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HIGHLIGHTS

o A fully 3D-printed six-working electrode
cell is proposed for detection of
biomarkers.

e The working electrodes were printed
with polylactic acid and carbon black.
o Detection of three COVID-19 biomarkers
is investigated, aiming to achieve the

whole viral window.

e The 3D-printed set-up allowed the
detection of N protein, Sgpp protein and
anti-Sgpp.

e The multiplex sensors were selective to
serum and saliva samples.
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ABSTRACT

3D-printing has shown an outstanding performance for the production of versatile electrochemical devices.
However, there is a lack of studies in the field of 3D-printed miniaturized settings for multiplex biosensing. In this
work, we propose a fully 3D-printed micro-volume cell containing six working electrodes (WEs) that operates
with 250 pL of sample. A polylactic acid/carbon black conductive filament (PLA/CB) was used to print the WEs
and subsequently modified with graphene oxide (GO), to support protein binding. Cyclic voltammetry was
employed to investigate the electrochemical behaviour of the novel multi-electrode cell. In the presence of Ks[Fe
(CN)s], PLA/CB/GO showed adequate peak resolution for subsequent label-free immunosensing. The innovative
3D-printed cell was applied for multiplex voltammetric detection of three COVID-19 biomarkers as a proof-of-
concept. The multiple sensors showed a wide linear range with detection limits of 5, 1 and 1 pg mL~! for N-
protein, Sgpp-protein, and anti-Sgpp, respectively. The sensor performance enabled the selective sequential
detection of N protein, Sgpp protein, and anti-Sgpp at biological levels in saliva and serum. In summary, the
miniaturized six-electrode cell presents an alternative for the low-cost and fast production of customizable de-
vices for multi-target sensing with promising application in the development of point-of-care sensors.
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Scheme 1. Illustrative representation of the 3D-printed cell and the respective electrochemical set-up.

1. Introduction

The fused deposition modelling 3D printing technique is based on the
extrusion process of thermoplastics that allows the production of three-
dimensional materials using layer-by-layer deposition of conductive
and/or non-conductive filaments. In electrochemistry, this break-
through technology has shown promising applications in energy storage,
microfluidic systems, and sensor devices [1-3]. From a manufacturing
point of view, 3D printing is an appropriate approach for the fabrication
of low-cost sensors with a capacity of production of more than 1000
electrodes/day. Moreover, additive manufacturing can be employed to
create versatile and customizable electrochemical apparatus for
flow-injection cells, integrated lab-on-a-chip, and wearable sensors
[4-6]. It also allows the production of miniaturized electrochemical cells
for portable analysis that can operate with only a few microliters of
sample and supporting electrolyte [7,8]. Those characteristics are a key
aspect in the development of point-of-care diagnostics ensuring opera-
tional capacity and high analytical frequency in biomedical assays.

3D-printed electrochemical sensors are commonly produced with
conductive filaments of polylactic acid and carbonaceous nanomaterials
[9,10]. Carbon black/polylactic acid (PLA/CB) is among the
high-performance materials for conductive filaments because of its
electrocatalytic properties, high surface-to-volume ratio, electrical
conductivity, and low-cost. For example, the PLA/CB filaments can
create electrochemical sensors with a cost of $ 0.015 dollars per elec-
trode. Despite the low-cost and promising application, the polymeric
content of 3D-printed filaments can cover the carbon conductive sites,
reducing the kinetics of charge transfer onto the electrode surface. To
avoid this problem, chemical and mechanical activation have been
proposed in the literature as an alternative to expose the carbon sites in
conductive filaments [11,12] Electrode modification with graphene

oxide, and gold nanoparticles can be an additional strategy to improve
the electrochemical performance and chemical functionality of PLA/CB
for the production of (bio)sensors [11].

