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ABSTRACT

During the last decades, the growing interest for single-cell analysis has led to the
creation of a number of microfluidic and lab-on-a chip (LOC) platforms for char-
acterizing cellular samples. In that context label-free based platforms are minimally
invasive and offer the notable advantages of reducing alteration of the analyzed sam-

ple and granting its re-employment.

The study of intrinsic features of single cells independent from markers is commonly
attained using electrical and mechanical-based techniques. Electrical-based tech-
niques have been widely employed in LOC applications, both for characterizing and
for manipulating cell samples. The translation of these approaches to single-cells
necessitates microelectrodes that can be singularly addressed and arranged in a high-

density topography.

This thesis provides two fabrication solutions that comply with these requirements
and allow to manufacture highly conductive vertical platinum microelectrodes with

high aspect-ratio.

According to the two processes reported, the three-dimensional (3D) cores of the
electrodes are fabricated in SU-8 or in silicon respectively. These tridimensional
structures are successively coated by a metal layer, after a passivation step in the case
of silicon. The planar metal connections which singularly address the free-standing
microelectrodes are patterned differently for the two approaches, respectively by lift-
off and spray coating. Importantly, the 3D microelectrodes can be co-fabricated
with microfluidic structures to obtain multiple active sites for single-cell analysis.

In this thesis, in the framework of a collaboration with Ludwig Centre for Cancer
Biology (Lausanne, Switzerland), the microelectrodes have been employed to detect
activated T cells.

The encouraging results pave the way to a new generation of microfluidic platform
based on 3D microelectrodes to attain real-time and label-free monitoring of indi-

vidual T cells to employ in immunotherapy.

Keywords

Vertical microelectrodes, electrical impedance, microfluidics, microfabrication, ac-
tivated T cells, immunotherapy, SU-8, silicon.






SOMMARIO

Negli ultimi decenni il crescente interesse per le analisi di singole cellule ha portato
alla fabbricazione di un ampio numero di dispositivi microfluidici e sistemi ‘Lab-
on-a-chip’ (LOC) per la caratterizzazione di campioni cellulari. In tale contesto,
piattaforme che non richiedono l'utilizzo di marcatori -dette ‘label-free’- si distin-
guono per essere minimamente invasive ed offrono il notevole vantaggio di ridurre

I'alterazione del campione e di garantire il suo ri-utilizzo.

Lo studio delle caratteristiche intrinseche delle singole cellule indipendente da mar-
catori ¢ comunemente ottenuto attraverso tecniche elettriche e meccaniche. Tecni-
che basate su campi elettrici sono ampiamente utilizzate in applicazioni LOC sia per
la caratterizzazione che per la manipolazione di campioni cellulari. L’applicazione
di questi approcci a singola cellula necessita di microelettrodi che possono essere
singolarmente contattati e disposti secondo una topografia ad alta densita.

In questa tesi sono proposte due soluzioni di microfabbricazione che rispondono a
questi requisiti e permettono di fabbricare microelettrodi verticali in platino alta-

mente conduttivi e ad alto aspect-ratio.

Secondo i processi proposti, le strutture interne degli elettrodi sono rispettivamente
fabbricate in SU-8 o in silicio. Tali strutture tridimensionali (3D) sono successiva-
mente ricoperte da uno strato metallico, dopo la loro passivazione nel caso del sili-
cio. Le connessioni metalliche planari che contattano singolarmente i microelettrodi
sono definite in modo diverso per i due processi, rispettivamente per mezzo di tec-
niche di microfabbricazione di lift-off e spray coating. E importante inoltre osser-
vare che i microelettrodi 3D possono essere anche co-fabbricati con strutture mi-

crofluidiche al fine di ottenere siti attivi multipli per analisi di cellule singole.

In questo studio, i microelettrodi sono stati utilizzati per individuare cellule T atti-
vate, nel contesto di una collaborazione con listituto oncologico Ludwig (Losanna,
Svizzera). I promettenti risultati finora ottenuti aprono la strada ad una nuova ge-
nerazione di dispositivi microfluidici basati su microelettrodi 3D per monitorare

singole cellule T da impiegare nel contesto del’'immunoterapia.

