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Abstract 

The 3D printing technology has gained ground due to its wide range of applicability. 

The development of new conductive filaments contributes significantly to the 

production of improved electrochemical devices. In this context, we report a simple 

method to producing an efficient conductive filament, containing graphite within the 

polymer matrix of PLA, and applied in conjunction with 3D printing technology to 

generate (bio)sensors without the need for surface activation. The proposed method for 

producing the conductive filament consists of four steps: (i) mixing graphite and PLA in 

a heated reflux system; (ii) recrystallization of the composite; (iii) drying and; (iv) 

extrusion. The produced filament was used for the manufacture of electrochemical 3D 

printed sensors. The filament and sensor were characterized by physicochemical 

techniques, such as SEM, TGA, Raman, FTIR as well as electrochemical techniques 

(EIS and CV). Finally, as a proof-of-concept, the fabricated 3D-printed sensor was 

applied for the determination of uric acid and dopamine in synthetic urine and used as a 

platform for the development of a biosensor for the detection of SARS-CoV-2. The 

developed sensors, without pre-treatment, provided linear ranges of 0.5 to 150.0 and 5.0 

to 50.0 µmol L-1, with low LOD values (0.07 and 0.11 µmol L-1), for uric acid and 

dopamine, respectively. The developed biosensor successfully detected SARS-CoV-2 S 

protein, with a linear range from 5.0 to 75.0 nmol L-1 (0.38 µg mL-1 to 5.74 µg mL-1) 

and LOD of 1.36 nmol L-1 (0.10 µg mL-1) and sensitivity of 0.17 µA nmol-1 L (0.01 µA 

µg-1 mL). Therefore, the lab-made produced and the ready-to-use conductive filament is 

promising and can become an alternative route for the production of different 3D 

electrochemical (bio)sensors and other types of conductive devices by 3D printing. 

Keywords: Lab-made conductive filament; graphite; PLA, 3D printing; COVID-19 

diagnosis. 
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1. Introduction  

Over recent years, technologies based on 3D printing or additive manufacturing 

have received significant attention, which can facilitate customized fabrication and 

provide fast and low-cost production of complex three-dimensional devices [1,2]. This 

emerging technology has been used for numerous applications in different areas, such as 

healthcare, engineering, pharmaceutical, chemistry, and electrochemistry [2,3]. 

Electrochemistry and analytical chemistry are highlighted among the areas that have 

been benefited by 3D printing with applications to energy storage devices, energy 

conversion (water splitting), and electrochemical sensors [1,4,5]. 

The most popular 3D printing technology is via fused deposition modeling 

(FDM), in which thermoplastic filaments are extruded to create layer-by-layer three-

dimensional structures. For the development of electrochemical sensors, the use of 

conductive filaments based on a mix of conductive materials and polymers has become 

extremely advantageous. In this context, graphene and carbon black-based conductive 

filaments have been extensively studied due to the low cost, high surface area, good 

electrical conductivity, and commercial filaments containing these materials were 

developed (Black magic® which is a PLA filament containing graphene, and Proto 

pasta® which is a PLA filament containing carbon black) [6–10]. In addition, other 

conductive materials can also be employed in the production of 3D printed sensors, 

such as carbon nanotubes and carbon nanofibers [11–14]. However, the electrochemical 

response of the as printed electrodes is relatively poor if compared to other 

carbonaceous surfaces (glassy carbon, carbon paste, etc.). In this regard, some works in 

the literature have highlighted the need for pre-treatments (activations) or modification 

of the 3D printed surface electrodes to reduce the amount of insulating polymer, 

obtaining greater exposition of the conductive material, or increasing the porosity of the 
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3D printed electrodes, consequently, a significant improvement in the electron transfer 

kinetics of the 3D printed electrodes and better performance of the electrochemical 

sensor are observed [5,6,15–17].  

Several strategies have been proposed to increase the electrochemical activity of 

the 3D printed surfaces, such as mechanical polishing [18], electrochemical activation 

[19], immersion in solvents [16,19], physical methods of thermal annealing [5], 

biological digestion using enzymes [20], water electrolysis generating hydroxide, and 

chemical/electrochemical activations [15,21]. 

Activation procedures may cause the destruction or disintegration of the 

electrodes, are time-consuming, can generate chemical residues, and its performance 

depends on the polymeric composition of the filament (or 3D-printed device) [22]. In 

this aspect, the obtainment of a dispositive that brings the advantages of 3D printing, 

but provides satisfactory electrochemical responses without the need for surface pre-

treatments, saving time and reagents expenditure (environmentally friendly), is emerged 

as very attractive. 

In this context, some authors have been investigating the manufacture of 

conductive filaments for 3D printing [23,24]. Foster et al. proposed the production of 

filaments containing nanographite (25% wt.) within PLA. The electrochemical 

performance of the 3D printed electrodes was evaluated for a range of redox probes and 

the simultaneous detection of lead(II) and cadmium; however, the electrochemical 

properties were not satisfactory when compared with commercial conductive filaments. 

Moreover, the procedure involves the use of toxic organic solvents (xylene) and is time-

consuming (6 h). Other procedures for the production of filaments to 3D print 

electrochemical devices were reported in a review [1], however, all of them required 

surface treatment for improved electrochemical performance. 
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In this sense, herein we report a simple protocol for the production and 

characterization (physical and electrochemical) of a new conductive filament containing 

graphite within the polymer matrix of PLA that is compatible with FDM 3D printing 

technology to create improved electrochemical (bio)sensors, importantly not requiring 

surface activation (ready-to-use devices). To the best of our knowledge, this is the first 

study that shows the manufacture of 3D printed devices without the need for surface 

activation procedures, however, demonstrating excellent electrochemical activity 

towards the typical redox probes. To show the versatility of the filaments and 3D-

printed devices, we developed an immunosensor for the diagnosis of COVID-19 (spike 

protein) based on the fabricated graphite-PLA 3D-printed sensor. As the detection of 

biomarkers is also an important tool for combating more serious health problems, a 

sensor for the detection of uric acid (UA), a biomarker for COVID-19, and dopamine 

(DA), considered as a biomarker for Parkinson’s disease, were also developed using the 

fabricated 3D-printed graphite-PLA platform.  

The literature shows that 3D printed electrodes obtained from commercially-

available filaments were applied for sensing to biosensing of important molecules, such 

as glucose [25], hydrogen peroxide [26], 1-naphthol [27], catechol [17], and even virus 

[28,29]. The development of 3D electrochemical immunosensors is an excellent 

alternative for the large-scale production of rapid and relatively low-cost tests, suitable 

for the development of point-of-care devices [30–32]. In this context, 3D printing 

technology can play an important role in facing the COVID-19 pandemic, which is 

currently ravaging the world, allowing simple and fast manufacturing of substrates on 

demand, such as personal protective equipment and medical devices [33,34]. In 

addition, the development of 3D printed electrochemical biosensors capable of detecting 

the COVID-19 virus (SARS-CoV-2) can be used as a tool of great assistance in the 
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rapid testing of patients, providing monitoring of infected people. To our knowledge, 

only two works employing the use of 3D printed electrodes for the detection of SARS-

CoV-2 are currently available in the literature [32,35].  

 

2. Experimental 

2.1. Reagents and solutions  

All chemicals used in this work were of analytical degree, and the solutions were 

prepared using deionized water with a resistivity higher than 18.0 MΩ cm from a Milli 

Q water purification system from Millipore (MA, USA). Potassium chloride (≥ 99 % 

w/w), ethanol (99.5 % v/v), ferrocenemethanol (97 % w/w), uric acid (99 % w/w), 

dopamine hydrochloride (99 % w/w), hexaammineruthenium(III) chloride (98 % w/w), 

N-(3- dimethylaminopropyl)-N’-ethylcarbodiimide hydroxchloride (EDC) (98% w/w)  

and N-hydroxysuccinimide (NHS) (98% w/w) were purchased from Sigma-Aldrich (St. 

