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Abstract

Electrokinetic technigues have gained growing attention as label-free and non-
invasive tools for investigating the dielectric properties of biological cells.
These approaches enable cell characterization and manipulation by exploiting
the interaction between external electric elds and the induced dipole move-
ment of the cells. Among them, Electrorotation (ROT) is one of the most
accurate and informative methods for analyzing the dielectric response of indi-
vidual cells. This technique allows to extract information about the cell mem-
brane in the low-frequency regime and the cytoplasm in the high-frequency
regime, which together form the cell's dielectric signature. Conventional tech-
niques for cellular characterization, such as ow cytometry, rely on chemical
labels, which limit their scalability, invasiveness, and real-time applicability.
These constraints highlight the need for automated, low-cost, and portable
systems capable of performing dielectric analysis under fully controlled and
reproducible conditions.

This research thesis presents the design, development, and validation of
a fully integrated ROT-based platform for high-throughput and automated
dielectric cell characterization. The work spans from hardware realization
to software automation and biological validation, progressively advancing the
state of the art in electrokinetic analysis. First, an automated low-frequency
ROT platform was developed to analyze membrane-dominated electrorota-
tion measurements. This initial platform comprises a Quadrature Signal
Generator (QSG) electronic system and a rst-generation angular-velocity
extraction algorithm, the PiXel Intensity Algorithm (Pxl). This setup allows
for accurate and repeatable measurement of the angular velocity of multi-
ple cells, enabling the derivation of their dielectric signature. The platform
was experimentally validated with distinct cell lines CaCo-2, CCD-841, and
OPM2 demonstrating reliable discrimination capabilities and quantitative
robustness in determining the membrane capacitance characteristics. The
platform was then validated using Multiple Myeloma (MM) plasma cells ex-
hibiting di erent metabolic and drug-resistance proles. The results show
that ROT analysis can distinguish tumor subpopulations based on intrinsic
dielectric signatures, supporting its potential role as a complementary tool to
conventional minimal residual disease (MRD) detection techniques. Following
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the development of the initial low-frequency ROT platform and its biologi-
cal validation, the need emerged to further enhance the system in terms of
experimental throughput and spectral completeness. In particular, clinically
relevant investigations required both scalable data processing and the exten-
sion of dielectric characterization across the full ROT frequency spectrum
through the integration of high-frequency operation. To address these, the
Electro-Cell Physiometry (ECP) Framework and the High-Frequency Quadra-
ture Signal Generator (HF-QSG) have been developed. The ECP-Framework
is a comprehensive and fully automated software environment governing the
entire analytical pipeline, from image segmentation and cell tracking to an-
gular velocity estimation and dielectric parameter extraction. At its core,
the framework integrates POLARIS, a dedicated rotational analysis algo-
rithm that signi cantly enhances estimation precision, robustness to noise,
and reproducibility. Validation was conducted using both simulated datasets,
generated through a dedicated experimental ROT digital-twin developed
Electrorotation Game , and experimental measurements. Finally, the HF-
QSG extended the previous QSG version toward higher frequencies, enabling
full ROT spectral acquisition and a more comprehensive dielectric character-
ization of intracellular structures.

Overall, this thesis provides a uni ed technological and methodological
foundation for automated ROT-based cell analysis. By implementing a fully
automated and standardized work ow, the developed ROT platform enables
reproducible characterization that does not require expert intervention, allow-
ing non-engineering operators to perform high-throughput dielectric cell anal-
ysis reliably. This highlights the critical role of systematic automation and
precise process control in ensuring quantitative, scalable, and reproducible
measurements. Moreover, by integrating hardware design, advanced compu-
tational pipelines, and biological validation, it demonstrates how ROT can
evolve from a laboratory technique to a robust, operator-independent, and
reproducible tool, suitable for high-throughput diagnostics and monitoring
for next-generation bioelectronic and clinical applications.



Introduction

The characterization of living cells is a cornerstone of modern biomedical
research, providing crucial information for understanding physiological pro-
cesses, disease mechanisms, and therapeutic responses. Conventional meth-
ods for cell analysis including ow cytometry, uorescence microscopy, and
molecular assays have been instrumental in advancing knowledge across the
life sciences. These label-based techniques, however, rely on chemical or u-
orescent markers to identify cellular targets or processes, often altering the
cell's native state, requiring complex preparation protocols, and providing
only endpoint information. Furthermore, their dependence on expensive and
bulky instrumentation limits portability, throughput, and accessibility.

In recent years, label-free approaches have emerged as powerful alterna-
tives, o ering the possibility to probe intrinsic biophysical and biochemical
properties of cells without perturbing their physiological conditions. Among
these, techniques exploiting electrical and electrokinetic phenomena, such as
impedance spectroscopy, Dielectrophoresis (DEP), and Electrorotation (ROT),
enable the quanti cation of cellular dielectric parameters, including mem-
brane capacitance, cytoplasmic conductivity, and permittivity. These param-
eters are intimately related to cell morphology, compaosition, and metabolic
state, making them valuable physical biomarkers for disease detection, cell
sorting, and monitoring of treatment e cacy. Importantly, electrokinetic
techniques are contact-free, non-invasive, and compatible with micro uidic
integration, o ering a route toward automated and high-throughput analysis
within compact lab-on-chip devices.

Despite their promise, several limitations have hindered the full deploy-
ment of electrokinetic methods in biological and clinical settings. Conven-
tional impedance-based systems require complex instrumentation and limited
scalability. DEP-based techniques, while suitable for manipulation and sort-
ing, often su er from heterogeneous electric eld distribution that complicates
accurate dielectric modeling and characterization. In contrast, the ROT-
based approach using a uniform rotating electric eld provides a well-de ned
electrical environment that enables direct and quantitative assessment of di-
electric properties. By measuring the rotational motion of a cell suspended in
a rotating electric eld, ROT allows the extraction of key electrical parame-
ters across a broad frequency spectrum, linking them to the cell's physiological
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and pathological state. However, traditional ROT systems are typically bulky,
costly, and operator-dependent, relying on commercial multi-phase generators
and manual image-based analysis of cell rotation. These factors have limited
its use primarily to specialized laboratories and small-scale experiments, pre-
venting broader adoption in applied biomedical contexts. Addressing these
challenges requires innovation across both hardware and software domains,
aimed at achieving compactness, automation, high throughput, and integra-
tion with micro uidic and computational tools.

The motivation of this research lies in bridging the existing technologi-
cal gap by developing a fully automated, scalable, and quantitatively reliable
ROT-based platform for label-free dielectric cell characterization. The ob-
jective is to transform ROT from a laboratory-level experimental technique
into a robust, automated analytical system for single-cell analysis, suitable
for applications ranging from cancer diagnostics to therapy monitoring.

The scienti ¢ and technological contributions of this thesis include ad-
vances in both methodological and technological aspects, and follow a de-
velopmental trajectory, moving from the rst system implementation to full
work ow validation and automation:

The scienti ¢ and technological contributions of this thesis converge in the
conception, realization, and validation of the Automatic Electrorotation-
based Cell-Physiometry Platform, an integrated platform for quantita-
tive, fully automated dielectric characterization at the single-cell level. The
platform combines wideband hardware architecture, digital simulation tools,
and advanced computational analysis into a uni ed and controlled electro-
rotation work ow. The main contributions of this work can be articulated
across the following complementary components:

" Wideband hardware architecture for quantitative electrorota-
tion. Design and implementation of a broadband electrorotation system
based on a custom microfabricated ROT-chip and a High-Frequency
Quadrature Signal Generator (HF-QSG). The system enables accurate
generation of controlled rotating electric elds over an extended fre-
quency range, allowing full electrorotation spectrum acquisition and
broadband dielectric spectroscopy at the single-cell level.

" Electrorotation Game: a digital twin for controlled bench-
marking. Development of the Electrorotation Game simulation en-
vironment as a digital twin of real ROT experiments. The simulator
generates synthetic image sequences with known ground-truth angular
velocities and dielectric parameters, providing a rigorous benchmark-
ing framework for algorithm validation and enabling the decoupling of
signal-processing performance from experimental variability.

" Electro-Cell Physiometry (ECP) Framework. Development and
validation of a fully automated and integrated software environment
governing the complete ROT analytical work ow. The ECP Frame-
work uni es image segmentation, cell tracking, rotational velocity es-
timation, spectrum reconstruction, and dielectric parameter extraction
within a coherent and operator-independent pipeline, constituting the
rst end-to-end automated software architecture speci cally designed
for quantitative electrorotation analysis.
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" Experimental and biological validation. Comprehensive valida-
tion of the platform across multiple cells, including various established
cell lines and clinically relevant Multiple Myeloma (MM) cells charac-
terized by distinct metabolic and drug-resistance pro les. The experi-
mental campaign demonstrates the capability of ROT-based dielectric
signatures to discriminate heterogeneous cellular subpopulations and to
resolve both membrane- and cytoplasm-related dielectric contributions
across the investigated frequency range. Comparative analyses against
standard biological assays further support the potential relevance of the
proposed approach in functional phenotyping and minimal residual dis-
ease (MRD) assessment.

"~ Standardization and automation of the complete ROT work-
ow. De nition of a reproducible and controlled experimental protocol
enabling reliable, fully automated ROT measurements. From an au-
tomation perspective, the platform evolves into a closed-loop analyti-
cal system, where controlled excitation, image processing, and dielectric
modeling are coherently integrated. This step paves the way for broader
adoption of electrorotation in biological and clinical laboratories.

This thesis is organized into ve chapters, following a progressive devel-
opment from theoretical foundations to a fully automated and wideband elec-
trorotation platform:

Chapter 1 establishes the theoretical framework of the work. It in-
troduces the fundamental principles of cell characterization, with particular
emphasis on electrical and electrokinetic techniques, and motivates electro-
rotation as a quantitative, label-free approach for dielectric analysis. This
chapter de nes the physical and modeling basis upon which the entire plat-
form is developed.

Chapter 2 describes the rst operative implementation of the ROT plat-
form. It presents the design and realization of the complete low-frequency
system architecture, including a rst-generation Quadrature Signal Genera-
tor (QSG) speci cally designed for membrane-dominated electrorotation mea-
surements and a rst-generation angular velocity extraction algorithm the
PiXel Intensity Algorithm (Pxl), developed to automatically estimate the
cell angular velocity from image sequences. The system is experimentally val-
idated through membrane capacitance estimation in three distinct cell lines
CaCo-2, CCD-841, and OPM2 thereby demonstrating feasibility, quantita-
tive consistency, and the foundational capabilities of the approach.

Chapter 3 builds upon this validated platform and shifts the focus toward
biological relevance. Electrorotation is applied to Multiple Myeloma plasma
cells to investigate whether dielectric signatures re ect metabolic states and
resistance mechanisms. This chapter represents the rst demonstration of the
platform's diagnostic potential, revealing its capability to discriminate tumor
subtypes and suggesting applications in minimal residual disease (MRD) eval-
uation.
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Chapter 4 addresses the methodological limitations emerging from the
rst-generation implementation and introduces the Electro-Cell Physiome-
try (ECP) Framework as the second major evolution of the platform. This
chapter marks a structural transition from an isolated, task-specic algo-
rithmic implementation to a fully automated and systematically integrated
framework governing the entire analytical pipeline. A key advancement is
the replacement of the rst-generation Pxl angular velocity estimator with
POLARIS, a signi cantly more robust and accurate rotational analysis algo-
rithm, representing a substantial improvement in estimation reliability, noise
resilience, and quantitative precision. Beyond algorithmic re nement, this
chapter marks the shift from a partially automated processing strategy to
a fully integrated computational framework. The ECP Framework auto-
matically manages the entire ROT work ow, including cell segmentation,
tracking, angular velocity estimation, spectral reconstruction, and dielectric
model tting, thereby eliminating operator-dependent steps and ensuring re-
producibility. The framework is validated through a two-stage process: rst
under controlled simulation conditions using the developed Electrorotation
Game simulator environment, and subsequently on experimental datasets.
This combined veri cation strategy consolidates the analytical robustness and
automation level of the platform, establishing it as a complete and operator-
independent ROT analysis environment.

Chapter 5 completes the technological evolution of the system by ex-
tending its operational bandwidth. It presents the High-Frequency enhanced
ROT-Platform and the development of the High-Frequency Quadrature Sig-
nal Generator (HF-QSG), a wideband electronic system designed for accu-
rate full-spectrum dielectric characterization at the single-cell level. Broad-
band validation on HL60 and HeLa cells demonstrates the transition from
low-frequency characterization to extended ROT spectrum, thereby achiev-
ing the de nitive hardware con guration of the platform and resolving both
membrane- and cytoplasm-related dielectric characteristics of the investigated
cell lines.

In summary, this thesis contributes to the advancement of label-free elec-
trokinetic technologies by providing a complete, integrated, and validated
Platform for automated dielectric cell characterization. Through the con-
vergence of experimental engineering, computational analysis, and biological
validation, it lays the foundation for the next generation of bioelectronic tools
capable of transforming cellular diagnostics and research.



Chapter 1

Understanding Cellular
Properties: Methods and
Applications

This chapter provides an overview of the main principles and experimental
methods used to investigate cellular properties, with a particular focus on
electrokinetic techniques. It begins by presenting standard laboratory and
on-chip strategies for cell characterization, including optical, mechanical, hy-
drodynamic, and dielectric approaches, with speci c emphasis on label-based
and label-free methodologies, highlighting their di erences, advantages, and
limitations. The second section discusses electrokinetic phenomena that in-
uence the interaction between biological particles and electric elds. It
covers methods such as impedance spectroscopy, Dielectrophoresis (DEP),
and Electrorotation (ROT), which o er complementary approaches to non-
invasively probe the dielectric properties of cells. The third section focuses
on applications of electrokinetic techniques, including membrane characteri-
zation, cell integrity assessment, cell sorting, and integration with lab-on-chip
systems, demonstrating their versatility in both research and biomedical con-
texts, emphasizing their advantages in terms of quantitative, real-time, and
non-invasive analysis, and motivating the use of electrokinetic approaches as
a powerful tool for detailed cellular characterization.

