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Abstract: In recent research, 3D printing has become a powerful technique and has been applied in the
last few years to carbon-based materials. A new generation of 3D-printed electrodes, more affordable
and easier to obtain due to rapid prototyping techniques, has emerged. We propose a customizable
fabrication process for flexible (and rigid) carbon-based biosensors, from biosensor design to printable
conductive inks. The electrochemical biosensors were obtained on a 50 µm Kapton® (polyimide)
substrate and transferred to a 500 µm PDMS substrate, using a 3D-extrusion-based printing method.
The main features of our fabrication process consist of short-time customization implementation,
fast small-to-medium batch production, ease of electrochemical spectroscopy measurements, and
very good resolution for an extrusion-based printing method (100 µm). The sensors were designed
for future integration into a smart wound dressing for wound monitoring and other biomedical
applications. We increased their sensibility with electro-deposited gold nanoparticles. To assess
the biosensors’ functionality, we performed surface functionalization with specific anti-N-protein
antibodies for SARS-CoV 2 virus, with promising preliminary results.

Keywords: carbon-based electrochemical biosensors; 3D printing; flexible sensors; electrochemical
impedance spectroscopy

1. Introduction

Also known as additive manufacturing (AM) or rapid prototyping, 3D printing tech-
nologies can be used to make parts from 3D computer-aided design (CAD) models. This is
a powerful technique that has been employed in research activities as well as in industrial
production in many fields such as medicine, aerospace, catalysis, etc. Because this process
has been applied in the last few years to carbon-based materials, it still faces many chal-
lenges in obtaining directly printed carbon, such as optimizing the printed material and
the matrix in which it is incorporated [1]. Due to their excellent properties, some of the
most extensively used materials for 3D printing are carbonaceous materials such as carbon
nanotubes [2], carbon fibers [3,4], carbon black [5,6], graphene, and graphene oxide [7,8].

Recent advances in this field have enabled the use of 3D printing for fabricating
electrochemical sensors or biosensors that can be used in different areas. Conventionally
manufactured electrodes such as glassy carbon, screen-printed, and composite carbon
electrodes could be replaced by a new generation of 3D-printed electrodes that are more
affordable and easier to obtain due to rapid prototyping techniques [9–15]. In recent years,
the applications that have raised the most interest are wearable and portable flexible sensors,
soft robotics, and implantable biomedical devices that can be miniaturized and tailored to
suit the end users [16,17]. There have been several reports regarding wearable and flexible
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invasive or non-invasive electrochemical biosensors for the real-time monitoring of glucose,
lactate, dopamine, cortisol, or antigens of interest [18–22]. Carbon-based nanomaterials
have been used to develop conductive platforms for flexible electrochemical biosensor
fabrication. There are several advantages to using this type of material for healthcare
monitoring and clinical analysis: excellent biocompatibility, low costs, ease of fabrication
and personalization using rapid prototyping, light weight, high stretchability, and high
performance due to the intrinsic properties of the two-dimensional nanomaterials.

In this study, we propose a customizable fabrication process for flexible (and rigid)
3D-printed carbon-based biosensors for electrochemical impedance spectroscopy, from
biosensor design to printable conductive inks. Some of these features are reported in the
literature, but, to our knowledge, no study comprises all of them.

Zhao et al. developed an invasive electrochemical sensor using a flexible electrode
based on a three-dimensional (3D) monolithic nanoporous gold scaffold (NPG) supported
by graphene paper (GP) enhanced with platinum cobalt (PtCo) alloy nanoparticles for the
detection of glucose. Their sensor showed a broad linear range from 35 µM to 30 mM, a
limit of detection (LOD) of 5µM, and a sensitivity of 7.84 µA cm−2 mM−1 [23]. Lee et al.
also reported a graphene gold-doped biosensor fabricated using chemical vapor deposition
(CVD) that measures glucose levels, thus creating a wearable sweat-focused patch for
diabetes monitoring and therapy [24].

