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CHAPTER 1 - INTRODUCTION

1.1. PROBLEM FORMULATION

Understanding electromagnetic fields in the biomedical environment is essential in
various situations, including their interaction with biological systems and electromagnetic
interference with medical devices.

The aim of the research in this thesis is to investigate the interaction of electromagnetic
fields with the biological environment within biosensors, taking into consideration electrochemical
detection, electrochemical behavior modeling, and sensor integration into microfluidic platforms.

To achieve the stated objective, the research focuses on two main directions, which are
essential for the development of the doctoral thesis. These directions are:

o The electrochemical detection problem is based on changes in the electric field or
electrical properties of the working medium depending on the analyte concentration in biological
samples. In Chapters 3 and 5, the use of impedance spectroscopy for detecting organic compounds
in biological samples and modeling the electrochemical behavior of biological material and the
metallic substrate of electrodes using equivalent electrical circuits is analyzed.

o) The integration of biosensors into microfluidic platforms, which enable the
manipulation of fluids on a small scale using electric fields, is addressed in Chapter 4. Complex
microfluidic devices, such as Lab-on-a-Chip (LoC) systems, comprise multiple microchannels for
controlled fluid dosing using microvalves and micropumps, as well as flow sensors and biofilters
for flow control. The use of such devices allows the detection of biological reactions at the analyte
interface with the microsensor surface, thereby eliminating the need for signal amplification in
label-free biodetection.

1.2. RESEARCH OBJECTIVES

The overall objective of the thesis is to research and develop advanced methods and
devices in the field of biosensors, with a focus on the interaction of electromagnetic fields with the
biological environment. The aim is to gain detailed knowledge and understanding of field-
substance interactions in these domains and to contribute to the advancement of research in this
direction.

Within this thesis, significant contributions have been made to the field of theoretical
research by elaborating and developing complex numerical models. These models were proposed
with the purpose of investigating the effects of applying an electric field on fluid flow phenomena
in microchannels and on mass transport processes in microfluidic systems.
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This work also provides practical contributions through the development of an innovative
electrode fabrication method using 3D printing, thus obtaining electrodes with precise shapes and
dimensions tailored to the experimental requirements and needs in the field of biosensors. These
electrodes are used for the detection and quantification of various biomolecules in the analyzed
samples.

1.3. THESIS STRUCTURE AND CONTENT

Chapter 1 - Introduction: This chapter provides the context and significance of the
research.

Chapter 2 - Current State of Impedimetric Biosensors: This chapter conducts a detailed
analysis of the current state of research in the field of impedimetric biosensors and describes the
main advances in this field.

Chapter 3 - Electrical Interactions and Processes in Biosensing Systems: This chapter
explores biosensors, devices for analyzing biological material, with a focus on their operating
principles and components.

Chapter 4 - Influence of Electric Fields on Fluid Flow in Microchannels, Applications of
Electrochemical Biosensors: This chapter explores the applications of electrochemical biosensors
in the detection and identification of DNA hybridization, with particular attention to the design of
DNA biosensors integrated into a microfluidic device.

Chapter 5 - Characterization of Electrical Properties of 3D-Printed Electrodes: This
chapter presents and analyzes the results related to the characterization of electrical properties of
3D-printed electrodes, with a focus on the development of electrochemical biosensors.

Chapter 6 - Conclusions: This chapter synthesizes and analyzes the research conducted,
presenting relevant conclusions and perspectives obtained from the study.

CHAPTER 2 — CURRENT STATE OF IMPEDIMETRIC BIOSENSORS

2.1. ELECTROMAGNETIC METHODS IN THE STUDY OF BIOMEDICAL
PROCESSES

The interaction between biological systems and electromagnetic fields has been addressed
in numerous scientific papers and continues to be a subject of great interest for many researchers.
These studies encompass the investigation of the electromagnetic field's interaction with biological
tissues and living systems, as well as the development of diagnostic and treatment applications.

The study of biosensors involves characterizing the electrical properties of
electrochemical biosensors manufactured through 3D printing technology. The aim is to
understand the electrical response of these biosensors and evaluate their performance based on
relevant electrical parameters, such as conductivity or electrical impedance.

7
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Research on biosensors extends into the direction of integrating them into microfluidic
platforms, representing an unconventional approach in simulating the environment in which
biochemical processes occur, compared to traditional established methods.

The use of numerical modeling to simulate the electromagnetic properties of biological
media contributes significantly to understanding and analyzing these complex environments. This
approach allows researchers to explore the interaction between electromagnetic fields and
biological media, providing a better understanding of the phenomena and processes involved in the
study [1] .

2.2. BIOSENSORS

Biosensors are a category of devices that integrate advanced technologies from the fields
of engineering and biotechnology. These devices can be used to monitor living systems and may
incorporate biological elements [3] .

Biosensors allow the detection and measurement of the presence of specific molecules in
an analyte. Within the biosensor, components or chemical species in the environment interact, and
the biosensor detects these interactions, allowing for the identification and measurement of the
concentration of the substance of interest.

Active electrical biosensors generate an electrical signal, such as voltage or current, in
response to chemical reactions, such as the binding of two molecules, for example. These reactions
or interference with electrical fields can cause changes in the electrical parameters of the biosensor

[9] .

“target” molecule

bio-receptor

Analyte
"
Signal
& V8 :
S Amplificr ] Signal 4/\/‘ ——»- Display
Transducer = § % processing W and storage ee

Fig. 2.1. The operating principle of a biosensor

According to the representation in Fig. 2.1, a biosensor consists of a biological receptor
such as an enzyme, antibody, nucleic acid or cell, which binds to a specific component. The bio-
receptor is associated with a transducer that converts the receptor-analyte interaction into a
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measurable signal, using electrodes and electrical, thermal or optical systems, depending on the
variations in the physical quantities being measured [3] .

In biosensor research, an essential element is the working electrode. The working
electrode serves as the interface through which an electric field can be applied to the sample under
study, allowing interaction with biological components, and it is also used for measuring and
transmitting the detected electrical signals.

The characteristics of the obtained electrical signals are influenced by the type of
biosensor and application: medical diagnostics, environmental monitoring, food safety or personal
health monitoring. Measurements of resistance or capacitance can be performed, as well as
electrical impedance spectroscopy within a certain range of frequencies [10] . In measuring the
variation of electrical impedance to determine the concentration of certain biomolecules in an
analyte, a proportional relationship can be established between the measured electrical impedance
and the concentration of biomolecules in the analyte. This proportional relationship is represented
through a standard curve [8] , which is a mathematical representation of the correlation between
the measured electrical impedance and the known concentration of biomolecules in the analyte.

The electromagnetic field experiences significant changes within tissues compared to the
external environment. The depth of penetration of the electromagnetic field into tissues is
influenced by frequency and the characteristics of these tissues. The depth of penetration can vary
considerably, ranging from a few millimeters to centimeters or even more, depending on the
frequency of the electromagnetic field and the specific type of tissue [12] .

