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Résumé

La cytométrie en flux est un outil essentiel en biologie et en médecine avec des applications
cliniques pour le diagnostic de 'immunodéficience, I'immunosurveillance, la transplantation
d'organes ainsi que de nombreuses utilisations dans la recherche fondamentale. Bien avant
l'utilisation généralisée des trieurs cellulaires activés par fluorescence (FACS), le premier
cytometre en flux a été inventé par Wallace Coulter et consistait en un dispositif
remarquablement simple. Le compteur Coulter consiste a faire passer des particules dans
une ouverture simultanément a un courant électrique pour en mesurer les variations
d’impédance électrique. Dans les années cinquante, le compteur Coulter s'est imposé comme
un standard pour le comptage cellulaire et la détermination de leur taille. Plus récemment,
grace aux progres de la miniaturisation, les cytomeétres en flux micro fabriqués et basés sur
la spectroscopie d’impédance ont permis 1’analyse des propriétés dielectriques des cellules.
Ces dispositifs ont ouverts la voie a I’analyse cellulaire sans marqueur, non invasive et ont
permis la différenciation de populations cellulaires. Cependant, ces cytometres en flux n’ont
pas été congus pour permettre la récupération de la cellule analysée et ne fournissent pas la

capacité de travailler avec un nombre limité de cellules.

Premierement, cette these étend la capacité des cytometres de flux basé sur la spectroscopie
d’impédance pour permettre 1'isolation cellulaire sur dispositifs jetable. De nombreuses
méthodes biologiques sont basées sur l'isolation cellulaire. Dans le développement de
lignées cellulaires, la procédure standard implique une dilution en série. Cependant, cette
approche nécessite beaucoup de temps car elle se répete sur plusieurs semaines pour assurer
la clonalité. Dans cette these, un outil permettant l'isolation d"une cellule en une seule étape
et basé sur la spectroscopie d'impédance est développé. Cet outil comprend un cone de
pipette jetable intégrant un capteur cellulaire basé sur le principe de Coulter. Couplé avec
une pipette instrumentée, ce cone de détection jetable permet l'isolation de cellule unique.
En outre, ce systeme permet d'enregistrer la trace d'impédance de maniere a l'utiliser

comme preuve de l'isolation cellulaire.

Deuxiemement, cette these transpose ce concept de dispositif d’isolation cellulaire jetable
sur une technologie de micro fabrication planaire standard. L'utilisation de la technologie de
micro fabrication planaire permet un meilleur contrdle du comportement fluidique ainsi que
l'intégration de fonctions plus complexes sur le méme dispositif. Cependant, un dispositif

jetable nécessite un procédé de production a grande échelle et peu couteux. Un procédé de



fabrication planaire basé sur les lignes de fabrication industrielles des circuits imprimés

électroniques (PCB) est étudié pour produire différentes topologies de cytometres de flux.

Troisiemement, cette these est consacrée a 'exploration des parametres cellulaires pouvant
étre analysés a 1'aide de la spectroscopie d'impédance. Les canaux ioniques activés par un
ligand sont des protéines membranaires cellulaires réagissant de maniere trés sensible et
spécifique a la liaison d'une molécule en modulant la perméabilité de la membrane. Ce
mécanisme cellulaire a été proposé en tant qu'éléments de transduction pour développer des
biocapteurs chimiques hautement sensibles et spécifiques. Cependant, cela implique les
défis techniques d'une mesure électrophysiologique cellulaire sur le long terme, automatisée
et intégrable. Finalement, dans cette thése, la mesure de perméabilité des canaux ioniques
activés par ligands est étudiée en utilisant la spectroscopie d'impédance pour son mode

opératoire non invasif, sans marqueur ainsi que sa capacité d’analyse en temps réelle.

Mots-clés: Spectroscopie d’impédance, Spectroscopie diélectrique, compteur Coulter,

Cellule unique, Isolation, Dispositif consommable, Pipette instrumentée, PCB.



Abstract

Flow cytometry is an essential tool in biology and medicine with applications in
immunodeficiency diagnostic, immunosurveillence, organ transplantation in addition to its
basic research usage. Before the widespread use of the Fluorescent-Activated Cell Sorting
(FACS), the first flow cytometer was invented by Wallace Coulter and was embodied in a
remarquably simple device. The Coulter counter principle consists in passing particles in an
aperture concurrently with an electric current to measure the related impedance variations.
In the fifties, the Coulter counter has established as a gold standard for cell counting and
sizing. More recently, thanks to advances in miniaturization, micromachined impedance
spectroscopy flow cytometers extended their analysis capabilities to the dielectric properties
of cells. This opened the way to label-free and non-invasive methods for cell population
differentiations such as leukocytes clustering. However, these flow cytometers were not
designed for cell retrieval neither provided the ability to work with a limited number of

scarce cells.

First, this thesis extends the capability of impedance based flow cytometers to perform
single cell isolation on disposable devices. Today, many biological methods are based on
single cell isolation. In cell lines development, the gold standard procedure involves serial
dilution. However, this approach is time-consuming as it needs to be repeated over several
weeks to ensure clonality. In this thesis, a tool enabling single cell isolation in one step and
based on impedance spectroscopy is developed. The modeling, designing and testing of a
disposable pipette tip integrating a cell sensor based on the Coulter principle is reported.
Coupled with an instrumented pipette, this disposable sensing tip enables single cell
dispensing. Furthermore, this system allows recording the impedance trace to be used as

proof of single cell isolation.

Second, this thesis translates the concept of disposable, sterile and low-cost single-cell
dispensing device on a standard planar microfabrication technology. Using a planar
microfabrication technology enables a better control of the fluidic behavior and permits the
integration of more complex features on the dispensing device. However, a disposable
device requires a large-scale and cost-effective production method. A planar fabrication
method based on the industrially standardized printed circuit board (PCB) manufacturing
process is assessed to produce different topologies of flow cytometers with emphasis on the

disposable aspect of the devices required for cell culture.



Third, this thesis is dedicated to further exploring the cell parameters that can be analyzed
by impedance spectroscopy. Ligand-gated ion channels are cellular membrane proteins
reacting very specifically and rapidly to the binding of a ligand molecule and modulate the
membrane permeability. This cellular mechanism was proposed as the transducing elements
for highly sensitive and specific chemical biosensors. However, this implies the engineering
challenges of a long-term, automated and integrated cellular electrophysiology monitoring.
Finally, in this thesis, the monitoring of ligand-gated ion channel permeability is
investigated using impedance spectroscopy as a real-time, non-invasive and label free

analytical technique.

Keywords: Impedance spectroscopy, Dielectric spectroscopy, Coulter counter, Single cell,

Isolation, Disposable, Sensing tip, Instrumented Pipette, PCB.
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Chapter 1: Introduction

“Biology is not simply writing information; it is doing something about it. A biological system can be
exceedingly small. Many of the cells are very tiny, but they are very active; they manufacture various
substances; they walk around; they wiggle; and they do all kinds of marvelous things — all on a very
small scale. Also, they store information. Consider the possibility that we too can make a thing very

small which does what we want — that we can manufacture an object that maneuvers at that level!”

Richard P. Feynman
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1.1 Single cell impedance spectroscopy

Today, flow cytometry is ubiquitous in biology with modern Fluorescent-Activated Cell
Sorting instruments (FACS) that have opened the way to new therapeutic and clinical
applications (Tung, 2007; Malmed, 2001; Ormerod, 2008). Amongst many examples, FACS
are used for analysis of leukaemias and lymphomas (Craig, 2008), HIV and
immunodeficiency disease diagnosis (Mandy, 2002), solid organ transplantation and
postoperative monitoring (Bray, 1994; Shanahan, 1997) and stem cell enumeration (Keeney,
1998). However, before the widespread use of optical detection, flow cytometry was rooted
to impedance spectroscopy (Fulwyler, 1965). In the fifties, Wallace Coulter invented an
instrument for detecting and counting particles suspended in a conductive liquid (Coulter,

patent, 1953; Robinson, 2013).

The principle of the Coulter counter consists in passing particles through an aperture while
applying an electric current between the two compartments, which results in an impedance
change depending on the particle volume. To apply the electric current, one electrode is
placed in each of the compartments separated by the aperture as shown in Figure 1.1 a).
When a particle passes the aperture, its section is diminished leading to the decrease of the
electrical current and increase of impedance (Figure 1.1 b). The electrical current is measured
and the current drop detected to count the particle passage. The bigger the particle passing
the aperture, the larger the current drop. According to this principle, the Coulter counter is

also capable of characterizing the particle size.

This simple system was initially embodied as a glass tube containing a tiny aperture on its
side. The glass tube was plunged in a vessel containing the sample to be analyzed. One
electrode was placed in the glass tube and the other in the sample vessel to apply the
potential difference. Using a tiny hydrostatic pressure caused by a difference in liquid height
between the tube and the vessel, particles were flown trough the aperture (Figure 1.1 c). At
that time, this instrument (Figure 1.1 d) revolutionized hematology and became the gold
standard for automated blood cells counting and sizing with the ability to count up to 6000
individual cells per second (Coulter, 1956). This system allowed to perform cell counting 100
times faster than the microscopy based blood cell counting method. Today, a large part of

hematology analyzers is still based on the Coulter counter principle (Kim, 2008).
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Figure 1.1 The original Coulter counter. a) Working principle and structure with two compartments separated by an
aperture b) Particle in the aperture inducing a current decrease c) & d) First realization of the Coulter counter. Reprinted

from (Coulter, 1953) and (Coulter, 1956)

A few years later, Wallace Coulter proposed to improve its instrument by applying a high
frequency excitation signal in addition to the continuous excitation to measure both the
resistive and reactive changes in the current modulation occurring when a biological cell
passes the aperture (Figure 1.2 a). This provided the ability to classify cells on parameter
such as their electric capacity that is defined by their membrane thickness and surface
(Coulter, 1970; Coulter, 1988). In essence, the concept of single cell impedance spectroscopy
was born with the idea of applying excitations at different frequency to retrieve information

on the dielectric structure of the cell.

However, at that time, the initial Coulter counter design was suffering from major
limitations to apply high frequency excitation on the cell. Essentially, the large capacitive
losses in the wall separating the two chamber of the Coulter counter were preventing the
use of high frequencies. Coulter proposed different embodiments to circumvent those
limitations. One consisted of a gradual increase of the wall thickness around the aperture in

order to reduce the stray capacitance as shown in Figure 1.2 b) (Coulter, 1973). He also
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proposed different counter embodiments that are now described as micromachined
impedance spectroscopy flow cytometers. One embodiment consisted in two
microelectrodes facing each other in a microchannel as shown in Figure 1.2 c). Yet another
embodiment consisted in a monopolar microelectrode sitting in a microchannel as shown in
Figure 1.2 d). However, microfabrication capabilities were limited making those different
designs difficult to realize. Consequently and amongst other reasons, the developments of
instruments for cell analysis and population differentiation took another pass with optical
detection techniques (Hulett, 1969) leaving behind the beauty of the Coulter counter with its

extremely simple structure and its real label-free analytical principle.
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Figure 1.2 : Concept of impedance spectroscopy with different Coulter counter embodiments allowing for the use of high
frequency excitations. a) Measurement principle with two excitation frequencies b) Coulter counter embodiment with the
vessel thickening around the aperture. ¢) Embodiment with microelectrodes facing each others in a microfluidic channel, d)
Embodiment with a monopolar microelectrode in a microfluidic channel. Adapted from (Coulter, 1949), (Coulter, 1970) and

(Coulter, 1973).

Thanks to sustained efforts in microelectronic development and semiconductor
miniaturization (Moore, 1965), important advances in microfabrication techniques (Madou,
1997) allowed to produce micromachined impedance spectroscopy flow cytometers (Ayliffe,
1999) (Gawad, 2001) as illustrated in Figure 1.3. With such miniaturized technologies and
the low amount of liquid volume handled, micromachined flow cytometers were exhibiting

a low stray capacitance compared to the initial Coulter counter embodiment. Consequently,
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researchers demonstrated the detection and classification of latex beads, ghost cell, human
polymorphoneuclear leukocytes and erythrocytes based on their dielectric structure using

impedance spectroscopy.

a)

288UN

Figure 1.3 : Two embodiments of microfacricated impedance spectroscopy flow cytometers. Reprinted form (Ayliffe, 1999)
and (Gawad, 2001).

Later, researchers demonstrated the use of micromachined impedance spectroscopy flow
cytometers for the leukocyte differentiation and clustering in monocytes, neutrophils and T-
lymphocytes sub-population based on the cell dielectric properties (Holmes, 2009; Holmes,
2010). Similarly, Kuttel et al. (Kuttel, 2007) showed the ability to use micromachined
impedance spectroscopy flow cytometers to detect Babesia bovis infected red blood cell. Cell
viability was also shown to be detectable based on the dielectric properties of the cell

because of the impact on the cell membrane capacitance after cell apoptosis (Wang, 2002).

These different publications confirmed the potential of micromachined impedance
spectroscopy flow cytometers for label-free and non-invasive cell characterization based on
their dielectric properties and morphology unlike FACS that require fluorescent tagging of
the cells (Gawad, 2004; Sun, 2010; Cheung, 2005, Morgan, 2006; Sun, 2006; Sun, 2007;
Cheung, 2010).

However, none of those proposed solutions were designed to allow isolation and retrieval of

a specific cell detected during the population analysis (Chen, 2012).
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1.2 Thesis contribution & structure

This thesis aims to focus on single cell impedance spectroscopy and covers three specific
problematics. First, the use of single cell impedance spectroscopy to isolate and retrieve rare
and precious cells. To do so, we propose to revisit the design of the Coulter counter chosen
for of its inherent simplicity. Second, cost effective designs and fabrication processes of flow
cytometers allowing single-cell analyzing and dispensing are investigated to allow the
fabrication of disposable devices required to be compatible with cell culture. Third and
finally, the analytical capability of impedance spectroscopy is further explored with

detection of cell parameters such as ligand-gated ion channel activity.

1.2.1 Single cell isolation for cloning applications using impedance

spectroscopy

The first problematic described in this thesis is related to the use of cells to produce
recombinant proteins and every similar processes in which the establishment of clones are
required. Bioprocesses for recombinant proteins production cover many complex aspects
ranging from the cell substrate genomic modification to the extraction and purification of
proteins. However, all those bioprocesses have in common the isolation of single cell
required initially for the cell line establishment. The scope of this first part of the thesis is
restricted to the problematic of single cell isolation. A method for single cell isolation based
on impedance spectroscopy is proposed with emphasis on its disposable and sterile aspect
suited for cell culture required to perform cell cloning. The approach consists of building a
single-cell dispensing tool based on the Coulter counter principle on an existing disposable
and gold-standard pipette tip. Challenges are to microfabricate a cheap and disposable cell

sensor on a 3D object.
1.2.2 Cost effective designs and fabrication processes allowing to
produce disposable flow cytometers

The second part of this thesis consists of translating the concept of disposable, sterile and
low-cost single cell dispensing system on a standard planar microfabrication technology.

The use of planar microfabrication technology allows to integrate more complex features on
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the dispensing tool. However, as a disposable tool, it needs to be produced at low cost and
in a high volume. A planar fabrication method based on conventional PCB manufacturing, a
standard and established industrial method, is studied to produce low cost flow cytometers

in high volume.

1.2.3 A non-invasive cell biosensor based on impedance spectroscopy

The third part of the thesis is dedicated to further exploring cell parameters that can be
observed using impedance spectroscopy by focusing on detecting cell activity with namely
the monitoring of ligand-gated ion channel opening. It focuses on the investigation of
ligand-gated ion channel permeability modulation using impedance spectroscopy. Cellular
mechanisms such as ion flow through activated ion channel are reacting very specifically
and rapidly to the binding of a ligand molecule. Shear et al. (Shear, 1995) demonstrated the
interest of this principle to develop biosensors offering high sensitivity selectivity and
bandwidth performances. According to this concept, cells act as transducers between the
chemical compound to be detected and ion flux through cell membrane channels. Using the
cell as transducer to make a biosensor requires measuring the electrophysiological state of
the cell. One engineering challenge is to develop a non-invasive measurement method
allowing long-term measurements as well as automated and sufficiently miniaturized for its
integration as a sensor. In the context of this thesis, the use of impedance spectroscopy is

investigated for this aim with an emphasis on the non-invasive character of the method.
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Chapter 2: Single Cell Dispensing Using
a Pipette Tip Integrating an Impedance

Sensor

This chapter is adapted from the following work and publications:

Bonzon, D., Muller, G., Barrandon, Y., & Renaud, P. (2014). Single-cell dispensing on a pipette. Nanobiotech
Conference, Montreux, Switzerland

Bonzon, D., Muller, G. H., Renaud, P., & Barrandon, Y. (2014). Sensing tip with electrical impedance sensor.
Patent application WO 2015056176 A1l

Bonzon, D., Muller, G., Barrandon, Y., & Renaud, P. (2015). Microfabrication on a pipette tip for single cell
dispensing. Nanobiotech Conference, Montreux, Switzerland

Bonzon, D., Muller, G. H., Renaud, P., Barrandon, Y., Bureau, J.-B., & Béguin, S. (2016). Devices, systems and
methods for dispensing and analysing particles. Patent application WO 2016166729 A1l

Bonzon, D., Bonzon, ].-P., Muller, G., Bureau, J.-B., Barrandon, Y., Renaud, P. (2017). Tip connector for fluidic and
electrical connection. Patent application PCT/IB2017/052088
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2.1 Introduction

2.1.1 Need for single cell isolation

Today, in the pharmaceutical industry, four of the five best selling drugs are produced using
a bioprocess (Philippidis, 2015; Huggett, 2012). A bioprocess consists of using a cell substrate
that is genetically modified to produce a drug under the form of a recombinant protein
product (Kantardjieff, 2013). Because of the safety and quality issues related to drug
production and to avoid heterogeneity in the expression, regulation authorities requires that
each cell substrate derives from a single cell progenitor (ICH, 1997). Furthermore, the single
cell isolation procedure needs to be fully documented with proof or appropriate statistic of
single cell isolation evidence (WHO, 2014). The selection step of the cell substrate consists of
isolating each genetically modified cell, expanding them in culture separately and screening
their protein production to select for the best producing candidate (Wurm, 2004). In this
context, the gold-standard method used to isolate single cells is currently serial dilution
(Fuller, 2001). This technique consists of pipetting a given volume containing on average
only one cell per dispensed aliquot according to Poisson distribution. To lower the risk of a
clone being derived from multiple cells, each of the clones are cultured for two weeks,
diluted and sub-cloned at least two to three times, hence turning this isolation step into a

long process lasting for several weeks.

To avoid sub-cloning steps, several methods and devices were developed to perform single
cell cloning in one step. One method is the cell picking. Under a microscope, a single cell is
selected and aspirated from a dish using a capillary terminated with a diameter slightly
bigger than a cell. This single cell of interest is then simply rejected in another container
used for the culture (Frohlich, 2000; Barrandon, 1985). However, these techniques require
technical skills, are prone to contamination and offer a limited throughput. Many different
techniques allows automatizing the cell picking including the handling of cells using optical,
dielectrophoretic or acoustic tweezers (Askin, 1987; Thomas, 2009; Shi, 2009) but involve

complex engineering implementations.

Different microfluidic solutions enable single cell isolation to perform single cell genomic or
proteomic assays. Well known examples are multichambers allowing multiplexed fluidic

addressing capability to capture single cells, perfuse them with different conditions and to
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perform end-point assays on the cells or their product (Di Carlo, 2006; Kalisky, 2011;
Kalisky, 2011). However, none of those devices permits for direct and easy retrieval of the

cell enabling culture or further assays.

Finally, Fluorescent-Activated Cell Sorters (FACS) (Shapiro, 2003; Shapiro, 2004), even
though initially designed to analyze and separate cells into sub-populations, are now
capable of isolating single cell into wells in modern versions (Evans, 2015; Vermeulen, 2008).
However, the main limitations of FACS are inherent from their long section of tubing
imposing large dead volumes that make the instrument difficult to sterilize. Additionally,
because of these dead volumes, the tool cannot be used with a limited amount of cells in
input. All those different techniques with their respective advantages and limitations are

well described and compared by Gross and colleagues. (Gross, 2015).

These considerations support the need of a simple tool that specifically answer the problem
of single cell isolation with traceability for processes where the single cell is going to be

further manipulated and cultivated.

2.1.2 Specifications

The ideal solution should allow for single cell isolation without risk of doublet. In order to
comply with regulation agencies, the method should provide single cell isolation evidence
for traceability. The device containing the cells sample should be disposable to avoid cross
contamination between the different dispensing procedures. Consequently the production
process of the device requires to be cost-effective. The procedure should be sterile to avoid
bacterial and viral contamination. Finally, the tool should preserve the cell viability and
functionality to enable the cell culture for recombinant protein production or other similar

processes.

2.1.3 From closed chip to open space microfluidic

As introduced early in this thesis (§1.1), the goal of most impedance spectroscopy based
flow cytometers developed so far was the single cell analysis and populations
differentiation. As a consequence, they all consisted of microchips embedding sealed
channels to convey the cell to the cytometer sensitive volume (Gawad, 2001; Holmes, 2010;

Cheung Review, 2010; Chen, 2012). With such embodiment, the main limitations
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encountered are the difficulties to introduce the sample, the risk or channel clogging with
dust or bubble formation. More importantly, these closed microfluidic chips use channels to
connect the cell analysis sensitive volume to the chip outlets. Similarly, tubing is required to
connect the microchip to the macro world. Those microfluidic channels and tubing impose
important dead volumes compared to the cell size and the flow cytometer sensitive volume.
Because of those dead volumes combined with the risk of cell capture by surfaces, the
particles order is likely to be different between their passage in the flow cytometer sensitive
volume and their escape of the tubing. Similarly, because of the cell-surface interaction, not
every cell will leave the chip and the tubing. This prevents the ability to retrieve with
confidence a specific single cell that has been analyzed in the chip. This also prevents to
analyze and retrieve a sample composed of a limited number of scarce cells. If those
solutions were well suited for single cell analysis, they are not capable of single cell

isolation.

Different solutions inspired from inkjet printing were proposed to allow the dispensing of
single cell (Tornay, 2007; Yusof, 2011; Gross, 2013; Schoendube, 2015). However, solutions
involving droplet formation present important limitations such as the risk of satellites
formation and drying effects linked to the complexity of droplet ejection physics. Moreover,
the small size of the droplet coupled with thermal and pressure constrains encountered
during the flight might induce important changes of the cell environment to be avoided for
fragile cells or proteins. Based on similar considerations, Kaigala et al. introduced the
concept of open space microfluidic (Kaigala, 2011; Kaigala, 2012), circumventing the need of
a closed microfluidic chip and eliminating the related drawbacks. The principle is based on a
hydrodynamic confinement of liquid at the end of a vertical microfluidic probe. With the
ability to interact locally with a biological sample in the open space, they demonstrated a
large panel of applications such as the localized immunochemistry treatment of biological

sample (Lovchik, 2012).

The problem of single cell dispensing studied in this thesis imposes similar requirements.
The cell environment should be minimally disrupted and immersing a probe in a solution is
very close to standard biologists pipetting habits. More importantly, placing the flow
cytometer sensitive volume at the boundary between the device containing the cell and the
open space allows detecting, analyzing and simultaneously isolating with confidence a

single cell escaping the device.
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2.2 Design of the single cell dispensing tool

A sensing tip for single cell detection and a corresponding instrumented pipette for single

cell dispensing are presented in this section.

2.2.1 The sensing tip

The cell sensor is incorporated in a standard and commercially available tip that is
disposable and made of standard material as shown in Figure 2.1. It allows compatibility
with cells and the culture process. To perform the dispensing function, the detected cells
should leave the tip with no risk of being trapped in dead volume after detection as
discussed in the previous section (§2.1.3). In this regards, the integrated cell sensor is built as
the last interface of the tip. The cell sensor is designed according to a Coulter counter
topology introduced earlier (§1.1)(Coulter, 1953; Coulter, 1956; Robinson, 2013). This cell
detection principle is simple and particularly well suited for single cell dispensing as it is
only composed of a membrane containing an aperture as well as an inner and outer
electrodes as shown in Figure 2.1 b). One compartment of the Coulter counter consists of the
tip inside volume where an inner electrode is inserted in the tip. The other compartment
consists of the well in which the tip is immersed to perform the dispensing. The outer
electrode is deposited on the tip external surface. With this arrangement, the membrane
containing the aperture and defining the particle sensitive volume is effectively

superimposed with the tip external boundary.

Moreover, unlike microfabricated channel-based flow cytometer chips (Ayliffe, 1999;
Gawad, 2001), the Coulter counter topology is not sensitive to electrode placement as only
the aperture shape and diameter defines the sensitive area. Consequently, this Coutler
counter embodiment allows a facile fabrication on 3D objects with no photolithography
required and results in a possible cost effective fabrication of a cell sensor on an existing

pipette tip as shown in Figure 2.1 c).
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a) b) Inner electrode

Tip ¢ Outer
electrode

Membrane Aperture

Figure 2.1 : Design and implementation of a cell sensor integrated on a pipette tip a) Picture of sensing tip used for single
cell dispensing b) Design of a Coulter counter integrated on standard pipette tip consisting of a membrane closing the tip
with an aperture and two electrodes inside and outside the tip allowing to detect and dispense single particles. c) Electron

microscopy of the fabricated sensing tip showing the Coulter counter aperture.

2.2.2 Instrumented pipette

To increase acceptance, the tool is embodied in a pipette form showed in Figure 2.2 a), as
commonly used by biologists and as already suggested by different work (Ayliffe, 2011;
Zhang, 2014). In order to dispense a single cell when required, a system controller consisting
of a Labview (National Instruments, US) algorithm running on a computer coordinates the
full system composed of a flow controller, an impedance analyzer and the sensing tip as
shown in Figure 2.2 b). In this version, the impedance analyzer is embedded in the pipette

and the flow controller is an external instrument.
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Figure 2.2 : Instrumentation for single cell dispensing. a) Single cell dispensing instrument embodied in a standard pipette
shape. b) Overall block diagram of the instrument. c) User interface of the system controller d) Pressure controller e)

Electronic circuit for impedance measurement.

The liquid aspiration and ejection is controller using a pressure-based flow controller with a
range of -25 mbar to 25 mbar (MFCS-EZ, Fluigent, FR) showed in Figure 2.2 d). The
impedance of the sensing tip is measured according to a lock-in demodulation principle
presented in Figure 2.3 and performed with an electronic circuit implementing an integrated
lock-in demodulator (SI-QSD, Sensima, CH) interfaced with a microcontroller development
kit (Nano, Arduino, IT) as shown in Figure 2.2 e). On the outer electrode, an excitation
frequency of 49 kHz with amplitude of 0.5 Vpp is applied by the SI-QSD. From the inner
electrode, the current is amplified using a transimpedance amplifier (OPA2350, TI, USA).
The amplified current is measured and the impedance is determined using the acquisition,
demodulation and filtering capability of the SI-QSD. Impedance measurements are then
transmitted to the system controller at a sampling rate of 2.4 kHz with adequate low pass-
filtering to adapt the bandwidth. Then a high pass filter at 6 Hz is applied on the signal in
order to remove the slow variations of the signal baseline due to medium conductivity

changes, aperture obstruction and other elements than cells passage.
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Figure 2.3 : Lock-in demodulation principle used for the sensing tip impedance measurement. An alternative voltage
excitation is applied on the sensing tip external electrode. The current collected from the internal electrode is amplified and
demodulated using the voltage excitation frequency and a low pass filter. The demodulated current is sent to the system

controller.

