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Abstract

Microfluidic technology is gaining popularity in building cell-culture systems. These
platforms allow to set up a more physiological relevant environment when com-
pared to static devices, which features flow control and interconnection of multiple
cell or tissue types. In the context of microfluidic platforms, a novel system in-
volving an open reconfigurable hanging-drop network for microtissue aggregation
and culturing has been proposed by the Hierlemann group at the Bio Engineering
laboratory of ETH Zurich. Here, cell suspension are formed, and the cells sedi-
ment by gravity force at the liquid-air interface forming microtissues. Drops can
be easily connected together with microfluidic channels enabling the analysis of

different spheroids interaction.

An integrated electrical sensing system would be beneficial to these microfab-
ricated devices, being able to enhance the analysis obtained by visual inspection
with an electrical characterization of the sample. For example, analysis methods
based on Electrical Impedance Spectroscopy (EIS) have been proven to provide

reliable biological information from cell culture experiments.

This thesis presents the design and fabrication of a test device based on the
integration of a Micro-Electrodes Array (MEA), developed by the Hierlemann
group, with a microfluidic hanging-drop platform for spheroid cell culture. The
aim of this test device is to analyze the feasibility of the fabrication process, while
verifying the working principle for the EIS based detection. In this framework,
custom designed chips with different layouts were designed and fabricated, and
then assembled with a hanging-drop network. The stability of the system under
continuous perfusion was investigated and verified. Moreover, by means of EIS,

this test device was proven to effectively provide spheroid-size related information.
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Introduction

Cell cultures can be considered an indispensable field of study in many different
areas, both in research and industry. The very first established cell line, Hel a,
derived in 1951 from Henrietta Lacks, consisted in the first time that human cells
were grown in a laboratory. Being "immortal”, in the sense that they were not
going to die after a certain number of divisions, they turned out to be a keystone
in scientific research, allowing to conduct many medical experiments that were
not possible before. Then, steps forward have been achieved thanks to the break-
throughs in DNA profiling and analysis, allowing to identify many others cell lines.
Concerning mammalian cell cultures, these advancements were combined with new
culturing methods and media supplements, with more flexibility to experimental
variations. Another relevant improvement was given by 3D culturing, which offers
a physiological environment closer to in vivo conditions: the capability of culturing
three dimensional clusters of cells has allowed to obtain a better representation of
the biological dynamics that happen in a real in vivo organism when compared
to a monolayer culture (Ravi et al., 2015). These 3D models are more effective in
realistically translate research results to in vivo tests, due to the smaller gap to the
actual physiology of a living being, enabling the analysis of more complex inter-
actions. First papers about 3D culturing were published in the late 60s, with no
significant improvements until 1992 (Ravi et al., 2015). Then the number of papers
increased gradually, becoming exponential after 2000. Now around 6000 results can
be obtained when searching for ”3D cell cultures” in PubMed database!. Despite
the huge advancements achieved in the past years, still limited methods have been

developed to provide real-time and integrated monitoring solutions in 3D systems.

Werified at 10/09/2018.



Chapter 1. Introduction

Optical characterization of the tissue is still the most common analysis method for

these kind of culturing, even though this process has limited throughput.

Microfluidics is gaining popularity as tool for realizing novel culture systems,
being able to provide a more physiologically relevant micro-environment: some of
the possible benefits are flow control, dynamic stimuli of the sample and intercon-
nections of several tissue cultures. Furthermore, microfluidics can be integrated
with custom micro-fabricated electrodes, setting up a heterogeneous measure sys-
tem. This solution would combine the advantages in 3D cell culturing given by a
microfluidic platform with a non invasive and continuous electrical analysis of the
tissue and the surrounding environment. In particular, sensing methods based on
Electrical Impedance Spectroscopy (EIS) have been proven to be useful in many
single cell analysis (Alexander et al., 2013; Haandbek et al., 2014; Zhu et al., 2012)
and also for microtissues (Misun et al., 2017; Schmid et al., 2016; Biirgel et al.,
2016). Merging in a single device a microfluidic based technology for cell culturing
with the EIS sensing approach will be the main subject of the work described

hereafter.

1.1 3D Cell cultures

Most of the research activities into cells data extraction and their analysis up
to about 10 years ago has been based on monolayer cultures, assuming that these
cultures were effectively replicating the physiology of real in vivo tissues. Actually,
this has been proven to be a wrong assumption, since the environment in which
cells can grow in real organisms is different from the one supporting these cell layers
(Pampaloni et al., 2007). For example, the biochemistry of the cell-cell interaction
or the placement dependent mechanisms can not be replicated in such simplified
systems (Ravi et al., 2015).

In particular, the communication network between multiple cells or tissues plays
a key role in the life cycle of a cell: cells multiplication, apoptosis and migration
are strongly influenced by the environment, and these effects underline the im-

portance of 3D cell culture systems. For example, the migration speed of cells
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has been proven to be determined differently in 2D and 3D structures (Pampaloni
et al., 2007) . When cells are placed on planar surfaces their migration speed
only depends on their adhesiveness, while when they are part of a 3D matrix they
move depending on more complex parameters such as mechanical properties and
arrangement in space. Due to these effects of surrounding environment on the
cell life cycle, also the gene expression can be different when comparing 2D and
3D cell arrangements (Bissell et al., 1982). Hence, since these events are lost in
2D cultures, they can not be sufficiently predictive when it comes to drug testing.
Relevant recapitulation of the tissue physiology in cell cultures is needed for more
reliable drug-screening tests, and a better rate of success during clinical trials in

pharmaceutical research is a key point for the companies involved.

2D cell culture 3D cell culture

Figure 1.1: 2D to spheroid cultures transition.

This forces to move research from monolayer cultures to other approaches closer
to the physiology of living beings, such as 3D multicellular aggregates (Fig. 1.1).
In particular, the main interest of this work is oriented towards cellular spheroids,
defined as a scaffold-free multicellular aggregate with a spherical-like shape which
is not adherent to any substrate. This kind of aggregates can exploit the trend of
many different cells to join together and build a single cluster. By using spheroids,
many different tissues have been replicated, such as cartilage (Jukes et al., 2008),
pancreatic (Lumelsky, 2001) and cardiac (Kehat et al., 2001), and also organs were
formed, like pituitary gland (Suga et al., 2011), cortical tissue (Eiraku et al., 2008)
and optic cup (Eiraku et al., 2011).
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1.2 Hanging drop network

A29n  Microfluidic
system
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2D cell culture @ .
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Figure 1.2: Microfluidics for cell cultures.

Biological applications of microfluidics are becoming more and more popular
thanks to the high control of fluid flow. Microchannels, flow mixers, valves and
pumps can be important features when it comes to high precision manipulation
and analysis of single cells or microtissues. Therefore, a step further the spheroid
culturing can be its integration into a microfluidic platform. This is a first step
towards a comprehensive structure, which can replicate biological networks in a
larger scale. Furthermore, microfabricated systems capability of culturing differ-
ent samples connected in a network is the basis for the idea of body-on-a-chip.
Such devices enable for in wvitro replication of complex multi organ interaction by
imitating the in vivo blood-mediated interaction. This can be achieved through

inter tissue communication, respecting a physiologically relevant order.

In this framework, hanging drop technology offers advantages compared to other
microfluidic system. This technique is based on an open platform of one or even-
tually many wells connected together, which can be filled with liquid and operated
in upside-down position (Fig. 1.3). This allows the formation of droplets, used as
culturing environments. Due to the increase of the surface to volume ratio when
scaling down dimensions, these drops exhibit good stability over time thanks to

surface tension. External hydrophobic rims can be designed to delimit wet regions

4



Chapter 1. Introduction

and improve stability (Hsiao et al., 2012) (Fig. 1.4).

- vy e D ew ew»

Figure 1.3: A simple microfluidic hanging drop network.

-

Rim structure

Figure 1.4: Zoom on single drop.