Parole chiave

Microelettrodi verticali, impedenza, microfluidica, microfabbricazione, cellule T at-

tivate, immunoterapia, SU-8, silicio.
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INTRODUCTION

Microfluidics is a technology that permits the analysis of the sample by exploiting
the behavior of minute volumes of liquid in microscale fluidic channels. Microflu-
idics systems gained an enormous success in life science and biomedical research
since the reduction of scale they entail allows to attain several improvements com-
pared to macroscopic systems. In first instance, microfluidics allows to save samples
and reagents and permits a precise control of liquids (i.e. characterized by laminar
flow, diffusion mixing and rapid energy dissipation [1]). The small volumes em-
ployed in microfluidics shorten reaction times and the intrinsic design versatility of
microfluidic configurations enables high-throughput and parallel analysis. The size
of devices itself is also reduced making microfluidic platforms portable and low-
power, hence ideal to develop point-of-care (POC) devices. A new class of POC
systems based on microfluidics have begun to emerge in the market [2]. Commercial
glucometers are commonly considered the archetype of a successful microfluidic
product [3]. A glucometer takes a small drop of blood from a finger prick, transfers
it by capillarity to an analyzing region where blood glucose is measured by a com-

bination of enzymatic and electrochemical reactions.

A diverse array of technological developments as led to the establishment of an in-
tegrated implementation of microfluidics, denominated (LOC) technology. LOC
platforms are miniaturized devices for integrated biological and chemical analysis
[4]. These devices are developed using microtechnology techniques based (in an
early phase) on silicon and using well-defined processes that have been derived from
the microelectronics industry. Later in time also glass and quartz, whose transparent
properties are convenient for optical inspection have also been employed together
with polymers [5]. LOC systems rely on microfluidics to scale down and integrate
multiple laboratory processes on the same device. In this way laboratory procedures
can be automatized and accelerated. In addition, the possibility to process small
volume of sample avoids the need for labor-intensive laboratory manipulation also

reducing the risk of potential procedural errors.

The first examples of LOC devices were employed for molecular analysis of amino
acids [6] and in particular for sequencing DNA [7]. Successively their application
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was extended to the analysis and the manipulation of more complex systems, such
as living cells [8]. Cell size is commensurate with the size of microfluidic channels
and this allows an accurate control of the sample and of the environment, granting
high sensitivity and repeatability of the analysis. All the procedures used in cell bi-
ology of can be performed on microfluidic platforms. Namely cell culture [9], se-

lection [10], cell treatment, interrogation and biochemical analysis [11].

Microfluidic cell assays can be performed using tissue or populations of cells or,
alternatively, addressing cells at single level. Single-cell analysis offers the important
advantage of avoiding information loss since some rare features of a diverse pool of
calls can be masked when averaging the heterogeneity of cells populations. Yet im-
portantly , microfluidic technology grants the possibility to process large quantity
of single cells ensuring high throughput analysis [12].

Single cells interrogation through LOC platforms typically relies on label-dependent
methods, such as fluorescence-based techniques. Despite their high informative con-
tent, these can be rather invasive and result in loss or damage of the sample [13]. In
addition, their employment introduces an alteration of the sample, therefore affect-
ing the possibility to re-employ cells. Label-free approaches harness intrinsic prop-
erties of cells, such as size and mechanical or electrical features, to characterize them
less invasively reducing sample alteration. The detection of changes in mass or in
electrical properties represents indeed an important alternative to fluorescent and

luminescent detection [11].

The use of microfluidic systems embracing single-cell approach and label-free tech-
niques is of great interest in the context of adoptive immunotherapy, where the
processing and characterization of immune cells to reemploy therapeutically should
characterize at high resolution the heterogeneity of the sample and avoid critical

modifications of cells samples.

Objectives and Organization of the Thesis

The objective of the work reported in this thesis was to design and develop a label-
free microflow cytometer for electrical impedance measurements. The main goal is
to propose a microfabrication technology allowing to realize 3D microelectrodes
either free-standing or integrated in channel sidewalls. Two different approaches are
presented, each offering peculiar advantages but both notable for their high design
flexibility and versatility. The successive objective is to demonstrate the functional-
ity of the 3D microelectrodes as a non-invasive platform for the analysis for the

detection of activated T lymphocytes in flow.

