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ABSTRACT

CENTRIFUGAL MICROFLUIDIC-BASED PLATFORMS FOR IN
VITRO DIAGNOSTICS

In vitro diagnostics (IVDs) encompass all tools used in medical diagnosis and play
a critical role in enabling early disease detection. The advancement of IVVDs has led to the
use of exosomes, which facilitate intercellular communication, as biomarkers for early
diagnosis. Although traditional 1'VDs are considered the gold standard, they often come
with high costs and lengthy processing times. To address these challenges, IVDs are being
adapted to point-of-care systems using microfluidic technologies. In this context, a novel
microfluidic fabrication method was developed to isolate and enrich exosomes on a
poly(methyl methacrylate) (PMMA)-based microfluidic chip. This method leverages
pure acetone as both a surface enhancer and adhesive, overcoming issues of surface
roughness and opacity by promoting self-healing and transparency in the PMMA
channels. The resulting chips are not only more durable but also cost-effective and easy
to fabricate. This method was successfully applied to create a centrifugal microfluidic
chip with a dead-end channel designed for nanoparticle and exosome isolation. The chip
efficiently isolated particles of various sizes—200 nm in 20 minutes, 100 nm in 30
minutes, and 50 nm in 60 minutes—using a standard bench-top centrifuge at 9000 rpm
(9418 g). Notably, exosomes were isolated from the cell medium within an hour without
the need for markers. This innovative centrifugal-based microfluidic platform holds

promise for diverse 1\VVD applications.
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OZET

IN VITRO TESHIS ICIN SANTRIFUJ EDiLEBILIR MiKROAKISKAN
TEMELLI SISTEMLER

In vitro tan1 (IVD) ydntemleri, tan1 koymak i¢in kullanilan tiim araclar1 kapsarlar
ve erken teshis sagladiklari i¢in biiyiik 6nem tasirlar. IVD'lerin gelisimi, hiicreler arasi
iletisimi saglayan eksozomlarin, ozellikle hastaliklarin erken teshisinde biyomarker
olarak kullanilmasina olanak tanimistir. Geleneksel IVD'ler altin standart olarak kabul
edilmesine ragmen, genellikle yiiksek maliyetli ve zaman alicidir. Bu zorluklarin
tistesinden gelmek icin IVD'lerin mikroakigskan sistemler kullanilarak hasta basi
sistemlerine uyarlanmasi gerekmektedir. Bu baglamda, polimetil metakrilat (PMMA)
bazli bir mikroakiskan ¢ip lizerinde eksozomlar1 izole etmek ve zenginlestirmek icin yeni
bir mikroakiskan iiretim yontemi gelistirilmistir. Bu yontemde, saf aseton hem ylizey
iyilestirici hem de yapistirict olarak kullanilmig, PMMA kanallarindaki yiizey
puriizliiliigii ve opaklik sorunlarini ortadan kaldirarak yiizeyin kendini onarmasini ve
seffaf hale gelmesini saglamistir. Elde edilen ¢ipler, yalnizca daha dayanikli olmakla
kalmay1p, ayn1 zamanda uygun maliyetli ve kolay iiretilebilir niteliktedir. Bu yontem,
nanoparcacik ve eksozom izolasyonu i¢in kapali bir kanal igeren santrifiijlii mikroakiskan
bir ¢ip iiretmek i¢in basariyla uygulanmistir. Cip, 9000 rpm (9418 g) hizinda standart bir
masaiistii santrifiijde 200 nm pargaciklar1 20 dakikada, 100 nm parcaciklar1 30 dakikada
ve 50 nm parcaciklart 60 dakikada izole etmeyi basarmustir. Ozellikle, eksozomlar,
belirte¢ kullanmadan, hiicre ortamindan bir saat i¢inde izole edilmistir. Bu yenilike¢i
santrifiij tabanli mikroakiskan platform, farkli IVD uygulamalari i¢in umut vaat

etmektedir.
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CHAPTER 1

INTRODUCTION

1.1. In Vitro Diagnostics

According to the Food and Drug Administration (FDA), all devices and reagents
used in the collection, preparation, and analysis of biological samples such as sweat,
saliva, and tissue are called in vitro diagnostic (IVD).! With today’s developing
technology, it is also called the doctor’s eye because it provides a specific diagnosis of
the disease using various biomarkers in the clinic.? In addition to diagnosing the disease,
monitoring, treatment, and post-treatment processes are also provided.® In addition, since
IVD does not require direct contact with the human body (saliva, urine, etc.) or minimally
invasive procedures (such as blood) to collect samples, it does not have the biosafety
concerns of in vivo methods.* Thanks to these advantages and importance, the market
share of IVD technologies, whose market share is increasing day by day, has reached
74.46 billion dollars globally in 2022.°

IVD methods such as enzyme-linked immuno surface assay (ELISA), polymerase
chain reaction (PCR), and mass spectroscopy (MS), which are used today and have
become the gold standard, are used in many areas from the pharmaceutical industry to the
diagnosis of parasitic diseases and infectious diseases.® However, these methods have
disadvantages such as multiple sample preparation steps, the use of expensive and
complex devices, being time-consuming, and the need for trained personnel.’” Considering
the importance of IVD systems, it is necessary to make this technology accessible to
people in a quality and cost-effective manner, especially in regions with limited
resources.® To achieve this, traditional IVD methods need to be adapted to point-of-care
(POC) systems, miniaturized, and made portable.’

Developments in the field of IVD tests have enabled the use of new biomarkers,
especially for the detection of diseases at early stages such as cancer.!® Exosomes are

nano-sized particles that are released from most of the cells and play a critical role in

1



intercellular communication with the nucleic acids they contain.!! Since it is possible to
access exosomes from almost all body fluids (such as sweat and saliva), it has the
potential to be used as a non-invasive marker for cancer diagnosis.!? Since exosomes have
just begun to be used in the field of IVD, there is no traditional method.!* Although
exosomes can be isolated by methods such as ultracentrifugation and nanofiltration, these
methods are time-consuming, expensive, and low in efficiency.!* For this reason, new

methods and technologies are needed for the isolation of exosomes.

1.2. Microfluidic Technology for In Vitro Diagnostics

POC systems, which enable healthcare services to be provided at or close to the
patient, have an important place as they provide early diagnosis and disease follow-up. '
Especially in the SARS-CoV-2 pandemic that occurred in recent years, it has been the
biggest indicator of the need for POC systems to monitor and prevent the disease.'® When
developing POC systems, attention should be paid to features such as reliability,
portability, simplicity, and performing the process from sample to result on a single
device.!” For this reason, microfluidic technology has an important place in the
development of POC systems. '

Microelectromechanical systems (MEMS) are technologies that have existed for
more than 30 years and are also called microfabrication, laboratory-on-chip,
microsystems, micro total analysis systems.!” Microfluidics, a branch of MEMS 1t is a
technology that allows the processes carried out in the laboratory environment to be
carried out in micrometer-sized channels.’’ Thanks to the design and control of
experiments at the micrometer scale, this technology has enabled the miniaturization of
IVD systems due to the many advantages it offers in studies in the field of biology.>*!
Microfluidic systems can perform many operations such as sample preparation (filtration,
etc.), manipulation, and analysis of the reagent and sample in a very small area and

volume.??



Microfluidics

lq—_ M\ Mass Spectrometry .

PCR_

Figure 1.1. lllustration of conventional 1VDs.

Thanks to the adaptation of IVDs to microfluidics, operations normally performed
on devices such as ELISA and PCR can now be performed on microfluidic chips (Figure
1.1) In addition, with the developed systems, diseases such as chlamydia, malaria, and
thyroid disorder can be diagnosed (Figure 1.2).%-%'

However, while these methods are being developed, performing all operations
(sample preparation, centrifugation, filtration, analysis, etc.) on a single chip is still a
major obstacle. Additionally, as chip complexity increases, microfluidic chip fabrication
becomes more difficult, and its cost increases. For this reason, new fabrication techniques

and different microfluidics technologies such as centrifugal microfluidics are needed.?®



1. Paper Sensor
1.1. Washing reservoir
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Figure 1.2. Microfluidic devices for IVDS. A) Paper-based microfluidic for quantitative
malaria detection (Source: Arias-Alpizar et al., 2022) B) Microfluidic
system for thyroid detection (Source: Carvalho et al., 2023). C) Microfluidic
real-time PCR system for Chlamydia trachomatis detection (Source:
Brennan et al., 2021).