2.3. BIOSENSOR INTEGRATED INTO A MICROFLUIDIC PLATFORM

The study of the interaction between electromagnetic fields and biochemical processes
under similar conditions to those in natural environment where these processes occur, provides
relevant information for understanding the mechanisms through which electromagnetic fields
influence these processes at the molecular and cellular levels. The integration of multiple laboratory
analyses into a "lab-on-a-chip" (LOC) is a significant advancement in the field of biosensors. This
concept allows for various tests and experiments to be conducted with small quantities of biological
samples and reagents, with applications in personalized medicine, rapid diagnostics, and health
monitoring.

In the investigation process, unknown species are guided close to the microchannel wall
using various methods such as diffusion or electroosmotic flow. This allows their interaction with
the detection surface represented in Fig. 2.2, facilitating their detection and characterization [14] .

Mass transfer through diffusion and osmosis is based on the diffusion equations and
describes the movement of substances in relation to the concentration or pressure gradient.

For heat transfer, the law of conservation of energy is used. In the case of an LOC device,
this means that the transfer of energy between the fluid and the electric field can affect the overall
behavior of the system, but the total energy of the system is conserved.
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Electromagnetic energy transfer is closely related to Maxwell's equations, as these
equations describe the behavior of electromagnetic fields and the propagation of electromagnetic
waves, and electromagnetic energy transfer occurs through these fields and waves.
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Fig. 2.2. The movement of DNA species near the microchannel wall

2.4. 3D-PRINTED IMPEDIMETRIC BIOSENSORS

Biosensors detect biological substances by generating detectable signals, and
electrochemical impedance spectroscopy is a common method for analyzing these biodetection
systems. Changes in the active area lead to variations in the measured impedance, reflecting
changes in electrochemical processes and interactions at the electrode-electrolyte interface [16] .

To simplify the complex electrical phenomena in biosensors and enable an understanding
of their operation, equivalent circuit models are used. The Randles-Sevcik circuit model represents
the biosensor electrodes and their electrochemical behavior during the electron transfer reaction,
as shown in Fig. 2.3.

Fig. 2.3. The Randles-Sevcik equivalent circuit model [17]

In recent years, 3D printing technologies have gained significant importance in the
development and manufacturing of biosensors. Specifically, these technologies have been widely
used to create electrodes with complex shapes and geometries, which are essential for various

10
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biodetection applications and in microfluidic systems. Complex-shaped electrodes can be
optimized to enhance the sensitivity and selectivity of specific biomolecule detection.

CHAPTER 3 — INTERACTIONS AND ELECTRICAL PROCESSES IN
BIOSENSOR-BASED BIODETECTION SYSTEMS

3.1. ELECTROMAGNETIC FILED EFFECTS BIOSENSORS - DEVICES FOR
BIOLOGICAL MATERIAL ANALYSIS

Biosensors are capable of accurately detecting and measuring very small quantities of
specific substances, which gives them high sensitivity for the analysis of biomolecules and various
medical applications.

Biosensor

Biological Physical
component component

Bioreceptor

o] e Analyte Transducer Amplifier

Fig. 3.1. The schematic of the components of a biosensor

Biosensors use elements for biological recognition such as enzymes, antibodies or DNA,
which can attach to specific molecules called analytes, generating a biochemical interaction
between the two main components, as shown in Fig. 3.1 [18-19].

Detection methods can be electrical, mechanical, or optical, measuring changes in the
sample's properties due to the presence of unknown molecular species [21] .

Electrochemical impedance spectroscopy involves applying a sinusoidal voltage at
different frequencies and measuring the resulting current. By varying the frequency, an impedance
spectrum is obtained, which contains information about the resistance and capacitance of the
interface [24] .

3.2. FIELD EFFECT BIOSENSOR

The specificity of detection, which refers to the biosensor's ability to identify and detect a
single desired type of molecule, can be improved by functionalizing the sensor surface with a
molecular species complementary to the unknown molecular species to be detected [27-28].

11
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Transforming biochemical interactions into measurable signals is crucial for quantifying
the concentration or presence of target molecules in a sample, using calibration curves or reference
parameters for accuracy [29] .

3.3. COMPONENTS OF A BIOSENSOR

The biosensor is a device consisting of two essential and interconnected components. The
receptor and the physicochemical transducer, mentioned earlier in Fig. 3.1, form the molecular
recognition system.

Sample Detector Transducer Output
a) ||.3i°|°gi°al (blood, urine, Bioreceptor: nucleic acid, Electrical interface: a) Signal amplifier
Ealliva)' ! antibodies, enzymes, nancwire array, b) Signal Processor
ai)r S':;:;O”me"ta (water, cells nanoparticles, electrodes ¢) Display

Fig. 3.2. The molecular recognition system of a biosensor [30]

The transducer converts the biochemical signal resulting from the interaction between the
analyte and the bioreceptor into a measurable electrical signal, which can be used to determine the
concentration or presence of the analyte in the sample, as shown in Fig. 3.2.

Signal processing in biosensors involves amplifying the signal using an amplifier and then
converting it into a signal. This signal can be recorded or displayed to provide information about
the concentration or presence of the detected analyte.

3.4. GENERAL CLASSIFICATION

The classification of biosensors is based on various criteria, such as the type of bioreceptor
molecules or the signal transduction mechanism, as shown in Fig. 3.3.

Fig. 3.3. Biosensors classification [30]
Based on the bioreceptor, biosensors are divided into catalytic biosensors and affinity
biosensors.

Based on the transducer element that converts the detected signal from the physical
environment into a measurable form of energy, biosensors are classified into optical, mechanical,
and electrochemical biosensors.

12
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3.4.1. Optical Biosensors

Optical biosensors utilize the optical properties of the analyte to generate luminous signals
or changes in absorption, emission, or reflection of light. To obtain accurate results, rigorous
calibration and proper equipment maintenance are necessary, which may involve additional costs
[31].

3.4.2. Piezoelectric Biosensors

Detection of variations in the properties of a receptor surface due to biomolecule binding
can be achieved by recording the voltage or oscillation frequency of the respective surface. Using
piezoelectric platforms or piezoelectric crystals as transducers in biosensors relies on the variation
in oscillations generated by the deposition of a specific mass on the crystal's surface [32] .

3.4.3. Thermometric Biosensors

Thermometric biosensors measure changes in pH resulting from the release or absorption
of heat produced by enzymatic processes. The amount of heat generated in an enzymatic reaction
is proportional to the analyte's concentration [33] .

3.4.4. Electrochemical Biosensors

Electrochemical biosensors are the most commonly used category of biosensors. These
biosensors are frequently used in applications such as DNA hybridization detection or glucose
concentration determination. They combine the high sensitivity of electrochemical transducers
with the specificity of biorecognition processes, generating electrical signals correlated with the
analyte's concentration and enabling the monitoring of cellular processes and the determination of
analyte concentration in various applications [22] .

These biosensors stand out for their simple usage, high sensitivity, and the potential for
miniaturization compared to other analysis devices [31] .

3.5, ELECTROCHEMICAL DETECTION

Electrochemistry focuses on the examination of electrochemical phenomena involving the
transfer of electric charge (electrons) between different chemical species. These reactions can occur
at the interface between an electrode and a solution. Electrochemical biosensors utilize
electrochemical species that are consumed or generated during the biochemical processes between
the active biological component and the substrate immobilized on the electrode surface [34] .

