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Abstract

Most bacteria can adhere to various surfaces, included human tissues, developing a complex 3D

structure called biofilm[5], which has high resistance to disinfectant chemicals and antibiotics[6].

Commonly in hospitals, the analysis of antibiotics resistance is carried out using static bacterial
cultures in Petri dishes, which are time and resource consuming and then they do not mimic the in

vivo like conditions.

In the last few decades in research laboratories, bacterial cultures are also carried out in microfluidic
systems where bacterias are cultured in flow fluids mimicking, in this way, more in vivo like
conditions. However, most of the pumps used to move liquid in the microfluidic systems are complex

and bulky, often requiring large amount of reagents and culture medium([7].

Centrifugal microfluidic platforms, “also referred to as lab-on-a-disc (LOD)”, have a simple fluid
actuation module to pump and handle the fluid inside the platforms. These systems require a simple
motor to rotate the disc in order to exploit the forces which arise from rotation to manipulate the fluid
[8]. These systems without auxiliary pumps and tubing require low sample volumes and could

potentially decrease of the possibility of contaminations.

The aim of this project was to create a LOD system which was enabled low flow rates (few hundreds
nl/min), suitable for perfusion culture. The system was fabricated in Polycarbonate (PC), which is
biocompatible material and can resist the commonly used sterilization methods. The final disc was
composed of two PC layers. One layer presented the inlet, outlet reservoirs, cell culture chamber and
micro-channels and the second layer, containing the inlet and venting holes, was used as a lid to have
a closed system. The structures in bottom layer were fabricated with micromilling, while the inlet and
venting holes on the lid were done with a drill. The two layers were bonded with thermal bonding.
The flow rate were measured optically and calculated with an image analysis through a Matlab code.

The flow rate were evaluated at different rotational frequencies ranged from 1.125 Hz to 0.375 Hz.
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The lowest rotational frequency (0.375 Hz), in according to study [9] has permitted to obtain a
centrifugal force that it was in the range which didn’t cause harmful effects on cells and a flow rate
(~500 nl/min) which involved low shear stress inside the cell culture chamber. The flow rate
achieved at 0.375 Hz permits to cultivate bacterial cells for about 5 days without change culture
medium. The system was used for culturing Pseudomonas aeruginosa at 30°C and at a flow rate of
400 nl/min. The bacterial culture was observed for two days using a confocal microscope. From the
results obtained the platform needs an additional optimization in order to have a better bacterial cells

inoculation. After this optimization, the biofilm and the effects of antibiotics will study.
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Chapter 1

Introduction

1.1 Motivation and aim

In nature bacterias, in most cases, appear in form of biofilm[1][2][6] and according to National
Institutes of Health, biofilms cause about 65% of all microbial infections and 80% of all chronic
infections, because they have an high resistance both to antibiotics and to components of human

immune system [6][2][10].

Bacterial biofilm is an aggregation of microorganisms in which the bacterias are close to each other
within the matrix of extracellular polymeric substance (EPS) produced by the cells themselves on

living or no-living surfaces [2][11] (Figure 1.1).

Figure 1.1: image of Staphylococcus aerus biofilm with confocal microscope [1].

Since the last century, several methods have been developed to identify and quantify the EPS’s
components [12]. From the results obtained, it can be said that the matrix is composed by water

(97%), the main component which allows the flow of nutrients inside the biofilm matrix, proteins
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(<2%, including enzymes), polysaccharides (<2%) which give stability and protection to biofilm,
RNA (<1%) and DNA (<1%) [6][2][13][14], which plays a significant role in gene transfer

[15][16][17][18][19][20][21][22][23][24][25][26].

Several imaging techniques enable investigation of biofilm formation and architecture. This complex
architecture suggests that biofilm formation is a multi-step process (Figure 1.2) in which bacterias

are subjected to certain changes [2][1].

Maturation

Individual cells
0 celkcell adhesion
00 O  Atchrentto i s
Q surface (growth)

Figure 1.2 scheme of the biofilm formation [2].

The formation of a biofilm starts with singular bacterial cells, which come close to a surface and make
a reversibly attach to it [2]. At this stage, the cells are still sensitive to antibiotics [6] . After this first
attachment, if the surface and the environment have suitable characteristics (e.g. hydrophilic, coated,
rough surface and a certain flow velocity and nutrient concentrations) the bacterias form an
irreversible binding to the surface and thanks to chemical signals they start the formation of micro
colonies [2][10] . After this step the bacteria start to produce the EPS matrix and the channels for
fluid transport inside the biofilm itself generating a three dimensional structure [2][24]. The final

structure has an high resistance to antibiotics due to [6][2] [25][26]:

e the nature of EPS matrix that prevent antibiotics to go inside biofilm,
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e the presence of neutralizing enzymes which degrade the antibiotics before they have effect,

e several efflux pumps that take out unknown substances present inside the biofilm,

e heterogeneous nature of biofilm itself: the deeper layers have limited availability of nutrients
and oxygen so this reduces the sensitivity to antibiotics,

e the system, called quorum sensing, that bacterial cells use to communicate with each other.

The purpose of this work was to develop a centrifugal microfluidic device for a long-term (5-6 days)
bacteria culture that enables growth of biofilms and can be used for evaluation and testing of

antibiotics in research and development phase.

Most bacteria, to create a biofilm need a stable flow rate at few hundreds nl/min [9][27]. Higher flow
rate cause high shear stress that brings to the cells detachment. Therefore, stable flow rate at a specific
value is set as a goal in order to create an adequate environment for bacteria and to permit a good

formation of biofilm.

1.2 From Petri dishes to centrifugal microfluidic devices

Over the past decades, in vitro cell cultures enabled basic researches as well as clinical studies which
led to in depth knowledge about cell structure, function and how cells respond to precise stimuli [28].
In in vitro cell cultures, cells are grown in artificial environment such as Petri dishes, outside of their

natural environment.

The first platforms that have been implemented for cell culture were 2D systems (e.g.Petri dishes,
flasks and plates) [29], where cells were grown in static condition and the culture medium needed to
be changed regularly, every 2-3 days [29]. Static cell culture is well established and commonly used
in research and development as well as in clinics, although they mimic poorly the natural cell

microenvironment.

Invivo, cells grown in environment with specific biochemical, physicochemical properties and where

chemical gradients are present [28]. Furthermore, most cells are surrounded by a complex structure,
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the extracellular matrix (ECM), which is composed by protein and proteoglycans, and they receive

continuously nutrients through vascular perfusion [28].

In the last few decades, culturing cells in microfluidics provided to be suitable for cell biology

research [28][30].

“Microfluidics refers to the science and technology of systems that manipulate small amounts of
fluids in devices with characteristic length scales at microscale” [8][31]. Working in microfluidics
offers many advantages: reduction of samples/reagents used to carry out biochemical analysis, low
fabrication cost, fast analysis, high integration of multiplexing functions on a single chip and low
power consumption [8][31][32]. Related to cell culture, microfluidic platforms are able to mimic
cell’s microenvironment, creating continuous perfusion and chemical gradients that are important for
cellular functions. Furthermore, these platforms permit to manipulate few cells and this is an
advantage, for example, to study the complex cellular behavior and cell migration process [33]. In
the case of bacterial cells, microfluidics permits to cultivate them giving the possibility to form
biofilms and to study how specific features of environment (e.g. flow rate, shear stress, presence of

antibiotics...) can affect the biofilms[27][34][35][36].

Despite of these advantages, most microfluidic cell culture devices require a large auxiliary
equipment such as incubator and peristaltic pump, which are bulky and expensive [28][31] (Figure

1.3).
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Figure 1.3: Equipment for cell cultures in microfluidic devices.

In this project we aimed to develop a centrifugal microfluidic system for bacterial cells culture, since
centrifugal microfluidic platforms proved to be a promising and valid alternative to conventional

ones, providing simple and easy to use liquid handling solution.

