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Abstract

Cell mechanosensitivity is the ability of cells to feel and respond to their surrounding environ-
ment, and it plays a crucial role in regulating various physiological processes, including prolifer-
ation, differentiation, migration, and apoptosis. Mechanosensitive ion channels are key players
in the cellular response to mechanical stimuli. Upon their activation, Ca2+ ions enter the cell
and trigger downstream signalling pathways. Therefore, tracking of Ca2+ signalling appears to
be a reliable readout of mechanosensitive activity.

However, current methods for mechanosensitivity assessment have low throughput and are not
easily applied to large studies or clinical settings. This thesis aimed to address this limitation by
creating a device for real-time monitoring of Ca2+ signalling in high-throughput. For this pur-
pose, microfluidics were used as a platform for the device development and cells were stained
with a calcium-sensitive dye to facilitate the detection of the calcium influx upon stimulation.

Initially, to understand the operational parameters, the device was tested by chemically stim-
ulating a cell line. Both the chemical stimulant and the cell sample were inserted into the mi-
crofluidic device by syringe pumps with a constant flow rate. Upon contact with the chemical
stimulant, the cells were probed in different areas of the microfluidic device with a laser source.
It was shown that the flow rate and the laser power affect the produced signal, so both experi-
mental parameters should be carefully chosen.

After confirming that Ca2+ signalling could be tracked in real time and with high throughput
using microfluidics, newly designed devices were introduced to apply mechanical stimulation to
the cells. These microfluidic devices featured constrictions within the channels, allowing cells
to be mechanically compressed as they passed through. To assess cellular responses, cells were
labelled with a calcium-sensitive dye and exposed to a laser source to enable fluorescence-based
detection of Ca2+ signalling. The results showed that both the magnitude and type of mechanical
force influenced the cellular response, with those subjected to gentler constrictions exhibiting
significantly higher responses than those subjected to more extreme compression.

Finally, stem cell mechanosensitivity and how this is affected by ageing was investigated. Hu-
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man mesenchymal stem cells were aged on purpose using either physical or chemical methods.
Senescent markers confirmed the ageing induction since all senescent cells are aged. Then,
the aged stem cells were subjected to mechanical and chemical stimulation to assess their
responsiveness. Real-time qPCR and in-cell western tests showed decreased responsiveness
to either stimulation. However, some compensatory mechanisms were observed at the post-
transcriptional level.

Overall, this study demonstrates that high-throughput microfluidic platforms can effectively
monitor cellular mechanosensitivity through Ca2+ signalling. It was shown that both chemi-
cal and mechanical stimulations produce measurable responses in cells. The modified respon-
siveness observed in aged stem cells highlights the critical contribution of mechanosensitive
pathways to cellular ageing.
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Thesis Outline

This thesis begins by providing the motivation and the aims of this project, as well as the the-
oretical background and the key scientific concepts underpinning this research (Chapter 1).
This includes a discussion on mechanosensitivity, focusing on potential mechanosensors and
mechanosensitivity assessment methods. Additionally, the fundamental properties of stem cells
are explored with emphasis on their mechanosensitivity and relevance to this work. The chapter
also introduces microfluidics, detailing how microscale fluid dynamics can be used to study cel-
lular behaviour under controlled conditions. This theoretical background knowledge is essential
for understanding the experimental techniques used in this project.

The following chapter (Chapter 2) presents the general methodology employed throughout this
study. It includes details on the materials used, such as chemicals, reagents, and microfluidic
devices, as well as the instruments utilised for data acquisition and analysis. The chapter also
outlines the general experimental techniques, including cell culture protocols and microfluidic
device fabrication. Furthermore, the statistical analysis approach used to interpret the acquired
data is presented.

The experimental work in this chapter was divided into three main stages. First, it was es-
sential to verify that the selected cells could respond to chemical and mechanical stimuli—both
in adherent and suspended states—and generate observable calcium signals. Once this was con-
firmed, the cell preparation protocol was optimised to address issues related to aggregation and
sedimentation. In the final stage, ATP was introduced as a chemical stimulant within the mi-
crofluidic device to investigate the effects of laser power and flow rate on the resulting calcium
signal. Additionally, a dose-dependent cellular response to ATP was demonstrated (Chapter 3).

Next, Yoda1 was employed for chemical stimulation within the microfluidic device as a precur-
sor to mechanical stimulation. Through these experiments, the response of the Piezo1 mechanosen-
sor to stimulation while the cell was in motion was assessed. A dose-dependent cellular response
to Yoda1 was provided. Finally, experiments were conducted in which the cells experienced me-
chanical stimulation derived from the geometry of the microfluidic channel. Different channel
designs were utilised for this purpose. The microfluidic devices used in these experiments were

xvi



designed and fabricated in Boston during my industrial placement at the stakeholder company
Cytonome (Chapter 4).

Some preliminary experiments were performed for the potential application of our device (sort-
ing of aged stem cells based on their mechanosensitivity). Initially, ageing was induced in
hMSCs using two different methods (chemical and physical). Since all senescent cells are aged,
the induction of ageing was confirmed by checking the expression of senescent markers (P16,
P21, cell cycle, arrest, etc). From this point forward, all hMSCs that have undergone the above-
mentioned treatments and exhibit senescence markers will be referred to as aged hMSCs. The
effects of ageing on mechanosensitivity markers were examined in comparison to non-aged
cells. Subsequently, both aged and non-aged cells were stimulated chemically and mechani-
cally, and changes were observed in both mechanosensitivity and ageing markers (Chapter 5).

Finally, Chapter 6 presents the conclusions and discusses their broader implications. The key
findings are summarised in the context of cell mechanosensitivity assessment, stem cell be-
haviour during ageing, and the utilisation of microfluidic platforms as a tool for studying cellular
response. Furthermore, limitations of the current approach are considered, along with poten-
tial refinements and improvements that could enhance future studies. The chapter concludes by
proposing directions for future research, including further investigations into mechanosensitivity-
based sorting techniques and the translational potential of this work in regenerative medicine and
stem cell therapies.



Chapter 1

Introduction

This chapter introduces the motivation and objectives of the project and provides a brief overview
of the scientific background.

1.1 Mechanosensitivity

Mechanosensitivity, or mechanosensation, refers to the ability of cells to detect mechanical stim-
uli from their surrounding environment, like shear stress [17], compression or tension [163] (Fig-
ure 1.1). This process is followed by mechanotransduction, where the mechanical stimulus is
converted into biochemical signals [11, 95]. These mechanisms are essential in determining cell
fate [50], allowing cells to adapt to their physical surroundings by remodelling the cytoskeleton,
activating various signalling pathways, and influencing gene expression. This regulation impacts
key cellular processes such as proliferation, apoptosis [81, 146], differentiation [208], migration
[112, 120, 125], and collective organisation, ultimately leading to organogenesis [125].

Mechanosensation plays a vital role in numerous physiological processes, including hearing
[158] and touch [82]. A clear example of mechanotransduction occurs when a ship travels
through waves at night, creating a visible wake due to the bioluminescence of unicellular di-
noflagellates. [91]. This bioluminescence, triggered by the stress exerted by the ship’s bow,
serves as a defence mechanism against predators and depends on the magnitude and velocity of
the applied forces [177].

1
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Figure 1.1: An illustration of the different types of mechanical forces that cells can experience.
(A) Bone cells under compression forces. (B) Muscle cells under tension due to the muscle
stretching. (C) Endothelial cells at the inner surface of a blood vessel under shear stress induced
by the blood flow. (Created in BioRender.com).

Moreover, mechanosensation is not limited to specialised sensory cells but is a common feature
across nearly all cell types. Most cells have specialised receptors that enable them to detect and
respond to mechanical forces and stresses within their microenvironment [134].

Mechanical stimulation of cells, such as stretch, shear stress, or compression, initiates a rapid
cellular response mediated mainly by calcium signalling [50]. The first step of this process is
the activation of mechanosensitive ion channels embedded in the plasma membrane (Subsec-
tion1.1.1), with Piezo1 (subsection4.1.1) being one of the most important among them. Upon
mechanical deformation of the cell membrane, these channels open to allow the influx of extra-
cellular calcium ions into the cytosol. This calcium entry is an initial signal that can trigger a
cascade of downstream processes essential for cellular adaptation and survival [51]. Following
calcium influx, the elevated cytosolic Ca2+ levels serve as a second messenger that propagates
the mechanical signal internally (Figure 1.2). One key mechanism amplifying this signal is
calcium-induced calcium release (CICR), in which the initial rise in calcium activates receptors
located on the endoplasmic reticulum, leading to further release of calcium from intracellular
stores [26]. Therefore, tracking the (Ca2+) signalling in HT was a reliable way to measure how
cells respond to mechanical stimulation.
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Figure 1.2: A schematic illustration of Ca2+ influx into the cytosol. Following the mechanical
deformation of the cell membrane, the mechanosensitive ion channel opens to allow the influx
of extracellular Ca2+ ions into the cytosol. The initial rise in Ca2+ (Created in BioRender.com).

1.1.1 Mechanosensors

Cells possess a variety of mechanosensors that enable them to detect mechanical stimuli in their
environment and convert them into intracellular signals. Among these are membrane proteins
like integrins, which link the extracellular matrix (ECM) to the cytoskeleton, transmitting me-
chanical signals from the outside to the inside of the cell [64, 141]. Cadherins, another class of
transmembrane proteins, mediate cell-cell adhesion and participate in mechanotransduction by
transmitting mechanical forces between neighbouring cells. Additionally, mechanosensitive ion
channels such as Piezo channels [50, 85, 155] and particular Transient Receptor Potential (TRP)
channels respond to mechanical stimuli like stretch and pressure, facilitating processes such as
touch sensation and vascular development [141]. Intracellular structures like the actin cytoskele-
ton [52] and focal adhesions [28] play vital roles in sensing and transmitting mechanical forces
throughout the cell, influencing various signalling pathways in response to mechanical stimuli
[55]. Moreover, primary cilia, microtubule-based cellular protrusions, contain mechanosensitive
ion channels that allow them to detect fluid flow and mechanical changes in the cellular envi-
ronment.

While not a mechanosensor itself, the ECM significantly contributes to cellular mechanosens-
ing [76, 109]. The ECM is a complex network of proteins and polysaccharides, including fi-
bronectin, collagen, and elastin, which provide structural support to tissues. These ECM com-
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ponents can undergo conformational changes in response to mechanical forces, thereby altering
the presentation of binding sites for cell surface receptors [86]. A good example of this is the
study by Lai et al. ([109]), which demonstrated that while Piezo1 sensitivity is inherently in-
dependent of the ECM, ECM proteins can still modulate Piezo1 sensitivity when exposed to
varying levels of shear stress. More precisely, it was shown that under high shear stress, fi-
bronectin enhances Piezo1 sensitivity. In contrast, under low shear stress, the ECM proteins that
improve Piezo1 mechanosensitivity are collagen types I and IV and laminin [109] (Piezo1 is a
mechanosensor of interest in this study, and it will be further discussed in Chapter4). The ECM
plays a crucial role in transmitting mechanical signals to the cell interior through interactions
with integrins and other cell surface receptors. These interactions enable the cells to sense envi-
ronmental changes, adjust their adhesion, migration, proliferation, and differentiation processes
accordingly, and maintain tissue homeostasis. Thus, the ECM is integral to the overall mechan-
otransduction process, serving as a crucial intermediary that modulates the cell’s response to
mechanical stimuli.

1.1.2 Mechanosensitivity dysregulation

Dysfunction in cellular mechanosensitivity can lead to serious diseases. For example, in can-
cer, stiffer surrounding tissue and abnormal force signals help tumour cells grow and spread by
strengthening how they stick to their surroundings and respond to growth cues [146]. In blood
vessels, when endothelial cells experience irregular shear stress from blood flow, they become
inflamed and more likely to form plaques, which drives atherosclerosis [17]. Likewise, heart
muscle cells depend on the elasticity of their surrounding matrix to contract and stay alive. As
the heart tissue hardens, these cells struggle to work properly and may die, contributing to heart
failure [135].

Given the crucial role mechanosensitivity plays in tissue function and disease, it is especially
important to consider how stem cells respond to mechanical cues in their microenvironment.
Stem cells exhibit a remarkable sensitivity to mechanical signals, which significantly influ-
ence their fate decisions, including differentiation, proliferation, and self-renewal [61, 66]. This
mechanosensitive behaviour is fundamental not only for normal development and tissue main-
tenance but also for the success of regenerative medicine and tissue engineering applications
[40, 94]. Consequently, classifying stem cells based on their origin and potency, and assessing
their mechanosensitive properties, are critical steps toward understanding their behaviour and
optimising their use in therapeutic applications.
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1.2 Stem cells

Stem cells are defined as unspecialised precursor cells with the exceptional capacity for self-
renewal and the ability to generate multiple mature cell types. These cells have the potential to
differentiate into various cell types within the body during early development and throughout
life, playing a crucial role in growth and tissue repair [41]. This differentiation potential is
known as potency and distinguishes the stem cells into five subcategories (see Figure 1.3) [43,
193, 204]:

• Totipotent, or omnipotent, are the stem cells that result from the fusion of an egg and a
sperm cell. They can differentiate into both embryonic and extra-embryonic cell types,
enabling them to form a complete, viable organism. Additionally, the cells resulting from
the initial divisions of the fertilised egg also possess totipotency.

• Pluripotent are the stem cells derived from the totipotent cells. They can differentiate
into nearly all cell types, including cells originating from any of the three germ layers
(ectoderm, mesoderm, endoderm).

• Multipotent are the stem cells that can differentiate into multiple cell types, given that
they are within a closely related family of cells. In this category, for instance, fall the
Hematopoietic Stem Cells (HSCs) that can differentiate into various types of blood cells
(red blood cells, white blood cells, platelets), the Mesenchymal Stem Cells (MSCs) that
can differentiate into osteoblasts, chondroblasts, myoblasts, fibroblast etc.

• Oligopotent stem cells can only differentiate into a few specific cell types, such as lym-
phoid or myeloid stem cells.

• Unipotent are the stem cells that can produce only one specific cell type but can self-
renew, which sets them apart from non-stem cells.
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Figure 1.3: Stem Cells classification based on their origin and differentiation potency. Following
the fusion of an egg and sperm cell (A), a totipotent zygote is formed (B), which can develop
into any cell type. The zygote undergoes division to form a blastocyst containing pluripotent
embryonic stem cells (ESCs) within its inner cell mass (C). These pluripotent cells can differ-
entiate into nearly all cell types derived from the three germ layers: ectoderm, mesoderm, and
endoderm. Adult stem cells (ASCs), multipotent or oligopotent, arise from these germ layers
and can differentiate into a limited range of related cell types (D). Perinatal stem cells, includ-
ing amniotic epithelial cells, fetal stem cells, and umbilical cord stem cells, are multipotent
(E). Additionally, somatic cells can be reprogrammed through gene transfer to create induced
pluripotent stem cells (iPSCs), which exhibit pluripotency similar to ESCs (F). Unipotent stem
cells, capable of self-renewal, can only differentiate into one specific cell type (G). (Created in
BioRender.com).

Stem cells can also be classified based on their origin (Figure 1.3):

• Embryonic Stem Cells (ESCs) Embryonic stem cells are derived from the inner cell
mass of a blastocyst, an early-stage embryo. These cells are pluripotent, meaning they
can differentiate into nearly all body cell types. This high versatility makes them a critical
focus of research in regenerative medicine and developmental biology [94, 104].

• Adult Stem Cells (ASCs) or somatic stem cells are found in various tissues and organs
of the body after development (e.g. bone marrow, peripheral blood, dental pulp, adipose
tissue, skeletal muscle, etc). They are typically multipotent, meaning they can differen-
tiate into a limited range of cell types related to their tissue of origin. Examples of adult
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stem cells include hematopoietic stem cells (HSCs), which are found in bone marrow and
differentiate into various blood cells, and mesenchymal stem cells (MSCs), which are also
found in bone marrow, adipose tissue, and other locations, and can differentiate into bone,
cartilage, fat, and muscle cells. Neural stem cells, found in the brain, and epithelial stem
cells, located in the lining of the gastrointestinal tract and skin, are also types of ASCs.
The former can differentiate into neurons, astrocytes, and oligodendrocytes, and the latter
into various types of epithelial cells [22, 204].

• Induced Pluripotent Stem Cells (iPSCs) are somatic (adult) cells that have been genet-
ically reprogrammed to an ESC-like state. Like embryonic stem cells, iPSCs are pluripo-
tent and can differentiate into nearly all body cell types. This reprogramming provides a
valuable tool for research and potential therapeutic applications without the ethical con-
cerns associated with embryonic stem cells [22, 41, 94, 104]

• Perinatal Stem Cells are derived from perinatal tissues such as the placenta, umbilical
cord blood, and amniotic fluid. These cells are generally multipotent, and compared to
MSCs, umbilical cord-derived stem cells are much more readily available. For instance,
umbilical cord blood cells contain hematopoietic stem cells that can differentiate into
various blood cells. Similarly, amniotic fluid stem cells have the potential to differentiate
into a range of cell types, including those of the mesodermal and ectodermal lineages
[43, 151]

1.2.1 Stem cell mechanosensitivity

Stem cells are highly responsive to mechanical signals, which can influence their fate and be-
haviour. Therefore, mechanosensitivity affects them in various ways and plays a crucial role in
their differentiation. This phenomenon is a key aspect of tissue engineering, homeostasis, and
regeneration [66].

