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Riassunto

La microfluidica & una scienza che si sta sviluppando negli ultimi decenni e che si propone
di studiare i fenomeni alle scale nano e micrometriche, con lo scopo di sfruttare il
comportamento dei fluidi che, a queste grandezze, sono governati da forze diverse rispetto
alla macroscala. Tra i vari ambiti in cui si sta diffondendo, quelli biologico e biomedico sono
di particolare interesse. | dispositivi utilizzati per le colture cellulari hanno lo scopo di
migliorare vari e limitanti aspetti relativi alle colture in vitro, come i lunghi tempi
sperimentali, e I’impossibilita di ricreare fedelmente il complesso ambiente cellulare.
Durante questo lavoro di tesi sono state studiate e ottimizzate due piattaforme
microfluidiche, che hanno lo scopo di creare dei gradienti di concentrazione e che verranno
in futuro utilizzate per studiare il comportamento degli esosomi (specifiche vescicole
cellulari identificate come biomarcatori) nel Neuroblastoma, un aggressivo tumore che si
sviluppa in eta infantile.

I microbioreattori si studiano preliminarmente tramite simulazioni fluidodinamiche e poi
sono prodotti mediante processo di replica da uno stampo. Le piattaforme vengono
assemblate poi in una configurazione reversibile o irreversibile, su cui vengono condotti
esperimenti di validazione fluidodinamica ed esperimenti biologici.

Il funzionamento della prima piattaforma microfluidica é stato verificato tramite le
validazioni fluidodinamiche, mentre non e stato possibile utilizzarla per svolgere
esperimenti con campioni biologici, a causa dell’usura di un componente dell’unita di
chiusura, che dovra essere prodotto nuovamente per assicurare il funzionamento del
dispositivo.

Per quanto riguarda la seconda piattaforma, lo stampo é stato prodotto tramite 1’utilizzo di
una microfresatrice. Il comportamento del microbioreattore & stato verificato tramite
validazioni fluidodinamiche e biologiche, anche se alcune modifiche, proposte nel corso di
questo lavoro di tesi, sono necessarie per ottenere il gradiente di concentrazione desiderato.
Anche la compatibilita con I’ambiente cellulare ¢ stata verificata, conducendo esperimenti
preliminari di internalizzazione degli esosomi nelle cellule.

Questo lavoro di tesi rappresenta quindi il punto di partenza del progetto di ricerca condotto
dalla prof.ssa Elisa Cimetta, che ha lo scopo di comprendere a fondo il ruolo degli esosomi
nello sviluppo del Neuroblastoma.






Summary

Microfluidics is a novel science that applies to different fields, and which focus is on the
phenomena that happen at the nano- and micro- scales. At these lengths, fluids are governed
by different forces with respect to the macroscale. In particular, the devices developed in the
biological and biomedical fields are employed principally for the cellular cultures and aim
at improving various issues related to the in vitro cultures.

During this work of thesis two microfluidic platforms have been studied and optimized.
Their objective is the obtainment of concentration gradients, that will be useful to investigate
the role of exosomes, cellular vesicles identified as biomarkers, in Neuroblastoma, an
aggressive type of tumor that develops during childhood.

The microbioreactors are designed starting from a fluid dynamic simulation. Afterwards,
they are produced thanks to a replica molding process, arranged in a reversible or irreversible
configuration and employed to conduct fluid dynamics validations and biological
experiments.

The performances of the first microfluidic platform have been verified with fluid dynamic
validations, but it was not possible to conduct experiments on biological samples. This is
due to defects on the clamping unit that will be manufactured again to ensure the
performances of the device.

For the second microfluidic platform, its master was produced with a micromiller. The
performances of the microbioreactor were verified with fluid dynamic and biological
validations; however, some modifications, suggested during this work, are necessary to
obtain the desired concentration gradient. The compatibility with the cellular environment
was also verified, and preliminary experiments regarding the internalization of exosomes
were performed.

This work of thesis represents the starting point of the project led by professor Elisa Cimetta,
which aims at studying the role of exosomes in the dissemination of this aggressive disease.
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Introduction

Microfluidics is a science that studies the behavior of fluids at the nano- and micro- scales.
Its application to the biomedical and biological fields is useful to improve various issues
related to traditional cellular cultures. Thanks to microfluidic devices, it is possible to reduce
the experimental times, diminish the quantity of reagents and biological material needed,
obtain precise and controllable conditions in the cellular cultures. These features allow to
recreate the cellular microenvironment, and to study in a realistic way what happens in vivo,
and that is not possible to represent in the traditional in vitro models.
The microfluidic platforms seem suitable instruments to investigate the role of exosomes in
Neuroblastoma, an aggressive type of tumor that develops during childhood. Exosomes are
cellular vesicles, crucial during the progression of the most aggressive phenotypes, and that
have been identified as biomarkers for the early detection. They are responsible of the
communication and the delivery of information between the cells. This is the main field of
study of the BIAMET laboratory, where this work of thesis was developed.
The focus of the thesis is the study and the development of two microfluidic platforms, that
aim at creating exosomes’ concentration gradients to which the Neuroblastoma cells will be
subjected. In fact, the creation of these gradients allows to:

- test the effect of exosomes on Neuroblastoma cells;

- exploit the limited quantity of exosomes that can be extracted from cells thanks to

the obtainment of high-throughput data;

- mimic what happens in vivo thanks to 3D cultures.
Considering these objectives, the two devices aim at creating two different types of
concentration gradients: the first platform is characterized by the presence of microwells, in
which discrete values of concentration are obtained; the second platform aims at creating a
continuous concentration gradient inside a chamber.
The work that regards the first microbioreactor, which master is based on an existing design,
consists in a preliminary fluid dynamic simulation, useful to understand its behavior.
Afterwards, the platform is produced, arranged in an irreversible or reversible configuration
and validated thanks to experiments regarding the fluid dynamics and the biological
performances.
As concern the second microfluidic platform, the procedure is analogous: the device is
simulated, and the master is produced using a micromiller. The platform is then produced
via replica molding, arranged in an irreversible configuration and the performances are
verified through fluid dynamic and biological experiments. The production of the master
was possible thanks to the collaboration with the TE.SI. laboratory, based in Rovigo.



2 Introduction

The thesis is formed by three Chapters.

In the first one, the state of the art about microfluidics and its application to the biological
and biomedical fields are presented, focusing on the microfluidic devices. The materials and
the techniques employed to produce the master and the platforms are investigated. A specific
attention is put on the plasma treatment, a technique widely used in this field. Moreover, a
brief description of Neuroblastoma and of the role of exosomes in its dissemination is
examined.

