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ABSTRACT
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Graphene and its derivatives have significant properties. Studies are carried out on these
nanomaterials in various fields such as biomedical, nanomedicine, and nanotechnology.
Research on the biocompatibility of graphene oxide, which is one of the graphene-based
materials, continues today. Although the conventional cell culture method is a very
valuable method that are used in in vitro studies for many decades, it is insufficient to
fully mimic the nuances of cellular microenvironment. Nowadays, three-dimensional
cell culture and microfluidic cell culture are used in order to overcome this unfavorable
situation. In this thesis, the biocompatibility of graphene oxide was investigated. To this
end, the effect of graphene oxide that has two different sizes on Jurkat cells were
addressed. In addition, the cellular response of these cells to graphene oxide in both
static (conventional cell culture) and dynamic (microfluidic cell culture) environments
was examined. In in vitro studies, the viability of Jurkat cells that treated with graphene
oxide in different sizes was tested. The obtained data indicated that the cell viability
changed depending on the size of graphene oxide and the cell culture environment. As a
consequence, it is thought that examining the cell-nanomaterial interaction in static and
dynamic cell cultures is important for understanding the biocompatibility of different
sizes of graphene oxide.
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OZET

Yiiksek Lisans Tezi

FARKLI BOYUTLARDAKI GRAFEN OKSITIN STATIK VE DINAMIK
ORTAMLARDAKI BAGISIKLIK HUCRELERI UZERINE ETKILERININ
ARASTIRILMASI

Oguzhan PANATLI

Ankara Universitesi
Fen Bilimleri Enstittisi
Biyomedikal Miihendisligi Anabilim Dali

Danisman: Dog. Dr. Agelya YILMAZER AKTUNA

Grafen ve tiirevleri 6nemli 6zelliklere sahiptir. Biyomedikal, nanotip, nanoteknoloji gibi
cesitli alanlarda bu nanomalzemeler {izerine ¢alismalar yapilmaktadir. Giiniimiizde
grafen temelli nanomalzemelerden biri olan grafen oksitin biyouyumlulugu tizerine
aragtirmalar devam etmektedir. Geleneksel hiicre kiiltiirii, in vitro ¢alismalarda yillardir
kullanilan ¢ok degerli bir yontem olmasina ragmen, hiicresel ortamin niianslarini 6zgiin
olarak yansitmada yetersizdir. Bu durumun iistesinden gelmek amaciyla, 3 boyutlu
hiicre kiiltlirii ve mikroakiskan hiicre kiiltlirii yontemleri kullanilmaktadir. Bu tez
kapsaminda; grafen oksitin biyouyumlulugu arastirilmistir. Bu amagla, iki farkli
boyuttaki grafen oksitin Jurkat hiicreleri tizerindeki etkisi ele alinmistir. Ayrica, Jurkat
hiicrelerin hem statik (geleneksel hiicre kiiltiirii) hem de dinamik (mikroakiskan hiicre
kiiltiiril) ortamlarda, grafen oksite verdigi hiicresel yanit incelenmistir. In vitro
tahlillerde, farkli boyutlarda grafen oksit ile muamele edilen Jurkat hiicrelerinin canlilig
test edilmistir. Mevcut veriler, hiicre canliliginin grafen oksitin boyutuna ve hiicre
kiiltiiri ortamina bagli olarak degistigini gostermektedir. Sonug olarak, statik ve
dinamik hiicre kiiltiirlerindeki hiicre-nanomalzeme etkilesiminin incelenmesinin farkli
boyutlardaki  grafen  oksitin  biyouyumlulugunu anlamada o6nemli oldugu
diistiniilmektedir.

Agustos 2022, 67 Sayfa

Anahtar kelimeler: Geleneksel hiicre kiiltiirii, mikroakiskan hiicre kiiltiirii, grafen

oksit, toksisite, nanomalzeme
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1. INTRODUCTION

Conventional cell culture consists of two types of cell culture: Two-dimensional (2D)
cell culture that cells adhere to a surface and suspension cell culture (Anonymous 2020).
Although conventional cell culture has significant good aspects such as established
culture material and protocol, standardization and availability of assays, this method
does not entirely reflect nuances of the in vivo cellular microenvironment (Halldorsson,
Lucumi, Goémez-Sjoberg, & Fleming, 2015; Young & Beebe, 2010). Therefore,
conventional cell cultures are insufficient to fully mimic in vivo conditions in
experimental studies (Ashim & Koganci, 2018). Three-dimensional (3D) cell culture
(Kapatczynska et al., 2018; Saydé et al., 2021) and microfluidic cell culture (Wu,
Huang, & Lee, 2010) methods have gained popularity in order to overcome this

unfavorable situation and better mimic in vivo conditions.

Microfluidic systems used to control and manipulate fluids through micrometer-sized
channels are an alternative to conventional methods (Sattari, Hanafizadeh, & Hoorfar,
2020). These systems have recently become a valuable option in many fields
(biomedical, food, chemistry, medicine, pharmacy, agriculture, etc.) owing to their great
advantages such as low cost, fewer sample requirements and low energy consumption.
(Diiven, Cetin, & Kisla, 2018; I¢oz, Akar, & Unal, 2020). Microfluidics also helps
control of cellular microenvironment and thereby in vivo conditions can be better mimic

in experimental studies (Mehling & Tay, 2014).

Since graphene-based nanomaterials have important properties, their potential in
biomedical and nanomedicine applications is being explored. The immune system plays
a significant role in most of the applications with graphene-based nanomaterials in
biomedical and nanomedicine. Additionally, research on the biocompatibility of
graphene-based nanomaterials is ongoing; therefore, evaluation of the effects of these
nanomaterials on the immune system is an important precondition. (Orecchioni,
Ménard-Moyon, Delogu, & Bianco, 2016).



In the literature, there are studies that graphene-based nanomaterials used in
conventional cell culture (K. Wang et al., 2011) and 3D cell culture (de Lazaro et al.,
2021); however, there are few studies that the nanomaterials used in microfluidic cell

culture.

In respect of these developments, the biocompatibility of graphene oxide (GO) was
investigated within the scope of this thesis. The effect of different sizes of GO on Jurkat
cells, which are immune cells, was examined in both static (conventional cell culture)

and dynamic (microfluidic cell culture) environment.



2. LITERATURE SURVEY
2.1 Graphene and its derivates

Carbon is an element that is commonly found in nature. It is an unusual material that
can be available in zero-dimensional (0OD), one-dimensional (1D), two-dimensional
(2D), and three-dimensional (3D) forms (Zhang et al., 2017). Graphene (G), which is an
allotrope of carbon, has a honeycomb nanostructure. This hexagonal structure, which is
formed by the bonding of carbon atoms that have sp? hybridized, is a 2D and single-
atom-thick layer. (Bitounis, Ali-Boucetta, Hong, Min, & Kostarelos, 2013; Giircan,
2018; Yang, Asiri, Tang, Du, & Lin, 2013). Graphene forms the building block of
allotropes of carbon from 0D to 3D (Zhang et al., 2017).

2-D (Graphene)

0-D (fullerenes) 1-D (Nanotut;es) 3-D (Graphite)

Figure 2.1 Illustration of various carbon allotropes (Zhang et al., 2017)

Graphene, which has extraordinary properties such as flexibility, lightness, high
conductivity, and transparency, has become a popular material in many applications
including flexible electronics (Eda, Fanchini, & Chhowalla, 2008), electrochemical
biosensors (Du et al., 2010), tissue engineering (Menaa, Abdelghani, & Menaa, 2015),
and medicine (Kostarelos, Vincent, Hebert, & Garrido, 2017).



Not only graphene but also graphene-based materials (GBMs) have become attractive
today because of their potential to be used in many fields. Various GBMs are available,
including single or multilayer G, graphene oxide (GO), graphene nanosheets and flakes,
reduced graphene oxide, graphene nanoribbons, and GO quantum dots (Bianco, 2013;
Cheng, Li, Thomas, Kotov, & Haag, 2017; Rizzo et al., 2018).