1.1 Cell Characterization

Studying the characteristics of cells is essential to understanding their function
and the mechanisms underlying disease, forming one of the cornerstones of
life sciences. The analysis of cellular biophysical properties provides critical
insights for diagnostics, clinical research, and pharmaceutical development.
These properties often serve as early indicators of pathological or abnormal
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physiological conditions, making them valuable markers for identifying can-
cers [1 3], bacterial infections [4, 5], toxin exposure [6], and tissue health
status [7]. These biophysical signhatures arise primarily from the structural
and functional organization of the cell, where both the membrane and the
cytoplasm play distinct yet interrelated roles in determining overall cellular
behavior. In particular, the interplay between membrane properties and in-
tracellular organization governs how cells interact with their environment and
respond to external physical or biochemical stimuli. The cell membrane's com-
position and transport processes regulate nutrient uptake and signal transduc-
tion, while the cell cytoplasm's organelles and cytoskeletal structures maintain
metabolic activity and mechanical integrity [8]. Insights derived from these
studies have driven advances in biomedical research, drug discovery, and the
treatment of disorders such as cancer and neurodegenerative diseases [9].

In recent decades, single-cell analysis has emerged as a major research fo-
cus, driving the development of experimental tools and technologies capable of
probing individual cell behavior with high precision. Continuous technological
and methodological progress has led to a wide range of strategies for single-cell
characterization. These can be broadly categorized into standard laboratory
techniques, which rely on well-established biochemical or optical assays [10],
and On-Chip methods, which exploit micro- and nanoscale platforms to en-
able more precise, real-time, and label-free cellular analysis [11]. Building on
decades of experimental development, standard laboratory techniques remain
the cornerstone of cell characterization. These methods ranging from opti-
cal microscopy [12] and ow cytometry [13] to biochemical and spectroscopic
assays [14] enable the analysis of cellular morphology, viability, and molec-
ular composition with high reliability. In particular, assay-based techniques,
which rely on chemical or uorescent labeling to quantify cell activity or detect
speci ¢ biomolecules, have long served as fundamental tools for studying cell
behavior in culture. However, despite their robustness and reproducibility,
these standard approaches often require extensive sample preparation, label-
ing steps, and destructive protocols, which can limit their ability to capture
real-time cellular dynamics. To overcome these limitations, recent advances
have shifted attention toward On-Chip and label-free technologies, which en-
able dynamic and non-invasive analysis at the single-cell level.

1.1.1 Standard Laboratory Approaches

Technological progress and methodological innovation have introduced a broad
range of strategies for cell characterization. These approaches can be broadly
categorized into standard laboratories and On-Chip methods.

Standard laboratory techniques have long formed the backbone of cel-
lular characterization in biological research. These standard methods span
several complementary categories, including optical imaging [15], cytomet-
ric analysis [16], biochemical assays [14], and mechanical or spectroscopic
probes [17], each targeting distinct cellular attributes such as morphology,
phenotypic markers, metabolic activity, and biomechanical properties. To-
gether, they provide a well-established toolkit for both population-level and
single-cell studies, balancing sensitivity, speci city, and throughput according
to experimental needs.

Among standard techniques, optical microscopy [18] has long been a cor-
nerstone of cellular characterization, providing an immediate and intuitive
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understanding of their morphology. Indeed, unlike indirect analytical meth-
ods, microscopy provides direct visualization of biological processes, revealing
cell morphology, and organization at the single-cell level. Continuous ad-
vances in optical microscopy have expanded its capabilities, allowing detailed
investigation of cellular and molecular features [19]. In recent years, quanti-
tative imaging has further enhanced the role of microscopy. The combination
of high-sensitivity cameras, improved optics, and computational reconstruc-
tion now allows the extraction of biophysical parameters directly from image
data. Moreover, the integration of Arti cial Intelligence (Al) has accelerated
image analysis, enabling automated segmentation and feature classi cation
with higher precision and reproducibility [20].

In addition to optical microscopy, Flow Cytometry (FCM) represents a
cornerstone technique for quantitative cellular analysis, allowing the char-
acterization of thousands of cells per second [21]. By passing single cells
through a focused laser beam and measuring their light scatter and uores-
cence properties, FCM enables rapid, multiparametric assessment of large cell
populations. This approach is widely used to evaluate cell size, granularity,
viability, and expression of speci ¢ surface or intracellular markers. Its high-
throughput nature makes it particularly suitable for immunophenotyping, cell
sorting, and monitoring heterogeneous samples in both research and clinical
settings [22]. While ow cytometry o ers robust quantitative data, it gener-
ally relies on uorescent labeling and does not provide direct morphological
information at the subcellular level.

Complementing optical microscopy and cytometric analysis, spectropho-
tometric [23], and uorometric assays [24] are routinely employed to assess
cell viability, proliferation, and metabolic activity. Assays such as MTT,
WST-1, or resazurin-based tests provide sensitive, reproducible measurements
that inform on cellular responses to drugs, toxins, or environmental condi-
tions [25,26]. These methods are straightforward and widely accessible in
standard laboratory settings, but they typically o er only bulk measurements
and may require cell xation or lysis, limiting real-time or single-cell resolu-
tion. Together with optical microscopy and cytometric analysis, these three
classes of conventional techniqgues comprehensively cover the main aspects
of cell characterization: morphology, phenotype, and functionality. They
form the well-established foundation upon which more advanced on-chip and
micro uidic approaches have been developed, enabling higher throughput,
real-time monitoring, and integration of multiple analytical modalities within
compact platforms.

1.1.2 On-Chip Approaches

The development of Micro-Electro-Mechanical Systems (MEMS) paved the
way for micro uidics, a multidisciplinary eld enabling the precise manipula-
tion of uids in micrometer-scale channels [27]. Their ability to operate with
minimal sample volumes, shorten solvents or solutes di usion times, and en-
able parallel processing has made micro uidic systems ideal for applications
requiring high throughput and precise control. Building on these advantages,
the concept of the Lab-on-a-Chip (LOC) also known as the micro Total
Analysis System ( TAS) emerged [28]. LOC platforms integrate multiple
laboratory operations, such as sample preparation, detection, and separation,
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onto a single chip, e ectively transforming complex laboratory work ows into
compact, automated, and portable analytical systems.

Over the past two decades, Lab-on-a-Chip and micro uidic technologies
have become key enablers of modern bioanalysis, diagnostics, and cell charac-
terization [29]. Their ability to replicate conventional assays within microscale
environments not only reduces reagent consumption and analysis time but
also enables seamless integration with optical, electrical, or mechanical sens-
ing modalities, thereby extending analytical capabilities beyond those of stan-
dard laboratory methods. These on-chip systems o er several key advantages
over traditional approaches:

~ Reduced sample and reagent consumption, due to the microscale
operating volumes;

" High-throughput single-cell analysis, allowing the study of hetero-
geneous populations;

" Integration of multiple analytical modalities, such as optical imag-
ing, impedance spectroscopy, and dielectrophoretic manipulation within
a single platform;

" Enhanced control of the cellular microenvironment, including
gradients, shear stress, and chemical stimulation, which improves re-
producibility and physiological relevance.

These capabilities have made on-chip platforms increasingly important
in drug screening, diagnostics, and fundamental cell biology research [30].
A major focus of current micro uidic and On-chip research lies in single-
cell diagnostics, where the integration of uidic control, sensing, and anal-
ysis within compact chips enables the detection of rare or disease-related
cells with high precision. Micro uidic diagnostic platforms have been de-
veloped for a wide range of biomedical targets, including circulating tu-
mor cells (CTCs) [31 33], blood-borne parasites [34 36], and fertility-related
cells [37,38], infection biomarkers [39,40]. Their capability to operate with
microscale sample volumes and to leverage well-established lithographic fab-
rication techniques makes these systems highly suitable for mass production,
resulting in low-cost, portable diagnostic tools with potential for point-of-care
applications, even in resource-limited settings [41].

Di erent on-chip detection strategies have been explored, each relying on
distinct physical or biochemical transduction mechanisms such as optical,
electrical, acoustic, or mechanical sensing. The versatility of micro uidic tech-
nology allows seamless integration with advanced analytical tools, including
light microscopy, automated image processing, optical and acoustic trapping,
chemical gradient generation, and on-chip cell culture. This high degree of
adaptability enables not only the study of single cells but also the inves-
tigation of cell cell interactions and subcellular processes within controlled
microenvironments [11].

Owing to these capabilities, micro uidic diagnostic systems are increas-
ingly regarded as a transformative approach in biomedical analysis. They
combine the precision and automation of microengineering with the com-
plexity of biological assays, paving the way for next-generation lab-on-chip
platforms capable of addressing a wide variety of diagnostic and research chal-
lenges. Moreover, they provide the foundation for both label-based and label-
free strategies including electrokinetic techniques such as dielectrophoresis
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(DEP) and electrorotation (ROT) which will be discussed in the following
sections.

1.1.3 Label-Based and Label-Free Strategies

In cell analysis, experimental approaches are generally classi ed into label-
based and label-free strategies, depending on whether external markers are
required to detect or quantify specic cellular features [42]. This distinc-
tion re ects two complementary philosophies of investigation: one focused on
molecular speci city, the other on intrinsic biophysical characterization [43].

Label-based methods rely on the use of uorescent dyes [44], or genetic
tags [45] to visualize or quantify selected biomolecules or structures. Tech-
niques such as uorescence microscopy [46], ow cytometry, or immunoas-
says [47] exemplify this category, providing high sensitivity and molecular
selectivity. However, they often require complex sample preparation, chemi-
cal or genetic modi cation, and may interfere with the natural physiological
state of the cell. Moreover, labeling procedures can be time-consuming and
costly, making them less suitable for continuous, real-time, or point-of-care
analysis [48].

Conversely, label-free approaches extract information from the intrinsic
physical, chemical, or electrical properties of cells, such as refractive index,
mass, or dielectric response [49]. These techniques eliminate the need for
exogenous markers, allowing for non-invasive, reproducible, and often high-
throughput analysis while preserving cell viability and functionality. Label-
free methods are therefore particularly appealing for long-term monitoring,
single-cell characterization, and integration within micro uidic or on-chip sys-
tems, where minimal perturbation and automation are key [50].

In recent years, label-free strategies have gained increasing attention as
they enable the exploration of cellular properties that are not easily accessible
through conventional labeling such as membrane capacitance, cytoplasmic
conductivity, or mechanical deformability. Among these, electrokinetic tech-
nigues, including dielectrophoresis (DEP) and electrorotation (ROT), have
proven especially powerful for characterizing the dielectric properties of bio-
logical cells in a quantitative and non-destructive manner.

Overall, while label-based technigues remain indispensable for molecular-
level identi cation, label-free approaches o er a complementary and increas-
ingly advantageous alternative for biophysical analysis, particularly when pre-
serving cell integrity and minimizing assay complexity are priorities.

1.2 AC Electrokinetic Methods

Electrokinetic methods exploit the interaction between suspended cells and
externally applied electric elds to extract information about their physical
and dielectric properties. These techniques rely on the fact that biological
cells behave as polarizable particles whose response to electric stimulation
depends on their dielectric properties, i.e., membrane capacitance, cytoplas-
mic conductivity, and overall geometry.

Electrokinetic techniques investigate the intrinsic electrical properties of
cells and are intrinsically label-free, o ering a powerful means for non-invasive
and quantitative analysis at the single-cell level. By observing how a cell
translates, rotates, or alters its impedance under controlled electric excitation,
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Figure 1.1: Electrical Model of Bioparticles in Electrokinetic E ects

it is possible to analyze its internal composition, physiological state, and even
detect pathological alterations.

Electrokinetic approaches encompass a family of related phenomena, in-
cluding impedance spectroscopy, dielectrophoresis (DEP), and electrorotation
(ROT). Each of these e ects originates from distinct interactions between the
applied eld and the induced dipole within the cell, providing complementary
insights into its electrical and structural characteristics.

1.2.1 Electrokinetic E ects on Biological Cell

The interaction between biological cells and externally applied AC electric
elds lies at the core of all electrokinetic techniques. When a cell is suspended
in a conductive medium and subjected to an electric eld, the distribution of
free and bound charges within and around the cell becomes perturbed, leading
to the formation of an induced dipole moment [51]. This process, known
as cellular polarization, provides insight into the dielectric composition and
structural organization of the cell.

Biological cells can be modeled as heterogeneous particles composed of
a conductive cytoplasm surrounded by a thin dielectric membrane and im-
mersed in a conductive suspending medium [52]. The cell membrane, pri-
marily composed of phospholipid bilayers, behaves as an electrical insulator
that separates two conductive domains the intracellular and extracellular
regions [53]. This con guration is commonly represented as a single-shell
spherical model consisting of a resistive capacitive (RC) membrane enclosing
a conductive core, see Fig. 1.1. The main electrical parameters of interest
are the membrane capacitance and conductivity, and the cytoplasm permit-
tivity and conductivity. These quantities determine how the cell interacts
with an external eld, and thus, how its polarization develops over time and
frequency [54].

