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Abstract 

This work presents a novel procedure involving the sequential chemical treatment to 

generate reduced graphene oxide (rGO) within 3D-printed polylactic acid (PLA) 

electrodes and their potential applications for sensing and biosensing. A new 

configuration of a compact all-3D-printed electrochemical device containing the three 

electrodes is presented, in which the working electrode was treated to generate rGO 

within PLA (rGO-PLA) after treatment within NaBH4. The rGO-PLA electrodes 

presented a notable current increase for the redox probe ferrocene-methanol in 

comparison with the same surface treated by dimethylformamide (DMF) immersion. 

Also, the electrochemical impedance spectroscopic data that presented the lowest 

resistance to electron transfer for the proposed electrode. The electrochemical 

experiments were in accordance with Raman spectra and surface roughness obtained by 

atomic force microscopy (AFM) images. As proofs-of-concept, the rGO-PLA electrode 

was applied for serotonin determination in synthetic urine using differential-pulse 

voltammetry with a limit of detection of 0.032 µmol L-1. Also, the second application 

involved the fabrication of a tyrosinase biosensor capable of determining catechol in 

natural water samples with a limit of detection of 0.26 µmol L-1. Based on both 

applications, the 3D-printed rGO-PLA showed to be an excellent platform for 

biosensing purposes.  

 

 

 

Keywords: reduced graphene oxide; biosensor; phenol; 3D-electrodes 

  

Jo
urn

al 
Pre-

pro
of



3 

 

 

1. Introduction 

 

 Three-dimensional (3D) printing has generated a revolution in the fabrication of 

multifaceted objects applied in different areas, such as electronics, medicine, 

biotechnology, engineering, aerospace, and chemistry (Ngo et al., 2018). In the 

chemistry area, many efforts have been reported in the literature, and some of them are 

compiled in recent revisions, for instance demonstrating the potential applications of 

3D-printing technologies to prototype milli- and microfluidic analytical devices (Au et 

al., 2016; Cocovi-Solberg et al., 2018; Nielsen et al., 2020), energy storage devices 

(Gulzar et al., 2019; Pang et al., 2020), and electrochemical sensors (Cardoso et al., 

2020a; Hamzah et al., 2018; Katic et al., 2019; O’Neil, 2020). For example, 

Manzanares-Palenzuela and coauthors have proposed an elegant way to manufacture a 

biosensor by immobilization of enzyme alkaline phosphatase for electrochemical 

detection of 1-naphthol in aqueous media (Manzanares-Palenzuela et al., 2019).  

 Conductive polymers or conducting thermoplastic filaments play a key role in 

the development of electrochemical sensing and energy storage devices using 3D-

printing technology (Cardoso et al., 2020a; Gulzar et al., 2019; Pang et al., 2020). 

Mostly employed conductive thermoplastic filaments for 3D-printing consist of 

composite materials typically composed of polylactic acid (PLA) or acrylonitrile 

butadiene styrene (ABS) with a conducting agent, such as graphene or carbon black 

(Cardoso et al., 2020a; Hamzah et al., 2018). Alternatively, lab-made conductive 

thermoplastic filaments (filaments manufactured in the laboratory, that is, not purchased 

commercially) have been proposed for 3D-printing with applications to electrochemical 
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sensors (Foster et al., 2020; Honeychurch et al., 2018; Diego Pessoa Rocha et al., 2020) 

and water splitting (Hughes et al., 2020). 

The 3D-printed electrodes present in their composition large amounts of 

insulating polymeric material (Cardoso et al., 2020a). To remove the non-conductive 

thermoplastic materials, expose the conductive sites, and improve the electrochemical 

performance of the 3D-printed electrodes, a chemical surface treatment may be 

required. Various treatments have been reported in the literature, such as mechanical 

polishing (Cardoso et al., 2020b, 2019, 2018; Diego Pessoa Rocha et al., 2020), 

activation via an electrochemical protocol (dos Santos et al., 2019), chemical activation 

using different solvents (Gusmão et al., 2019), chemical and electrochemical 

sequentially employed activations (Browne et al., 2018). Also, it has been reported the 

treatments thermal and electrochemical sequentially employed activations (Novotný et 

al., 2019), via protein digestion (Manzanares-Palenzuela et al., 2019), via hydroxide 

ions (OH-) produced by water electrolysis (Wirth et al., 2019), and concomitantly 

chemical/electrochemical activations (Richter et al., 2019; Diego P Rocha et al., 2020). 

A recent work compared most of these procedures for the surface treatment of such 3D-

printed carbon electrodes and the authors stated that a treatment protocol using DMF 

solvent was more efficient to remove the insulating PLA to obtain high conductive sites 

improving the electrochemical performance of the proposed sensors (Kalinke et al. 

2020). 

Special attention has been given to 3D-printed carbon electrodes due to the high 

electron transfer of neurotransmitters on carbon surfaces facilitated by an adsorptive 

step (Yang et al., 2018). However, carbon electrodes may not be entirely selective for 

the detection of a single species in different biological media as other molecules also 

undergo electrochemical oxidation processes on the same surface. For example, 
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ascorbic acid, dopamine, serotonin, epinephrine, norepinephrine are present in brain 

slice (Yang et al., 2018); uric acid and nitrite in urine and saliva (Cardoso et al., 2020b); 

and dopamine in synthetic urine and human serum (Kalinke et al., 2020). For this 

reason, the development of electrochemical sensors/biosensors is essential to obtain 

highly selective sensors to be applied in such complex media. Some examples of 3D-

printed electrochemical biosensors were recently presented in the literature (Adams et 

al., 2018; Cardoso et al., 2020b; Katseli et al., 2019; López Marzo et al., 2020). Three of 

these examples demonstrated the feasible immobilization of glucose oxidase on 3D-

printed graphene/polylactic acid (PLA) (Adams et al., 2018; Cardoso et al., 2020b) and 

carbon-black/PLA (Katseli et al., 2019) electrodes for glucose biosensing in biological 

fluids. At the same time, the fourth one reported the immobilization of horseradish 

peroxidase on a gold-nanoparticles modified 3D-printed graphene/PLA (López Marzo 

et al., 2020). The incorporation of gold nanoparticles on the 3D-printed surface in the 

last example was justified to increase the sensitivity and detectability of the 

electrochemical biosensor. However, this strategy configures as an additional step in the 

development of the biosensor that increases the time and cost for preparation and 

includes the other source of error that may compromise reproducibility. 