Electrochemical detection measures the electrical changes generated by electrochemical
reactions to determine the concentration of analytes in biological samples, using electrodes as
intermediaries. This technique converts biochemical signals into electrical signals [34] .

13
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3.5.1. Potentiometric Biosensors

Potentiometric biosensors measure the potential difference that occurs between the
working electrode and the reference electrode during a redox reaction that takes place on the surface
of the working electrode. These measurements are performed under equilibrium conditions,
without the flow of current through the electrochemical cell. The potential measurement method is
commonly used to assess the ionic concentrations at the electrode surface [35] .

3.5.2. Amperometric Biosensors

Amperometric biosensors are sensitive devices that detect and measure electroactive
species present in a biological sample. These biosensors operate based on the generation of an
electric current during an electrochemical reaction when a constant potential difference is applied
between two electrodes. The current intensity varies depending on the oxidation or reduction
reaction of the electroactive species in the analyte. An example of an amperometric biosensor is
the glucose biosensor [35] .

3.5.3. Impedance Biosensors

Impedance biosensors measure the variation in the electrical resistance of a solution
containing the analyte. This variation is the result of a specific biochemical reaction between the
analyte and the active biological component of the biosensor. Measurements are made by applying
a low-intensity alternating current signal to an electrochemical cell.

The measured impedance directly reflects this interaction and provides information about
the presence and concentration of the analyte in the sample [36] .

CHAPTER 4 - THE INFLUENCE OF THE ELECTRIC FIELD ON FLUID
FLOW IN MICROCHANNELS: CONTRIBUTIONS AND
APPLICATIONS IN THE CONTEXT OF ELECTROCHEMICAL
BIOSENSORS

4.1. APPLICATIONS OF ELECTROCHEMICAL BIOSENSORS FOR THE
DETECTION AND IDENTIFICATION OF DNA HYBRIDIZATION

Electric biosensors used for studying DNA hybridization are analytical devices that utilize
the principles of electrochemistry and biochemical interactions to specifically detect and measure
the hybridization process of DNA single strands with complementary sequences.

DNA hybridization through the classic chain polymerization reaction occurs in three
distinct stages: denaturation, hybridization, and stabilization. This step helps stabilize the double-
stranded structure and subsequent DNA amplification [37] .

14
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The use of electric field effects and microfluidics allows for controlled movement of DNA
molecules, facilitating their transport and interaction with molecules immobilized on the detection
surface of the biosensor [38] .

The influence of the external electric field on the transport of "target” DNA components
in the double electric layer is a complex and important phenomenon in the field of electrokinetics.
Helmholtz first characterized this electrokinetic transport, establishing a connection between
electrical parameters and fluid movement [40] .

The Navier-Stokes law is a fundamental equation in fluid mechanics and describes the
behavior of moving fluids [41] . To model fluid movement under the influence of electric fields
and interactions with electrically charged particles, additional equations are needed to account for
these aspects, such as those describing the concepts of electroosmosis and electrophoresis within
electrokinetics [42] .

Kinetic reactions refer to the speed and rate of the biochemical processes involved in the
hybridization of DNA molecules on the biosensor's surface. These include adsorption, binding, and
dissociation of DNA molecules, and the reaction rate is directly proportional to the concentration
of immobilized DNA molecules and those in the electrolyte [381,[39] .

4.2. DESIGN OF AN INTEGRATED DNA BIOSENSOR IN A MICROFLUIDIC
DEVICE

Lab-On-Chip (LOC) devices represent an integrated solution that allows for the
implementation of all laboratory analysis and diagnostic activities in a single miniaturized device.

In the microfluidic channel, the flow is unidirectional and laminar, ensuring the ordered
movement of target molecules. The liquid is incompressible, and electroosmotic force, as well as
diffusion and convection mechanisms, are essential in the movement of molecular species within
the microchannel, with the reaction surface located on its lower wall, consisting of parallel plates.

In a microfluidic channel under the influence of a potential difference, there is an
interaction between the electric field and the electric charges of the particles in the fluid. A double
electric layer is formed near the channel wall due to the electric charges in the fluid. This
phenomenon creates a potential gradient at the wall's surface, contributing to the electrokinetic
transport of charged molecules in the microfluidic channel, as shown in Fig. 4.1.

The double electric layer develops a surface potential called the Zeta potential,
representing the electrical tension between the dispersion medium (the liquid in which the particles
are suspended) and the stationary layer of fluid in the immediate vicinity of the particles. According
to studies, the average Zeta potential has a value of 25 mV for pH values ranging from 3 to 11, [41]
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Fig. 4.1. Schematic diagram of a microfludic channel [37]

The thickness of the double electric layer, described by the Debye length, can vary from
a very small scale (angstroms, which are units of measurement for subatomic lengths) to a size

measured in tens or hundreds of nanometers (a nanometer representing one billionth of a meter)
[43] . The value of the Debye length can be much smaller compared to the dimensions of the

microchannels. In this study, the height of the microchannel varies between 25 and 50 microns [45]

4.3. MODELING FLUID FLOW IN A MICROCHANNEL CONTROLLED BY AN
ELECTRIC FIELD

4.3.1. Physical Model

The proposed physico-mathematical model expresses electrokinetic phenomena that occur
in the flow of conducting fluids, especially in the case of heterogeneous fluids containing
micrometer-sized particles or in flow over a flat surface under the influence of an electric field.
Electroosmosis and electrophoresis are two distinct electrokinetic phenomena that occur in liquid
systems when an electric field is applied.
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The movement of the fluid and particles under the influence of the electric field is
described in the physico-mathematical model using three main phenomena: fluid flow, diffusion,
and electroosmosis. A static electric field applied to charged particles, such as those dispersed in a
fluid, generates significant effects on their movement due to electric forces that depend on the
field's magnitude and the particles' charge. This connection between particle migration and
diffusion lies in the fact that particle migration can influence concentration gradients and,
consequently, the diffusion process.

The problem of fluid flow in a microfluidic environment involves studying the fluid's
motion in a channel or over a surface under the influence of external forces such as pressure or
velocity gradient. The electrostatic problem is associated with the effect of the electric field on
charged particles present in the fluid. These problems are interconnected and influence each other
within the model:

1. In the electrostatic problem, the application of a uniform electric field generates
electroosmotic flow, causing the conductive fluid to flow in the direction of the electric
field.

The Poisson equation is solved to determine the distribution of electric charges in the fluid,
considering the external electric field determined by the Laplace equation. Based on this
distribution and the electric potential, the mass forces of electric nature are calculated [37] .

2. The fluid flow problem describes the electrokinetic transport of charged species.

The continuity equation and the Navier-Stokes equations for the conservation of
momentum describe laminar, incompressible, and steady fluid flow [37] .

Diffusion is a physical phenomenon in which particles, molecules or ions move from an
area of high concentration to one of lower concentration according to the concentration gradient of
the solution, following Fick's law [42] .

4.3.2. Mathematical Model

To analyze fluid flow in a microchannel, a two-dimensional geometry is used, considering
only two spatial dimensions in accordance with the shape and physical conditions of the channel
(length, height, material of the channel wall, its surface condition) [37] .