Substrate stiffness is one of the most extensively studied mechanical factors influencing stem
cell differentiation. Stem cells are highly sensitive to the rigidity of the ECM, and their shape
and size are closely linked to the stiffness of the substrate. Depending on its value, this stiff-
ness can also guide differentiation into specific cell lineages. For example, stem cells cultured
on soft substrates with brain-like stiffness tend to adopt a rounded shape and are more likely
to differentiate into neuronal or adipogenic (fat) cells. In contrast, when cultured on stiffer
substrates, stem cells become elongated or stretched, favouring osteogenic (bone) differentia-
tion. These responses are regulated by mechanosensitive molecules, such as integrins, which
connect the ECM to the cytoskeleton, and by signalling pathways, including RhoA, YAP/-
TAZ, and MAPK, which influence gene expression and drive lineage-specific differentiation.
[25, 60, 66, 130, 138, 164, 182, 194].
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Since stem cells maintain a dynamic equilibrium between contractile forces from the actin
cytoskeleton and the ECM, the mechanical tension within the cell influences the cytoskeletal
structure, which regulates stem cell behaviour. For example, high tensile forces are associated
with mesodermal differentiation (e.g., muscle or bone cells), while lower tension favours ecto-
dermal differentiation (e.g., neural cells). The mechanotransduction process involves molecules
such as focal adhesion kinase (FAK) and paxillin, which transduce mechanical signals from the
ECM to the inside of the cell, ultimately affecting gene expression patterns and stem cell fate
[125, 130, 138].

Beyond studying disease, exploiting mechanosensitivity has profound implications for regener-
ative medicine. Tissue-engineering strategies use mechanical conditioning to enhance the matu-
ration and function of engineered constructs: cyclic stretch improves vascular graft performance
[61], while compressive loading promotes cartilage formation [128]. Therefore, assessment of
cellular mechanosensitivity is essential for both basic research and translational applications.

In the following section, the state of the art in cell mechanosensitivity assessment, along with its
limitations, is presented.

1.3 Mechanosensitivity assessment

Since the mechanical forces that a cell can experience vary from shear stress to compres-
sive or tensile forces, the cellular mechanosensitivity assessment is conducted by devices that
try to simulate one of the aforementioned natural stimulants. The following subsections will
present the fundamental principles of various experimental approaches developed to assess cell
mechanosensitivity [173].

In most of the presented methods, Ca2+ signalling is used as a tracking tool to observe cells’
response. This aspect will be described in detail in Chapter 3, where the development of the
Ca2+ signalling tracking device is presented.

Shear stress

The primary mechanical stress in blood vessels is shear stress, created by blood flowing along
the endothelial layer [44]. Under normal laminar flow (7–20 dyn/cm2), shear stress aligns en-
dothelial cells with the flow and boosts nitric oxide production to keep vessels healthy [157].
Therefore, studying mechanosensitivity induced by shear stress is important because it governs
endothelial function and vascular homeostasis.
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In Xu et al. 2018, a novel shear stress simulation assay was described [198]. The device consists
of a flat-headed piston powered by an acoustic transducer operated by a signal generator (Figure
1.4 (A)). When in operation, the piston is immersed in a buffer in a transparent-bottom container,
moving up and down at a controlled frequency and amplitude to create obstructed fluid motion
in an oscillatory fashion. The moving fluid enforces shear stress on the cells seated on the bot-
tom of the container. A detector below the container records the cells’ response to the applied
shear stress. Following initial testing of the piston-container device, the system was scaled up
to a format with a 3D-printed 384-pin stimulation array affixed to a voice coil. The scaled-up
system fits inside the molecular device’s fluorescence image plate reader. The pins’ shape was
optimised to prevent the trapping of air bubbles in the plate [198]. The intensity of the induced
shear stress was measured through particle image velocimetry, and it was found to be between
0.1 and 2 Pa. This intensity can be raised up to 16.7 Pa by increasing the buffer’s viscosity.
The above-described device applied shear stress at 6.5 Pa to human umbilical vein endothelial
cells (HUVECs). An increase in intracellular calcium levels in HUVECs was observed, and this
was completely eliminated by 2.5 mM EGTA. This suggested that the signal was triggered by
extracellular calcium entering the cells, which confirms that this high throughput mechanical
stimulation system is suitable for simulating shear stress application in a precise, quantitative
and reproducible fashion.

Figure 1.4: Illustration of systems applying shear stress to cells: (A) A single-piston device
powered by an acoustic transducer, which is operated by a signal generator. Shear stress is in-
duced by the oscillatory fluid movement. (B) The scaled-up system of the single-piston device
comprises a 384-pin stimulation array. (C) Fluid shear stress system. It comprises a microchan-
nel, where the cells are seeded, an inlet for the fluid introduction, and an outlet to allow the fluid
to exit the system ([126]). (Created in BioRender.com).

In another study [127], a fluid shear stress system was used to investigate the effect of Aβ

peptides on PIEZO1 activation (Figure 1.4 (C)). The cells were dyed with a calcium indicator
(Fluo4_AM) and imposed to single square, shear pulses of 10 ms duration at 15 dynes/cm2. The
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effect of the shear stress on the cells was monitored by genetically encoded optical force probes
embedded in actin. It was shown that 22 sec after the first stimulus, the cells exhibited a drastic
increase in Ca2+ concentration, which was followed by a loss of fluorescence, demonstrating
adaption or inactivation after 60 sec.

Compression forces

The predominant form of mechanical stress in our body is compression. Almost all the cells
in our body are under constant compression. For instance, osteocytes are under compression
when we stand, sit, or walk. Thus, a device imitating this form of mechanical stimuli is of great
importance and will significantly facilitate the understanding of cell mechanosensitivity.

He et al studied the response of mammalian cells under mechanical compression. The device
used for this purpose consists of an upper and a lower chamber separated by a polydimethyl-
siloxane (PDMS) layer of 200 µm thickness (Figure 1.5 (A)). When the upper chamber gets in-
flated by air pressure, the PDMS membrane moves downwards and compresses the mammalian
cells, which are cultured in the lower chamber [87]. The applied compression is controlled
by micropillars of the same material as the membrane (PDMS). Their role is to support the
PDMS membrane and implement a threshold for its downward movement, regulating the degree
of compression of the mammalian cells in this way. A fluorescence resonance energy transfer
(FRET)-based sensor was used to track the response of RhoA activity in cells under different
environments in real time. It was shown that the RhoA (ras homolog gene family member A)
activity decreases when mechanical compression is applied and returns to its initial level when
it ceases. The fact that the cells respond to a mechanical stimulus generated by the air-driven
microfluidic compression device suggests that it is suitable for studying cell mechanosensitivity.

A. Sugimoto et al. 2017 used a custom-made hydrostatic pressure chamber (Figure 1.5(B))
to investigate the effect of hydrostatic pressure (HP) on cell fate determination of mesenchy-
mal stem cells (MSCs) by monitoring their differentiation into osteoblasts [169]. For this study,
MSCs and MSC lines (UE7T-13 and SDP11) loaded with Yoda1 (Piezo1 activator) or GsMTx4
(Piezo1 inhibitor) were used. Atmospheric pressure was set as the zero reference point, and hy-
drostatic pressure was applied by increasing the pressure of either the gas phase or the aqueous
medium. BMP2 expression, which is a key indicator of osteoblast differentiation, was measured
as the primary outcome. When Piezo1 was inhibited, BMP2 expression was reduced, and os-
teoblast differentiation was impaired. Similarly, BMP2 blockade prevented the pressure-induced
upregulation of osteogenic marker genes. These results indicate that Piezo1, which is upregu-
lated in primary MSCs and MSC lines under hydrostatic pressure, functions as a pressure sensor
that drives BMP2 expression and promotes osteoblast differentiation.
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Figure 1.5: Experimental setup for applying and measuring compression forces on cells: (A)
Schematic of a PDMS-based microdevice used to confine and apply controlled compression to
cells. (B) A hydrostatic pressure loading system within a thermostatic oven (25°C or 37°C) to
regulate environmental conditions for cell culture. (C) Atomic Force Microscopy (AFM) setup
for measuring mechanical responses, where a laser and photodiode detect cantilever deflection
as force is applied to cells seeded on a petri dish. (Created in BioRender.com).

B. Gaub et al. 2017 employed AFM-based force spectroscopy combined with confocal mi-
croscopy to mechanically stimulate living mammalian cells and characterise the activation of
the Piezo1 receptor. Hence, the receptor activity was monitored by real-time fluorescent cal-
cium imaging. The experimental assay is described in Figure 1.5 (C). The cells (neuroblastoma
and human embryonic kidney cells) were loaded with the mechanosensitive receptor Piezo1 co-
expressing GFP and the calcium indicator jRCaMP1a. The expression of both was observed by
the confocal microscopy following the applied compression stimulus [76].

Tensile forces

The main mechanical stress that stretches cells and their surrounding matrix is tensile force. Car-
diomyocytes experience cyclic tension with every heartbeat, which influences their alignment
and gap-junction organisation [67], and skin fibroblasts align and alter gene expression when
subjected to uniaxial stretch [57]. Therefore, studying mechanosensitivity to tensile forces is
important because it reveals how cells detect and adapt to stretching, ensuring proper tissue
structure and function.
B Gaub et. al 2017 describe how the same setup, that was used to apply compression forces, was
utilised to investigate the Piezo1 receptor response to mechanical pulling instead of compres-
sion. For this purpose, the bead and cantilever were fixed with Matrigel, a mix of ECM proteins,
and lowered onto the cell until reaching the contact force required for mechanically activating
Piezo1 receptors (Figure 1.6 (A)). The cantilever and bead were kept at that position for 60 sec
to ensure cell adhesion to the ECM proteins. The cell membrane was stretched locally at the
adhesion point by rapidly pulling back the cantilever. This pulling force resulted in a strong
calcium signal in the cells.
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Figure 1.6: Experimental setup for applying and measuring tensile forces in cells: (A) Atomic
Force Microscopy (AFM) setup used to apply mechanical force on cells via a cantilever while
measuring responses through laser reflection onto a photodiode. Cells are embedded in a matrix
containing extracellular matrix (ECM) proteins and Matrigel, with Piezo1 mechanosensitive
ion channels indicated. (B) Schematic representation of an electrophysiological setup using
an electrode to measure cellular responses to mechanical stimulation. The signal is amplified
through an operational amplifier with a feedback resistor while the system is grounded to Earth.
(Created in BioRender.com).

For the investigation of the mechano-electrical coupling, E. de Coulon et al 2021 created a lin-
ear strain single-cell electrophysiology (LSSE) device to produce unidirectional strain events
to adherent cells kept in whole cell patch clamp recording configuration (Figure 1.6 (B)) [56].
The system they developed consists of the strain stage, which produces the required stimulus,
and a spatial stabilisation system of high accuracy, vital for maintaining the sealing formed
by the patch pipette on the cell surface unharmed during strain-induced cell movements. A
flexible cell culture dish is located at the centre of the LSSE system. During the strain ap-
plication, the cell is kept in place and contact with the micropipette-electrode by 6 µm beads
functionalised with black-dyed polystyrene. The culture dish is fixed by a pair of brackets to
the piezo-actuated strain stage, which is mechanically fixed to a 3D positioning control system.
This system combines a 3-axis nanopositioner to stabilise the cell-micropipette interface in all
significant directions during the straining of the patched cells. The patch pipette is fixed to a
scanning ion conductance microscope, and the whole LSSE system is fitted on the stage of an
inverted microscope equipped for epifluorescence. The cells were marked with a fluorescent
cell membrane, and their substrate (flexible culture dish) was subjected to different magnitudes
of strain. It was shown that the applied strain stimulus is transmitted effectively to the adherent
cells. The effect of the applied strain on the cells was monitored by mounting the cells to whole-
cell voltage-clamp recording. The mechanosensitive activated currents increased at higher strain
amplitudes, with some of them exhibiting a sigmoidal strain dependence.
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1.3.1 Limitations

Yet despite the importance of mechanical signals, our ability to measure how cells respond to
mechanical force is still limited to slow, low-throughput methods, such as atomic force mi-
croscopy [76] or microchannels [127] for compression force or shear stress application, which
can test only dozens to hundreds of cells at a time. To accelerate both basic research and clini-
cal translation, we need new high-throughput, real-time assays that can track mechanosensitive
signalling across thousands of cells simultaneously.

1.4 Towards High-Throughput

The gold standard in HT single-cell analysis is flow cytometry (FC). FC is a multi-parametric
technique with applications in multiple disciplines, such as immunology, virology, molecular
biology, cancer biology and infectious diseases, offering a solid platform for quantifying and
analysing particles suspended in a fluid. FC enables researchers to explore cells’ or particles’
complex physical and chemical characteristics within a biological sample. Through FC, scien-
tists can thoroughly measure and assess various cell properties such as cell size and granularity,
as well as the expression patterns of specific cell surface and intracellular molecules, specific
messenger Ribonucleic Acid (mRNAs), and the amount of total Deoxyribonucleic Acid (DNA).
This information emphasises the FC potential, as it unlocks valuable insights into cellular be-
haviour and functionality [16, 42, 131].

An evolution of FC is the fluorescent-activated cell sorting (FACS). FACS utilises fluorescent
labelling technology to enable the isolation of specific cell subpopulations with precision. This
technology relies on the emission of fluorescent signals by labelled cells, allowing researchers
to sort and separate distinct cellular subsets based on their unique fluorescence profiles. This
approach revolutionises the field, providing a means to isolate and study specific cell types in a
targeted manner [42].

In the following subsections, the underlying principles governing both FC and FACS will be
presented. Additionally, a focus will be placed on the innovative applications and advancements
of these methodologies.

1.4.1 Flow cytometry principle

Traditional flow cytometers are complex devices comprising three basic components: fluidics,
optics, and electronics. The fluidics system uses a precisely calibrated pressurised sheath fluid,
usually a buffered saline solution, to deliver and accurately focus the sample at a laser beam,
where the critical analysis occurs [131].



CHAPTER 1. INTRODUCTION 14

Figure 1.7: A schematic illustration of a flow cytometer (Created in BioRender.com).

Within the optical system of the flow cytometer, excitation sources, such as lasers, and detec-
tors, such as photomultiplier tubes (PMTs) and photodiodes, are responsible for the generation
and collection of visible and fluorescent signals, respectively, which are essential for compre-
hensive sample analysis. As cells pass through the laser beam, scattering occurs in multiple
directions, resulting in forward scatter (FSC) and side scatter (SSC) light patterns depending on
the positioning of the detector in relation to where the laser interacts with the cells (Figure 1.7).

Figure 1.8: (A) The Forward Scatter (FSC) gives information about the cell’s size as a function
of a measurement voltage, which is proportional to the FSC light. The higher the voltage,
the bigger the cell. (B) The Side Scatter (SSC) gives information about the cell’s shape and
internal complexity as a function of a measurement voltage, which is proportional to the SSC
light. (C) By analysing the FSC and SSC together, the researcher can understand a cell’s size,
shape, and complexity. The FSC and SSC data analysis allows the researcher to divide the
heterogeneous population of cells into individual populations with varying sizes, shapes and
complexity (Created in BioRender.com).

These patterns offer valuable insights into the cell’s size and morphology. More precisely, FSC
is proportional to the size of the cell. Larger cells diffract more light in the forward direction
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than smaller ones because they have a greater cross-sectional area to interact with the light beam.
The detector converts the scattered light into a voltage pulse, which is directly proportional to
the amount of the scattered light. The amount of SSC light is detected by a detector located
perpendicular to the path of the laser beam. SSC is proportional to the shape and internal com-
plexity of a cell. Like with FSC light, the PMT converts the detected SSC light into a voltage
pulse, directly proportional to the amount of SSC light (Figure 1.8) [53, 167].

Figure 1.9: Schematic illustration of fluorescence, FSC, SSC in a flow cytometer (Created in
BioRender.com).

Apart from the physical characteristics of a cell, FC can give information on the molecular com-
position of a cell. In particular, to identify specific surface or intracellular molecules, cells need
to be marked by fluorescent reagents prior to flow cytometric analysis [42]. These could include
fluorescently conjugated antibodies, DNA binding dyes, viability dyes, ion indicator dyes and
fluorescent expression proteins. In that case, the laser beam is incident to the cell and excites
the fluorescent agent, which emits fluorescent light, along with the scattered light [131]. The
fluorescent light from the excited fluorophores can be of various wavelengths, and the scattered
light is typically directed at a 90-degree angle (SSC) (see Figure 1.9). Through a lens, the light
is guided to a series of dichroic mirrors that focus it onto PMTs. The bandpass filters located
in front of the PMTs isolate particular wavelengths of light. This precision in filtering enables
the detection and the precise measurement of individual fluorophores utilised in the analysis, as
shown in Figure 1.7 [34, 131].



CHAPTER 1. INTRODUCTION 16

Fluorescence-Activated Cell Sorting (FACS) is an advanced flow cytometry (FC) extension en-
hanced by fluorescent labelling. In this process, cells are tagged with fluorescent markers that
bind to specific intracellular or surface molecules. When these target molecules are present, the
labelled cells emit a fluorescent signal, which is detected by a detector. As cells pass through
the flow cytometer, they are encapsulated into droplets by a vibrating mechanism at the tube’s
nozzle. At the end of the nozzle, an electrical charging ring assigns a positive or negative charge
to each droplet based on the presence or absence of the target molecule. An electric field then
guides the charged droplets towards different containers: positively charged droplets are di-
rected to a container with a negative electrode, negatively charged droplets to a container with
a positive electrode, and neutral droplets are collected in a waste container. This precise sorting
mechanism allows for the separation and collection of cells based on the specific molecules they
express [62, 68, 75, 156].

Figure 1.10: Fluorescence Activated Cell Sorting (FACS): (A) A target cell type within a mix-
ture of cells is fluorescently labelled. (B) The cell mixture leaves the nozzle in droplets. A laser
beam strikes each droplet. FSC detector identifies cell size. SCC detector identifies fluores-
cence/granularity. Electrode assigns positive (+) or negative (-) charge. (C) Positively charged
cells move closer to the negatively charged (-) plate and vice versa. (D) The separated cells are
collected in different collection tubes (Created in BioRender.com).



