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Abstract

Cardiovascular diseases are the leading cause of death worldwide, making the study
of various cardiovascular responses critically important. In this study, we developed a
microfluidic system designed to simulate the oxygen and shear stress environments within
the human body. Using four parallel microchannels of different widths, we generated
shear stresses of 2.5, 5, 10, and 20 dyne/cm?. Additionally, we established an oxygen
concentration gradient ranging from 2.8 % to 12 %. Human umbilical vein endothelial
cells were cultured within these channels, exposing them to both shear stress and the
oxygen gradient to simulate in vivo conditions. We employed phase-contrast microscopy
and fluorescent dyes to analyze cell morphology, reactive oxygen species, and nitric oxide
production. Preliminary findings revealed that in hypoxic conditions, cell alignment
along the flow direction was faster compared to normoxic conditions. We also found
that cyclic hypoxia did not enhance cell reorientation. ROS production was suppressed
under hypoxia within one hour, while NO production showed no significant changes over
a six-hour period. This study enhances our understanding of endothelial cell responses
in various cardiovascular diseases, tumors, and during physical exercise. Furthermore,
this developed platform can also be a powerful tool for researchers studying complicated
physiological conditions.

Keywords: microfluidic, human umbilical vein endothelial cell, reactive oxygen species, nitric

oxide, shear stress, hypoxia
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Chapter 1 Introduction

Endothelial cells are responsible for forming the inner layer of blood vessels and play
a crucial role in exchanging nutrients and waste products between blood and tissues. They
are exposed to a variety of stimuli, including oxidative stress, shear stress, and hypoxia,
which can affect their function and ultimately impact cardiovascular health. In this chapter,
how endothelial cells respond to these stimuli will be reviewed, and then we will review

how these conditions are generated in biosystems.

1.1 ROS in endothelial cells

Reactive oxygen species (ROS) are the byproduct of cell metabolism, which act
as second messengers that are important in cellular physiology. At the physiological
concentration of ROS, ROS regulates cell growth, differentiation, senescence, apoptosis,
and autography, however, the pathological concentration of ROS, ROS leads to dysfunction
and cell death. Hence, the modulation of ROS is very important in cells [36].

1.1.1 Source of ROS

ROS includes many species such as free radical peroxide anion (O,), free radical
superoxide anion - O, , hydrogen peroxide H,O,, etc. However, the O, is the first one
generated. Owing to the short lifetime of O, , it quickly transforms into other species
such as H,0, with the help of superoxide dismutases (SOD), which possess the longest
lifetime (Figure 1.1). There are two main sources of endogenous ROS in endothelial cells:
mitochondrial electron transport chain and NADPH oxidase. In mitochondria, electron
leakage occurs in the electron transport chain, particularly in complex I and complex III,
and can cause the partial reduction of about 1 - 2 % of O,, which leads to the generation of

-0, [69]. Another important source of ROS is the generation of a family of proteins called

1 doi:10.6342/NTU202402333
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NADPH oxidase. Unlike other oxidases, ROS is not the byproduct of these enzymes,
while producing ROS is their only function. On this aspect, we can know how important
producing ROS to maintain normal redox signaling is. There are seven isoforms of NADPH
oxidase identified so far, including NOX1, NOX2, NOX3, NOX4, NOX5, DUOXI1, and

DUOX2. For example, NOX2 is the major sources of ROS in endothelial cells.

Reactive Oxygen Species (ROS)
Triplet- . :
Oxygen Supem}:de Peroxide
e — e —
s | 7 |9 — |02
[NOX] \
\
H+
HO,
Lifetimes L .
of radical species \ H
9 \ #
w 109 o
* 104-=10°%s HO (F6‘2+, Cu2+) H202
# s —min (X, UV, T)
(in vivo) Hydroxyl Hydrogen
Radical Peroxide

Figure 1.1 Reduction process of ROS. The series reaction is started from the partial

reduction of triplet-oxygen. [28]

1.1.2 ROS signaling in endothelial cells

ROS related to redox signaling, which is an essential signaling pathway that helps
cells function normally (Figure 1.2). In the case of endothelial cells, we focus on
angiogenesis. There are two pathways known that ROS regulates angiogenesis (Figure
1.3). The first pathway is mediated by vascular endothelial growth factor (VEGF),
the most powerful angiogenetic growth factor that not only engages normal vascular
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development but also tumor vasculature. For instance, H,O, upregulates the expression

of VEGF in endothelial cells [16]. In addition, VEGF also stimulates ROS production

[72].

The second pathway, independent of VEGF, is associated with lipid oxidation

[39]. ROS oxidases the unsaturated lipid, and then these lipids activate the downstream

Toll-like recptor2 (TLR2) and finally lead to angiogenesis. It’s worth noting that TLR is

a family of receptors related to the innate immune system, therefore it is interesting that

not only ROS can activate angiogenesis through this pathway. That is the reason why

lipopolysaccharide, known as the ligand of TLR4, can also trigger endothelial sprouting

in vitro and angiogenesis in vivo [17].

Endogenous sources

NOXs

Sources of oxidants
Exposome

= Toxins
* Irradiations

= Nutrition
* Exercise

Peroxisomes

)

Mitochondria

Endoplasmic
reticulum

Fe-S modifications

l

Damage to DNA,

proteins, carbohydrates
m—

Lipid peroxidation
I :
1
Y

Secondary oxidants
Cysteine modifications <=
Electrophiles

)

Redox signalling
NRF2, NF-xB, HIF, ERR, FOXOs, PGC1la, p53. AMPK. mTOR, PPAR, GAPDH, SIRT, UCP

iF

Aberrant
signalling

l Physiological signalling

[ —

Immunity  Proliferation  Development Ageing Dysfunction
Thermogenesis Steroidogenesis Cognition Disease
Physiology Pathology

Figure 1.2 Relation of superoxide and hydrogen peroxide to redox signalling [65].

doi:10.6342/NTU202402333


http://dx.doi.org/10.6342/NTU202402333

E | Rac1
, Nox I p22phox \

HOCI-
NADPH oxidase E :
I* MPO| Interference with VEGF pathway

0, 0," 1" H,0,— H,0

VEGF
50/ | "ROS = HIF-1=""

OH- y
/ \__/ VEGFRZ_;
Lipids (PUFAs etc)

Oxidized
lipid Ilgands""-’l TLR2 ml NF-xB |
VEGF-independent pathway

Figure 1.3 Schematic of ROS generation and its effect on angiogenesis [38].

1.1.3 ROS related to vascular diseases

When the level of ROS increases above a certain threshold, it can lead to oxidative
stress and cause damage to cells and tissues. In the context of vascular disease, ROS
is known to play a key role in endothelial dysfunction, which is an early stage in
the development of various cardiovascular diseases. In normal conditions, NOX2 and
NOX4 induce endothelial cell proliferation and survival, however, excessive levels of
NOX2 have been associated with idiopathic pulmonary fibrosis [1]. Similarly, blood
polymorphonuclear leukocytes (PMNs) in diabetes have increased levels of mitochondrial
ROS production, reduced O, consumption, and reduced rolling velocity, which correlates
with higher interaction with endothelial cells [30]. This interaction is one of the earlier
steps in endothelial damage. Furthermore, the development of atherothrombosis is also

known to be facilitated by ROS and NO [47].

1.2 Hypoxia effect on endothelial cells
Oxygen tension in the human body varies widely. For instance, the oxygen

concentration in the lungs is approximately 13%, while it drops to around 5 % in systemic
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circulation [37]. Different tissues in the human body exhibit distinct oxygen levels, with
even lower concentrations found in tumors (Figure 1.4). Consequently, ~’physioxia”
should refer to the physiological oxygen concentration range of about 4-13 % according
to different tissues, which is more representative of in vivo conditions compared to the
20 % oxygen level used in most conventional cell cultures. On the other hand, “hypoxia”
refers to oxygen levels between 0-2 %. With a clear definition of hypoxia, we start our

discussion on the most important transcription factor related to hypoxia, HIF.

Table 1 Comparison of the oxygenation in organs and respective tumors

Tissue/organ Physoxia (median % O,) Reference Cancer Hypoxia (median % O,) Reference
Brain 4.6 8,9 Brain tumor 1.7 6,122
Breast 85 6 Breast cancer 1.5 6,123
Cervix (nullipara) 535 4,6 Cervical cancer 1.2 4.6

Kidney cortex 915 7 Renal cancer I3 124

Liver 4.0-7.3 125,126 Liver cancer 0.8 125,126
Lung 5.6 127 Non-small-cell lung cancer 22 127
Pancreas 75 128 Pancreatic tumor 03 128,129
Rectal mucosa 39 130 Rectal carcinoma 1.8 130

Figure 1.4 Oxygen levels in different human tissues [55].

1.2.1 HIF-10 and HIF-2a

When cells encounter hypoxic conditions, they must activate a series of cellular
responses to survive. A group of proteins known as Hypoxia-Inducible Factors (HIFs)
are the key transcription factors that drive the metabolic adaptations required to cope with
hypoxia. There are two main types of HIFs that are typically studied: HIF-1a and HIF-2a.
These transcription factors regulate both unique and overlapping sets of target genes.
HIF-1a is primarily associated with pro-angiogenic responses, promoting the formation
of new blood vessels, while HIF-2a. is involved in the maturation and stabilization of these
vessels. Prolonged expression of HIF-1a can lead to apoptosis, making the transition from
HIF-1a to HIF-2a crucial for cells facing extended periods of hypoxia. This transition
phenomenon can be observed as these proteins are activated in response to different
hypoxic conditions. HIF-la is rapidly activated within the first few hours of hypoxia
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but is subsequently degraded. In contrast, HIF-2a becomes the dominant factor after the
initial response and remains active for over 24 hours (Figure 1.5). The duration of hypoxia
significantly influences cellular responses. In conditions of cyclic or intermittent hypoxia,
HIF-1a accumulates, whereas HIF-2a does not get activated during these cycles [49]. This

indicates that cells respond differently depending on the hypoxia pattern they experience.