In the second Chapter the materials and the methods used for the study and the production
of the two microfluidic platforms are described. First, for both the platforms, the design of
the master, the mode of operation and the conditions employed in the simulations are
presented. Then, the production and assembling techniques (for both the irreversible and
reversible configurations), and the validation and biological experiments are described in
detail. Also, the procedures employed to daily treat and maintain cells are illustrated,
including the methods used to count and estimate the growth rate of cells.

In the third and last Chapter the results are presented and discussed, for both microfluidic
devices. The results of the simulations and of the fluid dynamic and biological experiments
are shown. The outcomes of these tests, as well as the problems found during the study, are
presented. The first platform’s performances are verified with fluid dynamic validations,
however, because of a problem in the clamping unit, the biological experiments have not
been carried out.

The second device is designed, produced and verified both with fluid dynamic and biological
validations. However, some modifications on the design are needed to obtain the desired
concentration gradient. In order to understand which type of changes are needed, a 3D fluid
dynamic simulation is carried out.

Finally, the results of the growth rate estimation are presented, showing an initial trend of
growth, followed by a stabilization.

In the Conclusions a brief overview of this thesis is reported, focusing on the results reached,
the limitations and the suggestions for the future work.



Chapter 1

State of the Art

In this Chapter, the theories of microfluidics and the main applications to biology and
biomedical fields will be investigated, with a specific attention to microfluidic devices, their
fabrication methods and the advantages connected to their use. Afterwards, a brief
description of Neuroblastoma and of the role of exosomes in the detection of this type of
cancer is presented. Finally, the motivation and the aim of the thesis are explained.

1.1 Microfluidics

Microfluidics is a science that studies the behavior of fluids at the nano- and micro- length
scale. The usual dimensions of the macroscale devices shrink to the microscale, with lengths
ranging from tens to hundreds of micrometers®. Therefore, not only the dimensions of the
devices, but also the volumes of reagents are dramatically decreased, leading to shorter
reaction and residence times, and favoring the possibility of running multiple parallel
operations?. As a consequence, the experimental times and the overall costs are significantly
reduced.

These advantages supported the use of microfluidic devices not only in biology, chemistry
and medicine, but also in the fields of control systems and heat management, energy
generation and display technology, that are only a few examples of the applications of this
science. Other specific applications include protein crystallization, micropumps, sample pre-
treatment, separation techniques, and DNA separation, just to name a few?.

It is now evident that microfluidics is a highly interdisciplinary and versatile science, with
advantages that can be exploited and tailored on the specific application.

Along this line, the most relevant feature for the application at the core of this thesis project
is the observation that the physical phenomena that typically characterize the macroscale
change dramatically at the microscale. The mass transport in the microfluidic devices, for
example, is usually dominated by viscous dissipation, while the inertial effects become
negligible.

Physical phenomena that are not usually present at the macroscale become predominant, and
this can bring different advantages. Considering for example a conduit with a diameter of a
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few micrometers, it can be proved that the fluid flow is generally laminar. Therefore, the
flow is highly controllable and its conditions are constant over time and diffusion becomes
the dominant mechanism of mixing®. As a consequence, devices that take advantage of the
different diffusion coefficients of the solutes, can be built?>. Two examples, shown in Figure
1.1, are: a. T sensors, where different fluids are brought together at a T junction to flow
alongside down a channel, and solute particles in each stream diffuse into the other; and b.
membrane-less filters to separate different solutes from a solution.

Moreover, another fundamental advantage of the microfluidic devices is that they can be
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Figure 1.1: Two microfluidic devices that exploit the different diffusion coefficients of the

solute: (a) T-sensors and (b) membrane-less filters. Adapted from 2.

built in optically transparent materials, allowing the experiment to be visible to the naked
eye and to the microscope.

In summary, it can be noticed that experiments at the microscale allow obtaining high
precision and high-throughput data: the so called “Lab-on-a-chip” devices are surely a recent
and promising field of research.

1.1.1 Dimensionless numbers in microfluidics

A big variety of physical phenomena can happen at the microscale; therefore, it becomes
useful to understand the importance of a phenomenon with respect to the others. In order to
weight the predominance of different forces and the behavior of fluids in microfluidic
devices, different dimensionless numbers can be used. Table 1.1 shows the parameters

typically used in such analyses.
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Table 1.1: Dimensionless numbers used in microfluidics. Adapted from?.

Acronym Name Phenomena compared
Re Reynolds Inertial/viscous
Pe Péclet Convection/diffusion
Ca Capillary Viscous/interfacial
Wi Weissenberg Polymer relaxation time/shear rate time
De Deborah Polymer relaxation time/flow time
El Elasticity Elastic effects/inertial effects
Gr Grashof Re for buoyant flow
Ra Rayleigh Pe for buoyant flow
Kn Knudsen Slip length/macroscopic length

As can be noticed from the table, the use of dimensionless numbers allows to compare two
different phenomena or length scales, and therefore, to determine which is predominant. The
most commonly used (Re, Pe, Ca) are now explained in detail and calculated with some
reference values for a flux of water in a microfluidic platform, as shown in Table 1.2.

Table 1.2: Typical parameters for a flux of water in a
microfluidic device. Adapted from 2.

Parameter Value
Velocity 106-10* m/s
Channel radius 10%-10*m
Channel length 5-103-10" m
Temperature 278 K
Density 1000 kg/m?®
Viscosity 1-10%Pa-s

The Reynolds number gives an indication of the relative importance between inertial and
viscous forces. It’s one of the most commonly used dimensionless numbers, both for the
macroscale and microscale problems. Considering the incompressible flow of a Newtonian
fluid in a pipe, a situation frequently encountered in microfluidics, the Reynolds number can
be defined as:

Re=— (1.1)

where p is the density of the fluid, usually expressed in [kg/m®], v is the average velocity
[m/s], D is the pipe diameter [m] and p is the viscosity of the fluid, usually expressed in
[Pa-s]. If the pipe is not tubular, the diameter is calculated as an equivalent diameter, given
by the equation (1.2).

A4S

=— 1.2
eq 2P ( )
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where S is the area available for the passage of the fluid [m?] and P is the semiperimeter [m].
The Reynolds number expresses the difference of magnitude between the inertial and the
viscous forces: in microfluidic devices this value is usually small, therefore the viscous
forces overwhelm the inertial ones. It can be demonstrated that, for a tubular pipe, the flow
is laminar if Re<2100, and for Reynolds between 2100 and 5000 there is a transition from
the laminar to the turbulent flow.

For a representative microfluidic channel characterized by the parameters reported in Table
1.2, calculated values for the Reynolds number range between 10 and 10. Consequently, in
microfluidic devices the flow is laminar: it is highly predictable and it can be described with
simpler equations with respect to the turbulent regime. In fact, the turbulent flow is
characterized by the presence of eddies and, therefore, by great instability and
unpredictability.