Since the beginning of the COVID-19 pandemic, multiple technolo-
gies have emerged in the field of SARS-CoV-2 detection, including
colorimetric immunoassays, surface-enhanced Raman scattering, and
3D-printed electrochemical sensors. In the last few years, the use of 3D-
printed technology has also emerged in the field of biosensors for elec-
trochemical detection of Hantavirus, SARS-CoV-2 and, Influenza
[13-15]. From this perspective, versatile electrochemical approaches
can be employed to design multiplex sensors, contributing to a fast
response with a lower sample volume. Multiplex detection can also
reduce the source of experimental errors [16]. In addition, sequential or
simultaneous screening of multiple biomarkers can provide more
detailed information about the patient’s condition, supporting medical
decision-making and precision diagnostics [17]. Different geometries of
miniaturized 3D-printed cells containing multiple working electrodes
can be an important tool for precision medicine, ensuring the low-cost
and fast production of multiplex biosensors for viral diseases [18].
From this perspective, multiplex diagnostic of SARS-CoV-2 biomarkers
can improve the confidence level of COVID-19 diagnostics reducing the
possibility of false negative results.

Herein, we propose a miniaturized 3D-printed electroanalytical
approach containing six working electrodes coupled to a multi-channel
analogical controller that operates with only 250 pL of sample. As a
proof-of-concept, the novel 3D-printed cell was applied for multiplex
voltammetric detection of three main COVID-19 biomarkers: N protein,
Srep protein, and anti-Sgpp in saliva and serum samples. The analytical
validation is discussed in detail in terms of linear range, accuracy,
interference response and multi-target detection. The low-cost 3D-
printed cell is a simple and scalable approach for accurate multiplex
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electrochemical sensing.

2. Experimental

2.1. Reagents and materials

All chemical reagents were analytical grade with high purity and the
solutions were prepared using distilled water. Potassium ferrocyanide,
N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimidehydrochloride (EDC),
N-Hydroxysuccinimide sodium salt (NHS) and sodium hydroxide were
purchased from Sigma Aldrich. Bovine Serum Albumin (BSA), SARS-
CoV-2 receptor binding domain (Sgpp) 0.12 mg L7, anti-Sgpp protein
15.4 pg L™}, Hantavirus araucaria nucleoprotein (Np) 1.18 mg mL~},
anti-nucleocapsid 6.6 mg mL ! (monoclonal IgGl), antigen nucleo-
capsid (N) 1.71 mg mL~! (recombinant protein produced in E. Coli) and
serum of COVID-19 patient were provided by the Molecular Virology
Laboratory at Carlos Chagas Institute, FIOCRUZ/PR. The anti-Sgpp and
anti-N standards were prepared in 10 mmol L™ PBS solution in 150
mmol L~ ! NaCl pH 7.4. Sgpp and N protein were diluted in 100 mmol L!
TRIS buffer pH 9. A conductive filament of polylactic acid and carbon
black (Protopasta) was purchased from Protoplant and employed to
print the reference, working, and counter electrodes. ABS non-
conductive filament was used to print the cell support and the multi-
channel analogical controller. GO was synthesized by hummer’s
method and further dispersed in water (1:5) in an ultrasonic bath for 5
min [19].

2.2. Apparatus

Scanning electron microscopy images of PLA/CB and PLA/CB/GO
were obtained on a Tescan, Model: MIRA3 FEG-SEM SE, In Beam-SE,
BSE detectors Coupled to OXFORD EDS detector. All images were ob-
tained with 10 kV voltage acceleration in magnifications of 10, 25 and
50 kx. Raman spectroscopy of GO dispersion was performed in a
Renishaw Microscope Imaging System 3000 coupled to an optical mi-
croscope. Thermogravimetric analysis of GO was performed in a TA
Instruments equipment, Model: SDT Q600. Electrochemical measure-
ments were provided in a potentiostat/galvanostat Palmsense 1.