HUVEC
0 2 4 6 8 10 12 16 20 24 36 48 [h]
HIF-1a— S e

Sl -
B actin ————————————

Figure 1.5 The western blotting HIF-1a and HIF-2a in HUVECs exposed to different

durations of hypoxia [3].

1.2.2 Hypoxia effect on ROS and NO production

Different patterns of hypoxic conditions can lead to different cellular responses. Here,
we divided into three groups with duration time: acute hypoxia, chronic hypoxia, and
intermittent hypoxia.

Acute hypoxia refers to the cell exposure to the hypoxia for a few minutes or up to a
few days [55]. On the other hand, chronic hypoxia is usually induced by tumors that can
last up to months or years, but for experimental settings, chronic hypoxia usually refers
to between a few hours and several weeks [4]. Although there are no clear boundaries
between acute and chronic hypoxia, we can define it through the expression of HIF-1«
and HIF-2« (Figure 1.5). Therefore, in this research, chronic hypoxia is defined for
those durations that are more than 8 hours when HIF-1« starts to degrade, while HIF-2«

starts to be activated. For the case of these two continuous hypoxia, it was found that the
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intracellular production of ROS increased up to 0.5 to 6-fold by the stimulation of 1-5%
hypoxia (Figure 1.6B) in Hep3B cells. For HUVECs, 0.5 fold increment is also found
under 1% of hypoxia (Figure 1.6C), which will internally drive the angiogenesis (Figure
1.7A). However, the extracellular H,O, production seems conversely [46]. Moreover,
nitric oxide (NO) production is initially inhibited under hypoxia because endothelial
nitric oxide synthase (eNOS), the enzyme responsible for NO synthesis, requires O, as
a substrate. The lifetime of eNOS mRNA is also shortened through chromatin-based
mechanisms under hypoxic conditions. The downregulated NO can cause the recruitment
and activation of neutrophils (Figure 1.7C). This inhibition poses a challenge under
hypoxic conditions because NO is crucial for blood vessel dilation. Interestingly, under
chronic hypoxia, the expression of neuronal nitric oxide synthase (nNOS), which is found
in smooth muscle cells, is gradually upregulated. This leads to an eventual increase in NO
concentration in the tissues and thus the blood vessels can function normally (Figure 1.7B,
Figure 1.6A).

Cyclic hypoxia is a key feature of tumor microenvironment [54]. Hypoxia with
reoxygenation can be regarded as a special case of cyclic hypoxia, and both these two
stimuli are reported to increase the production of ROS. In bovine pulmonary artery
endothelial cells, the extracellular H,O, concentration was observed about two folds
higher than control cells after exposure to 24hr hypoxia, while the H,O, concentration
was three folds lower in the first 2 hours [81]. A similar result is also reported for porcine
pulmonary artery endothelial cells [78]. Many studies have elucidated that cyclic hypoxia
can increase ROS production in cells [33][12], however seldom report how cyclic hypoxia
affects the production of ROS in endothelial cells. Yet, the increase of radioresistance and

survival rate after treatment of apoptosis drugs are observed under cyclic hypoxia [48]
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[12], and thus we can expect a higher ROS production under this condition.
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Figure 1.6 (A) The expression of eNOS is found % after 48 hours of exposure to hypoxia
[51]. (B) Effect of hypoxia on BAECs’ ROS generation in 210 minutes [9]. (C) HUVEC’s

ROS production after 6hrs or hypoxia stimulation [59].

8 doi:10.6342/NTU202402333


http://dx.doi.org/10.6342/NTU202402333

A

Normoxia Hypoxia

J

e "rM itochondrion
ROS
CO, Succinate L-2HG

» Succinate
e Fumarate "~ 77T » Gk

| (INkhy > )
e : _// * Metabolism
4,/// * Erythropoiesis
Ve * Angiogenesis
FIH1 —/J\;—/—I {IF1{ ¢ Stem cell fate
7 /N HRE INZN7NY,

@ —J Nucleus

NEUTROPHIL|
nnnnnn
WE
PGE2)

'''''''''

ENDOTHELIAL CELL]
e

Figure 1.7 (A) Transcription regulation response to hypoxia [41]. (B) Effects of hypoxia
on NOS regulation in the vasculature [31]. (C) Response of endothelial cells to hypoxia

[53].

9 doi:10.6342/NTU202402333


http://dx.doi.org/10.6342/NTU202402333

1.3 Shear stress effect on endothelial cells

Shear stress is also another important stimulus in blood vessels. Therefore,
endothelial cells are very sensitive to shear stress. It is sensed by the mechanical sensors
on cells and induces responses such as ROS production and anti-inflammation (Figure
1.8A). Interestingly, endothelial cells respond differently according to the pattern of the

flow. For example, stable flow can inhibit atherosclerosis, while irregular flow has the

opposite effect (Figure 1.8B).

MMMMMMM

)

ATHEROSCLEROSIS 7

Figure 1.8 (A) Shear stress induces KLF2 and Nrf2 in endothelial cells [15]. (B) The

different effects of the pattern of the flow [15].

1.3.1 Shear stress on the regulation of ROS and NO

In normal physiological conditions, cells are exerted stable laminar flow by the blood.
It is shown that endothelial cells produce 50% to 150% higher ROS when exposed to
15 - 40 dyne/cm? shear stress for 15 mins (Figure 1.9A), and this difference remains
even for 120 min flow (Figure 1.9B). ROS production can also be induced with pulsatile
flow (Figure 1.10). However, a prolonged stable flow that continues for more than 24
hours inhibits ROS production [75]. This is reasonable that when the blood vessels are

well-formed, the stable (pulsatile) flow therefore exists in the blood vessel, and then the
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endothelial cells no longer need to proliferate or facilitate other cellular metabolism, that

is also called ”quiescent” [15][61]. On the other hand, when the flow pattern starts to be

irregular or oscillatory, ROS production is increased and is 3-fold higher than the stable

flow group at 4 hrs [50] and 20 hrs [67].
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Figure 1.9 (A) The ROS production under varies of shear stress intensity [34]. (B) The

ROS production under 40 dyne/cm? at different times [34].
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We have already discussed how important is ROS in endothelial cells, meanwhile,

NO is another essential molecule that regulates important cell functions in endothelial cells,

including angiogenesis, anti-inflammatory, antioxidant and so on. NO is generated by an
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enzyme called eNOS, which makes NO from L-arginine. By the effect of shear stress,
NO production is also induced. Hsiai et al. showed that the eNOS is downregulated by
the oscillatory flow (irregular flow) and upregulated by the pulsatile flow (Figure 1.11)
in 8hrs and 24hrs [79]. Another research focuses on the ROS and NO production in
different wall shear stress and oscillatory frequencies. Although ROS increases as the
oscillatory frequency and the wall shear stress increase, the higher frequency does not

always guarantee higher NO production (Figure 1.12).
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Figure 1.11 eNOS is upregulated by pulsatile flow while inhibited by the oscillatory flow
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[74].

1.3.2 Shear stress on morphology
Shear stress not only affects the metabolism of endothelial cells but also their
morphology. For example, the orientation of endothelial cells is highly related to vascular

health. The alignment promotes the expression of anti-inflammatory and anti-thrombotic
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genes to prevent endothelial cells from cardiovascular diseases [2]. The required shear
stress to make endothelial cells change their shapes was reported differently in different
reports and cell types, however, the same result is that when the shear stress is high enough,
elongation and alignment to flow are observed in endothelial cells after enough time of
stimulation. The early report of the effects of shear stress is by Levesque et al. [42].
10-85 dyne/cm? of shear stress is applied on bovine aortic endothelial cells for 24 hrs.
They found that the shape index drops as the shear stress is increased, and the orientation
of the endothelial cells starts to change at around 4 hrs of stimulation, but it takes about
24 hours to have the cells well aligned to the flow (Figure 1.13). Another research report
that they didn’t observe significant orientation changes of bovine aortic endothelial cells
until 48 hrs [18]. The shear stress value they adopted is 10 dyne/cm?, which suggests
that higher shear stress can fasten the orientation-changing process. Interestingly, Dolan
et al. reported that when the shear stress is too high, 284 dyne/cm? in their experiment,

endothelial cells show less alignment compared to those with 35 dyne/cm? of shear stress
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Figure 1.13 The relationship between the shear stress exposure time to the morphology

changing of bovine aortic endothelial cells [42].
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1.4 The combined effect of hypoxia and shear stress

Few studies mentioned the relationship between hypoxia and the morphology of
vascular endothelial cells. Botto et al. reported that lung endothelial cells have smaller
volumes and higher surface area after exposed to hypoxia [5]. Takahashi et al. show
how HUVECs’ morphology responds to hypoxia and shear stress. When the flow is not
present, the distribution of aspect ratio in the hypoxia group has a higher kurtosis compared
to the normoxia group. On the other hand, when the flow is present, hypoxia enhances the

alignment to the flow compared to the normoxia group with the flow (Figure 1.14).
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Figure 1.14 The morphology distribution after HUVECs exposed to flow and 3% oxygen

for 6 hrs [68].

1.5 Literature review

In the previous section, we discussed how shear stress and hypoxia affect the
metabolism of endothelial cells. In this chapter, we will explore the traditional approaches
to studying these two stimuli, as well as recent advancements in microfluidic systems that

have enabled more precise measurements and control.
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Figure 1.15 The immuno staining after HUVECs exposed to flow and 3% oxygen for 6

hrs (red: Actin filaments, green: VE-cadherin, blue: nuclei) [68].

1.5.1 Traditional methods to generate shear stress

Early research involved culturing cells in Petri dishes or flasks [18][42], which are
not capable of applying shear stress within. These static cultures failed to reproduce the
dynamic in vivo environment, leading to altered cellular behavior. Consequently, the need
to generate shear stress in cell culture systems became apparent.