In this context, we present for the first time a new protocol for the synthesis and 

application of 3D-printed reduced graphene oxide/PLA electrodes (rGO-PLA). This 

approach consists of a novel platform with improved detectability to develop 

electrochemical biosensors as well as for the direct monitoring of biomolecules in 

complex media. Moreover, we propose a novel design of a complete electrochemical 

sensing platform composed of three electrodes (working, pseudo-reference, and counter 

electrodes) and the electrochemical cell via a single-step fabrication using fused 

deposition modeling (FDM). As proofs-of-concept, we demonstrate the electrochemical 
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biosensing of catechol (a contaminant that may be found in natural waters from 

industrial effluent discharges with a potential hazard for human health (Camargo et al., 

2018)) in natural waters after immobilization of tyrosinase on the 3D-printed rGO-PLA 

surface and the direct enzymeless detection of serotonin (one of the most important 

neurotransmitters of the human body, in which abnormal levels can lead to various 

disorders and diseases (Sharma et al., 2018)) in the urine.  

 

2. Experimental  

 

2.1. Chemicals, solutions, and samples 

 

 Calcium chloride dihydrate (≥ 99 % m/m), potassium chloride (≥ 99 % m/m), 

creatinine (≥ 98.5 % m/m), ferrocene methanol (97 % m/m), serotonin (98 % m/m), 

dopamine hydrochloride (98 % m/m), uric acid (99 % m/m), (–)-epinephrine (95 % 

m/m), hydroquinone (99.5 % m/m), sodium nitrate (99 % m/m) anhydrous sodium 

sulfate (99 % m/m), urea (99 % m/m), dihexadecyl phosphate (99 % m/m), tyrosinase 

from mushroom with declared activity of 1000 units mg−1, and pyrocatechol (99 % 

m/m) were purchased from Sigma-Aldrich (St. Louis, USA). Lead (II) nitrate (99.5 % 

m/m) was purchased from Merck (Darmstadt, Germany). Sodium chloride (99 % m/m), 

L-ascorbic acid (99 % m/m) mono and bibasic sodium phosphate anhydrous (≥ 98 % 

m/m and 99 %  m/m, respectively) from Synth (Diadema, Brazil), ammonium chloride 

(99.5 % m/m) and dimethylformamide (99.8 % v/v) were obtained from Dinamica 

Química (Indaiatuba, Brazil). Sodium borohydride (99 % v/v), nitric acid (65 % v/v), 

and ethanol (99.5 % v/v) were obtained from Fluka (St. Louis, USA), Isofar (Duque de 

Caxias, Brazil), and Qhemis (Indaiatuba, Brazil), respectively. Colorless nail polish for 
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nail care was used for isolation of the sensor surface (Base Brilho Cuidados, Cora©, 

São Paulo, Brazil) (de Araujo Andreotti et al., 2019), being composed of butyl acetate, 

ethyl acetate, nitrocellulose, acetyl tributyl-citrate, toluene, isopropyl alcohol, 

tosylamide/formaldehyde resin, stearalkonium hectorite alcohol, hydrated silica, and 

mineral oil. 

 All standard and working solutions were prepared using at least 18.2 MΩ cm 

deionized water from a Heal Force® purification system. A solution containing 

0.2 mol L−1 phosphate buffer was used as a background electrolyte for both direct 

voltammetric sensing serotonin (pH 7.0) and biosensing of catechol (pH 6.0). The 

working solutions were prepared daily by diluting the stock solutions in the supporting 

electrolyte just before the experiments. All studies were conducted without removing 

oxygen and at room temperature. 

 The serotonin sensor was applied towards serotonin sensing in synthetic urine 

samples. In this sense, synthetic urine was prepared according to the adaptation of a 

protocol proposed by Laube and collaborators (Laube et al., 2001). For this, a mixture 

of CaCl2.2H2O (1.13 g L-1), urea (25 g L-1), NaH2PO4 (1.4 g L-1), NaCl (2.92 g L-1), 

Na2SO4 (2.25 g L-1), KCl (1.6 g L-1), NH4Cl (1.0 g L-1), and creatinine (1.1 g L-1) was 

dissolved in 0.2 mol L-1 phosphate buffer solution (pH=6.0). The biosensor performance 

was evaluated through the catechol biosensing in artesian well water samples collected 

at Federal University of São Carlos – Araras campus (−22.315155, −47.380821), 

distribution water samples collected at Araras city (−22.35733, −47.3855874), and lake 

water samples collected at Ecological and Cultural Park “Gilberto Rüegger Ometto” 

(−22.3660008, −47.3572829) located at Araras city. For this, initially, the influence of 

the Tyr-DHP film in the presence of catechol was evaluated through cyclic 

voltammetry. Then, the square wave voltammetry (SWV) technique was used to obtain 
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a calibration curve for catechol under optimized conditions and further quantification of 

the fortified water samples.  

 

2.2. Apparatus, electrochemical cell, and electrodes 

 

 All electrochemical measurements were acquired on both 

potentiostat/galvanostat PGSTAT204 Metrohm (Eco Chemie) guided by a software 

called NOVA (version 2.1.4), which was also used for data acquisition and treatment. 

Background-correction was used for voltammetric detection of serotonin and catechol 

for better viewing of the peaks, the treatment was performed using the “moving 

average” algorithm, with window size set to 2, available in the software NOVA (version 

2.1.4). 