For a laminar flow of an incompressible fluid in a pipe, the Navier-Stokes equations,
reported in the equation (1.3) in vector notation, can be easily simplified and solved. From
the results, it is possible to express the velocity as a function of the radial position r. This
result is known as the Hagen Poiseuille equation (1.4).

Dv ov

— =—4(V-V)v=—V V2V 13
Por=a TV p+uViv+pg (1.3)

Where v is the vector of the velocity in the three dimensions [m/s], p is the pressure [Pa],
V=Q/A is the average velocity [m/s] and R is the radius of the pipe [m].

The resulting parabolic velocity profile is reported in Figure 1.2. It can be noticed that the
maximum value of the velocity, corresponding to r=0, is Vmax=2V.

=7, L

Figure 1.2: Velocity profile for a laminar flow in a pipe. Adapted from*.
Because of these characteristics, it is expected to have small pressure drops along the
channel. The pressure drops in a cylindrical pipe can be calculated thanks to the Fanning
equation:

AP =2f %pvz, (1.5)

where f, the friction factor [dimensionless], can be calculated for a laminar flow as:
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Typical pressure drops can be calculated using values from Table 1.2, and the resulting range
Is between 50 and 1600 Pa, confirming that pressure drops in these microfluidic channels
are extremely small.
So far, we demonstrated that microfluidic devices are characterized by low Reynolds
numbers and laminar flows and, therefore, we can infer that transport of solutes happens
mainly due to diffusion. The Péclet number explains this behavior. For a cylindrical pipe:
vD
Pe= D (1.7)

f (1.6)

where v is the velocity inside the pipe [m/s], D is the diameter [m] and Di is the diffusion
coefficient of the species i [m?/s].

The Péclet number expresses the difference between the convective and the diffusive mass
transport: the smaller Pe, the higher the contribution of the diffusion to the mass transport.
Using the values in Table 1.2 and the diffusion coefficient of a small protein in water of
4-10"m?/s 2, the Pe number results in a range between 0.05 and 500, demonstrating the key
role played by diffusion in the microfluidic devices.

The convective transport is thus usually small when compared to diffusion. Although this
feature, on a general perspective, leads to difficulties in mixing, it can be exploited as a great
advantage if combined with a careful design of the devices. If, for example, there is a
difference of concentration of a species i across the device, the species only moves thanks
to diffusion phenomena: this allows obtaining stable concentration gradients inside the
microfluidic device. In fact, the conservation equation for the species i can be considered:

%%:—V@w—vug+a, (1.8)

where the term on the left-hand side represents the variation of the concentration of i with
time, the first on the right-hand side represents the convective flux, the second term is the
diffusive flux and the third represents the production or consumption of the species during a
chemical reaction. Considering the usual conditions present in a microfluidic device, that
include the predominance of diffusion with respect to the convection, the absence of a
reaction and the achievement of the stationary state, the equation (1.8) can be simplified as:

0=-V(QJ) (1.9)

This translates in the evidence that the diffusive flux is constant, assuring constant conditions
across the device.
The diffusive flux [mol/m?s] can be described by Fick’s law:
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J.=-DVc, (1.10)

where D; is the diffusion coefficient of i in the medium [m?/s] and Vc¢; is the gradient of
concentration of the species i [mol/m?].

The diffusion coefficient of a generic particle can be calculated thanks to the Einstein-
Smoluchowski equation:

D, =1nk,T , (1.11)
where 7 is the mobility of the particle [kg/s], ks is the Boltzmann constant [J/K] and T is the
temperature [K]. In the particular case of a spherical particle in a viscous fluid, equation
(1.11) becomes the Stokes-Einstein equation:

— kBT
6aur’

D.

(1.12)
where r is the radius of the particle [m].

Although we will only use miscible fluids in our microfluidic devices, we will briefly discuss
the behavior of immiscible fluids characterized by a surface tension v, that affects the
dynamics of the system?. Surface tension can be a fundamental aspect to be considered in
these systems. For example, microfluidic devices, and T junctions, in particular, can be used
to create controllable droplet emulsions, by injecting water into an oil stream: thanks to the
surface tension, the interfacial area between the two liquid phases is reduced to the minimum
value forming spherical droplets. By an analysis of the stresses at the interphase, the viscous
and interfacial stresses can be balanced to obtain the radius of the droplets:

T 113
nv  Ca’ (L13)
where the capillary number [dimensionless] is defined as:
v
Ca== (1.14)

/4
The capillary number expresses the competition between the interfacial and the viscous
stresses. It is useful to estimate the possibility of producing monodisperse droplets. In the
microscale, the interfacial stress has a more dominant role with respect to the macroscale,
and this characteristic has been exploited, for example, to conduct protein and cell sorting,
perform nanoreactions for protein crystallization and passively drive fluids through
microchannels®.
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1.1.2 Microfluidics in biology

One of the most important aims of the biological field is the complete understanding of the
cellular mechanisms, by studying the intra- and inter- cellular interactions that contribute to
trigger and coordinate cellular events®. However, the complexity of the biological systems
makes this goal a tough task. Standard in vitro experiments are not able to represent in a
comprehensive way the complex in vivo milieu that characterizes the cellular environment.
This limitation is imputable to a multiplicity of aspects; among the most important ones we
cite: the presence of different cell types, the extracellular matrix and the intricate network of
molecular and physical factors that activate different signal pathways and regulate cells’
functions and fate’. Also the lack of spatial proximity, and organelle compartmentalization
can create big problems and lead to potential false positives®. In general, standard in vitro
models lack in a precise control of culture conditions and are limited by the big volumes that
are needed. Moreover, due to the intricacy of the biological systems, high-throughput
experiments are preferred to obtain a quantity of data adequate to describe the entire system.
In light of the listed issues, it can be observed that microfluidic devices seem useful
instruments to solve them, in particular thanks to the following characteristics:

- the small volumes involved, that allow to use restrained and precise amounts of
reagents and of cells. The doses provided to the cells can be measured in a very
accurate way with respect to the reagents in the microfluidic experiments;

- the possibility to insert the cells in a precise number, for a specific volume or area of
the device. The cells, if required, can also be arranged in a specific position to obtain
high-precision experiments;

- the small dimensions and distances that are travelled by the fluids, comparable with
the cells’ dimensions;

- the laminar flow in the microchannels, that allows to establish precise conditions and
concentration gradients, and to control the position of the molecules in the
microfluidic device;

- the high-throughput of the experiment;

- the possibility of controlling chemically and physically the microenvironment by the
use of in chip membrane valves®;

- the possibility of organizing the cells into three-dimensional geometries in matrices
like hydrogels, making the cultures of cells in these structures resembling those in
tissues®;

- the possibility of using optically transparent materials allows the live observation
with the microscope.

