sensor;
(I) coupled to the 3D-printed connector for the voltammetric determination of epinephrine; and
(J) photos of the sensor.

The architecture of the electrodes was based on a screen-printed electrode design, in
which they were fitted on a rectangular base (2.3 x 1.5 cm) and fixed using enamel. The
electrodes are 1.5 mm wide, except for the working region of the working electrode, which
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is a circular shape 6.0 mm in diameter. The insulating material (enamel base) was applied to
the electrode surface to delimit the contact region of the sample on the three electrodes. The
sensor construction procedure is represented in Figure 1F-I. The region delimited as the
geometric area (Ag) of the working electrode was 0.28 cm?. The STL files were generated by
the Simplify 3D software, version 4.1.2. All electrochemical measurements were performed
in a PGSTAT204 Metrohm potentiostat/galvanostat (Eco Chemie), with a FRA32M module,
managed by NOVA software (version 2.1.4). A video summarizing the process is available
on the journal’s website.

2.3. Treatment of the Additive Manufacturing Graphene/Polylactic Acid (G-PLA) Electrodes

After the manufacturing, the three electrodes (working, counter, and pseudo-reference)
were subjected to a chemical treatment according to the method of Manzanares et al. [15]
to remove part of the PLA, a non-conductive polymer, from the surface and expose the
conductive material. For this, the electrodes were immersed in DMF for 15 min, followed
by washing with ethanol and left to dry in the environment for 24 h. After drying, the
sensor was ready for electrochemical testing. Figure 1F-I illustrates the sensor print scheme,
as well as the treatment and performance of electrochemical measurements.

2.4. Characterization of the Additive Manufacturing Electrodes

Scanning electron microscopy (SEM) images of the electrode surface were obtained
using a Philips XL—30 FEG scanning electron microscope operating at 3 kV with the
electrodes covered by a thin layer of gold. X-ray diffraction was obtained using a Miniflex
X-ray diffractometer (Rigaku), with a Cuk « radiation source (A = 0.15406 nm), in the angular
range from 4.0 to 90°. Fourier transform infrared spectroscopy (FTIR) was performed with
a Tensor II (Bruker) spectrophotometer, from 400 to 4000 cm 1.

The sensor surface wettability evaluation was performed using an additive manufac-
turing lab-made device for contact angle measurements [17]. By the drop-casting technique,
an aliquot of 150 pL of deionized water was added to the working region of the working
electrode. After 10 s, the images were recorded using a smartphone, and the angle was
calculated from the surface of the sensor substrate and the tangent of the liquid phase of
the water droplet. The calculation was performed using the free version of the Laser Level
smartphone application.

Electrochemical characterization was performed by cyclic voltammetry (CV), in the
presence of 1.0 mmol L~! ferrocene-methanol (FcMeOH), and 0.1 mol L1 KCL CV mea-
surements were carried out at 50.0 mV s~ 1.

3. Results and Discussion
3.1. Characterization of the Electrodes

To investigate the changes that occurred on the surface of G-PLA after the treatment
with DMF, morphological characterizations were performed. SEM images were obtained
with 2000 x magnification, showing a surface coating with PLA on the untreated G-PLA
electrode (Figure 2A), with less exposure to graphene conducting sites. After the DMF
treatment, it is possible to observe that a large part of the PLA from the surface was
removed, exposing the graphene structures on the electrode surface (Figure 2B). Similar
results for this filament were found in other works published in the literature [18-20].
Thus, it is possible to directly correlate the observed results with the improvement in the
electrochemical performance noticed after the surface treatment of the G-PLA.

To investigate the hydrophobicity of the sensor before and after the surface treatment,
contact angle measurements were performed (Figure 2C,D, respectively). After treatment,
there was an increase in the hydrophobicity of the material surface (138.9°) compared to the
untreated surface (113.9°). This may have occurred due to the partial removal of surface
PLA on the electrode caused by DMF. In the literature, PLA is reported as a hydrophilic
material, with a contact angle close to 67° [21]; meanwhile, graphene has hydrophobic
characteristics, presented in the literature with a contact angle close to 100° [22] and
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reaching values up to 162° [23]. In this way, it is supposed that graphene exposure provides
the material with a more hydrophobic characteristic [24].
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Figure 2. SEM images obtained for (A) untreated and (B) DMF-treated G-PLA electrode surface
with 2000x magnification. Image of the contact angle measurements obtained for (C) untreated
and (D) treated G-PLA electrodes. (E) XRD and (F) FTIR spectra obtained for untreated (black) and
treated (red) G-PLA electrodes.