1.3. Centrifugal Microfluidics

Microfluidic systems can be divided into two classes, active and passive systems,
based on the forces used for fluid manipulation.?” While active systems include systems
that require an additional external force such as centrifugal, electrokinetic, and magnetic,
passive systems include systems that use internal forces such as capillary force based on
channel geometry and hydrodynamic forces.>* Centrifugal microfluidics or Lab-on-a-disc
platforms, which are a branch of active microfluidic systems, provide liquid manipulation
by utilizing centrifugal force.?® This technology facilitates the adaptation of IVD systems
to microfluidic technologies, as mixing the sample with the reagent, metering, and
integrating the chip with optical systems are easy.’! Centrifugal force, just like a

gravitational force, applies a force to every area of the chip, always from the center out.>?
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By taking advantage of this phenomenon, unlike normal microfluidics, it provides liquid
transfer without the need for devices such as external syringe pumps and vacuum. In
addition, mixing and valve structures are integrated into the chip and a sharper liquid
manipulation can be achieved with this technology.*® In addition, due to the effective and

equal force applied to the chip, problems such as bubble formation in the channel are
minimized.** Owing to these advantages, companies such as Roche and 3M have adopted

this technology and centrifugal microfluidic systems, which are actively used in the

market, have been developed (Figure 1.3).3

Figure 1.3. Commercially available centrifugal microfluidic devices for IVDs. A)
LIAISON MDX for real-time PCR (Source: DiaSorin, 2024). B) Cobas b
101 for blood parameter analysis (Source: Roche, 2024).

Since centrifugal microfluidics are often produced from polycarbonate materials,
they can work seamlessly with different solutions, surfactants, and biological fluids.®
Thanks to centrifugal force, it can provide isolation and enrichment of small amounts of
cells, particles, and molecules in these liquids by taking advantage of their physical
properties (density, volume, etc.).%® In order for these processes to occur, the forces acting
on the liquid must be thoroughly understood and parameters such as channel design and

centrifugal force and time must be carefully optimized.*’



1.4. Aim of the Thesis

The aim of this thesis is to develop and optimize a poly(methyl methacrylate)
(PMMA)-based centrifugal microfluidic chip for the efficient isolation and enrichment of
exosomes. The newly designed chip incorporates a novel microfluidic fabrication method
that utilizes pure acetone for both enhancing surface quality and bonding PMMA layers.
This approach addresses issues related to surface roughness and opacity, resulting in a
durable, cost-effective, and easy-to-manufacture device. The chip demonstrates effective
isolation of exosomes from cell medium within one hour, with the capability to handle
various nanoparticle sizes. The advancement of this microfluidic technology is expected
to enhance the integration of exosomes into in vitro diagnostic systems, improving
biomarker potential and facilitating the extraction of exosomes from body fluids for future

applications.



CHAPTER 2

FABRICATION OF PMMA-BASED MICROFLUIDIC
DEVICES USING PURE ACETONE AS A SURFACE
ENHANCEMENT AND BONDING AGENT

2.1. Introduction

Owing to advances in microfluidics, IVDs can be adapted to POC systems.?®
However, fabrication is of great importance in order to increase the applicability and
accessibility of these systems.>® Especially in poor and inaccessible regions of the world,
since resources such as clean water and electricity, which are the most basic needs, are
limited, attention should be paid to the development and use of sustainable, low-cost,
easily produced fabrication techniques when developing microfluidic systems.*°

Glass and Polydimethylsiloxane (PDMS) are widely used materials in
microfluidics fabrication because of their physical and chemical versatility.*! PDMS-
based microfluidics are one of the most popular used microfluidic fabrication
techniques.*? In this technique, after PDMS is mixed with a heat and light activating agent
to solidify, it is poured onto a master mold with the desired channel geometry and waited
for it to cure.* PDMS, which is removed from the mold after curing, is produced by
applying processes such as oxygen plasma to close the open channels, often by adhering
it to a glass substrate.** While PDMS molds can be produced with 3D printers, they are
traditionally produced by photolithographic method on a silicon wafer.** It is spread by
spinning photoresist (usually SU-8) onto silicon.*® The silicon wafer placed under the
mask made of plastic or glass containing the channel geometry is exposed to UV light

and the photoresist solidifies.*’ The parts that do not solidify are removed by washing in



developer and a positive or negative mold of the desired channel geometry is created

(Figure 2.1).%°

A) B)

—+Photoresist
Substra S

! !

——— UV Light

—PDMS
[ B Mok

E—

! !

miniies e — =]

Negative Photoresist Positive Photoresist

Figure 2.1. Illustration of the conventional microfluidic fabrication. A) Master mold
fabrication for PDMS. The photoresist is spun and spread on the substrate.
It is exposed to UV light under a mask with channel geometry. Mold
fabrication is completed by removing the uncured resist with the developer.
B) Creation of PDMS channels. PDMS mixed with a curing agent is
transferred onto the mold and spun. After PDMS is cured with heat, it is
removed from the mold and the channel pattern in the mold is transferred to
PDMS.

Since the fabrication techniques for these materials often require the use of a
silicon-based master mold, they require high costs, complex fabrication steps, and clean
room facilities.*® Oligomers in PDMS do not have crosslinks and may cause problems in
cell applications, and chips produced with PDMS are not suitable for the fabrication of

centrifugal microfluidic systems because they have low strength.*® In addition, this
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fabrication method is useful in conventional microfluidics, it is very difficult to use it in
centrifugal microfluidics due to the low strength of PDMS and the glass substrate used.®*
For this reason, polymers like PMMA, cyclic olefin copolymer (COC), and polycarbonate
(PC) are used in the fabrication of centrifugal microfluidics.>® Durable microfluidic chips
can be produced with materials processed using methods such as micromachining and
polymer molding.!

Thermoplastic polymer materials have begun to be widely used in microfluidic
chip fabrication due to their low cost, easy processability, and versatile material
properties.®® Thanks to these features, they are more suitable for mass fabrication
compared to glass or silicon-based systems.>® Many polymers such as PMMA, COC, and
PC can be used as alternatives to glass and silicone.>

PMMA is one of the most commonly used polymers in microfluidic chip
fabrication.> It has very favorable properties with its low cost, optical transparency, low
autofluorescence, mechanical properties, and biocompatibility.® It is also one of the
polymers with the lowest hydrophobicity compared to other polymers.>® There are various
techniques for PMMA-based microfluidics fabrication.

In this chapter, PMMA-based microfluidic chip fabrication technique was
developed by using pure acetone as both a surface enhancer and bonding agent. The
channels were kept in pure acetone at 50 °C for 3 min, and the glass transition temperature
of PMMA was subjected to heat treatment for 15 min in an oven at 100 °C, allowing the
channel surfaces to heal themselves. In this way, the channel surface, which was damaged
by the laser process, was made smooth and transparent again, and PMMA bulk properties
were restored. Subsequently, after the open channels and another PMMA layer were
attached with clips, pure acetone was administered between the PMMA sheets with a
capillary effect and adhesion was achieved by heat treatment in an oven at 100 °C for 5
min. At the end of the bonding process, a high-strength (>30 MPa) and air-tight seal is
achieved. With this work, fast, easy, low-cost, and high-strength chip fabrication has
become possible with the help of a single solvent. It is hoped that this method will

facilitate the development of microfluidic systems that can be used in 1\VD.



2.2. State-of-the-Art of PMMA-Based Microfluidic Fabrication

Techniques

PMMA-based microfluidic fabrication can be divided into two classes: processing
the desired channel geometries on the material surface and bonding the created open
channels with another PMMA layer.>’

2.2.1. Fabrication of Microfluidic Channels

In microfluidic chip fabrication with PMMA, channels are fabricated by
machining on the surface. Channels on PMMA can be made by hot embossing, injection

molding, micromachining, and laser ablation methods (Figure 2.2).

A) »
*Hot Surface
I:'_’['MMA Embosing Cooling M

B)
*Melted PMMA

E_’“ﬂ‘lc" Mold  TIpjection Cooling %
&)
»CNC
Drill Drilling —
I | -PMMA L [ LI
D)

F—' Laser Curter
. —
*Laser Engraving

——+PMMA

Figure 2.2. Illustration of the methods for creating microfluidic channel geometries. A)

Hot embossing. B) Injection molding. C) Micromachining. D) Laser ablation.
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2.2.1.1. Hot Embossing

The hot embossing method is a widely used method for the mass fabrication of
PMMA-based microfluidics.>® In this method, a metal or silicone mold containing the
channel geometry is raised above the glass transition temperature of PMMA (>105°C)
and pressed to the material surface at high pressures, thus transferring the channel
geometry on the mold to the material surface.>® Depending on the materials and
equipment used, fabrication can be achieved in 2-20 min.®® For example, electrophoresis
chips can be produced by hot embossing nickel strings at 180°C onto PMMA.%! However,
these methods require a master mold, the fabrication of channels with a high aspect ratio

is difficult, and the material may break when the mold is separated from the material.