Centrifugal microfluidic system, “also referred to as lab-on-a-disc or lab-on-a-CD (LoD)”, started in
the late of 1960s [37], is based on polymer disc, which is used to manipulate the fluid through
microfluidic channels. A simple motor is used to rotate the disc in order to exploit the forces which
are generated by rotation to move and handle the fluid [38]. In a centrifugal microfluidic platform,
the fluids are pumped thanks to centrifugal force and manipulated exploiting Coriolis force and

capillary action (see Appendix).

Due to the relative liquid handling approach, this technology permits the precise control of small
volumes of fluids only with the forces that arise from the rotation, without pumps and actuators.
Centrifugal pump requires a simple motor and therefore centrifugal pumping can be implemented in

a wide range of channel sizes (from Spm to 1mm) [39].

In addition, centrifugal microfluidics enables a high degree of parallelization. The disc can be

designed in order that all the fluidic modules are exposed to the same forces so this allows the
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implementation of the same assay multiple times on the same device [38]. Another benefits of Lab-

on-a-disc is that permits to use simple and low-cost fabrication techniques [38].

On the other hand, there are also certain disadvantages of these platforms. The fact that whole disc
rotates at the same frequencies, enabling the implantation of the same assay multiple times as
described above, can be a drawback in case the assays and processes on the platform require different

frequencies. In addition the liquid can move only in one direction: from the center radially outward
[8].

During the years, several LoD systems has been developed for diagnostics, which implemented all

assay steps, from sample pretreatment to detection.

In diagnostics blood analysis is very important. A key step in blood analysis, which was implemented
on disc, was the separation of plasma from whole blood achieved easily exploiting centrifugal
microfluidics principles. For example, the first lab on a disc, which has been realized, processed 90

pl of whole blood and separated the plasma into 12 different chambers [3] (Figure 1.4).

Figure 1.4: Centrifugal microfluidic system for separation of plasma from blood [3].

Additionally another centrifugal microfluidic device was implemented, using even lower sample

volume, 5 pl of whole blood to obtain 2 pl of plasma. The disc included a metering structure which
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was connected, through a microchannel, to two chambers; one chamber retained the cells and other

chamber received the plasma [4] (Figure 1.5).
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Figure 1.5: Structure implemented in the LOD to separate plasma from whole blood [4].

Another main step in biological assay, often used in diagnostics, is cell lysis. The sample lysis in
centrifugal microfluidic devices can be obtained with chemical, biological or mechanical methods.
The simplest lysis method exploited the forces created during the disc rotation to break the cells
membranes [40]. It has also been implemented a method which uses magnets placed under the disc
and zirconia beads. During the CD rotation, each chamber is subjected to a magnetic field that causes
the beads movement and their collision with the sample [41]. On the other hand, chemical methods

use alkaline buffers to decompose cells or thermoelectric techniques to denature proteins [37].

In addition, lab-on-a-disc systems have been also used for extraction of nucleic acid from various
samples, such as clinical samples, human or environmental and food samples

[8][41][42][43][44](Figure 1.6).
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Figure 1.6: LOD for extraction of nucleic acid of Food-Borne Pathogens [42].

Beside, the above mentioned sample pretreatment approaches, various detection methods has been
also adapted to LoD devices, to enable a complete assay. By integrating immunoassays into
microfluidics devices, reagents consumption and diagnosis times can be drastically reduced [37]. For
example, a centrifugal microfluidic device has been realized to execute an enzyme-linked
immunosorbent assay (ELISA) for rat IgG, where the system was composed of 24 sets of assays [45]

(figure 1.7).

s

Figure 1.7: Centrifugal microfluidic device for enzyme linked immunosorbent assays [45].
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Immunoassays has been implemented on lab on disc for example to extract biomarkers of infection

diseases [46] or protein biomarkers present in various samples [39][47].

Beside their applicability in biological assays and diagnostics, centrifugal platforms have been
proposed for cell culture and cell-based assay [31][37][48] (Figure 1.8). During the last years
experiments were done to investigate the centrifugal force’s effects on cells [37][49]. The cells tested
were shown to support high values of forces, much larger than the forces needed to move liquids
inside a centrifugal microfluidic platform [37][49]. Only a few platforms have been developed with
the purpose of creating a suitable environment for cells [31][37][48], however long term perfusion
culture was not yet established. An example is reported in Figure 1.9 where Pichia Pastoris cells are

cultivated in three different chambers connected to micro-channels that contain the medium.

Venting Disk-fixing port

Venting

Figure 1.9: Centrifugal microfluidic device for Pichia Pastoris cultures [31].
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Chapter 2

Materials and methods

For the fabrication of microfluidic systems different types of materials can be used, such as glass,
silicon and polymers [50]. Glass and silicon were the first materials to have been implemented, since
they are suitable for capillary electrophoresis and compatible with solvent-involved applications.
However, glass and silicon are not suitable for long-term cell cultures due to their gas-im-permeability
and their surface characteristics (especially silicon) [50][32]. Furthermore, glass and silicon require

expensive and time-consuming microfabrication techniques to be processed [32].

Today, polymers are the most used for microfluidic devices [50][51]. Their variety permits to choose
the suitable materials for a specific application, they are low cost and they can be also processed with

simple and rapid prototyping techniques [50][51].

2.1 Materials for polymer-based microfluidic chips

Poly(dimethylsiloxane) (PDMS) was the first polymer to be used in microfluidics [50][52]. It is an
elastomer with physical and mechanical properties that make it suitable for a wide range of
application [52]. The fabrication process of PDMS-based microfluidic chips is divided in two parts:
the fabrication of master in silicon or glass and the fabrication of PDMS chip. The master is realized
with lithography while the final microfluidic chip in PDMS is obtained pouring the PDMS liquid pre-
polymer on the master and causing the polymerization reaction to take place at a defined temperature
[50][51]. For several years, PDMS has been the most used polymeric material in microfluidics.
However, it has also some limitations such as its hydrophobic nature, resulting in the absorption of
small hydrophobic molecules (like drugs). In addition even after surface treatments PDMS returns to

hydrophobic state [50][52].
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Recently, thermoplastic polymers, such as Poly(methyl metacrilate) (PMMA), Polycarbonate (PC),

Polystyrene (PS) and cyclic olefin copolymer (COC) have become alternatives to PDMS.

In this project, three thermoplastic materials were used: PMMA, PC and COC.

PMMA was the first material used to develop the first prototype of the centrifugal microfluidic
platform for perfusion cell culture. It is low cost with good mechanical properties and optical
transparency [53][54]; unfortunately, it has a low solvent resistance and a glass transition temperature
of 110°C, so sterilization methods which use solvents, such as ethanol (EtOH), or temperature above
110°C can’t be used. For these reasons, the final device was fabricated in PC. This material has the
same characteristics of PMMA but an higher resistance to solvents than PMMA and a glass transition
temperature of about 145°C, thus PC disc can be sterilized using steam autoclaving, EtOH and

irradiation[55].

PMMA and PC are both compatible with cells but they are hydrophobic materials so they need to be
subjected to surface treatments. There are two common surface treatments that can be used to make
the surfaces more hydrophilic: UV and plasma oxidation. UV-ozone treatment is preferred over the
other one because the surfaces retain the hydrophilicity longer but it can’t be used with PMMA due
to the formation of peroxides groups on its surface that are harmful for cells viability [52]. However,
for mammalian cell cultures, it is preferred to coat the surfaces, without any surface treatment, directly
with protein of extracellular matrix (e.g. collagen, fibronectina) to improve the adhesion between

cells and the surface.

Finally, the third thermoplastic material used was Topas 5013-L10. It was used to fabricate the luers,

small connectors that were located above inlet and venting holes to hold the filters (Figure 2.1).
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Figure 2.1: Luers in Topas that are used to hold filters.

Topas 5013-L10 is a cyclic olefin copolymer (COC); it has good mechanical properties, easy
fabrication, and good biocompatibility. Furthermore, it has a good resistance to acids and alkalis and
a glass transition temperature of about 130°C, so it can be sterilized using heat steam, ethylene oxide

or ethanol [56].