As previously mentioned, in such small systems surface forces are prevalent to
volume forces such as gravity. The spherical-cap shape of the drop is mainly in-
duced by the liquid surface tension, while its internal pressure is directly related
to its size. Young-Laplace equation relates the relative internal pressure with drop

radius:
Ap= 2 (1.1)

where 7 is the specific surface tension (N/m). Moreover, the radius of the spherical

cap decreases with the growth of the drop, starting from infinite when the drop is
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flat down to the radius of the well when the drop is filled at its maximum. Then,
interconnected drops exhibit the capability of self adjust their size, since bigger

drops are connected to a higher internal pressure and vice versa.

Figure 1.5: Radius and height correlation in drops.

One relevant advantage of this technology is the capability to form multicellular
microtissues directly into the platform. Cells are inserted in each drop and, simply
by gravity force, sediment at the bottom of the drop. In this way, cells do not inter-
act with solid surfaces, where they can adhere and spread. The round shape of the
drop promotes the interaction of cells, which can then aggregate and form scaffold
free spheroids. Therefore, the formed microtissue lays on the liquid-air contact
surface, where can be easily accessed. Another advantage of an open microfluidic
technology is related to the enhanced O5-CO4y exchange between medium and sur-
rounding atmosphere, which represents a problem in closed platforms. Moreover,

bubble-related issues during the filling process are absent in such device.
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1.3 Electrical Impedance Spectroscopy

The ability of reliably monitoring the growth of cellular culture and the parame-
ters related to the surrounding environment is a key point in the field of biological
and pharmaceutical research. This is commonly done by visual inspection, a pro-
cedure that might require time and bring stress to the analyzed culture, eventually
generating sources of errors in the measurement process. Moreover, this method

is not suitable in case real-time monitoring is required.

One possible solution is the extraction of useful physiological information from
an electrical readout. In particular, a cellular environment contains both bound
and free charges, respectively in the cellular membranes and in the intracellular or
extracellular media. Cell membranes, mainly constituted by lipids and proteins,
are mainly capacitive (around 1072 F/m?) and with very low conductivity (lower
than 1077 S/m) (Bertemes-Filho, 2018). On the other hand, extra- and intra-
cellular media contain many ions and charged molecules, then their effect on the
conduction is mainly resistive (around 0.5-0.6 €2 - m) (Bertemes-Filho, 2018).
This complex environment can be electrically modeled with a parallel of a resis-
tor (intra-cellular medium) and a capacitor (membranes), in series with another
resistor (extra-cellular medium), giving the well known frequency response of an
high pass cell (Fig. 1.6). This frequency response, uniquely defined by the values
of the conductive and dielectric terms described by the complex impedance Z(w),

is then linked to the physiological parameters of the culture.

A

Intracellular c

medium 2

Extracellular §

medium b

S

Membranes '(%
capacitance >

Frequency

Figure 1.6: A simple equivalent circuit of a cell and its frequency response.
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In a wide frequency spectrum, in the case of a multicellular tissue, the impedance
modulus drops towards higher frequencies, and three major dispersion frequencies
can be seen (Fig. 1.7) (Schwan and Kay, 1957; Pethig, 1987); this theoretical
plot is related to a muscle tissue, but its trend is shared by other multicellular
aggregates. First dispersion («) happens at low frequency (less than 1kHz) and
its origin is non fully understood, but can be seen when dealing with multicellular
aggregates (Bertemes-Filho, 2018). The second one (/3) instead starts at hundreds
of kHz and is related to the cellular membranes charge and discharge. Finally, the
third one () is due to water relaxation and takes place in the range of tens of
GHz (Bertemes-Filho, 2018).

A

Z(w)

102 10° 1010
Frequency(w)

Figure 1.7: Frequency response of impedance for a muscle tissue (Schwan and Kay,

1957).

Analytically, this frequency behavior can be modeled starting from the Debye
equation for a suspension of free dipoles: the complex relative dielectric permet-

tivity of the medium, directly related to the impedance, can be estimated by:

€LF — €HF (1 2)

€ =egr + ,
ro HHE 1+ jwt

where egr and e, p are the relative permettivities at high frequency and at low
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frequency (static condition) respectively.

This model was then modified (Cole and Cole, 1941), by adding an empirical
dimensionless parameter « to the Debye model which helps in fitting with experi-

mental data:

€ELF — €HF

T+ Gt .

€. =e€gp +

From this complex frequency response useful physiological information can be
extracted by means of Electrical Impedance Spectroscopy (EIS). This technique is
based on a voltage or current stimulation over a wide frequency spectrum, followed
by the recording of the electrical response of the sample. In case the stimulus is
given with a wide frequency spectrum, such as a step function or a noise signal, the
response is recorded in time and transformed in the frequency domain by a Fourier
transform. Otherwise the stimulus can be a collection of many single harmonics
and then the amplitude of the response is obtained by simply plotting them in

frequency.

Electrode kinetics

The measuring setup for EIS is composed by a signal generator and an oscilloscope
connected to a system of readout electrodes placed close to the biological sample,
which also add resistive and capacitive terms to the global transfer function. In
particular electrodes add a series electrode resistance and a series capacitance (Fig.
1.8). The first term is related to the Faradaic current, originated by electrochem-
ical reactions at the electrode surface. The latter one is due to the progressive
redistribution of the electrolyte ions, contained in the media surrounding the cell,
on the electrodes surfaces, similarly to what happens in a capacitor and making the
flowing current become zero after a characteristic time. This phenomenon is well
known and usually referenced as Double Layer Capacitance (Fig. 1.9). Then, cur-
rent can flow between electrode and electrolyte either by electrochemical reaction

or by charge or discharge of the double layer capacitance.
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Figure 1.8: Equivalent circuit of an electrode in an electrolytic medium, plus effect
of tissue.
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Figure 1.9: Double layer capacitance (Wikimedia Creative Commons) and po-
tential distribution. ¢g, ¢; and ¢, are respectively the potential of the negative
electrode surface, at the Inner Helmholtz plane (IHP, the plane passing through
the adsorbed ions) and at the Outer Helmholtz plane (OHP, where the positive
ions are at the closest distance to the electrode). After the OHP is located the
diffusion layer.
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A simplified model that takes into account the effects of the electrolyte kinetics
and the redox reactions occurring in the system starts from the Butler-Volmer
equation:

aaFn ackn

f10s = i (e P > (1.4)

where 4;,. is the local current density? in the electrolyte, 4 is the exchange current
density®, o, and «, are the anode and cathode reaction rates?, I is the Faraday
constant®, n is the activation overpotential®, R is the gas constant” and T the

temperature.

The double layer capacitance is modeled as well, allowing to calculate the as-
sociated current summing all the current fluxes in the electrolyte. The current at

the electrode-electrolyte boundary is:

—is'n:il'n:iDL+Ziloc,m (15)

m

where i, is the current density vector at the electrode surface, equal with opposite
sign to the current density vector in the electrolyte i;. The latter, in scalar form,
is computed by summing the double layer charge and discharge current to the

Faradaic currents calculated with the Butler-Volmer equation.

This model is required to correctly replicate the behavior of electrodes immersed
in an electrolytic solution. The modeled terms also contribute to the measured

signals, and therefore need to be taken into account during a measurment.

2Faradaic current (A/cm?)

3Current with no electrolytic reaction (A/cm?)

4Cathodic and anodic transfer coefficients, dimensionless; quantification of the portion of
surface potential at the electrode-electrolyte interface that lowers the free energy barrier for the
reaction

%96 485.332 89 C /mol

SDefined as E — E.,, electrode potential (V) minus equilibrium potential (V)

78.3144598 J /mol - K

11
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1.4 Micro Electrode Array systems

Many of the chemical process constantly taking place inside and outside cells are
usually connected to electrical charge displacement. In particular, cells commonly
defined as electrogenic, such as cardiac or neuronal, are directly connected to a
diffuse electrical activity. The study of these particular cells usually requires fea-
tures such as precise stimulation and recording. Concerning extracellular electrical
recording, it can be achieved by means of high density electrode arrays, on which
multicellular tissues are placed (Gross et al., 1995; Stett et al., 2003). What can
be obtained from these electrodes is a combined readout including electrical stim-
ulation and recording, plus impedance measurement for EIS. These measurements
are commonly obtained when the tissue lies on the electrode matrix. To obtain
detailed information, very high densities are generally exploited, with a few mi-
crons pitch for the array. Moreover, measurements of electrical phenomena can be
completed with chemical sensors and electrophysiological techniques (Chi et al.,
2015; Guo et al., 2016), offering an heterogeneous real time detection of the whole

environment.