 A Sethi3D S3 3D printer (Campinas, Brazil), fed by both conductive (polylactic 

acid (PLA) doped with graphene acquired from Black Magic 3D (New York, USA)) 

and non-conductive (PLA from Sethi3D (Campinas, Brazil)) thermoplastic filaments, 

was used for the manufacture by fused deposition modeling (FDM) of the fully 3D-

printed electrochemical system. A 30 mL lab-made electrochemical cell, with 46 mm 

diameter and 35 mm height, an inner diameter of 40 mm, and intern height of 32 mm 

was designed on Autodesk Inventor® Professional software and printed using the non-

conductive PLA filament. The top part of the cell was printed in the form of a screw cap 

to fix the cover which also had this shape on the inner part. The cover of the 

electrochemical cell had 49 mm diameter, 8 mm height, and contained 5 holes of 8 mm 

diameter each for accomodating the arrangement of three electrodes (working, pseudo-

reference, and counter electrodes). The three electrodes were designed using the same 

software used for the electrochemical cell and printed applying the conductive 
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graphene/PLA filament into the 3D printer to form three conductive hollow cylinders 

corresponding to the working, counter, and reference electrodes separately from the 

body of the cell through FDM manufacturing process. Those cylinders were removable 

and could be attached to the cover of the cell (made with non-conductive PLA), and the 

holes on each cylinder were designed to fit the potentiostat cables. Each electrode had 

37.747 mm length with a 23 mm deep hollow for the connection with potentiostat 

cables. The inner diameter (diameter of the hollow) was 4.5 mm, while the external 

diameter was 7.5 mm. The counter electrode had the same shape as the others. 

However, on the top, an arc was designed for increasing the area for the occurrence of 

inverse redox reactions (to ensure that current does not pass through the pseudo-

reference electrode during measurements), as shown in Figure S1 A and B (III). The arc 

was printed together with the body of this electrode and had 47.12 mm length, 5 mm 

height and its thickness was 1 mm. The electrode arrangement in the electrochemical 

cell is shown in Figure S1 A (software-generated image) and B (real image). Figure S1 

C shows the assembled cell without connection to the potentiostat, and Figure S1 D a 

real image of the coupling between the fully 3D-printed electrochemical system and 

connectors of the equipment, being possible to observe that the electrodes are hollow (in 

the form of a cylinder) allowing the equipment connector to be directly connected to the 

electrodes as above-discussed. An insulating material (nail polish-based) was applied to 

the body of the cylindrical electrode, leaving uncovered only the lower rounded face of 

the electrodes for electron transfer. Hence, the geometric area of the rounded working 

electrode was 0.44 cm2 in all measurements. All STL files were generated using the 

Simplify 3D software. For better comprehension of the whole process, a time-lapsed 

video showing the printing process of the cell and electrodes, including the assembling 

and connection to the potentiostat is available. The printing process enables the 
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obtention of approximately 2.3 sensors/h, for a cost of US$ 5.9, which could show 

availability to mass-produce the sensors. 

 

2.3. Enhancement of the electrochemical performance of the graphene/polylactic acid 

(G-PLA) 3D-printed working electrode 

 

 After printing, the native G-PLA 3D-printed working, counter and reference 

electrodes were immersed in DMF for 15 minutes, washed with ethanol during 5 

seconds to remove DMF residues, and then kept at room temperature in a Petri dish 

during for 24 hours for drying (Manzanares Palenzuela et al., 2018). Next, only the 

working electrode was immersed sequentially in two aqueous solutions: 1.0 mol L−1 

nitric acid and 0.15 mol L−1 sodium borohydride (in each one for 15 minutes), 

respectively (Janegitz et al., 2014). Figure 1A displays the sequence of all steps in the 

process of obtaining the treated working electrode. 

 

2.4. Fabrication of the biosensor upon the treated 3D-printed G-PLA electrodes 

 

 The treated G-PLA working electrode was used as a substrate for the biosensor 

manufacture. Thus, in a first step, for the preparation of the enzyme layer biofilm, the 

dihexadecyl phosphate (DHP) was dissolved in 0.2 mol L−1 phosphate buffer (pH 6.0) 

to achieve a final concentration of 1.0 mg mL−1.  Exactly 90 μL of this solution was 

mixed with the enzyme tyrosinase (10 μL/25 units) under constant stirring per 10 

seconds. Next, a volume of 40 µL of theis solution was placed, using a micropipette, 

upon the treated G-PLA surface. The biosensor was then kept inside a refrigerator for 
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drying for 48 hours before electrochemical measurements. The procedure is described in 

Figure 1B. 

 

    

Figure 1. A) Scheme of the procedure for obtaining the G-PLA 3D-printed working, 

counter, and reference electrodes (A) and the sequence of chemical treatments 

performed on the working electrode (DMF treated in B; HNO3 treated in C and sodium 
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borohydride treated in D), (B-D). and finally the assembled 3D-printed electrochemical 

cell connected to the apparatus for the acquisition of the analytical signal (E). B) 

Scheme of the steps involved in the production of the biosensor, including the mixture 

of DHP and tyrosinase (A), followed by the drop-casting of the modifiers on the 

working electrode surface (B) forming the film at the electrode surface (C) until 

obtention of the analytical signal (A-D).  

 

2.5. Characterization of G-PLA electrode 

 

 The scanning electron microscopy (SEM) data were obtained using the XL-30 

FEG microscope (Philips). Chemical mapping was obtained by energy-dispersive X-ray 

spectroscopy (EDS) coupled to a scanning electron microscope. Atomic force 

microscopy (AFM) measurements were obtained from a Shimadzu Scanning Probe 

Microscope (SPM-9600) using the tapping-mode to study the sample surface. The 

Raman spectra were acquired in a LabRAM HR Evolution spectrophotometer 

(HORIBA), using a 532 nm laser at 50 mW power over the 3500 – 800 cm−1 range. The 

characterization by X-ray diffractometry (XRD) was performed using a Miniflex 600 

diffractometer (Rigaku), using a CuKα radiation source (λ = 0.15406 nm) 40 kV, from 

4º to 90º angular recording range, with a step of 0.02º and 10º min−1 analysis time.  

