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ABSTRACT

DEVELOPMENT OF ARTIFICIAL CELL CULTURE PLATFORMS USING

MICROFLUIDICS

HANDE KARAMAHMUTOGLU
Mechatronics Engineering, MSc, Theslaly 2019

Thesis SupervisoAssoc. Prof. Dr. Meltem Htas

Key Words: Cell Culture, Cancéviicrofluidics, Lab-on-a-chip and Singlecell resolution.

Acquiring quantitative data about cells, eedlll interactions and cellular responses to
surrounding environments are crucial for medical diagnostics, treaandntell biology
research. Nowadays, this is possible through microfluidic cell culture iretforhese
devices, labon-a-chip (LOC), are capable of culturing cells with the feature of mimicking
in vivo cellular conditions. Through the control of fluisrssmall volumes, LOC closely
mimics the nature of cells in the tissues compared to convehtiethaulturing platforms
such as flasks and cell culture plates. On the other hand, existindgpa§¥d cell culturing
platforms are highly complicated to besdsn clinics or laboratories without an expert who
develops these microfluidic platforms.

Therefore, in this thesis we developed simple and-trsamdly microfluidic cell culturing
platforms and compared our obtained data with the conventional meWedserformed

our research on different human cancer cell lines including liver hepatocelittarama,
breast adenocarcinoma, and lymphoma cell lines; both monocytes and menocyte
differentiated macrophages. We examined proliferation rate, morphologivagl a
phenotypical differences of the cells in different scales. In addition to cell culturing
platform, we developed a microfluidic gradient generator to precisely titrate the
concentration of chemicals and observed cellular responses to these stresseserMoee
guantitatively inspected the effect of different intravenous fluids on different hcameer

cell lines.

Finally, we have developed simple, lmost and integrable microfluidic platforms, those
can be used by untrained people, and perform oélire experiments in a population at
singlecell resolution. Our microfluidic cell culture pfarms provide more quantitative and
gualitative data compared to traditional batch culture assays.
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Chapter 1

INTRODUCTION

1.1 Motivation

Cell culturein vitro is essentialfor both understanding of cell biology and medical
diagnosis and treatmejdf]. Through the investigation of cellular behavior in a controlled
in vitro environment, providing properedia and gas along with appropriate temperature
for cell growth and reproductioexperiments can be done with reduced cost and labor in
comparison to tissue culture and animal experimgits Thus, for establishing this
controlled environment several teatulturing platforms are being used including
macroscopi@olystyreneadishes, fasks or well. However, petri dishes and well plates as
traditional cell culturing platforms are limited to cell analysis on a population [8jel
Recent studies showetdteration in cell behavioeven if cells are identical and in the
same microenvironemt[4]. Therefore, there is a need to exanlergenumberof cells
on a singlecell resolutiorin a microfluidic environmenb have a bettansightin cellular
function.Conventional cell culturing tools are not adequate for this purpose. To establish
a controlledmicroenvironment and to be able performsinglecell level analysis, 2D

microfluidic cell culturing platform$&iave beeimntroduced andised[5].



Quantificationand accuracy of analyzed data from these platforms are also very
important [6]. Therefore, for the microfluidic cell culturing platforms,
Polydimethylsiloxane (PDMS), an optically transparent material used for molding that is
nontoxic, biocompatible, ggermeble and, thermally and chemically stable, is preferred
to obtain data with microscopy imaging from microfluidic chjjgs Moreover, PDMS
based microfluidic chips for cell culture allows researchers to analyze cells as individuals
and as cell populains at singlecell resolution depending on their chip designs and
experimeral protocolqd 8]. Nevertheless, these platforms are mostly too complex and not
adaptable for different applications. Alsdimensional 2D) cell culture platforms are
not represntatve of real cell environment. In this mann&gdimensional 3D) cell
cultures, introduced by Ross Granville Harrison with the hanging drop method from
bacteriology to carry out the first tissue culturereasedhe interest in 3D cell cultures
stared to rise due to their potential in drug development since theypastdered more
realistic compared to 2D cell culturing platforrf@. Still, most of the 3D culture
technologies areostly, bulky and require too much tinend efforf therefore, they i@
still at theircrawlingperiodfor drug development screening amdearch. Furthermore,
compared to 2D cell culture platformsnaging andanalysis is hardedue totheir
complexity On the other hand, 2D cell culture systems are less expensive tlsan mo

systems and they are easier to anal{og

As a result, 2D miafluidic cell culturing platforms are preferred more for cell
biology research today. They provide laminar flow and large suttaaeeato-volume
(SAV) ratio. Various aspects of the lkeghr microenvironment could be engineered in a
precisely controlledmanner, creating a cell microenvironment in a controllable and

reproducible fashion to test biologiaalestiors [11].