2.2 Methods

2.2.1 CO:; laser ablation

CO: laser ablation (Figure 2.2) was used to cut or engrave the PMMA substrates[57][58]. It is a rapid

prototyping method, which allows the fabrication of the desired design in a short time.

Figure 2.2: CO; laser used for rapid prototyping at DTU Nanotech.
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The CO: laser operating principle is very simple: an invisible infrared beam is generated exciting the
CO:; gas, which is inside a tube, with radiofrequency energy. The beam can be used for cutting or

engraving the workpiece.

The two important parameters that the user must set carefully are the power and the speed of the gas

flow that permits to cut the material or to generate structures, inside it, with a specific depth.

For the fabrication of the fluidic system, all the 2D design was realized with Solidworks™ | then it

was saved in a .Dxf format and imported in CorelDRAW .

To cut the PMMA substrate and to create through-parts, the vector function was chosen and the

following values for speed and power gas flow were set:

e Speed=5%

e Power =100%

To create the engraved parts, the raster function was chosen and the following parameters for speed

and power gas flow were set:
e Speed=20%
e Power =50%

2.2.2 Micro-milling

In comparison with laser ablation, with micro-milling we are able to obtain smoother surfaces with

higher resolution.

Micro-milling is a technique that uses tools, such as drills to remove materials from a surface (Figure
2.3 (A), Figure 2.3(B)). There are several tools with different geometry, sizes and coatings, which

can be used for different applications ( drill, ball cutter, end mill, etc...).
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Endmill

Worktable

Figure 2.3: (A)Micro-milling machine at DTU Nanotech.(B) Micro-milling process[59].

For creating micro-milled structures, we need to create a working code, compatible for the micro-
milling machine. To create this working code, first of all, the device’s design has been made in
Solidworks™ and imported into CimatronE. This software allows the user to introduce the parameters
of the used cutting tool and the machining parameters, such as speed. The software permits also to
choose the tolerance parameters and which surface’s parts must be cut with the chosen tool. To

fabricate the cell on a disc were used two different end mill cutters:

e end mill with a 3 mm diameter to mill the reservoirs,
¢ end mill with a 0.3 mm diameter to mill the finer parts, such as the cell culture culture chamber
and micro-channels that connect the cell culture chamber to the reservoirs and to hole used to

inoculate bacterial cells.

The CimatronE generated a G-code which contained cutting movements along X,y and z directions.
Before milling, as a final step the G-code has been loaded in second software: Mach3 loader that
controls the milling machine’s operations and allows the user to choose the values of two parameters:
the cutting speed and feed rate. The cutting speed is the velocity between the cutting tool and the

work piece, while the feed rate is the velocity at which the tool advances along the surface.
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2.2.3 Bonding of the fluidic system

Two different methods were used to join the different layers of the fabricated device. In both
techniques, a bonding press was used, which is a tool with two plates. The devices which need to be
bonded are placed between the two metallic plates, and a specific pressure and temperature are applied

(Figure 2.4).

Figure 2.4: The temperature and pressure assisted bonding press in the microfabrication lab at DTU Nanotech.

In the initial phase of development, we used a pressure sensitive layer (PSA) to bind the fabricated
parts of the fluidic system. The plastic layers with the PSA were placed in the bonding press for a

few minutes at a low pressure, in order to create a strong bond between substrates.

First, the different layers were cleaned to avoid particles to be trapped in the fluidic channels and then
the disc was assembled by placing the fabricated polymer structures and the PSA tape in a defined
order. The assembled layers were placed between the metallic plates of the bonding press and a force

of 12 kN was applied for five minutes[60] (Figure 2.5).
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Figure 2.5: The different layers were joined through PSA and pressed with the bonding press.

However, this method presents same limits: the adhesive layers can change the wetting characteristics
of channel sidewalls[61] and if the force applied is too high a little bit of PSA can enter inside the

channels and can affect the fluid flow, thus a second bonding method was introduced.

Thermal bonding doesn’t use any kind of adhesive layers but only temperature and pressure to attach
different polymeric parts. The combination of temperature and pressure creates the interdiffusion of
polymer chains between the surfaces forming a strong bond. To reach an adequate bond strength and
uniformity and to avoid the distortion of structures on chip, the temperature that was chosen for
PMMA thermal bonding was 90°C both for lower and upper plate of the bonding press and the force
applied is 12 kN for ten minutes[60][62][53]. After ten minutes, the disc was left to cool until 50°C

(Figure 2.6).
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Figure 2.6: Thermal bonding process.

In the case of PC the thermal bonding needed to be optimized. Three different temperature, taken

from literature, 134°C, 135°C, 140°C were tested using two 0.6 mm thick discs of PC [63][64]. The

results obtained are reported in Figure 2.7.
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T=134°C and F= 39 kN for ten
minutes

T=134°C and F=30 kN for ten
minutes

T=140°C and F=39 kN for ten
minutes

Figure 2.7 Photographs of the PC discs exposed to different temperatures and forces during thermal bonding.

A suitable bond was obtained when maintaining the PC layers at 140°C, applying a force of 39 kN
for ten minutes and leaving them to cool until 80°C. When channels and reservoirs are present in the

plastic structures, a lower force (10 kN) has to be used to avoid the breakage of top layer (Figure 2.8).

T=140°C and F=39 kN for ten T=140"C and F= 10/12 &IV for ten
minutes minutes
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Figure 2.8: Photographs of the bonded lab-on-disc system with the breakage in the top layer(A). Successful thermal

bonding (B).

2.2.4 Injection molding

Injection molding is a fabrication process that consists of injection, under a high pressure, of melted
polymers into a master which has the desired design[53][65][66]. The injection molding process was
used to fabricate the luer connectors. Firstly, the material used, Topas 5013-L10, was introduced in
granular form inside the injection molding machine and it was melted in a cylinder. Afterwards, the
molten polymer was injected, under a high pressure, in a cavity where a metal mold, with the negative
of desired structures, was located. Finally, when the polymer had filled the master, the temperature
and the pressure, in the cavity, were rapid decremented in order to permit the solidification of Topas

and to demold it from the master. A schematic procedure is reported in Figure 2.9.

W

Tnjection Demold/Ejection

Figure 2.9: Schematic procedure for injection molding [66].

2.3 Optical Spin Stand and image analysis

The optical spin stand was used to measure the fluid flows and calculate the flow rates in the cell-on-

a-disc platform (figure 2.10).
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Figure 2.10: Custom optical spin stand in the centrifugal lab at DTU nanotech.

The optical spin stand consists of spin-stand that is used to spin the disc and a system for visualization

that is used to observe the fluid flow inside the channels [45][67]

The optical spin stand (Figure 2.10) is composed of a metallic enclosure with a support for placing
the disc. The metallic support is connected to the motor positioned below the metallic enclosure,
controlled by a control unit. In addition, the stand is equipped with a camera and a strobe light. When
the camera visualizes the same position of rotating disc, the strobe light is triggered and the user can

observe that position through a software.

To select the speed and acceleration of rotation the WinMotion software was used, while controlling
the movement of the disc was achieved by an Arduino based software and the images were captured

with CamWare64.

To calculate the flow rates a Matlab code was used. This code permits to measure the fluid volume

inside a reservoir. First of all, the image of reservoir was loaded into Matlab. After that, a mask around
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the fluid present inside the reservoir was drawn. The pixels inside the mask were converted in black

pixels, while the pixels that didn’t belong to the mask were converted in white pixels (Figure 2.11).

Figure 2.11: Photo of the liquid in the channel (left) and the created reservoir’s mask (right).

To calculate the area of the mask the dimension of a pixel must be known, so the Matlab function
Improfile() was used. This function provides the user with the number of pixels on a line drawn on
the image. The line was drawn between two points of the image where the distance in mm was known.
After that, the dimension of a pixel was calculated. Subsequently, the number of black pixels was
obtained subtracting to the total number of pixels the number of white pixels. To calculate the mask’s
area the number of black pixels was multiplied with the dimension of a single pixel, while the volume

was obtained multiplying the area with the depth of reservoir.

