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Resumen

MODELO COMPUTACIONAL DE LA DISTRIBUCION DE CAMPO ELECTRICO DENTRO
DE UN DISPOSITIVO MUSCLE-ON-A-CHIP UTILIZADO PARA ESTIMULAR CELULAS
MUSCULARES ENCAPSULADAS EN UN CONSTRUCTO TRIDIMENSIONAL.

La contraccion del masculo esquelético que se produce durante el movimiento se imita con
la aplicacién de estimulacion eléctrica in vitro. La ES se ha utilizado en el tejido muscular
como una técnica Qtil para reemplazar los potenciales eléctricos y preservar las funciones
del tejido muscular. Los métodos de cultivo celular tridimensionales de origen humano
aparecen como un enfogue novedoso para acelerar la investigacibn al mejorar la
reproduccién de procesos fisiopatologicos en el muisculo con la aplicacion de estimulos
fisicos como la EE. Sin embargo, determinar los parametros eléctricos 6ptimos a usar es
esencial. El uso de modelos tedricos y computacionales son herramientas rentables,
especificamente el método de elementos finitos es una de las opciones mas precisas. Este
trabajo presenta un enfoque computacional y experimental para comprender la fisiologia
del masculo esquelético y su respuesta a la EE en condiciones de salud y enfermedad.
Las propiedades eléctricas del modelo fueron medidas con impedancia de espectroscopia
electroquimica y de la literatura, luego con esta informacion se desarrollo y validé un
modelo computacional multifisico sobre un modelo 3D de musculo esquelético. El modelo
computacional calcul6 la intensidad del campo eléctrico en los dominios de interés,
ademas, se cuantific6 como respondian al desplazamiento EE del biomaterial. El cultivo in
vitro de la enfermedad present6 flujo de calcio, pero no desplazamiento. En general, la
evaluacion de las EE en tejidos del musculo esquelético es una herramienta util que puede
contribuir al conocimiento actual del proceso fisiopatoldgico y de las terapias enfocadas a

la funcidn de estos tejidos.

Palabras claves: Estimulacién eléctrica, modelo computacional, tejido muscular

esquelético, distrofia miotonica tipo 1, ingenieria de tejidos.
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Abstract

COMPUTATIONAL MODEL OF THE ELECTRICAL FIELD DISTRIBUTION WITHIN A
MUSCLE-ON-A-CHIP DEVICE USED TO STIMULATE MUSCLE CELLS
ENCAPSULATED IN A THREE-DIMENSIONAL CONSTRUCT.

Nowadays, there is no consensus about the range of electrical parameters that should be
used when applying them to three-dimensional muscle constructs, this variability presents
a huge difficulty in recreating and comparing results between the studies. Electrical
stimulation has been used in muscle tissue as a technique to replace electric potentials and
preserve muscular tissue functions, on the other hand, human-based three-dimensional
cell culture methods have appeared to accelerate preclinical research by enhancing the
reproduction of pathophysiological processes in skeletal muscles. Therefore, determining
the optimal electrical parameters for use in a muscle construct is essential for ensuring
correct experimental models. One way to achieve this is the use of theoretical and
computational models, which are cost-efficient tools such as the finite elements method.
This work presents a combined computational and experimental approach to better
understand the physiology of skeletal muscle and its response to electrical stimulation
under healthy and diseased conditions. To achieve this first the electrical properties of the
three-dimensional tissues (electrical conductivity and permittivity) were obtained using
electrochemical spectroscopy impedance, and then a multi-physical computational model
was developed and validated in a patient-derived functional three-dimensional skeletal
muscle model. The computational model calculates the intensity of the electric field in the
domains of interest and the displacement of the biomaterial. Experimentally, was measured
the calcium flux signals. In general, the evaluation of electrical stimulation in skeletal muscle
tissues is a useful tool that can contribute to the current knowledge of the

pathophysiological process and therapies focused on the function of these tissues.

Keywords: Electric stimulation, computational model, skeletal muscle tissue, dystrophy

myotonic type |, tissue engineering.
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Introduction

Electrical stimulation (ES) has been used in muscle tissue as a useful technique to replace
nerve stimulation in skeletal muscles to preserve muscular tissue functions. ES aims to
mimic the electrical environment of electroactive muscle cells by helping to regulate cell-
cell and cell-extracellular matrix interactions; however, nowadays there is no consensus on
the basic parameters of ES, then, the indiscriminate use and outside the physiological
ranges of these can cause electrochemical damage that can harm the muscle regeneration
process or fail mimicking mu s c ldisplasement. Specifically, ES produces space-time
changes in transmembrane potentials and, therefore, affects processes such as the flow of
calcium (Ca2+), sodium (Na+), potassium (K+) ions, etc., galvanotaxis (phenomenon of
migration guided by an electrical gradient, the cell moves, depending on the cathode or the
anode of the stimulating electrodes), cell proliferation and differentiation, and muscle

contraction.

ES has been characterized by two application methods: direct contact, where the
electrodes are in contact with the cell culture, and indirect contact, where the electrodes
are separated from the cellular medium but are in contact with the culture well plate; the
latter is used with capacitive, semicapacitive, inductive, and combined coupling methods.
ES has been applied in devices with different settings, and one of the approaches that has
gained the most attention are micro- and nanofabrication techniques, which are tools where
ES parameters can be precisely defined and controlled even for a single muscle cell or

myofiber.

On the other hand, the proper design and fabrication of muscle tissues in vitro requires the

ability to recreate the architecture of the cell environment, which is achieved through tissue
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engineering using scaffolding materials. Nonbiodegradable and biodegradable materials
(synthetic or natural) have been used for scaffolding. However, the most important objective
of these scaffolds is to achieve the necessary topographic characteristics, which should
promote the proliferation of satellite cells and facilitate the differentiation and alignment of
myoblasts into myotubes to mimic their organization in muscle fibers. In recent decades, it
has been found that three-dimensional scaffolds provide a better environment for functional
measurement of muscle fiber strength by facilitating a parallel aligned structure, in contrast
to monolayer cultures where the application of ES results in non-uniaxial force production,

since the fascicles are not aligned.

The variability of the electrical parameters used in the experimental designs is attributed to
the fact that there are no physiological criteria to choose the best stimulation range of the
different parameters (voltage, frequencies, pulse amplitude, type of pulse, time, etc.),
second, the magnitudes used until now by researchers are reported in different units, in
some cases incommensurable or difficult to compare due to the lack of other required data,
as is the case of researchers who report the electric fields in terms of current, third, some
researchers only report the intensity of the electric field without describing in detail the other
parameters (the resistance, the time, the frequency). This high variability hinders the
interpretation of the results and may prevent the derivation of valid simulation models or
replication of experiments, which gives rise to the need for future research on the
optimization of electrical parameters (e.g., electrode material, amplitude, and frequency) to

induce functional models in vitro, as well as to avoid damage to muscle tissues.

From an experimental point of view, carrying out multiple essays to regulate and optimize
the different parameters carries a high economic and time cost, in addition to considerable
technological complexity, and is limited to biopsy collections of a fixed quantity. Thus,
theoretical, and computational models can be used to analyze cellular responses in
complex environments, allowing us to study the effect of multiple parameters on cellular.
Thus, multiple experiments with feasible economic and time costs can be designed and
evaluated to obtain appropriate conditions for a given objective. A potential way to

determine the optimal ES parameters in a muscle is to measure its effect with biomarker
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analysis, differentiation levels and muscle alignment, determination of the fusion index,
generated contraction force, among others, and guarantee an accurate measurement of
the applied electric field. Computational models have emerged as cost-efficient tools
through the application of different methods, including the finite element method (FEM).

In this context, in the current work, a computational model is proposed using the FEM for
the study of the distribution of the electric field in 3D culture systems of skeletal muscle in
a microdevice designed named muscle-on-a-chip. Analyzing the different combinations of
electrical parameters and Analyzing the different combinations of electrical parameters and
finding the most suitable configuration for this experimental setup suitable configuration for
this experimental setup would contribute to the understanding and analysis of the effect of
each of the variables on the stimulation, which would allow homogenization of the range of
frequency, time, duration, pulse width, and voltage that should be used to avoid muscle
damage and adverse responses such as fatigue and electroporation effect. Likewise, the
precision of the studies was improved by reducing variability and increasing the possibility
of replication.
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DEFINITIONS AND SIMBOLS

To achieve a better understanding of the use and application of EIS, it is important to note
that there are dielectric materials are crucial for electrical and energy storage, however they
are not perfect and have some limitations that engineers and scientists need to consider in

their applications and designs. Then it is important to be clear about the following concepts:

- Absolute permittivity (0 is a measure of a material's ability to resist an electric field
and store electrical energy when exposed to an electric field(1). It is often referred
to as the dielectric constant. In the case of the electric displacement field D resulting
from an applied electric field E is (1,2):

O -%

- Relative Permittivity: - The ratio of the permittivity of a material to the permittivity
of free space - . Relative permittivity is the factor by which the electric field between
the charges is decreased relative to vacuum. It is a dimensionless number (3).

Under an AC electrical field, dielectrophoretic forces (DEP) on particles in the material will
be produces, the response depends on the frequency of the field (3,4). For this reason,
permittivity is often treated as a complex function of the (angular) frequency] of the applied

field; its real and imaginary parts are denoted as:

Where the real part- relates to the ability to store energy compared to vacuum permittivity
and the imaginary part - relates to losses in the material under the influence of an

alternating electric field (3,4).
For a lossy dielectric medium, the electric flux density D is related to the electric field E as:
0o -"% - - O

The frequency at which the phase shift becomes noticeable depends on temperature and
the details of the medium. The loss tangent is a measure of the dissipation of electrical
energy in a dielectric material as heat. It is the ratio of the imaginary part to the real part of

the relative complex permittivity (4).
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OAT —
High O A Tindicates significant energy loss in the material due to dielectric losses, on the
contrary, low values denoted a material with low loss properties, meaning it retains electrical

energy more efficiently and dissipates less energy as heat (5).

- Electrical conductivity () i s a measure of the ability o
electrical current (6).

- Resistance: Resistance represents the opposition to the flow of current in a circuit
due to the inherent electrical resistance of the materials used (6). It is typically
measured in ohms (q )

- Capacitor: is an electrical component that stores and releases electrical energy in
the form of an electric field (6).

- Impedance: Is a complex quantity with a magnitude and a phase shift which
depends on the frequency of the signal. It is given by:

W O O
Where is the real part and represents the actual resistance component of the
material or system. In other words, accounts for the energy dissipation in the circuit
or material due to resistance. @ is the imaginary part and accounts for the energy
storage and release (7).

- Electric stimulation or electrostimulation (ES) is the application of electrical currents
to stimulate nerves, muscles, or both, in the human body for therapeutic, diagnostic,
or recreational purposes. This technique involves using electrical impulses to induce
contractions or reactions in specific tissues o is the stimulation of muscles by
electrical impulses. External electrical stimulation of a nerve fiber elicits an action
potential that travels along the nerve and subsequently activates the adjacent cells,
either neuron or muscle fiber (8).

- Electrical gradient: difference in charge across a membrane. It revolves around an
ionbdés electrical charge and the overall cha
environments. The electrical gradient of a positively-charged ion flows from positive
to negative regions, while the reverse is true for negatively-charged ions (9,10).

- Electric field E: is an invisible force field created by the attraction and repulsion of
electrical charges (the cause of electric flow), and is measured in Volts per meter

(V/m). The intensity of the electric field decreases with distance from the field
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source. E is defined as the force (F) experienced by a small test charge (q) placed
at that point, divided by the magnitude of the test charge (9,11) .
o 2
n
Electroporation is a phenomenon in which the membrane of a cell exposed to high
intensity electric field pulses is damaged. During the damaged period, the cell
membrane is highly permeable to molecules present in the surrounding media
throughnon-speci fic 6hol esd (99.n the cell membr ane
Electrical impulses refer to rapid, transient changes in electrical potential that
propagate along specialized cells or tissues in biological organisms or artificial
systems. It refers to the transmission of electrical signals through the nerve
membrane, which is dependent on the concentration gradient of sodium and
potassium ions in the axoplasm and extracellular fluid, as well as the permeability
of these ions in the nerve membrane (12).
Electrical parameters: refer to various measurable quantities that describe the
behavior, characteristics, and performance of electrical circuits, components, and
systems (13).
o Electric potential (V): is the energy that is needed to move a charge between
two points in an electric circuit.
o Electric current (1) is the flow of electric charge (typically electrons) per unit
time past a specified point in an electric circuit.
o0 Frequency (f): is the number of cycles or oscillations per unit time of a
periodic waveform, such as an AC voltage or current
0 Pulse width also known as pulse duration, is the time interval during which

the pulse signal remains at its maximum amplitude

Charge transfer resistance (R«) is the resistance of ion transferring from the
electrolyte crossing the electrode/electrolyte interface and inserting into the

electrodes, which causes the activation polarization (14).

Electric double layer capacitor is the electric energy storage system based on
chargei discharge process in an electric double layer on porous electrodes, which
are used as memory back-up devices because of their high cycle efficiencies and

their long life-cyclesv(15)
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GENERAL AIM

To determine the set of parameters that produce regions of uniform electric field in
skeletal muscle under a three-dimensional construct in a muscle-on-a-chip microdevice

by defining a computational model.

SPECIFIC AIMS

1. To establish the set of electrical parameters and dielectric properties for a 3D culture

of muscle cells in a muscle-on-a-chip microdevice reported in the literature.

2. To define the theoretical model with the set of established electrical parameters,

dimensions, and dielectric properties.

3. To implement the computational model with the set of parameters and boundary

conditions.






Chapter 1. Skel et al
Mor phophysi ol pgay hol ogi es,

therapeutic alternatives

1.1 Summary

This chapter highlights the morphophysiology, biomechanical properties, neuromuscular
pathologies, and treatments of the skeletal muscle tissue and delves deeper into the
Dystrophic Myotonic Type 1. Moreover, the use of organ-on-a-chip devices to study this
disease and the alternative treatments is highlighted.

1.2 Embryological development of the skeletal muscle

tissue

Most muscles are derived from the mesoderm, the skeletal muscles specifically derived
from the paraxial mesoderm (see Figure 1), during the first 28 days after fertilization, where
the mesenchymal cells group to give rise to somitomeres (16,17). Myogenesis is increased
by the action of growth factor, which encourages postmitotic myoblasts to transcribe actin

and myosin, forming the arrangement of the bands and their striated appearance (18).

Myoblasts develop in three places: myotomes of the somites (trunk muscles, tongue

muscles), mesoderm of the branchial arches (head muscles), and in the mesenchyme
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surrounding developing bones. Almost all skeletal muscle develops before birth, after it
increases in length and width as the skeleton develops (18).

Neural
Paraxial mesoderm tube Paraxial mesoderm

= Tel==)

I Somites

<— Boundary formation

—
Determined
segment :

- Presomitic mesoderm

<

&Axls elongation

Figure 1. Skeletal muscles are derived from the paraxial mesoderm(19).