2.2 Graphene-based nanomaterials for biomedical applications

The potential of graphene-based nanomaterials in biomedical applications is being
investigated due to their important properties (Qu et al., 2018). There are numerous
researches conducted in the biomedical field with these materials to illustrate,
antibacterial activity (Szunerits & Boukherroub, 2016), biosensing (Chung et al., 2013;
Jung, Cheon, Liu, Lee, & Seo, 2010), bioimaging (Sun et al., 2008), cancer therapy,
(Shen, Zhang, Liu, & Zhang, 2012), drug and gene delivery (Bao et al., 2011).

Phototherapy

Figure 2.2 Fundamental applications of graphene-based nanomaterials in biomedical
(Quetal., 2018)



2.3 Graphene-based materials and immune cells

The immune system is a collection of molecules-cells and tissues that provides
resistance to infections. The function of the immune system is to recognize molecules

that are foreign to the body and destroy them (Karahan 2015).

As mentioned in the previous section, graphene-based (nano)materials have remarkable
potential in biomedical applications. Drug and gene delivery, bioimaging, and
anticancer therapy, for instance. Some of these studies in biomedical applications
necessity intravenous injection of graphene and the assessment of its immune impact is
a necessary precondition (Orecchioni, Ménard-Moyon, Delogu, & Bianco, 2016). In
addition, the production and use of graphene-based nanomaterials has increased. That's
why, it is necessary and important to carefully examine the effect of such nanomaterials
on cells and tissues (Mukherjee, Bottini, & Fadeel, 2017).

Many studies have been conducted on the interaction of GBMs with immune cells. In
most of the current studies, it is reported that GBMs interact with immune cells and can
trigger situations, which leads to different effects on the body (Mukherjee, Bottini, &
Fadeel, 2017).

The toxicity/compatibility of GBMs relies on various physicochemical properties
including form, dimension/size, and surface chemistry. (Fadeel et al., 2018). As
summarized in figure 2.3, the majority (~80%) of research on immune effect were
performed with GO. ~10% of the research were performed with pure G and ~10% with
other forms of G (Orecchioni, Ménard-Moyon, Delogu, & Bianco, 2016).



~10%

~10%
Oxide
Pristine
Nanoplatelets, Nanosheets
and Microsheets
~80%
Major findings
i = 5 S No
Different types of Toxic Non toxic | Activation e
graphene studied activation
Shape dimension <1um 2 3 4 2
Shape dimension 21um 4 5 2 4
Aminated 1 0 1 0
Polyvinylpyrrolidone 0 1 1 0
Carboxylated 1 1 2 0
Carboxylated and
PEGylated L 4 e v
PEGylated and 0 1 1 0
polyethyleniminated
PEGylated 0 2! 0 2
Ovalbumin and
carnosine g 2 . g
Peptide (Vpr13-33) 0 1 1 0
Pristine 3 0 3 0
Nanoplatelets 1 0 1 0
Nanosheets 1 0 1 0
Microsheets 1 0 0 0

Figure 2.3 Studies on immune effect conducted with graphene and its forms
(Orecchioni, Ménard-Moyon, Delogu, & Bianco, 2016)

2.4 Biocompatibility of graphene-based nanomaterials

Members of GBMs do not have a uniform surface. Pristine G surface has hydrophobic;
on the other hand, GO surface has hydrophobic islands with hydrophilic regions. This
might potentially affect the interactions of these materials with biological systems
(Mukherjee, Bottini, & Fadeel, 2017). In many papers, it has been reported that GO
shows better immune compatibility compared to pristine G (Orecchioni, Ménard-
Moyon, Delogu, & Bianco, 2016).



Russier et al. (2013) stated that the different GO sheet sizes (~1.32 um, ~0.27 pm, and
~0.13 pum) caused an important effect on various cellular parameters including cellular
viability, reactive oxygen species (ROS) generation, and cellular activation. The
researchers showed that as the lateral dimensions of GO decreased, the effects on

cellular internalization and cellular functionality increased.

Orecchioni et al. (2016) examined the immunotoxicological effect of GOs with two
different sizes on human peripheral blood mononuclear cells (PBMCs). They
demonstrated that small sized GO induced a more prominent effect on immune cells

compared to large sized GO.

Zhi et al. (2013) studied the impact of surface modification on human immune cells and
examined the effect of pure GO and polyvinylpyrrolidone (PVP) coated GO. In short,
the researchers reported that coating with PVP may clearly improve the in vitro

immunological biocompatibility of GO.

As discussed above, after exposure, graphene-based (nano)materials may be detected by
immune cells. Studies continues on various methods, including surface modification, to
perfom these nanomaterials more compatible. On the other hand, a coherent
contemporary approach to classify these nanomaterials based on their immune
properties other than their physicochemical parameters is lacking (Gazzi et al., 2020).
For this reason, it is thought that studies should be done on the interaction between

immune cells and graphene-based materials.

2.5 Microfluidics

Microfluidics is the engineering of systems that precisely control and manipulate small
volumes of fluids through micrometer-sized channels (Nguyen, Wereley, & Shaegh,
2019; Whitesides, 2006). Over the last few decades, this technology has grown rapidly.
Due to the fact that microfluidic devices have remarkable advantages such as less
analytes and reagents, precise fluid control, fast, low cost, or no need for specialist staff,

there are a number of potential applications for these devices in various research fields,



including biomedical, pharmacy, chemistry, food, information technology, optics,
medicine, agriculture (Akar, 2020; Diiven et al., 2018; McDonald et al., 2000).

Drainage

Microchannel
Reagent area

Reagent Inlet

PDMS

Sensor

Valves
Sample Inlet

Figure 2.4 Illustration of a microfluidic chip (Pattanayak et al., 2021)

Nowadays, microfluidic systems have become an important option in many research
areas including biomedical, pharmacy, chemistry, food, medicine, agriculture owing to
remarkable advantages such as (Akar, 2020; Diiven et al., 2018; McDonald et al.,
2000):

» consumption of less analytes and reagents,
» precise control of liquids,

» reduction in analysis time,

» low cost of fabrication, usage, and disposal,
» easy portability,

» no need for specialist staff.

2.6 Biomedical applications of microfluidic devices

Microfluidic devices have become a significant research area in biomedical engineering
applications today. Microfluidic systems are used in various research including tissue
engineering, cell culture, biosensors, cancer, discovery of new drug molecules
(McDonald et al., 2000; Pattanayak et al., 2021).



Although conventional cell culture has significant good aspects such as established
culture material and protocol, standardization and availability of assays, this method is
insufficient to entirely mimic nuances of the in vivo cellular microenvironment. To
address this limitation, microfluidic systems are used in cell culture applications.
Microfluidic cell culture offers remarkable advantages compared to conventional cell
culture. Comparison of conventional and microfluidic cell cultures are given in table 2.1
(Halldorsson et al., 2015; Mark, Haeberle, Roth, Stetten, & Zengerle, 2010).

Table 2.1 Advantages and drawbacks of conventional and microfluidic cell cultures

Conventional Cell Culture Microfluidic Cell Culture

» Established culture material, > Less use of laboratory space,

» Standardized measurement of » Automation,
% pH, CO, Oy, » Cost effective,
g » Established culture protocols, > Using fewer cells,
2 » Standardization and » Experimental flexibility and
.c_g_ availability of assays, control
iy » Ability to scale up single

experiment

» Fixed device architecture, > Relatively new technology,

» Perfusions and chemical » New culture surface like PMMA,
% gradients are difficult to » Complex operational control and
'c% archive, chip design,
o » Stagnant culture media, » Non-standard culture protocols
.g » Rigid culture surface,
- » Mainly end-point analysis




Figure 2.5 Cell cultures, (a) conventional cell culture, (b) microfluidic cell culture
(Mehling & Tay, 2014)

2.7 Materials for microfluidic chip fabrication

One of the first and most important steps in microfluidic applications is to determine the
right material for chip fabrication. The type of material may vary depending on the
applications, so it is necessity to consider the properties of the material to be used in
chip fabrication. A number of materials have been used in chip fabrication over the past
two decades. Microfluidic chips may be produced today with a variety of materials to
illustrate, glass and silicone, Polydimethylsiloxane (PDMS), Poly(methyl methacrylate)
(PMMA), paper (Niculescu, Chircov, Birca, & Grumezescu, 2021; Ren, Zhou, & Wu,
2013).

