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This study explores the design and fabrication process of 3D-printed electrodes for electrochemical biosensors that detect ion
concentration. The 3D printing process enables the production of electrodes with complex shapes. To determine their performance,
cyclic voltammetry, and electrochemical impedance spectroscopy were used to test the electrodes’ ability to detect changes in ion
concentration. The results reveal the impact of electrode geometry on biosensor performance.

1. INTRODUCTION

Electrochemical biosensors are advanced instruments for
detecting or sensing analytes that have biological or
environmental importance. Over the past few years,
electrochemical biosensors have become increasingly
popular as a viable option for clinical diagnostic devices,
particularly for infectious diseases and health monitoring.
These sensors employ various detection methods, including
DNA events, enzyme-substrate interactions, antibody-
antigen interactions, pH changes, specific ions, or molecules
in a sample, or redox reactions to generate electrochemical
signals [1]. They can be used as portable or wearable devices
in laboratory settings, making them a valuable tool with great
flexibility for healthcare monitoring [2].

In recent years, the increasing demand for point-of-care
testing and personalized medicine led to the development of
innovative biosensors and manufacturing techniques. One
technique that gained significant attention is 3D printing
with biocompatible materials because of its potential
applications in medicine, tissue engineering, and
regenerative medicine [3].

The fabrication of electrodes traditionally relies on
conventional techniques like screen printing and
photolithography. These conventional approaches are labor-
intensive, require cleanroom processing, and involve
multiple steps using toxic materials [4].

Compared to conventional manufacturing techniques, 3D
printing enables the creation of various objects with high
precision and accuracy, using a digital model designed
explicitly for a particular system. In the field of
electrochemical applications such as electrochemical
biosensors, carbon-based materials are the most frequently
utilized. In 3D printing, these materials are used as ink or
paste for electrode fabrication and involve the combination
of carbon allotropes to create hybrid materials [3, 5].

Carbon-based materials such as carbon nanotubes [6],
carbon fibers [7], carbon black [8, 9], graphene [10], and
graphene oxide [11, 12] are among the most commonly used
materials in 3D printing because of their unique properties.

The most notable property of these carbon-based materials
is their high conductivity enabling efficient charge transfer
and electron transport, making them suitable for various
applications in electronics, sensing, and electrochemical
devices [13]. Carbon-based materials possess good

mechanical properties, including flexibility and resilience,
without compromising electrical performance. This
combination of electrical and mechanical properties makes
carbon-based materials highly desirable for applications
such as wearable devices and flexible electronics [9].

In recent years, the use of 3D printing for fabricating
electrochemical sensors and biosensors has gained
significant importance, providing better precision and
control in designing and producing sensor structures [14].

One of the main benefits of 3D printing technologies is
their ability to facilitate rapid prototyping, minimize costs,
enable miniaturization, and allow for design customization,
providing the option of using hybrid materials. Additionally,
the capability for multi-material 3D printing makes it
possible to easily create diverse structures based on varying
material and geometry properties [12].

With computer-aided design (CAD) software, the 3D
printing technique creates a wide range of electrode
geometries with high precision.

Various factors, including its geometry, influence the
electrical properties of an electrode. Increasing the surface
area of an electrode has been observed to enhance its
electrical conductivity, as it provides more pathways for
electron flow. Consequently, the overall resistance of the
electrode is reduced [15].

This article aims to study the design and fabrication
process of 3D-printed electrodes for -electrochemical
biosensors and analyze their electrical properties using
electrochemical impedance spectroscopy, EIS.

2. DESIGN AND FABRICATION

In electrochemical biosensors, the design and fabrication
of electrodes are critical issues in achieving accurate and
sensitive detection of target analytes. The development of 3D
printing technologies has enabled the creation of electrodes
with customized geometries and improved performance.

The advantages of 3D printing of electrodes are the speed
of the process, reduced costs, and reasonable control of
electrode geometry using materials compatible with
biological samples.