Finally, the flow rate was calculated dividing the volume with the time spent since the beginning of

the fluidic test:

(1)

=<

Once the frequency that permitted the optimum flow rate (below 1ul/min) for bacterial cells was

found, the disc was used for bacterial culture. Bacterial cells culture was performed in an incubator
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room where the temperature was about 30 ‘C. The system was very simple and portable; it was
composed of a motor and a software that permitted to control the disc’s rotation velocity (Figure

2.12).

Figure 2.12: Photograph of the portable spin stand with the cell culture device in the incubator room at DTU Biosustain.

2.4 Sterilization methods

Before bacteria cells were inoculated in the device, the disc has to be sterilized. The sterilization is

that process which allows the elimination all forms of microbial organisms such as viruses, spores

and fungi[68][69].

2.4.1 A brief description

There are several methods (Figure 2.13) of sterilization that can be divided according to agents or
materials that are used: heat sterilization, chemical sterilization, radiation sterilization and mechanical

sterilization.
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Figure 2.13: Sterilization methods based on paper[70].

e Steam sterilization: it is the first method that was introduced. It consists of exposing material to a

steam 1n an autoclave. The steam has to be saturated and without air. The temperature inside the

autoclave is 121°C-124°C and the entire process requires about two hours. These conditions lead

to the denaturation of cell components such as proteins, enzymes, DNA and RNA chains. It is

possible to use higher temperature but lower exposition times. This method is very simple,

economic, fast, and no toxic but it can’t be used with those materials such as liquids, electrical

devices, polymers that are sensitive to high temperatures [69][71][70][72][73][74]-

e Dry heat sterilization: this process takes place inside a chamber where the material is exposed to

high temperatures, 160°C-170°C for a long time. It is a simple method, non-toxic but it is not

adequate for those polymers that have a glass transition temperature below 160°C

[69][70][72][75].

Chemical sterilization
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Ethylene oxide (EtO) sterilization: EtO is an alkylating agent, so this means that it is able to
introduce alkyl groups (CnH2n+1) inside cellular constituents, such as proteins, enzymes, DNA
chains, causing their denaturation. This method doesn’t require high temperature, so it is suitable
for those materials which can’t be sterilized in autoclave or with dry heat sterilization. However,
it presents some disadvantages: the compound used is toxic, it can react with others elements,
present on the material’s surface, producing others toxic residues which have to be eliminated,
extending, in this way, the duration of the entire process and it can’t be used with those materials
sensitive to chemical agents such as PMMA[69][72][74][76].

Ethanol (EtOH) sterilization: EtOH is an alcohol that is used to do liquid washes and so to sterilize
the materials. It is able to disrupt membranes and to inactivate enzymes[70]. The sterilization with

EtOH and with heat steam are the most common used methods.

Radiation sterilization

Non ionizing radiations: UV and infrared radiations are used to sterilize only surfaces because of
their low power of penetration. Infrared radiations during the interaction with the material,
generates heat that kills microorganisms present on the surface while UV light causes chemical
reactions with cell components[69][72][75].

Ionizing radiation: there are two types of ionizing radiations that are used to sterilize objects: E-
beams and Gamma rays.

E-beam sterilization uses e-beams generated by an accelerator, it doesn’t require high
temperatures and it doesn’t leave any residues after process. The disadvantage is that an expensive
instrumentation is needed to generate e-beams[69].

On the contrary, gamma rays are photon with high energy (1keV-10keV) produced by the decay
of Cobalt-60 or Cesium-137 and they have a higher power of penetration than e-beams

[691[72][75].

Mechanical sterilization
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e Filtration: this method uses filters made of plastic material. It is a method suitable only for

aqueous solutions [72].

2.4.2 Sterilization method for the centrifugal microfluidic platform

In this project the heat steam sterilization was chosen to sterilize the disc, the luer connectors and
filters. Firstly, the disc, luers and filters were covered with aluminum foils, then they were placed
inside an autoclave chamber (Figure 2.14) and they were subjected to high-pressure steam at about
125 C. The entire process, which was composed by sterilization part and cooling part, required about

two hours.

Do not use
for
GMO

Figure 2.14: Autoclave for steam sterilization at DTU Biosustain.
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Chapter 3

Designs, fabrication and tests

3.1 First prototype

This section presents the first design that was made, its fabrication, fluidic tests and the results

obtained.

3.1.1 Description of the design

The design of the first prototype enabled two different cell cultures on the same disc, which had an
external diameter of 100 mm and an internal diameter of 15.25 mm, in the same time. Each part was
composed by a loading, a cell culture and a waste chamber as well as three micro-channels. One of
the channels, connected the loading chamber to cell chamber, the second, linked the culture chamber
to the waste chamber while the third one connected the cell chamber to an opening that was used to
avoid the formation of air bubbles and it allowed the introduction of the cells inside the chamber

(Figure 3.1 (A), Figure 3.1 (B)).

Figure 3.1:Photograph of the first prototype fabricated with CO2 laser (A) and with micro-milling and thermal bonding

(B).
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The loading chamber meant to be used to store the cell culture medium, which was perfused in the
cell culture channel. In the design presented in Figure 3.2, loading chamber was composed by three
channels, each of them having a width of 3.5 mm and a depth of 2 mm with a total volume of about

1000 mm?.

The waste chamber is the reservoir which will contain the cell culture medium that flown through the
cell culture chamber and contains the waste products from the cells. It was composed by a channel

with a width of 5 mm and a depth of 2 mm with a volume of about 1000 mm? (Figure 3.2).

The cell culture chamber is the area where the bacterial cells will be located; it had an oval shape, a
depth of 0.5 mm in order to permit the formation of biofilm (thickness about 50 um [6]), and a volume

of about 14 mm? (Figure 3.2).

In addition, the micro-channels, which connected the reservoirs (inlet and waste) to the cell culture

chamber, had a width of 0.5 mm and a depth of 0.3 mm (Figure 3.2).

Inlet hole

Loading chamber

Micro-channel

Waste chamber

Venting hole

Cell culture chamber

Figure 3.2 First prototype features.
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3.1.2 Fabrication

As mentioned earlier, the first prototype was fabricated using two different fabrication methods: CO-

laser ablation and micro-milling.

3.1.2.1 Fabrication with CO; laser and bonding press

In this case, five different layers composed the disc (Figure 3.3 (A), 3.3 (B), 3.3 (C), 3.3 (D), 3.3 (E),

3.3 (F)):

A. 2 mm thick PMMA layer with loading, venting and alignment holes,

B. 0.150 mm thick PSA layer with loading, venting and alignment holes,

C. 2 mm thick PMMA layer with loading chamber, waste chamber, cell chamber, micro-channels
and alignment holes,

D. 0.150 mm thick PSA layer with loading chamber, waste chamber and alignment holes,

E. 2 mm thick PMMA layer.
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Figure 3.3: (A) top PMMA layer, (B) top PSA layer, (C) layer in PMMA with loading, waste, cell chambers and micro-channels, (D)

layer in PSA with loading and waste chambers (E) bottom layer in PMMA (F) Assembly.

The parameters of CO, laser ablation that were used to cut and to engrave the structures are reported
in the second chapter “Materials and methods”. After the fabrication, the layers were joined together

and pressed with a force of 12 kN for five minutes using the bonding press (Figure 3.4).
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Figure 3.4: Disc’s layers were fabricated with CO, laser ablation, then they were joined through PSA layers and pressed

with bonding press.
3.1.2.2 Fabrication with micro-milling, CO, laser and thermal bonding
In this case, only two layers composed the disc (Figure 3.5 (A), Figure 3.5 (B) and Figure 3.5 (C)):

A. 0.6 mm thick PMMA layer with inlet, venting and alignment holes,
B. 3 mm thick PMMA layer with loading, waste, cell culture chambers, micro-channels and

alignment holes.

A ' B I
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Figure 3.5: (A) Top PMMA layer, (B) PMMA layer with loading, waste, cell culture chambers and micro-channels, (C) Fully

assembled system.

