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ABSTRAKT

Tato diplomova prace se zabyva popisem principi kultivace embryonalnich fibroblastovych
bunck mysi (3T3), lidskych endotelidlnich bun¢k odebranych z pupecnikové zily (HUVEC) a
epitelidlnich bunck vaje¢niku ¢inského kiecka (CHO) v mikrofluidnich systémech simulujicich
kapilary. Byly provedeny literarni reSerSe v oblasti realizaci experimentu “Scratch Wound
Healing Assay” v mikrofluidnich systémech s pouzitim fibroblasti a endothelialnich bunék. V
praci jsou dale popsany principy konfokalni a fluorescencni mikroskopie a metody zpracovani
obrazli pro sledovani bunééné migrace. Experimentalni nastaveni pro mikrofluidni realizaci
“Scratch Wound Healing Assay” s pouzitim trypsinu — EDTA pro vytvofeni ryhy, a
konfokalniho mikroskopu Leica TCS SP8 X pro nasledujici snimani pofizenych dat bylo
navrzeno a otestovdno s dostatecnym poctem opakovani. Vhodny algoritmus pro analyzu
buné¢né migrace byl napsan v programovacim prostiedi Matlab. Zavérem této préace je diskuze
ziskanych vysledku.

KLIiCOVA SLOVA

Kultivace sav¢ich bun€k, Scratch Wound Healing Assay, microfluidini systémy, bunééna
migrace.

ABSTRACT

This thesis describes the cell culture methods of mouse embryonic fibroblast (3T3), human
umbilical vein endothelial (HUVEC), and Chinese hamster ovary (CHO) cell lines in
microfluidic systems simulating capillary. Literature research for microfluidic realizations of
Scratch Wound Healing Assay with fibroblasts and endothelial cell lines was performed in this
thesis. The principles of confocal and fluorescence microscopy, and relevant image processing
techniques used for quantifying cell migration were studied. Experimental setup for microfluidic
Scratch Wound Healing Assay with using of trypsin — EDTA for creation of cell delusion, and
confocal microscope Leica TCS SP8 X for subsequent image acquisition was proposed and
tested. An appropriate algorithm for cell migration analysis was written in Matlab computing
environment. Experiment’s results are discussed in the conclusion of this thesis.
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Introduction

The process of cell migration is involved in various aspects of biological mechanisms,
such as immune response, wound healing, cancer metastasis and tissue development. Therefore,
developing of reliable experimental methods is essential for studying underlying physiological
and pathological processes on molecular scale. Scratch Wound Healing Assay is an in vitro
technique, which allows to gain better understanding of the interplay of biological, chemical and
physical factors affecting cell migration.

Conventional two-dimensional (2D) Scratch Wound Healing Assay is performed by
creation of a cell delusion on confluent cell monolayer, with consequent observation of wound
closure. However, conventional methods have some limitations, such as physical damaging of
cells near the wound edges, along with an inability to generate and study the effects of growth
factors and shear stress application. Conversely, in three-dimensional (3D) realization of Scratch
Wound Healing Assay in microfluidics it is possible to overcome these shortcomings with use of
fluid flow.

This thesis aimed to develop the experimental design of Scratch Wound Healing Assay
using microfluidic device; to study a behavior of cell migration under constant flow; to create
cell delusion using chemical influence of trypsin; test proposed experimental setup in order to
proof the concept; examine cell migration rate and conclude whether this microfluidic version of

Scratch Wound Healing Assay is a reproducible and reliable tool for a research.

For the purpose of this thesis cultivation methods of 3T3 and HUVEC lines in
microfluidic devices were studied and tested. In vitro experiments analyzing chemical effect of
trypsin to cell monolayer, persistence of cell monolayer labeling via fluorescent due within 24
hours, and consistency of laminar fluid flow in the microfluidic device Ibidi p-Slide Il 3inl
were performed. Based on achieved results, experimental setup for microfluidic realization of
Scratch Wound Healing Assay using continuous trypsin flow for creation of cell exclusion was
successfully tested. The subsequent image acquisition of the cell migration was fulfilled with
confocal microscope Leica TCS SP8 X. After processing of obtained images, cell migration rate

was analyzed as a closing of the wound over the time.

In conclusion a robust microfluidic platform and a set of software are described and
characterized. This experimental setup for 3D Scratch Wound Healing Assay could be used in
future studies, providing such advantages as precise control of the 3D biomimetic environment,

excellent optical properties, and additionally enabling application of shear stress and generating



parallel flows. Thus, this thesis states that proposed realization of microfluidic Scratch Wound

Healing Assay demonstrates a reliable and reproducible alternativity to conventional method.



1. Cell culture

Cell culture is the process, which involves the removal cells from their natural
environment and subsequent growth in a favorable artificial condition. Within the broader
context, cell culture refers to multicellular eukaryotes, plant tissue culture, fungal culture,
microbiological culture, and used as a "cultivation medium™ in virology. In the context of this
thesis, cell culture refers to mammalian cells derived from a human or an animal, with following
creation of in vitro environment. Favorable artificial condition is different for each cell type, but
inherently consists of the necessary nutrients (amino acids, carbohydrates, vitamins, minerals),
growth factors, hormones, gases (0,,CO,) and regulated physical-chemical environment

(temperature, pH, osmotic pressure) to allow cells to proliferate. [1]

Today majority of the cell-based research is using 2D cell cultures in vitro. In adherent
2D cultures cells create a monolayer on flat and rigid substrates. Although 2D cell cultures has
proven its reliability, there are limitations associated with 2D cultures, these included the
disturbance of interactions between the cellular and extracellular environments, changes in cell
morphology, polarity, and method of division. In contrast 3D cell cultures are able to
mimic accurately the actual microenvironment, its structural architecture allows growth in all
directions, thereby 3D cell culture realistically models tissue conditions and processes, thus

providing with in vivo like responses. [2] [3] [4]

1.1 Sterile techniques

During in vitro experiments cells are mainly maintained in a suitable culture medium
providing an environment applicable for their growth. Cultures are usually supplied in conical
flasks, universal bottles or Petri dishes, the cotton wool plugs, screw caps or covers respectively
serving to keep the cultures free of contamination from airborne bacteria or fungal spores. All
glassware must be sterilized before use and sterile techniques should be observed throughout.
Sterile techniques to prevent contamination are described by following rules:

« Maintain goof personal hygiene.
o Keep sterile work area, materials and reagents.

o Daily check for cell sample biological contamination.



o Cell transfers should be carried out as rapidly as possible, though without unnecessary
haste and without the need of a partner to hold anything.

e Plugs and caps must be held in the fingers when temporarily removed from culture

vessels and must be set down on the bench.

e Work in a laminar flow to ensure that airborne contaminants are carried upwards. [1]

1.2  Types and morphology of cell cultures

There are three major types of cell cultures, which include primary cell culture, secondary
cell culture and cell line. Primary culture refers to the stage of the culture after the cells are
dissociated from the parental tissue and proliferated in the appropriate environment until they
become confluent. When a primary culture is passaged, it becomes known as secondary culture.
After the first subculture, the primary culture becomes known as a cell line or subclone. A cell
line may be finite or continuous depending upon whether it has limited culture life span, or it is
immortal in culture. The passage number contains the information how many steps of
subculturing the cells have undergone, thus it can be concluded for how long these cells have

been in a culture.

Based on cells appearance and shape, their morphology, cells in culture can be divided

into three basic categories: fibroblastic, epithelial and lymphoblastic (Fig. 1).

WA
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Figure 1: Types of mammalian cell morphology. A: fibroblastic morphology. B: epithelial morphology.
C: lymphaoblastic morphology. [5]

Fibroblastic morphology cell type includes cells that tend to be bipolar or multipolar with
elongated shapes. Cells with epithelial morphology attain a polygonal shape with regular
dimensions and grow attached to a substrate in discrete patches. Lymphoblastic cell type is
usually spherical in shape and do not attach to the surface of the substrate. As a result, they are
grown in suspension. [5], [6]



1.3 Materials and reagents

In practical part of this thesis were used following materials and reagents as: Dulbecco's
Modified Eagle Medium (DMEM), Endothelial cell growth medium (EGM-2), Nutrient Mixture
F-12 Ham, Phosphate Buffered Saline (PBS), Fetal Bovine Serum (FBS), Trypsin — EDTA
(ethylenediaminetetraacetic acid), 3T3 (3 day transfer, inoculum 3x10° cells) cell line, Human
Umbilical Vein Endothelial Cell (HUVECSs), Chinese hamster ovary (CHO) cell line.