Silicon or glass was used in the first-generation microfluidic chips. These materials are
very reliable, but the method, which is called standard photolithography, used for the

10



fabrication of chips is quite costly. In the following years, PDMS began to be used in
the production of microfluidic chips. PDMS is an elastomer which is used in chip
fabrication. PDMS is the most popular material among elastomers in microfluidic fields.
It has important advantages such as high biocompatibility, gas permeability, high
flexibility, and transparency. Apart from PDMS, one of the most preferred materials is
PMMA which is a thermoplastic. PMMA has important features such as transparency,
inexpensive, availability, easy to pattern. PMMA has a disadvantage in long-term cell
studies because of the fact that it barely allows gas permeability. Paper-based
microfluidic chips are used in different applications like pregnancy testing. Paper is one
of the suitable substrates in different microfluidic applications due to its properties
including user-friendly, cheap, disposable. Some types of materials used in microfluidic
chip fabrication and their properties are demonstrated in figure 2.6 (Mou & Jiang, 2017;
Ren et al., 2013).

a b

- Glass and Silicon —e—Paper Elastomer -e- Thermoplastics

Fabrication

Microfludics -

Hyd-régeAI‘

Fabrication cost

__________________

Modification Function

Figure 2.6 Different types of materials used in microfluidic chip fabrication (Mou &
Jiang, 2017; Ren et al., 2013)

2.8 Microfluidic chip fabrication methods

Besides using different materials, different fabrication methods are used in microfluidic
chips today. Soft lithography, laser ablation, and 3D printing methods are some of the
fabrication methods (Niculescu et al., 2021). In the soft lithography method, briefly, a

mold that has chip design is formed. PDMS, which is a suitable material in this method,
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is poured onto the mold. Hardening of the PDMS is provided. After that, the PDMS
forming the chip channels is removed from the mold and adhered to glass bottom layer
(McDonald et al., 2000; Ozbey, 2011).

Silicon wafer Photoresist Photomask Ultraviolet
% |
Spin coating
PDMS stamp

-
&

Inlets
QOutlet
o e

Figure 2.7 PDMS chip fabrication (Z. Wang et al., 2015)

Replica
molding

In laser-based processes, in short, the designed microfluidic chip can be fabricated by
laser engraving or cutting. In laser cutting method, PMMA, double-sided adhesive
(DSA) and glass are among the most preferred materials as top, middle and bottom
layers, respectively. In this method, a basic microfluidic chip consists of 3 layers.
PMMA is the top layer with inlet and outlet. DSA is the middle layer which has
microchannel geometry. The bottom layer is glass. These three layers are assembled
with careful attention to alignment and the microfluidic chip is fabricated (Niculescu et
al., 2021).

2.9 Microfluidic chip designs
Microfluidic chip designs can vary according to different applications, including lab-on-
a-chip, organ-on-a-chip, tumor-on-a-chip, cancer-on-a-chip, single-cell analysis, drug

screening in addition to material or fabrication method (Pattanayak et al., 2021).
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Schematic illustration of different channel geometries is demonstrated in figure 2.8

(Carvalho, Ceccato, Michelon, Han, & de la Torre, 2022; Damiati, Kompella, Damiati,

& Kodzius, 2018).
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Figure 2.8 Different microfluidic chip designs (Carvalho, Ceccato, Michelon, Han, & de
la Torre, 2022; Damiati, Kompella, Damiati, & Kodzius, 2018)

Comprehension of immune system is very significant in biomedical applications, such
as drug development research, implant design. Conventional cell cultures and animal
models are frequently used in these applications. However, conventional cell cultures or
animal models suffer from at least one challenge, such as the inability to fully mimic
cellular microenvironment, ethical concern, need for specialist staff, high cost. Research

conducted with microfluidic chip technology has gained momentum in order to
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overcome these unfavorable situations. Microfluidic chips with immune cell
components are given in figure 2.9 (Morsink, Willemen, Leijten, Bansal, & Shin, 2020).
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Figure 2.9 Microfluidic chips with immune cell components (Morsink, Willemen,
Leijten, Bansal, & Shin, 2020)

2.10 Scope and novelty of the study

In this thesis, the biocompatibility of GO was investigated. To this end, the effect of
different sizes of GO on Jurkat cells, which are an immortalized line of human T
lymphocyte cells, was investigated in both static (conventional cell culture) and
dynamic (microfluidic cell culture) environments. Jurkat cells represent good models to
study immune biocompatibility of nanomaterials ( Orecchioni et al., 2014; Orecchioni et
al., 2016; Thurnherr et al., 2009; Zamorina et al., 2021). In our best knowledge, this
thesis is the first comparative study of GO with different sizes on these cells in
suspension (static) and microfluidic (dynamic) cell cultures. It is thought that examining
the cell-nanomaterial interaction in conventional and microfluidic cell cultures is
important to understand the biocompatibility of GO with different sizes and the effect of

the different cell culture media.
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3. MATERIALS AND METHODS

3.1 Materials

The materials/software used within the scope of this study are shown involving their
purposes and the companies/institutions provided them in table 3.1.

Table 3.1 Materials used, manufacturers and their intended use

Material/Software Brand/Company/Institution Intended Use

Microfluidic Chip Fabrication

AutoCAD 2020
PMMA
DSA
Microscope slide

Dulbecco’s Phosphate
Buffered Saline

Peristaltic Pump System

Arduino IDE

C# programming language

Arduino UNO R3

Peristaltic pump module

Driver expansion board

Stepper motor driver

Autodesk
Forem Reklam
3M 7955MP
ISOLAB

Biological Industries

Arduino

Microsoft

Arduino

Robotistan

CNC shield v3

DRV8825
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Chip design
Chip fabrication
Chip fabrication
Chip fabrication

Chip cleaning

Control of the
peristaltic pump system
Control of the
peristaltic pump system
Construction of the
peristaltic pump system
Construction of the
peristaltic pump system
Construction of the
peristaltic pump system
Construction of the

peristaltic pump system



Table 3.1 Materials used, manufacturers and their intended use (continued)

In vitro Study
Cell Type
American Type Culture
Collection (ATCC)

Jurkat cell line

Cell Culture Medium

RPMI 1640 Medium (1X) Gibco

Foetal Bovine Serum (FBS) Biological Industries

Penicillin-Streptomycin ) ) ]
_ Biological Industries
Solution

Conventional and Microfluidic Cell Cultures

Manchester University,

us-GO i
Nanomedicine Lab
Manchester University,
I-GO o
Nanomedicine Lab
Assays
CyQuant LDH Cytotoxicit
yQ y Y Thermo Fisher Scientific
Assay

Annexin V, Alexa Fluor™ ) L
_ Thermo Fisher Scientific
488 conjugate
Statistical Analysis

GraphPad Prism 9.4 GraphPad Software, Inc.