Louis, USA), acetone (99.5 % v/v) and sodium chloride (99 % w/w) from Synth 

(Diadema, Brazil), chloroform (99.8 % v/v) from Qhemis (Indaiatuba, Brazil), sodium 

hydroxide (98 % w/w) and sodium phosphate dibasic (99% w/w) from Dinamica 

(Indaiatuba, Brazil). Bovine Serum Albumin (BSA) from Fisher Chemical™ (Hampton, 

EUA), and dibasic potassium phosphate (98% w/w) from Cinetica (Jandira, Brazil) 

A 0.1 mol L-1 Britton-Robinson (BR) buffer solution (pH 2.0) was used as a 

supporting electrolyte for uric acid (UA) detection, as described in the literature [25], 

and was composed of a mixture of 0.04 mol L-1 boric acid (99.5 % w/w) from Vetec 

(Rio de Janeiro, Brazil), and acetic (99.7 % v/v) and phosphoric (85 % v/v) acids from 

Dinamica (Indaiatuba, Brazil). Stock solutions of UA were freshly prepared before the 

experiments, after dissolution (5.0 mmol L-1) in 0.01 mol L-1 sodium hydroxide, 

followed by dilution in 0.1 mol L-1 BR buffer (pH 2.0) based on previous work from the 

https://www.sciencedirect.com/topics/chemistry/carbodiimide
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literature [36]. A 0.1 mol L-1 phosphate buffer solution (PBS; pH = 7.0) was used for 

dopamine (DA) detection, following the literature [37]. The stock solution of DA (5.0 

mmol L-1) was freshly prepared before experiments by dissolution in PBS. For the 

construction of the calibration curve, the stock solution was diluted in different 

concentrations in PBS again.  

Synthetic urine was prepared following the literature with adaptations [38], and 

was composed of a mixture of 170.0 mmol L-1 urea (99 % w/w), 2.5 mmol L-1 calcium 

chloride dihydrate (≥ 99 % w/w), 10.0 mmol L-1 anhydrous sodium sulfate (99 % w/w), 

0.4 mmol L-1 uric acid (99 % w/w) and 7.0 mmol L-1 creatinine (≥ 98.5 % w/w) from 

Sigma-Aldrich, St. Louis, USA; 1.1 mmol L-1 lactic acid (85 % v/v), 2.0 mmol L-1 citric 

acid (99.5 % w/w) and 25.0 mmol L-1 ammonium chloride (99.5 % w/w) from 

Dinamica Química (Indaiatuba, Brazil) and 90.0 mmol L-1 sodium chloride (99 % w/w) 

from Synth (Diadema, Brazil). Sodium hydroxide (0.1 mol L-1) was added (1:1000 v/v) 

to solubilize the UA, and the final solution was diluted 40 times in BR buffer solution 

(for UA detection), to adjust the final concentration to the calibration curve, or 10 times 

in PBS (for DA detection). For DA analysis, the synthetic urine was spiked with 3 

different concentrations of DA (5.0, 20.0, and 40.0 µmol L-1), which were within the 

linear working range. 

Synthetic saliva was prepared following the literature with adaptations [39] and 

was composed of a mixture of 0.7 g L-1 sodium chloride (99 % w/w), 1.2 g L-1 

potassium chloride (≥ 99 % w/w), 0.26 g L-1 sodium phosphate dibasic (99% w/w), 0.33 

g L-1 potassium thiocyanate, and 1.3 g L-1 urea (99 % w/w), solubilized in water. For 

SARS-CoV-2 analysis, the synthetic saliva was spiked with 4 different concentrations 

of (S1) protein  (5.0, 10.0, 30.0, and 50.0 nmol L-1), which were within the linear 

working range. 
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2.2. Manufacture of composite filament and Gpt-PLA electrodes 

The PLA used to manufacture the composite filaments was obtained in natura as 

pellets, from 3DLAB (Minas Gerais, Brazil) and the graphite powder was obtained from 

Fisher Chemical™ (Hampton, EUA). Graphite-PLA (Gpt-PLA) filaments were easily 

fabricated after the solubilization of the matrix (PLA), and incorporation of graphite 

powder. Firstly, graphite powder (in varied composition, from 1 to 60% wt) was 

dispersed in 200 mL of a mixture of acetone and chloroform (3:1 v/v), for solubilization 

of the thermoplastic material, as reported in the literature [40], under magnetic stirring 

and heating to temperatures up to 70 ºC during 30 min. Though the use of chloroform 

still provides a toxicity degree to the manufacturing process, its proportion is decreased, 

reducing the risk degree. A reflux system was employed (Fig. 1A) for avoiding the 

escape of solvents, and commercial vegetal oil, purchased from local stores, was used in 

the heating bath. An appropriate amount of PLA (totalizing 30 g of PLA and graphite) 

was added to the mixture and kept under constant stirring and heating for 3 h. The 

heating improved the incorporation of the graphite into the PLA matrix since 

guaranteed the dissolution of the polymer. After that, the obtained homogeneous 

mixture was immediately recrystallized by transferring all the content into a recipient 

containing 800 mL ethanol (Fig. 1B), and a uniform Gpt-PLA composite was obtained. 

The composite was filtered, being washed with ethanol as shown in Fig. 1C, and left to 

dry at 50 ºC, overnight (Fig. 1D). 
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Figure 1. Representative scheme for the production of the improved Gpt-PLA 

conductive filaments. (A) incorporation of graphite powder on PLA and a reflux system 

under constant stirring and heating; (B) recrystallization of the composite (Gpt-PLA) in 

ethanol; (C) filtration of the composite constantly washing with ethanol; (D) drying step 

on the oven at 50 ºC; (E) cut into small parts; (F) composite extrusion step and (G) 3D 

printing of the electrochemical sensor. 

 

The filaments were then obtained after the cutting of the composite in small 

pieces (< 2 cm), with the aid of a scissor, previously cleaned with ethanol (Fig. 1E), and 

the pieces were subsequently placed into the Filmaq3D® extruder (Fig. 1F), which was 

operated at a temperature of 200 ºC. The obtained filaments were used for 3D printing 

the electrodes (counter, reference, and working electrodes), originally designed as 

presented in Fig. 1G, using appropriate software (Blender®), and a non-conductive base 
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was also printed using PLA for the coupling of the electrodes (Fig. 1G), forming a 

three-electrode system. The electrochemical cell was then composed of the three-

electrodes system, where an aliquot of solution (150 µL) was placed on the surface of 

the electrodes, closing the electrochemical system. All analyses were performed after 

simple mechanical polishing of the electrodes, using humid sandpaper obtained from 

local stores, until to obtain smooth surfaces. For better comprehension of the whole 

process, a time-lapsed video showing the manufacturing process of the filaments, as 

well as the 3D printing of the electrodes and assembling of the electrochemical cell is 

available. Also, the STL files for 3D printing are available on the journal website. 

For comparison of the results, the commercial filaments based on graphene 

(Black Magic®, acquired from Black Magic 3D - New York, USA), and carbon black 

(Proto Pasta®, obtained from Proto Pasta, Vancouver, USA) were used for 3D printing 

of the electrodes by FDM, and the electrochemical cells and platforms were printed 

using non-conductive PLA thermoplastic filament, from Sethi3D (Campinas, Brazil). 