 Electrochemical characterization was also performed via cyclic voltammetry and 

electrochemical impedance spectroscopy (EIS) measurements. The EIS measurements 

were performed in the presence of 1 mmol L−1 FcMeOH and 0.1 mol L−1 KCl solution, 

and the data was acquired using the FRA2 module coupled to the Autolab PGSTAT204 

(Metrohm) controlled by the software NOVA 2.1. The frequency was used in the range 
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between 100 kHz and 100 mHz, and a perturbation amplitude of 10 mV was applied 

with 10 data points per frequency decade. 

 

 

3. Results and discussion 

 

 

3.1. Electrochemical performance of the reduced graphene oxide /polylactic acid (G-

PLA) 3D-printed working electrode 

 

 After the electrodes were printed, they were attached to the electrochemical 

apparatus, and the performance of the system was evaluated via cyclic voltammetry 

using as redox probe 1.0 mmol L−1 ferrocene methanol (FcMeOH). Figure 2 presents 

the obtained results. As can be seen, the untreated G-PLA (green line) provided resistive 

behavior (poor electrochemical response), resulting in noisy response, making its use 

unfeasible for analytical purposes. In this sense, aiming to improve the electrochemical 

performance of the G-PLA, it was performed the method proposed by Manzanares et al. 

(immersion in DMF for 15 min) (Manzanares Palenzuela et al., 2018). It is possible to 

observe (purple line) the enhancement in the electrochemical behavior of the redox 

probe (about 18.0 % higher than in the native electrode considering the anodic peak 

current). However, after performing the treatment proposed by Manzanares et al. 

(Manzanares Palenzuela et al., 2018) followed by the chemical treatment using nitric 

acid followed by sodium borohydride as proposed in the literature to synthesize reduced 

graphene oxide (rGO) (Janegitz et al., 2014) (red line), the acquired results were much 

better among all regarding the anodic and cathodic peak currents and reversibility 
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(peak-to-peak separation (ΔEp)). The comparison between Ip and ΔEp is shown in Table 

S1. Thereby, DMF immersion treatment followed by immersion in nitric acid and then 

sodium borohydride was carried out before all electrochemical measurements. 

Immersion time studies of the sensor in DMF were carried out at 5, 10, and 15 minutes, 

once after 15 minutes of immersion, the electrodes have broken. Therefore, 15 minutes 

was selected, which presented a better electrochemical response. The electrochemical 

results corresponding to each immersion time were recorded using cyclic voltammetry 

technique in presence of 2.0 mmol L−1 [Fe(CN)6]
3−/4− and 0.1 mol L−1 KCl solution at a 

scan rate of 50 mV s−1 and the results are shown in Figure S2.  

 

Figure 2. Cyclic voltammogram recordings obtained with native G-PLA (green line), 

G-PLA treated with DMF (purple line) and G-PLA treated with DMF/HNO3/NaBH4 

(red line) in the presence of an equimolar solution of FcMeOH (1.0 mmol L−1) 

containing 0.1 mol L−1 KCl. Dashed lines correspond to the respective blanks 
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(voltammograms recorded only in the background electrolyte (0.1 mol L-1 KCl), in the 

absence of FcMeOH (1.0 mmol L-1)). Scan rate: 50 mV s−1. The potential range of the 

cyclic voltammogram performed on the native G-PLA was expanded (between -1.0 and 

1.0 V), for the oxidation and reduction process occur completely. The voltammetric 

recordings were performed versus a pseudo-reference electrode (G-PLA). 

 

 To explain the results achieved in Figure 2, the surfaces of the native G-PLA, G-

PLA/DMF, and rGO-PLA were carefully studied using characterization techniques. 

Figure 3 shows the images obtained for SEM analysis considering two magnification 

factors: 20000x (A-D) and 5000x (A’-D’). It is possible to observe in A (native G-PLA) 

a surface completely covered by the insulating thermoplastic polymer PLA, not being 

possible to observe the conductive sites composed by graphene. Similar results for the 

native G-PLA were observed in studies published in the literature (Browne et al., 2018; 

López Marzo et al., 2020; Manzanares-Palenzuela et al., 2019; Manzanares Palenzuela 

et al., 2018; Novotný et al., 2019). This result can be directly related to that obtained by 

cyclic voltammetry analysis (Figure 2 (green line)), in which poor electrochemical 

performance was obtained due to practically no availability of graphene at the surface of 

untreated G-PLA. In B, after immersion in DMF, it is possible to see that the solvent 

was able to remove a large amount of PLA and expose the graphene structures (Browne 

et al., 2018; López Marzo et al., 2020; Manzanares Palenzuela et al., 2018; Novotný et 

al., 2019), this was better observed in B’, where a notable difference from native G-PLA 

is presented (comparison to A’) improving the electrochemical performance of the G-

PLA treated with DMF (as can be seen in Figure 2 (purple line)). Nevertheless, after the 

nitric acid treatment in the next step, the morphological changes were not so significant, 

and no differences were observed from B to C even when a SEM image with different 

Jo
urn

al 
Pre-

pro
of



16 

 

magnification factor was obtained (B’ to C’). The same occurred after treatment with 

NaBH4 (D and D’), where no significant structural differences were observed. However, 

an electrochemical improvement of the signal was observed after NaBH4 treatment, as 

can be seen in the cyclic voltammograms (Figure 2 red line). Although the structure was 

not changing, a great increase in electrochemical response was observed, thus, this 

improvement of current response may not be related to changes in the structural 

morphology of the treated surface. 
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Figure 3. SEM images of electrode surfaces with different approximation factors: 

20000x magnification (A-D) and 5000x magnification (A’-D’). 