Thanks to these advantages, in the last decades there has been a growing interest in the
application of microfluidics to the biological and biomedical fields.
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Another positive aspect of microfluidics is the possibility of performing live cell
experimentations: techniques like fluorescent imaging can be used within these devices,
thanks to the highly specific control or perturbation of the cellular microenvironment®. The
precise spatial and temporal control of the devices can lead to high-resolution study of the
phenomena happening, also in stable long-term cultures®.

It can be understood how engineering knowledge can be mixed and implemented with
biological problems, to obtain promising experiments and studies.

An example of the difference between the micro and the macroscale in the detection of
proteins from a single HeLa (cancer) cell can be observed in Figure 1.3.

a Volume confinement Microfluidic Conventional
Microfluidic chamber Conventional chamber Chamber volume ~10°1 1071
Dilution factor ~107* ~107*°
Hela cell Helacall from a Hela cell
T Protein concentration ~1 nM ~1fM
for median abundance protein (~10*gl?) (~10°gl?)
o from a Hel a cell
Diffusion time 5 seconds 13 hours
S0om Reaction time 1 hour 10° hours
H related to protein abundance
laasadaas

~50 pm ~5mm

Figure 1.3: Detection of proteins from a single HeLa cell. The difference between the microfluidic and the
conventional devices can be observed, with a particular attention to the reaction time. Adapted from ’.

From the table in the Figure 1.3, the differences of magnitude between a microfluidic and a
conventional biological experiment can be observed: in particular, the diffusion time and the
reaction time differ the most, providing a significant reduction in the experimental time.
Nevertheless, even if this approach seems extremely convenient and revolutionary, it still
presents several drawbacks, especially when working at lower end of the microscale®:

- the loss of sample, caused by the high area to volume ratio, that allows to dissipate
heat in an effective way, but determine also losses by surface adsorption. In these
cases, a surface treatment may be needed to avoid big losses;

- the loss of sample, caused by the conventional micropipettes employed, that usually
deliver microliter volumes, instead of the nanoliter volumes analyzed in microfluidic
devices. A non-negligible part of sample will not be analyzed in the device;

- microchannels may be clogged by debris or bubbles, and this problem can make the
experiment fail;

- incompatibility with rapid processing of large sample volumes: large volumes
(~1mL) may require long times (~1000 minutes) to pass through a microfluidic
device. In these cases, a mesofluidic or macrofluidic approach may be more useful,

- loss of standards and controls: it may result difficult, or even impossible, to compare
the results of the experiments with published and confirmed studies, because of the
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lack of accepted standards and controls. The new studies and researches can be
slowed down by this limitation;

- specialized requirements: special instrumentation, expertise in engineering design
and non-conventional data interpretation strategies may be required in the studies, in
particular during the first steps of the device design.

1.1.2.1 Cell cultures in microfluidic devices

Traditional cell culture techniques, consisting in the use of cell culture dishes, have remained
almost unvaried since the first decades of the XX century. Only small improvements have
been achieved in the use of robotic systems to eliminate the time-consuming pipetting steps®.
Because of the purpose of the biological experiments (i.e. the analysis of single cells instead
of bulk cultures to obtain more accurate results), traditional dishes and micropipettes are in
the last decades being substituted by microfluidic devices, whose various advantages were
described in paragraph §1.1.2.

Macroscopic cell cultures typically comprise 10*-107 cells, large numbers that might even
out and mask some of the local and important heterogeneity within a cell population.
Microfluidic cell cultures use only a few hundred cells, or even a single cell, making it
possible to underline any perturbation or difference between individual cells'°. In Table 1.3
the improvements that can be exploited in the passage from macrofluidic to microfluidic cell
cultures are shown.

Table 1.3: Basic requirements for cell culture, and improvements when microfluidic methods are used.
Adapted from®,

Requirements Conventional cell culture Microfluidic cell culture
Control of temperature and Large fluid volumes prevent fast Small volumes allow dynamic
gasses changes control
Addition of nutrients and Infrequent, manual exchange of Precisely measured, continuous
removal of metabolites large volumes or transient

Stlmula'glon with drugs/prgtelns Usually not feasible Feasible
and simultaneous imaging
High capability for
parallelization
Bulky, expensive fluid-handling  High capability for automation in
robots must be used compact, inexpensive format
Single-cell manipulation and Manually involved, inaccurate,

analysis low-throughput

Parallelization of cellular assay Not feasible
Automation of cell culture

Accurate and high-throughput

As it can be observed, control of fluids, more accurate imaging, parallelization and
automation of cell cultures are feasible tasks which can be achieved thanks to an appropriate
design of the microfluidic platform. When microfluidic platforms are properly designed to
mimic the cell’s environment, cell cultures inside them represent a valid alternative to the
macroscopic methods to study the complex cellular environment.
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The potential applications of microfluidic devices for cell cultures are numerous, however
it’s important to take into consideration not only the advantages but also the limitations
during the design of the new platforms: the medium turnover is usually faster and needs to
be assessed for each cell type and device; the growth rates have to be re-evaluated when the
cells are cultured in microfluidic platforms®°.

1.2 Microfluidic devices for biological applications

Microfluidic devices are designed by taking into consideration not only the physics and the
phenomena that are present at the microscale, but also the final application of the platform,
since all geometrical constraints are also dictated by the number of cells and their 2D vs 3D
organization. A single platform typically consists of a series of microchannels arranged in
such a way to obtain the desired fluxes and performances. Moreover, the devices can be
complemented with a big variety of additional elements, such as pumps, valves and mixers.
Numerous fabrication materials can be used for biological applications, like silicon-based
organic polymers (the most common is Polydimethylsiloxane -PDMS-), glass, or metals;
each is chosen with respect to the specific application.

Focusing on the devices for the biological field, the most used materials is PDMS, a silicon
rubber, mainly thanks to its high compatibility with the cellular environment. Its
characteristics will be explained in detail in the following paragraphs.

With regards to fabrication methods, currently used techniques include micromachining, soft
lithography, embossing, in situ construction, injection molding and laser ablation®. Each
technique has different advantages and disadvantages, and the most suitable one depends on
the specific function.

First, the microfluidic devices can be divided into monolayer and multilayer platforms, with
respect to the number of functional layers they are composed of:

- Monolayer platforms are composed by a single layer of polymer that is usually
attached to a glass slide or to another polymer, to obtain hydrodynamic seal. Their
design is quite simple with respect to the multilayer ones; they are among the most
used microfluidic devices.

- Multilayer platforms are constituted by at least two layers, attached to each other and
to a support, to obtain more complex systems, with different features with respect to
the monolayer ones. Their design is more complicated, since each individual layer is
studied to obtain specific elements, like valves or pumps. However, these platforms
allow to use automatized systems and to obtain more complex structures.