 

2.3. Biosensor fabrication 

For the diagnosis of COVID-19, a recombinant SARS-CoV-2 spike (S1) protein 

was used as antigen and a SARS-CoV-2 spike antibody (S1 Ab) from Sino Biological 

(Wayne, USA) were used. To prepare the immunosensor, initially, the antibodies were 

covalently bonded to the electrode surface, using 20 µL of a solution containing 10.0 

mmol L-1 EDC and 20.0 mmol L-1 NHS in PBS 1x (pH = 7.4), dropped directly at the 

electrode surface and rested for 1 h, followed by 1 h immobilization of 1 µg mL-1 

antibody solution (20 µL) in PBS 1x (pH = 7.4). The subsequent drop-casting of 20 µL 

BSA solution (1% w/v) in PBS 1x (pH = 7.4) was performed and incubated for 30 min 
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to block any interaction sites available in the Gpt-PLA. Fig. 2 presents a representative 

scheme of the steps involved in the fabrication of the immunosensor.  

 

Figure 2. Representative scheme of the involved steps in the fabrication of the 

immunosensor. 

 

The electrode was rinsed after each step with PBS 1x and dried in air. After that, 

the immunosensor was ready for the detection of the virus spike protein. The detection 

was performed upon 30 min incubation of different concentrations of antigen diluted in 

PBS 1x (pH = 7.4). All experiments were performed at room temperature (25 ºC).  

 

2.4. Instrumental and apparatus 

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

and electrodes used in this work, controlled by the software Simplify 3DTM, for the 

manufacturing of the structures by the FDM technique. A Filmaq3D® extruder 

(Curitiba, Brazil) was used for the extrusion of the obtained composites. 
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All electrochemical measurements were performed on a potentiostat/galvanostat 

PGSTAT204 Metrohm (Eco Chemie) guided by the NOVA software (version 1.11), 

which was also used for data acquisition and treatment. Background-correction was 

used for voltammetric detection of UA and DA for better viewing of the peaks, the 

treatment was performed using the “moving average” algorithm, with window size set 

to 2, available in the  NOVA software (version 1.11). 

 For the characterization of the materials, thermogravimetric analysis (TGA) was 

performed using a TGA 55 from TA INSTRUMENTS, in a gradual temperature 

increase of 10 ºC per minute, varying from 25 to 1000ºC under oxidizing atmosphere. 

The Raman spectra were obtained in a LabRam HR Evolution Spectrophotometer 

(HORIBA), using a 532 nm laser at 50 mW power over the range of 4000 to 100 cm-1. 

Fourier-transform infrared spectroscopic (FTIR) analysis was performed using a Tensor 

II (Bruker) spectrophotometer. Scanning electron microscopy (SEM) from Thermo 

Fisher Scientific model Prisma E with ColorSEM Technology and integrated energy-

dispersive X-ray spectroscopy was used for the acquirement of SEM images. Contact 

angle images were obtained by a drop-casting of deionized water in the electrochemical 

cell, involving all three electrodes surface. The contact angle images were obtained 

using a lab-made apparatus by launching a drop of deionized water into the 

electrochemical cell, involving the surface of the three electrodes. After 10 s of drop 

insertion, the images were obtained, and the angle between the tangent drawn at the 

liquid phase (water droplet) and the substrate surface was measured (n = 3), using an 

apparatus previously described in the literature [41].  

For initial studies, a conventional cylindrical 3D printed electrochemical cell, 

similar to the developed by Cardoso et al. [18], was used for the electrochemical 

measurements. The 3D printed cell was manufactured using acrylonitrile butadiene 
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styrene (ABS) filament, and consisted of a cylindric container, with a cover containing 

holes for the coupling of the conventional counter (Pt wire) and reference (Ag|AgCl| 

KCl(sat.)) electrodes. The base of the cylinder presented a hole for positioning the 

working electrode (3D printed plate), over a stainless-steel plate for electrical contact, 

and under a rubber O-ring for defining the electrode area as 0.18 cm2 and avoiding 

leaking of solutions. The bottom support and screws were 3D printed in ABS and were 

used to assemble the cell. Electrochemical assays were performed using the cell design 

presented in Fig. 1G, using a single drop of 150 µL of solutions. Gpt-PLA was used as 

reference and counter electrodes, and Gpt-PLA, or commercial (Black magic® (G-PLA) 

and/or Proto pasta® (CB-PLA)) as working electrodes. The working electrode (circular-

like structure) presented a diameter of 4 mm (geometric area of 0.13 cm2). 

 

3. Results and discussion 

Firstly, the filaments were produced through the incorporation of different 

amounts of graphite (1, 15, 25, 30, 35, 40, 50, 55, 60% wt.). TGA analysis was 

performed to understand the thermal stability and the printability of the designed 

filaments, and also to validate the incorporation of graphite percentage mass in the PLA 

matrices (Fig. 3A). As can be seen in TGA data for the raw polymer, a weight loss for 

PLA occurs at around 300 oC and corresponds to the decomposition of PLA to carbon 

dioxide, carbon monoxide, and further cyclic oligomers up to the monomer unit [42,43]. 

After the addition of conductive fillers, the filaments presented a slight improvement in 

thermal stability. According to the literature, the presence of conductive material in the 

polymeric matrix increases the heat conduction, consequently, it inhibits the emission of 

decomposition production during the degradation [42,44]. The filament containing 
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graphite did not decompose before 250 oC, which indicated that a printing temperature 

of 200 oC is appropriate for 3D printing the electrodes.  

Moreover, a conventional electrochemical cell was employed to evaluate and 

choose an optimized conductive filament regarding the %wt. of graphite and the 

respective electrochemical response. For this, cyclic voltammograms were performed 

using a 3D printed plate as a working electrode, a Pt wire as the counter electrode, and 

Ag|AgCl|KCl(sat.) as the reference electrode, and employing a 1.0 mmol L-1 

[Fe(CN)6]
3−/4− electrochemical probe in 0.1 mol L-1 KCl. The cyclic voltammograms 

were performed for filaments with compositions between 30 and 50% wt. of graphite  

(Fig. S1), lower amounts of graphite presented a non-conductive behavior, while a 

material with more than 50% presented very low printability. It is noteworthy to 

mention that, though 50% wt. graphite presented better reversibility (lower ΔEp, 

corresponding to 136 mV), as well as improved current response, this composite was 

not chosen due to printing difficulties and the obtention of a highly brittle structure. The 

filament containing 40% wt. graphite also provided a satisfactory current response, 

though the reversibility of the process was negatively affected (higher ΔEp, 

corresponding to 264 mV), being possible to observe a slower electron transfer kinetic. 

In this sense, it can be observed that the higher amount of PLA, decreasing the electron 

transfer kinetic, providing CVs with higher peak-to-peak separation. The filament with 

better characteristics (high printability coupled with good electrochemical response) 

contained 40% wt. of graphite on the PLA. Therefore, this filament was used for 

printing all the electrodes, and the physicochemical characterizations were performed 

for this material. 
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Figure 3. Physicochemical characterizations: A) Thermogravimetric analysis for raw 

PLA, graphite powder, and GP-PLA filaments containing 1, 15, 25, 30, 35, 40, 50, 55, 

60 %wt. graphite; B) Raman spectra for Gpt-PLA (40% wt.) filament (red line) and 3D 

printed electrode (black line); C) FTIR spectra for raw PLA, graphite powder, Gpt-PLA 

(40% wt.) filament and 3D printed electrode; D) and E) SEM analysis of 40% wt. Gpt-

PLA 3D printed electrode after 2000 and 8000 amplification factors, respectively, and 

F) Contact angle image. 