2.2.3 Dispensing workflow

Before performing single cell dispensing, the sensing tip is loaded with a suspension of cells

in a concentration range between 10° and 10° cells / mL.

When a single cell is required, the sensing tip is immersed in a well filled with media. A
single cell dispense is triggered by the user on the system controller interface. Accordingly,
the pressure-based flow controller applies a positive dispensing pressure Po to flow the

liquid containing the cells toward the outside of the sensing tip.

On the filtered impedance signal, impedance peaks representing cell passage are detected by
the system controller. Each signal sample with an impedance peak magnitude [AZI
exceeding a threshold Zm trigs the peak detection. The peak is validated and considered as a
cell passage when the signal magnitude returns below the threshold. Impedance peak height
is then extracted to deduce the cell size. After a single cell has been detected, a delay ta is
waited to avoid the cell re-aspiration and then the flow is automatically stopped by applying
the holding pressure Pu. Because a perfectly null pressure is not practically achievable, a

slightly negative holding pressure Px is applied to make sure no further cells will pass the
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aperture. The tip is removed from the well and the impedance data of the corresponding
well are saved for traceability purpose. All the procedure is triggered again when needed, to

dispense the next single cell. This workflow is illustrated in Figure 2.4.

All the specific values discussed in the workflow such as dispensing pressure Pp, holding
pressure P, time delay fuwiyand detection threshold Zm are the object of explanations and

details along the results part of this thesis (§2.3).
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Figure 2.4 : Workflow for single cell dispensing with the instrumented pipette and the sensing tip. a) Shows the applied
pressure timeline defined by the impedance measurement and b) shows the corresponding operations. 1) The sensing tip is
loaded with a cell suspension, 2) The sensing tip is immersed in the well receiving the single cell leading to an impedance
decrease and the dispensing pressure is applied. 3) When a single cell is detected with an impedance peak magnitude
exceeding the detection threshold, 4) the pressure is switched to the holding pressure after the pressure switching delay
preventing the cell re-aspiration. 5) Finally, the sensing tip is removed form the well containing the single cell and the

impedance time trace is saved.
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2.2.4 Sensing tip fabrication process

The sensing tip fabrication process starts with a 15 um parylene C membrane deposition by
Chemical Vapor Deposition (CVD) (C-30-S, Comelec, CH) on a commercial pipette tip (200
ul colorless, RatioLab, GE). This membrane deposition is performed in two steps. First, a
sacrificial layer of parafilm (Parafilm M, Bemis, US) is applied on the tip opening. A 5 um
layer of parylene is then deposited on the sacrificial layer. Second, the sacrificial layer is
removed, leaving a 5 um floating membrane at the end of the pipette tip. A second 5 um
parlyene layer deposition is performed on each side of the membrane to increase its
thickness to 15 pm and to strengthen its anchoring. A 150 nm gold film is subsequently
deposited on one side of the tip surface by evaporation (LAB 600H, Leybold Optics, CH)
and using a shadow mask to define the outer electrode shape. The aperture is ablated using
an excimer laser (LSV3, Optec, BE) on the previously deposited membrane. Different
aperture diameters ranging from 30 um to 45 pm are performed depending on the cell size
to be measured. The inter electrode consists of a 300 pm diameter stainless steel wire (316L,
Sadevinox, FR) inserted in the tip. A tip filter is inserted from the top of the tip to
mechanically maintain the inner electrode and avoid aerosol contaminations. The entire
fabricated sensing tip is then gamma sterilized. The full process flow is detailed in Figure

2.5.
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Figure 2.5 : Process flow for the sensing tip fabrication. 1) The process starts with a plastic pipette tip as substrate. 2)

Parafilm is applied on the tip opening as sacrificial layer. 3) A first parylene C layer of 5 um is deposited on the tip. 4) The

sacrificial layer is removed. 5) A second parylene C layer of 5 um is deposited on the tip. 6) The gold outer electrode is

deposited. 7) The aperture is laser ablated. 8) A stainless steal wire serving as internal electrode is placed in the tip and

holded in place with a tip air filter.

Figure 2.6 illustrates the batch production capability of this process required to produce a

cost effective disposable device. Sensing tips were produced in batch of 96 or more parts.
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Figure 2.6 : Illustration of the sensing tip batch fabrication process capability. Some key steps of the process are shown; a)
Tips ready for the parylene chemical vapor deposition. b) Gold electrode depositon by evaporation through a shadow mask. c)

Aperture opening by laser ablation.

2.2.5 Fabrication costs

The fabrication costs of the sensing tip are evaluated in the academic context of this work.
The material cost as well as the equipment and operator time is taken in account. Hourly
rates for equipment and operator are assumed to be 80 CHF/h. The cost of each item is

presented in Table 2.1 and results in a total sensing tip cost of 7.99 CHF per piece.

Table 2.1 : Fabrication costs of the sensing tip

(%] a v
LIS B g g
3 <9 &

= g o
Plastic tip CHEF 0.02 CHEF 0.02 1 CHF0.02
Membrane (15 um parylene deposition) 360 45 CHF 540.00 576  CHF 0.94
External electrode (100 nm gold depositon)  CHF 66.00 60 20 CHF 172.67 96 CHF 1.80
Aperture (laser ablation) 120 120 CHEF 320.00 96 CHF3.33
Internal electrode (stainless steel electrode) CHF 115 20 CHF 141.67 96 CHF 1.48
Filter CHF 14.40 20 CHF 41.07 96 CHF 043
Total cost per sensing tip CHF 7.99
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2.2.6 Sensing tip modeling

This section presents a linear one-dimensional analytical model of the sensing tip
impedance, including how it is influenced by particle passage. This model describes the real
resistive part of the sensing tip impedance, neglecting membrane, tip, electrode and stray
capacitances. It assumes that the impedance measurement of the instrumented pipette are
performed in the resistive plateau frequency range. This model approximates the electrical
resistance in infinitesimal sections along the sensing tip axis using resistivity law for the
bulk contribution and taking into account the spreading resistance in close proximity of the
sensing tip aperture. It is assumed that the sensing tip contains a liquid of resistivity o =0.65

Qm (DPBS 1x, Sigma Aldrich, US) and is immersed in this same liquid.

The model is segmented in 4 sub-domains corresponding to the pipette geometry as shown
in Figure 2.7. The first sub-domain starts at — % that is assumed to be an equipotential given

by the outer electrode and ends at the aperture entrance. This sub-domain represents the
space outside the sensing tip, where only the spreading resistance contribution is relevant.
The second sub-domain corresponds to the space inside the aperture, which is a cylinder of
diameter d and length e along the x axis, where the electrical resistance is given by resistivity
law of bulk solution. The third sub-domain corresponds to the portion of the conical part of
the sensing tip situated between the aperture and the inner electrode at distance /. In this
sub-domain, the value of the electrical resistance is approximated to either the value given
by the resistivity law or the value of the spreading resistance, depending on the one that has
the highest value. This allows taking in account the spreading resistance in close proximity
of the aperture and the bulk solution resistance further away. Finally, the fourth sub-domain
is the part of the tip of total length L where the inner electrode is present. In this sub-
domain, the electrical resistance is assumed to be zero, as the resistivity of the metal is very

low compared to that of the liquid medium contained in the tip.

In every sub-domain, the effective section is corrected by subtracting the particle section
Spartice Obstructing it if a particle is presents. The particle is assumed to be a sphere of perfect
dielectric material, with no current flowing through it. Equation 1 describes the infinitesimal

electrical resistance dR for each infinitesimal section dx along the pipette length.
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Figure 2.7 : Sketch of the sensing tip segmentation with dimensions defining the analytical model. Abbreviation are; De:
Distal external tip diameter), d : Aperture diameter, e : membrane thickness, | : Membrane-electrode distance, Dii: Distal

inner tip diameter, Di>: Proximal inner tip diameter, L : Tip length.
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The primitive integral of the differential resistance expression dR allows for the calculation
of the magnitude impedance evolution along the structure as shown in Equation 2. The
notation |Z ITl-p(x) is selected to be coherent with experimental notation of impedance,

although this value is assumed to be purely real according to this model.

Equation 2

Zlrip(0) = | aR

The total sensing tip magnitude impedance |Z|r;y ¢o¢ as physically measured between the
two electrodes is obtained with the definite integral of the differential resistance dR as

shown in Equation 3.
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|Zip,tor = fD dR

2

Equation 3

Similarly, the electrical potential evolution in the structure U(x) is derived from the

impedance evolution |Z|r;, (x), the voltage excitation U,,. and using Ohm'’s law.

o Upre Equation 4
tot |Z|Tip,tot
Equation 5
du =dR Ly
Equation 6
U(x) = f du

The model is used to express the sensing tip sensitivity to particle sizes according to the
different design parameters such as membrane thickness, aperture diameter, membrane
diameter and electrodes position. The impedance peak magnitude |AZ| given py a particle
is defined as total magnitude impedance |Z|r;y ¢, when a particle is obstructing the aperture
subtracted by the total magnitude impedance |Z|r;, o when no particle are considered. The
impedance variation is defined as the total magnitude impedance |Z|r 1o when a particle
is obstructing the aperture divided by the total magnitude impedance |Z|r;, 7o¢ When no

particles are considered.

Even though this model is defined analytically, the solving is performed numerically using
Python (Canopy, Enthough Inc, US) to simplify the handling of such piecewise-defined
functions and the variation of the numerous parameters. The Python code is shown in

appendix (§7.2)
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2.3 Results

2.3.1 Sensing tip characterization

This section presents a characterization and performances validation of the sensing tips used

for cell detection.
2.3.1.1 Impedance & potential distribution

Using Equation 2 and Equation 6 of the analytical model, the sensing tip magnitude
impedance |Z|7;,(x) and electrical potential U(x) distributions are calculated for the actual
sensing tip dimensions (De = 1100 um, d = 30 um, e =15 um, [ = 3500 pm, Di1 =500 um, Dz =5
mm, L = 50 mm, Spartice = 0 um). Figure 2.8 a) shows the sensing tip magnitude impedance
|Z|7ip(x) from the outer electrode along the tip structure and the electrical potential drop
U(x) along the same structure. This shows that 40% of the magnitude impedance increase
and electrical potential drop are located within the second domain being the aperture
region. When considering a region that extends by only 15 pm on both sides of the
membrane that takes into account the spreading resistance in close proximity of the
aperture, the impedance increase represents 60% of the total impedance magnitude. This 45
um region centered on the membrane defines the sensitive volume of the tip. This typical
behavior is expected from a Coulter counter topology where most of the impedance
magnitude increase is localized in a sensitive volume of same order of magnitude as the
particle volume to be detected. In this design, the sensitive volume being mainly located in
the membrane forming the wall of the tip, no dead volume is left, which allows detecting

each particle escaping or entering the tip by passing the membrane.
2.3.1.2 Sensing tip impedance spectra

Impedance spectra of a sensing tip manufactured with an aperture of 30 um is measured
using an impedance analyzer (Agilent 4294A, Agilent technologies, US). Figure 2.8 b) shows
the sensing tip magnitude and phase impedance spectra. This measurement shows a wide
resistive plateau in the frequency range starting below 1kHz and extending up to 500kHz.
This large plateau is obtained thanks to a design including large electrodes to allow a low

electrodes cut-off frequency. Moreover, the thick walls of the tip allow to keep the stray
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capacitance below 10 pF. These curves also show that the excitation frequency, which is
chosen for impedance measurement, is not critical as long as it stays in the resistive plateau.
An excitation frequency of 49 kHz is chosen to stay in the resistive plateau as well as below

the cell beta dispersion frequency (Martinsen, 2011).
2.3.1.3 Aperture size and total impedance magnitude

The total magnitude impedance |Z|r;p ¢ of sensing tips having different aperture sizes
ranging from 30 pm to 46 pm in diameter are measured. As shown in Figure 2.8 c),
impedance measurements (circles) follow the analytical model calculation (plain line) with
errors comprised within +/- 15%. Measurement points having the same abscissa represent
different measurements on the same tip. In this specific case, a significant part of the
measurement errors are due to the successive connections of the sensing tip, which resulted

in scratching the gold outer electrode.

Those considerations suggest that the analytical model is in acceptable agreement with the
actual sensing tip impedance and can be used for design optimization as well as sensing tip
quality check after fabrication by measuring the actual sensing tip impedance and

comparing it with calculated values.
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Figure 2.8 : Result of analytical model and experimental characterization of the sensing tip. a) Magnitude impedance and
electrical potential along the sensing tip structure with a 30 um aperture diameter according to the analytical model. It
shows that the sensitive volume of the tip is located in the aperture and its close proximity (spreading resistance). b)
Measurement of impedance magnitude and phase of a sensing tip. c) Total sensing tip impedance against the aperture

diameter according to the analytical model (plain line) and sensing tip impedance measurements (circles).

2.3.1.4 Particle detection and sensitivity to particle size

To demonstrate the system ability to detect particles, a collection of 6, 10 and 15 um
diameter polystyrene beads were sequentially passed through sensing tip having an
aperture around 33 um. This experiment further allows determining the system sensitivity
to dielectric particles size as well as the system resolution and limit of detection.

Experimental data are also compared to the analytical model presented before.
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Figure 2.9 a) shows the magnitude impedance given by the sequential passage of 6, 10 and
15 um polystyrene beads through the sensing tip. Figure 2.9 b) shows the calibration curve
relating the impedance value in arbitrary unit given by the instrumented pipette to an actual
impedance value in ohm. To obtain this curve, 27 kQ, 30 kQ, 33 kQ and 37.5 kQ physical
resistors replacing the sensing tip were directly measured with the system. Standard
deviations of those impedance traces are also used to estimate the electrical instrumentation
noise of this system. An impedance equivalent noise value is found to be 3.56 Q for a 30 kQ

resistor plugged on the system.

Figure 2.9 c¢) shows the theoretical curve for particle size sensitivity obtained with the
analytical model for a 35 um aperture and other parameters as presented before as well as
experimental data obtained with beads of a 6, 10 and 15 um from Figure 2.8 a). As each
bead’s population was passed separately, the median value of the impedance peak
prominence is used to determine the system sensitivity to a given bead size. The 6 um, 10
um and 15 um beads population shows impedance variations of respectively 89.8 Q, 382.9
Q and 1346 Q with standard deviation of 33 Q, 94 Q and 207 Q in agreement with value
anticipated from the analytical model. According to these results, the analytical model can

be used for particle size determination using the impedance variation.

When no beads are passing the aperture, the impedance signal standard deviation is
measured to estimate the equivalent impedance noise of the full system. This value is found
to be 3.59 Q meaning the total noise level is dominated by the instrumentation noise
previously measured at 3.56 Q with physical resistor. Assuming the limit of detection at 3
times the level of noise, and using the particle size sensitivity curve, the minimal particle
that can be detected with this instrumented pipette is 3.2 um. The spreading in particle size
measurements including the actual bead size dispersion and the instrumented pipette noise

for 6 um, 10 pm and 15 pm is respectively 1.6 um, 1.6 um and 1.25 pm.

According to this experiment, 6 pm particle size can be detected and 15 pm particles are still
flowing through the system without tip clogging. Given this particle size range, one can
conclude that the system is well suited for mammalian cells dispensing as their typical size
is between 6 um and 15 um. To guarantee single cell dispensing and avoid further
dispensing in a well already containing a cell, it is more favorable to exceptionally interpret
noise as a particle rather than missing a real particle. In such conditions, we chose a

detection threshold Zm = 20 Q for the dispensing procedure which is closer to the system
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noise distribution ogg,s = 3.59 Q rather than the impedance peak magnitude [AZI
distribution. Assuming a Gaussian distribution of the noise centered at u= 0 Q, the
complement of the normal cumulative distribution function gives the probability p = 1.3x10*
of a noisy sample exceeding the detection threshold as shown in Equation 7. This probability
predicts the interpretation of a noisy sample as a particle passage in 1 over 7.9x10”7 samples.
According to the system sampling rate of 2.4 kHz, this represents one false particle detection

every 9 hours of the system use.

1 ZTh _(t_ﬂgz
p=1-F(Zrplp osys) = 1— —f e 2%ys” dt = 1.3x1078 Equation 7
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Figure 2.9 : Sensing tip sensitivity to dielectric particle size a) Impedance trace in arbitrary units (A.U.) for 6, 10 and 15
um beads sequentially passed through the instrumented pipette using an acquisition sampling rate of 2.4 kHz (Same
arbitrary units for the three beads populations). b) Calibration curve representing the actual impedance magnitude against
the value read from the system in arbitrary units c) Sensing tip sensitivity to dielectric particle size according to the

analytical model and experimental results with 6 um, 10 pm and 15 pm beads.
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2.3.1.5 Noise analysis & theoretical smallest particle detectable

In a Coulter counter and according to the hypothesis of purely resistive impedance, the
fundamental noise contribution is given by the Johnson noise (Gillespie, 1996). This noise is
linked to the thermal agitation of current carriers flowing through the aperture resistance.
However, the total system noise also depends on the circuit used for the impedance

measurement. Those aspects are discussed in the following section.

Figure 2.10 shows the simplest instrumentation allowing measuring the sensing tip
impedance and consists of a voltage divider composed of a fixed resistance Rumesue and the tip
impedance Rrip (as assumed purely resistive). An excitation voltage Uex is applied on this
voltage divider. The voltage measured Unesure on the resistance Rumesure contains the sensing tip
impedance noise added with the measurement resistance Rwmesure noise. This voltage noise
VMesure,rms 15 expressed in Equation 8. The voltage noise vy rms occurring directly on the
sensing tip impedance Rrj is calculated using Equation 9. Dividing the sensing tip voltage
noise Vi rms by the current flowing in the voltage divider gives the equivalent resistance
noise rrp yms according to Equation 10. This noise can be compared with the impedance
peak magnitude obtained by particle passage in the sensing tip according to the analytical
model presented above (§2.2.6). This resistance equivalent noise is calculated for a sensing
tip impedance Rriy of 30 k(), a measurement resistance Rumesure 0f 30 kQ2 and a bandwidth Af of
2.4 kHz. The resistance equivalent noise rr;p ms equals 0.093 Q) and defines the theoretical
smallest noise level obtained with a 30 kQ sensing tip impedance measured according to the

topology presented in Figure 2.10.
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Figure 2.10 : Resistive bridge instrumentation allowing to measure the sensing tip impedance variation. It consists of a

voltage divider composed of the sensing tip impedance and a measurement resistor on which voltage is measured.

UMesure,rms = \/4kBT(Rmesure//Rtip)Af =077 wv Equation 8
Rrip” .
Vriprms = vMesure,rmsz Rilpz =0.77 pv Equation 9
Mesure

vTip,rms _ vTip,Tms * Rtut _ 17Tip,rms * (RMesure + RTip) — 0.093

TTiprms = Equation 10
s ItOt Uexc Uexc

The analytical model is then used to express the total magnitude impedance |Z|r, o Of
sensing tip with different aperture diameters and the corresponding impedance peak
magnitude |AZ| obtained for different particle sizes. These values are compared with the
minimal level of noise using Equation 10 and the respective total magnitude impedance Rri.
The minimal particle size detectable is defined as the particle diameter yielding an

impedance peak magnitude at least 3 times (3 o ) higher than the noise level.
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Accordingly, Figure 2.11 shows the theoretical minimal particle diameter that can be
detected for an aperture of chosen dimensions (black circles). Figure 2.11 also presents the
performance of a commercial Coulter counter particle analyzer (blue crosses) according to
their specifications (AZO, 2016) as well as the sensing tip performance (red cross) measured
in the previous section (§2.3.1.4). This model predicts a theoretical limit of detection of
230nm, 420 nm and 950 nm for aperture of 20 pum, 30 pm and 50 um respectively. As
expected, those theoretical performances are slightly better than the actual commercial
Coulter counter specifications defining minimal observable particle of 400 nm, 600 nm and 1

um for similar aperture sizes.
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Figure 2.11 : Minimal particles size detectable for a given aperture size. Black dots shows the minimal particle size detectable
according to the particle impedance peak magnitude estimated with analytical model and the Johnson noise given by the
corresponding aperture resistance. Blue crosses show the minimal particle size detectable in a commercial Coulter counter
according to the instrument guideline. The red cross shows the minimal particle size detectable with the current version of

the instrumented pipette and a sensing tip with a 35 um aperture.

The schematic proposed in Figure 2.10 becomes inefficient when the impedance to be
measured is combined with an important parallel capacitance Ccor induced by measurement
cables as represented in Figure 2.10. In particular, it prevents the use of coaxial cable, long

PCB traces or any fixture increasing the stray capacitance to connect the sensing tip to the
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electronic instrumentation. Because of the sensing tip geometry and as the electronic
instrumentation cannot be integrated in the tip, a connecting fixture is required and the
stray capacitance is inevitably increased. For these practical reasons, an instrumentation
topology based on a transimpedance amplifier more tolerant to stray capacitance is selected
and presented in Figure 2.12. The voltage noise at the output of this amplifier vyesyre rms iS
calculated for a sensing tip resistance Ry, of 30 k(2, a transimpedance feedback resistance
Rpeeq of 47 kQ and a bandwidth of 2.4 kHz according to Equation 11. The voltage and
current noise of the operational amplifier (AD8065, Analog Device, US) are 7 nV /VHz and
0.6 fA/VHz respectively. With a similar development presented for the previous
instrumentation but according to this topology, the resistance equivalent noise rr;p yms is

calculated using Equation 12 and equals 0.086 Q.

1 UF RFeedbazk
50 kQ
||  —
11 I |
RTip
30 kQ
: 1uF
com 11100 [
U, V. I
500 mV N e i
50 kHz
5kQ
_I_ <\/> UMesure
.
5kQ 1uF
1

Figure 2.12 : Transimpedance amplifier instrumentation allowing to measure the sensing tip impedance variation.
Compared to the resistive bridge, the transimpedance amplifier instrumentation is tolerant to a high line capacitance

between the sensing tip impedance dans the amplifier input.
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Rrip + Rreea Rreed\’
. Tip Feed Feed

= ((lnRFeed)z + (en — R ) + 4kgT Ry <_R = ) + 4'kBTRFeed> *Af .
Tip Tip Equation 11

=24V

. VFreed,rms . UMes,rms 2
r _ UTip,rms _ Tip RFeed _ Tip RFeed _ 17Mes,rmsRTip
Tip, = = = =
s ITip % h UexcRFeed .
Rrip Rrip Equation 12
= 0.086 02

Table 2.2 shows a noise summary with theoretical noise calculated for the voltage divider
and transimpedance instrumentation as well as experimental noise measured with the
instrumented pipette and a sensing tip. The minimal voltage noise level is given by the
voltage divider instrumentation with 0.77 mV. It represents a resistance equivalent noise of
0.093 Q) and allows theoretically detecting particle down to 560 nm in a 35 pum aperture. The
noise level calculated for the transimperance instrumentation is 2.4 uV. Despite a slightly
higher voltage noise value, it represents a resistance equivalent noise in the same order of
magnitude with 0.086 () and allows theoretically to detect particle down to 530 nm in a 35

um aperture.

As described in the previous section (§2.3.1.4), the instrumented pipette noise contribution
from its electronic instrumentation was measured 3.56 (). The standard deviation of the
instrumented pipette in dispensing condition was measured at 3.59 Q) and according to the
sensitivity curve it represents a minimal particle size detectable of 3.2 pm for 35 um
aperture. Comparing those values with the theoretic smallest noise in a transimpedance
topology shows that our electronic instrumentation could still be perfected to exhibit a noise
level dominated by the fundamental aperture resistance Johnson noise instead of the
instrumentation noise itself. This would allow increasing the aperture diameter while
detecting the same particle population and consequently further decreasing the risk of
clogging. Finally, the electrochemical noise arising at the electrode interface is neglected in
this study. However, the proximity of the theoretical noise evaluation and the actual

commercial coulter performances suggests that this assumption is acceptable.
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Table 2.2 : Theoretical and experimental noise of the different impedance measurement instrumentations

Theoretical Theoretical Instrumented Instrumented
minimal noise ~ minimal noise pipette noise pipette noise
with with resistive =~ measured witha measured during
transimpedance bridge physical resistor ~ system operation
Noise level [uV] 2.4 0.77 - -
Equivalent noise 0.086 0.093 3.56 3.59
level [Q]
Minimal particle 0.530 0.560 32 32
size detectable in
35 um aperture
[pm]

2.3.1.6 Effect of the membrane thickness on the particle detection and size

sensitivity

The analytical model is also used to evaluate the effect of the membrane thickness on the
sensing tip sensitivity to particles. Figure 2.13 a) shows the ratio of the impedance variation
created by the passage of a dielectric particle of given dimensions through the aperture
versus the thickness of the membrane. The curves presented in this figure using the
analytical model, correspond respectively to the passage of 6 um, 10 um and 15 pm
particles. The optimum membrane thickness for detecting particle of a given dimension
corresponds to the point where these curves are at a maximum. This predicts a membrane
thickness that is slightly smaller than the actual particle size. This effect is related to the
influence of the spreading resistance defining a sensitive volume slightly extending from the

aperture as expected from Figure 2.8 a).

However, the time of particle passage in the aperture also depends on the membrane
thickness. A compromise is chosen with a membrane thickness of 15 um. This is not the
absolute theoretical maximal impedance variation according to Figure 2.13 a) but allows for
a reasonable particle dwell time in the sensitive volume and thus increases the number of
points acquired. According to Figure 2.13 a), this optimization on the number of points
acquired on a particle passage is obtained at a minimal cost of a few percent reduction in the

impedance signal variation.
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Figure 2.13 b) shows the averaged impedance time trace for the same three populations of 6,
10 and 15 pm polystyrene beads shown in Figure 2.9 a) for a sampling rate of 2.4 kHz. The
averaged time traces have been superimposed and centered. Average impedance peaks for
15 um, 10 um and 6 um beads are represented by respectively 15, 9 and 3 sampling points
above the previously chosen threshold Zm =20 Q.

The probability to miss a 6 um particle correspond to the cumulative missing of the 3 points
defining the 6 pm particle impedance peak. Considering the 3 points above the threshold
with their respective impedance magnitude of |AZ;| = 37 Q, |AZ,| = 89.8Q2 and |AZ3| = 37Q),
and their standard deviation g, = 33 Q the probability p equals 0.0016 using the normal
cumulative distribution function according to Equation 13. It is equivalent to 1 particle

missed every 632 dispenses.