Culture medium is a solid, liquid or semi-solid designed to support the growth of
microorganisms or cells. Culture medium contains all the most needed elements for growth,
supplied with form of organic carbon for energy, a source of nitrogen for protein and vitamin
synthesis, and several minerals. Medium need for certain cell lines depends on cell origin and
innate function. In further progress were used DMEM, EGM-2 and Nutrient Mixture F-12 Ham
types of media. DMEM interpreted as Dulbecco's Modified Eagle Medium is medium
modification contains high concentration of amino acids and vitamins, as well as additional
supplementary components. EGM-2 or Endothelial Cell Growth Medium is an extract of bovine
neural tissue containing growth promoting factors for vascular endothelial cells of mammalian
origin. Nutrient Mixture F-12 Ham is used for growth of primary rat hepatocytes and rat prostate
epithelial cells, including CHO cells. [7]

PBS is a balanced salt solution used for a variety of cell culture applications, such as
washing cells before dissociation, transporting cells or tissue, diluting cells for counting, and

preparing reagents. [7]

FBS is commonly used as a supplement to basal growth medium in cell culture, because
of its high content of embryonic growth promoting factors. In cell culture, serum provides a wide
variety of macromolecular proteins, low molecular weight nutrients and other compounds
necessary for in vitro growth of cells, such as hormones and attachment factors. Serum also adds

buffering capacity to the medium and binds or neutralizes toxic components. [7]

Trypsin — EDTA is an irradiated mixture of proteases derived from porcine pancreas. Due
to its digestive strength, trypsin is widely used for cell dissociation, routine cell culture
passaging, and primary tissue dissociation. The trypsin concentration required for dissociation

varies with cell type and experimental requirements. [7]

3T3 cell line is mouse embryonic fibroblast cells that were cultured by the designated so-
called "3T3 protocol". Protocol’s designation refers to the abbreviation of "3 day transfer,

inoculum 3x10° cells", which means cells were transferred every 3 days and inoculated at the
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rigid density of 3x10° cells per 25 cm? dish continuously. With their ability to liberate growth
factors, lay down fibroelastic matrices, and proliferate at sites of inflammation, fibroblasts are
considered to be among the relatively easy to grow cell lines and play critical roles in studies for
a range of mechanistic and cell-based assays, including protein functional analysis, wound
healing, tissue repair, and remodeling. According to the 3T3 cell culture protocol, cell layer
become confluent at a density of approximately 4x10* viable cells - cm™2. DMEM medium
formulated with the addition of 10 % FBS is suitable solution used for 3T3 cells culturing. Flasks
should be incubated at 37 °C in 5 % CO,. For the avoidance of cells senescent there is a need to
realize process of subculturing every 3-4 days, when cell layer reaches confluence, and renew

complete medium 2 times a week. [8]

HUVECs are cells derived from the endothelium of veins from the umbilical cord.
HUVEC:s play a significant role as a model system to study many aspects of endothelial function
and disease, such as oxidative stress, hypoxia and inflammation related pathways in endothelia
under normal or pathological conditions and the role of the endothelium in the response of the
blood vessel wall to stretch, shear forces, and the development of atherosclerotic plaques and
angiogenesis. Referring to the HUVEC culture protocol cell layer become confluent at a density
of approximately 8x103 to 3x10* viable cells/cm?. A high-quality EGM-2 medium prepared
from bovine neural tissue should be used to propagate HUVECs line during culturing. Flasks
should be incubated at 37 °C in 5 % CO,. Growing cell line has an estimated doubling time of 5

to 6 days. Cultures should be fully fluid changed every 48 hours. [9]

CHO cells have demonstrated several advantages to make them preferred mammalian cell
line for purposes of biomedical research. One of them is an ability to adapt and grow in
suspension culture, another one is a capability of growing in serum-free chemically defined
media. According to CHO cell culture protocol, culture should be 50 to 80% confluent to ensure
that the cells are actively growing. When viable cell density reaches 1 x 10° cells/ml it is
suggested to passage cells at 5 x 10° cells/ml. Once cell density reaches at least 1 x 10° cells/ml
with a viability of at least 90%, the cells may be considered adapted to suspension culture, with
seeding density reduced to 2 x 10° to 3 x 10°cells/ml. Cell samples should be stored at 37 °C in 5
% CO,. CHO cells undergo one duplication within the period of 20-24 hours. [10]
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2. Cell migration

Cell migration is fundamental cellular process, which characterizes cell movement in
response to chemical or mechanical signal. There are two types of cell migration - single cell
migration and collective cell migration. As in practical part of this thesis were used 3T3 cells,
CHO and HUVECSs, this chapter is looking into migration mechanisms of fibroblasts and

endothelial cells. Mechanism of single-cell migration includes such steps as:

1. Extension: actin filaments at the leading edge stretch in the direction of protrusive force.
2. Adhesion: new focal adhesion points are rapidly linked to the network of actin filaments.
3. Translocation: combined activity of actin movement and contractile forces generates

tension to pull the cell body forward.
4. De-adhesion: forces produced by the contractile network combined with actin filament
and focal adhesions disassembly help to retract the trailing cell edge. [11]

Fibroblast-type cells are a good example of single-cell migration (Fig.2 B). Fibroblasts
play a very important role in wound healing process, as in vivo they are usually present in
connective tissue. However, when compare single fibroblast migration in vitro and in vivo
conditions, cells will have varying speed and morphology. In vitro, fibroblasts move slowly with
an average speed less than 1 im/min and often change its direction. Numerous studies have
shown that while fibroblasts are migrating into a wound, they tend to have a large lamellipodium
extending into the wound with few stress fibers in the cell; on the other hand, stationary
fibroblasts have smaller lamellipodia, and are characterized by multiple stress fibers (Fig.3). At
the same time, fibroblast migration morphology is quite different in 2D and 3D environments. In
2D cell culture, fibroblasts have large lamellipodia and filopodia then in 3D models. Described

properties are applicable to 3T3 fibroblast-type cell line. [12]
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Figure 2: Cell migration types: A) A stationary stained fibroblast cell (blue — DNA, red — mitochondria,
green — actin filament), scale bar 10 um. B) Fibroblasts migrating into wound. Top: wound after creation
of cell exclusion, bottom: fibroblast migration after 15 hours, scale bar 100 pm. C) Migrating zebrafish
fibroblast-type cells with large lamellipodia scale bar 10 um. (D) Migration human promyelocytic
leukemia cell on a glass substrate, scale bar 10 um. [12]
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Figure 3: (a) Schematic representation of a cell attached on a substrate. Actin filaments: filopodium,
lamellipodium and lamellum, where lamellipodia, lamellae and ruffles appear sheet-like, whereas
filopodia finger-like. (b) Immunofluorescent image of a fibroblast showing the different adhesive
structures (in red, actin filaments in green, nucleus in blue blue — DNA, red — focal adhesions, green —
actin filament), scale bar 20 pm. [11]
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Collective cell migration is a migration type, where cells represent a moving group. This
migration type uses similar mechanisms as single cells to protrude, polarize, contract, and
adhere. However, their ability to interact with each other both chemically and mechanically

enables additional migration mechanisms (Fig.4). [12]

Endothelial cells migration varies depending on the context. Cells migrate individually, in

chains or sheets; this process is modulated by the environment. [13]
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Figure 4: Collective endothelial sheet migration. When migratory stimulus is recognized leader cell (blue)
forms a lamellipodium and new focal contacts. The following cells (green) are characterized by cryptic
lamellipodia. [13]

At the same time, endothelial migration mechanism is different in 2D and 3D
environments. When endothelial cells are presented to 2D environment, they predominantly
migrate as tightly associated epithelial sheets. In 3D environment, cell detached from their
origins migrate as isolated groups or clusters of cells. Additionally, in 3D leading cells form

filopodia or pseudopodia instead of flat lamellipodia in 2D. [13]
Previous study has shown, that for HUVECs cell migration rate in 3D environment is 12

um/h, and 25 um/h in 2D environment, and 3T3 cells migrate with the speed of 18 um/h and 29
um/h, in 2D and 3D environments respectively. [12]
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3. Scratch wound healing assay

The scratch wound healing assay is a technique to measure cell migration in vitro. Wound
healing assays use cells derived from either cell lines or primary isolations from blood or tissue.
The basic steps involve culturing a confluent cell monolayer and creating a cell exclusion either
by removing a growth barrier or by damaging the cell layer. Damage may have mechanical,
thermal or chemical character. The exposure to the cell-free area induces the cells to migrate into
the gap. This process is captured via imaging at the beginning and at regular time intervals
(Fig.5). The subsequent image acquisition of the wound closure provides information about the
migration characteristics. The in vitro scratch wound healing assay is powerful tool for studies
on the effects of cell-matrix and cell-cell interactions on cell migration, mimic cell migration
during wound healing in vivo and are compatible with imaging of live cells during migration to

monitor intracellular events if desired. [14]
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Figure 5: (a) Schematics description of scratch assay. (b) Phase contrast images of the cultures taken at Oh
(immediately after scratching), and at the indicated time intervals (6h, 12h) showing the wound closure by
cells migration in a random manner (right panels) and as a cohesive sheet (left panels). [15]
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3.1 Cell exclusion

In collective cell migration assays cell exclusion or also cell depletion is a cell-free gap

created in a cell monolayer. There are few ways to create cell exclusion:

o Direct manipulation: is provided by destroying of monolayer through mechanical,
electrical, thermal or chemical influence.

o Physical exclusion: is realized by placing barrier (plastic insert, liquid or gel) to the cell
culture plate. [14]

All of techniques described above have different pros and cons. In this study, cell
exclusion was created with application of trypsin. Trypsin mechanism concludes in cutting
amino acids on their C-terminus. In cell culture it works as cutting away adhesions which are
attaching cell layer to the culture dish. Most trypsin solutions for cell culture contain
ethylenediaminetetraacetic acid, which acts as a chelator for calcium. By removing calcium from
a solution with cells, cadherins which hold cells to each other, are broken and cells separate from

each other as well as from the surface of the tissue culture plastic, thus cell-free gap is created.