1.3 Skeletal muscle tissue

The musculoskeletal system comprises one of the body's major tissue/organ systems, there
are three main types of muscle tissues: skeletal, cardiac, and smooth. Human skeletal
muscle (SM) attaches to the bone by tendons, and together they produce all body
movements (17,20). SM is an organ that consists of various integrated tissues, these
include blood vessels, nerve fibers, connective tissue, and others. According to Lamsfuss
& Bargmann the skeletal muscle tissue can be organized in 5 levels (21). The entire skeletal
muscle (level 5) contains fascicles embedded in the connective tissue perimysium and
covered by epimysium and fascia. The fascicles (level 4) are made of muscle fibers
surrounded by endomysium. Muscle fibers or myofibers (level 3) are encompassed by
the cell membrane sarcolemma (SL) (22). The sarcolemma (SL) is the cells membrane
separating the intra - and extracellular space) (16). The myofibrils (level 2) in the muscle
fibers consist of aligned functional units called sarcomere. In the sarcomere (level 1),
electrical impulses activate small protein filaments or myofilaments and initialize the

contraction of the muscle (21) (See Figure 2).


https://www.sciencedirect.com/topics/materials-science/cell-membrane
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A muscle fiber is composed of elongated multinuclear cells with a diameter of between 10
to 80 um (23). Muscle fibers are made up of groups of myofibrils, each with a diameter of
1-2um. The nuclei are in the cell's periphery, adjacent to the sarcoplasm. The sarcoplasm
is a tubular sheath that encases and defines each muscle fiber, forming a barrier between
extracellular and intracellular compartments. (23) Myofibrils contain up to 1.500 myosin
filaments and twice as many actin filaments, these are the protein molecules responsible
for the muscle contraction mechanism. The arrangement of actin and myosin gives skeletal
muscle its microscopic, striated appearance and creates functional units called sarcomeres
(16). The bridges responsible for supporting the actin flaments are the Z discs or Z lines.
The portion of the muscle fiber existing between two Z discs is called sarcomere, and the
displacement of actin on the myosin generates the shortening or lengthening of this portion

that it is also translated into muscle contraction (23).
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Figure 2. Structures that conform the skeletal muscle tissue (3). In the black boxes in an
order from micro to macro (1. Sarcomere 2. Myofibril 2. Muscle fiber 4. Fascicle 5. Muscle
bundle). And the connective tissue sheaths that cover the SM (6. Endomysium, 7.

Perimysium, and 8. Epimysium)
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1.4 Mechanism of skeletal muscle contraction

The nerves that are responsible for innervating muscle fibers are called motoneurons. A
single motoneuron and the muscle fibers it innervates are collectively called a motor unit
(24) Propagation of action potentials to the motoneuron and subsequent depolarization
results in the opening of voltage-gated calcium (Ca2+) channels of the presynaptic
membrane. The depolarization of the muscle fiber that initiates contraction is called
excitation-contraction coupling (E-C coupling) (24). EC coupling can be studied by the most
relevant transient points generated in the process: the action potential, intracellular Ca2+
increase, and the contraction generated (25).

The action potential is transmitted from the nerve endings to all the fibrils of the fiber through
the T system. Depolarization of the T tubule membrane activates the sarcoplasmic
reticulum through the dihydropyridine receptors (DHPR), which conduct Ca2+. DHPR
serves as a voltage sensor and allows the release of Ca2+ from the nearby sarcoplasmic
reticulum through interaction with the ryanodine receptor (RyR). Ca2+ is released into the
cell and then decreases by the action of the sarcoplasmic Ca2+ ATPase pump. When the
concentration of Ca2+ outside the reticulum has decreased, the interaction between actin

and myosin decreases and allows muscle relaxation (26).

The cross-bridge cycle, an event that occurs during e-c coupling, refers to the mechanism
by which the thick and thin filaments slide past one another to generate a muscle
contraction, this sliding mechanism of contraction is activated when the heads of the myosin
polypeptide chains join the actin, a bending occurs between the head and the neck and
then detaches in search of a new union (24). The energy required for the protein release
action is provided by ATP. In the resting state, troponin, actin and tropomyosin bind, where
troponin is responsible for occupying the site of interaction between actin and myosin
heads. To generate the release of troponin and the ADP that occupies this interaction site,
an action potential is required, so that cytosolic Ca2+ and free Ca2+ increase, which binds
to troponin (26)This sliding mechanism consists of the displacement of the actin filaments

on the myosin filaments, so that there is an overlap of the proteins, which is reflected in an
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approach of the Z discs when the contraction occurs and a distancing in the case of muscle
relaxation (23,27).

The events of excitation-contraction coupling are always sequential and exhibit a temporal
relationship. One single action potential leading to an increased intracellular Ca2+ from
sarcoplasmic reticulum release produces a single muscle contraction known as a twitch. If
an already active muscle fiber becomes stimulated again, there is insufficient time for the
sarcoplasmic reticulum to reaccumulate Ca2+. This phenomenon of sustained contraction
is called tetany (24) (see Figure 3).
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Figure 3. Schema for excitation-contraction (e-c) coupling in the skeletal muscle. The
figure shows the Sarcolemma (SL) being excited by an action potential (AP) which open
L-type Ca2+ channels (LTCC) (Blue box). Cavl.1-mediated activation of the Ryanodine
receptor 1 (RyR1). Ca2+ also enter the cell via the Nai Ca exchanger (NCX) (Green box)

(24). Together, these Ca2+ influxes cause a transient rise in Ca2+ that initiates
contraction at the myofilaments(28). Relaxation occurs when Ca is removed via NCX or
back into the sarcoplasmic reticulum (SR) via the SR Ca-pump (SERCA). In skeletal

muscle, high-frequency stimulation (tetanic) can lead to sustained contraction (24,25,28).
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1.5 Load Transmission

The tendon tissue of the muscle determines the transmission of force to the bone structures
or muscle insertion (26), that are responsible for supporting the forces exerted by the
muscle. The muscular insertions in the bone structures are those that determine the force
vectors exerted by the resistances and loads, they are responsible for translating the
extrinsic and intrinsic mechanical factors into muscular work. The tendon presents fibrillar
components mostly composed of collagen type | and are presented in a highly organized
manner (29). The length-tension relationship in muscle illustrates the tensions, or forces,
produced from the cross-bridge cycle as a result of changes in muscle fiber length (16).

1.6 Pathology: Dystrophic Myotonic Type |

Under the name of muscular dystrophies, there are a group of heterogeneous genetic
diseases that differ in the pattern of inheritance, age of onset, progression, or even in the
type of muscle affected, but all of them have muscle degeneration as a common feature.
Currently, more than 70 genetic muscular dystrophies have been described. Myotonic
dystrophy type 1 (DM1) is the most prevalent form of muscular dystrophy in adults and yet
there are currently no treatment options (30).

DML1 is an autosomal dominant disorder with an unstable repeat of a CTG trinucleotide in
the untransl ated 3N region of ishMmisystermdisarder o mo s o me 1
that affects skeletal and smooth muscle as well as the eye, heart, endocrine system, and
central nervous system. (see Figure 4). The clinical findings, which span a continuum from
mild to severe, have been categorized into three somewhat overlapping phenotypes: mild,

classic, and congenital (31).
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Figure 4. Cross sectional plane of healthy and DM1 skeletal muscle tissue. In the DM1

area it can be visualized central nuclei (white arrow), pyknotic nuclear clump (blue arrow)

and ringed fingers (black arrow) (30).

1.7 Treatment of DM1 symptoms

There is not a specific tr ebWl.nDeento muitipleadrganfi get s &
systems may be affected treatment is aimed at managing symptoms and minimizing
disability (32). Patients may experience early cataracts, myotonia, muscle
weakness/atrophy, fatigue, excessive daytime sleepiness, central/obstructive apnea,
respiratory failure, cardiac arrhythmia, insulin resistance, dysphagia, cognitive impairment,
Cluster C personality traits, and/or mood disorders (33). Infants have facial weakness and
a characteristic ftentedo or ffish-shapedo upper lip (See figure 5). Although myotonia is
typically absent in infancy, it may present in early childhood (D5 years old). In most cases,
myotonia is present after age 5 (i.e., 61 11 years old). Patients may have a characteristic
face with ptosis, temporomandibular wasting, a flat smile, long face, and/ or balding (Figure
5) (32,33).
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Figure 5. Patients with DM1.The typical tented upper lip (carp mouth) appearance in
congenital myotonic dystrophy (left). Patient with weakness and atrophy of the facial
muscles, wasting of the temporalis and ptosis (right) (34)

Management focuses on five elements according to Bird T.D. (35):

- Treatment of manifestations: There are numerous therapeutic approaches in DM1
that do not rely on disease modification but rather target solely symptom
management. Symptomatic treatment includes assistive devices, special education,
management of pain, consultation with a cardiologist for symptoms or
electrocardiogram (EKG) evidence of arrhythmia; removal of cataracts if vision is
impaired; hormone replacement therapy for males with hypogonadism; surgical
excision of pilomatrixoma and basal cell carcinomas (35). In this process
occupational therapy, physical therapy, and speech therapy are essential.

- Prevention of secondary complications: Choice of induction agents, airway care,
local anesthesia, and neuromuscular blockade to minimize complications during
surgery (35).

- Surveillance: Annual EKG or 24-hour Holter monitoring; annual measurement of
fasting serum glucose concentration and glycosylated hemoglobin concentration;
ophthalmology examination every two years; attention to nutritional status;

polysomnography for sleep disturbances (35).
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- Agents/circumstances to avoid: Cholesterol-lowering medications (i.e., statins),
which can cause muscle pain and weakness, bad habits such as smoking, drinking
alcohol (35).

- Evaluation of relatives at risk: Molecular genetic testing for early diagnosis of
relatives at risk to allow treatment of cardiac manifestations, diabetes mellitus, and

cataracts (35).

Therefore, a multidisciplinary surveillance and management of DM1 is optimal. However,
there are another therapy under investigation (36). To date, significant advances in
understanding the complex pathophysiology have led to numerous approaches to targeting
disease mechanisms that demonstrate great promise in preclinical studies. Especially
translational research has potential benefits in treating DM1 with an eye to the future of
clinical trials, then targeting the earliest stage of aberrant pathophysiology is often the most
challenging approach. Some translational approaches to disease modification are targeting
repeat expansion and instability in DNA. To date, this option remains a theoretical possibility
only. The complex mechanisms controlling this process remain poorly understood at this
point. Another is targeting the toxic RNA, targeting proteini RNA binding, alteration of

downstream splicing targets (36).

Much progress has been made regarding the development of molecular therapeutics for
myotonic dystrophy, and there is great promise inherent in many of these approaches.
However, before we can move these therapies forward into clinical trials, we must first
identify the appropriate outcome measures to be used as markers for therapeutic efficacy.
New initiatives are being developed to identify appropriate biomarkers and to reveal which
outcome measures are most reliable and meaningful for use in clinical trials (36).
Researchers are working on creating an animal model close to DM1, and several important
mouse models of myotonic dystrophy have been done; for example, assessment of 20
different mouse models has been done by Gomes-Pereira and colleagues. Although no
one model completely recapitulates all aspects of the multisystemic phenotype in type 1

disease, it has helped to clarify distinct aspects of the overall pathophysiology (36,37).
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At present, no effective treatment is available for DM1. Many challenges remain. Promising

experimental treatments are emerging such as models called organ on a chip (37).

1.8 Research muscle-on-a-chip devices to study DML1.

Muscular dystrophies are a heterogeneous group of highly debilitating diseases that result
in muscle atrophy and weakness. The lack of suitable models that reproduce specific
aspects of their pathophysiology is one of the reasons why there are no curative treatments
for these disorders. This highlights a considerable gap between current laboratory models
and clinical practice. For this reason, tissue engineering aims to reproduce this aligned
structure, providing geometric cues to the cellular cultures. Organs-on-chip, and in
particular muscles-on-chip, are microfluidic devices that integrate functional skeletal muscle
tissues, physical stimulation and/or microfluidics (38). Muscle-on-a-chip (MOC) devices is
combinate with electrical stimulation to induce muscle contraction and functional three-

dimensional (3D) skeletal muscle tissues (38).

The first ever reported 3D skeletal muscle tissues consisted of avian myoblasts
encapsulated in a collagen | matrix compacted around pillars (39,40). Then, functional
human skeletal muscle tissues were developed for the first time by the Bursac group using
primary human myoblast. The author fabricated 3D bundles by casting fibrin-Matrigel
hydrogels within PDMS molds inside a nylon frame, and then measured active force in
response to electrical stimulation (41,42). Regarding dystrophies diseases in 3D models
there has been developed some of Duchenne muscular dystrophy (DMD) (43i47),
Amyotrophic lateral sclerosis (ALS), Limb-girdle muscular dystrophies (LGMD), mutations
in the LMNA gene, and Myasthenia gravis (481 52).

Human skeletal models have been developed from primary and immortalized human
myoblasts and human induced pluripotent stem cells. However, as far as is knows there is

just a 3D model of myotonic dystrophy type 1 (DM1) human skeletal muscle tissue was
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developed by Fernandez-Garibay, Xiomara, et al., this is because DM1 affect each patient
in a different way, therefore the development of in vitro bioengineering tissues from patient-
derived cells required personalized models, and the cells are very delicate.

1.9 Electric Field as treatment therapy in DM1

Electric fields have been applied in basic, translational, and applied research as a
measurement tool or as a treatment for some neuromuscular diseases. This is the case of
Carraro, Eugenia et al. who reported a system designed to produce 3D skeletal muscle
microtissues, using immortalized myoblast lines from healthy and DMD donors, able to self-
organize following electrical stimulation (53). Regarding DM1, as far as is know there is not
a three-dimensional in vitro model that has applied EF. On the other hand, in the area of
applied research, there are many projects that demonstrate its use as a therapeutic
strategy. For example, Cudia et al. studied the effect of electrical stimulation with a
functional task in 3 patients with DM1, and the other two subjects carried out strength
exercises (54). The outcomes were measured by the modified Medical Research Council
(MRC), the 6-minute Walking Test (6MWT), and the time to cover 10 meters (LOMWT). The
results showed increment of the score in the MRC scale from 4,11 + 0,38 to 4,34 + 0,78;
the distance covered in the 6MWT increased from 348 + 133,66 meters to 406,7 + 123,81
meters, also it was observed a reduction of the 10MWT which ranged from 9,5 + 3,69
seconds to 8,5 + 2,38 seconds (54).

Also, Carmeelo et al. evaluated the effects of of chronic electrical stimulation in a group of
DM1 patients. Improvement in the group was found, specifically In Time Up and Go test, 4
out of 6 patients showed a slight reduction in execution time, in the 10MWT the patients
presented a reduction in time from 10,32 to 8,81 seconds, regarding the 6MWT the distance
increase from 355 to 372 meter (55). Even a systematic review and meta-analysis
developed by Leone, Enza, et al., identified 39 articles (56). They figured out that adults
with Facioscapulohumeral dystrophy (FSHD), that receive neuromuscular electrical
stimulation Distance covered for the 6MWT was also significantly increased (from 305,7 +
40,1 meters at baseline to 333.8 + 44.9 meters) (56).