3.2 Methods

In vitro studies

Jurkat cells expansion
medium

Jurkat cells expansion
medium

Jurkat cells expansion

medium
Investigation of its
effect in cell cultures

Investigation of its

effect in cell cultures

Cell viability analysis

Apoptotic cell analysis

Statistical Analysis

The experiments planned for this thesis study were carried out in the EGAL Laboratory

of Electrical and Electronics Engineering Department, and the Stem Cell and

Regenerative Medicine Research Laboratory of Biomedical Engineering Department of

Engineering Faculty of Ankara University. The laser cutting device which was used in
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microfluidic chip fabrication process was kindly provided by Dr. Fikret Ari1 and Dr.
Mehmet Altay Unal, Ankara University faculty members. The us-GO and I-GO, which
was reported that the lateral dimension to be less than 500 nm and 1-30 pm, respectively
(Rodrigues et al., 2018), used in this thesis study were kindly provided by Dr. Kostas
Kostarelos, University of Manchester Nanomedicine Lab. coordinator and the
characterization of the GOs was done by Orecchioni et al (Orecchioni, Jasim, et al.,
2016).

3.2.1 Microfluidic chip fabrication by laser cutting method

The method in the literature (Asghar et al., 2016; Gale et al., 2018) was followed for
microfluidic chip fabrication. Microfluidic chips were fabricated by assembling three
layers. A microscope slide was used as the bottom layer. A double-sided adhesive
(DSA) that is a transfer tape was used as the middle layer. This layer also formed the
chip channel. The top layer was a PMMA layer with inlet(s) and outlet. Microfluidic
chips were produced in two different designs.

The microfluidic chips were designed using AutoCAD 2020 software and subsequently
formed the top and middle layers using a laser cutter (Epilog Laser Mini 24). An

Illustration of a simple microfluidic chip design is given in figure 3.1.

Figure 3.1 lllustration of a simple microfluidic chip design, top layer (PMMA),
middle layer (DSA), bottom layer (microscope slide)
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3.2.1.1 Bottom layer

The bottom layer was a standard microscope slide (75 mm x 26 mm) for both chips.

3.2.1.2 Middle layer

The middle layer was used to form channels. Channel geometry is an important factor in
the interaction of fluids (Naher, Orpen, Brabazon, Poulsen, & Morshed, 2011);
therefore, serpentine channels were designed to increase the mixing of fluids. CAD

designs of the layer are demonstrated in figure 3.2 and figure 3.3.

- 60000 pm -

e N ]

25000 pm

Y o500 pm

N A

Figure 3.2 CAD design of middle layer (one inlet-one outlet)

(o o)

©1200 pm 500 pm J
\ 2/

Figure 3.3 CAD design of middle layer (two inlets-one outlet)
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The chip in figure 3.2 had one inlet and one outlet. Channel length was ~29 cm.
Channel width was 500 pm. Channel volume was ~18.5 pl. The other chip (Figure 3.3)
had two inlets and one outlet. Channel length was ~30 cm. Channel width was 500 um.
The channel volume was ~19.3 ul. The layer was patterned on DSA for both chips. The
DSA thickness was 127 pm, which formed the channel height.

3.2.1.3 Top layer

The top layer was the layer with the input(s) and output ports of the chips. The top layer
was designed to be compatible with the middle layer. PMMA was used as top layer.
Transparent PMMA was preferred to see the fluid flow and its thickness was 2 mm.

CAD designs of the layer are given in figure 3.4 and figure 3.5.
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Figure 3.4 CAD design of top layer (one inlet-one outlet)
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Figure 3.5 CAD design of top layer (two inlets-one outlet)
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The inlet(s) and outlet diameters were 2 mm. The diameter of alignment holes was 1.2

mm.

The designed layers were cut using a laser cutter. Thus, top and middle layers were
fabricated. Subsequently, top, middle, and bottom layers were assembled together. In
this process, firstly, non-adhesive film on one surface of DSA was removed. Next the
top layer, which is PMMA, was adhered to the DSA. After that non-adhesive film was
removed from the other surface of DSA and a microscope slide was adhered to this
surface. This process was applied for both chip designs.

Figure 3.6 Assembled microfluidic chip (one inlet-one outlet)

Figure 3.7 Assembled microfluidic chip (two inlets-one outlet)
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3.2.2 Construction and control of the peristaltic pump system

3.2.2.1 Construction of the peristaltic pump system

As part of this thesis, it was presented a low-cost peristaltic pump constructed with

common tools/hardware and open-source software.

The peristaltic pump system consisted of two basic parts: electrical-mechanical
hardware and software. In the hardware part, there was a power supply, a
microcontroller (Arduino UNO), a stepper motor driver (DRV8825), a driver expansion
board (CNC shield), and a stepper motor-based peristaltic pump module. Schematic of

the peristaltic pump system is given in figure 3.8.

- Arduino Uno
- CNC Shield
- Stepper Motor
Driver

12 Volts
2 Amperes
Power Supply

Peristaltic Pump

Module

Figure 3.8 Schematic of the peristaltic pump system

In short, the Arduino microcontroller was responsible for sending commands that run
the peristaltic pump and control the rotation speed of the peristaltic pump; nevertheless,
this peristaltic pump could not work just by using Arduino. For this reason, CNC shield
and stepper motor driver (DRV8825) were integrated to the Arduino. The peristaltic
pump system is shown in figure 3.9. Wiring diagram of the peristaltic pump system is

demonstrated in appendix 1.
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Figure 3.9 Peristaltic pump system. Arduino UNO, CNC shield, DRV8825, peristaltic
pump module, power supply

3.2.2.2 Control of the peristaltic pump system

The Arduino microcontroller was programmed to control the peristaltic pump using the
Arduino IDE, which is open-source software, through a USB connection to a computer.
The Arduino IDE software is demonstrated in figure 3.10. Source code of the peristaltic

pump system that was coded in Arduino IDE is in appendix 2.

22



@ Controller UNO_Test | Arduino 1.8.13 — O *

Dosya Dizenle Taslak Araglar Yardim

Contraller_LUNO_Test

1 #include <AccelStepper.h>
3 #define MotorEnb 8

5 AccelStepper stepper(l,2,5);

7 String inputString = "";

an stringComplete = false;

int cmdIndex;

10 string cmdString = "";

12 float SpeedValue = 2; //rpm!

13 olean modeValue = false;

roid setup{) {
\de (MotorEnb, OUTEUT) ;
17 digitalWrite (MotorEnb, 'modeValue) ;

1lg stepper.seth peed (5000) ;

1({SpeedValue*200%16/60);

20 stepper. set:

22 Serial.begin(9600);

23 inputString.reserve (40);

Arduino Una on COM3

Figure 3.10 Arduino IDE

Although the peristaltic pump can be controlled from the serial port display of the
Arduino IDE, there are some challenges in controlling it this way. For example, it may
take some time to control more than one pump or change the speed of these pumps
during experiments. A user-friendly, open-source peristaltic pump application was
developed to prevent such challenges using C# programming language in Visual Studio
2019 IDE. Since this application had a simple and easy-to-use interface, peristaltic
pumps were used together more effortlessly and comfortably (Figure 3.11). Source code

of the peristaltic pump application is in appendix 3.
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Figure 3.11 Peristaltic pump application
3.2.3 Fluid flow rate analysis

The flow rate test was carried out to determine rotation speed of the pump in ul/min. To
perform the test, several revolutions per minute (rpm) values of the pump and two tubes
of different diameters were used. The smaller diameter tubes were connected to both
ends of the larger diameter tubing. Distilled water was passed through the pump at
different rpms for one minute. After that the distilled water was collected in an
eppendorf tube. The volume of fluid in the eppendorf tube was measured with a

micropipette (Brand), and the rotation speed of the pump was calculated in pl/min.
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Figure 3.12 Flow rate test of peristaltic pump

3.2.4 Leakage analysis

The leakage test was carried out using medium to investigate whether there was a
leakage. To perform the test, a microfluidic chip with microchannel geometry in figure
3.2 were used. After the microfluidic chips were fabricated, fittings were glued to the
inlet and outlet holes with epoxy glue at room temperature so that the silicone tubing
were connected microfluidic chip with the help of fittings. Utilizing a peristaltic pump,
medium was passed through the microfluidic chip for 4 h at 0.5 rpm. Observation was

carried out visually for any leakage in the microfluidic chip.