CHAPTER 1. INTRODUCTION 17

1.4.2 Limitations

A significant limitation of current technological advancements is the challenge of identifying
specific biomarkers for rare cell subpopulations or particular biological conditions. Biomarkers
such as specific surface proteins, transcription factors, or secreted factors are essential for distin-
guishing these cells, yet many physiologically or pathologically important subsets (e.g., cancer
stem cells, early progenitors, activated immune cells) lack well-validated markers that can be
used for high-throughput sorting. For instance, senescent cells, which accumulate with ageing
and disease, express various proteins and surface markers like P16, P21, SA-β -gal etc, but there
is no universal surface marker to positively identify all senescent cells for isolation or in vivo
tracking [48, 59, 88].

While label-free methods for marking individual cells in high-throughput scenarios show promise,
they face a major obstacle: they are not directly compatible with existing cell-sorting processes.
This issue complicates the efforts of researchers and healthcare professionals to accurately iden-
tify and sort rare cell types or cells with specific biological characteristics. The difficulty in
integrating label-free methods with cell-sorting procedures slows the progress of biomedical re-
search and clinical applications.

To address this, scientists are exploring innovative strategies to link label-free marking tech-
niques with cell-sorting methodologies. Overcoming this challenge could significantly enhance
our ability to study and isolate rare cell populations, leading to significant advancements in
cellular biology research and medical diagnostics. These improvements could result in more
effective therapeutic methods and better patient outcomes in various diseases.

While flow cytometry remains the gold standard for HT single-cell analysis due to its speed
and multiparametric capabilities [148], it is often limited in terms of assay flexibility, integra-
tion with other analysis modalities, and reagent consumption. Microfluidics addresses many
of these limitations by offering customisable platforms that can sort, culture, and analyse cells
in a controlled microenvironment [159, 190]. Their versatility and compatibility with live-cell
analysis make them particularly valuable for stem cell research and mechanobiology [159, 206].

1.4.3 Microfluidics

Microfluidics pertains to the science and technology concerning systems that manipulate or pro-
cess minute volumes of fluids, typically ranging from 10−6 to 10−18 litres, utilising channels
with dimensions spanning tens to hundreds of micrometres. Typically employed fluids within
microfluidic apparatus involve whole blood samples, bacterial cell suspensions, protein or anti-
body solutions, and assorted buffers ([70].
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Microfluidics’ initial applications primarily focused on analysis, capitalising on several advan-
tageous features. Given the minute volumes within these chambers, there’s a consequential
reduction in the consumption of reagents and analytes, a significant advantage when dealing
with costly reagents. On top of that, they facilitate high-resolution separations and detections
along with rapid analysis times and compact device footprints[190].

The functionality of microfluidic devices extends to intriguing measurements, spanning molec-
ular diffusion coefficients, fluid viscosity, pH levels, chemical binding coefficients, and enzyme
reaction kinetics. Additionally, microfluidic platforms find diverse applications in techniques
such as capillary electrophoresis, immunoassays, flow cytometry, sample injection for mass
spectrometry analysis, PCR amplification, DNA analysis, cell manipulation, chemical gradient
formation and more. These applications’ versatility renders great potential particularly valuable
in clinical diagnostic settings ([1]).

Principles

The principles governing microfluidics differ significantly from those of macroscale fluid dy-
namics due to the dominance of surface forces, low Reynolds numbers, and laminar flow condi-
tions.

• Laminar Flow and Reynolds Number:

Fluid motion is governed by two key forces: inertial and viscous. Inertial forces arise from the
fluid’s momentum. They are related to the mass of a fluid and its tendency to keep moving in
the same direction unless something stops or redirects it. Inertial forces, when dominant, cause
the fluid to create swirls and turbulence [23, 153, 168].

Viscous forces are the resistance of a fluid to being deformed or moved. It can be described
as the friction between layers of fluid that are sliding past each other. Viscous forces, when
dominant, make flow smooth and controllable [168].

Reynolds number (Re), is a dimensionless parameter relating inertial forces to viscous forces
of a flowing fluid, and is mathematically described by the following equation [168, 190]:

R(e) =
ρ ×u×L

µ

Where,
ρ: Fluid density
u: velocity
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L: Characteristic length (e.g. channel width)
µ: Dynamic viscosity.

The numerator of the Re equation describes the inertial forces while the denominator represents
the viscous forces. In microfluidic systems, Re is usually much less than 1, indicating that
viscous forces dominate over inertial forces, preventing turbulence and allowing precise control
over fluid mixing and transport ([1]).

• Surface Tension and Capillary Effects:

Due to the small dimensions of microfluidic channels, surface tension and capillary forces be-
come significant and facilitate the liquid movement through the microchannels. Furthermore,
these forces influence droplet formation, fluid interface behaviour, and spontaneous flow in
capillary-driven systems ([70]).

• Diffusion and Mixing:

Diffusion and mixing are fundamental processes in microfluidic systems, mainly due to the
challenges associated with adequate mixing at the microscale. The absence of turbulence neces-
sitates the development of advanced strategies to achieve uniform fluid distribution ([1]).

Molecular diffusion:

Diffusion occurs in a predictable manner governed by concentration gradients. In microflu-
idic environments, mixing is primarily diffusion-driven, operating over timescales distinct from
those in macroscopic systems.

Passive mixing strategies:

Passive approaches, including the use of curved channels and geometric constrictions, enhance
mixing by inducing chaotic advection. These methods improve fluid homogenisation without
requiring external energy sources or mechanical components.

• Velocity Profile for a Rectangular Microchannel:



CHAPTER 1. INTRODUCTION 20

Figure 1.11: Laminar flow velocity profile in a rectangular channel. The schematic illustrates the
parabolic velocity distribution, where the maximum velocity (Umax) occurs at the centre of the
channel, while the average velocity (Uavg) is lower and located closer to the walls. The channel
dimensions are represented by width (w) and height (h). (Created in BioRender.com).

For fully developed laminar flow in a rectangular channel, the velocity profile is given by ([2,
99]):

v(x,y) = vmax

(
1− x2

w2

)(
1− y2

h2

)
(1.1)

Where:
v(x,y): velocity at a point in the cross-section
vmax: maximum velocity (at the centre, x = 0,y = 0)
w: channel width
h: channel height.

Derivation of the average velocity

The average velocity is obtained by integrating the velocity profile over the cross-sectional area
and dividing by the total area:

vavg =
1
A

∫
A

v(x,y)dA (1.2)

Since the cross-section is rectangular, we write:

vavg =
1

wh

∫ w/2

−w/2

∫ h/2

−h/2
vmax

(
1− x2

w2

)(
1− y2

h2

)
dxdy

Expanding the expression:

vavg =
vmax

wh

∫ w/2

−w/2

(
1− x2

w2

)
dx

∫ h/2

−h/2

(
1− y2

h2

)
dy

We solve each integral separately.
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First Integral (over x):

Ix =
∫ w/2

−w/2

(
1− x2

w2

)
dx

Using the standard integral formulas:

∫
x2dx =

x3

3
Evaluating from −w/2 to w/2:

Ix =

[
x− x3

3w2

]w/2

−w/2

Since the cubic terms cancel:

Ix = w− w
12

=
10w
12

=
5w
6

Second Integral (over y):

Similarly,

Iy =
∫ h/2

−h/2

(
1− y2

h2

)
dy

Iy = h− h
12

=
10h
12

=
5h
6

Final Computation of Average Velocity

Substituting these results:

vavg =
vmax

wh
×
(

5w
6

)
×
(

5h
6

)

vavg = vmax ×
25
36

vavg ≈
2
3

vmax

Final Relationship

For a rectangular microchannel:

vavg ≈
2
3

vmax (1.3)
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Thus, the average velocity is approximately 67% of the maximum velocity in a rectangular
channel.

1.5 Aims and Objectives of the project

With the increasing need for high-throughput assessment of cellular mechanosensitivity, this
project aims to develop and apply innovative tools for real-time functional analysis of stem cells.

The primary objectives of this thesis are as follows:

1. Device Development:
To design and fabricate a microfluidic device capable of monitoring intracellular calcium
(Ca2+) signalling in real time with high throughput. This allows dynamic tracking of
cellular responses to external stimuli at single-cell resolution.

2. Mechanical Stimulation and Response Analysis:
To integrate a mechanical stimulation feature into the device, enabling the mechanical
stimulation of cells (compression) while simultaneously recording their Ca2+ signalling
responses.

3. Ageing effects on Stem Cell Mechanosensitivity:
To investigate how stem cell mechanosensitivity is modulated by ageing (see subsection
5.1.2). This includes comparing the expression of mechanosensitive markers of aged and
non-aged stem cells. The long-term vision would be to characterise and sort stem cells
based on their mechanosensitivity. Such a tool would enable the selection of cells best
suited for specific therapeutic or engineering applications, improving treatment outcomes
and product consistency.



Chapter 2

Methodology

This chapter provides a comprehensive overview of the materials, general techniques, and exper-
imental protocols employed throughout this study. In addition, the statistical analysis approach
applied to process and interpret the experimental data is described. Materials and methods spe-
cific to each experimental chapter are detailed within the corresponding chapters.

2.1 Materials

The materials used in this project are listed in the following tables:

Product ID Provider

BD Plastipak Luer Lock Concentric Tip
Syringes 3mL x 200

309658 Medisave Ltd

Miraject Endo Luer 0.3 x 40 mm, G30 138484 Praxisdienst

Polyethylene (PE) Tubing BTPE-20, PE-20 Linton

Standard Infuse/Withdraw PHD
ULTRATM Syringe Pumps

70-3007 Harvard Apparatus

Inverted microscope IX73 Olympus

Confocal microscope LSM980 Zeiss

Inverted microscope EVOS M7000 Thermo Fisher

Table 2.1: Microfluidics materials.

23
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Reagent ID Provider

DMEM 11995065 Gibco

DPBS 14040-083 Gibco

FBS A5256801 Gibco

Penicillin-Streptomycin 15140122 Gibco

DMSO 276855 Sigma

Trypsin - EDTA 0000249968 Sigma

Cal-520, AM ab171868 Abcam

ATP R0441 Thermo Fisher Scientific

Yoda1 5586/10 Bio-Techne

Trypan Blue 15250061 Gibco

Accumax 00466656 Thermo Fisher Scientific

Optiprep 07820 STEMCELL Technologies

Alamar Blue DAL1100 Thermo Fisher Scientific

NEAA 11140-035 Gibco

Amphotericin B 15290-026 Gibco

FxCycleTMPI/RNase P5770417 Thermo Fisher

IRDye® 800CW Goat Anti-Mouse IgG 926-32210 Licor

IRDye® 800CW Goat Anti-Rabbit IgG 926-32211 Licor

IRDye® 680CRD Goat Anti-Rabbit IgG 926-68071 Licor

Table 2.2: Reagents used in cell culturing and testing.

2.2 Cells

Human embryonic kidney cells (HEK293T) were used for the experiments in Chapters 3 and 4,
and human mesenchymal stem cells (hMSCs) were used for the experiments in Chapter 5.

HEK293T cells were used as the model cell line for the development and validation of the
HT microfluidic device, and it was selected for multiple reasons. First, they possess a well-
characterised mechanosensitive channel expression and gating mechanism [50]. HEK293T
cells are widely used to study the expression of mechanosensitive ion channels, and in par-
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ticular, Piezo1, the activation of which has been shown to depend solely on membrane tension
rather than integrin–ECM interactions [52, 174]. This means that direct mechanical deformation,
whether applied via substrate stretch or by squeezing a suspended cell through a microchannel,
can reliably open Piezo1 in HEK293, independent of cell adhesion [116]. Second, as an immor-
talised line, HEK293T cells proliferate rapidly, remain phenotypically stable across passages,
and tolerate repeated detachment–seeding cycles without loss of viability or mechanosensitive
function [3]. Together, these features (robust, adhesion-independent channel activation, continu-
ous availability, and consistent behaviour) make HEK293T cells an ideal platform for developing
a high-throughput, real-time mechanosensitivity assay.

Human mesenchymal stem cells (hMSCs) are highly relevant in clinical and regenerative medicine
applications. As multipotent stem cells that can differentiate into bone, cartilage, and fat tis-
sues—key targets in tissue engineering—they offer valuable insights with direct translational
potential [61, 66]. Importantly, studies have shown that hMSCs from older donors display re-
duced responsiveness to substrate stiffness and altered calcium signalling compared to younger
donors, leading to impaired osteogenic and chondrogenic differentiation [166, 184]. Given these
age-related functional changes, the ability to characterise hMSCs based on their mechanosen-
sitivity is critically important. For this reason, hMSCs were selected for a preliminary study
exploring how ageing influences their mechanosensitive response.

2.2.1 HEK293T cells

The cell line HEK293T was obtained from the ATCC company (CRL-3216T M).

Cell culturing

The cells were cultured in pyruvate-free Dulbecco’s Modified Eagle Medium (DMEM) supple-
mented with 1% Penicillin-Streptomycin (P/S) and 10% Fetal Bovine Serum (FBS) (Table 2.2).
Cultures were maintained at 37◦C in a humidified incubator with 5% CO2. The medium was
replaced every 2 or 3 days until the cells reached 70% confluency. At this point, the cells were
passaged by treating them with 0.25% Trypsin-EDTA for 3 minutes in the incubator. After in-
cubation, trypsin activity was neutralised by adding DMEM to the flask in a volume twice that
of the trypsin used. The solution containing trypsin, DMEM, and detached cells was transferred
to a falcon tube and centrifuged for 5 minutes at 1300 rpm. After centrifugation, the super-
natant was discarded, and the cell pellet was resuspended in DMEM. A 10 µL aliquot of the
resuspended pellet is mixed with trypan blue at a 1:1 ratio to assess cell viability. The stained
sample was then transferred to a hemocytometer, and the cell count and viability (percentage of
live and dead cells) were determined using a cell counter (Invitrogen Countess 3). Following
the appropriate calculations, the resuspended cell pellet could be used for subcultures or further
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processing, such as staining.

2.2.2 Human mesenchymal stem cells (hMSCs)

The hMSCs were purchased from PromoCell (C-12974, lot number: 488Z011).

Cell culturing

The cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 1%
Penicillin-Streptomycin (P/S) and antifungal, 10% Fetal Bovine Serum (FBS), 1% Pyruvate,
1% Non-Essential Amino Acids (NEAA), (Table 2.2). Cultures were maintained at 37◦C in
a humidified incubator with 5% CO2. The medium was replaced every 2 or 3 days until the
cells reached 70% confluency. At this point, the cells were passaged the same way as described
in subsection 2.2.1. After counting, the hMSCs were either subcultured or used for intended
experiments.

2.2.3 Cell staining with calcium-sensitive dye

The cells were seeded on a cell culture-treated surface (petri dish or well plate) at a density of
approximately 35×103 cm −2 and incubated overnight to promote cell adhesion. The next day,
the culture medium was replaced with fresh medium containing 5 µM Cal520AM. The petri
dish was covered with aluminium foil to protect the light-sensitive stain from photobleaching.
The cells were then incubated for 1.5 hours to allow the stain to diffuse into the cytoplasm. After
the incubation period, the medium is discarded, and the cells were washed three times with 1
mL physiological solution (preparation protocol to follow) to remove any remnants. Thereafter,
the cells were ready to be used for any desired application.

2.3 Cell-based analytical techniques

2.3.1 Alamar blue

Alamar Blue is a cell viability assay reagent used to measure cell proliferation, cytotoxicity, and
metabolic activity in various biological experiments. It is a non-toxic, water-soluble compound
containing resazurin, a blue dye redox indicator that changes colour in response to metabolic re-
duction within cells. Its reduced form, resorufin, appears pink and exhibits strong fluorescence.
The fluorescence intensity, or else the reduction of the Alamar Blue, is directly proportional to
the number of metabolically active cells [121].
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Staining

The medium in the flasks containing the cultures under investigation was replaced with fresh
medium supplemented with 10% Alamar Blue.
The flasks were then incubated for 8 hours at 37◦C in a humidified incubator with 5% CO2. As
a negative control, plain medium with 10% Alamar Blue was incubated under the same condi-
tions. After incubation, aliquots of the medium from each flask were transferred to a 96-well
plate, with three technical replicates prepared for each sample. Similarly, the plain medium con-
taining Alamar Blue was aliquoted into three replicates. Finally, the 96-well plate was analysed
using a plate reader to measure the absorbance at 570 nm and 600 nm wavelengths.

The following equation was used to calculate the percentage reduction of Alamar Blue:

Percentage Reduction of Alamar Blue =
(O2 ×A1)− (O1 ×A2)
(R1 ×N2)− (R2 ×N1)

×100 (2.1)

Where,
O1= Molar extinction coefficient (E) oxidised Alamar Blue at 570 nm
O2= Molar extinction coefficient (E) oxidised Alamar Blue at 600 nm
R1= Molar extinction coefficient (E) of reduced Alamar Blue at 570 nm
R2= Molar extinction coefficient (E) of reduced Alamar Blue at 600 nm
A1= Absorbance of test wells at 570 nm
A2= Absorbance of test wells at 600 nm
N1= Absorbance of negative control well (media plus Alama Blue but no cells) at 570 nm
P2= Absorbance of negative control well (media plus Alama Blue but no cells) at 600 nm

A higher percentage value indicates more significant metabolic activity in the cells being stud-
ied.

2.3.2 Flow cytometry - cell cycle

The cell cycle refers to the process of cell division. Flow cytometry is a powerful technique
used to analyse the cell cycle by quantifying the DNA content of individual cells. This method
provides insights into the distribution of cells across different cell cycle phases (G0,/G1 where
the cell increases in size, S where it copies its DNA, G2 where it prepares to divide and M where
it divides). It is widely employed in research areas such as cancer biology, drug development,
and cell biology [7, 12, 102].
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Cell fixation

Before the staining, the cells must be fixed to preserve their structure.