Britton et al. developed a flexible strain-responsive sensor fabricated from a biocom-
patible electronic ink via an additive-manufacturing process. They used an environmentally
sustainable copolymer-x-pentadecalactone-co-e-decalactone (PDL) that incorporates silver
nanowires (AgNWs). The device demonstrated a low electrical resistance (320 ± 9 O/sq)
and a high electrical capacitance (2.06 ± 0.06 mF/cm2). They also demonstrated bio-
compatibility through in vitro testing by promoting neural adhesion and prevention of
astrocyte activation. The biosensors were tested by monitoring approximately one million
biologically relevant strain cycles [25].

Tang et al. developed micro-supercapacitors (MSCs) using a new type of hybrid-
dimensional Fe2O3/graphene/Ag ink, performing direct-ink writing-based three-dimen-
sional (3D) printing. The device had a maximum area capacitance of 412.3 mF cm−2 at
2 mA cm−2, a correspondingly high energy density of 65.4 µWh cm−2, and 89% capacitance
retention for over 5000 charge and discharge cycles. The 3D-printed MSC exhibited reliable
flexibility with remarkable retention of 90.2% of its original capacitance after 500 bending
cycles [26].

Silva Neto et al. developed a 3D-printed bath injection method for the analysis of
BIA cells integrated with eight sensing electrodes in a single step. The electrodes were
modified with graphene oxide. The device was printed within 3.4 h using a multi-material
printer equipped with insulating, flexible, and conductive filaments at a cost of ca. USD
1.2 per unit. The device was tested using adrenaline (ADR) as the target analyte. The fully
3D-printed system provided suitable analytical performance in terms of repeatability and
reproducibility (RSD ≤ 6%), linear concentration range (5 to 40 µmol L− 1; R2 = 0.99), the
limit of detection (0.61 µmol L−1), and high analytical frequency (494 ± 13 h−1). The device
was also tested on urine samples spiked with adrenaline solutions, with recovery values
ranging from 87% to 118% [27].

The fabrication process is rarely a standalone process and often requires additional
steps in product development (Scheme 1). In our case, the customizable fabrication process
can include the customization of the sensors’ design and the materials used: the conductive
inks and substrates. The main features of our fabrication process consist of its short-time
customization implementation, fast small-to-medium batch production (10–20 pieces batch
can be produced in a couple of hours, while the same batch requires several days to
weeks using the photolithography fabrication process, depending on its complexity and
the equipment load), ease of electrochemical spectroscopy measurements, and very good
resolution for an extrusion-based printing method (100 µm).
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Scheme 1. The fabrication process integration in the sensors’ development stages.

When developing complex instruments (e.g., lab-on-chip, point-of-care devices, etc.)
aimed to increase the population welfare or simply to reduce the costs of the testing and/or
monitoring of chronic diseases, you need a certain degree of flexibility and even freedom in
your material choice and the structural design. This flexibility and freedom can be achieved
using an extrusion-based bioprinter. The versatility of our bioprinter Allevi 1 allows for
the use of a large range of inks, from medium–low to high viscosities (up to 400 Pa.s), thus
allowing for the customization of the conductive inks.

The fabrication process presented in this work was optimized using several designs,
but only two types of commercial conductive inks with known characteristics were used
for printing to have better control over the process.

The sensors were designed for future integration into a smart wound dressing for
wound monitoring and other biomedical applications. To assess the biosensors’ func-
tionality, we performed surface functionalization with specific anti-N-protein antibodies
for SARS-CoV 2 virus, with promising preliminary results, which provide quantitative
information on the changes in the electrochemical signal. A similar methodology was used
by Tabrizi and Acedo in 2022, for the determination of SARS-CoV-2-RBD using a carbon
nanofiber–gold nanocomposite-modified screen-printed electrode [4].