1 [(Zm =)
F(X]o) = e 207 dt
oV2mJ_o
p = (1= F((I8Z,] = Zra)lo6um) ) - (1 = F(UAZ2] = Zrn)|Geym)) Equation 13

' (1 - F((|A23| - ZTh)|06um)) = 0.0016

This represents the worst-case scenario for the dispensing of a population containing 6um
particles only. The same probability drop to 1 event missed every 2.5x10° dispenses for 10
um particles as more points with higher impedance magnitude are considered. In the
context of single particle dispensing for mammalian cell isolation, this demonstrates the
very low probability of missing an event that could lead to the dispensing of two cells in the

same well without detecting it in the impedance signal.
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Figure 2.13 : Effect of the membrane thickness on the particle detection and size sensitivity. a) Membrane thickness impact
on the impedance variation for beads populations of 6, 10 and 15 um crossing the sensing tip aperture and obtained from the
analytical model. b) Averaged impedance time trace on 56, 27 and 31 peaks for the three different sub-population of particles
of 6, 10 and 15 um travelling along the tip aperture.
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2.3.2 Fabrication constraints allowing cost effective design

The goal of this section is to discuss the design constraints allowing for a cost effective

fabrication process compliant with disposable devices.
2.3.2.1 Effect of the electrodes placement

Figure 2.14 a) shows the sensing tip total impedance magnitude against the inner electrode
distance from the membrane according to the analytical model (plain line) and
corresponding measurements performed with an impedance analyzer (Agilent 4294A,
Agilent technologies, US). For the inner electrode placed at 1 mm from the aperture, the total
impedance is 31 kQ at 49 kHz. When the same electrode is then retracted at 3.5 mm and 5
mm away from the aperture, a total sensing tip impedance of respectively 37 k(Q) and 37.8
kQ) is measured at 49 kHz. The impedance difference for the two electrodes extreme
positions is 6 k(), which is in agreement with the analytical model and corresponds to less
than 20%. This shows that, in this design, a large electrode displacement does not
significantly affect the total impedance and the electrical potential distribution in and

around the tip.

Additionally, Figure 2.14 b) shows the sensing tip impedance variation when 15 um beads
passing through the aperture versus the membrane to electrode distance for distal inner tip
diameter of 60 um, 150 pm and 500 pm according to the analytical model. For an aperture of
30 um and a significantly larger distal inner tip diameter of 500 um as chosen in this design,
the impedance change due to 15 um beads is expected to be 11% with a 100 um membrane
to electrode distance. When the same electrode is then retracted at 500 um away from the
aperture the impedance change is still 10% for 15 um beads. On the other hand, for a smaller
distal inner tip diameter of 60 pum, the same electrode displacement from 100 um to 500 um
induces an impedance variation going from 10% to 3.5%. This demonstrates that the large
ratio between the membrane and aperture diameters chosen in this design offers great
flexibility of electrodes placement. Consequently, with our design, cost effective methods
can be used for inner electrode placement and outer electrode deposition. In particular,
photolithography can be avoided for electrode structuration, which would have been
cumbersome and expensive for microfabrication on a 3D object such as a tip. This limited
electrode position sensitivity also limits noise induced by electrode movement or vibration.
Moreover far electrode placement prevents aperture clogging with bubble formed at

electrode in a case high electric potential is used.
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Figure 2.14 : Effect of the electrode placement. a) Total impedance magnitude versus inner electrode distance to the
membrane according to the analytical model and measurements. b) Effect of electrode distance to the membrane on the

impedance change due to the passage of a 15 yum bead.

2.3.2.2 Effect of the aperture size

Figure 2.15 shows the impedance peak magnitude for 6, 10 and 15 um particles against the
aperture diameter according to the analytical model (§2.2.6). As expected intuitively, the
sensitivity to particle size decrease with the increase of the aperture size. However, the
aperture has to presents a sufficiently important diameter to prevent particle clogging. The 6

um particle curve shows an impedance variation decreasing from 81 Q to 73 () when the
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aperture size is increased from 35 um to 36 pm. Even reduced by 10%, the impedance
variation for 6 um particle is still largely detectable with the instrumented pipette. On the
other hand, if the aperture size is decreased by 1 pum, the impedance variation will be
increased by 14%, which facilitates the detection. Moreover, a 34 um aperture is still
acceptable to prevents clogging with a particle size distribution comprised between 6um
and 20 um. It demonstrates a system tolerance to aperture variation of at least +/- 1 pm to
allow for the particles detection. Particle sizing is also tolerant to aperture variation
provided that the sensing tip total impedance magnitude baseline is measured to deduce the

aperture size and calibrate the system accordingly.
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Figure 2.15 : Effect of the aperture diameter on the particle detection. The impedance peak magnitude due to the passage of 6,

10 and 15 um particles decrease with the increase of the aperture diameter.

2.3.2.3 Summary on fabrication tolerances

The effect of aperture size variation is evaluated in the previous section (§2.3.2.2) and shows
a tolerance up to +/- 1 um on the 35 um aperture inducing an impedance peak magnitude

decrease of maximum 10% for 6 pum particles.

According to the Coulter counter principle, the aperture position in the membrane does not
influence the detection performances as long as the aperture is not too close to the

membrane boundary. If the aperture is positioned too close to the tip wall, the aperture
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spreading resistance might be increased. Avoiding this boundary effect leaves freedom in

the aperture placement of +/- 200 yum.

The effect of membrane thickness variation is evaluated in a previous section (§2.3.1.6). A
tolerance of +/- 2 um on the 15 um thick membrane, reduce the impedance variation by a

maximum of 6 % for 6 um beads.

The effect of inner electrode position variation is evaluated in a previous section (§2.3.2.1)
and shows a tolerance up to +/- 1 mm on the 3.5mm electrode position inducing an
impedance variation reduction of 3% for 6 um beads. The same section shows that the tip
distal diameter defining the membrane section has a negligible effect on the impedance

variation due to particle passage as long as significantly larger than the aperture section.

The main constrains on the electrode surface is the electrode cut-off frequency that need to
be kept at least 100 times smaller than the signal excitation frequency of 49 kHz as shown in
Equation 14 to avoid the electrode capacitance contribution in the sensing tip total
impedance. Under this constraint, the minimal electrode surface can be calculated
considering a tip real impedance Rri of 30 k(), a water outer helmoltz plane distance donr of
0.54, an absolute permittivity of 8.85x10-> F/m and relative permittivity for water of 12.4
(Meissner, 2012). Equation 15 shows a minimal electrode surface of 0.048 mm? to avoid the

impedance contribution from the electrode capacitance.

1 fexcitation
_ = < < 500 Hz E tion 14
fcut of f,electrode ZﬂRTip Celectrode 100 quation

Cetectrode * dOHP,Water

S =
electrode Eo&r
1 Equation 15
-d
TR - OHP,water
. szfcut of f,electrode = 0.048 mmz
Eo&r

These different considerations about fabrication tolerances for the sensing tip design
parameter are summarized in Table 2.3. It shows that only two parameters require a precise

fabrication control, which are the aperture size and the membrane thickness. The aperture
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size depends on the laser beam shape that is expected to be consistent over the different
production batches after initial adjustments and calibration. The membrane thickness
mainly depends on the parylene chemical vapor deposition process, which can be adjusted
and consistently repeated over batches. The 3D shape of the tip does not affect those
fabrication parameters. Other parameters such as aperture and electrode positions are very
tolerant to displacements and permits avoiding photolithography. The inner electrode can
be inserted by hand or with a robot. The outer electrode can be deposited through a far field
shadow mask. The low requirement on the distal inner tip diameter also shows that the full

process can be performed on an existing pipetting tip.

Table 2.3 : Summary on the sensing tip design parameter tolerances

Nominal Prototype realization Desired tolerances on Effect with desired tolerances
(n=9) production (Worst case)
Aperture size d 35 um pa =39.2 um, +/-1 pm Impedance variation reduced by
0a=3.3 pm 10 % for 6 um particles
Aperture position Centered Eccentricity Eccentricity <200 um No effect as long as not to close
HE=5.76 um to the boundary of the
membrane
oE=2 um
Membrane thickness e 15 um N/A +/-2 pm Impedance variation reduced by
6 % for 6 um particles
Electrode position [ 3.5 mm i =3.52 mm, +/- 1mm Impedance variation reduced by
o= 0.5 mm 3 % for 6 um particles
Distal inner tip 500 um ppi1 = 515.9 um, Di>10%*d Little effect as long as bigger
diameter Di opi=29.9 um > 350 um than 10 times the aperture
diameter
Electrode surface (3mm ~1 mm? ps =1.63 mm?, Surface > 0.048 mm? No effect as long as bigger than
immersed) os=0.25 mm? 0.048 mm?

2.3.3 Sensing tip fluidic behavior

The fluidic behavior of the sensing tip is characterized and a corresponding model is

proposed to determine important dispensing parameters.
2.3.3.1 Fluidic characterization

Figure 2.16 presents an experiment where liquid (DPBS 1x, Sigma Aldrich, US) is aspirated

and dispensed in cycle with a sensing tip having an aperture of ~30 um. The well containing

63



the liquid to be aspirated and dispensed with the sensing tip is placed on a precision
microbalance (PA214, OHAUS, US) allowing to determine the tip loaded volume by
measuring the well weight with a sampling rate of 1 s. Successively, the negative and
positive pressures are applied at - / + 10 mbar, - / + 5 mbar, - / + 2 mbar and - / + 1 mbar and
tip loaded volume is measured along time as shown in Figure 2.16 a). Using the derivative
of the tip loaded volume against time, the liquid flowrate is calculated on the same data set.
The flowrate against the tip loaded volume is shown in Figure 2.16 b) for the different

aspirating and dispensing pressures.

Figure 2.16 b) shows a non-constant liquid flowrate over the tip loaded volume for a given
pressure. This demonstrates that the hydrostatic pressure has a non-negligible influence in
the fluidic behavior of the sensing tip and need to be taken in account to control the liquid
flowrate. Also, the effect of the hydrostatic pressure prevents to use the full tip volume

when using small pressures as shown in Figure 2.16 a).

This experiment also shows that the liquid level at equilibrium with no external pressure
applied is above the well liquid level. It demonstrates the influence of the capillary pressure
on the sensing tip. Furthermore, two different liquid height equilibrium are observed if the
liquid is filling or leaving the tip. With no external pressure applied, the liquid height
equilibrium is measured at 11.5 mm when the liquid is loading in the tip. When the liquid is
leaving the tip, the liquid height equilibrium is measured at 14 mm. This also suggests a

capillary pressure difference between the liquid aspiration and dispensing phases.

Because of the low hydraulic resistance of the tip, the hydrostatic, capillary and external
applied pressures have contributions of the same order of magnitude on the liquid flowrate.
Hence, all those different contributions need to be taken in account to control the flowrate.
The consequence is that the dispensing protocol needs to be fixed and respected during the
dispensing phase to determine the actual liquid height giving the hydrostatic pressure and

the flow direction giving the capillary pressure.
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Figure 2.16 : Sensing tip fluidic characterization with cycles of liquid aspiration and dispense. a) Shows the volume
contained in the sensing time against time for aspirating and dispensing pressure of +/- 10 mbar, +/- 5 mbar, +/- 2 mbar, +/-

1 mbar. b) Shows the liquid flowrate against time of the same data set.

2.3.3.2 Fluidic Model

Based on the previous sensing tip fluidic characterization (§2.3.3.1), a fluidic model taking in
account the different contribution of hydrostatic, capillary and external applied pressures is
proposed. This model is represented with an electrical-hydraulic equivalent circuit as shown

in Figure 2.17.

65



a) b)

Tip
P‘:ap (P) Capillary
Pressure
- p Abolied p Tip Ti
pplie " Hydrostatique '
I Appl P Pressure Tip <P> Pryessure q Cnp Compliance

Aperture
Hydraulic
Resistance

Aper

1

Figure 2.17 : Fluidic model of the sensing tip. The fluidic model is defined by the external pressure applied to the sensing tip

in addition to the tip capillary pressure, tip hydrostatic pressure, aperture hydraulic resistance and tip compliance.

The tip hydrostatic pressure is defined by the liquid height in the tip hjqyiarip and the depth
at which the tip is immersed in the well hjpmerseq according to Equation 16 as well as the

gravity g = 9.81 m/s? and density of the liquid p = 1000 kg/m3.

PHydro = Py (hliquid,Tip ) - himmersed) Equation 16

Considering the geometry of the sensing tip which is a truncated cone, the liquid height
hiiquia,rip can be calculated in function of the liquid volume contained inside the tip Vg,
using the tip length L = 50 mm, its proximal diameter D;, =5 mm, its distal external diameter

D, =1.1mm as well as the truncated length of the cone l;yncqteq = 7.5 mm.

1 (D,
3 3(L + ltruncated)2 (VTip (t) + 3 (76) ”ltruncated>

2 - ltruncated

&)

Equation 17

Riiquia,eip(t) =
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The tip capillary pressure is defined experimentally in liquid aspirating and dispensing
conditions according to measurements on the previous section (§2.3.3.1) and results in

Equation 18.

—140 Pa if liquid dispensing

Peapitiary (t) = {—115 Pa if liquid aspirating Equation 18

The effective pressure difference on the aperture is defined as the sum of all the pressures

contributions given in Equation 19.
PAperture (t) = PApplied(t) + PHydro (t) + PCapillary (t) Equation 19

Assuming a laminar conditions and a Poiseuille flow inside the aperture, the hydraulic
resistance is calculated using with the liquid viscosity p = 1x1073 Pa - s, the thickness of the

membrane e = 15 um and the aperture diameter d = 30 um as shown in Equation 20.

8ue Pa-s .
RAperture = 7_[—;4 = 4.7x10%0 F Equation 20

The flowrate can be calculated with the quotient of the total pressure applied on the

aperture Py,erure and the aperture hydraulic resistance Ryperiure as shown in Equation 21.

PAperture (t)

Q) = Equation 21

RAperture

dVrip
dt

The tip volume variation defined by the aperture flowrate Q(t) dependents on the

loaded tip volume Vr;y(t) itself and consequently Equation 22 is a differential equation. This
equation is numerically solved using Using Matlab (R2016a, Mathworks, US) to find the tip

loaded volume along time as shown in Equation 23.

dVTip _ PAperture (VTip (t))

F(t) =
dt RAperture

Equation 22
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T
Vrip(t) = fF(t)dt Equation 23
0

2.3.3.3 Model validation

An experimental validation of the model was performed to validate the Poiseuille flow
assumption and the empiric values chosen for the capillary pressure. Before the experiment,
a sensing tip with a 30 um aperture is loaded with 80 uL of liquid (DPBS 1x, Sigma Aldrich,
US). Then, during the first 400 seconds of the experiment, the tip is kept in the air above a
well. After 400 seconds, the tip is immersed by 3mm in a well containing the same liquid.
No external pressure is applied in this experiment. By filming the sensing tip and the liquid
level during the experiment, the liquid height and tip loaded volume along time were
extracted using Image] (NIH, US). Using the same experimental parameters, the expected tip
volume along time is also evaluated with the fluidic model presented in the previous section
(§2.3.3.2). Theoretical results are superimposed with experimental data in Figure 2.18 a). The
two curves are in good agreements and suggest that the fluidic model can be used for the
sensing tip fluidic behavior description if initial conditions are well controlled. Thanks to the
model, other parameters such as the flowrate, hydrostatic pressure and capillary pressure
are also evaluated and represented in Figure 2.18 b). Those results illustrates the important
flowrate variation during the dispensing ranging from 2 pL/s to 0.25 puL/s due to the change
in liquid height. This experiment also shows that the flowrate is negligible when the tip is
not immersed in water which is an advantage to avoid particle loss in hanging droplets

during non-immersed phase of the dispense.

Based on those data, the Reynolds numbers for the aperture d = 30 um and the tip section

D;; = 500 pm are calculated for a flowrate Q = 2x107° m3/s.

pVd  4pQ

R = =——=2849 Equation 24
eAperture L T[ud q
4
Reri, = LQ = 5.09 Equation 25
P muDy
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The Reynold numbers found in the tip and aperture validate the hypothesis of laminar flow.
Because of the limited thickness of the aperture, the fluid flow is arguably not fully
developed in this region. However, in this limited pressure range, the hypothesis of a

Poiseuille flow yields to acceptable results for flowrate estimation as shown experimentally.
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Figure 2.18 : Fluidic model validation with liquid dispensing experiment. a) Presents the dispensing of liquid with a sensing
tip and shows the tip loaded volume against time according to the fluidic model and a validation experiment. b) Shows the

corresponding pressure and flowrate values obtained with the fluidic model.

2.3.3.4 Model parameters for cell dispensing

The choice of the dispensing pressure Pp is limited by the particle speed that requires to be
adapted to allow at least 3 to 15 samples of impedance measurement to be acquired when

the particle pass the sensitive volume. During single particle dispensing experiment (§2.3.4),
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this dispensing pressure is manually adjusted to find the value where particles start to flow
and impedance peaks are detected accordingly. Taking in account the capillary and
hydrostatic pressure, it defines an effective pressure drop at the membrane comprised

between 0 mbar and 0.5 mbar.

Assuming that the liquid flow is laminar in the sensing tip structure imposes no time
dependence on the fluid speed field. Thus, the only phenomena preventing to re-aspirate
particles if the pressure is reversed is the particle sedimentation speed. It is assumed that the
dispensing pressure Pp is chosen to have a pressure drop at the membrane of 0.2 mbar and
the holding pressure Pu chosen 100 times smaller at -2 ubar. The escape distance lescape from
which the particle cannot be aspirated anymore because of the cell sedimentation speed can
be estimated by the point where the fluid speed is equal to the cell sedimentation speed
Veel seaim €Stimated at 3 um/s (Muller, 2016). Because of the mass conservation, the holding
flowrate Qg given by the holding pressure Pu is constant and the flow speed decrease with
the increase of the surface through which the fluid streamline converge toward the tip as
shown in Figure 2.19. This surface is defined as the half sphere of radius lgscape -

Accordingly, the escape distance lesape for cells can be estimated at 472 um using Equation 27.

2

Qu = Veell,sedim * 27l'lescape Equation 26

Fy
l = [/ =472 um Equation 27
escape 27Tvcell,sedim : E
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Figure 2.19 : Sketch illustrating the concept of particle escape distance. Particles have to reach this escape distance where

their sedimentation speed equals the liquid flow speed to avoid re-aspiration in the sensing tip due to the holding pressure.

On the other hand, during the dispensing phase, the distance traveled by the particle can be
calculated by integrating its speed over time. The particle speed is the sum of the cell
sedimentation speed and the flow speed. For the dispensing pressure Pp = 0.2 mbar, the
corresponding flowrate Qp of 0.42 pL/s is conserved along the structure. The flow speed
Vriow is calculated by the mass conservation with the ratio of the aperture section and the
sphere defined by cell position I. Consequently, the flow speed at the particle position [ is
self-dependent of the particle traveled distance /. Hence, the particle traveled distance
expression is a differential equation (Equation 28) that is numerically solved using Matlab

(R2016a, MathWorks, US) and presented in Figure 2.20.

) = fvparticuledt = f(vcell,sedim + 17flow)dt

Qq Equation 28

=|w m + ————————)dt
f( cell,sedim Aaperture + 27‘[l)
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Figure 2.20 : Distrance traveled by the particle when leaving the sensing tip. This curve shows the time required for the
particle to reach the 472 um espace distance. This determines the time delay of 0.5 s to be waited before the pressure switch

to avoid particle re-aspiration.

Figure 2.20 shows that at least 0.5 second should be waited before switching from the
dispensing pressure Pp to the holding pressure Pu to allows the cell to reach its escape
distance of 472 um. This defines the time delay t4¢;4, to wait before switching the pressure

in order to avoid the particle re-aspiration.

Considering this time delay tgeqy of 0.5 s, a dispensing flowrate Qb of 0.42 uL/s and a
particle concentration C = 1000 cells/mL, the probability of having further particles

dispensed during this delay can be calculated by Poisson’s distribution:

A= CVaispensea = C " Qp " tageiay = 0.21 cells Equation 29
)lk

P(k>0) = Fe"l = 0.181 Equation 30
k=1

Equation 30 shows that, on average, 18% of the wells will be populated with more than a

single cell because of the time delay before the pressures switching. These 18% of wells
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containing two cells does not represents a reliability problem as they can be discarded based
on the impedance time trace showing the passage of two cells. However, it defines the

maximal ratio of wells that can effectively contains a single cell and represent a maximal
filling plate rate of 82%.

To compare this results with the standard serial dilution and using the Poisson’s
distribution (Equation 31), Figure 2.21 shows the probability of having k cell per well for

different cell concentration and a dispensed volume fixed at 100 uL per well.

Ak .
P(k) = Fe"l Equation 31
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Figure 2.21 : Poisson distribution defining the average number of cell dispensed per well by serial dilution. This graph

defines the highest probability to have single cell at 36.8%. This case happens for a cell concentration of 10 cells/mL and a
dispensed volume of 100 uL representing, on average, one cell per dispensed volume.

According to the Poisson’s distribution, the highest probability of having 1 cell per well is
given when A equals 1 cell per dispensed volume and yield at a maximum of 36.8%. This
defines the highest plate filling rate that can be achieved by serial dilution and show that the

feedback of the instrumented pipette, although not perfect, can permits a higher plate filling
rate of 82%.
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2.3.4 Single particle dispensing validation

The system was used to dispense 10 um fluorescent beads (FluoroBrite, PolySciences, US) in
well plates (96 & 1536 multiwell plate, Corning, US) to demonstrate its dispensing
capability. Prior to dispensing, 20 uL of DPBS (DPBS 1x, Sigma Aldrich, US) containing
5x10° beads / mL were loaded in the sensing tip. To dispense a single bead, the tip was
manually immersed in a well containing 150 uL DPBS for 96 wells plates and 6 uL. DPBS for
1536 wells plates. The dispensing pressure of -0.3 mbar was applied in addition to the
hydrostatic and capillary pressure. Once an impedance peak was detected above the
threshold Zm = 20 Q, the system waited for the time delay tge1q, = 500 ms to avoid re-
aspiration of the bead and automatically switched to the holding pressure of -0.9 mbar to
avoid further bead dispensing. The sensing tip was then manually extracted from the well

and the impedance trace was recorded together with the well number.

Figure 2.22 a) shows an optical microscopy pictures (DM IL,Leica, GE) combining
fluorescent (400 nm excitation) and bright field illumination of a well containing one single
fluorescent bead successfully dispensed with the system. Figure 2.22 b) shows a typical
impedance trace obtained during the dispense and displays the evidence of a single particle

deposition with only one impedance peak between the entrance and escape of the well.

This dispensing was performed in 47 wells. Of these wells, 24 were rejected because the
impedance traces showed more than one peak or insufficient impedance signal quality. The
remaining 23 wells were selected as the impedance traces showed one single peak. All of

these wells contained effectively only one single bead when observed under the microscope.

At this stage, the plate filling rate is not perfect with 49% (n = 47) of wells presenting the
evidence of a single particle in the impedance trace. According to the previous section
(§2.3.3.4) this is explained by the fluidic control that still has to be perfected to dispense
single particles at higher yield. However, the important feature is the ability to define and
qualify wells containing effectively a single particle with high confidence based on the
impedance time trace. This was achieved with 100% (n = 23) of wells presenting effectively a
single bead when the impedance time trace showed one impedance peak. This capability is
made possible because there is no dead volume between the cell sensing volume and the
receiving well. Consequently, each single particle leaving the sensing tip is detected and is

necessarily in the well.

74



b)

= T T T T T T T =

Well entry Well escape
32 F
319 F c 4
o318 r N 1
3
<317t = 1
N
316 b
3151 Single particle 7
314 - impedance peak 4
1 1 1 1 1 1 1 1
2 3 4 5 6 7 8 9

Time [s]

Figure 2.22: Demonstration of the system capability to isolate single particle in wells. a) Pictures of a well containing a
single 10 um fluorescent bead dispensed with the instrumented pipette and the sensing tip. b) Typical impedance trace
(before low pass filtering) of a single particle dispensed in a well showing the impedance drop due to the entrance in the well,
the single particle impedance peak due to the single particle dispensing and the impedance increase when leaving the well.
As only one impedance peak is detected between the well entrance and exit, the system provides evidence of a single particle

dispensed in the well.

2.3.5 Single particle dispensing reliability and plate filling rate

This section summarizes the different scenarios that can affect the single particle dispensing
reliability and the plate filling rate. The ultimate goal of this system is to allow the
dispensing of single particle on demand and to provide an impedance trace to attest on the
number of dispensed particles in each well for traceability. The most important factor of
such a system is the single particle dispensing reliability that is defined as the yield of well
where one particle is observed when one particle has been detected in the impedance trace.
This case is defined in Table 2.4 as the expected case. In the same table, all the other cases are

exposed.

Critical cases for reliability consist of having more than one particle in a well when one
impedance peak has been detected in the impedance trace. Those cases need to be avoided
imperatively in the context of cell cloning where the uniqueness of the cell progenitor needs

to be guaranteed (§2.1.1).

Different causes could lead to such a scenario. A particle impedance peak can be missed
because its magnitude is below the detection threshold. In the previous section (§2.3.1.6), the

probability of such an event for 6 um particle and a threshold at Zm = 20 Q) is evaluated at
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0.0016. If the population contains smaller particle or if this probability is not acceptable, the
solution consists of decreasing the aperture size or decreasing the threshold level (§2.3.2.2).
The flowrate should also be adequate to avoid a too fast particle passage preventing its

detection (§2.3.1.6).

Alternatively, two or more aggregated particles could pass simultaneously the aperture
leading in a doublet dispensing while one particle was detected. Two different approaches
can prevent this case. The sample containing the cells should be adequately strained before
the dispensing to avoid as much aggregates as possible. In addition, a second threshold at
high value allowing discriminating particles with larger volume could inform on aggregated
particle dispensed. Finally, a particle could be transferred form the previous well in addition
to the particle being dispensed in the current well. Similarly, a particle could be dispensed
while the sensing tip is outside the well. A simple workaround for these situations consists

of washing the sensing tip prior every dispensing.

All the others scenario defined by no cell or more than one cells detected in the impedance
trace do not affect the single cell reliability yield as the well can be discarded based on the
impedance time trace. However, these cases decrease the plate filling rate defined as the
number of well containing effectively a single particle over the total number of wells. The
following causes lead to this situation. The noise in the impedance signal can be interpreted
as a particle impedance peak. The probability of such an event was evaluated in a previous
section (§2.3.1.4) at 1.3x10® occurrence per impedance sample. If the particle concentration is
too high or if the system holding pressure is set at a too low value, particles can be
dispensed during the delay of pressure switching. Also, if the system holding pressure is set
at a too high value or if the delay before pressure switching is too short, the dispensed
particle can be re-aspirated by the system. Those examples illustrate the need or a reliable
fluidic control to ensure a good plate filling rate. Many other obvious factors can lead to low
plate filling rate such as a dusty solution, clogged aperture, no particle in solution or a signal

containing an excessive amount of noise of artifacts.
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Table 2.4 : Single particle dispensing reliability and plate filling rate

Particl Particl Probabi
Outcome artiete articte Results Cause r(? bt Mitigation
detected observed lity
1 Expected
case
Noise int ted Increase detection
oise interpreted as
0 Decreases artisle 1.3x108 threshold,
plate filling P Decrease noise level
rate Dust int ted
ustin erPre edas - Medium filtration
particle
Missing a 6 um particle Decrease detection
peak 0.0016 threshold, Decrease
Selected 1 Missing a 10 um particle 4x10-10 aperture size,
wells peak Decrease flow rate
Cell preparation, Cell
. Doublets (2 cells straining, Fix an upper
Single-cell - A
o aggregated) threshold to discriminate
>1 reliability big aggregate
issue X T
. Avoid cell sticking to the
Particle transferred from - .
. - tip, Tip washing between
previous well
wells
Tip washing prior
Particle dispensed when P . g P
. . - dispensing
the tip is outside the well .
Better fluidic control
Increase particle
No particle in solution - concentration
Wait longer in each well
Decrease particle
Decreases concentration, Increase
0 X late fillin; Apert 1 d - i
p & perture clogge aperture size, Cell
rate .
preparation
Flowrate too low - Better fluidic control
Decrease pump switching
Rejected Multiple dispense after 018 time,
wells first detection Decrease concentration,
Better fluidic control
Decre.as.es Dispense during back Increase back pressure,
>1 X plate filling - o
rate pressure phase Better fluidic control
Increase pump switching
. Lo time, decrease back
Particle re-aspiration -
pressure,
Better fluidic control
Signal
with Increase protocol
. Decreases Fault during operation, P
artifacts e . robustnesss,
X plate filling Electromagnetic - .
or . System electromagnetic
) rate interferances o
excessive shielding
noise
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2.3.6 Cell viability

When the cells cross the aperture of the sensing tip, they are exposed to an electric field and

a fluidic shear stress. Potential adverse effects are discussed in this section.