Cells were harvested as described in "Cell Culture" in subsection 2.2.1. Three technical repli-
cates were prepared for each cell sample, with each replicate consisting of 100,000 cells. The
cells were pelleted by centrifugation, and the supernatant was discarded. The cell pellet is gently
loosened by tapping the tube to resuspend it in the residual liquid.

Subsequently, 1 mL of room-temperature PBS was added to the tube. The entire resuspended
cell solution was then slowly transferred into 4 mL of absolute ethanol stored at -20oC. Dur-
ing this step, the cell suspension was added dropwise to the ethanol while vortexing the tube at
maximum speed. The sample was incubated at -20oC for 5 to 15 minutes.

Cell staining

Following incubation, the cells were pelleted again by centrifugation, and the supernatant was
carefully removed. Tapping the tube gently loosened the pellet, and 500 µL of FxCycle™
PI/RNase staining solution was added. The solution was mixed by gently pipetting up and
down, followed by vortexing. The tube is then left in the dark for 15 minutes before analysis.

FlowJo analysis

FlowJo software was used to analyse this project’s Cell Cycle tests. FlowJo is a powerful soft-
ware tool used to analyse flow cytometry data.

The analysis started by plotting the data as FSC vs SSC. The data gating followed, which allows
the user to select the cell population of interest. The bottom left population (red circle) (Figure
3.3A) represents events with low side scatter, which typically corresponds to cell debris, dead
cells, or small non-cellular particles. These are not of interest because they lack the granularity
and size expected from intact, viable cells like mesenchymal stem cells (MSCs). The population
enclosed in the yellow circle (Figure 2.1A) includes the larger and more granular events con-
sistent with viable MSCs. These cells show moderate to high SSC-A, indicating healthy, intact
cells with expected internal complexity. Since this is the population of interest, it is gated as
shown in Figure 2.1B and isolated for further analysis (Figure 2.1C).
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Figure 2.1: Gating of the desired cell population with the FlowJo software. (A) The lower left
corner (red circle) is excluded because it mostly contains non-viable cells or debris, which do not
meet the size and granularity criteria for MSCs. (B) The gate selects for the main population of
viable, intact MSCs, ensuring that (C) downstream analyses focus on relevant biological events.
(Created in BioRender.com).

Once the gating was completed and the population of interest had been defined, the plotting
changed to a histogram of the PI-A channel. This graph revealed the distribution of the cell
population in the 3 phases of the cell cycle (Figure 2.2).

Figure 2.2: Histogram showing the distribution of DNA content in a cell population stained with
Propidium Iodide (PI). The x-axis (BL3-A :: PI-A) represents the PI fluorescence intensity (area
under the curve), which correlates with the amount of DNA per cell and allows discrimination
between cell cycle phases. The y-axis indicates the number of events (cells) counted at each
fluorescence intensity. Based on DNA content, cells are classified into G1, S and G2 phases
(Created in BioRender.com).

2.3.3 Quantitative Polymerase Chain Reaction

Quantitative PCR (qPCR), or real-time PCR, is a technique used to amplify and quantify a spe-
cific DNA sequence. It is widely employed in molecular biology for applications such as gene
expression analysis, genetic variation detection, and pathogen identification [4, 63, 192].
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For experiments designated for qPCR analysis, cells were seeded in a 12-well plate at a den-
sity of 4,000 cells per cm2 for further treatment. Following the intended treatment, the cells are
washed with PBS and are ready for cell lysis.

RNA extraction

RNA samples were extracted using the Qiagen RNeasy microkit per the manufacturer’s proto-
col. 175 µL of RLT buffer was added to each well. To create one experimental replicate, the
lysates from two wells were pooled (350 µL cell lysate) and transferred to a 1.5 mL Eppendorf
tube. If RNA extraction was not performed immediately, the cell lysates were stored at -80oC
until the extraction process was conducted.

To each experimental replicate, an equal volume (350 µL) of 70% ethanol was added and thor-
oughly mixed by pipetting. The resulting mixture, including any precipitate, was transferred to
an RNeasy MinElute spin column placed in a 2 mL collection tube and centrifuged at 8,000 ×
g for 14 seconds. The flow-through was discarded, and 350 µL of RW1 buffer was added to the
column. The column was centrifuged again at 8,000 × g for 15 seconds, and the flow-through
was discarded.

At this stage, the DNase I incubation mix was prepared by combining 10 µL of DNase I stock
solution with 70 µL of RDD buffer. The solution was mixed by gentle inversion. Next, 60 µL
of the DNase I incubation mix was applied directly to the column membrane, and the column
was incubated at room temperature for 15 minutes.

Following the incubation, 350 µ of RW1 wash buffer was added to the column, which was then
centrifuged at 8,000 × g for 15 seconds. The collection tube was discarded, and the spin col-
umn was placed into a new 2 mL collection tube. Subsequently, 500 µL of RPE wash buffer
was added to the column and centrifuged at 8,000 × g for 15 seconds. After discarding the
flow-through, 500 µL of 80% ethanol was added to the column, and the column was centrifuged
at 8,000 × g for 2 minutes. The flow-through was discarded, and the column was further dried
by centrifugation at full speed for 5 minutes with the lid open.

The dried column was then transferred to a clean 1.5 mL Eppendorf tube. To elute the RNA,
14 µL of RNase-free water was applied directly to the centre of the column’s membrane, and
the column was centrifuged at full speed for 1 minute. If cDNA synthesis was not performed
immediately following RNA extraction, the RNA should be stored at -80oC.
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RNA concentration quantification

RNA quantification is the process of determining the concentration of RNA in a sample before
downstream experiments [10].

There are different methods to conduct the quantification. UV-Vis spectroscopy was used for
this project. This technique is the most commonly used method for RNA quantification, and it
entails measuring the absorbance of a diluted RNA sample at 260 nm and 280 nm. Then, Beer-
Labert’s Law is used to calculate the concentration of RNA from the absorbance measurements.

Beer-Lambert’s Law is an empirical relationship that establishes a correlation between the ab-
sorbance of a sample and its concentration. Specifically, the Law states that when a beam of
visible light passes through a chemical solution in a container of known path length, the amount
of light absorbed is directly proportional to the concentration of the solute. The following equa-
tion describes this relationship:

A = ε × c× l (2.2)

Where,
A= Absorbance
ε= Molar absorption coefficient [M-1cm-1]
c= Molar concentration [M]
l= Optical path length [cm]

For this purpose, the NANODROP 2000c, from Thermo Scientific was used (2.3) . The Nan-
oDrop spectrophotometer was initialised and blanked using 1-2 µL of RNase-free water or the
elution buffer from RNA extraction to ensure accurate baseline readings. A 1 µL aliquot of each
RNA sample was carefully pipetted onto the NanoDrop pedestal (2.3 A), ensuring no bubbles
or contaminants were introduced. The spectrophotometer’s arm was lowered (2.3 B) to create
a liquid column between the pedestal and the arm. The RNA concentration (µg/µL) was au-
tomatically calculated through Beers-Labert’s Law, based on the absorbance at 260 nm (A260).
The ratio of A260/A280 was used to evaluate the protein contamination, with values between 1.8
and 2.2 indicating pure DNA.

After each measurement, the pedestal was cleaned with RNase-free water and a lint-free tis-
sue before proceeding to the following sample.
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Figure 2.3: The device used to quantify the RNA concentration is illustrated in this figure (Cre-
ated in BioRender.com).

Reverse transcription cDNA

The template RNA, which serves as the starting material for reverse transcription into comple-
mentary DNA (cDNA), was prepared by determining the volume needed from the 14 µL of
extracted RNA to obtain 200–400 ng of RNA. The required volume of RNase-free H2O was
added to adjust the final volume to 12 µL, forming the template RNA.

The quantitect cDNA kit from Qiagen was used for the cDNA synthesis. The process started
with preparing the master mix solution (Table 2.3). All the samples and buffers were kept on the
ice for the entire duration of the reverse transcription.

Component Volume

Quantiscript Reverse Transcriptase 1 µL

Quantiscript RT buffer 4 µL

RT primer mix 1 µL

Table 2.3: Master Mix recipe.

In a 200 µL thin-walled tube, 2 µL of gDNAse enzyme was combined with the template RNA
(12 µL). The mixture was incubated at 42oC for 2 minutes, after which 6 µL of the master mix
was added, resulting in a final volume of 20 µL. The solution was then incubated at 42oC for
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15 minutes, followed by incubation at 95oC for 3 minutes to inactivate the Quantiscript reverse
transcriptase.

The cDNA concentration was adjusted to 8ng/rxn by adding nuclease-free water to standardise
all samples at the same concentration. If the real-time PCR was not conducted immediately
following reverse transcription, the cDNA should be stored at -80oC.

Real-time PCR

For the PCR tests of this project, the Quantifast SYBR Green qPCR Kit (Qiagen) was used to
perform amplification with specific primers (Eurofins Genomics, Ebersberg, Germany) related
to ageing and mechanosensitivity, as well as GAPDH and RPL3, which were used as a genetic
internal control. PCR was quantified using the 2-∆∆Cτ method, and amplification was carried out
using an Applied Biosystems 7500 Real-Time PCR system (2.4a). The reaction mix is prepared
as shown in 2.4b.

(a) Device used for the qPCR analysis (Created
in BioRender.com).

Component Volume

2 × SYBR Green PCR Master Mix 10 µL

Primer 1 (100pmol stock) 0.1 µL

Primer 2 (100pmol stock) 0.1 µL

RNase-free-water 2 7.8 µL

cDNA (8ng/rxn) 2 µL

Total reaction volume 20 µL

(b) Reaction mix recipe.

Figure 2.4: qPCR device and reaction mix.

Primer 1 and Primer 2 refer to the forward and reverse primers, respectively. These are short
sequences of nucleotides designed for precise binding to the target DNA sequence surrounding
the region of interest. The forward primer binds to the complementary strand at the 5’ end of the
target region and initiates DNA synthesis in the forward direction. The reverse primer binds to
the opposite strand at the 3’ end of the target region and promotes DNA synthesis in the reverse
direction. Together, these primers contribute to the amplification of the specific DNA segment
during the PCR cycles.
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18 µL of the reaction mix are added to 2 µL of cDNA. All the samples are prepared in 96-
well plates, and the plate is transferred into the qPCR machine for the actual test. The process
begins with the denaturation step, where the double-stranded DNA template is heated to a high
temperature, usually around 95oC, causing the DNA to separate into two single strands. Next,
during the annealing phase, the temperature is lowered to allow the primers, which are short
single-stranded sequences complementary to the regions immediately adjacent to the gene of
interest, to bind to their corresponding sequences on the single-stranded DNA templates. This
binding occurs at a specific temperature, typically between 50oC and 60oC, depending on the
primer sequence.

Following primer binding, the extension phase takes place. During this phase, the temperature is
raised to the optimal working temperature for the polymerase, typically around 72oC. The DNA
polymerase enzyme then synthesises a complementary DNA strand by adding nucleotides to the
primer, thus extending the DNA strand and amplifying the targeted region. The gene amplifies
exponentially with each cycle, where the amount of DNA doubles.

As the DNA is amplified, a fluorescent signal accumulates, which the qPCR system measures in
real time. The fluorescence intensity correlates with the amount of the amplified DNA, allowing
for the quantification of the gene of interest. This process is repeated for many cycles, typically
between 30 to 40, each cycle further amplifying the targeted gene, and the fluorescence signal
continues to increase, providing real-time data on the amount of amplified product. The quantity
of the target gene is then determined by comparing the fluorescence data to a standard curve or
a reference gene, allowing for the accurate quantification of gene expression levels.

In the 2.4 that follows, the thermal cycling of the qPCR test is summarised.
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Step
Temperature

(°C)
Time Cycles Purpose

Initial
Denaturation

95 2 minutes 1

Breaks the hydrogen
bonds in the

double-stranded DNA to
produce single strands.

Denaturation 95
15-30

seconds
35-40

Separates DNA strands to
enable primer binding in

subsequent steps.

Annealing 55-65 (variable)
15-30

seconds
35-40

Allows primers to bind to
their complementary

sequences on the DNA
template.

Extension 72
1 minute

per kb
35-40

DNA polymerase
synthesises new DNA

strands by extending from
the primers.

Final Extension 72
5-10

minutes
1

Ensures complete
synthesis of all DNA

fragments.

Hold 4 Indefinite -
Preserves the amplified

DNA for later use.

Table 2.4: PCR cycle conditions and their purposes.

There are two fluorescent detection types: dye-based and probe-based. In this project, the dye-
based detection was utilised. The SYBR Green binds to double-stranded DNA and fluoresces.

2.3.4 In Cell Western

In-cell Western (ICW) is a quantitative immunofluorescence assay performed directly on cul-
tured fixed cells. This method uses fluorescently labelled antibodies to measure protein ex-
pression, post-translational modifications, or other molecular targets within intact cells. Unlike
traditional Western blotting, ICW does not require cell lysis, electrophoresis, or membrane trans-
fer, making it a more straightforward and higher-throughput alternative [9, 123].

For the experiments of this project, cells intended for the ICW test were seeded on 12- or 48-well
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plates before any treatment.

Cell fixation

Cells were washed with PBS and fixed with formaldehyde. Recipes of both are presented in
Table 2.5a and Table 2.5b, respectively.

Component Volume

PBS 1 tablet

MilliQ water 200 mL

(a) PBS recipe.

Component Volume

Formaldehyde 10 mL

PBS 90 mL

Sucrose 2 gr

(b) Formaldehyde fixative recipe.

Figure 2.5: PBS and Formaldehyde recipes

The cells were incubated with the fixative for 30 minutes in a 37oC incubator. The fixative was
removed after the incubation, and the cells were washed with PBS.

Antibody staining

The cells were permeabilised by incubating them in 150 µL of permeable buffer (refer to Ta-
ble 2.6a) at 4oC for 4 minutes. After removing the permeable buffer, 150 µL of blocking buffer
(Table 2.6b) was added to the cells to prevent non-specific antibody binding, and the plate was
placed on a shaker at room temperature for 1.5 hours.

Before the staining process, primary antibodies targeting the protein of interest were diluted
in a blocking buffer at 1:100. Primary antibodies were added to the cells and incubated for at
least 2 hours at room temperature. Subsequently, the primary antibodies were removed, and the
cells were washed with wash buffer (Table 2.6c) 3 times, 5 minutes per time, on a shaker at room
temperature.
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Component Volume

Sucrose 10.3 gr

NaCl 0.292 gr

MgCl2 0.06 gr

Hepes 0.476 gr

PBS 100 mL

Triton X 0.5 mL

(a) Permeable Buffer recipe.

Component Volume

Milk powder 0.5 gr

PBS 50 mL

(b) Blocking Buffer recipe.

Component Volume

Tween 20 0.1 mL

PBS 100 mL

(c) Wash Buffer recipe.

Figure 2.6: Permeable, Blocking and Washing Buffer Recipes

Fluorescently labelled secondary antibodies (IRDye®), diluted in blocking buffer at a 1:1000
ratio, were added to the cells for detection. CellTagTM 700 stain (for detecting one antibody
per well) and CellTagTM 520 stain (for detecting two antibodies per well) was also added as
an internal control for normalisation The secondary antibodies were selected to target the host
species in which the primary antibodies were raised. The well plate, wrapped in aluminium foil
to protect the fluorescently labelled antibodies, is incubated at room temperature on a shaker for
one hour. After incubation, the secondary antibodies were removed, and the cells were washed
four times with wash buffer while gently agitated on a shaker at room temperature.

Figure 2.7: The figure shows the device used for the ICW cell analysis (Created in BioRen-
der.com).

The washing buffer is removed, and the plates are left at 4oC, wrapped in aluminium foil, to dry.
The samples are imaged using the LI-COR Odyssey M device (Figure 2.7).



CHAPTER 2. METHODOLOGY 38

2.4 Microfluidics

For this project, various microfluidic device designs were utilised. Some of these devices were
designed and fabricated by the author, while others were created by a fellow PhD student col-
laborating on the research. The subsequent sections will outline the design and fabrication
processes, detailing the specific contributions of each individual involved.

2.4.1 Design

The microfluidic devices were designed using AutoCAD. The channel diameter was selected
based on the approximate diameter of HEK cells in suspension (∼15 µm). Initially, channels
with a diameter of 45 µm were used. This was later increased to 60 µm in order to reduce the
velocity of the cells and keep them within the field of view for a longer duration. Subsequently,
the diameter was further increased to 100 µm to allow for higher flow rates while maintaining
low cell velocity. The presence of the meander in all the microfluidic devices of this project
serves two purposes: (a) to facilitate the mixing of the two compounds and (b) to elongate
the field of view (keep the cell in the field of view for a more extended period to observe its
response).

Microfluidic devices developed at the University of Glasgow

These devices were designed and fabricated by a fellow PhD student, Matthew Woods, in col-
laboration with the experiments conducted in Chapter 3. Details of the materials used to manu-
facture these devices can be found in the table 2.5.

Product ID Provider

Photoresist
SU-8 3025 and

3045 series
Microchem

Photomask - Micro Lithography Services Ltd

SYLGARD 184 Silicone
Elastomer Kit

000201000032 Ellsworth Adhesives

Table 2.5: Microfluidics materials UoG.

In the following figure, the design of the two microfluidic devices fabricated by Matthew Woods
is depicted.



CHAPTER 2. METHODOLOGY 39

(a) Chemical Stimulation Device 1: It comprises two in-
lets, a meander and the outlet.

(b) Chemical Stimulation Device 2: It
comprises three inlets, a longer meander
and the outlet.

Figure 2.8: Microfluidic devices developed in UoG.