2.1 DESIGN CONSIDERATIONS (ELECTRODE
GEOMETRY)

A typical electrochemical biosensor comprises three main
elements: a working electrode, a reference electrode with a
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known potential, and a counter electrode, as shown in Fig. 1.
The active electrode is where the sensing material and the
target analyte interact, leading to a change in the electrical
properties that are measurable. The size and shape of the
working electrode can significantly influence the sensitivity
and response time of the biosensor.
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Fig. 1 — An electrochemical biosensor with a three electrodes
configuration

For a better understanding of the electrode geometry's
role, several patterns are presented in Fig. 2.
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Fig. 2 — Different shapes of working electrodes: a) Circle; b) Square; c)
Gear; d) Star; e) S-shaped pattern; f) Fibonacci [16]

The electrode may have different shapes, such as circles,
squares, gears, stars, S-shapes, and Fibonacci patterns.

The circular shape has a diameter of 4 mm, which
represents the distance across the circle passing through its
center, Fig. 2.a. The square shape, Fig. 2.b, has a 4 mm edge
length. The gear shape is defined by its diameter, measured
from one outer edge to the opposite outer edge, 5.6 mm. The

gear consists of 8 teeth, 0.6 mm in width and 0.8 mm in
length, Fig. 2.c. The star shape features 8 peaks, each at 90-
degree angle, and the length of each peak's edge is 1.17mm.
This configuration creates a symmetrical pattern, with the
peaks evenly distributed around the center, Fig. 2.d. The S-
shaped structure is created by merging two mirrored “C”
shapes in a curving wave-like pattern. The upper part of the
S-curve curves to the left, while the lower part curves to the
right, giving it a distinct serpentine appearance. The
dimensions of the S-shaped structure are 4 mm in width and
6 mm in length, Fig. 2.e. The working electrode with a
Fibonacci shape was designed using a Fibonacci sequence of
8,5,3.3,2, 1, and 0.8 mm for its’ edges, Fig. 2.f. The WE
geometry surfaces are presented in Table 1:

Table 1
Working electrode geometry surface
Geometry | mm?
Circular | 12.5
Square | 16
Gear | 16.4
Star | 18.7
S-shaped pattern | 10.5
Fibonacci | 12.8

2.2. THE METHOD OF FABRICATION

In 3D bioprinting, the fabrication of electrodes typically
involves using specialized bioprinters that deposit
conductive materials layer by layer to form the desired
geometry. There are several techniques for 3D bioprinting
electrodes, including extrusion-based printing, inkjet-based
printing, and laser-assisted printing [11].

Extrusion-based printing involves extruding a conductive
paste or ink through a nozzle to create the desired pattern. It
is important to note that the specific fabrication process used
for these electrodes was initially developed and implemented
as part of a previous work [14].

This technique allows for precise control over the material
deposition, making it suitable for printing complex
geometries. However, the conductive material's viscosity can
limit the printed electrodes' resolution and accuracy.

In the field of bioprinting, the quality and characteristics
of the substrate are essential for successful printing of 3D
structures. The substrate must be impurity-free and have a
suitable surface for the carbon-based ink to adhere to.

Therefore, a cleaning process is necessary before printing,
using isopropanol and air jets to remove particles from the
surface. The substrate is then attached to the bioprinter
platform, and the printing process may be initiated [14].

2.2.1. THE SUBSTRATE

A 50 pm thick polyimide (Kapton®) adhesive sheet was
used to fabricate the electrode. The sheet was carefully
shaped to 25 x 10 mm and then attached to a solid support
substrate with identical dimensions.

Kapton possesses good qualities that make it suitable for
biosensing applications, including high temperature and
chemical resistance and favorable dielectric properties [17].

To ensure that the Kapton tape is applied without any air
bubbles or wrinkles, it is necessary to use a flat and uniform
surface for solid support. The solid support utilized is a
silicon wafer cut to the required size.