2.3. 3D-printed multi-electrode cell

The multi-electrode cell was printed in a 3D CORE A1V2 printer from
GTMax 3D using an extrusion nozzle with 0.4 mm of precision. The
miniaturized electrochemical cell was printed with a non-conductive
filament of acrylonitrile-butadiene-styrene (ABS). The geometric
configuration is presented in detail in Scheme 1. The working, counter,
and reference electrodes were directly printed with a commercial
conductive filament of polylactic acid and carbon black (PLA/CB). The
electrodes were polished with sandpaper and subsequently treated with
sodium hydroxide, in order to expose the conductive portion and elim-
inate adsorbed contaminants in the surface, according to the previous
report [20]. The reference electrode was modified with a commercial
Ag/AgCl ink. Electrochemical experiments were recorded in a portable
potentiostat/galvanostat Palmsense 1 (Palm Instruments B.V., the
Netherlands) coupled to a laptop using PSTrace software (v. 5.4) for data
acquisition. The working electrode was connected in an analogic
controller coupled to the portable potentiostat with an individual output
for each working electrode. This strategy ensured the sequential elec-
trochemical determination, as presented in Scheme 1. A volume of 250
pL of Ks[Fe(CN)e] in PBS solution pH 7.4 was used as a supporting
electrolyte for electrochemical measurements. Cyclic voltammetry
measurements were carried out in a potential window from —0.6 to
+0.8V vs. Ag/AgCl with a scan rate of 50 mV s~ 1. For analytical pur-
poses, the peak current signal was collected directly using PSTrace
software. The multiple working electrodes were employed for sequential
analysis of three COVID-19 biomarkers in replicate (n = 2) using two
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electrodes for each target. All experiments were performed at room
temperature.

2.4. Preparation of the immunosensors

First, the PLA/CB was modified with GO by electrodeposition. For
this purpose, an adequate volume of this dispersion was dropped in the
multi-cell set-up and electrochemically deposited onto the PLA/CB
surface by CV. GO electrodeposition was performed using a potential
window from 0.0 to —1.7 V vs Ag/AgCl at 0.2 V s™! for 6 scans. The
produced electrodes (PLA/CB/GO) were washed with deionized water
and further employed for antibody immobilization. Two PLA/CB/GO
working electrodes were modified with each bioreceptors to produce
electrochemical immunosensors for different SARS-CoV-2 targets:
nucleocapsid protein (Np), receptor-binding domain protein (Sgpp), and
receptor-binding domain protein IgG antibodies (anti-Sgpp). The elec-
trode modification was performed by using 10 pL of a freshly prepared
EDC/NHS solution (1 mg mL™!), which was dropped onto the surface of
each electrode on the multi-cell set-up. The electrodes were kept in
contact with the solution for 45 min at 37 °C. After modification, the
electrodes were rinsed with distilled water. The corresponding bio-
receptor solution (2 pg mL™!) was dropped onto the electrode surface,
remaining at 37 °C for 45 min. BSA 0.1% (w/v) was employed to block
non-specific interactions, incubated for 45 min. The resultant electrodes
were named 1) BSA/anti-N/PLA/CB/GO; 2) BSA/anti-Sgpp/PLA/CB/GO
and 3) BSA/Sgpp/PLA/CB/GO. For the calibration curves, 10 pL of a
standard solution containing the target protein was allowed to bind at
the specific receptor for 45 min at 37 °C. To adjust the concentration,
protein standards were diluted in PBS 0.1 mol L™! pH 7.4. The resulting
electrodes were washed with deionized water and measured by CV in a
potential range from —0.8 to +1.0 V vs. Ag/AgCl at 50 mV s ! in the
presence of 5 mmol Lt K3[Fe(CN)] as a redox probe in PBS 0.1 mol L1
pH 7.4.

2.5. Selectivity and detection in biological fluids

Since saliva samples can contain both, N and Sgpp proteins, their
interference response was evaluated. For this purpose, 10 pL of a solu-
tion containing 50 pg mL ™! Sppp was incubated onto BSA/anti-N/PLA/
CB/GO for 45 min at 37 °C. After, CV was employed to evaluate the peak
decrease. The same procedure was employed to investigate the inter-
ference of N protein onto BSA/anti-Sggp/PLA/CB/GO. Another impor-
tant factor of selectivity is the presence of other viral RNA expressed in
saliva of a sick patient. Therefore, the influence of Hantavirus 1 ng mL ™!
on voltammetric response was also tested aiming to evaluate the selec-
tivity of BSA/anti-N/PLA/CB/GO and BSA/anti-Sggp/PLA/CB/GO in
the presence of other pathogens. For anti-Sgpp detection, the interfer-
ence response was evaluated in the presence of COVID-19 positive and
negative human serum provided by the Molecular Virology Laboratory
at Carlos Chagas Institute, FIOCRUZ/PR. This experiment was per-
formed using 10 pL of diluted serum dropped onto anti-Sggp/PLA/CB/
GO. Positive and negative sera dilutions in proportions of 100x, 1,000x
and 10,000x were tested.

