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Abstract

The development of a homemade carbon black composite filament with polylactic acid
(CB-PLA) is reported. Optimized filaments containing 28.5% wt. of carbon black were
obtained and employed in the 3D printing of improved electrochemical sensors by fused
deposition modeling (FDM) technique. The fabricated filaments were used to construct
a simple electrochemical system, which was explored for detecting catechol and
hydroquinone in water samples and detecting hydrogen peroxide in milk. The analysis
of catechol and hydroquinone was successfully performed by differential pulse
voltammetry, presenting LOD values of 0.02 and 0.22 pmol L*, respectively, and
recovery values ranging from 91.1 to 112% in tap water. Furthermore, the modification
of CB-PLA electrodes with Prussian blue allowed the non-enzymatic amperometric
detection of hydrogen peroxide at 0.0 V (vs. carbon black) in milk samples, with a low
limit of detection (1.03 umol L™?). Thus, CB-PLA can be successfully applied as
additively manufactured electrochemical sensors, and the easy filament manufacturing

process allows for its exploration in a diversity of applications, according to the needs.
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Introduction

3D printing technology is a form of additive manufacturing (AM) that has
considerably revolutionized the methodological scenario of device prototyping of
multifaceted structures with aerospace, electronics, food, medical, industrial, and
academic applications [1, 2]. This technology goes beyond just manufacturing these
materials, which is also strongly present in the scientific academic environment,
especially in the area of analytical chemistry, through the production of additively
manufactured electrochemical sensors [1, 3].

The most employed 3D printing technique in the manufacture of electrochemical
sensors is fused deposition modeling (FDM), which consists of the deposition of melted
filaments, creating three-dimensional objects layer by layer. This technique is the most
affordable, and very advantageous for implementation in research laboratories for its
low cost [1]. The recent use of conductive filaments in 3D printing allowed the
manufacture of electrochemical sensors, which have been relevant in biosensing [4-6],
food [7], environmental [8, 9], energy storage [10, 11], forensic [12] and biological
analysis [6, 13], with distinguished characteristics, attributed to the use of AM, such as
design versatility [12, 14]. For many years, the main conductive filaments used in the
manufacture of 3D printed electrochemical sensors were commercially obtained, and
the most used ones were composed of graphene-PLA (G-PLA from Black magic®), and
carbon black-PLA (CB-PLA from Proto-pasta®) [15, 16]. However, the composition of
these filaments is poor regarding the amount of conductive material present. Therefore,
the development of new composites for the manufacture of conductive filaments
becomes a research area with great potential, which allows the production of specific

filaments for the desired purpose.



To obtain electrodes with distinguished characteristics, Rocha et al., (2020) [17]
performed the incorporation of Ni(OH). microparticles within a commercial G-PLA
matrix. The developed electrodes were employed in the detection of glucose with low
detection limits (2.4 pmol L), and free from the interference of compounds typically
found in biological samples. Innovatively, Foster et al. (2020) [18] proposed the
production of a new conductive filament, composed of nanographite (25% wt.) within a
PLA matrix. The produced filament originated from AM honeycomb structures, used in
the simultaneous to detect lead (I1I) and cadmium (II) simultaneously. Our research
group [13] proposed the production of new conductive filaments with high graphite
loading (40% wt.), demonstrating for the first time, the development of ready-to-use
additively manufactured electrodes that did not require a chemical or electrochemical
pre-treatment step, just a simple surface polishing. The developed sensors were
explored as a platform for the construction of an immunosensor for the detection of the
spike protein of the SARS-CoV-2 virus and in the detection of the biomarkers uric acid
and dopamine.

In this sense, the search for the easy and decentralized production of new
conductive filaments, with the possibility to employ different compositions and
materials has shown promising potential, enabling the AM of sensors with optimized
and improved electrochemical characteristics, according to the needs. Carbonaceous
compounds are very attractive options due to the wide variety of structures and sizes
available, which can be chosen depending on their applicability. Also, the use of cheap
carbon conductive materials is a great alternative. In this context, carbon black (CB) is a
highly promising material, due to its electrical characteristics combined with high

availability, easy acquisition, and low cost [19].



The conductive filament of CB is already commercially available, as previously
discussed. Such filament is composed of a polylactide resin >65%, polymer <12.7%,
and CB in a percentage mass <21.4%, according to the manufacturer [20]. This filament
was not obtained aiming the best conditions for specific applications, being constructed
for generic applications. Therefore, the manufacture of CB filaments can be optimized,
by employing adequate filament fabrication processes, capable to be performed in a
laboratory, decentralizing the process, and allowing a variation in composition. In this
way, the preparation of the CB-based filaments is attractive, by increasing the
percentage of conductive material or changing other characteristics according to the
desired purpose.

Therefore, the present work presents the lab-made manufacture of high-quality
and optimized conductive CB-PLA filaments for the production of electrochemical
sensors by AM. The electrodes obtained with CB-PLA filaments were evaluated for the
voltammetric detection of catechol and hydroquinone in tap water samples,
independently. Also, the proposed CB-PLA electrode was modified within Prussian
blue (PB) particles, allowing the non-enzymatic amperometric detection of H>O; in

milk samples.

Experimental section

Reagents and materials

All solutions were prepared using ultrapure water, from a Milli Q® water
purification system from Millipore (MA, USA), with resistivity higher than 18.0 MQ
cm. The reagents employed in this work were of analytical grade and used without
further purification. Potassium chloride (>99% wi/w), ethanol (99.5% v/v), ferrocene

methanol (97% wi/w), and hydroquinone (>99% w/w) from Sigma-Aldrich (St. Louis,



USA), acetone (99.5% v/v), iron(l11l) chloride (97% wi/w), and hydrochloric acid (37%
v/v) from Synth (Diadema, Brazil), chloroform (99.8% v/v) from Qhemis (Indaiatuba,
Brazil), sodium hydroxide (98% w/w), hydrogen peroxide (35% v/v), sodium phosphate
dibasic (99% wi/w), dimethylformamide (99.8% v/v), potassium ferricyanide (99%
w/w), acetic acid (99.7% v/v), and phosphoric acid (85% v/v) from Dinamica
(Indaiatuba, Brazil), potassium phosphate (98% wi/w) from Cinetica (Jandira, Brazil),
pyro-catechol (99% wi/w) and boric acid (99.5% w/w) from Vetec, (Rio de Janeiro,
Brazil).