2. Materials and Methods
2.1. Materials and Reagents

Potassium hexacyanoferrate (III) K3 [Fe(CN)6] (≥99.0 %, Sigma-Aldrich, Saint Louis,
MO, USA), chloroauric acid (HAuCl4·3H2O, ≥99.9 %, Sigma-Aldrich, Saint Louis, MO,
USA), H2SO4 (95.0–98.0%, Sigma-Aldrich, Saint Louis, MO, USA), KCl (≥99%, Sigma-
Aldrich, USA) and HCl (37%, Sigma-Aldrich, Saint Louis, MO, USA), 11-mercaptondecanoic
acid (MUDA, 98%, Sigma-Aldrich, Saint Louis, MO, USA), 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride, (EDC, ≥98%, Alfa Aesar, Tewksbury, MA, USA), bovine
serum albumin (BSA, Sigma-Aldrich, Auckland, New Zealand), N-hydroxysuccinimide
(NHS, 98%, Sigma-Aldrich, Tokyo, Japan) and 4-morpholineethanesulphonic acid (MES,
≥99.5 %, Sigma-Aldrich, Saint Louis, MO, USA), SARS-CoV-2 nucleocapsid protein mouse
monoclonal antibodies (HyTest, Turku, Finland), SARS-CoV-2 nucleocapsid protein, recom-
binant (HyTest, Turku, Finland).

For the fabrication of the working electrodes (WEs) and the counter electrodes (CEs),
a carbon-based ink with high viscosity (250–300 Pa.s, CH-8, Jelcon corp., Tokyo, Japan) was
used, covered partially for insulation with epoxy resin (Deve Prodexim, Oradea, Romania).
For the fabrication of reference electrodes (REs), a silver-based ink with medium viscosity
(1–2 Pa.s, DM-SIP-3105S, Dycotec Materials Ltd., Calne, UK) was used. We opted for
these inks as both are designed for flexible printed circuits. Additionally, a potentiostat,
Autolab PGSTAT204 with a FRA32M electrochemical impedance spectroscopy (EIS) module
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(METROHM AUTOLAB AG. Utrecht, The Netherlands), and the Nova 2.1.3 software were
used for all electrochemical studies.

2.2. Electrochemical Sensor Fabrication Process

The fabrication process for the bioprinted electrochemical sensors (Figure 1) involved
the following steps:

1. Substrate preparation—A 50 µm thick adhesive sheet of polyimide (Kapton®) was cut
into the required dimensions (25 × 10 mm) and fixed onto a rigid support substrate
with the same dimensions. The rigid substrate can be any type of material that can
withstand up to 200 ◦C. In our case, we used a piece of a silicon wafer cut to the
desired dimensions.

2. Electrodes printing—After the substrate was cleaned with isopropanol and dried
with air jets, the prepared substrate was fixed onto the plate of the bioprinter Allevi
1. Two dispensers were loaded with the necessary pastes: the CH8 carbon paste
and the Dycotec silver paste. The pastes were extruded onto the Kapton substrate
starting with the Ag and finishing with the CH8. The printing parameters used for the
extrusion process were the following: extrusion pressure (p) was 3 bar for the Ag and
5 bar for the CH8, and the printing head speed (V) was 20 mm/s for the Ag, and 10 to
20 mm/s for the CH8, respectively, depending on the electrode design. The printing
parameters were optimized after a series of tests based on the printing ink viscosities.

3. Thermal treatment—Following the conductive ink deposition, thermal treatment
was carried out for drying the extruded inks. Both inks have similar requirements;
therefore, only one step of thermal treatment was performed: 30 min at 140 ◦C on
a hotplate.

4. Transfer from the rigid substrate to the flexible substrate—The last step in this work-
flow was the transfer of the printed Kapton from the rigid support substrate to a
flexible support substrate. The Kapton adhesive sheet was carefully peeled from
the rigid substrate and placed on the flexible substrate. In this case, we used a
500 µm PDMS substrate that fits the same dimensions and that can be used in a SATA
2 connector.
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Electrical insulation, completely covering the conductive routes and delimiting the
WE, CE, and RE electrodes, was performed with low-viscosity bicomponent laminating
epoxy resin.
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2.3. Reference Electrode Preparation

The silver reference electrode was subjected to electrochemical chlorination using
an Autolab PGSTAT204 potentiostat. The process consisted of using the potentiometric
stripping analysis (PSA) option with a constant current of 10 mA for 0.5 s and placing a
drop of 0.1 M HCl solution onto the electrodes. When the process concluded, the formation
of silver chloride (AgCl) was confirmed with visual observation (wetted area darkening).