For the sequential analysis of the three targets, diluted saliva
(1,000x) was spiked simultaneously with 50 pg mL! of Sgep and N
protein. The diluted serum sample (10,000x) was spiked with anti-Sggp
(50 pg mL™1). A volume of 10 pL of diluted spiked saliva was dropped
onto BSA/anti-N/PLA/CB/GO and BSA/anti-Sggp/PLA/CB/GO. Simi-
larly, 10 pL of diluted serum was dropped onto BSA/Sgpp/PLA/CB/GO.
The electrochemical cell remained in contact with the samples for 45
min at 37 °C. This electrochemical set-up allows the multiplex analysis
in replicate (n = 2) using two electrodes for each target in a multi-
electrochemical set-up.
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Fig. 1. Cyclic voltammetry of different biosensors produced with PLA/CB/GO in the presence of 5 mmol L™! K5[Fe(CN),] prepared in PBS pH 7.4 for A) N-protein; B)
Srep protein and C) anti-Sgpp; Al,p/% of anodic peak currents stepwise monitored for D) N-protein; E) Sgpp protein and F) anti-Sggpp.

3. Results and discussion
3.1. Electrochemical performance of multi-electrode cell

The novel 3D-printed electrochemical cell set-up was designed to
provide a circular symmetric geometry, as can be seen in Scheme 1. This
configuration ensures that the six working electrodes are equally
distributed with the same distance between the shared reference and
auxiliary electrodes, providing a homogeneous charge transfer in the
presence of the lowest volume of supporting electrolyte. The ring format
used as an auxiliary electrode was designed to present a larger surface
area, aiming to compensate the charge flow. Additionally, PLA/CB
pseudo-reference electrode was coated with an Ag/AgCl ink to improve
its long-term stability. The working, counter and reference electrodes
were mechanically polished and chemically treated with sodium hy-
droxide to expose the carbon conductive sites. Scanning electron mi-
croscopy was used to characterize the PLA/CB electrodes, as can be seen
in Fig. S1. Scanning electron microscopy (SEM) characterization is an
important tool to investigate surface homogeneity of electrodes at a
microstructural level. Since this parameter often influences sensor
reproducibility, Figs. S1A and S1B show the SEM images of the PLA/CB
electrodes after mechanical polishing and chemical activation, respec-
tively. Images show a compact surface of the polished electrode, which
can be attributed to coverage of carbon conductive sites with PLA. As
can be seen in Fig. S1B, after chemical activation with sodium hydrox-
ide, the increase in surface roughness suggests the apparent dissolution
of PLA on the electrode surface often exposing the CB portion.

To study the adequate electrochemical operation of the multi-
electrode cell, the voltammetric profile of the different six working
electrodes was studied in the presence of a redox probe, as is shown in
Fig. S2. For comparative purposes, the same experiment was performed
in a conventional three-electrode configuration. Fig. S2A shows the
voltammetric behaviour of different treated PLA/CB electrodes pro-
duced in a conventional three-electrode cell. In those conditions, the
anodic and cathodic peak currents were 18.6 (+1.6) and —15.7 (+1.7)
pA, respectively. The relative standard deviations of peak currents were
8.49 for I, and 10.48% for I,. In the particular case of 3D-printed six-
electrode containing shared reference and counter electrodes (Fig. S2B),
the peak currents were 19.9 (+0.7) and —16.3 (+1.3) with RSD values of
3.73 and 8.10% for I, and I, respectively. This result shows that the
proposed configuration allows a homogenous charge transfer and im-
proves sensor accuracy once the measurements can be subsequently
performed in the same conditions, reducing experimental source of

errors. Comparing both cells, the cathodic and anodic peak potentials
were also stable. The small shift in peak potential of 2 mV for Ep, and 7
mV for E,. indicates suitable stability of the single-shared reference
electrode proposed in the novel multi-electrode configuration.