 

The Raman spectra of the filament and the 3D printed electrode are presented in 

Fig. 3B. The most prominent features in the Raman spectra for all graphitic materials 

are the presence of the D (1350 cm-1), G (1585 cm-1), and 2D (2715 cm-1) vibrational 

bands. The G band in the Raman spectra is related to the presence of in-plane stretching 

vibration of the sp2 carbon atoms [45,46]. The D and G vibrational bands indicate the 

presence of defects, such as sp3 and sp carbon networks, vacancies, edges sites, and 
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heteroatoms. The 2D signal is associated with the D and G band combination mode in 

graphitic materials [45,47]. It can be observed from Fig. 3B that the 3D printed 

electrode provided higher intensity bands than the filament. This can be attributed to the 

fact that the electrode was previously polished, and, therefore, the graphite particles are 

more exposed in comparison to the filament. 

FTIR spectra were obtained for the analysis of the surface composition of the 

materials used for the synthesis of the composite (PLA and graphite), and for the 

obtained composite and electrodes (to observe changes after the extrusion and 3D 

printing processes). The obtained FTIR spectra are presented in Fig. 3C, which these 

results show the characteristic fingerprint of PLA, with peaks related to carboxylic and 

carbonylic groups, and C-H, C=C, and C-O-C bonds. Peaks observed between 2800 to 

3000 cm-1 refer to aliphatic structures (C–H compounds) present in the PLA [6,48]. The 

peaks between 1000 and 1800 cm-1 are characteristic of oxygenated compounds. The 

vibration of the carboxyl and/or carbonyl groups of the PLA is detected at 1732 and 

1450 cm-1 [6,48]. A very low intense peak at 1580 cm-1 referring to the vibrations of the 

C=C group due to the sp2 hybridization of the graphite is observed [49]. Peaks at 1180 

and 1080 cm-1 are attributed to the PLA C-O-C elongation vibration [6,48,50]. As can 

be seen, the peaks from PLA material are observed in the composite and electrode 

structures, however, with very lower intensity, since only 60% of the final material is 

PLA. The presence of carboxylic groups at the electrode surface, observed by FTIR 

analysis, enabled the construction of the immunosensor with no need for further 

electrode modification with gold nanoparticles, as frequently reported in the literature 

[32,51,52]. 

 SEM images of the Gpt-PLA electrode were recorded after two amplification 

factors (2000 and 8000), as can be seen in Fig. 3D and E, respectively. It is possible to 
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observe the graphite sheets well distributed through the composite structure (Fig. 3D) 

after higher amplification (Fig. 3E). Irregularly shaped graphite sheets and many sharp 

edges can be observed, providing a non-uniform surface as expected for thermoplastic 

composites [23,53], which can provide active sites capable of improving the interaction 

of the species with the surface.  

 The contact angle was measured for the 3D printed electrode surfaces, this 

parameter gives information regarding the hydrophilicity behavior of a surface. It is 

known that graphitic materials present hydrophobic characteristics [54], however, due to 

the presence of oxygenated groups from the matrix of the composite filament (PLA), 

confirmed by FTIR analysis, PLA contributes to a more hydrophilic surface. Since the 

composite presents a slightly higher amount of PLA, the material provided a contact 

angle tending more to a hydrophilic behavior (85º ± 1.2º), however, a limit for 

hydrophobicity, as expected.  

Cyclic voltammograms were recorded for Gpt-PLA working electrodes in a 

conventional cell to evaluate the performance of the obtained composite filaments, 

using the 1.0 mmol L-1 [Fe(CN)6]
3−/4− electrochemical probe in 0.1 mol L-1 KCl. For a 

better comprehension of the obtained results, working electrodes were also 3D printed 

using commercial filaments. In these tests, the electrodes were not submitted to any 

surface treatment, only surface polishing for obtaining a smooth surface (removing the 

lines prevenient of the printing process), and the cyclic voltammograms obtained are 

shown in Fig. 4A.  
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Figure 4. Cyclic voltammograms for 1.0 mmol L-1 [Fe(CN)6]
3−/4− in 0.1 mol L-1 KCl in 

A) Gpt-PLA, CB-PLA, and G-PLA after polishing in sandpaper; B) Gpt-PLA, CB-PLA, 

and G-PLA after electrochemical pre-treatment and; C) Gpt-PLA before and after 

electrochemical treatment. Scan rate: 50 mV s-1.  

 

 As can be seen in Fig. 4A, the Gpt-PLA electrode, without treatment, provided a 

better electrochemical response when compared to graphene (G-PLA) and carbon black 

(CB-PLA) commercial filaments. The electrochemical characteristics obtained from 

Fig. 4 are summarized in Table 1. A higher current response was observed, with a 

current ratio (Ipa/Ipc) closer to unity (1.05), indicating better reversibility of the process 

on this surface, when compared to G- and CB-PLA electrodes. Moreover, the peak-to-

peak separation (ΔEp) on Gpt-PLA was smaller, confirming the better reversibility of 

the process.  

This result was already expected for commercial filaments, once it has been 

shown in the literature that those surfaces require a surface pre-treatment for removing 

the excess of non-conductive PLA from electrode surfaces [16,19,55] (only around 8% 

of the filaments is composed of conductive materials) [3]. This result allows us to 

conclude that the use of higher concentrations of conductive material in the 
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manufactured filament can be related to the improvement of the performance of the 3D 

printed Gpt-PLA electrode without pre-treatment since in this case, it is observed the 

presence of smaller amounts of polymers, which can “block ” the active sites of carbon, 

what provides slower electron transfer kinetics [56]. 

To also examine the effect of surface activation on the performance of 3D 

printed Gpt-PLA electrodes, electrochemical pretreatments were carried out with all 

materials under evaluation (Gpt-, G- and CB-PLA). An electrochemical pretreatment 

based on the application of +1.4 V for 200 s, followed by the application of -1.0 V for 

200 s, in presence of 0.5 mol L-1 NaOH, very employed in the literature for electrodes 

produced from commercial filaments [57,58], was explored. Fig. 4B presents the cyclic 

voltammograms for 1.0 mmol L-1 [Fe(CN)6]
3−/4− on electrochemically treated Gpt-, G- 

and CB-PLA electrodes. A significant improvement of electrochemical responses was 

observed for G- and CB-PLA electrodes, including higher peak currents, lower Ipa/Ipc 

ratio, and lower ΔEp (Table 1), indicating the better reversibility of the redox process on 

these surfaces after treatment. Still, Gpt-PLA presented superior responses, even when 

compared to the response obtained with the non-treated Gpt-PLA electrode. The surface 

treatment did not provide a significant increase in the analytical response of Gpt-PLA 

(Fig. 4C), with no significant variation in the peak current and potential separation, 

which probably occurred because the amount of PLA on the electrode is lower when 

compared to the others. Therefore, the new sensor obtained from the proposed 

conductive filament proved to be effective and no surface treatment is necessary for the 

obtainment of satisfactory electrochemical responses. A probable hypothesis for Gpt-

PLA not requiring activation is that it presents a high amount of conductive material in 

its matrix (40% wt.), which corresponds to approximately 5 times more than 

commercial filaments. In this sense, a simple polishing step of the electrode surface to 
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remove the excess of PLA is enough to employ this material as an electrochemical 

sensor. Due to the lower amount of polymer on the electrode surface, the effects on the 

activation with NaOH are not so evident. As can be observed in Fig. S2, higher 

concentrations of PLA on the electrode provide a better improvement on the 

electrochemical response of [Fe(CN)6]
3−/4−  after NaOH activation. Thus, the greater 

amount of PLA on the electrode, the more effective is the NaOH treatment. 