[16]

3.2 Realization of Scratch Wound Healing Assay in a microfluidic device

Microfluidics is a technology of manipulating and detecting fluids in the micro scale. A
microfluidic device can be identified by the fact that it has one or more channels with at least one
dimension less than 1 mm. The majority of microfluidic-based wound healing assays use the
multiple laminar flows in microfluidic channels to selectively remove cells enzymatically,

generating the wound with a clear boundary and monitoring corresponding cell migration.

Key articles for this thesis describe different ways of fabrication a microfluidic device for

cell migration in wound healing assay.

Fig. 6 schematically described device design and wound healing assay procedure, where
Yuanchen et al. created PDMS (polydimethylsiloxane) microchannel with dimensions of 3 mm
in length, 0.8 mm in width. Three microchannel ports (two channel inlets and one outlet) with a

diameter of 5 mm were designed to facilitate liquid droplet manipulation.
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Figure 6: (a—c) Schematic of the tubing-free microfluidic wound-healing assay quantifying cell migration.
(d), wound generation (e) and cell migration monitoring (f). [17]

The fabricated microfluidic device was sterilized under ultraviolet overnight, followed by
surface coating of fibronectin by flushing into the microfluidic device using micro pipets and
kept within the microfluidic channels overnight. Then, the coating solution was removed by
aspiration and the channels were rinsed with culture medium. After culture medium solution was
removed and replaced with cell suspension solutions of 20 pl at two inlets and 30 pl at the outlet
(5 million cells per ml). Supplemented culture medium was replaced every 12 hours where
solutions in three ports were removed and replaced with 60 ul fresh supplemented culture
medium each. In this study, gravity was used as the driving force to regulate fluid flow, enabling
the wound generation without the requirement of external pumps and tubing. Trypsin solution
and the supplemented culture medium were applied at two channel inlets to generate the wound.
Following the wound generation, the trypsin solution was replaced with culture medium
supplemented with different chemokines and the microfluidic device was transferred to the
incubator. Subsequent image acquisition was performed at timepoints 0 hour, 3 hour, 6 hour, 12
and 24 hours. Average cell migration distance at each timepoint was analyzed via NIH ImageJ
image analysis software. In this article authors refer to the previous study by Nie et al., where
fabricated PDMS microfluidic model with analogous geometrical parameters and application of
trypsin for wound creation was successfully used. The difference consists in the cell line, which

was used for migration study. Schematic illustration of mutual experimental concept is shown on

Fig.7. [17], [18]
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Figure 7: Patterning processes to create wound edges for the confluent cells sheet formed in the
microchannel. [18]

Similar model is introduced in the article by van der Meer et al., where microfluidic
channels of PDMS had the inverse shape of a long channel with dimensions 60 umx500 pmx2
cm (heightxwidthxlength) separated on one side into three smaller inlet channels. The

microfluidic channels were coated for 2 hours with fibronectin solution and then flushed with

EGM-2 medium. Prepared cell suspension with density 20-10°viable cells/ml was pipetted into
the channel, after which the microfluidic devices were overlaid with EGM-2 and incubated at
37°C and 5%CO0,. To prepare a cell exclusion in the microfluidic channel, each of the three inlets
was connected to its own 5-ml syringe. Two of the syringes contained endothelial basal medium
with 2% fetal bovine serum, and the middle syringe contained trypsin solution. The contents of
these syringes were pushed through the microfluidic channel at a total rate of 3 ml/h for 15 min.
After this, the pump was stopped, the channels were flushed with EBM-2 and 2% FBS, and
placed in the incubator. When wounds were prepared in the conventional wound-healing assay, a
single scratch was made in the endothelial monolayer using a micropipette tip. Subsequently, the
cells were washed once with PBS and then incubated with EBM-2, 2% FBS at 37°C, 5% CO,.
Images of wound closure were taken at timepoints 0.5 hour, 2 hour, 6 hour and 18 hour. Cell
migration was measured as the distance from the initial leading wound-edge to the position of

the migration cells. Experimental setup is described on Fig. 8. [19]
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Figure 8: (A) fluorescent micrograph of a fluid stream shows that no visible mixing of parallel fluid
streams occurs in the microfluidic channel. Scale bar, 100 pm. (B) A wound that was prepared by treating
an endothelial monolayer with parallel trypsin-containing fluid flow in a microfluidic device. Scale bar,

100 pum. [19]

The next microfluidic model proposed by Sticker et al. describes differ mechanism of
lab-on-chip realization wound healing assay in microfluidic device (Fig. 9). Two microdevices
containing integrated pneumatically activated actuators were designed for either cell depletion,
using a flexible membrane, or cell exclusion, using an integrated microstencil. Both devices
consisted of three layers: a top pneumatic layer, a middle flexible PDMS membrane, and a
microchannel network bottom layer. In the pneumatic layer, a 1.5 and 2.5 mm diameter circular
shaped frame for cell depletion and cell exclusion was placed in the middle of the four 90 um
high, 2.5 mm wide, and 7.5 mm long cell culture chambers. Microchambers were rinsed by PBS
and loaded with a protein mixture comprising 10 pg/ml fibronectin and 5 pg/pl fibrinogen and
then placed on a heating plate (37 °C) to ensure temperature stability. Prior to experimentation,
the microchip was disinfected using 70 % ethanol and washed with PBS prior to coating with a 1
% gelatin solution for 1 hour. Then, prepared cell suspension was gently loaded into
microchannels. Following a cell adhesion period in the absence of fluid flow, a constant medium
perfusion of 3 pl/min was applied using a syringe pump. As soon as a confluent cell layer
(typically 1 to 2 days) was obtained, a circular wound was mechanically induced by pneumatic
actuation of the PDMS membrane. Bending was induced by rapidly increasing the pressure load
to 150 kPa (differential pressure) and then immediately releasing to 0 kPa using a pressure

controller. The medium perfusion was kept on while mechanical damage was being performed.

[20]
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Figure 9: Schematic illustrations of the functional principles and pictures of (A) the cell depletion and (B)
the cell exclusion microdevice showing the chips cross sectional view on the top. The mask designs with

an overlay of pneumatic (black) and fluidic (green) layer in the middle, and a representative image of the

devices on the bottom. Scale bar, 5 mm. [20]

3.3 Influential factors

To summarize all measures tooled in the research described above there are few major

influential parameters needed to focus attention on.

o The number of the cell passage. To avoid cells senescence, it is reasonable to use cells
which are between passage 2 and 8.

o When seeding cells for a migration assay, it is important to cover the total culture area. If
the cell density is too low, cell migration rate will be affected.

o Integrity of the monolayer. Cells grow in tight monolayers with extensive cell-cell
contacts. These cell-cell contacts are important to provide signaling and functioning. It is
therefore important that the cells have formed a confluent monolayer with tight cell-cell contacts
before migration in a wound-healing assay is assessed. The integrity of the monolayer can be

checked by staining for specific cell adhesion molecules. (Fig. 10).
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Figure 10: Fluorescent staining for vascular endothelial cadherin at different time points after seeding.
Scale bars, 50 um. [19]

o Affecting cell migration with growth factors. Migration rate depends on presence of
biochemical factors.

o Shear stress impact. Applying a shear stress leads to a significant increase in migration
rate. Moreover, cell morphology during migration is different. Cells migrate into the wound
along with the direction of the applied shear stress.

o Effect of channel geometries. Geometry of the channel has to guarantee suitable
regulation of the diffusion of oxygen, which can further affect cellular properties including cell
growth and migration.

o Affecting cell migration with coating of microfluidic channel. Favorable coating can
provide a better environment to promote the migration. [18], [19]

o Laminar flow conditions should be ensured for Scratch Wound Healing Assay realization

in microfliud flow system.

3.4 Advantages and limitations

The two most widely used assays for quantification cell migration are the Boyden
chamber assay and the wound-healing assay.

The microfluidic version of the assay has some unique advantages compared with its
conventional counterpart (Boyden chamber). Because of the small size, small amounts of cells
and reagents are needed. Furthermore, the microfluidic wound-healing assay may be combined
with other microfluidic analysis tools in the same device, the so-called “lab on a chip” concept.
Another advantage of the microfluidic wound-healing assay is that it is compatible with high-
magnification microscopy. Moreover, stable and tunable gradients of growth factors and drugs
can be generated, and physiologically relevant shear stresses can easily be produced while

studying migration.
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Using a Boyden chamber assay, cell migration with presence of gradients of can be also
quantified. However, in this assay, it is impossible to control the shape of the gradient or to
visualize cells as they migrate into the gradient. The main advantage of the Boyden chamber
assay compared with the wound-healing assay is that gradients of soluble factors can be
generated by adding those factors to only one of the two compartments.