2.2.1.2. Injection Molding

It is widely used in the fabrication of microfluidic channels with PMMA.%
Powdered PMMA is injected into the mold with the channel geometry through a narrow
opening at high temperature (>105°C) and high pressure.** PMMA, which melts and
combines in the mold, is removed from the mold when it drops below the glass transition
temperature and PMMA parts with channel geometry are obtained. These processes occur
quickly (<5 min). For example, droplet generators and mixing structures can be produced
quickly.** However, the equipment used in this method is quite expensive and requires a

master mold.®

2.2.1.3. Micromachining

Micromachining is based on carving the surface with a drill bit using devices such

as Computer Numerical Control (CNC).% For example, serpentine channels with
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dimensions of 200 pm wide and 50 um deep can be produced quickly.®” However, in this
method, the surface quality and optical properties are low and expensive.

2.2.1.4. Laser Ablation

Laser ablation is commonly used to create channels on PMMA.%® In this method,
a high-energy beam breaks the bonds of polymer molecules on the surface, leaving
decomposed fragments from the ablation regions.®” The laser, which generally moves in
the x-y plane, processes the channels designed with computer-aided drawing programs

onto the material.”’

Channel dimensions can be easily changed by changing the power
and speed of the laser.”! In this method, as in micro-machining methods, surface quality
and optical properties are low.”? Additionally, surface improvement processes can be
expensive.>*

For this reason, methods have been developed to improve the surface in a cost-
effective and rapid way. As an example, it has been noted that maintaining the PMMA in
23% acetone prepared in ethanol at 60°C for 10 min can result in improved laser-engraved
surfaces.” In addition to soaking in acetone, surfaces can be treated by exposing PMMA
layers to acetone vapor for 5 min and then curing them for 20 min to enhance the laser
engraved surfaces.”* Aside from acetone, a microfluidic chip may be created by

enhancing the PMMA surface with chloroform vapor for 4 min.”

2.2.2. Channel Bonding

The upper surface of channels machined on PMMA is often open.’® For this
reason, chip fabrication is achieved by covering the channels with an additional PMMA
layer, taking care not to block the channels.®® Oxygen plasma and corona treatment
processes used in adhering PDMS to the glass surface, which are used in traditional
microfluidics fabrication, cannot be used on thermoplastics because they provide very

low adhesion strength.”” In addition, processes such as oxygen plasma may cause the
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emergence of highly cytotoxic by-products (hydrogen peroxide) on the surface.”®
Thermal bonding, solvent bonding, and adhesive bonding are used to bond PMMA layers
(Figure 2.3).

2.2.2.1. Thermal Bonding

In this technique, PMMA layers heated above the glass transition temperature are
pressed together with hydraulic pressure. With this method, bonding strength ranging
from 1 MPa to 10 MPa can be obtained.”® For example, a chip that performs
electrophoretic separation was fabricated.®’ However, with this method, deformation may
occur in the channels due to the high and pressure applied during fabrication.

2.2.2.2. Solvent Bonding

It is based on the bonding of the layers by re-establishing the opened bonds after
the solvent applied to the interface of two PMMA layers causes the polymer bonds on the
surface to be opened.®! It is possible to change the bonding strength by adjusting the
solvent concentration and bonding time.®? Solvent duration and concentration must be
adjusted well to avoid any deformation in the channels due to solvent.®® For instance, by
mixing 20% dichloromethane in 80% isopropanol, bonding with a strength of 4.2 MPa
was achieved after curing for 15 min at 70°C.** Bonding of PMMA surfaces also can be
achieved with a bonding strength of 3.48 MPa for ethanol and 6.21 MPa for isopropanol
(IPA) by keeping it in ethanol or IPA for 5 min at 70 degrees and then using it between
cleaned surfaces.® In another method, after applying ethanol or IPA directly to the
surfaces, an adhesion with a strength of 28.75 MPa can be achieved after keeping the
surfaces attached to each other with the help of clips in the oven for 10 min (74°C for
ethanol, 68°C for IPA) and then for 40 min at room temperature.” Furthermore, a solvent-
based bonding technique using acetic acid and UV irradiation can help to reach 11.75

MPa bonding strength with 20 min curing.®
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Figure 2.3. Illustration of the bonding techniques. A) Thermal bonding. B) Solvent
bonding. C) Adhesive bonding.

2.2.2.3. Adhesive Bonding

It is a method of bonding PMMA layers with pressure-sensitive silicone or
acrylic-based double-sided adhesive tapes. After the desired channel geometry is created
on the tape with a laser cutter, when two PMMA layers are glued together, channels at
the tape height can be obtained.®” For example, microfluidic chips that selectively
quantify white blood cells and neutrophils can be produced with channels of 4 mm width

and 50 um height.2 Thanks to the tapes, multilayer microfluidics can be produced
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without damaging transparency.® In this method, bonding strength ranging from 1 MPa
to 2 MPa can be obtained. In addition, channel height is limited by the size of the band.*

2.2.2.4. Other Bondings

There are methods for bonding PMMA parts using microwaves.” It can provide
rapid bonding by absorbing microwave rays of a thin metal sheet (such as gold) between
two PMMA sheets.® For example, it has been shown that an eye-shaped metallic mesh
can be placed between PMMA layers, and the layers can be bonded via microwave.* It
has also been shown that microwave adhesion can be achieved by spreading a 50%
concentration of ethanol between PMMA layers, without the need for a metal between
the PMMA layers.*

2.3. Materials and Methods

2.3.1. Fabrication of Open Microfluidic Channels with Enhanced
Channel Surface on PMMA

1 mm % 10 mm (width X length) channels were engraved on the surface of PMMA
(Akpolimer, Turkey) with a thickness of 2 mm using a laser cutter equipped with a 40W
CO: laser (Makeblock LaserBox, China). Before engraving, the front and back surfaces
of the PMMA were covered with tape (Avansas, Turkey). The channel template was cut
from the tape with the laser cutter by adjusting the cutting speed to 80 mm.*! (100%) and
the laser beam power to 20W (%50). After cleaning the surface with isopropanol (Luxor
Chemicals, Turkey), engraving was started. Channel depth of 150 um was achieved by
adjusting the engraving speed to 330 mm.s™! and the laser beam power to 40W (100%).
Afterwards, the engraved channels were kept in pure acetone (Stein Chemicals, Turkey)

at 50 °C for 3 min to enhance the optical clarity of PMMA. The tape was used to protect
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underlying PMMA from acetone treatment. Then, as a final step, the channels were
treated in an oven (Memmert, Germany) at 100 °C for 15 min for heat treatment. After
the heat treatment, the protective tape layers were removed. With this procedure, the open

microfluidic channels were ready for use (Figure 2.4).

i) ii) — iii) -

—»Tape »Tape \ Engraved
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Figure 2.4. Illustration of the fabrication of PMMA-based microfluidic channel with
enhanced optical clarity. (i) The PMMA surface is covered with tape to
prevent unwanted acetone damage to the material. (ii) The channel template
was cut from the tape with the laser cutter then the access tape on the channel
template was removed. (iiif) The Channel is engraved on the surface of the
PMMA using a laser cutter. (iv) Engraved PMMA is placed in a 50°C
acetone solution for 3 min. (v) Engraved PMMA was treated at 100°C for

15 min. (vi) Open microfluidic channel is now ready for use.

For the characterization of the engraved surfaces, surfaces were examined with
Fei Quanta 250 Scanning Electron Microscopy (SEM) (Thermo Ficher, USA). A
spectrometer (HR4000CG UV-NIR, Ocean Optics, USA) was used for the measurement
of transmission values of the surfaces for the evaluation of the optical clarity. Contact
angles of the surfaces were measured using Attention Optical Tensiometer (KSV
Instruments, USA).
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2.3.2. Bonding of PMMA Layers

To evaluate the PMMA bonding strength, 25 mm % 75 mm PMMA pieces with a
thickness of 3 mm were washed with 10% isopropanol and dried with nitrogen gas. Then,
PMMASs were brought together to overlap with each other 25%25 mm in area and fixed
using 4-piece 15 mm binder clips (Avansas, Turkey) to create pressure on the bonding
surface. After 100 puL of acetone solution (50-100% prepared in distilled water) was
spread on the bonding surface using capillary effects with pipetting, PMMA pieces were
incubated at 100 °C, which is the glass transition temperature of PMMA®*, for 5-15 min
(Figure 2.5). A lap-shear test was applied on to these bonded PMMA pieces at 0.5
mm/min speed to evaluate bonding strength. Bonding areas were examined under a Zeiss
Axio Vert Al inverted fluorescence microscope (ZEISS, Switzerland) to observe bubble
formation inside the bonded area. Cross-sections of the bonded areas were also examined

under Fei Quanta 250 Scanning Electron Microscopy (Thermo Ficher, USA).