At the microscopic level, two main mechanisms govern the cell eld in-
teraction: conduction, where free charges move through conductive regions,
and polarization, where charges accumulate at interfaces due to restrictions
in mobility. In biological particles, interfacial (Maxwell Wagner) polarization
dominates in the frequency range typically from tens of kHz to tens of MHz,
as ions become trapped at the membrane interface, forming space-charge re-
gions that manifest as dipoles aligned with the electric eld [55]. As the
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frequency increases, the capacitive e ect of the membrane decreases, allow-
ing current to penetrate the cytoplasm and rendering the internal structure
accessible to electrical probing.

For a spherical bioparticle with complex permittivity " , suspended in a
medium of complex permittivity " ,,, the induced dipole moment p is given

by

p=4" .r3CcM ()E; (1.1)

where r is the cell radius, E the applied electric eld, and CM (!) is the
complex Clausius Mossotti factor, de ned as

1] n

CM ()= el ot (1.2)

with " =" j =!I, where " is the permittivity, the conduct|V|t¥, I =
2 f the angular frequency of the rotating electric eld, and j =

The Clausius Mossotti factor describes both the magnitude and phase of
the polarization response, linking the dielectric properties between the cell
" el @nd its environment ", to measurable electrokinetic behaviors. Its real
and imaginary components govern di erent physical e ects: the real part
Re[CM (!)] determines the direction and strength of translational forces in
DEP, while the imaginary part ImM[CM (!)] is responsible for the torque ob-
served in ROT [56]. Moreover, the frequency dependence of CM!) explains
the dispersive nature of cell impedance and the capability of impedance spec-
troscopy to probe distinct subcellular features.

Overall, the polarization of biological cells under electric elds represents
the fundamental mechanism underlying electrokinetic phenomena. By quanti-
fying how cells polarize and interact with AC electric elds across frequencies,
one can extract label-free information on their dielectric properties, morphol-
ogy, and physiological state forming the physical basis for modern electroki-
netic diagnostic and analytical platforms [57]. Several electrokinetic tech-
niques have been developed for cellular characterization. Among them, the
most established and widely adopted owing to their versatility and strong
diagnostic relevance are Electrical Impedance Spectroscopy (EIS), Dielec-
trophoresis (DEP), and Electrorotation (ROT).

1.2.2 Electrical Impedance Spectroscopy (EIS)

Electrical Impedance Spectroscopy (EIS) is one of the most established nonin-
vasive bioparticle characterization techniques for probing the dielectric prop-
erties of biological cells [57]. In EIS, cells are exposed to a low-amplitude
alternating electric eld, commonly sinusoidal, applied across two or more
electrodes generated by a voltage signal V (j!). The cells interact with the
eld, and their resistive and capacitive e ects are re ected in the measured
response current I(j!). By varying the frequency of the applied eld and
recording the corresponding response, an impedance spectrum is generated,
i.e., impedance as a function of frequency. This spectrum allows the extraction
of key dielectric properties such as membrane capacitance and cytoplasmic
conductivity.
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EIS can be implemented using di erent electrode con gurations, including
two-, three-, or four-electrode setups. In the simplest two-electrode con gura-
tion, the same electrodes act as the working electrode (WE) and the counter
electrode (CE). While increasing the number of electrodes can improve pre-
cision, it also increases experimental complexity; the optimal con guration
depends on the speci c application constraints [58].

The electrical behavior of the cells is formally described by the complex
impedance Z(j!), which relates the applied voltage V (j!) to the measured
response current I(j!):

V(Y
1GY)

where Re(Z) and Im(Z) represent the resistive and reactive components, re-
spectively. Pure (Ohmic) resistance does not vary with frequency; however,
in biological cells, the e ective resistance is frequency-dependent due to the
capacitive e ect of the cell membrane. The corresponding complex permittiv-
ity " (j!) captures both conductive and polarization e ects, linking electrical
behavior to the physical properties of the cell.

At low frequencies, the insulating cell membrane dominates the response,
acting as a capacitive barrier that limits current ow into the cytoplasm. As
the frequency increases, the membrane is progressively bypassed, allowing
current to penetrate the cell interior. This transition produces a charac-
teristic dielectric dispersion, known as the -dispersion, re ecting interfacial
(Maxwell Wagner) polarization e ects arising from charge accumulation at
the membrane medium interface [59].

Through proper modeling (e.g., single-shell or multi-shell approximations),
parameters such as membrane capacitance, cytoplasmic conductivity, and cell
size can be extracted [60]. These quantities serve as quantitative markers of
cell health, di erentiation state, or pathological alterations.

EIS o ers several advantages: it is label-free, non-destructive, and compat-
ible with micro uidic integration, enabling high-throughput single-cell anal-
ysis [57]. However, since impedance measurements typically re ect ensemble
averages, complementary methods such as dielectrophoresis (DEP) and elec-
trorotation (ROT) are often employed to provide localized or dynamic dielec-
tric information at the single-cell level. Moreover, this method is accurate, but
requires specialized hardware, whereas DEP and ROT utilize simpler, cost-
e ective systems to induce cell movement using electric elds non-uniform
in DEP, and uniform in ROT.

Z(! = =jzje N9@) = Re(Z) +jIim(Z) (1.3)

1.2.3 Dielectrophoresis (DEP)

Dielectrophoresis (DEP) refers to the translational motion of a polarizable
particle when subjected to a non-uniform electric eld [61]. When a biological
cell is suspended in a medium and exposed to such a eld, an induced dipole
moment arises due to the mismatch between the dielectric properties of the
cell and its surrounding medium. The resulting dielectrophoretic force acting
on the cell hibep | depends on the degree and direction of polarization and
can move the cell either toward regions of higher or lower electric eld intensity
[56].
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The time-averaged DEP force acting on a spherical particle of radius r in
a medium of permittivity " , is expressed as:

hFpep i=2r1 ", Re[CM ()]rEj 2 (1.4)

where E is the electric eld and CM (1) is the complex Clausius Mossotti
factor, representing the frequency-dependent polarizability contrast between
the particle and the medium.

If Re[CM (] > 0, the patrticle experiences positive DEP (attraction
toward high- eld regions), whereas Re[CM (!)] < O leads to negative DEP
(repulsion from high- eld regions). By analyzing the DEP response over a
range of frequencies, it is possible to infer key electrical parameters such
as membrane capacitance and cytoplasmic conductivity, enabling label-free
discrimination of cells based on their dielectric signature [54].

DEP has been extensively applied for cell trapping [62], manipulation [63],
separation [64], and classi cation [65], and represents one of the most widely
used electrokinetic methods in both conventional and micro uidic (on-chip)
settings.

1.2.4 Electrorotation (ROT)

Electrorotation (ROT) is a complementary electrokinetic phenomenon with
respect to DEP in which a polarizable particle experiences a rotational torque
when exposed to a uniform rotating electric eld. This torque arises from the
phase shift between the induced dipole moment and the applied rotating elec-
tric eld and provides access to the imaginary part of the Clausius Mossotti
factor, which is not accessible via DEP measurements [54].

The average torque hrot (1)i acting on a spherical particle is given by:

hror(i= 4" nmrimCM JEj? (1.5)

where the direction and magnitude depend on the sign and amplitude of
Im[CM (1)]. At frequencies where Im[CM (1)] = 0, no torque is gener-
ated and the cell remains stationary. Conversely, when the imaginary part is
nonzero, the dipole either lags or leads the eld, producing co- eld or counter-
eld rotation, respectively.

By monitoring the rotation rate as a function of frequency, ROT provides a
powerful means to extract dielectric parameters related to both membrane and
cytoplasmic properties [66]. In combination with DEP, it enables a compre-
hensive dielectric characterization capturing both the magnitude and phase
of the cell's polarizability. Together, DEP and ROT o er complementary in-
sights into the dielectric behavior of biological cells, forming the foundation
for modern label-free electrokinetic characterization techniques [67].

1.3 On-Chip Electrokinetic Applications

In recent years, electrokinetic techniques have evolved from fundamental phys-
ical principles into powerful analytical and manipulation tools for biological
systems. Their ability to probe the intrinsic dielectric properties of single cells

in a label-free and non-invasive manner has paved the way for numerous appli-
cations in biotechnology, diagnostics, and life sciences. These methods have
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found particular relevance when integrated within micro uidic and lab-on-
chip platforms, where precise control of the electric eld and uid environment
enables high-throughput, low-volume, and automated cellular analysis. The
following sections highlight key application domains of electrokinetic meth-
ods, focusing on their technological integration, diagnostic capabilities, and
their role in cell sorting and manipulation.

1.3.1 Advantages of Electrokinetic Approaches

Electrokinetic methods leverage the intrinsic electrical properties of cells to
perform both characterization and manipulation in a label-free, non-invasive
manner. Unlike traditional assays which often require chemical markers,
complex preparation, or xed cells techniques such as impedance spectroscopy,
dielectrophoresis (DEP), and electrorotation (ROT) can probe live, suspended
cells with minimal perturbation.

Measuring the electrical parameters o ers a simple and scalable form of
assessing a broad range of information. In fact, one of the key advantages
lies in the ability to access dielectric parameters such as membrane capaci-
tance, cytoplasmic conductivity, and cell polarization dynamics [68]. These
parameters re ect cellular morphology, membrane integrity, and physiolog-
ical state, enabling early detection of disease, di erentiation, or treatment
response without relying on antibodies or dyes. Moreover, electrokinetic plat-
forms are readily integrable with micro uidic architectures, facilitating low-
volume, high-throughput, and automated work ows. In addition, the com-
bination of micro uidics with AC electric elds allows for compact, scalable
devices that consume fewer sample quantities, reduce analysis times, and sup-
port real-time monitoring of single cells or populations. These features make
electrokinetic approaches particularly attractive for point-of-care devices, per-
sonalized diagnostics, and automated screening platforms [69]. Another ben-
e t is the dual functionality o ered by many electrokinetic systems: they can
both characterize and manipulate cells [70]. For example, DEP can discrim-
inate cells based on dielectric contrasts and then direct their movement or
trapping; ROT can extract detailed dielectric spectra, reveal subtle biophys-
ical changes, and precisely control the cell's orientation through the induced
torques. This characterize then act paradigm provides a seamless path from
measurement to sorting or manipulation, all in a single and compact device.

Finally, while challenges still remain such as standardization of protocols
or device fabrication complexity the trajectory of recent research and com-
mercialization [71,72] indicates that electrokinetic approaches are increasingly
complementing, and in some cases replacing, standard laboratory methods in
cellular characterization and manipulation.

1.3.2 Micro uidic integration and On-Chip Systems

The integration of electrokinetic methods within micro uidic and lab-on-
chip platforms has enabled the realization of miniaturized systems capable of
performing complex biological analyses with high precision and automation.
These devices allow the application and control of electric elds in con ned
uidic environments, enabling functions such as cell trapping, manipulation,
and dielectric characterization directly on-chip.
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Recent advances in materials science and microfabrication have made sub-
strates and components suitable for nearly all biological applications readily
available [73]. Continuous development in sample handling and preparation
techniques has also contributed to making bioassays more compact, auto-
mated, and customizable. These advances signi cantly enhance the through-
put, reproducibility, and versatility of on-chip electrokinetic platforms.

Multicomponent fabrication and device architecture. Electrokinetic

devices typically rely on a multicomponent architecture in which conduc-
tive, dielectric, and structural layers are integrated to achieve specic elec-
trical, mechanical, and optical functionalities. A typical con guration in-
cludes a rigid substrate such as glass or silicon on which metallic microelec-
trodes are patterned [74]. These electrodes generate controlled electric elds
within a micro uidic channel, allowing the manipulation or characterization

of suspended cells. Depending on the intended operation (e.g., impedance
measurement, dielectrophoretic trapping, or electrorotation), di erent elec-
trode geometries are adopted, such as interdigitated [75], castellated [76], or
guadrupolar designs [77]. The microchannel network, which guides the uid
and positions the cells in the active region, is generally fabricated from a
transparent polymer and bonded to the electrode substrate, forming a hybrid
electro uidic device [78].

Materials and fabrication processes. The choice of materials for elec-
trokinetic microdevices must balance electrical, optical, and chemical require-
ments with ease of fabrication and biocompatibility [41]. The most com-
mon substrates are glass and silicon. Glass o ers excellent optical trans-
parency, chemical inertness, and thermal stability making it particularly
suited for imaging applications, including uorescence or phase-contrast mi-
croscopy [79]. Silicon, conversely, is preferred when high electrical perfor-
mance or integration with existing microelectronic technologies is required;
however, its opacity limits optical access and requires re ective or infrared
imaging setups [80]. Gold (Au) is widely used as the electrode material due
to its chemical stability, high conductivity, and biocompatibility. Because gold
does not adhere strongly to glass or silicon, a thin adhesion layer typically
chromium (Cr) or titanium (Ti) is deposited prior to gold deposition. The
metallic layers are patterned using standard microfabrication techniques such
as photolithography combined with thermal evaporation or sputtering. These
processes ensure precise control over electrode geometry and thickness, which
are critical for achieving the desired eld distributions. The micro uidic com-
ponents, responsible for uid handling and sample positioning, are most of-
ten fabricated from polydimethylsiloxane (PDMS). PDMS o ers key advan-
tages such as optical transparency, elasticity, and ease of prototyping through
replica molding against a master template [81]. Once cured, the PDMS
layer containing the channel network is aligned and irreversibly bonded to
the electrode-bearing substrate, forming a sealed micro uidic device capable
of operating under controlled electrical and hydrodynamic conditions.

Micro uidic manipulation and electrokinetic actuation form the founda-
tion of modern electrokinetic lab-on-chip technologies. By combining con-
ductive, dielectric, and structural materials into compact architectures, it is
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possible to create multifunctional platforms capable of performing cell anal-
ysis, sorting, and diagnostics with minimal reagent consumption and high
spatial precision.