 

The Raman spectra for each treatment step on the G-PLA surface are shown in 

Figure 4 A. These analyses were conducted to evaluate the changes provided by the 

chemical processes of the 3D-printed G-PLA treated with DMF/HNO3/NaBH4 and to 

confirm the formation of rGO. The characteristic bands D, G, and 2D present on 
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graphitic materials were observed, as reported by Browne and co-authors (Browne et 

al., 2018) whose employed Raman spectroscopy to characterize a 3D-printed graphene-

based electrode without treatment. The D band at 1350 cm−1 was attributed to the out-

of-plane vibrations in the graphitic lattice, therefore related to the presence of 

disordered carbons or defects in the graphene structure, while the G band at 1580 cm−1 

was attributed to the in-plane stretching in sp2 bonded carbon from those materials 

(Browne et al., 2018). The intensity ratio of D and G bands (ID/IG) indicated the density 

of defects and graphitization degree of the material, with higher values of ID/IG 

indicating the higher density of defects and small graphitization degree (Chen et al., 

2020; Rocha et al., 2018a, 2018b). The presence of a 2D band at 2700 cm−1 was related 

to the presence of a multilayer of graphene, and the higher intensity of the 2D band 

indicated a larger number of graphene layers in the material (Rocha et al., 2018a, 

2018b). It is possible to observe a variation in intensity on the D band throughout the 

treatment process. When the surface was treated only with DMF (Fig. 4A (purple line)) 

an intensity of 1050 a.u. was observed. The addition of a treatment step with HNO3 

(Fig. 4A (blue line)) provided an increase in the intensity to 1300 a.u., which indicated a 

higher quantity of defects and a less organized structure, also demonstrated by the 

increase in the ID/IG ratio (from 0.59 to 0.66). When NaBH4 was employed for the 

reduction of the graphene oxide in the last step to generate rGO within the PLA matrix 

(Fig. 4A (red line)), the ID/IG ratio suffers a decrease from 0.66 to 0.56, and the intensity 

of the D band is again reduced (from 1300 to 870 a.u.). After each step of treatment, the 

intensity of the D band was changing considerably, alterations in the intensity up to 

33% was observed, reaching a low intensity D band afterwards, which could indicate an 

organized structure. Therefore, the organization of the material is again established, and 

fewer defects in its structure is observed.  
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The reestablishment observed by Raman data can also be noted through the 

surface roughness of the material obtained from AFM images (Fig. 4B-E). After the 

treatment with DMF and DMF/HNO3, the presence of defects provided a rougher 

surface compared to native-GPLA, from 0.194 (Fig 5a) (Fig. 4B) to 0.383 µm (Fig. 4C 

and 4D), indicating that those treatments decreased the organization of the material. In 

agreement with Raman data, the last step for reduction of the graphene oxide with 

NaBH4 presented a reorganization of the structure, confirmed by the decrease in the 

roughness of the surface after the treatment to 0.285 µm (Fig. 4E), which resulted in a 

smoother surface at the end of the treatment process, as observed by dos Santos and 

colleagues (dos Santos et al., 2019). Thus, based on previously discussed data, there 

was strong evidence of the formation of rGO within PLA after the proposed treatments, 

and this process has led to even better results than those obtained employing the well-

established procedure in the literature using only the DMF solvent (Figure 2 (red line)). 
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Figure 4. (A) Raman spectra for native (▬); G-PLA treated with DMF (▬); G-

PLA/DMF/HNO3 (▬); G-PLA/DMF/HNO3/NaBH4 (▬). (B-E) AFM images for native 
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G-PLA (B); G-PLA treated with DMF (C); G-PLA/DMF/HNO3 (D); G-

PLA/DMF/HNO3/NaBH4 (E) (rGO-PLA). 

 

 EIS technique was used to obtain a detailed understanding of the electrical 

characteristics of the electrode/solution interface of the native G-PLA electrodes. Also, 

measurements were carried out after the chemical treatment on the 3D-printed working 

electrode surface since the treatment process changes the capacitance of the double 

layer and the resistance to electron transfer of the electrode (Rocha et al., 2018a, 

2018b). The results are displayed in Figure S3. It is noted that the native G-PLA (red 

circle) provided a higher diameter of the Nyquist semicircle with a charge transfer 

resistance (Rct) value of 1880 Ω. This resistive behavior of native G-PLA has also been 

reported in works previously published in the literature (Browne et al., 2018; Kalinke et 

al., 2020). After chemical treatments (black circle) there was a reduction in the diameter 

of the Nyquist semicircle providing the Rct value of 867 Ω. The electron transfer for the 

treated electrode (rGO-PLA) was facilitated since there was a reduction of about 2-fold 

in the Rct value. These results corroborated with those achieved by SEM, Raman, and 

cyclic voltammetry, in which better electrochemical performances were acquired after 

the electrode surface treatment process that exposed the electroactive graphene sites and 

generated rGO. 

 Using the Kochi method (Bard et al., 2001; Klingler and Kochi, 1981) the 

heterogeneous electron transfer (HET) rate constant (k0) of the rGO-PLA surface was 

calculated via cyclic voltammetry at different scan rates employing 1.0 mmol L−1 

FcMeOH as redox probe and 0.1 mol L−1 KCl solution at different scan rates (50 to 

250 mV s−1) as shown in (Figure S4). The obtained value was estimated as 0.00235 cm 

s-1. This result is about 3-fold higher than that estimated for the G-PLA in previous 
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work in the literature (0.00083 cm s-1) (Katic et al., 2019), indicating that the rGO-PLA 

surface provides a fast HET kinetics for the occurrence of electrochemical reactions, 

corroborating with the others characterization data and explaining the results displayed 

in Figure 2.  

 

3.2. Voltammetric sensing of serotonin  

 

 After confirming the formation of rGO in the 3D-printed G-PLA electrodes 

treated with DMF/HNO3/NaBH4 (rGO-PLA) the applicability of the obtained electrodes 

will be presented next. For convenience, the novel electrode will be named as 3D-

printed rGO-PLA.     

The sensing of serotonin upon the chemically treated 3D-printed G-PLA was 

carried out as a proof-of-concept in synthetic urine samples. First, the electrochemical 

behavior of serotonin at the developed sensor was explored by cyclic voltammetry 

(Figure S5) in the presence of 10 µmol L−1 of the analyte utilizing a 0.2 mol L−1 

phosphate buffer solution (pH 7.0) as background electrolyte. This buffer is the most 

widely employed in the literature as supporting electrolyte for the detection of serotonin 

using graphene (Adumitrăchioaie et al., 2019; Cernat et al., 2020; Han et al., 2013; Kim 

et al., 2012). It is possible to note the appearance of an anodic peak around +0.25 V (vs 

G-PLA), being possible to conclude, from these results, that the proposed sensor has a 

great potential for the determination of serotonin since a very-well defined peak was 

acquired. 