2.4. Carbon-Based Electrode Preparation

The printed electrodes were subjected to washing and cleaning processes using an
Autolab PGSTAT204 potentiostat. The process consisted of three steps: (i) three cycles of
cyclic voltammetry (CV) with a potential window from −0.1 to 0.6 V at a scanning rate of
50 mV/s and placing a drop of phosphate-buffered saline (PBS) solution containing 1 mM
[Fe(CN)6]3−/4− and 0.1 M KCl on the electrodes, to assess the oxidative processes; (ii) three
cycles in CV with a potential window from −0.6 to 0.1 V at a scanning rate of 50 mV/s, to
assess the reductive processes; and lastly (iii) washing with H2O.

2.5. Surface Modification of the Working Electrode

The working electrodes were used in the decoration process of gold nanoparticles
(AuNPs) using an Autolab PGSTAT204 potentiostat. The process consisted of 1 to 10 cycles
of cyclic voltammetry (CV) with a potential window from 0.05 to 0.85 V at a scanning rate
of 10 to 100 mV/s and placing a drop of 0.5 M H2SO4 in 2 mM HAuCl4 solution on the
electrodes. Variations in the number of cycles and the scanning rate were set to identify the
optimal setup for the current application on our in-house fabricated sensors.

The decoration of the working electrode with AuNPs served for the specific function-
alization of the sensor. The conjugation of AuNPs with specific antibodies was adapted
from Higa et al. [28]. The immobilization of SARS-CoV-2 antibodies to AuNPs was made
by incubating 20 µL of linker solution of 11-mercaptondecanoic acid (MUDA, 2 mM, in
ethanol) for 2 h. The modification of the surface of AuNPs with MUDA was achieved
through the thiol group (-SH) from the structure, via Au–S bond formation. After, the
substrates were washed thoroughly with PBS and incubated for 1 h using a mixture of
EDC (75 mM) and NHS (15 mM) obtained in MES buffer (25 mM) to activate the carboxyl
group from MUDA for protein binding. Subsequently, after washing with PBS (pH 7.4),
the 20 µL of SARS-CoV-2 nucleocapsid antibodies (20 µg/mL) were added to the working
electrode and incubated for 1 h. Then, a 1% solution of BSA was used for 1 h to block
unreacted ester–NHS groups and to minimize nonspecific adsorption. The functionalized
bioprinted sensors were stored overnight at 2–8 ◦C, until functionality testing. To demon-
strate the functionality of the sensor, they were incubated for 1 h with 20 µL N-protein
solution (SARS-CoV-2 nucleocapsid protein) at 1 fM concentration. After washing with
PBS, electrochemical measurements were performed. All the stages of functionalization
were performed at room temperature (25 ◦C) in a humid atmosphere.

2.6. Morphological Characterization

The morphological characterization of the bioprinted working electrodes was per-
formed to analyze the surface of the working electrode, as well as the size, distribution, and
shape of the nanoparticles attached to the surface of the electrode. This characterization
was carried out via scanning electron microscopy (SEM) using Nova NanoSEM 630 (FEI
Company, Hillsboro, OR, USA).

2.7. Spectrometric Characterization

The spectrometric characterization of the bioprinted working electrodes was carried
out to assess the modification on the surface of the working electrodes with the AuNPs and
N-protein. Raman spectra were obtained using a WiTec Raman spectrometer (Alpha-SNOM
300S, WiTec. GmbH, Kroppach, Germany) with a back-scattering collection. Its excitation
radiation was set at 532 nm from an Nd-YAG laser with a power of 10 mW, with 600
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grooves/mm grating and 20 s acquisition time. The spectra were obtained using the WiTec
Project Five software and processed (peak identification) with the Origin 8.5 software.