Microfluidic devices developed at the Harvard Centre for Nanoscale Systems (CNS)

These devices were designed by me and fabricated in collaboration with Pascal Spink, the mi-
crofluidic specialist at Cytonome, where I completed a three-month placement during my stud-
ies. Details of the materials used to fabricate these devices are found in Table 2.6.

Product ID Provider

Silicon wafers 447 UniversityWafer

Photoresist SU-8 3000 series Kayaku

Photomask - Artnet Pro Inc

SYLGARD 184 Silicone
Elastomer Kit

000201000032 Ellsworth Adhesives

Table 2.6: Microfluidics materials Cytonome.

In the following figure, the design of the microfluidic devices fabricated by me is depicted.
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(a) Chemical Stimulation Device 3: The chemi-
cal stimulant is introduced through the left inlet
(sheath flow), while the cell sample enters the
device through the right inlet.

(b) Mechanical Stimulation Device 1: The sheath
flow intersects perpendicularly with the cell sam-
ple flow. By adjusting the sheath flow rate, vary-
ing force magnitudes can be applied to the cells.

(c) Mechanical Stimulation Device 2:
Sheath flow is used to maintain the cells
in the central plane of the channel. Cells
pass through three successive constric-
tions of the same width. The width of this
constriction was 10 µm, while the chan-
nel’s width was 100 µm.

(d) Mechanical device 2: This design elim-
inates the need for sheath flow by utilising
repeated curvatures and narrow channels
(highlighted in the red rectangle) immedi-
ately following the inlet. These features
create a controlled environment that nat-
urally focuses cells into a central stream-
line. As the cells flow through the de-
vice, they pass through three successive
constrictions; the channel width is signifi-
cantly reduced compared to the surround-
ing regions. The width of this constriction
was 15 µm, while the channel’s width was
100 µm.

Figure 2.9: Microfluidic devices developed by me.

2.4.2 Fabrication

Master mold fabrication

The microchannel designs created in AutoCAD are transferred onto a film photomask (Table
2.5 and Table 2.6). This photomask, created using high-resolution printing, is the template for
defining the microfluidic patterns.
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A silicon wafer is then prepared as the substrate for the mould. The wafer is thoroughly cleaned
with 100% acetone and isopropyl alcohol (IPA) to remove any contaminants and ensure optimal
adhesion of the photoresist. To ensure the elimination of any moisture, the wafer is left on a heat
plate at 150oC for 5 minutes.

Next, a layer of the SU-8 photoresist (3050) is spin-coated (at 3000 rpm for 45 seconds) onto
the wafer to get 50 µm thickness. The wafer was then soft-baked on a heat plate at 95oC for
15 minutes to solidify the photoresist. After that, the photomask is placed on top of the coated
wafer and exposed for 38 seconds at 250 mJ/cm2. Finally, the photomask is removed, and the
wafer is post-baked on a heat plate at 65oC for 1 minute, followed by 5 minutes at 95oC.

The wafer was immersed in a developer (PGMEA) for 8 minutes to remove the unexposed pho-
toresist. After rinsing the wafer with IPA and drying it using nitrogen, the raised microchannel
patterns could be clearly seen on the wafer. To improve the mechanical stability and adhesion
of the structures, the wafer is hard-baked on a heat plate at 150C for 5 minutes.

PDMS device fabrication

The master mould, consisting of the wafer with the developed microchannel structures, is placed
inside a plastic petri dish. A PDMS mixture, prepared at a 10:1 base-to-curing agent ratio, was
then poured over the master mould to form the device. The PDMS is allowed to cure for 2
hours at 65oC, resulting in a solidified replica of the microfluidic design. After curing, holes are
punched at the designated inlet and outlet locations, and the device is ready for bonding onto a
glass slide.

PDMS bonding to glass slide

Bonding a PDMS device to a glass slide is a crucial step in fabricating microfluidic devices, en-
suring the formation of sealed channels for fluid flow. The procedure involves surface activation
and covalent bonding between the PDMS and glass.

The glass slide is thoroughly cleaned using a sequential wash of ethanol and deionised (DI)
water to remove any contaminants that could interfere with surface activation and bonding. Af-
ter cleaning, the slide is dried using nitrogen gas. Similarly, the PDMS device is rinsed with
ethanol to remove debris, dust, or uncured residues, followed by drying with nitrogen gas. This
ensures uniform activation during the bonding process.

The PDMS device and the glass slide are placed in a plasma oven, exposing their bonding
surfaces. Oxygen plasma was applied for 5 minutes. The PDMS and glass slide surfaces are
bombarded with oxygen ions, breaking the existing bonds. This process introduces hydroxyl
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groups (-OH) on the glass surface and silanol groups (Si-OH) on the PDMS surface.

Immediately after plasma treatment, the PDMS device is aligned and gently placed onto the
glass slide, ensuring the bonding surfaces come into contact. The silanol groups (Si-OH) on
both surfaces undergo a condensation reaction:

Si-OH (glass) + Si-OH (PDMS) → Si-OH-Si (covalent bond) + H2O (2.3)

This reaction forms strong covalent siloxane (Si-O-Si) bonds, creating a permanent seal between
the PDMS and glass.

Finally, the bonded device is placed in the oven at 70oC for 10–30 minutes to accelerate the
condensation reaction and ensure the removal of residual water, resulting in a robust and durable
bond.

2.5 Statistical analysis

The statistical analysis of this project’s results was performed using the MiniTab 21_21.4.1.0
software. All graphs represent mean ± standard deviation (SD) unless otherwise noted. Ini-
tially, the normality of data was assessed with the Ryan-Joiner (RJ) normality test for small
sample sizes (N≤50) and the Anderson-Darling (AD) test for larger sample sizes (N>50). For
very small sample sizes (N<10), normality tests may not be very reliable, and therefore, visual
methods were implemented (e.g. probability plots or histograms). The Pearson correlation test
was used to measure the strength and direction of the relationship of two continuous variables for
normally distributed data, and the Spearman correlation test for non-normally distributed data
(perfect positive correlation when r=1, perfect negative correlation when r=-1, and no correla-
tion when r=0). To compare a single parameter in three or more groups of normally distributed
data, a one-way ANOVA test was used with Tukey’s post hoc test (for multiple comparisons) or
Dunnett’s (for comparing all groups to a single control). The Kruskal-Wallis test was performed
for non-normally distributed data, followed by the Mann-Whitney test for multiple compar-
isons. Significant differences among groups are stated as follows: for p-values < 0.05 (∗), when
p-values < 0.005 (∗∗), for p-values < 0.001 (∗∗∗).



Chapter 3

Calcium Signalling Tracking with
High-Throughput

In this chapter, all preparatory steps required for the optimisation of cell sample conditions are
described. The optimal cell concentration, buffer composition, and conditions for cell culture,
staining, and preparation are determined. The impact of flow rate and laser power on cellular
responses is also examined. Finally, a concentration-dependent response of cells to chemical
stimulation is presented, accompanied by appropriate controls.

3.1 Introduction

As discussed earlier in the Literature review chapter, a tracking tool is needed to observe the
cells’ response to a stimulant, whether this is chemical or mechanical. Calcium signalling is
the cells’ most common mechanism to regulate various physiological processes, such as muscle
contraction, neurotransmitter release, gene expression, and cell division [31, 136].

3.1.1 Ca2+ signalling as a tracking tool

Calcium, one of the most abundant elements in the earth’s crust, ranking fifth in occurrence after
oxygen, silicon, aluminium, and iron, has been available since the inception of life [181]. It is
a fundamental constituent of almost every biochemical process in prokaryotic and eukaryotic
cells [78]. The homeostasis of cellular ions, especially the regulation of calcium concentration,
is essential for life evolution as the ion composition of the cell interior must be compatible with
the biochemical reactions needed for cell survival and proper functioning. One of the critical
aspects of this homeostasis is the regulation of Ca2+ concentration, which is achieved by the
movement of Ca ions between the extracellular milieu and the cytosol through Ca2+ pumps and
exchangers. Ca2+ pumps, such as PMCAs and SERCAs, use ATP hydrolysis to transport Ca2+

ions against their concentration gradient, while Ca2+ exchangers, such as NCX and CAX, ex-
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change Ca2+ ions for Na+ or H+ ions across the plasma membrane or organellar membranes,
respectively [31, 185]. Additionally, Ca2+ binding proteins, such as calmodulin, sense changes
in Ca2+ concentration and initiate various signalling pathways [26, 47]. This process is consid-
ered the primary survival system preventing Ca2+-mediated cell damage [77].

Calcium signalling is a critical process that involves the influx of calcium ions triggered by an in-
crease in calcium pressure in the extracellular matrix and small changes in calcium permeability
of the plasma membrane [181]. The Ca2+ influx activates various downstream signalling path-
ways, and downstream effectors trigger the specific cellular responses required for cell survival
and function. These events include but are not limited to gene transcription, muscle contraction,
neural transmission, and secretion of saliva [136]. Dysregulation of Ca2+ signalling can lead to
various pathological conditions, highlighting the importance of understanding this process for
biomedical research. The mechanisms involved in calcium signalling are highly regulated and
maintain the calcium concentration within a narrow range. The interplay between calcium influx
and homeostasis, calcium-binding proteins, and downstream effectors are intricate and crucial
in the calcium signalling process [39].

3.1.2 Ca2+ signalling in disease

Elevated intracellular Ca2+ levels in the micromolar range can adversely affect Ca2+ signalling.
Under harmful conditions that increase plasma membrane permeability, allowing for abnor-
mal Ca2+ influx, mitochondria attempt to manage the resulting cytosolic Ca2+ overload. If
the harmful agent is rapidly removed, the cell may be salvaged. However, if the agent per-
sists and cytosolic Ca2+ overload is prolonged, various intracellular systems are affected, and
many key calcium transport mechanisms, such as plasma membrane Ca2+-ATPase (PMCAs),
endoplasmic reticulum Ca2+-ATPase (SERCA), Na+/Ca2+ exchanger, and mitochondrial Ca2+

uniporter, get impaired. This leads to the activation of Ca2+-dependent hydrolytic enzymes,
including proteases, which may trigger cell death beyond a point of no return [39].

Calcium signalling is also essential for neuronal function. The precise balance of calcium
within neurons is crucial as they are incredibly responsive to changes in their concentration.
Even minor irregularities in maintaining this balance can have severe and damaging effects on
neuronal activity, leading to a disruption in normal functioning and eventually causing neuro-
logical disorders such as Alzheimer’s disease, Huntington’s disease, and Parkinson’s disease
[29, 49, 147]. For instance, in Alzheimer’s disease, calcium dysregulation leads to the accu-
mulation of amyloid-beta protein, which forms senile plaques and contributes to neuronal cell
death. Additionally, mutations in the genes encoding voltage-gated calcium channels are asso-
ciated with various neurological disorders, including epilepsy and migraine [37, 150].
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The proper functioning of the human heart relies on the precise regulation of calcium (Ca2+) sig-
nalling, which is responsible for controlling muscle contractions and electrical signals that deter-
mine heart rhythm and regulate cell growth. Any disturbance in the regulation of Ca2+ handling
proteins can lead to a malfunction of the signalling pathway, resulting in various cardiovascular
diseases, including heart failure, arrhythmias, and other cardiac disorders. For instance, gene
mutations encoding ryanodine receptors and sarcoplasmic reticulum calcium ATPase have been
linked to arrhythmogenic disorders such as catecholaminergic polymorphic ventricular tachy-
cardia. Additionally, calcium overload in cardiac cells can lead to calcium-dependent cell death
and is implicated in the development of heart failure [83, 110, 145].

Ca2+ signalling was considered the ideal tracking tool for our device as it has been used in
the past to track cells’ response in similar applications [76, 87, 127, 198]. The main distinc-
tion between previous approaches and the one presented in this chapter lies in the HT na-
ture of the method. In earlier studies, calcium signalling was tracked in adherent cells, typ-
ically using low-throughput imaging techniques that assess relatively small cell populations
[33, 76, 87, 115, 124, 189]. In contrast, the method proposed here enables stimulation and real-
time screening of cells as they flow through a microfluidic channel. This dynamic, suspension-
based approach offers the potential to analyse hundreds of thousands of cells within minutes,
significantly increasing throughput and enabling large-scale mechanosensitivity assessment.

3.2 Materials and methods

HEK293T cells were used for this chapter’s experiments. They were cultured and stained as
described in Chapter 2, section 2.2.1, and subsection 2.2.3.

3.2.1 Stimulation of adherent and suspended cells

Before conducting experiments on cells flowing in a microfluidic device, a proof of concept
experiment should confirm whether a) the stain and stimulation concept work and b) the cells
respond to chemical stimulation while in suspension.

For the first question, adherent HEK293T cells were stimulated with Yoda1, an agonist molecule
of the mechanosensitive channel Piezo1. Yoda1 will be further discussed in Chapter 4, subsec-
tion 4.1.2. Following cell passaging and counting (Subsection 2.2.1 F), approximately 35×103

cells per cm2 were seeded onto a 35 mm glass-bottom petri dish (Ibidi) and incubated overnight
to promote cell adhesion. The next day, the culture medium was replaced with fresh medium
containing 5 µM Cal520AM. The petri dish was covered with aluminium foil to protect the
light-sensitive stain from photobleaching. The cells were then incubated for 1.5 hours to allow
the stain to diffuse into the cytoplasm.
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After incubation, the medium was discarded, and the cells were washed three times with 1 mL of
physiological solution (Figure 3.1). Finally, fresh medium was added to the petri dish and placed
under a fluorescent microscope for observation. Yoda1 was used for the chemical stimulation
of the cells. Yoda1 is a synthetic small molecule that selectively activates the mechanosensitive
ion channel Piezo1 without requiring mechanical stimulation. It will be extensively discussed in
the next chapter (Subsection 4.1.2). 1 µM of Yoda1 was added, dropwise, and Ca2+ influx was
determined as the fluorescent intensity.

10x Solution

Component Concentration mM

NaCl 1400

KCL 54

HEPES 100

(a) 10x Physiological solution.

1x Solution

Component Quantity

10x Pfysiological Solution 100

milliQ water 900 mL

Glucose 10 mL

Glucose 10 mM

MgCl2 1 mM

CaCl2 1.8 mM

NAOH To reach PH 7.4

(b) 1x Physiological solution.

Figure 3.1: Physiological Solution recipe

For the second question, HEK293T cells in suspension were chemically stimulated with Yoda1
as described below.

Figure 3.2: Experimental setup for stimulating HEK293T cells in adherent and suspended states
(Created in BioRender.com).

Following the staining procedure, the cells were trypsinised to detach them from the culture
surface. Subsequently, they were transferred to a petri dish and chemically stimulated with
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Yoda1, using the same protocol as for the adherent cells (Figure 3.2).

3.2.2 Sedimentation test

Sedimentation is the process of solid particles settling or sinking to the bottom of a fluid con-
tainer.

Cell sedimentation emerged as a significant challenge in maintaining consistent cell flow within
the microchannels in the preliminary experiments. To address this issue, a density gradient
medium (Optiprep) was utilised to match the density of the cells, ensuring they remained sus-
pended in the medium and preventing sedimentation.

A sedimentation test was conducted to determine the appropriate ratio of OptiPrep to media.
Four different concentrations of OptiPrep in media were tested (5%, 10%, 20%, and 30%),
along with a negative control (media without OptiPrep). The total volume of each solution was
2 ml. After adding OptiPrep, the remaining percentage consisted of equal parts DMEM and
Accumax, a dissociation medium used to prevent cell aggregation. Three million cells were
carefully added to each solution, and the Eppendorf tubes were undisturbed for 4 hours. After
this period, samples were collected from three different heights (top, middle, and bottom) of
each Eppendorf tube, and the number of cells in each sample was counted using the Countess
3 automated cell counter from Thermo Fisher Scientific [5]. 10 µL of each sample was placed
on the Countess reusable slide, which was then inserted into the Countess device for automated
counting.

3.2.3 Investigation of laser power and flow rate effect on the signal

Before conducting the main experiments, optimal operating parameters had to be determined
by examining how flow rate and laser power affect the fluorescence signal. HEK293T cells
were stained with Cal520AM according to the protocol (subsection 2.2.3) and suspended in a
1:1 mixture of DMEM and Accumax containing the optimal concentration of OptiPrep. This
suspension was introduced into the microfluidic device shown in Figure 2.8a, and 10 µM ATP
was added to activate the stain. These preliminary tests were performed to define the settings
that maximise signal quality without damaging the cells or compromising throughput.

To identify the optimal laser power, the flow rate was fixed at 50 µL/hr while the laser power
was varied. The chosen laser power needed to be sufficiently high to excite the Cal520AM
fluorophore and enable clear observation of the calcium response, yet low enough to avoid pho-
todamage or “burning” of the cells. For the flow rate assessment, the laser power was held steady
at 10 mW, and the flow rate was adjusted. Here, the goal was to find a flow rate that would allow
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high throughput—processing many cells per unit time—while still keeping each cell within the
field of view long enough for a measurable calcium response to occur.

3.2.4 Stimulation of suspended HEK293T cells with ATP in a microfluidic
device

HEK293T cells were stained with cal520AM according to the protocol described in subsection
2.2.3. They were then trypsinised and spun down, and the cell pellet was resuspended in a 1:1
DMEM: Accumax solution containing the optimal concentration of Optiprep.

ATP served as the chemical stimulant, with the devices shown in Figure 2.8a and 2.8b used
as the experimental platform. The cellular response was assessed at different positions within
the microfluidic device to establish the most suitable probing point. After determining the opti-
mal probing position, a dose-dependent ATP response was evaluated, accompanied by negative
controls.