As described in literature (Zimmermann, 1974), in an electric based cell detection system, the
electric field applied to cells can have an effect on the cell viability by breaking down the
lipid membrane. The membrane dielectric breakdown happens around a potential of 0.9 V
on the cell membrane. Initial effects are a reversible opening of the cell membrane allowing
ions or molecules to pass through the cell as defined by electroporation. Higher electric field
values will induce a permanent destruction of the cell membrane leading to cell apoptosis
(Zimmermann, 1974; Neumann, 1982). Both these effects need to be avoided in the
instrumented pipette. Even though the reversible opening should not lead to cell apoptosis,
a bias will be induced in the effective impedance change measurement because current will
flow through the cell and thus induce an error on the cell size interpretation. Secondly, this
effect could also lead to the intake of external molecules inside the cell as voluntarily
performed during electroporation. Intake of foreign molecules is to be avoided as it could

have a negative impact on the future cell life.

The passage of a 15 um bead in the sensing tip induces a variation of 1340 Q for a total
impedance magnitude of 30 kQ according to Figure 2.9. As this impedance variation during
cell passage represents only 4.4% of the total sensing tip impedance, the potential
distribution (§2.3.1.1) is assumed to be constant during cell passage. According to the
potential distribution in the sensing tip structure from Equation 6, the maximal potential
difference is estimated at 225 mV for a 15 um cell when centered in the aperture as shown in
Figure 2.23 a). Consequently the maximal electrical potential across the cell membrane could
not exceed 225 mV, which is far from the 0.9 V expressed from (Zimmermann et al., 1974)

and can be considered safe for the cells.

Considering a Poiseuille flow in the sensing tip aperture of diameter 4 = 35 um with a
maximal flowrate Q = 2.5 uL during dispensing (§2.3.3.3), the maximal shear stress applied
on the cell when passing the aperture can be calculated using Equation 32 (Kirby, 2010) and

according to the situation showed in Figure 2.23 b).
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Equation 32

2Q p2 .2

T = —— = — =
cell,Max Mdy ek u dy 7R3

Results are shown in Table 2.5 for the sensing tip as well as a comparison with the maximal
shear stress observed in FACS for a flow speed of 10 m/s and a capillary diameter of 75 um
(Davies, 2007; Ormerod, 2008). Those results shows that both the sensing tip and FACS
maximal shear stresses are in the same order of magnitude and suggests that the shear stress

applied in the sensing tip is acceptable for the cells.

Table 2.5 : Maximal shear stress in the sensing tip and FACS during operations

r [Hm] v [m/s] Q [HL/S] Tcell,Max [Pa]
Sensing tip 17.5 1.04 25 5.94x102
FACS 37.5 10 11 2.67x102

a)

AU =225mV

35um
v
| =

4
A

d

Figure 2.23 : Estimation of the electric field and shear stress applied on cells during dispensing. a) Using the sensing tip
analytical model, the maximal potential drop on a 15 pm cell centered in the aperture is estimated at 225 mV. b) Assuming a

Poiseuille flow and a flowrate of 2.5 uL/s, the maximal shear stress on a cell touching the aperture wall is estimated at 592

Pa.
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To ensure these effects do not disrupt the cells, a cell viability assay was performed in which
3T3-J2 murine fibroblasts were stained with a viable dye (1 uM Calcein AM, Thermofisher,
US). In a first well (Grainer, Sigma Aldrich, US), one hundred cells were dispensed by serial
dilution using a conventional pipette as positive control. In a second well, one hundred cells
were dispensed using the instrumented pipette and the sensing tip. In the last well
containing 20% ethanol, another hundred cells were dispensed by serial dilution as negative
control. Each of the conditions were repeated in triplicate. The cells were then let to
sediment for 30 min, allowing calcein to diffuse out of dead cells. The wells were imaged
under an inverted fluorescent microscope (Axiovert 200M, Zeiss, DE). Images were analyzed
and the number of green (living) cells versus unstained (dead) cells was manually counted.
The ratio of those two counts was calculated for every condition in order to estimate cell

viability.

Figure 2.24 shows the results of the viability assay. After dispensing the cells with the
instrumented pipette through the sensing tip, a portion of 94% of cells (standard deviation: 3
%, n=3, average: 62 cells in observable area) were counted as living cells. This result shows
no significant difference in terms of viability with the positive control where 95% of the cells
where found alive. In the negative control samples containing 20% ethanol, only 4% of the
cells were green (living) confirming the efficacy of this test and a sufficient incubation time
to allow the calcein to exits the dead cells. According to this experiment, cell viability is not

affected by the instrumented pipette and the dispensing through the sensing tip.
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Figure 2.24 : Cell viability assay after cell dispensing performed with the instrumented pipette. a) Bright field and
fluorescent images of the well containing the dispensed cells in the 3 conditions; positive control, instrumented pipette
treatment, negative control. b) Cell viability for the same three conditions. This shows that the use of the instrumented

pipette does not significantly alter cell viability.

2.4 Discussion

The tool proposed and designed in this study is effectively capable of detecting and sizing
particles down to the single particle resolution. Thanks to the analytical model developed

and validated with experiments, the sensing tip parameters such as membrane thickness
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and aperture diameter have been optimized for reliable particle detection in a range from 6
pm to 15 pm in diameter. The instrumented pipette combined with the sensing tip have a
limit of detection in terms of particle size of 3.2 um for a sensing tip aperture of 35 pum.
According to the system noise and the selected detection threshold, the probability to miss a
particle bigger than 6 um is smaller than 0.2% and becomes negligible for particle bigger
than 10 pum. These performances are key to enable highly reliable single cell dispensing with

most of the mammalian cells.

The choice of the Coulter counter topology fabricated at the extremity of a standard pipette
tip is also determinant for single cell isolation. The dispensing of single cells is possible as
the cell sensor is effectively formed by the tip membrane and thus leaves no dead volume
between the particle detection volume and the receiving well. Performances of the system
and its dispensing capabilities were validated using fluorescent beads. They showed to be
highly reliable with 100% of single cells observed in the wells when a single peak is
measured in the impedance time trace. Combined with the recording of the impedance time
trace, it allows to provide evidence of the single cells isolation by quantifying the full
content of the receiving well. Even though gene-editing techniques might permit in the
future to remove the constraint of single cell isolation for cell line establishment, regulating
agencies require today this isolation step and a proof of thereof for all the bioprocesses in the

context of drug production.

Thanks to the simplicity of the Coulter counter topology, the sensing tip fabrication is cost-
effective as most of the process steps are treated in batch and no photolithography or precise
alignment procedures are required. This allows producing disposable sensing tips
compatible with cell culture for a reasonable cost and in sufficient quantity for

experimentation.

The ability of the cell sensor to be fabricated on an existing pipette tip ensures a design and
materials choice compatible with cell handling. The sensing tip can be sterilized by gamma
irradiation. Moreover, maintaining cells in the large sensing tip reservoir also prevents quick
temperature and pressure changes, as it could be the case for microchannels or flying
droplets. Similarly, the choice of designing such a tool in a pipette format prevents

significantly disrupting biologists habits and should speed up its acceptation.

A cell viability assay using fibroblast showed that the instrumented pipette has no

detrimental effect on cells when compared with standard pipetting. Further evidence of the
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gentleness of this instrument and the corresponding approach was demonstrated by the
cloning of single stem cells that were cultured and transplanted without loss of function by

my colleague Georges Muller (Appendix §7.1)(Muller, 2016).

However, the experiments performed during this work, highlighted two main limitations of
this initial version of the instrumented pipette. As demonstrated, the fluidic control is not
optimal because of the limited sensing tip hydraulic resistance. The range of applied
pressure has the same order of magnitude than the tip hydrostatic and capillary pressure

complicating the flowrate control.

Even though this weakness does not impact the reliability of the method experimentally
measured at 100% (§2.3.4) and defined as the wells contained effectively one particle when
one impedance peak was observed in the impedance time trace, it leads to a sub-optimal
plate filling rate. The theoretical maximal plate filling rate is estimated at 82% but also
assumes a pressure control with the microbar precision in addition to the measure or
estimation of the actual tip loaded volume. In the current instrument embodiment,

experiments showed a plate filling rate of 49%.

Both these theoretical and experimental plate filling rates are higher than the maximal plate
filling rate obtained by serial dilution which is 37%. Nevertheless, a perfect fluidic control
permitting the total stop of the flowrate with a short response time could allow reaching a
plate filling rate close to 100%. This could be easily improved by increasing the fluidic

resistance of the sensing tip.
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Chapter 3: Cost Effective and Large Scale

Manufacturing of Flow Cytometers

This chapter is adapted from the following work and publications:

D. Bonzon, T. Braschler, Luc Aeberli, Marc Lany, Guillaume Petit-Pierre, P. Renaud. (2017). Assessing the use of
Printed Circuit Board production lines for BioMEMS prototyping and production. Article in preparation.

Bonzon, D., Lany, M., Van Neyghem, N., Aeberli, L., Choppe, J., Muller, G., & Renaud, P. (2017). Method For
Manufacturing A Microfluidic Sensor. Patent application PCT/IB2017/051385
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3.1 Introduction

The previous chapter showed the ability to produce a sensing tip for single single cell
dispensing in batches of hundred pieces or more and for a cost below 10 CHF per parts.
During this work, this achievement was critical in order to produce enough sensing tip to
use them as consumable parts. This consumable aspect is a fundamental requirement to be

compatible with cell culture.

During the experimental part of this thesis, every simple dispensing experiment was
requiring between 2 to 5 sensing tips per repeat and test condition. The consumption of
sensing tip in large-scale biological validation is expected to be even more important.
Furthermore, the ability to produce the sensing tip at low cost and large volume would be

critical in an industrial context or a clinical use of the sensing tip.

The previous chapter highlighted the strength of the sensing tip for particle detection but
suggested possible improvement in the fluidic control currently achieved with the sensing
tip. One option to decrease the influence of uncontrolled factors such as capillary or
hydrostatic pressure on the flowrate is to simultaneously increase the applied pressure and
the hydraulic resistance. High hydraulic resistances are conveniently achieved in

conventional planar microfluidic chip by designing channels of sufficient length.

In this chapter, alternative planar flow cytometer designs are proposed and fabricated using
the Printed Circuit Board (PCB) fabrication capabilities to enable large volume and cost

effective production as required for disposable devices.

Since its invention in the early 1900s, PCB fabrication has become a robust standard in the
electronic industry and led to a continuous development of this technology. At the end of
the 20th century, PCB tracks resolution were reaching the 100 pm and fabrication process
was sharing many similarities with MEMS fabrication including photolithography and
etching techniques. Consequently, researchers started to take advantage of PCB technologies
to create microsystems. Nguyen et al. demonstrated a micropump based on a commercial
PCB supplemented by piezo discs soldered onto the copper pads (Nguyen, 2001). Wego et
al. demonstrated the possibility to create fluidic channel by directly using the PCB copper
tracks with a laminated polymeric foil on the top (Wego, 2001). Alternatively, some
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microfluidic chips were also fabricated in PDMS by soft lithography using the PCB copper
tracks as master (Li, 2003). Other researchers used existing PCB materials such as the
photostructurable dry film resists to define the master for softlithography (Stephan, 2007) or
to directly create the microfluidic network on a custom substrate such as glass or silicon
(Vulto, 2005). Other microfluidic chips were based on a PCB substrate on which a
microfluidic layer made of SU-8 (Kontakis, 2009; Guo, 2014) or PDMS (Marshall, 2012) was
subsequently added.

If purely electro-mechanical MEMS including pressure sensor, accelerometers and
gyroscope are largely based on CMOS compliant process and largely benefited from the
CMOS design and process standardization (Hierold, 1996; Pakula, 2004), it is far from being
the case for BioMEMS. BioMEMS is a growing family of microsystems targeting biological
and medical applications (Bashir, 2004). Amongst many applications, examples of BioMEMS
are flow cytometer chips, liquid handling chips and electrode arrays. Flow cytometers are
used for cell counting, analyzing and sorting with main applications in rapid analysis of a
large cell population such as hematology (Givan, 2001; Gawad, 2001). Electrode arrays are
used for tissue electrical signal recording or stimulation. Rigid multi-electrode array (MEA)
where first developed, on which cells were cultured (Gross, 1977) and more recently,
electrodes made on flexible probes steered this technology towards direct implantation
(Boppart, 1992; Cheung, 2007). Even though the BioMEMS family was inspired from the
initial MEMS in term of design, they have their own specificities and constraints. The
microchannels they accommodate are generally in the range of tens of micrometers in width,
such that they can be used with cells in suspension. Fluidic in- and outlets are much bigger
than the electrical pads used for wire bonding in CMOS chips. Polymeric flexible substrates
are the material of choice to interface cells and soft tissues. BioMEMS chips generally have a
total surface in the order of square centimeters which is much larger than integrated
electronic chip. On the other hand, BioMEMS can generally be produced with far lower
resolutions than standard CMOS processes. Even if BloMEMS fabrication can benefits from
well-established manufacturing technique such as injection molding, hot embossing and
metal deposition methods (Greener, 2006; Attia, 2009), the wide range of design and
materials as well as their specific function makes it difficult to define standardized process
for manufacturing. Current efforts are goind toward design (van Heeren, 2015) and process

standardization to facilitate BioMEMS commercialization (Volpatti, 2014; Temiz, 2015).
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In the last decade PCB tracks resolution decreased toward 20 um thanks to photoresist
material improvement and new exposition techniques such as Laser Direct Writing.
Microvias also emerged using Direct Laser Drill techniques. The use of flexible substrate
such as polyimide has become a standard. Consequently, PCBs are now sharing many
similarities with BioMEMS; feature size are in the same order of magnitude (20 um - 200
um), their total surface can largely exceeds the range of square millimeters and the substrate
can be flexible and biocompatible using polymers such as polyimide. Researcher recognized
those advances and started to make microfluidic chips by stacking two or more standard
PCBs and polymer layers (Wu, 2010). Recently, this technique was used by Vasilakis et al.
(Vasilakis, 2016) to combine multiple PCBs and dry film resist layers to define at the same

time electrodes and microfluidic channels.

Similarly to CMOS foundries, the PCB production lines use standardized processes to
produce different PCB designs. However, to be compliant with a PCB production line many
constraints are imposed on the design and materials to be used. In this chapter, we examine
the possibilities and limitations of using a standard PCB fabrication line to produce a
BioMEMS both for prototyping and production. The goal of this work is to employ the
standard PCB production line to fabricate a BioMEMS, and in particular flow cytometer,
integrating fluidic channels defined by the same dry film resist used for the PCB fabrication.
To exemplify such process different BloMEMS chips were produced; an electrode array
placed on a flexible probe tip and flow cytometers with two different topologies. These chips
have a design adapted to PCB production constraints. The electrode array probe is
presented and the compatibility of the different material used in the fabrication process with
biological application is discussed. Flow cytometer chips are used to evaluate the PCB
fabrication capability in term of resolution for microfluidic channel and metallic tracks.
Finally, operations of flow cytometers are demonstrated with polystyrene beads and the

design constraints for its fabrication in a PCB production line are discussed.
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3.2 Materials & methods

The fabrication consists of a standard PCB process (Mitzner, 2009) in which two steps are
repeated in order to add the fluidic layer to a PCB on which metallic tracks have been
patterned to form the recording electrodes. The repeated steps for microfluidic channels
definition are based on standard equipment and parameters as in the conventional PCB

fabrication steps and are performed on the full PCB panel.

Substrate (FR4, — Copper etching
1 —— Polyimide, ...) + Copper 8
laminated on the two
sides
—Tin etching
2 — Holes & Vias drilling 9
— Solder mask
3 — Holes & Vias 10 deposition &
metallization structuration
(Optional)
= Dry film resist lamination — Gold deposition
4 " (Optional)

Steps specific for microfluidic chanel based on a repeat of steps 4 and 5

— Dry film resist Dry film resist
s (pellc‘))t::ig:rc]t: ration 12 lamination & )
photostructuration
development) — (Specific for
microfluidic chanel) :
REPEAT STEP 4,5

— Tin mask deposition
Dry film resist
lamination (Specific
for microfluidic
chanel closing) :

— REPEAT STEP 4,5

— Dry film resist
stripping

14 PCB cutting from the fabrication panel

Figure 3.1 : Fabrication process used for manufacturing BioMEMS using a PCB fabrication line. Steps 1 to 11 are common

to standard PCB fabrication. Step 12 and 13 are repeated from steps 4 and 5 to create microfluidic channels

The standard PCB process used in this work is presented in Figure 3.1 and starts with a 100
um Kapton film covered by 18 um of copper on both side (1) (Pyralux, DuPont, US). Holes
and vias are drilled by CNC machining (2) and metallized with 18 um copper using
electroless deposition (3). Dry film resists (KOLON Pk 1640, LifeStyle Innovator, KR) are
laminated on both sides (4) and structured by photolithography followed by the resist
development (5). In this PCB process, tin is deposited as mask (6) through which the dry
film resist and copper are etched (7 & 8). The tin mask is then etched (9). Optionally, a
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photosensitive epoxy based insulating mask (Elpemer, Lackwerke Peters, DE) later called
solder mask is deposited by serigraphy and subsequently photostructured (10). Also
optionally, a layer of ~5 um nickel and subsequently ~ 50nm gold is chemically deposited
(Hofstetter PCB Plating, CH) to cover the copper traces and pads (11). At this stage, a
conventional PCB is complete with a substrate for mechanical stability in addition to
metallic tracks, via and pads as well as a solder mask for the electrical insulation. Before the
PCB cutting from the fabrication panel (14) and in order to fabricate the microfluidic layer of
our BioMEMS chips on the same fabrication line, another layer of dry film resist is laminated
and photostructured with similar equipment and parameters than used for the step (5). This
repeated step defines the fluidic channels. The same step is repeated once again (5) but
without photostructuration to deposit a layer of dry film resist to close the microfluidic
channel. To demonstrate its compliance with a standard PCB fabrication line, all the PCB
fabrication process, including the fluidic channel layer was outsourced to a PCB workshop
at the exception of the last closing layer that was laminated in the lab to test different

solutions for the channel closing.

3.3 Results

3.3.1 PCB production line fabrication capabilities

In order to produce BioMEMS containing fluidic channels and electrodes to interact with
cells or tissue, we investigated the minimal channel and metallic track width that can be

produced with the selected production line at EPFL.

Figure 3.2 illustrates the fabrication capabilities and limit of resolution of a standard PCB
fabrication line. Figure 3.2 a) shows the liquid electrode flow cytometer design (§3.3.4.1). The
chip design is embedded in a Gerber file, a standard format for PCB fabrication, including
the two metallic layers (red & blue) for tracks and electrodes definition as well as the
microfluidic layer (purple). Figure 3.2 b) shows a liquid electrode flow cytometer chip
fabricated with the PCB process and used for analysis of process resolution described in this
section. Figure 3.2 b) shows the PCB process resolution for microfluidic channel openings in

the dry film resist (KOLON Pk 1640, LifeStyle Innovator, KR). Figure 3.2 c) shows the PCB
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process resolution for metallic tracks made in the copper layer. Fabricated features were
systematically 10-20% bigger than the design dimensions for features smaller than 100 um
and this effect was more pronounced for smaller features. Out of three chips of different
batches, the minimal channel opening that was completely developed measured in average
45 pm + 0.5 um with a design dimension given at 40 um. Smaller dimensions down to 20
um were usually not completely developed forming a u-shaped channel but probably
usable to perfuse liquid with limited access to underlying electrodes. Similarly and out of 3
chips, the smallest metallic tracks width, with a spacing of similar dimensions between
them, was on average 43 um with a standard deviation of 1.8um for a given design
dimension of 50 um. In this later case, fabricated features were systematically 10-20%

smaller than the design dimension.
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Figure 3.2: Fabrication capabilities of a standard PCB fabrication line used for BioMEMS applications. a) Gerber files
defining a flow cytometer chip with top (red) and bottom (blue) metallic layers as well as the microfluidic layer (purple). b)
Optical micrograph of the flow cytometer chip made with the PCB process. c) Test patterns allowing to identify the smallest
feature obtained for dry film resist channels. d) Test patterns allowing to identify the smallest feature obtained for the

metallic tracks.

3.3.2 Electrodes array probe fabrication and characterization

A flexible Multielectrodes Array (MEA) was designed in which the electrodes are patterned
on a needle shape flexible substrate in view of its insertion in a biological tissue. The probe is

20 mm long and 1.2 mm in width. It includes six distal microelectrodes with a diameter of
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200 um and connected to proximal connection pads with 70 um width conductive tracks as
presented in Figure 3.3 a). Figure 3.3 b) shows the probe resulting from the standard PCB
fabrication process with a 18 um thick copper tracks and electrodes patterned on top of a 100
um thick standard Kapton layer. Figure 3.3 c) is a SEM image showing probe tip details
before the insulating layer (solder mask) deposition. Figure 3.3 d) shows the final probe tip
details once the solder mask is deposited and structured to define the electrodes openings

and provide electrical insulation of the tracks.

Electro-chemical behavior of the microelectrodes was characterized under physiological
conditions. For this purpose, impedance spectroscopy was performed in a Phosphate Buffer
Solution (DPBS 1x, Sigma Aldrich, US) against a macro copper counter electrode using an
impedance analyzer (Agilent 4294A, Agilent technologies, US). Impedance magnitude and
phase were recorded at frequencies between 1 kHz to 30 MHz. Figure 3.3 e) shows the
equivalent electric circuit of the electrode—electrolyte interface with the DPBS solution. The
interfacial capacitance can be approximated by a constant phase element (CPE) which
describes the double layer behaviour while the charge transfer resistance (RCT) is the
resistive element and models the electron-ion exchange at the electrode surface (Mercanzini,
2009; Altuna, 2012). These two elements are further combined in series with a spreading
resistance (Rs) and a bulk resistance (Rovui). Figure 3.3 f) shows the impedance spectra for the
copper (continuous line) and gold covered 200 pm electrodes (dashed line). The resistive
plateau located around 1 MHz dominated by the spreading resistance Rs for microelectrodes
is measured at 3.2 k(). These spectra are similar to devices previously described in literature

and characterized with the same method (Mercanzini, 2007; Merrill, 2005).
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Figure 3.3 : Electrodes array probe. a) Design of the probe. b) Optical micrograph of fabricated probe. ¢) & d) SEM of the
fabricated probe tip details showing the six microelectrodes. e) Equivalent electric schematic of the microelectrodes f)

Impedance magnitude and phase of copper and gold covered microelectrode in DPBS.

3.3.3 Cell toxicity assay with the electrodes array probe

An assay for cell compatibility with the different materials used in the standard PCB
fabrication process was performed. The electrode array probes shown in Figure 3.3 were

fabricated in different batches with adapted designs to exhibit only certain features and
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materials of the final probe. The first batch consists of the polyimide substrate only (PI). The
second presents copper tracks patterned on the polyimide substrate (PI/Cu). The third has
nickel-gold deposited on the copper tracks (PI/Cu/Au). The fourth has the solder mask as
final step (PI/Cu/Au/SO). The following combination of materials were also produced;
polyimide with copper tracks and solder mask but without gold deposition (PI/Cu/SO) and
polyimide with the dry film resist only (PI/RI) as well as polyimide with solder mask only
(PI/SO). All batches went through the complete PCB fabrication process and were
consequently in contact with all the chemicals used for the entire process except the nickel-
gold deposition that was performed on one panel only. PCBs of each batch were placed in
one well containing 1 mL of cell culture media (DMEM + 10% FBS) and seeded with 20"000
cell/mL human foreskin fibroblasts, passage 10 as illustrated in Figure 3.4 a). Every

combination was triplicated. Three wells were prepared as control with fibroblasts only.

Figure 3.4 b) shows the culture growth after 5 days of incubation at 37 °C using Alamar Blue
(Invitrogen, DAL1025, diluted 1:10 in DMEM/FBS + 33mM HEPES pH 7.4) and an automatic
plate reader (Spectramax Paradigm, Molecular Devices, fluorescence with kinetics mode,
reads every 30 s, excitation 535 nm, emission 595 nm). The cell numbers were determined by
comparison of the slope of the fluorescence signal from 10 to 30 minutes of incubation at
37°C to controls with known amounts of cells seeded 4h prior to the Alamar blue test. The
cell growth was then defined as the number of cells observed after 5 days divided by the
number of cells seeded (fold increase). The control showed a cell growth of 2.5 fold. In the
wells containing the PCB made of polyimide only (PI), the cell density increases even more
and reached 2.8 fold. This may be related to the extra surface offered by the probe in the well
but essentially shows that the cell growth rate is not affected by the polyimide substrate that
has passed through the whole PCB fabrication process. Similarly Figure 3.4 b) shows that the
PCB batch made of polyimide with the solder mask only (PI/SO) does not affect the cell
growth with an increase of 2.7 fold. Figure 3.4 d) & e) also shows that the cell morphology of
the fibroblast cultured with the control and (PI/SO) batches do not significantly differ.

Copper is cytotoxic and could be leached from the metallic tracks. We therefore quantified

the concentration of Cu?* ions in the cell culture media by use of a modified Bicinchonic acid

assay (BCA, detection of Cu? via formation of a bicinchonic acid-Cu* complex in the

presence of adipic dihydrazide as a rapid reducing agent). When bare copper is in contact
with cell solution (PI/Cu), almost all of the cells died and nearly 2mM of free Cu?* is

measured as shown in Figure 3.4 c). Figure 3.4 g) presents the morphology of cells in the
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(PI/Cu) batch showing that they do not adhere anymore and suggesting they died. Copper
leaching can be substantially reduced by covering the tracks excepted the electrode, by a
solder mask, and indeed, the cell growth is close to normal, with 2.2 fold increase over the 5
days of culture, which is only 20% lower than the control. Finally, adding a nickel-gold layer
on top of copper (PI/Cu/Au) avoids microscopically evident electrode corrosion as shown in
Figure 3.4 i) compared with bare copper electrodes shown in Figure 3.4 h), and strongly
decreases concentration of copper in solution after 5 days as shown in Figure 3.4 c). Further,
the combination of nickel-gold coating with a solder mask coverage (PI/Cu/Au/SO) for non-
active areas allows restoring cell growth to slightly below control level (1.7 fold). Figure 3.4
f) also shows cells morphology obtained with the (PI/Cu/Au/SO) batch is similar to the cell

morphology observed in the control well.
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Figure 3.4 : Cell compatibility assay with PCB made test probes. a) Illustration of the test probe immerse in culture media.
b) Fibroblasts growth after 5 days incubation with 7 different combinations of material used for PCB fabrication and the
control without PCB. c) Copper concentration in the well for the 7 combinations of materials after the 5 days incubation. d)

Optical micrograph of the fibroblast culture in the control well after 5 days incubation e) Optical micrograph of the
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fibroblast culture with the polyimide and solder mask batch after 5 days incubation. f) Optical micrograph of the fibroblast
culture with the bare copper batch after 5 days incubation. g) Optical micrograph of the fibroblast culture with the
polyimide; copper, gold and solder mask batch after 5 days incubation. h) Bare copper and i) gold covered electrode optical

micrograph after 5 days incubation.