 Next, to obtain a better electroanalytical performance towards serotonin sensing, 

the proposed method was carefully optimized regarding the most sensitive 

electrochemistry technique (square wave voltammetry (SWV) or differential pulse 
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voltammetry (DPV)) and the respective parameters (operational conditions) that 

influence the selected voltammetry technique, as well as the pH of the background 

electrolyte. These techniques were chosen based on works published in the literature 

(De Irazu et al., 2001; Fayemi et al., 2017; Jin et al., 2004; Mazloum-Ardakani and 

Khoshroo, 2014; Ramos et al., 2020; Satyanarayana et al., 2014; Yadav et al., 2020). 

For this, a study in the presence of 10 μmol L−1 serotonin was conducted via SWV and 

then DPV (Figure S6). DPV and SWV parameters were selected considering the 

maintenance of the same scan rate (30 mV s−1) using both techniques. Figure S6 shows 

that the DPV technique provided a better voltammetric profile in addition to a greater 

current signal, in which the peak current increased by approximately 60% when 

compared to the SWV technique. Therefore, the DPV technique was selected for future 

procedures.  

 The effects of the scan rate, modulation amplitude and modulation time on the 

serotonin analytical signal were diligently explored in the intervals between 10 and 

30 mV s−1, 10 and 100 mV, and 0.01 and 0.1 s, respectively, as shown in Figure S7. 

When using 15 mV s−1, 100 mV, and 0.01 s as scan rate, modulation amplitude, and 

modulation time, respectively, very-well defined peaks, lower deviation and higher peak 

currents were acquired. Therefore, these DPV parameters were used for further studies 

involving serotonin. Finally, the pH of the background electrolyte (0.2 mol L−1 of 

phosphate buffer) was evaluated in the range between 6.0 and 8.0, it is possible to 

achieve better analytical results when pH 7.0 was used. In this way, this value was 

employed in subsequent studies.  

 Under optimized conditions, the obtained voltammograms for increasing 

concentrations of serotonin are shown in Figure 5A. Tthe plot of peak current against 

serotonin concentration exhibited a linear behavior in the range of 0.1 0.3 µmol L−1 to 
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10 µmol L−1 with a satisfactory determination coefficient (R2) of 0.997 (Figure 6A5B). 

The relation between peak current (Ip, A) and serotonin concentration (Cserotonin, µmol 

L−1) can be described by the equation Ip = 4.6816 × 10−8 ± 3.71695 × 10−8 + 0.3041 ± 

0.00724 Cserotonin. The relative standard deviation (RSD) value (calculated according to 

Skoog et. al. (2015) following: RSD = (s/�̅ ) *100%, where s is the standard deviation 

and �̅ the average of standard deviation values (Skoog et al., 2015)) was estimated as 

2.2 1.4% for four consecutive measurements using a low concentration of serotonin 

(10.0 1.0 µmol L−1). The LOD was estimated as 0.032 μmol L−1 following the IUPAC 

recommendations (by using the signal-to-noise method) following: LOD = 3xSDblank/S, 

in which SDblank is the standard deviation of baseline noise (n = 10) and S is the slope of 

the analytical curve. The inter-device precision (% RSD) was calculated as 3.3 2.7% (n 

= 4, 10.0 1.0 µmol L−1 level), as shown in Figure S8. According to some previous works 

(Katseli et al., 2020, 2019; López Marzo et al., 2020; Richter et al., 2019), when the 

RSD value is lower than 10% between devices, the reproducibility of the sensor is 

considered as adequate, in this sense we concluded that the proposed sensors provided 

acceptable manufacturing reproducibility. The stability of the sensor was assessed by 

consecutive measurements during five different days (n=5). Using a solution containing 

1.0 µmol L-1 serotonin, a decrease of about 4.3% at the analytical signal (peak current) 

was observed between the first day of measurement and the last, showing that the 

manufactured sensor provided adequate stability. After this period (5 days), a large 

decline in the analytical signal and inaccurate measurements were observed. 
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Figure 5. (A) DPV recordings for increasing serotonin concentrations (0.3, 0.7, 1.0, 3.0, 

5.0, 7.0 and 10.0 µ mol L−1) obtained on the rGO-PLA electrode (n = 3); black line 

correspond to the blank solution. (B) Respective analytical curve. DPV experimental 

conditions: modulation amplitude: 100 mV; modulation time: 0.01 s; scan rate: 

15 mV s−1. Background electrolyte: 0.2 mol L−1 phosphate buffer (pH 7.0). 

 

 The proposed 3D-printed rGO-PLA electrode was employed for serotonin 

determination (proof-of-concept) in synthetic urine samples. The samples were fortified 

with known amounts of the analyte and 15-fold diluted on the background electrolyte 

prior measurements. The results are summarized in Table S2.  From the obtained 

results, it is possible to conclude that the developed sensor provided satisfactory 

analytical performance for serotonin sensing since acceptable recovery values (ranging 

from 95 to 111%) were acquired. This range of recovery values is accepted according to 

the literature and similar results can be found in previous works (Babaei and Babazadeh, 

2011; Fayemi et al., 2017; Orzari et al., 2019; Ramos et al., 2020). 