There are several disadvantages and limitations of the in vitro scratch assay compared to
other available methods. It does not replace other well-established methods for chemotaxis such
as the Boyden chamber assay, as no chemical gradient is established. It takes a relatively longer
time to perform than some other methods. One to two days are needed for the formation of cell
monolayer and then 8-18 hours for cell migration to close the scratch. Relatively large number
of cells and chemicals will be required for the assay as it is usually performed in a tissue culture
dish. Therefore, it is not a method of choice if the availability of cells or chemicals is limiting.
Despite these limitations of the method, overall, in vitro scratch assay is still often the method of
choice to analyze cell migration in a laboratory because it is easy to set up, does not require any
specialized equipment and all materials required for the assay are available in any laboratory that
performs cell culture. [17], [18], [19]
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4. Microscopy

Microscopy is essential and major analytical tool used to monitor cell physiology.
Microscopy offers different techniques to view objects and areas of objects that are not within

the resolution range of the normal eye.

4.1 The fluorescence fundamentals

Fluorescence is the emission of light by a substance that has absorbed light or other
electromagnetic radiation. Fluorescent effect is the result of a three-stage process that occurs in
molecules called fluorophores or fluorescent dyes. A fluorescent probe is a fluorophore designed
to respond to a specific stimulus or to localize within a specific region of a biological specimen.

The process responsible for the fluorescence is illustrated by Jablonski diagram (Fig. 11). [21]
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Figure 11: Jablonski diagram illustrating the processes involved in the creation of an excited electronic
singlet state by optical absorption and subsequent emission of fluorescence. The labeled stage 1 is
excitation, when a photon is supplied by an external source, and absorbed by the fluorophore; S1' an
excited electronic singlet state; 2 is excited-state lifetime stage, when the fluorophore undergoes
conformational changes; S1 is a relaxed singlet excited state; stage 3 is the stage of fluorescence
enmission; SO is the ground stage. [21]

The fundamental fact to the high sensitivity of fluorescence detection techniques is that a
single fluorophore can generate many thousands of detectable photons. The fluorescence
excitation spectrum of a single fluorophore species in is usually identical to its absorption
spectrum. The absorption spectrum can therefore be used as an excitation spectrum data set.
Under the same conditions, the fluorescence emission spectrum is independent of the excitation
wavelength, due to the partial dissipation of excitation energy during the excited-state lifetime
(Fig.12). The emission intensity is proportional to the amplitude of the fluorescence excitation

spectrum at the excitation wavelength. [21]
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Figure 12: Excitation of a fluorophore at three different wavelengths (EX 1, EX 2, EX 3) does not change
the emission profile but does produce variations in fluorescence emission intensity (EM 1, EM 2, EM 3)
that correspond to the amplitude of the excitation spectrum. [21]

4.2  Fluorescent dyes

Fluorescent dyes or fluorophores are fluorescent tools for cell biology that have been
conjugated to various molecules to give them a certain function or allow them to label specific
organelles. Using fluorophores provides greater contrast compared with brightfield microscopy
and allows to visualize different structures or proteins within a cell in the same experiment.
Fluorophore can be produced in a plenty of different forms, each chemical modification with a
different specificity (Fig.13). [22]
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Figure 13: A single fluorophore can be modified to carry out any number of labeling jobs, including
functionalized forms for labeling cell structure components such as actin (A) and tubulin (B) and salt
forms for whole-cell staining (C). [22]
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For experimental part of this thesis Calcein AM (Calcein-acetoxymethylester) and
CellTracker™ Green CMFDA (5-chloromethylfluorescein diacetate) were chosen for fluorescent
cell labeling due to their compatibility with 3T3 cell line, CHO and HUVECs.

Calcein AM is a non-fluorescent, cell permeant compound, which is converted by
intracellular esterase into calcein, an anionic fluorescent form. Calcein AM is used in
microscopy to provide both morphological and functional information of viable cells. The

excitation and emission wavelengths of Calcein AM are 495 nm and 516 nm, respectively

(Fig.14). [23]
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Figure 14: Calcein AM fluorescent specters. [23]

CellTracker™ Green CMFDA is a fluorescent dye for multigenerational monitoring of
cell movement or location. It’s green 492 nm excitation and 517 nm emission spectra are ideal
for multiplexing with red fluorescent dyes and proteins. According to technical protocol
provided by Thermo Fisher Scientific CMFDA has low cytotoxicity, does not affect viability or
proliferation with signal retention of >72 hours.

4.3  Fluorescent microscopy

The fluorescent microscopy is based on the phenomenon that certain material emits
energy detectable as visible light when irradiated with the light of a specific wavelength. The
basic task of the fluorescent microscope is to let excitation light emit the specimen and then sort
out the much weaker emitted light to create the image. Fluorescent microscope has a filter that
only lets through radiation with the desired wavelength that matches scanning fluorescing

material. The radiation collides with the atoms in specimen and electrons are excited to a higher
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energy level. When electrons relax to a lower level, they emit light. In a second filter emitted

light is separated from the brighter excitation light to become visible. [24]

4.4  Laser-scanning confocal microscopy

All the major concepts of fluorescence excitation and emission also apply to laser-
scanning confocal microscopy. A bright point excitation source — laser and a sequential scanning
method of the point source of illumination are major differences. The goal of confocal
microscopy is to reject out-of-focus light from the image. This is achieved with a pinhole
aperture that ensures that light reaching the detector comes only from the confocal point in the
specimen where the excitation light was focused (Fig.15). By scanning the confocal excitation
and detection point across the specimen, an image can be sequentially compiled, pixel by pixel,
by recording the fluorescence intensity at each position. [25]
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Figure 15: Basic elements of a laser scanning confocal microscope. Laser light is directed to the scan
mirrors via a dichroic mirror. The laser is scanned across the specimen by the scan mirrors and the
returning emitted fluorescence is descanned by the same mirrors and transmitted by the dichroic mirror.
The fluorescence passes through the barrier filter and is focused on to the pinhole before reaching the
PMTs. Additional dichroic mirrors can be used to separate fluorescence wavelengths. [25]

45 Leica TCS SP8 X

In practical part of this thesis the subsequent image acquisition was realized by using

laser-scanning confocal microscope Leica TCS SP8 X.
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The Leica TCS SP8 X is equipped with two sensitive HyD detectors, one Photo-
multiplier Tube (PMT) detector for fluorescence and an additional PMT for bright-field imaging.
Leica TCS SP8 X is equipped with white light laser. Images can be acquired with scan
resolutions of up to 8192x8192 pixels. Spectral detectors permit independent real-time
adjustment in the range from 380 nm to 800 nm for each of the confocal fluorescence detector

channels. Images can be acquired in simultaneous or sequential scan modes. [26]
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5. Digital microscopic images processing

Digital image processing is essential tool used in biomedical research. Digital microscope
image processing is used to extract, count, locate, and measure attributes information presented
in a microscope image. This chapter describes concepts, which were used for an analysis of the
obtained microscope images.

General digital image processing system includes image acquisition, image digitalization,
preprocessing and image analysis steps. Image enhancement is a preprocessing step which can
includes noise suppression, contrast adjustment, band-pass filtering, detail enhancement by
image sharpening, geometrical transforms, edge representation, etc. Output of the enhancement
processing is an input image with improved appearance. Image analysis follows preprocessing
step. As per application requirement various image processing techniques can be used for image
analysis. Morphological image processing, image segmentation, object measurement and object

classification methods are widely used techniques for microscope image analysis. [27]

5.1 Image processing fundamentals

Image histogram is a plot of pixel counts belonging to different intensity levels, which

provides information of the distribution of intensity levels in the image (Fig.16).
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Figure 16: Schematic plot of a histogram of an image with a single-byte pixel representation. [28]

Information of pixel frequencies may serve to assess the adjustment of the imaging
system with respect to utilizing the available dynamic range of pixel values. The value of a pixel
is its intensity. The intensity of an image could refer to a global measure of that image, such as
mean pixel intensity. A relative measure of image intensity could be how bright (mean pixel
intensity) the image appears compared to another image. An edge in an image is a curve that
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follows a path of rapid change in image intensity. Edges are often associated with the boundaries

of objects in a scene.

2D median filter is a nonlinear operation, which selects the middle term of the sequence
in two dimensions as the output (Fig. 17). Since image edges tend to correlate spatially across
multiple scales whereas noise does not, median filter is more effective than convolution when the

goal is to simultaneously reduce noise and preserve edges.
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Figure 17: Schematic illustration of median filter. [29]

Top-hats and bottom-hats are operators defined as differences between the original image
and one of the morphologically derived images. Top-hat filtering computes the morphological
opening of the image and then subtracts the result from the original image. Bottom-hat filtering
computes the morphological closing of the image and then subtracts the original image from the

result (Equation 1,2).

Ty(x) = (x) — Oy(x) 1)

Bu(x) = Cy(x) — (%) 2)

Where (x) is an original image, Oy (x) is an operation of opening applied to the original image,
Ty (x) is a difference between original image and derived image of morphological opening.

By (x) is a difference between original image and derived image of morphological closing
Cu(x). [28], [29]

Morphological structuring element is an inherent parameter of morphological operations.
Multidimensional structure element is determined as a matrix that identifies the pixel in the
image being processed and defines the neighborhood used in the processing of each pixel (Fig.