The device this work will refer to in the following sections is a high density
Micro Electrode Array (MEA), developed by the Hierlemann group at the Bio
Engineering laboratory of ETH Zurich (Dragas et al., 2017), capable of multiple
electrical stimulation and detection at the same time, plus electrophysiology based
readouts. Furthermore, this device includes many functional units capable of on-
stage postprocessing such as signal amplification, filtering and analog to digital

conversion.

An integration of this device with a microfluidic platform enables new strategies
in cell cultures analysis. The previously described tissue characterization obtained
while the culture lays on the electrodes can be further improved with a continuous
monitoring in non contact conditions. For example, combining a MEA device with
the hanging drop technology allows for an EIS-based monitoring of tissue prop-
erties, plus eventually physiology dependent readouts from custom functionalized

electrodes. Physiologically relevant parameters can be continuously extracted, giv-

12
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lectrogenic

Electrode

~

Switch matrix Measurement/Stimulation
channels

Figure 1.10: Principle scheme of the high density MEA chip developed by the
Hierlemann group (adapted from Dragas et al., 2017). The sample lays above the
electrodes matrix, to which stimulation or recording analog signals are applied and
detected.

ing real time data and better control during the culturing process. In the mean-
while, precise electrical stimulation and recording can be done simply flipping the
device and letting the tissue lay on the electrodes surface. The main benefit of
this this device would be the capability of real time readout and monitoring of cell
cultures which can be done directly on stage, virtually without moving the plate
out the incubator as usually done for imaging. This would be an improvement,
since the common microtissue spheroid formation and maintenance techniques rely
on sensor-free plates, making imaging the most reliable monitoring solution. Con-
cerning these advantages, the feature of the MEA device that will be replicated
in this work is the EIS based analysis of tissue size variation, performed while the
spheroid is placed in the resting position at the liquid air interface. Moreover, the
test device that will be fabricated is designed to accommodate a new generation

MEA chip, integrated with the previously described microfluidics.

13
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1.5 State of The Art

By looking into the development of open microfluidics and EIS a simple road-map
can be outlined from the literature, starting from hanging-drop networks and then

following the steps towards the integration with electrodes for electrical sensing.

Regarding the microfluidic hanging-drop platform, an open network for multi-
cellular spheroid aggregation and culturing has been presented previously by the
Hierlemann group at the Bio Engineering laboratory of ETH Zurich (Frey et al.,
2014). The features of this device are the capability of forming various multi-
cellular microtissues and enabling interactions between them in a controlled way
by the fluidic communication. This setup allows for multi-organ interaction ex-
periments, also called body-on-a-chip experiments. On the fabrication side, the
system is created through a Polydimethylsiloxane (PDMS) casting process which
is then plasma bonded on a glass substrate, thus involving minimum complexity

and bringing a solid culturing platform.

Then, a real time and parallel monitoring system with EIS analysis was added
to a microfluidic network (Burgel et al., 2015). In this work, a multiplexed pattern
of electrodes is inserted in an array of interconnected wells, in order to monitor
tissue size under a continuous drug perfusion. Furthermore, these electrodes were
proven to be able to follow cardiac cells beating. The setup involves an array
of two-well networks and coplanar electrodes placed in the connection channels,
where the spheroid is free to move. In particular, the flow is induced by gravity
force on a tilting platform. Then the motion of the tissue towards and in between
a couple of coplanar electrodes under a stable applied signal produces a current

drop, proportional to the spheroid size.

A first work involving both hanging drops and EIS was then presented (Schmid
et al., 2016). The system consists in an 8-drops network, where two couples of
coplanar electrodes are placed on top. A pair of larger electrodes is proven to be
sensible to drop size, while the small ones placed close to the tissue are capable
of following its growth. Also in this case, it was possible to follow the beating of

cardiac cells as additional information. In this device, electrodes are fabricated

14
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on a glass slide which is inserted in a slot at the bottom of one of the wells.
To enlarge the sensitivity of the measurement, the tissue is brought towards the
sensing electrodes by making the drop thinner. A SU-8 trap is also inserted in the

well to keep the tissue in position.

Afterwards, a multi-electrode array was integrated in a hanging drop network
(Misun et al., 2017). The interconnected wells are placed on a glass substrate
which contains the electrode and the routes to the readout system. A pair of
additional openings are inserted in the design of the fluidic platform, in order to
connect external pumps. This allows continuous perfusion and the compensation
of the medium loss due to evaporation. Here the electrodes are functionalized and

can be used for potentiostatic measurements.

1.6 Thesis outline

The purpose of this work is to develop a fabrication process, aimed to the integra-
tion of custom designed chips, whose dimensions are linked to the requirements of
a new MEA chip, with an open microfluidic network based on the hanging drop
technique. This study is intended as a proof of concept for a future integration of

the new MEA chip with the hanging-drop culturing technology.

In the second chapter the preliminary analysis is shown, where Finite Element
Method (FEM) simulations to investigate electrode and fluidics dimensions to en-
able tissue-growth detection are presented. These simulations were used to define
layout geometries. In the third chapter the design of the assembled parts is pre-
sented, followed by the fabrication process and the concerning challenges that had
to be faced. In the fourth chapter, experimental data about device functioning
and stability is given, where microscope imaging is combined with the electrical

readout of the device.

15



COMSOL simulations

The first step in the design of the device consists in simulating its physical behavior,
taking into account different layout solutions. The behavior that is simulated is
the one related to the previously mentioned EIS, with the final goal of obtaining an
estimation of the signal that can be actually sensed. The effects due to fluid motion
or concentration dependent effects have been neglected to avoid over-complicated
models and because the device is meant to work in a stabilized condition, with
constant perfusion of medium at very low rate. With this aim, a Finite Element
Model was built in COMSOL Multiphysics (ver. 5.3a). It will be shown hereafter,
focusing on the physical model of the system and how the related parameters have

been selected. Simulation results are given afterwards.

2.1 Geometry and materials

The geometry that needs to be replicated is composed by a system of coplanar elec-
trodes, contained in chips that will be described in the Microfabrication chapter.
These coplanar electrodes are square and are implemented through two different
layouts: the first one includes 4 small electrodes surrounded by two counter elec-
trodes, which are the same in both the layouts, and separated from each other
by a small gap; the latter only has one square centered electrode (Fig. 2.1). The
reason of placing 4 electrodes is to evaluate the effects of off-centered electrodes

with respect to the spheroid.
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Reference

electrodes Sensing

electrodes

Well
cylinder

Sample

Drop

Figure 2.1: 3D model of the sensing region.

Figure 2.2: Comparison between the two geometries. Left: one single sensing
electrode, Right: four sensing electrodes.
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All these electrodes will be fabricated with a very thin platinum layer (200nm)
if compared to the other dimensions of the structure. For this reason metal layers
have been described as 2D structures, so to avoid mesh related errors. Then the
plane containing the electrodes is inserted in the well, designed with a cylinder and
a portion of sphere to replicate the shape of a drop hanging from a well. Finally, a
spheroid is placed on the bottom of the drop to emulate the presence of a dielectric
object in the medium. In particular, referring to Fig. 1.7, it can be seen how [
dispersion should happen roughly at frequencies higher than 100 kHz for a muscle
tissue. Actually, the involved portion of the spectrum for the g dispersion depends
on the nature of the cells composing the tissue, and for commonly cultured tissues
no reactive effects are expected below GHz. For this reason, the simulated effect
of the tissue is essentially the one of a dielectric spheroid immersed in a conductive

medium.

In the material section, the selections needing to be assigned are for the elec-
trodes and the medium filling the drop. For the electrodes the chosen material is
Platinum, from MEMS library. The material for the medium instead is added as
custom material with isotropic conductivity equal to 1.2S/m, a value that repli-
cates the one of a common phosphate buffered solution (PBS). In the following

tables dimensions and materials properties are given:

Table 2.1: Table of dimensions in simulation.