One of the simplest methods for applying shear stress is the rotary cell culture system.
In this technique, cells are seeded onto a flask or bioreactor that rotates at a constant
speed. This rotation creates a low-shear environment that mimics some aspects of the
in vivo conditions. Rotary cell culture systems are advantageous due to their simplicity
and the ability to maintain a relatively uniform shear stress across the cell surface [66].
The parallel-plate flow chamber is another widely used method. In this setup, cells are
placed on one of the plates, while the other serves as a chamber wall, creating a narrow
flow chamber. Fluid is pumped through this chamber, generating shear stress on the cell
monolayer. This method allows for precise control over shear stress magnitude and can
replicate various physiological and pathological conditions [24][71][42]. Lastly, the cone
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and plate apparatus is a common method for generating shear stress. This technique
involves placing a rotating cone on a stationary cell culture plate. As the cone rotates,
it generates a uniform shear stress across the plate. This method is particularly useful
for creating well-defined and consistent shear stress environments, making it a preferred

choice for many experimental setups [70][18].
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Figure 1.16 Illustration of cone-and-plate system [ 18] and parallel plate method [42].

1.5.2 Methods to study shear stress in microfluidics

Microfluidics has emerged as a powerful tool for establishing complex conditions
for cell cultures. By leveraging microchannels and precise flow control, researchers can
generate physiologically relevant shear stress conditions to study cellular responses. This
section will review various techniques to apply shear stress using microfluidic systems.

In microfluidic systems, shear stress can be applied to cells by connecting a pump to
a microchannel. By adjusting the flow rate or channel dimensions, the desired shear stress
can be achieved. While this approach is straightforward, several advanced techniques
have been developed to meet specific research needs. Hattori et al. introduced a method
using flow-control channels to manipulate flow resistance and, consequently, the flow

rate within each channel. This approach allows researchers to adjust shear stress without
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altering the channel width (Figurel.17). By integrating peristaltic pumps, which generate
pulsatile flow, their system can better mimic in vivo conditions. Their study demonstrated

that HUVECs align with the flow when shear stress exceeds 4.9 dyne/cm?.

CO, incubator (37 °C, 5% CO,)

Three-way stopcocks

Medium-outlet

Medium
flow

2
o

Three-way stopcocks

Medium
reservoir

Peristaltic
pump

Medium-inlet Air trap

Figure 1.17 Culturing system with flow-control channels that adjusts the flow resistance

[29].

Peristaltic pumps are commonly used in microfluidic systems to create pulsatile flow,
which is more representative of physiological conditions. Previous studies have shown
that endothelial cells respond differently to various flow patterns [35]. The pulsatile
flow generated by peristaltic pumps can closely simulate the conditions experienced by
endothelial cells in vivo, making this method particularly useful for studying vascular
biology [13]. Chin et al. designed microfluidic channels with integrated valves, allowing
for different durations of flow stimulation within a single experiment (Figure 1.18). This
design enables the simulation of various shear stress conditions in a controlled manner.
Additionally, they incorporated a concentration generator to examine how varying glucose
concentrations affect ROS production in cells. This integrated approach provides a
comprehensive platform for studying the combined effects of shear stress and biochemical
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factors on cellular behavior.

Figure 1.18 Different duration of shear stress and glucose concentration stimulation

combined in one chip [14].

1.6 Generating hypoxia in microfluidics

Although hypoxic condition can easily be generated by using a hypoxia chamber,
microfluidics have the advantages of precise control and even oxygen gradient generation,
which makes microfluidics a new powerful tool for such studies. To generate the wanted
hypoxia microenvironment in microfluidics, there are three different oxygen scavengers
adopted: gases, chemical reactions and cells.
1.6.1 Using gases as oxygen scavengers

Gases are usually utilized for generating hypoxic conditions because using them is
straightforward and biocompatible. Due to the oxygen permeability of the PDMS, the
oxygen dissolved in the medium will diffuse into the gas channel that is filled with pure
nitrogen through the PDMS membrane between them. However, due to the zero humidity
of the gas, a hydration layer should be added or fresh medium should be kept flowing into
the microfluidic channel in case of evaporation of water in the medium. By controlling the

composition of premix gas, different levels of hypoxia or cyclic hypoxia can be achieved.
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Liu et al. used such a technique to study the real-time response of the electrical
impedance of erythrocytes by adjusting the gas valve (Figure 1.19). Grist et al. added
a hydration layer inside the device for long-term observation of spheroid behavior under
chronic and cyclic hypoxia (Figure 1.20A). To make the convex oxygen distribution due
to the reoxygenation of the oxygen permeability of PDMS uniform, Funamoto et al. add a
PC film within the PDMS device. The film is 2mm above the cell channel to limit oxygen

diffusion (Figure 1.20B).
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Figure 1.19 A cyclic hypoxia system for studying the electrical impedance of erythrocytes

[44].

By combining a concentration gradient generator, the multiplexity of microfluidics
can be leveraged and study different hypoxic conditions simultaneously [21]. Applying
shear stress in culture systems such as endothelial cells can be important, however, the flow
applied to generate shear stress will affect the control of oxygen. To decouple these two
parameters, Bouquerel et al. propose a system named ”Oxilas” to achieve the requirement

through precise control of gas supplementation (Figure 1.21).
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Figure 1.20 (A) A microchannel with hydration layer for studying the spheroid response to
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level [6].

20 doi:10.6342/NTU202402333


http://dx.doi.org/10.6342/NTU202402333

1.6.2 Using chemical reactions as oxygen scavengers

Shih et al. show that by flowing pyrogallol and NaOH on the side of the cell
culturing channel oxygen gradient can be generated to study the migration of HUVECs
cross through the oxygen gradient. A chemical concentration gradient can also be applied
simultaneously to create both a chemical gradient and an oxygen gradient in the same chip
(Figure 1.22A). The oxygen tension can also be adjusted by tuning the concentration of

pyrogallol only [43]. Besides pyrogallol, sodium sulfite is also a frequently used chemical

A

Generation of P Cross Sectional View:
Oxygen Gradient s N PC Film
7 Top Layer

Bottom Layer

Generation of
Chemical Gradient

Figure 1.22 (A) Chemical gradient and oxygen gradient integrated for studying A549 [10].

(B) Hypoxia generation by concentration generation of sodium sulfite [73].

molecular due to its biocompatibility. For example, Wang et al. introduced sodium
sulfite into the cell medium to create an oxygen gradient (Figure 1.22B). With proper
and precise quantitative calculation of convection and diffusion, cyclic hypoxia and the
level of oxygen tension can also be precisely generated [64].
1.6.3 Using cells as oxygen scavengers

Cells themselves, of course, consume oxygen. This makes cells themselves the
easiest tool to create hypoxic conditions by using low oxygen permeability materials,
such as glass, polystyrene, SU-8, and cyclic olefin copolymer (COC) [57], though the
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conditions are fixed once the experiment is set up. Oh et al. used a PC film as the
low-oxygen permeability material to generate tumor hypoxia for testing chemo drugs [56].

Grant et al. used PDMS to establishing an oxygen gradient [26].
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Figure 1.23 Leaveraging the consumption of oxygen of cells themselves, a hypoxic oxygen

gradient can be established [73].

1.6.4 Using CoCl, as hypoxia inducers

CoCl, is a chemical that can mimic the hypoxic condition by inducing a HIF-1 in
cells [60]. Chen et al. used CoCl, to investigate the cell-cell interaction between HUVEC
and pigment epithelial cells under a hypoxia environment [11]. Zielke et al. also used
CoCl, to induce the hypoxia reactions in tumor cells and utilized droplet microfluidic to

select each single cell that is treated by CoCl, [80].
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Table 1.1: Hypoxia microenvironment establishment methods in microfluidics

Cell type Method Hypoxia pattern Feature Reference
Erythrocyte gas cyclic impedance [44]
measurement
MCEF-7 gas chronic & cyclic hydration layer [27]
MCF7 gas oxygen gradient gradient [21]
generator
MDA-MB-231 gas oxygen gradient PC film [40]
HUVEC gas oxygen gradient PC film [22]
A549 gas chronic & cyclic precise control [6]
system
HUVEC gas chronic combined with [68]
shear stress
HUVEC pyrogallol oxygen gradient cell migration [63]
A549 pyrogallol oxygen gradient | chemical gradient [10]
A549 pyrogallol chronic hypoxia pyrogallol [43]
concentration
generator
Hela & A549 sodium sulfite oxygen gradient | realtime oxygen [73]
monitoring
MDA-MB-231 sodium sulfite cyclic and quantitative [64]
oxygen gradient control
LNCaP cell consumption chronic liquid pinning [56]
Human small cell consumption gradient oXygen sensor [26]
intestine
epithelium&
HIMEC
pigment CoCl, - cell-cell [11]
endothelial cell interaction
& HUVEC
MDA-MB-231 Co(Cl, - single-cell [80]

selection
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1.7 Motivation

Many devices can generate shear stress or hypoxic conditions in microfluidic systems
to study cellular responses. However, few can simultaneously apply both stimuli to
investigate the combined effects of hypoxia and shear stress, which cells often experience
in vivo. Additionally, gradients play a crucial physiological role; for example, HUVECs
migrate towards low oxygen concentrations [63]. Therefore, generating an oxygen
gradient in microchannels is essential not only for studying various oxygen levels
simultaneously but also for accurately mimicking physiological microenvironments. To
address these challenges, we designed a microfluidic chip capable of generating an oxygen
gradient ranging from hypoxia to physioxia. Furthermore, cyclic hypoxia is known to
activate different signaling pathways in cells. While previous research often required a
bulky gas-mixing system to create such environments, which may not be available in many
laboratories, we demonstrate that cyclic hypoxia can be achieved by simply programming
the flow rate of syringe pumps. Lastly, we selected reactive oxygen species (ROS) and
nitric oxide (NO) as key experimental observables to understand how hypoxia and shear
stress may lead to cell dysfunctions, which are the early development of cardiovascular
diseases. This study aims to provide a more comprehensive understanding of these

combined stimuli, potentially leading to better therapeutic strategies.
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Chapter 2 Theory

2.1 Hypoxic condition in microfluidic device

Here, we try to derive the theory to describe the oxygen concentration. We first start
with the model definition. The simplified 2D device is shown as Figure 2.1. The channel
filled with medium is first flow next the hypoxia region with pyrogallol inside and then
PDMS for reoxygenation. We then deal with the oxygen concentration in the PDMS. We
assume the pyrogallol reacts very fast to the oxygen, so the process is diffusion-dominated,
which can be described by Fick’s laws [20]. Fick’s laws are written as equations 2.1, where

c is the concentration, J is the flux and D is the diffusion coefficient.