1.2 Contributions of the Thesis

This thesisaimsto create and téslternative cell culturing platforms that are
adaptable, simple and integrable for different purposes including cell analysis in single
cell resolutionand under different microenvironmenté/e proposetwo microfluidic
platforms; one ofthem aimscell cuturing andsecond one generatgsadients of drug
In these artificial devicedreast cancerells were grown Then, culturinglatforms were
connected to a microfluidic gradient generabext. Sodium dodecyl sulfatésSDS), as a
drug representative, wdlown through the gradient chip, supplying different gradients of
SDS to the microfluidic chip with grown celis mimic drug effect Thus, a microfluidic
cell culturing platform and a microfluidigradient generator wasstablished for the
investigatian of drug concentration in personalize mediémeitro allowingcell culturing
in flow, live cell imaging and higithroughput analysisThen new chip designswere
developedfor investigaing cell behavior and morphology ugircancer and immune
systemcdl lines. This thesispresents novetell culturing platforms to culture celfer

personalized medicine, medical diagnostics and cell biology research

1.3 Thesis Outline

Chapter 2 presents the literature survey about cellular microenvironment, batch
culture and microfluidic cell culture platform&hapter 3 introducesatrtificial cell
culturing platformsexperimental proceduresd illustrates setups for cell loading and
culturing.Preparation of cells, fabrication of microfluidic devices and image atquisi
techniques are also explainda.Chapter 4, theresults of experimentis conventional
culturing devicesand in artificial cell culturing platformare demonstratealong with
discussionsFinally, thesis is concluded @hapter 5 with possible futue applications

of microfluidic cell culturing platforms.
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Chapter 2

BACKGROUND/THEORY

Microenvironment of a cei$ createdvy factors that directlgetermineconditions
around a cell oa group of ells, such asgells interstitial fluid andextracellular matrix
(ECM) including tissuespecific proteins and polysaccharidg] [13] [14]. They
physically, mechanically and biomechanicalyect cellular phenotypél5]. Also, they
can considerablyalter cell behavior and fateby manipulathg microenvironmental
featureg[16] [17]. For instance Satyam et aldemonstratedhat with macromolecular
crowding in the cell microenvironment the secretion of ECM molecutegdcbe
developedfor corneal fibroblas [18]. The changes in the microenvironment of cells
influence cell proliferationas well. Generation of new celis important since itis
essential fotissue growth angropagationand isconsidered as one of the hallmarks of
cancer(Figure 21) [19] [20].


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4124711/#B2
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Figure 21. The hallmarks of cance2().

Surgery, chemotherapy, amddiotherapyhave been the most commoancer
treatment methods fa long time[21]. These convetional cancer therapies have been
considerablybeneficialin the elimination of primary tumors. Nevertheless, there is a
cancer recurrence issue due to tumor metasfaggs-urthermore, the number of new
cancer casesas become approximately 18million and almost 9.6 million people lost
their life due to cancer in 20183R Thus, new cancer therapies for the eradication of
tumor cellshave beerinvestigated24]. Latestresearch has revealed multiple functions
of the tumor microenvironment (TMEh the adjustmentof therapeutic efficacyEven
thoughtheeffect TME activitieshaveon cancerinitiation andmetastasisre wellknown,
our insightof the TME'simpacton treatment results still inadequatg25]. Hence the
trend in cancer research has chethfjom the examination of fatal cancer ctilsmselves
to the investigation of tumor microenvironment dneinteractions withirf 26].