To analyze the crystallinity of these materials, concerning their morphological prop-
erties, XRD measurements were performed for G-PLA electrodes before and after the
treatment with DMF (Figure 2E). An increase in the intensity of the characteristic peaks
of the material and the emergence of new peaks were observed after the treatment of the
electrode. The visualized bands represent the crystalline regions of the material, which we
believe to be the semi-crystalline conformation of PLA and graphene, while the curved
regions represent amorphous regions of PLA. In Figure 2E, it is possible to observe that
the G-PLA demonstrated a more amorphous profile. For the sensor treated with DME, it is
possible to observe a decrease in the amorphous regions and an increase in the intensity of
crystalline bands. The diffractograms showed a broad peak approximately at 17.4° and
16.3° for the electrodes before and after activation, which is attributed to semicrystalline
PLA [25]. The profile showed a characteristic peak at 26.3° on the graphitic plane (002) asso-
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ciated with the graphene structure [26]. The result corroborates what is observed through
the contact angle, where it is believed that a large amount of surface PLA is removed,
exposing the graphene on the electrode.

FTIR spectroscopy was used to identify functional groups on G-PLA electrodes, before
and after treatment, as shown in Figure 2F. The spectra showed similar peaks due to their
structural similarity. The spectrum showed characteristic bands associated with the PLA
matrix at 2924 and 2852 cm ™!, corresponding to the CHj stretch vibrations [27]. C=O
vibration at 1759 cm ™! [16,27-29], CH formations around 1383 cm~! [27], and COC elonga-
tion at 1082 cm ™! [27,30,31] were also recorded. Furthermore, two peaks at approximately
1638 and 3423 cm ™! corresponding to the C=0 [32-34] and OH [32], respectively, were
observed. Considering the DMF surface treatments, we suggest that the decrease in the
peaks’ intensity at 2924 and 2852 cm~! (CH3) could be correlated to the removal of PLA
from the material by the treatments.

3.2. Electrochemical Performance of Graphene/Polylactic Acid (G-PLA) Electrode

A previous electrochemical test was carried out to evaluate the performance of the
sensor by CV using 1.0 mmol L~! FeMeOH as a redox probe. It was first observed that the
sensors had a lower current response before treatment. This occurred because the surface
of the sensor was partially covered with PLA, an insulating material, impairing the electron
transfer process, decreasing the electroactive surface area, and consequently resulting in a
lower electrochemical performance when compared to the treated sensor, as can be seen in
Figure 3A (black line). Therefore, the method developed by Manzanares et al. [15] using
DMF and keeping the electrodes immersed for 15 min improved their performance. As
can be seen in Figure 3A (red line), this activation contributed to a significant increase in
the intensity of the response signal, from an I, of 10.9 to 35.8 uA, and an ¢ of —7.6 to
—25.2 pA. There was also a contribution to the reversibility of the system, which occurred
with a considerable decrease in the peak-to-peak separation (AEp), from 268.4 to 107.0 mV.
The treatment was carried out in the three electrodes, and modification was also carried
out on the surface of the reference electrode, which explains the abrupt displacement of the
peak potential [35].
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Figure 3. (A) Cyclic voltammograms obtained in G-PLA before (black line) and after surface treatment
with DME (red line) for a 1.0 mmol L~! FeMeOH solution, and respective blank solutions (0.1 mol L1
phosphate buffer (pH 7)—dotted lines); and (B) cyclic voltammograms obtained in the presence of
1.0 mmol L~! FcMeOH at different scan rates (50 to 250 mV s~1) for the additive manufacturing
electrode treated with DMF. Inset: Correlation between the anodic peak currents and the square root
of the scan rate (v 1/2).

The electroactive area (A.) of the proposed electrode was estimated by cyclic voltam-
metry (Figure 3B) based on the Randles-Sevcik equation (Equation (1)), which was carried
out at a scan rate range from 50 to 250 mV s~ ! using 1.0 mmol L~! FcMeOH as a redox
probe. According to the equation, Ip refers to the peak current, A corresponds to the



Chemosensors 2023, 11, 306

7 of 14

electroactive area (cm?), C is the concentration of the probe used (1.0 mmol cm~3), D is the
diffusion coefficient of the species in solution (FcMeOH, 7.6 x 1076 cm? s’l), n refers to
the number of electrons transferred in the redox reaction (n = 1), and v is the scan rate.