20

To date, it remains unclear whether full disease correction can be achieved in DM1 muscle
with individual therapies. Therefore, combinatorial therapies become attractive as the
combination of individual therapeutic approaches could result in additive or even synergistic
beneficial effects. Functional electrical stimulation (FES) is a rehabilitative approach that
combines electrical stimulation with a functional task. FES might be considered a safe and
valid tool to prove muscle function, also in muscles severely compromised in which no other
restorative options are available as is the case of DM1 (54,57). In addition, physiological
activation of AMPK with exercise has also shown promising effects in preclinical models
and is well tolerated in DM1 patients (58). This same approach has shown that a
combinatorial strategy between the allosteric activator 991 and muscle contraction via
electrostimulation has resulted in greater activation of AMPK in isolated muscles.
Therefore, combining different types of exercise or variations in training intensities could
thus be used to achieve stronger activation of AMPK. Indeed, muscle has a significant
secretory capacity, through molecules referred to as myokines and circulating muscle-
specific miRNAs (myomiRNAS), which could trigger systemic benefits that have not been
studied (58).

Esposito, Fabio, et al. used EMG in DM1 and age- and body-matched controls from tibialis
anterior (distal muscle) and vastus lateralis (proximal muscle) muscles during maximum
voluntary and electrically evoked isometric contractions (59). They found maximum
strength was significantly lower in DM1 than in controls under both experimental conditions.
Then this instrument can measure the electromechanical delay during muscle contraction

and relaxation of this population (59).

Although most of the studies recommend doing more robust and larger studies, current
evidence supports the inclusion of electric stimulation in DM1 treatment, as it was found to
be safe (56).
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2.1 Introduction

Electroanalytical methods are considered the most essential branch of analytical chemistry,
which determines the characteristics and quantity of specific analyte(s) present in an
electrochemical cell (60). There are different methods, Electrochemical Impedance
Spectroscopy (EIS) is one of the most essential techniques and is a multidisciplinary subject
that is based on at least basic knowledge of electrical, mathematics, and electrochemistry
theory (60,61).

The first report on EIS was introduced in 1975 when a small sinusoidal potential variation
and the current response were measured (60). EIS is based on the perturbation of an
electrochemical system in equilibrium or steady state, via the application of a sinusoidal
signal over a wide range of frequencies, that s
the monitoring of the impedance response measured by ohms of the system, using
electrochemical working stations (60,61). A typical electrochemical impedance

experimental setup consists of an electrochemical cell, a potentiostat, and a frequency
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response analyzer. The electrochemical cell can consist of two, three, or four electrodes
(62).

This technique is an excellent option compared to traditional analysis methods since it
allows field measurements to be carried out in real-time (63). In recent years, EIS has found
wide applications in the field of materials characterization, and, in medicine, it has been
used essentially to measure the complex permittivity of biological tissues and fluids to
understand how electromagnetic fields interact with biological systems (64). This physical
data is required to apply effectively new imaging modalities, therapeutic interventions, and
biomedical applications (62,63,65). Thus, EIS is a promising detection technology with
multiple advantages, such as its speed, economy, and easy implementation, in addition to
being non-destructive and environmentally friendly (63).

However, a significant discrepancy exists between data on the electrical properties of
biological materials measured with electroanalytical methods. Known et al., explain that
these discrepancies are because there are problems in the application of the technique,
data processing, and interpretation (65). For instance, several factors intrinsic to the
material inside the cell can affect the response of the spectrum, so the electrode materials
and measurement procedures must be standardized (63,64). Besides, to correlate
biological effects with specific levels of electric fields and current densities in vitro, precise
conductivity values for tissue culture media used are needed, so it is necessary to automate

its processing (64,66).

To analyze the response of a tissue to electric stimulation, we need data on the specific
conductivities and relative permittivities of the tissues, biomaterials, and reagents that are
being used. However, in addition to the discrepancy evident in the research findings,
another difficulty arises from the utilization of inadequate data. Most of the data concerning
the dielectric properties employed in current cell culture studies originates from
measurements conducted using instruments that have become obsolete in laboratory
settings. Furthermore, these measurements were taken under environmental conditions

that have changed, along with alterations in the composition of the reagents utilized. These
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are evident in the following examples, Mazzoleni et al., described the relationship between
conductivity and temperature for five different solutions, these conductivities were
determined by a four-terminal conductivity measurement (66). Measurements were made
from 50 to 1000Hz, no appreciable difference in conductivity was noted in this range. From
the five solutions tested, the highest conductivities in the temperature range studied were
obtained with saline (1,54 S/m at 23°C and 2,0 S/m at 37°C), Minimum Essential Medium
(MEM) was less conductive than saline solution (1,38 S/m i 1,82 S/m), and decreased
when serum was added, horse serum alone was the least conductive (1,21 S/Im i 1,57
S/m), MEM with 1% and 10% HS has a conductivity value of (1,32 S/m i 1,72 S/m) and
(1,30 S/m i 1,70 S/m) respectively (67). Similarly, Park et al., reported most physiological
media, including whole blood, have high conductivities over 1 S/m (67). Simon MG 2014
reviewed that cell media and PBS typically have a conductivity of 1,27 1,5 S/m (68). And
Huang et al., investigated and reported that the medium conductivity is 1,5 S/m, and the

complex permittivity is 80 (69).

Finally, Deivasigamani et al., published one of the most recent works known, highlighting
that there is a lack of attention in the characterization of the dielectric properties of cell
culture medium in the literature, indicating that it is necessary to understand its composition
and how it changes their capacity of conduction (70). The authors explain that some
conductive mediums or buffers comprise sugars, small amounts of native culture media,
nutrients, vitamins, and inorganic salts. The non-charged molecules of sugar maintain
isoosmotic pressure and the native culture medium, nutrients, and vitamins to keep long-
term cells viable. An additive inorganic salt is added until the desired conductivity is
achieved. Accordingly, they presented the dielectric properties of the most common

mediums and their reagents (table 1) (70).
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High Conductive Elements Electrical Conductivity (S/m)
Dulbecco's modified eagle medium (DMEM) 1,47 1,5
DMEM/F-12 2,3
Minimum essential medium Eagle (MEM) 1,61% + 0,5%
Bovine serum albumin (BSA) 1

Fetal bovine serum (FBS) -

4-(2-Hydroxyethyl)-1-piperazineethanesulfonic

acid (HEPES) 0,006
Inorganic salts
Phosphate-buffered saline (PBS) 1,371 1,6
Sodium pyruvate -
Ethylenedinitrilotetraacetic acid (EDTA) 5
Potassium phosphate (KH2PO4) 1,41
Potassium hydroxide (KOH) 1571 2
Potassium chloride (KCI) 2,33
Calcium chloride (CaCl2) 6430
Sodium chloride (NaCl) 1,81
Sodium hydroxide (NaOH) 4,65
Sodium phosphate buffer (Na3P0O4) 5-6
Sodium bicarbonate (NaHCO3) 0,0009

Table 1. Electrical conductivity of cell culture media and inorganics salts (71).

On the other hand, the electrical properties of tissues are highly dependent on the specific
cell type, their differentiation state, and the environment in which they are cultured. It has
been documented that muscle tissue is anisotropic as demonstrated by Mi k | aevdl.,i |
who presented data about the dielectric properties from muscle tissue samples from
different species at different times after excision and with two different measurement

methods (two and four-electrodes). They found the scatter of the data of conductivity is
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rather high, especially in the low-frequency range (64). The authors explained that these
results are due to muscles being composed of fibers that are very large individual cells and
are aligned in the direction of muscle contraction. Electrical conduction along the length of
the fiber is thus significantly easier than conduction between the fibers in the extracellular
matrix (ECM) because the matrix is less conductive than the cell. Therefore, the longitudinal

conductivity is significantly higher than the transverse conductivity as shown in table 2 (64).

Reference Perpendicular Sm* Parallel Sm Rel. Permittivity
Faes et al 1999 0,15 0,4
Rush et al 1963 0,04 0,6
Epstein and Foster
0,079 0,52
1983
. 1500000 i 40000000 (at
Steendijk et al 1994 0,26 0,47
10 Hz)
Mi kl avl]il, I 10000000 i 66000000 (at
0,047 0,14 0,37 0,8
N., & Hart, F. X. 2006 10 Hz)

Table 2. Conductivity of skeletal muscle tissue along and across muscle fiber (64,72).

Researchers have been exploring ways to incorporate electrical conductivity into three-
dimensional matrices like Matrigel for specific applications. This can be achieved by
incorporating conductive materials, such as nanoparticles, nanowires, conductive
polymers, or cells into the Matrigel matrix. These additives can provide electrical pathways
within the gel, allowing for electrical signals to be transmitted through the material. For
instance, in the study of Pan, Yuxiang, et al., the electrochemical spectroscopy was
conducted on groups with and without human epithelial carcinoma cells (HeLa) mixed with
Matrigel after cultured for 24 h, with a frequency ranging from 100 Hz to 50 kHz and an
initial potential of 30 mV. They found that the initial impedance is high because the gel acts
as a type of non-conductor. When live cells are mixed into the gel, the impedance drops
dramatically. This phenomenon suggests that the electrical conductivity of gel is improved
after mixed with living cells. Furthermore, the number of cells would increase due to the

proliferation over time, leading to a decrease in total impedance value (figure 6) (71).
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Figure 6. Bode Plot of Matrigel (a) Bode plot of the 3D cells/matrigel construct and the
construct without cells. (b) Bode plot of 3D cell/matrigel-substrate with cells at different
time (71).

Presented herein are the data regarding the electrical conductivity and permittivity across
various frequencies of the biomaterial mixture with muscle cells and the culture medium.
This research aimed to establish the dielectric properties for a 3D culture of muscle cells in
a muscle-on-a-chip microdevice. To this end, Electrochemical Impedance Spectroscopy
(EIS) was utilized to measure the mentioned characteristics. Subsequently, the
computational model developed in the next chapter could accurately replicate the electrical
properties of the materials and facilitate precise calculation of the electric field intensity.
This dataset holds significant utility in the reconstruction of both computational and
experimental models, allowing result comparisons. Moreover, this data is significant due to
the absence of available information about the electrochemical properties of the biomaterial

(Matrigel) blended with skeletal muscle cells.

2.2 Materials and Methods

Dielectric experiments were performed to measure the conductivity and permittivity of the
biomaterial mixture (30% v/v Matrigel® Growth Factor Reduced Basement Membrane
Matrix, 2 units ml'! of thrombin from human plasma and 4 mg ml'? of) with cells and the
culture media. Electrochemical measurements were performed using two different
instruments. 1) PalmSens4 potentiostat and 2) Novocontrol Broadband Dielectric
Spectrometer. The first one was used for measuring differentiation medium (DM) and the

second for measuring the biomaterial with cells.
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2.2.1 Dielectric properties of the differentiation cell medium

EIS measurement was taken with a cell of three electrodes configuration. The proposed
system shown in Figure 7, is composed of three electrodes contained by a piece of
Polylactic Acid structure manufactured in a 3D printer (Ender 3 S1 Pro) and designed in
AUTOCAD (See annex 1). The system features three-cylinder shaped (radius 1,5 mm,
| engt h ; spd&cedmd® mm) stainless steel el ectrodes.
counter electrodes were fixed, allocated in parallel, immersed in 1ml of the differentiation
cell medium, and hosted inside of a 12-well plate. The system was positioned on an anti-

vibration pad to avoid noise in the measures.

The measurements were taken in potentiostatic mode, the experiment was done at a fixed
Direct current (DC) potential, then a sinusoidal potential perturbation was superimposed on
the DC current and applied to the cell. The experiment was performed in a frequency range
from 1pHz to 1MHz, the perturbation amplitude set up was 10V, and the frequency
distribution was 61 point per decade. Four measures were carried out in the sample at room
temperature, 15 minutes for the system were given between scans to stabilize the system
(Figure 7).
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il

Figure 7. Experimental set up (A) Scheme of the experimental configuration to measure
the EIS in the differentiation cell medium using three electrodes: counter, reference, and
working electrodes. (B) Photo of the experimental setup in the laboratory, on the anti-

vibration pad and using the Polylactic Acid (PLA) support piece.

The composition of the sample measured named differentiation medium was Dulbecco's
Modified Eagle Medium, high glucose, GlutaMAX 97:100, KnockOut Serum replacement
(KO-sr) 1:100, Insulin-transferrin-selenium-ethanolamine (ITS-X) 1:100, and Penicillin-
Streptomycin-Glutamine (PSG) 1:100.
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2.2.2 Equivalent Circuit Models

It is important to keep in mind that equivalent circuit modelling is a method that aims to
match a theoretical model of an electrochemical interface with an experimental dataset.
However, it should be noted that a mathematical synthesis may not have physical
explanation. In this work was considered the following: (i) there is no unique model circuit
for a given impedance spectrum, therefore different models was assessed, and the most
suitable for the data was choose; (i) the quality of the modeling increases with the number
of components included in the circuit (the more the better); and (iii) it is important that each
component is correlated to an individual process by scientific logic (61). In the case of the
model presented here, passive elements such as resistors and capacitors were used (see
Figure 8). Two resistances were employed to represent the electrolyte resistance from the
medium, the electron transfer resistance, and the double layer capacitance between the
medium and the working electrode.

Double Layer Capacitance

r T
N J:*:

solution
Resistance
\

Electrolyte or

&

Electron Transfer Resistance

Figure 8. Scheme of circuit. A simple scheme to descript the circuit and the redox reaction

takes place at the surface of the working electrode.
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2.2.3 Fitting measured EIS data

The software employed to measure the experimental data was the PSTrace. The quality of
the fit after fitting the circuit to the data is displayed in a table from the software as the
example presented in the Figure 9, which shows the chi-square, error, and number of
iterations. The chi-squared test is an indication of fit quality. The lower the chi-squared
value, the better the fit. In this case, the acceptable value was 0,4%; and the accepted error
value was less than 10% (71).

Element Fitted Unit Error%
Value

R1 201.5 Q 0.250
C1 1.028 uF 0.357
R2 14.98 KQ 0.164
Cc2 32.54 nF 0.097
R3 9.997 KQ 0.124
Chi-Squared: 1.33E-5 Ilterations: 17

Figure 9. Data from an example of the software displaying Chi-squared value, percentage

of error and number of iterations.

2.2.4 Data

All the measurements are exported to Excel. The variables chosen were frequency "Q,

real [ and imaginary «F parts of the impedance.

2.2.5 Conductivity and Permittivity

On the other hand, the impedance data was acquired through the equations shown in table
3. The complex dielectric function is presented in Eq 1 and 2 also known as permittivity, it
can be obtained from both the real and the imaginary parts of the impedance Z, the size of
the sample, the area of the electrode, the angular frequency, the permittivity of the free
space, and the conductivity. The last one is described in Egq 3. Conductivity can be
calculated using the values of dielectric loss factor (eq. 4) and the angular frequency (eq.
5) (731 76).
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Conductivity and permittivity equations (13,15)
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2.2.6 Dielectric properties of the Biomaterial

Dielectric experiments were performed to measure the conductivity and permittivity of the
Matrigel with skeletal muscle cells from the DM1 samples embedded (n= 4 samples). The
thickness of each sample was in the range of 100 i 1000 um and it was measured using a
contact profiler. A tissue was placed between two gold-plated electrodes of 10 mm
diameter. The initial measurement gap was 1 mm. The distance was adjusted during the
experiment to maintain the contact of the tissue with the electrodes because, during the
measurement, the sample changed its volume owing to the tissue being dehydrated. Thus,
spicing during the experiment ranged from 100 to 1000um. The experimental setup is
illustrated in figure 10.

| Dielectric sample cell }——‘

¥ =D

Gold coated

electrodes Real picture

Tissue sample

Figure 10. Experimental set up of the Novocontrol Broadband Dielectric Spectrometerand
the sample of the tissue in the center of the electrode

Dielectric measurements were performed using a Novocontrol Broadband Dielectric
Spectrometer (Hundsagen, Germany) integrated with an SR 830 lock-in amplifier with an
alpha dielectric interface in the frequency ranges of 10 to 10° Hz (77). The signal voltage
required to generate an electric field was set to 10V. This equipment measures the following
variables: real and imaginary impedance, frequency, conductivity, and the complex
dielectric constant. To visualize the scaffold after the measurements, optical photographs
of the top were taken using a Carson Pix 300 Digital Zoom at 100X, 250X and 500X

magnification. Finally, the acquired data were analyzed and interpreted.
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2.3 Results

2.3.1 Electrochemical Impedance Spectroscopy: Characterization

of Differentiation Medium from DM1.