Usually the production of microfluidic devices starts with the fabrication of a master,
employed to replicate the platform thanks to a process called replica molding. The material
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used in this process is usually PDMS. Also processes in which the device is directly moulded
exist.

1.2.1 Design and production of the master

The master is usually designed in a 2D and 3D-CAD environment and produced with
different techniques. Between the most important, soft lithography, micromilling and
stereolithography can be examined*!%,

1.2.1.1 Soft lithography

This is a fast and cheap technique that does not require specialized skills. It consists in the
patterning of surfaces via stamping and the following fabrication of microchannels using
molding and embossing. The first step is the generation of a photoresist master on a
crystalline silicon wafer carrying the features of the desired platform, device or design in
general (typically the negative replica). Photoresist masters are used to mold an elastomeric
material, usually PDMS, produced by mixing an elastomer and a curing agent.

Figure 1.4 reports an overview of the process of soft lithography. Briefly, a silicon wafer is
cleaned and dried (Figure 1.4a) to allow the deposition of a photoresist (photosensitive
epoxy resin) with a specific thickness (Figure 1.4b). A photomask, a film with the desired
design printed, is placed over the photoresist (Figure 1.4c). Successively the base is exposed
to an UV light and the mask is removed (Figure 1.4d). The UV light selectively polymerizes
the photosensitive resin, and the rigid master is obtained after a chemical treatment that
removes the unpolymerized residues. Afterwards, the master can be employed to produce
the platform via the replica molding process.

a b_ Photoresist

Deposit

photoresist Silicon wafer

Add mask =500 nm — 500 pm
i
-500 nm — 500 ftm =
—

UV light exposure;
remove mask;
dissolve photoresist

Silicon wafer

Figure 1.4: Fabrication of the rigid master with soft lithography:(b) deposition of the photoresist on the silicon
wafer; (c) deposition of the mask; (d) exposure to UV light and removal of the mask. Adapted from 1°.
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Within the soft lithography technique, PDMS itself can be used as a soft mold for an
additional process of replica molding and thus allowing to use a wider range of materials,
like agarose or agar. The initial pattern is imprinted on the PDMS surface as in the traditional
process, then this PDMS mold is used to pour and polymerize a different liquid polymer
(such as agarose or agar), that is then carefully separated from the mold like in the general
process in Figure 1.4.

Different other soft lithography techniques, like capillary molding, microcontact printing
and microtransfer molding are used; the choice depends on the material used and on the
design of the microfluidic device.

1.2.1.2 Micromilling

This technique is used to produce rigid masters on whom a polymer, usually PDMS, is
poured and baked at high temperatures to obtain its reticulation. Thanks to the process of
replica molding an infinite number of PDMS devices can be produced. Micromilling allows
to obtain precise structures, with dimensions in the order of hundreds of microns. Different
tools are used in the micromilling machine to mill an initial block, usually made of a metallic
(for example Aluminium) or a plastic material. One of the main issues of the application of
milling to microfluidic devices is the optimization of the working parameters: the cutting
forces that are generated during the production can create deflections and defects, which
entity is comparable with the dimensions of the device. The cutting forces should thus be
finely controlled thanks to the choice of the cutting parameters.

1.2.1.3 Stereolithography rapid prototyping

The standard stereolithography rapid prototyping technique consists in the use of a tank, in
which a liquid resin is poured. Then a UV light is used to polymerize some layers of the
resin, obtaining highly detailed objects.

1.2.2 Production of microfluidic platforms

Microfluidic platforms are produced mainly in two ways:

- with the replica molding process, starting from an existing master and using a
polymer (usually PDMS) to replicate the device;

- through the direct production of the device, with different techniques, such as silicon
micromachining and micromolding.
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1.2.2.1 PDMS

The most widely used material in the production of microfluidic devices for the biological
applications is polydimethylsiloxane, known as PDMS. Its low shrinkage rate and the ability
to replicate microscale features make it suitable for these applications.

PDMS is a silicon-based organic polymer, it is optically clear, inert, non-toxic and non-
flammable. Apart from microfluidic applications, it is used as a food additive, in shampoos
and as an anti-foaming agent in beverages or lubricating oils2. It is build up by a sequence
of the monomer [SiO(CHs).]; its chemical structure is reported in Figure 1.5.

HsC HaC  CHg CHj
Hfag S ik
H,;C CHj
£ dn

Figure 1.5: PDMS structure?®?,
The main characteristics of the cured polymer are!32:

- Biocompatibility;

- Transparency at optical frequencies (240nm-1100nm), that allows the observation of
the content of the microchannels visually or thanks to a microscope;

- Low autoflorescence;

- Gas-permeability, that allows Oz, CO. and N2 to permeate across the material and
reach the cell culture;

- Non-permeability to water;

- Hydrophobicity;

- Low-cost;

- High-resolution.

These properties make PDMS a suitable material to produce microfluidic devices for cell
cultures. However, different issues can be found in the application of PDMS to microscale
cell culture systems®12:

- PDMS is hydrophobic and porous: it can absorb hydrophobic molecules like lipids
from the culture media. Therefore, regular replacements of the media are needed. To
reduce this phenomenon, a pretreatment of the devices may be necessary;



16 Chapter 1

- The permeability to gases and fluids can result in a rapid evaporation of the culture
media. The device can be placed in a high-humidity environment, or some on chip
media reservoirs may be useful;

- PDMS that is not completely cured is toxic to the cells. Attention should be taken
during the curing step, with respect to the required curing period. Usually, chips are
also autoclaved to increase the cell’s compatibility;

- Cells don’t usually attach to PDMS: proteins like fibronectin, or mixtures like
laminin or Matrigel can be used as coating, to favour the cells’ attachment;

- PDMS is sensible to the exposure to some chemicals, like hydrofluoric acid, sulfuric
acid, and potassium hydroxide.

PDMS is typically supplied as a two-part liquid component kit, a pre-polymer base and a
cross-linking curing agent. They are mixed together in a certain proportion (usually 10:1),
the bubbles formed during the mixing are removed with a vacuum desiccator and then the
mixture, poured on a rigid master, is cured either at room or at higher temperatures. The final
mechanical characteristics depend on the temperature and time of the curing step, in addition
to the chosen proportion between the base and the curing agent. Taking as an example the
PDMS Sylgard® 184 (Dow corning), the recommended curing duration with respect to
temperature is reported in Table 1.4.

Table 1.4: Recommended curing duration for PDMS
Sylgard® 184. Adapted from .