3.2.5 Occlusion analysis

The occlusion test was performed to investigate any possible occlusion using a
microfluidic chip with microchannel geometry in figure 3.2. Medium with a volume of
1 ml and 5x10° A549 lung cancer cells was used to perform the occlusion test. Jiang,
Shen, and Piao (2010) reported that the diameter of A549 cells from two different
microscopy images was 14.93 um and 10.59 pum. Utilizing a peristaltic pump, the
medium that contains the cells was passed through the microfluidic chip at 0.5 rpm for 2

h. Observation was carried out visually for any occlusion in the microfluidic chip.
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3.2.6 In vitro studies

3.2.6.1 Preparation of cell culture

Jurkat cell line, which is defined an immortalized T lymphocyte cell line (Montano,
2014), was used within the context of this thesis. The cell line was obtained
commercially from ATCC. The passage number and culture medium ingredient of this

cell line are shown in detail in table 3.2.

Table 3.2 Cell type, passage number and cell medium ingredient

Passage Number Cell Line Cell Type Medium Ingredient

RPMI 1640 + 10% FBS +

1% Penicillin-Streptomycin

4 Jurkat Cell Line Jurkat

In the literature, there are studies with Jurkat cells on both conventional cell culture
(Vashishtha, Nazarali, & Dimmock, 1998; Zamorina et al., 2021) and microfluidic
device (Lee, Kim, Doh, Kim, & Chung, 2021; Metto et al., 2013). As Jurkat cells were
studied in both conventional and microfluidic environments, these cells were used in the
scope of the thesis. In order to culture Jurkat cells, A class Il (laminar flow) biological
safety cabinet (Labogene Mars) that its sterilization is provided by ultraviolet light was
used. For Jurkat cells, the medium was prepared by adding 10% foetal bovine serum
(FBS) and 1% penicillin-streptomycin into RPMI 1640 Medium (1X).

First, the Jurkat cells were removed from the tank which had liquid nitrogen in it.
Secondly, the cells were thawed in a water bath at 37°C (little ice left in it). 2 ml of
medium and thawed cells were collected into a falcon tube using a serological pipette.
The volume of the solution was completed to 5 ml with the appropriate medium. The
falcon tube was centrifuged at 260 rcf for 5 minutes to remove Dimethyl Sulfoxide
(DMSO), which could cause toxic effects, from the cells. Then the supernatant was
removed from these cells. Pelletized cells were removed by gentle tapping. The
removed pellet was suspended with the appropriate volume of medium. Subsequently,

the cells were seeded in a T-75 tissue culture flask for expansion. The necessary
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medium was added to the flask. Afterwards, this flask was put in an incubator
(Panasonic MCO-170AICUV-PE). Thus, the cells were incubated under appropriate
conditions (37°C and 5% CO2 ) in the incubator.

_ i . =
Figure 3.13 Steps of thawing and incubation of cells

3.2.6.2 Passaging of Jurkat cells and cell counting

After desired number of cells in the flask were achieved, cultured cells were passaged to
ensure cell viability and remove metabolic wastes. Cells were counted to determine the

appropriate cell densities in the studies.

For cell counting, the cultured cells were collected into the appropriate falcon tube. The
cells that are in the falcon tube were centrifuged at 800 rpm for 5 minutes. After
centrifugation the supernatant was removed from the tube. Next pelletized cells were
removed by gentle tapping. The removed pellet was suspended with the appropriate
volume of medium. 10 pl of the cell suspension was placed on the hemocytometer slide
for cell counting and cells were counted under an inverted light microscope (ILM)
(Zeiss).
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Figure 3.15 ILM images of Jurkat cells on hemocytometer slide (10X magnification)
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3.2.6.3 The proliferation of Jurkat cells in conventional cell culture

After the cells were counted, the appropriate volume of medium that contains cells was
prepared. The prepared medium was dispensed into 5 wells of 96-well plate. 200 ul of
the medium was added per well. Thus, Jurkat cells were seeded at a density of ~5x10°
cells/well in the 96-well plate. Then, the cells were incubated at 37°C, 5% CO- for 24 h.

This cell culturing process was applied for LDH (Lactate dehydrogenase) assay.

For apoptosis assay, the appropriate volume of medium that contains cells was
prepared. The Jurkat cells were seeded in a 6-well plate. Under the right conditions, the

cells were incubated for 24 h.

3.2.6.4 The proliferation of Jurkat cells treated with us-GO in conventional cell

culture

After the cells were counted, the appropriate volume of medium that contains cells was
prepared. Afterwards us-GO, which was reported that the lateral dimension to be less
than 500 nm (Rodrigues et al., 2018), with concentration of 100 pug/ml was added to the
medium. In order to evenly mix the nanomaterial in the medium, the "up and down"
technique was applied using a micropipette. The new medium was dispensed into 5
wells of 96-well plate. 200 pl of the medium was added per well, so Jurkat cells with a
density of ~5x10° cells/well were seeded in the plate. Under favorable conditions, the

cells were incubated for 24 h. This cell culturing process was applied for LDH assay.

For the apoptosis assay, the appropriate volume of medium that contains cells was
prepared. Afterwards, us-GO with concentration of 100 ug/ml was added to the
medium. Similar steps were followed, and the cells were incubated with the new

medium (medium + nanomaterial) in a 6-well plate for 24 h under favorable conditions.
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3.2.6.5 The proliferation of Jurkat cells treated with I-GO in conventional cell

culture

After the cells were counted, the appropriate volume of medium that contains cells was
prepared. Then I-GO, which was reported that the lateral dimension to be 1-30 um
(Rodrigues et al., 2018), with concentration of 100 ug/ml was added to the medium. In
order to evenly mix the nanomaterial in the medium, the "up and down" technique was
applied using a micropipette. The new medium was dispensed into 5 wells of 96-well
plate. 200 ul of the medium was added per well, so Jurkat cells with a density of ~5x103
cells/well were seeded in the plate. Under the right conditions, the cells were incubated

for 24 h. This cell culturing process was applied for LDH assay

For the apoptosis assay, the appropriate volume of medium that contains cells was
prepared. Afterwards, I-GO with concentration of 100 pg/ml was added to the medium.
Similar steps were followed, and the cells were incubated with the new medium

(medium + nanomaterial) in a 6-well plate at 37°C, 5% CO; for 24 h.

3.2.6.6 The proliferation of Jurkat cells in microfluidic cell culture

Before starting the microfluidic cell culture, some pre-processing was carried out.
Distilled water and alcohol were passed through the microfluidic chips and tubing,
respectively. After that they were exposed to ultraviolet light for 1 h in a laminar flow
cabinet. Lastly, phosphate buffered saline (PBS) was passed through the chips and
tubing. Thus, the cleaning of microfluidic chips was carried out. After these procedures,

the cell culture process was started.

After cells were counted, medium with a volume of 1 ml and 1x10° cells was prepared.
The prepared medium was transferred into a microfluidic chip using a peristaltic pump.
A microfluidic chip with one inlet and one outlet was used (the chip design is shown in
figure 3.1). Recirculation flow in the microfluidic chip was maintained using the
peristaltic pump. Peristaltic pump speed was set to 0.5 rpm. Subsequently, the cells
were incubated for 24 h under appropriate conditions (37°C, 5% CO2). The flow in the
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chip continued throughout the incubation. This cell culturing process was applied for
both LDH and apoptosis assays.

3.2.6.7 The proliferation of Jurkat cells treated with us-GO in microfluidic cell

culture

First, the pre-processes in the previous section were followed. Later a suitable volume
of medium with 1x10° cells was prepared. After that the appropriate volume of us-GO
solution was prepared. The nanomaterial (us-GO) concentration was determined as 100

ug/ml. The total volume of the medium and nanomaterial solution was 1 ml.