3.2. Preliminaries studies

First, the optimization of voltammetric response obtained for redox
probe is an important step for the fabrication of label-free electro-
chemical immunosensor once the proteins are commonly non-
electroactive molecules, requiring indirect electrochemical detection
[21]. In order to investigate the best redox probe, three aspects were
evaluated for PLA/CB and PLA/CB/GO electrodes: 1) the peak current to
ensure appropriate indirect detection 2) reversibility of the redox signal
and 3) the sensitivity towards N protein detection. Raman spectroscopy
(Fig. S3A), TGA analysis (Fig. S3B) and SEM images (Fig. S3 C, D and E)
of GO used to prepare the PLA/CB/GO are showed and discussed in
supplementary data.

For this purpose, two commonly used redox probes were investi-
gated: K3[Fe(CN)¢] and hydroquinone. Figs. S4A and S4B shows the
cyclic voltammetry measurements performed using PLA/CB electrode in
the presence of three different concentrations of the hydroquinone and
K3[Fe(CN)gl, respectively. Here, it is important to highlight that the
redox probe optimization was performed in PBS solution pH 7.4,
simulating biological conditions for label-free electrochemical bio-
sensing. Despite PLA/CB (Fig. S4A) and PLA/CB/GO (Fig. S4C) present a
reversible signal in hydroquinone, this probe did not show a consider-
able peak decrease for target protein detection, Al,, value near to 3%
(Fig. S4E). On the other hand, K3[Fe(CN)g] was effective in the protein
detection, indicating a considerable decrease of anodic peak current
(Alp = 17%) in the presence of N protein (Fig. S4F). Thus, K3[Fe(CN)e]
in PBS 7.4 was employed for further experiments.

Since GO oxygen functional groups reduce with the increase of
electrodeposition cycles, this condition was also optimized. As shown in
Fig. S5, the electrochemical response of PLA/CB increases with the
number of electrodeposition cycles from 1 to 12. For this purpose, the
peak current difference between PLA/CB and PLA/CB/GO (Al = Iap.
pLA/CB/GO- lap-pLA/cB) Was evaluated in the presence of K3[Fe(CN)g]. If
compared to PLA/CB, PLA/CB/GO showed an approximately 4 and 2.5-
fold increase in K3[Fe(CN)¢] in PBS 7.4 for I, and I, values, respec-
tively. This behavior can be attributed to the increase in electroactive
area and the coverage of the non-conductive PLA portion. To confirm
that, the same cathodic treatment of PLA/CB was applied in PBS 7.4,
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Fig. 2. Peak current variation (Al,,/%) values obtained from CV measurements in the presence of [Fe(CN)6]3’/ 45 mmol L! prepared in PBS pH 7.4 obtained for A)
N-protein in a range from 5 to 500 pg mL~}; B) Spgp in a range from 1 to 100 pg mL~'; C) anti-RBD from 1 to 1000 pg mL™!; with the respective calibration plots of D)
N protein; E) Sgpp protein and F) anti-Sgpp. The calibration plots were performed in PBS buffer.

providing only a slight improvement of the peak current (Fig. S5A).
After 12 cycles, an apparent stabilization of the current peak indicates
the effective reduction of oxygen-containing groups of GO. On the other
hand, the opposite effect is observed for protein immobilization with the
reduction of antibody content when more than 6 cycles of electrode-
position were applied. To evaluate that, we have studied the protein
immobilization using a different number of electrodeposition cycles.
This effect was estimated by the difference between the anodic peak
current before and after the immobilization of N protein (Alp = Iap.pra/
CB/GO - lap-PLA/CB/GO/anti-Np)- It suggests that the available oxygen groups
in graphene oxide directly influence the number of available sites for
protein attachment via EDC/NHS activation (Fig. S5B). As expected,
those two observations are important to ensure the best electrochemical
performance of biosensors. Considering that, further studies were con-
ducted using 6 cycles of electrodeposition as the optimized condition.