TME consiss of resident fibroblasts, endothelial cells, pericytes, leukocytes and
extracellular matrixandcausego the progression of canc@tigure 2.2.) 7]. It is well
establishedhat nonrtumor cells are genetically mobalanced compared tamor cells
[26] [28]. Therefore, treatmenttargeting theTME have a very lowpossibility for
generatingadaptivemutatons andast metastasisStill, sincecellscan both initiate and
prevent tumor cell growth, treatmeritggeting theTME for cancer therapy should be
discriminative [26]. Recently, ér the investigation offTME, in vitro cell culturing

techniques are beimgyeferredoreliminaryfor in vivoexperimentsThis is partly because



in vivotestsare very costlyand ethical problems due to animal testing] [30] [3]].

Thus studies within vitro cell culturemodels hagained a growingttention[32].
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Figure2.2. Detailed illustration of the tumor microenvironment showing representative
cell types, tissues, and signaling factors involved.[2

Conventionakell cultureplatforms are macroscopic polystyrene dishes, flasks or
wells [3]. Using theseesselsandnovd microfluidic platforms cells can be cultureith
vitro. However researchers acceptéallure inreproducibilityof theirown assays using
batch cultureand microfluidiccell culture[7] [33]. Different outcomesvere obtained
after repeating an assa the same way it was performed befbezause othe changes
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within the cell environmenii34]. This inconsistency in conventionahd microfluidic
platformsis a solvable problem using the right tool§][3Additionally, in conventional
cell culturingplatforms cells remain istaticcondition, yet this is not the case for cells
inside human body. This means thhae tdynamighysiological conditionsor cells
cannot be monitored in conventional cell culturing vesseslth gradients ©
temperature and CGQonceitrations that are not optimg86]. Therefoe,itis important
to providesensitivecell culture platformsn which cellular microenvironmentan be
controlledallowing cell analysis.

Novel in vitro cell culturing platforms assists in the examination orious
culturing propertieghat have beemvestigated with conventional culturing platforms for
centuries such asell proliferation to show drug efficacy in stoppingumor cell
proliferation[37]. Investigation of cell proliferation with tH&elihood of metastasegad
to a betterunderstandingof the influence that culturing elementshave on tumor
progression [@]. These platforms are microfluidic cell culturing platforms. Thégw
the maniplation of spatial and temporal gradients and patterrisciranot be obtained
and controlled in conventional platforrfiagure 2.3)38]. Compared to traditional batch
culture, microfluidic devices requiremaller volumes of materialsand thus shorter
experiment time due to parallelization and lower cost of assgs
[39], [40], [41]. Microfluidic cell culture is also proficient for advancing precision
medicine focused studiegld]. These works have generated a significaffect on
knowledge about cellular activities that is essentialeigulatingdisease featureand
responses to stimyl3] [44] [45].
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Figure 2.3. Microenvironmental parameters for cell cul[88}.
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https://www.sciencedirect.com/science/article/pii/S016793171930019X#bb0075

In last decadeshtough theculturing of cells insie novel microfluidic devices a
better insight about the cellular microenvironment was obtained and these platforms were
used for various purposes.itWthe control of the mitotic mechanisms by trapping cells
inside a microfluidic platform, it was discoesfthat the behavior of HelLa cells altered
substantially during mitosis due to the entrapment of cells (Figdje Additionally,
researchers observed that new qaltalucedafter the entrapment had different sizes from
each other 46] [47]. For trappingnonadherent cells, another microfluidic chip was
fabricated in which the immunostaining and labeling of THBell membranes was
shown This platform allowed cells to be captured without the need for centrifuging and
resuspensiordf]. In andher studyminiaturizedfiber-basedoptical tweezersvere used
in integration with microfluidic chip for singleell trapping using red blood cells and
colon cancer cells (Figure 2.53esearchers were able to obthiorescence and Raman

measurements aingle cell§49].
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Figure 24. The effect of microlevel trapping on the division of HelLa cells. (a) The
macroscopic structure of the microfluidic PDMS platform. (b) The esestion of the
microfluidic PDMS platform posts. With the utilization @fessure on the pastcells can

be trapped within the area betweenemj.he po:
(c) The trapping generated substantial shifts in the behavior of the cells during mitosis and

led to the production of new cells widlifferent sizes46].




Figure 2.50ptical micretweezeiintegrated in a microfluidic chiga) Isometric view of

the optical tweezers integrated in the microfluidic system (b) Top view picture of the
device. (c)Enlargedpicture of the optical tweezers inside the microficichannel (d)
Enlargedview of the microprisms on the optical tweezpt§].