Binder Clips 4—‘

PMMA+——
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Figure 2.5. lllustration of the bonding protocol. (i) First, PMMA pieces were fixed on top
of each other with binder clips. (i) Then, an acetone solution was spread
between PMMA pieces. (iii) Afterwards, a temperature-treatment at 100°C
was applied for bonding of PMMA pieces.
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2.3.3. Fabrication of Monolithic Microfluidic Chips

Monolithic microfluidic chips with 1x10 mm (width x length) and 150pm channel
depth were produced in order to demonstrate the ability of surface healing and bonding
to be used in harmony with each other to produce a microfluidic chip. Vertical sections
were taken from the fabricated chips, and the channel sections were examined with a Fei
Quanta 250 Scanning Electron Microscopy (Thermo Ficher, USA), bonded without
treatment, treated only in acetone at 50°C for 3 min, and heated only in an oven at 100°C
for 15 min. compared with treated channel sections. The smallest channel sizes that can
be produced with this method were also produced and examined under a Zeiss Axio Vert
Al inverted fluorescence microscope (ZEISS, Switzerland). Additionally, the seal of the

bonding was also analyzed for leakage and evaporation.

2.4. Statistical Analysis

Data were presented as the mean + standard deviation (SD) of at least three
replications of studies. Two-way ANOVA combined with Tukey's multiple comparison
test was used to statistically analyze the data. These analyses were carried out using

GraphPad software (Prism 8 version, GraphPad, USA).

2.5. Results

2.5.1. Effect of the Acetone Treatment on Open Microfluidic Channels

Before surface characterization, the engraved channels were kept in acetone at
room temperature (25 °C) and acetone close to the boiling point (50 °C) for 3 and 5 min,

and then in an oven at 100 °C for 5-10-15 min, and the surfaces were examined under a
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microscope (Figure 2.6). Since the effect of acetone will be maximum at the boiling point,
this temperature was chosen and compared with room temperature. In addition, different
periods were tested within 100 °C, where 100 °C is the glass transition temperature for
PMMA and the thermal effect will have the maximum effect on solid state PMMA. As a
result of our observations, it was observed that acetone had no effect on surface
improvement in both periods at room temperature and at all oven temperatures and made
the surface even more dull. However, when acetone at 50 °C was used, it was observed
that the surface was greatly improved in 3and 5 min and in 15 min in the oven but staying
in acetone for a long time (>5 min) damaged the material surface. For this reason, it was
decided that the best parameters for surface improvement were kept in acetone at 50 °C
for 3 min and then kept in the oven at 100 °C for 15 min, and it was decided to continue

the characterization process with these parameters.

A) Smin  10min 15min B) 51i  10 min 15 min

3 min 3min|f

5 min

Figure 2.6. Effects of acetone temperature, time in acetone (3 and 5 min), and 100°C oven
waiting time (5, 10, and 15 min) on surface healing. A) Acetone at room

temperature (25°C). B) Acetone is close to its boiling temperature (50°C).

Later, to assess the effectiveness of the treatment procedure in enhancing optical
clarity, open microfluidic channels on PMMA were compared under different conditions:
untreated, subjected to heat treatment alone (at 100 °C for 15 min), treated with acetone
alone (at 50 °C for 3 min), and treated with a combination of acetone and heat (Figure
2.7). It was observed that acetone initiated the dissolution and smoothing of PMMA.
When combined with heat treatment, the PMMA became softened, facilitating the filling
of grooves and reducing roughness caused by engraving. On the other hand, when only
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heat treatment was applied, the porous structure started to decrease compared to untreated
PMMA, but no significant effect on surface roughness was observed. In addition,
although the surface roughness decreased significantly when only acetone treatment was
applied, we observed that when it was not combined with heat treatment, there was no
smooth surface equalization, especially at the channel edges. However, we have seen that
when heat treatment and acetone treatment are applied together, they create a
complementary effect and increase their effectiveness, making the channel surface

smooth.

Figure 2.7. SEM of microfluidic channel surfaces engraved on PMMA. A) Untreated
channel. B) Channel cured with heat at 100 °C for 15 min. C) Channel cured
with acetone at 50°C for 3 min. D) Channel treated with acetone at 50°C for

3 min and then with heat at 100 °C for 15 min. Scale bars are 200 um.
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We further investigated the optical transmission properties of PMMA surfaces to
observe the impact of surface roughness on optical transmittance (Figure 2.8). Bulk
material surface, engraved-untreated surface, and treated surfaces were examined in 3
different color channels (red, green, and blue). As a result of our measurements, we saw
that there was a significant increase and statistical difference (p<0.0001) in the opacity of
the untreated surface, decreasing approximately 3 times in all color channels compared
to the bulk surface. However, it has been observed that the light transmittance of the
treated surface in all color channels increased approximately 3 times compared to the
untreated surface with statistical indifference (p>0.83) and gained almost the same
transparency as the bulk surface.
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Figure 2.8. Light transmittance values of bulk, engraved, and engraved and then treated
PMMA pieces for different wavelengths. **** *** and ns indicate p
<0.0001, p < 0.001, and p>0.05, respectively.

Moreover, contact angle measurements were conducted on PMMA surfaces to
analyze the effect of our treatment methods on the material’s surface hydrophobic
features (Figure 2.9). When the bulk material surface and the engraved surface were
compared, we observed that the hydrophobic property of the surface increased
significantly due to the increase in surface roughness, with the contact angle increasing
from 60.46°+1.62 to 87.36°+0.31 degrees. However, after the treatment was applied to

the engraved surface, we observed that the angle decreased to 60.48°+2.17 thanks to the
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increase in the smoothness of the surface, and the surface properties showed statistical
indifference (p>0.99) and regained similar properties with the bulk surface of the

material.
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Figure 2.9. Contact angle measurement of the PMMA surfaces. A) Contact angle of the
water droplet. i) Bulk PMMA surface, ii) Engraved PMMA surface and iii)
engraved and then treated PMMA surface. B) Contact angle values for the
bulk (60.46°£1.62), engraved (87.36°+0.31), and engraved and then treated
PMMA (60.48°+2.17) surfaces. **** and ns indicate p <0.0001, and
p>0.05, respectively.

2.5.2. Characterization of PMMA Bonding

Lap-shear test was performed to examine the bonding strength of PMMA pieces
after treatments with acetone in different concentrations (50-100%) and heat at 100 °C in
different durations (5-15 min) to observe the effect of the acetone concentration and
curing time in the oven (Figure 2.10). We observed that there was no significant
difference in bonding strength up to 70% acetone concentration, and an average bonding
strength of 32.08, 32.23, and 31.30 MPa was obtained after 5, 10, and 15 min of heat
treatment. We observed that when the concentration dropped below 70%, especially at

50% heat treatment in the oven for 5 min, the effectiveness of acetone decreased
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significantly, and the bonding strength decreased by more than half to 12.81 MPa.
However, even at low acetone concentrations (50% and 60%), we observed that the
bonding strength increased again to 30.81 MPa and 33.17 MPa after 10 and 15 min of
heat treatment. These results show that even at low acetone concentrations (<70%), we
can achieve a bonding strength of more than 30 MPa when heat treated for 10 min or

more, equivalent to the strength of PMMA itself (30.33 MPa).

_ 35—
g 30 Treatment Time
g_ E 5min
25—
=1 mm 10 min
c -
g 20 B 15 min
on 154
2 10-
k-
Q 3
m
0_

50 60 70 80 90 100

Acetone Concentration (%)

Figure 2.10. The effect of acetone concentration and temperature treatment time on

bonding strength.

However, when we observed the bonding areas under the microscope, we
observed that air bubbles could be trapped in the bonding area (Figure 2.11) which could
lead to leakage problems during microfluidic channel fabrication. We decided that 5 min
was sufficient for bonding time as the bonding process was fast and had approximately
the same bonding strength as long as the acetone concentration was not low. In the
examination, when the bubble ratio in the images is compared to the entire bonding area,
we found that the use of pure acetone in the bonding process is most efficient when
combined with a 5-minute heat treatment since the bubble formation in the bonding area

when using pure acetone has a very low rate of 1.8% compared to other concentrations.
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Figure 2.11. Bubble formation on the bonding surfaces after 5 min heat treatment at
100°C. A) Micrographs of bonding areas treated with different acetone
concentrations: i) 60%, ii) 70%, iii) 80%, iv) 90% and v) 100%. Scale bars

are 200 um. B) Surface coverage of air bubbles on the bonded area.