3.3. Stepwise construction of the multi-target sensors

As a proof of concept, the multi-target electrochemical cell was
employed in the construction of three COVID-19 sensors for the
sequential detection of N-protein, Sggp protein and anti-Sggp. PLA/CB/
GO modified electrodes were stepwise interrogated by cyclic voltam-
metry in a potential window of —0.6 to +0.7 V vs. Ag/AgCl at 50 mV s~
in the presence of K3[Fe(CN)g] prepared in PBS pH 7.4. Fig. 1A, 1B and

1C show the voltammograms provided by the different sensors: N-pro-
tein, Sggp protein and anti-RBD, respectively. First, the oxygen-
containing groups of PLA/CB/GO were chemically activated by EDC/
NHS, as can be seen in step a. Subsequently, each corresponding bio-
rreceptor (2 pg L™1) was kept in contact with the activated PLA/CB/GO/
EDC-NHS. Cyclic voltammograms showed a decrease in the anodic and
cathodic peak currents for all testes electrodes after protein incubation
(step b). The reduction in anodic peak currents Al,, (Iop-Ip) were 13.7,
19.7 and 12.5% for N-protein, Sggp and anti-Sgpp biorreceptors,
respectively. This result indicates the successful protein attachment on
the activated PLA/CB/GO once proteins are known to block the charge
transfer reactions on the electrode/solution interface, acting as insu-
lating layers.

Subsequently, BSA provided an I, reduction near to 5% for all
electrodes (step c). This step was used to block the non-specific in-
teractions of proteins onto PLA/CB/GO, avoiding the possible interfer-
ence response. The stepwise monitoring is evidenced in Fig. 1D, 1E and
1F. Finally, the sensor was tested against each target protein. In those
conditions, the reduction in Al,, was 12.8, 15.2 and 10.1% for N-pro-
tein, Sgpp protein and anti-Sgpp, respectively. This indicates the suc-
cessful detection of the three tested targets with the proposed device,
providing the possible application of the multi-electrode cell for their
sequential determination.

Table 1
Comparative performance of different electrochemical approaches employed to COVID-19 diagnostics.
Electrode Method Target Sample Detection time LOD Ref
SPE-GQD-PHB DPV anti-S Serum 120 min 100 ng mL~! [24]
SPE-MWCNT EIS anti-S Serum 40 min 0.7 pg mL~! [25]
AulDE EIS N protein Serum 5 min 0.389 fmol L~* [26]
SPE-CB-MBs DPV N protein Saliva 30 min 8 ng mL~! [271
FTO/AuNPs/SARS-CoV-2 DPV/CV N protein Saliva 120 min 0.63 fmol L™! [28]
SPE-MIP-MP-Au EIS Srep protein Saliva 20 min 0.7 pg mL™! [29]
ITO-GNPs@MUA CV/EIS Srep protein Swab 60 min 0.577 fg mL ! [30]
AuNP- mAB SWV S protein Saliva - 1pgmL~?! [31]
PLA/CB/GO cv N protein Saliva 45 min 5pg mL~! This work
Sgrep protein Saliva 1 pgmL™!
anti-Sgpp Serum 0.1 pgmL~!

Screen printed electrode - SPE; graphene quantum dots — GQD; Polyhydroxibutirate- PHB; multiwalled carbon nanotubes - MWCNT; gold interdigitated electrode —
AuIDE; carbon black — CB; magnetic beads — MB; fluorine tin oxide — FTO; gold nanoparticles — AuNPs; molecularly imprinted polymer — MIP; macroporous gold — MP-
Au; indium tin oxide — ITO; gold nanoparticles — GNPs; 11-mercaptoundecanoic acid — MUA; polylactic acid — PLA; graphene oxide — GO. Differential Pulse Vol-
tammetry - DPV; EIS — Electrochemical Impedance Spectroscopy; CV — Cyclic Voltammetry.
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3.4. Analytical performance

Multiplex detection of N, Sggp proteins and anti-Sgpp (IgG SARs-CoV-
2 antibodies) are important factors to improve the confidence levels of
COVID-19 diagnostics in swab, saliva and serum samples. From this
point of view, those targets were used as a proof of concept to show the
promising application of the fully 3D printed multi-cell electrode to
overcome clinical challenges of COVID-19 diagnoses. From this
perspective, the analytical performance of the proposed sensors was
investigated by cyclic voltammetry for each analyte in concentration
ranges from pg to ng mL ™! using an external calibration. As a proof-of-
concept, the calibration plots were carried out in PBS solution. The AI,,/
% is expressed by (Iop-Ip/Iop)*100. Standard deviation for each con-
centration level was estimated in replicate (n = 6). Voltammograms
recorded after incubation in presence of targets showed a significant
variation of current peak and a small relative standard deviation
(Fig. 2A, B and Q).