This thesis is divided in five chapters organized as follows.



Chapter 1 introduces the impedance spectroscopy as a method for the characteriza-
tion of materials and their interface. It presents the basic definitions and the funda-
mentals of impedance-based approaches, as well as the current state of art of imped-

ance-based chip solutions for cell analysis.

Chapter 2 and Chapter 3 present, respectively, two different fabrication processes
for the generation of arrays of micropillar electrodes. The ones described in Chapter
2 are based on the conformal coating of 3D SU-8 structures with metal layers. This
approach allows to define vertical electrodes in microfluidic channels having high
aspect ratio and uniform coating of the vertical sidewalls. In Chapter 3, the fabri-
cation of microelectrodes consisting of metal-coated pillars etched into silicon and

decoupled from the substrate by means of a passivation layer is described.

Chapter 4 provides, at first, a brief introduction on the biology of T cells and adop-
tive immunotherapy and includes a review of the current techniques to attain the
label-free detection of activated T cells on microfluidic chip. In addition, we present
the employment of silicon-based 3D microelectrodes for in-flow label-free and sin-
gle-cell detection of in vitro activated T lymphocytes. The results obtained from the
electrical measurements of primary CD8 lymphocytes activated through mitogenic
stimulation support the possibility of using impedance to assess single T cell activa-

tion in label-free to characterize cells to employ in personalized immunotherapy.

Finally, Chapter 5 presents the summary of this research work and provides an out-

look of the future work for the continuation of the project.






1 | IMPEDANCE-BASED CELL
ANALYTICS ON A CHIP

Impedance spectroscopy (IS) is a monitoring method for characterizing the electri-
cal properties of materials and their interfaces [14]. IS has been widely studied and
has become an established technology used in various applications in the biomedical
field. As a non-invasive and label-free technique, IS is suitable for studying living
biological cells and providing quantitative information about their dielectric prop-

erties.

This chapter presents basic definitions and knowledge of impedance theory and the
current state of art of impedance-based chip solutions for cell analytics.

1.1 Fundamentals of Electrical Impedance Spectroscopy (EIS):
theory and methods

1.1.1 Fundamentals of EIS

Impedance spectroscopy (IS) involves applying an AC electric signal of small ampli-
tude, a known voltage or current signal, between two electrodes and evaluating the

response over a wide range of frequencies.

A sinusoidal voltage of small amplitude, v(2)= V,,sin(wt), applied to a linear system,
generates a current of identical frequency: #(2)= I, sin(wt+6). The radial frequency
wis related to the applied AC frequency f(in Hz) as: w=2xf (rad-s™"), where 6 is the
phase shift between the voltage v and the current 7; it is zero for a pure resistive

impedance, and fis the frequency of stimulation.
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T
Re(Z) Re
Figure 1.1: Graphical representation of impedance on complex-plane plot

Analogous to Ohm’s law extended to the AC electric field, the complex impedance
of the system is calculated as the ratio between the voltage and the current; it is
expressed as:

)

Equation 1.1

where j=vV—1. As a complex number, it can be plotted in a planar vector and iden-
tified with both rectangular coordinates, as a combination of real (in-phase) Zg,

and imaginary (out-of-phase) Z;,,, (Figure 1.1):

Z= Zpe *+jZim
where:
Zpe = Re (Z) = |Z| cos(6)
and
Zim =1Im (Z) =|Z| sin(6)
Equations 1.2

and polar coordinates, as a combination of modulus (|Z]) and phase(6):

Z = |Z|e®
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where:

|Z] = 1/ZReZ-I'ZIm2

and

0 =tan~! <sz>
Zpe

Equation 1.3

The real part of the impedance demonstrates the ability of a circuit to resist the
current flow, while the imaginary part reflects the circuit’s ability to store electrical

energy.