 

Table 1. Electrochemical characteristics for 3D printed sensors in presence of 1.0 mmol 

L-1 [Fe(CN)6]
3−/4− obtained from cyclic voltammetric experiments. 

Conductive filament Ipa / µA Ipc / µA Ipa / Ipc ΔEp / mV 

G-PLA 0.54 -0.17 3.18 869 

G-PLA treated* 15.10 -13.50 1.12 260 

CB-PLA 5.67 -4.18 1.36 904 

CB-PLA treated* 12.20 -11.00 1.11 466 

Gpt-PLA 19.80 -18.90 1.05 264 

Gpt-PLA treated* 20.50 -20.60 0.995 267 

* Electrochemical pre-treatment: application of +1.4 V for 200 s, followed by the application of -1.0 V 

for 200 s, in presence of 0.5 mol L-1 NaOH. 

 

As the CV response strongly depends on the electroactive probe employed, the 

use of a different redox probe was also evaluated. Cyclic voltammograms were recorded 

at 50 mV s-1 for the electrochemical redox probe [Ru(NH3)6]
3+/2+ in 0.1 mol L-1 KCl and, 

Fig. S3 presents the obtained results. As can be seen in Fig. S3-A, the electrochemical 

behavior obtained using commercial filaments CB- and G-PLA without surface 

treatment is superior to the observed using  [Fe(CN)6]
3−/4−, with well-defined oxidation 

and reduction peaks and lower ΔEp, showing better reversibility of the processes. This 

response is in agreement with the reported in the literature, which shows that the use of 

CB-PLA presents a nearly ideal electrochemical behavior for ruthenium(III) 
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acetylacetonate redox probe, even for non-activated electrodes probe [9], with ΔEp 

values ranging from 85 to 95 mV at scan rates of 25 mV s-1. A higher ΔEp value was 

found in the present work for CB-PLA, however, the CVs were performed employing 

50 mV s-1. Besides, the difference in ΔEp can also be attributed to the 3D printed 

pseudo-reference electrode (Gpt-PLA) employed in this work, in comparison to the 

freshly annealed gold wire which served as a quasi reference from the literature [9]. In 

addition, literature shows that the use of ruthenium(III) acetylacetonate as a redox probe 

provides improved electrochemical behavior even when a different carbon loading, such 

as carbon nanotubes (CNTs) is employed. In this regard, Escobar et al. [12] have 

employed a CNT-PLA 3D printed electrode, obtaining a peak-to-peak separation of 80 

mV, while Vaněčková and collaborators [14] have observed ΔEp values between 80 and 

95 mV for treated and non-treated surfaces. 

When comparing CB- and G-PLA to Gpt-PLA, a superior current response is 

observed for the last, though a slightly higher ΔEp is observed (236 mV, when 

compared to 222 and 161 mV for G-PLA and CB-PLA, respectively). After being 

submitted to the electrochemical surface treatment, the performance of CB- and G-PLA 

electrodes was significantly improved (Fig. S3-B). A significant decrease in ΔEp is 

observed for G-PLA and CB-PLA, reaching 153 and 116 mV, respectively. In addition, 

a considerable increase in the peak current for G-PLA can be observed, however, the 

peak current obtained in this surface is comparable to Gpt-PLA without surface 

treatment, confirming that the performance of Gpt-PLA is adequate for different redox 

probes, without being submitted to surface treatments. 

Electrochemical characterization was performed for evaluation of Gpt-PLA 

facing G- and CB-PLA electrodes, using the developed three-electrode cell and the 

https://www.sciencedirect.com/topics/chemistry/acetylacetonate
https://www.sciencedirect.com/topics/chemistry/acetylacetonate
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redox probe ferrocenemethanol (FcMeOH) since better-defined peaks were observed, 

especially for untreated G- and CB-PLA.  

A study using cyclic voltammetry was performed in a range from 0.01 to 0.1 V 

s-1 in presence of 1.0 mmol L-1 FcMeOH for untreated (Fig. S4-A) and treated (Fig. S4-

B) G-PLA, and untreated (Fig. S4-C) and treated (Fig. S4-D) CB-PLA, as well as 

untreated Gpt-PLA (Fig. S4-E), 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 all surfaces (except untreated G-PLA, which was not following a tendency, probably 

due to the poor exposition of graphene on the electrode surface for the presence of 

polymeric material which can “block” the active sites of carbon, thus providing a slower 

electron transfer kinetics), indicating a mass transport process controlled by the 

diffusion of FcMeOH species on the electrode surfaces. The electrochemically active 

surface area of the electrodes was obtained using the Randles-Ševčík equation, and the 

diffusion coefficient for FcMeOH was 7.6 x10-6 cm2 s-1, previously reported in the 

literature [59,60].   

The obtained values are presented in Table 2, as well as the relative 

electrochemically active surface area values in percentage, considering the geometric 

area of the electrodes. It can be seen that the G- and CB-PLA electrodes, presented a 

similar electrochemically active surface area after the pre-treatment, where about 82% 

of the electrode surface was electrochemically active, while Gpt-PLA provided a higher 

electrochemically active surface area than both, corresponding to an increase in the 

electroactive area of 62%. 

Additionally, the heterogeneous electron transfer rate (HET) constant k0
obs

 was 

determined by the Nicholson method [61] for the studied surfaces using the FcMeOH 

redox probe and CV data by the Equation 1 : 
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ψ = k0
 [πDnυF/(RT)]-1/2   Equation 1  

Where ψ is a kinetic parameter, D is the diffusion coefficient for FcMeOH (7.6 

x10-6 cm2 s-1), n is the number of electrons involved in the process, F is the Faraday 

constant, R the gas constant, and T the temperature (298 K). The function ψ(ΔEp), is 

given by ψ = (−0.6288 + 0.0021 x ΔEp)/(1 − 0.017 x ΔEp). ΔEp is used to determine ψ 

from the experimentally recorded voltammograms. From this, a plot of ψ against 

[πDnυF/(RT)]−1/2 allows ko
 to be determined.  

In addition, k0
obs was also obtained using electrochemical impedance 

spectroscopy (EIS) data from Rct values [62] for the studied surfaces using the 

FcMeOH redox probe, employing Equation 2:  

 

      Rct =       RT         Equation 2 

      F2k0C 

 

Where Rct is the resistance to charge transfer, obtained by EIS data, R is the gas 

constant, T the temperature, F is the Faraday constant and C is the concentration of the 

electroactive species (1.0 mmol L−1). The obtained k0
obs values are presented in Table 2.  

Higher k0
obs value was observed for the proposed Gpt-PLA electrode (without 

surface treatment) using both methods, indicating faster HET kinetics compared to G- 

and CB-PLA electrodes (with surface treatment), which resulted in improved cyclic 

voltammograms obtained in this surface [63]. Though k0
obs values obtained from CV 

and EIS should theoretically present the same values, here it can be observed a 

considerable reduction in k0
obs values from EIS to CV determined values (up to 49% 

decrease). This can be attributed to the polymeric matrices of the electrodes since the 

currents are being affected by the presence of the polymers capable of “blocking” the 

carbon active sites, thus providing a slower electron transfer kinetics [56]. 
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Table 2. Parameters obtained from the electrochemical characterization with the 

proposed and commercial filaments. 