T I‘hypoxia I‘gradient

Y
A
A4

membrane
X
Hchannel%
Figure 2.1 The geometry and parameters definition used in the derivation.
J=-DV-c (2.1a)
Jc
— = DV? 2.1b
T c (2.1b)
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. 9cpdms ; Ipdm H, 10%10~3
We then can roughly estimate —2dms /Zpdms _ Hehannel  _ 10+
ghly bz oy Hrembrane 601057

so the we reduce
Fick’law to 1D case in the diffusion process in PDMS. And then, for 0 < & < Liypoxias
the flux of oxygen, J,,p, is flowing from medium to PDMS. We can get the following

equation.

dc dms
Jmp = —Dpdmsap—y (22)

For a steady state, equation 2.1b equals to 0 everywhere. Combined with the previous

8dems

assumption, o9

= constant. We apply boundary condition that Cydms(Z, Hmembrane)> for
0 < 2 < Liypoxia = 0 due to the fast reaction of pyrogallol. Finally, we ignore the fringe

effect. We now get the following relation:

dems (.T, O)

H, membrane

Jmp('r) = Dpdms (2.3)

We assume the equilibrium at the interface of PDMS and medium is very fast and

solubility, 4ium

SOTubility, gy APPIYing Henry’s law to

obey Henry’s 1aw: cpams(,0) = Cmedium (2, 0) *

equation 2.3 gets the following relation between J,,,;,, and cmedium

_ demedium (2, 0) Dpams * solubility g,

Tp(@) = — =2 ) H el = — —
p( ) dt channel Hmembrane * SOlublhtYmedium

Cmedium ($7 O) (24)

Now we look at the part in the medium. Although the medium involves in both
convection and diffusion processes, the x-axis is convection process dominated while
y-axis is diffusion dominated. We can again reduce Fick’s law into the 1D case in

the medium. At this moment, we ignored the equilibrium time needs in the medium,
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dc2 . L . .
and assume %8+c2mn ~ 0 for estimation. We get the relationship of ¢pegium(, 0) and

Cmedium<m7 y) .

Ty

Dmedium (2 ' 5)

Dy _SOMBIiy
Dmedium SOlubﬂityInCdium medium {4

Cmedium(xa y) = Cmedium(ma O) -y

=(1-y

Substituting equation 2.5 into 2.4 for y = —3 Henannel

1 oqe
ClCmedium (x7 ) Hchannel) . Dpdms * SOlublhtypdms
dt H channel * H, membrane ¥ SOlubilitymedium
1 1
TH Cmedium ('CE ' o H channel)
Dygms  SOlubility 2

1
1 + §Hchannel D

medium SOlubilitymedium

1
= _9~82(Cmedium (37, - §Hchannel))

(2.6)

We keep significant figures here to be 3. Notice that the second term to calibrate the
concentration difference along to channel is very close to 1 due to the short channel height.
With the relationship z = vt = dz = vdt = ¢ = 19 Where v = 20 = 2Q/A =
6 x 1073, By solving the differential equation, and apply boundary conditions, we finally

reach the expression of ¢iedium (7, — %H channel ) -

1 _
Cmedium (Ia _§Hchannel) = 0.22 % 6—x/6.1><10 ! (27)

We define oxygen concentration less than 2% to be hypoxia, so when e~#/6-1x107" <

0.1 = x ~ 1.2 x 1073 (m) the culture channel enters the hypoxic condition. However, the
diffusion length that can be derived in Fick’s law = 2/ Dpegiumt > 50pm whent > 0.658s.
This means that the medium has traveled v,,,, * t =~ 4 (mm) right after the oxygen at the

bottom of the channel has reached the top. Hence, we here give a rough estimation that
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about 4+1.2=5.2 mm is needed to reach hypoxic conditions.
Now, we estimate the recovery of oxygen at downstream. If we assume the oxygen
concentration at the downstream is filled with full oxygen. We can get similar equation

below

solubility,,.qium — Cmedium ()

J, pm — Dmedium

Hchannel. ‘ (28)
OCmeidum () _ 1 Dy solubility, . qim — cmedium(x)]
895 U * Hchannel edim Hcharmel
Therefore, the expression of Cpedium
Cmedium () = 0.22 — 0.22¢ ™ T36=vmaz (2.9)

However, we have known that this result is far away from the experimental simulation
results. This is because that the assumption that PDMS is full of oxygen is wrong. Here,
we give a heuristic way to estimate this effect. For a steady state, the oxygen profile is a
straight line and independent of the width of the culture channel or the flow velocity in it,
therefore we assume cpgms as follows.

xr—L hypoxia

Cpdms (2, 0) = * solubility g, * 0.75, for £ > Liypoxia (2.10)

Lgradient

We add a 0.75 coefficient here is because there are still some distances from the
channel ends to the device margin. Then the oxygen flux that diffuses back to the medium
is (as shown in the previous derivation, we ignore the concentration differences along the

y-axis in the culture channel)
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solubility, . ium

CI’dms(x7 0) - Cmedium(x)

solubilit
‘]pm = Dmedium ypdms H
channel
medium 1e (37 - Lhypoxia)
= solubility, . yium * 0.79——"—"" — Cmedium (T
H channel ( Y medin Lgradient medi m( )) (2 1 1)
aCmedium(x) 1 Dmedium iq: (1‘ - Lh oxia)
= 0.75solubility, ogium ot
Oz v* H channel H, channel ( SO medium Lgradient
—Cmedium (.Z') )]
We let ¢(0) = 0 here, the expression of Ciedium 1S
— L oxia
Cmedium (T) = 0.75501ubilitymediumM
Lgradient
g D .
_ 0'75SOIublhtymediumHc2hannelv (1 _ efﬁ(ff*Lhypoxia)) (212)

D medium * Lgradient

= 16.5(z — Ligpoxia) — 21.70(1 — eTatmes (= Liposia) )

We can now see that there are two terms in the equation, the first one is the oxygen
concentration bounded by the PDMS, and the second one is the diffusion term. The plot of
this equation is shown in Figure 4.2B. The equation shows that the gradient at downstream
of the channel is closer to a straight line rather than an exponential curve.

Finally, we also give a quick estimation of the reoxygenation in the cyclic hypoxia
process. We still assume the concentration profile inside the PDMS is a straight line for

everywhere and every time.
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solubility s — Cpams(0)

Jop =D

pdms

Leff
aCmedium(o) 1 D dms eqe
= — = Iﬁ[ﬁ(solublhtypdms — Cpams(0))]
_ 2D pdms :
= Cpdms(t) = solubility g, (1 —e  Fer )

—1.62% (1 — ewmn)

(2.13)

As the time constant about an hour, this is why the PDMS shows the damping

behavior in Figure 4.5.
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Chapter 3 Materials and methods

3.1 The microfluidic chip

3.1.1 Microfluidic chip design

The microfluidic chip shown in Figure 3.2 contains two layers. The top layer is
called the hypoxia layer. It contains two inlets for pyrogallol and NaOH respectively, and
a mixing region for mixing two reagents. The diameter of the meandered channel is 400
pm. The length and the width of the hypoxia channel are designed from simulation results
(Section 4.1.1). The dimensions of the rectangular that the hypoxia channel formed are
10 mm in length and 16 mm in width. The meandered shape of the hypoxia channel is
adopted instead of a wide channel mainly due to two reasons: first, ensuring mixing and
flow evenly. While wide and straight channels may not secure every part of the channel is
refreshed with new pyrogallol and NaOH continuously. The second reason is for an easier
fabrication process. The membrane beneath, the cell culture layer, will be too fragile to
peel off from the mold during the fabrication process if there is not enough contact surface
between the hypoxia layer and the cell culture layer. Some design their hypoxia channel
beside their cell culture channel can have an easier fabrication process, instead of making
two layers of the chip, however, this can only generate a relatively small region of hypoxia
in their chip. Hence, we adopted the design that the hypoxia channel is placed on the cell
culture channel, although this leads to another problem the channel will be bent due to the
pressure difference between the hypoxia channel and cell culture channels. The details
are discussed in Section 4.1.1.

The second layer is called the cell culture layer. We named the widest channel A and
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then B, C, and D in order. The width of each channel is 4 mm, 2 mm, 1 mm, and 0.5 mm
respectively. These values are adopted for the consideration of glass slide dimension and
the wall shear stress generated with a flow rate of 30 uL/min is 2.5, 5, 10 and 20 dyne/
cm?, which are estimated through the equation 7 = % [29] and simulation, and these
values are compatible with those in the human vein [58]. For each channel, the width
of the midstream is 2.5 mm, the dimension limited by the fabrication process (channels
can collapse if they are too wide) and glass slide width, to lower the flow rate to generate
hypoxic conditions. Although channel A has a channel width of more than 2.5 mm, we
still alter the width in the midstream due to symmetric reasons. The channel order in this

design is arranged to make the oxygen profile more symmetric within the channel (Figure

43).
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Figure 3.1 Dimensions of microfluidic device (unit: mm). The bigger numbers mark the

dimension of hypoxia channel, while the smaller numbers mark the dimension of culture

channels.
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Figure 3.2 (A) The explode-view drawing of the device. (B) The cross-sectional view of

the microfluidic device. (C) The photo of the microfluidic device. The scale bar is 10 mm.