In the simplest case, for two parallel plate electrodes of cross-sectional area A4 and
distance d, separated by the material to study (as shown in Figure 1.2) these prop-

erties are given by:

|

Equation 1.4

and the real and imaginary components are expressed as:

1
ZRe =R and Z1m=_R

Figure 1.2: Simplified model of parallel plate electrodes separated by a material to study.
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Table 1.1: Ideal circuit elements most commonly used in IS models

Component Equivalent element Impedance
Resistor R (Q) R
Capacitor C (F, or Q-1s) 1/jwC
Inductor L (H, or (Q5s) joL
C Phase El Q (Fsa1) !
onstant Phase Element s« ,
Q)

p (Q:-cm) and &, are the electrical resistivity and the relative permittivity of the ma-

terial, respectively, and & is the vacuum permittivity (8.85-10"'% F/cm).

1.1.2 Equivalent circuit of the impedance of an object

In the framework of impedance spectroscopy, data are analyzed by means of a math-
ematical model based on an equivalent electrical circuit whose equivalent impedance
fits the experimental data over frequency [14]. There are several possible approaches
for fitting the impedance spectra, but the most widely used is the Complex nonlinear
least squares ftitting method, which is available in shared software versions (such as

LEVM) or commercial software packages (for example, ZView, ZSimpWin) [15].

Circuit elements of the electrical model include standard ideal electrical elements
such as resistors, capacitors, and inductors. Equivalent circuits should be chosen on
the basis of the knowledge of the physical nature and physical phenomena of the
system. They are then fit with the experimental data in an attempt to represent the

electrical behavior of an object through electrical lumped elements.

However, the ideal circuit elements are not always adequate to describe the imped-
ance response of a system. For this reason, distributed circuit elements, such as the
constant phase element (CPE), and the Warburg diffusion impedance, have been
introduced, in addition to the ideal ones[16]. These make it possible to represent
the non-ideal nature of the equivalent electric circuit models. In the context of IS-
based biosensors, Warburg resistance is considered only in faradaic IS. These sensors
can be distinguished in faradaic and non-faradaic IS. Specifically, faradaic process
includes the transfer of charges across the electrode interface. The transfer of an
electron to and from the electrode alternatively oxidizes and reduces a redox species.
Therefore, in order to avoid depletion of the metal electrode, the faradic IS requires
a redox-active species and a DC bias [17]. On the contrary, non-faradaic IS — the
focus of the present thesis — do not require additional species and bias signals. The

most commonly used ideal and non-ideal circuits elements are listed in Table 1.1.
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In the next section we consider the circuit elements used to fit impedance results
described in this thesis.

Constant Phase Element (CPE) and Bulk resistance (RsoL)

An electrode in contact with a surrounding electrolyte solution forms a specific
interfacial region called an electrochemical double layer (EDL). The EDL is a con-
sequence of the distribution of ions and of charged species across the electrode—
electrolyte interface [18]. Figure 1.3 provides a simplified model of the double layer
at the electrode surfaces. For positively charged electrode, a monolayer of specifically
absorbed ions forms on the electrode interface. The position of the electrical centers
of these ions is called the inner Helmholtz plane (IHP). The second layer, the outer
Helmbholtz plane (OHP), is formed by non-specifically absorbed ions that move in
the solution and interact only through purely electrostatic forces. The IHP and the
OHP form the Stern layer. From the OHP, the diffuse layer extends to the bulk
solution [19]. The thickness of the double layer can be defined as the distance of
the electrode surface from the external boundary of the diffuse layer, where the po-
tential () becomes equal to the potential of the bulk solution. The potential drop
across the EDL establishes the double layer capacitance, Cp;. The Cp; can be con-

sidered to arise from the contribution of the capacitances of the Stern layer (Csiern)

Stern layer
~—— Diffuse layer

© @; solvated cation
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Figure 1.3: Schematic representation of Stern model of electrical double layer at metal-electrolyte inter-
face. The inner Helmholtz plane (IHP) and outer Helmholtz plane (OHP) are shown with the Stern and
diffuse layers. The THP refers to the distance of specifically adsorbed ions on the electrode surface. The
OHP refers to the distance of the solvate ions, non-specifically adsorbed. The separation between the
different charges results in a potential drop across the Helmotz planes establishing a double layer capacitor.