The inlet, venting and alignment holes on the top layer (Figure 3.5 (A)) were fabricated with CO»
laser abalation, while the structures on the second layer (Figure 3.5 (B)) were made with micro-
milling. After the fabrication, the two layers were bonded together with thermal bonding. The
parameters used for ablation, milling and thermal bonding are reported in the second chapter:

“Materials and methods” (Figure 3.6).

Figure 3.6: The disc layers fabricated with both laser ablation and micro-milling and bonded with thermal bonding.
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3.1.3 Flow rate evaluation

As mentioned in chapter one is important to create a suitable environment for the cells, so it is

necessary that we achieve a stable flow rate.

3.1.3.1 Fluidic tests of first prototype, fabricated with CO, laser ablation

The disc fabricated with CO» laser was tested two times with a rotational frequency of 1.5 Hz,

spinning the disc counterclockwise and using both high-purity water with and without food dye.

High-purity water or “ultrapure water” was obtained with several step of filtration, through resin

filters, and deionization[77].

To calculate the flow rate in the way it was reported in the second chapter, a picture of waste chamber
was taken every hour for eight hours in the first experiment and six hours in the second experiment.
In both experiments then the disc was left to spin overnight. The results obtained are reported in two

different graphs, where the flow rate is represented over time (Figure 3.7 (A), 3.7(B)).
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Figure 3.7: (A) Results obtained testing the disc at a rotational frequency of 1.5 Hz, with “ultrapure” water plus food dye for eight
hours and leaving it to spin overnight. (B) Results obtained testing the disc at rotational frequency of 1.5 Hz, with only “ultrapure”

water for six hours and leaving it to spin overnight.

The results show that the average flow rate was similar in the both experiments ( 0.57 pl/min in the
first one and 0.62 pl/min in the second one). However, the flow rate decremented from a value of

about 1.6 pl/min to a value of 0.03 pl/min during the first test and from a value of about 1.5 pl/min

to 0.07 ul/min in the second test.

3.1.3.2 Fluidic tests of the first prototype fabricated with micro-milling

Since the previously obtained results suggested that there is no relevant flow rate difference between
the test carried out with ultrapure water in the presence or absence of food dye, this tests were carried
out only with ultrapure water as previously described. The test was performed two times at a rotational

frequency of 1.25 Hz. The results obtained are reported in Figure 3.8 (A) and 3.8 (B).
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Figure 3.8: (A) Results obtained testing the disc at rotational frequency of 1.25 Hz, with “ultrapure” water for ten hours and leaving it
to spin overnight. (B) Results obtained testing the disc at rotational frequency of 1.25 Hz, with “ultrapure” water for about six hours

and leaving it overnight.
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The results show that the flow rates obtained were not stable: they decremented during the first hour,
then there were picks where the flow rates took higher values and after these picks, they started to
decrement again. Furthermore, the average flow rates were different: 0.47ul/min for the first

experiment and 0.20ul/min for the second experiment.

3.2 Second prototype design of the cell culture on disc device

This section presents the second design, its fabrication, fluidic test and the results obtained.

3.2.1 Description of the second design

The second design was similar to the first one; the only difference is that the loading chamber was
modified in order to have a more stable flow rate. It was composed by two channels very close each
other, to avoid the possible pressure difference between the channels, as it will be explained in
detailed in the section 3.3 first and second prototype design problem’. In this design each channel had

a width of 4.40 mm and a depth of 1.5 mm (Figure 3.9)

Inlet hole
Loading chamber
composed by two closer Waste chamber the

channel same of the first

prototype

Micro-channel

Cell culture chamber

the same of the first

Venting hole

prototype.

Figure 3.9: Second prototype design.
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3.2.2 Fabrication

Two layers composed the disc (Figure 3.10 (A), Figure 3.10 (B) and Figure 3.10(C)):

A. a 0.6 mm thick PMMA layer with inlet and venting holes,

B. a2 mm thick PMMA layer with loading, waste, cell chambers and micro-channels

B

A

Figure 3.10: (A) Top layer with inlet and venting holes. (B) layer with loading, waste, cell chambers and micro-channels. (C) Fully

assembled prototype.

The inlet and venting holes on the top layer were realized with CO- laser, while the structures on
the second layer were fabricated with milling machine. After the fabrication, the two layers were

bonded with thermal bonding to avoid the adhesive layers that could affect the fluid flow inside the
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disc. The parameters for CO; laser ablation, micro-milling and thermal bonding are reported in the

second chapter “Materials and methods” (Figure 3.11).

Figure 3.11: The disc’s layers were fabricated with both CO2 laser ablation and micro-milling and joined with thermal

bonding.

3.2.3 Evaluation of flow rate

The cell culture on disc system was tested at different rotational frequencies: 3.5Hz, 3Hz, 2.5Hz and
2 Hz, spinning it counterclockwise and using only “ultrapure” water. During the tests, photos of waste
and loading chambers were taken. We took images of loading chamber to be able to correlate the
position of liquid with the changes in the flow rate, as we observed previously. The results obtained

are reported in Figure 3.12 (A), Figure 3.12 (B), Figure 3.12 (C), Figure 3.12 (D) and Figure 3.12

(E).
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Figure 3.12 (B): Flow rate during the fluidic test and its average value.
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Figure 3.12 (C): Flow rate during the fluidic test and its average value.
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Figure 3.12 (E): Flow rate during the fluidic test and its average value.

The results in Figure 3.12 (A), Figure 3.12 (B), Figure 3.12 (C) show that the flow rate was not stable,
while in Figure 3.12 (D) and Figure 3.12 (E), both obtained spinning the disc at a rotational frequency
of 2 Hz, we noticed that there is a correlation between the location of the liquid in the inlet reservoir
channel and the changes in flow rate (Figure 3.13). When the fluid was in the first channel of
reservoir, the flow rate assumed higher values than those assumed in the second channel, which means
that probably there still a significant difference in pressure between the channels, which effect can be

observed at low rotational frequencies.
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Figure 3.13: In both experiments done at low rotational frequency (2Hz) we can see that the flow rate assumed higher
values when the fluid was in the first channel of loading chamber. The flow rate value started to decrease during the

passage from the first channel to the second one.

3.3 Problem with first and second prototype design

The flow rates in first and second design were not stable. It was seen that this problem was not due
to PSA used to join together the device’s layers, so a more accurate analysis about the centrifugal

microfluidic physics was done.
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From the theory, the fluidic control on a rotating system occurs through three principal forces (the
centrifugal force, Coriolis force and Euler force) that arise from the disc rotation and they are

discussed in the Appendix.

The centrifugal force is the force that permits to move the fluid from the center of the disc radially
outward. This force depends on the square of angular velocity and on the distance from the center of
the disc; keeping the angular velocity constant, centrifugal force increases if the distance from the
center of rotation increases. However, it is better to use centrifugal pressure present on a liquid plug
than vectorial force. The differential centrifugal pressure (AP,,) on a radial column of fluid can be
achieved by integrating the magnitude of centrifugal force from radius r; to r,, where 1, — 7y is the

column fluid radial length [78]:
r2 .2 1 202 2
AR, = [} pwPrdr =1 pw?(rf — 1) @)

The differential centrifugal pressure between the loading chamber and waste chamber of first and

second design were calculated used equation (2)

First prototype design

In the first design, three channels composed the loading chamber, so the differential pressures
between first and waste channel, between second and waste channel and between the third and waste
channel were calculated. Each channel had a circular geometry so to calculate the pressure the mean

radius of each of them was taken (Figure 3.14).
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Figure 3.14: CAD design with differential centrifugal pressures.

For the tests a rotational frequency of f = 1.25 Hz (w = 2nf = 7.85 rad/s) was chosen and water

kg X
was used (p = 1000 ﬁ) so:

1. AP, =-pw?(r} —r2) = 51.01 Pa

2. AP, = 2pw?(52 — 1) = 43.55 Pa

3. APys =S pw? (2 —14) = 3349 Pa
From the calculations:

AP,; < AP,, < AP,

This result shows why the flow rate decreased during the fluidic tests: moving from the first channel
to third channel of loading chamber, the differential pressure decreased so also the flow rate reduced

its value.