3.1.2 Microfluidic chip fabrication process

First, the molds of two layers are made by photolithography. After that PDMS
(Sylard-184, Dow Corning) is prepared with the 10:1 base to agent ratio. PDMS is then
degassed and used as the material of the chips. The lower layer is made by spin coating
(500 RPM 10s — 800 RPM 40s — 500 RPM 10s) a thin membrane of PDMS on the
lower layer mold. The thickness of the membrane is measured by cutting the chip in the
vertical direction. The upper layer is simply made by pouring 60g PDMS on the mold.
The PDMS will then be cured in 60°C for 4 hours. The upper layer channel is then peeled
from the mold and permanently bonded to the lower layer with plasma bonding. Finally,
the combined two-layer chip is again bonded to the glass slide by plasma bonding (Figure

3.3).
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@ Pbms

B silicon mold

[ Glass slide

Figure 3.3 The fabrication process of the PDMS chip. (A) The PDMS precursor is poured

into a Petri dish with a hypoxia channel mold inside. (B) A thin layer of PDMS is
spin-coated on the culture channel mold. (C) The PDMS is peeled off after PDMS is
cured. (E) The hypoxia channel parts are bonded to the surface of the culture channel
through an oxygen plasma machine (F) The PDMS is then peeled off from the silicon
mold and punched. (G) The PDMS is bonded to a glass slide using an oxygen plasma

machine.
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3.2 Cell culture

Human umbilical vein endothelial cells (HUVECs) and culture medium (CC-3162)
are bought from Lonza. The cells are cultured inside T75 flask (Falco) and placed in an
incubator with 37° and 5% CO,.
3.2.1 Cell passage

After HUVECs in the T75 flask reach confluency higher than 80%, the cells are
ready to be passaged. The culture medium in the flask is first removed, and then the
cells are rinsed with SmL of Dulbecco’s phosphate-buffered saline (DPBS, Gibco). 2 mL
trypsin-EDTA (Thermo Fisher 25200-056) is added to incubate with cells for 3 minutes
to detach the cells from the surface. 5 mL of culture medium is then added to the flask
to neutralize the trypsin. The solution is then centrifuged with 1000 RPM for 4 minutes,
and the supernatant is removed. We do this twice to ensure trypsin is removed properly.
The resulting cells are now resuspended into the culture medium and equally distributed
to new flasks for passage. Finally, each flask will be filled with culture medium up to 8
mL.
3.2.2 Cell freezing

After the cells grow to nearly full confluency, cell freezing can be performed to keep
cells for future use. By collecting cells in the same way, every 10° cell can be stored in a
single tube containing 10% DMSO. The distributed cells are then put in a cryo-freezing
container in a -80° refrigerator for slowly freezing. After a day, the cells are moved to a
liquid nitrogen tank for long-term storage.
3.2.3 Cell seeding

Before cell seeding, the chips will be sterilized by UV light for 2 hours. The channels

are first filled with fibronectin (FC010; FO895, EMD Millipore, Billerica MA), which is
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diluted in to 0.1 mg/ml, and placed into an incubator for later use. The cells in the flask
are collected by the method mentioned in 3.2.1. The concentration of cell suspension is
set to be 4 x 10° cells/80 uL. 8 uL of cell suspension is then injected into each channel.
After 30 minutes of incubation, the pipette tips containing 200 ;L medium are added to
one side of each of the channel inlets, while the other side is plugged with another empty
pipette tip. With this matter, the culture medium will infuse the channels through gravity.
This process is repeated twice to ensure fibronectin is eliminated, because HUVECs are
sensitive to fibronectin. The seeded chips are kept in the incubator overnight for further

experiments.

3.3 Hypoxic condition generation

In this research, we aim to produce an oxygen gradient between 0% to 13%,
which corresponds to the oxygen concentration in artery and vein.  Pyrogallol
(benzene-1,2,3-triol, C4H4O5) 1s chosen as an oxygen scavenger. Pyrogallol is a natural
phenolic compound found in different crops and fruits such as Litchi and Indian
gooseberries [23]. Alkaline solutions of pyrogallol can absorb oxygen, so we chose
NaOH to create an alkaline environment. The mechanism of oxidation of pyrogallol is
complicated because not only a single kind of molecule is produced (Figure 3.4). By
injecting both pyrogallol with a concentration of 10 mg/ml and 1M NaOH with a flow
rate of 2 uL/min into the hypoxia channel, the hypoxic conditions can be generated in our

chip.
3.4 Oxygen level measurement in microfluidic devices

3.4.1 Fluorescence lifetime imaging microscopy
Fluorescence lifetime imaging microscopy (FLIM) is a technique that can determine

the lifetime of incident fluorescence. By knowing the value of the lifetime of an
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Figure 3.4 Auto-oxidation of pyrogallol with oxygen [25].

oxygen-sensitive dye, we can calculate the oxygen concentration through the Stern-Volmer
equation (Equation. 3.1) [76].

0

=14 K,[0)] (3.1)

T

7 is the lifetime of the incident fluorescence dye, and 7° is the lifetime of the
incident fluorescence dye when the dye isn’t bind to the oxygen, and K is the quenching
coefficient. These values in our experiments using Tris(2,2’-bipyridyl)ruthenium(II)
(RTDP) are 7° = 582.84 ns, K, = 2.0658/(0, percentage in air=20%) , for example, for
lifetime 7 = 381 ns the oxygen concentration is 0.19 = 19%.

3.4.2 Oxygen sensor

The dissolved oxygen sensors are bought from PreSens. The oxygen measurement
is set up as the photo (Figure 3.6). The sensors are plugged into the PDMS channel by
punching a 2 mm hole in the channel. The fluorescence material inside the sensor is
excited by a laser delivered through the optical fiber. After that, the reflected light will

be transmitted back to the reader with phase and intensities will be recorded just like the
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working principle of FLIM. Those sensors are pre-calibrated by the manufacturer and then
can monitor the oxygen level of a single point within the channel. The measurements are

read out through PreSens Measurement Studio. The measurements are finally exported as

an XLSX file for analysis.

polymer optical fiber

0XY-1 ST 0, SensorPlug
on Chip

Figure 3.5 (A) Sensor plugs and (B) System setup (source: PreSens).

Figure 3.6 The oxygen level measurement setup of PreSens sensor plugs.
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3.5 System setup

Two syringe pumps (Fusion 200, Chemyx; GOO-SPM-1, Infusetek) are used in our
system, one is for pyrogallol and NaOH injection, and the other is for culture channel
infusion (Figure 3.7A). The concentration of NaOH is 1M, while the concentration of
pyrogallol is 10 mg/ml in the experiments. Both of the flow rate of the NaOH and
pyrogallol are 1 pL/min. For the cyclic hypoxia experiments, the flow of pyrogallol will

stop for 60 minutes every 60 minutes while the flow of NaOH remains.

MMMMM [ =
mmmmm [
mmmmm =
Syringe [l =

Pumps

A

Inlet tlet
B " Hypoxi7 channel Outle

Cell culture channel

Figure 3.7 (A) System schematic (B) Working principle of microfluidic chip (C) Photo of

system setup.

3.6 Cell imaging

The cells are imaged by inverted fluorescence microscopy (IX-73, Olympus), and the
images are captured by a charged-coupled device (ORCA-Flash 4.0 V2, C11440-22CU,
Hamamatsu) with a 10x objective lens (UPlan F1, N.A.=0.30, Olympus) and phase ring
(Ph1/PhC, Olympus). The stage of the microscope is controlled by a motorized stage
(Marzhauser, MFD-2) so that the whole image can be stitched by moving the stage and

the calculation of the Olympus software.
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3.7 ROS measurement in cells

The ROS measurement in cells is done by using the DCFDA / H2DCFDA - Cellular
ROS Assay Kit (ab113851). After DCFDA / H2DCFDA / DCFH-DA / DCFH diffuses
into cells, it is then trapped in cells due to the deacetylation by the enzymes inside the cells.
These molecules can be oxidized by ROS into 2’ , 77 —dichlorofluorescein (DCF), which is
highly fluorescent and is detected by fluorescence spectroscopy with excitation/emission
at 485 nm / 535 nm. The staining protocol is stated in Section 4.3.1. The concentration

for staining is 20 M. The exposure time is 400 ms.

3.8 NO measurement in cells

The NO measurement in cells is done by using the DAF-FM diacetate (d23844,
Invitrogen). The working principle is very similar to DCFDA/ H2DCFDA, and the
excitation/emission wavelengths are at 495 nm / 515 nm. The staining protocol is stated

in Section 4.4.1. The exposure time is 1 s with 4x4 binning.

3.9 Image processing

3.9.1 Bright-field image processing

The morphology analysis is based on the bright-field images of cells. Using
bright-field images for the morphology analysis process has the advantage of convenience
and is not being influenced by the fluorescence intensities. Here we used a hybrid
processing pipeline of deep learning model and CellProfiler, which is inspired by
CellProfiler official documents. The bright-field images are first cropped manually so
that the center region of each channel is selected. After that, each piece is inputted to a
trained U-Net [62]. The U-Net (Figure 3.8) is trained by a dataset containing 7 512 x 512
bright field images that are labeled manually (Figure 3.9). Then the model is trained by
utilizing data augmentation including rotation within +10° and flipping. The optimizer
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adopted is Adam with a learning rate=0.005 and exponential learning scheduler with a
decay rate=0.99 per epoch. The training batch size is 4 and the total training epoch is
100. The loss function is binary cross-entropy loss. The bright-field images are cropped
in to 512 x 512 in order to be fed in U-Net model. If a cell lies at the boundary of the
cropped boundary, the discontinuous of U-Net output of that cell is observed. Therefore,
we chose to use the center of the output only. To achieve this, The cropping area is moved
256 pixels every time, and the area at the boundary of the original image is padded by 0
to fulfill the input size. After the U-Net outputs the results of semantic segmentation, the
outputs are cropped into 10 segments along the x-axis of the channel. Each segment is
then processed by the open-source software CellProfiler [8] with the pipeline listed below
(Figure 3.12A). In the IdentifyPrimaryObject module, the diameter is set to be between

20-80, three-classes thresholding is used, and the local suppress maximum is 30.
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Figure 3.8 U-Net model structure. The filters inside each convolution layer are 5 x5 with

stride=2. (source: PlotNeuralNet.git)
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Figure 3.9 The training set for U-Net.
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1. Bright-field image

3. Identify primary object by Cellprofiler 4. Eliminate unusual size object

Figure 3.11 The demonstration of cell segmentation utilizing U-Net and CellProfiler. (A)

Cropped image. (B) The output of U-net. The intensities are the probability, therefore the
boundaries of cells are gray. (C) The final segmentation is done by CellProfiler, where the

watershed algorithm is used. The final output is overlaid on the original image.
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3.9.2 Fluorescence image processing

The fluorescence images are processed by Otsu’s threshold algorithm to determine
which pixels are bright enough to belong to cells. The images are first segmented into
20 pieces just as what is done in bright-field image analysis so that each segment has
different threshold values because appropriate threshold values can vary due to different
fluorescence intensities over the image. To eliminate noises that have extremely high
values, the algorithm to eliminate it is to recalculate the threshold value if the pixels higher
that threshold is less than 10%. Those pixels will be set to be the threshold value and

calculate the threshold value again to get a lower threshold value.