2.2.2. CARBON-BASED INK

A highly conductive carbon-based ink with high viscosity
(250-300 Pa. s, CH-8, Jelcon Corp., Tokyo, Japan) was used
in printing complex electrode geometries. The high viscosity
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of the ink allows it to maintain its shape and adhere well to
the printing substrate during the 3D printing process.

Additionally, it is biocompatible and suitable for use in
biosensors and other biomedical applications [17]. The
syringe containing it is loaded into the dispensing system of
the bioprinter, which controls the flow of the ink and allows
for precise deposition onto the printing substrate, enabling
the creation of intricate electrode structures with high
conductivity.

2.2.3. PRINTING PARAMETERS

The following printing parameters were used for the
extrusion operation:

Extrusion pressure (p) is essential in determining the
pressure applied to the material during the extrusion process.
In this case, a pressure of 5 bars was utilized for the carbon
ink.

Head print speed controls how fast the printer moves
when laying down the material, and it was set in a range from
10 to 20 mm/s for the carbon ink.

The layer height refers to the thickness of each printed
layer, ranging from 100 to 200 microns.

2.1.1. CREATING THE G-CODE FILE

The electrode geometries are designed in computer-aided
design (CAD) software and then converted into G-code files
by following several steps [18]. To prepare the CAD file for
3D printing, the electrode is first converted to a standard 3D
printing format and then loaded into slicing software, where
it is sliced into 2D layers. The G-code file contains
instructions for the printer, such as the print head's
movement and the nozzle's temperature. This file is
transferred to the 3D printer, which reads the instructions and
prints the object.

2.3.3. POST-PROCESSING

Thermal treatment can be carried out to improve the
conductivity and stability of the printed electrodes by drying
the ink more efficiently. To achieve this, the electrodes were
subjected to a short, 30-minute heat treatment at 140 °C
using a heating plate, as shown in Fig. 3.
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Fig. 3 — Heating plate.

Additionally, the electrodes can be functionalized or
coated with a material to enhance their performance based
on the intended application.

3. ELECTROCHEMICAL CHARACTERIZATION

3.1 APPARATUS AND TEST SETUP

A potentiostat is utilized to manage the electrochemical
potential applied to the electrodes and to measure the
resulting electrical signals while analyzing the electrodes'
electrochemical properties.

The Nova 2.1.6 software was employed to conduct all
electrochemical studies performed in this research, using the
Autolab PGSTAT204 potentiostat equipped with a FRA32M
electrochemical impedance spectroscopy (EIS) module
(METROHM AUTOLAB AG, Utrecht, The Netherlands).

One of its standard configurations is the 3-electrode setup,
which consists of a working electrode, a Metrohm standard
LL-Ag/AgCl reference electrode, and a Metrohm standard
platinum sheet counter electrode, Fig. 4.

Fig. 4 — retort stand for 3-electrode cell configuration: a) 3D printed
electrode (WE); b) redox solution; ¢) (CE); d) (RE)

Using a 3-electrode configuration, the working electrode’s
potential can be accurately controlled and measured relative
to the reference electrode. In contrast, the counter electrode
provides a continuous supply of electrons to support the
electrochemical reaction.

he potential applied to the working electrode causes the
analyte to suffer an oxidation or reduction reaction, which
generates an electrical current that the potentiostat can
measure.

By monitoring the electrical current generated by the
oxidation or reduction of the ferrocyanide ions at the
working electrode, important electrochemical properties
such as the electron transfer rate, the electrode surface area,
and the kinetics of the reaction can be studied.

Six different designs of printed electrodes were
experimented with, Fig. 5, to determine the optimal electrical
parameters. Carbon-based ink was also used to create electric

routes and pads.
(a) (b) (d) (c) M (e)

Fig. 5 — Working electrodes geometries: a) Circle; b) Square; ¢) Gear;
d) Star; e) S-shape pattern; f) Fibonacci.
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3.2 EXPERIMENTAL CONDITIONS

3.2.1. THE SOLUTION

The experiments were performed on 3D-printed working
electrodes immersed in an electrolyte containing potassium
ferrocyanide (K4[Fe (CN)s]) in a supporting electrolyte
which allows for the electrochemical reactions to take place
at the surface of the working electrode.