The prepared medium and nanomaterial suspension were transferred to microfluidic
chip from different channels using two peristaltic pumps. A microfluidic chip with two
inlets and one outlet was used (the chip design is shown in figure 3.2). The medium and
nanomaterials came together in the chip for the first time. Afterwards, this new medium
(medium + nanomaterial) was transferred to a new microfluidic chip with one inlet and
one outlet (Figure 3.1). Recirculation flow in the microfluidic chip was maintained
using a peristaltic pump. Peristaltic pump speed was set to 0.5 rpm. Subsequently, the
cells were incubated for 24 h under appropriate conditions. The flow in the chip
continued during the incubation. This cell culturing process was applied for both LDH

and apoptosis assays.
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Figure 3.16 Slmultaneous ransfer of nanomaterial and Jurkat cells to mICI’OﬂUIdIC chip

31



3.2.6.8 The proliferation of Jurkat cells treated with I-GO in microfluidic cell

culture

First, the pre-processes in the previous section were followed. Later a suitable volume
of medium with 1x10° cells was prepared. Afterwards, the appropriate volume of I-GO
solution was prepared. The nanomaterial (I-GO) concentration was determined as 100

png/ml. The total volume of the medium and nanomaterial solution was 1 ml.

The prepared medium and nanomaterial suspension were transferred to microfluidic
chip from different channels using two peristaltic pumps. A microfluidic chip with two
inlets and one outlet was used (the chip design is shown in figure 3.2). The medium and
nanomaterials came together in the chip for the first time. Afterwards, this new solution
(medium + nanomaterial) was transferred to a new microfluidic chip with one inlet and
one outlet (Figure 3.1). Recirculation flow in the microfluidic chip was maintained
using a peristaltic pump. Peristaltic pump speed was set to 0.5 rpm. Subsequently, the
cells were incubated for 24 h under favorable conditions. The flow in the chip continued
during the incubation. This cell culturing process was applied for both LDH and

apoptosis assays.

[ ]} LLLE
Figure 3.17 Recirculation flow in microfluidic chips using peristaltic pump

Cells in both static (conventional) and dynamic (microfluidic chip) media were cultured
simultaneously. After the cells were incubated for 24 h, In order to analyze the viability
of the cells, assays were performed.
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Figure 3.18 Conventional and microfluidic cell cultures (96-well plate and microfluidic
chip)

Figure 3.19 Conventional and microfluidic cell cultures (6-well plate and microfluidic
chip)

33



3.2.7 LDH assay

Cytotoxicity assays occupy an important place in in vitro toxicology studies. LDH assay
Is one of the commonly preferred assays for detecting cell viability or cytotoxicity.
(Fotakis & Timbrell, 2006).

Lactate dehydrogenase (LDH) is a cytoplasmic enzyme which is present in all cells
(Erkekoglu & Baydar, 2021; Kumar, Nagarajan, & Uchil, 2018). When cells are
exposed to a toxic substance, their plasma membrane integrity is disrupted and LDH
leaks from the cells into the cell medium. This is measured spectrophotometrically
(Erkekoglu & Baydar, 2021). LDH assay is reliable, rapid, and allows for simple
evaluation (Fotakis & Timbrell, 2006).

Cell viability of the cells was assessed by LDH release. Cells incubated in conventional
and microfluidic cell cultures for 24 h were removed from the incubator. For LDH
assay, Jurkat cells in microfluidic cell culture were transferred to the 96-well plate, in
which Jurkat cells in conventional cell culture were incubated. For this, the media with
cells in the microfluidic cell culture was first collected into an eppendorf tube with the
help of the peristaltic pump. The collected media was dispensed into 5 wells of 96-well
plate. 200 pl of the media was added per well. This process was performed for all 3
media (Jurkat, Jurkat + us-GO, Jurkat + I-GO) in microfluidic cell culture. For the LDH
assay, CyQuant LDH Cytotoxicity Assay Kit (Thermo Fisher Scientific) was used

following the manufacturer’s instructions.

Initially, 10 pl/well of lysis buffer was added and incubated at 37°C, 5% CO: for 45
minutes. Secondly, the cells were transferred to a falcon tube and centrifuged at 13000
rpm for 10 minutes. Then, the supernatant was dispensed into 50 pl/new wells. 50uL of
Reaction Mixture was transferred to each sample well and mixed by gentle tapping.
Subsequently, the plate was incubated at room temperature for 30 minutes protected
from light. At the end of the incubation, S0uL of Stop Solution was added to each
sample well and mixed by gentle tapping. Finally, the absorbance was measured at 490
nm and 680 nm in a microplate reader (Bmg Labtech CLARIOstar).
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Figure 3.20 Schematic representation of LDH assay (Anonymous 2014)

3.2.8 Apoptosis assay

Apoptosis (programmed cell death) plays a major role in a number of cellular events
(Koopman et al., 1994; Sgonc & Gruber, 1998). After cells signal apoptosis, they
demonstrate some biochemical and morphological changes, for example, DNA
fragmentation, cell shrinkage, chromatin condensation. These changes can be
determined using a variety of methods (Giiles & Ulker, 2008). Schematic representation

of apoptosis mechanism is given in figure 3.21 (Anonymous 2019).
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Figure 3.21 Schematic representation of apoptosis mechanism (Anonymous 2019)

For the apoptosis assay, The Alexa Fluor® 488 annexin V / Dead Cell Apoptosis Kit
containing Alexa® Fluor 488 annexin V and Propidium iodide (PI) was used following

the manufacturer’s instructions. Briefly, Jurkat cells in conventional and microfluidic
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media were washed 3 times with PBS and transferred to microfuge tubes. The cells
were incubated with Annexin V (5 ul), PI (1 ul) at room temperature for 15 minutes and

1x10* events were measured on the Flow cytometer device (BD Accuri C6 Plus).

3.2.9 Statistical analysis

In order to evaluate the data, statistical analysis was performed. One-way analysis of
variance (ANOVA), two-way ANOVA, and Tukey’s post-hoc test were conducted via
GraphPad Prism software (version 9.4). P values that are below 0.05 (p<0.05) were

considered statistically significant.
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4. RESULTS AND DISCUSSION

4.1 Fluid flow rate analysis

Microfluidic systems are tools that used to perform fast, low-cost and high-throughput
analysis in many different applications. Fluid flow that is controlled precisely is
required in many microfluidic systems. Pumps such as piezoelectric pumps, syringe
pumps, peristaltic pumps can be used to control fluid flow. On the other hand, many of

these pumps are costly (Behrens et al., 2020).

Peristaltic pumps can be used to ensure recirculation flow in a closed fluid circuit. The
pumps are physically isolated from sample by means of tubing, which reduces safety
and contamination concerns. That’s why peristaltic pumps are used in applications that

require recirculating flow such as cell culture (Behrens et al., 2020; Ota et al., 2010).

As part of this thesis, it was presented a low-cost peristaltic pump which is suitable for
use with microfluidic devices. The pump constructed with common tools/hardware and
open-source software. The peristaltic pump represented an easy-to-use and inexpensive

option to microfluidic applications.

The flow rate test was performed to express the rotational speed (rpm) of the peristaltic
pump in uL/min. The fluid flow rate of the peristaltic pump was calculated depending
on the rpm of the pump and diameter of the tubings. The peristaltic pump system was
set up to pump distilled water through tubings into an eppendorf tube. Two different
silicone tubings were used: 3.0 mm outer diameter (OD) 1.5 mm inner diameter (ID)
tubing, and the other 3.8 mm OD tubing. The smaller diameter tubings were connected
to both ends of the larger diameter tubing. The distilled water was pumped through the
tubing at 0.1, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 rpms for one minute. The volume of fluid
collected in eppendorf tube was measured with a micropipette, and the rotation speed of

the pump was calculated in pl/min.