A B

1.Fluorescense image

ColorToGray Hi

MeasureObjectSizeShape [

OverlayOutlines )
3.Dot product
Savelmages
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Figure 3.12 (A) Pipeline used in CellProfiler. (B) Fluorescence image processing.
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Chapter 4 Results and Discussion

4.1 Simulation

The simulation is done by using COMSOL 6.2 with finite elemental analysis. The
fluid simulation is done by a laminar module. The hypoxic conditions are simulated by
diluted species transportation and fast irreversible surface modules, where we assume that
pyrogallol and NaOH is not limited reagents and react to oxygen very quickly. Henry’s
law is implemented by split conditions in COMSOL, which makes the constraint at the
boundary that J;5 = Jo; = Dl% = DQ%, §_11 = ;—Z, where ¢ is the concentration of

oxygen in certain substrates, n is the normal vector at the interface, and s is the solubility.

The parameters used are listed in the following table [52][77][7].

Table 4.1: Parameter values used in simulation

Paramater Value
oxygen solubility of water 0.22 mol/m?
oxygen solubility of PDMS 1.62 mol/m?

oxygen diffusion coefficient in medium | 1.9x 10~"m?%/s
oxygen diffusion coefficient in PDMS 4x10~m?/s

membrane thickness 6x 10~° m
flow rate in cell culture channel 30 pL/min
flow rate in hypoxia channel 2 pL/min
dynamic viscosity 1.0l mPa - s

4.1.1 Basic fluid characteristics

First, we show the basic fluid characteristics inside the channels. The streamline,
wall shear stress, and pressure are shown in Figure 4.1A, Figure 4.1B, and Figure 4.1C.
We can see the shear stress generated in the channels are about 2.5, 5, 10, 20 dyne/cm?
in channels A, B, C and D respectively, which agree with the equation %. The pressure
inside the channel is around 500 to 2500 Pa at upstream of each channel. Although a lot
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of research argue that hydrostatic itself can affect endothelial cells even when the shear
stress doesn’t exist, we think the effect of hydrostatic pressure can be ignored because
even when hydrostatic pressure reachs 40 Torr (5332 Pa), the effect is subtle [45]. The
pressure differences between the overlap region of the cell culture channel and hypoxia
channel are about a few Torr. The pressure differences can cause the membrane bending

thus leading to cell death, this is discussed in Section 4.5.1.

Figure 4.1 (A) Streamline of the flow. (B) Wall shear stress at the plane z =0 ym. The
unit is dyne/cm?. (C) The pressure generated in channels. The plot is at the plane z = 25

pm (for cell culture channel) and 85 pm (for hypoxia channel). The unit is Pa.

4.1.2 Oxygen microenvironment establishment
We can establish both spatial oxygen gradient and temporal oxygen oscillation in
our system. The spatial oxygen distribution is determined by the equilibrium of oxygen

depletion using pyrogallol and oxygen diffusion in PDMS and water. The fresh medium
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first loses its oxygen when flowing beneath the hypoxia channel. With the oxygen
permeability of PDMS, oxygen reacts to pyrogallol inside the hypoxia channel thus
causing the instant oxygen concentration drop. After passing through the hypoxia channel,

the oxygen are able to diffuse back to the channel. Therefore, the oxygen gradient is

established.

4.1.2.1 Constant oxygen gradient
Recall the Equation 2.12 and Equation 2.9. The comparison of these two equations

is plotted below. We can see that the oxygen gradient becomes less sensitive to the flow

velocity after fixation.

20 20
i i — A
s ] 1 — 8
= 157 c 151 c
2 2 —
g 10| g 10
c C 1
Q b o 4
o 4 o
c s ]
&5 )
= 7 = 9]
x x
o ] o 1
01 ol
0 2 4 6 8 10 0 2 4 6 8 10

Distance (mm) Distance (mm)

Figure 4.2 The downstream oxygen profile (A) without (B) with the assumption of a linear

gradient in PDMS.

The constant oxygen gradient generated in the channel is further simulated by
COMSOL as parameters described in Section 4.1. In the simulation result in Figure 4.3,
we can observe that the oxygen level is dramatically decreased after passing the hypoxia
region. The oxygen level gradually recovered after exiting the hypoxia region.

The experimental oxygen concentration is then verified by FLIM. FLIM can easily
show the spatial distribution of oxygen in microfluidics. The measurement method of

FLIM is described in Section 3.4.1. The result is shown in Figure 4.4. We can see that
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Figure 4.3 The oxygen concentration at z= 0 mm plane of the center of each channel.

the slope of the oxygen gradient in each channel is close to a straight line, which agrees
with the assumption in Figure 4.2B and the simulation results. Therefore, we can claim
that our device can decouple shear stress and oxygen gradient generation to some degree,

this can help us to generate the desired microenvironment easier.
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Figure 4.4 The measurement of FLIM. The lifetime of the intensities has been converted

to oxygen concentration in this plot. The dot lines are the simulation results.
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4.1.2.2 Cyeclic oxygen gradient

To investigate the microenvironment such as those in tumors, cyclic hypoxic
conditions need to be generated in the microfluidic system. Here, we propose a method
to achieve this. The cyclic oxygen gradient can be generated by stopping the flow of
pyrogallol, while NaOH is still flowing to flush out the pyrogallol left in the hypoxia
channel. This will let the oxygen in the ambient environment diffuse into PDMS and
then the oxygen absorption capability will be lowered and the oxygen level in the culture
channel will increase. We measured the oxygen concentration at the position right beside
the hypoxia region of the widest channel to measure the oxygen level dynamic. The

sampling rate is 1/30 Hz, and the result is shown in Figure 4.5.
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Figure 4.5 Cyclic hypoxia demonstration. The half-cycle is 15 minutes. We highlight the
oxygen level is less than 5% corresponding to the oxygen level lower than physioxia in

vein.

We set the half-cycle time to be 15 minutes in the demonstration due to the
experiments we did before this demonstration shows 15 minutes is a suitable time for
both depletion and recovery of oxygen. The dashed lines indicate the time when the flow
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of pyrogallol is turned off or on. The figure shows that we can generate an oxygen level
oscillation between about 2.8% and 16.5% with 30 minutes per cycle in our chip. There
is about a two-minute delay for the oxygen level to start to decrease or increase after the
switching of pyrogallol. This indicates the time needed to flush out or fill in sufficient
pyrogallol in the hypoxia channel to make the oxygen level start to change. Thus, this
time can be shortened by increasing the flow rate of NaOH, however, this also increases
the pressure applied to the cell culture channel. Here, we chose the flow rate of NaOH
and pyrogallol to be 2 uL/min in our setup. Besides, we also observed the damping effect
of PDMS. As the high solubility of PDMS, PDMS acts as a large capacitance for storing
oxygen. However, the motion of oxygen inside the PDMS is diffusion-limited, so we can
still successfully oscillate the oxygen level in the first cycle although the oxygen inside the
PDMS isn’t fully depleted. From the figure, we can also find that the oxygen consumption

process is faster than the recovery process.

20
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10

Oxygen concentration (%)

Lowest Highest

Figure 4.6 The reproducibility of cyclic hypoxia among devices (N=3). The oxygen
concentration is probed in different devices to verify the stability of cyclic hypoxia

generation.
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We then investigate the reproducibility of cyclic hypoxia generation among different
devices. By calculating the average of the lowest points and the highest points in each
cycle of different devices during the same experiments, the sample standard deviation
is calculated in Figure 4.6. Less than 6% variation in the oxygen level suggests the

reproducibility of cyclic hypoxia generation.
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Figure 4.7 The oxygen level can be controlled by tuning the flow rate ratio between

pyrogallol and NaOH.

We have demonstrated oxygen depletion can be controlled by stopping the flow rate
of pyrogallol. We are curious about whether the oxygen level be set to a certain level if
we tune the flow rate ratio of pyrogallol and NaOH. Figure 4.7 shows the oxygen level
dynamic when tuning the flow rate of pyrogallol. We also choose 15 minutes for each
section to reach a steady state. We can see the oxygen level wasn’t changed when the
flow rate of pyrogallol was lowered to 1 uL/min, which indicates the concentration and
the flux of pyrogallol in the hypoxia is still sufficient for oxygen depletion. As the flow
rate continually decreases, the oxygen level reaches a different steady state. By fixing the

pyrogallol concentration and the flow rate, we demonstrated the oxygen level can be tuned
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by the flow rate of pyrogallol and less than 10% variation.
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Figure 4.8 The reproducibility of oxygen level control among devices (N=3). The oxygen

concentration is probed in different devices to verify the stability of cyclic hypoxia

generation.

4.2 Cell morphology

In this research, we analyze the cell morphology as shown in Figure 4.9. The area,
perimeter, and orientation are extracted from the cell image. Shape index (S]) is calculated

as 4 warea/perimeter?.