1.3.3 Cell Characterization and Integrity Assessment

Electrokinetic characterization methods have been successfully applied to a
broad spectrum of biological systems, o ering powerful means for quantify-
ing dielectric signatures associated with cell health, di erentiation, or infec-
tion. These approaches, including impedance spectroscopy, dielectrophoresis
(DEP), and electrorotation (ROT), provide complementary perspectives on
membrane capacitance and cytoplasmic conductivity, enabling label-free mon-
itoring of cell function and pathology [82].

Several studies have focused on red blood cells (RBCs) owing to their
well-de ned geometry and physiological importance. Gawad et al. demon-
strated the capability of impedance ow cytometry to distinguish erythro-
cytes and ghost cells through frequency-dependent impedance pro les [83],
while Cheung et al. extended this approach to assess xed versus native
RBCs [84]. Electrorotation has been particularly e ective for probing RBC
membrane and cytoplasmic properties, as shown in early works by Becker
et al. [85] and Gascoyne et al., who analyzed both healthy and Plasmodium
falciparum-infected RBCs, revealing marked changes in dielectric parameters
during infection [86,87]. ROT, DEP and EIS have been extensively applied
to cancer cell analysis, enabling the discrimination of malignant phenotypes
based on dielectric contrast. Zhang et al. used a constriction-channel EIS
platform to di erentiate between primary and metastatic salivary gland car-
cinoma cells through variations in membrane capacitance [88], while Zhao
et al. applied multifrequency impedance to distinguish between lung and
cervical cancer cell lines [89]. Using ROT, Wang et al. observed reduced
membrane capacitance in erythroleukemia cells following induced di erenti-
ation [90], and Keim et al. achieved multiplexed single-cell characterization
of cancer and neuronal lines [91]. DEP has also been exploited to discrimi-
nate cells according to malignancy or di erentiation state. Salmanzadeh et
al. [92] investigated ovarian cancer MOSE cells, revealing distinct dielectric
signatures associated with cancer stage. In addition, DEP eld- ow fraction-
ation (DEP-FFF) enabled the discrimination of malignant MDA-435 cancer
cells from stem cells based on di erences in levitation height, yielding 92%
purity [93]. ROT-based studies have also extended to immune cell pro ling.
Becker et al. characterized HL-60 leukemic cells and T-lymphocytes [94], and
further developments enabled dielectric mapping of multiple leukocyte sub-
types in integrated microchip platforms [95], underscoring the potential of
electrorotation for immunophenotyping. Beyond mammalian systems, elec-
trokinetic methods have been applied to other bioparticles. For example,
DEP characterization of the alga Chlamydomonas reinhardtii revealed shifts
in crossover frequencies linked to cytoplasmic conductivity changes under ni-
trogen depletion [96], demonstrating how electrokinetics can serve as a proxy
for metabolic state and stress responses.

Overall, these applications con rm that electrokinetic techniques consti-
tute a powerful toolkit for cell characterization, o ering label-free, quanti-
tative, and highly sensitive analyses across a wide range of biological con-
texts [97].
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1.3.4 Cell Sorting, Trapping and Manipulation

Beyond dielectric characterization, electrokinetic techniques play a crucial
role in the active manipulation of biological particles. By exploiting the
forces generated through applied electric elds, it is possible to translate,
trap, or selectively separate cells according to their intrinsic electrical and
physical properties [98]. Among these methods, dielectrophoresis (DEP) and
its derivatives represent the most established approaches for electrokinetic
manipulation. Depending on the frequency and eld con guration, cells can
experience positive or negative DEP, leading to motion toward or away from
high- eld regions [99]. Owing to its versatility and label-free operation, DEP
has been extensively explored for applications ranging from single-cell trap-
ping to large-scale separation. Its capability to discriminate cells based on
dielectric contrasts has enabled selective enrichment of viable, malignant, or
rare cell types in heterogeneous samples [100]. The robustness and maturity of
DEP-based methods have also facilitated their transition toward commercial
implementations; a notable example is the ApoStream platform [72].

Recent studies have demonstrated a broad range of DEP-assisted oper-
ations, including cancer cell sorting, selective trapping, and viability-based
separation, using both electrode-based (eDEP) and contactless (cDEP) archi-
tectures. DEP-based separation has been extensively applied to cancer cell
discrimination. Alshareef et al. [101] employed an eDEP platform to separate
breast cancer cells (MCF-7) from colorectal cancer cells (HCT-116), later
optimizing electrode geometry and materials to enhance the recovery rate.
Similarly, Alazzam et al. [102] demonstrated e cient isolation of metastatic
breast cancer cells (MDA-MB-231) from blood cells using interdigitated comb
electrodes, achieving a separation e ciency of 96%. Further advancements
were proposed by Marchalot et al. [103], who implemented three-dimensional
carbon PDMS electrodes for positive DEP trapping, obtaining up to 97% e -
ciency. Other studies have focused on heterogeneous or mixed samples. Chen
et al. [104] used an eDEP device to separate HelLa cells from a mixture con-
taining MCF-7 and red blood cells (RBCs), achieving viability and e ciency
values near 80%. Further improvements in design have enabled size-based dis-
crimination, such as the four-zone device described in [105], which separated
PC-3 prostate cancer cells from leukocytes with 85:6% e ciency and 54:7%
recovery. Finally, contactless DEP (cDEP) architectures have emerged as an
alternative to conventional electrode systems. Shae et al. [106] employed
cDEP to manipulate THP-1 leukemia cells while quantifying translational
and rotational dynamics under actuation. Similarly, the use of vertical eDEP
con gurations [107] and coil-based cDEP concentrators [108] demonstrated
high selectivity (up to 95%) in guiding or trapping target cell populations
such as K562 and Jurkat T-lymphoblasts.

Overall, DEP-based manipulation demonstrates remarkable versatility for
both analytical and preparative purposes. By tuning the eld frequency, am-
plitude, and device geometry, electrokinetic platforms can be engineered to
perform selective trapping, enrichment, or separation across a wide range of
cell types and physiological states. Collectively, these advances illustrate how
electrokinetic methods are evolving from diagnostic characterization toward
active and precise cellular manipulation. A summary of representative appli-
cations, encompassing both dielectric characterization and sorting operations,
is reported in Table 1.1.



Table 1.1: Summary of electrokinetic techniques application for cellular characterization and manipulation.

Technique Application Cell Type(s) Description Advantages / Limitations  Ref.
EIS Characterization = RBCs and Impedance ow cytometry distinguishes intact Label-free; real-time monitor- [83]
ghost cells from lysed RBCs based on impedance spectra ing. Requires accurate uidic
control
EIS Characterization =~ SACC-83, Crossing-constriction channel device dierenti- Sensitive to subtle dielectric [88]
SACC-LM ates carcinoma subtypes via dielectric parame- contrasts; single-cell resolu-
carcinoma ters (Cm, cyto) tion
cells
EIS Characterization  H1299, Hela, Frequency-dependent impedance proling High-throughput; minimal la-  [89]
A549 (100 250 kHz) for cancer cell discrimination beling. Limited selectivity at
low frequencies
ROT Characterization =~ HL-60, T- ROT spectra used to determine crossover fre- Quantitative; precise dielec- [85]
lymphocytes,  quencies and derive G tric mapping. Sensitive to
RBCs medium conductivity
ROT Characterization =~ MEL (treated @ Membrane capacitance decreased after Enables monitoring of dier-  [90]
vs. untreated) di erentiation-inducing treatment entiation; requires careful cal-
ibration
ROT Characterization  HeLa, C3H10, 3D ROT combined with imaging for electrophys- Integrates optical and electri- [109]
B lympho- iological and morphological measurements cal data; complex fabrication

cytes, HepaRG

Continued on next page
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Table 1.1 continued from previous page

Technique Application Cell Type(s) Description Advantages / Limitations  Ref.

ROT Characterization  Healthy  vs. Detection of dielectric alterations (increased High sensitivity to infection  [87]
P. falci-  ¢yto, Cm) due to infection progression state; limited throughput
parum infected
RBCs

DEP Characterization = Chlamydomonas Shift in 2nd crossover frequency under nitrogen Non-destructive;  correlates [96]
reinhardtii (al- stress indicates lipid accumulation dielectric  response  with
gae) metabolic state

DEP Sorting MCF-7, HCT- eDEP device separates breast from colorectal High  separation selectiv- [101]
116 cancer cells; optimization of electrode geometry ity; dependent on geome-

improved e ciency try/materials

DEP Sorting MDA-MB-231, Interdigitated electrodes separate metastatic High recovery; label-free. Per- [102]

blood cells cells from blood with 96% e ciency formance decreases in high-
conductivity media
DEP Trapping HelLa cells 3D Carbon PDMS electrodes enable ecient 3D eld enhances trapping; [103]
single-cell trapping (97% e ciency) fabrication complexity

DEP-FFF  Sorting Stem cells, Field- ow fractionation separates malignantand Continuous ow; high  [93]

MDA-435 stem cells by levitation height (92% purity) throughput.  Requires uni-
form eld gradients
DEP Di erentiation MOSE ovarian DEP response used to di erentiate cancer stage Stage-sensitive; simple setup. [92]
analysis cancer cells through dielectric properties. May require calibration media

Continued on next page
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Table 1.1 continued from previous page

Technique Application Cell Type(s) Description Advantages / Limitations  Ref.

DEP Sorting HelLa, MCF-7, eDEP separation with viability and e ciency in ~ Moderate selectivity; compat- [104]
RBCs 76 80% range ible with ow operation

DEP Sorting PC-3, leuko- Four-zone device separates prostate cancer cellsSize-selective; tunable geome- [105]
cytes by size (85:6% e ciency) try. Partial recovery (55%)

cDEP Manipulation THP-1 cDEP platform measures transla- Electrode-free; reduced foul- [106]
leukemia tional/rotational motion under electric ac- ing. Limited force control
cells tuation

eDEP Sorting K562 cells Vertical Cr Au electrodes direct trajectories to- Compact design; scalable. [107]

ward outlet (94:7% separation) Reduced recovery e ciency
(49%)

cDEP Concentration Jurkat T-  Coil-driven cDEP microdevice concentrates cells High selectivity; avoids elec- [108]

lymphoblasts  with 95% e ciency trode degradation
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1.3.5 Electrorotation for Dielectric Cell Characterization

As discussed in the previous sections, several electrokinetic techniques are
currently used for cell characterization [110 112], in which cells are mod-
eled as electrical networks to extract their dielectric properties. In partic-
ular, impedance-based techniques [113], such as impedance ow cytometry
(IFC) [114] and electric impedance spectroscopy (EIS) [58], correlate the di-
electric properties of a cell population with the amplitude and phase response
of the induced current when an alternating voltage is applied at xed or vari-
able frequencies [115]. Although highly accurate, these approaches typically
require complex instrumentation and precise cell electrode coupling, which
can hinder measurement reproducibility and scalability.

Conversely, dielectrophoresis (DEP) and electrorotation (ROT) rely on
electric- eld-induced motion translational in DEP [56] and rotational in
ROT [116] to derive the dielectric parameters of individual cells. By analyz-
ing the frequency-dependent motion of suspended cells, these methods yield
the so-called DEP (translation frequency) and ROT (rotation frequency) spec-
tra. Typically, the frequency range explored spans from tens of kHz up to a
hundred of MHz, encompassing both the low-frequency region dominated by
the capacitive response of the cell membrane and the higher-frequency region
where the electric eld penetrates into the cytoplasm [52,68,117]. This broad-
band probing capability allows a comprehensive assessment of both membrane
and intracellular properties. In addition to their use in dielectric spectroscopy,
DEP and ROT enable dynamic operations such as trapping [62,118], manipu-
lation [63,119], and separation of cells [64]. While DEP is particularly suited
for manipulation and sorting, ROT provides a more stable platform for ac-
curate dielectric characterization, as cells experience rotational torque while
remaining localized near a xed point thereby minimizing the in uence of
positional variability and local eld inhomogeneity.

Therefore, among the various electrokinetic methods, ROT stands out as
a powerful technique for quantitative, label-free cell characterization. This
method ensures non-contact measurements, reduces experimental variability,
and simpli es device fabrication. Furthermore, the rotating eld employed
in ROT is inherently uniform than the non-uniform eld required for DEP,
leading to a more homogeneous torque distribution and, consequently, more
accurate extraction of dielectric parameters. The uniformity of the electric
eld also facilitates the simultaneous analysis of multiple cells and enables
longer observation times, yielding richer and more robust datasets.

Taken together, these features make electrorotation particularly advanta-
geous for studying cellular biophysical properties, especially when high pre-
cision, minimal perturbation, and scalability are required. For these rea-
sons, ROT represents the most suitable technique for the development of the
present work, combining the analytical power of impedance spectroscopy with
the exibility and label-free nature of electrokinetic systems.
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Chapter 2

Automated,
High-Throughput and
Label-Free ROT-Platform

This chapter presents the development and validation of the automated low-
frequency ROT-platform for label-free dielectric characterization of biological
cells. The system consists of three main components: (i) a custom electronic
device, the Quadrature Signal Generator (QSG); (ii) a speci cally designed
electrorotation chip, the ROT-chip; and (iii) a dedicated image processing
algorithm, the PiXel Intensity Algorithm (Pxl). Its high level of automa-
tion enhances results consistency and lowers the operational barrier for non-
specialist users, enabling routine, label-free dielectric characterization with
minimal supervision. Designed to be compact, automated, and user-friendly,
the platform is well-suited for biological environments, eliminating the need
for bulky, expensive, and complex instrumentation. The ROT-Platform has
been tested and validated through the determination of the specic mem-
brane capacitance in three di erent cell lines: CaCo-2, CCD-841, and OPM2.
The consistency of measurements both within and across these cell lines con-
rms the platform's functionality and highlights its potential as a label-free,
high-throughput electrokinetic characterization of cell populations. The work
related to the proposed platform and methodology has been published in [66].