Adapted from [19].
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and the diffuse layer (Cpigis) and is expressed as:

1 1 1

CDL CStern CDiffuse

Equation 1.5

The Csiern is usually considered a constant (~1-60 pF/cm?) for different solutions,
while the Cpipse is dependent on electrochemical potential and concentration of
electrolytes. Chpjgis increases for higher applied voltage and higher concentrations of

charged species [16].

The inhomogeneity, the roughness, the edge orientation, the porosity, the thickness,
and the conductivity variability of the electrode surface are often causes of non-
idealities and can lead to frequency-dependent effects. For this reason, the double
layer capacitance is far from an ideal capacitor and serves as a CPE. The impedance

of CPE is expressed as:

1

Equation 1.6

Where j =+—1 and ais a constant that can assume values between 0 and 1. Q is
expressed in (Q'-s®) and represents the interfacial charging by surface and electro-
active species [16]. For a=0, Zcprdescribes an impedance response of a pure resistor

(Q=1/R); for a=1, Zcprdescribes an impedance response of a pure capacitor (Q=C).

The EDL typically dominates the impedance response at low frequency. This effect
can be reduced by increasing the value of the Q. For this purpose — that is, for what
concerns the application of IS-based biosensors — mathematical corrections and spe-
cial electrode fabrication methods, such as platinum black or porous film, have been
proposed in order to increase the effective area of electrodes and thus reduce the
impedance of the CPE [20]. A layer of platinum black can be electrodeposited on
the electrodes upon their fabrication [21]. This treatment has been shown to reduce
the electrode impedance by a factor greater than 100 [22].

The bulk solution is represented by specific parameters in the model, distinguished
from the interface parameters. In aqueous systems, the conductance of ions in the

bulk is typically modeled as a simple resistor that represents the resistance of the

10
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solution (Rsor), defined as in Equation 1.4-1.

In a first approximation, the most common model, which is used to fit the imped-
ance response of non-faradaic IS biosensor, includes both a CPE and a Rsor in series

as shown in Figure 1.4.

SOL

Figure 1.4: Equivalent circuit model for a non-faradaic IS biosensor.

1.1.3 Equivalent electric model of a single cell in suspension

A biological cell is a heterogeneous system composed of a plasma membrane sur-
rounding the internal cytoplasm (see Figure 1.5a) . The plasma membrane consists
of a lipid bilayer containing proteins. Due to its ionic permeability it can be con-
sidered as an insulating thin shell [23]. On the other hand, the cytoplasm is assumed
to be a homogeneous phase and it can be modeled as a conductive sphere. This
model, known as “single-shell” model, is derived by Maxwell’s mixture theory [24]
and is the simplest model for describing the dielectric properties of single cells in
suspension. In order to simplify the analysis of the system, an equivalent electrical
circuit can be used to represent a cell in suspension, as shown in Figure 1.6a. The
resistance of the electrolyte (R, is in parallel with the series of the capacitance of
the plasma membrane (C,..) and the resistance of the cell cytoplasm (R,,) [25].
When a low-frequency AC electric field is applied, charges accumulate at the inter-
face of the insulating cell membrane and the medium, causing the cells to become
polarized. The membrane insulating properties make the cell appear to be an insu-
lating sphere that decreases the conductivity of the medium. As the frequency in-
creases, the plasma membrane polarization decreases; this effect is known as B-dis-
persion or dielectric relaxation [26]. The plasma membrane becomes more conduc-
tive and its short-circuiting effect generates a current inside the cell. Impedance
spectroscopy in this frequency range may provide information about the electrical
properties of the plasma membrane. For higher frequencies, the polarization of the
plasma membrane is almost absent. Thus, the plasma membrane becomes com-
pletely transparent to the current that penetrates the cell interior, providing infor-
mation about the cytoplasmic conductivity [25], [27]-[29]. The ratio between the
impedance acquired at high and low frequencies is known as “opacity” [30], which

can be used to normalize the data with respect to the size of the cell and its position.