2.5.3. Fabricated Monolithic Microfluidic Devices

In order to test the adaptability of the surface enhancement and bonding methods
we developed and the feasibility of microfluidic chip fabrication, channels with a depth
of 150 pm and dimensions of 1 x 20 mm (width x length) were engraved on a 2 mm thick
PMMA sheet. The engraved channel surfaces were prepared as untreated, only heat
treated at 100 °C, only acetone treated at 50 °C for 3 min, and acetone and heat treatment
were applied together, and then they were combined with the bonding method we
developed by combining channel engraved surfaces with a secondary PMMA. Cross-
section images of the created monolithic microfluidics were analyzed under SEM (Figure
2.12). As aresult of our observations, the channel depths are 99.28 +4.15 pm in untreated
channels, 116.120 + 4.09 um in only heat-treated channels, 73.76 um in only acetone-
treated channels, and when both processes are combined, the channel dimensions are
145.12 + 3.21 pm, and the channel widths are 1244.08 pum, respectively. £ 17.54 pum,
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1264.16 = 16.93 um, 1123.7 = 6.45 pm and 1097.45 + 1.59 um were observed. It was
observed that when acetone and heat treatment were not applied together, the roughness
on the channel surfaces caused the channel surface to adhere to the secondary PMMA,
leading to blockage of the channels.

Additionally, it was observed that the bonding method did not cause any defects
on the channel edges and did not harm the treated channel smoothness. The results
showed us that the heat treatment had an effect of increasing the channel depth by
softening the material and allowing it to spread, while the acetone treatment did not have
an effect of increasing the channel depth because it etched the defects on the surface and
did not fill the channel gaps. We also observed that the method we developed achieved
the desired channel depth by applying these two processes together, filling the gaps on

the channel surface and eliminating surface roughness.

Engraved Surface

Figure 2.12. SEM of cross-section views of bonded channels. The images were taken
from A) engraved, B) engraved and then treated with heat at 100 °C for 15
min, C) engraved and then treated with acetone at 50°C for 3 min and D)
engraved and then treated with acetone at 50°C for 3 min and with heat at
100 °C for 15 min Before bonding, open microfluidic channels were

fabricated as explained and then bonded to a secondary flat PMMA piece.
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After observing that our treatment and bonding methods could work together, we
tested the smallest channel size we could create with our method. Thanks to our method,
we managed to produce a channel with a width of 400 um and a depth of 100 um.
Although the channel width was narrow and microfracture-like structures were formed at
the edges of the channel due to laser heat, it was observed that there was no leakage in
the channel after 24 hours of soaking in water (Figure 2.13).

A) B)
“ 100 ym
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v
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Figure 2.13. Microfluidic channel fabrication using the bonding method. A) Illustration
and B) Micrograph of the microfluidic channel containing blue food dye

solution. The scale bar is 200 um.

We also examined whether the method we developed a leak-proof bonding by
monitoring the liquid evaporation in the channel. For this purpose, colored liquid was
injected into the channel with a liquid volume of 10 pL and monitored for 72 hours
(Figure 2.14). To better observe the effect of bonding, chips were used in which both
inlets were open, the inlets were closed with an additional 3rd PMMA layer with the help
of clips, and the inlets were closed by bonding with the 3rd PMMA layer. While there
was no liquid left in the chip with the inlets open after 24 hours, it was observed that there
was no liquid left in the PMMA chip held with clips after 48 hours. However, in the third

bonded chip, it was observed that even after 72 hours, the liquid in the channel was still
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present and did not evaporate. This shows us that the method we developed can be an
alternative to hermetic seal in the future by providing an air-tight seal.

Oh 24h 48h 72h

Non Bonded | e | ]| (e | el | [
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with clips
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Figure 2.14. Time-lapse images capturing the evolution of microfluidic channels filled
with a red food color solution over a 72-hour inspection period. The
channels' inlets and outlets were sealed either by placing a PMMA piece

over them, clamping the piece onto the chip, or bonding it to the chip.

2.6. Comparison with Different Treatment and Bonding Methods

Even though the developed methods have expanded and facilitated the use of
PMMA in microfluidics fabrication, unfortunately, they still need to be improved (Table
2.1). After the surface enhancement process, a bonding strategy that is compatible and
complementary to the surface enhancement needs to be developed.” In addition, bonding
methods after surface enhancement are time-consuming and are not complementary to
surface improvement, thus reducing the practicality of these methods.”*” In addition,
because of the bonding of engraved channels without any processing, the optical and
surface properties that make PMMA an advantageous material are damaged.”®® In
addition, the bonding strengths obtained are not very high, making it difficult to adapt
them to systems exposed to high forces, especially centrifugal microfluidics. In addition,

although high bonding strength can be achieved in methods where channels are created
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by cutting an extra PMMA layer, the channel height in these methods depends on the
height of the PMMA (>0.5 mm). 848

Table 2.1. Comparison Between Several Surface Enhancement and Bonding Techniques
for the Fabrication of PMMA-Based Microfluidics.

Ref. Surface Surface Optical Surface Bonding | Number
enhancement/ enhancer/ Clarity | enhancement | strength of
Bonding Bondig time/ PMMA
method Bonding time layers
(Z. K. +/- Acetone + 10 min/- - 1
Wang et mixed with
al., 2011) ethanol/-
(Matellan +/+ Acetone + 25 min/48 h NR 2
& del Rio vapor/Epoxy
Hernandez, resin
2018)
(Ogilvie et +/+ Chloroform + 4 min/30 min NR 2
al., 2010) vapor/Hot
press
(Faghih & -+ - +%* -/15 min 4.2 MPa 3
Sharp, /Dichlorometh
2019) ane mixed
with IPA
(Madadi et -/+ -/Ethanol and +%* -/40 min 3.48 MPa 3
al., 2023) IPA for
ethanol
and 6.21
MPa for
IPA
(Bamshad -/+ -/TPA - -/50 min 28.47 2
et al., MPa
2016)
(Trinh et -+ -/Acetic acid - -/20 min 13.7 MPa 2
al., 2020)
Our +/+ Pure acetone/ + 3 min/15 min | >30 MPa 2
Method Pure acetone
NR: Not Reported
* No surface enhancement is needed, since an additional PMMA layer was fully cut
to form the channel.
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2.7. Conclusion

In this chapter, a fast, easy, durable, and low-cost fabrication technique is
developed for PMMA-based microfluidics by utilizing pure acetone as both surface
enhancement and bonding agent. PMMA holds great importance for microfluidic
fabrication due to its beneficial features such as transparency, low autofluorescence, and
biocompatible. However, creating micro channels on PMMA is not always simple. For
many techniques, channels are engraved on the PMMA surface using a laser cutter.
During this process, due to the heat from the laser cutter, surface roughness and defects
increase drastically. This defect decreases the transparency and also disturbs the laminar
flow inside the channel. To maintain smooth and transparent channels, different
chemicals and vapors are applied to the PMMA surface. However, these chemicals can
be highly toxic, and steps can be time-consuming. In addition, creating high-strength
quality bonding holds great importance to create PMMA-based microfluidics. The
presented research offers a simple and single solvent method that can both enhance
surface quality and maintain high-strength bonding. In this research, combining hot
acetone treatment with heat treatment, the engraved channel surface self-heals itself and
gains its bulk state surface features (transparency, smoothness, and hydrophobicity). Also
in this work, using the same solvent as a bonding agent, a bonding strength greater than
the PMMA'’s tensile strength and an airtight seal can be achieved. With this method, a
channel with a height of 150 um can be produced. Thanks to this method, we can fabricate
a high-bonding strength PMMA-based microfluidic chip using a single solvent (pure
acetone) without any complex steps and low cost that can be used for both microfluidics
and centrifugal microfluidics. We anticipate that our technique will be used in various

biomedical applications in the future.
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CHAPTER 3

ISOLATION AND ENRICHMENT OF EXOSOMES WITH
CENTRIFUGAL MICROFLUIDIC DEVICE

3.1. Introduction

Particles with sizes of 150 nm and below are called nanoparticles.” Due to the
size of these particles, they gain unique physical and chemical properties that differ from
their bulk states in macro sizes.”® Nanoparticles can be classified into two groups,
depending on whether they are found in nature or not (such as exosomes, viruses found
in nature) and hard (such as inorganically synthesized gold and silver nanoparticles).”’
Owing to the unique properties of these particles, they are widely used in many different
fields such as electronics, cosmetics, health, and pharmaceutical industries.”®

In this chapter, exosomes were collected from the cell medium within 1 hour
without the need for any marker. Exosomes could be collected from the bottom of the
channel as a result of centrifuging the exosome sample loaded into a channel half-filled
with PBS for 60 min at 9000 rpm. With this study, it was possible to isolate exosomes
quickly, cheaply, and simply and increase their concentration. We expect that in the
future, by testing different body fluids, the use of exosomes as biomarkers in IVDs will

become widespread.