Nyquist and Bode plots resulting from EIS measurements on a three-electrode cell are
shown in Figure 11. For both diagrams, four measurements were obtained in the frequency
range of 102 to 10* Hz. From the first to the fourth measurement, there is a lag, which
means that the impedance of the electrolyte increases with time, which can be explained
by the oxidation or reduction processes of some of the compounds in the cellular medium
or the electrodes of the system.

The Nyquist diagram acquired within the scope of this experimental investigation exhibits a
semicircular morphology, attributable to the medium's transfer properties, and the resistive
characteristics of the electrodes (See Figure 11-1). In detail, at point Ra emphasis is placed
on values associated with the highest frequency, where the short-circuit phenomenon is
generated (that is, where the lowest resistance values are generated because the voltage
and current are in phase); that is, the voltage and current are in phase, and at this point,
the value of the impedance corresponds to the resistance of the solution (78i 80). This
resistance parameter is influenced by the composition of the cellular medium and the
volume under examination. The diameter extending from point Ra to point Rg delineates
the charge transfer resistance (this is related to the composition of the medium, which is
rich in inorganic salts such as calcium chloride, ferric nitrate, sodium chloride, sodium
bicarbonate, and others), also encompassing the resistive elements within the porous
structure of the electrode, the electrode's intrinsic resistance, and the polarization
resistance, the last depend of the resistance to oxidation of the material of the electrode, in
this case to the stainless steel, which has a very high resistance to this phenomenon
(78,79). In contrast, at frequencies equal to O or lower, (See Figure 11-1-point Rc)
discernible variations in impedance levels are manifested. indicative of the combined

influence of bulk electrolyte resistance and the so-called charge transfer resistance. These
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fluctuations are ascribed to the prevailing capacitive attributes characterizing the double
electrical layer formed at the interface of the electrode and the electrolyte.

Regarding the Bode diagram, there are three regions in which different processes have an

impedance response:

- The high-frequency region: Phase starts at 0° then increases to 60°. Double-layer
capacitance is close to 0 and the main contribution comes from the Resistance of
the solution. (See figure 11-2, A)

- Medium-frequency region: Peak of the phase, which reflects a change in the
electrical conductivity of the solution and the surface of the electrodes during
exposure to a corrosive environment ; t hen the
proportional to the frequency. (See figure 11-2, B)

- Finally, in the low-frequency region: the corrosion reaction on the metal/coating
interface is presented. Redox reactions may occur. The Double-layer capacitance
has very high impedance and all the current goes through Charge Transfer

Resistance. (See figure 11-2, C)

The starting value for each of the passive elements from the visual observation of these

plots was obtained from the touchdown points of the Nyquist and Bode plots in the X-axis.

Indicating that the resistance of the el ectr ol yt e was appramdxdhiemat el y Re
charge transfer resistance wp s 11éqp prib9gSgmat el y Rc
Alternatively, from visual observation of the Bode plot, the Z values of interest correspond

to the highest fq,eqaredclyovreedt af rle2g§u-eldéggy= Rct a (1
16184q .
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Figure 11. Nyquist and Bode plot of DM. (1) Graphic of Nyquist Plot is presented with four

measures from DM (Differentiation medium) sample. (2) Graphic of Bode Plot is

presented with four measures from DM sample. Some starting values are marked from

the visual observation in the software. The four measurements were taken one after

another, between the scan of a new measure of the medium, was given 15 minutes for

the system to stabilize. (DM) Differentiation Medium.
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2.3.2 Equivalent Circuit

A possible model to fit the data should include a resistance for the electrolyte (Re), one
resistance for the charge transfer (Rc), and a capacitor for the double-layer phenomenon
between the electrode and the cell medium. Therefore, the electrical elements are arranged
in the so-called Randles circuit, shown in figure 12.

| Initial values f

Figure 12. Equivalent circuit with initial values from visual observation of the experimental
data (A). Equivalent circuit with adjusted values from the fitting between the theoretical
and experimental data (B). R1 (represents resistance for the electrolyte Re)), R2
(resistance for the charge transfer R¢), and C1 (capacitor for the double-layer

phenomenon)

The starting value of R1 in figure 12 is very close to the fitted value; therefore, it can be said
that such initial value is a good approximation, which leads the fit of the software toward
the best results to that element. However, the other two were significantly distinct. After
using the new starting values that were determined based on the experimental EIS, it was
possible to perform fitting on the data. And the presentation of the error of each variable of
the Randles circuit and the fit with 2= 0,0833 is presented in table 4.
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Element Fitted Value | Min. Value | Max. Value | Unit | Error %
R1 136,8 1,00E-6 1,00E+12 q 6,963
C1 7327 1,00E-3 1,00E+6 nF 7,189
R2 8290 1,00E-6 1,00E+12 q 6,197
Chi-Squared: 0,0833 Iterations: 1

Table 4. Percentage of error, number of iterations and fit of the data of the Randles Circuit

is presented.

The difference between the theoretical and experimental datasets remained below 10%
across all measurements in the range of frequency of interest (as is presented with the
purple lines between 10°Hz to 10% Hz). Figure 13 presents the fit of the absolute impedance
vs. frequency (Figure 13-1), phase angle vs. frequency (Figure 13-2), and Nyquist plot
(Figure 13-3). These three plots show the differences in the curves between the empirically
obtained and the computationally derived data. Moreover, Figure 13-4 presents the error of
the absolute impedance, while Figure 13-5 displays the error of the real part of the
impedance; for these two graphics, the error is greater at the lowest frequencies and
decreases close to zero at the highest frequencies. Finally, the error of the phase angle vs.
frequency (See Figure 13-6) is depicted, which shows a continuous difference between the
mathematical and experimental values; albeit it is not a significant difference. as it can be

observed.
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2.3.3 Impedance, conductivity, and permittivity of differentiation
medium

Then, equations 1, 2, 3, 4 and 5 were applied to get the relative complex permittivity and
conductivity dataset of the differentiation medium that are presented in table 5. The values
presented were obtained considering the thickness (0) of the sample equivalent to the area

of the well plate with 1 ml of differentiation medium 6 @&t p¢, and the area of the

electrode 0 p & (found as the area of a cylinder ¢“ 1Q ¢“i ,i v & and Q
o @) in contact with the measured sample.

Freq, [Hz] Sig [S/m] Z' [Ohms] Z" [Ohms]
100,4 5,27E+08 | 3,31E+08 4,7 265,9 438,0
79,7 5,69E+08 | 3,37E+08 4,3 304,9 525,8
63,4 6,10E+08 | 3,48E+08 3,8 354,3 628,0
50,3 6,49E+08 | 3,64E+08 3,2 417,7 747,0
39,9 6,89E+08 | 3,86E+08 2,7 498,7 885,8
31,6 7,30E+08 | 4,15E+08 2,3 599,4 1042,2
25,1 7,72E+08 | 4,54E+08 1,8 725,9 1216,2
20,0 8,17E+08 | 5,00E+08 1,5 879,4 1409,7
15,9 8,65E+08 | 5,57E+08 1,2 1066,6 1621,6
12,6 9,18E+08 | 6,27E+08 0,9 1292,9 1853,6
10,0 9,75E+08 | 7,10E+08 0,7 1561,2 2099,6
7,9 1,04E+09 | 8,09E+08 0,6 1874,6 2355,8
6,3 1,11E+09 | 9,31E+08 0,5 2238,2 2615,4
5,0 1,19E+09 | 1,07E+09 0,4 2651,5 2874,2
4,0 1,27E+09 | 1,25E+09 0,3 3120,4 3130,2
3,2 1,37E+09 1,45E+09 0,2 3633,2 3368,5
2,5 1,48E+09 | 1,70E+09 0,2 41935 3589,9
2,0 1,60E+09 | 2,01E+09 0,1 4803,6 3772,1

1,6 1,73E+09 | 2,37E+09 0,1 5451,5 3914,9
1,3 1,87E+09 | 2,82E+09 0,1 6131,5 4015,8
1,0 2,03E+09 | 3,36E+09 0,1 6829,5 4063,8

Table 5. Values of the the dielectric properties. Real part of the relative permittivity
and imaginary part of the relative permittivity , real (Z9 and imaginary part of the

impedance (Z& and conductivity (Sig) of the differentiation medium.
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The figure 14 shows the conductivity and permittivity of the cellular medium. As the
frequency increases, the conductivity increases in the medium, moving in a range from 0,1
S/mto 4,7 S/m.

Cell Medium
2,1E+09 5,65
1,9E+09 495
1,7E+09 4725
1,5E+09 3,55 T
w 1,3E+09 2,85 “;‘
1,1E+09 2,15 —
9,0E+08 1,45
7,0E+08 _ 0,75

- ® = N
0 10 20 30 40 50 60 70 80 90 100
Frequency [Hz]

5,0E+08

=—@=— Permittivity ——@=—Conductivity

Figure 14. Permittivity and conductivity of the cell medium in a range of frequencies form
0-100 Hz.

2.3.4 Impedance, conductivity, and permittivity of the biomaterial

The thickness of the sample was 1 mm and the electrode area of the contact was 10mm?2,
Using these values, the Novocontrol Broadband Dielectric Spectrometer Software
calculates the permittivity, conductivity, and real and imaginary impedance of the sample
tissue (table 6). It was found that the conductivity range of the biomaterial was between
0,002 S/m and 0,015 S/m. The conductivity and permittivity of the biomaterial is shown in
figure 15.
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Freq, [Hz] z Sig' [S/m] | Z'[Ohms] Z" [Ohms]

133,2 1,98E+04 0,015 169,5 194,8
86,5 2,46E+04 0,012 202,5 233,7
56,2 3,07E+04 0,010 230,4 280,2
36,5 3,87E+04 0,008 263,6 346,5
23,7 4,93E+04 0,007 309,6 417,6
15,4 6,43E+04 0,006 344,2 529,2
10,0 8,39E+04 0,005 354,1 638,5
6,5 1,09E+05 0,004 416,7 662,6
4,2 1,44E+05 0,003 486,3 906,7
2,7 1,89E+05 0,003 558,9 1014,9
1,8 2,46E+05 0,002 644,7 1153,7
1,2 3,20E+05 0,002 750,5 1502,7
0,7 4,09E+05 0,002 877,8 36,7

Table 6. Dielectric measurements of the biomaterial. Complex relative permittivity
real (Z') and imaginary part of the impedance (Z'), and conductivity (Sig) of the

differentiation medium.

Biomaterial with Cells
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Figure 15. Permittivity and conductivity of the biomaterial in a range of frequencies form 0-

130 Hz.
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Optical photographs of the top of the biomaterial with cells after measuring the dielectric
properties were obtained. These micrographs were captured at varying magnifications of
100X, 250X, and 500X. It was possible to see how the electric field caused damage to the
myotubes within the biomaterial, this damage is visible as black spots within the biomaterial,
for example in Figure 16. The extent of damage might vary with the magnification level,

hence the different magnifications used in the experiment.

Myotubes

Figure 16. Graphic of optical photographsof the top of the tissue using a Carson Pix 300
Digital Zoom at 100X, 250X and 500X magnification. Picture (e) and (f) shows the

myotubes in black color after measuring the dielectric properties.

2.4 Discussion

This research aimed to establish the dielectric properties of a 3D culture of muscle cells in
a muscle-on-a-chip microdevice. Electrochemical Impedance Spectroscopy (EIS) was
employed to determine both the electrical conductivity and permittivity of the biomaterial
and the cell medium. These measurements aimed to appropriately establish the electrical
stimulation conditions to which this type of biomaterial-cell construct should be subjected.
Subsequently, the computational model could be developed in the next chapter to
accurately replicate the electrical properties of the materials, facilitating precise calculation

of the electric field intensity.
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Relating to the electromechanical properties of the cell medium, it demonstrates elevated
conductivity, attributable to its salt ¢
= 0,7 S/m at 10 Hz under a 10 Volt application. Notably, the value calculated in this study
was | ower than those obtaingdl5Sm;, DMEMAEL 2a
2,3 S/Im; DM G 78 3/m) (70,81i 83). Several variables could explain this observed
variation. Firstly, the composition of the medium is different in this study, which is specific
for cells with Dystrophy Myotonic Type 1. Secondly, although the importance of considering
the conductivity spectrum across the frequency domain is emphasized in measurement
procedures, this crucial information is absent in the literature reviewed, except for the work
of Juan V, which not only outlined the frequency but also clarified its correlation with
recorded values and fluctuations (81).Thirdly, it should be noted that each author used
different methodologies and instrumentation; for example, Tsai et al., used F74 with a 3553-
10D conductivity probe to measure the dielectric properties, and Vaca Gonzélez et al.,
utilized an automatic RLC meter (Fluke 6306 RCL meter) (81,83) Furthermore, it is
imperative to recognize that these procedural variations inevitably impact the magnitude of
recorded values. The dielectric properties exert a direct influence on the intensity of the
electric field to which the cells are subjected, thereby potentially modulating their response.
Minimal fluctuations are observed in conductivity values across the frequency domain, as

evidenced by the data compiled herein, with a conductivity range from 0,1 S/m to 4,7 S/m.

Regarding the relative complex permittivity of the cell medium studied it ranges from 5x108
to 2x10° indicative of a notably high polarization field. This characteristic renders the
medium susceptible to facile alteration of its internal electric field when subjected to an
electric potential of 10V. Similarly, findings by Vaca Gonzélez et al., a value of relative
complex permittivity 2.67x10* was documented (81). The discrepancies between the data
underscore the pronounced heterogeneity inherent within these reported values.
Consequently, it is imperative to underscore the significance of considering the biochemical
composition of the media, and the procedural methodologies employed in the measurement
of this variable. As well as the type of permittivity that is being presented, absolute, relative,

complex or relative complex permittivity.

omposi:

gt=hor s
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About the biomaterial, there is no information about the electromechanical properties of the
mix between Matrigel, fibrinogen, thrombin, and skeletal muscle cells of DM1. Indicating
that, to our knowledge, this is the first study that reports the permittivity and conductivity of
the biomaterial in conjunction with these cells. Although certain investigations have
reported the conductivity and complex permittivity of Matrigel combined with other cell
types, such as the research conducted by Pan et al., who integrated Matrigel with human
epithelial carcinoma cells (HelLa), their findings indicated that Matrigel behaves as a non-
conductor. Pan Y observed a decline in cell impedance upon mixing with the gel, suggesting
an enhancement in gel conductivity only in the presence of viable cells (71). In the
measurement made in this project, it can be said that Matrigel is a semi-conductive material
because the conductivity of the biomaterial is lower than the differentiation medium (ranging
from 0,002 to 0,015 S/m), however, this flux of current can be attributed to the conduction
capabilities of the skeletal muscle cells (84).To discern the precise contributing factor, it
would be necessary to measure the dielectric properties of Matrigel, thus isolating this

element for further analysis.