Temperature [°C] Recommended curing

duration
25 48 h
100 35 min
125 20 min
150 10 min

The mechanical properties can be studied for the different curing durations, and the graphs
in Figure 1.6 show the relationship between the curing temperature and the most significative

mechanical characteristics: the tensile stress and the Young’s modulus.
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Figure 1.6 PDMS Sylgard® 184 ’s mechanical properties. (a) tensile stress versus strain at different curing
temperatures; (b) Young's Modulus trend with the curing temperature. Adapted from 3.
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The tensile stress increases with a linear behaviour up to strain values of 40%, and then with
anon-linear behaviour until failure: this is typical of a viscoelastic material. The tensile stress
values increase at higher temperatures, but the failure value decreases as the temperature
grows. As concerns the Young modulus, it linearly increases with the curing temperature.
Therefore, by using higher curing temperatures, the final cured PDMS will result less stiff,
but failure happens at smaller values of the strain. During the design of specific elements,
like valves, these behaviours must be considered to obtain the desired performances. To
summarize, the main characteristics of PDMS are shown in Table 1.5.

Table 1.5: Properties of PDMS prepared with the kit Sylgard® 184 (Dow
Corning). Adapted from 5,

Property Value
Colour Colourless
Density 965 kg/m?®
Viscosity 3.5Pa-s
Pot life (at 25°C) 90 min
Young’s Modulus (curing temperature of 65°C) 1.71 MPa
Melting point/Boiling point N/A (it vetrifies)

The pot life is the amount of time for which the mixture of the pre-polymer base and the
curing agent remains stable at room temperature. After this period, the mixture starts to
harden.

Although not technically challenging, the PDMS devices’ fabrication process is quite labour
demanding, since it usually consists in the initial molding of the polymer with a rigid master,
followed by the inlet punching (of the size of the future connection tubes), and finally by a
chemically bonding step (plasma treatment) to seal the channels. This procedure is difficult
to be automated, since it varies with respect to the design, therefore it’s not suitable for
commercialization and large-scale applications. The application of PDMS devices is suitable
for the laboratory scale.
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1.2.2.2 Replica molding

This process is in common with different techniques, in which a master is used to produce
microfluidic devices. A polymer, usually PDMS, is poured on the master and reticulated at
high temperatures for a defined time. Finally, PDMS can be easily removed from the master
to obtain the microfluidic layer. Figure 1.7 shows the steps of replica molding. After the
curing of PDMS, the layer is removed from the master.

- - - POMS RS > _ POMS

'Embossed microstructures

(b)
Figure 1.7: Replica molding of PDMS: (a) molding of the PDMS layer; (b) removal of
PDMS from the master. Adapted from .

After the obtainment of the PDMS layer, the microchannels are usually sealed to a glass
slide, or with another layer of PDMS, through a plasma treatment that allows the creation of
permanent covalent bonds between the two layers.

1.2.2.3 Silicon micromachining

Micromachining is widely used in microelectromechanical systems (MEMS), and it is one
of the first techniques that have been applied to microfluidics. However, the typically used
crystalline silicon is not an ideal material for microfluidic devices, since it is opaque,
expensive, the component integrations are difficult and the surface characteristics are not
suitable for biological operations. Moreover, the production techniques themselves are
expensive and require specialized skills. Therefore, this technique is preferably used for
chemical applications that require strong solvents, high temperatures, and chemically stable
surfaces.

1.2.2.4 Micromolding

Injection molding is one of the techniques used for the low-cost fabrication of microfluidic
devices. A thermoplastic polymer is heated above its glass transition temperature, and then
it is injected into a cavity that contains the master. The cavity is at a lower temperature with
respect to the plastic, and therefore a rapid cooling and the hardening of the polymer occur.
The master can be produced in several ways, such as through micromachining,
electroplating, or silicon micromachining. This approach is cheap and quite fast; however,
the main limitations involve the available materials and the resolution.
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1.2.3 Plasma treatment

The plasma treatment is used to create chemical bonds (covalent), to seal the microchannels
of a PDMS microfluidic platform to a glass slide or to another piece of PDMS in order to
form a perfect hydraulic seal.

The plasma is a state of matter where gas molecules have lost electrons, for example because
of a high frequency electromagnetic field. Plasma consists of electrons, ions and neutral
atoms or molecules. The plasma electrons are at much higher temperature than the neutral
gas species (10* K), although the plasma gas itself is at near ambient temperature. Its density
is around 10%° cm318, The plasma can be created both with an inert atmosphere or with air:
at low pressures, the combined effect of the electric field acceleration of electrons and the
elastic scattering of the electrons with neutral atoms or field lines leads to the heating of
electrons. When they gain a certain amount of excess kinetic energy, the electron-neutral
collisions lead to further ionization, releasing additional free electrons®’.
When a surface is exposed to the air plasma, the following phenomena occur®:
- Ablation of the surface contaminants, such as oils, mold releases that are characterized
by the presence of weak C-H bonds, because of the electrons and the ions bombardment;
- Activation of the surface, creating chemical functional groups on the surface, thanks to
the plasma gases, such as oxygen, hydrogen, nitrogen and ammonia that dissociate and
react with the surface. The polymers’ surface activation consists in the substitution of
the surface groups with groups from the plasma gas that are reactive carbonyl, carboxyl
and hydroxyl groups. This activation leads also to the change of the surface
characteristics of the polymer: wetting (the surface becomes hydrophilic) and adhesion
are increased.

In particular, during the plasma treatment of PDMS and glass, the plasma reactive molecules
create silicon atoms with one missing electron on the surfaces!®. These silicon bonds
combine with the hydrogen atoms creating silanol (SiOH) groups both on the PDMS and on
the glass slide’s surfaces, making them hydrophilic. Afterwards, when the two surfaces are
put into contact, these bonds recombine to form a covalent connection Si-O-Si between the
glass and the PDMS. The device is sealed and can resist to pressures up to 5 bar*®. The
hydrophilicity of the surfaces lasts approximately 1 hour. Figure 1.8 shows the described
process.
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Plasma Treatment

Glay

Figure 1.8: Use of plasma treatment to: (b) activate PDMS and glass' surfaces and (c) create bonding?é.
The main advantages of the plasma treatment are*®:

- the plasma affects only the surface, it does not modify the bulk properties of the
material. Moreover, it does not leave any organic residue or contaminant and it can
clean rough and porous surfaces. It happens at near-ambient temperature, minimizing
the risk of damage to heat-sensitive materials;

- it can be used for cleaning, activation and general alteration of surface characteristics
with a wide variety of materials;

- itis highly efficient, with short processing times, no drying stage and a small amount
of energy is consumed. There is no need for any solvent: the costs are reduced and the
compatibility of the PDMS with the cellular environment is maintained;

- itisuser and environmentally safe: again the temperature is near-ambient, and there is
a little or no direct worker exposure.