3.2. State-of-the-Art of Exosome Isolation

Extracellular vesicles (EVs), which belong to the soft nanoparticle class, are

membrane-bound structures and most of them are secreted by cells.”® These vesicles serve

30



as intracellular cargo thanks to structures such as protein, RNA and DNA.!® EVs have
different nomenclature and classification depending on size, density, morphology, lipid
composition, and protein composition.1%

Compared to other EVs, exosomes are distinguished by their unique intracellular
biogenesis.®? Exosomes, whose sizes vary between 30-150 nm, are bowl-like structures
that appear under the transmission electron microscope (Figure 3.1).1%® Exosomes can be
found in almost all biological samples (saliva, blood, urine, etc.).1%* Because they serve
as intracellular cargo, they have great potential to be used as biomarkers for disease and

toxicity.1% Exosomes vary in composition because they can be secreted from many cell

types.

106

Figure 3.1. TEM images of the exosomes (Source: Lin et al., 2021).

Depending on their varying sizes, exosomes serve various biological functions.'%
However, the complex structure of cell debris and biological fluids within the sample can
affect the analysis of exosomes.'® Therefore, impurities present in the sample can also
affect the molecular profile of exosomes, including proteomic and transcriptomic
analyses. This may lead to false positive or negative results when exosomes are used as
biomarkers, thus impairing the biomarker potential of exosomes.°

When developing EVs analysis and isolation techniques for drug delivery

applications, large quantity of exosomes with enhanced purity and specificity should be
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considered.!! Since the structures (DNA, RNA) found within exosomes can provide
prognostic information for various diseases, these methods should guarantee that the
exosomes' composition, biological activity, and structure remain unaltered.!'? Intact
exosomes can be infused with medications and aid in their transport their uptake by

recipient cells.!!3

3.2.1. Conventional Methods for Exosome Isolation

To ensure the homogeneity of nanoparticles/exosomes, there are two
complementary steps which are isolation and enrichment.!'* In the isolation stage,
nanoparticles of desired sizes are isolated.!!> However, the concentration of nanoparticles
may decrease during this process.!!® For this reason, enrichment processes that increase
the concentration are needed after isolation.””’

There are standardized methods such as ultracentrifugation, electrophoresis,
chromatography, and filtration, which are also used in nanoparticles, for the isolation and
enrichment of exosomes.!!” These methods can basically be divided into three different

classes; separation via an external field, elimination, and colloidal stability.'!®

3.2.1.1. Separation via External Field

The method of separation using an external field is based on distinguishing the
characteristic properties of nanoparticles such as size, density, and electrical or magnetic
behavior.'" Today, ultracentrifugation and gel electrophoresis are the most commonly
used methods to separate and collect nanoparticles.!?%!?!

Ultracentrifugation works on the principle of ensuring the accumulation of
particles of the same density by centrifugal force and is an ideal technique for classifying
nanoparticles according to their size and shape and is the most widely used technique for

purification of exosomes today.!?! Even though this method is easily applicable, the need
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for an ultracentrifuge device and expensive materials restricts the widespread use of this
method.'?

Gel electrophoresis 1s widely used to obtain good quality purified genomes and
nanoparticles and is a technique based on electrical force rather than mechanical force.'?
Although it is a useful technique for genomics and proteomics research, many processing

steps are required, which prolongs the purification time.!!'®

3.2.1.2. Sieving Method

The sieving method is another nanoparticle separation method that includes
chromatography and nanofiltration techniques.'>® Chromatography is based on the use of
two phases (fixed and mobile) and the separation of the sample according to fraction
ratios while in the mobile phase.!** Although it is a highly efficient method, it requires
long processing times, multiple steps, and special materials for each sample.'?

Nanofiltration is a basic technique based on filtering particles according to their
size. With this method, it is possible to process large sample volumes quickly.'?

However, separation efficiency may decrease due to clogging of nano filters.'?’

3.2.1.3. Colloidal Stability

Colloidal stability is used to separate nanoparticles by changing their stability and
diffusion. For this purpose, size-selective precipitation (SSP) or solvent addition can be
done!?® SSP is used to change the nanoparticle structure by aggregating them. After
precipitation, samples are centrifuged, and non-precipitation is based on isolating
particles.!?® However, this method also has time-consuming and complex steps.

The above-mentioned techniques require requirements such as high sample
volume and multi-step preparation, which seriously limits the use of these methods. In
addition, each separation method needs precise optimization processes for the separation

of different sized nanoparticles based on sample features (density, purity, solubility
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etc.).®®® In addition, these methods are time-consuming and costly.®*! Therefore, new

methods are needed for fast, cost-effective, and easy exosome purification.

3.3. Microfluidic Technologies for Exosome Isolation

Due to the size of microfluidics, it requires a small sample volume, prevents
sample loss during operations, and provides cost-effective analysis.!** For this reason,
there are studies on exosome isolation using microfluidic technology. Studies on exosome
isolation have been conducted using immunoaffinity, acoustics, and filtration in
microfluidics.®*® For example, an exosome isolation and detection method based on a
microfluidic device that performs microsphere-mediated dielectrophoresis isolation and
immunoaffinity detection has been developed.!3* With this method, 1.4 x 10° to 1.4 x 108
exosomes per mL could be obtained with a detection limit of 193 exosomes per 1 mL. In
another study, a device called ExoChip was designed to separate CD63-specific exosomes
from serum.'* The surface of the designed microfluidic platform was coated with CD63
antibodies. Thanks to the developed system, isolation of exosomes could be achieved

within 1 hour.

3.3.1. Centrifugal Microfluidics for Exosome Isolation

There are studies in which centrifuge-based microfluidics, a branch of
microfluidic systems, are used for exosome separation and enrichment (Figure 3.2).

Inside a centrifugal microfluidic system, Centrifugal, Coriolis, and Euler forces,
also called pseudo forces, occur due to rotation and constitute the dominant forces in the

centrifugal microfluidic system (Figure 3.3).2’
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Figure 3.2. Centrifugal microfluidic devices for exosome isolation. A) Nano filter-based
exosome isolation (Source: Yeo et al., 2018). B) Micro hydrodynamic based
exosome isolation (Source: Woo et al., 2017).
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Figure 3.3. lllustration of the acting forces on a centrifugal microfluidic.
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The centrifugal force (f,;), which is always directed outward from the platform
center, creates a centripetal acceleration in the same direction.!3 In Equation 3.1, m refers
to the mass of the liquid in the chip, r is the distance of the chip from the platform center,

and w is the angular velocity.

fer = mw?r (3.1)

Since the liquid inside the chip cannot be compressed and the head and end of the
liquid are at different distances (r; and r,) from the platform center, the pressure on the

liquid (p.s) causes the liquid (p;) to move outward from the center (Equation 3.2).%

Ty 1
Def = j pwirdr = EPIWZ(TZZ —1{) (3.2)
T

1

In addition to the centrifugal force, two different forces are effective: Coriolis
(fz0), Which originates from the rotation of the chip and occurs in the opposite direction
to the direction of rotation, and perpendicular to the course of liquid flow, and Euler (f,),
in the same course as the course of rotation and perpendicular to the direction of liquid
flow (Equation 3.3 and 3.4).331%

fco=—"2mw x v=—"2mw x drdt (3.3)
(3.4)
dw
fé = —mE Xr

The Coriolis force is a speed-dependent force and occurs if the acceleration due to
rotation is not equal to 0.14° Non-pseudo internal forces such as viscosity and capillary
effect, which are not pseudo forces, also play important roles in fluid manipulation.'*! To

transport high-viscosity liquids, a higher force must be applied compared to low viscosity
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liquids.*? In addition, if the channel width is not fixed and has a variable structure, it
should be taken into consideration that the capillary force opposite to the flow direction
of the liquid will be different in the channel.’*® Because of these phenomena, the
centrifugal force can be easily adjusted by changing the angular velocity.'* In addition,
liquid flow can be achieved by keeping the centrifugal force greater than the capillary
force and other forces, while liquid flow can be stopped by keeping it minimum.

For example, a fast, label-free, and precise method for EV isolation and
quantification has been developed using a microfluidic integrated with two nano filters
(Exodisc).2*® Preliminary from simple biological specimens, examples include cell
culture supernatant or urine from cancer patients, which can be used for the automated
enrichment of EVs. size of 20-600 nm was accomplished within 30 min using a
benchtop-sized centrifugal microfluidic device. In a different study, the isolation and
extraction of nanoparticles were performed in a single chip.13 The developed system was
able to achieve 90% isolation and 85% purity extraction of nanoparticles.