Parameter Value
Counter electrodes offset from center point 800 pm
Counter electrode arms 350 pm
Counter electrode body 1800 pm
Counter electrode width 100 pm

Drop height 100 - 400 pm
Sense electrodes area 100x 100 - 350% 350 11m?
Sense electrodes gap 50 pm
Recess Height 500 pm
Recess diameter 1500 pm
Tissue diameter 100 - 500 pm
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Table 2.2: Table of materials properties.

Parameter Value
Electrolyte electrical conductivity 1.2S/m
Platinum electrical conductivity 8.9 -10° S/m

2.2 Physics and study

When modeling an electrode immersed in an electrolyte three physics are available,

with increasing complexity:

e Primary current distribution: this physics only describes the Ohmic

effect of the electrolyte, neglecting kinetic effects;

e Secondary current distribution: this physics adds to the Primary current

distribution the effects of ions displacement at the interfaces;

e Tertiary current distribution: this physics adds to the Secondary current

distribution the computation of concentration dependent terms.

Since in this model it is required to reproduce the electric response of an electrode
in an electrolyte, the simulation of the kinetics effect is needed. However, since the
concentration of the medium is assumed uniform and constant, the physics that

includes the required features is the Secondary current distribution.

In the settings panel of the selected physics initial values for electrolyte potential
and applied electrical potential are set to OV. Electrodes are then marked as ref-
erence or sensing electrodes, or left insulated if disconnected. In both cases active
ones are inserted as Electrode Surfaces, thus allowing to set the electrode reaction
and double layer capacitance parameters. Electrodes electrical resistance is mod-
eled as for a thin metal film, and no temperature dependent effect is considered.
Electrode kinetics are modeled with Butler-Volmer expression from equation 1.4.
The inserted values in these settings panels are given in Table 2.3, where the equi-
librium potential and the exchange current density are experimentally obtained
quantities (Héduit et al., 1996).
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Table 2.3: Table of physical properties.

Parameter Value

Metal film thickness 0.5 pm
Electrode-electrolyte equilibrium potential® 0.350 + 0.222 V
Exchange current density 4-107% A/cm?
Anodic transfer coefficient? 0.5

Cathodic transfer coefficient? 0.5

Double layer capacitance® 0.25F/m?

! Equilibrium potential of Pt in PBS solution, referred to Ag-
AgCl reaction potential, plus the equilibrium potential of
Ag-AgCl.

2 Transfer coefficients are approximated to 50% for high elec-
trolyte concentration.

3 Capacitance per unit area extracted from data in Dragas
et al. (2017).

The study consists of two steps. A stationary solver is performed to solve the
simulation for the unperturbed state, i.e. when no external voltage is applied.
This step is then followed by a frequency domain study, where the applied signal is
modeled as a perturbation of the stationary state at specific harmonics. The second
study allows to find the frequency response of the system and the sensed current
for each amplitude of the signal. In this study the variations in the dimensions of

the geometry (Fig. 2.1) are inserted in a parametric sweep.

2.3 Simulation results

The effect that is intended to be modeled is the one shown in Fig. 2.3. Here the
distribution of the electric field lines and potential changes with different tissue
sizes, generating a variation in the impedance between the electrodes and then in

the current flowing into them.

In the simulation results the main interest is in the current variation with differ-

ent tissue sizes, that consists in the sensitivity of the device. This current is then
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0

Figure 2.3: Computed electric field lines and voltage distribution in electrolyte
medium for 300 pm and 800 pm tissues. Appied signal is a 1 Vpp sinewave at
100 kHz.

computed for several diameters of the tissue and compared for varying electrode
dimensions and drop heights. What is analyzed at first is the frequency response
of the system (Fig. 2.5): although the exact shorting frequency value depends on
the electrode dimension, for electrodes of few hundreds of um, operating above
100kHz allows to avoid unwanted signal attenuation due to double layer capaci-
tance effects. In the following results the applied signal is a sinusoidal wave, 1 Vpp,
at 100 kHz. The signal is applied on the counter electrodes, while the sensing elec-
trode is grounded. The sensitivity is connected to the current relative variation.
This is computed by integrating the normal current density vector through the
surface of the counter electrodes. This is an arbitrary choice since, simulating an
isolated system, the current integrated on the active sensing electrode is the same

as the one integrated on the reference electrodes.

A sensitivity dependence on the sensing electrodes area can be expected. In-
deed, larger sensing electrodes give a wider distribution of the electric field in
the medium. This effect is illustrated in Fig. 2.4 where different electrodes sizes
are considered, while the drop height is set to 100 pm. An important information
from this figure is the existence of an optimal value of sensing electrode area, which
eventually should be found for different layouts and tissue size. The optimal value

for this configuration is 100x 100 pm? for the four sensing electrodes and 200x 200
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nm? for the single sensing. Moreover, important remarks are the non-linearity
of the function relating current and tissue size, and the range of detection start-
ing from a diameter of 300 pm. The theoretical maximum relative variation, from
100 pm to 500 pm tissues, was then found to be around 10% for the single electrode
sensing and 7-8% with four electrodes: the effect of non centering is consistent and
non negligible, so spheroid movements inside the drop can affect the measurement.
Furthermore, most of the variation is located in the 300-500 pm, which corresponds

to the condition where the tissue is very close to the electrodes.

o)
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o

=R S— 1]

— e 100x100 pm? N
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Figure 2.4: Electrode size dependence with 4 sensing electrodes and single sensing
electrode. Drop height is 100 pm.

In Fig. 2.6 the effect of different drop sizes on the sensitivity is shown. It can
be seen how large drops strongly reduce the detectable variation of the current
with tissue size, making the sensitivity tend to zero for drops larger than 200 pm
(distance from the top of the rim). This is conceivable considering that with larger
drops the spheroid moves away from the sensing electrodes, thus placing far from
the region of maximum density of field lines: the effect is that a lower quantity of

electric field is obstructed, then the change in impedance is lower.

These first simulations are done for the ideal case, which dimensions were given
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Figure 2.5: Impedance frequency response, 100um drop, 200x200 pm electrode.
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Figure 2.6: Drop height dependence of sensitivity with 4 sensing electrodes and
single sensing electrode. Sensing electrode size: 150x 150pm?.
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previously (Table 2.1). However, for technological reasons that will be depicted in
the Microfabrication chapter, a further distance of 300 pm has to be added to the
recess height. This has an effect on the sensitivity of the device, and this variation
is shown in Fig. 2.7, where drop height is kept at 100 pm. The current variation
becomes much smaller, and for tissue diameters lower than 550 pm the sensitivity
is virtually zero. Concerning the optimal area for the sensing electrodes, results
indicate 200x200 pm? for the four sensing configuration, 250x250 pm? for the
single sensing.

Four electrodes Single electrode

e 100%x100 ym?
e 150x150 pm?

200x200 pym?
e 250Xx250 ym?

0.92}

0.84¢ 0.84}

300. 4(:)0 . 5(:)0 . 6(:)0 . 760 .80IO 300. 460 . 560 . 660 . 7IOO . 860
Tissue diameter [um]

Normalized current amplitude

Figure 2.7: Electrode size dependence with 4 sensing electrodes and single sensing
electrode, with 300 pm added to recess. Drop height is 100 pm.
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Microfabrication

Figure 3.1: 3 main parts of the device. From top: microfluidic chip, silicon chips,
glass PCB.

As previously outlined, the final goal of this work is to build a microfluidic device
able to provide a robust cell culturing platform, while giving the advantage of a
real-time electrical monitoring system. In this chapter the technological processes
needed for the fabrication of the device will be shown. Three main components
are assembled in the device (Fig. 3.1): a glass PCB substrate needed to drive the
signals to the readout system, a couple of silicon chips containing the active elec-
trodes for the EIS sensing and a microfluidic network. All of them were designed
and fabricated at the department of Bio-Systems Science and Engineering of ETH
Zurich.
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3.1 Microfluidic platform

Openings for
Sensing well wire bonding

\ =k

oo "I N ‘ 4y 1y

Reservoirs

Figure 3.2: Microfluidic platform.