The main drawback in the use of plasma treatment to seal microfluidic devices for cell
cultures is the need to use the plasma before the cells are inserted in the platform. In fact, the
plasma, energetic and reactive, can damage the cells. Usually the device is punched to create
an inlet for the cells and then sealed. Afterwards the cells are put inside the platform with a
micropipette.

1.3 Neuroblastoma

Neuroblastoma is an embryonal tumor of the sympathetic nervous system, arising during
fetal or early post-natal life from sympathetic cells derived from the neural crest. It is the
most common malignant tumor in infants: in the United States the incidence is 1 case per
100000 children?®. Moreover, it represents about 8% of all malignancies diagnosed in
pediatric patients, and it causes the 15% of the pediatric cancer deaths®®.
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Neuroblastoma is an extremely aggressive and heterogeneous disease: tumors can regress or
mature spontaneously, even without therapy, or display an aggressive phenotype, poorly
responsive to therapy and subjected to relapse. However, different factors can be identified
as responsible for this heterogeneity, to predict the clinical behavior of the disease, such as
the age and stage of diagnosis or specific molecular abnormalities®®.

Within this serious situation, the early diagnosis and the understanding of cancer progression
and response to therapy become primary issues.

1.3.1 The role of exosomes in cancer detection

Exosomes are extracellular vesicles, with dimensions of 40-100nm, secreted by various cells
in our bodies, and identified in most bodily fluids such as urine, amniotic fluid, blood, and
saliva. They contain proteins, lipids, mMRNAs and microRNAs, in a proportion that depends
on the physiological and pathological condition and on the cell of origin. Exosomes have
been identified as carriers of cellular contents, playing an essential role in intracellular
communication, not only in normal physiological processes, but also in pathological
processes of many diseases, including cancer®. In fact, it has been found that cancer cells
secrete at least 10-fold more exosomes than normal cells?®. Therefore, cancer-derived
exosomes can be used as diagnostic biomarkers for the early detection of the tumour since
they carry information about alterations in the cell of origin. In particular, exosomes provide
a stable source of miRNA, an established marker for cancer:

To understand the role of exosomes as biomarkers, pure exosomes samples are required:
different methods are employed to isolate exosomes, like ultracentrifugation (UC) and
ExoQuick precipitation??.

1.4 Motivation and aim of the thesis

As described in this first Chapter, microfluidics is a promising science and microfluidic
platforms can be used to achieve specific conditions in a cell culture. These devices seem
suitable for the study of Neuroblastoma and the role of exosomes in its dissemination: the
engineering knowledge can be coupled with the biomedical expertise, to obtain a deeper
comprehension of this aggressive disease. In particular, microfluidic devices can be used to
create concentration gradients and stable conditions of the fluid, to conduct high-throughput
and highly controllable experiments.

An appropriate design of the microfluidic platforms and the study of their behaviour is
necessary to obtain a profitable application of the devices to the problem described.

Within the study of the exosomes in Neuroblastoma dissemination, the advantages of the use
of microfluidic devices are:
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- The possibility to generate exosomes gradients, in order to test their local and long-
range effects;

- The high-throughput data, useful to take advantage of the small exosome material that
can be obtained from the tumour cells;

- The possibility to test gradients on 3D cell cultures, capable of represent the in vivo
situation.

The work behind this thesis, based on the initial part of the project led by professor Elisa
Cimetta, consists in the study of two types of microfluidic platforms, called microbioreactors
(UBRs). During this work, Neuroblastoma cells were not examined within the devices, as
the biological section of the team is still characterizing them. To perform all our
development, optimization, and validation experiments and to assess the biological
compatibility of the microbioreactors, we used another type of cells: HEK-293. In the
following steps of the study, the devices will be used to analyse the exosomes secreted by
Neuroblastoma tumour cells: this project provides an important opportunity to advance the
understanding of the role of these vesicles in the cancer dissemination, task not completely
achieved in the studies conducted so far.

The two platforms were studied, improved and finally tested to understand the fluid behavior
and dynamics. Afterwards, the cellular behavior inside the reactor was assessed, by
performing some biological experiments on the HEK-293 cells.
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Materials and methods

This Chapter deals with the design, the fabrication methods and the procedures followed
during the production and the testing of the two microfluidic platforms. Afterwards, a brief
description of the biological protocols is reported, including the methods used to daily treat
and maintain the HEK-293 cells.

2.1 First microfluidic platform

2.1.1 Design and production of the master

The first microfluidic platform studied and tested is based on an existing design, developed
with a 3D-CAD software. The 2D design of the platform and the 3D-CAD design of the
master are shown in Figure 2.1.
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Figure 2.1: 2D and 3D-CAD design of the first microfluidic platform proposed.
Adapted from®.
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The device is formed by two lateral channels (750 x 3000um height x width) that are used
to provide fluids to the central microchannels. These latter have a width of 100um and
connect different microwells in a row. Each microwell is conical: the upper diameter is
500um, and the lower 98um. They create a matrix, where each row is independent from the
others and connected to the lateral channels.

The overall dimensions of the microbioreactor used during the work of thesis are reported
in Figure 2.1, while the number of microwells per row is increased to nine. As a consequence,
the space between each well’s center is reduced from 1500 to 900um.

The master available was produced using a standard stereolithography rapid prototyping
technique’, described in paragraph §1.2.1.3. The master is used to obtain PDMS devices via
the procedure of replica molding. A picture of the rigid master is shown in Figure 2.2.

Figure 2.2: Rigid master of the first microfluidic platform.

2.1.2 Operating principles

When this microfluidic platform operates, two different fluids flow along the lateral
channels. The four enlargements of the channels, placed in the four corners, are employed
as inlets and outlets. The fluids are provided in such a way to establish a steady state
condition inside the platform: the inlet and outlet flow rates are equal and do not change with
time. Considering the dimensions of the lateral channels to calculate their section (Figure
2.1) and assuming a flow rate of 100uL/min, the Reynolds number in the two channels can
be determined, using the equivalent diameter and the physical parameters of water in Table
1.2.
43 B
D =E=1.2-10 m (2.1)

€q

vD
P _ 089 2.2)

Re =



Materials and methods 25

The value of the Reynolds number demonstrates that the flow inside the lateral channels is
laminar, leading to a predictable behavior of the microfluidic platform and to the possibility
of creating the conditions to establish constant concentration gradients.

In fact, since the dimensions of the central channels are really small if compared to the lateral
ones (diameter of 100um), the velocity is extremely reduced at their entrance: Pe is small
and the convective flux of the species i within the channels is dominated by the diffusive
flux, that plays a key role in this device. Therefore, by providing two fluids at different
concentrations of a certain species, or two different tracers, a concentration gradient inside
the microchannels is created. A fluid-dynamic simulation is performed to predict the
behavior inside the platform.