3.4. Materials and Methods

3.4.1. Fabrication of Falcon Tubes Compatible with Bench-Top
Centrifuge

In order for centrifugal microfluidic chips to work in harmony with bench-top
centrifuge devices found in almost every laboratory and to avoid the need for an external
centrifuge system, falcon tubes compatible with the rotor, which takes 6 falcon tubes of
50 mL at 45° were designed with a computer-aided drawing program (Shapr3D),
Hungary) and then produced with a 3D printer (Ultimaker 2+ Connect, Netherlands)
(Figure 3.4).

37



Figure 3.4. Image of the 3D printed falcon tubes that is compatible with bench-top

centrifuge device.

3.4.2. Fabrication of Microfluidic Chip for Nanoparticle Isolation and

Collection

A microfluidic chip design with a 60 pL dead-end channel was used in the
determination of the isolation of nanoparticles and exosomes protocol. 5x50 mm (width
x length) channels with a depth of 200 um were engraved on the surface of 25x75 mm
(width x length) PMMA (Akpolimer, Turkey) with a thickness of 1 mm using a laser
cutter equipped with a 40W CO: laser (Figure 3.5A) (Makeblock LaserBox, China). The
engraved chips were subjected to the surface improvement and bonding processes

developed in Chapter 2, and dead-end microfluidic chip fabrication was completed.
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Figure 3.5. Microfluidic chips used in nanoparticle and exosome isolation. A)
Microfluidic chip where the isolation protocol is carried out. B) Chip design
in which isolated nanoparticles and exosomes can be collected. Outlet 1 is
for the collection of the top liquid. Outlet 2 is for the collection of isolated

particles.

In order to collect the isolated nanoparticles and exosomes, a chip design with two
collection outlets was used, allowing a 60 pL. dead-end channel to be collected, increasing
the channel volume to 50 pL (upper part of the channel) and 10 pL (bottom part of the
channel) (Figure 3.5B). The outlets were thinned on the PMMA surface during laser
cutting by adjusting the cutting speed to 90 mm.s™' and the laser beam power to 40W
(100%). After isolation, the upper outlet, which was thinned first, was broken and 50 pL
volume of the channel was collected. Then, the lower outlet was broken and the remaining

10 uL was collected and the particles were collected for analysis.
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3.4.3. Characterization and Collection of Nanoparticles

For the characterization of nanoparticles, fluorescence-labeled (green, red,
orange) polystyrene particles with sizes of 50, 100, and 200 nm were used (Lab261, USA)
for adaptability with exosomes. All particles were used by diluting 1:100 in PBS (Gibco,
UK) containing 0.1% Pluronic (Sigma, USA). Previously, the filling profiles of dead-end
channels of different sizes depending on centrifuge speed and duration were examined by
our team.1® In this manner, before the nanoparticles were loaded onto the chips, the inside
of the channel was incubated with 5% BSA (Sigma, USA) for 30 min to prevent

nonspecific bonding within the channel.

i) ii) iii) iv)
Particle
Solution

‘ 1000 rpm 500 rpm m 9000 rpm Isolated
- — ——) — Particles
J 2 min 2 min t 60 min

PBS

Figure 3.6. Isolation and the enrichment protocol for the nanoparticles. (i) After PBS is
loaded into the inlet of the chip, the chip is placed in a falcon tube
compatible with the centrifuge device and placed in the centrifuge device.
(i) Half of the channel volume is filled by centrifuging the chip at 2000 rpm
for 2 minutes. (iii) Particle solution is loaded into the inlet part of the chip
and centrifuged at 500 rpm for 2 minutes to fill the remaining volume of the
channel. (iv) After the chip is centrifuged at 9000 rpm for 60 minutes, the
particles are collected at the bottom of the channel.

Then, half of the channel volume (30 pL) was filled by centrifugation at 1000
rpm for 2 min. The remaining volume (30 pL) was filled with nanoparticles by
centrifugation at 500 rpm for 2 min, and chip images were examined under a Zeiss M2N

upright incubator microscope (ZEISS, Switzerland). The behavior of the particles in the
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channel was centrifuged at 9000 rpm for 60 min and examined again under the
microscope (Figure 3.6).

Channel images were divided into 8 zones and fluorescence intensities were
measured (Figure 3.7). After the isolation protocol of the nanoparticles was determined,

the particles at the top and bottom of the channel were collected.

B)

Figure 3.7. Microscope images showing analysis zones. A) Regions used for 8 zone

analysis. B) Analysis regions used for top and bottom of the channel.

After the particles were collected at the bottom of the channel, the upper liquid
(50 uL) was collected with the help of a pipette after breaking the number one outlet.
Then, outlet number two was broken and the remaining liquid (10 pL) containing the

particles collected at the bottom of the channel was collected (Figure 3.8).
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Figure 3.8. Collection protocol of isolated particles.
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3.4.4. Preparation of Isolated Exosomes

The CD63-GFP MDA-MB-231 cell lines are cultured in 6 cm petri dish at 37 °C,
5% CO2 with 60% confluency for 3 days in 5 mL Dulbecco’s Modified Eagle Medium
(DMEM 1X, Gibco, UK) with 10% FBS, 1% Penicillin/Streptomycin. After that point,
the medium of cells is collected and used with ExoQuick ULTRA EV Isolation System
(System Biosciences, USA, Cat #EQULTRA-20TC-1, Lot # 231128-002). At the end of
the kit isolation, the CD-63 GFP labeled MDA-MB-231 cell exosomes are isolated as 400
pL and storage at +4 °C for short term (up to 48 h) and storage at -80 °C for long term.

3.4.5. Preparation of Conditioned Medium Exosomes

Firstly, MDA-MB-231 is cultured in a 6 cm petri dish for 80% confluency. These
cells are resuspended by Trypsin C (0.05% Trypsin, 0.02% EDTA) with incubation 5 min
at 37 C, 5% CO,. After that, the resuspended cells are centrifuged to solve them in 1 mL
Dulbecco’s Modified Eagle Medium (DMEM 1X, Gibco, UK) with 10% FBS, 1%
Penicillin/Streptomycin. The 4x10° cells are transferred to a new tube and DMEM is
added to fill up to 2 ml. The prepared tube is spread to the 6-well plate and incubated at
37C, 5% CO for 24h. These cells stick on the surface of a 6-well plate thus the medium
is replaced by Serum Free DMEM with only 1% Penicillin/Streptomycin for 1 ml. Then
the 48-h incubation is applied to accumulate exosomes in suspension. Lastly, the 1 mL
medium is collected and applied to a centrifuge for 13.300 rpm-15 min, the supernatant

of the solution is labeled as Conditioned medium (Figure 3.9).
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Figure 3.9. Collection protocol of the conditioned medium exosomes.

3.5. Statistical Analysis

Data were presented as the mean + standard deviation (SD) of at least three
replications of studies. ImageJ was used to analyze microscope images. Two-way
ANOVA combined with Tukey's multiple comparison test and hill slope was used to
statistically analyze the data. These analyses were carried out using GraphPad software
(Prism 8 version, GraphPad, USA).

3.6. Results

3.6.1. Movement of Nanoparticles in the Channel Depending on Time

In order to observe the time-dependent movements of polystyrene particles of
varied sizes (50-200 nm) at 9000 rpm, particles were centrifuged for 60 min with 5-minute
intervals and images were taken under a fluorescence microscope. First, half of the
volume of the channel (30 pL) was filled with PBS containing 0.1% Pluronic by
centrifugation at 1000 rpm for 2 min, and the remaining volume (30 pL) was filled with
nanoparticles with varied sizes at 500 rpm for 2 min. It was observed that 200 nm particles

started to accumulate after the 5th minute (Figure 3.10), 100 nm particles started to collect
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at the end of 10 min (Figure 3.11) and 50 nm particles started to collect at the bottom of
the channel, especially after at the end of 15 min (Figure 3.12).
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Figure 3.10. Microscope image of 200 nm particles aggregating in the time-dependent

channel at 9000 rpm.
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Figure 3.11. Microscope image of 100 nm particles aggregating in the time-dependent

channel at 9000 rpm.
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Figure 3.12. Microscope image of 50 nm particles aggregating in the time-dependent

channel at 9000 rpm.

To observe that the radiation occurring at the bottom of the channel is nanoparticle
and not a noise originating from PBS, it was observed whether PBS containing 0.1%
Pluronic, used to dilute the particles, created noise under the microscope. For this, 60 pL

of PBS was centrifuged at 1000 rpm for 2 min and then imaged under a fluorescence
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microscope under different wavelengths of radiation. Then, the PBS-filled chips were

centrifuged at 9000 rpm for 60 min and examined under the microscope again (Figure
3.13).