18).
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Figure 18: Multidimensional structure element ‘disk’, with radius R=31. Ones represent pixels included in
the morphological computation, and zeros are excluded. Origin is the center pixel of the structuring
element being processed. [30]

Morphological operators are classified as non-linear operators. An image and
a structuring element (SE) is are used as an input. If input image is a grayscale image, the
intensity value is taken to represent height above a base plane, so that the grayscale image
represents a surface in 3D Euclidean space. Then the set of coordinates associated with this
image surface is simply the set of three-dimensional Euclidean coordinates of all the points
within this surface and all points below the surface, down to the base plane. Other operators can
be derived as a combination of them. Structuring element or matrix mask is a set of point
coordinates, which has characteristics of its shape encoded, this mask is shifted over the image
and at each pixel of the image its elements are compared with the set of the underlying pixels.
The basic morphological operators are erosion and dilation. Erosion operator erode the
boundaries of regions of foreground pixels (white pixels) of an input image (Fig.19). Thus, areas
of foreground pixels shrink in size, and holes within those areas become larger. In contrast,
dilatation operator gradually enlarge the boundaries of regions of foreground pixels on an input
image (Fig.20). Therefore, areas of foreground pixels grow, simultaneously with holes within
those regions become smaller. Opening operator is determined as an erosion followed by a
dilation using the same structuring element for both procedures. Opening operator tends to
preserve foreground regions, which have a shape of the structuring element, simultaneously
eliminating all other regions of foreground pixels. Closing operator is defined as a dilation
followed by an erosion using the same structuring element for both operations. Closing operator
preserve background regions of an input image, which have a similar shape to this structuring

element, while eliminating all other regions of background pixels.
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Figure 20: Effect of dilation using a 3x3 square structuring element. [30]
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6. Practical part

Based on literature research, following experimental setup for Scratch Wound Healing Assay

realization in microfluidics was proposed:

(1) Use microfluidic device Ibidi p-Slide 111 3inl as 3D biomimetic environment.
Microfluidic device Ibidi p-Slide 111 3inl with two inlet microchannels and one outlet has
design similar to PDMS-fabricated microfluidics, which was used in previous research
for Scratch Wound Healing Assay. According to the product technical datasheet provided
by manufacturer, Ibidi p-Slide 111 3in1 model is suitable for fluidic assays and compatible
with pump. To analyze cells under microscope no special preparations are necessary.
Cells can be observed directly in the p-Slide Il 3inl on an inverted microscope.
Transparency of model guarantee compatibility with laser-scanning confocal microscope.
To ensure laminar flow and establish appropriate speed of fluid flow additional
experiments were done. Calculation of shear stress applied by walls of microfluidic
device was performed in order to compare with physiological value.

(2) Use Calcein AM and/or CellTracker™ Green CMFDA to label cultured cells in
microfluidic device in order to perform image acquisition in fluorescent mode. As cell
migration during wound healing can exceed 24 hours, it is crucial to insure, that cell
labeling will last during that time. Cell labeling intensity was experimentally confirmed.

(3) Use trypsin flow to deliver scratch on cell monolayer. Due to closed geometry of Ibidi -
Slide 111 3in, it is impossible to create physical scratch, alternatively chemical scratch can
be performed. To ensure laminar flow of trypsin and choose which inlet provides the
most stable flow, additional experiments were performed.

(4) After 5 minutes of cells being exposed to trypsin, use laminar flow of PBS and medium
solution to eliminate damaging impact of trypsin. Previous literature has shown that an
often-reported problem associated with conventional Scratch Wound Healing Assay is the
accumulation of cells across the edge of the scratch. In order to overcome this
shortcoming in this study scratch was flashed with PBS and medium solution. [31]

(5) Perfuse cultured cells with 500 ul of fresh medium, as diffusion of nutrients and waste is
limited when microchannels are not constantly perfused, and therefore cell migration can
be impacted. [19]

(6) Take images of wound healing at timepoints 0 hours, 24 hours to observe wound closure.

(7) Use laser-scanning confocal microscope Leica TCS SP8 X, objective x10 for image

acquisition.
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(8) Analyze cell migration rate as closure of the wound over the time. Use MATLAB
computing environment to perform image processing.
Following laboratorian equipment was used:

e Laminar flow extractor hood (BioAir)

Incubator (Memmert)

e Centrifuge (BioTech)

e Laser-scanning confocal microscope Leica TCS SP8 X
e Inverted microscope Olympus IX-71

e Laboratory peristaltic pump Dynamax (Rainin) x2

6.1 Microfluidic device Ibidi p-Slide 111 3inl

Ibidi p-Slide 111 3inl is microfluidic device designed for microscopic analysis of fixed or
living cells (Fig.21). It is made from the high optical quality material to enable fluorescence
experiments with uncompromised resolution and choice of wavelength. Microfluidic device
design allows generating fluid stable concentration profiles in the main channel for e.g.

chemotaxis, cell migration experiments. [32]
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Figure 21: A) p-Slide 111 3inl. B) Microfluidic device geometry. [32]

Each of three reservoirs has volume of 500 pl, height of microchannel is 0.4 mm, width
of microchannel is 3 mm. Total growth area for cells is 1.23 cm?. Distance between the scale
bars is 1 mm. Described properties constitute a favorable 3D biomimetic microenvironment for

Scratch Wound Healing Assay.

6.2  Preparation of Ibidi p-Slide 111 3inl

Prior to cell seeding, microfluidic device Ibidi p-Slide 111 3inl was covered with 60 pl
partially purified fibronectin (Sigma-Aldrich, MI, USA) to promote cell adhesion. To prepare
optimal conditions for attachment coated microfluidic device was incubated at 37 °C and 5 %

CO, for 1 hours. After that fibronectin solution was removed and model was rinsed carefully
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with PBS. According to the cell seeding protocol provided by the manufacturer, the day before
seeding cells, device was filled with the cell medium and placed into the incubator for
equilibration to prevent air bubbles formation over the incubation time. After culture medium

solution was replaced with cell suspension solution. [32]

6.3  Cell culture in microfluidic device

According to cell seeding protocol provided by Ibidi p-Slide 111 3in1 manufacturer it was
suggested to use cells with density from 3x10° to 7x10° viable cells per ml. When cell
suspension with favorable density was prepared, input microfluidic channel was filled with 60 pl
of cell suspension. After cells attached to the bottom, each reservoir was filled with 60 pl cell
medium and incubated at 37 °C and 5 % CO,.

Cell suspension was prepared according to cell subculture protocol. From prepared flask
with confluent cell layer was removed medium and cells were rinsed with Trypsin — EDTA
(0.5%). Cell detachment was encouraged by incubating at 37 °C and 5 % CO, for 3 minutes.
After detachment, 5 ml of medium was added to neutralize the trypsin, then, to prepare
suspension cells where centrifuged. After centrifugation supernatant was carefully discared, and
replaced with 1 ml of medium, then mixed using pipet to create cell suspension. During cell
subculture, DMEM medium formulated with the addition of 10 % FBS was used for 3T3 cells
culturing, EGM-2 medium for HUVECS line, and Nutrient Mixture F-12 Ham for CHO cell line.

(8], [9], [10], [32]

6.4 Cell labeling with fluorescent dues

Cells were labeled with the fluorescent dues in the day of culturing in the microfluidic

device, once they adhere.

Following the labeling protocol provided by Calcein AM manufacturer, medium
supernate was carefully discared from the microfluidic device and replaced with the 60 ul medim
mixed with 0.1 ul Calcein AM solution. Microfluidic device was incubated at 37° C under 5 %
CO, for 10 minutes, then medium was replaced with the 60 pl of fresh medium. Fluorescence
was recored on confocal microscope Leica TCS SP8 X using a 495 nm excitation filter and a
505-55 nm emission filter. [33]

For labeling via CellTracker™ Green CMFDA, according to the protocol staining
solution was prepared with 1:1000 dilution. Medium supernate was carefully discared from the
microfluidic device and replaced with the 60 pl serum-free medim mixed with 0.06 pl

CellTracker™ Green CMFDA staining solution. Microfluidic device was incubated at 37° C
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under 5 % CO, for 30 minutes, then medium was replaced with 60 ul of fresh medium.
Fluorescence was recored on confocal microscope Leica TCS SP8 X using a 492 nm excitation
filter and a 505-555 nm emission filter. [34]

In oder to examine stability and persistence of cell labeling via fluorescent due within the
24 hours of wound healing process, cell labeling tests were performed. Microfluidic device with
confluent cultured cell monolayer was labeled with Calcein AM according to the labeling
protocol provided by the manufacturer. After labeling, images of cell sample were obtained with
the confocal microscope Leica TCS SP8 X. During the experiment, microfluidic device Ibidi p-
Slide 111 3in1 was taken out of the incubator at timepoints t; = 0 h, t, = 24 h, and placed under
x10 objective, where images were taken. At each of timepoints image intensity of the same field

was compared. (Fig.22)

Figure 22: Cell labeling test. A: 3T3 cells labeled with fluorescent due Calcein AM in microfuidic device
Ibidi p-Slide 111 3inl. An image field taken at t=0 h. B: 3T3 cells labeled with fluorescent due Calcein
AM in microfuidic device Ibidi p-Slide 111 3in1. An image field taken at t=24 h. Scale bars 250 um.