Potassium ferrocyanide is known for its redox activity,
meaning it can undergo both oxidation and reduction
reactions, which are reversible. The solution is stable, it has
good electrical conductivity, making it suitable for various
electrochemical analysis techniques.

3.3 ELECTRICAL MEASUREMENTS

Applying cyclic  voltammetry and impedance
spectroscopy enables the investigation of how the distinct
geometries influence the electrodes' functionality and can
help optimize their design for specific applications

The Autolab PGSTAT204 potentiostat can measure
various parameters in cyclic voltammetry (CV), including
the potential at which the redox reaction occurs, the peak
current of the oxidation or reduction, and the scan rate. These
parameters can provide information about the
electrochemical behavior and properties of the working
electrode, such as its electroactive surface area, the kinetics
of electron transfer, and the stability of the electrode surface.

The parameters measured in electrochemical impedance
spectroscopy (EIS) include: the impedance magnitude and
phase angle, the real and imaginary components of
impedance, and other electrochemical parameters such as
charge transfer resistance, double-layer capacitance, and
Warburg impedance may be deduced.

4. RESULTS

Electrochemical impedance spectroscopy allows for the
non-destructive examination of biosensors' properties.

A conventional three-electrode EIS method was used to study
the impact of the working electrode’s geometry on biosensors’
performances. Various configurations of electrode area were
exposed to the electrolyte as an active area for the investigation.
The experiments used a frequency range from 0.1 Hz to
100 kHz for all tests. The working electrode exposed to the
electrolyte was connected to the potentiostat through a data port.
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Fig. 6 — Nyquist plot for impedance response — Table 2.

The impedance response was observed using potassium
ferrocyanide as the electrolyte. Six different active areas of the

working electrode were used to vary the active area of the
working electrode. Figure 6 presents the Nyquist plot for
impedance response that shows the surface and volume
diffusion competition coupled with the electric charge
exchange processes [19, 20]. From the data obtained from
the Nyquist plot, an equivalent circuit model for a biosensor
is created, Fig. 7.

CPE
Y0=877nMho*s*N
N=0.947

Fig. 7 — Randles circuit for S5_03.04.2023 electrode.

The charge transfer resistance (Rct), polarization resistance
(Rp), maximum imaginary impedance (Z’max), the maximum
phase difference between current and voltage (@max), double-
layer capacitance (Ca), and constant-phase element (CPE)
were determined for each setup, Table 2.

Table 2
Working electrode electrical properties
Z" max Ret Ry Ca Yo

N

o 19 [Q] [Q] [pF] [CPE]
1.51E-
S1_03.04 Circle 77.48 17308 20660 40474 3.07 06 0.94
1.51E-
$3 03.04 Circle 73.65 17035 17279 40600 2.91 06 0.94
3.61E-
$2.03.04 Circle 6430 10189 11933 20722 6.69 06 0.91
63.62 6434 7677 15451 2.61 1'40E-094
S2_22.03Fibonacci ’ ’ 06 ’
1.04E-
$7 21.03 Gear 64.68 5460 6453 13020 1.96 06 0.95
8.77E-
S5 03.04 Square 6290 4670 6027 11187 1.67 07 0.95
1.53E-
$6.22.03 Star 63.06 5014 5658 12400 2.81 06 0.94
9.57E-
$3 22.03 ZigZag 63.88 3609 4434 8457 1.80 07 0.93
9.13E-
S4 03.04 Square 57.52 3573 4014 8760 1.58 07 0.95
9.50E-
S6 03.04 Square 65.13 3118 3579 7056 1.77 07 0.96
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Fig. 8 — Cyclic voltammetry plot for the sensors listed in Table 2.