2.8. Electrochemical Characterization

As part of the characterization of the bioprinted working electrodes, cyclic voltam-
metry and impedance spectroscopy (EIS) techniques were used to study the degree of the
modification of the electrode surface. A CV study was performed using a PBS solution
containing 1 mM [Fe(CN)6]3−/4− and 0.1 M KCl, where a 15 µL drop from the solution was
placed on the bioprinted electrodes, and a CV scan was then performed with a potential
window from −0.4 to 0.4 V at a scan rate of 100 mV/s. For the EIS study, a drop of PBS
solution containing 1 mM [Fe(CN)6]3−/4− and 0.1 M KCl was placed and analyzed using a
range of frequencies starting from 1 MHz to 0.1 Hz.

3. Results
3.1. Electrochemical Sensor Fabrication Process

Following the fabrication process (Figure 1) presented in the previous section, we
built in-house flexible and rigid carbon-based electrochemical sensors. We chose and
successfully adopted two designs (Figure 2) used in the industry (e.g., Zimmer and Peacock
sensors, Royston, UK) to test the fabrication process. The sensors were designed using a
CAD/CAM specialized software program (Autodesk® Fusion 360™, Autodesk, Inc., San
Rafael, CA, United States) that provided the gcode file necessary for the bioprinter. The WE
geometric areas were 12.6 mm2 for the circular design (Figure 2a,b) and 3.5 mm2 for the
linear one (Figures 2c and 3). To ease the electrochemical spectroscopy measurements, we
redesigned the connecting pads, along with the sensor’s dimensions, to fit either 8 SATA
2 connector pins (Figure 2c) or 15 SATA 2 connector pins (Figure 3). The corresponding
pins were accordingly connected as inputs for the Autolab PGSTAT204 potentiostat. We
tested several various designs of the flexible in-house printed sensors to determine the
optimal configuration.
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Figure 2. An electrochemical carbon-based sensor on a flexible substrate (25 × 10 mm) with
3 electrodes: (a) WE and CE were completely from carbon, and RE was Ag/AgCl; (b,c) all elec-
trodes, electric routes, and pads were made from Ag, and in the interest area, WE and CE were
covered with carbon paste.
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Figure 3. Electrochemical sensor array with 3 carbon-based sensors on a rigid substrate (30 × 20 mm),
with 5 electrodes: WEx3 and CEx1 were completely carbon-based, and REx1 was made from
Ag/AgCl.

The first variants were fully printed with the silver paste: The electrodes, electric
routes, pads, and the interest areas of WE and CE were subsequently covered with carbon
paste after the first thermal treatment to dry Ag deposition (Figure 2b,c). This was a labori-
ous process, with high precision requirements to cover the existing routes and maintain
the sensor integrity. It proved not to be the best approach, confirmed using the early
CV measurements, which indicated additional peaks due to the silver–carbon interface
(Figure A1). Therefore, to improve the printing stage and the quality of the sensors, we
turned to a different approach. We printed with silver paste only the reference electrode,
with its electric routes and pads. The rest of the electrodes (WE and CE) were fully printed
with CH8, including the electric routes and pads (Figures 2a and 3). This proved to be
a very good choice as CV and EIS measurements stabilized and improved considerably,
along with lowering the complexity and duration of the fabrication process. We managed
to print a batch of 20 sensors in less than 1 h, with a cost per unit of around USD 3. This
sum is mainly from the equipment exploitation, the materials used are either very cheap
(PDMS and Kapton) or used in very low quantities (the conductive inks).