Carbon black (VULCAN® XC-72R) from Cabot (S&o Paulo, Brazil) and pellets
of polylactic acid (PLA) in natura from 3DLAB (Minas Gerais, Brazil) were employed
for the obtention of the conductive filament. Commercial filaments based on carbon
black and PLA (Proto-pasta®, obtained from Proto-Pasta, Vancouver, USA) were
employed for comparison with the proposed carbon black filament. The electrochemical
cells employed in this work were obtained using non-conductive PLA or ABS
(acrylonitrile butadiene styrene) thermoplastic filaments, from Sethi3D (Campinas,
Brazil).

Stock solutions of catechol and hydroquinone were freshly prepared in a
0.1 mol L™ phosphate buffer solution pH 7.4, while hydrogen peroxide was prepared in
a saline phosphate buffer solution (containing 0.1 mol L KCI). The water samples
were collected from two different taps in the laboratory, in the city of Araras, Brazil.
Whole-fat milk samples were acquired in a local market in the same city. Both samples

were simply diluted in supporting electrolytes (1:1 v/v) previous to the analysis.

2.2. Instrumentation and apparatus



All  electrochemical  measurements  were  performed using a
potentiostat/galvanostat PGSTAT204 from Metrohm (Eco Chemie) controlled by
NOVA 1.11 software, which also was used for acquisition of data and baseline
correction of differential pulse voltammetric data, using the “moving average”
algorithm, with window size set to 2. The electrochemical experiments were performed
employing two types of electrochemical cells, both 3D printed using ABS or PLA
filaments. For the initial studies, a cylindrical cell, similar to the one presented by
Cardoso et al. [21] was employed. This cell was used to evaluate the amount of carbon
black on the obtained filaments, where the 3D printed working electrodes were shaped
as a plate, and coupled at the base of the cylindric cell with the aid of screws and a
rubber O-ring for avoiding leakage and delimit the geometric area (0.23 cm?). A
stainless-steel plate was used for the electrical contact, and a cover containing holes for
coupling conventional reference (Ag|AgCI|KClesat)) and counter (Pt wire) electrodes
also composed the cell, closing the circuit. Further experiments were performed
employing a simpler cylindric cell, as illustrated in Fig. 1c. The cell was designed for
working with three electrodes (reference, counter, and working electrodes), all
manufactured by AM in a similar shape using the composite filament obtained. A
circular structure at the tip of the electrodes is delimited as the electrode surface, using
nail polish to cover the lateral and back parts of the electrode (where the redox
processes are not interesting to occur), and has a diameter of 4 mm (geometric area of
0.13 cm?), and a rectangle of 2.3 cm, where the potentiostat cable is connected. The cell
was designed to work with 2 mL of solutions (complete coverage of the surface of the
electrode), and the complete assembled cell is presented in Fig. 1c.

A Sethi3D S3 3D printer (Campinas, Brazil) was used for printing all the

electrodes and electrochemical cells used in this work. The software Simplify 3D® was



used for the control of the printer, and slicing of the image of the objects, previously
obtained using the software Blender® (Fig. 1b). The composite filaments were obtained
using a Filmag3D® extruder (Curitiba, Brazil), operated at a temperature of 180 °C (Fig.
1a).

Thermogravimetric analysis (TGA) was performed using a TGA 55 from TA
INSTRUMENTS, in a gradual temperature increase of 10 °C per minute, varying from
25 to 1000 °C under oxidizing atmosphere. Raman data were obtained in a LabRam HR
Evolution Spectrophotometer (HORIBA, Japan), using a 532 nm argon ion laser at 50
mW power over the range of 3500 to 70 cm™. Scanning electron microscopy (SEM)
analyses were performed using a Thermo Fisher Scientific model Prisma E with
ColorSEM Technology and integrated energy-dispersive X-ray spectroscopy (EDX),
used for the acquirement of EDX spectra. For morphologic characterization of the
carbon black particles, SEM measurements were performed in a CB film obtained for
two different concentrated CB dispersions. The dispersions were prepared in a mixture
of dimethylformamide (DMF) and water (1:1 v/v), and sonicated in an ultrasonic bath
for 10 minutes. An aliquot of 100 uL was drop cast in the stub and left for drying
overnight. Contact angle images were obtained with the aid of a smartphone camera,
and a lab-made contact angle apparatus [22], by the drop-casting of deionized water on
the electrode surface. After 10 s of the drop-casting the image was recorded, and the
angle between the tangent drawn at the water droplet and the electrode surface was

measured.

Fabrication of CB-PLA composite filament and electrodes
The composite of carbon black and PLA (CB-PLA) was obtained following the

procedure reported previously by our research group [13], involving the production of a



filament composed of graphite and PLA. Initially, carbon black powder was dispersed
in 250 mL of a mixture of solvents (acetone and chloroform, 4:1 v/v) for 10 min. under
magnetic stirring (1500 rpm) in a reflux system. Vegetal oil obtained from a local
market was used in the heating bath, and a digital thermometer was responsible to
measure constantly the temperature of the system, kept constant at 70 °C. Next, pellets
of PLA were added to the carbon black mixture, in which the amount of solids (carbon
black and PLA) corresponds to a total of 30 g (8.55 g of CB and 21.45 g PLA), and left
under reflux for 3 h. After this time, the recrystallization of the polymer, incorporated
with carbon black particles, was performed by transferring the mixture to a recipient
containing 800 mL ethanol and manually stirring with the aid of a glass rod. The
composite obtained was then filtered, and washed with ethanol, to guarantee the
recrystallization and consequent removal of the residues of acetone/chloroform solvents,
and left to dry overnight in an oven at 50 °C.

After this process, the solid composite was partitioned into smaller pieces (<
2cm), and extruded, giving rise to the homemade filaments. The filaments were
employed for 3D printing of the electrodes by FDM, using a 0.4 mm hot end nozzle,

with an extrusion temperature of 230 °C, and a heated bed temperature of 75 °C.