Skeletal muscle cells have an anisotropy behavior, according Kangasmaa et al. This

anisotropy is most prominent at lower frequencies and disappear when approaching the

MHz range (85). Similarly, when Matrigel is combined with cells (A549 cells), larger

variations in the impedance magnitude are observed in the low-frequency range (below 1

kHz). Within the entire testing frequency range, the variations tend to decrease as the

frequency increases, which Qiu et al., explain is a behavior of this material called
fifreqg-dependneiset(&8). By exhibiting similar behavior when combined, it is

expected these two elements do not eliminate or overlap in their responses when subjected

to the electric field. Qiu et al., observed that the conduction of the Matrigel depends on the

concentration of the material. In their questtoynd t he opti mal conditions
sufycient cell growth, they optimi zeaparinfie el ectr i
the impedance of the hydrogel in the dilution ratio of 1:2, 1:1, and 2:1. Their results revealed

a direct correlation between Matrigel proportion and impedance values, particularly

noticeable within the frequency range of 10 kHz to 1000 kHz (86). Consequently, they

selected a lower hydrogel content (2:1 or 50%) to mitigate baseline impedance. This

experiment confims t h at hydr ogel hdeespemdént ééqueueamecymct eri st

66frequency dispersiond6d. Comparing tdudys data wit
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where a 60% Matrigel proportion was employed, the measured impedance ranged from
169q to 877q, closely aligning with the reported values by Pan et al. (500q to 2000q) and
the frequency dispersion discussed by Qiu et al. This confirms is better to use a lower
proportion of this biomaterial to facilitate the flux of current. Also, confirms a decrease in
the electric field intensity in the biomaterial in relation to the cellular medium.

Scarlat Al.,, have delineated certain limitations in acquiring the dielectric properties,
particularly noting the variability in Matrigel characteristics from batch to batch due to its
inherent anisotropic nature (87). This has led to uncertainty and lack of reproducibility in
cell culture experiments; therefore, multiple reports have indicated a need to use caution in
interpreting results based on Matrigel-cultured cells (87). Comparatively, skeletal muscle
cells also show anisotropic behavior, with electromechanical properties changing according
to fiber orientation. As highlighted by Akay M et al., who observed that longitudinal
conductivity is significantly higher than the transverse conductivity. Consequently, in this
work the electrodes were arranged perpendicular to the tissue, to ensure the electric field
pass in a longitudinal direction (64). Despite these differences, they present some aspects
in common, for instance, similar components between the biomaterial and the skeletal
muscle cells, which may contribute to their similar electrical behavior. Specifically, matrigel
is composed of four major basement membrane ECM proteins: laminin (~60%), collagen
IV (~30%), entactin (~8%), and the heparin sulfate proteoglycan perlecan (~2i 3%).
Matrigel 6s composition makes it a vokcellssintei | e mat
connective tissues present an ECM-like composition (64). In comparison, the extracellular
matrix (ECM) of the skeletal muscle cells is composed of structural glycoproteins like
collagens, laminin (s), and fibronectin (FN) bound to proteoglycans (PGs), which all help to
maintain integrity and provides constructional support. Collagen is the key component of
fibrous protein in the ECM of the skeletal muscle tissue. Collagens | and Il are abundant,
while other types of collagens are also present. The Basement Membrane is composed of
the reticular lamina and basal lamina, which contain collagen 1V, nidogen, perlecan, and
laminins. Laminins are the key components of the skeletal muscle basement membrane
surrounding muscle fibers and stimulate the proliferation, migration, differentiation, and

survival of myoblasts, as can be seen.
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Different clue elements should be considered when the dielectric properties of materials to
obtain minimal error, and measurement reliability while mitigating the occurrence of
artifacts. These factors include the quality of instruments and protocols, sample integrity
and preparation, and contemplating the electromechanical properties of the materials.
According to Schaumburg G fi F o r -gtalitygirhpedance analyzers, the cables and sample
cells may represent t he (8)oRegandmagthe insttuments and
protocols to apply the technique, it is essential to consider specific device characteristics.
Literature recommends that the devices must present clear and accurate results, and large-
surface-area electrodes are necessary, especially in the parallel configuration, which
should make good wetting contact with the active layer, artifacts should be minimized (881
90). Thus, in this work PalmSens 3 device was utilized to compute the discrepancy between
four measurements of the differentiation medium, presenting a chi-square value of 0.08,
which represents a high homogeneity between the measurements (91). Another
recommendation is that the thickness and area measurements must be accurate to the nm
scale for thickness and e m scale for the area when determining the dielectric constant from

the impedance-produced geometric capacitance (92).

The protocol that was implemented in this research, strongly recommends identifying a
starting value for each of the passive elements of the electrical circuit proposed in this work
to start the modeling calculations as was presented in Figure 12. It emphasizes that
reasonable starting values that are close to the expected result, increase the likelihood of
successful fitting (91). Conversely, fitting from unreasonable starting values may lead to
unsuccessful fits, resulting in impractical parameter values and/or high errors, or complete
computational failure. The error in the measurements presented in this investigation using
PlamSens3 was less than 10%, specifically for R1 6,9% (resistance of the electrolyte), C1
7,1% (double-layer phenomenon), and R2 6,1% (resistance of the charge transfer), which
represents high quality in the experiment. Kyle et al. used EIS to characterize the cell
environment of multilayered cell cultures and determine the standard errors for model
parameters calculated by the fitting routine based on a predetermined measurement error
of 3% (93). Furthermore, according to the PalmSens3 manual, achieving an error below
10% is a reliable result. This error in the measurements displayed for the resistances and

capacitance could be related to the preparation of the sample and electrode positioning

of

error



Chapter 2 47

(94). Characteristics such as area, thickness, position of the electrodes, contact area, etc.,
have the largest effect on the error value after impedance data have been collected (88,91).
This is because the software has no knowledge of the actual materials being analyzed.
Therefore, it is recommended that for future works the morphological properties of the
sample, density, state of hydration, and shape are maintained, given that any change alters
the measurement, or it would be interest to measure the reduction processes of some of
the compounds in the cellular medium or the electrodes of the system, in terms of dielectric
losses. (88). In this study, the sample (biomaterial with cells) was suspended in PBS until
measurement, altering the sample's conductivity and permittivity values. However, since
the cellular medium shares similar electrical conductivity characteristics with PBS due to its
composition, the impact on measurements is minimal (95,96). Another important aspect is
that the thicknesses of the DM1 samples were not homogeneous. Moreover, the pressure
applied to the sample when mounted between the electrodes decreased in thickness,
thereby changing the contact area. To ensure consistent electrode-sample contact,
samples were regularly checked, and adjustments made accordingly. Another adjustment
made to reduce the error in the case of the Novocontrol Broadband Dielectric Spectrometer
was to use flat and small surfaces of the electrodes proportional to the dimensions of the
samples. Two gold-plated electrodes with a diameter of 10 mm were the smallest in the

laboratory.

2.5 CONCLUSION

The dataset presented holds valuable resources for both computational modeling and
experimental analysis, enabling rigorous comparisons of results. This data is significant due
to the absence of available information about the electrochemical properties of the
biomaterial (Matrigel) blended with skeletal muscle cells. This research, to our knowledge,
is the first attempt to estimate the electrical constants of both the cell medium and the
biomaterial, thereby enabling the estimation of the electric field inside the cell culture. Thus,
the methodology implemented in this study serves as a complement to research groups

that implement this biomaterial.
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It is possible to conclude that the cell culture medium is a conductor material due to its low
electric resistance, leading to efficient current flow. When the cell culture medium is
submitted to an electric field, a dissociation of positive and negative ions of its salts is
generated, allowing a current to flow through it. Furthermore, the cell medium permittivity
indicates its capacity to polarize and override the internal electric field when an external
electric field is applied to it. Conversely, the conductivity and permittivity of the biomaterial,
Matrigel, reveal its high resistance to current flow and moderate polarization characteristics,
rendering it less amenable to physical or biochemical manipulation. However, the
combination of Matrigel and skeletal muscle cells enhances the overall electrical
conductivity thanks to the composition of the cell, primarily attributable to its cellular

membrane.

Skeletal muscle receives electrical signals from the nervous system where are present
several oscillatory bands covering frequencies from 0,05 Hz to 500 Hz, and the optimal
electrical field usually ranges from 0,1 to 10 V/cm. Then it requires an electroactive
biomaterial that shows a similar behavior or properties that can achieve this intensity (97).
To recreate the semiconducting properties of muscle tissues (0= ~0,58 S/m). Then a
biomaterial with a conductivity of 0,005S/m (Matrigel with DM1 cells) and a cell medium
with a conductivity of 0,7 S/m (Differentiation medium), yields values closely resembling

those of muscle tissue.
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Computational modeling is playing an increasingly important role in biological and medical
research, as well as in the medical device industry (98) In mathematics and engineering,
modelling is defined as the formulation of a mathematical or computational representation
of a physical system. Such representations (or models) are typically solved numerically
using a computer, a process known as a simulation (98). Computational models in the
biomedical field are typically multi-physics in nature. Solving them can be realized by many

numerical methods such as FEM (98).

FEM represents a well-established and widespread numerical approach for solving partial
differential equations in physics. The basics of this method were first published in 1943 in
a congress paper by Richard Courant. In the early years, the main application of FEM was
in structural mechanics; however, its use quickly spread to other engineering applications,

including electromagnetics and fluid dynamics (98).

FEM has been commonly used to model skeletal muscles. The most widely used finite-
element programs are Abaqus and ANSYS. One of the landmark mathematical models of
skeletal muscle activation, contraction, and force was proposed by Hill in 1938 to elucidate

muscle work and contraction velocity phenomena. However, this model cannot accurately
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describe the complex structural and functional relationships of the skeletal muscle,
especially in the case of muscle diseases (e.g., dystrophy or spasticity). Since then, several
approaches to skeletal muscles have been developed through computational modeling.
Dao et al.,synthetized and discussed the widely used continuum models of skeletal muscles
(17). Skeletal muscle models can be classified as phenomenological or biophysical.
Phenomenological models predict muscle response to a specified input based on
experimental measurements. Biophysically based models attempt to predict the muscle

response as emerging from the underlying physiology of the system (99).

There are some models for the mechanical or electrical behavior of skeletal muscle tissue,
but only a few have coupled the electrical and mechanical aspects to develop an
electromechanical model. The integration of the electrical component into mechanical
formulation requires the mathematical formulation of action potential generation through ion
channels at the cell membrane level (100). For example, Hernandez-Gascoén et al.,
presented a model that reproduces the passive and active responses of skeletal muscle,
employing an electrical signal within the ABAQUS software platform. Their study
demonstrated that the model could reproduce the skeletal muscle contraction, yielding
accurate predictions of active stresses and muscle length evolution, showing excellent

agreement with experimental data (101).

Similarly, Bdl et al., investigated the excitationi contraction process of skeletal muscles due
to electrical external stimuli. Their modeling could simulate the mechanical features of
active tissue, by achieving a certain threshold of the electric potential it serves as a trigger
to the mechanical activation in terms of a single twitch. Their modeling approach presented

shows a high capability and flexibility (102).

Furthermore, Teklemariam A., explored the electro-physiological behavior of single muscle
fibers within motor units linked to a continuum-mechanical constitutive law and observed a

strong impact of the muscle fibers orientation angle, on the detected signal. Teklemariam



A., observed a pronounced influence of the orientation angle of muscle fibers on the
detected signal, attributing the low pass filtering effect observed in experimental data to
geometric factors, particularly curvature, rather than dielectric properties. Teklemariamd s
results revealed a shift in the strain distribution pattern towards the center of the bundle
with increased deformation, highlighting the intricacies of muscle fiber behavior under
mechanical loading conditions (99).

The literature on muscle modeling is vast, but mostly focuses either upon the microscopic
and or the macroscopic functional behaviors. This classification is based on the level of
biological structures primarily addressed (101). Existing electromechanical and chemo-
mechanical models connected the mechanical response of muscles to electro-physiological
processes taking place in muscle fibers. These studies considered information from smaller
scales such as the work from Réhrle et al. They developed the electrical activity within a
fiber is modeled with a biophysically based cell model, which is itself an amalgamation of
several existing cell models, from this integrated cellular framework, parameters
characterizing cross-bridge activity levels were derived (103). Wegner et al., directed their
investigation to the exploration of a smaller level, proteins. They studied motor protein

molecules and found that a myofibril contraction velocity is 2,1 em/s (104).

In contrast, Lamsfuss et al. undertook an investigation into muscle mechanical behavior at
the level of fascicles and individual muscle fibers. Employing continuum
mechanics hyperelastic material models to characterize the mechanical properties of both
the connective tissue endomysium and the muscle fibers embedded within it (105). Their
study involved an examination of the material behavior of fascicles, fibers, and endomysium
along the fiber direction, coupled with an analysis of the interactions between muscle fibers
and endomysium. This comprehensive approach accounted for the temporal and spatial
variations in muscle fiber activation. The simulation results allow to identify regions in high
risk of damage. Also, the model predicts that maximum strains occur in the same regions

in muscle fibers and endomysium (105) .


https://www.sciencedirect.com/topics/engineering/continuum-mechanics
https://www.sciencedirect.com/topics/engineering/continuum-mechanics
https://www.sciencedirect.com/topics/materials-science/hyperelastic-material
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Other simple models contemplate the linear elastic law to model facial muscles in the
nonactive state. Moreover, skeletal muscles in the upper limbs, spine, and lower limbs are
commonly modeled using a hyperelastic material (based on the Neo-Hookean, Mooney-
Rivlin, or a nonlinear viscoelastic material) (17,99). In fact, the use of hyperelastic models
assumes that the skeletal muscle exhibits a large deformation (>5%) behavior under

external solicitation (17,99).

However, most mathematical models of active muscle behavior have been developed for
healthy muscle, thus presenting a notable gap in the realm of modeling muscular diseases.
Then it is necessary to study the relationship between microstructural disease adaptations
and modifications in the mechanical properties of muscle (passive) and strain in the cell
membrane, as such investigations offer crucial insights into the biomechanical
understanding of muscular diseases at the cellular level (106). Considering the trends and
limitations of simple models, the research community is focusing on developing new muscle
models that can include complex features such as the interaction between
electromechanical stimuli or signals (99). Therefore, the objective of this study was to
determine the set of parameters that produce regions of uniform electric field in skeletal
muscles under a three-dimensional construct in a muscle-on-a-chip microdevice by defining

a computational multiphysics model.

The effects of the electric field in skeletal muscle cells depend on the magnitude of the
parameters and the electromechanical properties of the materials involved. An externally
applied electric field can disrupt cell membranes by exerting an electric stress distribution
on their surfaces. Once the force is exerted, the resulting deformation depends on the
rheological (elastic or viscoelastic) properties of the cell membrane, the material of the
anchor points, and the region locally surrounding it (107). The estimation of elastic

properties is usually performed by mechanical testing schemes (107).



3.1 Materials and Methods

3.1.1 Electrical parameters of muscle-on-a-chip microdevice

In this project, the electrical properties of the materials were calculated as described in the
previous section, and the mechanical properties were obtained from the literature.
Regarding the electrical parameters for the stimulation a literature review was implemented
to find a range of values for each of the parameters and then according with the protocols

by Fernandez-Garibay et al.