2.1 Cell Characterization Through Rotating Elec-
tric Field

As discussed in Chap.1l, ROT is a well-established electrokinetic technique
that enables the label-free dielectric characterization of single cells suspended
in a uid medium. When exposed to a rotating electric eld, a polarizable
particle experiences an induced torque that causes it to rotate. The angular
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velocity of this rotation depends on the frequency-dependent complex per-
mittivity of both the particle and the surrounding medium.

By analyzing the cell's rotational response across a range of excitation
frequencies, ROT provides detailed information on intrinsic dielectric param-
eters such as membrane capacitance, cytoplasmic conductivity, and membrane
permittivity. These properties are directly related to cell morphology, compo-
sition, and physiological state, making electrorotation a powerful diagnostic
and analytical tool for biological studies.

Compared to other electrokinetic methods, e.g., dielectrophoresis (DEP),
ROT o ers a simpler, direct, and quantitative means to assess the complex
polarization behavior of cells under controlled electric stimuli. For this reason,
it has become a fundamental technique for probing the electrical and struc-
tural properties of biological cells in a non-invasive, label-free, and highly
sensitive manner.

2.1.1 Theory and Operating Principles

In the ROT phenomenon, a suspended biological cell rotates when exposed
to a uniform rotating electric eld. More speci cally, the dipole induced

in the cell by the Maxwell-Wagner polarization [120] interacting with the
external rotating electric eld with a magnitude jEj and an angular frequency

I, generates a time-averaged torque hror i, that causes the cell to rotate with

a time-averaged angular velocity h goti [121], de ned as follows

hror(Mi= 4" mriim[CM JEj? (2.1)
. o
hror@i=  mmCM IE 2.2)

where ", and are the absolute permittivity and the viscosity of the
suspension medium, r is the radius of the cell, and Im[CM ] represents the
imaginary part of the Clausius-Mossotti factor, which for the case of a spher-
ical particle suspended in a medium, is given by

CM = cll_Mm with " ="p | - (2.3)

n n I
cell +2 m :

where ", and ", are the complex permittivity of the cell and suspension
medium, respectively, and , is the conductivity of the suspension medium.
The Clausius Mossotti factor represents the e ective polarizability of the cell,
relating the dielectric properties of the cell and the medium in which it is
suspended. Specically, in ROT, it determines the magnitude and phase
of the induced dipole moment of the suspended particle and thus governs
its rotational behavior under a rotating electric eld. The complex nature of
CM implies that it can assume both positive and negative real and imaginary
parts depending on the excitation frequency and the contrast between the
dielectric properties of the particle and the medium.

In ROT, a nonzero imaginary component of CM gives rise to a torque
acting on the particle, causing it to rotate. When the imaginary part of
CM is negative, the induced dipole moment lags the rotating electric eld,
resulting in rotation in the same direction as the eld (co- eld rotation).
Conversely, when the imaginary part of CM is positive, the dipole leads
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Figure 2.1: lllustration of the dierent spherical and ellipsoidal cell and particle
models. Cottet, Jonathan, et al. "MyDEP: a new computational tool for dielectric
modeling of particles and cells.” Biophysical journal 116.1 (2019): 12-18.

the applied eld, producing rotation in the opposite direction (counter- eld
rotation). At frequencies where CM is purely real, no torque is generated,
and the particle remains stationary [122].

2.1.2 Electrokinetic Cell Modeling: Single and Multi-Shell

To accurately interpret ROT measurements, a suitable electrical model of
the cell is required. Cells are inherently heterogeneous systems, consisting
of distinct compartments such as the plasma membrane, cytoplasm, and, in
some cases, a nucleus or internal organelles, each with dierent dielectric
properties. These structural features strongly in uence the cell's frequency-
dependent polarization and therefore its electrokinetic response.

To capture this complexity, cells are commonly represented through equiv-
alent dielectric models, such as the Single-Shell or Multi-Shell spherical or
elliptical models, as shown in Fig.2.1. In the Single-Shell model, the cell
is represented as a conductive cytoplasmic core surrounded by a thin in-
sulating membrane. This simpli ed description e ectively accounts for the
dominant interfacial polarization e ects and is generally su cient for most
non-nucleated or homogeneous cells.

When higher accuracy is required such as for nucleated mammalian
cells or microorganisms with complex envelopes Multi-Shell models (two-
or three-layer) can be employed. These extend the Single-Shell framework
by introducing additional dielectric layers (e.g., nucleus), allowing ner es-
timation of intracellular permittivities and conductivities. However, this in-
creased complexity also makes parameter estimation more challenging and
often unnecessary outside specialized studies. Despite these extensions, the
Single-Shell model remains the most widely used approach in current elec-
trokinetic literature, providing a good compromise between physical realism
and analytical tractability.

Therefore, to model the complex permittivity of a biological cell, the
Single-Shell Model is commonly adopted [54]. In this model, the cell is rep-
resented as a concentric spherical structure composed of an inner cytoplasm
core with radius rij, and an outer membrane layer of thickness d =r rj,,
where r is the cell radius. The corresponding e ective complex permittivity

" cenl IS then given by:
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r +2 "Cyto_'_%
Fin cyto mem

(2.4)

r _cyto_mem

Fin cyto +2" mem

were "nem and "4, represent the complex permittivity of the membrane
and cytoplasm, de ned as follows

n —_n H mem n —n . CytO
mem = mem | — and  "opto =" eyto | — (2.5)

The dielectric response of a cell to a known electrical stimulus (E, !)
depends on four intrinsic parameters: the membrane permittivity ("mem),
membrane conductivity ( mem), cytoplasm permittivity (" cyto), and cyto-
plasm conductivity ( cyt0). Indeed, itis not possible to analytically determine
their values from a single frequency (o) measurement; it is therefore neces-
sary to acquire the electrorotation over a range of frequencies and derive the
ROT-spectrum h ror,,, (! i)i. Finally, to evaluate these parameters, a least-
squares tting procedure minimizing the discrepancy between the experimen-
tally measured spectra h ror,,, (! i)i and the theoretical model predictions
h ROTpey (! i)i Can then be used.

Among all, the estimated membrane permittivity " nem can be used to
extract the area-speci c membrane capacitance G as follows:

non

Cm = =" (2.6)

where d = r r i, represents the membrane thickness. The membrane
capacitance (Gy) is a key indicator of the biophysical characteristics of the
cell membrane, particularly its complexity and surface roughness. Higher
values of G, are typically associated with increased membrane roughness,
often linked to pathological conditions such as cancer.

2.1.3 Complementary Dielectric Insights: ROT and DEP

As discussed in Chap.1, Dielectrophoresis (DEP) and Electrorotation (ROT)
represent two complementary electrokinetic techniques that probe the dielec-
tric properties of suspended cells through their distinct responses to non-
uniform and uniform rotating electric elds, respectively. While DEP mea-
sures translational motion resulting from induced dipole eld gradients, ROT
detects the rotational torque arising from phase shifts between the applied
eld and the induced dipole. Together, they provide a comprehensive picture
of cell polarizability, enabling the extraction of both the magnitude and phase
of the Clausius Mossotti factor across frequency.

In fact, DEP and ROT probe complementary aspects of the Clausius
Mossotti factor. The dielectrophoretic force is proportional to its real part,
which governs the strength and direction of the induced dipole in a non-
uniform eld, whereas the electrorotational torque depends on its imaginary
part, arising from the phase lag between the eld and the dipole moment.
Therefore, while DEP provides information on the magnitude of cell polariz-
ability, ROT reveals its frequency-dependent phase behavior.

The two techniques are inherently interconnected, since both originate
from the same polarization mechanism and share the same theoretical formu-
lation of the Clausius Mossaotti factor. In principle, knowledge of one allows



2.1. Cell Characterization Through Rotating Electric Field 29

Figure 2.2: Dielectrophoresis (DEP) and electrorotation (ROT) responses modelled

using the Single-Shell model. The low- and high-frequency DEP crossover points (fxo1 ,

fxo2 ) are indicated, together with the contra- eld and co- eld peaks of rotation at f  pi1
and fp2 , respectively. A transition from contra- to co eld ROT occurs at f (o .

the derivation of the other across the frequency spectrum [54]. Thus, invoking
the Kramers Kronig theorem, for a xed frequency ! ., a relation between the
DEP force Fpep and the ROT torque could be derived as

Zl
(o= 20 O Taﬁi(gid! 2.7)

The quantity k is a frequency-independent, positive factor related to the
DEP and ROT applied electric elds E by:

_I'E Bep |
jERor]

This relationship indicates that, through the Kramers Kronig theorem,
we can obtain the DEP frequency response of a particle from its ROT spec-
trum and vice versa. From this interrelationship between DEP and ROT can
be noticed that: (i) in a frequency range where the DEP force acting on a
particle increases with frequency (@dep =@! > 0) the rotational torque (!)
iS negative, to give a contra eld rotation; (ii) where the DEP force decreases
with frequency (@Ipep =@! < 0) the rotational torque (!) is positive, to
give a co- eld rotation; (iii) at frequencies where @begp =@! = 0 the rota-
tional torque is zero. These relationships can be seen in Fig.2.2 for the DEP
and ROT response modelled for a generic particle.

More importantly, when both DEP and ROT data are available for the
same sample, the combined analysis enables the direct determination of the
four dielectric parameters of the Single-Shell model namely, the permittivity
and conductivity of the cytoplasm and the membrane from four characteris-
tic frequencies (two crossover frequencies from DEP and two rotational peaks
from ROT). This provides a self-consistent solution without relying on itera-
tive tting procedures.

However, in practice, simultaneously obtaining accurate DEP and ROT
responses from the same cell population is experimentally demanding due to
di erences in setup con guration, eld distribution, and measurement condi-
tions [123]. Consequently, most studies rely on one of the two techniques and

(2.8)
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Figure 2.3: ROT-Platform architecture: (A) the PC unit for the automation and
control of the experimental procedure, (B) the high-power and broadband Quadrature
Signal Generation (QSG) for 90-degree phase-shifted signal, (C) the plug-and-play
ROT-chip, (D) the image process acquisition and PiXel Intensity (PxI) Algorithm for
the automatic extraction of the cells angular velocity vs frequency (ROT-spectrum).

employ model-based tting to estimate the dielectric parameters with good
accuracy. For further details about DEP and ROT theory, see [54].

2.2 ROT-Platform Design and Architecture

The developed ROT-Platform is composed of (i) a Quadrature Signal Gen-
erator (QSG), (i) ROT-chip, and (iii) Pixel-Intensity Algorithm (Pxl). The
operating principle is illustrated in Fig.2.3. The QSG, controlled via PC
(see Fig.2.3(A)), generates four high-power quadrature sinusoidal signals (see
Fig.2.3(B)). These signals are connected to the ROT-chip via high-frequency
compatible cables (see Fig. 2.3(C)), where a uniform rotating electric eld is
generated. At the center of the ROT-chip, a rubber O-ring is placed to form
a uidic chamber and lled with the cells. A slide cover is then placed on top
to seal the chamber, minimizing cell translational movement. The ROT-chip
is positioned in the microscope, and cell rotation is monitored using a digital
camera. A custom script running on the PC was implemented to fully auto-
mate and control the experimental procedure and automatically perform the
ROT-spectrum experiments.

Speci cally, the script, initially, de ne the experimental parameters: the

tude of the applied signal Ay. The script initializes the process by setting the
rst frequency and starting the video acquisition. The experiment proceeds
through an iterative loop composed of two main phases for each frequency
step:

rotation-phase: the signal amplitude issetto A=A  (, and the selected
frequency feount is applied for a time duration trot .. ,» iNducing a
rotation of the cells;

" resting-phase: the signal amplitude is set to zero A = 0, e ectively
turning o the electric eld for a xed intervalt resting. During this phase,
the electrorotational torque is null (h rot i = 0), and the cell's rotation
ceases. This interruption is crucial for detecting transitions between
frequencies and simplifying and automating the post-processing step.

Once all frequencies in the vector F have been spanned, the video acqui-
sition is stopped and saved. Finally, the recorded video is analyzed using an
automated algorithm that calculates the angular velocity of the rotating cell
as a function of frequency, enabling the extraction of the cell's ROT-spectrum
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Figure 2.4: Flowchart of the experimental algorithm that fully automates and con-
trols the experimental procedure to automatically perform the ROT-spectrum experi-
ments.

(see also Fig. 2.3(D)). The complete work ow of the experimental control al-
gorithm is summarized in the owchart shown in Fig. 2.4. In the following,
the in-depth description of the ROT-Platform component.

2.2.1 Quadrature Signal Generator

The QSG is a custom-designed quadrature sinusoidal signal generator, specif-
ically engineered to meet the demanding requirements of electrokinetic ex-
periments, see Fig.2.5A. The system is capable of delivering four signals with
amplitudes up to 8 V into a 50 load, maintaining a 3 dB bandwidth

of 60 MHz, thus ensuring both high-power (200 mW) and wide frequency
response (20 MHz at 0:1 dB bandwidth) suitable for ROT demanding.
The QSG system architecture is modular and consists of three main subsys-
tems, as described in Fig.2.5B: the Control Unit (highlighted in yellow), the
signal generation module (highlighted in red), and the Quadrature and AM-
Pli cation stage (QAMP) (highlighted in green). Below, each subsystem is
described to provide a general understanding of its function and integration.