Results of this analysis indicates that the flow rate of fluid was dependent on rpm of the

pump. In addition, there was a direct proportion (linear increase) between the flow rate

37



of the fluid and the rpm of pump. Ching et al. (2021) who developed two variants of
pumps in their study agree with the idea of a linear increase between peristaltic pump
speed (rpm) and flow rate. The peristaltic pump speed (rpm to ul/min) is given in figure

4.1. The detailed measurement table is in appendix 4.

Peristaltic Pump Speed (rpm to pl/min)

600

H
(=]
2

Flow rate (pl/min)

2001

0 0.5 1 1.5 2 2.5 3
Rotation speed (rpm)

Figure 4.1 Average flow rate vs. rotation speed

4.2 Leakage analysis

A microfluidic chip with microchannel geometry in figure 3.2 was used to test the
sealing of the microfluidic chip. Leakage test was performed via medium flow where
the pump speed was adjusted to 0.5 rpm. The medium was passed through the
microfluidic chip for 4 h. As it is explained in the study by S6zmen and Arslan Yildiz
(2021) leakage test fairly relies on the material used for microfluidic chip fabrication,
microchannel size and geometry. That’s why microfluidic chips used in this thesis were
designed by considering these parameters. As given in figure 4.2, no leakage occurred
from the chip. As a result, the fabricated chip succeeded in leakage test applied in this

study.
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Figure 4.2 Leakage test of microfluidic chip
4.3 Occlusion analysis

The occlusion test was performed to test any possible occlusion using a microfluidic
chip with microchannel geometry in figure 3.2. Medium with a volume of 1 ml and
5x10° A549 cells was used to perform the occlusion test. Utilizing a peristaltic pump,
the medium that contains the cells was passed through the microfluidic chip at 0.5 rpm
for 2 h. The observation was carried out visually for any occlusion in the microfluidic
chip. There was no occlusion in the chip. As a consequence, the fabricated chip
succeeded in the test.
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Figure 4.3 ILM image of microfluidic chip during occlusion test

4.4 LDH assay

Comparison of cell viability among control, us-GO and I-GO groups of Jurkat cells was
performed by LDH assay. Jurkat cells were cultured with an expansion medium in
control groups. In GO groups, cells were cultured with a mixture of expansion medium
and nanomaterial (us-GO or I-GO) suspension. Also, the incorporation of flow into the
system was investigated. All groups obtained during the study were examined in terms

of cell viability. In addition, the toxicity of these nanomaterials was evaluated.

A 96-well plate was used in conventional cell culture. Control, us-GO, and I-GO groups
were cultured in the plate. Jurkat cells were seeded at a density of 5x10° cells/well in all
3 groups. The nanomaterials (us-GO or I-GO) with a concentration of 100 pg/ml were

used in the GO groups.

In order to perform microfluidic cell culture, microfluidic chip designs with
microchannel geometries in figure 3.2 and figure 3.3 were used. The density of
nanomaterials was 100 ug/ml. The number of cells was 1x10°, the volume was 1 ml,
and the peristaltic pump speed was 0.5 rpm for all 3 groups. The flow in the medium

continued throughout the incubation.
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After 24 h incubation, Jurkat cells in microfluidic cell culture were transferred to the 96-
well plate, in which Jurkat cells in conventional cell culture were incubated. Then
viability of the cells was assessed with LDH assay. After absorbance was measured at
490 nm and 680 nm, % of cell viability was calculated by normalizing based on the

control untreated group.

In conventional cell culture, cell viability among control, us-GO, and I-GO groups was
compared in figure 4.4a. According to the analysis of the assay, the cell viability of the
GO-treated groups decreased compared to the control group. The cell viability of the us-
GO group was lower compared to the I-GO group; however, the decreases in cell
viability of both groups were not statistically significant. In other words, us-GO and |-
GO did not show any significant toxicity in conventional cell culture, suggesting their

good biocompatibility.

There are several studies on the toxicity of GO (Chang et al., 2011; Hu et al., 2011;
Jastrzebska, Kurtycz, & Olszyna, 2012; Jia et al., 2019). In these studies, the researchers
stated that the cells were sensitive to GO and also the cytotoxicity of GO changed

depending on the concentration or size.

Cell viability was compared among control, us-GO, and I-GO groups in microfluidic
cell culture. It is obvious in figure 4.4b that the cell viability of the GO-treated groups
decreased dramatically (p < 0.0001compared to the control group). On the other hand,
the cell viability of us-GO group showed a statistically non-significant decrease
compared to the I-GO group. These results can be evaluated as follows: cells and
nanomaterials interact better in the microfluidic culture medium and the cell-
nanomaterial interaction was enhanced; therefore, the response of cells to these

nanomaterials changed compared to a static environment.
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Figure 4.4 Cell vaibility of Jurkat cells. (a) Viability of the cells in conventional cell
culture. (b) Viability of the cells in micrufluidic cell culture, p values:
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001

Zuchowska et al. (2020) stated that GO with chemical and microbiological purity
showed high biocompatibility in the microfluidic system they developed. The
differences between the results obtained in our study and in that article may result from
cell types used, different GO sizes, microfluidic chip design, and experimental setup

(Ou et al., 2016).
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Cell viability was also assessed among all the experimental groups under both static and
microfluidic culture condition (Figure 4.5). In the control groups, no decrease in the cell
viability of microfluidic cell culture was observed compared to conventional cell
culture. Quite the contrary, an increase in cell viability of the microfluidic culture was
observed, but this increase was not statistically significant. This result indicates that the
microfluidic cell culture used in this study was compatible with Jurkat cells, cells were

not stressed, and the viability of the cells did not decrease.

When the cells in a conventional cell culture were exposed to us-GO or I-GO, there was
no significant change in cell viability. However, when the treatment was performed in a
microfluidic cell culture, treatment with us-GO or I-GO significantly reduced viability
of cells (p < 0.0001 compared to the control group in conventional cell culture). When
the reduction between the us-GO group and I-GO groups was compared in microfluidic
culture, this difference was not statistically significant. In addition, the difference
between the us-GO group and I-GO group was not statistically significant in

microfluidic cell culture.

When the cells in microfluidic culture were treated with us-GO, this treatment
significantly reduced viability of cells (p < 0.01 compared to the conventional cell
culture treated with us-GO). Similarly, when the cells in microfluidic culture were
exposed with I-GO, this significantly reduced viability of cells (p < 0.05 compared to

the conventional cell culture treated with I-GO).
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Figure 4.5 Cell viability control in conventional cell culture vs all other 5 groups,

p values: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
Jia et al. (2019) reported that the size and concentration of GO affected cell viability in
conventional cell culture. In another study, Chang et al. (2011) stated that smaller sized
GO induced more viability loss than larger ones at the highest concentration (200

ug/ml) in conventional cell culture.

Zamorina et al. (2021) reported that polyethylene glycol (PEG)-coated GO
nanoparticles suppressed the proliferation and viability of Jurkat cells. They stated that
the cytotoxic effect on these cells derived from GO in culture medium, not

absorption/internalization.

In this part of the thesis, lower cell viability was observed in the smaller size GO in both
conventional and microfluidic cell culture (Figure 4.4). This result can be explained
because of fact that GO with smaller size could enter cells more easily than larger ones
(Chang et al., 2011). Besides this cell viability of us-GO and I-GO groups in
microfluidic cell culture decreased dramatically compared to conventional cell culture.
This result suggested that GO could mix better in microfluidic cell culture so, cell-

nanomaterial interaction increased.
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4.5 Apoptosis assay

Apart from the LDH test, the effect of GO on apoptosis among control, us-GO, and |-
GO groups were evaluated in a flow cytometer device using The Alexa Fluor® 488
annexin V / Dead Cell Apoptosis Kit. A 6-well plate and microfluidic chips with
microchannel geometries in figure 3.2 and figure 3.3 were used to perform conventional
and microfluidic cell cultures, respectively. The peristaltic pump speed was 0.5 rpm.
The flow in the medium continued throughout the incubation. Nanomaterials (us-GO
and I-GO) with a density of 100 pg/ml were used in GO groups. After 24 h incubation,

apoptosis assay was performed following the manufacturer’s instructions.