3.1.2 Eligibility Criteria

The selection criteria for the reviewed research articles encompassed the following
requisites: 1) evidence of the use of Matrigel, 2) mentioned the use of direct electrical
stimulation, 3) measured force and/or displacement, and 4) emphasized the use of skeletal
muscle cells. Subsequently, data about electrical parameters such as voltage, frequency,
electric field, and duration were systematically gathered, alongside relevant force and

displacement measurements extracted from the identified articles.

3.1.3 Search and selection.

The keywords implemented in the search are presented in table 7. EMBASE, Google
Scholar, Institute of Electrical and Electronics Engineers, Pubmed, Scopus, Scielo, and
Web of science databases were searched without time limit for studies involving the use of
electrical stimulation in three-dimensional constructs of skeletal muscle cells. Search was
accomplished using the Boolean operator AND between the cell type, physical stimulus,
and biomaterial, and the operator OR between the keywords from the same group. Given
that several information, the search was refined by excluding the word Cardiac through the

Boolean operator NOT, and in Google Scholar was necessary to search from 2018 to 2023.
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The construction of the search equation depends on the database used; therefore, each

equation is presented in table 8.

Type of cells Physical Stimulus | Biomaterial | Exclusion term

Myocytes

Electric stimulation Matrigel

Muscle tissue

Cardiac
Myotube
Electric Field Fibrin
Skeletal muscle tissue engineering
Table 7. Keywords implemented in the articles search.
Search
date Result Search Equation Database
((((((myocytes) OR ("Muscle tissue")) OR (myotube)) OR ("skeletal
February 20 muscle tissue engineering")) AND ((("Electric stimulation") OR ("Electric PubMed
6th, 2023. Field")) OR ("Electrical stimulation"))) AND ((Matrigel) OR (Fibrin)))
NOT (Cardiac)
("All Metadata":"myocytes" OR "All Metadata":"Muscle tissue" OR "All
Metadata":"myotube" OR "All Metadata": "skeletal muscle tissue
February 1 engineering") AND ("All Metadata":"Electric stimulation" OR "All IEEE
6th, 2023. Metadata":"Electric Field" OR "All Metadata": "Electrical stimulation™)
AND ("All Metadata™:"Matrigel" OR "All Metadata":"Fibrin") NOT ("All
Metadata":"Cardiac")
(myocytes OR 'muscle tissue'/exp OR 'muscle tissue' OR 'myotube'/exp
OR myotube OR 'skeletal muscle tissue engineering’) AND (‘electric
February 37 stimulation/exp OR 'electric stimulation' OR 'electric field/exp OR EMBASE
6th, 2023. ‘electric field' OR 'electrical stimulation'/exp OR 'electrical stimulation®)
AND ('matrigel'/exp OR matrigel OR 'fibrin'/exp OR fibrin) NOT
(‘cardiac'/exp OR cardiac)
February ('my_ocyte_s' OR 'muscle tis_sue'_OR 'n_’lyotube' OR 's_keletal muscle tis_sue _
6th. 2023 0 engineering’) AND (‘electric stimulation' OR 'electric field' OR 'electrical Scielo
' ) stimulation’) AND (‘matrigel' OR 'fibrin') AND NOT (Cardiac)
( TITLE-ABS-KEY ( "myocytes” OR "muscle tissue" OR "myotube” OR
February "s_.keleta_l muscle tissug engineering" ) AND TITLE-AI_EBS-KEY ( "electric
6th. 2023 17 stimulation” OR "electric field" OR "electrical stimulation” ) AND TITLE- SCOPUS
! : ABS-KEY ( "matrigel" OR "fibrin" ) AND NOT TITLE-ABS-KEY ( cardiac
))
(((ALL=("myocytes" OR "muscle tissue" OR "myotube" OR "skeletal
February 9 muscle tissue engineering")) AND ALL=(("electric stimulation" OR Web of
6th, 2023. "electric field" OR "electrical stimulation™) )) AND ALL=("matrigel" OR Science
"fibrin")) NOT ALL=(cardiac)
"myocytes” OR "muscle tissue" OR "myotube" OR "skeletal muscle
tissue engineering" AND "electric stimulation" OR "electric field" OR
TFebruary 521 "electrica?stimula%ion" AND "matrigel" OR "fibrin" -Cardiac -"smooth Eengl:
th, 2023. " on " Scholar
muscle cells" -"Myofibroblasts
Filtro: 2018-2023

Table 8. Search equation of different databases.




3.1.4 Data selection

Initially, all tittes and abstracts were identified using the search engines, duplicate articles
were removed, and after review they were left for full-text review Figure 17. Data were
obtained by means of tabulation to organize and identify the relevant information (1081
119).

Record identified through
database searching (n= 605)

Duplicates (n=59)

Title and abstracts reviewed
(n=546)

Other tissues and organs (n=175)
EPS was not implemented (n=100)
2D or monolayer cell culture (n=98)
Other reasons (n=98)

Full text articles retrieved
(n=75)

Other tissues and organs (n = 20)
Do not report displacement (n= 15)
Forces was not measure (n=6)

Articles for data extraction
(n=12)

Figure 17. Search flowchart.

According to the range of each of the parameters presented in the review, it was selected
the value of the parameters simulated in COMSOL, also these values were chosen in
accordance with the capacity of the instruments and equipment of the group biosensors for
bioengineering in the Institute for Bioengineering of Catalonia to execute the different

combinations, with the aim of validating the data in the computer.
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3.1.5 Consideration of the model definition

COMSOL Multiphysics software version 5.4 was used to model the deflection of a pair of
vertical micropillars, due to the contraction of a 3D skeletal muscle tissue as an effect of
the application of an electric field. The time computational cost was 4 min 54 seconds, and
it requires a physical memory of 2,32GB and a virtual memory of 3,66GB. The physics

involved in the model were: Solid Mechanics and Electrostatics.

Some of the conditions assumed in the model are:

Materials that deform have hyperelastic and anisotropic behavior.
The myotube force is applied to the same area on the top of the micro-posts.

3. The deflection of the pillars is not linear in response to the force exerted by the
tissue.

4. For the solid mechanics module, due consideration is given to the mechanical
properties of the hydrogel substrate but was omitted the mechanical properties

intrinsic to musculoskeletal cells.

3.1.6 Geometrical model of the system

A three-dimensional domain was implemented to represent a muscle-on-a-chip
microdevice that was electrically stimulated. The microdevice was composed of two parallel
graphite electrodes located at the top of the lid (Figure 18). The cell differentiation culture
medium, air, and biological sample were placed in a 12-culture well plate. In this study, a
biological sample was modeled inside the chip and anchored to the pillars, as shown in
Figure 18. The chip itself featured an internal rectangular structure termed a well-chip,
designated to accommodate the biomaterial volume. In order to fix the chip securely to the
base of the culture well, an additional structure, referred to as a donut, composed of
polydimethylsiloxane (PDMS), was employed. The donut served to center and stabilized
the chip within the culture well. The dimensions implemented of the different domains that
compose the microdevice are listed in Table 9. Table 10 enlists the dielectric properties,
including the relative complex per mi t t iandielegrical(cCb n)duct i vi ty

through Electrochemical Impedance Spectroscopy (EIS) as was explained in Chapter 2.

(d),



Additionally, the mechanical properties such
obtained from literature and are detailed therein.

12-well plate with parzllel 12-well plate with parallel Biomaterial and pillars from
electrodes electrodes the microscope

—

PDMS Chip

Biomazterial

Frontal plane

Electrodes

Air

Differentiation

medium

—|— PDMS Donut j

Pillars

Figure 18. Computational Geometry. (A) Photos of the experimental set up composed of
12-well plate, biomaterial, and pillars. (B) Geometries designed in the computational
model. (C) Computational geometry in the frontal plane to visualize the well with the

electrodes, air, differentiation medium, pillars, chip, donut, and biomaterial.



58

3.1.7 Computational model meshing

The domains were meshed using free tetrahedral elements with finer sizes, thus generating

a final of 165.493 elements, with a minimum quality per element of 0,18. (See Figure 19).
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Figure 19. Mesh used in the computational model.

. . Value
Geometry | Dimensions
(measure mm)
Radius 11,2
Donut
Height 2,8
Radius 4
Chip ]
Height 3
Width 25
Well chip Depth 55
Height 2,5
Radius 0,4
Pillars
Height 3,25
Width 1,2
Biomaterial Depth 4
Height 1,2
Width 5
Electrodes Depth 3
Height 11,4
Well Radius 11,2




Height 17
Thickness 1,4
) Radius 12,6
Lit
Height 1
Width 100
Block i Air Depth 100
Height 100

Table 9. Dimensions of the different domains used in the computational model.

muscle cells

[ (0,005 S/m

Material Domain Dielectric Properties Mechanical Properties
o [ U2,8](120) [E] 360000 Pa (121)
PDMS 10:1 Donut, chip, pillars .
[ GZ3,5E-14 S/m (120) [v] 0,499 (122)
_ [ 0181123) [E] 2,76E10 Pa (125)
Graphite Electrodes .
[ G3E3 S/m (124) [v] 0,23 (125)
[ U2,5p (126) [E] 325000 Pa (128)
Polystyrene Cell culture plate B
[ 06,7E-14 (127) [v] 0,34 (129)
Differentiation , [ 09,7E+08
) Cell medium .
medium [ 00,7 S/m
U1,0p06 (130
Air Air [ P06 (130)
[ G1,2E-12 S/m (131)
_ _ Hydrogel and skeletal [ U8,3pE+04 [E] 440 Pa (132)
Biomaterial

[v] 0,499 (133)

Table 10. Electromechanical properties of de different materials of the system.Permittivity

[0] Conductivity [(] Youngds Modul us [H§] PoissonEs

The modelling process involved the following four stages: Formulation, Implementation,
Verification, and Validation. The formulation step consisted of choosing appropriate
equations to describe the system to be modelled. In this case, this work is particularly
concerned with studying a three-dimensional muscle tissue construct to characterize the

deformation when it is stimulated by an electric field and measure the distribution of the
electric field (17).

R



60

3.1.8 Theoretical formulation

3.1.8.1 Formulation and implementation of the electrical module

The formulation of the computational model for the electrical module is based on the first
Maxwell Equation, which defines the equation of the electric field as a gradient (Eg. 6), and
Poi ssonbds equ &ausss law (Eq Z, présented in table 11, which allows the
calculation of the voltage in each element by considering the conductivity (), and
permittivity (0) of the materials.

The border conditions for this modulus were Charge Conservation, Zero Charge to the
domain that restricts the model, Initial Values (V=0), Dirichlet conditions assigned to the
ground electrode (V=0), electric potential of the electrode (V=V1), and zero charge to the
pillars and chip. V1 is defined as a parameter that changes according to the Parametric

Sweep between 1V and 25V.

First Maxwell Equation and Poissonods
¥ T (6)
(7
., d
T

Table 11. Equations used for the electrostatic modulus (static study at different

frequencies).



3.1.8.2 Formulation and implementation of the mechanical module

In the Solid Mechanical module, the chosen domains of analysis encompass biomaterials
and pillars. Three distinct mechanical models were developed to represent varying material
behaviors: These models encompass two fundamental material behaviors: linear elasticity
and hyperelasticity. Consequently, three distinct mechanical models were developed to
represent varying material behaviors: linear elastic, Neo-Hookean, and St Venant Kirchhoff.
The governing equations from each model are delineated in Table 12, 13 and 14

respectively.

The analysis involved solving these models under varying conditions, with and without
external loading applied to the pillar's surface. This load condition represents the pre-stress
of the differentiated myotubes on the pillars. The specification of border and Dirichlet
conditions selected for each model was conducted meticulously to ensure accuracy to the
mechanical attributes inherent in the system. Detailed explanations regarding the selection
of these conditions for each model are provided in subsequent paragraph.

3.1.8.2.1 Linear elastic model

The linear elastic approach is based on the equation of the second Piola-Kirchhoff stress
tensor, which explains the behavior of elastic deformation in the initial configuration of the
materials owing to the applied forces (1341 136). Within this model, it is assumed that both
the biomaterial and pillars exhibit linear elastic behavior, as described by equations 8
through 13 (Eq. 8 1 Eq. 13). See Table 12. In detail, the mechanical properties of the
biomaterial and pillars additional were characterized by an anisotropic nature, incorporating
parameters such as the elasticity matrix and material density. The border conditions were
defined as initial values (u=0), null displacement, and freedom conditions for all domains
selected in the modulus. The Dirichlet conditions were further specified: Fixed constraint
was applied to the base of the pillars (u=0), the prescribed displacement was applied to the
extremes of the biomaterial, and two boundary loads of 1,35 N/m? were established in the

same extremes that represent the passive force exerted by the myotubes on the pillars.
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Linear Elastic Material - Second Piola-Kirchhoff stress tensor
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Table 12. Equations used for Linear elastic model.

3.1.8.2.2 Neo-Hookean model

In the Neo-Hookean model the pillars, a distinct mechanical behavior is attributed to the
pillars and the biomaterial, specifically, the pillars are modeled with linear elastic properties,
whereas the biomaterial is characterized as hyperelastic (Eq. 14 7 Eq. 17). It is assumed
that the material is incompressible, and their mechanical attributes are defined by Y o u n
modulus and material density values. The border condition and Dirichlet conditions are the
same as the ones used for the linear elastic model. The border conditions encompass initial
values (u=0), null displacement, and free is a condition for all domains selected in the
modulus. Additionally, Dirichlet conditions were: Fixed constraint at the base of the pillars
(u=0), prescribed displacement at the extremes of the biomaterial, and two boundary loads

of 1,35 N/m? at these extremities representing the passive force of the myotubes.



Linear Elastic Materials and Hyperelastic i Neo Hookean Model
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Table 13. Equations used for Neo-Hookean model.

3.1.8.2.3 St Venant Kirchhoff model

In this methodology, the pillar maintains its designation as an elastic linear material, while
the hyperelastic response of the biomaterial is explained through the St Venant Kirchhoff
model (Eq. 18 T 21). St Venant Kirchhoff model assumes near-incompressibility of the
materi al and incorporates parameters such as
material density to describe its mechanical response. The border condition and Dirichlet
conditions employed in this model are consistent with those utilized in the linear elastic
model. The border conditions are initial values (u=0), null displacement, and free is a
condition for all domains selected in the modulus. Furthermore, Dirichlet conditions were:

Fixed constraint was applied to the base of the pillars (u=0), the prescribed displacement
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was applied to the extremes of the biomaterial, and two boundary loads of 1,35 N/m? were

established.
Linear Elastic Materials and Hyperelastic i St Venant Kirchhoff
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Table 14. Equations used for St Venant Kirchhoff.

3.1.8.3 Formulation of the electro-mechanical module

The interaction between deformable solids and electric fields is calculated using the
coupled interface Multiphysics Electromechanical Forces in COMSOL, as shown in table
12 (Eq. 227 Eg- 25) (137). See table 15.



Electromechanics Equations
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Table 15. Equations used for electromechanics modulus.