Conductive filament 

k0
obs x10-6 / 

cm s-1 ΔEp /  

V 
Rct / Ω 

Electrochemically active 

surface area / 

CV EIS         mm2                % 

G-PLA treated* 6.1 10.1 0.196 26.4 10.26±0.07 81.6±0.5  

CB-PLA treated* 5.0 9.1 0.166 29.4 10.26±0.06 81.6±0.5  

Untreated Gpt-PLA 7.5 14.6 0.173 18.2 16.72±0.03 133.0±0.2  

* Electrochemical pre-treatment: application of +1.4 V for 200 s, followed by the application of -1.0 V 

for 200 s, in presence of 0.5 mol L-1 NaOH. 

 

Finally, EIS was employed to evaluate the charge transfer resistance (Rct). The 

Nyquist plots obtained for untreated Gpt-PLA, and the commercial treated G-PLA and 

CB-PLA are shown in Fig. S5. The Rct obtained values for the sensors are presented in 

Table 2. From the Rct values, it can be inferred that the untreated Gpt-PLA electrode 

showed lower resistance to charge transfer, thus, the electron transfer is favored in this 

surface, in agreement with the k0
obs value obtained. Also, the treated G-PLA electrode 

provided a surface with slightly lower Rct than the treated CB-PLA electrode, as well as 

higher k0
obs indicating that the redox process is favored using the treated G-PLA 

electrode when both G-PLA and CB-PLA electrodes present the same electrochemically 

active surface area after electrochemically treated.  

Thus, electrochemical characterization showed the superior performance of the 

electrodes fabricated using the manufactured composite filament, with higher 

electrochemically active surface area observed, satisfactory reversibility for the studied 

redox probes, faster HET, and lower Rct values when compared with commercial 

filaments, with the advantage of being a ready-to-use filament (no pre-treatment step is 
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necessary), additionally to be a lab-made material, of simple fabrication and relatively 

low-cost. The applicability of the proposed material was evaluated towards the 

determination of uric acid in synthetic urine samples using voltammetric techniques. 

   

3.1. Voltammetric determination of biomarkers 

Uric acid is a relevant species in biological fluids. It is an oxidative-stress non-

enzymatic defense molecule in the human body [64]. In addition, abnormal blood levels 

of UA can indicate some renal pathophysiology [65]. For this reason, the determination 

of UA was selected as a proof-of-concept.  

Fig. 5 shows the cyclic voltammetric response for 1.0 mmol L-1 UA in BR buffer 

solution (pH 2.0) using the untreated Gpt-PLA electrode, and, for comparison, the 

results obtained with untreated and treated G-PLA and CB-PLA electrodes are also 

shown. As can be seen in Fig. 5, the cyclic voltammetry on the “as printed” G- and CB-

PLA displayed ill-defined waves for UA. These results are in agreement with recent 

studies in the literature that showed the need for the activation procedure of 3D printed 

sensors to remove the insulating PLA matrix [7,15,17,19,25]. When the 3D printed 

electrodes using commercial filaments (G- and CB-PLA) were subjected to an 

electrochemical treatment according to reported in the literature [15], a significant 

improvement response was achieved. After the treatment, a twice higher peak current 

was obtained for the CB-PLA electrode and impressive improvement for the G-PLA 

electrode (the ill-defined peak before surface treatment) was observed.  
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Figure 5. Cyclic voltammograms for 1.0 mmol L-1 UA in 0.1 mol L-1 BR buffer (pH 

2.0) on 3D printed Gpt-PLA and G-PLA and CB-PLA before and after electrochemical 

pre-treatment. Scan rate: 50 mV s-1. 

 

Moreover, Fig. 5 has shown a well-defined peak for UA at around +0.5 V (vs. 

graphite) and superior performance (1.4 times higher current response) of the produced 

composite filament (Gpt-PLA) without treatment in comparison of G-PLA and CB-PLA 

filaments after electrochemical surface treatment. Therefore, the Gpt-PLA sensor is very 

promisor for the electrochemical oxidation of UA. 

Next, the 3D printed Gpt-PLA electrode was employed for the quantification of 

UA using differential pulse voltammetry (DPV). The DPV parameters were 

systematically optimized (univariate tests), using a solution containing 30.0 μmol L-1 

UA in 0.1 mol L-1 BR buffer (pH 2.0) as the supporting electrolyte.  Fig. S6-A, S6-B, 

and S6-C showed the DPV signals obtained in the optimization studies for modulation 

amplitude, modulation time, and step potential, respectively. The evaluated ranges and 
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respective optimized values are given in Table S1. According to these results, the best 

condition for UA determination by DPV was achieved using a step potential of 5 mV, 

modulation amplitude of 80 mV, and a modulation time of 30 ms.  

Using the selected DPV conditions for UA detection, a wide linear range from 

0.5 to 150.0 µmol L-1 (R2 = 0.998) was obtained, as shown in Fig. 6. From this 

calibration curve, the values of the limit of detection (LOD) and quantification (LOQ) 

obtained were 0.07 and 0.23 µmol L-1, respectively, with the sensibility of 0.05 µA 

µmol-1 L. Table 3 summarizes the analytical parameters obtained from the data shown 

in Fig. 6. The limits of detection (LOD) and quantification (LOQ) were calculated based 

on the IUPAC definition (LOD = 3.3σ/s and LOQ = 10σ/s), where σ is the standard 

deviation of baseline noise and s is the analytical sensitivity of the calibration curve. 

 

 

Figure 6. Differential pulse voltammograms for increasing concentrations of UA (0.5, 

1.0, 5.0, 10.0, 20.0, 30.0, 40.0, 50.0, 75.0, 100.0, 125.0 and 150.0 µmol L-1) in 0.1 mol 

L-1 BR buffer (pH 2.0). DPV parameters: 80 mV (modulation amplitude); 30 ms 

(modulation time); 5 mV (step potential). 
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The inter-electrode precision was also evaluated based on the measurement of 

the current peak for different electrodes (n =5) in the presence of 10.0 µmol L-1 UA 

(also shown in Table 3). The RSD values were <12% in which indicates high precision 

in the construction of the 3D printed Gpt-PLA sensor for UA determination. Also, the 

repeatability of the sensor was evaluated after 13 consecutive DPV recordings of 100.0 

µmol L-1 UA (presented in Table 3), and an RSD <5% was obtained (Table 3). 

 

Table 3. Analytical features for the detection of UA using Gpt-PLA 3D printed 

electrode. 

Characteristics Values 

Linear range / µmol L-1 0.5 to 150.0 

R2 0.998 

Sensitivity / µA µmol-1 L 0.05 

LOQ / µmol L-1 0.23 

LOD / µmol L-1 0.07 

Intra-electrode (RSD, n = 13) 4.8 

Inter-electrode (RSD, n = 5) 12.0% 

 

Ho, Ambrosi, and Pumera [66] displayed the construction of 3D metal printed 

electrode electrochemically modified with a gold layer for UA determination in an 

aqueous solution. Using the DPV technique, the authors showed a linear range between 

0.1-1.0 mmol L-1 with a LOD value of 84.0 µmol L-1. After that, Cardoso and 

coworkers showed the simultaneous determination of UA and nitrite in biological fluids 

samples using 3D printed graphene-PLA electrodes [25]. The authors highlighted that 

the electrochemical response of UA was relatively poor in the non-treated 3D printed 

electrode because of the high amount of non-conductive PLA. Therefore, for the 



30 

 

construction of the sensors, the 3D printed electrode was subjected to mechanical and 

immersion in DMF for treatment. After the activation, the authors obtained a good 

linear range from 10.0 to 70.0 µmol L-1 and a LOD of 0.5 µmol L-1, using the DPV 

technique.  

Although the authors reached good results using the 3D printing technique for 

electrode construction in both works, activation or modification procedures of the 

electrode surface were required to obtain satisfactory results for UA detection. On the 

other hand, the homemade Gpt-PLA filament was found to be a promising material for 

the construction of a UA sensor without the need for treatment using toxic organic 

solvents or expensive procedures.  

