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Abstract 
 

3D printing technology is a strategic tool for the development of electrochemical sensors and biosensors since it is possible to obtain versatile devices quickly and at a low 
cost. In this work, an arrangement of 3D-printed electrodes (working, pseudo-reference, and auXiliary) was applied for the detection of PARK7/DJ-1 protein in blood 
serum and cerebrospinal fluid samples. The immunosensor surface was previously chemically and elec- trochemically activated to promote the increase of the active 
sites and the conductivity, allowing the covalent immobilization of the biological species (antibodies) and improving its electrochemical performance. The detection 

was carried out by impedimetric (5.0 200 µg L—1), and voltammetric measurements (5.0 500 µg L—1), showing limits of detection of 1.01 and 3.46 µg L—1. The 

3D-printed immunosensor also achieved good repeatability and reproducibility from normal to abnormal levels of PARK7/DJ-1 protein, aiming for the diag- nosis of 

Parkinson’s disease in different stages of the disease. 

 
 

 
1. Introduction 

 
3D printing technology has been a useful tool in several research 

applications and, allied to electrochemical techniques, new sensors and 
electrochemical devices can be constructed for sensing and biosensing of 
specific targets [1]. The versatile and rapid prototyping, possibility of 
different shapes, and miniaturization capability are the main advantages 
of this approach concerning electrochemical and electroanalytical ap- 
plications [2,3]. This allows the preparation of electrodes, electro- 
chemical cells, microfluidic and complete electrochemical devices [4–

8].  Regarding  additive  manufacturing,  fused  deposition  modeling 
(FDM) has been highlighted by its accessibility and possibility of pro- 
cessing a wide range of materials, such as thermoplastic polymers and 
composite materials [9,10]. Polylactic acid (PLA) is a biodegradable 
material and has been one of the most used polymers for 3D printing of 
electrochemical devices, which can be due to its ease of printability, low 
thermal and environmental impact when compared to other thermo- 
plastics [9,11,12]. 

PLA-based conductive filaments can naturally present carboXylic 
groups for the immobilization of biological molecules [13]. However, 
this interaction can be easily improved by the surface pretreatments of 
3D-printed electrodes, mainly by creating active sites and defects on the 

conductive material [14,15]. Thus, 3D printing has sparked significant 
progress in the field of diagnosis since point-of-use biosensors can be 
easily designed to detect antigens. In recent years, 3D-printed biosensors 
have been reported in the literature exploring different approaches (i.e., 
by immobilizing enzymes, antibodies, genetic material, and others) 
aiming the detection of glucose [16], lactate [17], interleukin‑6 [18], 
dengue virus [19], SARS-CoV-2 [20], cancer [21], among others. 

The development of biosensors with rapid and reliable responses is of 
paramount importance to ensure the accurate diagnosis of diseases. 
Concerning neurodegenerative diseases, such as Parkinson’s, the early 
diagnosis allows for a previous treatment, increasing the chances of 
curing. One of the ways to detect and/or monitor the progression of 
Parkinson’s disease is related to the levels of the DJ-1 protein, which at 
low levels can be correlated to the dysregulation of the PARK7 gene 
expression [22]. DJ-1 protein has an antioXidative neuroprotective role. 
However, mutations in the PARK7 gene can change the concentration 
and/or the functionality of the DJ-1 protein, which can be associated 
with neurological diseases, type 2 diabetes, infertility, and some types of 
cancer [23,24]. In addition, high levels of oXidation products can be 
found in the dopaminergic neurons of people diagnosed with Parkin- 
son’s  disease  [25].  This  emphasizes  the  development  of  rapid  and  ac- 
curate methods for detecting and monitoring species related to 
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neurodegenerative disorders and diseases. In this work, a 3D-printed 
immunosensor based on treated graphene conducting filament was 
developed as a proof-of-concept for the detection of PARK7/DJ-1 pro- 
tein, aiming for Parkinson’s disease diagnosis. 

2. Experimental 
 

2.1. Reagents and solutions 

Phosphate-buffered saline (0.10 mol L—1 PBS, pH 7.4) was prepared 
using potassium phosphate monobasic (>98.0 wt. %), sodium 

phosphate dibasic (99.0 wt. %), and sodium chloride (99.0 wt. %) from 
Synth (Diadema, Brazil), and potassium chloride (99.0 wt. %) from 
Sigma-Aldrich (St. Louis, USA). Ferrocenemethanol (97.0 wt. %, Sigma- 
Aldrich) prepared in 0.10 mol L—1 potassium chloride (99.0 wt. %, 
Vetec, Brazil) was used as the electrochemical probe. Sodium hydroXide 
(98.0 wt. %, Synth) was used for electrode chemical activation treat- 
ment. Commercially sterile-filtered human serum (code H4522) from 
Sigma-Aldrich was used. Synthetic cerebrospinal fluid was freshly pre- 
pared by using sodium chloride, potassium chloride, calcium chloride 
dehydrate (≥99.5 wt. %, Sigma-Aldrich), glucose (≥99.5 wt. %, Sigma- 
Aldrich), sodium bicarbonate (≥99.0 wt. %, Synth), and urea (99.0 wt. 