As it was observed from the experiment fluorescent due maintains persistent color
intensity when used for labeling cells in microfluidic device. It also appears, that over 24 hours
of incubation, 3T3 cells overgrew, what caused to the change of cells shape. This finding
suggests, that use of fluorescent dues suit Scratch Wound Healing Assay realization in
microfluidic device. It was also concluded, that time for observing cell activity in microfluidic
device Ibidi p-Slide 111 3inl, preferably should not exceed 24 hours, otherwise cells behavior
might be affected by limited access to the living media, with overgrowing cell population. For
further cell labeling fluorescent due Calcein AM was used, as it showed successful results during

testing — labeling persistence without damaging cell integrity over the time of 24 hours.
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6.5 Formation of laminar flow in microchannels

Laminar flow (or streamline flow) is a condition in fluid dynamics, which occurs when

there is no turbulence between two or more fluid flows in parallel layers (Fig. 23). [20]

7 Side view of parabolic velocity profile

",

Figure 23: Velocity distribution created by a laminar flow. [35]

Testing of laminar flow formation in microfluidic device Ibidi p-Slide 111 3inl was
performed as described below. Inlet B was used as an outflow, inlet 1 was connected to the
reservoir with pink-colored water, which was injected via pump, inlet 2 was tightly covered, and,
inlet 3 was connected to the reservoir with discolored water (Fig.24). Two peristatic pumps were
used. Through the testing of different fluid flow rates, the most stable laminar flow condition
was observed with under the following conditions: first pump was connected to outflow inlet B
with a speed at 0.25 ml/min, pulling out fluid from the microfluidic device, while second pump
was connected to inlet 1 through the reservoir with the pink-colored water at the same fluid
speed of 0.25 ml/min, thus delivering the fluid into microfluidic device. While first pump was
creating pressure inside of the microchannel, second pump was loading the fluid, therefore
resulting speed for fluid (pink-colored water) delivered through inlet 1 was calculated as the sum
of the speeds 0.25 + 0.25 = 0.5ml/min; and resulting speed for fluid passively delivered
through inlet 3 (colorless water) was 0.25 ml/min, as it was pulled out by the pump connected

to outlet B.
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Figure 24: Testing of laminar flow conditions in Ibidi p-Slide 111 3inl. Inlet 1 — reservoir with colored
water loaded by a pump, inlet 2 — covered, inlet 3 — colorless water, outlet B — trash disposal, connected
to the pump, pulling out fluids from microfluidic device

6.6 Shear stress calculations for Ibidi p-Slide 111 3inl

It was described in previous literature that cell behavior is impacted by applied shear
stress. Cells sense mechanical forces, what leads to mechanotransduction into biological
responses. Impact varies in accordance to the cell line and includes such effects as change of

morphology, proliferation and cell dissociation.

In conventional cell migration assays cells are not exposed to the mechanical forces
including shear stress due to the sample geometry, which is a huge limitation of 2D cell cultures
experiments. In contrast, microfluidics device design can provide a 3D biomimetic
microenvironment which enables application of the shear stress. Therefore, the use of
microfluidics device is a viable alternative to conventional in vitro techniques of scratch wound
healing assy. Shear stress is a frictional force of a fluid acting on the cell layer on the wall. Shear

stress, viscosity and shear rate are related by the following formula:

T=17"Y (3)

Where 7 is a shear stress, measured in Pa, n is dynamical viscosity of the fluid in Pa - s,
and y is a shear rate in s~1. The shear rate describes the velocity profile of the perfused fluid,
while dynamic viscosity is a measure of fluid’s internal resistance. Dynamic (absolute) viscosity
is the tangential force per unit area required to move one horizontal plane with respect to another
plane, when maintaining a unit distance apart in the fluid (Fig. 25).
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Figure 25: Shear rate distribution created by a laminar flow, where s(z) is the velocity gradient or shear

rate (s~1). [35]
To calculate shear stress for in main microfluidic channel of Ibidi p-Slide 111 3inl

(Fig.26), following equation provided by manufacturer was used:
T=n-2274-® 4)

where @ is fluid flow measured in ml/s. [35]

Ve

Figure 26: Ibidi p-Slide 111 3in1, 3 mm microchannel. [35]

Solution injected to the microfluidic device was either trypsin or medium, in accordance
with the stage of the experiment. Dynamic viscosity n of both fluids was provided by
manufacturer in datasheet. Table 1 demonstrates shear stress values in 3 mm microchannels

during the application of trypsin and medium solutions. [35]

Fluid Dynamic viscosity n, Fluid low &, Shear stress z in
[Pa-s] [ml/s] 3 mm
microchannel,
[Pa]
Medium 0.00078 0.004 0.0014
Trypsin 0.00105 0.008 0.0019
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Table 1: Shear stress values for trypsin and medium solutions in Ibidi p-Slide 111 3in1 microchannels.

The calculated shear stresses applied to the cell monolayer caused by the fluid flow
belong to range from 0.0014 to 0.0019 Pa, this range lies within physiological values, since
overall shear stress in circulation varies from 0.01-1.0 Pa in microvasculature, to above 3.0 Pa in
large blood vessels, e.g. aorta. Therefore, shear pressure applied by the microfluidic device walls

does not damage cell integrity.

It was observed that the width of the trypsin flow was slightly smaller near the outflow

microchannel due to higher velocity and parabolic flow-rate distribution (Fig.27).
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Figure 27: Cliff-shaped gradient. Gradient steepness of fluid in Ibidi p-Slide 111 3in1 microfluidic device.
Inlet 1 - trypsin, inlet 2 - covered, inlet 3 — medium, outlet B — trash disposal. [32]

6.7 Chemical cell exclusion via trypsin

Physical scratch of the cell monolayer may result in cell damage near the wound edges
and therefore affect cell migration process. Previous studies have shown that application of the
laminar flow of trypsin solution in microfluidic channels enable controlled cell detachment of a

portion of confluent cell monolayers. [20]

To assess chemical impact of trypsin on cell monolayer additional experiments of
conventional Scratch Wound Healing Assay were performed. In this experiment 3T3 cells

monolayer was cultured on the glass surface, which was kept in culture dish filled with DMEM
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medium. Sample was placed in the incubator at 37 °C in 5 % CO, until cell monolayer reached
conluence. Then, glass was removed from the culture dish, trypsin was slowly delivered to the
middle of the glass through the low-volume syringe of 10 ml. Once wound was created glass was
flashed with the PBS, placed to the dish with fresh DMEM medium and incubated at 37 °C in 5
% CO,. Medium was replaced every 24 hours. Images of wound were taken after 24 and 42

hours of wound creation. It appeared that wound created under the chemical impact of trypsin

healed completely within 24 hours. After 42 hours cell overgrowth on cell-covered region was
observed (Fig. 28).

Figure 28: Chemical impact of trypsin on cell monolayer culture on tha glass. A: Creation of the
wound. B: Wound closure after 24 hours. C: Overgrowth cell culture after 42 hours. Scale bars,
250 pm.

Given that closed-channel structure of Ibidi u-Slide 111 3in1 microfluidic device does not
allow to deliver physical scratch of the cell monolayer or deliver trypsin directly to the cell layer,
cell exclusion was generated by introducing laminar trypsin flow to the one out of four
microchannels. Experiment was performed in two installments. At the first place, reservoir filled
with trypsin was connected to the inlet 1 of Ibidi p-Slide 111 3inl through the peristatic pump.
Fluid speed was set to 0.25 ml/min. Inlet 2 was tightly closed with silicone cover. Inlet 3 was
connected to the reservoir with medium, however medium was pumped passively, without using
pump. Second peristatic pump was connected to outlet B, thus creating negative pressure, with
the fluid flow speed set at 0.25 ml/min, and pulling fluid out of the microfluidic device to the
empty reservoir serving as trash-disposal (Fig. 29). Microfluidic device contained cultured cell
monolayer. After 5 minutes, when trypsin at the amount of 2.5 ml went through the cell

monolayer, trypsin supply was stopped, and experimental setup was changed.
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Figure 29: Schematic illustration of the installment 1: Peristatic pump Dynamax (Rainin) x2, fluid speed
set to 0,25 ml/min; reservoir with trypsin and medium, empty reservoir; Ibidi p-Slide 111 3inl: inlet 1
connected to reservoir with trypsin through the pump, inlet 2 covered, inlet 3 passively connected to
reservoir with medium, outlet B connected to the empty reservoir through the pump.

Inlet 1 was filled with 500 pl of PBS. Reservoir with trypsin was replaced with reservoir
with the medium, then fluid supply at the same speed was resumed. (Fig. 30). Medium was
delivered for 5 minutes in total amount of 3.75 ml (2.5 ml delivered through inlet 1 via pump and
1.25 ml delivered passively through inlet 3), then supply was stopped, microfluidic device was
covered and incubated at 37 °C in 5 % CO,. Both installments were performed under real-time

image acquisition using laser-scanning confocal microscope Leica TCS SP8 X, objective x10.