Moreover, UA can be found in a concentration range from 0.12 to 0.38 mmol 

L−1 in blood serum and this value should be lower than 4.50 mmol L−1 per day in urine 

[67,68]. Thus, the LOD (0.07 μmol L-1) obtained for this new sensor is useful for the 

detection of UA in these types of samples. 

As a proof of concept, a synthetic urine sample was analyzed by the standard 

addition method, in which the sample was 40 times diluted in the supporting electrolyte. 

The analysis was performed under optimized DPV conditions, and the diluted synthetic 

urine was then fortified with increasing concentrations of UA (10.0 to 40.0 µmol L-1). 

The obtained voltammograms are presented in Fig. S7-A, and the respective standard 

addition curve can be seen in Fig. S7-B. 

From Figure S7-B, the estimated UA concentration was 9.01 µmol L-1, which 

corresponds to a satisfactory recovery value of 90.1% in synthetic urine. This result 

demonstrates the effectiveness of the sensor since the recovery presented a value close 

to the original. Furthermore, it is noteworthy that synthetic urine was prepared with 

different types of salts and organic compounds, which is free from interference, 
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demonstrating that there is no significant matrix effect for the analysis in the proposed 

sample.  

As well as UA, the detection of DA is of great importance. DA is an important 

neurotransmitter in the mammalian central nervous system, capable of controlling 

cognitive functions and facilitating the communication between the brain neurons, 

directly related to neurological disorders, such as Parkinson’s disease [69,70]. In this 

sense, and as a proof-of-concept, we also demonstrate the applicability of the developed 

sensor for the detection of this molecule. 

The electrochemical behavior of DA was firstly evaluated by cyclic 

voltammetry. For this study, 1.0 mmol L-1 DA was employed, using 0.1 mol L-1 PBS 

(pH 7.0) as the supporting electrolyte and the untreated Gpt-PLA electrode. The 

obtained voltammogram, shown in Fig. S8, presents the well-defined redox peaks for 

DA, with an oxidation peak at approximately +0.38 V and a reduction peak in the 

reverse scan at approximately -0.07 V, providing a peak-to-peak separation of 450 mV, 

attesting that the manufactured Gpt-PLA responds to the presence of dopamine. Thus, 

the 3D printed Gpt-PLA electrode was employed for the quantification of DA using 

square wave voltammetry (SWV). The SWV operational parameters (step potential = 8 

mV, modulation amplitude = 100 mV and frequency = 10 Hz) for DA detection in 

synthetic urine samples were selected from the literature [71]. Fig. S9 presents the 

obtained voltammograms for increasing concentrations of DA.  

A linear behavior was observed for concentrations of DA ranging from 0.5 to 50 

µmol L-1 (R2 = 0.991), with a LOD of 0.11 µmol L-1 (IUPAC definition), and a 

sensitivity of 0.179 µA µmol−1 L. As a proof-of-concept, a synthetic urine sample was 

analyzed, which was spiked with three known concentrations (5.0, 20.0, and 40.0 µmol 

L-1) of DA. The concentrations of DA found for the fortified samples were 5.08 ± 0.21, 
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19.22 ± 1.21, and 37.09 ± 2.63 µmol L-1, which correspond to recovery values from 

92.7 to 101.6%, attesting the good performance of the 3D printed Gpt-PLA electrode. 

The use of 3D-printed electrodes for the detection of DA was shown previously. 

In all articles, low LOD values for DA (1.67 µmol L-1 [7], 0.24 µmol L-1 [6], and 1.45 

µmol L-1 [72]) were only achieved after activation or pretreatment steps of the 3D 

printed working electrode. Here, a better result for DA detection (0.11 µmol L-1) was 

obtained without the use of activation/pre-treatment steps (ready to use) of the Gpt-PLA 

3D-printed sensor, saving analysis time and reagents. 

Additionally, the synthetic urine studied presented UA in its composition in a 

concentration of 40.0 µmol L-1 (considering the 10 times dilution), however, no 

interference signal was observed in DA detection. Once different techniques and 

supporting electrolytes, including different pH values were employed for UA and DA 

detection separately, the response of UA in SWV employing optimized parameters and 

conditions for DA detection provided a very low intense UA peak current, attesting that 

these conditions are not favoring UA oxidation process. Moreover, different oxidation 

potentials are required for DA and UA oxidation processes, which enabled the detection 

of DA without the interference of UA. The absence of interference was confirmed by 

the recovery values obtained for DA, attesting to the suitability of the method for DA 

detection in synthetic urine. Fig. S10 presents SWV voltammograms for the synthetic 

urine spiked with 3 different concentrations of DA in presence of UA. 

The development of biosensors is also an alternative, after modifying the sensor 

with suitable probes, which can provide the development of rapid point-of-care tests to 

detect different types of pathogens. In this sense, next, we present the applicability of 

the fabricated filament as a 3D printed biosensor for the diagnosis of COVID-19. 
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3.2. Gpt-PLA immunosensor for SARS-CoV-2 determination  

To show the versatility of Gpt-PLA, studies were performed for the development 

of an immunosensor for the diagnosis of COVID-19 based on the Gpt-PLA 3D-printed 

sensor. Cyclic voltammetry was used to evaluate the response of each immobilization 

step and the response of the final immunosensor for the virus spike protein was 

performed employing 1.0 mmol L-1 FcMeOH. As the surface of Gpt-PLA already 

provided enough functional attachments with available carboxylic groups as observed 

by FTIR analysis, the bonding of EDC-NHS was possible directly in the Gpt-PLA 

surface, thus eliminating previous steps for the immunosensor fabrication. The OH 

groups of the carboxylic acid were then covalently bonded to the double bonds present 

in the EDC-NHS, activating the surface COOH groups for a rapid covalent coupling to 

amino-functionalized biorecognition element [73,74]. Next, the S1 protein antibody, 

rich in carboxylic groups, was immobilized onto the electrode, releasing the 

intermediary NHS linker. The blockage of the electrode was performed with BSA 

solution (1% w/v), preventing nonspecific interactions [73]. After that, the 

immunosensor was ready-to-use, that is, with few steps of fabrication, a simple 

immunosensor was built.  

Cyclic voltammetric measurements were obtained for 1.0 mmol L-1 of FcMeOH 

in 0.1 mol L-1 KCl, after each immunosensor fabrication step: Gpt-PLA, Gpt-PLA/EDC-

NHS, Gpt-PLA/EDC-NHS/Ab, and Gpt-PLA/EDC-NHS/Ab/BSA, and after the 

addition of 50.0 nmol L-1 antigens, which are presented in Fig. 7.  
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Figure 7. Cyclic voltammetric recordings in presence of 1.0 mmol L−1 FcMeOH in 0.1 

mol L−1 KCl after each immobilization step. Scan rate: 100 mV s−1. 

 

It is possible to observe that, initially, both oxidation and reduction peaks from 

FcMeOH are present and well defined, and provide high peak current responses. The 

bonding of EDC-NHS provided a decrease (20%) in the current response, probably due 

to the hindering caused by the bound molecules onto the electrode surface. The 

immobilization of Ab and BSA did not affect significantly the peak current values. 

However, the presence of the antigen provided a significant decrease in the peak current 

response. Also, a decrease in the reversibility of the redox process is observed with the 

peak-to-peak separation. The detection of the antigen was possible due to the specific 

reaction of the spike protein (antigen) with the antibody bonded onto the immunosensor. 