The microfludic structure is realized in PDMS for fast prototyping. Each fluidic
chip consists of two networks composed of three wells of 3mm diameter (Fig. 3.2).
Two lateral wells are necessary as reservoirs to provide additional medium to the
sample, which is placed in the central one instead. The lateral wells present a height
of 1300 pm, while for the central one hosting the electrodes it is 800 um, giving
respectively 9.2 ul and 5.7 pl volumes. With respect to the first design simulated in
COMSOL, 300 pm rims need to be added on top of the wells to contain the drop.
In this way the drop spreading around the well top can be avoided. Moreover, two

additional openings are added close to the central well for the connection between
the chips and the PCB.

[lustrations about the fabrication steps are given in Figure 3.4. The microfluidic
system is obtained by casting PDMS (Sylgard 184 silicone elastomer) from two
3D printed molds. These molds have been designed in Adobe Inventor 2016 and
then ordered from the supplier ProtoLabs GmbH. The chosen material is Accura
SL 5530 with thermal post curing which gives a glass transition temperature of
122°C, suitable for PDMS curing avoiding mold reflowing. The top mold has been
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Figure 3.3: Schematic view of the microfluidics.
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designed as positive image of the wanted fluidics, and from that a negative image
is cast with 7:1 elastomer-curing agent ratio (degassed for 1-2 hours and cured 6
hours at 60°C) to make it stiffer and use itself as top mold for the microfluidics.
The purpose of this additional step is to have a softer and flexible mold, for an
easier detaching of the wanted PDMS fluidics from the molds; moreover, it is hard
to obtain a good sealing in between two hard molds put in contact, while it is
easy when one of the two is soft and slightly deformable. Also, to prevent PDMS-
PDMS bonding, this soft mold is plasma activated (30s at 50 W, 0.4 mbar O,) and
silanized (LPCVD with 3 ul of Trichlorosilane, 30min). Then, liquid PDMS mixed
in 10:1 ratio is poured in between the PDMS mold and the 3D printed bottom one,
processed (degassed for 3-4 hours and cured 2 hours at 80°C) and finally detached.

1. Top PDMS mold 2. Top mold detach 3. Top mold
thermal curing silanization

—

— —

4. Fluidics PDMS 5. Fluidics PDMS
thermal curing detach

Figure 3.4: Microfluidics fabrication steps.

3.2 Silicon Chips

Platinum electrodes needed for the electrical sensing of the sample are placed on a
Silicon substrate and diced in small chips, which dimensions are coherent with the
ones of the full MEA chip. Each chip can provide 20 connection pads, divided on
two sides, which are associated to the electrodes according to 3 different layouts.

Counter electrodes position and dimensions are left unchanged (Fig. 3.5).
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e Four centered sensing electrodes and two external counter elec-
trodes: four sensing electrodes placed symmetrically with respect to the
center of the well (Fig. 3.6a). Dimensions are 50x50 pm?, 100x100 pm?,
and 200x200 pm?. The measurement is performed between one sensing and

one counter electrodes or one sensing and both counter electrodes.

e Single centered electrode and two external counter electrodes: here
only one sensing electrode is designed, placed in the center of the well (Fig.
3.6b). Dimensions are 50x50 pm?, 150x150 pm? and 250x250 pm?. Mea-
surement is performed between the sensing electrode and one counter elec-

trodes or both counter electrodes.

The fist step for the fabrication has been the design of the masks, done in
Autodesk AutoCad 2016. Chips are rectangular shaped and host 10 connection
pads on each of the two short edges, more than the available pads on the PCB.
The reason for testing an higher number of pads than the ones that actually can be
connected to the PCB was to test the feasibility of this solution. In particular, as
previously mentioned in the Introduction chapter, the future development of this
simple test device will be the implementation of a much complex integrated CMOS
postprocessing unit, combined with an array of multiplexed electrodes. Such a
solution will require more connections than the ones needed for this simple test
device. Having more I/O pads than the ones actually needed, some of them have
been used as shorts to investigate the impedance of these connections. Dimensions

of the chip are given in Table 3.1.

Two masks have been designed, one for the lift-off metal deposition and one
for the openings in the passivating layer. Chips are fabricated starting from a
4”7 <100> p-type Silicon wafer. Two resists are spun (LOR3B-S1813) for better

undercut control.
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Figure 3.7: Masks for chips design, 4 sensing electrodes and single sensing elec-
trode; on the left the mask for Pt deposition, on the right the mask for the openings

in SizNy layer.

Table 3.1: Table of chip dimensions.

Dimension Value
Chip area 6000x 3000 pm?
I/O pads area 65%55 pm?

Counter electrode body area
Counter electrode arm area
Sensing electrodes area (4-el.s)
Sensing electrodes area (1-el.)
Routes width

Minimum pitch

1800% 150 pm?

350150 pm?

50%50, 100x 100, 200x 200 pm?
5050, 150x 150, 250 %250 pm?
50 pm

150 pm
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Main steps are the following, also shown in Figure 3.9a:

SizN, bottom insulating layer

1. Plasma cleaning: oxygen plasma for 20min at 360 W;

2. SigNy deposition: 500 nm of SizN, (PlasmaLab 80, Oxzford Instruments);

Lift-off process

1. LORS3B positive resist: spin for 5s at 500rpm and then 45s at 3700rpm,
followed by soft bake for 3min at 200°C;

2. S1813 positive resist: spin for 5s at 500rpm and then 45s at 3700rpm, followed
by soft bake for 1min at 116°C;

3. Mask 1 exposure: Hg vapour lamp at I-line (365.4nm wavelength) for 4s
(135mJ/cm?) with hard contact (Karl Suess Mask Aligner);

4. Development: 60s in MF319;

5. Deposition: 20nm of WTi (10%) followed by 200nm Pt at 60°C (IonFab
300, Ozford Instruments);

6. Lift off: 4min in ultrasonic bath with Rem-400 solution, then rinsed in IPA;

SizN, passivating layer deposition
1. Plasma cleaning: oxygen plasma for 20min at 360 W;
2. SizNy deposition: 500 nm of SigNy;

3. S1813 positive resist: spin for 5s at 500rpm and then 45s at 3700rpm, followed
by soft bake for 1min at 116°C;

4. Mask 2 exposure: Hg vapour lamp at I-line (365.4nm wavelength) for 4s
(135mJ/cm?) with hard contact (Karl Suess Mask Aligner);
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5. Development: 60s in MF319;
6. Plasma cleaning: oxygen plasma for 20min at 360 W;
7. Etching: 12min RIE (Plasmalab 100, Ozford Instruments);

8. Resist removal: 4min in ultrasonic bath with Rem-400 solution, then rinsed
in IPA.

Dicing is done with a 200 pm saw.

3.3 Glass PCB

PCBs are fundamental components of each electronic setup. They are needed
to drive signals between different electrical components, and also from sensors to
readout systems. The latter is the case of the described device: signals to and
from the electrodes contained in the silicon chips are driven through platinum
routes towards the bigger connection pads. Since a transparent substrate could be
beneficial for visual analysis, these routes are placed on a Borosilicate glass and

passivated with Silicon Nitride.
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Figure 3.8: PCB layout.
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Similarly to the chips, masks were drawn in Autodesk AutoCAD 2016. Dimen-
sions for the glass slide and the PCB I/O pads are chosen in order to make the
device compatible with an already available card reader. Each PCB provides 20
I/O connections, split between two chips which are placed in the center of the
slide. All the dimensions are given in Table 3.2. Two masks have been designed,
one necessary for the metal connections deposition and one for the openings in the
dielectric passivating layer above them.

Table 3.2: Table of PCB dimensions.