11



CHAPTER 1 |

Gawad et al. [31] used simulation to demonstrate that the opacity is almost unaf-
fected by the size and the position of cells with respect to the sensing electrodes, but
it carries information about cell structure.

The simplified reported model is used to interpret single-cell impedance measure-
ments [27], [22], [32]-[34] (described in the next sections). This model is obviously
an approximation and, in certain cases, such as cell electroporation and cell lysis
[35], more accurate equivalent circuit models including cell membrane conductance
and cytoplasmic capacitance are required (Figure 1.6b).

A multi-shell model can also be used in order to consider other phenomena of die-
lectric dispersions inside the cell, such as those due to organelles and membranous
structures of the cytoplasm [23]. Double-shell models Figure 1.5b have been applied
to study lymphocytes [27], and yeast cells [36], also including vesicles for studying
bacteria [37].

1.2 Cell characterization based on electrical measurements

In the 1910s, Hober detected the presence of the cell membrane by means of im-
pedance-based techniques [38]. Later on, Fricke [39]-[41] and Cole [42], [43] in-
vestigated different cellular systems in suspension. Cole used Maxwell’s equations
to derive the complex impedance of a single-shelled cell in suspension [44], [45] In

Cell interior (ocyt, ecyt) Cell interior (cht’ ecyt)
Nucleus
(One’ Ene)

@ B
Cell membrane
Cell membrane (c ,e ) Nuclear envelop
mem mem
(cmem’ Emem) (onp’ £np)

a) b)

Figure 1.5: Modelling of a cell by means of: (a) a single-shell model, including cell membrane and cyto-
plasm and (b) a double-shell model including cell membrane, cell cytoplasm and nucleus.

12
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Microelectrodes

Figure 1.6: Electrical model for a single cell suspended in a sensing region defined by the microelectrodes

1937, Cole and Curtis performed, for the first time, a measurement of a single /Vi-
tella cell, using two electrodes embedded in a groove in which the cell was placed.
Schwan [26] later identified the three major dielectric dispersions for a biological

cell in suspension.

Since then, extensive research has been carried out thanks to the advancement of
the technology. The development of new and more sophisticated electrical moni-
toring systems based on microfabrication has allowed for high-throughput pro-
cessing and reduced sample consumption. Thanks to microfabrication methods,
electrodes can be miniaturized and integrated in microfluidic devices with faster and
more accurate analysis and more efficient solutions for the investigation and the

manipulation of the sample.

Cell samples can be investigated either in culture — obtaining information about the
overall population — or at the single-cell level, in order to overcome the cellular
heterogeneity. In the first case, cells are grown on electrodes; in the second case,
cells typically flow in microchannels or are immobilized by a single trap in the sens-
ing region. Both methods offer different kinds of information and different instru-

ments of analysis and are described in more detail in the following sections.

13
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1.2.1 Cells in culture

Giaever and Keese were the first to demonstrate how electrical impedance spectros-
copy can be applied for monitoring cellular functions in [46]. In their study, mam-
malian fibroblasts were grown on small gold electrodes (2 cm? counter electrode
(CE) and 3-10"* cm? working electrodes (WE)) evaporated on the bottom surface of
a polystyrene culture dish and exposed to small AC electric fields [47], (Figure 1.7).
The impedance of the system, measured over time at 4 kHz by a lock-in amplifier,
was determined by the presence of the cells on top of the WE. In particular, the
attachment and the spreading of cells on the electrodes surface alters the sensing
area, causing an increase in the impedance of the overall system. This is a conse-
quence of the fact that cells at low frequency behave essentially like insulating par-
ticles, because of their plasma membrane, and impede current flow between the
electrodes, thereby increasing the impedance of the system. During cultivation of
cells, fluctuations of the impedance response were observed. Larger cell density de-
creased the amplitude of the fluctuations, which were interpreted as the result of
the motion of individual cells on top of the electrodes. During experiments, micro-
scopic observation of the cell sample demonstrated that cells were not affected by
the presence of the electrodes or by the electric fields.