Every 24 hours 500 pl of fresh serum-free medium were injected to the inlet 2, while

simultaneously 500 pl of fluid were removed from outlet B.
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Figure 30: Schematic illustration of the installment 2: Peristatic pump Dynamax (Rainin) x2, fluid speed
set to 0,25 ml/min; reservoir with medium x2, empty reservoir; Ibidi p-Slide I11 3inl: inlet 1 connected to
reservoir with medium through the pump, inlet 2 covered, inlet 3 passively connected to reservoir with
medium, outlet B connected to the empty reservoir through the pump.

It appeared that cells which covered region exposed to the trypsin flow were detached
from the surface and flushed, whereas cells which were not in the direct contact with the trypsin
flow remained attached. (Fig. 31). Cells exposed to the trypsin flow tend to change its shape
during 2-3 minutes of trypsin application. It was observed that majority of cells exposed to the

trypsin flow would be flushed after 5 minutes of trypsin application.

Figure 31: 3T3 cell monolayer cultured in microfluidic device Ibidi p-Slide 111 3inl under trypsin flow
(right side, round-shaped cells). Scale bar 250 um.

Cell dissociation using trypsin (trypsinization) is performed by breaking down cell
proteins (amino acids on their C-terminus) which enable the cells to adhere. When trypsinization
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procedure is complete, affected cells appear round shaped and carried away with the flow. As a

result, cell integrity is not being disrupted. [36]

Effect of wound healing was examined every 24 hours. For this purpose, image

acquisition was performed.

6.8 Image processing algorithm

A common method to analyze the process of cell migration is to use a bright-field images
of the scratch at predetermined time-points with following analysis of the gap closure. During
the experiment, microfluidic device was taken out of the incubator at timepoints O hour and 24
hour and placed under a Leica TCS SP8 X with a x10 objective, where pictures of fixed
positions were taken. The Scratch Wound Healing Assay is utilized to quantify wound closure
over the time. Quantitative analysis of obtained images was provided using a custom-made
algorithm in MATLAB software (R2018b 64-bit, MathWorks®, USA). Wound areas (WA)
measurements from individual images was used to calculate migration rates. WA was defined as

the ratio of the cell-free area relative to the total image size.

Number of White Pixels (5)
WA =

Total Image Area

In order to obtain reliable results, WA was quantified across multiple frames of the image
from the same cell sample for every timepoint to determine whether wound area changes over
the time are statistically significant. Image processing algorithm is described on the scheme

below (Fig. 32). Step by step image segmentation for edge detection is illustrated on Fig.33.
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Figure 32: Image processing algorithm flow-chart.

A Original Image and AvgBotTop B Filled Top, WA=0.32658
Filled Bot, WA=0.38695 D ave BotTop, WA=0.32141

Figure 33: Image segmentations steps. A: Original image with an edge. B: Top-hat filtering. C: Bottom-
hat filtering. D: Edge detection.
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Input grayscale image was filtered with a median filter to reduce random noise and
slightly smooth edges. Then edges were filtered with a Top-hat and Bottom-hat filters to
calculate an upper and a lower estimate of the wound and adjust histogram. Segmentation of an
image was performed with se_size, holes_ratio, and threshold input parameters, with were found
empirically. Output WA was calculated as the number of white pixels divided by total image

size.

6.9 Results

Proposed experimental setup for Scratch Wound Healing Assay in microfluidic device
was realized for endothelial cell lines HUVEC and CHO, and fibroblast 3T3 cells. Cell samples
were prepared accordingly to culture protocols using seeding instructions from Ibidi p-Slide 1l

3in1 microfluidic device manufacturer described above.

Results of HUVECs culture in microfluidic device before creation of wound via trypsin
are presented below. Figure 34.A shows that cells are uniformly distributed on the surface inside
of the device, however with the closer look (Fig. 34.B), it appears that cells do not show strong
cell to cell connections, and mostly presented as a single cells or a small groups, rather than
confluent cell monolayer. In such a case, trypsin was not applied, cell sample was allowed to
grow and reach required confluency. However, cells showed the same condition after additional
24 and 48 hours of incubation. Low cell adherence, round shape and evidence of damaged cell
structures were observed. Experiment was repeated with increased cell seeding density, however
HUVECSs have not shown desired cell confluence to undergo the next trypsinization step of the

experiment.

Figure 34: HUVECs labeled via Calcein AM, cultured in microfluidic device Ibidi p-Slide 111 3inl before
application of trypsin. A) Sample surface cell coverage, width view. B) Center filed zoomed in 1,5 times.

In order to understand this outcome, we though to repeat experiment using another
endothelial cell line with the similar cell morphology — CHO cells. Seeding cell density was
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chosen following seeding instructions for Ibidi p-Slide 111 3in 1 microfluidic device. CHO cell
distribution is shown on Fig.35. With the similar to HUVECs distribution, cells were able to
adhere and elaborate polygonal shape typical for epithelial cell type morphology. At the same
time, as it can be noticed on Fig. 35.B and Fig.35.C, there were gaps presented between cells.
Since cell confluence was achieved for CHO cells, trypsin was applied to cell monolayer using
experimental instalment described above. Fig.36 was taken right after application of trypsin. It
shows cell coverage decrease across the entire area of cell sample, even though trypsin flow was
only targeted to the left side of the microfluidic device. It was expected that wound will appear
on the left side and would not cover more than 50% of the area. With the majority of cell
population flushed with the trypsin flow during the wound creation, CHO cell sample did not
show wound healing after 24 and 48 hours of incubation.

Figure 35: CHO cells labeled via Calcein AM, cultured in microfluidic device Ibidi p-Slide 111 3inl. A)
Sample surface cell coverage, width view. B) Center filed zoomed in 1,5. C) Edge field zoomed in 1,5
times.

45



¥ (mm) 0.6

15

% (mm)

Figure 36: CHO cells labeled via Calcein AM in microfluidic device Ibidi p-Slide Il 3inl, image was
taken right after the application of trypsin.

In order to compare these findings to different cell morphology type, as the next step, we

repeat this experiment for fibroblasts, 3T3 cell line.

As it can be observed on Fig.37, adhered 3T3 cells reached confluence and create tighter
cell to cell connections. Gaps were still presented, however they tend not to be connected with
each other. 3T3 cell sample underwent trypsinization step. Wound of expected size was created
on the left side of the field. Adjacent cells were not damaged by chemical impact of trypsin.

Wound healing over the time was observed.
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Figure 37: 3T3 cells labeled via Calcein AM in microfluidic device Ibidi p-Slide Il 3inl, image was
taken before the application of trypsin. A) Sample surface cell coverage, width view. B) Edge field
zoomed in 1,5. C) Field zoomed in 2,3 times.

Following parameters of wound closure were analyzed:

e Wound area (WA): inversed cell covered area [%], [mm].
e Speed of wound closure [mm/hour].

e Linear approximation of wound closure [%/hour], [mm/hour].

In total 8 randomly chosen fields of the same size (512 x 512), where analyzed at
timepoints t, — after creation of wound, t, — after 24 hours of incubation. For 3T3 cells cultured
in microfluidic device Ibidi p-Slide 111 3inl, calculated WA on the images obtained at t; right
after the trypsinization, have mean of 23.82 + 4.0 % or 0.2382 + 0.04 mm, of total field area.
After 24 hours of incubation, at t,WWA mean decreased to 17.99 + 4.0 % or 0.1799 + 0.04 mm, of
total field area. Speed of wound closure over the 24-hour period was 2.4 pm/h. Linear

approximation of wound closure speed is shown on the Fig.38.
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Figure 38: 3T3 cells in 3D microfluidic device. Wound closure over the 24-hour period.

In order to assess efficacy of custom-made algorithm for wound closure analysis, results
were compared with values obtained from automated image processing software. For this
purpose, WAs of the same fields were calculated in an open source image processing software
Fiji ImageJ, manually defining the WA as the region of interest (Fig. 39).

A

Figure 39: Detection of WA area. A) WA was detected and calculated using custom-made algorithm. B)
WA was manually defined in image processing software Fiji ImageJ.

In total, 16 image fields were analyzed using different methods, 8 fields from t; and t,.
The two-tailed test was used for comparison. There was no significant difference between
measurements obtained from a custom-made algorithm and image processing software. At
significance level of 0.05, p-value equals 0.9342 and 0.6982, respectively for t; and t, (Tab. 2).
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Day 1: Wound creation Day 2: Wound closure

Image field WA [mm] WA [mm]

Algorithm Fiji Image) Algorithm Fiji Image)

1 0.3156 0.2923 0.2775 0.2692

2 0.2133 0.2236 0.1402 0.114

3 0.2842 0.2622 0.1674 0.1475

4 0.2159 0.2399 0.1736 0.175

5 0.2170 0.2192 0.1899 0.1786

6 0.1984 0.1976 0.1863 0.186

7 0.2193 0.2153 0.1559 0.1498

8 0.2415 0.2437 0.1482 0.1488
Mean 0.238207 0.236725 0.179911 0.171112
SD 0.040744 0.02991768 0.043124 0.045803

The two-tailed 0.9342 0.6982
P value

Table 2: Comparison of WA calculated via custom-made algorithm and Fiji ImageJ algorithm processing
software.