Dimension Value

Glass slide area 40.00x22.17 mm?
I/O pads area 5000x610 pm?
Wire bonding pads area  150x500 pm?
Routes width 100 pm

Minimum pitch 250 pm

PCBs are microfabricated in clean-room starting from a 4” Borosilicate glass
wafer, and the metal deposition is done through a lift-off lithographic process.
Each wafer can fit 6 PCBs. Also in this case two resists are spun (LOR3B-S1813).
Fabrication steps (Fig. 3.9b) are similar to the ones followed for the chips:

Lift-off process

1. LORS3B positive resist: spin for 5s at 500rpm and then 45s at 3700rpm,
followed by soft bake for 3min at 200°C;

2. S1813 positive resist: spin for 5s at 500rpm and then 45s at 3700rpm, followed
by soft bake for 1min at 116°C;

3. Mask 1 exposure: Hg vapour lamp at I-line (365.4nm wavelength) for 4s
(135 mJ/cm?) with hard contact (Karl Suess Mask Aligner);

4. Development: 60s in MF319;

5. Deposition: 20nm of WTi (10%) followed by 200nm Pt at 60°C (TonFab
300, Ozford Instruments);
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6. Lift off: 4min in ultrasonic bath with Rem-400 solution, then rinsed in IPA;

SizN, passivating layer deposition

1. Plasma cleaning: oxygen plasma for 20min at 360 W;

2. SigNy deposition: 500nm of Silicon Nitride (Plasmalab 80, Ozford Instru-

ments);

3. S1813 positive resist: spin for 5s at 500rpm and then 45s at 3700rpm, followed
by soft bake for 1min at 116°C;

4. Mask 2 exposure: Hg vapour lamp at I-line (365.4nm wavelength) for 4s
(135mJ/cm?) with hard contact;

5. Development: 60s in MF319;
6. Plasma cleaning: oxygen plasma for 20min at 360 W;
7. Etching: 12min RIE (Plasmalab 100, Ozford Instruments);

8. Resist removal: 4min in ultrasonic bath with Rem-400 solution, then rinsed
in IPA.

At the end of the process, also in this case all the glass wafers are diced with a

200 pm saw.
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Starting Si wafer Starting glass wafer
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Double positive resist Lithographic patterning
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Pt deposition Lift-off

Lift-off Si;N, passivating layer

Si;N, passivating layer Resist lithographic patterning

Resist lithographic patterning Etching and resist removal

Etching and resist removal

Figure 3.9: Scheme of the microfabrication process: a) chip fabrication, b) PCB
fabrication, ¢) microfluidics fabrication.
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3.4 Assembly

/7AW
1. Glass PCB 4. Wire bonding
T
2. Chip gluing 5. Epoxy filling of bond wires wells
- U777

3. Fluidics plasma bonding on PCB

6. Inlet-outlet drilling and backside
PDMS bonding

Figure 3.10: Device assembly steps for one chip.

A full scheme of the assembly process is shown in Fig. 3.10. First step for
the process is gluing the chips onto the PCBs. This has been done using a two
component epoxy glue (FPO-TEK H70E), then cured for 1 hour at 120°C (Fig.
3.12a). Subsequently, the PDMS fluidics is plasma bonded on the PCBs by ac-
tivating both PDMS and PCB surfaces with plasma (30s at 50 W, 0.4 mbar O,
Diener Electronic) and then putting them in contact. Plasma changes the chemi-
cal properties of both glass and PDMS surfaces and when they are put in contact
a covalent bond occurs at the surfaces. This simple process guarantees a strong
bond between PDMS and glass, but many agents can affect the goodness of the
bonding. In particular, surfaces have to be clean and without oily footprints. To
be sure no dirt is present both PDMS and glass are cleaned with soap and rinsed

with distilled water before this process.

Moreover, the covalent bonding happens instantly as soon as the surfaces touch,
so no correction of the alignment can be done afterwards, requiring then very high
precision. This is obtained by a proper machine available in the laboratory, with
very precise mechanical movement of x-y-z axes and angle of the substrate on
which the PDMS is bonded.
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The following step of this process is the wire bonding of the chips on the PCB,
which is made with a semiautomatic bonding machine (TPT HB16 wire bonder)
operating in ball-ball ultrasonic bonding mode: small gold balls are placed on
both PCB and chip pads, and connected with a 25 um Au wire (Fig. 3.11). The
ultrasonic bonding technology combines the effect of ultrasounds, heating and
applied force to enhance the wire deformation on the pads. This technique consists
in generating a ball from the wire with a small spark, sticking it on the first pad,
pulling the wire and pressing it on the second pad (ball-wedge bonding). The
reason why in this case balls are placed on both pads is that the latter ones are
made of platinum instead of gold, then the adhesion is not strong enough to assure
a reliable bonding with a ball-wedge technique. In fact, balls give a larger contact
surface than just pressing the wire on the pad. Then, the wire is bonded to
the second pad by sticking it on the previously placed gold balls, giving a stronger
bond. These wires are then covered with epoxy (EPO-TEK 353ND) for protection,
which is then cured for 12 hours at 80°C (Fig. 3.12b). Faster curing at higher

temperature could lead to strong epoxy shrinkage that may affect the wire bonds.

Finally, inlets and outlets were added to the system to connect it to an external
pump. With this goal, holes have been drilled into glass in the reservoir wells with
a 800 pm diamond tip, specific for glass, rotating at 800rpm. A further PDMS
layer (10:1 PDMS 2mm slice, cured 2 hours at 80°C then patterned with laser
cutter) containing two 1 mm holes was then bonded on the back side of the PCB

to seal the tube connections into the holes (Fig. 3.12.c).
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Figure 3.11: Ball-ball bonding: a) scheme of the bond, b) balls placed on PCB
pads, ¢) wire bonds after the bonding process.
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Figure 3.12: Device assembly: a) after chip gluing on the PCB, b) after microflu-
idics bonding, wire bonding and protection epoxy placement, c) after drilling holes
into the glass PCB, backside PDMS bonding and inlet/outlet connection.
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4.1 Loading and perfusion

The PDMS microfluidics loading is performed with constant inflow from both the
tubes connections, while the chip is placed face down. Using a flow rate between
10-30 pl/min enables filling of the microfluidic network in ~1-2 minutes. The
medium injection is precisely controlled by an external syringe pump (neMESYS
Syringes Pump, CETONI Gmbh). Two independently controlled glass syringes
are connected to the device. For the connection, two metal 20GA 1/2” needles
are used on both sides, linked to the main tube (PTFE 0.4x0.9 mm, S1810-06
Bola Tubing) through two larger junction tubes (0.76 mm ID Tygon LMT 55 Idez,
Ismatec). During this process, liquid injected from the bottom of the two external
wells tends to uniformly spread inside them. When its level reaches the one of the
rims, it starts to follow the shape of a spherical cap. In the meanwhile, the channels
putting in connection the three wells and the gravity force make the liquid level
grow in the same proportion for each drop. Due to the intrinsic hydrophobicity of
PDMS, a manual injection of medium in the channels is needed to establish the

interconnections between the drops.

Furthermore, by knowing the amount of injected liquid the height of the drop

can be analytically calculated:
1 2 2
AV = 671'}1,(3& + h*) (4.1)
where AV is the difference between the initial and final volume, h is the drop
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height from the top of the rim and a the radius of the well.

During the loading procedure both syringes work as inlets, but actually the ad-
vantage of this setup is the capability of establishing a continuous flow of medium.
Inflow is handled by a 1ml syringe, while outflow by a 0.5ml for a more precise
control. In particular, evaporation compensation is performed by varying the flow-
rate of the outflow solution, so that to keep a stable drop height. Being the outflow

syringe smaller, it is possible to trim the flow-rate with higher resolution.