Surface pre-treatment

All the electrodes obtained by FDM 3D printing were polished using sandpaper
(1200 grit) wetted with ultrapure water until the obtention of a smooth and
homogeneous surface. The electrochemical activation was performed using a 0.5 mol L-
1 NaOH solution, by the application of +1.4 V during 200 s, followed by -1.0 V during

200 s (vs. carbon black), as proposed by Richter et al. [9]. After activation, the



electrodes were copiously rinsed with deionized water and coupled to the

electrochemical cell for further measurements.

Preparation of the PB/CB-PLA electrodes

Electrochemical synthesis of PB film was performed following a procedure
previously reported in the literature [23]. Twenty cyclic voltammograms were recorded
at a scan rate of 50 mV s? in a potential range from -0.3 to +1.3 V (vs.
Ag|AgCI|KClsaty), in a solution containing 2.0 mmol L* FeCls, 2.0 mmol L*
Ks[Fe(CN)s], 0.1 mol L™ KCI and 0.01 mol L™ HCI. The synthesis was performed after
polishing the electrode surface, and the electrochemical pretreatment described
previously. After the film was electrodeposited (Fig. 1d), the electrode (PB/CB-PLA)
was gently rinsed with deionized water, and employed for the detection of hydrogen

peroxide.

10



PLA pellets CB-PLA composite
T Conductive filament

(@)

(b) Creation of designs

I

AR

Electrochemical cell -. g y
1 1 1 / |
w —
3D prmted sensors » gu‘~
n: &

m[n

(d) Prussian blue deposition
/ o
\.
e % @
° 03:.0 °
oo

Figure 1. Representative scheme of the experimental procedure: (a) Fabrication of CB-

PLA conductive filament; (b) Obtention of electrochemical cell design and 3D printing

preparation; (c) Image of the electrochemical cell and electrodes; (d) Scheme of PB

electrochemical modification.

Results and discussion

Characterization of the composites
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For optimized exploration and evaluation of CB-PLA manufactured composites
regarding their use as 3D printed electrodes, filaments of varied compositions of carbon
black were constructed (5.0 to 30.0% wt.). The percentage mass (CB loading)
incorporated in the PLA was confirmed by TGA, and the effect of the temperature on
each composite can be seen in Fig. 2a. Weight loss of CB-PLA occurred in two steps,
which the first weight loss at around 350 °C is corresponding to PLA decomposition,
and the complete loss is observed at around 600 °C due to the combustion of carbon
black present in the composite [24]. It can be seen that the weight loss is depending on
the amount of CB of each composite, indicating that the incorporation of CB in different
proportions was performed successfully. In addition, the TGA curve for the commercial
Proto-pasta filament indicates CB loadings between 20.0 and 25.0%, agreeing with the
real Proto-pasta composition (< 22% wt. of CB) [20, 25].

The electrochemical characterization of the composites was also performed.
Cyclic voltammetric studies employing ferrocene methanol redox probe were conducted
to evaluate the behavior of the different CB-loaded composites and the influence of
electrochemical surface treatment. Composites with CB loadings lower than 20.0% wt.
provided no electrochemical response, and those with CB loading composition higher
than 30.0% wt. showed a challenging fabrication step. In the last case, due to the high
amount of CB employed, the mixture of CB with PLA and the solvents employed in its
solubilization provided a highly viscous solution, hindering the dissolution of PLA and,
consequently, the obtention of the composite. Thus, Fig. 2b shows the obtained
voltammograms for CB-PLA 3D printed electrodes containing 20.0, 25.0, 28.5, and
30.0% wt. CB. As can be seen, a significant improvement in the electrochemical
response is observed with the increase in CB loading from 20.0 to 28.5% wt., providing

a peak current two times higher and a more reversible process, with a AEp of 110 mV in

12



contrast to the 202 mV from the composite containing 20.0% wt. The composite
containing a higher percentage mass (30.0% wt.) provided no significant differences in
the electrochemical behavior in comparison to 28.5%. Therefore the optimized
composite contained a CB loading of 28.5% wt., which was selected for subsequent
studies.

The evaluation of the surface treatment effect in the obtained CB-PLA
composite, and a comparison with the commercial CB filament (Proto-pasta), are
presented in Fig. 2c. The cyclic voltammograms show that the surface activation using
0.5 mol L' NaOH solution promotes a significant increase in the electrochemical
response, for both 3D printed electrodes. Though a satisfactory response is observed for
ferrocene methanol redox probe using the untreated electrodes, in agreement with the
literature, for CB 3D printed electrodes [26]. In this regard, the electrochemical surface
treatment improved the response, providing current responses almost two times higher
in both cases (1.7 times for CB-PLA and 1.9 times for Proto-pasta). Also, better
reversibility in the process is observed for both cases, with a considerable decrease in
the peak-to-peak separation, especially for CB-PLA (decrease of 40 mV in AEp). This
improvement can be attributed to the exposition of the CB particles, previously reported
in the literature [9], which promotes the removal of the PLA from the electrode surface.
This fact is because there is a partial saponification reaction (chemical activation), with
subsequent potential pulses application (electrochemical activation). Experiments
performed by electrochemical impedance spectroscopy (EIS) have shown that lower
resistance to the charge transfer (Rct) value was observed after electrochemical
activation of the surfaces (from 66.4 to 37.2 Q for CB-PLA, and from 132.0 to 39.7 Q
for Proto-pasta), showing that the electron transfer is favored after the surface treatment.

Fig. S1 shows the Nyquist plots for CB-PLA and Proto-pasta3D printed electrodes,
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before and after electrochemical treatment, in the presence of 1.0 mmol L ferrocene
methanol in 0.1 mol L* KCI.