3.3 Results

3.3.1 Stimulation of adherent and suspended cells

For each experiment, a time-lapse sequence of images was captured at 1-second intervals for 2
minutes using a fluorescent microscope. The chemical was introduced 10 seconds after the start
of image acquisition. The image stack was then processed into a video using ImageJ software.
A region of interest (ROI) was defined, and the Corrected Total Cell Fluorescence (CTCF) was
calculated throughout the video using the following equation:

CTCF = Integrated Density− (Area of the cell×Mean Background Intensity) (3.1)

Where,
Integrated Density: The total fluorescence intensity within the region of interest (ROI).
Area of the cell: The number of pixels in the ROI.
Mean Background Intensity: The average fluorescence intensity of a background area (to
correct for background fluorescence).
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(a) Response of adherent cells. The control condition corresponds to introducing
plain DMEM into the petri dish containing adherent cells. The Yoda1 condition
refers to introducing 1 µM Yoda1 into the petri dish with adherent cells.

(b) Response of suspended cells. The control condition corresponds to introducing
plain DMEM into the petri dish containing suspended cells. The Yoda1 condition
refers to introducing 1 µM Yoda1 into the petri dish with adherent cells.

Figure 3.3: Preliminary Experiments. (a) Stimulation of adherent HEK293T cells with 1µM
Yoda1 to confirm that the cell line responds to chemical stimulation. (b) Stimulation of sus-
pended HEK293T cells with 1µM Yoda1 to confirm that the cell line responds to chemical
stimulation even when in suspension.
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Graph (Figure 3.3a) shows that adherent cells responded to chemical stimulation with 1 µM
Yoda1, as indicated by increased fluorescence intensity over time. In contrast, the negative
control (plain DMEM) exhibited a stable fluorescence intensity throughout the experimental du-
ration.

Suspended cells similarly exhibited a strong response to chemical stimulation (1 µM Yoda1)
as evidenced by the increase in fluorescence intensity compared to the negative control (Figure
3.3b). This result confirms that HEK293T cells can be used within a microfluidic device and
remain responsive to chemical stimulation while in flow.

3.3.2 Sedimentation test

As depicted in the following graph, at lower OptiPrep concentrations, most cells sediment to
the bottom, whereas at higher concentrations (20% and 30%), a greater proportion remains in
the middle and top layers, indicating altered sedimentation dynamics. The Countess device,
which was used for cell quantification, also provided cell viability measurements by reporting
the percentages of live and dead cells. In all cell sample assessments, the viability consistently
exceeded 90%.

The most uniform distribution of cells within the Eppendorf tube is observed when the medium is
supplemented with 20% OptiPrep (Figure 3.4). Due to this balanced distribution, 20% OptiPrep
is selected as the optimal concentration for sample preparation in all subsequent microfluidic
experiments.

The counted cell number was converted to a percentage through the relationship below:

measured cell number of an area
total cell count of all three areas

×100%

For instance, in the case of the 20% OptiPrep, the cell count was:

top= 118 cells
middle= 123 cells
bottom= 105 cells
total cell count= 346 cells

Converting them to percentages:
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top :
118
346

×100% = 34.10

middle :
23
346

×100% = 35.5

bottom :
105
346

×100% = 30.3

According to the manufacturer (Stem Cell Technologies [8]), OptiPrep has a density of 1.320 ±
0,001 gr/mL. In our microfluidic experiments, cell sample volumes were 3 mL. Therefore, a 3
mL suspension containing 20 % OptiPrep (v/v) corresponds to a final density of 0.792 gr/mL.

Figure 3.4: Illustration of cell sedimentation at varying concentrations (0%, 5%, 10%, 20%, and
30%) of OptiPrep (Created in BioRender.com).

Figure 3.5: Stack column bar graph: Illustrates the distribution of cells within the Eppendorf
tube at varying OptiPrep concentrations (0% to 30%). Cells were categorised based on their
position within the tube: Bottom, Middle, and Top.
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3.3.3 Characterisation of experimental parameters

The first device (Figure 2.8a) was used to investigate the individual parameters involved in the
microfluidic experiments (signal profile, mixing profile, laser power, flow rate) and how they
affect cells’ response.

Experimental setup

The calcium signalling response was evaluated using fluorescence by staining the cells with Cal-
520AM, a calcium-sensitive intracellular dye. As the cells passed through the laser spot, key
features of the resulting fluorescence signal (peak intensity and peak duration) were recorded.
The signal, detected by a photomultiplier tube (PMT), was processed in real time using custom
LabView software. The background signal remained stable, while transient fluorescence peaks
were observed as labelled cells moved through the laser-illuminated region.

Figure 3.6: The system comprises syringe pumps that introduce the cell suspension and chemical
stimulant into the microfluidic device, which is mounted on a fluorescent microscope. A fast
camera captures real-time imaging while a laser beam excites fluorescently labelled cells. The
emitted fluorescence is collected by a microscope objective and detected by a photomultiplier
tube (PMT). The inset provides a detailed schematic of the microfluidic device, showing the
fluidic inputs, optical detection system, and data acquisition setup, where live imaging and signal
plots are displayed for analysis. (Created in BioRender.com).

Signal profile

In the preliminary experiments, no external stimulus was applied. The cells were stained with a
fluorescent dye excited at 492 nm and emitting at 514 nm. A laser with an emission wavelength
of 488 nm was used, focusing on a specific spot to observe the cells’ response (Figure 3.7A and
Figure 3.7B). The diameter of the laser beam was comparable to the cell diameter, approximately
15 µm (Figure 3.7C). The actual response is depicted as a Gaussian-like profile with a width
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(peak duration) and amplitude (Voltage) exceeding a predefined threshold (Figure 3.7D). The
threshold was set to the lowest voltage that still exceeded the background signal produced by
cell debris.

Figure 3.7: (A) Bright-field image of the microfluidic channel with a serpentine geometry. The
red square highlights the interrogation region. (B) Schematic representation of the laser-based
fluorescence detection setup. A 488 nm laser is focused on the channel, and the emitted fluo-
rescence is collected using a photomultiplier tube (PMT). (C) The 3D intensity profile of the
laser spot shows the excitation beam’s spatial distribution. The diameter of the laser spot is
15 µm. (D) Example of a fluorescence signal profile. The blue curve represents the detected
signal, while the orange line indicates the threshold. The peak value Vmax is recorded at tmax,
while the signal duration is determined by the crossing points (t1,V1) and (t2,V2). (Created in
BioRender.com)

To determine whether the signal originated from a single cell or a cell cluster, the signal plots
were correlated with the corresponding images, which were acquired simultaneously. It was
observed that when a single cell passed through the laser beam, a single peak appeared in the
signal response (Figure 3.8B and Figure 3.8C). In contrast, cell clusters produced multiple peaks
(Figure 3.8D and Figure 3.8E).
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Figure 3.8: (A) voltage measurements over time, with the orange line representing the thresh-
old level. Peaks above the threshold indicate detected fluorescence signals. The bottom panel
presents four representative signal peaks with corresponding microscopic images of cells. (B,
C) Single peaks correspond to individual cells. The microscopic images on the top right of these
two graphs show a cell flowing in the microfluidic channel. (D, E) Broader or multiple peaks
suggest cell clusters passing through the detection region. The microscopic images on the top
right of these two graphs show a cluster of 2 (C) or 3 (D) cells passing through the laser spot,
producing a multiple peak signal. The curved line visible in the channel flow is an artefact of the
phase-contrast imaging and results from the refractive-index contrast introduced by the OptiPrep
in the cell suspension.

Investigation of laser power and flow rate effect on the signal

• Laser Power

As illustrated in Figure 3.9a Vmax exhibits an increasing trend with Laser Power. However, be-
yond 10 mW, a decline in Vmax was observed, likely due to sample degradation and burning
caused by excessive laser exposure.

As shown in Figure 3.9b, peak duration increases with the laser power. This effect arises because
the detection threshold was held constant throughout the experiment rather than being adjusted
to compensate for the higher laser intensity.
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(a) The Vmax increases with the Laser Power (r=1).

(b) The Peak Duration shows no specific linear correlation with the Laser Power.

Figure 3.9: Effect of Laser Power on Vmax and Peak Duration.

These factors suggest that 15 mW might exceed the optimal laser power threshold, leading to
signal distortion and reduced measurement accuracy. Consequently, a Laser Power of 10 mW
was selected for the experiments conducted in this chapter.

• Flow Rate

As the flow rate increases, the time a cell spends within the laser beam decreases, leading to a
shorter peak duration (Figure 3.10a). Simultaneously, the increased flow rate reduces diffusion
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effects and minimises photobleaching, allowing a higher concentration of fluorophores to con-
tribute to the fluorescence signal. This results in an increase in Vmax (Figure 3.10b), as the peak
intensity is enhanced by the shorter exposure time and reduced signal decay.

(a) The Peak Duration decreases with the Flow Rate (r=-1).

(b) The Vmax shows no specific correlation with the Flow Rate.

Figure 3.10: Effect of Flow Rate on Peak Duration and Vmax.
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3.3.4 Stimulation of suspended HEK293T cells in microfluidic devices

After conducting preliminary experiments on cell behaviour and evaluating the conditions influ-
encing their response in microfluidic devices, the next step was to initiate the chemical stimula-
tion of HEK293T cells and assess their response in a high-throughput manner.

Mixing profile

An experiment was conducted to characterise the mixing of two compounds to determine the
trigger point within the meander. Fluorescein was used in place of the chemical stimulant,
and the mixing profile of the two flows was captured at both the beginning and the end of the
meander.

Figure 3.11: (A) Fluorescein was used to visualise the mixing of two fluid streams, with mea-
surements taken at the beginning and end of the meander. (B) The grey value profile at the
beginning of the meander shows a clear separation between the two streams. (C) The grey value
profile at the end of the meander indicates increased mixing and a more uniform distribution.

As observed in both the images and the corresponding plot, the interfaces of the two flows
remained clearly separated at the beginning of the meander (Figure 3.11B). However, as the
fluids progressed, the interface gradually became smoother, and by the end of the meander, the
mixing was more evenly distributed (Figure 3.11C).
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Chemical stimulation

The device presented in Figure 2.8a was initially used. Multiple positions within the device
were selected as probing points (Figure 3.12). The laser was focused on each of these points,
and the response of each cell passing through the laser beam was recorded—each measurement
corresponds to a different cell rather than tracking the same cell across positions. The flow rate
for both inlets was maintained at 50 µL/hr, with the laser power set to 10 mW. The cell sample
used consisted of 3×106 cells in 3 mL of DMEM-Accumax solution, supplemented with 20%
OptiPrep. For the test experiments, cells were stimulated with 10 µM ATP, while for the control
experiments, plain DMEM was used in the second inlet instead of the chemical stimulant. ATP
is an extracellular signalling molecule that binds to purinergic receptors on the cell surface [191]
and triggers calcium-permeable channels, resulting in Ca2+ influx from the extracellular space.
In HEK293T cells, ATP activates the P2Y receptors, which are G-protein-coupled receptors
[162]. The resulting rise in intracellular Ca2+ produces a measurable fluorescence signal, which
we record as each cell passes through the laser beam.

Figure 3.12: Schematic of the meander of the microfluidic device no1. The positions highlighted
in green are the positions where the laser spot was focused for the data acquisition.

Data filtering

The peak duration values were correlated with the corresponding simultaneously acquired im-
ages to filter the data. This approach differentiated signals from single cells, cell clusters, or
debris. Signals with a peak duration of less than 0.1 ms were observed to be associated with
debris, while signals from single cells ranged between 0.1 and 0.32 ms. In contrast, signals
from cell clusters exhibited peak durations exceeding 0.32 ms (Figure 3.13. Therefore, the data
selected for analysis correspond to the green-highlighted area.
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Figure 3.13: The black dashed lines mark the filtering thresholds. Insets show representative
microscopy images illustrating these different cases. The scatter plot at the bottom displays
individual data points.

Following the data filtering process described above, the results for both the test and control
experiments were plotted for all selected positions.

Figure 3.14: Maximum Voltage of unstimulated cells’ response in different positions. The total
flow rate in the device is 100 µL/hr, since it is the sum of the flow rate of the two inlets (50
µL/hr each)
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The data were found to be non-normally distributed, and non-parametric tests were used to
compare all the positions. The Kruskal-Wallis test showed a P-value equal to 0. However, the
huge error bars indicate that the test could be less meaningful. Therefore, the eta squared (Effect
size for Kruskal-Wallis) was calculated ([111]):

η
2 =

H − k+1
N − k

(3.2)

Where,
N= Total number of observations
k= Number of groups
H= Kruskal-Wallis statistic

When:
η2 < 0.01 —> Very weak effect
0.01≤η2<0.06 —> Weak effect
0.06≤η2<0.14 —> Moderate effect
η2≥0.14 —> Strong effect

The 3.2 for the control experiment is:

η
2 =

249.4−4+1
2000−4

= 0.12

Based on the above findings, the effect size of the Kruskal-Wallis comparison was moderate.

Figure 3.15: Maximum Voltage of stimulated cells’ response in different positions.
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Similarly, since the data were not normally distributed, a Kruskal-Wallis test was performed to
compare the responses in each position for the test experiment. Although the P-value was equal
to 0, the effect size was calculated according to Equation 3.2.

η
2 =

38.1−4+1
3500−4

= 0.01

Based on the above findings, the Kruskal-Wallis comparison test result was rejected.

The same trend was observed in additional test experiments conducted with varying concen-
trations of the chemical stimulant. This observation prompted an experimental investigation to
determine the time required for suspended cells to respond to chemical stimulation following
exposure to the chemical.

Estimation of cell response time

Figure 3.16: (A) Experimental setup, where the chemical stimulant is inserted into the cell
sample in microfluidic chambers. (B) Fluorescence intensity traces over time for different cells,
showing their response to stimulation. (C) Zoomed-in view of a representative fluorescence
intensity trace. The zoomed-in area highlights the cell’s initial response to the stimulant, marked
by the first rise in fluorescence intensity.
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Cells were stained following standard procedures, detached from the culture dish, and intro-
duced into multiple PDMS chambers to obtain technical replicates (Figure 3.16A). Each cham-
ber was treated with 10 µM ATP, and a 120-second video was recorded for each replicate.

The data were then plotted as Fluorescent Intensity over Time (Figure 3.16B). Upon closer
examination of the inflection point of the graph, it was determined that the cellular response
began approximately four seconds after stimulation, reaching a peak signal about six seconds
later (Figure 3.16C), yielding a total response time of 10 seconds from stimulation to maximum
fluorescence.

Its velocity needed to be calculated to investigate whether the cell remained in the field of view
10 seconds after stimulation. The following equation was used:

Q = vavg ×A (3.3)

Where,
Q= Flow Rate
v(avg)= Average velocity
A= Cross-sectional area

The meander dimensions of device no1 (Figure 2.8a) are shown below:

Length= 0.57 mm
Width= 40 µm
Depth= 25 µm

The flow rate of each inlet is 50 µL/hr. Since there are two inlets, the total flow rate in the
device is 100 µL/hr. Based on Equation 3.3, the following calculation was performed:

vavg =
100×10−6 ×10−3 m3

10×10−10 ×3600 m2sec
=

50×10−1 m
10×36 s

= 27.78
mm
sec

The cells were expected to flow in the middle plain with the maximum velocity of the laminar
flow. As has been proven in Chapter 2, the relationship between vavg and vmax is described by
Equation 1.3.

Therefore,

vmax = 1.5× vavg = 1.5×27.78 = 41.67
mm
sec

Based on the device’s dimensions, the calculated velocity of the cells indicated that the cell exits
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the meander of the device in 0.1 sec (Figure 3.12). More precisely, the time needed for a cell to
reach each position highlighted in the meander is 6.8 msec for position 2, 6.5 msec for position
3 and 129.9 msec for position 4. Position 1 is the point where the cell suspension meets the
chemical stimulant, and therefore it is considered as the starting position of the cell (i.e. t=0
msec). Consequently, it was inferred that the cell’s response could not be observed due to the
device’s size.

The first solution explored was to decrease the flow rate of the cell sample. However, this
approach was unsuccessful and compromised the high throughput, which was a key objective
of the project. As a result, the focus shifted towards developing a new device with a longer
meander and broader channels.

Therefore, a second microfluidic device with three inlets and a longer meander was designed
and fabricated (Figure 2.8b). The meander dimensions of this new device are shown below:

Length= 1 cm
Width= 60 µm
Depth= 45 µm

The flow rate of each inlet is 50 µL/hr, which results in a total flow rate of 150 µL/hr in the
device. Based on Equation 3.3, the following calculation was performed:

vavg =
150×10−6 ×10−3 m3

27×10−10 ×3600 m2sec
=

150×10−1 m
27×36 s

= 15.43
mm
sec

Similarly, to calculate the v(max):

vmax = 1.5× vavg = 1.5×15.43 = 23.15
mm
sec

The time required for the cells to reach each corner position of the meander was calculated.
Based on these calculations, combined with the results from Figure 3.16, the cellular response
was anticipated to occur between position 5 (4 seconds) and position 12 (10 seconds).

Multiple experiments were conducted with this device. The control experiments involved the
insertion of either plain DMEM or PBS Ca2+ and Mg2+ free in the sheath flows, whereas for the
test experiments different concentrations of ATP were tested (5 µM and 30 µM).

The tested positions are presented in Figure 3.17. In the initial experiment, no chemical stimu-
lant was introduced. Instead, plain DMEM was supplied through the two sheath flow channels,
while the central stream contained HEK293T cells stained with Cal520 (Figure 3.18).
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Figure 3.17: Schematic of the meander of the microfluidic device no2. The positions highlighted
in green are the positions where the laser spot was focused for the data acquisition.

The flow rate for all three inlets was maintained at 50 µL/hr. These experiments, conducted
in the absence of chemical stimulation, served not only as a negative control but also to assess
whether the sheath flows exerted any mechanical stimulation on the cells in the central stream
due to compression.