The correlation between current intensity and potential for
the 10 different working electrodes that were tested is
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illustrated in Fig. 8 in a cyclic voltammetry plot. During the
analysis, it was observed that both oxidation and reduction
peaks were present in the cyclic voltammogram. However, it
should be noted that the positions of these peaks were not
identical for each working electrode. There were slight
variations in the peak positions, indicating differences in the
electrochemical behavior of the electrodes.

The phase difference (), constant phase element
admittance Ycpe, and N number are sensitive to the system
parameters, thus efficiently comparing the theoretical model
with the experiment. The CV scan was performed using a
potential window [-0.4,0.4] V, with a scan rate of 100 mV/s.
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Fig. 9 — R« variation plot for the sensors listed in Table 2.

The experimental results indicated that circular-shaped
electrodes, with the highest Rct values, as shown in Fig. 9,
exhibited a slower charge transfer than square-shaped
electrodes, with the lowest Rt values. This slower charge
transfer can reduce sensitivity, requiring higher potential or
longer measurement times to achieve a measurable response
or detect analytes.

5. DISCUSSION OF RESULTS

Our study initially aimed to investigate and characterize
the electrical properties of 3D bio-printed biosensors with
different working electrode geometries. We conducted
analyses to evaluate and understand how the geometric
features of electrodes influence their electrical performance.

To achieve this, we fabricated electrodes of different
shapes, sizes, and configurations and conducted electrical
characterization using techniques like electrical impedance
spectroscopy and cyclic voltammetry.

We utilized the standard counter and reference electrodes
from the electrochemical cell of the Autolab PGSTAT204
potentiostat. To establish a connection between each printed
working electrode and the potentiostat, we utilized an 8-pin
SATA port.

We focused on printing only the working electrode and its
associated electric routes and pads to facilitate fabrication.
This approach simplified the process and reduced the
fabrication. We opted for cost-effective materials like
Kapton and carbon-based ink.

The resistance of an electrode can be affected by its
dimensions. A longer and thinner electrode will have a
higher resistance than a shorter and thicker one. This is
because resistance is proportional to length and inverse to the
cross-sectional area, as Ohm’s law states.

The potential applied to the working electrode causes the
analyte to suffer an oxidation or reduction reaction, which

generates an electrical current that the potentiostat can
measure.

By monitoring the electrical current generated by the
oxidation or reduction of the ferrocyanide ions at the
working electrode, important electrochemical properties
such as the electron transfer rate, the electrode surface area,
and the kinetics of the reaction can be studied.

Increasing the surface area of the biosensor can enhance
analyte capture and increase detection sensitivity.

The configuration of electrodes, ranging from simple
shapes like circles or squares to more complex structures like
gears or Fibonacci shapes, influences how electrical fields
are distributed, and analytes interact with the electrodes.

Efficient geometries and optimized electrical properties
can lead to faster response times, enabling real-time or near-
real-time monitoring.

While our methodology proved successful in achieving
our research goals, it is essential to acknowledge some
potential limitations:

- we only examined a limited range of working electrode
geometries. Other geometries, which might have different
electrical properties and performance characteristics, are
worth investigating.

- the observed electrical properties of the biosensors may

be influenced by experimental conditions such as
temperature, electrolyte concentration, and electrode
polarization.

6. CONCLUSIONS

The preliminary findings of our study have shown
promising results, particularly in the application of
electrochemical impedance spectroscopy (EIS) and the
analysis of Nyquist diagrams.

The results highlight the crucial role of the electrodes'
shape and surface area in determining the charge transfer
efficiency. As observed in square-shaped electrodes, larger
surface areas demonstrated more efficient charge transfer
than circular-shaped electrodes.

In conclusion, the square-shaped electrode design yields
the lowest resistance values, suggesting it is the optimal
choice. Therefore, the square shape demonstrates superior
performance in terms of Ret value.

Further research in 3D-printed biosensors could focus on
integrating simulation and mathematical modeling techniques
to complement experimental studies. Additionally, integrating
simulation results with experimental data can provide valuable
insights into the behavior of 3D-printed electrodes for
biosensors under different conditions, improving their
reliability and practical applications.
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