3.1.9 Implementation of the model

The next step in the modelling process is the implementation of the formulations on a
computer. This includes choosing the modulus of COMSOL. Electrostatic and solid
mechanics were selected to simulate the electric field and mechanical displacement of the
domains. The Dirichlet conditions were assigned within the model to each domain and

module, as it is shown in the following. Go to see Figure 20.
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Figure 20. Representative flowchart of the computational model implementation.




3.1.10 Multiphysics Electromechanical Forces

An integration between the mechanical and electrical models was performed using

Multiphysics Electromechanical Forces. Additionally, the frequency domain study was

selected, with border conditions set within the frequency range of 1i 50 Hz, each frequency

was computed with static methodology; therefore, because the frequencies are so low, the

transient electromagnetic effects were neglected. The voltage was evaluated in the range
17 25 Volts.

Finally, the model was solved to observe the electric and displacement field distributions

over the entire domain. When the model could not be solved, the equations and their

parameters were verified.

3.2

3.2.1

Results

Literature search results

The electrical parameters used in direct electrical stimulation and their magnitudes were

identified in the revised articles. The range of each parameter is presented in table 16 (108i

119).
i ) Pulse
N° Time Potential Frequency ; Pulse Type
Amplitude
1h during 3 Biphasic square

1 ) 20V 1Hz 2ms

consecutive days pulse
2 Not specified 0-9Vv 1,2,5,20Hz 5ms, 50ms Not specified
3 Not specified 20V 1,2,3,4Hz Not specified Not specified
4 2 sec 20V 1Hz, 50Hz 10ms Not specified

Intervals of 1 hour

of stimulation and Biphasic square
5 8V (2V-10V) | 1Hz (1Hz-7Hz) | 10ms (2-25ms)

1 hour of rest for

1 day

pulse
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6 Not specified Not specified 1Hz, 100Hz 1.2ms, 1sec Not specified
-~ - Periodic electric
7 Not specified Not specified 1Hz, 40Hz 2ms
pulse
Periodic electric
8 Not specified Not specified 1Hz, 40Hz 2ms
pulse
-~ . 1Hz, 5Hz, .
9 Not specified Not specified 1.2ms, 1sec Not specified
100Hz
10 Not specified 7V, 9V 1Hz, 50Hz 2ms Not specified
4 days chamber Periodic electric
11 2V 1Hz 2ms, 10ms
15h PEDOT pulse
12 1h 10v 1Hz ims Monophasic pulses
Table 16. Magnitude of the electrical parameters that the researchers usually use.
3.2.2 Computational simulation

3.2.2.1 Electric potential

The electric potential in the whole system star at OV and goes to 10V, between the ground

and the terminal electrode (See Figure 21-A, 21-B). The electric potential in the biomaterial

has a value of 6.712V in the maximum point as presented in Figure 21-C.

Electric potential in the Well

Electric potential in the Well

Electric potential in the Biomaterial

vo

Figure 21. Electric potential in the well (left), and in the biomaterial when 10V is applied

(right). Ground and terminal electrodes (middle)




3.2.2.2 Electric Field

The electric field in the cell medium was 4420mV/mm (See Figure 22-A), the highest point
in the biomaterial was 1506mV/mm (See Figure 22-c). In Figure 22, edge effects around
the pillars and increases in electric field intensity at the corners of the electrodes and edges

of the biomaterial are shown.

Electric field [mV/mm] in the cell medium Electric field [m\//mm] in the well Electric field [mV/mm] in the biomaterial

Figure 22. Highest electric field intensities at the level of the electrodes, a second area in
the cellular media and in the biomaterial.

In the course of electric field measurement line along the Y-axis in the middle of the model,
different electric field magnitudes were recorded corresponding to simulated voltage inputs.
The simulations consistently revealed electric field peaks at the level of the electrodes (1V=
90V/mm; 2V= 190V/mm; 5V= 490V/mm; 10V= 990V/mm; 25V= 2490V/mm; 50V=
4900V/mm)., around the pillars, and at the central region of the biomaterial. Conversely,
the minimal electric field intensities were localized within the PDMS structures. (See Figure
23)
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Figure 23. Electric field measurement line along the Y-axis in the model as a frame of

reference (A). Electric field along the line when six voltages are simulated (B).

An Electric field measurement line was drawn along the Y-axis in the of the biomaterial,
wherein six electric potential configurations were systematically simulated. The results are
shown in the Figure 21. The electric field in the center of the biomaterial was more intense
(V= 49V/mm; 2V= 100V/mm; 5V= 250V/mm; 10V= 650V/mm; 25V= 1100V/mm; 50V=
2800Vv/mm). However, proximal to the pillars a gradual attenuation in the electric field

magnitude can be observed in Figure 24.
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Figure 24. Electric field measurement line along the Y-axis in the model of the biomaterial
as a frame of reference (bottom). Electric field along the line when six voltages are

simulated (top).



It is important to understand how the electric field is distributed in the whole biomaterial.
Therefore, three cutting lines separated 0.5 mm between them in the X-axis (See Figure
25-A, Figure 26-A present three lines in the frontal plane across the biomaterial) and in the
Z-axis were made (See Figure 27-A, Figure 28-A represents three lines in the transversal
plane through the biomaterial).

Figure 25-B and Figure 25-C presents the values of the electric field when 1 and 10 Volts
are applied (1V, distance 0 = 58,9v/mm; 10V, distance 0 = 580,3 V/mm), and Figure 26-B
and Figure 26-C shows the electric field when a range from 1 to 50 volts are simulated
(50V, distance 0 = 2800 V/mm). In both figures a lower intensity of the electric field occurs
in the center of the material, which is not in direct contact with the cell medium; on the
contrary, higher intensities occur in the two distant areas, which are in contact with the
cellular medium and can explain why its value is higher since the cellular medium has a
higher conductivity than the biomaterial, as reported previously in Table 10. When these
areas were in contact with the medium, a higher current flow was achieved than that in the

middle areas of the biomaterial.
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Figure 25. Three Electric field measurement line along the X-axis in the biomaterial model
as a frame of reference (A). Electric field along the line when 1 volt is simulated (B) and
10 volts (C).
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Figure 26. Three Electric field measurement line along the X-axis in the biomaterial model
as a frame of reference (bottom). Electric field along the line when 1,2 and 5 volts are

simulated (left) electric field when 10, 25 and 50 volts are simulated (right).

The three zones on the z-axis corroborate the same behavior of electric field in the
biomaterial, the highest electric field intensity is found in that area that is in contact with the
cellular medium (1V, distance +0.3 = 45,9V/mm; 10V, distance +0.3 = 450 V/mm; 50V,
distance +0,3 = 3500V/mm), followed by the central zone of the biomaterial and with a lower
field intensity in the area that is closest to the base of the chip (1V, distance -0,3 =
67,9vV/mm; 10V, distance -0,3 = 700 V/mm; 50V, distance -0,3 = 2270V/mm). (Figure 27 B-
C and Figure 28 B-C).
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Figure 27. Three Electric field measurement line along the z-axis in the biomaterial model

as a frame of reference (A) Electric field along the line when 1 volt is simulated (B) and 10

volts (C).

eld (mV/mm)

— 1V, Distance=0 — 10V, Distance=0
—— 1V, Distance=-0.3 s |H 1 —— 10V, Distance=-0.3
—— 1V, Distance=0.3 Si: i —— 10V, Distance=0.3
~——— 2V, Distance=0 ¢ NS v —— 25V, Distance=0
—— 2V, Distance=-0.3 3 —— 25V, Distance=-0.3
2 V, Distance=0.3 25V, Distance=0.3
—— 5V, Distance=0 : 2 —— 50V, Distance=0
—— 5V, Distance=-0.3 l . 10 : 2° —— 50V, Distance=-0.3
——— 5V, Distance=0.3 o —— 50V, Distance=0.3

Electric Field - Three zones of the Biomateria

3400
3200
3000
2800
2600
2400
2200
2000
1800
1600
1400
1200
1000

800

E
£
=
g
3
g
g

200

200

soof \ A
4001\

0
y-coordinate (mm)

0
y-coordinate (mm)

Figure 28. Three Electric field measurement line along the z-axis in the biomaterialmodel
as a frame of reference (A). Electric field along the line when 1, 2 and 5 volts are

simulated (B) electric field when 10, 25 and 50 volts are simulated (C).
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3.2.2.3 Displacement

The displacements of the pillars were measured on the y-axis for the three models (Linear
elastic, Neo/Hookean and St Venant Kirchhoff) when 1, 2, 5, 10, and 25 Volts were applied
to the system. Specifically, the pillars displacements for the Linear Elastic, the Neo-
Hookean and St Venant Kirchhoff hyperplastic models were 10,76um (Figure 29-B), 11,64
um (Figure 30-B), and 11,34um (Figure 31-B), respectively. When a load of 1,35 N/m? was
applied (this load represents the pre-stress of the myotubes when differentiated Figure 29-
D, Figure 30-D, Figure 31-D), pillar displacement increases to 11,8um (Figure 30-E),
12,6pum (Figure 30-E), and 12,3um (Figure 31-E), respectively.

Conversely, the displacement of the biomaterial was measured along the z-axis.
Specifically, under the linear elastic model, the displacement was registered at 68um
(Figure 29-C), while the Neo-Hookean model recorded a displacement of 70um (Figure 30-
C). Conversely, the St. Venant-Kirchhoff hyperelastic model returned a comparatively
diminished displacement measurement of 47um (Figure 31-C). Following the imposition of
a load equivalent to 1,35 N/m?, reflective of the pre-stress conditions, the biomaterial's
displacement manifested alterations, reaching values of 69,5um (Figure 29-F), 71um

(Figure 30-F), and 47um (Figure 31-F), respectively, for the respective constitutive models.

Linear Elastic Model without load
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Figure 29. Linear elastic model with and without load. (A) Color diagram of the domain,
(B) Displacement of the pillars, (C) Displacement of the biomaterial, (D) Diagram of the
domain with pre-stress load, (E) Displacement of the pillars with load, (F) Displacement of

the biomaterial with load.
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Figure 30. Hyperelastic Neo-Hookean model with and without load. (A) Color diagram of
the domain, (B) Displacement of the pillars, (C) Displacement of the biomaterial, (D)
Diagram of the domain with pre-stress load, (E) Displacement of the pillars with load, (F)

Displacement of the biomaterial with load
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In this project, the Hyperelastic Neo-Hookean model was selected as the preferred
computational model for simulating displacements. Because the comparative analysis
between the modeling approaches, wherein the differences in displacement measurements
were found to be minimal across all the models under study. Moreover, the Hyperelastic
Neo-Hookean model demonstrated the most favorable performance, characterized by the
lowest absolute error when compared against the maximum real displacements, as
delineated in Table 17. (The absolute error was calculated by subtracting the estimated
displacement from the maximum real displacement reported by Tejedera-Villafranca et al.,
which is 17,5 (138). Subsequently, the resulting absolute error was normalized by dividing
it by the real displacement value. This normalized error was then multiplied by 100 to

express the error magnitude in percentage terms).

Description Linear Elastic Hyperelastic St Venant:
Neo-Hookean Kirchhoff
Pillars without load 10,76 pm 11,64 pm 12,3 ym
Pillars with load 11,83 um 12,64 pm 11,34 um
Absolute Percentage Error
of Pillars displacement 38,5% 33,5% 29,7 %
without load
Absolute Percentage Error
of Pillars displacement with 32,4% 27,8 % 352 %
load
Biomaterials without load 68 um 70 um 47 um
Biomaterials with load 69,5 um 71 yum 47 um

Table 17. Pillar and biomaterial estimated magnitude of displacement are shown from the

three models. The absolute percentage error in pillar displacement is delineated.

Different frequencies were simulated to determine if there was any change in the
displacement; however, the displacement remained the same for the biomaterial and pillars,

regardless of the frequency value applied.



3.3 Discussion

The mechanism by which cells convert electrical excitation into mechanical deformation is
not well understood from the general first-principles physics. Therefore, it is necessary to
develop models that consider the complex geometry of tissues to gain a deeper

understanding of how physical forces influence biological functions (17,99).

Hence, within the scope of this chapter, a multiphysical computational model was
formulated. This model facilitates the integration of electric and mechanical stimulations,
thereby enabling the exploration of the different electric parameters capable of inducing
stimulation within biomaterials, including the embedded muscle fibers. Moreover, this
computational model allows to elucidate the relationship between the application of electric
fields and resultant mechanical responses, thus unraveling the mechanistic underpinnings

of muscular contraction.

There are some relevant elements that must be considered when a computational model
is formulated and implemented, such as the geometry, electromechanical properties of the
materials, and mechanical behavior (17,99). Regarding geometry, many simplifications are
typically made to the morphology of a cell to easily represent it computationally, including
simple shapes in the form of spheres and a limited number of physical phenomena.
Nevertheless, biological cells are complex structures; therefore, a three-dimensional
muscle fiber and the components of the electric, experimental, and mechanical systems
were modeled in this study. This model represents a very close approximation to the real
experimental setup, considering the dimensions and electromechanical properties of the
materials. However, there are other ways to model the geometry of skeletal muscles, such
as the reconstructed fiber from medical imaging, parallel fiber distribution in a single

direction, or at a specific angle (17,99).



78

Skeletal muscles commonly exhibit nonlinear behavior during dynamic movements.
However, because of the complex nature of skeletal muscle, some physical quantities
cannot be measured in a noninvasive manner. For example, the force distribution and
intrinsic tissue stress inside the skeletal muscle under isotropic and anisotropic contractions
are currently immeasurable quantities under in vivo conditions (17). Skeletal muscle has
usually been modeled as an inhomogeneous and nearly incompressible body. A range of
constitutive laws from simple elastic materials to complex multiscale chemo-
electromechanical materials have been proposed (17,99). However, these continuum
models are heterogeneous, and it is difficult to elucidate the common modeling aspects and
identify potential gaps according to the physiology of the skeletal muscle (17). Therefore,
in this project, three models that assumed different mechanical behaviors for skeletal
muscle were compared: linear elastic, hyperelastic Neo-Hookean, and the last one the
hyperelastic St Venant Kirchhoff. First, the tissues were considered anisotropic, and in the

other two, the tissues were considered incompressible.

The wide variability of the electric parameter values indicates not only the realistic variety
but also the imperfections in the measurement, and the difficulty in recreating and
comparing results between the studies when electric field is applied in muscle on a chip
device. This reveals the significant role of the computational models in simulating the
different conditions and validating the information (1087 119). Consequently, the capability
to reproduce in a computational model the in vitro complex native microenvironment
combining the different parameters may offer the opportunity to investigate the role of each

stimulation in delineating the effects on the function of the tissue (139).

Most computational models use data from the literature for the electrical properties of the
material that must be assigned; however, most of these data were taken a long time ago,
with different equipment and components, which makes the measurement inaccurate. The
values of these material constants are typically set up empirically. Data assumptions are
always made, especially in the case of human muscle modeling. Therefore, in this model,
the electrical properties of the principal domains (cell medium and biomaterial) were

measured and calculated, as described in Chapter 2. The mechanical properties were



obtained from the literature; however, the values for Matrigel have been measured only by
a few researchers that use different protocols; thereafter, they are difficult to compare.
Therefore, the mechanical properties of Matrigel should be measured and compared in
future work (140,141). With respect to the other materials (PDMS, Graphite, polystyrene,

and air) have been widely studied and reported, as seen in table 9.