 A selectivity study, in the serotonin sensing, was conducted by evaluating the 

interference caused by other species on the DPV signal of 1.0 µmol L−1 serotonin. The 

selected compounds as interfering species were: potassium chloride, sodium chloride, 
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creatinine, ammonium chloride, urea, sodium sulfate, and sodium dihydrogen 

phosphate, at two different ratios (1:10 and 1:100 (serotonin:interferent)), and for 

epinephrine, dopamine, and ascorbic and uric acids. In addition, besides two ratios 

already mentioned, the 1:1 ratio was also evaluated. These compounds were chosen 

based in some works published in the literature (Fayemi et al., 2017; Han et al., 2013; 

Kim et al., 2012; Mazloum-Ardakani and Khoshroo, 2014; Satyanarayana et al., 2014; 

Sharma et al., 2018). The results are provided in Table S3. Positive values are attributed 

to the increase in the serotonin voltammetric signal, while negative values are related to 

decrease in the serotonin signal due the presence of interfering species. As can be seen 

from the table, negligible or no interference was observed in the DPV signal of 

1.0 µmol L−1 serotonin by the compounds: potassium, sodium and ammonium 

chlorides, sodium sulfate, sodium dihydrogen phosphate, creatinine, urea, and ascorbic 

acid, in all ratios. Although several works in the literature highlight that ascorbic acid 

interferes on the determination of serotonin (Fayemi et al., 2017; Han et al., 2013; Kim 

et al., 2012; Mazloum-Ardakani and Khoshroo, 2014; Satyanarayana et al., 2014; 

Sharma et al., 2018), the developed protocol was able to overcome this interference, as 

shown in Table S3, even at a concentration 100-fold higher. For epinephrine and 

dopamine, in the lowest ratio (1:1) there was also observed no interference; on the other 

hand, in ratios above 1:1, both molecules provided interference in the serotonin 

analytical signal. Additionally, it is possible to note in Table S3 that uric acid interferes 

in the detection of serotonin (even in the smallest ratio (1:1)). In this sense, a way to 

solve these interference problems caused by these compounds, would be the use 

modifiers for the working electrode surface with different active species, being possible 

to use composites, as shown in (Fayemi et al., 2017; Sharma et al., 2018). Therefore, 

these strategies will be considered in future works. 
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 The proposed sensor provided satisfactory analytical performance (Table S34) 

for the determination of serotonin, showing a linear range and LOD even better than 

other electrodes for determining this analyte described in the literature (Han et al., 2013; 

Jin et al., 2004; Mazloum-Ardakani and Khoshroo, 2014; Ramos et al., 2020; 

Satyanarayana et al., 2014). Even when different graphene nanomaterials were tested as 

modifiers for a glassy carbon electrode for serotonin detection (Kim et al., 2012), the 

obtained results were comparable to the one obtained in this work using a simple and 

disposable 3D-printed electrode containing the same material.  

 

3.3. Voltammetric biosensing of catechol 

 

 Phenols and their derivatives (including catechol) appear in natural waters 

through industrial effluent discharges. Rubber processing industries, glues, adhesives, 

impregnating resins, electrical components (plastics), steel companies, among others, 

are responsible for the presence of phenols in natural waters. A limit of 0.5 mg L-1 is 

stipulated by the legislation of the State of São Paulo (“Decreto No 8.468,” n.d.) and by 

the Federal Legislation (“Resolução CONAMA No 430 DE 13/05/2011 - Federal - 

LegisWeb,” n.d.). 

 A catechol biosensor was fabricated using the 3D-printed rGO-PLA working 

electrode as a substrate modified with a enzyme layer composed by DHP and tyrosinase 

(Tyr-DHP/rGO-PLA) to quantify this substance in natural waters. For this, Tthe 

electrochemical behavior of catechol onto the biosensor was first investigated by cyclic 

voltammetry (Figure S7S9). It is possible to see that the response of the analyte was 

slightly better regarding the peak definition and peak current increase when compared to 

the working electrode in the absence of the Tyr-DHP film. It is noteworthy to mention 
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that the great advantage of using a biosensor is the gain of selectivity in determining 

catechol, that is, its ability to discriminate the analyte in the presence of different 

(concomitant) species, a function mainly attributed to immobilized biological material 

(Chang et al., 2002; Wang et al., 2008; Wee et al., 2019). 

 Tyr has been widely used in the construction of biosensors for the determination 

of phenols. This enzyme catalyzes oxidation reactions such as o-hydroxylation of 

monophenols to o-dihydroxy phenols and, subsequently, oxidation of o-dihydroxy 

phenols to o-quinones, all in the presence of molecular oxygen (Apetrei et al., 2011; 

Janegitz et al., 2012; Rescigno et al., 2002; Védrine et al., 2003; Vidal et al., 2008). The 

o-quinones can be reduced electrochemically without any mediator using a low 

potential. Thus, phenolic compounds (including catechol) can be selectively determined 

via electrochemical reduction of the o-quinones generated (Zhou et al., 2007; Zhou and 

Zhi, 2006), which was explored in this work. 

 The most sensitive voltammetric technique using the Tyr-DHP/rGO-PLA 

towards catechol biosensing was checked between SWV and DPV. The results are 

shown in Figure S10. As can be seen, the SWV technique provided a higher cathodic 

current signal around +0.05 V vs G-PLA/DMF. Utilizing the SWV, the cathodic peak 

current was about 2-fold higher than that obtained via the DPV technique. Therefore, 

the SWV was chosen for the next measurements. 

 The influence of SWV parameters: step potential, modulation amplitude, and 

frequency were evaluated in the range of −1 to −10 mV, 10 to 100 mV, and 10 to 100 

Hz, respectively, as shown in Figure S11. The optimized parameter values were chosen 

taking into account better analytical responses, therefore, a step potential of −1 mV, 

modulation amplitude of 80 mV, and a frequency of 10 Hz were chosen for catechol 

determination. 
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 Utilizing the conditions above-mentioned (optimized conditions), an analytical 

curve was obtained for increasing concentrations of catechol (Figure 6 A), and the 

proposed protocol, using the Tyr-DHP/rGO-PLA biosensor, provided wide linearity (R2 

= 0.999) in the range of 30 to 700 µmol L−1 (Figure 6B), corresponding to the equation 

Ip (A) = −2.9571 × 10−6 ± 2.6271 × 10−7 + 0.29808 ± 0.00755 Ccatechol (µmol L−1). The 

intra-electrode precision (% RSD) was calculated as 1.5% for four consecutive 

measurements using a low concentration of catechol (100 μmol L−1). The LOD was 

estimated as 0.26 μmol L−1, following the same way of calculation used for serotonin. 