The electrochemical response of CB-PLA 3D printed electrodes obtained from
the lab-made filaments was superior when compared to Proto-pasta. An increase of 48%
in the peak current value is observed for CB-PLA when both electrodes are treated. The
higher carbon black loading in the CB-PLA electrode can explain this behavior. CB-
PLA has 7% more conductive material than Proto-pasta, which can facilitate the
electron transfer process. EIS studies revealed a lower Rct value for CB-PLA, especially
when both electrodes are untreated (66.4 Q for CB-PLA and 132.0 Q for Proto-pasta),
which can indicate the reduced presence of polymer. In addition, a slightly lower Rct

value was observed for treated CB-PLA (37.2 Q) when compared to treated Proto-pasta

(39.7 Q) electrodes.
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Figure 2. (a) Thermogravimetric analysis for CB-PLA filaments of different carbon
black loadings (5.0 to 30.0% wt.); (b) Cyclic voltammograms recorded for 1.0 mmol L™
ferrocene methanol in 0.1 mol L™ KCI, using CB-PLA 3D printed electrodes obtained
from the lab-made filaments with different carbon black loadings (from 20.0 to 30.0%
wt.), and respective blank solutions (0.1 mol L KCI - dotted lines); (c) Cyclic
voltammograms recorded for 1.0 mmol L* ferrocene methanol in 0.1 mol L KClI,
using CB-PLA 3D printed electrodes obtained from the lab-made filaments containing
28.5% wt. carbon black, or commercial Proto-pasta filaments, both before and after
electrochemical treatment. Dotted lines correspond to the blank solution; (d) Raman
spectra for 3D printed electrodes obtained with Proto-pasta and CB-PLA 28.5% wt.

before and after electrochemical surface treatment.

Raman measurements were performed for 3D printed CB-PLA electrodes,
obtained from the fabricated filament containing 28.5% wt. CB, and from commercial
Proto-pasta filaments. In addition, the effect of surface treatment in Raman spectra was
also evaluated for both electrodes. Fig. 2d shows the obtained spectra. The main peaks,
typical of carbon black-based materials, are observed in all cases. The D band (1350 cm”
1Y is related to the presence of defects in the structure and sp® hybridization, and the G
band at 1600 cm™ is associated with the presence of sp? carbon [27, 28]. The structural
defects were calculated based on Ip/lg ratio for each electrode. From Ip/lc values
obtained (Proto-pasta: 1.12 and 1.13 before and after treatment, respectively; CB-PLA:
1.10 and 1.14 before and after treatment, respectively) can be inferred that the
electrochemical treatment in both investigated electrodes did not insert structural
defects, since no significant changes in the ratio intensity were observed. This result is

in agreement with the literature, where 3D printed electrodes were obtained using CB-
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based filaments either by the use of a 3D desktop printer or a 3D pen printer, and in
both cases, no structural defects were inserted after electrochemical treatment [27].
Also, similar Ip/lc values were obtained for both electrodes, thus, the number of
structural defects at the electrodes obtained with the lab-made filament is the same as
the observed for electrodes 3D printed from commercial filaments. This result indicates
that filaments fabricated in a laboratory, employing the procedure described in this work
can replace the filaments obtained commercially.

Morphological characterization was also performed for the investigation of the
3D printed electrode surfaces by the obtention of SEM images. Fig. 3 presents the
morphology of Proto-pasta 3D printed electrode before (Fig. 3a) and after (Fig. 3b) the
surface activation, in comparison to the lab-made CB-PLA, also before (Fig. 3c) and
after (Fig. 3d) treatment. It can be seen, in both cases, that the surface treatment caused
the appearance of more protrusions on both surfaces, evidencing the removal of the
PLA excess from the electrodes. These protrusions can serve as active sites capable of
improving the interaction of the species with the surface, which can corroborate the
increase in current responses observed by cyclic voltammetric studies. The presence of
CB can be noticed more clearly in treated CB-PLA, showing a similar structure to the
observed for raw CB particles (Fig. S2). A brief discussion regarding SEM images from
CB particles (Fig. S2) is presented in the supplementary material. In addition, both
electrodes presented a comparable surface morphology, due to the similar composition.
The PLA removal was confirmed by the contact angle measurements (inset figures). As
can be seen, the AM structures presented a more hydrophilic behavior (contact angle
values lower than 90°), which was expected due to the presence of oxygenated groups at
the PLA matrix, reported previously in the literature [13]. In addition, the decrease in

the contact angle after treatment, from 72° to 63° at Proto-pasta and from 60° to 55° at
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CB-PLA, indicate that the exposition of CB at both surfaces occurred. Since CB is an
amorphous material, with a great number of sp? edge plans and containing oxygenated
species over its structure [19], a hydrophilic character can be attributed to this material.
Therefore, for materials containing a greater amount of CB, a decrease in the contact
angle can be observed, confirming the exposition of this material after the surface
treatment. The same fact can explain the reduced contact angle values from CB-PLA in

comparison to Proto-pasta, which has 7% more polymer in its composition.

10 pm

10 pm 10 pm
— —_

Figure 3. SEM images for: (a) Proto-pasta 3D printed electrodes, (b) Proto-pasta 3D
printed electrodes after electrochemical surface treatment, (c) CB-PLA (28.5% wit.
carbon black) and (d) CB-PLA (28.5% wt. carbon black) after electrochemical surface

treatment, with amplification factors of 5000 x. Inset: respective contact angle images.

Furthermore, SEM analyses were also performed for CB-PLA 3D printed
electrodes obtained at different extrusion temperatures (200, 210, 220, and 230 °C). For
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its use as electrochemical sensors, the 3D printed electrodes need to be uniform. The
extrusion temperatures influence directly the presence of defects prevenient to the
printing process [3], which were studied. Fig. S3 shows the images obtained at each
extrusion temperature before and after mechanical polishing, and the observations are
discussed in the supplementary material, confirming the improved obtention of the
sensors at a temperature of 230 °C.

The electroactive area of 3D printed electrodes was evaluated by cyclic
voltammetric measurements at different scan rates (10 to 100 mV s) in presence of 1.0
mmol L ferrocene methanol, and estimated following the Randles-Sev&ick equation
for a quasi-reversible process [29]:

Ip=2.63x10° AC D2 n32y!2
where Ip is the peak current (A), A the electroactive area obtained (cm?), C is the
concentration of the redox probe (mol L?), and D is the diffusion coefficient of the
redox probe (7.6 x 10 cm? s1) [30], n the number of electrons involved in the reaction,
and v the scan rate (mV s7!). Fig. S4 shows the voltammograms obtained and the
respective plots of anodic and cathodic peak currents as a function of the square root of
the scan rate. A linear behavior was observed for both CB-PLA and Proto-pasta 3D
printed electrodes (even without surface treatment), showing that the mass transport
process is diffusion controlled. The electroactive surface area values calculated for CB-
PLA before and after surface treatment were 21.11 + 0.01 mm? and 26.77 + 0.13 mm?,
respectively, and for Proto-pasta, the electroactive area was estimated as 19.07 £ 0.13
mm? and 20.39 + 0.30 mm? before and after surface treatment, respectively. As can be
seen, the electrochemical treatment provided an increase in the electroactive area of the
electrodes, confirming the exposition of CB after treatment. This increase was more

accentuated at CB-PLA (increased 27%) 3D printed electrodes than for Proto-pasta (an
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increase of 7%), showing a better exposition of CB at this surface. This fact is probably
due to the higher amount of CB on this electrode surface. Lastly, for all studied
surfaces, the values of electroactive surface area were higher than the geometrical
surface area of the electrodes (12.57 mm?) due to the electrodes' roughness, which is
more pronounced at the treated electrodes. Table S1 shows the ratio between
electroactive surface area and geometric area values (Aratio = Aelect/Ageom.), Which
provided values above 1.5, reinforcing the evidence of rough surfaces, as observed in
SEM images. An improved discussion regarding the comparison between the
electroactive area and the geometrical area is presented in the supplementary material.

Additionally, the heterogeneous electron transfer rate (HET) constant, k° was
determined by EIS data from Rct values [31] for the studied surfaces, and the results
show the faster electron transfer kinetics for CB-PLA in comparison to Proto-pasta, the
results are discussed with more details in the supplementary material.

Finally, the batch-to-batch precision of the sensors was also evaluated. Fig. S5
shows the cyclic voltammograms obtained with 4 different treated electrodes, 3D
printed from CB-PLA filaments fabricated separately. The anodic peak currents
provided an RSD of only 4.6%, showing that the filament fabrication process is
adequate for the production of reproducible electrochemical sensors.

The superior performance of the electrodes fabricated using the manufactured
CB-PLA filament was observed, with higher electroactive surface area, lower resistance
to charge transfer, and consequent faster electron transfer rate. To evaluate the
performance of CB-PLA as an electrochemical sensor, cyclic voltammetric studies were
performed, using catechol (CA) and hydroquinone (HQ), followed by their detection
using differential pulse voltammetry (DPV). Finally, the amperometric detection of

hydrogen peroxide was also performed after surface modification of CB-PLA with PB.
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Voltammetric detection of Catechol and Hydroquinone

Cyclic voltammograms were obtained using 1.0 mmol L? CA and HQ
employing CB-PLA 3D printed electrodes. The electrochemical behaviors of CA (Fig.
4a) and HQ (Fig. 4b) were explored to evaluate the surface treatment effect of CB-PLA
at different compounds. The respective schematic representation of the redox
mechanism for CA and HQ is also presented in Fig. 4c and 4d, respectively, showing
the transfer of two protons and two electrons involved at CB-based electrodes, as
reported in the literature [32, 33]. In both cases, the surface treatment provided a
significant improvement in the electrochemical behavior of the molecules. An
accentuated increase in the peak current (74%) is observed for CA, and the decrease in
the AEp (from +400 to +160 mV) indicates the improvement in the reversibility of the
process due to the exposed conductive CB at the electrode surface. An improvement in
the electrochemical response of HQ was also observed, showing peak current values

53% higher than before the treatment, and a decrease in AEp from +250 to +167 mV.
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Figure 4. Cyclic voltammograms recorded for 1.0 mmol L (a) catechol; (b)
hydroquinone using CB-PLA 3D printed electrodes before (black line) and after (blue
line) electrochemical surface treatment, and respective schematic representation of the
redox mechanism for (c) catechol and (d) hydroquinone. Scan rate: 50 mV s
Supporting electrolyte: 0.1 mol L phosphate buffer solution (pH = 7.4); Dotted lines:

respective blank solution.

Thus, the use of CB-PLA can be optimized by performing surface activation of
the electrodes for the exposition of CB particles. For comparative purposes, the
voltammograms from Fig. 4a and 4b were plotted in conjunction with other 3D printed
electrodes. Fig. S6 shows the electrochemical behavior of CA and HQ in the proposed
sensor in comparison to Proto-pasta, graphite-PLA (Gpt-PLA), and G-PLA 3D printed
electrodes, before (CA: Fig. S6-a, and HQ Fig. S6-c) and after (CA: Fig. S6-b, and HQ

Fig. S6-d) surface treatment. As can be seen, for both CA and HQ, the proposed CB-
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PLA electrode (before and after electrochemical treatment) provided a superior
response. The performance of lab-made filaments (CB-PLA and Gpt-PLA) is very
satisfactory, even in absence of electrochemical surface treatments, showing the
importance of obtaining filaments with optimized composition. Furthermore, the
reversibility of CB-PLA is improved in both cases compared to other electrodes.
Current responses approximately 2-fold higher are obtained for CB-PLA in comparison
to Proto-pasta, and approximately 3.5-fold in comparison to G-PLA for both CA and
HQ. In comparison to lab-made Gpt-PLA, a peak current 1.6 times higher is obtained
for CA at CB-PLA. For CA, CB-PLA current response is about 1.3 times higher,
attesting to the superior performance of 3D printed electrochemical sensors obtained
with the proposed filament. Finally, it is noteworthy to mention that the electrochemical
response of CA and HQ using untreated Gpt-PLA electrode is similar to the observed
for dopamine, a similar molecule. These results are in agreement with those reported in
a previous work in the literature [13], where no surface treatment was performed,
showing the superior performance of lab-made filaments. To show the applicability of
the proposed sensors, the voltammetric detection of CA was performed, exploring its
oxidation process, as well as the voltammetric reduction of HQ, both in water samples.
The voltammetric oxidation of CA and reduction of HQ were performed
independently, both employing treated CB-PLA electrodes. In this regard, the
differential pulse voltammetric (DPV) technique was employed, using a 2 mL
electrochemical cell. CA detection was performed employing DPV parameters adapted
from the literature [34], fixing a step potential of 5 mV, modulation amplitude of 80
mV, modulation time of 20 s, and interval time of 0.5 s, and as supporting electrolyte, a
0.1 mol L™ phosphate buffer solution (pH 7.4). The voltammograms were obtained in a

range from -0.05 to +0.3 V (vs. carbon black). Fig. 5a shows the voltammograms
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obtained for increasing concentrations of CA, and the respective analytical curve (Fig.
5b). A linear range from between 0.5 and 60.0 pmol L™ was obtained for CA, following
the equation: I(uA) = 2.40 x 108 + 1.84 x 108 [CA], with a determination coefficient
(R?) of 0.993. The limits of detection (LOD) and quantification (LOQ) were calculated
following IUPAC recommendations, where LOD = 3.3 o /sand LOQ =10 o /s (o is the
standard deviation of the blank solution, and s is the sensitivity of the analytical curve).
LOD and LOQ values of 0.02 umol L™ and 0.08 umol L were obtained, respectively.
Finally, the analysis of CA in water samples was performed after fortification of two
different samples at three levels of concentration each (5.00, 10.0, and 50.0 umol L)
by using the DPV technique. Satisfactory recovery values (Table S2) were obtained for
both samples, with values ranging from 99.0 £ 0.7 to 107 + 2.5%.