We thought to compare achieved results with wound closure outcomes using
conventional 2D technique. For this purpose, we analyzed results obtained from trypsin chemical
impact testing on cell monolayer, described above at 6.7. In total, 10 random fields were
analyzed. 5 from an image taken after the trypsinization, and 5 from an image taken 24 hours

after the incubation. Custom-made algorithm was used to calculate WA (Fig.40).

Figure 40: 3T3 cell line cultured on a glass. A) Wound creation. B) Wound closure after 24 hours

At t,, right after the trypsinization, WA have mean of 53.78 + 23.73 % or 0.5378 +
0.2373 mm, of total field area. After 24 hours of incubation, at t,, WA mean decreased to 39.08
+ 18.36 % or 0.3908 + 0.1836 mm, of total field area. Speed of wound closure over the 24-hour

period was 6.1 pm/. Linear approximation of wound closure speed is shown on the Fig.41.
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Figure 41: 3T3 cells culture on 2D environment. Wound closure over the 24-hour period.
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7. Discussion

The goal of this thesis was to develop experimental setup Scratch Wound Healing Assay
realization in microfluidic device using trypsin — EDTA for creation of cell delusion, and
confocal microscope Leica TCS SP8 X for subsequent image acquisition; perform experiment
with sufficient number of iterations, analyze wound closure with a custom-made algorithm

written in MATLAB computing environment, and discuss achieved results.

Literature research was performed in order to develop experimental setup. Proposed
conditions for experimental setup are listed in chapter 6. Every aspect of experimental setup for
microfluidic realization of Scratch Wound Healing Assay was tested on a separate setting to
assess effectivity and confirm that each of proposed conditions does not damage cell integrity
and would not affect the total outcome. In total, proposed experimental setup was tested on two
different types of cell morphology, on three different cell lines.

Microfluidic device Ibidi p-Slide 111 3inl1 was chosen due to its suitable properties,
however as to our knowledge, Scratch Wound Healing Assay was never performed using this
microfluidic device, number of additional tests, such as ability of laminar flow creation and shear
stress applied by the device walls, were performed to confirm device compatibility with the

Scratch Wound Healing Assay.

Epithelial morphology type cell line HUVECs did not adhere enough to undergo
trypsinization step of the experiment. There was observed network of gaps between the cell
groups and poor cell to cell connections. Additionally, cells shape was damaged. This finding
might be explained by either unsuitable conditions for cell growth inside of the microfluidic
device or by initial inability of this cell population to grow. To understand this finding, another
epithelial type morphology cell line - CHO cells, was tested. In this case, cells performed better
and were able to adhere, as well as there was no notice of damage cell structures. CHO cells
sample reached satisfactory condition to undergo trypsinization. However, with gaps presence,
majority of cell population were flushed with trypsin flow, experiment was terminated, and did

not undergo wound healing observation.

In this thesis it was observed, that behavior of epithelial morphology types — HUVECs
and CHO cells, was not suitable for realization of Scratch Wound Healing Assay. This
observation might be explained by the way how these cells migrate and grow. Whereas single-
cell migration mechanism results in creation of the number filopodia and lamellipodia, and

therefore allows to cover surface with a tight distribution of cell layer, collective cells migration
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is guided by a leader cell (Fig.4), and thus less lamellipodia are created, what results in gaps
presence between the cells. For realization of Scratch Wound Healing Assay in microfluidic
device, presence of gaps may follow by chemical damage of cells over the entire surface of the
cell monolayer. However, there is not enough evidence to prove this relation. Additional tests

with different cell lines of epithelial morphology are required.

Fibroblast morphology is another type which was tested in practical part of this thesis. In
contrast to epithelial-like cells, 3T3 fibroblasts showed satisfactory results and were able to
undergo every step of experimental installment. Although, gaps were still observed, it did not
cause a destruction cell layer integrity, as gaps were disconnected from each other, therefore,
trypsin fluid was not able to spread among entire volume of the sample. This finding supports
previous hypothesis that there might be connection between cell migration type and cell behavior

in 3D system. More various cell lines should be tested to test this hypothesis.

A custom-made algorithm was written for the calculation of wound area. To analyze
wound closure over the time. Wound area was calculated on images taken at two timepoints, t; —
is an image taken right after trypsinization was performed, and t, — is an image taken after 24
hours of sample incubation at 37 °C in 5 % CO,. At every timepoint 8 randomly chosen fields
among the image were analyzed. Wound area was described as mean £ SD. Same fields were
analyzed using widely used image-processing software Fiji ImageJ. There was no significant
difference between wound areas calculated via custom-made algorithm and manual tool Fiji
ImagelJ. Therefore, it can be concluded that algorithm performed satisfactorily.

To gain a better understanding on how microfluidic device architecture affects cell
behavior, 3T3 cells wound closure characteristics over the time cultured in microfluidic device
and using trypsin for cell delusion was compared with 3T3 cells wound closure characteristic
over the time cultured conventionally on a glass using trypsin for creation of cell delusion. It was
observed, that wound created in microfluidic device had smaller dimensions and more regular,
straight profile, while wound created on a glass was bigger. Wound areas were 23.82 + 4.0 %
53.78 £ 23.73 % of total field size for cells cultured in microfluidic device and glass,
respectively. In both cases wound area decreases within following 24 hours of incubation. After
24 hours wound areas were 17.99 + 4.0 % and 39.08 + 18.36 %. For both experiments linear
approximation of wound closure speed was calculated. It appears that for cells cultured in
microfluidic device linear approximation of speed was y = -5.8296x + 29.65, whereas for cell
cultured on a glass in was y = -14.702x + 68.489. As we can see, speed of wound closure for
cells cultured on a glass where higher 2.3 times. The same ratio is observed if compare wound
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areas from both experiment settings at timepoint 1 and timepoint 2. This finding suggests, that

there is a linear relation between wound closure speed and wound area.

Finally, we compared migration speeds for fibroblasts in 2D and 3D environment with
findings of the previous research. Previous literature suggests that fibroblast migration speed is
depended on experimental conditions. In a study where behavior of 3T3 cells migration rates
were compared in 2D and 3D, it was suggested that migration rates are 18 um/h and 29 um/h, in
2D and 3D environments respectively. In this study migration rates were slower as 2.4 pm/h
and 6.1 pnmvh, for 2D and 3D models. This difference can be explained that in previous research
chemical factors known for promotion of migration process were used. Additionally, geometry
of 2D and 3D used is this thesis and previous research were different, hence not one-to-one, but
only rough comparison can be performed.

Limitations of this thesis include limited number of microfluidic devices Ibidi p-Slide 111
3inl used for practical part. For experiment iterations, every microfluidic device was sterilized
and reused. There is no strict restriction regarding it, however manufacturer does not suggest
multiple use of the device. Additionally, every subcultured cell line used for testing was
originated from the same primary cell culture. We cannot know whether primary cell line was

initially unsuitable for experimental purposes.
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8. Conclusion

In this thesis, experimental setup for realization of Scratch Wound Healing Assay was
proposed based on literature research. Three different cell lines were used for testing proposed
experimental model. With the number of experiment iterations there was observed different
behavior among the cell types. While proposed experiment was successfully realized with 3T3
fibroblasts, HUVECs and CHO cells did not complete experiment. For 3T3 cells wound closure
was analyzed under two different experimental settings: (1) conventional Scratch Wound
Healing Assay with use of trypsin for wound creation, and (2) microfluidic realization of Scratch
Wound Healing Assay with use of trypsin for wound creation. Analysis of wound closure was
performed using custom-made algorithm. Results obtained from custom-made algorithm were
compared with results obtained using manual tool in Fiji ImageJ image-processing algorithm.
There was no significant difference between results achieved. Results obtained from
experimental setting (1) and (2) were compared. Linear relation between wound closure speed

and wound area was observed in both experiments.

To conclude, developed experimental design of Scratch Wound Healing Assay using
microfluidic device Ibidi p-Slide 111 3inl; showed reproducible and reliable technique for an
assay realization in 3D biomimetic environment. This experimental setting enables advantage of
precise control of the experimental conditions, excellent optical properties, and additionally

application of shear stress and generating parallel flows.
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List of used abbreviations

3T3 — 3 day transfer, inoculum 3x10°> cells
HUVEC — Human Umbilical Vein Endothelial Cells
CHO - Chinese Hamster Ovary

EDTA — Disodium Ethylenediaminetetraacetic Acid
2D — Two-dimensional

3D — Three-dimensional

0, — Molecular Oxygen

CO, — Carbon dioxide

pH — Potential of Hydrogen

DMEM - Dulbecco's Modified Eagle Medium
EGM-2 — Endothelial Cell Growth Medium

PBS — Phosphate-buffered Saline

FBS — Fetal Bovine Serum

EDTA — Disodium Ethylenediaminetetraacetic Acid
DNA — Deoxyribonucleic Acid

PDMS — Polydimethylsiloxane

NIH — National Institutes of Health

EBM-2 — Endothelial Cell Growth Basal Medium
AM — Acetoxymethylester

CMFDA — 5-chloromethylfluorescein diacetate
HyD — Hybrid Detector

PMT — Photo-multiplier Tube

LSCM - Laser Scanning Confocal Microscope

SE — Structure Element

WA — Wound Area

SD — Standard Deviation
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