The inter-device precision (% RSD) was calculated as 8.0% (n = 4, 100 μmol L−1 level), 

indicating adequate manufacturing reproducibility. Similar results of reproducibility 

study were found in previous works (Erkmen et al., 2020; Laranjo et al., 2019). The 

stability of the proposed biosensor was evaluated in the same way for the sensor (n=5; 

five different days). Employing a solution containing 100 µmol L-1 catechol, a decrease 

of about 5.3% in the analytical signal (peak current) was acquired, showing that the 

fabricated biosensor provided adequate stability. After 5 days a great loss in the stability 

of the sensor and biosensor was observed, leading to inaccurate measurements with 

great loss in the performance. 

 

 

Jo
urn

al 
Pre-

pro
of



30 

 

Figure 6. (A) SWV recordings for increasing catechol concentrations (30, 50, 70, 100, 

300, 500 and 700 µmol L−1). (B) Respective analytical curve for measurements in 

triplicate. SWV experimental conditions: step potential: −1 mV; modulation amplitude: 

80 mV; frequency: 10 Hz. Background electrolyte: 0.2 mol L−1 phosphate buffer (pH 

6.0). 

 

 The proposed Tyr-DHP/rGO-PLA biosensor was applied for biosensing of 

catechol (proof-of-concept) in water samples. The samples were fortified with known 

amounts of the analyte and subsequently diluted on the background electrolyte before 

analysis. The acquired results are shown in Table S45.  From the table, it is possible to 

conclude that the developed protocol, using the proposed biosensor provided 

satisfactory analytical performance for catechol biosensing since adequate recovery 

results (in the range of 91 to 104%) were achieved.  

A selectivity study was also accomplished for catechol sensing, in order to 

evaluate the interference caused by other species in the SWV signal of 70 µmol L-1 

catechol. The study was performed by recording SWVs for catechol in presence of 

calcium chloride dihydrate, potassium chloride, sodium nitrate, sodium sulfate, lead (II) 

nitrate, dopamine, and hydroquinone at the ratios of 1:10 and 1:100 

(catechol:interferent). The signal variation values obtained for catechol are presented in 

Table S6. No significative interference of calcium chloride dihydrate, potassium 

chloride, and sodium sulfate was observed when these compounds were 10 or 100 times 

more concentrated then catechol (Table S6). Lead (II) nitrate was considered as an 

interferent only when present in high concentrations (1:100 in comparison with 

catechol). However, as lead is a toxic metal, the concentration found in natural waters 

should be lower (10 µg L-1 is the upper limit for this metal in natural waters according 
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to World Health Organization agency) (“WHO Guidelines for Drinking-water Quality,” 

2011), thus, lead (II) nitrate is not an interferent for catechol determination. Sodium 

nitrate only affects the catechol signal when in high proportions (1:100). As a limitation 

of this sensor, the presence of dopamine and hydroquinone affected significantly the 

detection of catechol in waters in a way that the current response was strongly affected 

even in a 1:1 proportion with catechol, thus no signal variation was presented in the 

table. However, some strategies could be employed in the future as a way to circumvent 

this situation, such as the use of modifiers for composite electrodes (incorporation of 

other materials in the production of the film), which can enable the simultaneous 

determination of hydroquinone and catechol, as reported in the literature (Du et al., 

2011; Guo et al., 2012; Song et al., 2015; Sunil Kumar Naik and Kumara Swamy, 2017; 

Zhang et al., 2015; Zheng et al., 2013). Thus, as future perspectives, the improvement in 

the selectivity of the proposed biosensor could be achieved. 

 The performance of Tyr-DHP/rGO-PLA biosensor was compared with other 

tyrosinase-based biosensors (Camargo et al., 2018; Erkmen et al., 2020; Kurbanoglu 

and Ozkan, 2018; Laranjo et al., 2019), with the analytical features indicated in Table 

S7. Tyr-DHP/rGO-PLA performed similarly to following biosensors in terms of linear 

range and LOD, but the device was advantageous concerning fast response, proper 

selectivity, and easy handling. 

 

4. Conclusion 

 

 We have demonstrated a novel chemical treatment involving the sequential 

DMF/HNO3/NaBH4 reagents to generate rGO within 3D-printed PLA electrodes. The 

rGO-PLA electrodes presented a remarkable current increase for the redox probe 
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FcMeOH in comparison with the same surface treated by DMF immersion for 15 min, 

which has been considered in previous works using such electrodes. It is important to 

mention that DMF is a toxic organic solvent, which makes this protocol less 

environmentally-friendly. Despite its use to remove insulating material from the 

electrode surface is well known in the literature, our research group has been trying to 

develop new routes which do not employ toxic organic solvents and make the protocol 

environmentally-friendly, which follows the principles of green chemistry. Also, The 

use of modifiers in rGO-PLA electrodes is an important way to improve the selectivity 

in further works. EIS measurements showed that the rGO-PLA electrode presented the 

lowest resistance to electron transfer. The electrochemical results corroborated with 

Raman spectra and surface roughness obtained by AFM image. The proposed rGO-PLA 

electrode was successfully applied for serotonin determination in synthetic urine using 

DPV with notable sensing properties in comparison with previous works. Additionally, 

the rGO-PLA surface was used to fabricate a catechol biosensor, which was capable of 

determining the analyte in natural water samples with acceptable analytical features. 

These two examples show that the novel and simple chemical DMF/HNO3/NaBH4 

treatment generates rGO with 3D-printed PLA electrodes with outstanding sensing 

properties for biosensing applications. Moreover, we present a new configuration of a 

compact all-3D-printed electrochemical device containing the three electrodes.    
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-A new platform using reduced graphene oxide is proposed 

- The electrochemical cell, sensors, and biosensors were produced by 3D-printing 

-The proposed electrode could be applied for other electrochemical sensing and biosensing 

- The 3D-printed sensor and biosensor  were applied for the determination of phenolic 

compounds  
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