The HQ detection was also performed following DPV parameters from the
literature (step potential as -4 mV, modulation amplitude of 50 mV, modulation time of
50 s, and an interval time of 0.5 s) [35]. The voltammograms were performed from +0.4
to -0.15 V (vs. carbon black) for increasing concentrations of HQ. Fig. 5¢ and 5d show
the voltammograms and respective analytical curves for HQ at concentrations ranging
from 1.0 to 50.0 pmol L, respectively. A linear behavior was observed in the analytical
curve of HQ, with the R? value of 0.999, following the equation: -I(MA) = 1.53 x 10° +
1.09 x 10" [HQ]. Low LOD and LOQ values were obtained (0.22 pumol L™ and 0.72
umol L2, respectively) employing CB-PLA in the detection of HQ. For attesting the
suitability, the analysis of HQ was also performed in water samples after spiking
samples at three different concentrations (5.00, 10.0, and 30.0 pmol L) by using the
DPV technique. Recovery values ranging from 91.1 + 6.5 to 112 + 6.7% were obtained

(Table S3), attesting to the suitability of the proposed method.
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Figure 5. DPV recordings for increasing concentrations of catechol (a) and
hydroquinone (c), and respective analytical curves (b) and (d), obtained at the
electrochemically treated CB-PLA 3D printed electrode; Supporting electrolyte: 0.1 mol

L phosphate buffer solution (pH 7.4).

A comparison of the main performance characteristics obtained with the current
CB-PLA 3D printed sensor, with newly developed sensors for HQ and CA detection
from the literature [6, 36-42] is presented in Table S4. According to the table, it is
possible to observe that there are a variety of types of (bio)sensors used, such as glassy
carbon electrodes, carbOn paste electrodes and 3D printed sensors, with the most
distinct modifications. When comparing the analytical characteristics such as linear
range and limit of detection, it is possible to observe that the sensors obtained in the

present work showed excellent analytical responses when compared to the literature. In
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addition, it is worth mentioning that the use of 3D printed sensors for the detection of
the proposed analytes is still scarce in the literature, demonstrating the need to explore

additive manufacturing for electroanalysis.

Amperometric detection of H20:

Considering that PB is a remarkable material to be used as a modifier for its
catalytic properties, allowing easy and non-enzymatic analysis of important biomarkers
such as hydrogen peroxide and glucose [43-45], the 3D printed electrode obtained in
this work was also evaluated as a platform for surface modification, by the
electrochemical deposition of PB. The modified electrode (PB/CB-PLA) was obtained
following a simple procedure from the literature [23], by the electrochemical deposition
(20 cyclic voltammograms) at the treated electrode surface. For the characterization of
the modified electrode, SEM images were obtained before and after PB
electrodeposition. Before the deposition of PB (Fig. 6a) a uniform and groovy surface
are observed, with the absence of visible particles, only protrusions. After the
electrodeposition (Fig. 6b), the presence of PB particles uniformly distributed is noted,
indicating that the modification occurred successfully. EDX spectra obtained for
PB/CB-PLA (Fig. S7) confirmed the presence of iron on the surface, and the semi-
quantitative detection provided a considerable amount of iron (20.4 + 1.7%), not present

in the unmodified electrode.
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Figure 6. SEM images of CB-PLA after electrochemical surface treatment before (a),
and after Prussian blue electrodeposition — PB/CB-PLA (b), with amplification factors
of 5000 x. (c) Cyclic voltammograms were obtained in 0.1 mol L™ phosphate buffer
solution (pH 7.4) containing 0.1 mol L* KCI at CB-PLA after modification with PB.

Scan rate: 50 mV s,
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Cyclic voltammograms were recorded at the PB/CB-PLA electrode for
investigation of the PB film formation. The voltammograms were obtained in
supporting electrolytes after the electrodeposition at both treated and untreated CB-PLA
(Fig. 6¢). In both cases, it is possible to observe the typical electrochemical behavior of
PB, where four electrochemical processes are involved. The first process is occurring at
around +0.1 V (vs. carbon black), and the corresponding reduction peak at around -0.1
V (vs. carbon black), which are related to the Prussian blue/Prussian white pair,
followed by the second oxidation process, at around +0.8 V (vs. carbon black), with the
respective reduction at +0.6 V (vs. carbon black), referent to Berlin green/Prussian blue
pair [46]. As can be seen, PB is formed on the CB-PLA surface even without surface
treatment, however, an increase in the current peaks is observed after surface treatment,
together with a slight reduction at the peak potentials. In addition, the electrochemical
response of hydrogen peroxide on PB-modified electrodes is increased at the treated
electrode. For evaluation of the surface treatment effect at hydrogen peroxide
electrochemical response, the voltammetric behavior of hydrogen peroxide was
evaluated at the CB-PLA electrode before and after surface treatment. For this, PB
modification was performed at the treated and not treated CB-PLA surface, and the

voltammograms of Fig. 7a show the effects of this treatment.
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Figure 7. Cyclic voltammograms recorded for 1.0 mmol L™ hydrogen peroxide using a
PB modified CB-PLA 3D printed electrode (a), before (black line) and after (blue line)
electrochemical surface treatment. Scan rate: 50 mV s*; Dotted lines: respective blank
solution, and (b) Amperometric responses (n = 3) for increasing concentrations of H>O».
Supporting electrolyte: 0.1 mol L phosphate buffer solution (pH 7.4) containing 0.1
mol Lt KCI; Working potential: 0.0 V (vs. carbon black); Inset: respective analytical

curve.