3.3.4 PCB made flow cytometers and beads detection

3.3.4.1 Liquid electrode design

As a proof of concept for a BioMEMS fabricated in a PCB production line, a flow cytometer
based on liquid electrodes topology (Demierre, 2007) is fabricated and presented in Figure
3.5. As shown in Figure 3.5 a), the chip design consists of metal electrodes placed in recessed
cavities orthogonal to the main channel and filled with liquid. This topology allows
constricting the electric current along the recessed channel to the flow cytometer sensitive
volume in the main channel where it is used to detect particles. By limiting the resolution
requirements to the microfluidic fabrication step, this minimizes the alignment problems
between the metallic tracks and the fluidic channel. The main channel, in which particles
will flow, has a width of 40 um, whereas the perpendicular side channel that defines the
liquid electrode is 28 pm in width and connects larger cavities in which the copper
electrodes are provided. Despite an imprecise alignment of the copper electrodes with the
side channel, this has no influence on the electrical current constriction and the electric field
created in the flow cytometer sensitive volume. Figure 3.5 b) shows a Scanning Electron

Micrograph (SEM) image of the fabricated chip.

To examine the functionality of the flow cytometer chip, 20 pm polystyrene beads dispersed
in DPBS (DPBS 1x, Sigma Aldrich, US) were flown along the microfluidic main channel by
applying a pressure of -2mbar at the chip outlet. One polystyrene bead passing the flow
cytometer sensitive volume is illustrated in Figure 3.5 c). The impedance was measured
using the lock-in demodulation principle and performed with an integrated lock-in (SI-QSD,
Sensima, CH). On one electrode, an excitation frequency of 49 kHz with amplitude of 0.5 Vpp
is applied, while on the second electrode, the current is amplified using a transimpedance
amplifier (OPA2350, TI, USA). This amplified current is measured and the impedance is
determined using the acquisition, demodulation and filtering capability of the integrated
lock-in. The impedance signal is then recorded with a computer and filtered using a band
pass filter between 0.1 Hz and 3 Hz according to the beads impedance peak signal
bandwidth to be observed.
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Figure 3.5 d) shows the impedance magnitude trace over time obtained when 20 beads of 20
um diameter flows in the 40 um microfluidic channel of the flow cytometer. Figure 3.5 e)
shows the detail of two 20 um beads impedance peaks comprising more than hundred
measurement points each. The performances of the flow cytometer are illustrated by the
scatter plot presented in Figure 3.5 f) showing a population of 20 identified events
representing the beads and the other events representing the signal noise. Beads are defined
by an average impedance magnitude of 61 Q and a coefficient of variation (cv) of 11% and
an average dwell time of 200 ms. The noise has a standard deviation of 4.6 Q. In this context,

placing a threshold at 28 () for particle detection and assuming a Gaussian distribution of
the noise means that only 1 over 1.7x10° samples could be interpreted as a bead peak
sample while being actually noise (see similar development §2.3.1.4). Similarly, the

probability to miss an effective bead peak sample is less than 1 over 2x10° events.
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Figure 3.5 : Liquid electrode flow cytometer chip as proof of concept for a BioMEMS fabricated in a PCB production line. a)
Design and b) SEM of the flow cytometer chip with liquid electrodes. c) Optical micrograph of the chip with a 20 um bead
flow in the sensing area d) Impedance magnitude signal over time of 20 um beads suspended in PBS and flowing in the 40
um microfluidic channel of the fabricated flow cytometer. e) Detail of impedance peak representing the passage of 20 pum
beads in the sensing area. f) Scatter plot with the peak amplitude and dwell time of the 20 um beads and noise measured with

the liquid electrode flow cytometer.

3.3.4.2 Coulter counter design

One advantage of the liquid electrode based flow cytometer described above (§3.3.4.1) is its
full compliance with standard PCB process. This fabrication process compatibility allows
benefiting from the low cost and high volume capability of the PCB industry. However, its

main drawbacks are the limitations in term of resolution and alignment between layers. This
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restricts the design and topology choices. Even though, the liquid electrode design was
satisfying as flow cytometer, adding an excimer laser (LSV3, Optec, BE) ablation step to the
finished PCB allows solving part of these constraints by enabling the fabrication of specific

features with smallest resolution.

The flow cytometer presented in this section is also fabricated on a PCB production line with
fluidic channels made in the dry film resists. However, a similar topology as the one used in
the sensing tip cell sensor is selected here. Similarly to the original Coulter counter, the flow
cytometer described in this section is composed of an aperture separating two liquids filled
volumes as shown in Figure 3.6 a). The upper liquid chamber consists of the chip gasket
containing the chip inlet and outlet. This gasket is laser machined (H-Series, Full Spectrum
Laser, US) in PMMA and glued on top of the PCB using double-sided tape (FLEXmount 25
um, FLEXcon, US). The lower liquid chamber consists of a 100 um wide and 80 um height
channel directly structured in the dry film resist during the PCB fabrication process. The
pair of electrodes presents on each side of the substrate is part of the PCB and is created
according to the PCB fabrication process. Using a laser excimer (LSV3, Optec, BE), the 100
um polyimide substrate is thinned down to form a 12 um thick membrane on a 196 um
diameter circular surface as shown in Figure 3.6 b). This ablation is performed with 615 laser
pulses of 2 mJ, a beam attenuated at 50%, a shooting frequency of 50 Hz and through a 196
um diameter circular mask. Using the same laser, a 15-20 um elliptical aperture is opened in
the membrane with 3000 pulse of 2 mJ, a beam attenuated at 18%, a shooting frequency of 25
Hz and through a 20 pum diameter circular mask as shown in Figure 3.6 c). These last two
laser steps define by themselves the sensitive volume of this flow cytometer based on the

Coulter counter topology.
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Figure 3.6 : PCB based Coulter counter. a) Design of the Coulter counter based on a PCB comprising two compartements
and electrodes separated by a membrane. The upper cavity is defined by the chip gasket and the lower cavity is defined by a
microfluidic channel embedded in the PCB. b) To define a flow cytometer sensitive volume adapted to the particle to be
detected, the membrane is thinned by laser ablation in the PCB substrate. c) The Coulter counter aperture is opened in the

membrane by laser ablation.

3.3.5 Performances & comparison with previous designs

In this thesis, three different topologies of flow cytometers are implemented and tested. The
first implementation consists of the sensing tip integrating a Coulter counter (§2.2.1) as
represented in Figure 3.7 a). The second implantation consists of the liquid electrodes based
flow cytometer (§3.3.4.1) represented in Figure 3.7 b) and the last implementation consists of

a Coulter counter made on a PCB (§3.3.4.2) represented in Figure 3.7 c).
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Figure 3.7 d) shows the impedance time trace (real part) of 6 um polystyrene beads passing
the 35 um aperture of the sensing tip. Figure 3.7 e) shows the impedance time traces of 20
um beads passing in the 40 pm width channel of liquid electrode flow cytometer. Figure 3.7
f) show the impedance time trace of 8 um beads passing in the 15 um x 20 um ellipsoidal
aperture of Coulter counter made on a PCB. Those time traces also exhibits the noise level

encountered in each implementation.

Figure 3.7 e), f) and g) shows respectively the averaged impedance time trace (real part) for
each implementation. Those curves allow extracting the mean impedance peak magnitude

and the particle dwell time for each flow cytometer topology.

Table 3.1 summarize the impedance peak magnitude of the three different topologies and
their respective dwell time. The impedance baseline and noise of each solution is also
experimentally measured and the bandwidth selected to obtain the signal shown in Figure
3.7 is reported. The volume fraction is defined by the volume of the bead divided by the
sensitive volume of each flow cytometer. The ratio of the mean impedance peak magnitude

divided by the volume fraction defines the sensitivity of each topology to particle volume.

This sensitivity to particle volume is found to be 12800 Q) and 26900 Q in the case of the
sensing tip and the Coulter counter on PCB. The liquid electrode topology presents a much
lower sensitivity to particle volume with 654 Q. The excellent sensitivity to particle volume
of the sensing tip and Coulter counter topology is explained by the very low access
resistance between the electrodes and the sensitive volume, the well controlled confinement
of the electric current in the sensitive volume and the shape of the sensitive volume adapted

to the particle morphology.

On the other hand, the sensing tip topology presents a dwell time of 2 ms that is very small
compared to the 200 ms of the liquid electrode topology. A short dwell time requires an
instrumentation with a much higher bandwidth to acquire a sufficient amount of points per
impedance peak and results in a more noisy signal. The explanation is the low hydraulic
resistance of the sensing tip because its only fluidic restriction is given by the aperture while
the liquid electrode benefits form an important hydraulic resistance obtained with long
fluidic channels. An interesting compromise is achieved with the Coulter counter on PCB
with a higher sensitivity to particle volume than the sensing tip combined with an extended

hydraulic resistance and particle dwell time. Furthermore, the hydraulic resistance of the
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planar version of the Coulter counter can easily be increase with a design comprising longer

channels.

Table 3.1 : Performances comparison of the different flow cytometer topologies: Sensing tip, liquid electrode and Coulter

counter on PCB

Coulter counter on Liquid Electrode  Coulter counter on
Sensing tip on PCB PCB
Particle size (volume) 6 um (0.11 L) 20 um (4.2 fL) 8 um (0.27 fL)
Aperture size (Sensing
35 um (14.4 fL) 40 um (64 fL) 15-20 pum (2.9 fL)

volume)

Volume fraction
(Particle / Aperture 7.8x1073 6.5x102 9.3x102
volume ratio)

Mean peak magnitude 100 Q 60 Q 2500 Q

Sensitivity to particle
volume (Mean peak

magnitude / Volume 12800 Q) 654 QO 26900 Q
fraction)
Dwell time 2 ms 200 ms 15 ms
Bandwidth 1200 Hz 6 Hz 250 Hz
Noise 390 45Q 36 Q
Baseline 33 kQ 36 kQ) 80 kQ
SNR 70.3 dB 43.2 dB 57.5 dB
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Figure 3.7 : Performances comparison between the different flow cytometer topologies. a), b) & c) presents the sensing tip,
liquid electrode flow cytometer and PCB based Coulter counter. d), e) & f) shows an example of impedance peak obtained
with the respective flow cytometer topologies. g), h) & i) shows the average impedance peak obtained with the respective flow

cytometer topologies

3.3.6 Cost analysis

The production costs for the different flow cytometers are evaluated and summarized in
Table 3.2. Details of the sensing tip fabrication costs are covered in a previous section
(§2.2.5). Fabrication costs of planar flow cytometers such as the liquid electrode chip
presented above (§3.3.6) are evaluated based on their surface in CMOS-compliant MEMS

and PCB production settings. The planar flow cytometer based on liquid electrodes has a
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total surface of 360mm? to accommodate the different fluidic features and outlets. The price

per surface for CMOS-compliant MEMS process is evaluated based on the cost of the MEMS

accelerometer for smartphone ADXL362. With a selling price of 5.90 CHF in large volume,

its fabrication cost is evaluated at 10% of the price. This represents 0.59 CHF for a 4mm? die

and yield 212 CHF for the 360mm? corresponding surface of the liquid electrode flow

cytometer presented in this chapter. During this work, the liquid electrode flow cytometer

chip was produced at the EPFL PCB workshop for 6.70 CHF per chip and is evaluated at

1.10 CHEF per chip in an industrial PCB production line for a volume starting at 100 pieces.

Table 3.2 : Fabrication costs of the different flowcytometer topology using different fabrication processes

Sensing Tip Liquid electrode flow cytometers : (30mm x 12mm = 360mm?)
Process Custom CMOS compliant MEMS PCB (EFFL PCB
workshop) (Industry)
ADXL362 4 mm? die 200mm x 150 mm 100 chips
pannel
ice 5.90CHF (1000
(§2.2.5) price 5.90CHE ( 30 chips cost : 109 CHF
A . chips)
ssumptions
cost: 0.59 CHF cost: 200 CHF
Price per flow
CHF 7.99 CHEF 212.00 CHEF 6.70 CHEF 1.10

cytometer
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3.4 Discussion

3.4.1 PCB fabrication processes for BioMEMS and flow cytometers

BioMEMS and flow cytometers presented in this chapter use a state of the art PCB
fabrication facility with a resolution of 45 um for both metallic tracks and fluidic channels
made of dry film resist. Although this resolution is far from the processing capability of the
CMOS industry or clean room processing, it is good enough for many BioMEMS
applications. In these applications, features size are dictated by the object to be analyzed,
which is a biological cell with dimensions in the range of 20 um or a biological tissue that is
even larger. In this context, the PCB resolution is well suited for a range of simple BioMEMS
applications and in particular flow cytometers. During this work, using the EPFL PCB
workshop to produce planar flow cytometer enabled to produce a sufficient amount of chips
at a sufficiently reasonable cost to be treated as consumable device for the experiments. This
approach showed to be efficient form the prototyping a disposable devices. Nowadays,
some PCB manufacturers announce a resolution capability for metallic tracks down to 20

um, two folds smaller that resolution presented in the present study.

However, as shown in this study, different constraints arise from the use of a PCB
fabrication line to fabricate BloMEMS. The design needs to take these aspects into account to
circumvent inherent technological limitations. PCB fabrication processes often use a
mechanical pinning alignment system instead of an optical mask aligner, resulting in
alignment tolerances in the range of tens of micrometers. For this reason we chose a flow
cytometer topology inspired from the liquid electrode concept (Demierre, 2007) instead of
the standard design with two electrodes in the channel (Gawad, 2001) to avoid the
alignment constrains between the metallic tracks and the fluidic channel. In the liquid
electrode topology, the fluidic channel geometry defines the detection performances which
allows the use of larger electrodes and minimizes the importance of their placement. The
current fabrication capability of the PCB process is not directly suited for any BioMEMS
fabrication, but by adapting their design it is good enough for producing components that
can be used for many BioMEMS application such as flow cytometers, which are of particular

interest in this study.
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Another important constraint of using the standard PCB fabrication line to produce
BioMEMS is the restricted choice of materials. The polyimide substrate which is standard in
PCB fabrication is a biocompatible material and frequently used in different neural
interfaces (Lee, 2003; Lacour, 2008). This study also confirmed that a polyimide substrate
that went through the full PCB fabrication process and its related chemicals kept its cell
compatibility. However, the most common material for metallic trace in a standard PCB
process is the copper, which is toxic for the cells and can consequently by used only when
the performed BioMEMS analysis is an end-point measurement. The choice of material
becomes critical when BioMEMS are in contact with a living tissue. The use of a solder mask
which presents a good compatibility with cells and covers copper tracks significantly reduce
copper cytotoxic effects. Surprisingly, an additional nickel-gold coating layer did not
significantly further improve the cell compatibly. Even though the amount of copper
released in solution strongly decreased with the nickel-gold coating, the cell growth did not
improve. Nevertheless, the nickel-gold layer limits the electrodes corrosion. The problems of
biocompatibility of the metallic tracks in PCBs can however be solved by using alternative
PCB manufacturing methods that use noble metal only for metallic tracks and biocompatible
material such as polyimide or liquid crystal polymer (LCP) as substrates. This configuration
provided PCB-based implant with excellent properties for direct implantation at

substantially reduced costs (Schulze, 2014).

For every BioMEMS application that can accommodate those constraints, advantages are
numerous. First, PCBs are processed in large panels and the production is driven by the
important electronic market. PCB fabrication costs are typically below 1 cent per square
millimeter for small batches of 100 pieces or more. The combination of volume capabilities
and production cost enable the production of consumable device. This cost is certainly
interesting compared with the one of MEMS foundries. Moreover, only a small number of
components need to be produced to reach this level of price compared with injection
molding. Thus the PCB industry also represents an interesting alternative for prototyping of
disposable BioMEMS devices such as flow cytometers with potential for large scale

production.

Finally another interesting advantage that BloMEMS production could inherit from PCB
industry is their standardization in the design-to-production pipeline. Similarly, in the
CMOS industry, an IC designer focuses on the design and rely on a standard and well

defined process. As long as the design is CMOS process compliant and, thanks to the
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standardization of this technology, the steps from the designing phase to the production are
simplified, as no process development has to be undertaken. A similar advantage appeared
in this work for the chips produced on the PCB production line. The chip design was
adapted to be compatible with the standard PCB process and consequently no effort had to
be conducted on the process development. The production of the chip is then fully defined
by the standard Gerber files and can be performed by different PCB manufacturers without
process specific instructions except the repeat of the dry film resist deposition and
structuration of the microfluidic layer, which are already existing steps in the line. This is
certainly an advantage when the end goal of a research project is to reach industrial
applications. Along with the simplicity of production management, comes the advantage of
outsourcing the production to partners being already certified for their production line and

processes.

3.4.2 Planar flow cytometers

In a more general fashion and irrespective of the method of production, planar designs of
flow cytometers studied in this chapter present different advantages over the sensing tip

described in the previous chapter (§2.2.1).

On a planar microfluidic design, high hydraulic resistances are easily achieved simply by
increasing the channel length. As demonstration, the liquid electrode flow cytometers
presents a limited and controlled flowrate with particle dwell time of 200 ms allowing the
acquisition of more than 400 impedance measurement samples during particle passage at a

sampling frequency of 2.4 kHz.

The specific design of the liquid electrode flow cytometer shows a smaller sensitivity to
particle size and consequently a higher limit of detection than the sensing tip. This
difference in performance is explained by a higher access resistance and a sensitive volume

shape less adapted to the particle morphology to be analyzed.

However, the advantage of the high hydraulic resistance achieved on planar design and the
high particle sensitivity observed for the sensing tip can be combined together as
demonstrated in the planar Coulter counter integrated on a PCB substrate. This planar
Coulter counter topology is also more suited to place the flow cytometer sensitive volume at
the interface of the chip, to avoid dead volumes and enable reliable single particle

dispensing as performed with the sensing tip. However, this topology requires an additional
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process step of laser ablation that is not yet a standard in PCB production lines but that
could be performed by PCB manufacturers equipped with technologies allowing for laser

ablation of microvias.

Integrating the sensing tip principle on a planar substrate could also further decrease the
chip stray capacitance as smaller area of liquid at different potential are facing each other.
This could enable impedance spectroscopy in frequencies ranges above the 500 kHz
observed in the sensing tip and permit label free analysis of parameters such as cell viability
during their isolation. A planar fabrication could also allow the integration of more complex
features such as cell sorting mechanism to dispense only cells of interest while staying cost

effective and disposable devices.
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Chapter 4: Impedance Spectroscopy for
Active Cells Analysis

This chapter is adapted from the following work and publications:

Bonzon, D., Bargeton, B., Benton, R., & Renaud, P. (2016). Xenopus Laevis oocyte based Biosensors. Nano-Tera
Annual Meeting 2016

Bonzon, D., Bargeton, B., Benton, R., Giovanna, Z., & Renaud, P. (2014) Xenopus Laevis oocyte based Biosensors.
Nano-Tera Annual Meeting 2014

111



4.1 Introduction

For more than three centuries, different methodologies where developed to investigate
electrophysiology and understand fundamental phenomena such as information
transmission in nerve, action potential mechanism in cells and related conductivity
modulation of membrane ionic channels (Verkhratsky, 2006; Martina, 2014). Modern
electrophysiology and the current instrumentation principles were initiated with the
discovery of the giant squid axon (Young, 1936). In the 1930s, a major step was achieved
with the first insertion of microelectrodes in squid axons for direct measurement of resting
and action potentials (Hodgkin, 1939). A technique called voltage clamp was developed
based on an instrumentation allowing to measure electric current while imposing an electric
potential at the cell membrane (Cole 1949, Marmont 1949). This technique was used for
membrane current measurement at rest and during action potential allowing to perform a
break-through in the understanding of membrane excitability and the related modulation of
the different ion channel families (Hodgkin, 1952). Nowadays, this method is still a gold-
standard for ions channel characterization as it allows clamping the cell to a non
physiological electric potential and measuring the current-voltage dependence which is of
primary importance for voltage gated channels. This technique also presents a good

accuracy and a sufficient time resolution required to record fast ion channel modulation.

After long years of development and improvement (Hamill, 1981), the patch-clamp
technique was provided with the unique capability of measuring the current of a single ion
channel opening thanks to an giga-ohm sealing between the glass patch-clamp pipette and
the cell membrane. Amongst many discoveries, this allowed to measure the current in a
single ion channel such as the acetylcholine receptors. In addition, this technique opened the
possibility to conduct electrophysiological recordings in small cells. Moreover, the high seal
impedance and low impedance of the recording electrode allows conducting voltage clamp

experiments with a single electrode.

In parallel, thanks to Micro Electro Mechanical Microsystem (MEMS) advances,
microfabricated array integrating hundreds of microelectrodes (MEA) were developed to
decorate the floor of tissue culture chamber. This allowed the simultaneous and long-term

measurement of a large number of neurons with the ability to pickup the firing activity of
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one single unit (Gross, 1977). This principle allowed to further understanding the neural

network development and its respective function.

Both patch-clamp and MEA techniques allow cell electrophysiology recording without the
need of inserting an intracellular electrode. However, this novel feature was provided at the
cost of cell membrane segmentation and a high seal impedance defined between the

membrane segments (Hamill, 1981; Spira 2013).

The collection of methods described above permits a large part of the current understanding
in electrophysiology while staying methods mainly suited for laboratory and experimental
studies as the procedure is often delicate, cumbersome, time consuming and invasive.
However, membrane ijon channels are implicated in a wide range of disorders and
represents interesting targets for drug discoveries (Dunlop, 2008). Consequently, new needs
emerged for high-throughput ion channel screening targeting the drug discovery or
potential drug side effects assessment. For this purpose, the cellular models Xenopus laevis
oocytes has established as gold-standard because of its ability to express a wide range of
proteins combined with its large size that facilitate its handling (Barnard, 1982; Miledi, 1982;
Dascal, 1987; Gudron, 1971; Weber, 1999). To perform the recording, a method called Two-
Electrodes Voltage Clamp (TEVC) was adapted from the voltage clamp technique with the
use of one pairs of electrodes allowing to sustain larger currents required for large cells such
as Xenopus Laevis oocytes (Stithmer, 1998). For high-throughput drug screening, the
procedure needs to be quick, efficient and reliable. This problem was solved by automation
of the classical TEVC method performed on Xenopus laevis oocytes. One example is the
OpusXpress 6000A (Axon Instrument) that performs automatically the TEVC recording of 8
oocytes in parallel. Another examples used nowadays in industry are the Robotcyte (MCS)
and the HiClamp (MCS) that fully automatize the oocyte loading, electrode impalement and
electrophysiological measurement allowing to serially test up to 96 oocytes against 96

chemicals compound in one run (Fejtl, 2003).

More recently, biosensors development started to benefit from advances in
electrophysiology. The basic principle of a biosensor is involving a molecular recognition
system instead of a simple physical adsorption as recognition principle for the sensor. The
use of this molecular recognition system solves intrinsically the sensor selectivity issue. One
of the first examples of biosensor is the enzyme electrode based disposable glucose sensor
largely used nowadays for people suffering from diabetic condition (Updike, 1967). Lately,

more complex biosensors evolved toward bioreporters whose molecular recognition system
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is constituted of a living organism such as a cell (Werlen, 2004). King et al. (King, 1990)
provided one of the first demonstrations where naphthalene was detected using
bioluminescence of a genetically modified P. fluorescens bacteria. Bioreporters offer many
advantages with the use of living organism as part of the transduction mechanism. In
addition to the high specificity obtained with the molecular recognition, the living organism
directly constitutes a natural amplification of the signal. This solves a part of the
transduction requirement and dramatically expand the limit of detection (Van der Meer,
2010). However, the main drawback of this principle is the long induction time (Merulla,
2010) (Buffi, 2010) required by cellular signaling or regulator pathways to take place for the

signal transduction.

Another kind of biosensors enabling faster time response by taking advantage of
electrophysiology was proposed by Shear et al. (Shear, 1995). His biosensor was based on a
Xenopus laevis oocyte microinjected with RNA expressing ligand-gated ion channels chosen
to recognize a specific chemical compound. When this chemical compound binds to the ion
channel ligand-gating domain, the ion channel opens and changes the membrane ionic
permeability. Permeability changes are detected using the classical TEVC method. The time
response of this system is fast as defined by the kinetic of the ligand-gated ion channels,
which is usually within ten to hundreds of milliseconds. This concept was further explored
by Misawa et al. (Misawa, 2010) by developing a selective odorant sensor with detection
limit as small as a few parts per billions for volatile compounds. This principle is promising
for highly sensitive, specific and fast biosensors but remains the problem of the classical
TEVC method and oocyte electrode insertion that prevents building fully integrated and
long-term capable electrophysiology based biosensor. To perform electrophysiology on
longer time scale ranging from hours to days, the method needs be non-invasive without
causing modifications of the intracellular conditions of the cell. Micro-electrodes

impalement that is not tolerant to acceleration and shocks should be avoided.

An method without electrode impalement for cell electrophysiology measurement was
proposed by (Siegel, 1997). This method consists of genetically encoding a fluorescent probe
as membrane protein allowing to measure trans-membrane potential by fluorescence in
single cell. Modified Green Fluorescent Proteins (GFP) were fused into voltage-sensitive
potassium channels to induce a cell fluorescence depending on the voltage-dependent

rearrangement of the channels and allowing a characterization of the cell membrane
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potential. Recently, this technique allowed measuring single action potential and sub-

threshold electrical events in neurons (Jin, 2012).

Dahan et al. (Dahan, 2007; Dahan, 2008) proposed another approach toward none-invasive
oocytes measurement based on an Ussing-like chamber where an oocyte is immobilized by
suction on a conical hole. The upper part of the oocyte membrane is permeabilized using
ionophore such as nystatin. The reduction of the electrical impedance in this permeabilized
region provides the electrical access to the inside of the cell. Hence, the standard TEVC
measurement method can be performed without the need of inserting microelectrodes
inside the oocyte. This method eliminates the problem of delicate electrodes insertion and
their stability during measurements but still require the chemical permeabilization of the
oocyte membrane. In the context of long term oocyte measurement, the chemical
permeabilization of the membrane is to be avoided as it engenders modifications of the

cytosol.

Schaffhauser et al. (Schaffhauser, 2011) performed another step, where the chemical
permeabilization was replaced by a strong asymmetry between the upper and lower
membrane patch defined by the shape of its Ussing-like chamber. The large ratio between
the two membrane sections was sufficient to sustain the current to be measured in the small
patch section without further membrane opening. This principle resembles to the whole-cell
patch clamp method (Hamill, 1981). The instrumentation used in his experiment is still the

conventional TEVC and four electrodes are required to perform the measurement.