3.2. Morphological Characterization

Using Nova NanoSEM 630, we were able to obtain the SEM micrographs of the AuNPs
electro-deposited, to assess the influence of different parameters, such as the number of
cycles or the scan rate value, on the AuNP formation (Table 1). The results highlight that the
best results are given by the electro-deposition methods with at least 10 cycles and a scan
rate lower than 50 mV/s. Similar results have been obtained by Drobysh et al. in 2022 [29].
Taking this under consideration, we chose two flexible sensors for the electrochemical
characterization: S6/02.08 and S7/02.08.
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Table 1. Influence of different parameters on the AuNP electro-deposition.

Sensor
(Internal De-
nomination)

Scan
Rate

No. of
Cycles Density Size SEM Micrographs

S5/02.08 100
mV/s 10 Low 800 nm
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Table 1. Cont.

Sensor
(Internal De-
nomination)

Scan
Rate

No. of
Cycles Density Size SEM Micrographs

M3 S3/23.08 10 mV/s 10 High 30–70
nm
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Figure 4. The size distribution of AuNPs for S6/02.08 (left) and S7/02.08 (right).

The histogram was best fitted with the Gauss function. The highest percentage of
S6/02.08 NPs were found to be within the 30–50 nm diameter size range having a mean
diameter of 43.2 ± 13.3 nm and S7/02.08 NPs were found to be within the 40–60 nm
diameter size range having a mean diameter 55.7 ± 17.7 nm.

3.3. Spectrometric Characterization

The carbonic composition present on the working electrode, three prominent modes
are highlighted: at ~1344 cm−1, the noted D band, which is characteristic of carbonic defects,
disordered sp3 bonded carbon typically observed in commercially available carbon paste;
at ~1574 cm−1, in the G band, E2g mode corresponds to the in-plane stretching of ordered
sp2 bonded carbon and at ~2685 cm−1 is also representative of graphite; the secondary D
mode was observed even without any disorder or defects [30].

Compared with the Raman spectrum of the carbonic working electrode (N-protein in
our case, Figure 5 left; black spectrum), the adsorption of gold nanoparticles (Figure 5 left;
red spectrum), did not result in the appearance of novel bands. Moreover, the two carbonic
bands D and G where the intensity diminished illustrated a complete coverage of the active
area with the AuNp film.
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Figure 5. Raman spectra of WE: bare WE (black), with AuNPs (red) and with N-protein (left), with
detail (blue) for S7/02.08 with N-protein (right).

The Raman intensities associated with protein subgroup vibrations (Figure 5 left,
blue spectrum) are the representative Raman bands for organic bonds (C=O, C-N, and
C-C in the region of 1033 cm−1 to 1200 cm−1) and C–O bonds, as well as the modes of
hydrogen substituents (e.g., C–H at 1444 cm−1, N–H, or O–H at 823 cm−1) [31]. The C–S
and S–S vibrations of Met and Cys and the S–H vibrations of cysteine were localized around
1300 cm−1 and 1600 cm−1 covered in this case by the specific carbon modes (Figure 5 right;
detail for blue Raman spectrum).

3.4. Electrochemical Characterization

The CV study was performed to demonstrate the functionality of the sensor. The
results can be found in the Appendix A (Figures A1 and A2).

On the other hand, the EIS study revealed the influence of each surface modification
on the sensor resistivity (Figure 6 for S6/02.08 and Figure 7 for S7/02.08) and phase shift
(Figure 8 for S6/02.08 and Figure 9 for S7/02.08). Measurements were performed after each
important step in the surface modification: AuNP decoration, antibody immobilization,
and N-protein binding. For both cases, the measurements for MUDA functionalization and
antibody immobilization were performed in one single step. To keep the electrochemically
active surface area constant and to avoid cross-contamination, all the surface modifications
and measurements were subsequently performed on the same day.