The same authors described the idea of the measurements in greater detail in subse-
quent studies. They presented an interpretation and the formulation of the experi-

mental observations and how to extract relevant parameters from the electrical signal

Section view

Cells

S

WE CE

Lock-in
amplifier

Figure 1.7: Schematic of the typical ECIS setup. A small AC signal is applied between the WE and CE.
A series resistance provides a constant current that makes the voltage measured by the lock-in proportional
to the impedance of the system. WE typically has a smaller surface than the CE to ensure the impedance
measurement is dominated by the cell layer on the WE; otherwise, the impedance of the medium bulk
would screen the contribution of the interface.
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Interdigitated

electordes WEs CE

a) b)

Figure 1.8: Representation of two widely employed electrode configurations for ECIS: (a) interdigitate
electrodes and (b) electrode array

with its associated model [48], [49]. This measurement method became known as
electrical cell-substrate impedance sensing (ECIS); Ehret et al. later employed this
technique using interdigitated electrode structures (IDES) [50] (Figure 1.8a). In
this case, cells are grown on symmetrical comb-shaped interdigitated electrodes on
non-conductive substrate [51], [52].

Microfabrication has led to further variations of electrodes design being proposed
to harness the ECIS potential as in the case of microelectrode arrays featuring mul-
tiple WEs that share the same larger CE electrode (Figure 1.8b). This configuration
can be even adapted to address single-cell analysis. Indeed, WEs with an appropriate
size can host single-cells revealing the heterogeneity of cells that is concealed within
cell population. In [53] the authors demonstrated that impedance monitoring tech-
nique is suitable and sensitive enough to detect cellular responses at the single-cell
level.

Thanks to the simplicity of ECIS enabling label-free and real-time analysis, and its
compatibility with microfabrication technology, several ECIS systems have been de-
veloped as on-chip devices, for different biological applications, such as cell viability
[54], [55], adhesion [56], migration [57], [58], cytotoxicity [59], [60], apoptosis
[61], [62], cell-cell interactions [63] and functionality in response to biochemical

stimulations [64], [65].

Moreover, commercial products that are currently on the market include the ECIS
system from Applied BioPhysics, xCelligence from ACEA Biosciences-Roche, the
Cellkey system from Molecular Device, and the Bionas Discovery 2500 system by
Bionas. All of these systems are impedance-based label-free cellular assay platforms
that record the impedance shifts related to changes in morphology, adherence, and
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Figure 1.9: Schematic representation of Coulter principle.

cell numbers. The xCelligence system also offers the possibility to perform inva-
sion/migration assays integrating a microporous membrane, such as those per-
formed in a Boyden chamber [66].

1.2.2 Single-cells in suspension

In 1953, Wallace H. Coulter radically transformed the field of blood tests in clin-
ical laboratory by presenting the first flow cytometer [67]. The so-called Coulter
principle is schematically represented in Figure 1.9. It relies on measurement of the
change of electrical current generated by an individual particle passing through a
small aperture separating two reservoirs. Particles are suspended in an electrolyte
solution and each reservoir hosts an electrode for measurements. A DC or a low-
frequency voltage is applied between the pair of electrodes. The passage of a particle
through the aperture causes a displacement of the conductive solution and reduces
the current flowing between the electrodes. The measurement of the current pro-
vides information about the number of particles flowing through the system and
about their volume. Indeed, as a particle passes through the aperture, it induces a
change in current that is proportional to the amount of liquid displaced.

The Coulter counter was rapidly commercialized and became an established tool in
clinical and research laboratories thanks to its simplicity and the high sensitivity
[68]. Moreover, portable and automated instrumentation was recently proposed by
Merck Millipore (Scepter™ 2.0 Cell Counter). This system employs the Coulter prin-
ciple in a handheld pipette-like format and is intended for research use.