The mathematical model of an electrokinetic system involves establishing equations that
describe both the electric potential ¢, and the concentrations of local species c;.

A. External Electric Field
In electrokinetic flow, the electric potential in a microchannel consists of two components:

one generated by the external electric field, ¢, and another caused by the electric charges near the
channel walls, ¢ [37] :

d=@+y (4.1)
The driving force that determines fluid flow in a microchannel is the result of applying an
external electric potential ¢, which is determined by the Laplace's equation [37] :
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V-(oVp)=0 (4.2)

The electrostatic potential in the microchannel can be calculated using the Poisson-like
equation, which expresses the relationship between the electric potential ¢ and the electric charge
density pe:

V- (eVY) = Z—O (4.3)
Here, the constant dielectric € represents the electric permittivity of the electrolyte and may

vary with temperature [37] :

T
£ = 305.7 exp (_ﬁ) (4.4)

The total charge density is calculated using the equation:

e
Ppe = —2ngezsinh (kZb—l;f) (4.5)

The ion density n, is expressed in molar units and is determined by the balance between
positive and negative charges in the electrokinetic system [44] :

Ska

o = 8me2z2)2 (4.6)

Therefore, by including these parameters in equation (4.5), we can obtain a more detailed
description of the total electric charge density in the electrokinetic system, taking into account the
influence of particle valence, temperature, and geometric dimensions of the electric double layer.

B. Flow in a Microchannel under The Influence of Pressure Gradient

The interaction between the net charge density of the electric double layer and the applied
external electric field generates a mass force that drives electroosmotic flow in the microfluidic
system.

o Mass Conservation equation in the considered system can be written as:
Li-vp=0 (4.7)

o Navier-Stokes equation describes the conservation of momentum and can be
expressed as:

p(u-Vyu=-Vp+V-(MVu) + f, (4.8)

where u [m/s] is the fluid velocity in the flow direction in the channel, p [kg/m?3] is fluid density,
n [Pa-s] is dynamic viscosity and f,, [N/m?] is the body force density, which is calculated as
follows [38] ,[38] :
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__, 9
felx - _pea (4-9)
d
felx = _peg (4.10)

n the framework of a Newtonian fluid model, the dynamic viscosity n of the fluid depends
on temperature according to the relationship [37] :

1713
n=2761x 10_6exp<T)

(4.11)
In this analysis, the dynamic viscosity 1 is considered a constant, and the temperature is
fixed at a specific value of 300K. To model the components of the mass-specific force of electrical
nature, boundary conditions are taken into account, which include the contribution of the external
electric field and the zeta potential [37] :
_ && 0o

{, represents the Zeta potential at the channel wall, ¢, represents the electric permittivity
of vacuum and &,. is the electric permittivity of the electrolyte, which can be expressed as a function
of temperature using the relationship:

T
€, = 305.7exp (—m> (4.13)

4.3.3. Numerical Modeling

In this work, a detailed analysis of the phenomena occurring at the channel wall-
electrolyte interface is conducted using Comsol Multiphysics 5.6 software [47] .

In particular, finite element methods based on equations (4.2), (4.7), (4.8), and (4.11)-
(4.13) are employed for modeling and simulating the fluid behavior within the channel and its
interaction with the electrolyte, providing essential information about velocities, pressure profiles,
electric charge distribution, and other relevant system characteristics.

The discretization mesh was generated with approximately 250,000 Lagrange quadratic
elements [37] . The following initial conditions are imposed at the initial time (t = 0): the velocity
in the x-direction is u = 0, the velocity in the y-direction is v = 0, temperature isT = T,, and the
initial concentration of DNA molecules is ¢; = 0.

The external electric field problem, given by the Laplace equation (4.2), together with the
boundary conditions mentioned in Table 4.1, which include a constant electric potential at the
microchannel inlet, an electric potential of O[] at the microchannel outlet, and electrical insulation
on the upper and lower walls of the microchannel, allows for obtaining an analytical solution, in

which the electric potential is d(x) = % .
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Fast system stabilization enables the swift and accurate execution of biochemical reactions
and the proper guidance of particles towards detection zones [46] .

Table 4.1 is employed to establish boundary conditions, which include the following:
Table 4.1. Boundary conditions [38]

Lower Upper
No Input Output Wall Wall
' (x=0) (x=Lo) (y=0) (y=2H)
| External Electric Field _ —0 6_(p =0 6_(p =0
Problem (eq. 4.2) ¢ =P ?= oy dy
Poisson-Boltzmann o 0 liJ te:n tga / 0 l(l; te:n tga /
2 Electric Field Problem =0 — = povery poren;
ox zeta) zeta)
(eq. 4.3)
ou
3 Flow Problem (eq. 4.7, u=u;, — =0 u=0 u=0
4.8) v=0 x_ v=0 v=0

Solving specific problems such as the Poisson-Boltzmann equation for the double electric
layer (Eq. 4.2, 4.3) and the fluid flow analysis (Eq. 4.7, 4.8) within the system is an essential step
in formulating and validating the mathematical model of microfluidic devices.

4.4. MASS TRANSFER MODELING

A. Electroosmotic Flow in a Microchannel

Electrokinetic flow in a microchannel, based on the theory of the electric double layer and
investigated simultaneously with pressure-driven flow, can be efficiently calculated by solving the
Navier-Stokes and Poisson-Boltzmann equations for the potential distribution on the channel's
surface. This approach models a flow that combines the electrokinetic effect with that under
pressure gradient, influenced by the electric mass forces [37] .

Energy conservation is described by the equation [46] :
PCy [5:T + (V- WT| = V- (kVT) + ¢ + . (4.14)
In equation (4.14.) k represents the thermal conductivity of the electrolyte, which can be
expressed as a function of temperature as follows [38] :

k(T) = 0.6 +2.5x 107°T. (4.15)

The heat generated as a result of electrical energy dissipation in a conductive medium can
be expressed as [46] :

qg=1J%/o. (4.16)
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where, J [A/m?] represents the total electric current density.