There are various ierofluidic platforms fabricated for singleell investigations
For exampleDnoet al.developed singlecell and feedefree culture systeror primate
pluripotent stem cellsResearchers suggested that monkey embryonic cells cultured in
this system can be used forvitro differentiation and gene manipulatifi0]. There are
various other culturing platforms designed for siocg# analysis in which ck are
isolated, trapped and manipulated in several ways. These isolation and capture methods
include dropletbased microfluidics, hydrodynamics, magnetic forcesusiics, optics
and dielectrophoretic traps (Figure 2.8}]. For instancescientists usd a droplebased
microfluidic device to separate cells to examine cell growthrimonodisperse nanoliter
aqueous droplets surrounded by an immisdiblerinated oil phas¢Figure 2.7) Thus,
they were able to obtaimgh throughputisingSaccharomyceserevisiaecells for gene

identification B2).
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Figure 2.6. Schematic demonstrating various approaches for cell isolation, capture and
control ofsingle cells in a microfluidic devid®&1].
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Detection of biomarkers another important application of microfluidic devices.
For the detection of biomarlsemultiple platforms have been used and te$&sjl [54].
Moreover, microfluidigplatforms have been used for personalized medicine through drug
screening and discovery as weéb[ [56]. Figure 2.8 demonstrates a microfluidic chip
developed for monitoring ofrdg screening and cancer reseaigbientists used98G
human brain canceetis inside the microfluidic cell culture platform to investigate cancer
cell metabolisn{57]. There are a lot of other microfluidic culturing devices used with
tumor cells $8] [59], stem cells §0] [61] and other cell types as web?] [63] [64].

- i | o ﬁ
Microfluidic chip Cell culture Monitoring
Figure 2.8. A microfluidic chip for monitoring drug screening and cancer resé&afich |

The cell culture platforms that are mentioned above are midtbell culturing
platformswith short construction timenimicking thein vivoenvironment. Still, recently
some researchers started to suggest the u8® akll culturing deviceg65]. In 2D
microfluidic cell culturing platforms, cell growth occurs on flat surfaces. Cells attach to
surface, then start spreading. With 2D culturing chips, lmeflaviorscan be examined
through inexpensive and transparent materials. Also, tlgstems areexpected
worldwide. Still these devicesave limitations about mimicking cultureenvironment.
Because,in vivo environmentincludescells surrounded by other cells and extracellular
matrix (ECM)and2D cell cultures not enough in mimicking thishole3D environment.
Therefore,cell growth spreading and migratiobased research capve misleading
results.Yet mostly2D cell cultue outcomes suppliesuitabledata within vivo studies
[66] [38].
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Like 2D, establishinga 3D cell culture patform is a rapid processand the
homeostasisompatibility of the 3D device with cellprovideslong-term stability p7].
Nevertteless, despite alladvantages3D culture technique®ffer, there aretechnical
problemsin microscopyimaging of these device€ompaed to 2D structuresjn 3D
culturesthere can be cases in whilive cellscannotbe visualized with bright field and
phase microscopy. This secauséright field and phase microscpplepends on light
transmission through the sample am@D cultureghe sampla may be simply too thick
for light passagedg]. Therefore alternative imaging techniques asgjuired andeing
developed for 3D culture$n addition to low throughput in cell imaging in 3Dodels
there isdifficulty in maneuverability[69]. Also, due toinconsistenciesn between
biologically derived matrices, assay outcomes may not be reproduciBIe culture
which is an issue fd2D cultureas well[70]. In some3D constructsspheroids thadiffer
highly in size are formed leading todiversity within the same weflilask which is a
disadvantage lowering the accuracy of an aggdy Another important weakness of 3D
culture is that vasculature, crucial for tumor growth/survival and drug delivery, is
deficientin 3D modelg72] [73]. Furthermore, 3D cultureare more costly for performing
high throughput experiments in comparisorctmventionalD culture[71]. Hence 2D
microfluidic culturesare still being usedften. Even thouglBD systems aréetterfor
mimicking in-vivo organisms, the are very comptatedwhile 2D microfluidic devices
are simple and acknowledged &biggerscientific community.