The ability to convert electrical energy into mechanical motion is of significant interest in
many energy-conversion technologies (103). Materials such as piezoelectrics,
ferroelectrics (17), shape memory alloys, and electroactive materials are used as actuators
to convert electrical energy into mechanical output. There has been a long record of
experimental studies dealing with cell response to a wide variety of electric fields for
decades, but how the corresponding forces act on various length and time scales in
biological media remains unclear. Consequently, electrical stimuli can create movement,
deformation, and other phenomena (100). In the case of skeletal muscle after an electric
potential movement is generated, the phenomenon in this model is recreated. There was a
relationship between the intensity of the electric field and the displacement; the greater the
potential difference (10-50V) the greater the displacement in the constructor (1-10 pum);
however, it was implemented (1,2 and 5V) the displacement was less than 1,5um.
Comparing these values with other investigations has some limitations, one of which is that
there are a good number of computational models of electromechanical models in skeletal
muscle in vivo, but not in vitro. There are only two simulations that use a range of values
from 100 V/cm to 350 V/cm because the magnitude of the muscle is larger (142,143). On
the other hand, for loads ranging between 0,1 and 10nN however in this research, they

considered few cells, and not a muscle fiber, and then the scale changed (17,142,143).
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The unethical nature of some experiments with human participants, as well as feasibility

and practicality considerations, have prevented the study of some treatments and diseases

in humans. Therefore, it has been performed in vitro experiments (144). However, the

limitations associated with the current in vivo and in vitro models are exemplified by the

significant number of new drug candidates that fail to reach the market owing to low

efficiency or severe side effects in humans (119). Therefore, researchers continue to

develop and optimize experimental models that resemble more complex elements. These

have generated interest in developing human-based tissue-like constructs coupled with

biosensor technologies (e.g., organs-on-a-chip, OOC, MOCb6s) for disease mode
treatment testing (119).

Regarding skeletal muscle research, in vitro experimental models have been established
using cells derived from immortalized cell lines (e.g., C2C12 and L6) or isolated from human
or rodent skeletal muscle samples. These have been exposed to various skeletal muscle-
specific treatments, fortheexerci se area (shorfdeékedttreadeneeant cibsder e
such as electrical pulse stimulation (EPS) or pharmacological compounds have proved
useful in this regard (144). Although the use of EPS dates to the 1970s, its specific use as
an exercise-like treatment in vitro is a more recent development. Skeletal muscle

contraction that occurs during exercise induces multiple disturbances in intracellular



homeostasis and subsequently activates multiple contraction-mediated signaling pathways
(144). A lot of systems are used to apply electrical stimulation in vitro, but the lack of tracking
capabilities in the devices means it is difficult to determine whether EPS parameters (e.qg.,
frequency and voltage) are consistently applied during the experiment. Therefore, in
Chapter 3, a computational model is used to perform different combinations of parameters.

Muscular dystrophies (MDs) are inherited disorders characterized by progressive skeletal
muscle degeneration, clinically resulting in weakness in specific muscle groups, loss of
ambulation, breathing and swallowing difficulties, and, in most cases, reduced life span
(145,146). One example of MDs The Myotonic dystrophy type 1 (DM1), which is a
multisystemic disorder that mainly manifests as myotonia, progressive muscle weakness,
cardiac conduction defects, and cognitive impairments. Although DM1 is the most common
form of muscular dystrophy in adults, there is currently no curative treatment for it (147).
Animal models including mice, flies, zebrafish, and worms have been developed over the
last 15 years to investigate the pathophysiological mechanisms involved, and even though
several therapeutic strategies are under development there is still no cure for DM1 to date
(148). A major concern is the accessibility and availability of muscle biopsies from DM
patients. In addition, the limited proliferative capacity of adult human myoblasts that is
inversely correlated to the age of the dystrophic patients constitutes another constraint
(148).

Calcium homeostasis is altered in DM1 muscle, and influences disease mechanisms and
progression, because among the pre-mRNAs that suffer misplacing events in DM1 muscle,
there are several that are linked to calcium homeostasis, including the dihydropyridine
receptor (DHPR), the ryanodine receptor (RyR1), and the sarco/endoplasmic reticulum
Ca2+ATPase 1 (SERCAL) (149). Thus, calcium dysregulation could have more effects on
DM1 than initially thought (149). Herein, in this chapter is reported an in vitro skeletal
muscle cell model of DM1 compared to three cell lines as control. A functional assay

calcium flux is measured when EPS is applied.
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4.1

Materials and Methods

4.1.1 Experimental section

A hydrogel molding technique was used to fabricate human 3D skeletal muscle tissues

using both unaffected controls (CNT) and DM1 patient-derived cells. After two days in

growth conditions, samples were changed to differentiation medium, which was kept for ten

days. Then calcium assay, immunohistochemistry, EPS assay, imagen and video analysis

were performed as show in the Figure 32 of the experiment.
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Figure 32. Summary of the different protocols applies for the experiment.

Immortalized human muscle cells from unaffected controls (AB1079, KM1421 and AB678)

and DM1 patients (isP3, isP9 and isP10) were used in this study. The characterization of

the DM1 cells can be seen in table 18.

CTG
Age at Age of Muscle Cardiac Respiratory Mode CTG
Sample . Gender | . . mRS . repeat
sampling onset involvement involvement involvement expansion . -
instability

iSP3 36 15 F moderate mild moderate 2 2080 2467

iSP9 46 42 F mild mild severe 1 863 628
iSP10 39 27 F moderate severe mild 4 1224 3065

Table 18. Characterization of the three cell lines with DM1 from the patients acquired.




4.1.2 Fabrication of the CHIP

Human 3D skeletal muscle tissues were fabricated using polydimethylsiloxane (PDMS;
Sylgard 184 silicone elastomer kit, Dow Corning) casting molds. Briefly, the casting molds
design consists of a rectangular-shaped pool with two verticals flexible PDMS pillars, where
the cells/hydrogel solution is seeded. PDMS casting mold were prepared for muscle cell
culture by first cleaning them by sonication in water with detergent, 2-propanol, and mili-Q
water and sterilized with UV light for 15 min. It was followed by 1 hour treatment with 1%
Plurionic® F-127 (Sigma-Aldrich) solution in cold phosphate-buffered saline (PBS) (100 ¢l
well') at 4 °C.

4.1.3 Fabrication of 3D Skeletal muscle tissues - Cell Culture

Control and DM1 cells were cultured in growth medium consisting of skeletal muscle basal
medium (PromoCell GmbH), skeletal muscle supplemental mix (PromoCell GmbH), 100 U
ml'* penicillin and 100 eg ml'! streptomycin (GibcoE ). Cultures were maintained under
standardized conditions at 37 °C within a humidified atmosphere containing 5% CO.. Cells
cultured were monitored until the desired cell density for the experimental procedures was

achieved, preventing more than 80% of confluence.

Subsequently, cells were encapsulated at 2.5 x 107 cells ml'! in a cell/hydrogel mixture of
30% v/v Corning® Matrigel® Growth Factor Reduced Basement Membrane Matrix
(Corning®), 2 units ml'! of thrombin from human plasma (Sigma-Aldrich) and 4 mg ml'?* of
fibrinogen from human plasma (50% v/v) (Sigma-Aldrich). The mix was pipetted within each

PDMS casting mold using cold tips to avoid premature polymerization.

The cell/lhydrogel mixture was kept for 30 min at 37 °C, followed by incubation in growth
medium containing 1 mg ml'* of 6-aminocaproic acid (ACA) (Sigma-Aldrich). ACA works
as an antifibrinolytic, which avoids fibrin depolymerization. Cultures were maintained in
growth media for a duration of two days before transitioning to differentiation medium. The

differentiation medium composition comprised Dulbecco's Modified Eagle Medium, high
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glucose, GlutaMAXE Supplement 97:100 (GibcoE ), containing 1% KnockOutE Serum
replacement 1:100 (GibcoE ), 1% Insulin-Transferrin-Selenium-Ethanolamine 1:100
(GibcoE ) and 1% Penicillin-Streptomycin-Glutamine 1:100(GibcoE )) containing 1 mg
ml't of ACA. Cultures were sustained in the differentiation medium for a duration of ten
days, with half of the medium volume replaced every two days.

4.1.4 Calcium assay i fluorescent methods

The fluorescent calcium binding dye Fluo-8 AM (Abcam) was used to evaluate intracellular
calcium influx. Briefly, samples were washed with PBS, then everything was covered from
light. The samples were incubated with Fluo-8 loading solution for a duration of 1 h at 37
°C. Following this incubation period, the PDMS mold containing the samples was
transferred to the electrical stimulation plate, adhering to the Electrical Pulse Stimulation
(EPS) protocol outlined in Section 4.1.5. The fluorescent signal was captured by ZEISS
Axio Observer Z1/7 microscope at 5X magnification during EPS process and subjected to

subsequent analysis.

These experimental procedures were conducted on the 10th day of experimentation. For
each experimental group, including both the control and DM1 groups, measurements were
taken from 5 individual samples, amounting to a total of 15 samples per group (Control,
n=15; DM1, n=15)

4.1.5 Electrical pulse stimulation

Following ten days of differentiation, human 3D skeletal muscle tissues underwent electrical
stimulation to induce muscle contraction. A custom-made device consisting of a 12-well
plate with two graphite electrodes per well located on the lid was used to perform the EPS.
PDMS casting molds were placed on a 12-well plate with fresh differentiation medium. The
plate was placed on a Zeiss Axio Observer Z1/7 outfitted with the XL S1 cell incubator at
37 °C and 5% CO..



The device was connected to a pulse generator (Multifunction Generator WF1974, NF
Corporation). Tissues stimulation was done according to the following parameters:
electrical square-wave pulses of 10 V/mm, 1 ms of pulse width, and frequencies varying
from 1 to 50 Hz. The stimulation cycle encompassed 10 seconds of stimulation and then
10 seconds of relaxation (without Electric pulse stimulation). To verify the applied electrical
potential, an oscilloscope was integrated into the system. The entire duration of the EPS

protocol ranged between 120 to 130 seconds.

4.1.6 Video Analyses

Fluorescent videos of the sample for calcium analysis were taken during EPS with a ZEISS
Axio Observer Z1/7 microscope. The determination of each tissue's diameter and its spatial
location along the y-axis of the pillar was achieved through brightfield imaging of the
sample. The focal planes that corresponded to the tissue's position were recorded. Then,
the Fiji image processing package was used to measure the pillar's displacement and

calcium fluorescence.

The quantification of pixel displacement along the border involved the manual selection of
a perpendicular straight line for analysis within each recorded video. This information was
saved and then processed using a custom-made Python script. Libraries required were
imported as show in Figure 43 and 44 in Anex 2. And them the code to calculate the

intensity of the signal was programmed.

4.1.7 Immunohistochemistry

Whole-mount samples were permeabilized with PBS-T (0.1% Triton-X from Sigma-Aldrich
dissolved in PBS) for 10 or 15 minutes. This step was followed by incubation with blocking
buffer (0.3% Triton-X, 3% donkey serum sourced from Sigma-Aldrich, dissolved in PBS) for
2 hours at room temperature (RT). Next, samples were incubated with the primary antibody
(table 19) in blocking buffer at 4 °C overnight.
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Following the incubation with the primary antibody, the samples underwent three PBS-T
washes for 5 minutes each, after which each sample were incubated for 2 hours at RT with
fluorophore-conjugated secondary antibody (table 19) and phalloidin in blocking buffer.
After three PBS-T washes for 5 min, the whole-mount samples were incubated for 30 min
with DAPI (Life Technologies). Samples were washed for 5 min with PBS before they were
mounted with VECTASHIELD Plus Mounting Medium with DAPI (Palex) or Fluoromount-
GE Mounting Medium (Thermo Fisher). Transparent enamel was used to seal the edges

of coverslips.

Antibody Target Supplier Dilution
Monoclonal mouse Anti-U-Actinin Sarcomeric Merck Life 1:200
(Sarcomeric) Primary antibody U-Actinin Science #A7811 '
Polyclonal goat anti-mouse IgG, Alexa

= - i Invitrogen

FluorE Plus 647- conjugated Mouse IgG g 1-200
Secondary antibody #A32728
_ o _ Invitrogen

Alexa FluorE 594 Phalloidin F-actin 1:400
#A12381

Table 19. Antibodies used in the immunohistochemistry.

4.1.8 Image analysis

Brightfield images were taken with ZEISS Axio Observer Z1/7 microscope. Fluorescence
images were taken with a ZEISS LSM800 confocal laser scanning microscope. Images
were analyzed using the Fiji image processing package.

4.1.9 Statistical analysis

The comparisons between groups were performed using Prism 8 software (GraphPad).
Statistical test outcomes are reported as mean * Standard Error of the Mean. Multiple
comparisons were analyzed by Multiple Minn-Whi t ney test, p value O 0.0°¢

between groups were considered significant when P < 0.05.



4.2 Results

4.2.1 Morphohistological characterization of patient-derived 3D
skeletal muscle tissues

After ten days in differentiation medium, control group of 3D skeletal muscle tissues formed
multi-nucleated and aligned myotubes (See Figure 33, Figure 34). Otherwise, DM1 tissues
did not present compaction of the tissue in the well and showed round cells meaning that
not all cells matured as evidenced in figures 33 and figure 35.
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Figure 33. Top-view brightfield images of CNT and DML1 tissue compaction at 10 days of

differentiation with 2.5 magnification.
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Figure 34. Top-view brightfield images of CNT and with 20X magnification in areas in

which myotubes are observed (red arrows).

isP10 isP9

Figure 35. Top-view brightfield images of DM1and with 20X magnification showing long

myotubes (red arrows) and rounded cells (blue arrows)



By the tenth day of the differentiation process, 3D skeletal muscle tissues from the control
group exhibited phenotypic changes characterized by the emergence of multi-nucleated
myotubes arranged in a longitudinally aligned manner (See Figure 36). This developmental
phenomenon was elucidated through the utilization of immunofluorescence staining
techniques targeting sarcomeric U-actinin (SAA) and DAPI, which facilitated the
visualization and characterization of cellular structures indicative of myotube formation (See
Figure 38-B). Moreover, these findings suggest an effective distribution of the media

diffusion throughout the tissue.

On the other hand, DM1 groups especially isP3 and isp10 showed less nucleus and less
myotubes in the immunostaining (See Figures 37). Additionally, the central region of the
DML1 tissues demonstrated an altered morphology characterized by the presence of thicker

myotubes albeit with reduced length compared to the control group (See Figure 38-A).

IMMUNOSTAINING — STRUCTURAL ANALYSES

F-Actin

Figure 36. Immunostaining T Structural analyses of the control group.Representative
confocal images of CNT tissue after ten days of differentiation stained for sarcomeric U-

actinin (SAA, green), F-actin (red) and nuclei (blue). Scale bar = 100 pm.
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Figure 37. Immunostaining i Structural analyses of the DM1 group.Representative
confocal images of DM1 tissue after ten days of differentiation stained for sarcomeric U-

actinin (SAA, green), F-actin (red) and nuclei (blue). Scale bar = 100 pm.

Figure 38. Immunostaining i Structural analyses of the DM1 group vs. Control group.
Representative confocal images of both groups after ten days of differentiation stained for
sarcomeric U-actinin (SAA, green). (A) Red arrows point the thick and short myotubes. (B)

Yellow arrows point out myotubes aligned and in the process of fusion. Scale bar =
100 pm.











































