B. Mass Transfer

The species conservation equation shows that they will hybridize on the patch surface
according to equations (4.2)-(4.5), [46] :

6ci

‘ot

The source term R; is the sum of the reaction rates R; and R,. These body terms shall be
converted into considered boundary conditions. R si R, represent the temporal derivatives of the
specific concentrations, c,s [mol] and non-specific concentrations, c,,s [mol] of the target
molecules adsorbed on the patch surface. The approximation of c, s can be made using the linear
approximation from the Taylor series [38] :

+ (V- u)c; =V (D)) + +1osziFV - (¢;V) + R;. (4.17)

Cs = g(l — e 0, (4.18)

where the coefficients P and Q are calculated using the parameters k3, k3, k3, k;* from table 4.2
and using the equations:

pP= k?l,CB,m *Cas,max T k%CZ,ns * €2 s,max- (4-19)
Q=kicgm+ kit +kjcons + k3t (4.20)

Table 4.2. The kinetic constants used in numerical simulations [46]

Parameter [Unit of measurement] Symbol Value
The kinetic association constant for direct hybridization [1/M-s] ki 1-10°
The kinetic dissociation constant for direct hybridization [1/s] k3t 0.49

The kinetic association constant for indirect hybridization of non-

. k3 1-10°
specifically adsorbed targets [1/M-s]
The kinetic dissociation constant for indirect hybridization of non- =1 0.51
specifically adsorbed targets [1/s] 2
The maximum concentration of immobilized samples on the patch 5
surface [mol/m?] €25 max 2.0-10
The maximum concentration of non-specifically adsorbed 4
molecules on the patch surface [mol/m?] C2,ns,max 1.98-10
The kinetic association constant for direct hybridization [1/M-s] ki 1-10°
The kinetic dissociation constant for direct hybridization [1/s] k3t 0.49

45. NUMERICAL EXPERIMENTS

The Navier-Stokes and Poisson equations describe the flow of an incompressible flow
under a pressure gradient and the influence of static charge on the microchannel walls, calculated
by the Poisson-Boltzmann equation. Figure 4.2 illustrates the flow field in a channel with fluid
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flowing from left to right under the influence of a 200 V electric field and a pressure difference of
1000 Pa. Streamlines highlight the direction of fluid flow and how it reacts to the combination of
the electric field and pressure gradient [46] .

Fig. 4.2. The fluid flow for H/L = (5:10* m) / (3-10° m),
Ap = 1000 Pa (from left to right), '=200 V (from left to right) [37] .

Figure 4.3 shows the flow profile in the channel under different pressure drops while
keeping the other conditions unchanged. It can be observed that the flow profile in the channel
follows the Hagen-Poiseuille model [38] , which describes laminar flow of a fluid in a channel.
The velocity profile is presented 2.5 mm inside the flow channel. Here, the velocity profile is stable
and well-defined, with an aspect ratio (AR) of 0.12, indicating a uniform distribution of velocities
in the channel with no significant variations.
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Fig. 4.3. The velocity profile for increasing Ap at x =2.5 mm (along the flow),
in the fully formed region has an aspect ratio (AR) of 0.12 [37]

In Fig. 4.4, velocity profiles in the same channel are presented, considering two
simultaneous influences: the pressure difference from right to left and the unchanged direction of
the electric field from left to right. This provides a comparison of how these two factors affect the
velocity distribution in the channel.
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In this case, the direction of fluid flow has reversed compared to the first case due to the
pressure difference acting in the right-to-left direction, causing fluid movement from right to left.
Thus, both the electric field and the pressure difference contribute to fluid flow in the opposite
direction.

Fig. 4.4. The fluid flow for H/L = (5-10* m) / (3-10° m),
Ap = 1000 Pa (from right to left), "= 200 V (from left to right) [37]

In Fig. 4.5, velocity profiles in the same channel are examined under conditions where
different pressure differences act from right to left, while the direction of the electric field remains
from left to right.
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Fig. 4.5. The velocity profiles for increasing Ap at x = 2.5 mm (along the length), in the
fully formed region for (AR) of 0.04;
V'=150...200 V (from left to right) [37]

Comparing the color map in Fig. 4.4, which shows flow from right to left while
maintaining the direction of the electric field from left to right, with the color map in Fig. 4.2,
which indicates flow from left to right, we observe a general reversal in the direction of fluid flow
in the two cases. However, the direction of the electric field remains constant, from left to right, in
both situations [37] .

The numerical results have confirmed agreement with literature data, for example [44]
and have highlighted the importance of the regions adjacent to the walls in electroosmotic flow.
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The velocity profiles were consistent with Hagen-Poiseuille theory in channels, and pressures and
velocities were similar to experimental data.

The concentrations of the two types of hybridization, specific and nonspecific, stabilize
over time due to reaching an equilibrium between the processes of association and dissociation,
where the rates of these processes gradually become equal. This equilibrium leads to the
stabilization of concentrations, indicating that the system has reached an equilibrium point [46].
Specific and nonspecific hybridization were analyzed through kinetic studie [38], especially in the
context of the "exhaustion” of target molecules at the patch surface. The two mechanisms of
specific and nonspecific hybridization are highlighted in Fig. 4.6 at the patch surface [46].
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Fig. 4.6. Concentrations of specific and nonspecific target molecules adsorbed at the
patch surface [46]

4.6. CONCLUDING REMARKS DERIVED FROM THE SIMULATIONS

This study has generated substantial insights into the domain of DNA hybridization within
a microchannel and the management of this process through the application of electric fields and
control over fluid flow rates. The investigation has probed the impact of these factors on the
efficiency of DNA hybridization.

The computational simulations conducted in this study have revealed important findings
regarding the dynamic behaviors of fluids within lab-on-chip devices in response to pressure
gradients and electric fields. The hybridization process exhibits notable efficiency and rapidity,
with concentrations stabilizing promptly. These outcomes collectively suggest a highly
advantageous process within the microfluidic system.
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CHAPTER 5 - CHARACTERIZATION OF ELECTRICAL PROPERTIES
OF 3D PRINTED ELECTRODES: CONTRIBUTIONS TO THE
DEVELOPMENT OF ELECTROCHEMICAL BIOSENSORS

5.1. DESIGN AND FABRICATION OF 3D PRINTED ELECTRODES

Electrochemical biosensors are advanced tools for the detection and monitoring of
analytes of biological or environmental significance. In recent years, biosensors have gained
increasing importance in the field of clinical diagnostics, particularly for the detection of infectious
diseases and health monitoring [48] .

The fabrication of electrodes traditionally relies on conventional techniques such as screen
printing and photolithography, which involve labor-intensive work, require processing in a
controlled environment with high levels of cleanliness and purity, and involve multiple steps using
toxic materials [50] .

In the 3D printing of electrodes, several specific techniques are used for electrode creation,
including extrusion-based printing, inkjet-based printing, and laser-assisted printing [58] .

5.1.1. Designing Electrode Geometry

The development of 3D printing technologies has enabled the creation of electrodes with
customized geometries and improved performance, enhancing the detection capabilities and
analytical precision of biosensors [56] .

Electrodes with a larger perimeter exhibit a significant increase in the interaction area with
analytes, thus increasing the chances of capturing a greater number of molecules in a short period,
such as biosensors used for rapid detection of bacterial infections in blood samples. This is due to
the electric field generated by the electrodes, which extends into the vicinity of the perimeter and
influences the surrounding area.

Various configurations of working electrodes are created, encompassing a wide range of
shapes, geometries and different dimensions: circular shape, square shape, gear shape, star shape,
S-shape, Fibonacci shape [57] .

5.1.2. Manufacturing Method

Several 3D printing techniques can be used for electrodes, namely extrusion-based
printing, inkjet-based printing, and laser-assisted printing. The manufacturing process used for
making the electrodes is presented in [59] .

a. Substrate

For electrode fabrication, a 50 um-thick adhesive polyimide film (Kapton®) [59] was
used. To ensure the application of the Kapton film without air bubbles or wrinkles, a flat and
uniform surface is required as a solid support [60] .
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b. Carbon-Based Ink

Carbon-based ink is an excellent electrical conductor, maintains its shape and adhesion
during 3D printing, and is biocompatible, making it suitable for use in contact with the body
without the risk of adverse reactions [60] .