Orientation
angle

Flow dire

Figure 4.9 The illustration of cell morphology parameters. The fitted ellipse has the same

second-moments as the cell. The major axis of the ellipse is used for orientation analysis.
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4.2.1 Orientation changing with very short shear stress stimulation
We found that without using a pump for continuous perfusion, the cells are aligned
in a certain direction due to the flow of the changing medium. This reveals that the
cells can sense the flow even for a short duration of stimulation. Therefore, we have
to seed our cell right before the day before experiment to prevent the cell alignment
before our experiment. We used kurtosis of orientation here to measure the alignment
of the cells. Kurtosis, defined as jaw—f, where M, is the fourth momentum, and o is the
second momentum. Kurtosis is a measure of tailness, that is, if the kurtosis is higher,
the cells show higher collective behavior. The mean angle is not suitable to measure this
behavior here because the cells are aligned in different directions in different regions just
like polycrystalline. We found that the cells arranged as the shear stress is higher and the

time is longer.

Kurtosis of orientation

§  control (N=2)
151 § control 48 hr (N=2)
t  control 72hr (N=2)
1.0
i)
8 05
£
<
0.0
-0.5
H
-1.0 l [] ] °

channel

Figure 4.10 (A) Cell alignment is observed after two days of medium exchanging by
gravity. The scale bar is 100 um. (B) The kurtosis of orientation. The kurtosis is becoming

higher as the width of the channel decreases and the time longer.
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4.2.2 Cell morphology after stimulation

Because 1 hour is too short for changing cell morphology, we only analyze the
morphology of 6 hours of stimulation experiments. We found that the cells in channel
D are averagely aligned towards the flow for about 12° after 6 hours of shear and hypoxia.
Interestingly, this effect is not seen in the cyclic hypoxia group, in which the hypoxic
conditions and reoxygenation are switched every hour, and in the shear group. This result
suggests that the cells arrange faster in hypoxic conditions. The kurtosis also increases
by about 0.5, indicating the collective behavior of endothelial cells. We didn’t observe
obvious differences between the upstream and downstream regions of each condition,
hence we combined them into the same condition as an N=10 experiment and got the

following bar chart (Figure 4.14, 4.15, 4.16, 4.17).
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Mophology changes after 6 hours (control)
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Figure 4.11 The morphology changed after 6 hours of control group (A) Area (B) Shape

index (C) Orientation (D) Kurtosis of orientation.
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Mophology changes after 6 hours (shear + hypoxia)
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Figure 4.12 The morphology changed after 6 hours of control group (A) Area (B) Shape

index (C) Orientation (D) Kurtosis of orientation.
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Mophology changes after 6 hours (cyclic hypoxia)
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Figure 4.13 The morphology changed after 6 hours of control group (A) Area (B) Shape

index (C) Orientation (D) Kurtosis of orientation.
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Figure 4.14 The area changed after 6 hours of different groups. The error bars represent

the 95% confidence intervals.
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Figure 4.15 The morphology changed after 6 hours of different groups. The error bars

represent the 95% confidence intervals.
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Figure 4.16 The orientation changed after 6 hours of different groups. The error bars

represent the 95% confidence intervals.
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Figure 4.17 The kurtosis changed after 6 hours of different groups. The error bars represent

the 95% confidence intervals.
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4.3 ROS production

4.3.1 ROS staining testing

To probe the ROS generation in HUVECs, we use DCFDA as described in Section
3.7. We found that ROS staining was very unstable in our chip. That is we usually see
unevenness in the control group (Figure 4.19). The protocol of the staining process is
shown in Figure 4.18. We inject buffer and dye using a syringe pump to control the flow
rate of fluid exchange because HUVECS are extremely sensitive to shear stress even with
a very short period [35] and this will change the ROS production. However, even with
this protocol, we always observed higher fluorescence intensities at where we injected
DCFDA (left side). We first think this may be contributed by the hydrostatic pressure

generated due to the fluid injection, however, we still see this phenomenon.

1. Washing buffer 3. Washing buffer
 Bufer | Buffer | =
H
2. ROS dye
ROS dye| =

H
Figure 4.18 Initial staining protocol by syringe pump. The flow rate and volume used in

each step is 3 pL/min and 20 pL respectively.

This suggests that the high fluorescence intensities may not correspond to the
response of cells against hydrostatic pressure. We proposed another possibility is that
the dye is taken by the cells upstream and thus the cells downstream share a lower
concentration of the dye. Hence, we modified the protocol to inject DCFDA from both
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Figure 4.19 ROS intensities after using the first protocol in the control group. The scale

bar is 1 mm.

sides of the channel (Figure 4.20).

1. Washing buffer 3. ROS dye (15 L)
T
‘ [ ——] y m [ -] ‘
= <=
2. ROS dye (15 pL) 4. Washing buffer
ROSdye[ = [ROS dye] A
[ =

Figure 4.20 Modified staining protocol. Injecting DCFDA from both sides of the channel.
The flow rate and volume used in step 1 and step 4 are 3 uL/min and 30 pL respectively.

The flow rate in step 2 and step 3 is the same as step 1 and step 4.

The modified results are shown in Figure 4.21. Then evenness seems solved within
the channel, but the intensities seem inversely proportional to the channel width. We then
calculate the mean intensity in each channel and use the reciprocal ratio of it to calculate
each volume we should inject into the channel.
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Figure 4.21 Using modified ROS staining protocol. The evenness between different ports

is moderated. The scale bar is 1 mm.

The volumes used from the thinnest channel to the widest channel are 15, 30, 45, and
60 pL respectively. The result is shown in Figure 4.22. The inter-channel intensities are

much more balanced.

Figure 4.22 The final version of ROS staining protocol. The intensities difference between

channels are compensated by using different volumes. The scale bar is 1 mm.

Although we should adopt the final version of the ROS staining protocol, we failed
to solve the problem that there are often bubbles in the syringes due to using small volume
DCFDA in our experiments. The bubbles will cause cell death as soon as they entered the
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channel, therefore we ended up using the protocol that used gravity to exchange fluid.
4.3.2 ROS production after continuous hypoxia and shear stress
After setting up the system as depicted in Section 3.5. We choose the stimulation time
to be 1 hour. The duration time is determined by previous research revealed that ROS
induced by shear stress appears in 15 minutes, while ROS induced by hypoxia appears
in 60 minutes [9][34]. This plot shows the upstream of the channel, where the hypoxic
conditions are not applied here. We observed a high expression of ROS in channel D,
which indicates the shear stress induces ROS production. When the oxygen gradient is

applied in the downstream channel, ROS intensity suppression is observed.
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Figure 4.23 Normalized ROS intensity of (A) shear-only group (B) shear + hypoxia
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Figure 4.24 The normalized ROS vs oxygen level. Each section in channels corresponds
to a different oxygen level. The results are calibrated according to the FLIM measurement

(Figure 4.4).

4.4 NO production

4.4.1 NO staining testing

We use DAF-FM DA to measure the NO production inside HUVECs. We first test

the dye with different concentrations in Petri dish. The protocol is as follows:

1. Remove medium in each Petri dish.

2. Adding 200 pL of 10, 5, 2, and 1 uM DAF-FM DA dissolved in medium respectively.

3. Wait for 1 hour.

4. Wash with 1ml medium twice and wait for 30 minutes to allow complete
de-esterification of the intracellular diacetates.

The recommended concentration from the manufacturer is between 1 and 10 uM,
so we test within this range. The cell contours are clearly seen when the concentration
is more than 5 M (Figure 4.25), so we chose 5 uM for our experiment. We have also
tried 30uM due to the very low fluorescence intensity of DAF FM-DA, however, the cells
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are dead after treatment. We also observed that cells at the place where the dye is first
added are much brighter than other cells (Figure 4.26). This suggests that the dye itself
will stimulate cells or the dye is quickly absorbed by cells, which prevents the dye from
distributing evenly through the dish. As the fluorescence intensity of DAF FM-DA is

too low, we tried to suppress background noises by exchanging the solution with PBS.

However, the background noises still exist.

-

Figure 4.25 The NO dye testing in Petri dishes. (A) 1 uM (B) 2 uM (C) 5 uM (A) 10 uM.

The scale bar is 100 pm.
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Figure 4.26 Unevenness of NO staining in Petri dish. The concentration here is 5 M. The

scale bar is 200 pm.

4.4.2 NO production after continuous hypoxia and shear stress

For NO production experiments, we set the stimulation time to 6 hours because the
downregulation of NO is related to the transcriptional pathway, which needs a few hours
to see the effect. In addition, DAF-FM DA is stable enough for taking multiple times
of images, so we tried to get the time-lapse accumulated NO in HUVECs. The staining
protocol is similar to the previous section:
1. Removing medium in each Petri dish
2. Adding 90, 60, 45, and 30 puL of 5 uM DAF-FM DA into each channel
3. Wait for 1 hour
4. Wash with 100 ¢z L medium twice and wait for 30 minutes.

We didn’t see any differences after 6 hours no matter under what kind of stimulation.
The NO production is normalized to the initial condition. However, in one of the
experiments (not counted in previous plots), we observed the NO increment in the middle
of channel D only (Figure 4.29A). We take % width of the center channel as the high shear
region to calculate to intensity changes. Although we might see the shear can up-regulate
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the NO production, but we still didn’t see any effect of hypoxia (Figure 4.28A). By the

time-lapse image, we can know that NO is accumulated through time.
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Figure 4.27 NO production under shear for (A) 3hours (B) 6 hours.
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Figure 4.28 NO production under (A) shear and hypoxia and (B) shear for 6 hours in this

certain experiment.
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Figure 4.29 (A) Fluorescence image of HUVECs in channel D under stress stimulation
for 6 hours in this certain experiment. NO production increase was observed at the center
of the channel. This time-lapse measure of the red rectangular area is plotted in (B). (B)

Time-lapse measurement of NO production. NO production increased suppose to the shear

stress applied by flow.
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4.5 Discussion

4.5.1 Chip design revisit

While designing and testing our chip, we found that the pressure generated in the
hypoxia channel is very large due to its slender channel (Figure 4.30). This leads to the
compression of the cell culture channel and results in extremely high local shear stress
emerging beneath the upstream of the hypoxia channel. This high shear stress eventually
kills the cells as shown in Figure 4.31. We identified the threshold value of the pressure
differences around 4000 Pa. Therefore, we doubled the width of the hypoxia channel and
halved its total length. We can expect that the pressure will then drop to about one-fourth

of the previous design, and thus keep the pressure differences below threshold value.