 
 

 

Fig. 1. 3D-printed immunosensor based on graphene immobilization scheme: (A) Before and (B) after chemical + electrochemical activation, (C) EDC/NHS couple 
incorporation by drop-casting, (D) Anti-PARK7/DJ-1 antibodies immobilization; (E) BSA interaction, and (F) PARK7/DJ-1 antigen interaction. 
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%, Vetec) in ultrapure water [26]. The solutions were prepared using 
Milli-Q ultrapure water with resistivity higher than 18 MΩ cm (Merck 
Millipore, Burlington, USA). 

2.2. Instrumental and apparatus 

 
Morphological characterization of the 3D-printed electrodes ob- 

tained before and after activation treatment was performed by using a 
Jeol JSM-J6360 LV scanning electron microscope (SEM). A Nanosurf 
Easyscan2 Flex AFM was used for atomic force microscopy (AFM) and 
Kelvin probe force microscopy (KPFM) analysis in the dry atmosphere 
with an electrical frequency of 15 kHz and amplitude of 5.0 V. A Pt/Ir 
coated tip with the resonance frequency of 75 kHz and force constant of 
2.8 N m—1 was used. 

Electrochemical measurements were performed in a Metrohm 
Autolab PGSTAT 204 potentiostat/galvanostat (Utrecht, Netherlands), 
controlled by Nova 2.1 software. The electrodes were characterized by 
cyclic voltammetric (CV) and electrochemical impedance spectroscopic 
(EIS) measurements in presence of 5.0 mmol L—1 ferrocene methanol as 
the electrochemical probe. CV measurements were carried out at a po- 
tential range from    0.50 to     1.0 V, at a scan rate of 25 mV s—1. EIS 
measurements were recorded from 100 kHz to 0.10 Hz, with an ampli- 
tude of 10 mV. The Randles equivalent circuit was used to adjust the 
experimental data and determine the charge transfer resistance (Rct) 
related to the redoX reaction of the probe, as demonstrated in Fig. S1. 

3D-printed electrodes (working, pseudo-reference, and auXiliary 
electrodes) were manufactured by Fused Deposition Modeling (FDM) 
using a conductive filament based on polylactic acid (PLA) and graphene 
(Black Magic 3D, New York, USA). The electrodes showed a disk format 
with diameter of 6.0 mm (Fig. S2). A Sethi 3D printer (Campinas, Brazil) 
was used under the following conditions: printing speed of 1000 mm 
min—1, extrusion temperature of 200 ºC, and bed heated temperature of 
70 ºC [12,27]. 3D-printed pseudo-reference and counter electrodes were 
used since no significant variation in the potentials has been observed 
compared to conventional reference electrodes [27]. The as-printed 
working electrodes (3D PLA-G) were chemically and electroctrochemi- 
cally activated to increase their electrochemical performance, following 
previously reported procedures [14,27] (Fig. 1A-B). For this step, each 
electrode was immersed in 1.0 mol L—1 NaOH solution for 30 min. After, 
the electrochemical treatments were performed by positive (+1.8 V) and

biomolecules, allowing its reuse [28]. 

3. Results and discussion 

3.1. Morphological characterization of 3D-printed electrodes 

 
The morphology of the 3D-printed electrode surfaces was charac- 

terized by SEM, AFM, and KPFM. After the activation processes, the 
electrode surface polymer was removed by the NaOH saponification 
reaction, uncovering the internal conductive material. According to the 
literature, the graphene composition in this filament is about 8 13 % 
[29,30]. As observed by the SEM (Fig. 2A-B) and AFM images (Fig. 
2C-D), the electrode surface changed from smooth to rough and 
irregular morphology. In addition, the presence of nanoribbons struc- 
tures of about 100 nm in length was also noted, following other previ- 
ously reported works [14,31]. These structures can be associated with 
multilayer graphene with the presence of larger interlayer spaces, 
probably formed throughout the filament thermal extrusion for the 3D 
printing of the electrodes. 