C. Printing Parameters

Extrusion pressure (p) determines the force applied to the material during the extrusion
process. Printing speed refers to the speed at which the print head moves during material
deposition. Layer height refers to the thickness of each printed layer in the extrusion process.

d.  Generating G-code File

The process of designing electrode configurations is carried out through computer-aided
design (CAD) software, which generates 3D models of the electrodes.

e.  Post-processing

To enhance the conductivity and stability of the printed electrodes, a uniform heat
treatment is applied at 140°C for 30 minutes, removing moisture and consolidating the material
while improving its conducting properties.

f. Surface Functionalization of the Electrode. Immobilization of Antibodies

Biological receptors can be immobilized on the surface of the transducer using various
procedures, including immobilization behind a permeable membrane for analytes, in a polymeric
matrix, in monolayers or lipid membranes, direct adsorption, covalent binding, or cross-linking
[62]

52. CHARACTERIZATION OF ELECTRICAL PARAMETERS USING
ELECTRIC IMPEDANCE SPECTROSCOPY

5.2.1. Device Setup

A potentiostat is a device used in electrochemistry to control and monitor electrochemical
processes occurring on the surface of electrodes. It allows for the controlled application of a
potential between electrodes and the measurement of the resulting current during electrochemical
reactions.

In the experiment, six different shapes of printed electrodes were tested, as shown in Fig.
5.1. The purpose of this experiment was to determine the optimal electrical parameters for each
electrode configuration. The electrical pathways and the electrode surfaces were created using
carbon-based ink, characterized by good electrical conductivity that ensures efficient electrical
current transfer between the electrodes.
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(b) C) ) (e)

(c)

Fig. 5.1. Configurations of the working electrodes: a) Circle; b) Square; c)
Gear; d) Star; e) "S" shape; ) Fibonacci [54] .

(@)

Figure 5.2 depicts a 3-electrode configuration used in the experiment: a 3D-printed
working electrode (WE), a Metrohm LL-Ag/AgCl standard reference electrode (RE), and an
auxiliary electrode (CE) made from a thin platinum foil. This configuration enables precise control
and measurement of the working electrode's potential in relation to the reference electrode, while
the auxiliary electrode consistently provides electrons to support the electrochemical reaction.

Fig. 5.2. Support for the 3-electrode cell: a) 3D-printed Working Electrode (WE); b) Redox
solution; ¢) Auxiliary/Counter Electrode (CE); d) Reference Electrode (RE) [54] .

5.2.2. Experimental Conditions for Characterizing 3D-Printed Electrodes

The experiments were conducted on 3D-printed working electrodes placed in an
electrolyte containing potassium ferrocyanide (K4[Fe(CN)6]). This compound served as the
analyte, allowing electrochemical reactions to occur on the electrode’s surface and generating a
measurable electric current in this electrochemical medium.

When evaluating the electrochemical behavior of a system in a particular reactive
medium, temperature plays a significant role as electrochemical properties can vary with it [54] .
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5.2.3. Electrical Measurements

Cyclic voltammetry provides information about the behavior of electrodes as a function
of applied potential, including oxidation and reduction potentials, electron transfer rates, and
surface characteristics. Electrochemical impedance spectroscopy (EIS) measures the
electrochemical response at different frequencies [54] .

Parameters measured in electrochemical impedance spectroscopy (EIS) include the
magnitude and phase of impedance, which reflect the resistive or capacitive nature of the
electrochemical system. Additionally, the real and imaginary components of impedance can be
determined, indicating specific properties of the electrode-electrolyte interface, such as charge
transfer resistance, double-layer capacitance, and Warburg impedance, which reflects the diffusion
of ions in solution.

Warburg impedance is a circuit element associated with the diffusion process of
electroactive species and their movement toward the surface of an electrode [66] .

5.3. EXPERIMENTAL RESULTS

Electrochemical impedance spectroscopy (EIS) was employed to investigate the influence
of the working electrode geometry on the performance of three-electrode biosensors.
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Fig. 5.3. Plot of the Nyquist diagram for the impedance response — Table 5.1

The experiments covered a frequency range from 0.1 Hz to 100 kHz, and the
electrochemical data were recorded through a connection between the working electrode,
electrolyte, and a potentiostat. The impedance response was investigated using potassium
ferrocyanide as the electrolyte. Six different active surfaces of the working electrodes were tested
to analyze the effect of varying their active area. The impedance response was analyzed through a
Nyquist plot, as shown in Fig. 5.3. The plot reveals the competition between surface and bulk
diffusion processes coupled with charge transfer processes [61 , 64] .

The phase angle is the phase difference between two signals or waveforms. It can be
expressed in degrees or radians and reflects the phase difference of a signal or waveform compared
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to a reference signal or waveform. In the case of electrochemical biosensors, the phase angle can
indicate changes in the interactions between the analyte and the bioreceptor immobilized on the
electrode surfaces [67] .
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Fig. 5.4. Representation of Nyquist diagram

In each configuration, the electrochemical parameters were determined. The charge
transfer resistance (Rct) results from the transfer of electrons between the electrode and the
solution. The charge transfer resistance, represented in the Nyquist diagram in Fig. 5.4, as indicated
by the diameter of the semicircle, appears in the low-frequency region and is used to evaluate the
efficiency of the electron transfer process at the electrode-electrolyte interface [67] .

Constant Phase Elements (CPEs) are mathematical models used to describe the non-ideal
behavior of electrode surfaces in electrochemistry. They are represented by the terms Q and n,
where Q is the constant phase element and n is the phase exponent.

The impedance of the constant phase element Zpg, is given by the equation [65] :
Q = Zcppw) = [CGw)"] ! (5.1.)
where j is an imaginary number and w [rad-s-1] is the angular frequency.

Polarization resistance, Rp represents the opposition of the electrochemical system to
voltage variation, reflecting how efficiently the system responds to these changes.

The maximum imaginary impedance (Z"max) iS an important component of
electrochemical impedance, indicating the point at which energy storage capacities are maximum
at a specific frequency.

Double-layer capacitance, Cqi, represents the capacity to store electric charge at the
interface between the electrode and the electrolyte [67] .

Table 5.1 Electrical Properties of Working Electrodes

max Z""max Ret Rp Cdl YO0
? [€2] [€2] [2] [mF] [CPE]
S1 03.04 Circle 77.48 17308 20660 40474 3.07 1.51E-06 0.94
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S3_03.04 Circle 73.65 17035 17279 40600 291 1.51E-06 0.94
S2 03.04 Circle 64.30 10189 11933 20722 6.69 3.61E-06 0.91
S2 22.03 Fibonacci 63.62 6434 7677 15451 2.61 1.40E-06 0.94
S7 21.03 Gear 64.68 5460 6453 13020 1.96 1.04E-06 0.95
S5_03.04 Square 62.90 4670 6027 11187 1.67 8.77E-07 0.95
S6_22.03 Star 63.06 5014 5658 12400 2.81 1.53E-06 0.94
S3 22.03 S-Form 63.88 3609 4434 8457 1.80 9.57E-07 093
S4_03.04 Square 57.52 3573 4014 8760  1.58 9.13E-07 0.95
S6_03.04 Square 65.13 3118 3579 7056  1.77 9.50E-07 0.96

Based on the data obtained from the Nyquist plot, an equivalent circuit model for a
biosensor is created, as shown in Figure 5.5 [54] .