In recent decades numerous miniaturized versions of Coulter counter have been
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Figure 1.10: Scanning electron microscope images of micro Coulter counters from (a) Satake et al. [71]
and (b) Saleh and Sohn [72]. A pair of electrodes are separated by an aperture obtained on a silicon (a)
and on a glass substrate (b).

proposed by different research groups. In the 1990s, the first micro-Coulter coun-
ters were proposed by Larsen et al. [69] and Koch [70]. Other research groups then
introduced further designs, all mostly based on a microfabricated aperture separat-
ing a pair of microelectrodes. Satake et al. [71] utilized a silicon substrate featuring
a microchannel with an aperture and platinum microelectrodes, as shown in Figure
1.10a, to measure polystyrene beads and red blood cells. Saleh and Sohn measured
smaller particles, such as colloids ranging from 190 to 640 nm [72], single DNA
molecules and antibody binding into nano beads [73]. In both publications, they
patterned platinum electrodes across two reservoirs connected by a pore of
5.1x1.5x1 pm?® (Figure 1.10b). The reservoirs and the pore were previously ob-
tained by etching a quartz substrate. Similarly, other groups used innovative and
more sophisticated technology to measure nano-scale particles, including DNA

[74], [75], viruses [76], and pollen [77].

With the aim of improving the sensitivity and address the issue of channel clogging
in micro-Coulter counters, Nieuwenhuis et al. presented a device with a dynamic
liquid aperture [78]. This made it possible to adapt the size of the aperture to the
size of the particles. The authors defined the aperture by a non-conductive sheath
liquid that surrounded the conductive sample liquid on three sides (Figure 1.11a).
In this way, the size of the aperture can be controlled by changing the flow-rates of
the sample liquid and the sheath liquid. Figure 1.11b shows that a stable sheath flow
is formed and the Coulter aperture can be varied over a large range. Since the phys-
ical dimensions of the channel remains much larger than the Coulter aperture, this
method also makes it possible to prevent channel clogging. Similarly, Rodriguez-
Trujillo et al. used coplanar microelectrodes in a PDMS channel with a hydrody-
namic focusing to define an adjustable aperture in two dimensions [79]. The authors
increased the detection speed and further characterized the device, revealing its po-
tentiality and versatility. They analyzed 20 pum polystyrene beads as well as yeast
cells of 5 pm diameter.
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Figure 1.11:. (a) Dynamic controllable Coulter aperture ; (b) Experimental demonstration of the stable
sheath flows and of the Coulter aperture achieved. [78]

The throughput of micro-Coulter counters can be improved fabricating multi-ap-
ertures, as suggested by Zhe et al. [77]. The developed device consists of a common
electrode placed in a shared reservoir at the entrance of the microchannels and four
central electrodes fabricated at the center of each microchannel (Figure 1.12a). The
design of electrodes reduces the crosstalk between each pair of electrodes, which
enables multiple channels in a single device. With the same of improving the count-
ing efficiency, Jagtiani et al. [80], [81] proposed an alternative design fabricating a
multi-aperture Coulter counter, as shown in Figure 1.12b.

As seen so far, Coulter counters are based on DC or low-frequency measurements
that only provide information about the number and size of cells, thus limiting their
use. The extension of the Coulter principle employing higher frequencies makes it
possible to obtain information about other properties of cells, such as their mem-
brane and internal composition [58]. Moreover, it solves the problems associated
with DC sensing with microelectrodes, such as the significant loss of metal elec-
trodes due to redox reactions at the electrode interfaces. An example is the work
proposed by Zheng et al., who measured human blood cells at 10 kHz comparing

the performance of the device to a conventional counter [21]. Mernier et al. used
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Figure 1.12: (a) [77] Schematic top view of four-channel device based on Coulter counting principle.
The device has a common electrode at the entrance of the microchannel and four central electrodes
fabricated at the centre of each microchannel; (b) [80] Schematic top view of a multi-aperture Coulter
counter for micro particle detection. A polymer membrane with a single microaperture separates each
peripheral reservoir and central reservoir.

AC signals in order to count and differentiate living and dead yeast cells. They in-
tegrated the electrodes arranged in a Coulter counter configuration with a lysis re-
gion (based on AC electric field effect) [82] and, in another study, with a sorting

region (based on dielectrophoretic separation) [83].

Microcytometry based on AC signals attracted a great deal of interest and led to the
evolution of the micro-Coulter devices in impedance-based microcytometers