The next step that is proposed in this study is also based on the membrane segmentation but
the conventional TEVC method is replaced by an impedance spectroscopy approach.
Impedance spectroscopy allows characterizing cell dielectric structure as well as ion
transport phenomena (Martinsen, 2011). As impedance spectroscopy use alternative voltage
excitation and, provided that the electrodes have a bigger capacitance than the oocytes, it is
possible to use only external macro electrodes by avoiding the important microelectrode
faradic resistance and the related junction potential. The alternative current that is
circulating through the oocyte passes through the electrode capacitance instead of the
electrode faradic resistance and consequently removes the need of using silver chloride
electrodes. In a similar fashion, the large membrane patch section presents a smaller
resistance and a larger capacitance than the small membrane patch section allowing the
measurement of the impedance to be dominated by small membrane patch. Based on this

hypothesis, the aim of this study consists of determining if ion channels modulation can be
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detected using impedance spectroscopy on oocytes. This would provide a simplified
instrumentation for long term, miniaturized and integration of biosensors based on

electrophysiology measurements.

4.2 Models for non-invasive measurements of

electrically active cells

This section evaluates different solutions using impedance spectroscopy as a non-invasive
method for cell electrophysiology measurements and detection of ions channels activity in

the context of biosensor development.

First, a discrete impedance based model derived from the Hodgkin-Huxley model is
proposed. According to this model, different approaches of cell segmentations allowing to

access cell internal parameters in absence of intracellular electrodes are discussed.

Second, as impedance spectroscopy allows characterizing the spatial arrangement of
conductive and dielectric layers and because ions are rearranged during the process of
channel opening or closing, a second model based on the spatiotemporal ion distribution is

developed and discussed.

These two models are used to identify physical properties linked to the opening and closing
of over-expressed ligand-gated sodium channel in cell allowing to propose and discuss

different non-invasive electrophysiology measurements possibilities.

4.2.1 Discrete impedance membrane model

The electrical behavior of electrically active cell membranes has already been widely studied
and a model was proposed by Hodgkin-Huxley (Hodgkin, 1952). As shown in Figure 4.1,
this model takes into account the resistance of the ion channel, the capacitance associated to
the lipid membrane and the equilibrium potential of each ion species depending on their
respective concentrations and membrane permeability. This model introduces a discrete

electrical equivalent comprising a voltage source, a capacitance and a resistance-like element
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as showed in Figure 4.1 b). The resistance-like element is however not linear and has voltage
and time dependencies. Using the Goldman-Hodgkin-Katz equation shown in Equation 33,
this model allows to evaluate the membrane potential and trans-membrane currents. Based
on this electric equivalent model, a discrete impedance equivalent model is proposed where
voltage sources are replaced by a short-circuit and current sources by an open circuit
according to their definition (Sadiku, 2009). The discrete impedance equivalent model is

shown in Figure 4.1 c).
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Figure 4.1 : The Hodgkin-Huxley model for cell membranes. a) Specific schematic example for potassium channels b)
Electrical equivalent schematic generalized for sodium, potassium and chloride ions. c) Discrete impedance equivalent

schematic. Figure adapted from (Hodgkin, 1952).

RT <PNa+ [Na*)oxt + Px+[K loxt + Pcr- [Cl_]ext> Equation 33
Pya+ [Na+]int + Pg+ [K+]int + P¢i- [Cl_]int
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4.2.2 Cell impedance segmentation to access local membrane

parameters

The electrical equivalent model presented in Figure 4.1 describes the voltage and currents of
a cell membrane without specifying any membrane geometry and arrangement. A biological
cell is a closed volume defining an intracellular and extracellular compartment. Recording
the trans-membrane potential or measuring the cell impedance requires either inserting an
intracellular electrode inside the cell volume or segmenting the cell membrane with a region
where the local membrane resistance is smaller than extracellular resistance separating the

different segmented domains of the cell.

This concept is illustrated by different examples showed below. Figure 4.2 a) shows a
classical experiments of the recording of the compound action potential in a nerve bundle
that we conducted as preliminary trial. It consisted in recording the action potential
travelling along nerve axons bundle. Figure 4.2 b) shows the equivalent electric schematic of
the axons in addition to the recording electrodes. This schematic illustrates that the local
measurement of the action potential Umem: is provided simply by reading U: because the
local membrane resistance Ruvem2 is significantly smaller compared with the leak resistance
Ricak2 between the different recording electrodes. In this specific experiment, the high leak
resistance Rrieakz was obtained using a sufficient distance without any conductive media

between the recording electrodes.
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Figure 4.2 : Nerve bundle recording. a) Recording of the compound action potential in a nerve bundle b) Equivalent electric
schematic of a nerve axon and recording instrumentation to illustrate the cell segmentation required to record the

extracellular activity.

Similarly, Figure 4.3 a) show the equivalent electric schematic of a cell adhering on a
microelectrode array (MEA). The action potential of a cell can be recorded from the outside
microelectrodes because the sealing resistance Rriek between two adjacent electrodes
underneath the cell is large compared to the local membrane resistance. This concept of cell
segmentation is well illustrated by the important efforts deployed to increase the leak
resistance with different electrodes shape, material and arrangement in MEA (Spira, 2013) as

shown in Figure 4.3 b)
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Figure 4.3 : Neuron recording with a MEA. a) Cell action potential recording with a MEA as illustration of cell
segmentation with controlled leak resistance to record the cell inside potential. b) Microstructures to increase the leak

resistance. Figure adapted from (Spira, 2013).

Another interesting example of cell segmentation is the Torpedo electrocyte shown in Figure
4.4 from (Tanaka, 2016). With different ion channel activated on each cell side of the cell, the
membrane exhibits a different voltage on each side of the cell. Because those cells have an
important surface compared to their thickness, the current leak path between the two cell
sides represent an important resistance and allows to sustain a net voltage between each cell

side.
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Cell

Figure 4.4 : Torpedo electrocyte exhibiting a trans-cell voltage. These electrocytes are another example of cell segmentation
with increased leak resistance due to their aspect ratio allowing to sustain a total trans-cell voltage. Figure adapted from

(Tanaka, 2016).

From the examples described above, a generic electric equivalent for a cell segmented into
two different compartments is proposed in Figure 4.5 a). It comprises a voltage potential
UMem, a membrane resistance Rvem and a membrane capacitance Cvem for each segment of the
membrane as well as a leak resistance Rieax linking the two compartments defined by the cell
segmentation. This model is applicable to any cell and allows calculating the cell inside
voltage and the membrane current depending on the external potential applied on each
compartment as well as their ion concentration according to the Hodgkin-Huxley model. If
the cell segmentation provides an upper membrane resistance Rvem: far smaller than the
lower membrane resistance Rvem2 and if the leak resistance Rreak is sufficiently large, then the
cell inside potential is defined by the potential of the upper compartment U:. Recirpocally,
the cell inside potential can be obtained measuring the upper compartement voltage Ux.
This measurement scenario can typically be achieved with a strong membrane area
asymmetry as demonstrated by (Schaffhauser, 2011) and in a more general fashion with the
cell attached patch-clamp (Hamill, 1981). From an impedance perspective, this discrete
electrical model derives to the impedance equivalent schematic proposed in Figure 4.5 b).

Assuming a strong asymmetry between the upper and lower cell segmentation as well as a
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sufficiently important leak resistance Rrea, the total impedance is dominated by the lower

membrane section impedance defined by Ruvem: and its respective capacitance Cuemi.

a) v b)

Inside

Inside

RLeak

Figure 4.5 : Generalized cell segmentation concept. a) Discrete electric equivalent schematic and b) discrete impedance

equivalent schematic for a segmented cell.

4.2.3 Spatiotemporal ion distribution model for electrically active

cells

Unlike resistance characterization by continuous voltage application and current
monitoring, impedance spectroscopy consists of applying an alternative voltage excitation
covering a range of frequencies. This allows characterizing the spatial arrangement of
conductive and dielectric layers that are linked to ions transport and re-arrangement as
exploited in semiconductor or electrochemical structures analysis such as dye solar cells
(Kern, 2002; Wang, 2005). In the context of cell membranes, some ion species are crossing the
membrane to induce a potential difference and as consequence the ion distribution has to
vary locally to induce a potential change as illustrated in Figure 4.6. To evaluate these local
variations and determine if they can be realistically measured using impedance
spectroscopy, we propose a second model as an extension of the discrete circuit-like
Hodgkin-Huxley model to evaluate spatial distribution of ions, charges, electric field and

potential along the cell structure including the channels permeability modulation in time.
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Figure 4.6 : lons distribution around the cell membrane. Illustration of local variation of potassium ion concentration

around the membrane induced by their displacement through a channel inducing the membrane equilibrium potential.

4.2.3.1 Model & assumptions

This analysis consists of a one-dimension radial symmetric model of the cell as shown in
Figure 4.7 a) & b). This model describes the ions concentration, charge, electric field as well
as potential along the cell structure. To simplify the model and the subsequent analysis, the
simple scenario of a cell presenting ligand-gated sodium channels whose permeability can
be controlled in addition to natural leaky potassium channel is proposed. Two different
cases are studied. Closed sodium ligand-gated channels and open potassium leak channels
define the first case. The second case is defined by both the sodium ligand-gated channels

and the potassium leaky channels in the open state.

In this model, only highly abundant ions being sodium, potassium and chloride are
considered. Cell inside is usually also composed of non-permeant charged protein that
balance the total charge to respect the global electroneutrality of the cell. In this specific
resolution and as neither chloride ions nor the non-permeant charged proteins are allowed

to cross the membrane, they are both accounted as chloride ions with same valency.

Both the cytosolic and membrane parts of the cell are represented by an infinitesimal
element defined by the local ion concentration of each species, their mobility as well as the
effective cross section allowing the displacement of each different ions family in the
respective element and as illustrated in Figure 4.7 c). For the membrane elements, the cross

section parameter is tuned for each ion family according to the membrane channel state and
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its respective ionic permeability. In cytosol element, the effective cross section has always a

unity value meaning ions can travel freely according to their respective mobility.

a) b) @)
Liquid element Membrane element
CNa CNa
Cell Inside Membrane + channel Cell Outside C C
Oocyte K K
CCl CCI

& |JNa uNa SNa
MK 'ul\ Sl\
MCI l"l‘CI cl

Figure 4.7 : Construction of the spatiotemporal ion distribution model. a) One-dimension radial symmetric model with axis
origine at the cell center. b) Infinitesimal elements constituting the cell interior, exterior and the membrane. c) Definition of
the infinitesimal element with the ions concentration, ion mobility, ion channel effective cross-section and relative

permittivity.

As the model is monodimentional, the total ion displacement is accounted as an average for
the full membrane section even though the reality is that each family of ions are effectively
travelling through an other family of channel. It is assumed that the time for ions to move
between the channels is faster than the time to move across the channel resulting in a
homogeneous ion concentration inside a finite element. In this model, it is assumed that the
inside and outside cell media has globally the same total osmotic concentration. Moreover, it
is assumed that aquaporine leave water molecule crossing freely the membrane (Agre, 1993)

thus no hydraulic pressure differences are taken in account.

Forces acting on ions are primarily electrical and diffusion forces due to electrical potential
and ion concentration gradient in the structure. The total ion currant density J;(x) resulting
of both the diffusion and electrical drift acting on every ion accordingly to Nernst-Plank

Equation (Johnston, 1995) is presented in Equation 34 and illustrated in Figure 4.8.
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Figure 4.8 : Ion current between elements. Considering the Nernst-Planck equation, the total ion curren between elements

results from the ions diffusion and electrical drift.

Z; oCc;(x) Equation 34
Ji(x) = |z;lqu;C;(x)E (x) — ﬁkT'ui(;—x i € {Na,K,Cl}
i

Under those assumptions, the problem becomes very close to the description of charges
carriers behavior that are dominated by drift and diffusion forces in physics of
semiconductor (Sze, 2006) and similar model used for electrostatic analysis of ion channel
(Chen, 1997) (Eisenberg, 1998). However, there is some specificity of this biologic model
compared with a semiconductor model. First, there are three different charge carriers being
the Na, K, Cl ions. Second, in this model, all the carriers are mobiles and no space charges
due to doping are considered. Finally, no ions generation or recombination is considered in
the structure and the ion exchange due to the sodium potassium pump (ATPase) is also

neglected.

For each time step N, the following system is evaluated with state variables being the three
different concentrations C;(x) of each different ions (Na, K, Cl) defined at every place in the
structure (Equation 35). The number of ions per cubic meter defines those concentrations.
The charge Q(x) is then calculated in the structure by summing every different ions, taking

in account their respective valence Z; and the elementary charge q as shown in (Equation 36)

The electric field E(x) is evaluated in every point of the structure using Gauss theorem

integrating the amount of charges C;(x) (Equation 37). The electric potential ¢(x) is
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evaluated as the primitive integral of the electric field E(x) (Equation 38). The current
density is evaluated taking in account both the diffusion and electrical drift forces
respectively influenced by the ion concentration and electrical field (Equation 39). Finally,
for each time step, the concentration of ions at each position of the structure C;,, (%) is
recalcultated using the continuity equation (Equation 40) without any generation or
recombination considered but only ions movement. Along the time steps, different
conditions on channel opening and closing are taken in account with the variation of each
channel cross section Seffi(x). Physical values used for the different model parameters are
listed in Table 1 where the different physiological constants such as ions concentration are

adapted from (Weber, 1999).

Equation 35

Ci(x) i€{NaK,Cl} [1/m?]
Equation 36

Q) =4 ZG)  [c/m?]
E(x) = Q(x) dx [V/m] Equation 37

o0&y
o) = — j E(x)dx [V] Equation 38
i ac; ,
JiCx) = Sepr (%) <|Zi|CIHiCi(X)E(x) - Ij_-lkT#i%> [A/m?] Equation 39
1 9/;(x)

CiN+1(x) = Ciy _E ox At [1/m3] Equation 40
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Table 4.1 : Parameters selected for the spatiotemporal ion distribution model

Membrane thickness t 10 nm

Sodium initial concentration inside cell Cnan 10 mM
Sodium initial concentration outside cell Cnaour 90 mM
Sodium initial membrane concentration CnaMEM 0 mM

Sodium valency ZNa +1

Sodium mobility UNna 4.98x108m2/Vs
Potassium initial concentration inside cell Cxn 90 mM
Potassium initial concentration inside cell Cxout 10 mM
Potassium initial membrane concentration Cx mEM 0 mM
Potatium valency Zg +1

Potatium mobility Uy 10.12x108#m2/Vs
Chloride initial concentration inside cell Ceiin 100 mM
Chloride initial concentration inside cell Cerour 100 mM
Chloride initial membrane concentration Ceumem 0 mM
Chloride valency Ze -1

Chloride mobility Uct 6.88x108m2/Vs
Potassium channel cross section (leaks) Serf K 1/10

Sodium channel cross section (closed) Seff nac 0

Sodium channel cross section (open) Seffnao 1/2

Absolute permittivity & 8.85x10-2F/m
Relative permittivity & 5

Elementary charge q 1.602x10 C
Boltzmann constant k 1.38x10-2J/K
Temperature T 300 K

4.2.3.2 Numerical solving

The set of equation presented above is numerically solved using a Matlab (R2016a,
Mathworks, US) script shown in appendix (§7.3). The resolution consists of a loop running
over the time steps N and taking in account the changes of the different ions channel

permeability by modulating the different channel cross section Sy .

For each iteration, the charge, electrical field and potential are evaluated along the cell

structure based on the actual ion concentration. Based on those values, the ion flux is
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calculated and continuity equation is used to redistribute ion accordingly in the structure.
Considering the important amount of iterations and in order to accelerate the solving, native
Matlab vectors and the corresponding vectorial functions such as gradient or cumulative

sum are used.

The spatial structure is defined with the origin at the center of the cell. Boundaries
conditions are set with zero electric field and potential at the center of the cell as it is
convenient for numerical solving to use vectors with initial value set by boundary condition.
For this reason, all the voltage expressions have an opposite sign to the electrophysiology
convention that places the ground at the exterior of the cell. The hypothesis of a zero electric
field at the center of the cell is only valid if no current is flowing at the center of the cell. This
hypothesis is verified if the system is not placed outside of equilibrium by the application of
an external potential on the cell and if the total lengths of the evaluated structure is far
bigger than the actual membrane thickness. For this reason, the system was evaluated on a

total length 25 times bigger than the actual 10 nm membrane thickness.

In order to achieve a stable resolution, both dx and dt were chosen empirically with
respective values of dx = 0.25 A and dt = 0.3 ps over a total structure length of 250 nm and a

simulation time of 100 ns.
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4.2.3.3 Resolutions
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Figure 4.9 : Resolutions of the spatiotemporal ion distribution model. a) Potential across the cell structure varying with time
before and after sodium channels opening. b) & c) ions concentration, d) & e) net charge, f) & g) electric field and h) & 1)

potential along the cell structure before and after the sodium channels opening.

Using the spatiotemporal ion distribution model described above, the electric potential
between the inside and outside of the cell is evaluated for the open and close states of
ligand-gated sodium channels in addition to the always-open potassium leak channel.
Figure 4.9 a) shows the two quasi steady-state voltages obtained with the model. The first
quasi-steady state obtained after 50 ns with a value of -(-58mV) represents the resting state
of the cell where only the potassium leak channels are open. The second steady state

obtained after 100 ns with a value of —(+40mV) represents the case where ligand-gated
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sodium channel are open in addition to the potassium leak. Those trans-membrane electric
potential results are in agreement with the Goldman-Hodgkin-Katz voltage equation for
those conditions of membrane permeability and ion concentration. The sign is opposed to
the biological convention as the zero potential was set at the center of the cell to facilitate the
numerical solving to the contrary of the biological convention that places the zero potential

outside the cell.

4.2.3.4 Ions concentration

Figure 4.9 b) shows the ions concentration for potassium, sodium and chloride around the
cell membrane starting from the inside of the cell toward the outside of the cell when
potassium leaks channels are open and overexpressed sodium channel are closed. Figure 4.9
c) shows the concentration of the same ions in the case of both potassium leak and

overexpressed sodium ion channels open.

For both cases of channel state shown in Figure 4.9 b) & c) the concentration of Na, K, Cl
ions are respectively 10 mM, 90 mM, 100 mM at the far left of the curves representing the
inside of the cell as imposed as initial condition in the model. Similarly the far right of the
curve representing the outside of the cell has the same concentration than the one set as
initial condition of 90 mM, 10 mM, 100 mM for Na, K, Cl respectively. This shows that the
global concentration everywhere away from the membrane is unchanged whatever is the
state of ion channel. Within a range of 1 nm around the membrane, ions are rearranged
because of the different permeability of ions channel. In the situation where only potassium
leak channel are open as shown in Figure 4.9 b) on the left side of the membrane, potassium
ions diffuse through the membrane leaving negatively charged chloride. This charge
imbalance creates an electric field that retains potassium ion to diffuse further away and
accumulate more chloride toward the membrane. In this case, sodium ions are pushed away
from the membrane by the electrical field created by the charge imbalance. On the right side
of the membrane, a similar effect is happening with a diffusion of potassium into the

membrane, the accumulation of chloride and depletion of sodium.

Figure 4.9 c) shows the case of open ligand-gated sodium channels. This case leave the left
side of the membrane almost unchanged in term of ion concentration. On the right side of
the membrane, because of the opening of sodium channel, sodium diffuses into the
membrane and thus leaves more unbalanced chloride that strengthens the electric field and

accumulates further chloride at the membrane. Between those two cases, a chloride increase
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from 7.5x10% m= to 11x10%° m-3representing a concentration change from 120 mM to 160 mM

is observed in a confinement smaller than 1 nm at the right side of the membrane.

It can be concluded that those two different cases does not induce a significant variation in
the amount of ions in the overall cell structure although some important differences notably
on the chloride concentration are observed in a 1 nm region around the membrane due to

the opening of sodium channel.
4.2.3.5 Charge & electric field at the membrane

Consecutively to the ion rearrangement described in the previous section, Figure 4.9 d) & e)
shows the net charge as being the sum of all different ions taking in account their sign and
valency across the cell membrane. The cell structure starts from the inside of the cell toward
the outside of the cell and the two cases of ligand-gated sodium channels open and closed

are presented.

The opening of sodium channel does not significantly changes the amount of charges on the
cell internal side of the membrane. But on the cell external side of the membrane, positive
charges accumulated on the left side of the membrane-cell interface increase from 0.3 C/m?
to 4.5 C/m*® and negative charges accumulated on the right side of the membrane-cell

interface decrease from -4 C/m?3 to -12.5 C/m3.

Figure 4.9 f) et g) shows the corresponding electric field across the cell membrane. On the
cell internal side of the membrane, the electric field is not significantly changed by the
channel modulation with a constant value of -7x10” V/m. On the right side of the membrane,
the electric field increases from 2.5x10” V/m to 7x10” V/m when overexpressed ion channels

are open.
4.2.3.6 Trans-membrane potential

The local ions rearrangement leads to a change of charges, electric field and finally electrical
potential across the membrane. Figure 4.9 h) shows the electric potential along the cell
structure starting from the inside of the cell toward the outside of the cell when potassium
leaks channel are open and ligand-gated sodium channel are closed. According to this curve,
a potential difference of —(-58mV) is observed across the membrane. Figure 4.9 i) shows the
same electric potential curve in the case of both potassium leak and liagand-gated sodium

ion channels open. According to this curve, a potential difference of —(40mV) is observed
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across the membrane. Both curves show a potential variation comprised in the region of the
membrane extended by a few nanometer on each side. Once this extension region is passed,

the potential does not change anymore in all the cell structure.

4.2.4 Non-invasive measurements of ion channel permeability

The different physical quantities variations observed in the resolution above are discussed
as potential measurement method to detect ion channel permeability modulation. A special
empbhasis is placed on physical quantity that can be measured by impedance spectroscopy as

a non-invasive measurement technique.
4.2.41 Trans-membrane potential measurements

Considering Figure 4.9 a) & b), the trans-membrane voltage varies from —(-58mV) to —
(40mV) consecutively to the ligand-gated sodium channels opening. Those results are in
agreement with the discrete electrical equivalent Hodgkin-Huxley model as well as the
Goldman-Hodgkin-Katz equation and represents a 98mV voltage swing. As anticipated, the
trans-membrane potential variation is a very efficient way to observe the ion channel
modulation. Moreover the electric potential has a steady spatial value in all the cell structure
except in a small region extending a few nanometers around the membrane. This allows
performing potential measurements with little constraints on electrodes placement.
However, because of the need of the cell internal potential value, this method is either
invasive with the insertion of an intracellular electrode or the cell as to be segmented to
record the internal potential with an external electrode as detailed in the previous section

(§4.2.2).
4.2.4.2 Charge & electrical field measurements

According to Figure 4.9 d) to g), the sodium channel modulation also affect the net charge
accumulated at the cell external side of the membrane and its corresponding electrical field.
Even though, this effect is very localized at the membrane proximity, it can be used for ion
channel permeability modulation as illustrated in different works introducing the concept of
BioFET derived from the ISFET structure based on potentiometric detection of charge
density change (Sakata, 2008; Schaffhauser, 2012). This method is by nature non-invasive as
the whole cell is put into contact with a semiconductor structure and no electrodes have to

be placed inside the cell.
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4.2.4.3 Impedance measurements

Two effects induce a cell conductivity change that is translated into an impedance variation.
The first effect is the modulation of the membrane ion channels permeability per se as
described by the discrete electric equivalent Hodgkin-Huxley model as shown in Figure 4.1
). As ion channels are the main restriction for ion transport, they significantly affect the
membrane conductivity. This effect is anticipated to be measurable by impedance

spectroscopy.

The second effect is linked to the distribution of ions in the structure. Assuming that the
number of carriers multiplied by their charge and mobility gives the conductivity in a
conductive material, the ion redistribution at the proximity of the oocyte membrane will
modulate the conductivity. As depicted in Figure 4.9 b) & c), the chloride ion concentration
is effectively varying from 120 mM to 160 mM at the right side of the membrane. However,
this ion redistribution affects only a region extending 1 nm away from the membrane. We
anticipate a conductivity increase in the 1 nm slice around the cell because of the chloride
accumulation despite a smaller sodium depletion. Observing this localized effect using
impedance spectroscopy would require to use a very specific electrode arrangement
allowing conductivity measurement of a volume not significantly extending the 1 nm slice

around the cell. A possibility to observe this effect could be the use of nanoelectrodes.

However, for impedance spectroscopy measurements on a whole cell, the first effect directly
related to the ion channel resistance modulation is predominant. This suggests that whole
cell impedance measurement is comprehensively described by the discrete impedance

model derived from the Hodgkin-Huxley model presented in Figure 4.5 b).
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4.3 Impedance spectroscopy on Xenopus laevis

oocytes for ion channel modulation investigations

The section presents the experimental work performed on Xenopus laevis oocytes for
monitoring ligand-gated ion channels activity using impedance spectroscopy as a label free,

non-invasive and real-time method.

4.3.1 Material & methods
4.3.1.1 Xenopus laevis oocytes

Xenopus laevis oocytes are used as cellular model in this study because of their large size
allowing easy handling as well as their ability expressing a wide panel of membrane
proteins directly from RNA injection. This make Xenopus laevis oocyte a gold standard
cellular model for ion channel protein expression (Gudron, 1971; Miledi, 1982; Sumikawa

,1982; Dascal, 1987; Weber, 1999).

Oocytes were surgically removed from the ovarian tissue of female Xenopus laevis african
clawed frog, which had been anesthetized by immersion in MS-222 (Bargeton, 2010).
Oocytes from different stages of maturity are extracted from the ovary and placed in
modified Barth’s solution (MBS). Mature oocytes of stage V and VI are large cells of a
diameter around 1.2 mm (Sherman-Gold, 1993). Oocytes are manually sorted according to
their stage suiting electrophysiology measurements and presenting a good visual aspect

attesting of their viability and quality.

Oocytes consist of a multi layer and membranes structure as illustrated in Figure 4.10. The
oocytes cellular membrane embedding ion channels is surrounded by a 10 um vitelline
membrane made of fibrous glycoprotein allowing this large cell to keep its mechanical
stiffness and integrity. The vitelline membrane has a gel-like porous structure largely
permeable to ions. A follicular layer coupling oocytes together surrounds the vitelline
membrane. A collagenase treatment is used to strip off the follicular layer. It consists of
immersing the oocyte for 60 min to 70 min in a calcium-free saline solution containing 2
mg/mL of collagenase and 1 mg/mL of bovine serum albumin at room temperature

(Sherman-Gold, 1993).
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4.3.1.2 Injection & preparation

Epithelial Sodium Channels (ENaC) are ion channels involved in the sodium balance
maintenance of mammals (Rossier, 2014). These channels were selected for this study. First,
because of their high permeability to sodium ions whose concentration can be easily
adapted in solutions. Second, as ENaC is a ligand-gated ion channel, it allows modifying its
permeability by expositing the ligand-gating domain to amiloride, a channel blocker and
drug used to treat high blood pressure (Canessa, 1994). Third, ENaC presents a bi-stable
behavior with a natural high permeability steady state and low permeability steady state
when amiloride bind to the ligand-domain. This allows to monitor a slow kinetic only
controlled by the perfusion and thus removing the high bandwidth constrains on the
instrumentation. CRNAs constructs from DPT, UNIL of rENaC and hENac were used in this
study. 100 nL of solution at 10, 50 or 100 ng/uL were directly injected into the oocytes
cytosol using the Robotlnject (MultiChannelSystem). ENaC injected oocytes were then
incubated at 19 for 24 hours in a modified MBS (low Na* MBS) containing only 10mM of
sodium balanced with 80mM of NMDG, an impermeant ions, because of the high sodium
permeability of ENaC expressing cells. Oocytes were stored at 19¢ in MBS or Low Na*MBS
for ENaC injected oocytes between their preparation and the experiments. Normal Frog
Ringier (NFR, Ecocyte, US) as well as NFR containing 200 um amiloride (Sigmaaldrich, US)
were are used for the recordings performed in this study. During this work, frog surgery,
oocytes preparation and automated injection were performed by my colleague Dr. Benoite

Bargeton, CIG, UNIL according to the Swiss Federal Laws on Animal Protection.