Second prototype design
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In the second design, two closer channels composed the loading chamber so the differential

centrifugal pressure between each channel and waste chamber was calculated (Figure 3.15).

Figure 3.15: CAD design with the differential centrifugal pressures.

For the fluidic test a rotational frequency of 1.5 Hz (w = 2nf = 9.42 rad/s) was chosen and water

(p = 1000 kg/m?3) was used so:

1. AP, = pw?(r} — %) = 66.54 Pa

2. AP, = pw?(r2 —3) = 54.63 Pa

From the calculations:
AP,,, < AP,

This results means that moving from the first channel to second one, the differential pressure
decreased and so also the flow rate, indeed, when the liquid was in the first channel the flow rate
assumed higher values than those assumed when the liquid was in the second channel of the loading
chamber (Figure 3.13). Even if the channels in this case were closer to each other, the pressure

difference was still significant when low rotational speeds were used.
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3.4 Solution: design on the third prototype

3.4.1 Description of design

To solve the problem of previous designs a third design was realized. It was composed of a single
loading chamber, cell culture chamber, waste chamber as well as the micro-channels, inlet and

venting holes (Figure 3.16).

Waste chamber

Loading chamber
composed by a

. ) composed by a
single circular

single circular

channel

channel
Inlet and venting
holes Serpentine

micro-channels

| Cell culture chamber

Figure 3.16: Photograph of the third design.

A single circular channel with a width of 5 mm and depth of 2 mm composed the loading chamber.
Before to choose a width of 5 mm, three different widths: 8mm, 5.5 mm and Smm were tested (Figure
3.17 (A), Figure 3.17 (B), Figure 3.17 (C)) in order to verify which value permitted to have a good
fluid front during the fluidic test. An example of what means a good fluid front is reported in figure

3.18.
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Figure 3.17: (A) The loading channel with a width of 8mm. (B) The loading channel

with a width of 5.5 mm. (C) The loading channel with a width of Smm.

t+At, t

t+At, tHAt,

Figure 3.18 A good fluid front (left) can be achiewed if the channel has an appropiate width. If the channel is too

large the fluid moves as reported on the right side.

60



It was seen that the channel with a width of 5 mm allowed a good fluid front.

The waste chamber was composed by a single circular channel with a width of 4 mm and a depth of

2 mm. In this way, having a single channel both for loading and waste chamber, the same differential

centrifugal pressure between them was always present (AP,,; = % pw? (12 — 1)) (Figure 3.19)

Figure 3.19: CAD drawing of the design with the differential centrifugal pressure between loading and waste chamber.

The cell chamber was not modified, while the two micro-channels, which connected the cell chamber
to two reservoirs, were designed with a serpentine shape in order to have low shear stress inside the

chamber.

3.4.2 Fabrication technique

At first, the third design was fabricated with the rapid prototyping technique, CO> laser ablation, in

order to perform initial fluidic tests and evaluate the flow rates.

Five layers composed the disc (Figure 3.20 (A), Figure 3.20(B), Figure 3.20 (C), Figure 3.20 (D),

Figure 3.20 (E )and Figure 3.20 (F)).

A. a2 mm thick PMMA layer with inlet and venting holes,
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t

a 0.150 um thick PSA layer with inlet and venting holes,
a 2 mm thick PMMA layer with loading, cell culture, waste chambers and micro-channels,

a 0.150 um thick PSA layer with loading, cell culture and waste chamber,

a 2mm thick PMMA layer used as lid.
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Figure 3.20: (A) top layer with inlet and venting holes. (B) PSA layer with inlet and venting holes. (C) PMMA layer with loading, cell,

waste chambers and micro-channels. (D) PSA layer with loading and waste chambers. (E) PMMA layer. (F) Fuuly assembled fluidic

system.

The parameters of CO» laser ablation that were used to cut the PMMA and PSA layers and to engrave

the structure on PMMA are reported in the second chapter “Materials and methods”. After the

fabrication, the different layers were bond together using PSA and pressed with a force of 12 kN,

which was applied by bonding press, for five minutes.

3.4.3 Fluidic tests

The disc was tested at different rotational frequencies that ranged from 2.125 Hz to 1.125 Hz, spinning

it counterclockwise and using only “ultrapure” water.

The results obtained are reported in Figure 3.21 (A-I)
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Cell on a disc 1.625 Hz

y ise 1.5 Ha
E %0 F 1 (‘-ellnulﬂ (11..r| L5 H.‘/
2% 12
.
- =10
E . 5
e s, " . |
= . oo ®® = 8f
E ™ . =
a2 il g ¥ . En (1] L]
Z o £
& R * g
= e o b ® e
2 10 z L]
= = o, o LY.
D o4l
e ® . e ¥ . * Tage
.® [ LI
5 ol . ® 1
2 .
.
®e
0 10 20 30 40 50 60 0 20 40 60 S0 100 120 140 160 180 200 230
t {min) t {min)
® Flow mte ® Flow e
Average Flow rate= 1 ul /min Average Flow rate=1.25 ul/min
Cell on a disc 1.375 Hz )
10 . . . ; | Cell on a disc 1.25 Hz
sk
08k
=
g El
=6 8
= S06}
@ [ =
= 2
24t g
z 4 o4t
S z
= ]
=
2L .
2 0.2 * 1
- I * ., I I I I 3
e S o5 g & , 8 o *
( - : . ~ ——— LS : | | | | | | | | |
o %0 100 10 200 280 300 0 400 0 60 100 150 200 250 300 350 400 450 500
t (min) t (min)
® Flow mie ® Thow e
Average Flow rate=0.50 ul/min Average Flow rate—0.15 ulfmin
I ol Cell on a disc 1.125 Hz
0.08 |
E
Soo06) ®
@
=
S0t
g .
&
.
2L -
0.02 ot
* e
0 ] ] | ] | ]
0 200 400 600 800 1000 1200

t (min)

® Flow rate

Average Flow rate=0.02 ul/min

Figure 3.21 (A)-(I): Flow rates and their average values obtained testing the disc at different rotational frequencies

In most experiments, the flow rate was higher at the beginning because the disc was spinned at higher
velocity to prime the system. However, the flow rates obtained were more stable than those obtained

with previous designs.

Furthermore, the dependency between flow rate and rotational frequency was found (Table 1 and
Figure 3.22). The figure 3.22 shows that the dependency can be approximated with a second order

polynomial, indeed the velocity u of liquid plug in a centrifugal microfluidic system depends on the
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square of disc’s angular velocity w (w = 2mf where f is the rotational frequency)[79] hence also the

flow rate because it depends from the cross section area and the fluid velocity:

Q=4A-u

Table 1: Average flow rate, standard deviation (STD) and

number of samples used to calculate STD for each

frequency.
Frequency Flow rate STD Number
(Hz) (nl/min) of samples
2.125 84.74 4.96 10
2 83.54 11.26 6
1.875 60.38 11.14 9
1.75 33.32 11.82 13
1.625 16 4.11 21
1.5 4.25 2.29 43
1.375 0.50 0.73 39
1.25 0.15 0.03 17
1.125 0.02 0.016 7

Flow rate {ul/min)

Dependency Q-f

. | |
1.2 1.4 1.6 1.5
f (Hz)

Figure 3.22: Dependency between the flow

rate and the rotational frequency

3)
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Chapter 4

Lab-on-a-disc for long-term cell culture

The previously presented third design permitted to obtain stable flow rate inside the disc. The next
step was to verify if it was possible to increase the volume of loading chamber in order to cultivate

bacteria cells for a few days and to achieve the formation of biofilms.

In this chapter, a disc that permits a bacteria cell culture for about five days is presented.

4.1 Design and fabrication

The design of the disc was the third one presented in the previous chapter (Figure 3.20) with the only
difference that loading chamber and waste chamber had a depth of 5 mm in order to have a total
volume of about 3ml. As mentioned earlier, firstly, the disc was fabricated with a rapid prototyping
for the initial tests. However, for bacterial culturing our goal was to create much smoother surfaces
than the ones which can be achieved with laser ablation, therefore, the systems presented below were

fabricated with micro-milling.