KPFM topography analysis was also performed to understand the 
changes in the electrode surface after the activation treatments in terms 
of surface potential (Fig. 2E-F). In this case, the average surface potential 
calculated for the electrodes decreased from 1.10 to 0.588 V after the 
proposed pretreatments. This variation suggests the increase of the 
conductivity of the 3D-printed electrode after the activation treatments, 
in which the exposure of reduced graphene oXide is reported on the 
activated 3D-printed electrode [29,32,33]. Also, the specific high-
voltage regions can be associated with the low dispersion of charges on 
the surface, probably due to the presence of oXygenated functional 
groups on the electrode surface, formed after the electro- chemical 
activation process. Thus, the morphological results corrobo- rate with 
the changes observed on the 3D-printed activated electrodes, such as the 
increase in surface roughness, defects, and conductivity [6, 14]. 

3.2. Electrochemical behavior of the 3D-printed immunosensor 

For the development of the 3D-printed immunosensor, EDC/NHS 
couple was used for a more stable anti-PARK7/DJ-1 antibodies immo- 
bilization on the electrode. EDC/NHS reaction occurs by the EDC 

negative (—1.8 V) potential application in supporting electrolyte (0.10 interaction with carboXylic groups present on the graphene-based 

mol L—1 PB, pH 7.4). All measurements were carried out after oXygen 
removal by N2 purging. 

2.3. Immunosensor assembly 

 
The steps taken to evaluate the ability of 3D-printed electrodes for 

the development of an electrochemical immunosensor for the detection 
of Parkinson’s disease are described below. In this case, the PARK7/DJ-1 
protein  associated  with  Parkinson’s  disease  was  monitored.  EDC  (1- 
ethyl-3-(3-dimethylaminopropyl)carbodiimide) and NHS (N- hydroX- 
ysuccinimide) couple was used for the immobilization of the biological 
species, which allows more stable incorporation, covalently, to the 
electrode surface (Fig. 1C). 5.0 mmol L—1 EDC/NHS were prepared in 
0.10 mol L—1 PBS (pH 7.4). The electrode was immersed in this solution 
for 15 min, under stirring. Then, the immobilization of Anti-PARK7/DJ- 
1 antibodies (100 µg mL—1) was performed by drop-casting at 4.0 ºC 
(Fig. 1D). 1.0 mg mL—1 BSA (Bovine Serum Albumin) was used for the 
interaction with the NHS residual sites (Fig. 1E). After this step, the 
antigen-antibody interaction was promoted in the presence of PARK7/ 
DJ-1 protein (antigen) for 1 h (Fig. 1F). The electrode was gently washed 
and dried with N2 after each step. Cyclic voltammetry and 
electrochemical impedance measurements were performed after the 
immobilization step of known concentrations of the Parkinson’s disease- 
related antigen in 5.0 mmol L—1 ferrocene methanol as the redoX probe. 
After use, the immunosensor was stored at 4.0 ºC to avoid denaturing the 

electrode, generated after the electrochemical activation treatments. 
EDC is substituted by NHS, which presents low stability. The antibody 
immobilization is done covalently through amine and carboXylic groups 
bonding on the 3D-printed electrode [34,35]. BSA was used for non-
specific site interaction with residual NHS. The antigen-specific 
interaction occurs, forming the antibody-antigen immunocomplex, 
which can lead to the blocking of electron transport [13]. All the steps 
were monitored by CV and EIS measurements, as shown in Fig. 3. After 
the antibodies immobilization (green line), a peak-to-peak separation 
(ΔEp) of 427 35 mV was observed. On the other hand, after the pro- tein 
incorporation reaction (red line), a slight decrease in the current peaks, 
as well as an increase of the ΔEp (604 30 mV), was observed for the cyclic 
voltammetric response (Fig. 3A). This corroborates with the 
impedimetric measurements, in which the expected increase of the 
semi-circle in the Nyquist plot and the charge electron resistance (Rct), 
from  77.7     5.5–175     10 Ω,  were  also  registered  (Fig.  3B).  Voltam- 
metric and impedimetric results (i.e., current peak, peak-to-peak sepa- 
ration, and charge electron resistance) obtained after each step for the 
construction of the 3D printed immunosensor can be compared in Fig. 
S3. 

After the antigen-antibody interaction, a more significant difference 
was noted in both voltammetric and impedimetric responses, indicating 
the good affinity between antigen and antibody molecules. The results 
can be correlated to the insulating effect and the blockage of the electron 
transfer, demonstrating the formation of an insulating layer on the 
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Fig. 2. 3D-printed electrodes morphological characterization: (A, B) SEM, (C, D) AFM, and (E, F) the corresponding KPFM images (10 × 10 µm2) obtained before 
(PLA-G) and after activation treatment (PLA-GNaOH-EC). 