136



a) b)

Oocyte Cell membrane

/ \ Epithelial Sodium Channel

Follicular layer Vitelline membrane

Figure 4.10 : Xenopus laevis oocyte structure a) lllustration of stage 5 and 6 Xenopus laevis oocytes. Oocytes are composed
of a dark animal pole and a light vegetal pole shown in brown and white in the sketch. Oocytes contain a cell membrane
surrounded by a vitelline membrane and a follicular layer. b) Illustration of Epithelial Sodium Channel (ENaC) inserted in

the oocyte cell membrane adapted from (Kashlan, 2011)

4.3.2 Setup design and model
4.3.2.1 Transoocyte chamber design & fabrication

The concept of non-invasive impedance spectroscopy measurements on Xenopus Laevis
oocytes is based on the cell membrane segmentation introduced in the previous section
(§4.2.2). Figure 4.11 describes the transoocyte chamber designed for the oocyte impedance
spectra measurements. The setup is designed to expose asymmetrically the upper and lower
membrane sections of the oocyte allowing asymmetric impedance based oocytes

measurements.

Figure 4.11 a) shows the transoocyte chamber consisting of 3D printed plastic frame
supporting the upper and lower silver electrodes (200 um silver wire, Advent, UK) disposed
on each sides of the oocyte, a liquid reservoir to apply an hydrostatic pressure on the oocyte
and a glass pipette to hold the oocyte with the asymmetric exposition of its two membrane
sections. The glass pipette is ordered with an external diameter of 4 mm, an internal
diameter of 3 mm and a pulled tip with internal diameter of 200 pum (Hilgenberg, DE). The
tip of the glass pipette is then polished (PM2, Logitech Ltd, UK) with sandpaper P600, at
speed 1 and with 5.33 g of additional weight for 19 min. Figure 4.11 c) shows the side view
of the tailor-made glass pipette containing an oocyte and illustrates the asymmetric section

of the upper and lower membrane patches. Figure 4.11 d) shows the lower membrane
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section of an oocyte in the glass pipette. Using this setup, the glass pipette containing the
oocyte can be immersed into different solutions to expose the lower membrane patch to
chemical compounds and its corresponding impedance can be measured. According to
Figure 4.11 d) the lower membrane patch has a diameter of 400 um defining a surface ~20

time smaller than the total oocyte surface.
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Patch M Y »
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Figure 4.11 : Transoocyte chamber for asymmetric impedance measurements on Xenopus laevis oocytes. a) Sketch of the
transoocyte chamber consisting of a plastic frame supporting the upper and lower electrodes together with a glass pipette. b)

Picture of the transoocyte chamber. ¢) & d) Magnification of the glass pipette tip containing an oocyte.

4.3.2.2 Electrical equivalent model of an oocyte in the transoocyte chamber

Figure 4.12 a) presents the electric equivalent model of an oocyte placed in the transoocyte

chamber according to the principle introduced in the section (§4.2.2).

It comprises the upper and lower electrodes capacitances combined together in serie
Cilectrodes Calculated for two silver wire electrodes of length lgectroqe = 7.5 mm and
diameter dgjectroqe = 200 pm. Dielectric properties of the NFR are assumed to be similar
than water with an absolute permittivity of 8.85x102 F/m, a relative permittivity of 12.4 and

an outer helmoltz plane distance donr of 0.5a (Meissner, 2012).
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The oocyte membrane is splitted in the upper and the lower membrane patches. The upper
membrane patch is much larger than the lower membrane patch and approximated by the

total oocyte membrane surface.

The upper membrane patch capacitance Cypper membrane iS approximated by the total oocyte

capacitance Crotql,00cyte Of 200 nF (Bernhard, 2002).

The upper membrane patch resistance Rypper membrane i approximated by the total oocyte
resistance Rrotar,00cyte and defined by the membrane ion channel permeability. Specifically
for oocytes overexpressing ENaC, values adapted from TEVC literature gives a total current
of 2 uA under a potential membrane difference of 50mV defining a total oocyte resistance

Rrotal,00cyte = 25 ki (Dahan, 2007; Dahan, 2008).

According to the asymmetry proposed, the lower membrane patch has a radius comprised
between 350 pm and 450 um depending on the oocyte size and consequently a surface 20

times smaller than the total oocyte surface.

The lower patch membrane capacitance Cpower membrane is defined twenty times smaller
than the upper patch membrane capacitance Cypper membrane- Providing a homogenous
distribution of the protein of interest, the ion channel resistance Ry,yer membrane 1S selected

20 times bigger than the upper patch membrane resistance Rypper membrane-

Finally, the resistance R;.q) represents the leak around the oocyte, which account for the seal
resistance and the resistance of the liquid layer in and below the vitelline membrane. The
resistance of the oocyte inside is represented by Rjnsq. and the glass pipette stray
capacitance is represented by Cstrqy. These last three values are empirically chosen. All the

different values and respective calculation are summarized in Table 4.2.
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Table 4.2 : Selected values for the transoocyte chamber impedance model

Sratio =

Celectrodes =

RUpper membrane, —

CUpper membrane =

Rinsidze =

Riower membrane =

Crower membrane =

CStray =

Riear =

Stotate/SLower patch =

1 &o gr”delectrode lelectrode
2 dOHP

RTotal,Oocyte =

CTotal,Oocyte

RLower membrane

1

Crower membrane = S
ratio

ratio RUpper membrane =

' CUpper membrane —

20
500 nF

25 kQ
200 nF
20 kQ
500 kQ
10 nF

10 pF
120 kQ

Defined by setup

Calculated

(Dahan, 2007, 2008)
(Bernhard, 2002)
Experimental
Calculated

Calculated

Experimental

Experimental

The equivalent electrical schematic was simulated using Matlab Simulink (R2016a,

MathWorks, US) according to the values detailed in Table 4.2. Figure 4.12 b) & c) shows the

theoretical impedance magnitude and phase obtained with the electric equivalent model.
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Figure 4.12: Electrical equivalent model of an oocyte in the transoocyte chamber: a) equivalent electrical schematic. b)

Magnitude and phase impedance spectra evaluated according to the electrical equivalent model.
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Impedance spectra shown in Figure 4.12 b) and c) presents the following domains. Below 10

Hz, the impedance is dominated by the electrodes capacitance Cgieceroges-

Around 30 Hz, the first resistive plateau is dominated by the lower patch membrane
resistance Ry ower membrane in parallel with the leak resistance R;qqx. The upper membrane
patch resistance Rypper membrane cONnected in series does not contribute significantly as
representing a resistance 20 times smaller due to the asymmetry. The oocytes inside
resistance Rypsige does not either contributes significantly in this first plateau, as its
resistance is one order of magnitude smaller. Under those assumptions, the resistive plateau
at 30 Hz is defined by the lower membrane ions channel permeability defining the lower
patch membrane resistance Riower membrane together with the leak resistance Rjqqp in
parallel. The clear advantage of this configuration is the ability to immerse the lower
membrane patch and its ion channels in different solutions to measure its corresponding

impedance.

The cut-off frequency due to the lower patch membrane capacitance Cpyyer membrane OCCULS
around 400 Hz. This cut-off is defined by the frequency where the lower membrane patches
capacitance Cpoyer membrane Presents an impedance smaller than the lower membrane
patches resistance Ry ower membrane and leads the AC current to flow preferentially through

the capacitive path.

Above this cut-off frequency, a second resistive plateau is observed at 30 kHz and
dominated by the oocytes internal resistance Rj,sige. In this case the leak resistance Ryqq is
not considered because it has a value at least one order of magnitude bigger and connected

in parallel.

Finally, above 100 kHz, the stray capacitance Cg.,,, of the glass pipette and setup starts

dominating the total impedance.

The region of interest is centered between 30 Hz and 30 kHz as representing respectively the
lower patch resistance defined the ion channel permeability, the oocytes capacitance and

finally the oocyte internal resistance.
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4.3.3 Results
4.3.3.1 Oocytes impedance spectra

Impedance spectra of oocytes placed in the transoocyte chamber are measured

experimentally and compared with the electrical model (§4.3.2.2) in the following section.

Figure 4.13 shows magnitude and phase impedance spectra of 3 oocytes (not injected). Each
oocyte was inserted in the transoocyte chamber filled with NFR. After the oocyte sediment
to the tip of the glass pipette, the tip of the transoocyte chamber was immersed into a well
containing NFR. Impedance measurements were performed using the impedance analyzer
(Agilent 4294A, Agilent technologies, US) between 40Hz as being the minimal frequency
achievable with the impedance spectrometer to 400kHz and with an excitation amplitude of

50 mV.

These curves show a first domain between 40 Hz and 100 Hz presenting the end of a
resistive plateau defined by a phase smaller than 30° and with average magnitudes of 80 k(2
representing the lower membrane patch resistance combined in parallel with the leak
resistance. The frequency range between 100 Hz and 2000 Hz represents a capacitive region
defined by lower membrane patch cut-off frequency around 200 Hz. The third region
centered at 30 kHz presents a second resistive plateau with average magnitudes of 16 kQ)
and defining the oocyte internal resistance. The last capacitive region begins above 100 kHz
and demonstrates a limited stray capacitance of the setup allowing to cover a wide range of
frequencies for impedance measurements. These measured impedance spectra are in
agreement with the oocyte electric equivalent model and the selected region of interest
between 40 Hz and 40kHz allows the extraction of oocyte parameters such as the lower
patch membrane resistance combined with the leak resistance, the lower patch membrane

capacitance and the oocyte internal resistance.
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Figure 4.13 : Xenopus laevis oocyte impedance spectra in the transoocyte chamber. a) Impedance magnitude spectra
measured for 3 oocytes and the empty chamber compared with the magnitude impedance spectra obtained with the electric
equivalent model. b) Impedance phase spectra measured for 3 oocytes and the empty chamber compared with the magnitude

impedance phase obtained with the electric equivalent model.

4.3.3.2 Ion channels modulation spectra

Figure 4.14 presents an experiment where Xenopus Laevis oocytes expressing Sodium
Epithelial Channel (ENaC) were measured in combination with amiloride to evaluate the
detection of ion channels permeability modulation by impedance spectroscopy accordingly
to the principle described in Figure 4.12. Oocytes expressing ENaC were placed one by one
in the transoocyte chamber. Impedance spectra were acquired every 3 seconds using the
impedance analyzer (Agilent 4294A, Agilent technologies, US) with excitation frequency
between 40 Hz and 400 kHz as well as an excitation frequency of 50 mV. At the beginning of
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the experiment, the measurement chamber tip containing the oocyte was immersed in NFR
solution. After 120 seconds, the tip was retracted from the initial solution and immersed in
another NFR solution containing 200 uM amiloride. As amiloride is an ENaC blocker, the
lower patch membrane resistance measured in the first resistive plateau is expected to

increase after immersion in amiloride solution.

Figure 4.14 a) shows magnitude impedance spectra between 40 Hz and 400 kHz
superimposed for different measurement times. Spectra representing the beginning of the
experiment are shown at the bottom of the graph and their magnitude increase along with
time after the immersion of the transoocyte chamber tip in the NFR solution containing
amiloride. These spectra and their increase in time illustrate the effect of ion channel
blocking on the impedance spectra with an effective impedance increase observed only for

frequencies below 200 Hz in the first resistive plateau.

Figure 4.14 b) shows the magnitude impedance along time for the same data set at the two
selected frequency of 40 Hz (blue curve) and 30 kHz (red curve). It shows again that only the
magnitude impedance measured at low frequency (40 Hz) increase when the tip is
immersed in the amiloride solution. This curve also shows the kinetic of the impedance
increase after the immersion into the amiloride solution with a time constant evaluated at

100 s.

Figure 4.14 c) presents a summary of the measurements performed on the 3 oocytes
expressing ENaC with a relative impedance increase at 40Hz of 22% (cv = 11%) after the
immersion of the tip containing the oocyte into the amiloride solution while the relative

impedance increase observed at 30 kHz was less than 1 % (cv < 1%).
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Figure 4.14 : Ion channels modulation spectra: a) Impedance spectra of an ENaC injected oocyte showing magnitude
increase along time consecutive to the transoocyte tip immersion in NFR solution containing amiloride. The impedance
increase is due to the ENaC blocking by amiloride and is observed in a frequency range below 200 Hz. b) Same data set with
impedance magnitude selected for 40 Hz and 30 kHz excitation frequencies. c) Average impedance increase observed for 3

oocytes at 40 Hz and 30 kHz.

4.3.3.3 Ion channels expression spectra

Figure 4.15 presents an experiment where Xenopus Laevis oocytes expressing ENaC were
compared to not injected oocytes to determine the effect of ion channels expression on the
impedance spectra. The measurement is performed using the impedance analyzer (Agilent
4294A, Agilent technologies, US) with excitation frequency between 40 Hz and 400 kHz as

well as an excitation frequency of 50 mV. The transoocyte chamber tip containing the oocyte
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was immersed in NFR for both oocytes groups. 11 ENaC injected oocytes and 6 not injected
oocytes were tested. The two curves show the average impedance magnitude of the two
oocytes groups with a lower impedance magnitude for ENaC injected oocytes below 1 kHz.
This impedance decrease represents the lower patch membrane permeability increase due to
ENaC expression. For the other frequencies, the difference in impedance magnitude is not

statistically relevant and is fully comprised in standard deviation of both measurements.
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Figure 4.15 : Ion channels expression spectra: Impedance spectra of 11 ENaC injected oocytes, 6 oocytes not injected and the
transoocyte chamber without oocyte. The impedance spectra of the ENaC injected oocytes presents a magnitude significantly
lower than not injected oocytes in the frequency range below 1 kHz due to the expression of ENaC increasing the membrane

permeability.

4.3.3.4 Single frequency impedance measurements of ion channels modulation for

integrated systems

Results presented in Figure 4.14 and Figure 4.15 demonstrate that statistically significant
oocytes impedances changes due to the modulation of ion channels or their expression level
are restricted to the first resistive plateau below 200 Hz. Consequently, the impedance
analyzer used to perform this measurement can be considerably simplified if restricted to a

single frequency centered in the first resistive plateau at 25 Hz.
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For this purpose, a simple and integrable single-frequency impedance analyzer was
developed and shown in Figure 4.16 a). This integrable single-frequency impedance
analyzer use the lock-in demodulation principle performed by integrated lock-in
demodulator (SI-QSD, Sensima, CH). On one electrode, an excitation frequency of 25 Hz
with amplitude of 50 mV is applied by the SI-QSD. From the other electrode, the current is
amplified using a transimpedance amplifier (OPA2350, TI, USA). The amplified current is
measured and the impedance is determined using the acquisition, demodulation and
filtering capability of the SI-QSD. This custom circuit is connected to a microcontroller kit
(Nano, Arduino, IT) to transmit the impedance value from the SI-QSD to the computer.
Figure 4.16 a) shows that such a simplification allows of a fully embedded setup comprising

both the measurement chamber and the impedance analyzer.

Figure 4.16 b) presents an experiment where Xenopus Laevis oocytes expressing Sodium
Epithelial Channel (ENaC) were used in combination with amiloride to detect ion channel
modulation with the integrable single-frequency impedance analyzer shown in Figure 4.16
a). Oocytes were placed in the transoocyte chamber one by one. Impedance magnitude at 25
Hz was acquired every 3 ms. At the beginning of the experiment, the transoocyte chamber
tip containing the oocyte was immersed in low Na MBS solution. After 180 seconds, the tip
is retracted from the initial solution and immersed in another solution containing standard
MBS solution. After 330 seconds, the tip was then immersed in MBS solution containing

amiloride.

Figure 4.16 b) shows the magnitude impedance at 25 Hz along time for an oocyte expressing
ENaC as well as a not injected oocyte. This curve illustrates the effect of ENaC blocking on
the oocyte lower patch membrane resistance at a single frequency of 25 Hz combined with a
simple setup and impedance analyzer. Figure 4.16 c) shows a summary of the measurements
performed on 4 oocytes expressing ENaC and 4 not injected oocytes. Measurement on ENaC
expressing oocytes shows an average impedance increase of 54% (cv = 50%) after the
immersion of the tip containing the oocyte into the amiloride solution while the not injected

oocyte shows an impedance increase smaller of 0.3% (cv =7%).
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Figure 4.16 : Single frequency impedance measurements of ion channels modulation. a) Integrated single-frequency
impedance analyzer combined with the transooyte chamber. b) Impedance magnitude of an oocyte ENaC injected (blue
curve) and an oocyte not injected (red curve). Both oocytes are successively immersed in Low Na MBS solution, normal
MBS solution and normal MBS solution containing amiloride. The Impedance of the oocyte expressing ENaC increases
when immersed in the solution containing amiloride while the impedance of the oocyte not injected stays at the same value.

¢) Average impedance increase observed for 4 oocytes expressing ENaC and 4 oocytes not injected.
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4.3.4 Strategies to increase the seal

According to the equivalent electric schematic presented in Figure 4.12, the main limitation
to have a high sensitivity to ion channel resistance is the leak resistance in parallel with the
oocyte. Similarly to observations made for patch clamp (Hamill, 1981), MEA (Spira, 2013) or
the preliminary nerve recording experiments presented the previous section (§4.2.2), the cell
need to be segmented to measure specifically the lower patch membrane resistance. The
sensitivity to the lower membrane resistance increase with the increase of the leak resistance
as connected in parallel. Two approaches are discussed to increase the leak resistance in this

section.
4.3.4.1 Sucrose perfusion chamber

A specificity of the Xenopus laevis oocyte is the vitelline membrane surrounding the cell
membrane. Because the vitelline membrane is permeable to ions, it allows electrical current
to bypass the oocyte by circulating in the vitelline membrane without crossing the cell
membrane. Consequently the leak resistance required to segment the oocyte membrane is

decreased.

One solution to control the leak resistance is to replace the conductive solution contained in
the vitelline membrane with a non-conductive solution. This can be performed by perfusing
the vitelline membrane with a sucrose solution. Sucrose is a non-charged molecule, allowing
to adjust the solution osmolarity while preventing electrical conduction in the vitelline

membrane.

Figure 4.17 a) shows the design of a sucrose perfusion system for Xenopus laevis oocytes. The
oocyte sits on a cavity made of three layers. The top layer showed in Figure 4.17 b) is 100um
thick and comprises a 900 um hole to accommodate and position the oocyte. The top layer
also comprises upper measurement electrodes. The mid layer showed in Figure 4.17 c)
comprise a 1.2 mm in diameter and 80 um thick cavity filled with sucrose solution to perfuse
the oocyte vitelline membrane and insulate the oocyte lower membrane section from its
upper membrane section. Sucrose solution is circulated into this cavity by a 150 pm wide
and 80 um height channel. The lower layer showed in Figure 4.17 d) is also 100 um thick
and comprise a small aperture of 300 um. This aperture defines the lower membrane patch
section to be perfused with the ligand solution acting on the lower membrane ion channels.

The lower layer also contains the lower recording electrodes.
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All the layers are made of two printed circuit boards (PCB) fabricated with a similar process
as described in (§3.2). The PCBs includes the fluidic perfusion channel and are fabricated
using a conventional PCB production line. The top and bottom layers consist of the epoxy
PCB substrate with copper gold-plated electrodes. The mid layer consists of the fluidic
channels structured in dry film resist deposited in one face of each PCB (§3.2). The two PCBs
are bonded together with the dry film resist layer facing each other and using similar dry
film resist as binding layer. The stack is placed for 10 min on a hot plate at 85 °C witha 220 g
load onto it. A glass cupule is glued on the top layer to facilitate the oocyte placement

during experiment as shown in Figure 4.17 f).

This stack is clamped in a polyoxymethylen (POM) made chamber integrating a cavity to
perfuse the oocyte lower membrane as shown in Figure 4.17 e). The chamber also comprises
the oocyte insertion well above the stack that is used to position the oocyte and filled with
medium to contact the upper electrodes as shown in Figure 4.17 g). An adjustable vacuum
source (AF1 Dual, Elveflow, FR) and a manifold are used to perfuse the oocyte lower
membrane patch with different ligand solutions as shown in Figure 4.17 e). Oocyte
impedance measurements are performed using the set of upper and lower electrodes. Figure

4.17 h) shows an oocyte placed in the glass cupule ready for measurement.

However, because of time constrains, no further experiments were conducted on this setup
and an alternative solution to increase the leak resistance with fewer implementation

constraints was envisaged and presented in the following section (§4.3.4.2).
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Figure 4.17 : Sucrose perfursion chamber. a) Design of the sucrose perfusion chamber to increase the leak resistance between
the oocyte upper and lower membrane patches by perfusing the vitelline membrane with a non-conductive sucrose solution.
b), ¢) & d) Picture of the PCB made layers to accommodate the oocyte and the sucrose perfusion. e) Perfusion and
measurement principle with the sucrose perfusion chamber. f) Picture of the glass cupule helping in the oocyte positioning,

g) & h) Picture of the sucrose perfusion chamber with an oocyte.
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4.3.4.2 Localized impedance measurement with a microelectrode

An alternative method to segment the cell membrane and control the leak resistance
between the membrane segments consists of applying a microelectrode on the oocyte
surface as shown in Figure 4.18 a). The impedance measured with the microelectrode is
mainly restricted in the spreading volume around the electrode and defined by its diameter.
In this embodiment, the microelectrode consists of a 200 um silver wire (Advent, UK)
inserted and glued (Araldite, Hornbach, CH) in a dielectric cladding made of a plastic
pipette tip (Multiflex round tip 200 puL, Sorenson BioScience, US) as shown in Figure 4.18 b)
& ¢).

a)

Cladding——

Microelectrode
Spreading volume

+

Oocyte

Figure 4.18 : Custom-made microelectrode a) Design of the custom-made microelectrode providing the cell membrane
segmentation by the restricted electrode impedance spreading volume. b) Side view picture of the custome-made
microelectrode in contact with an oocyte. c) Picture of the custome-made microelectrode tip exhibiting the inner conductive

part.

To perform impedance measurement with the custom-made microelectrode, the oocyte is
placed in a ground wire basket as used in HiClamp system (MCS) to be mechanically
maintained. The custom-made microelectrode showed in Figure 4.18 a) is pushed against
the oocyte using the HiClamp manipulator system (MCS). The impedance is measured
using the impedance analyzer (Agilent 4294A, Agilent technologies, US) between the

custom-made microelectrode and the platinum wire constituting the oocyte basket.
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Figure 4.19 shows the impedance magnitude and phase of 3 oocytes measured with the
transoocyte chamber and 3 other oocytes measured with the custom-made microelectrode.
The magnitude impedance difference between the low and the high frequency resistive
plateau is 96 kQ for the proximity electrode and only 55 kQ for the transoocyte chamber.
Consequently, the microelectrode measurements show a higher contrast between the
membrane resistance and the oocyte inside resistance. This impedance difference is 74%
bigger in the case of the microelectrode measurement compared with the transoocyte
measurements. Moreover the measurement setup is simplified because no oocyte sealing is
considered unlike the case of the transoocyte chamber. Furthermore, the cut-off frequency
defined by the lower membrane patch capacitance is also displaced from 200 Hz to 600 Hz
when using the microelectrode compared to the transoocyte chamber. This is also an
advantage to measure impedance variation at higher frequency with a lock-in demodulation

system.
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Figure 4.19 : Localized impedance measurement: Xenopus laevis oocyte impedance spectra obtained with the custom-made
microelectrode compared with the transoocyte chamber. a) Impedance magnitude spectra measured for 3 oocytes with the
microelectrode and 3 oocytes with the transoocyte chamber as well as the microelectrode without oocyte. b) Impedance phase
spectra measured for 3 oocytes with the microelectrode and 3 oocytes with the transoocyte chamber as well as the

microelectrode without oocyte.

4.4 Discussion

The different experiments performed during this study showed oocytes impedance spectra
in agreement with the proposed model according to the cell membrane segmentation
principle. It validates the selected ratio between the upper and lower membrane patches
sections and shows that electrodes surfaces are sufficiently large and the stray capacitance

sufficiently small to discriminate the lower patch membrane resistance, capacitance and the
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oocyte inside resistance. It shows that the lower patch membrane resistance measurements

can be performed in the 10 Hz to 100 Hz resistive plateau.

Experiments performed with ENaC injected oocytes and using amiloride validated the
capability of measuring ion channel modulation using impedance spectroscopy and the
transoocyte chamber setup. Similarly, it showed that the expression of ENaC compared to
not injected oocytes can be measured using the same impedance spectroscopy principle.

Importantly, both of those measurements were non-invasive and label free for the oocytes.

In agreement with the model, the impedance change is restricted to the lower frequency
resistive plateau and suggests no significant ions rearrangement at the scale of the oocyte
length but mainly the modulation of ion channel permeability and thus membrane
conductivity. This allows performing the measurements at a single excitation frequency and
simplifies considerably the instrumentation. For this purpose, a simplified instrumentation
embodiment facilitating the system integration was proposed. Again, measurement of ion
channels modulation was validated using ENaC oocytes and compared with not injected
oocytes. The combination of this non-invasive method and the integrable single frequency
impedance analyzer enable the development of embedded biosensor based on

electrophysiology measurements.

The key element to access non-invasively the ion channel permeability is the membrane
segmentation. According to the transoocyte chamber, the membrane segmentation is
defined by the asymmetry between the section of upper and lower membrane patches. The
critical parameter to control is the leak resistance between these two membrane segments.
The leak resistance defines the impedance measurement sensitivity to the lower patch
resistance variations. Similar bottleneck is observed in the different electrophysiology setups
where membranes potential or current have to be measured without intracellular electrodes
insertion. Well-known example are MEAs for action potential measurement (Spira, 2013),
patch-clamp for single-channel current measurement (Hamill, 1981) or electrophysiology
setup to observe light-induced current in single rod membrane (Baylor, 1979; Baylor, 1984).
In our experiments, the lower membrane patch comprises a large amount of ion channels to
the contrary of patch-clamp, thus a giga-ohm sealing is not required. Nevertheless a higher
leak resistance will improve measurements sensitivity. It also explains the limited
impedance variation observed in this study when over-expressed sodium epithelial channel

are completely blocked by the amiloride.
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Different solutions were envisaged to increase the leak resistance and consequently to
increase the sensitivity to ion channel modulation. First, the vitellin membrane which is
permeable to ions and conducting them along the glass pipette could be removed but this
will dramatically weaken the oocyte. This solution is also difficult to conciliate with a high-
throughput and automated procedures. Second, the conductive liquid contained in the
vitelline membrane allowing current leak along the glass could be replaced by a non-
conductive liquid. A solution is presented to perfuse the vitelline membrane with a glucose
solution. Third, the oocyte segmentation obtained with the glass pipette could be replaced
by a localized impedance measurement defined by the spreading volume of a
microelectrode. In this study, it was shown that a microelectrode effectively measure the
local oocyte membrane impedance defined by the microelectrode spreading volume. This
remove the need to segment the membrane by a mechanical sealing and enable simplified
setups and more convenient oocyte manipulation. Also, the use of the microelectrode
instead of the transoocyte setup should allow to perform the demonstrated impedance
measurements in flow cytometry settings similarly to examples illustrated in previous
section (§1.1). These different possibilities to increase the leak resistance also suggest that the
non-invasive character of this method does not intrinsically imply a low sensitivity to ion

channel modulation.