Linear relationships between relative Al,;/% and the logarithm of
target concentrations were achieved for the three tested analytes: N
protein, Sgpp protein and anti-Sgpp (Fig. 2D, E and F). The blank devi-
ation was estimated based on the variation of the sensor response, in
presence of the redox probe and PBS solution as electrolyte, before in-
cubation step (n = 6). In those conditions, the RSD values were 4.2, 2.7
and 2.8% for N-protein, Sgpp and anti-Sgpp, respectively. The limit of
detection was estimated as the first point of the calibration plot, statis-
tically different from the blank deviation. Therefore, the LOD values
were 5, 1, and 0.1 pg mL~! for N protein, Sgpp protein and anti-Sgpp,
respectively. Correlation coefficients were 0.986, 0.985 and 0.993 for N-
protein, Sgpp protein and anti-Sgpp, respectively. Previous results
showed that anti-Sppp (IgG) can reach levels of pg mL™! in serum 21
days after infection [22]. The levels of N protein in saliva samples can be
between 10 and 10,000 pg mL ™! [23]. The linear response of the targets
below and/or inside biological levels shows the promising features of
the produced biosensors for the sequential detection and quantification
of multiple COVID-19 biomarkers. Table 1 presents comparative results
between COVID-19 electrochemical sensors. Compared to the voltam-
metric and impedimetric sensors presented on Table 1, the results
indicate suitable performance of the proposed multiplex approach for
the three tested targets, showing excellent limits of detection and
adequate detection time for the three targets. It is important to highlight
that this approach allows the simultaneous incubation of multiple tar-
gets, which is an important point for routine analysis.

3.5. Selectivity, matrix effect and multi-target determination

In order to verify the analytical applicability of the multi-analyte
system, selectivity studies for N and Sppp protein detection were per-
formed in presence of a 1,000x diluted saliva from a healthy individual.
Also, the interference response of other protein and virus was evaluated
for those sensors. Saliva can contain high levels of N and Sgpp proteins
being useful in the COVID-19 diagnostics. Thus, the matrix effect of
diluted saliva was separately tested for the detection of N and Sgrpp
protein, showing an interference response of 5.6% and 3.8%, respec-
tively (Fig. 3A and B). As can be seen in Fig. 3A, N-protein sensor showed
an interference response of 2.2 and 1.1% in the presence of Sggp (500 pg
mL™) and Hantavirus (1 ng mL™?), respectively. The same experiments
were applied for Sgpp protein sensor and showed an interference
response of 2.1 and 4.2% for N-protein (500 pg mL™') and Hantavirus (1
ng mL™1), respectively (Fig. 3B). Those results suggest adequate selec-
tivity for the detection of Sgpp and N-protein in saliva.

Since there is a significant expression of COVID-19 IgG antibodies in
human blood, serological tests are the most used diagnostics for anti-
Srep detection. From this perspective, the interference response of
positive and negative serum samples was evaluated to achieve suitable
conditions for electrochemical sensing. Both samples were diluted in
PBS solution pH 7.4 in proportions of 1:1,000, 1:5,000, and 1:10,000 (v/
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Fig. 4. Multi-analyte detection of serum and saliva spiked samples simulating two different conditions A) N protein; B) S-RBD protein; C) anti-S-RBD and D)
comparative Al,,/% for patient 1; and E) N-protein; F) S-RBD protein; G) anti-S-RBD and H) comparative Al,,/% for patient 2.

v). As is shown in Fig. 3C, small differences of the anodic peak current,
for positive and negative controls, were observed for the samples diluted
1,000x and 5,000x. It can be explained due to the high protein content
and complexity of serum samples, which contributes to the non-specific
binding. For the diluted 10,000x sample, the difference from positive
and negative tested samples suggests appropriate conditions for selec-
tive detection of anti-Sgpp. Since anti-Sgpp serum levels are in the range
of pg mL™!, the proposed dilution would not compromise sensor oper-
ation for COVID-19 diagnosis. Thus, this dilution was further applied for

the electrochemical multiplex detection aiming to improve the selec-
tivity of anti-Sgpp in serological tests.