A)

0 min

B)

0 min

60 min
C)

0 min

60 min

Figure 3.13. Before and after centrifuging PBS used as control for 60 min at 9000 rpm.
A) Images taken at the microscope image settings used for 200 nm particles.
B) Images taken at the microscope image settings used for 100 nm particles.

C) Images taken at the microscope image settings used for 50 nm particles.

No radiation was observed before and after for 3 different wavelengths (green,
red, orange). In addition, these images and channels were divided into 8 equal zones and
mean intensity values were measured. It was observed that there was no statistical

difference (p>0.97) between the zones before and after centrifugation (Figure 3.14).
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Figure 3.14. ImageJ analysis of the 8 zones of the chip Before and after centrifuging PBS
used as control for 60 min at 9000 rpm. Zone 1 represents the top of the
channel and zone 8 represents the bottom of the channel. A) ImageJ analysis
for 50 nm particles. B) ImageJ analysis for 100 nm particles. C) ImagelJ

analysis for 200 nm particles. **** *** gnd ns indicate p <0.0001, p <
0.001, and p>0.05 respectively.

3.6.2. Enrichment of Nanoparticles at the Bottom of the Channel

To determine the time it takes for particles of varied sizes to reach saturation at
the bottom of the channel, noise values of PBS were subtracted by measuring the
fluorescence intensity values of the channel bottom over time (Figure 3.15). It was
observed that 200 nm particles reached 95% saturation at the end of 15 min, 100 nm
particles reached 95% saturation at the end of 25 min, and 50 nm particles reached
approximately 90% saturation at the end of 60 min.
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Figure 3.15. Change of mean intensity value of the channel bottom depending on time
(mean intensity value of PBS noise is subtracted). A) 200 nm particles. B)

100 nm particles. C) 50 nm particles. Smax represents 100% saturation.

3.6.3. Collection of Enriched Nanoparticles

To observe whether the particles collected at the bottom of the channel could be
successfully collected from within the chip, particles of 200 nm size were centrifuged at
9000 rpm for 20 minutes. The bottom of the channel and the parts where outlet 1 and 2
are located were examined under a fluorescence microscope (Figure 3.16). At the end of
20 minutes, it was observed that 200 nm particles were successfully isolated at the bottom
of the channel and there were no particles in the section where outlet 1 was located. Outlet
1 was broken and the remaining liquid (50 pL) at the top of the channel was collected.
Then, outlet 2 was broken and the particles at the bottom of the channel were collected
(10 uL). When the channel was examined under the microscope again, it was observed
that there was no radiation at the bottom of the channel and the particles could be collected

successfully from the bottom of the channel.
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Figure 3.16. Fluorescence microscope images of the isolated particles before and after

collection from the channel.

3.6.4. Isolation of Exosomes

Since exosome sizes vary between 30-150 nm, 60 min at 9000 rpm were chosen
to be used in the isolation of exosomes to ensure over 90% collection of exosomes. The
exosome sample isolated from the commercial kit and the conditioned medium sample
were scanned under a confocal microscope after being centrifuged at 9000 rpm for 60
min (Figure 3.17). In both samples, while no signal was observed at the bottom of the
channel before centrifugation, exosomes were observed to accumulate after
centrifugation.

In addition, the entire channel was scanned under the confocal microscope and
the mean intensity value of the signal difference at the bottom and top of the channel was
measured (Figure 3.18). A statistical difference was observed at the channel bottom in

both samples (p<0.001 for isolated exosome and p<0.01 for conditioned medium).
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Figure 3.17. Images of the channel bottom under confocal microscopy before and after
centrifugation. A) Isolated exosome sample from commercial kit. B)
Conditioned medium sample.
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Figure 3.18. ImageJ analysis of the top and bottom of the chip before and after
centrifuging for 60 min at 9000 rpm. A) Isolated exosome. B) Conditioned

medium. **, * and ns indicate p <0.001, p < 0.01, and p>0.05 respectively.

Since the imaging of exosomes would be done using a confocal microscope,
images of serum free medium (SFM) and PBS samples were taken before and after
centrifugation to examine the difference between the top and bottom of the channel

(Figure 3.19). When the mean intensity values of the channel before and after
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centrifugation were compared with both controls, no statistical difference was observed
(p>0.96 for PBS and p>0.88 for SFM medium).
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Figure 3.19. ImageJ analysis of the top and bottom of the chip before and after
centrifuging for 60 min at 9000 rpm. A) Serum free medium. B) PBS. **, *
and ns indicate p <0.001, p < 0.01, and p>0.05 respectively.

3.7. Conclusion

In this chapter, the isolation and enrichment of exosomes were achieved within 1
hour using a benchtop centrifuge device with a centrifugal microfluidic chip containing a
dead-end channel. Exosomes, which vary in size between 30-150 nm and are a branch of
extracellular vesicles, are nanovesicles released by cells and can be obtained from almost
all biological fluids. Since they serve as cargo in the interaction between cells, they carry
very important information due to the nucleic acids they contain. With the developing
technology, 1VDs have the potential to be used as biomarkers, especially in the early
diagnosis of diseases such as cancer. However, there is no conventional method for the
isolation and concentration of exosomes, and the methods used in the isolation of
nanoparticles are low in efficiency and the equipment used is time consuming and
expensive. Thanks to the developed chip, both isolation and concentration of exosomes
from the cell medium were achieved by centrifuging them at 9000 rpm (9418 g) for 60
minutes. In addition, the collection of particles which is isolated at the bottom of the

channel was achieved owing to the added outlets to the dead-end chip. With this method,
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exosomes could be isolated in a low-cost, fast, and simple way. It is hoped that in the
future the chip will be used in biological fluids, increasing the potential for using

exosomes as biomarkers in I\VDs.
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CHAPTER 4

CONCLUSION

In this thesis, a novel PMMA-based fabrication strategy was presented to realize
high strength PMMA-based microfluidic chip and this strategy was applied to fabricate a
centrifugal microfluidic chip to isolate and enrich nanoparticles and exosomes.

The first part of the thesis introduced a fast, easy, durable, and low-cost fabrication
technique for PMMA-based microfluidics utilizing pure acetone as both a surface
enhancement and bonding agent. PMMA is a preferred material for microfluidic
fabrication due to its transparency, low autofluorescence, and biocompatibility. However,
traditional methods for creating microchannels on PMMA often result in increased
surface roughness and defects due to the heat generated by laser cutters. These defects
compromise transparency and disrupt laminar flow. The research presented in this thesis
offers a novel solution by combining hot acetone treatment with heat treatment, allowing
the engraved channel surfaces to self-heal and regain their original transparency,
smoothness, and hydrophobicity. This method also uses acetone as a bonding agent,
achieving bonding strength comparable to PMMA’s tensile strength and ensuring an
airtight seal.

The second part of the thesis focused on the isolation and enrichment of exosomes
using a benchtop centrifuge device with a centrifugal microfluidic chip containing a dead-
end channel. Exosomes, which are nanovesicles ranging from 30-150 nm, play a crucial
role in cellular communication and have significant potential as biomarkers for the early
detection of diseases such as cancer. Traditional methods for isolating and concentrating
exosomes are often inefficient, time-consuming, and expensive. The developed chip
allows for the isolation and concentration of exosomes from the cell medium by
centrifuging at 9000 rpm (9418 g) for 60 minutes. This low-cost, rapid, and easy-to-use
method provides a practical solution for the efficient isolation of exosomes. The

capability to collect exosomes at the bottom of the channel enhances the usability of the
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chip, paving the way for its future application in biological fluids and increasing the
potential for exosome-based diagnostics in IVDs.

The research presented in this thesis paves the way for several exciting future
developments. There is significant potential for further optimization of the PMMA -based
fabrication technique to enhance the precision and scalability of microfluidic devices.
Expanding this method to more complex designs could make it suitable for advanced lab-
on-a-chip systems and point-of-care diagnostics, potentially broadening its impact in
various applications. Additionally, refining the centrifugal microfluidic chip developed
for exosome isolation could lead to improvements in its efficiency and automation,
making it applicable for isolating a wider range of extracellular vesicles and
nanoparticles. Integrating these technologies into clinical settings through collaborations
with medical researchers could advance exosome-based diagnostic assays, contributing
to earlier disease detection and the development of personalized medicine approaches.
Overall, these advancements hold the promise of significantly enhancing diagnostic
capabilities and providing deeper insights into the role of extracellular vesicles in health

and disease.
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