The final use of the device consists in culturing cells inside the microwells, and exposing
them to exosomes’ concentration gradients, provided by one lateral channel, to obtain high-
throughput data.

2.1.3 COMSOL Multiphysics® simulation

The COMSOL Multiphysics® modelling software is used to simulate the fluid dynamics of
the microbioreactor, and to understand quantitatively the entity of the concentration gradient
inside the microwells. The results of the simulation are compared with the experimental data,
to validate the proper operations of the platform. COMSOL Multiphysics® is organized in
modules, that are selected to add a specific physics interface to the system. Our first approach
was based on a 2D model of the platform. The physics that are added to this simulation are:
a. the laminar flow of a single-phase incompressible fluid, to describe fluid motion inside
the channels, and b. the transport of a diluted species, to simulate the convective/diffusive
behavior of a generic species i inside the platform. The fluid inside the microbioreactor is
assumed to be water, since its physical properties are comparable to the ones of the solutions
used during the experiments.

2.1.3.1 Laminar flow

The laminar flow of a single-phase fluid is described by the Navier-Stokes equations
(conservation of mass, momentum and energy), that are solved considering that the fluid is
Newtonian, the density is constant (if the temperature is almost constant) and that the no-
slip condition applies to the walls. The problem is analyzed at the steady state, and the
parameters that are inserted to solve the laminar flow problem are:

- temperature;
- inlet medium velocity, that is changed to simulate different inlet flow rates;
- outlet pressure;
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The whole platform is interested by the laminar flow.

2.1.3.2 Transport of Diluted Species

This module allows the study of the evolution of the behavior of chemical species
transported by diffusion and convection?. The species are assumed as diluted: their
concentration is small if compared to that of the solvent. Therefore, the mixture properties
such as density and viscosity are assumed as those of the solvent. As explained in paragraph
§1.1.1, Fick’s law governs the diffusion of the solute, and the mass balance of the species is
given by equation (1.8). While the diffusive term is always included in this module, the
convective term is active by default but can be excluded by the user. The velocity term is
calculated by coupling this physics interface with the laminar flow.

In the problem treated, the convective term is kept active. The parameters that must be
defined in this interface are:

- the diffusion coefficient, that is changed to simulate the different types of solutes that
can be flown through the lateral channels;
- theinitial concentration c (at the inlets) of the species.

The characteristics of the species, except for the diffusion coefficient, are not needed since
the solution is assumed to be extremely diluted. Therefore, the properties of the solute do
not affect the solvent’s ones.

2.1.4 Production of the microfluidic platform

The microfluidic platform is produced with PDMS Sylgard® 184 (Dow Corning), that is
provided as a two-part kit (DOWSIL™ 184 Silicone Elastomer kit): a silicone elastomer
base and a curing agent. This kit is used to produce microbioreactors, thanks to the replica
molding process, which steps are:
1. Weighing of the base and curing agent in a proportion of 10 parts of base:1 part of
curing agent, inside a disposable plastic container;
2. Energetic mixing of the base and the curing agent in order to create a homogeneous
mixture. During this step, a large quantity of bubbles is formed inside the mixture;
3. Removal of the bubbles thanks to a desiccator (Figure 2.3), connected to a vacuum
pump: the plastic container with the mixture is placed inside the desiccator chamber,
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Figure 2.3: Desiccator connected to the vacuum pump used in the BIAMET laboratory.

the pump is switched on to create vacuum inside the chamber and thus allowing the
bubbles emerge and expand. After some minutes, the pump is switched off and the
valve of the desiccator is opened to gently return to atmospheric pressure. This step
makes the bubbles on the surface of the mixture blow up. The procedure is repeated
different times (usually 4 or 5) to remove all bubbles;

4. Pouring of the PDMS on the rigid master, and possible removal of additional bubbles
that can create during the pouring step, with the same procedure of step 3;

5. Curing of the PDMS on the master at 65°C for 75min, inside an oven. This
temperature was set based on the provided values listed in Table 1.4 and optimizing
them for the specific case;

6. Removal of the cured layer from the rigid master, using a scalpel to ease this
operation.

Finally, the platform’s sides are cut to remove the lateral parts, present only for an easier
removal from the master. Once the microfluidic platform has been cured and removed from
the master, it can be employed in an irreversible or reversible configuration.

2.1.5 Irreversible configuration

The irreversible configuration consists in the use of the plasma treatment to form the
hydraulic seal of the microfluidic platform to a supporting material. The microbioreactor in
this configuration is used to perform the fluid dynamic validations to understand the behavior
of fluids.
First, the inlets and the outlets of the fluids are created with a biopsy punch (diameter of
1.5mm). Then, the microbioreactor is sealed to a glass slide or to another piece of PDMS,
with the following procedure:

1. cleaning of the device and of the glass (or PDMS) base with scotch tape, to remove

dust or any residue from the surfaces;
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2. insertion of the two pieces, with the surfaces that must be activated upwards, inside
the Plasma Cleaner (PDC-002-CE by Harrick Plasma, Figure 2.4a) and closing of
the small door, keeping the valve closed (vertical position);
starting of the vacuum pump to create vacuum inside the Plasma Cleaner;
after approximately 4 minutes, the plasma is switched on and, after its appearance,
the valve is slightly opened to allow the entrance of some air. The color of plasma
should be an intense pink (Figure 2.4b), meaning that an adequate quantity of oxygen
is present inside the chamber. If the color tends to violet or blue, it means that there

is a lack of oxygen, and the valve should be gradually opened (turning it counter
clockwise). The plasma is maintained for 1 minute;
5. after 1 minute, the plasma is switched off. Then the vacuum pump is switched off
and the valve is slowly opened to return to atmospheric pressure.
W il '
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Figure 2.4: (a) Plasma Cleaner by Harrick Plasma used in BIAMET laboratory and (b) the color of plasma
when an adequate quantity of oxygen is present in the chamber.

Then the door is opened, and the two layers are removed paying attention to not touching
the activated surfaces. Afterwards, they are put into contact and they attach, thanks to the
formation of chemical bonds, as explained in paragraph 81.2.3.

Finally, the microfluidic platform is put in the oven for at least 10 minutes at 65°C, to
promote the formation of the covalent bonds.

The irreversible configuration can be used with some tracers (colored or fluorescent), to
ensure the correct operation and the formation of the chemical gradient inside the
microchannels. In fact, since the whole platform is optically clear, the lateral channels and
the microwells can be observed visually as well as with the microscope.

The use of the plasma treatment ensures a perfect seal of the platform; however, this
configuration cannot be exploited for the biological experiments. In fact, the cells cannot be
inserted neither before the plasma treatment, because of its high energy that can damage the
culture, nor after the plasma treatment, since the punching of each microwell is not possible.
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