 

electrode surface [36]. In this case, the antigen-antibody immunocom- 
plex acts as a barrier, compromising the electron transfer and the 
analytical signal, which agrees with other works reported in the litera- 
ture [37,38]. 

 
3.3. Analytical performance of 3D-printed immunosensor 

 
The analytical performance of the proposed immunosensor was 

carried out after the interaction of antibodies with antigens at increasing 
concentration levels. Fig. 4 shows the increase in Rct values propor- 
tionally with the increase of PARK7/DJ-1 protein concentrations with a 

linear region from 5.0 to 200 µg L—1 (R2 = 0.991), corresponding to the 

equation: ΔRct (Ω)     2.53(0.12) CPARK7/DJ-1 (µg L—1)     37.6(3.9). The 

limits of detection and quantification  of 1.01 and  3.38 µg L—1 were 
calculated by the signal-to-noise ratio (LOD: S/N 3 and LOQ: S/ N 
10) [39]. This demonstrates that the proposed immunosensor shows 
potentiality for the impedimetric detection of DJ-1 protein, related to 
Parkinson’s disease. 

Cyclic voltammetric performance of the proposed immunosensor 
was also carried out for anodic (Ipa) and cathodic current peaks (Ipc), 
from 5.0 to 500 µg L—1 PARK7/DJ-1 protein (5.0, 50, 100, 200, 300, and 
500 µg L—1). Both peaks showed linear behavior for increasing concen- 
trations of protein (Fig. 5), following the equations: ΔIpa (µA) = 0.418 

(0.010) CPARK7/DJ-1 (µg L—1) + 49.3(0.3) (R2 = 0.997) and ΔIpc (µA) 
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Fig. 3. (A) Cyclic voltammograms and (B) Nyquist plots obtained using the 3D PLA-GDMF-EC electrode before (  ) and after each step of the biosensor assembly: 
EDC/NHS activation ( ), anti-PARK7/DJ-1 antibodies immobilization ( ), BSA immobilization ( ), and antibody-protein interaction ( ). Elec- 
trochemical probe: 1.0 mmol L—1 FcMeOH. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. (A) Nyquist plots and (B) analytical curve obtained for the detection of PARK7/DJ-1 protein at concentrations range of 5.0     200 µg L—1 for charge transfer 
resistance (Rct) using the 3D PLA-GDMF-EC electrode. Electrochemical probe: 5.0 mmol L—1 FcMeOH. Anti-PARK7/DJ-1 concentration: 100 µg µL—1. 

0.569(0.021) CPARK7/DJ-1 (µg L—1)     29.1(6.4) (R2       0.993). Limits of 

detection of 3.46 and 2.69 µg L—1 were obtained for the detection of Ipa 
and Ipc curves, respectively. Thus, the protein could be detected for any 
anodic or cathodic peak at different concentration levels, allowing the 
routine  monitoring  of  the  protein  and  the  diagnosis  of  Parkinson’s 
disease. 

The immunosensor showed good repeatability (RSD 0.803 %) and 
reproducibility (RSD 5.24 %) for consecutive measurements (n 6) 
performed on the same day and different days, respectively (Fig. S4). 
The proposed 3D-printed pseudo-reference electrode showed good sta- 
bility during this period with a standard deviation of 15 mV for the 
anodic peak potential. The stability of the immunosensor was also 
evaluated by the monitoring of the anodic peak current, in which a 
decrease of 18.9 % was observed after 25 days using the 3D-printed 
immunosensor arrangement for the detection of the DJ-1 protein, 
demonstrating a good stabilization of the electrodes over all the study. 

 
3.4. Detection of PARK7/DJ-1 protein in samples 

 
The proposed sensor was applied for the detection of PARK7/DJ-1 

protein in human blood serum and synthetic cerebrospinal fluid sam- 
ples at three levels of concentration [38,40]. In this sense, the average 
concentration of DJ-1 protein in patients diagnosticated with Parkin- 
son’s  disease  in  different  stages  (I,  II,  III,  or  IV)  was  found  to  be 
approXimately 30 8.6 µg L—1 [40]. Thus, the proposed immunosensor 
was successfully applied for the detection of PARK7/DJ-1 protein from 
altered to normal levels (~ 40 µg L—1). Good recovery values were ob- 
tained at three levels of PARK7/DJ-1 protein concentration (30, 40, and 
100 µg L—1), as shown in Table 1. This allows even the early diagnosis of 
Parkinson’s disease and/or the routine monitoring of the biomarker for 
the distinction of the different stages of the disease. 