Iy 5 3.3

— =269%x10°-A-C-D2-n2, 1)

v2

An electroactive area (Ac) of 1.16 4 0.0096 cm? was obtained for the treated G-PLA sen-
sor, which is a considerable increase when compared to its geometric area (Ag = 0.28 cm?).
To compare it with other sensors made by additive manufacturing using graphene filament
reported in the literature, we considered the real area of the sensor (Area1 = Ae/Ag), which
for the sensor proposed here was 4.14. In the literature, it is possible to find works that
use sensors built with the same or similar filaments to the one used in this work, through
additive manufacturing. Each work uses different treatment techniques or architectures in
its devices, with real area values experiencing variations [16,24,36]. The proposed activated
sensor showed a higher electroactive area compared to other reported 3D-printed sensors
with different architectures. It can be concluded that even on a close scale, the sensor
construction methodology reflects the electrochemical response obtained.

The heterogeneous electron transfer constant (k%) was also estimated by Nicholson’s
method, calculated by cyclic voltammetry at different scan rates (Figure 3B). The kinetic pa-
rameter (¥) was calculated as proposed by Lavagnini et al. [37] (Equation (2)), establishing
a link between ¥ and AEp for each scan rate [38], according to the following equation:

(0.6288 + 0.0021AEp)

= A= 0017a8p) @

The values found for ¥ were applied to calculate k° (Equation (3)):

Nl—=

¥ kO[nDnFU} 3)

RT

where Y is the kinetic parameter, 7t is the mathematical constant (3.1415), D is the diffusion
coefficient for FceMeOH (7.6 x 107% cm? s~ 1), n is the number of electrons involved in
the process, F is the Faraday constant (96,485 Cmol~!), R is the universal gas constant
(8.314J K1 mol™1), and T is the temperature (298.15 K). The value obtained was estimated
at2.3 x 10~* ecm s~!, thus being a quasi-reversible system [35]. This result is compatible
with that of similar systems previously estimated in the literature [19,24,39,40], corroborat-
ing the previous characterization data and the results presented in Figure 3.

3.3. Voltammetric Detection of Epinephrine

The activated G-PLA electrode was selected for the voltammetric detection of epinephrine
as it demonstrated better electrochemical performance. Therefore, for convenience, when
G-PLA is mentioned, it is understood that it is related to the DMF-treated additive manu-
facturing sensor.

Figure 4A shows the behavior of epinephrine by cyclic voltammetry in 0.1 mol L~}
phosphate buffer (pH 7), for 30 mV s}, in the potential range from —0.4 V to 1.0 V. It can
be seen that in the anodic scan, there is a well-defined oxidation peak (Figure 4A—peak a)
(Epa(a) = +0.29 V)) corresponding to the oxidation of epinephrine, producing open-chain
epinephrine quinone as observed in the mechanism from Figure 4B. The open-chain
quinone was then rapidly cyclized by a chemical reaction to adrenochrome, and the reduc-
tion of adrenochrome to leucoadrenochrome provided the cathodic peak (Figure 4A—peak b),
observed in the region of negative potentials (Epp) = —0.26 V). Starting the second scan,
the corresponding peak of “b” was observed (Figure 4A—peak ¢) (Epy) = —0.19 V), cor-
responding to the oxidation of leucoadrenochrome back to adrenochrome. The oxidation
peak of epinephrine (Figure 4A—a) also appears in the second cycle, however, with consid-
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erably lower intensity. In addition, the occurrence of the cathodic peak (Figure 4A—peak b)
is directly linked to the product of the oxidation reaction of epinephrine in “a”, which can
be confirmed by the absence of oxidation peak (c) at —0.19 V in the first scan. Further-
more, the reduction of the open-chain epinephrine quinone back to epinephrine was not
observed in the cyclic voltammograms, since this process is favored at low pH values with
a high presence of protons, and at pH 7 the lower concentration of protons hindered this
process [41-43].