Figure 3.18: The total flow rate of the device is the sum of the three inlets (50 µL/hr each).
Maximum Voltage of unstimulated cells’ response in different positions (∗∗∗p-values < 0.001).
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Anderson-Darling tests were performed to check the normality of all the positions’ data. Since
they were found to be non-normally distributed, non-parametric tests (Kruskal-Wallis and Mann-
Whitney) were used to check for statistical significance among the groups (positions). The effect
size n2 was calculated in both cases (control and test experiments). It was found to be 0.24 and
0.17, respectively, indicating a strong effect of the Kruskal-Wallis tests (Equation 3.2).

Figure 3.19: Maximum Voltage of stimulated cells’ response in different positions (∗∗p-values
< 0.005, ∗∗∗p-values < 0.001).

As shown in Figure 3.18, a slight increase in response (Vmax) is observed after position five, po-
tentially indicating mechanical stimulation in the form of shear stress applied by the sheath flow.
To further investigate, data acquisition was performed at various positions within the meander
during the chemical stimulation experiments (Figure 3.19). The highest response was recorded
at position 20, which, based on the calculated cell velocity, corresponds to 17 seconds. This
result deviates from expectations, as prior measurements of cell response to stimulation (Figure
3.16) indicated a response time of approximately 10 seconds post-stimulation.

When comparing these results with those from the control experiments, it can be inferred that
cells respond faster to the chemical stimulation (i.e. ATP) compared to the shear stress applied
by the sheath flow in the control experiment. It seems that after position 10 (corresponding
to t=8.2 sec), the cellular response plateaus. The fluorescence intensity due to Ca2+ release
has reached the maximum, and therefore, additional shear stress cannot further increase this
response. Instead, the ongoing shear stress appears to sustain this plateau, preventing the fluo-
rescence signal from declining as the cells begin to recover.
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A lower concentration of ATP was also used to stimulate the cells, and a calcium-free medium
was used as a control.

Figure 3.20: Maximum Voltage of the cells at position 10 under different conditions (∗∗∗p-values
< 0.001).

A Kruskal-Wallis test was conducted to compare the median values among the groups, indi-
cating a statistically significant result (p = 0.000). Subsequent pairwise Mann-Whitney tests,
performed for all possible group combinations, revealed statistically significant differences be-
tween all groups (p = 0.000).

As Figure 3.20 shows, the higher ATP concentration resulted in a stronger response, while the
calcium-free medium control produced an almost negligible signal.

3.4 Discussion

The work carried out in this chapter contributed towards the optimisation of the cell sample, the
device design and the experimental conditions.

3.4.1 Proof of concept: Stimulation of adherent and suspended cells

Initially, it was confirmed that HEK293T cells are responsive to chemical stimulation, whether
adherent on a tissue culture plate or in suspension. The importance of this validation lies in the
proof that cellular responses can be reliable under both experimental conditions, establishing the
foundation for the following experiments.



CHAPTER 3. CALCIUM SIGNALLING TRACKING WITH HIGH-THROUGHPUT 67

3.4.2 Sedimentation test: optimising cell sample solution

Afterwards, the constitution of the cell sample solution was optimised to prevent aggregation
and sedimentation, common challenges in microfluidic experiments that can compromise data
quality. Maintaining a uniform cell distribution is essential for consistent analysis and signal
acquisition. To address this, OptiPrepT M, a density-matching medium, was incorporated into
the suspension to achieve near-neutral buoyancy of the cells during flow. This approach is con-
sistent with prior studies where OptiPrep has been effectively used to prevent cell sedimentation
in microfluidic single-cell encapsulation assays [118], facilitate extracellular vesicle separation
based on buoyant density [74], and improve purification of primary cell types such as platelets
and pancreatic islets without compromising viability or function [20, 133]. These precedents
support the use of OptiPrep as a reliable agent for density adjustment in cell-based microfluidic
applications.

3.4.3 Signal profile: effect of laser power and flow rate

The effect of laser power and flow rate on the acquired signal was investigated after optimis-
ing the cell sample composition. It was shown that the signal gets stronger as the laser power
increases. However, the cell can be damaged at extreme laser power, which should be kept in
mind when setting the power.

On the other hand, the peak duration decreases as the flow rate increases, as the time that cells
spend in the laser beam reduces. This finding highlights the importance of choosing a flow rate
that promotes an effective stimulation with adequate time for cellular response.

3.4.4 Chemical stimulation experiments

Many studies have shown that extracellular ATP elicits a rapid, dose-dependent rise in intra-
cellular Ca2+ in HEK293T cells via activation of purinergic receptors (subsection 3.3.4). For
instance, Ralevic and Burnstock (2012) document that ATP binds surface P2Y receptors and
triggers downstream G-protein-mediated Ca2+ release and influx [35]. Atwood et al. (2011)
confirmed that HEK293T cells endogenously express multiple P2Y subtypes, making them re-
sponsive to ATP stimulation [19].

In the experiments where device 2 was used (longer meander), the peak response to 10 µM
ATP occurred around 8.2 s after stimulation, comparable to the few-second latencies reported in
adherent systems [175]. The dose-dependence we observed (stronger fluorescence at higher ATP
concentrations, minimal response in Ca2+ free control) aligns well with these prior findings. In
adherent cultures, time-lapse microscopy often reports ATP-induced Ca2+ peaks within 2–6 s of
application; the ∼8 s response in the experiments of this chapter may be slightly delayed due to
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the time needed for ATP to mix and reach cells in the microchannel. Still, the overall kinetics
remain in the same order of magnitude.

3.4.5 Suspension Format vs. Adherent Assays

Almost all published ATP-triggered Ca2+ studies in HEK cells use adherent monolayers on glass
or plastic. In contrast, my work screens suspended cells flowing through a microfluidic channel,
which has several important implications.

Piezo1 gating and P2Y signalling in HEK cells do not require adhesion to the ECM [50, 174].
However, specific modulatory effects, such as focal-adhesion–linked kinases, are lost in suspen-
sion. By working in flow, it is ensured that any observed Ca2+ influx arises purely from receptor
activation and mechanical deformation, rather than from substrate-associated signalling path-
ways.

In traditional adherent cell assays, the diffusion of ATP and the formation of local concentration
gradients can lead to heterogeneous stimulation across the culture dish. This spatial variability
results in inconsistent cellular responses, complicating the interpretation of experimental out-
comes. For instance, studies have shown that in static cultures, the accumulation of secreted
factors and uneven distribution of stimuli can significantly influence cell behaviour [90].

In contrast, microfluidic systems offer a controlled environment where cells are exposed to uni-
form ATP concentrations and consistent shear stress profiles as they flow through microchannels.
This setup ensures that each cell experiences the same stimulation conditions, leading to more
reproducible, population-level data. The precise control over the microenvironment in microflu-
idic devices minimises variability and enhances the reliability of experimental results.

3.4.6 Influence of Mechanical Stimulus (Shear Stress)

Even when the primary goal is to track ATP-induced Ca2+ influx, mechanical forces, especially
shear stress from fluid flow, can modulate or independently trigger Ca2+ signals. Several studies
highlight this effect. Gossett et al. (2012) used inertial microfluidic constrictions to deform sus-
pended cells. They observed mechanosensitive signalling (e.g., Rho kinase activation), implying
that shear or deformation in a channel is sufficient to induce Ca2+-linked responses in some cell
types [79]. Sackmann et al. (2014) review how shear stress alone can trigger Ca2+ transients
via mechanosensitive channels even in the absence of chemical ligands [159].

In the data collected, particularly at position 20 of Device 2, where both the ATP and the shear
stress stimulations were experienced by the cells, a higher fluorescence signal was observed
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compared to upstream positions exposed only to shear stress (control experiment Figure 3.18).
This indicates that shear stress contributes to the chemical stimulation by sustaining or enhanc-
ing Ca2+ influx. Although a robust response can be obtained by ATP alone, the combined
mechano-chemical stimulation at position 20 is likely responsible for prolonging or amplifying
the plateau phase, rather than allowing it to decline during the recovery period. This limitation in
distinguishing between chemical and mechanical stimulation (shear stress applied by the sheath
flow) could be overcome by designing a microfluidic device that operates without the use of
sheath flow.

3.4.7 Relevance of Suspension-Based Assays and Limitations

Suspension-based assays utilising HEK cells in microfluidic channels offer distinct advantages
for specific applications. These systems are particularly beneficial when high-throughput anal-
ysis is essential, such as in drug screening or rare-cell detection, due to their ability to pro-
cess large numbers of cells efficiently [45]. Moreover, they facilitate label-free sorting of
mechanosensitive subpopulations, a task challenging for traditional FACS systems, which typ-
ically cannot separate cells based on deformation or real-time calcium flux without exogenous
tags [144]. Additionally, the microfluidic environment ensures rapid and uniform mixing of
stimulants and removes the influence of the ECM, thereby isolating the effects of soluble stim-
uli [71].

However, these advantages come with certain compromises. One notable limitation is baseline
mechanical activation. Even at low flow rates, shear stress can induce a background calcium
influx independent of ATP stimulation. While selecting moderate flow rates (e.g., 50 µL/hr) can
minimise this effect, it cannot be eliminated [117]. Another limitation is the loss of adherent sig-
nalling modules. In suspension, key signalling molecules such as focal adhesion kinases (FAKs)
often remain inactive, restricting the study of long-term or integrin-mediated responses [154].
Furthermore, the brief duration that suspended cells remain within the observation window lim-
its the assay to capturing only the early kinetics of calcium signalling, typically within the first
10 seconds, making it challenging to monitor slower downstream effects, such as transcriptional
responses to ATP or mechanical cues [199].

3.5 Conclusion

In conclusion, this study demonstrates the importance of optimising experimental conditions,
including cell sample preparation, flow rate, and laser power, when using microfluidic devices
to study cellular responses. The proof-of-concept experiments successfully validated the ability
of HEK293T cells to respond to chemical stimuli in both adherent and suspended states, estab-
lishing a solid foundation for the subsequent experiments. Optimisation of the cell suspension
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process ensured that the cells remained evenly distributed throughout the experiment.

The first device was found to be unsuitable for capturing cellular responses due to its short
meander design, which limited the observation window. In contrast, the second device was
more effective, providing sufficient time for cells to respond to stimuli and producing robust and
reliable results. The statistical analysis of Device 2 confirmed the validity of the data obtained,
suggesting that it is a suitable platform for investigating cellular responses to chemical stimuli.

Overall in this chapter, it was demonstrated for the first time that suspended HEK cells can
respond to chemical stimulation while flowing through a microfluidic channel, with their cal-
cium signalling captured in real time, enabling high-throughput analysis. A primary limitation
encountered was the difficulty in distinguishing the effects of chemical stimulation from those
induced by shear stress generated by the sheath flow. This challenge could be addressed in
future designs by employing sheathless microfluidic configurations to reduce mechanical inter-
ference. Nevertheless, the approach presented here offers a scalable and label-free method for
probing mechanosensitive cellular responses in suspension, with promising applications in drug
screening, stem cell classification, and mechanobiology research.



Chapter 4

Mechanical Stimulation of HEK293T Cells
with Microfluidics

This chapter focuses on the chemical activation of the mechanosensitive ion channel Piezo1 us-
ing the small molecule Yoda1. This investigation is a foundation for the subsequent experiments
involving the mechanical stimulation of HEK293T cells. The following sections will briefly
overview Piezo1’s structure and function, followed by an analysis of cellular response to Yoda1
and mechanical stimulation.

4.1 Introduction

4.1.1 Piezo1 structure and function

Piezo1 is a large, trimeric ion channel that plays a critical role in mechanosensation, first iden-
tified in Neuro2A (glial tumour cell line) by the Patapoutian group as a potential ion channel
[50]. Its distinctive structure resembles a propeller with three identical subunits arranged sym-
metrically around a central pore [92]. Each subunit contains approximately 38 transmembrane
helices, forming extended blade-like arms that radiate outward [201, 207]. These arms inter-
act with the lipid bilayer, sensing mechanical forces such as membrane tension or shear stress.
The central pore, located at the core of the trimer, serves as the pathway for ion flow and is lined
with specific amino acids that control ion selectivity. Additionally, Piezo1 features a cap domain
that stabilises the channel and an intracellular anchor domain that links it to the cytoskeleton,
potentially modulating its mechanosensitivity [160].
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Figure 4.1: (A) Top view of the mechanosensitive ion channel Piezo1. The schematic (top)
shows three curved, blade-like structures symmetrically arranged around a central pore, which is
covered by a cap domain. (B) In the closed state, the blades remain curved, the cap is in the "up"
position, and the ion channel is shut. (C) When membrane tension is applied, Piezo1 undergoes
a conformational change into a flattened, open state. The cap shifts to the "down" position,
allowing the central pore to open and ions to pass through. (Created in BioRender.com).

The channel opens in response to mechanical stimuli, such as membrane stretching or com-
pression. These forces are detected by the blade regions, causing a conformational change that
flattens the dome-like curvature of the Piezo1 complex. This structural rearrangement widens
the central pore, allowing ions—primarily calcium (Ca2+)—to pass through the membrane. This
ion influx depolarises the cell membrane and initiates downstream signalling pathways. The re-
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sponse is highly sensitive, with Piezo1 opening rapidly upon detecting sufficient mechanical
force, enabling the channel to mediate acute responses to mechanical stress. Once the me-
chanical stimulus is removed, Piezo1 transitions back to its closed state, restoring its curved,
dome-like shape. [196].

4.1.2 Yoda1 as Piezo1 activator

Yoda1 is a synthetic small molecule that selectively activates the mechanosensitive ion chan-
nel Piezo1 without requiring mechanical stimulation. It has been widely used in research to
study Piezo1 function, particularly in calcium signalling, mechanotransduction, and physiolog-
ical processes such as blood flow regulation and cell migration [108, 175].

Yoda1 binds to Piezo1 and stabilises its open conformation, increasing ion permeability. In con-
trast to mechanical stimuli that induce transient channel activation, Yoda1 can prolong Piezo1
activity, leading to a sustained influx of calcium (Ca2+). Although the precise binding site of
Yoda1 remains unclear, evidence suggests that it interacts with both the extracellular and trans-
membrane domains of Piezo1 [32].

However, careful consideration must be given to the concentration of Yoda1 used in experi-
ments, as prolonged exposure has been reported to cause desensitisation or cytotoxicity. This
underscores the importance of dosage optimisation to ensure reliable experimental outcomes
while minimising potential adverse effects [54].

4.1.3 Piezo1 response

The response of Piezo1 to mechanical or chemical stimulation typically exhibits two distinct
phases: a rapid initial response with low amplitude and a delayed sustained response of higher
amplitude [50, 155].

In particular, the rapid activation occurs within milliseconds (1-10 msec) following the stimula-
tion, and it represents a quick but relatively low influx of ions, primarily Ca2+. This phase allows
cells to detect immediate mechanical changes, and it is followed by a rapid inactivation phase.
This process is crucial for regulating Piezo1’s role in mechanotransduction and preventing ex-
cessive ion influx. A fast inactivation rate ensures Piezo1 responds dynamically to short-lived
mechanical stimuli, and the cell is well protected against non-specific responses [80]. Mutations
that slow down inactivation lead to prolonged ion influx, disrupting cell homeostasis.

Following the rapid response of Piezo1 and its inactivation, a delayed but stronger response
is observed within tens to hundreds of milliseconds. This prolonged phase is primarily driven
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by an increase in intracellular Ca2+ levels, facilitated by both continued ion influx and the release
of Ca2+ from cytosolic stores. This sustained signalling plays a critical role in downstream cel-
lular processes, including gene expression regulation, cytoskeletal remodelling, and long-term
adaptive responses to mechanical stimuli [92, 176].

This dual response enables Piezo1 to mediate both immediate and prolonged cellular reactions
to mechanical stimuli, making it a versatile sensor in various physiological contexts.

4.2 Materials and methods

For the experiments conducted in this chapter, the microfluidic device employed was Chemical
Stimulation Device 3, which was developed by me and described in Chapter 2 (Figure 2.9a). In
addition, all the experiments were conducted under the Zeiss LSM980 confocal microscope.

4.2.1 Microfluidic device

The meander dimensions of the device used for the experiments of this chapter (Devices 2.9a,
2.9b 2.9c 2.9d) are:

Length= 1 cm
Width= 100 µm
Depth= 50 µm

Mixing profile

The mixing profile of this device was obtained at a flow rate of 100 µL/hr for both the sheath
and sample inlets. Imaging was performed using the EVOS M7000 microscope. Fluorescein
was administered through the cell sample inlet, and plain DMEM was inserted in the sheath
flow inlet. The mixing behaviour was analysed by capturing images at multiple points along the
meandering channel.
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Figure 4.2: The mixing profile of the microfluidic device, corresponding to the image, is shown
in the accompanying graphs. The meander channel has a diameter of 100 µm, meaning the
channel walls correspond to positions 0 and 100 on the graph’s x-axis.

4.2.2 Confocal microscope

The Zeiss LSM 980 is a high-resolution confocal laser scanning microscope designed for ad-
vanced imaging applications, including live-cell imaging, spectral imaging, and fluorescence
correlation spectroscopy. The key difference between a confocal and a conventional microscope
lies in the presence of a pinhole in the light path of the former. By adjusting the opening of this
pinhole, the collection of out-of-focus fluorescence can be reduced. However, for the experi-
ments of this chapter, this pinhole is kept fully open to ensure that the fluorescent signal of the
cells will be collected regardless of their position within the channel’s height.

Another key feature of LSM 980 is its versatile acquisition modes, which include:

• Frame scanning - where the laser scans a predefined area, generating a complete image.

• Line scanning - where the laser scans along a predefined line, capturing intensity varia-
tions along that path.

• Spot scanning - where the laser remains fixed on a predefined spot, allowing for high-
temporal-resolution signal detection.