Figure 4.30 The pressure generated when the flow rate of the hypoxia channel and cell

culture channel is 1 L/min and 30 pL/min, respectively.

Besides, when performing staining in our experiment, we found that long channels
are not suitable for staining. The solution inside the channel is hard to be fully exchanged,
furthermore, the fluorescence dye will also hard to inject into the channel because of the
high flow resistance. A large area of the channel also requires more cells for seeding.

The reason that we designed our chip for such a long length is because we need to ensure
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medium enter hypoxic condition. From the derivation in Section 2.1, we can reduce our
channel height to shorten the distance, this also helps lower the flow rate for generating the
same shear stress thus further reducing the channel length. That is if the channel height is
halved, the channel length can be %. On the other hand, the flow resistance is proportional

to wh™3L, for (h > w), therefore the flow resistance is unchanged.

Figure 4.31 Live(green)/dead(red) staining of Calcein-AM/Eth-1 after 6 hours of shearing

with 30 ©L/min

4.5.2 Hypoxic condition generation
In our experiments, we always suffer from the coupling of shear stress and oxygen

gradient. However, the solution may be hidden in Equation 2.12. Recall the solution for

L

. . . . Diedium Lgradien
oxygen gradient region, and here we define the decoupling coefficient \ = —medum e j‘f =
channel
We can rewrite the equation 2.12 as:
. T 1, a—=—
Cmedium (%) = 0.75solubility, gum(—— + ~(e = Fendin — 1)) 4.1)
Lgradient A

It is obvious that when A — oo, the oxygen gradient is independent of velocity. Therefore,
reducing channel height may be a good strategy to decouple shear stress and oxygen
gradient. In our original design, A\ =0.0475, 0.095, 0.19, 0.38 for channels A, B, C, and
D, respectively. Which is still too high if we say a threshold of 10%. If we halved the
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channel length, and maintain the shear stress condition, then the flow rate can be reduced
to }L. The plot for this condition of each channel will be as Figure 4.32. We can see that the
gradient in each channel is almost the same. This will help us better control shear stress

and oxygen gradient separately.
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Figure 4.32 The oxygen profile estimated by Equation 2.12 when the channel height is

halved.

4.5.3 Morphology

We used a machine learning based method to automatically calculate almost all the
cells inside the channel. However, the cells don’t show any clear trends except we see cell
alignment towards flow in the thinnest channel in hypoxic conditions. This result agrees
with the previous study [68]. Interestingly, this alignment is not observed in the cyclic
hypoxia condition. This might contribute that HIF-2«, a transcription factor related to

blood vessel maturation is not activated.
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4.5.4 ROS production

The ROS production under hypoxic conditions shows a clear trend of suppression.
This is different from previous research. We have no idea why the differences exist, but it
is still reasonable that the ROS production needs oxygen. If the oxygen is depleted, ROS
production should also be lowered.
4.5.5 NO production

We didn’t observe any clear changes in NO production. This should due to the NO
dye itself’s low sensitivity. We have no tools to test the dynamic range of the NO dye
currently, so maybe the NO production of HUVEC: is just out of the dynamic range. The
NO intensity increment observed in the thinnest channel can not be replicated in other
experiments. We doubt that the only time that shows gradually increasing NO intensity is
because the channel may occur deformation. This generated unexpected high shear stress

at the middle of the channel and thus induced the NO intensity.
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Chapter 5 Conclusions

We have successfully developed a microfluidic system capable of generating both
shear stress and hypoxic conditions simultaneously within a single chip, effectively
mimicking the in vivo environment. This system has allowed us to achieve the following:
1. Microenvironment control

Utilizing microfluidic technology, we fabricated a two-layer PDMS device to create
specific microenvironments. By mixing pyrogallol and NaOH and flowing this mixture
through the top layer, we generated an oxygen scavenger that depleted oxygen in the bottom
layer, establishing hypoxic conditions ranging from 2.8% to 12%. Introducing flow into

the microfluidic device produced shear stress values of 2.5, 5, 10, and 20 dyne/cm? in
channels A, B, C, and D, respectively. Simulations were employed to estimate the oxygen
gradient, ensuring the conditions fell within the desired oxygen levels. Such precise control
over the microenvironment is crucial for studying cellular responses under physiologically
relevant conditions.

2. Multiplexing capability of the device

One of'the notable features of our microfluidic chip is its multiplexing capability. This
allows simultaneous investigation of four different combinations of oxygen gradients and
shear stress levels, significantly accelerating the research process and reducing the labor

intensity associated with traditional cell culture methods. This capability is particularly
valuable for high-throughput screening and combinatorial studies, which are essential for
understanding complex cellular behaviors.

3. Cell behavior analysis

In this study, we analyzed cell morphology, reactive oxygen species (ROS) production,
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and nitric oxide (NO) production under various conditions.

In cell morphology, we observed that cells aligned to the flow direction more rapidly
under hypoxic conditions and higher shear stress, with a 12-degree alignment observed
within 6 hours in channel D. This rapid alignment suggests an adaptive cellular response
to the combined stimuli of hypoxia and shear stress .

Hypoxia appeared to suppress ROS production by approximately 20%, though the
ROS dye stability was insufficient for definitive conclusions. These findings contradict
previous research in endothelial cells, therefore further investigation is needed to confirm
the reason.

No significant differences in NO production were observed across the different
conditions. This lack of response may be attributed to the applied shear stress not being
large enough or the exposure time being too short to elicit a detectable effect from hypoxia.
Future studies could explore longer exposure times or higher shear stress levels to further
investigate NO dynamics.

In summary, our microfluidic system offers a robust platform for studying endothelial
cell responses under controlled shear stress and hypoxic conditions, providing valuable

insights into cellular dynamics relevant to vascular biology and pathology.
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Chapter 6 Future Work

This study successfully achieved a well-controlled microenvironment of shear
stress and hypoxia generated within a microfluidic chip. However, to address the
challenges encountered during our research and to further explore cellular behavior,
several improvements and methodologies can be considered:

1. Enhanced measurement tools for ROS and NO

In our experiments, the measurement tools for ROS and NO posed significant
challenges. For instance, while ROS dyes are sensitive, they are prone to interference
and are unsuitable for long-term experiments. Conversely, NO dyes allow for monitoring
over extended periods (more than 6 hours), but they suffer from much lower sensitivity. To
overcome these limitations, the use of electrochemical-based sensors could be beneficial,
despite their current limitation to extracellular ROS production measurements. These
sensors offer higher stability and sensitivity, potentially providing more reliable data over

prolonged periods.
2. Fully automated system for staining processes

Human umbilical vein endothelial cells (HUVECs:) are highly sensitive to shear stress.
In microfluidic systems, any perturbation can significantly affect the results. Therefore,
developing an automated fluid exchange system that maintains consistent shear stress
conditions during medium changes or staining processes is crucial. Such automation would
reduce labor intensity and enhance experimental stability and reproducibility.
3. Improved chip design

As discussed in Section 4.5.1, shortening the channel height may address some of the

1ssues encountered. However, this modification increases flow resistance and undesired
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shear stress. Further testing and optimization are necessary to identify a chip design
that balances these factors effectively. Innovations in microfluidic chip design, such as
incorporating adaptive materials or advanced fabrication techniques, could offer solutions
to these challenges.
4. Co-culturing with other cells

Co-culturing endothelial cells with tumor cells has been a significant area of research
for studying tumor vascularization, particularly under cyclic hypoxia, a key condition
in the tumor microenvironment. Additionally, co-culturing with leukocytes is essential
for investigating interactions during inflammatory reactions or immune responses. These
studies could provide deeper insights into the complex cellular dynamics and interactions
within different physiological and pathological contexts

By implementing these improvements, we believe a more precise microenvironment
can be created, allowing for the capture of more accurate cellular behavior. These
advancements will contribute to a deeper understanding of cardiovascular diseases and

potentially lead to more effective therapeutic strategies.
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Appendix A — Cell Morphology

A.1 Scatter plots
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Scatter plot (control, p=3) Scatter plot (control, p=4)
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Scatter plot (control, p=7) Scatter plot (control, p=8)
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Scatter plot (shear + hypoxia, p=0) Scatter plot (shear + hypoxia, p=1)
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Scatter plot (shear + hypoxia, p=4) Scatter plot (shear + hypoxia, p=5)
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Scatter plot (shear + hypoxia, p=8) Scatter plot (shear + hypoxia, p=9)
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Scatter plot (cyclic hypoxia, p=0) Scatter plot (cyclic hypoxia, p=1)
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Scatter plot (cyclic hypoxia, p=4) Scatter plot (cyclic hypoxia, p=5)
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Scatter plot (cyclic hypoxia, p=6) Scatter plot (cyclic hypoxia, p=7)

n=142, S+H, D n=146, S+H, D n=541, S+H, A n=517, S+H,A n=156, S+H, D n=132, S+H, D n=491, S+H, A n=460, S+H, A
90° 90° 90° 90° 90° 90° 90° 90°

.

1

1

1

1 0°

1

1

1

1

1

L AP Ao R AN

N=T11,S+H,C n=813,S+H,C | n=747,S+H,B  n=506, S+H,B n=804,S+H,C  n=845,S+H,C | n=751,S+H,B  n=531, S+H,B
90° 90° 90° 90° 90° 90° 90° 90°

]
1
i
1
1
1
1
. . i
0 0 !
1
1
1
1
. 1
—_—— . -
n=590, S, A !
90° 1
1
1
1
1
0o 0 H
1
1
1
1
o ! o
- L o
n=609, S, B 1 ners7.8.B
90° [
1
1
1
1
i
0 0 i o
1
i
1
1

-90° -90° -90° -90°

93 doi:10.6342/NTU202402333


http://dx.doi.org/10.6342/NTU202402333

Scatter plot (cyclic hypoxia, p=8) Scatter plot (cyclic hypoxia, p=9)
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