The increase in the concentration of antigen provided a bulkier structure at the electrode 

surface, hindering the electron transfer process and, consequently, lowering the 
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electrochemical response of the redox probe (FcMeOH) [73]. Therefore, the drop in 

current peak values in the presence of the antigen attests to the proper working of the 

fabricated immunosensor for the detection of SARS-CoV-2 S protein.  

A calibration curve for the spike protein was performed after incubation (30 

min) in the presence of increasing concentrations of antigen onto the immunosensor 

surface. Fig. 8A presents the cyclic voltammograms obtained for 1.0 mmol L-1 

FcMeOH using 0.1 mol L-1 KCl as the supporting electrolyte. 

 

 

Figure 8. Cyclic voltammograms recorded in presence of 1.0 mmol L−1 FcMeOH in 0.1 

mol L−1 KCl using the fabricated immunosensor for increasing concentrations of antigen 

(5.0, 10.0, 30.0, 50.0 and 75.0 nmol L-1); Scan rate: 100 mV s-1. 

 

The calibration plot shown in Fig. 8B presents the relation between antigen 

concentration (nmol L-1) and the oxidation peak current ratio between the last 

modification step (BSA) - analyte attachments (ΔμA). A linear behavior was observed 

in a concentration range from 5.0 to 75.0 nmol L−1
, with a coefficient of correlation of 

0.995. The LOD and LOQ obtained were calculated according to the following: LOD = 

3.3σintercept/s and LOQ = 3 x LOD, where σ is the standard deviation of the intercept of 
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the calibration curve, and s is the sensitivity (slope) of the calibration curve. The Gpt-

PLA based immunosensor provided a LOD value of 1.36 nmol L-1 (0.10 µg mL-1), LOQ 

of 4.5 nmol L−1 (0.33 µg mL-1), and a sensitivity of 0.17 µA nmol-1 L (0.01 µA µg- 

1 mL). 

A negative control testing was performed by the incubation of a non-specific 

protein (BSA) in a concentration of 75.0 nmol L−1 (5.74 µg mL-1) for 30 min on the 

biosensor surface. Figure S11-A presents the cyclic voltammograms obtained for 1.0 

mmol L−1 FcMeOH in 0.1 mol L−1 KCl on the biosensor without protein incubation, and 

after incubation of negative control (BSA) and positive control (spike protein) in the 

same concentration. Through Figure S11-A is possible to observe that the 

electrochemical response of the biosensor of the negative control is not significantly 

influencing, while the spike protein of the virus provides a decrease in the peak current 

(presenting a current response corresponding to 76% from the biosensor electrochemical 

signal), attesting that the biosensor is not responding to non-specific species. 

To provide a demonstration that the biosensor is suitable, the analysis of the 

virus protein was performed in synthetic saliva by spiking (n = 4) with the protein in 

different concentrations, and incubating for 30 min. Figure S12-A presents the cyclic 

voltammograms obtained with the biosensor for 1.0 mmol L−1 FcMeOH containing 5.0, 

10.0, 30.0 and 50.0 nmol L-1 spike protein prepared in synthetic saliva. It is possible to 

observe a slight change in the cyclic voltammograms profile in saliva, which probably 

occurred due to the complexity of the sample in comparison to the buffer solution, 

nevertheless, the current response is maintained, guaranteeing the analysis with 

adequate recovery. The recovery values were obtained (Fig. S12-B), ranging from 86.3 

± 2.7% to 96.1 ± 10.2%, attesting to the suitability of the biosensor for saliva tests.  
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To the best of our knowledge, only two works in the literature have reported the 

use of 3D printed electrodes for the detection of SARS-CoV-2. Recently, Muñoz and 

Pumera [32] reported an interesting general approach for the bottom-up 

biofunctionalization of a 3D printed electrode for creating an immunosensor for 

COVID-19. In this work, a G-PLA 3D printed sensor was employed after a two-step 

surface treatment, firstly a chemical activation during 3 h using DMF was performed, 

followed by an electrochemical activation during 300 s in PBS solution. The assembling 

of the immunosensor started with the incorporation of gold nanoparticles (AuNPs) after 

immersion of the electrode in a HAuCl4 solution for 1 h followed by immersion in 

NaBH4 solution. Next, the electrode was immersed in cysteamine solution for 2.5 h, and 

then for 1 h in glutaraldehyde. The antibody was incubated for 1 h onto the aldehyde 

groups, and finally, the blockage with BSA during 30 min was performed, providing the 

final immunosensor. The authors detected the spike protein of the virus with a LOD of 

0.5 µg mL-1, over a linear range from 1.0 to 10.0 µg mL-1. 

A different 3D printing method was employed by Ali et al. [35] for the 

development of the immunosensor for COVID-19. The authors used the aerosol jet 3D 

printing method, creating an array of gold microcapillary electrodes, followed by the 

functionalization of reduced graphene oxide (rGO) nanoflakes and immobilization of 

the antigens. In this work, S protein was detected with a detection limit of 2.8 fmol L-1. 

Fast responses were obtained, and sensor regeneration was possible after immersion for 

1 minute in a low pH solution.  

Therefore, we prove that the 3D printed electrochemical sensor obtained with 

the new fabricated Gpt-PLA filament can also be used successfully in biosensing. The 

ready-to-use platform eliminates additional steps, such as the need for surface pre-

treatment. Additionally, regarding the fabrication of the immunosensor, the need for 
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gold nanoparticles immobilization is also dispensed, providing a simpler and functional 

biosensing platform with excellent analytical performance, including low limits of 

detection and quantification and excellent sensitivity. Thus, the versatility of the 

fabricated filament towards the construction of (bio)sensors was proved. In addition, the 

possibility of producing biosensors significantly contributes to the development of new 

point-of-care tests, further improving medical screening exams. 

 

4. Conclusions 

Herein, we demonstrate a simple protocol for the obtaining of a PLA-graphite-

based conductive filament that enables the FDM 3D printing of innovative platforms for 

biosensing. Importantly, the fabricated sensors are ready-to-use and do not require time-

consuming surface treatment. Moreover, the incorporation of gold nanoparticles, 

commonly employed for biosensor construction, is not required due to the obtained 

surface rich in oxygenated and carboxylate functional groups. The electrochemical 

performance is fantastic considering the absence of surface treatment protocols, 

demonstrated by the high electrochemically active surface area, fast HET, and low 

resistance to charge transfer. The material is very promising as it also allows the 

variation in material and composition of the produced filament according to the demand 

as well as the range of applications, with the advantage to develop structures in different 

designs due to 3D technology. For electrochemical (bio)sensing, the produced filaments 

are a great alternative for commercial ones, especially since no surface activation or pre-

treatments are required, thus, reducing the amount of reagent used.  

Furthermore, satisfactory detection of UA and DA was observed, presenting low 

LOD values (0.07 and 0.11 µmol L-1, respectively). The interelectrode precision was 

calculated for UA detection and satisfactory results were obtained (RSD <12%, n = 5). 
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Moreover, recovery of 92% in the analysis of synthetic samples attested to the absence 

of sample matrix effects. The determination of DA was efficient in comparison to other 

3D printed electrodes, and recovery values between 92 and 101% were obtained in the 

analysis of synthetic samples. The use of Gpt-PLA as a platform for biosensing was 

proved, the immunosensor fabricated was simple, involving only a few steps, and 

provided good sensitivity and a low LOD (1.35 nmol L-1), capable of detecting SARS-

CoV-2 virus at trace levels (0.10 µg mL-1).  

Finally, a new method for producing conductive filaments is an important 

knowledge base, since it allows others research groups to use it as a starting point for 

new academic researches, producing works of excellence using FDM 3D printing 

technology. 
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