4.2 Electronic readout system

The signals coming from the glass PCB are guided through a micro card reader and
then given as input to a couple of analog multiplexers (ADG731, Analog Devices)
placed on a custom designed PCB already used in the laboratory for similar setups.
These two multiplexers are driven by an Arduino Micro controller: it has been
programmed in order to read external commands from the serial connection to the
PC, executed through an adapted LabView code, and actuate the multiplexers by
writing as master on a 3 line serial interface. This is done through a SPI protocol
at a frequency of 100 kHz by writing one byte on the serial line. Multiplexers store
this byte in an input shift register, and select the related path according to a lookup
table, working as analog demultiplexers. The muxed signals are given in output
through two SMA connectors. Two SMA-BNC cables then connect this PCB to
an external instrument (HF2LI, Zurich Instruments). This device operates as a
lock-in amplifier, able to provide high resolution measurement from a high noise
input. More in detail, the readout system required for the electrode sensing needs
an applied signal on the counter electrodes, while the resulting current is collected
from the sensing electrodes. This kind of measurements involve a massive amount
of noise superimposed to the wanted signal, which needs to be filtered out. Then
the role of the lock-in amplifier is to make a very narrow band-pass filter centered
at the frequency of a reference signal, which in this case is the signal applied
to the electrodes, thus virtually removing all the harmonics but the one of the
wanted signal. To build a band-pass filter which follows the signal frequency, the

recorded signal is multiplied by a reference one, generated by the same oscillator

42



Chapter 4. Experimental data

of the injected signal, an operation that gives as result the sum and difference
beats located at zero frequency and at 2fy;,,q; with this operation the wanted
signal is moved to baseband, and can be sent through a steep low-pass filter to
filter out all the noise (Fig. 4.1). Also, to keep the sensing electrode at 0V and
convert the collected current into a voltage signal, the input signal is sent through

a transimpedance amplifier with feedback resistance Z = 1k (Fig. 4.2).

Mixer Low-pass filter
Vsignal(t) X Y
+
v t Coord | A, 6
reference() Transf. %
Figure 4.1: Principle scheme of a generic Lock-in filter.
Z
signal
> - v,

+ DC
remover

Figure 4.2: Scheme of a transimpedance amplifier circuit.




Chapter 4. Experimental data

4.3 Microscope setup

During the experiments, imaging is done using an inverted microscope (NIKON Ti
Eclipse), with 4x and 10x magnification objectives, and a CFI fluorescence light
engine (Lumenscore Spectra X). The advantages of using an inverted microscope
combined with bottom illumination is the capability of imaging the central well, on
top of which the silicon chip is placed. With this technique it is possible to image
the content of the well responsible for the electrical sensing, thus check the correct
placement of the sample while running the experiment. Since the fluorescence
lamp is used in broadband mode, its intensity was set to 2%. Furthermore, the
surrounding atmosphere is maintained in an incubation box with gas mixing ( The
Brick, Life Imaging Services) and temperature ( The Cube, Life Imaging Services)
controllers, set at 95% humidity, 5% CO, and 37°C.

Thanks to the high-precision motorized focus z-stage the distances between the
different heights of the microfluidic system can be measured. This simple process
is based on focusing on different features such as the bottom of the well, the
electrodes, the top of the rim or the sample and record the related positions of
the z-stage, given with sub-pm resolution. Imaging is acquired through an high
sensitivity camera (ORCA-Flashj.0 V3 Digital CMOS camera), with an exposure

ranging between 15 and 50 ms depending on the selected magnification.

The control of microscope stage position, light intensity and flow rates for the
syringe pumps are done through an open-source software for microscope control
(Youscope R2017), which lets the user add any supported peripheral device and
set up automated controls (Lang M., 2012). For example, an automated compen-
sation of the evaporation, which has already been minimized by the high humidity
atmosphere in the chamber, can be set up combining an autofocusing process on
the sample with a self-learning algorithm which trims the medium flow rate. The
software looks for the current z-stage position which focuses on the sample with an
autocorrelation algorithm, compares it to the one measured previously and based
on this measurement actuates the syringe pump updating the flow rate, raising
it in case the sample moves upwards and vice versa. In addition, having two ac-

tive syringe pumps respectively connected to the two tube connections of the chip
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allows to set a continuous perfusion flow by simultaneously injecting and remov-
ing medium. In this case the evaporation compensation is done by adjusting the

flow-rate of the outflow syringe while keeping a steady inflow.

4.4 Stability of medium conductivity

Medium conductivity plays an important role in the measurement when doing EIS.
The effects of conductivity variation could potentially affect the goodness of the
measurement, since what is actually under measure is the impedance increase or
decrease with the spheroid size. Therefore, any unwanted fluctuation of the ion
concentration in the medium has to be avoided. With this goal, the device was
filled with PBS and kept under constant flow of 0.3 pl/min to continuously refresh
the medium in the microfluidics, while evaporation was automatically corrected
by trimming the inflow syringe control. Since the autofocusing system requires
an object to focus on, a ~600 pm glass bead was placed in one of the two lat-
eral wells. In the meanwhile, a 100 mVpp signal at 100kHz is applied and the
current simultaneously recorded between two sensing electrodes (a 4-sensing chip
was used, with 50x50 pm? sensing electrodes). By doing the measure between
two close electrodes, the electric field hardly spreads far from the electrodes plane,
then the current variations due to the drop height should be minimized. Current
is then converted into a voltage measurement through the previously described
amplifier circuit. By knowing the transimpedance gain the conductance related to
the detected voltage is computed. Results are given in Fig. 4.3. Here the wanted
drop height, measured from top of the rim, is set to 300 pm, which corresponds
to the 0 value of the observed drop height offset. Negative values represent bigger
drops (i.e. larger drop height), and vice versa. How it can be seen, at first the drop
height was larger than the wanted one, then the system lowered the inflow and
slowly reduced the size of the drop. This caused a slight lowering of the collected
current, which settled to a stable value after ~90min. For the remaining part
of the experiment the recorded voltage was constant, hence also the conductivity.
Concerning the measurement error of the electric readout system, it was computed

as standard deviation over 1s in condition of constant impedance for the sample,
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Figure 4.3: Stability of the PBS conductivity over time; output with 100 mVpp,

100 kHz applied signal, 0.3 pl/min continuous perfusion with automatic compen-
sation of evaporation.

at a sampling speed of 229.4 Hz. The calculated standard deviation is 0.1 1V when
the measured voltage amplitude is 3.4 mV, then the relative error is 0.0033%. The
measurement incertitude is then mostly related to the transimpedance gain toler-
ance, quantified in 1%. Differently for the autofocus evaluation of the drop height
offset, the standard deviation was computed over 30 min of stable drop, giving a
value of 3pum. This error is related to the different plane on which the algorithm
selects the best focus score, and can fluctuate in the range of some microns. Since
in this experiment high accuracy in the evaluation of the drop is not required, but
only an estimation of its height for the evaporation compensation, such a precision

is enough for what is presented.
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4.5 Sensitivity and electrode-sample distance

The effect of field lines blocking and bending due to the growing spheroid is con-
nected to the electrode-sample distance. As it can be seen from simulations (Fig.
2.3), the impedance increase is consequent to the reduced conductive region close
to the sensing electrodes, which is also the region where most of the voltage drop
in the medium is placed. Then by putting a large glass bead in the main well
and slowly bringing it closer to the electrodes by reducing the drop size, the opti-
mal distance between the spheroid and the sensing electrodes can be investigated.
Therefore, in this experiment a glass bead was put in the central well. Its diam-
eter was precisely measured by taking a picture while focusing on its edge, then
converting pixels to micrometers; the real diameter of the spheroid was found to
be 1000 pm. To know the actual distance between the bead and the sensing elec-
trodes also the depth of the central well was measured, from the plane containing
the electrodes up to the top of the rim. Unexpectedly, it was found to be 600 pm
instead of 800 pm as it was designed to be. This event is probably related to an
over shrinking of the PDMS during the casting process, due to the weight put
on top of the two molds while curing to ensure the sealing between them. Other

dimensions such as well diameter were found to be correct.