3D microfluidic culture chambers
Pros:
a) 3D microenvironment

Static 2D and 3D cell cultures:
Pros:

a) Simple realization; 2D microfluidic culture chambers

b) Low costs; Pros: reproduceable ;

¢) Simple control; a) Simple realization; b) Possible to implement in HT
d) Well standardized; b) Low costs; systems;

Cons: ¢) Simple control; ¢) Variety of investigations;

a) Difficult to reproduce cell d) Possible toimplement in HT d)  Scaffold integration;

e) Continuous monitoring and
feedback.

Cons:

a) Limited by diffusion gradients;

b) Difficult imaging;

microenvironment; systems;
b) Difficult to implement in HT e) Reduced manual opertion;
systems; f)  Sensor integration;
¢) Time consuming and laborious. g) Precise spatial/temporal dynamics;
h) Continuous monitoring and

feedback. ¢) Difficult sensor integration;
d) Costs.

Cons:
a) Difficult to reproduce cell
microenvironment.

Figure 2.9 Schematic of different cell culture mode®tatic2D or 3D cell culture
models, 2Dmicrofluidic culture models, 3Dnicrofluidic culture model$38].
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Chapter 3

MATERIALS AND METHODS

3.1  Design, simulation and fabrication of microfluidic chip

Microfluidic chips in Figure 3.1and3.2were designewith Layout Edito® and
chipsin Figures 3.3 and 3.4vere drawrwith CléWin Layout Edito®. The micofluidic
cell culturechip in Figure 3.1 consists afx identical cell cultung platformsthat are
independent of each othdhese platforms wereonstructed as flexible designs that can
be used for variousell lines Also, these culturing chambers dam utilized with same
type of cells given chemical titration through the microfluidic gradient generator chip in
Figure 3.2 Thebutterfly shapedtructuresin Figure 3.1represents pillars and thexere
placed in order to prevepblydimethylsiloxandPDMS) collap®. TheseV-shaped pillars
werecreated with sraller flow passages compared to the diameter of cells. This was done
to hold the cells othesedesigns and tenclosethe celk inside the chambesnce they
enter to the chambeFhe bottom of théutterfly structure has passages to prevent the cell

movement to outlets as wellhus, when cells gather at the bottom of thghdped pillars,
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the flow in the center of the culturing chamisgorevented. As a result, the system mssh

surplus cells towais the atlet channel of the chamber.

All culturing platforms on the microfluidic chip in Figure 3.1 consista single
inlet and a singl®utletconnected through a channel witma&rochambein between in
which cells loaded to the platforms can bevgn andobserved under microscopy. The
diameters of inlet and outlets are 1 mm, the width of the inlet connection channel is 100

¢ mandthe width of theoutlet connection channel decreases in wimlthy bitt o 50 €& m.

The main culturing chamber in each platorm$ 530 em | ength and
(Figure3.1.b)The mi ni mum gap between the pillars
a)¢ 2l mm >

9 n H
:

530 ym

3 mm

\

v L @ @ @ @

Figure3.1: Design of the microfluidic cell culture chip in Laydaditor®. (a) Cell culture
platforms on a single chip with inlet (gray circles) and outliets(lsircles) diameters as 1
mm, inlet connection channels gradually decreasing in width ¢orb@utlet connection
channelsare 100 em wide (b) Magnified view of the mimchambers. (c) The white
butterfly shaped pillars with 9%m widthto eliminate PDM&ollaps€ 74].
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Figure3.2: The desigrof the microfluidic gradient generatdevice n Layout Edito®.

a) The completedevicewith two inlets (blue circles) and six outlets (gray) with 1 mm
diameter.b) Magnified view of nixing channelslemonstrating thength and width of
mixing channel$74].
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The design for the chemical gradient generator in Figure 3.2, was created based
on t he #fAChr imswhuaisafanous designdue o itsgaccurate concentration
dosing and gradient generatiof6]. The gradient generator has two differgmets (blue
circles)for obtaining gradients of chemical concentrations from six ouftgts/) with
distribution rates oD %, 20 %, 40 %, 60 %, 80 % and 10@F. 3.2.9. With connection
to microfluidic cell culturing platforms in Figure 3.1 throughbings the gradient
generator was designed to be used for supplying different concentrations of a chemical as
a drug representative to an adherent cell linedfag efficacy investigatiarnThanks to

microchannels being longéhan their width, the gradints of the chemicalrpduced
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