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

Fig. 5.5. The Randles circuit for the electrode S5 03.04.2023 [54]

The relationship between current intensity and applied voltage for the 10 tested working
electrodes is illustrated in Fig. 5.6 in a cyclic voltammetry plot. It can be observed that both
oxidation and reduction peaks appear in the cyclic voltammogram.

The phase difference (¢), the admittance of the constant phase element YCPE and the
number N are quantities that reflect the electrochemical behavior of the system (as presented in
Table 5.1) and are influenced by changes in system parameters. Cyclic voltammetry (CV)
measurements were conducted using a range of potentials from -0.4 V to 0.4 V and a scan rate of
100 mV/s.
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Fig. 5.6. The cyclic voltammetry plot for the sensors listed in Table 5.2 [54]
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According to the experimental results, circular-shaped electrodes recorded the highest
values of charge transfer resistance (Rct), as shown in Fig. 5.7, indicating a slower charge transfer
compared to square-shaped electrodes, which exhibited the lowest (Rct) values.

This slowing down of charge transfer can affect the detection capability and response to
variations in specific properties such as temperature, analyte concentration, and the pH of the
electrolyte solution. To detect under such conditions, higher potentials or longer measurement
times may be required.

22000
20660

20000 -
18000 17279
16000

— 14000 -

— 12000 o 1198

&= 10000

8000 787
6000 -

434
4000 M £

2000 T T T T T

Electrode no.

Fig. 5.7. The R, variation graph for the sensors listed in Table 5.1 [54]

Cyclic voltammetry measurements generate distinct peaks in the recorded current graph,
representing specific electrochemical processes such as oxidation and reduction of chemical
species at the electrodes. The peak height represents the maximum current value recorded during
these electrochemical reactions, thereby reflecting the intensity and significance of these processes
[65] .

Analyzing the data from Table 5.2 indicates that geometries with a larger perimeter have
lower charge transfer resistance and a higher maximum current compared to those with a smaller
perimeter. This suggests that perimeter is a crucial factor in determining the electrochemical
performance of the system.

Table 5.2 Surface, area, perimeter and maximum current of WE
as a function of geometry

Electrode Name Arei: Perimeter [mm] Peak i, [A]
[mm?]

S6 22.03 Star 18.7 18.746 4.3347E-05
S3 22.03 S-Shape 10.5 36.4 3.8249E-05
S2 22.03 Fibb 12.8 33.8 3.5004E-05
S5 03.04 Square 16 16 3.4988E-05
S4 03.04 Square 16 16 3.4847E-05
S7 21.03 Gear 16.4 25.462 3.4625E-05
S6 03.01 Square 16 16 2.5894E-05
S3 03.04 Circle 12.5 12.566 5.6728E-06
S1 03.04 Circle 12.5 12.566 5.5674E-06
S2 03.04 Circle 12.5 12.566 4.2851E-06
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5.4. CONCLUSIONS

This study focuses on characterizing the electrical properties of 3D-printed biosensors,
with a strong focus on various configurations of working electrodes. Using techniques such as
electrochemical impedance spectroscopy and cyclic voltammetry, we investigated the influence of
geometric characteristics on the electrochemical performance of these electrodes. By simplifying
the manufacturing process through the printing of only the working electrodes and associated
electrical traces, we reduced costs and used resources more efficiently. The working electrodes are
responsible for electrochemical reactions and generating electric current in electrochemical
processes, while the electrical traces provide the connection between the electrodes and the
potentiostat.

The shape of the electrodes has a significant impact on the distribution of the electric field
and interaction with the analyte. Complex shapes such as gearwheels or the Fibonacci shape can
create non-uniform electric field distributions, while simple shapes like circles or squares favor a
uniform distribution. These differences in electric field distribution can influence how the analyte
interacts with the electrode surface, affecting the efficiency of analyte detection.

The 3D printing process introduces variations in the porosity and composition of the
electrodes. Carbon paste density, thickness of the active layer, uniformity of paste deposition, and
electrode attachment method all impact the electrochemical response. Measurement errors can arise
for various reasons, and recognizing and accounting for these sources of error in the experiment
are important for gaining a comprehensive understanding of the results [54] .

In conclusion, the design of square-shaped electrodes offers clear advantages in terms of
electrochemical performance, particularly in terms of the charge transfer resistance (Rct). Square-
shaped electrodes provide more efficient charge transfer between electrodes and the analyte
solution, improving biosensor performance.

CHAPTER 6 - CONCLUSIONS AND PERSPECTIVES

6.1. CONCLUSIONS

In recent years, the concept of lab-on-a-chip, initially developed in the academic
environment, has seen remarkable evolution and has been successfully implemented in commercial
products.

This PHD Thesis focuses on analyzing how advanced electromagnetic methods are
applied in biomedical research, with a special attention given to the development of
electromagnetic biosensors used for detecting biochemical particles. The primary goal of the thesis
was to study the interactions between the electromagnetic field and the biological environment for
the detection and analysis of biochemical particles.

The research was oriented towards two main areas of analysis: modeling the effects of
applying an electric field on fluid flow in microfluidic structures and designing and manufacturing
electrodes used in electrochemical biosensor manufacturing.
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Modeling the interactions between electromagnetic fields and fluid behavior in
microfluidic structures revealed complex phenomena and subtle interactions that are difficult to
observe experimentally. This approach significantly contributed to understanding the physical
processes within biosensors integrated into microfluidic platforms, such as fluid movement in
microchannels, molecule transport, and biomolecule interactions with the functional surfaces of
microfluidic devices in the context of electrochemical reactions.

By designing and manufacturing electrodes for electrochemical biosensors used in
detecting ion concentrations in a solution, electrodes with precise geometries adapted to specific
experimental requirements of electrochemical biosensors were obtained.

6.2. ACHIEVING RESEARCH OBJECTIVES

In Chapter 1, an introduction to the thesis topic is provided, presenting basic concepts
related to the use of electromagnetic methods in biomedical process research.

Chapter 2 focuses on analyzing the current state of research in biosensors, their integration
into microfluidic platforms, and the evolution of 3D printing technology for creating advanced
electrodes.

Chapter 3 presents the issues related to biosensors, with special attention to aspects
concerning their classification, structure, and operation. Electrical detection methods are presented
as a central component of biosensors, highlighting how they transform biochemical interactions
into measurable electrical signals.

Chapter 4 is dedicated to physico-mathematical modeling and the analysis of complex
interactions and couplings between the electromagnetic field, fluid flow, and electrically charged
particles in a microfluidic environment, emphasizing the influence of the electric field on
electroosmosis and other phenomena.

The main results of this study include identifying the impact of the electric field on
pressure-driven flow, observing velocity profiles based on pressure variation, highlighting the
importance of regions adjacent to channel walls, validating the effectiveness of the hybridization
process, and confirming the results through comparison with relevant experimental data from the
literature.