Control Unit

The Control Unit consists of a Raspberry Pi Model 4B, which acts as the
central processor coordinating all functional aspects of the system. This em-
bedded platform was chosen for its exibility, low power consumption, and
ease of integration with custom software environments. A dedicated control
software has been developed to manage the device hardware. This software
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(A) (B)

Figure 2.5: Quadrature Signal Generator electronic system (QSG) (A) picture and
(B) functional block diagram.

provides a set of low-level commands, enabling con guration of output pa-
rameters including frequency (f 1), amplitude (a,), and phase (') along
with full automation of the generator's operation during experimental pro-
tocols. Communication between the user and the QSG is established via a
TCP/IP protocol over an Ethernet connection, ensuring fast and reliable data
transmission.

Signal Generation

The signal generation module is responsible for producing two low-power si-
nusoidal signals with a 90-degree phase shift between them {\& asin(!t)
and V, = agsin(!t+90 ©9)). At the core of this module are two Direct Digi-
tal Synthesis (DDS) units (AD9915, by Analog Devices), which enable high-
resolution frequency and phase control across a wide operating range. The
AD9915 is a DDS unit designed to operate with an internal clock frequency
of up to 2:5 GHz, allowing it to synthesize output signals with frequencies of
up to 1 GHz. A clock distribution circuit based on the AD9513 (by Analog
Devices) is employed to deliver a common reference clock to both DDS units,
enabling synchronization through the integrated multi-chip synchronization
feature. This capability locks the DDS in frequency and maintains phase
coherence across the units, ensuring the generation of the signals with the
required frequency, while maintaining the exact phase relationship imposed
(90-degree phase shift). Moreover, to monitor the phase relationship between
the DDS outputs, a dedicated digital-to-analog phase feedback circuit based
on AD9901 (by Analog Devices), named a phase-detector, is incorporated,
providing an output voltage proportional to the phase-shift (V (")) of the
two signals. This module allows for high-resolution phase comparison and
continuous monitoring of synchronization, enabling ne-tuning during oper-
ation. The DDS units are managed by the Control Unit via the SPI (Serial
Peripheral Interface) protocol, allowing for startup initialization and dynamic
adjustment of output parameters. User-de ned commands enable real-time
changes to frequency, amplitude, and phase for each DDS output, providing
exibility for experimental applications.
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(A) B)

Figure 2.6: QSG Ampli cation Stage: (A) Simpli ed electrical schematic of a single

channel; (B) Magnitude response of the four channel, showing a perfect overlap with a

at gain of approximately 14 dB in the 10kH-20 MHz range, and a 3 dB bandwidth
extending up to 60 MHz.

Quadrature AMPIi cation (QAMP)

The Quadrature AMPIi cation stage (QAMP) has been designed as a dou-
ble, low-power input system. Each input signal (tone) is elaborated by a
conditioning chain named "channel”, where the Fig.2.6A depicts the simpli-
ed schematic. The single channel is capable of generating two 180out-of-
phase signals from the input one, while amplifying both voltage and power.
For this application context, two 90 out-of-phase signals are supplied by
the signal generation module so that the QAMP will provide four ampli ed,
power-backed, and in quadrature signals.

The QAMP is composed of two independent channels where the mutual
phase is solid, and the dynamic input/output voltage range and bandwidth
are almost equal. The system is composed of a low-noise and high linearity
pre-ampli cation stage and a power amplier. The single channel can be
divided into four main blocks: the input tone source, the fully-di erential
pre-ampli er, and two identical power ampli ers. The beating heart of the
pre-amplifying stage is made up of a dual-channel, fully-di erential ampli er
(ADA4927, by Analog Devices). This is powered with a dual voltage 5 V
and provides initial ampli cation (6 dB) of the input tones. The choice of a
dual-channel chip is thought out to minimize inter-channel mismatches and
guarantee a low phase-shift discrepancy between the two elaborated tones.
At the output of this circuit, there are two signals in phase opposition with
amplitudes limited to 5 V. The power ampli cation stage is made up of
an operational ampli er (THS3491, by Texas Instruments) which is powered
with a dual voltage supply, 15 V. The voltage gain has been set at 14 dB
using external resistors. Extensive electrical characterization of each signal
conditioning chain has been carried out in the frequency and time domains.
The magnitude diagram reported in Fig.2.6B shows a band-pass gain equal
to about 14 dB, reduced by 6 dB for a 50 standard measurement setup. A
high gain atness (gain variation < 0:2 dB in the band) is maintained in the
frequency range between 10 kHz and 20 MHz, with an inter-channel gain
error lesser than 1%, with a nal 3 dB bandwidth of 60 MHz. All four
output signals exhibit almost the same amplitude, with a maximum output-
to-output amplitude di erence equal to 40 mV, corresponding to 0:5% of the
output signal, and the maximum phase error is 0:4. The measured total
harmonic distortions are equal to 0:1%, and 0:4% for an output voltage peak-
to-peak value of 1 V, and 7:5 V, respectively.



34 Chapter 2. Automated, High-Throughput and Label-Free ROT-Platform

()

(B)

Figure 2.7: (A) The plug-and-play ROT-chip layer structure and (B) ROT-
microchip dimensions and electrode geometry.

2.2.2 ROT-chip: Design and Fabrication

The ROT-chip consists of a custom PCB designed to minimize parasitic ca-
pacitances, enabling high-frequency operations, and a specially engineered,
glass-based, ROT-microchip, as shown in Fig.2.7A. The PCB facilitates easy
handling of the ROT-microchip as well as easy electrical connections for signal
transmission through four RF coaxial connectors between the QSG and the
ROT-microchip electrodes. Indeed, to ensure impedance matching between
the QSG and the ROT-chip, each electrode is equipped with a 50 termi-
nation resistor. This con guration maximizes power transfer e ciency and
preserves signal integrity across the high-frequency operating range.

The ROT-microchip is composed by four metal electrodes on a glass sub-
strate de ning a central circular region of radius 200 m, corresponding to
the region where the rotating electric eld is generated, see Fig.2.7B. A spe-
ci c "Bone electrode” con guration, described in [124], was used in order
to minimize eld non-uniformities, thus minimizing dielectrophoretic (DEP)
forces, which would cause the cells to drift away from the region of interest
(ROI). The geometries of the electrodes and a picture of the ROT-microchip
are shown in Fig.2.7B. The ROT-microchip was manufactured using standard
photo-lithographic techniques [125]. The microelectrodes were realized with
a 20 nm chrome adhesion layer and a 100 nm gold layer on top of a glass sub-
strate, chosen for its biocompatibility and transparency. The ROT-microchip
was mechanically attached to the PCB support through an adhesive layer,
see Fig.2.7A. Finally, the electrodes were connected to the PCB using cop-
per wires and silver paste to ensure a stable and robust connection during
handling and transport.
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Figure 2.8: Geometry employed in the COMSOL simulation.

() B)

Figure 2.9: COMSOL Multiphysics simulations: (A) riEj 2 surface in the plane

10 m above the electrode layer and (B) hF pep i acting along the x-axis for di erent

z-planes. The particle was assumed to have a radius of 6:2 m (consistent with the
dimension of the CaCo-2 cells) and a Re[CM ] = 0:8 for a frequency of 80 kHz.

Comsol Simulations

A simulation was performed using COMSOL Multiphysics, a nite element
simulation commercial software package, to assess the inuence of the di-
electrophoretic and ROT force on cells in dierent positions. The simula-
tion focused on the ROT-microchip, made up of four electrodes, to study
the dielectrophoretic e ects induced inside the chamber. A 3D model of the
chamber was used, with a volume of 800 m 800 m 500 m, begin-
ning from the metal layers and up to the 500 m of the o-ring thickness, as
shown in Fig.2.8. The volume above the electrode layer was assumed com-
posed of water having an electrical conductivity of 0:033 S=m and a relative
permittivity of 80, representing the cells suspension medium (aqueous bu er).
A non-uniform tetrahedral 3D mesh was used for space discretization. The
mesh was narrower around the electrodes, and then decreased along the z-axis
to best simulate the region of interest in the electron plane, while minimiz-
ing the simulation time. The study was a frequency-domain analysis, with
four quadrature sinusoidal signals considered, having a frequency of 80 kHz
and an amplitude of 10 \jp. The study allowed the analysis of the gradient
of the electric eld rE inside the chamber and the derivation of both the
dielectrophoretic and electrorotation forces hipgp i in a tridimensional space.
The simulation results (Fig.2.9A) indicate that the resulting hFpgp i is
null at the center of the chamber. However, approaching the electrodes, the
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Figure 2.10: (a) Subdivision of the frames in the four quadrants, (b) P 4(t) signal
behavior in the rst quadrant Q 1, and (c) FFT analysis with peak extraction.

electric eld becomes non-uniform, thereby generating a hgp | 6= 0, which
leads to unwanted cells movements. This means that the optimal cell position
is located inside a circular region with a radius of 150 m, smaller than the
200 m of the electrodes, beginning from the center of the electrodes. Outside
this region, i.e. close to the electrodes, the cells are subjected to an hfp i 6=
0, resulting in non-pure rotations. Fig.2.9B depicts the average DEP force
hFoep i along the x-axis at various z-plane, with a 25 m increment, ranging
from the electrode plane up to 150 m. The plotted data illustrates the trend
of the DEP force hipgp i to diminish as the distance from the electrode plane
increases. This behavior is characterized by a rapid saturation in a quadratic
pattern, particularly evident after approximately 100 m. The underlying
cause of this phenomenon is the swift dispersion of the electric eld along the
z-plane. This poses a notable limitation on the ideal positioning of the cell
along this plane.

2.2.3 PiXel Intensity Algorithm

The video acquired during the experiments is analyzed through the image
processing Pixel-Intensity Algorithm (PxI) that allows the automatic extrac-
tion of the cells' angular velocity vs frequency (h rot (! i)i). The PxI algo-
rithm estimates the cell's angular velocity over time by analyzing variations
in grayscale pixel intensity patterns, enabling precise characterization of the
electrorotational response.

The automated ROT analysis pipeline begins with a user-assisted cell se-
lection step, performed via a graphical user interface. At this stage, cells
located outside the optimal trapping region de ned as a radius of 150 m
from the geometric center of the electrodes or exhibiting clustering or signs
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of being biologically compromised (e.g., membrane rupture) are excluded to
ensure biological and analytical reliability. Each selected cell is assigned a
unique label, and its centroid is localized within the initial reference frame.
Subsequently, a segmentation-based tracking routine is employed to monitor
the position of each selected cell throughout the duration of the experiment.
For this purpose, the Cellpose algorithm a robust and widely used segmenta-
tion tool is utilized to ensure robust and accurate centroid detection across
all video frames. Once the centroid trajectory is established, a square Re-
gion of Interest (ROI) is dynamically extracted from each frame, centered on
the instantaneous centroid position. This ROI is then passed to the angular
velocity extraction module, implemented through the Pxl.

Speci cally, suppose the cell is rotating around the z-axis (optical axis)
and its centroid has been determined using Cellpose. For a recorded sequence

tervals, the Pxl algorithm operates as follows:

" ROI extraction as a n n intensity matrix around the identi ed centroid
of the cell, see Fig.2.10A;

~ subdivision of the ROI into four equal regions, identi ed as quadrants,
Q1, Qz2, Q3, and Q4, each represented by a5 matrix, see Fig.2.10A;

" Determination of the spatial average intensity value of the k-th frame
qu for each quadrant, independently, as

n 0 n 1
11X X o
PI== @ plijA (2.9)
=1 j=1

for g = 1;2;:::4, where pﬂ(i;j) is the intensity of the pixel in position
(i;j) of the k-th frame of the g-th quadrant;

" calculation of the average intensity value Pq(t) over time for each inde-
pendent quadrant, as shown in Fig.2.10B;

" Fast Fourier Transform (FFT) of the resulting signal Pq(t);
"~ frequency peak identi cation as shown in Fig.2.10C;

~ 1 . q . -
cell's angular velocity ! ., determination as

lag =2f (2.10)

" cell's mean angular velocity ! py determination as a average of the four
quadrant ! 3., .

As observed in thePg(t) signal, the temporal behavior is periodic, with pe-
riodicity dependent on the cell's rotation. Therefore, in the frequency domain,
the frequency peak corresponds to the number of revolutions per second that
the cell performs. To reduce the impact of background noise in ROT experi-
ments, the ROI around the cell is sized based on the cell radius and divided
into four quadrants. This accounts for uneven noise sources such as cell
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Figure 2.11: (a) Round-shaped cell, (b) elliptic-shaped cell, and (c) asymmetric-
shaped cell.

(A) (B)

Figure 2.12: Electrorotation Spectrum for round-shaped cell with (a) no residual
tracking error and (b) high residual tracking error.

movement, out-of-focus objects, and lighting variations which may a ect
each quadrant di erently. Averaging the results from all quadrants improves
the reliability of the angular velocity estimation.

Pxl Performances

In order to evaluate the accuracy and computational e ciency of the de-
veloped PxI rotation algorithm, a simulated electrorotation environment has
been implemented. The simulator mimics the behavior of cells rotating under
electrorotation conditions, generating a synthetic video of the experiment.
The output video from the simulation is then processed by the PxI algo-
rithm, which estimates the angular velocities, enabling a comparison between
the estimated parameter and the original input value, providing a controlled
environment to evaluate the algorithm's performance. To generate the simu-
lated video, the simulator environment takes as input a cell image extracted
from a pre-existing database composed of real cell images acquired during
previous ROT experimental campaigns. Alongside the cell input, the simula-
tor also receives an angular velocity vector, representing the expected ROT
spectrum, and a corresponding time vector that de nes the duration for which
the cell rotates at each speci ed angular velocity. As output, the algorithm
produces a simulated video replicating the ROT experiment.