After decorating the electrodes with AuNPs, the charge transfer resistance (Rct) de-
creased from 7090 Ω to 372 Ω, indicating the increase in the transport rate of redox species
at the electrode surface (Figures 6 and 7). Additionally, the admittance of the constant
phase element (CPE) increased from 987 nS·sN (N = 0.949) to 8.82 µS·sN (N = 0.917) after
decorating the electrode with AuNPs, due to the increase in the sensitive area of the work-
ing electrode. After 11-mercaptoundecanoic acid (MUDA) immobilization, Rct increased to
30,100 Ω, and after the incubation of SARS-CoV-2 virus N-protein, it increased to 39,200 Ω
due to the reactive species transfer blocking to the electrode surface (Figure 7). The phase
difference between electric current and potential decreased from 60◦ to 28◦ after AuNP dec-
oration, indicating the increase in electrode surface conductivity, and then increased to 70◦

after protein N incubation, indicating a decrease in surface conductivity (Figure 8). The ad-
mittance of the CPE element slightly decreased, remaining at the same order of magnitude
of 2 µS·sN after N-protein incubation (Figure 7). EIS and CV characterizations indicated
changes in the transfer rate of reactive species after each step of the functionalization of the
sensing surface.
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4. Discussion

We started this study focusing on the fabrication process optimization for in-house
bioprinted flexible and rigid electrochemical carbon-based sensors. We customized the
process in different stages of development, from design to materials and even printing.
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The fabrication process for rigid sensors was simpler than the one for flexible sensors
(Figure 1), as it did not require a thin sheet of Kapton® or the transfer from the rigid support
substrate. The Kapton® sheet could be maintained, or the sensors could be directly printed
on the rigid substrate, noting that they need to be isolating materials.

As mentioned in Section 3.1, we tested the fabrication process workflow on two designs
(Figure 2a,c), each with several variations to determine the optimal configuration. We found
that the optimal choice was printing the working and counter electrodes fully out of carbon
paste, with electrical routes and pads, while the reference electrode should remain out of
silver paste.

The next important decision was to choose the AuNP decoration method and parame-
ters that would suit our needs. SEM characterization helped us identify two viable sensors
that we used, in the end, to assess the biosensors’ functionality by performing surface
functionalization with specific anti-N-protein antibodies for SARS-CoV 2 virus. The size
of the AuNPs did not seem to considerably affect the sensors’ performance. Their density
on the other hand had a greater impact on the performance, as it increased the active
surface, thus increasing the conductivity, which led to greater sensor sensitivity, confirmed
using the CV and the EIS measurements. A small difference in the AuNP densities of the
S6/02.08 and S7/02.08 sensors could induce slight differences in the sensors’ EIS behavior,
as observed in Figures 6 and 7.

5. Conclusions

We successfully developed a customizable fabrication process for flexible (and rigid)
3D-printed carbon-based biosensors for electrochemical impedance spectroscopy.

The preliminary results proved to be promising, as the EIS study, the Nyquist diagram
to be more precise, clearly showed the N-protein detection for both sensors at nearly the
same value (-Z” ≈ 16,750 Ω) and confirmed the sensors’ functionality. The presence of the
N-protein was also confirmed with Raman spectra, the C–S and S–S vibrations of Met and
Cys, and the S–H vibrations of cysteine being localized around 1300 cm−1 and 1600 cm−1.

Future research will involve extending the use of these in-house 3D-printed flexible
carbon-based electrochemical sensors to detect other viruses and drugs or even setting up
a controlled drug release device, integrated into a smart wound dressing. As these flexible
carbon-based sensors were designed for future integration in smart wound dressings, we
will further work on the development of microfluidic platforms that will encapsulate the
sensors. The next steps will involve running more tests on the sensors with different
concentrations of the SARS-CoV-2 nucleocapsid protein solution. Additionally, we will
perform more N-protein detection experiments with the successive addition of N-protein
after each sensor functionalization step to test for non-specific interactions. We shall also
conduct some interference studies, adding more relevant interfering agents in the human
blood plasma samples to test the reliability and effect on the sensors.
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Figure A1. Cyclic voltammogram for the S6/02.08 sensor with measurements after AuNP decora-
tion, MUDA functionalization + antibody immobilization (one step), and N-protein binding. 
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