Apoptosis levels of all cell groups obtained during the thesis studies were measured so
as to understand the effects of different sized GO along with different types of cell
culture (Figure 4.6). The number of viable cells significantly decreased after treatment
with different sized GOs in both conventional and microfluidic cell culture. Besides this
it is clearly seen in figure 4.6 that while the number of necrotic cells increased
significantly in us-GO and I-GO groups in conventional cell culture, the number of
apoptotic cells increased significantly in us-GO and I-GO groups in microfluidic cell

culture.

Kang et al. (2017) conducted research on the toxic effects of GBMs. The researchers
reported that apoptosis is a response to toxicity and GO exposure provoked high levels
of apoptosis depending on the material concentration.

Lim et al. (2016) examined the biological effects of four different types of GOs on
vascular endothelial cells. In particular, the researchers reported that two different GOs
(submicrometer and nanometer sized) caused apoptotic death through autophagy
activation in endothelial cells.
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Figure 4.6 Examination of apoptotic cells. Control Jurkat cells, Jurkat cells
treated with I-GO and us-GO in static and dynamic cell cultures
were stained with PI1. Viable cells (LL), early apoptotic cells (UL),
late apoptotic and necrosis cells (UR), necrotic cells (LR) in flow
cytometry analysis.
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5. CONCLUSION

In summary, the biocompatibility of GO was investigated in this thesis. The effect of
different sizes of GO on Jurkat cells was examined in both static media (conventional
cell culture) and dynamic media (microfluidic cell culture). According to the results,
cell viability varied in the GO groups and cell viability was dramatically reduced in
microfluidic cell culture. Therefore, it is thought that the interaction of nanomaterials
with cells during flow is different compared to the static media. In addition, although
the size of GO affected cell viability, this was not statistically significant. In our best
knowledge, this thesis is the first comparative study that was performed simultaneously
in both suspension cell culture and microfluidic cell culture for analysis of GO with
different sizes in view of biocompatibility. As a result, it is concluded that GO with
different sizes used in this thesis indicated high toxicity and low biocompatibility in
microfluidic cell culture. It is suggested that other studies can be performed by changing
some parameters such as GO concentration, incubation time, fluid flow rate,

microfluidic chip material, microchannel size to examine the biocompatibility of GO.
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APPENDICES

APPENDIX 1

Peristaltic Fluid Pump
with Ste pper Motor

L

Arduino,
CNCShiled,
Stepper Mator Driver

PowerSupply (12V 24)

0000DCD000000

Peristaltic pump system wiring diagram
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APPENDIX 2

#include <AccelStepper.h>
#define MotorEnb 8
AccelStepper stepper(1,2,5);
String inputString =",
boolean stringComplete = false;
int cmdIndex;
String cmdString = """
float SpeedValue = 2; //rpm!
boolean modeValue = false;
void setup() {
pinMode(MotorEnb,OUTPUT);
digital Write(MotorEnb,!modeValue);
stepper.setMaxSpeed(5000);
stepper.setSpeed(SpeedValue*200*16/60);
Serial.begin(9600);
inputString.reserve(40);
cmdString.reserve(20);
}
void loop() {
while (Serial.available())
{
char inChar = (char)Serial.read();
if (inChar =="\n’)
{

stringComplete = true;

¥
Arduino Programming (in Arduino IDE)
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else
{
inputString += inChar;
¥
¥

if (stringComplete)
{
cmdindex = inputString.indexOf(* );
cmdString = inputString.substring(0,cmdindex);
if (cmdString == "spd™)
{
SpeedValue = (inputString.substring(cmdindex+1)).toFloat();
if(SpeedValue>=0.01 & SpeedValue<=50)

{
stepper.setSpeed(SpeedValue*200*16/60);
¥
}
else if (cmdString == "ssc")
{

modeValue = (boolean) (inputString.substring(cmdindex+1)).tolnt();
digitalWrite(MotorEnb,!modeValue);

¥
inputString =""";
stringComplete = false;

b
stepper.runSpeed();

Arduino Programming (in Arduino IDE) (continued)
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APPENDIX 3

using System;

using System.Collections.Generic;
using System.ComponentModel;
using System.Data;

using System.Drawing;

using System.Ling;

using System.Text;

using System.Threading.Tasks;
using System.Windows.Forms;
using System.lO.Ports;
namespace Peristaltic_Pump_Application

{

public partial class Form1 : Form
{
String[] portList;
bool connectionStatus = false;
string speed;
int hour = 0, minute = 0, second = 0;
public Form1()
{

InitializeComponent();

}

void showPort()

{
comboBox1.Items.Clear();
portList = SerialPort.GetPortNames();
foreach (string portName in portList)

Source Code of Peristaltic Pump Application
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comboBox1.Items.Add(portName);
if (portList[0] != null)
{
comboBox1.Selectedltem = portList[0];

private void Form1_Load(object sender, EventArgs e)
{

groupBox2.Enabled = false;

groupBox3.Enabled = false;

groupBox4.Enabled = false;

button4.Enabled = false;

timerl.Interval = 1000;

textBox1.Text ="2";

showPort();

private void button2_Click(object sender, EventArgs €)

{
showPort();

private void buttonl_Click(object sender, EventArgs e)

{

if (connectionStatus == false)

Source Code of Peristaltic Pump Application (continued)
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serialPort1.PortName = comboBox1.GetltemText(comboBox1.Selectedltem);
serialPortl.BaudRate = 9600;
serialPort1.0Open();
comboBox1.Enabled = false;
label2.Text = "Connected";
button2.Enabled = false;
connectionStatus = true;
buttonl1.Text = "Disconnect";
groupBox2.Enabled = true;
}

else

{
/lserialPortl.Write("'ssc 0\n");
serialPort1.Close();
connectionStatus = false;
buttonl.Text = "Connect";
comboBox1.Enabled = true;
label2.Text = "Not Connected";
/Nabel8.Text = "Off";
button2.Enabled = true;
groupBox2.Enabled = false;
groupBox3.Enabled = false;
groupBox4.Enabled = false;

private void button3_Click(object sender, EventArgs e)

Source Code of Peristaltic Pump Application (continued)
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serialPortl.Write(*'ssc 1\n");
timerl.Start();
label8.Text = "On";
button3.Enabled = false;
button4.Enabled = true;
groupBox4.Enabled = true;
¥
/* Some deviation happens in the value on the stopwatch
private void timerl_Tick(object sender, EventArgs e)

{

second++;
if (second >= 60)
{
minute++;
second = 0;
if (minute >= 60)
{
hour++;

minute = 0;

¥
label. Text = String.Format("{ 0:D2}", hour);

label. Text = String.Format("{0:D2}", minute);
label. Text = String.Format(*{0:D2}", second);
*/
private void button6_Click(object sender, EventArgs e)
{

Source Code of Peristaltic Pump Application (continued)

64



if (serialPortl1.1sOpen) serialPort1.Close();
this.Close();

private void button4_Click(object sender, EventArgs e)
{

serialPort1.Write("'ssc 0\n");

timerl.Stop();

hour = 0;

minute = 0;

second = 0;

label8.Text = "Off";

button3.Enabled = true;

button4.Enabled = false;

Source Code of Peristaltic Pump Application (continued)
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APPENDIX 4

Peristaltic pump speed in detail (rpm to pl/min)

rpom | pl/min | pl/min pl/min | Average (ul) | Standard Deviation
0.1 14.2 151 16.9 154 1.37
0.5 98.2 95.2 100.4 97.93 2.61
1 199 205 207 203.67 4.16
1.5 287 282 279 282.67 4.04
2 384 384 388 385.33 2.31
2.5 467 472 469 469.33 2.52
3 572 572 570 571.33 1.15

Peristaltic Pump Speed (rpm to pl/min)
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