The dotted lines observed in the voltammograms correspond to the response of
the supporting electrolyte, and the redox process observed at +54 mV and -130 mV
corresponds to PB on the electrode surface. As can be seen, the electrochemical
reduction of hydrogen peroxide (solid lines) occurs at PB/CB-PLA with or without
surface treatment. The mechanism involved in the reduction of hydrogen peroxide on
PB-modified surfaces is presented in Fig. S8, in which the hydrogen peroxide reduction
by Prussian white occurs, involving the transfer of two electrons from the

electrocatalyst to hydrogen peroxide, producing OH™ [47, 48]. When the treated
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electrode is employed, a slight increase of the reduction peak is observed, as well as an
anticipation of the reduction process. In the non-treated electrode, the reduction of
hydrogen peroxide occurs at around -198 mV, while the same process occurs at -168
mV at the treated electrode, being closer to 0 V. Thus, the detection of hydrogen
peroxide was performed at PB modified pre-treated electrode.

Finally, PB/CB-PLA was employed for the amperometric detection of hydrogen
peroxide. Fig. 7b shows the amperograms, and respective analytical curve (inset),
obtained (n = 3) using PB/CB-PLA electrode at 0.0 V (vs. carbon black), after additions
of a stock solution of hydrogen peroxide (10.0 mmol L™) in the electrochemical cell
containing 2 mL of supporting electrolyte under magnetic stirring (450 rpm) using a
magnetic bar of 9 mm length and diameter of 3 mm. A linear range between 5.0 and
350.0 mol L was obtained, following the equation: -I(uA) = 2.40 x 10® + 4.18 x 108
[H202], with a determination coefficient (R?) of 0.997. The limits of detection and
quantification were calculated according to IUPAC recommendations (described
previously), and values of 1.03 umol L™ and 3.42 umol L were obtained, respectively.

The applicability of PB/CB-PLA was evaluated by the detection of hydrogen
peroxide in milk samples. The analysis was performed after simple dilution of the milk
with supporting electrolyte (1:1 v/v) followed by fortification with hydrogen peroxide.
Aliquots of the sample were then added to the electrochemical cell and an analytical
curve was obtained in the sample (Fig. S9) following the equation: -I(uA) = 2.98 x 10”7
+ 3.22 x 10 [H202], with a determination coefficient (R?) of 0.993. Recovery values
ranging from 85.2 to 97.1% were obtained (Table S5). The lower recovery values can
be attributed to matrix effects from the sample. As reported previously in the literature
[49], the high levels of potassium chloride ions contained in milk samples are affecting

the ion exchange equilibrium on PB-modified electrode surfaces, which implies in
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presence of matrix effects when low dilution factors, as employed in this work, are
used. However, this problem could be easily circumvented by increasing the sample
dilution factor to 10 times [49]. Thus, it is possible to observe the suitability of PB/CB-
PLA as a sensor for the non-enzymatic detection of hydrogen peroxide.

Table 1 presents a comparison of the main performance characteristics of
PB/CB-PLA against 3D printed sensors previously reported in the literature. It is
possible to observe that the results obtained with the present sensor are in line with
those previously described in the literature, demonstrating an excellent performance of
the filament made in the laboratory in the construction of a 3D printed sensor.
Furthermore, these results demonstrate that the sensor produced has a great potential for
surface modification, giving an excellent perspective for the production of new sensors

for the most varied applications.

Table 1. Comparison of the analytical characteristics obtained with PB/CB-PLA for the

detection of hydrogen peroxide with works reported in the literature.

Electrode Analyte  Linear Range (umol L')  LOD (umol L) Ref.
GOx-modified 3D-
) _ H20: 50.0 - 500.0 2.97 [50]
printed biosensor?
3D pyrolytic carbon
) H20: 0.3-8.0 0.16 [51]
microelectrodes
PB/G/PLAP H20: 1.0 —700.0 0.56 [52]
3DGrE/PB® H-0: 1.0-700.0 0.11 [53]
DMF-EC/HRP! H.O>  0-100.0 and 150.0 — 600.0 11.10 [54]
DMF-
H.O>  0-100.0 and 150.0 — 600.0 9.10 [54]
EC/AuNPs/HRP®
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3D e-wells' H20. 1500.0 — 13500.0 n.m" [55]

CB/PLA and
H>0> 500.0 — 15000.0 n.m" [56]
GR/PLAY
This
PB/CB-PLA H202 5.0-350.0 1.03
work

a3D-printed nanocarbon glucose oxidase-based biosensor; °Prussian blue films on additive
manufactured electrodes from iron impurities found at the graphene-polylactic acid; 3D printed
graphene electrode with Prussian blue. 93D-printed graphene-PLA electrode after chemical and
electrochemical treatments modified with horseradish peroxidase. ¢3D-printed graphene-PLA
electrode after chemical and electrochemical treatments modified with gold nanoparticles plus
horseradish peroxidase. f3D-printed electrochemical microtitration wells. &Carbon black/PLA
and graphene/PLA. "not mentioned.

Thus, the electrodes fabricated using the manufactured CB-PLA filament
showed a great performance as an electrochemical sensor for the detection of different
compounds, even when applied in complex samples such as milk. It is noteworthy to
mention the possibility of manufacturing filaments for 3D printing in adequate amounts
according to the need to avoid unnecessary filament storage, circumventing problems
such as filament aging, recently reported in the literature [24], which can affect
significantly the performance of 3D printed electrodes. However, the manufacture of
conductive composite filaments is poorly explored, and the manufacture of these
composites aiming for its use in electroanalysis is even more scarce. Table 2 reports

works employed lab-made composite materials or filaments in electroanalysis.

Table 2. Comparison of the manufacturing characteristics of CB-PLA with lab-made

composite materials for electroanalysis of works reported in the literature.