After filling the microfluidics with PBS and putting the bead in the main well,
drop height was brought at 900 pm from the top of the rim (then 1500 pm from
the plane of the electrodes). As previously mentioned, by exploiting the backside
illumination with an inverted microscope it is possible to see the content of the
central well, thus to focus on the bead itself. From this starting point, medium is
then removed by setting an inflow of 1ul/min and an outflow of —2ul/min. By
knowing the starting height of the drop and the flow rate is then possible to relate

its size at any given time by inverting the formula in Eq. 4.1:

%h?’ + gazh + ‘/im'tial - ‘/removed =0 (42)

and then solving the polynomial equation in h', selecting the real root for any

IRecalling that a is the radius of the well, A the drop height, Viniia: the starting volume and
Vyemovea the total volume removed by the constant outflow updated at each time.
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case. These drop heights are then related to the sensed voltage, since reducing the
drop size brings the bead closer to the electrodes: drop height can be related to
the bead-electrodes distance by observing that:

del—bead - lwell +h— dbead (43>

where [, is the well depth, A the drop height and dpe.q the bead diameter. Also
in this case a chip with 4-sensing electrodes is used (150x150 pm?). The signal
is a 100mVpp sinewave swept over a wide frequency range between 1kHz and
3MHz and is applied to one of the counter electrodes, while the resulting current

is collected from one of the two sensing electrodes on the opposite side.
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Figure 4.4: Measured voltages w.r.t. drop height in PBS and 1000 nm glass bead;

output with 100 mVpp applied signal swept from 1kHz to 3 MHz, -1 nl/min con-

tinuous flow. Bead-electrodes distance can be obtained recalling that de;_peqq =
h — 400 pm.
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Results are shown in Fig. 4.4. Here it can be seen how at low frequency the
presence of the double layer capacitance cuts out any bead-related impedance
variation. Then, as expected from simulations, a variation in the measured voltage
is obtained with the bead getting closer to the electrodes. The maximum sensitivity
is located at around 100-200kHz. Then for higher frequency another effect due to
parasitic capacitances is shown, probably related to the coupling between the lines
on the PCBs. Most of the bead-related impedance increase is visible when drop
height is lower than 450 pm, which is linked to an electrodes-bead distance lower

than 50 pm.

To better investigate the variation at a target frequency, these results are then

analyzed as relative variations at a fixed frequency of 100 kHz (Fig. 4.5). In this
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Figure 4.5: Normalized current w.r.t. estimated drop height in PBS and 1000 pm
glass bead; output with 100 mVpp, 100 kHz applied signal, -1ul/min continuous
flow. Bead-electrodes distance can be obtained recalling that de;_peqq = h—400 pm.

figure a control line is given too, measured repeating the experiment with no bead
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in the central well; as previously outlined, the conductivity can be kept stable with
a continuous perfusion, while variations in current due to drop height are found
to be very small if compared to bead-related ones. With the drop height getting
smaller, the sensed current lowers and at a drop height of 480 pm the difference
from the control line is 10%. From a first computation, it was found that the bead
hits the electrodes plane already with a 500 pm drop height, where the current
lowering suddenly stops. Being the well depth 600 pm measured from the chip to
the top of the rim, and being the bead diameter 1000 pm, the drop height at which
the bead hits the electrodes is expected to be 400 pm. This result is probably due to
tolerances in measuring the glass bead radius, since it is not a perfect sphere, and
neglecting drop deformation due to gravity especially when its size is large, which
gives an overestimation of the initial drop volume. For a better representation of
the results, drop height is estimated starting from the value at which the bead hits
the electrodes, which is 400 pm, and then all the other heights are computed. A
strong reduction in current is measured when the distance between the bead and
the electrodes is lower than 150-200 pm. Furthermore, this result can be compared
to the one obtained through simulations of the previously described model, adapted
for these dimensions. The current decrease due to the bead touching the electrodes
is verified, while the trend shows a slightly lower sensitivity in the real measurement
with respect to the simulations, where the signal drop starts at higher drop heights.
This might be linked to a minor spread of the voltage drop in the electrolyte close
to the sensing electrode, due to different conductivity in the model and in the real
medium. Nevertheless, simulation results should be intended as ideal, while many
non-idealities may occur in real experiments such as non centering of the spheroid,
slight differences in the medium ions concentration or in the dimensions of the
electrodes. Since the recording in the frequency sweep is done through averaging
over multiple measures, a standard deviation can be calculated for each recorded
point. By considering the maximum of these points the measurement error for
the voltage measure is found to be 451V for high frequencies over 300 kHz and
10 pV under 200kHz. With this standard deviation evaluation, also in this case
the relative error of the data in Figure 4.4 can be estimated to be mostly related
to the tolerance in the transimpedance amplifier gain, which is 1%. When the
normalized amplitude is shown (Fig. 4.5 the error related to the amplifier gain

is removed and the incertitude can be quantified with the previously described
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standard deviation, then less than 1%. For the focusing-based measure of the first
distance, being the precision of the piezoelectric actuator of the z-stage 0.01 pm,
the measurement error can be considered to be the incertitude in the selected focus

plane, which in all cases is less than ~10 pm.
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Discussion

The results and experimental proofs that have been obtained during this project
show the feasibility of integrating MEA chips with microfluidics hanging-drop net-
works. The latter brings the benefits in cell culturing widely described before,
but the simple integration with an electronic readout system opens many valuable
strategies in data extraction from multicellular microtissues. This work is mainly
focused on the fabrication of the device and the application of EIS for spheroid size
sensing, but this is not the only possible application for these electrodes arrays.
By flipping the device upside-down, the microtissue can be easily brought in con-
tact to the electrodes, enabling cell stimulation or tissue characterization through
EIS. Furthermore, functionalized electrodes can provide real time monitoring of
the concentration for several species in the medium, which combined to EIS detec-
tion of tissue size would give a consistent dataset to monitor the culturing process.

This would bring huge advantages when it comes to cell-based assays.

Starting from simulations, which also have been proven to provide a reliable re-
production of what has been observed during the experiments, optimal dimensions
for the required sensing approach can be obtained. These quantities mainly de-
pend on the depth of the well containing the main drop. A noteworthy result from
the computed model is the effectively achievable sensitivity to tissue size variation,
obtained when the spheroid-electrode distance is lower than ~200pum. This "rule

of thumb” was also verified during the experiments.

Moreover, even if the microfabrication process raised several challenges to be
overcome such as the necessity of an hydrophobic rim, the thin PDMS layer casting

difficulties, the gold wire bonding on platinum pads and the epoxy curing step, the
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final goal of proving its feasibility has been achieved. Particular attention has to
be paid to the material the molds are made with, since surface roughness terribly
lowers the success rate for the PDMS casting and detaching step. Furthermore,
a complete etching of the Silicon Nitride passivating layer on the Platinum pads
must be obtained, otherwise even a nanometric covering can compromise the yield

of the wiring bonds.

The experimental data obtained on one of the produced devices also showed a
good stability of the hanging drop system over hours. The capability of keeping
under control the ion concentration in the medium has been obtained by lim-
iting the evaporation rate with an high humidity environment and continuously
perfusing new liquid. This was one of the main concerns when looking at the ex-
pected sensitivity in the simulation results, since non tissue-related conductivity
variations can not be filtered out from the measured current with the current elec-
trodes. Moreover, the presence of the rim enlarges the tissue-electrodes minimum
distance, dramatically lowering the sensitivity. Since microtissue spheroids are
commonly cultured up with diameters ranging between ~200-500m, the distance
between electrodes and top of the rim should be reduced in order to bring them

closer to the electrodes.
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Conclusion and Outlook

The integration of MEAs with hanging-drop networks combines the advantages
of a fully characterized open microfluidic platform, which allows easy formation
and culturing of multicellular spheroids, with an electronic readout system capa-
ble of providing a real time monitoring of the sample. This microfluidic network
not only enhances the previously developed electronics with an advantageous cul-
turing platform, but enables the study of heterogeneous interacting microtissues
connected together according to their physiology. Here, many different biologically
relevant quantities can be constantly monitored through EIS or properly function-
alized electrodes, or even a direct electrical stimulation and record of the sample

can be realized by flipping the device upside-down.

EIS can be efficiently simulated with a Finite Element Model, exploited to com-
pute the optimal dimensions for the well. The results, being validated by the
experimental data, offer a reliable support for the design step avoiding a trial and
error progress during fabrication, thus helping in saving time and resources. More-
over, the microfabrication process for this test device only involves very common
and well known techniques such as low pressure and plasma enhanced chemical
vapor deposition, photolithographic patterning and PDMS casting, with confirmed
high yield and reproducibility.

Therefore, the designed device represents a suitable and reproducible approach
for merging electrical sensing and microfluidic open networks, which could be ap-

plied in the future development of this promising technology.
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