Different configurations of biosensors have been applied for the 
diagnosis  of  Parkinson’s  disease  (i.e.,  GCE,  FTO,  ITO,  SPE,  and  3D- 
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Fig. 5.   (A) Cyclic voltammograms and (B) analytical curves obtained for the detection of PARK7/DJ-1 protein at concentrations range of 5.0     500 µg L—1 for anodic (Ipa,

 ) and cathodic current peaks (Ipc, ) using the 3D PLA-GDMF-EC electrode. Electrochemical probe: 5.0 mmol L—1 FcMeOH. Anti-PARK7/DJ-1 con- 
centration: 100 µg µL—1. 

 

 
Table 1 

Determination of PARK7/DJ-1 protein in human blood serum and synthetic 

cerebrospinal fluid samples (n = 3).                                                                                       

Sample Added (µg L—1) Found (µg L—1) Recovery (%) 

Blood serum 30.0 31.2 ± 3.6 104 
40.0 37.6 ± 3.4 94.0 

4. Conclusion 
 

We have demonstrated the versatility of 3D printing technology as an 
interesting platform for the immobilization of biomolecules, aiming for 
the fabrication of biosensors. An arrangement of 3D-printed electrodes 
based on PLA and graphene were developed and applied for the detec- 
tion  of  PARK7/DJ-1  protein  related  to  Parkinson’s  disease.  A  great 

 
Cerebrospinal fluid 

100 103 ± 5 103 

30.0 30.4 ± 2.4 101 
40.0 41.1 ± 1.2 103 

analytical performance was achieved for the detection of the protein by 
using both voltammetric and impedimetric techniques with precision 
and accuracy. The 3D-printed immunosensor arrangement was suc-   100 101 ± 3 101  

 
printed sensors) by the detection of targets, such as α-synuclein and DJ-1 
protein (Table 2). In this sense, we can highlight that the proposed 3D- 
printed immunosensor showed great analytical performance for the 
detection of DJ-1 protein comparable with other biosensors found in the 
literature, for both voltammetric and impedimetric detections. 
Furthermore, long-term stability was obtained by using the proposed 
immunosensor. Finally, we emphasize that the 3D-printing allows the 
construction of excellent platforms for the stable immobilization of 
biomolecules, regarding the development of reproductive, reliable, easy 
construction, and low-cost electrochemical biosensors. 

cessfully applied for the detection of the protein in blood serum and 
cerebrospinal fluid samples allowing even the early diagnosis of Par- 
kinson’s  disease  and/or  the  routine  monitoring  of  the  biomarker  in 
different stages of the disease. This emphasizes that the 3D-printing 
combined with electrochemical methods allows the development of 
versatile, reliable, and feasible biosensors. 
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Table 2 
Analytical performance of different immunosensor platforms for the diagnosis of Parkinson’s disease. 

Sample Immunosensor Immobilization Target LDR Slope LOD Stability Ref. 

Blood plasma GCE voltammetric 

immunosensor 

Anti-α-Syn (EDC/NHS 

couple) 

α-synuclein 0.05 — 500 pg L—1 2.75 µAL pg—1 0.03 pg L—1 7 days [41] 

Blood serum FTO voltammetric and 

impedimetric 

immunosensor 

Anti-α-Syn (cystamine 
SAM) 

α-synuclein 10 — 1000 µg L—1 0.13 µAL µg—1
 

and 2.72 kΩL 
µg—1 

3.62 and 

1.13 µg L—1
 

7 days [42] 

Blood serum SPE impedimetric 

immunosensor 

Anti-DJ-1 (cysteamine- 

glutaraldehyde binding) 

DJ-1 
protein 

40 — 150 µg L—1 4.85 ΩL µg—1 7.5 µg L—1 — [38] 

Cerebrospinal fluid 

and saliva 

ITO voltammetric and 

impedimetric 

immunosensor 

Anti-DJ-1 (SAM) DJ-1 

protein 
4.7–4700 pg L—1 — 0.50 pg L—1 5 weeks [43] 

N2A cells MIP/SPCE voltammetric 

and impedimetric 

immunosensor 

Anti-DJ-1 (SAM) DJ-1 

protein 

1.0      500 nmol 
L—1 

0.025 µAL 

nmol—1 and 0.17 

kΩL nmol—1
 

1.0 nmol L—1 — [44] 

Blood serum and 

cerebrospinal fluid 

3D-printed voltammetric and 

impedimetric immunosensor 

Anti-DJ-1 (EDC/NHS 

couple) 

DJ-1 protein 5.0–500 µg L—1 0.57 µAL µg—1
 

and 2.53 ΩL µg—1
 

2.69 and 

1.01 µg L—1
 

25 days This 

work 
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