Finally, this totally non-invasive solution, based on AC impedance measurement is obtained
at the cost of a signal demodulation required to obtain the impedance signal. According to
the amplitude modulation principle, the maximal bandwidth of the retrieved signal is half of
the signal excitation frequency. The theoretical maximal applicable excitation frequency to
measure the first resistive plateau is defined by lower membrane patch cut-off frequency,
which is 200 Hz in our study. Consequently, no events containing frequencies above 100 Hz
could be theoretically detected from ion channel modulation. It could be an important
limitation for fast kinetic ion channel investigation. For this reason, the proximity
microelectrode embodiment (§4.3.4.2) also showed to improve the system performance as

the lower patch membrane cut-off frequency is shifted to 600 Hz.

Another caveat of the impedance spectroscopy is that it cannot be used to set the membrane
potential at a given value. It prevents measuring any impedance changes related to the
voltage potential itself or channels showing no current variation at their physiological
potential level. A possible workaround could be the co-expression of channels with a

specific permeability to ions with a different Nernst potential.
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Chapter 5 : Conclusion & Future Work
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5.1 Single cell dispensing wusing a pipette tip

integrating an impedance sensor

The first contribution made in this thesis consists of allowing the retrieval and isolation of a
single cell subsequent to its analysis using single cell impedance spectroscopy. It allows to
extract with confidence the cell of interest and also to work with a limited amount of cells in
input. This is achieved by designing a sensing tip integrating a Coulter counter combined

with an instrumented pipette to enable single cell dispensing.

The sensing tip was optimized using an analytical model to exhibit a particle limit of
detection down to 3.2 pm in size. This detection capability ensures a robust detection of
mammalian cells in the range of 6 um to 15 um. Designing an electronic instrumentation
with an appropriate noise level and choosing carefully the particle detection threshold,
allows a highly reliable particle detection with a probability to miss a 6 um particle passage
smaller than 0.002. Furthermore, placing the Coulter counter at the interface of the sensing
tip leaves no dead volume between the particle detection volume and the receiving
container. Together, those elements enable to perform single cell dispensing with confidence
and reliability. The cost effective batch process of the sensing tip permits to use them as
disposable devices and enable cell culture with the isolated single cell. Also, integrating the
tool in standard pipette format prevents a radical change of biologists habits and facilitates
its integration in existing cell culture workflows. Furthermore, it is shown that the use of this
single cell dispensing tool does not affect the cell viability. Finally, the recording of the
impedance time trace allows for a traceable dispensing of single cell. All these features are of
primary importance for cell cloning applications such as cell lines development in highly

regulated contexts of drugs production.

Experimentations also highlighted the main limitations of the sensing tip. It consists of a
limited fluidic control capability due to a small hydraulic resistance. It leads to a sub-
optimal plate filling rate with single cells. In a future work, different means could be
envisaged to overcome this limitation. The complete automation of the procedure would
permit to control the external factors influencing on the particle dispensing such as tip
immersion level and the time spend in the well. This could improve the plate filling rate and

also increase the throughput of this method. Alternatively, adding a resistive plug in the
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fluid path could also increase the sensing tip hydraulic resistance and permits a higher plate

filling rate using a handheld device.

5.2 Cost effective and large scale manufacturing of

flow cytometers

The second contribution of this thesis consists in the translation of the disposable, sterile and
low-cost single cell dispensing concept on a standard planar microfabrication technology. A
planar fabrication method based on the industrially standardized printed circuit board
(PCB) manufacturing process is studied to produce different topologies of flow cytometers

with emphasis on the disposable aspect of those devices required for cell culture.

Thanks to the advances in the PCB fabrication capabilities, the resolution and material
currently used in this field merge with BioMEMS applications such as flow cytometers. In
this thesis, the possibility to fabricate flow cytometers using standard PCB production lines
and PCB design softwares is demonstrated and their performances are characterized. Even
though some design and material constrains have to be respected to produce a flow
cytometer in a PCB production line, it is shown that this category of BioMEMS chip can
advantageously benefit from the standardized and cost effective PCB fabrication industry in

the vision of producing disposable devices.

Irrespective of fabrication methods, planar designs of flow cytometers also showed to be an
effective solution to conciliate the high particle sensitivity of the Coulter counter topology
observed in the sensing tip and the high hydraulic resistance controlled by long microfluidic
channels. A future version of the single cell dispensing tool could be based on this planar
technology to present an improved fluidic control capability and further increase the single
cell plate filling rate. This planar version could also benefit from a smaller stray capacitance.
Consequently, impedance spectroscopy could be performed at higher excitation frequencies
and would enable the characterization of cell parameters such as their viability during the
single cell dispensing. A planar design could also permits the integration of further fluidic

functions such as cell sorting. Combined with cell size and viability analysis, the sorting
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capability would enable the isolation single cells of specific interest while rejecting the other

cells.

5.3 Impedance spectroscopy for active cells analysis

The third contribution of the thesis consists of further exploring cell parameters that can be
analyzed by impedance spectroscopy. For this purpose, Xenopus laevis oocytes are selected
as an effective protein expression system and because of their large size allows an easy
handling. A transoocyte chamber to perform impedance spectroscopy measurements on the
oocyte is designed. Impedance spectra expected form the cellular dielectric structure are
observed and permit to measure cellular parameters including the membrane resistance,
membrane capacitance and the cell inside resistance. In this thesis, it is shown that the
modulation of ion channels permeability such as ENaC can be observed non-invasively
using impedance spectroscopy. Using the same method, the expression of ENaC can also be
measured. A model describing the spatiotemporal ion distribution related to ion channel
modulation is proposed. According to this model and in agreement with experiments, the
main effect of channel modulation at the whole cell level consists in the change of the
membrane resistance. Alternatively, ions rearrangement and local changes of the cytosol
conductivity are restricted in a slice of 1 nm around the cell membrane. Measuring this very
localized effect would requires another approach such as using nanoelectrodes presenting a
resistance spreading volume in the range of nanometers or to select a much smaller cellular

organism.

The different experiments performed during this thesis showed that the key parameters
enabling non-invasive cell measurements is the segmentation of the cell membrane and the
control of the leak resistance between those segmented domains. Experiments presented in
this thesis showed a limited sensitivity to ion channel modulation because of a small leak
resistance caused by the vitelline membrane surrounding the oocyte. Different approaches
were considered to circumvent this limitation. A solution to decrease the vitellin membrane
ionic conductivity in the sealing region and to segment more efficiently the oocyte
membrane consisting of a sucrose perfusion chamber is proposed. Alternatively, the

application of a microelectrode directly on the oocyte membrane showed to be another
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efficient way to perform the cell membrane segmentation and turns out to be a much
simpler embodiment compared to the transoocyte chamber. Moreover, the use of a contact
microelectrode reconciles the impedance spectroscopy measurement method with
conventional flow cytometry applications. In a future work, a flow cytometer measuring the

oocyte viability or channel expression level could be envisaged.

This work constitutes a step toward long-term, automated and integrated cellular
electrophysiology monitoring required to develop cell biosensors based on ligand-gated ion
channel modulation. Also it suggests that a compromise on the selected cellular organism is
required to obtain better performances. The oocyte is an efficient model for protein
expression and easy to handle because of its large size but the cell membrane segmentation
with a high leak resistance is difficult to obtain because of the vitelline membrane. To
continue with the development of ligand-gated ion channel based biosensors, it could be of
advantage to select another cellular model closer to what is used in electroantennography. It
could permit to conciliate the facile membrane segmentation required for an effective non-
invasive measurement and the specific expression of ligand-gated ion channels for chemical

detection.
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7.1 Hair follicle morphogenetic assay using the
instrumented pipette. Figure reprinted from Georges

Muller PhD thesis
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Figure 7.1 : Figure courtesy of Georges Muller (Muller, 2016). Hair follicle morphogenetic assay of rat hair follicle
multipotent stem cells. Sub- clones were derived from single YR219P3-cl7 cells (Claudinot et al., PNAS, 2005) isolated with

the instrumented pipette. Cells were cultured for 7 days. Wells were then searched for subclones. Growing subclones were
selected and amplified twice in culture. A mass culture of the clone YR219P3-cl7 was used as a control. Each clonal progeny
and the mass culture were injected at the dermal-epidermal junction on the back of a newborn mouse. Each graft was trans-
planted onto the back of a NUDE mouse. (a) Schematic of the assay. (b-f) Results of the subclone 2 harvested 106 days after
transplantation. (b) Impedance trace documenting the single-cell origin of the subclone. (c) Micrograph of the subclone after
5 days in culture. (d) View of the transplant on the back of the NUDE mouse showing growing hair follicles (e) UV-
illumination of the harvested transplant revealed the presence of EGFP+ hair follicles (top view). (e) Immuno-histology of the

transplant. Scale bars: c: 50 um, d: 100 pum, e: 100 pum, f: 50 um.
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7.2 Python code: Sensing tip analytical model

# -*- coding: utf-8 -*-
# Sensing tip analytical model
# Author: D. Bonzon

HAHHHAHHHHA
# Imports #
HA#HHRAHHAA

import matplotlib.pyplot as plt
import numpy as np

import math

from scipy.misc import imread
import time

import numpy as np

LU 4L L L L ) L
L

# Definitions #

HAHHHHHHHHRHHAH

#PT
pi = 3.1415

#Diametre extérieur tip petit coté
De = 1l.1le-3

#Diametre intérieur tip petit coté
Dil = 500e-6

#Diametre intérieur tip grand coté
Di2 = 5.0e-3

#Longeur tip

L = 50e-3

#Position de 1l'electrode interne
1l = 3.5e-3

#Epaisseur de la membrane

e = 15e-6

#Diamétre du trou

d = 30e-6

#Longueur sur laquel les graphs sont tracés
Laff = 3.5e-3

# Constantes physique electrique
rho = 0.65

# Constantes physique fluidique
mu = le-3

# Constantes physique bruit
Kb = 1.38e-23

T = 300

dF = 2400

# Constante de calcul
#spatial
NPAS = 2500

INT LENGH = (De/2) + 1

179



dx = INT LENGH / NPAS

# Fin des domaines
# from -De/2 to 0
DOMAIN1 = 0

# from 0 to e
DOMAIN2 = e

# from e to 1
DOMAIN3 = 1

# from 1 to L
DOMAIN4 = L

# from 1 to L

TN RN INN N T NTNT)
L [

# Variables #

LUl AL L )
L

X = [0]*NPAS

Xum = [0]*NPAS
R = [0]*NPAS
U = [0]*NPAS
dR = [0]*NPAS
du = [0]*NPAS
dJ = [0]*NPAS

deltal = [0]*NPAS
Rtot PosPart = [0]*NPAS

.5

Uexc
Rtot
Itot

1
o oo

NIRRT RN TN
FC

# Fonctions #

VTR T NN )]
L [

#Retour la resistance infinitesimal de la position pos en fonction de
position pos part de la particule et de son diamétre diam part
# pos et pos_part sont en métres

def eval dR(pos, pos_part, diam part, delta x):

#Evaluation de la section occupée par la particule
if(diam part > 0):
if( ( pos > ( pos_part-(diam part/2) ) ) and ( pos < (
pos_part+(diam part/2) ) ) ):
fleche = (diam part/2) - abs(pos-pos_part)
corde = 2*math.sqrt((diam part-fleche)*fleche)
SectPart = pi*(corde/2)**2
else:
SectbPart = 0
else:
SectPart = 0

#Evaluation de la resistance infinitesimale locale

deltaR = 0

if (pos<DOMAIN1):
rayon=-pos
deltaR = (rho*delta x)/( (2*pi*(rayon+d/2)**2) - SectPart)
#deltaR = (rho*delta x)/( (pi*(rayon+d/2)**2) - SectPart)
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elif (pos<DOMAIN2):
deltaR = (rho*delta_x)/( ((d/2)**2*pi) - SectPart)
elif (pos<DOMAIN3):

rayon = pos - e
deltaR = max( (rho*delta_x)/( (((Dil+(((Di2-Dil)*pos)/L))/2)**2*pi)
- SectPart ) , (rho*delta x)/( (2*pi*(rayon+d/2)**2) - SectPart ) )

#deltaR = max( (rho*delta x)/( (((Dil+(((Di2-
Dil)*pos)/L))/2)**2*pi) - SectPart ) , (rho*delta x)/( (pi*(rayon+d/2)**2)
- SectPart ) )

else:
deltaR = 0

return deltaR

TR R T TN R T N NN}
L (A [

# Initialization #

LU 4L L L) ) L ) )
L

f static_R = open( 'Dropbox/PhD/ModelPipette/Results/resultsStaticR.txt',
lwl)

f static_U = open( 'Dropbox/PhD/ModelPipette/Results/resultsStaticU.txt’',
lwl)

f particules =

open( 'Dropbox/PhD/ModelPipette/Results/resultsParticles.txt', 'w')

#HAH#HHHRHHAH
# Calculs #
HARAHHHAAHH

# calcul de 1'axe des x

for i in range(NPAS):
X[i] = i*dx - (De/2)
Xum[i] = X[1]1*1000000

# calcul sans particule

position_particule = 0
diametre particule = 0
R[0] = O

U[0] = Uexc

for i in range(NPAS):
position = X[1i]

#Calcul de dR
dR[i] = eval dR(position, position particule, diametre_particule, dx)

#Calcul de R
if(i>0):
R[i] = R[i-1] + dR[i]

f static_R.write(str(position)+'\t'+str(dR[i])+'\t'+str(R[i])+'\n")
#Calcul de i
Rtot = R[NPAS-1]
Itot = Uexc / Rtot
for i in range(NPAS):

position = X[i]
#Calcul de duU
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du[i] = -dR[i]*Itot

#Calcul de U
if(i>0):
U[i] = U[i-1] + dU[i]

#calcul de d4dJ
dJ[i] = (Itot*dR[i])/(rho*dx)

f static U.write(str(position)+'\t'+str(dU[i])+'\t'+str(U[i])+'\t '+str(dJ[1i
IN+'\n")

# Calcul parametrique avec particules
DiamTip = [500e-6]

PosElectrode = [3500e-6]
#PosElectrode = [it * le-6 for it in range(250, 4001, 250)]

MembraneThickness = [15e-6]

DiamAperture = [35e-6]
#DiamAperture = [it * le-6 for it in range(45, 70, 5)]

DiamParticule = [15e-6]
#DiamParticule = [0, 6e-6, 1l0e-6, 1l2e-6, 15e-6]
#DiamParticule = [it * le-9 for it in range(0, 15100, 100)]

for Dil in DiamTip:

for 1 in PosElectrode:
DOMAIN3 = 1
INT LENGH = (De/2) + 1
dx = INT LENGH / NPAS

for i in range(NPAS):
X[i] = i*dx - (De/2)
Xum[i] = X[1]*1000000

for e in MembraneThickness:
DOMAIN2 = e

for d in DiamAperture:

R[0] = O
for i in range(NPAS):
pos = X[1i]
drR[i] = eval dR(pos, 0, 0, dx)
if(i>0):
R[i] = R[i-1] + dR[i]

Rbase = R[NPAS-1]
Rmesure = 30e3

jNoise =
math.sqrt (4*Kb*T* ( (Rbase*Rmesure)/(Rbase+Rmesure) ) *dF)
RNoise = (jNoise* (Rbase+Rmesure))/Uexc

182



for dp in DiamParticule:

for ind part in range(NPAS):
pos_particule = X[ind part]

#Calculs dR,R
R[0] = O
for i in range(NPAS):
pos = X[1i]
dR[i] = eval dR(pos, pos_particule, dp, dx)
if(i>0):
R[i] = R[i-1] + dR[i]

Rtot PosPart[ind part] = R[NPAS-1] #Rtot pour
chaque position de particule

Rmax = max(Rtot PosPart)

f particules.write(str(dx)+'\t'+str(l)+'\t'+str(Dil)+'\t'+str(e)+'\t'+str(d
)+'\t'+str(dp)+'\t'+str(Rbase)+'\t'+str(Rmax)+'\t'+str(Rmax-
Rbase)+'\t'+str(100* (Rmax-Rbase)/Rbase)+'\t'+str(RNoise)+'\n")

print "dx=",dx,"pos=",1," diam tip=",Dil," mem=",e,"
aperture=",d," part=", dp, " Rbase=", Rbase, "Rpeak=", Rmax, "deltaR=",
(Rmax-Rbase), "%=", ((Rmax-Rbase)/Rbase)*100, "Rnoise=", RNoise

HHARBH AR AR S
# Affichage #

TR NN
LR (A

fig = plt.figure("Figure "+str(diametre particule), figsize=(15,8))

plt.subplot(311)

plt.plot(Xum,dR, label="Diff Res")
plt.axis([-(De/2)*1000*1000, Laff*1000*1000, 0, 30001])
plt.ylabel('Resistance [ohm]')

plt.xlabel('Position [um]')

plt.grid()

plt.subplot(312)

plt.plot(Xum,R, label="Resistance")
plt.axis([-(De/2)*1000%*1000, Laff*1000*1000, 0, 35000])
plt.ylabel('Resistance [ohm]')

plt.xlabel('Position [um]')

plt.grid()

plt.subplot(313)

plt.plot(Xum,U, label="Potential")
plt.axis([-(De/2)*1000*1000, Laff*1000*1000, 0, 0.6])
plt.ylabel('Potentiel [V]')

plt.xlabel('Position [um]')

plt.grid()

plt.show()

f static_R.close()

f static_U.close()

f particules.close()
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7.3 Matlab code: Spatiotemporal ion distribution

model for electrically active cells

o
oo

Spatiotemporal ion distribution model for electrically active cells
AUTHOR: D.Bonzon
Last version: 03.03.2017

o
oe

o
oe

o
oe

CLEAR
clear all;
close all;

%% CONSTANTS

NA = 1;
K = 2;

CL = 3;
NPI = 4;

z=111,1,-1,-1];
SIZE = 10000;

FRONTIER1 = 4800; % 10nm membrane

FRONTIER2 = 5200;
ITERATIONS = 333333;
AFF PAR IT = 166666;
dt = 0.3e-12;

dx = 0.25e-10;

Q = 1.602e-19;

e0 = 8.854e-12;

er = 5;

NAV = 6.022e23;

kT = 4.1le-21;

¥Mobility coefficients [m"2/v*sec]
mu(NA) = 10.12e-8;

mu(K) = 4.98e-8;

mu(CL) = 6.88e-8;

mu(NPI) = 6.88e-8;

%% INITIALIZATIONS
X = zeros(1,SIZE);
for i = 1:SIZE
X(i) = (i-1)*dx;
end
Xnm = X.*1000*1000*1000;

T = zeros(1l,ITERATIONS);

for t = 1:ITERATIONS
T(t) = (t-1)*dt;

end
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CONCENTRATION NA IN = 10;
CONCENTRATION K _IN = 90;

CONCENTRATION CL_IN = 100;
CONCENTRATION NPI_IN = 0;

CONCENTRATION NA MEM = 0
CONCENTRATION K MEM = 0;
CONCENTRATION CL_MEM = 0;
CONCENTRATION NPI_MEM = 0;

.
4

CONCENTRATION NA OUT = 90;
CONCENTRATION K OUT = 10;

CONCENTRATION CL_OUT = 100
CONCENTRATION NPI_OUT = 0;

~e

Seff(:,NA) = zeros(1l,SIZE);
Seff(:,K) = zeros(1l,SIZE);
Seff(:,CL) = zeros(l,SIZE);
Seff(:,NPI) = zeros(1l,SIZE);
N(:,NA) = zeros(1l,SIZE);
N(:,K) = zeros(1,SIZE);
N(:,CL) = zeros(1,SIZE);
N(:,NPI) = zeros(1l,SIZE);

Grad N(:,NA) = zeros(1l,SIZE);
Grad N(:,K) = zeros(1,SIZE);
Grad N(:,CL) = zeros(1l,SIZE);
Grad N(:,NPI) = zeros(l,SIZE);
Grad _J(:,NA) = zeros(1l,SIZE);
Grad_J(:,K) = zeros(1l,SIZE);
Grad J(:,CL) = zeros(1l,SIZE);
Grad J(:,NPI) = zeros(1l,SIZE);

Charge = zeros(1,SIZE);
Champ = zeros(1l,SIZE);
LocalConductance = zeros(1l,SIZE);

PotentialTime = zeros(1l,ITERATIONS);

cnt = 1;

for i = 1:FRONTIERI1
N(i,NA) = CONCENTRATION NA IN*NAV;
N(i,RK) = CONCENTRATION_K IN*NAV;
N(i,CL) = CONCENTRATION_CL_IN*NAV;
N(i,NPI) = CONCENTRATION NPI IN*NAV;
Seff(i,NA) = 1;
Seff(i,R) = 1;
Seff(i,CL) = 1;
Seff(i,NPI) = 1;

end
for i = FRONTIER1:FRONTIER2
N(i,NA) = CONCENTRATION NA MEM*NAV;

N(i,K) = CONCENTRATION_ K MEM*NAV;
N(i,CL) = CONCENTRATION_CL_MEM*NAV;
N(i,NPI) = CONCENTRATION NPI MEM*NAV;
Seff(i,NA) = 0;

Seff(i,K) = 1/10;

Seff(i,CL) = 0;

Seff(i,NPI) = 0;

end

for i = FRONTIER2:SIZE
N(i,NA) = CONCENTRATION_NA OUT*NAV;
N(i,K) = CONCENTRATION_K OUT*NAV;
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end

o
°
for

N(i,CL) = CONCENTRATION_ CL_OUT*NAV;
N(i,NPI) = CONCENTRATION NPI_ OUT*NAV;
Seff(i,NA) = 1;

Seff(i,K) = 1;

Seff(i,CL) = 1;

Seff(i,NPI) = 1;

COMPUTATION
t = 1:ITERATIONS

%Channel state
if(t>166667)
for i = FRONTIER1:FRONTIER2
Seff(i,NA) = 1/2;
Seff(i,K) = 1/10;
Seff(i,CL) = 0;
Seff(i,NPI) = 0;
end
end

$Charge

Charge=Q* (Z(1)*N(:,1)+Z(2)*N(:,2)+Z(3)*N(:,3)+Z(4)*N(z:,4));
$Field

Champ = (1/(e0O*er)).*cumtrapz(X,Charge);

$Potential

Potential = -cumtrapz(X,Champ);
Potential (SIZE)

LocalConductance = 0;
PotentialTime(t) = Potential(SIZE);

for i = 1:ESPECE
$Concentration gradient
Grad N(:,i) = gradient(N(:,1i),dx);
$Diffusion current
JDhiffusion(:,i) = sign(Z(i))*(kT).*mu(i).*Grad N(:,i);
$Drift current
JDrift(:,i) = abs(Z(i))*Q*mu(i)*N(:,1i).*Champ;
$Total current
JTot(:,i) = Seff(:,i).*(IDrift(:,i)-JDiffusion(:,1i));
$Current gradient

Grad _J(:,i) = gradient(JTot(:,i),dx);
$Continuity
N(:,1i) = N(:,1i) - (1/(Q*2Z2(i))) * Grad_J(:,i).*dt;

%% PLOTS
if (mod(t-1,AFF_PAR IT)==0)

figure(t)
hold on;
grid on;
rectangle( 'Position',[120,0,10,12e25], 'FaceColor',[0.88

.991], 'EdgeColor', 'w', 'LineWidth',0.1)

plot(Xnm,N(:,NA),'b")
plot (Xnm,N(:,K), 'g")
plot(Xnm,N(:,CL), 'r")
plot(Xnm,N(:,NPI), 'k")
xlabel('Distance [nm]")
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ylabel('Nb ions [m"-"31")
legend('Na', 'K','Cl"','NPI")
x1im([115 135])

figure(t+1)

hold on;

grid on;
plot(Xnm,Charge, 'r')
xlabel('Distance [nm]")
ylabel('Charge [C/m"3]1")
x1lim([115 135])

figure(t+2)

hold on;

grid on;
plot(Xnm,Champ, 'g")
xlabel('Distance [nm]")
ylabel('Champ [V/m]")
x1lim([115 135])

figure(t+3)

hold on;

grid on;

rectangle( 'Position',[120,-0.1,10,0.25], 'FaceColor',[0.88 .93
.99], 'EdgeColor', 'w', 'LineWwidth',0.1)

plot(Xnm,Potential, 'b")

xlabel('Distance [nm]")

ylabel('Potential [V]")

x1im([115 135])

figure(t+6)

hold on;

grid on;

rectangle( 'Position',[120,-12000,10,24000], 'FaceColor',[0.88 .93
.99], 'EdgeColor', 'w', 'LineWidth',0.1)

plot(Xnm,JTot(:,NA), 'b")

plot(Xnm,JTot(:,K), " 'g")

plot(Xnm,JTot(:,CL), 'r")

plot(Xnm,JTot(:,NPI), 'k")

xlabel('Distance [nm]")

ylabel('J [A/m"2]")

x1im([115 135])

figure(t+7)
hold on;
grid on;

yyaxis left
plot(Xnm,-Potential, 'b")
xlabel('Distance [nm]"')
ylabel('Epot [eV]')
x1lim([115 135])

yyaxis right
plot(Xnm,Potential, 'b")
xlabel('Distance [nm]")
ylabel('Potential [V]")
x1im([115 135])
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set(gca, 'YDir', 'reverse');
end
end

figure(99)

hold on;

grid on;
plot(T,PotentialTime.*1000, 'b")
xlabel('Time [s]')
ylabel('Potential [mV]')
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the “Canton de Vaud” after final exams

Working experience
Doctoral Assistant, LMIS4, EPFL, 2012 - present

Start-up Development, Pandora Underwater Equipment SA, 2008 - 2013

Co-founder of Pandora Underwater Equipment SA, a start-up focusing on development and marketing of premium
safety underwater equipments. Pandora is now funded by Business Angels, VentureKick, Departement de
I’économie du Canton de Vaud and was awarded the CTI Startup Label. | focused on the technological proof of
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10 days Business Development Program in Boston with executive education at Babson College and workshops
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Third prize at the iCan’11 Finals in Beijing with the project « Sensing the world through smartphone »

Hardware engineer, Novano, Lausanne, 2009 - 2010 (part time)
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Qualification profile
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Processes:

Electronic & Microfluidic design, Machining & Fast prototyping, SEM Observation, Cleanroom processing
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Languages
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Hobbies
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