Three di erent cell shapes were considered in four di erent video condi-
tions. Fig.2.11 shows the three representative cell shapes considered for the
simulator. Speci cally, a round, an elliptical, and an asymmetric shape were
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PxI DPIV
Tracking residuals Cell Shape | RMSE [rad=s] fy [S] | RMSE [rad=s] t [S]
round 0.031 1.82 0.090 210
Null elliptical 0.032 1.47 2.704 241
asymmetric 0.035 1.24 0.047 274
round 0.041 1.28 3.178 453
Low elliptical 0.045 1.58 2.044 669
asymmetric 0.040 1.09 1.229 471
round 0.055 1.02 4.001 663
Medium elliptical 0.049 2.59 2.493 444
asymmetric 0.063 2.06 2.049 569
round 0.058 1.85 2.182 489
High elliptical 0.083 1.27 3.526 793
asymmetric 0.111 1.73 2.197 799

Table 2.1: Summary table reporting the accuracy and computational e ciency of
both the PxI and DPIV algorithms across all combinations of tracking conditions and
cell shapes considered.

selected as reference cases. These three morphologies were chosen as they
collectively encompass the vast majority of cellular geometries typically ob-
served in electrorotation experiments. Furthermore, the accuracy of the PxI
algorithm is a ected by the precision of the tracking process. Tracking errors
can introduce residual o sets, leading to a random displacement of the cell
within the region of interest (ROI) over time. To assess the robustness of
the PxI algorithm under varying tracking conditions, we created four levels
of tracking residuals: Null, Low, Medium, and High. These levels represent
scenarios ranging from ideal tracking with no centroid drift to severe tracking
errors with signi cant centroid drift for each cell shape. Finally, to bench-
mark the developed algorithm against standard methodologies, all simulated
videos were analyzed using both the Pxl algorithm and Digital Particle Image
Velocimetry (DPIV), [126]. For each simulated video, the resulting rotation
spectrum was estimated, and both the Root Mean Square Error (RMSE) and
elapsed time (k) were evaluated across the entire electrorotation frequency
range.

Fig.2.12 presents rotation spectra obtained with both analysis methods,
Pxl and DP1V, for the round-shaped cell under the two extreme tracking sce-
narios: no residual tracking error (Null condition, Fig.2.12A) and high resid-
ual tracking error (High condition, Fig.2.12B). It can be observed that, under
ideal tracking conditions, where the tracking residual error is null, both algo-
rithms are able to extract the full electrorotation spectrum. However, under
the worst-case scenario, characterized by high tracking residuals, the DPIV
algorithm fails to estimate the angular velocity, resulting in an inaccurate
reconstruction of the rotation spectrum. Table 2.1 summarizes the results
obtained across all tested conditions and cell shapes. The table highlights a
clear trend observed in both algorithms: as tracking residuals increase, the
RMSE rises, primarily due to the displacement of the cell within the ROI.
However, while the PxI algorithm consistently estimates the angular velocity
across all levels of tracking residuals considered, with an error ranging from
just 3:5% under ideal conditions to 11% in the presence of high residuals, the
DPIV algorithm is only able to reliably reconstruct the rotation spectrum
when no tracking error is present. One of the primary reasons why Particle
Tracking Velocimetry (PTV) algorithms, such as DPIV in this case, tend to
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Figure 2.13: Picture of the experimental setup used.

fail in rotational velocity analysis is that they are inherently designed to esti-
mate translational and tangential displacements, rather than angular motion.
As a result, they struggle to accurately capture the rotational dynamics of
cells, particularly when tracking residuals introduce centroid drift within the
ROI. Moreover, there is a signi cant di erence in computational time between
the two methods: PxI extracts angular velocity values across the entire spec-
trum more than 100 times faster than DPIV, making it vastly more e cient
for high-throughput or real-time applications.

2.3 Experimental Setup and Campaign

A picture of the ROT-Platform used for the experimental validation is shown

in Fig.2.13, as previously mentioned, the system is compact, easily trans-
portable, and can be used with standard microscopes. The electrical connec-
tion between the QSG and the ROT-chip was made using SMA-UMC coaxial
cables of equal length, in order to maintain the symmetry of the system to
avoid a mismatch or a phase-shift between the signals. The ROT-chip is
inserted under a phase contrast inverted microscope (OPTIKA IM-300 PHi)
with a 20 magni cation. A CCD camera (340M Fast Frame, Thorlabs) with

a resolution of 640 480 px (pixel size of 7:4 m, square) coupled with the
microscope, was connected through a USB cable to a PC for the video acqui-
sition using its proprietary software (ThorCam— v.3.7.0), using a frame rate
of 60 FPS.

As described in Sec.2.2, a Matlab script was used to control the QSG and
automate the experimental procedure. To automate the frequency spanning,
we have set a variable got time and a xed t resting time, equal to 0:5 seconds,
su cient for the algorithm to separate the analysis of each frequency. The
choice of a variable go7 time depends on the algorithm's capability to esti-
mate the rotation accurately. To ensure a valid result and minimize the error
between the real and estimated rotation, it is essential for the cell to complete
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multiple rotations around its axis. Although an in nite number of rotation
periods would yield an average angular velocity nearly coincident with the
real value and an error approaching zero, the objective is to analyze as many
cells as possible within the shortest time possible. Consequently, we have
identi ed four completed cell rotations as the optimal number. Moreover, the
rotation of the cell is contingent upon the applied frequency, necessitating a
troT time dependent on the signal frequency. The higher the angular veloc-
ity of the cell, the shorter the acquisition time, and vice versa. Therefore, for
each experiment, the variable kot time spans between 4 to 10 seconds. For
all the experiments, the frequency step used is the logarithmic scale, rang-
ing between 30 kHz and 1 MHz. The duration of each experiment aimed at
extracting a ROT-spectrum approximates 120 seconds. The measurable num-
ber of cells per unit time (cells=h) was evaluated as the system throughput.
Based on the number of cells analyzed within the measurement time, de ned
as the sum of the time required to obtain the ROT spectra ( 120 s) and the
time required to replace and introduce cells ( 60 s), the system achieves a
throughput of up to 200 cells=h. Moreover, due to the compact and eas-
ily transportable nature of the system, the entire experimental campaign was
conducted within the biology laboratories. This arrangement has provided an
optimal environment for monitoring cell lines while also eliminating the need
for travel and the associated delays that arise from changing laboratories.

2.3.1 Cell cultures and preparation

Three di erent cell lines were considered for the performance evaluation of
the platform: Normal Colorectal cells (CCD-841), human colorectal adeno-
carcinoma cells (CaCo-2), and human myeloma cells (OPM2). Normal Col-
orectal cells (CCD-841 CoN CRL-1790, American Type Culture Collection,
Manassas, VA, USA) and Human colorectal adenocarcinoma cells (CaCo-2
HTB-37TM, American Type Culture Collection, Manassas, VA, USA) were
grown respectively in Dulbecco's Modi ed Eagle Medium (DMEM) and in
Modi ed Eagle Medium (MEM) both with 10% heat-inactivated fetal bovine
serum (FBS), 2 mM L-Alanyl-L-Glutamine, penicillin-streptomycin (50 units
-50 g for mL) and incubated at 37 °C in a humidi ed atmosphere of 5% CO2,
95% air. Human myeloma cells (OPM2, from DSMZ) were cultured in RPMI
1640 medium supplemented with 10% heat-inactivated fetal bovine serum
(FBS) and 1% Penicillin-Streptomycin at 37°C and 5% CO2. Cells were
seeded at a concentration of 0:5 1¢ cells per mL and split every 48 hours.
For the experiment, cells were collected in a centrifuge tube and centrifuged
at 1500 rpm for 5 minutes. After discarding the supernatant medium, the
cells were washed with the bu er, already reported in [127], after which the
cells were incubated for about 5 minutes with the same bu er, which has a
conductivity of 33 mS=m. Then this bu er was removed, the cells underwent
trypsinization, and trypsin was inactivated with the bu er containing 10%
FBS, the cells were centrifuged at 1300 rpm for 5 minutes and were counted.
Finally, the cells were resuspended in the same bu er to obtain a working
concentration of 500 cells= L.
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Figure 2.14: Amplitude modulated rotation spectrum for di erent frequencies of
the applied electric eld.

2.4 Experimental Validation

Before starting cell characterization, the optimal operating conditions were
investigated. In particular, a series of ROT-spectra was performed on the
same cell at di erent amplitudes of the applied signal. From the theory,
see Sec.2.1, it was expected that as the intensity of the applied electric eld
increases, the angular velocity of the cell also increases. This is clearly illus-
trated in Fig.2.15A, where a single CCD-841 cell with an amplitude signal
range from 4\, to 8V, was investigated. The relationship between the an-
gular velocity of the cell and the electric eld intensity follows as expected
guadratic behaviors (see Eq.2.2). Indeed, to accurately extract the angular
velocity through the algorithm and minimize the duration of the experiment,

it is essential to maximize the intensity of the electric eld. However, the cell
rotates within a uid of speci ed viscosity, which limits the maximum angular
velocity it can achieve, see Fig.2.14. Furthermore, excessive electric eld in-
tensity may induce electrolysis. Consequently, the optimal working condition
has been established with an amplitude voltage of 6).

Initially, the ROT-Platform validation was performed by computing the
ROT-spectra intra-cell line. In particular, in one of the CaCo-2 experiments,
it was possible to extract four CaCo-2 cells, which are in the observation eld
simultaneously. Fig.2.15B shows their spectra. As can be seen, all the spectra
share, as expected, the same shape and the same frequency of maximum ro-
tation, which, for the CaCo-2, corresponds to around 40 55 kHz. Although
the frequency of maximum rotation and the shape of the ROT-spectrum are
consistent across cells, the rotational velocities are di erent from each other.
The variability in angular velocity observed among cells primarily stems from
slight spatial non-uniformities in the electric eld and, more notably, from
hydrodynamic interactions resulting from the cells' proximity to the wall sub-
strate. Even without direct adhesion, close positioning to the surface increases
the e ective viscosity experienced by the cell, thereby reducing its rotational
velocity. This near-wall e ect has been previously studied and incorporated
into ROT models, particularly in the context of metallic particles [128]. Addi-
tional minor factors may also contribute and will be explored in future work.
Despite minor biological variability, the ROT spectra consistently exhibit the
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Figure 2.15: ROT-spectra(h  rot (! i)i) of the experimental campaign. The cell an-
gular velocity is plotted versus the frequency of the rotating electric eld (f | =! i=2).
In particular: (a) ROT-spectra of CCD-841 cells at di erent voltage operating con-
ditions, (b) ROT-spectra of four di erent CaCo-2 cells at 6 V pp extracted during the
same experiment, and (¢) ROT-spectra of the three di erent cell lines considered in
this study. One cell per cell line is reported. The data points were gathered from
experiments and represent the measured ROT-spectra obtained through the PxI Al-
gorithm. The solid lines show the tting curve of data points with the Single-Shell
Model.

same characteristic shape and peak frequency range, con rming the robust-
ness of the dielectric property extraction.

In Fig.2.15C, the ROT spectra of three cells related to the considered cell
lines are reported. Unlike the previous case, Fig.2.15B, where the maximum
rotation coincides at the same frequency, in this case, the maximum rotation
is di erent for each cell line, indicating, as expected, di erent dielectric char-
acteristics. Speci cally, CaCo-2 cells exhibit a maximum rotation point of
around 40 55 kHz, while CCD-841 and OPM2 cells show maximum rota-
tion points at frequencies around 60 kHz and 100 kHz, respectively. These
ndings con rm the distinct nature of the three cell lines and highlight their
varying dielectric membrane characteristics.

2.4.1 Speci c Membrane Capacitance

To estimate the dielectric properties of the cells, the Single-Shell Model (see
Eq.2.4, combined with Egs.2.2, 2.3, and 2.5) was employed, as it represents a
well-established and widely validated model that enables reliable extraction
of cell dielectric properties. A least-squares tting procedure was applied
to minimize the discrepancy between the experimentally measured spectra
and the theoretical predictions. As reported in Sec.2.1, the dielectric char-
acteristics of a biological cell is described by four parameters: membrane
permittivity (" mem), membrane conductivity ( mem), Cytoplasm permittiv-

ity (" ¢yto), and cytoplasm conductivity ( ¢yt0). In the considered frequency
range, 30 kHz 1 MHz, the ROT phenomenon is dominated by the cell
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Figure 2.16: Membrane capacitance C  of CaCo-2, CCD-841, and OPM2 cells
estimated by tting 30 ROT-spectra using the Single-Shell Model.

membrane permittivity " mem SO that the cytoplasm permittivity (" cyt0), the
cytoplasm conductivity ( ¢yto) and the membrane conductivity ( mem) cannot
be reliably extracted through tting procedures with the ROT-spectrum [109],
and typical xed values of 80, 0:3 S=m and 1 S=m were, respectively as-
sumed typical values for physiological conditions.

The solid curves in Fig.2.15 show the results obtained through least-
squares tting with the Single-Shell model. The experimentally measured
spectra show a strong agreement with the corresponding theoretical predic-
tions. For each cell type analyzed in this study (CaCo-2, CCD-841, and
OPM2), the relative permittivity of the membrane " em Was estimated. Fi-
nally, by considering a membrane thickness of d = 8 nm typical values
for physiological conditions the area-speci ¢ membrane capacitance C;, for
each cell line was subsequently calculated using Eq.2.6. Fig.2.16 shows the
resulting values of membrane capacitance  estimated by the best t over
approximately 10 experimental spectra per cell type.