B Epinephrine Epinephrine quinone
HO HO
H - 2H* H
o A M. 22 o o XM
~i—
Eletrochemical o
HO reaction

Chemical reaction

OH ;’“
Scan 1 le) ' 2e-+2H+ HO_ —
4} Scan 2 m— ’ ’ ?
~ e A
e Rlenk [o) N Eletrochemicas HO™ N.'
! ! . . . . . . reaction 3
-04 -02 00 02 04 06 08 1.0 Adrenochrome Leucoadrenochrome
E/V vs G-PLA
C 1.2
08
<«
=
—
04
0.0
-0.4 -0.2 0.0

E/V vs G-PLA

Figure 4. (A) Cyclic voltammograms in the absence (blue line) and presence (black line—scan 1;
green line—scan 2) of 100.0 umol L' of epinephrine by using the additive manufacture G-PLA
electrode. Supporting electrolyte: 0.1 mol L' phosphate buffer (pH 7). Scan rate: 30 mV s~ 1;
Inset: zoom, cyclic voltammograms of 10.0 umol L~! of epinephrine. (B) Proposed mechanism for
epinephrine redox reaction. (C) Voltammograms obtained by DPV (black line) and SWV (red line) in
the absence (dashed lines) and presence (solid lines) of 0.1 mmol L1 epinephrine. DPV experimental
conditions—modulation amplitude: 25 mV; modulation time: 0.05 s; scan rate: 30 mV s~1. swv
experimental conditions—modulation amplitude: 20 mV; step potential: 5 mV; frequency: 6 Hz.
Supporting electrolyte: 0.1 mol L~! phosphate buffer (pH 7).

We considered the concept proposed in the work developed by Sainz et al. [44], which
investigated the redox process corresponding to adrenochrome/leucoadrenochrome. For this,
aiming to use a single technique to perform the analysis with no further steps, and considering
the need to form the oxidation product of epinephrine for the analysis, all the voltammetric
measurements (n = 4) were performed in a working window from —0.5 to +1.0 V, and the
first scan was discarded. Thus, the presence of adrenochrome/leucoadrenochrome was
guaranteed, allowing the indirect determination of epinephrine. Looking for the best
electroanalytical performance for the detection of epinephrine, a comparison between
electrochemical techniques (i.e., Differential Pulse Voltammetry—DPV and Square Wave
Voltammetry—SWYV) was performed (Figure 4C).
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The SWV technique presented a voltammetric profile more sensitive to the analyte,
where a current signal 0.32 pA higher was obtained when compared with the same signal
obtained by the DPV technique. Therefore, this technique was selected for future measure-
ments. To obtain the highest sensitivity for the proposed determination, the optimization
of the parameters (operating conditions) used for each technique as well as the pH of the
supporting electrolyte were evaluated.

Initially, studies were carried out to evaluate the pH of the supporting electrolyte
(0.1 mol L~ phosphate buffer) to determine the best analytical signal. A pH range between
5.0 and 8.0 was studied, and the best result was obtained at pH 7.0, as shown in Figure S2A;
this value was selected for the next studies. SWV technique parameters (i.e., frequency,
amplitude modulation, and step) were carefully studied between 6.0-60 Hz, 10-100 mV,
and 1.0-10 mV, respectively, as shown in Figure S2B-D. The peaks obtained with higher
definition, lower standard deviation, and higher peak current values were selected for
further studies for epinephrine determination, corresponding to a frequency of 30 Hz, a
modulation amplitude of 60 mV, and a step of 6.0 mV.

Using the optimized SWV parameters, voltammograms were obtained for increasing
concentrations of epinephrine (Figure 5A). A linear behavior in the concentration range
from 4.0 to 100 umol L~ of epinephrine was observed, with a satisfactory coefficient of
determination (R?) of 0.994 (Figure 5B). The relationship between the anodic current peak
(Ipa, HA) and the epinephrine concentration (Cepinephrine, KMol L~1) can be described by
the equation Ip, = —3.43 x 1078 (3.02 x 10®) + 0.0220 (0.0007) Cepinephrine- The relative
standard deviation (RSD) value was estimated at 0.3% for four consecutive measurements

at 10.0 umol L1 epinephrine (RSD = (s/ x) x 100%, where s is the standard deviation

and x the mean of the currents) (Figure S3A). The accuracy in the production of different
devices (% RSD) was calculated as 4.9% (n = 4, 10.0 umol L1 epinephrine), showing that
different sensors can provide similar responses (Figure S3B). The stability in a single device
(% RSD) was calculated as 9.03% (n = 35, 10.0 umol L~! epinephrine), showing that in
the same sensor, several measurements can be performed with an acceptable deviation,
below 10% (Figure S3C). The limits of detection (LOD) and quantification (LOQ) were
calculated as 0.25 umol L~! and 0.84 pmol L1, following the recommendations of the
IUPAC (LOD =3 x SD/S and LOQ = 10 x SD/S, where SD is the standard deviation of
the baseline noise (n = 10) and S is the slope of the analytical curve). With the presented
values, it was possible to conclude that the lab-made 3D-printed sensor demonstrated
a good analytical performance, repeatability, and reproducibility for the determination
of epinephrine.