4.1.1 Fabrication with milling machine, CO, laser ablation and thermal

bonding

In this case, only two layers composed the disc (Figure 4.1 (A), Figure 4.1 (B), Figure 4.1(C)):

A. a 0.6 mm thick PMMA layer with inlet and venting holes,

B. a 8 mm thick PMMA layer with loading, cell, waste chambers and micro-channels.
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Figure 4.1: (A) CAD drawings of the top PMMA layer with inlet and venting holes. (B) PMMA layer with loading, cell culture,

waste chambers. (C) Fully assembled system.

The holes in layer A were realized with CO: laser ablation, while the structures in layer B were
realized with micro-milling. After the fabrication, the two layers were joined by thermal bonding.
The parameters used for milling machine, CO; laser and thermal bonding are reported in chapter 2:

“Materials and methods”.
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4.2 Fluidic tests

As described in the previous section, the disc fabricated with CO» laser ablation was tested at different
rotational frequencies: 1.375 Hz, 1.25 Hz, 1.125 Hz, 1 Hz, 0.9375 Hz, and 0.875 Hz, spinning it

counterclockwise and using only “ultrapure” water.

The results obtained showed that the flow rates were more stable, however still with high variation.
The reason for the flow rate instability and variation could be to the effect of the PSA, which can
protrude in the channels and partially occlude them. Since in this case we used micro-milling, to
achieve smoother and more precise structure and avoid the use of PSA, we expected lower variation
in flow rate during the experiments. In addition, the inlet and venting holes were closed with filters
in order to verify if they caused changes in fluid flow (Figure 4.2). The usage of filters is needed

when performing the bacterial cultures.

Figure 4.2 Photograph of the disc with filters in the inlet and venting holes.

The filters are important for a cell cultures. They have a diameter of 3mm and a hydrophobic
membrane with 0,20 um pore size that prevented that bacterial culture are contaminated with other

undesired cells. [80] (Figure 4.3).
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Figure 4.3: Sterile filters.

The disc was tested at different frequencies: 1.125 Hz, 1 Hz, 0.9375 Hz, 0.875 Hz, 0.75 Hz, 0.625
Hz, 0.5 Hz, 0.375 Hz, spinning it counterclockwise and using “ultrapure” water. For each frequency,
except for 0.5 Hz and 0.375 Hz, a two hours test was repeated three times in order to evaluate the
repeatability of the results. In these tests, higher flow rates than those obtained previously at the same
rotational frequencies were expected, based on equations reported in section 4.3, since the loading
chamber was deeper. The results obtained (Figure 4.4) show that for each frequency the flow rate was

stable and repeatable.
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Figure 4.4: Graphs shows the flow rate over time obtained at different rotational frequencies.

Considering the frequencies from 1.125 Hz to 0.625 Hz, the dependency between flow rate and

rotational frequency (Table 2) was plotted as presented in Figure 4.5.
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Table 2 Average flow rate, STD and number

of samples used to calculate STD for each

frequency.
Frequency FlOW STD Number 5 . . L)Ppeurl(lam)- Q-f . .
(Hz) rate of I
(nl/min) samples
1.125 14.29 0.53 12
1 429 0.29 |

€ {1l 1nin)

0.9375 3.79 0.35
0.875 3.13 0.53
0.75 1.35 0.28
0.625 0.83 0.04

N N &N | ©

__7-I’""“

Figure 4.5 Dependency between the flow rate and

rotational frequency.

We found that at 0.375 Hz the flow rate was 0.5 pl/min that is suitable for grow bacterial biofilms in
perfusion; therefore we tested the flow rate at this frequency using M9 medium in order to evaluate

if the bacterial culture medium effects on flow rate.

M9 is a common medium for bacterial cultures, containing vitamins, salts, glucose, antibiotics and
“ultrapure” water. Other components can be added to it to obtain a higher growth rates or to cultivate

specific bacterial strains (Table 3) [81].

Table 3:Components of M9 medium.

M9 medium For 50 mL
10x M9 salts 5 ml
CaCl, 5ul
2000x trace elements 25 ul
100x vitamin solution 0.5 ml
MgSO4 100 pl
Glucose 2.5ml
ITPG 50 ul
Chloramphenicol 68 pl
Spectinomycin 50 pl
MilliQQ water 50 ml
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The Flow rates test was performed three times with the inlet and venting holes closed with filters. In
the first two experiments, the disc was left to spin for two hours and the average flow rates obtained
were: 0.73 pl/min for the first test and 0.67 ul/min for the second one (Figure 4.6) These values were

slightly higher than those obtained with only “ultrapure” water.

A Cell on a disc Smm 0.375 Hz
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Average secomd experinent=_067 ul/min

Figure 4.6(A) Flow rate and average value for the first two experiments.

The third flow test was performed for two days and the results obtained (Figure 4.6 (B)) showed that

for 40 minutes the flow rate was 0.76 pl/min and decreased to a stable value of 0.35/0.40 pl/min over

time.
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Figure 4.6 (B):Flow rate during the test and its average value in red.

Therefore, another test, always using M9 medium, a rotational frequency of 0.375 Hz and covering

the holes with filters was done to verify when the flow rate stabilized at values between 0.35/0.40

pl/min. The graph in Figure 4.7 shows that after four hours the flow rate ranged from 0.36 pl/min to

0.49 pl/min, reproducing, in this way, the values obtained with “ultrapure” water.
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Figure 4.7:Flow rate and its average value in red.

4.3 Theoretical calculations of the flow rates and estimation of shear stress

inside the cell culture chamber

The following equations are used to estimate the values of flow rate in the designed centrifugal
microfluidic platform. The equations described in this section are valid for laminar flow. A fluid flow
is considered laminar when the Reynolds number (Re) is less 2300. The Reynolds number is given
by equation (4), where p is the density of the fluid, u the fluid viscosity, u the velocity of fluid and

Dy, the hydraulic diameter of the channel [32][82].

_ puDp
Re = — 4)

The volumetric flow rate in a microchannel is given by equation (5), where Ap is the pressure drop

across the channel and Ry, is the hydraulic resistance of the microchannel [32][82].

Q== 5)

Rhyd
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The resistance in a rectangular channel can be derived from the Navier-Stokes equations and is given

by equation (6) , where L is the length of channel, w is its width and h is its height [32][82].

12ul h (192 Qoo 1 n
Ruva =20 [1 = (255t ) ?

w

If w = h or w = 2h this expression for the resistance can be approximated (equation 7) with an error

of 13% or 0.2% respectively [82].
-1
Riya ~ |1 - 06301 ] 7)

In this case, equation (5), which becomes equation (8) replacing the expressions for differential
pressure and hydraulic resistance, was used to calculate theoretical flow rates at different rotational
frequencies, assuming that the serpentine rectangular micro-channels dominates the hydraulic

resistance and that the pressure difference is caused only by the centrifugal force (equation (2)).

Q= e i)y _g6301] 8)

24l
The parameters and their values used for the calculations are reported in Table 4.

Table 4: Values of parameters used to calculate flow rate with equation.

Parameter Symbol Value Unit

Width of channel w 0.5 mm
Depth of channel h 0.3 mm
Length of channel L 45,4 mm
Inner Radius 7 20.18 mm
Outer Radius 1 41 mm
Viscosity U 0.001 Pa-s
Density p 1000 kg/m?

The theoretical flow rates obtained for each different angular velocity of the disc are reported in

Figure 4.8 (A) and Table 5, while in Figure 4.8 (B) theoretical and experimental results are compared.
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Table 5 Theoretical values of flow rate for

each rotational frequency.

Rotational frequency | Theoretical Flow rate » ey &7 *
(Hz) (nl/min) e
1.125 29.43 . t
1 23.25 5 .
0.9375 20.44 i o
0.875 17.80 % .
0.75 13.079 . .
0.625 9.08 .. |
0.50 5.81 %3 04 o5 111 12
0.375 3.27
Figure 4.8 (A): Theoretical flow rate
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Figure 4.8 (B) Theoretical and experimental flow rate for each rotational frequency.