Thermoplastic Conductive Composite Manufacturing Proposed application  Ref.
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material preparation time/h
Dissolution in 6.0 + solvent ]
PLA graphene _ Anode for batteries [11]
xylene evaporation
Dissolution in 6.0 + solvent  Anode and cathode for
PLA 2D-MoSe; _ [57]
xylene evaporation WS
_ Dissolution in Detection of Pb?* and
PLA graphite 96.2 [58]
chloroform Cd*
] Dissolution in _
ABS graphite 72.2 Detection of PAR [59]
acetone
_ Dissolution in ]
G-PLA Ni(OH)2 - Detection of glucose [17]
acetone/chloroform
Dissolution in 6.0 + solvent Detection of Pb?* and
PLA NG _ [18]
xylene evaporation Cd**
) Dissolution in Detection of UA, DA,
PLA graphite 155 [13]
acetone/chloroform and SARS-CoV-2
carbon Dissolution in Detection of CA, HQ, This
PLA 15.2
black acetone/chloroform and H202 work

DA: dopamine; NG: nanographite; PAR: paracetamol; UA: uric acid; WS: water splitting;

Few composite materials have been proposed for the fabrication of filaments, for

3D printing. Silva et al. (2018) [58] employed the obtained composite in the

manufacture of a composite graphite paste electrode, and Petroni and collaborators

(2021) [59] used the fabricated composite in the coating of a 3D printed surface,

obtained from a non-conductive filament after submersion. Thus the advantages of 3D

printing are not well explored when compared to works that fabricate composite

filaments for direct 3D printing of sensors and devices.

Also, though only a few works report the obtention of conductive filaments for

electroanalysis, the fabrication of conductive composite filaments aiming at the

manufacture of 3D printed electronics or other applications can be found in the

32



literature. However, in most cases, the amount of conductive material is low, which can
be disadvantageous for the fabrication of electrochemical sensors. Furthermore, in some
cases, the fabrication processes involved could lead to non-reproducible sensors, since
the incorporation process is not optimized [60-64].

Nonetheless, it is noteworthy to mention that the increased amount of conductive
material in the proposed filament, though provides improved electrochemical
performance, also show some drawbacks. In comparison to the commercial Proto-pasta,
the proposed filament is less flexible, requiring more careful handling. A comparison
between the flexibility of CB-PLA and Proto-pasta filaments is presented in the
supplementary material. Fig. S10 shows the images demonstrating the maximum
mechanical stress allowed for CB-PLA (Fig. S10-a) and Proto-pasta (Fig. S10-c), and
the respective damage caused after more stress is applied (Fig. S10-b and S10-d). As
can be observed, Proto-pasta filaments withstand greater stress than CB-PLA. Due to
the increased rigidity of CB-PLA, when undergoing more stress, the filament breaks
(Fig. S10-b), which is not observed for Proto-pasta (Fig. S10-d). However, though
Proto-pasta is not breaking after more stress, the filament is significantly damaged,
being bent after the over stress is applied as can be observed in the inset of Fig. S10-d.
The lower flexibility of CB-PLA is not significantly impairing the printing process. A
simple reduction in print speed (reducing the printing time between 10 and 20%) and
adjusting printability, could provide the obtention of electrodes with high printing
quality, comparable to the obtained with Proto-pasta filaments.

In addition to this, temperature and humidity can influence the quality of the
obtained filaments and sensors. In fact, on warmer days, the extrusion of the filaments is
highly impaired, occasioning the obtention of thin filaments due to the melting and

prolonged cooling process. However, this can be circumvented by the use of an air-
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conditioned room, at mild temperatures, or the use of a cooling system with fans.
Additionally, the performance of the electrodes obtained from the lab-made filaments is
affected by humidity, and a loss in the electrochemical response is observed.
Nonetheless, this issue is observed for most of the 3D printed sensors, obtained from
PLA-based filaments, including commercial ones [24]. Adequate storage of the
filaments and electrodes, avoiding humidity, dust or contaminations is recommended,
this will increase the lifetime of the 3D printed electrodes. The stability of electrodes
was performed with the proposed CB-PLA filament, stored adequately in a dry place
inside a sealed plastic bag for 6 months, and the results were compared to the
voltammogram obtained using the same electrode as printed. For this, both electrodes
were carefully polished to renew the surface, and a new surface treatment using 0.5 mol
Lt NaOH solution was performed previous to the measurements. Fig. S11 shows the
voltammograms for the readily printed electrode (black line), and for the electrode after
6 months stored (red line), recorded using a using 1.0 mmol L ferrocene methanol
solution prepared in 0.1 mol L™* KCI. The anodic peak current decreased from 50.5 to
47.6 pA, corresponding to a decrease of 5.7%, while the cathodic peak current
decreased from 40.0 to 37.5 pA (3.7% decrease). Considering these results, it can be
seen that after 6 months, the electrode is still stable and can be employed for

electrochemical analysis.

Conclusions

The present work reports the lab-made manufacturing of a composite filament
based on carbon black and polylactic acid, which can supply laboratories and research
centers in a simple, low-cost, and easy-to-produce way. The proposed filament showed

improved electrochemical characteristics as an electrochemical sensor when compared
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to the commercially available CB-based filament due to its higher and optimized CB
loading. Thus, it was possible to obtain conductive filaments with 28.5% wt. of CB,
which represents an increase of approximately 7% in comparison to the commercial
filament. This increase, in terms of total conductive material, represents 30% more CB
used, which led to superior electrochemical performance. Though the CB-PLA 3D
printed electrodes obtained with the proposed filament presented an electrochemical
response without surface activation procedures, we showed that the saponification
reaction of the PLA from the surface of the electrode after electrochemical pretreatment
improved significantly the performance of the electrodes, providing enhanced
electrochemical processes, with higher peak current responses and a decrease in the
peak-to-peak separation.

The improved CB-PLA electrodes obtained from the lab-made filaments showed
adequate performance in the detection of catechol, hydroquinone, and hydrogen
peroxide, allowing the detection of hydrogen peroxide even in complex samples such as
milk and water samples. In addition, the suitability of the obtained sensors as a platform
for the anchoring of species was also demonstrated by the electrode modification with
Prussian blue particles. In this sense, the different applications show that additive
manufacturing of improved electrochemical sensors can be performed by the simple and
low-cost fabrication, in a decentralized way, of conductive filaments. The filaments can
be produced according to the demand, and are versatile to be manufactured, enabling
different compositions and materials, eliminating the need to purchase or, in some
cases, import the commercial filaments which have a fixed and often unknown
composition. In addition, the possibility of manufacturing filaments in the laboratory
circumvents problems such as filament aging, since they can be produced in smaller

amounts, according to need, avoiding unnecessary filament storage.
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