2.5
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/\ 20} ’
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/ \

<=_ . /, ,\Y jﬂ% 1.5 .
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Figure 5. (A) SWV voltammograms for increasing epinephrine concentrations (4.0, 6.0, 8.0, 10, 20, 40,
60, and 100 umol L=1) and (B) the respective analytical curve (n = 3). Experimental conditions— step
potential: 6 mV; modulation amplitude: 60 mV; frequency: 30 Hz. Supporting electrolyte: 0.1 mol L1
phosphate buffer (pH 7.0).
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In order to test the applicability of the sensor in the determination of epinephrine, the
analysis of this analyte was performed in a human blood serum sample, which was fortified
with known amounts of the biomarker (8.0, 10, 20, and 40 pmol L™1). SWV measurements
were performed, resulting in a recovery variation between 96.9 and 102%, as shown in
Table 1. From these results, it is possible to conclude that the developed sensor presented a
good analytical performance for epinephrine detection. This range of recovery values is
acceptable according to similar results found in the literature for electrochemical sensors
for epinephrine [45,46].

Table 1. Determination of epinephrine in fortified human serum samples by using the chemically
treated additive manufacturing G-PLA sensor.

Experiment Fortified (umol L—1) Found (umol L-1) Recovery (%)
1 8.00 8.18+ 1.6 102
2 10.0 101+ 1.6 101
3 20.0 195+2.0 97.6
4 40.0 387+1.9 96.9

A selectivity study of the proposed sensor for epinephrine was performed. The interfer-
ence caused by other species commonly present in human blood serum was evaluated using
the SWV technique for 0.1 mmol L~ of epinephrine (Figure S4). As interfering species,
uric acid was evaluated in two different ratios (1:1 and 1:10 (epinephrine:interfering)) and
ascorbic acid in four different ratios (1:1, 1:10, 1:100, and 1:1000). In addition, the neurotrans-
mitter dopamine was also evaluated in two different ratios (1:1 and 1:10). The compounds
were chosen based on literature reports that performed analyses in human blood serum
samples [43,47]. The influence of each interferent in the current response of epinephrine
is summarized in Table S1. Positive values correspond to the increase in current obtained
by the voltammetric epinephrine signal, while negative values correspond to its decay,
both resulting from the presence of interfering species. As can be seen in the table, for
ascorbic acid in the proportions 1:1 and 1:10, low interferences were observed (+4.25 and
—6.19%, respectively), while in the proportions 1:100 and 1:1000, significant interferences
(—34.5 and —43.6%, respectively) in the analytical signal occurred. In the presence of uric
acid, significant interferences were observed (+48%), even in the equivalent proportion
(1:1). For the presence of the neurotransmitter dopamine as an interfering agent, in the
1:1 proportion, a low interference (—7.44%) in the current response occurred, while for an
increased proportion (1:10), there was a significant interference (+351%) in the analytical
signal of epinephrine. In the literature, many works highlight high interference of the
species studied here; however, it is possible to observe in the voltammograms (Figure S4)
that for the proposed sensor there is no peak overlapping with epinephrine electrochemical
response, being possible to identify if there is the presence of such interferents [47,48]. In
this sense, a way to solve the problem of interference caused by species would be to apply
the method of simultaneous detection of compounds using a modifier, as already shown in
the literature [48]. Therefore, such strategies will be considered in future work.

A brief comparison between different electrochemical sensors for the determination of
the stress biomarker is shown in Table 2. Diagnostic analyses for epinephrine in human
blood serum are performed in the pmol L~! to nmol L~! range [49,50]. Despite this,
the device has real application potential for pre- and post-operative situations, where
patients present epinephrine concentrations at levels of umol L1, and in extreme cases,
reaching mmol L~! in samples of plasma and urine [51]. Another applicability would be for
pharmaceutical purposes such as the quality control of drugs, where injectable drugs are
sold at different concentrations, with some options in mmol L~! and pmol L™}, in addition
to other less concentrated options [44,52]. In conclusion, the proposed sensor applied as a
proof of concept for the determination of epinephrine demonstrated a satisfactory analytical
performance, presenting a linear range and LOD comparable to other electrochemical
sensors based on different materials described in the literature.
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Table 2. Comparison of the analytical performance obtained for different electrochemical sensors for
the determination of epinephrine.