2.4.2 Statistical Analysis

The comparative analysis of the three investigated cell types CaCo-2, CCD-
841, and OPM2 revealed distinct distributions of membrane capacitance
values, re ecting di erences in membrane morphologies and structural orga-
nization. An analysis of variance (ANOVA) was carried out to analyze the sta-
tistical signi cance of the obtained membrane capacitance G, values, and are
reported in Table 2.2. The performed analysis shows that di erences in mem-
brane capacitance between the three investigated cell lines were statistically
signi cant (p value < 0:001). Moreover, the analysis of variance shows that
the between-groups variability (SS = 332:14) is much larger than the within-
groups residual variability (SS = 72:82), con rming that the variance in C
can be attributed to the cell type. In fact, post-hoc Tukey's multiple com-
parison test indicated that all pairwise comparisons were signi cant: CaCo-2
vs CCD-841 (p value = 0:013), CaCo-2 vs OPM2 (p value < 0:001),
CCD-841 vs OPM2 (p value =0:013).

Among the colon-derived cell lines, CaCo-2, a colorectal adenocarcinoma
line, exhibited the highest membrane capacitance (G = 25:47 4:6 mF=m ?2),
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Source Sum of Squares (SS) df Mean Square F-value p-value

Groups 332.14 2 166.07 22.80 0.000188
Error 72.82 27 7.28
Total 404.96 29

Table 2.2: ANOVA performed on membrane capacitance (C n) values across the
three considered cell lines: CaCo-2, CCD-841, and OPM2.

re ecting a complex and irregular membrane surface. In contrast, the CCD-
841 line, derived from normal human colon epithelium, presented a signi -
cantly lower capacitance (G, = 19:02 1 mF=m 2), consistent with the rela-
tively smoother and more organized membrane structure of healthy epithelial
cells. This trend aligns well with ndings in the literature, which report that
cancer cells tend to exhibit increased membrane capacitance compared to
their non-tumorigenic counterparts, due to enhanced microvilli density and
membrane roughness [54, 65]. The OPM2 line, representing a hematopoi-
etic cancer model (multiple myeloma), showed the lowest capacitance overall
(Cm = 12:58 1:1 mF=m 2), likely re ecting the intrinsically di erent mor-
phology and membrane composition of non-adherent, spherical blood-derived
cells compared to epithelial cells. This observation is consistent with ndings
reported in [129], where subpopulations of peripheral blood cells exhibited
signi cantly higher crossover frequencies corresponding to higher peak ROT
rate compared to all NCI-60 cell lines grown under adherent culture condi-
tions. These results suggest that blood-derived cells tend to have lower mem-
brane capacitance values, likely in uenced by their smoother, more spherical
morphology, which implies reduced membrane surface complexity or rough-
ness.
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Chapter 3

ROT-Platform Validation In
Multiple Myeloma Cells

This chapter explored the dielectric properties of three Multiple Myeloma
(MM) cell lines with distinct metabolic pro les and varying sensitivities to
proteasome inhibitors. Using the ROT-Platform described before, we demon-
strated the capability of ROT to di erentiate MM cells with unique metabolic
features and resistance mechanisms. The ndings underscore the potential of
electrokinetic approaches, such as ROT, to advance our understanding of MM
heterogeneity and enhance MRD assessment. By providing new insights into
cell behavior and dielectric response, these techniques open promising avenues
for improving diagnostic precision and guiding therapeutic decision-making
in MM. The related work, its validation, and the experimental results have
been detailed in a recent submission [130] (accepted with revision).

3.1 Introduction to Multiple Myeloma

Multiple myeloma (MM) is an incurable hematological malignancy character-
ized by the clonal expansion of tumor plasma cells that produce non-functional
monoclonal antibodies. The disease is marked by signi cant genetic and
clinical heterogeneity, which complicates treatment strategies and leads to
highly variable therapeutic outcomes. This is particularly evident in relapsed
or refractory MM, where the e cacy of successive therapies diminishes due
to the development of resistance and persistence mechanisms. A key chal-
lenge in managing MM is the accurate evaluation of minimal residual disease
(MRD), a critical prognostic factor that has gained even greater importance
with recent advancements in immunotherapy. However, current MRD detec-
tion methods face signi cant limitations, highlighting the need for innovative,
label-free techniques capable of overcoming these challenges. In this context,
the electrical properties of malignant cells, such as membrane capacitance
and electrical impedance, have emerged as promising biomarker-independent
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indicators for cell characterization. These properties form the basis of phys-
ical separation methods that exploit di erences in cellular density, size, and
dielectric characteristics.

3.1.1 Clinical Features and Therapeutic Challenges

Multiple myeloma (MM) is an incurable hematologic malignancy that ac-
counts for approximately 1% of all cancers and about 10% of blood malig-
nancies [131]. It is characterized by the clonal expansion of terminally dif-
ferentiated plasma cells that produce non-functional monoclonal antibodies
(M proteins), which accumulate in the serum and urine of most patients.
Hallmark features include elevated clonal plasma cell count in the bone mar-
row and the presence of CRAB criteria (hypercalcemia, renal insu ciency,
anemia, and osteolytic bone destruction) [132,133]. MM exhibits substan-
tial heterogeneity at both genetic and clinical levels, with its molecular pro-
le undergoing notable changes during the transition from precursor condi-
tions, such as monoclonal gammopathy of undetermined signi cance (MGUS)
or smoldering multiple myeloma (SMM), to symptomatic disease [134 138].
This complexity drives the biological intricacy of the disease, characterized
by clonal diversity and a wide range of clinical outcomes, which frequently
result in varied therapeutic responses among patients [136,137]. Despite sig-
ni cant advances in therapy, including the introduction of immunomodula-
tors, proteasome inhibitors, monoclonal antibodies, CAR-T cells, and bispe-
ci ¢ antibodies, MM remains challenging to treat, particularly in relapsed or
refractory cases [131,139 141]. Therapy resistance and disease persistence
have been linked to numerous cellular alterations in tumor PCs, including
metabolic and morphological changes, stress adaptation, and modi cations
in membrane antigens and transporters [142 147]. These changes also a ect
the electrical properties of malignant cells, including membrane capacitance
and electrical impedance, which have been shown to di er between malignant
cells and normal counterparts (e.g., leukemic cells vs. T lymphocytes and
erythrocytes) [148 150].

3.1.2 Minimal Residual Disease

Minimal residual disease (MRD) represents one of the most powerful prog-
nostic markers in MM, strongly correlating with progression-free and over-
all survival [151,152]. Current methods for MRD assessment include multi-
parametric ow cytometry (MFC) [153], allele-speci ¢ oligonucleotide PCR
(ASO-PCR) [154], and next-generation sequencing (NGS) [155], all capable
of detecting one malignant cell among 16106 normal cells. However, despite
their sensitivity, these approaches are costly, time-consuming, and require
specialized facilities and expertise. Moreover, MRD assays often rely on prior
knowledge of patient-speci ¢ genetic markers or antibody panels, which lim-
its their applicability and introduces variability due to clonal evolution and
antigen loss during disease progression [156]. These challenges underscore the
need for complementary, label-free analytical approaches capable of detect-
ing phenotypic or biophysical di erences in residual malignant cells without
requiring speci ¢ molecular targets.
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3.1.3 Electrical Properties as Label-Free Biomarkers

In this context, the dielectric properties of tumor plasma cells have emerged
as promising, non-invasive indicators of cellular phenotype and physiological
state [54]. Parameters such as membrane capacitance {J and cytoplasmic
conductivity ( ¢yt0) are highly sensitive to variations in membrane composi-
tion, surface charge, and internal organization, which often re ect metabolic
activity, di erentiation state, or drug resistance mechanisms [111]. These
characteristics make electrical measurements an appealing tool for label-free
discrimination of malignant cells, o ering insights into disease heterogeneity
and treatment response. Furthermore, when combined with micro uidic and
electrokinetic platforms such as dielectrophoresis (DEP) and electrorotation
(ROT) these measurements can be obtained with high precision, minimal
sample preparation, and no need for biochemical labeling. The integration of
such physical characterization methods into MM research could thus provide a
novel framework for studying tumor biology and for re ning MRD evaluation
beyond current molecular boundaries.

3.2 Materials and Method

3.2.1 Cell cultures

Experiments were performed using three immortalized HMCLs: NCI-H929,
OPM2, and U266. Cells were maintained in Roswell Park Memorial Institute
(RPMI) 1640 medium (Thermo Fisher Scienti c, 88365) supplemented with
10% or 20% heat-inactivated fetal bovine serum (Gibco, 10091148), 1% peni-
cillin/streptomycin (Gibco —, 15140122), and 2 mM L-Glutamine (Gibco—,
25030081). Cells were cultured under standard growth conditions in an incu-
bator at 37°C in a humidi ed atmosphere of 95% air and 5% CQ. Bortezomib
(15 nM) from Sigma-Aldrich (St. Louis, MO) was used to treat cells for 24
hours.

3.2.2 Sample preparation for Metabolites Analysis

For metabolic analysis, 3 106 cells were harvested and immediately frozen in
liquid nitrogen. The cells were then deproteinized using ice-cold HPLC-grade
acetonitrile (CH3CN) mixed with 10 mM KH >,PO4 (pH 7.40) in a 3:1 (v/v)
ratio, and vigorously agitated for 60 seconds. After deproteinization, the
sample was centrifuged at 12400 rpm for 10 minutes at 4C. The resulting
clear supernatant was then combined with HPLC-grade chloroform, mixed
vigorously, and centrifuged again at maximum speed for 5 minutes. The
upper aqueous phase was collected for HPLC analysis.

This analysis included the simultaneous separation and quanti cation of
high-energy phosphates, oxidized and reduced nicotinamide coenzymes, gly-
cosylated UDP-derivatives, nitrite and nitrate, as well as purines and pyrim-
idines. Amino acids and amino group-containing compounds were separated
and quanti ed using chromatographic conditions established in our labora-
tory. Both analyses were carried out with an HPLC system consisting of a
Spectra System P4000 pump, a Hypersil C-18 column (250 4:6 mm, 5 m
particle size, with a guard column), and a UV6000 LP diode array detector
with a 5 cm light path ow cell (Thermo Fisher Scienti ¢, Rodano, Milano,
Italy).
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3.2.3 RNA extraction and gene expression Analysis

The mRNA expression levels were measured by quantitative real-time PCR
(RT-gPCR). Total RNA was extracted from cells using Trizol ® reagent ac-
cording to the manufacturer's instructions (Invitrogen). The extracted RNA
was then quanti ed, and its quality and purity were assessed using a Nan-
oDrop spectrophotometer (ThermoScienti ¢) before proceeding with cDNA
synthesis (Thermo Fisher Scienti ¢, Milan, Italy) as per the manufacturer's
protocol. RT-gPCR was performed on the StepOne Fast Real-Time PCR
System with SYBR Green PCR Master Mix (Life Technologies), and her-
mocycling reactions were completed using the 7900HT Fast Real-Time PCR
System (Thermo Fisher). The expression levels of the target genes are the
following

~

hspa5 - Fw: TAGCGTATGGTGCTGCTGTC; Rv: TGACACCTCCCACAGTTTCA,;
atf4 - Fv: GCTAAGGCGGGCTCCTCCGA; Rv: ACCCAACAGGGCATCCAAGTCG;
hmox1 - Fw: ACTGCGTTCCTGCTCAACAT; Rv: GGGGCAGAATCTTGCACTTT;
tir4 - Fw: AAGCCGAAAGGTGATTGTTG; Rv: CTGAGCAGGGTCTTCTCCAC;
p62 - Fw: GGGGCGCCCTGAGGAACAGA; Rv: CCTGGTGAGCCAGCCGCCTT,;
mMnfl - Fw: GGCATCTGTGGCCGAGTT; Rv: ATTATGCTAAGTCTCCGCTCCAA;
mMnf2 - Fv: GCTCGGAGGCACATGAAAGT; Rv: ATCACGGTGCTCTTCCCATT;
opal - Fw: GTGCTGCCCGCCTAGAAA; Rv: TGACAGGCACCCGTACTCAGT,
drpl - Fw: TGGGCGCCGACATCA; Rv: GCTCTGCGTTCCCACTACGA;

" sl - Fw: TACGTCCGCGGGTTGCT; Rv: CCAGTTCCTTGGCCTGGTT;

were detected by SYBR Green uorescence. For each sample, the expres-
sion levels of the target MRNAs were normalized to the housekeeping gene
b2m (Fw: AGCAGCATCATGGAGGTTTG; Rv: AGCCCTCCTAGAGCTACCTG ) USing the
2 ¢t method.

Finally, mitochondrial mass was detected using the MitoTracker RED
CMXRos probe (Thermo Fisher Scienti c, Milan, Italy), according to the
manufacturer's instructions. Cells were stained using 200 nM of the Mito-
Tracker RED CMXRos for 30 minutes at 37°C. After incubation, cells were
washed three times and analysed by using the ow cytometry MACSQuant
Analyzer 10 (Miltenyi Biotec).

3.2.4 ROT Setup and Cell Viability Assessment

To perform electrorotation experiments, HMCLs were resuspended at a con-
centration of 500 cells= L in ROT bu er (9:5% sucrose, 0:1 mg=mL dextrose,
0:1% BSA, 0:1 mM calcium acetate [(CH;COO),Ca]), which was Itered us-
ing a Millex Millipore syringe Iter with 0:22 m pores (Biosigma S.p.A.,
Cona, Italy). The conductivity was adjusted to a nal value of 33 mS=m
using a 0:1 mM potassium chloride solution, measured with an Electric Con-
ductometer DDS Digital Lab (DDS-307, Changzhou W&J Instrument Co.,
Ltd., Changzhou, Jiangsu, China).
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