The values obtained with the equation (8) are only an estimation of flow rates at different frequencies,

indeed the only force that was considered was the centrifugal force. In reality, the capillary force,
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which was present in the two micro-channels that connected the cell culture chamber to the two
reservoirs, opposed to centrifugal force and it could affect the flow rate. This explains why the

theoretical values were higher than those obtained experimentally.

As mentioned before, the purpose of this project was not only to have a stable flow rate but also to
achieve a value of flow rate that permitted to transport nutrients to bacterial cells without causing
high shear stress inside the cell culture chamber. High levels of shear stress could damage the cells,
causing their detachment from the surface or their death. Below an estimation of shear stress inside
the cell culture chamber is reported, using the expression (9) and the values of parameters reported in

Table 6 [83][9]:

_ 6uQ
=z )

Table 6: Values of parameters used to estimate the shear stress inside the cell culture chamber

Parameter Symbol Value Unit
Viscosity U 0.001 Pa-s
Flow rate Q 5e — 10 m3/s
Width of cell culture chamber W 0.0043 m
Height of cell culture chamber h 0.0005 m

The value obtained for the shear stress was 0.0000465 Pa which is far lower than that obtained in the
study[9], 0.017 Pa , where Pseudomonas Aeruginosa bacterial cells were grown in a microfluidic
channel and it was seen that the value of shear stress obtained was not harmful to cells and permitted

the formation of biofilm.
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4.4 Lab-on-a-disc for long term cell culture, additional optimization

Once we evaluated the flow rates, the inoculation hole was moved further away from cell culture

chamber in order to enable microscopic monitoring of the bacterial culture (figure 4.9 (A), Figure 4.9

(B).

A

Figure 4.9: (A) CAD drawings of the third prototype. (B) The new positions of inlet and venting holes.

Furthermore, the disc’s material was changed. The PMMA is a good material for cell cultures thanks
to its biocompatibility but it requires expensive and time consuming methods to be sterilized because
of it is sensitive to ethanol and it cannot be sterilized with high temperatures due to its low glass
transition temperatures (110°C). For these reasons, the material used to fabricate the disc was
polycarbonate (PC). PC is very similar to PMMA but it has a higher glass transition temperature

(145°C) and it can be sterilized using both heat steam and ethanol.

The disc was composed by two layers (Figure 4.10 (A), Figure 4.10 (B) and Figure 4.10 (C)):

A. a 0.6 mm thick PC layer with inlet and venting holes,

B. a 8 mm thick PC layer with loading, cell culture, waste chambers and micro-channels.
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Figure 4.10: (A) CAD drawings of the system with top PC layer with loading and venting holes. (B) PC layer with
loading, cell culture and waste chambers. (C) Fully assembled device.
The holes present in layer A were fabricated with a drill and not with CO> laser because when the PC
meets CO> laser’s beam, the PC changes its color, losing its transparency (Figure 4.11), while the
structures present in layer B were made with micro-milling. Finally, the two layers were joined by
thermal bonding. The parameters used for milling machine and thermal bonding are reported in the

second chapter “Materials and methods”.
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Figure 4.11: Photograph of PC layer cut using CO; laser.

4.6 Lab-on-a-disc for long term cell culture: implantation of Pseudomonas

aeruginosa bacterial cells.

4.6.1 Pseudomonas aeruginosa bacterial cells

Pseudomonas aeruginosa are gram-negative, rod shaped bacteria [84].

These bacteria can grow both in terrestrial and aquatic environments and they can cause infections in

plants, animals and humans [84][85].

Furthermore, Pseudomonas aeruginosa bacteria have the ability to form biofilms with high resistance
to antibiotics both on living and non-living surfaces and, for this reasons, they are responsible for the
most nosocomial infections and they are considered the first cause of death in patients with Cystic

fibrosis [84][85][86].

Unfortunately, the current therapies, based on use of antibiotics, result inefficient in most cases, so
new drugs or treatments that for example have effect on communication system (QS) of bacteria cells

have to be developed.
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4.6.2 Pseudomonas aeruginosa culture in the developed lab-on-a-disc

device

After finding the right design and the appropriate rotational frequency for bacterial culture, firstly the
system was sterilized in autoclave using a heat steam as reported in section 2.4.2 and then it was
placed in the incubation room (30°C) at DTU Biosustain where Pseudomonas aeruginosa cells was
inoculated with insulin syringe inside the disc’s cell chamber. The disc was left to spin at a rotational
frequency of 0.375 Hz for two days inside an incubator room. The photographs in Figure 4.12 (A and

B) were taken with confocal microscope, in the first and second day of the cell culture.

A

Figure 4.12: (A) Confocal microscopy images of bacterial cells at day 1 (B) and day 2.

As it can be observed from the images only few cells reached the chamber, this was due to the
geometry of micro-channel through which the solution was inoculate, so it was decided to change it
by enlarging it, in order to enter inside it with the syringe, and doing it closer to cell chamber (Figure

4.13 (A and B) and Figure 4.14
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Figure 4.13: (A) CAD drawings of the design used to cultivate Pseudomonas aeruginosa. The microchannel had a width
of 0.4 mm. (B) CAD drawings of the design with modified micro-channel to inoculate bacterial cells. The micro-

channels had a width of 0.7 mm and it was closer to cell chamber.

Figure 4.14: Final design with new micro-channel to inoculate bacterial cells.
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Conclusion

This thesis has presented the possibility of creating a centrifugal microfluidic platform for the
formation and treatment of bacterial biofilms and the results obtained show that the fabricated design

could be suitable for this purpose.

Indeed, the new platform was tested at different rotational frequencies and for each frequency, it was

observed that the flow rate was stable and its value was calculated.

At 0.375 Hz a flow rate of few hundreds nl/min was obtained and in according to study[9] this value

permits to transport nutrients to cells causing low shear stress that does not damage them.

Furthermore, it was important to use low rotational frequency to have low values of forces that arose
from rotation in order to permit the cell attachment and biofilm formation. However, the forces and

shear stress are still under calculation in collaboration with DTU compute department.

The next steps for this platform would be the formation of bacterial biofilms inside the cell chamber,
the test of antibiotics, the monitoring of the antibiotics’ effect and the integration of sensors to be

able to perform real-time measurements in order to see how bacterial cells respond to drugs.
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Appendix
This section will present the forces that permit the fluid flow and to implement unit operations inside
lab on discs.

In general, the forces can be divided in two types [87]:

e extrinsic forces

e intrinsic forces

The extrinsic forces are due to the use of external means, so they were not used in this thesis because

an external equipment has not been used.

The intrinsic forces, instead, can be divided in pseudo forces and non-pseudo forces. The pseudo
forces arise from the centripetal rotation of the rotor and they include the centrifugal force (F(), the

Coriolis force (F¢g) and the Euler force (Fg) (Figure A.1).

center of rotation

o

FEuler FCoriolis i

l Fcentrifugal

Figure A.1: forces that arise from the disc rotation [87].
The centrifugal force permits the fluid flow from the center of the disc radially outward [87][88]. The

expression for this force is:

Fc=—-pwx(wxr) (10)
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Where p is the fluid density, w is the angular velocity of the disc and r is the radial position.

The Coriolis force is a tangential force and it is always opposite to the direction of the disc’s rotation.

It is used for mixing of samples and for flow switching [38]. The equation for this force is:
FCO = —prxv (11)
Where p is the fluid density w is the angular velocity and v is the velocity of the fluid.

The Euler is another tangential force, as Coriolis force, and its expression is:

dw
Fgp= —p - XT (12)
Where r is the radial position and w is the angular velocity.

The non-pseudo forces are present in rotating and non-rotating system [87] and, for example, they
include: viscous force, pneumatic force and the capillary force. The capillary force is opposite to the

centrifugal force and it is exploited to create passive valves inside a lab-on-a-disc [88].
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