Multi-analyte detection is an important tool for precision di-
agnostics, supporting medical decision-making. Considering that, the
novel multi-electrode cell was applied for multiplex detection of COVID-
19 biomarkers as a proof of concept. In this particular case, despite the
increasing efforts of the scientific community, there is still a wide range
of false negative results, contributing to the spreading of this viral dis-
ease. It occurs because of the significant decrease in viral levels about 7
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days after the first symptom. Subsequently, the organism starts to react
with the production of antibodies. Considering that, multiplex detection
of viral proteins and IgG antibodies could contribute to accurate di-
agnostics of SARS-CoV-2, increasing the detection window.

To simulate real conditions, two sets of samples were prepared,
which were divided into patient 1 and patient 2. For patient 1, the saliva
sample of a healthy individual was spiked simultaneously with 50 pg
mL ™! of N and Sggp proteins. Additionally, the diluted non-spiked serum
of this patient 1 was analysed in the same electrochemical set-up. This
condition was designed to simulate a possible patient in the early 7 days
of symptoms. On the other hand, the serum of patient 2 was spiked with
50 pg mL " of anti-Sgpp, which was sequentially analysed with the non-
spiked saliva sample. The six-working electrode cell was used in both
cases. For this purpose, the electrochemical experiment was designed to
present two sensors for each marker.

Fig. 4 presents the cyclic voltammograms for patients 1 and 2 per-
formed in 5 mmol L™} K3[Fe(CN)g] in PBS pH 7.4. For patient 1, Fig. 4A,
4B, and 4C show the results for the sequential detection of N-protein,
Srep protein, and anti-Sgpp, respectively. In those conditions, it was
possible to identify a Al,, of 21.8 (+4.5), 20.9 (£1.7), and 5.5 (+0.9) %
for N-protein, Sgpp protein, and anti-Sgpp, respectively. The CV results
indicate positive detection for N and S protein. On the other hand, the
result was negative for anti-Sgpp once the produced Al,, was lower than
the first point of the calibration plot. The same experiment was applied
for patient 2 and the Al values were 5.6 (£1.1), 6.6 (+2.2) and 25.8
(£3.9) % for N-protein, Sgpp protein, and anti-Sgpp, respectively.
Considering that, the values of N and Sggp protein were also considered
negative since they were lower than the first point on the calibration
plot. The positive result for anti-Sgpp in this case indicates the selective
detection of antibodies, which is suitable for multi-target sensing.

4. Conclusion

In this work, we proposed a novel 3D-printed multi-electrode
portable cell for multiplex electrochemical sensing of COVID-19 bio-
markers. First, the novel cell configuration was investigated to ensure its
adequate operation. PLA/CB was successfully modified with graphene
oxide (PLA/CB/GO), providing an adequate surface for electrochemical
immunosensing. Cyclic voltammetry was employed to stepwise inves-
tigate the construction of the biosensors for N-protein, Sgpp protein, and
anti-Sggp. Under optimized conditions, it was possible to observe a
linear relation between Al,, and the logarithm of concentration for the
three tested analytes. The interference response studies were also
employed to estimate the adequate preparation of saliva and serum
samples for multi-target detection in real samples. For multiplex
sequential detection of the studied proteins, two possible conditions
were simulated. The successful results of simulated samples indicate that
the novel 3D-printed multi-electrode cell presents an important
approach for multi-target detection using COVID-19 biomarkers as a
proof of concept. This versatile 3D-printed strategy can be also used for
sequential detection of other biomarkers, aiming for the precise di-
agnostics of infections and viral diseases. Further studies can be per-
formed to include a high number of electrodes and biomarkers.
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