Chapter 5 analyzed the potential of impedance spectroscopy as a research method for
identifying biochemical compounds. This method provides significant data on the behavior of
various biomolecules in a system by monitoring the variation of specific physical parameters of
the system's components.

6.3. PERSONAL CONTRIBUTIONS

We analyzed the electric field generated by electric charges close to the channel walls,
known as the electric double-layer potential, which occurs at the interface between the channel
wall and the electrolyte. We determined how this electric field, applied along the channel, interacts
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with electric charge density. On the other hand, this interaction generates the appearance of electric
forces that drive electroosmotic flow in the microfluidic system.

Another important aspect of the research focuses on modeling mass transfer in a
microchannel with electroosmotic flow. This study combines electrokinetic flow, based on the
electric double-layer theory, with pressure-driven flow in a microchannel, using the Navier-Stokes
equations and the Poisson-Boltzmann equations to analyze subtle phenomena and complex
interactions that cannot be easily observed experimentally.

It was observed that applying an electromagnetic field can influence the variation of the
double-layer properties, which, in turn, affects the interactions between the particles in the
electrolyte and the electrode's functional surfaces. These modifications can have a significant
impact on particle behavior, opening the possibility of selectively controlling their movement and
capture in various zones of microchannels.

Within the research, the thermal equilibrium of the system was also analyzed using the
heat equation. It was found that the heat sources generated by viscosity and Joule heating are small
enough to maintain the system at a constant temperature of 300 K.

The numerical studies conducted have provided an improved perspective on the
mechanisms underlying fluid behavior and transport processes in microscopic environments.

Significant practical contributions have been made through the optimization of the
electrode manufacturing process for electrochemical biosensors, using 3D printing technology with
carbon-based materials. This approach allowed for obtaining electrodes with precise "geometries"
tailored to the specific experimental requirements of biosensors.

The characterization of the electrochemical properties of the electrodes was achieved
through electrochemical impedance spectroscopy (EIS), a technique that provides detailed
information about the behavior of electrodes in interaction with the biological environment or
analytes.

6.4. RESULTS DISSEMINATION

The research results have been disseminated through the publication of three scientific
papers. Two of these papers were presented at the ATEEE conference. The third paper was
published in RRST-EE (Revue Roumaine des Sciences Techniques, Série Electrotechnique et
Energétique), a recognized journal with broad visibility in the academic community.

By combining knowledge from electrical engineering applied to microfluidic technologies
and biomedical research, an innovative perspective has emerged in the field of molecular detection
and analysis. On the one hand, electrical engineering has brought to the forefront methods that
enable fluid manipulation at the micrometer scale under the influence of an external electric field.
Future research may integrate mathematical simulation to complement experimental studies
obtained in practice regarding 3D-printed electrodes, offering a more comprehensive
understanding of electrode behavior and their potential in various applications.
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GLOSSARY OF SPECIFIC TERMS

1.

10.

11.

Adsorption - the process by which molecules, ions, or atoms adhere to and accumulate on
the surface of a solid or liquid material. This occurs when chemical species from the
surrounding environment (called adsorbates) bind or "stick™ to the surface of the material
(called the adsorbent) through intermolecular forces.

Lipid Bilayer - a structure consisting of two layers of lipid molecules, with polar heads
oriented outward and nonpolar tails oriented inward. This structure is essential in biology
and medicine, providing a physical and chemical barrier between the cell's internal and
external environments.

lonic Channel - a special type of protein that forms pores or channels in cell membranes.
These channels allow ions to pass through the membrane and are selective for specific
ions, regulated by various factors such as voltage changes or ion concentration in the
environment.

Active Channels - a type of ion channel that requires energy to function and allows the
passage of ions through the membrane. This type of channel is controlled and regulated by
the cell and can be opened or closed depending on different signals or stimuli.

Passive Channels - a type of ion channel that allows the passage of ions through the
membrane passively, without requiring energy consumption by the cell. This type of
channel opens and closes depending on the differences in electric potential or ion
concentration in the surrounding environment, allowing ions to pass in a manner
determined by external conditions.

Double-Stranded Complex - a molecular structure formed by two complementary chains
of nucleic acids (DNA/RNA) that attach to each other through complementary base
pairing.

Electroosmotic Flow - an electrochemical phenomenon that occurs in microfluidic or
capillary systems. It is generated by applying an electric field to a conductive fluid in a
microchannel, inducing a net flow of liquid that moves in the opposite direction of ion
migration.

Desorption - the opposite process of adsorption, referring to the release of adsorbates
(molecules, ions, or atoms) from the surface of the adsorbent. During desorption, the
chemical species that have attached or been adsorbed to the adsorbent's surface are released
back into the environment. This process can be triggered by changing external conditions,
such as temperature, pressure, or the concentration of the adsorbate substance.
Hybridization - the process of pairing two complementary nucleic acid molecules (DNA
or RNA) to form a structure known as a double helix or double-stranded complex. During
hybridization, the nitrogenous bases on the two strands bind together through
complementary base pairs (adenine with thymine in DNA or adenine with uracil in RNA,
and guanine with cytosine), forming strong chemical bonds.

Extracellular Environment - the space surrounding living cells, which separates them from
the external environment.

Intracellular Environment - the space inside the cell.
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16.

17.

18.
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Cell Membrane - a fundamental structure of living cells that delineates the cellular contents
from the external extracellular environment. It is a thin, flexible, and elastic membrane
composed of a double lipid bilayer and proteins, serving various essential functions in
cellular life.

Microarray - an analytical device used to detect and quantify the presence and quantity of
specific biological molecules, such as DNA, RNA, proteins, or other biological molecules,
in a biological sample. This device consists of a solid surface (usually a glass or silicon
wafer) on which thousands or even millions of microprobes are fixed in a controlled and
ordered manner. These microprobes contain specific DNA or RNA sequences, known as
probes, designed to search for specific molecules in the analyzed sample.

Single-Stranded Molecule - a single chain of nucleic acids (DNA/RNA) that is not
associated with a complementary second chain through base pairing.

Sequencing - a complex and essential process in molecular biology that involves
determining the precise order of nucleotide bases (adenine, thymine, cytosine, and
guanine) in a molecule of nucleic acids (DNA or RNA). This process includes reading and
recording the nucleotide sequence in a single-stranded DNA or RNA molecule, allowing
for the exact identification of the sequence.

Conformational State - a specific configuration or structure in which a molecule, protein,
or another type of macromolecule exists, depending on the interactions and bonds between
its atoms and functional groups.

Proteins - complex molecules essential for life, consisting of chains of amino acids
connected in unique sequences. They represent one of the most diverse and important
classes of macromolecules in living organisms.

Hybridization Rate - the speed at which single-stranded DNA/RNA molecules form
complementary base pairs with each other to create a double-stranded structure of nucleic
acids. This rate measures how quickly the binding process occurs between single-stranded
molecules with their complementary sequences.

Cellular Transport - refers to the movement of substances into and out of cells within living
organisms. There are two main types: passive transport and active transport.
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