Linear Range LOD

Sensor (umol L-1) (umol L-1) Ref.
GR/Au/GCE 0.0500 to 8.000 0.007 [53]
GNRs 6.40 to 100 2.1 [44]
PBCB/graphene/GCE 1.00 to 1000 0.24 [52]
Carbon black 5.00 to 40.0 0.61 [46]
ZnO/MWCNTs/GCE 0.200 to 2.50 0.016 [43]
Ox-PAP/GCE 0.0100 to 80.0 0.0065 [48]
GCE/CQDs/CuO 10 to 100 15.99 [54]
AuNPs/PDA/AN 1.00 to 1000 0.26 [55]
G-PLA 4.00 to 80.0 0.23 This work

GR/Au/GCE—Graphene/gold nanoparticle/glassy carbon electrode; GNRs—Graphene nanoribbons;
PBCB/graphene/GCE—Poly (brilliant cresyl blue)/graphene/glassy carbon electrode; ZnO/MWCNTs/GCE—
ZnO nanoparticle/multi-walled carbon nanotube/glassy carbon electrode; Ox-PAP/GCE—Over oxidized
poly(p-aminophenol)/glassy carbon electrode; GCE/CQDs/CuO—Glassy carbon electrode/carbon Quantum
dots/copper oxide; AuNPs/PDA /AN—Gold nanoparticle/polydopamine-modified /acupuncture needle.

4. Conclusions

We demonstrated the applicability of an additive manufacturing platform based on a
PLA thermoplastic filament and graphene conductive filament for the determination of
epinephrine. An additive manufacturing device (sensor and connectors) was manufactured
by a simple and relatively low-cost process. The 3D printing technology is relatively fast
and has a low production cost, together with the precision and ability to replicate the
technique; thus, the proposed device supports large-scale production. The sensor showed
an appreciable analytical performance by the SWV technique, including a low limit of
detection, wide linear concentration range, as well as good reproducibility and recovery
for the determination in human blood serum samples.

The proposed 3D-printed sensor proved to be suitable for the determination of
epinephrine in biological samples, being an alternative to conventional approaches. In
addition, the proposed device boasts simple handling and its own portable connector; thus,
it can be easily applied as a point-of-care device.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/chemosensors11050306/s1. Figure S1: Assembling of the connector
and support for the electrodes: (A-D) materials and the parts used for the connector fabrication;
and (E-F) the ready-to-use connector; Figure S2: Evaluation of measurement and instrumental
parameters for the determination of 0.1 mmol L~! epinephrine by SWV technique: (A) pH effect
(5.0-8.0), (B) frequency (5.0-60 Hz), (C) modulation amplitude (5.0-8.0), and (D) step potential
(n =3). SWV used parameters: (A) step = 5.0 mV, modulation amplitude = 20 mV, frequency = 6.0 Hz;
(B) step = 5.0 mV, modulation amplitude = 20 mV; (C) step = 5.0 mV, Frequency 30 Hz; (D) Mod-
ulation amplitude = 60 mV, frequency = 30 Hz. (B-D) Supporting electrolyte: 0.1 mol L-! phos-
phate buffer (pH 7.0); Figure S3. SWV voltammograms of (A) repeatability study (n = 4), (B) inter-
device study (n = 4) (C) stability study (over 35 scans, displayed every 5 scans), in the presence of
10.0 umol L~ of epinephrine. Experimental conditions—step potential: 6 mV; modulation amplitude:
60 mV; frequency: 30 Hz. Supporting electrolyte: 0.1 mol L~! phosphate buffer (pH 7.0); Figure S4.
SWV voltammograms to selectivity study, in the presence of (A) 1.0 mmol L™! of epinephrine,
(B) 1.0 mmol L1t of epinephrine and dopamine at two different ratios (1:1 and 1:10), (C) 1.0 mmol L1
of epinephrine and uric acid at two different ratios (1:1 and 1:10), (D) 1.0 mmol L~1of epinephrine
and uric ascorbic at four different ratios (1:1, 1:10, 1:100, and 1:1000). Experimental conditions—step
potential: 6 mV; modulation amplitude: 60 mV; frequency: 30 Hz. Supporting electrolyte: 0.1 mol L1
phosphate buffer (pH 7.0); Table S1. Selectivity study on the SWV signal of 0.1 mmol L' epinephrine.
Video summarizing the process is available on the journal’s website.
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