For the experiments described in this chapter, the spot scanning acquisition mode was used.
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Spot scanning in the Zeiss LSM 980

In confocal microscopy, point scanning involves tightly focusing a laser beam onto a diffraction-
limited spot, where it remains fixed rather than scanning across a larger area. As fluorescence-
emitting samples pass through the laser-illuminated spot, the emitted signal is detected by a
photomultiplier tube (PMT). This signal is recorded as a voltage (representing the fluorescence
intensity) over time, producing a time-resolved trace (Figure 4.3).

Figure 4.3: Confocal Signal Output.

This method is particularly useful for capturing rapid changes in fluorescence intensity, mak-
ing it ideal for studying dynamic events in microfluidic systems, single-molecule detection, or
fluorescence correlation spectroscopy (FCS).

4.2.3 Data filtering

The acquired data were processed through a Python program written by Prof Massimo Vassalli
(primary investigator for this PhD project). This data processing provides the duration and am-
plitude of each peak.

Based on the signal profile in Chapter 3, Figure 3.8, the data in this chapter were sorted by
observing the signal shape and peak duration.
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(a) No clear peak and very small peak duration (0.1 msec) indicates signal coming from debris

(b) Clear single peak and medium peak duration (0.7 msec) indicating that the signal comes
from a single cell.

(c) Two peaks connected, giving a broader signal with a peak duration of 1.6 msec, indicating
signal coming from a cell cluster.

Figure 4.4: The data processing provides a scatter plot of the signal intensity over the peak
duration of each particle that responds to a stimulation. (a) Signal from debris, (b) Signal from
single cell, (c) Signal from cell cluster.
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4.2.4 Chemical stimulation

Since the microscope used in this chapter differs from that in Chapter 3, an ATP-based chemical
stimulation experiment was performed to verify that the system was functioning as expected
using Device 2.9a. As in Chapter 3, HEK293T cells were stained with cal520 following the
protocol outlined in Chapter 2 and stimulated with 10 µM ATP. The flow rates at both inlets
were set to 100 µL/hr, yielding a total flow rate of 200 µL/hr. The average and maximum
velocities of the cells were then calculated as described below:

vavg =
200×10−6 ×10−3 m3

50×10−10 ×3600 m2sec
=

200×10−1 m
50×36 s

= 11.11
mm
sec

To calculate the v(max):

vmax = 1.5× vavg = 1.5×11.11 = 16.67
mm
sec

Following this experiment, Yoda1 was administered in the sheath flow, as the chemical stimulant
in subsequent experiments to investigate the Piezo1 response.

The positions plotted in both experiments are shown in the following figure (Figure 4.5)

Figure 4.5: The data acquired from the positions highlighted in orange were used at the plots of
the chemical stimulation (ATP and Yoda1) experiments.

4.2.5 Mechanical stimulation

Cells from the same cell line (HEK293T) were stained with cal520 (following the protocol in
section ??) and subjected to mechanical stress via compression using various microfluidic de-
vices with defined geometries.

Initially, Device 2.9c was employed, featuring three constrictions arranged in a row, each with a
width of 10 µm. The flow rates at both inlets were set to 100 µL/hr, resulting in a total flow rate
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of 200 µL/hr. The average and maximum velocities of the cells were calculated as described
below:

vavg =
200×10−6 ×10−3 m3

50×10−10 ×3600 m2sec
=

200×10−1 m
50×36 s

= 11.11
mm
sec

To calculate the v(max):

vmax = 1.5× vavg = 1.5×11.11 = 16.67
mm
sec

The positions plotted are illustrated in Figure 4.6.

Figure 4.6: The data acquired from the positions highlighted in orange were used in the plot of
the mechanical stimulation experiment with this device.

Next, Device 2.9d, featuring three constrictions arranged in a row with a width of 15 µm each,
was used. The single inlet flow rate was set to 200 µL/hr, resulting in a cell velocity identical to
that calculated for the previous device (i.e., 16.67 mm/sec). The plotted positions are presented
in Figure 4.7.
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Figure 4.7: The data acquired from the positions highlighted in orange were used in the plot of
the mechanical stimulation experiment with this device. The area with the repeated curvatures
and narrow channels (highlighted in the red rectangle) is used to align the cells in a single plane
without the need of the sheath flow.

Finally, Device 2.9b was employed to compress the cells using the sheath flow alone, without
any constrictions along the channel. To achieve cell compression, the sheath flow was set to 200
µL/hr while the sample inlet was maintained at 50 µL/hr. In this configuration, the total flow
rate increased to 250 µL/hr, and the average cell velocity was calculated as follows:

vavg =
250×10−6 ×10−3 m3

50×10−10 ×3600 m2sec
=

250×10−1 m
50×36 s

= 13.89
mm
sec

To calculate the v(max):

vmax = 1.5× vavg = 1.5×13.89 = 20.84
mm
sec

The positions used for plotting are shown in Figure 4.8
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Figure 4.8: The data acquired from the positions highlighted in orange were used in the plot of
the mechanical stimulation experiment with this device.

4.3 Results

4.3.1 Chemical stimulation

The chemical stimulation of HEK cells with ATP (Figure 4.9) produced a response trend similar
to that observed in Chapter 3 (Figure 3.19).

Figure 4.9: Response of HEK293T cells to ATP stimulation as recorded by the lsm980 (∗∗∗p-
values < 0.001 ).

Normality of the data from each position was evaluated using Anderson-Darling tests, which
indicated a non-normal distribution. Consequently, non-parametric tests (Kruskal-Wallis and
Mann-Whitney) assessed statistical significance across different positions. The analysis revealed
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that, beyond position five, the cell response was significantly elevated compared to position zero
(p-value < 0.001), where the cells were not exposed to the chemical stimulant. Furthermore,
after position five, the response increased significantly and then remained relatively constant,
with only minor fluctuations (Figure 4.9).

The subsequent stimulation with Yoda1 did not display a consistent trend across the positions.
However, a statistically significant increase in cell response was observed at position five, while
a significant decrease was detected at position ten. Beyond these points, the cell response re-
mained nearly constant, with only minor fluctuations that were not statistically significant (Fig-
ure 4.10).

Figure 4.10: Response of HEK293T cells to Yoda1 stimulation as recorded by the lsm980 (∗p-
values < 0.05, ∗∗p-values < 0.005).

Nevertheless, when various concentrations of Yoda1 were administered using the same device,
a clear concentration-dependent effect on the cell response was observed. Since the data were
found to be non-normally distributed, non-parametric tests (Kruskal-Wallis and Mann-Whitney)
assessed statistical significance across different concentrations. Notably, at a concentration of
100 µM, the cell response declined significantly, which may be attributed to the cytotoxic effects
of high levels of Yoda1 (Figure 4.11).
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Figure 4.11: Dose-dependent of HEK293T cells to Yoda1 stimulation as recorded by the lsm980
(∗∗∗p-values < 0.001)

4.3.2 Mechanical stimulation

The data of all the mechanical stimulation experiments were evaluated using Anderson-Darling
tests, which indicated a non-normal distribution. Therefore, in the following graphs, the pre-
sented statistics are derived from non-parametric statistical tests (Kruskal-Wallis and Mann-
Whitney).

The initial mechanical stimulation experiment demonstrated that the cell response exhibited
a rapid and pronounced increase approximately 4 seconds after the cells passed through the 10
µm constrictions (Figure)4.12. This elevated response was sustained for roughly 7 seconds,
after which a marked decline was observed at position 15 (Figure 4.6). These findings indicate
that the mechanical compression imposed by the constrictions induces a transient response, with
a notable peak that subsequently diminishes over time.
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Figure 4.12: Response of HEK293T cells to mechanical stimulation as recorded by the lsm980
(∗∗∗p-values < 0.001). The three constrictions are located 5mm (0.3 sec) before position 1.

Figure 4.13: Response of HEK293T cells to mechanical stimulation as recorded by the lsm980
(∗∗∗p-values < 0.001).

The second device (Figure 2.9d) used for mechanical stimulation differed not only in having
wider constrictions (15 µm) but also in its focusing method, as it entirely lacked sheath flows
for cell sample alignment.
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Initially, at positions 0, 1, and 5, (Figure 4.7) the response remains low and relatively con-
stant (Figure 4.13). However, a significant increase in intensity is observed at position 7, which
continues to rise until position 9. Statistical analysis confirms a highly significant difference in
response between the early and later positions (p-value< 0.001). Beyond position 10, the inten-
sity stabilises, maintaining a consistent level with minor fluctuations up to position 20. These
results suggest that mechanical stimulation through the constrictions elicits a delayed but sus-
tained response in the cells, which reaches a plateau after an initial steep increase.

The results indicate that the cellular response is significantly higher (≈ 16,000 V) when passing
through the wider 15 µm constrictions (Figure 4.13) compared to the response observed with
the 10 µm constrictions (≈ 7,000 V) (Figure 4.12). This discrepancy may be due to excessive
compression within the narrower constrictions, which could have caused cellular damage and
thereby reduced the observed response despite stimulation. However, this explanation remains
hypothetical since cell viability was not assessed after passage through the constrictions. Ad-
ditionally, the presence of sheath flow in the first device could have introduced an additional
mechanical stimulus, further influencing the observed cellular response.

Figure 4.14: Response of HEK293T cells to mechanical stimulation as recorded by the lsm980
(∗∗∗p-values < 0.001). The term "vertical sheath" refers to the sheath flow intersecting the
central cell stream perpendicularly, effectively compressing the cells at the point of intersection.

Finally, the device with a perpendicular sheath flow relative to the cell sample flow was em-
ployed. The results closely align with those obtained from the device featuring 15 µm constric-
tions, further reinforcing the notion that gentler mechanical stimulation elicits a stronger cellular
response.
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Statistical analysis revealed that beyond the junction point, where cells undergo compression
due to the sheath flows, the increase in response is statistically significant across all observed
positions. Moreover, following the initial rise at position five, the cell response reaches a plateau,
indicating a sustained level of activation.

4.4 Discussion

This chapter investigated the mechanosensitive behaviour of suspended HEK293T cells sub-
jected to controlled chemical and mechanical stimuli in microfluidic devices, using real-time
fluorescence detection via a photomultiplier tube (PMT). The results confirm that mechanosen-
sitive calcium signalling can be resolved in a high-throughput (HT), flow-based assay and pro-
vide insights into how cells respond to different types and magnitudes of stimulation under
non-adherent conditions.

4.4.1 Biological Interpretation and Comparison with Literature

ATP stimulation evoked robust and reproducible calcium influx in flowing HEK293T cells,
in agreement with established mechanisms where ATP activates P2Y receptors, initiating IP3-
mediated calcium release from internal stores [72]. In contrast to adherent assays where ATP
diffusion leads to spatially heterogeneous stimulation [165], the use of microfluidic flow en-
sures rapid and uniform exposure of each suspended cell to the same ATP concentration. This
enhances the reproducibility of population-level data and avoids local gradient effects, which
are common in static cultures.

Yoda1, an agonist of the Piezo1 channel, elicited a dose-dependent response only when its con-
centration was varied. A marked reduction in signalling was observed at 100 µM, likely due to
cytotoxic effects or receptor desensitisation. This observation aligns with findings by Davies et
al. (2019), who reported significant cytotoxicity at higher Yoda1 concentrations [54].

Mechanical stimulation via constriction channels showed that cells subjected to 15 µm con-
strictions generated higher voltage signals (≈16,000 V) compared to the 10 µm device (≈7,000
V). This suggests that gentler compression is more effective in triggering Ca2+ influx. In con-
trast, excessive compression (in narrower channels), combined with shear stress (from the sheath
flow), may damage cellular membranes or disrupt calcium homeostasis, thus diminishing the re-
sponse. This interpretation aligns with studies showing reduced viability or altered signalling
following excessive deformation [98, 195, 200]. Moreover, in the device utilising perpendicular
sheath flow, voltage signals were comparable to the 15 µm constriction response, supporting the
idea that more moderate mechanical stimuli are optimal.
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4.4.2 Technical Limitations and Drawbacks

Despite the promising results in assessing cellular mechanosensitivity in HT, several technical
limitations were identified. One critical issue is the lack of quantification of the mechanical
forces experienced by the cells as they pass through the microfluidic constrictions. The mag-
nitude and spatial distribution of the compressive stress are not explicitly measured, making it
difficult to directly compare the mechanical stimulation used here with those reported in other
studies. To accurately benchmark these results, computational simulations such as finite ele-
ment analysis (FEA) or computational fluid dynamics (CFD) modelling would be necessary to
estimate the local stress and strain experienced by the cells. Without this, the mechanistic inter-
pretation remains qualitative.

Additionally, the viability of cells post-stimulation was not assessed. This is particularly im-
portant in the 10 µm constriction device, where the observed reduction in calcium signalling
could be due not only to excessive mechanical stress but also to compromised cell integrity.
Without post-assay viability evaluation, such as using Trypan Blue exclusion or live/dead stain-
ing assays like calcein-AM and propidium iodide, it is not possible to distinguish whether the
reduced signal arises from a biologically relevant attenuation of the calcium response or simply
from cellular damage or death.

4.4.3 Suggested Improvements and Future Directions

To improve the system’s reliability and interpretability, several refinements can be considered.
First, the development of sheath-free device designs could help eliminate the vertical sheath
flow, which currently introduces shear stress that may confound the interpretation of results. By
adopting alternatives such as inertial focusing or tailored microchannel geometries to align cells
within the flow, it would be possible to reduce or eliminate the contribution of shear, thereby
allowing a clearer separation of the nature of the mechanical stimulation effects on calcium sig-
nalling. Inertial focusing techniques, for instance, utilise the balance of inertial lift forces and
Dean drag forces within microfluidic channels to focus particles or cells without the need for
sheath flow [205]. A study by Al-Halhouli et al. (2019) demonstrated enhanced inertial focus-
ing by integrating trapezoidal microchambers in spiral microfluidic channels, achieving a cell
focusing efficiency of 99.1 % for Saccharomyces cerevisiae yeast cells [15]. Similarly, Kim
et al. (2016) explored inertial focusing in non-rectangular cross-section microchannels, finding
that the broken symmetry of non-equilateral triangular channels led to the shifting of focusing
positions with varying Reynolds numbers [101].

Second, incorporating computational modelling approaches, such as computational fluid dy-
namics (CFD) or finite element analysis, would allow for the quantitative estimation of the
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mechanical forces cells experience as they pass through the constrictions. These force estimates
would enable more direct comparisons with the mechanobiology literature and help define the
thresholds of mechanical loading that activate signalling without causing cellular damage.

Finally, integrating a downstream module for viability assessment would allow for real-time or
post-assay validation of cell health, using methods such as Trypan Blue exclusion or fluorescence-
based live/dead staining. This would ensure that observed variations in signal are due to func-
tional cellular responses rather than artefacts arising from mechanical injury or compromised
membrane integrity.

This method addresses a significant gap in mechanobiology by enabling high-throughput as-
sessment of dynamic Ca2+ responses in suspended cells, a capability not achievable with con-
ventional adherent assays or FACS-based platforms. The system shows strong potential in sev-
eral areas. One application is drug screening aimed at targeting mechanotransduction pathways,
including the evaluation of pharmacological agents that influence Piezo1, TRPV4, or down-
stream Ca2+ signalling. Another promising use is in mechanophenotyping heterogeneous cell
populations; by correlating mechanical response profiles with the PMT readouts, it becomes
possible to identify and analyse subpopulations with distinct mechano-responsiveness, similar
to approaches demonstrated in deformability cytometry systems [144]. This capability is espe-
cially useful in studying complex mixtures such as stem cells, cancer cells, or immune cells,
where different subsets may exhibit unique mechano-signalling profiles. Ultimately, it opens up
the possibility of sorting or isolating mechanosensitive cell types for further study or therapeutic
targeting.

4.5 Conclusion

These findings highlight the importance of both the magnitude and mode of mechanical stim-
ulation in modulating cellular responses. Excessive compression may lead to cellular damage,
dampening the response, while controlled mechanical forces effectively activate mechanosen-
sitive pathways. It was demonstrated that both chemical and mechanical stimulation trigger
responses in HEK293T cells, with the nature and intensity of the stimulus playing a crucial
role in determining cellular behaviour. ATP stimulation produced a consistent increasing re-
sponse trend, whereas Yoda1-induced responses varied across positions but followed a dose-
dependent pattern. Mechanical compression through microfluidic constrictions effectively trig-
gered mechanosensitive responses, with wider constrictions and gentler stimulation yielding
stronger responses.

Overall, this study demonstrates that calcium signalling in suspended HEK293T cells can be
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reliably stimulated and measured in flow using a PMT-based microfluidic platform. The re-
sults are technically promising, but additional simulation, viability validation, and design refine-
ment are required to make the platform suitable for predictive, high-throughput mechanobiology
screening.



Chapter 5

Stem Cell Ageing and Mechanosensitivity

This chapter explores various methods for ageing hMSCs and investigates how their mechanosen-
sitivity is affected. Chemical and mechanical stimulation are applied to the aged populations
to explore the potential reversal of age-related effects. The following sections provide a brief
overview of ageing with a particular interest in stem cell ageing. The bioreactor used to stimulate
the hMSCs mechanically is also described.

5.1 Introduction

5.1.1 Ageing

Ageing is a chronic and multifactorial process that leads to cumulative degenerative changes in
biological systems. It is characterised by irreversible and progressive deterioration at the cellular
and tissue levels, particularly affecting the structural and functional properties of cells. Among
the most impacted domains is cellular mechanobiology, which includes alterations in cytoskele-
tal organisation, mechanosensitive signalling pathways, intracellular force generation, and the
overall ability of cells to detect and respond to mechanical cues via mechanotransduction. These
impairments contribute to dysfunctions across various systems, including the cardiovascular,
musculoskeletal, immune, and integumentary systems [21].

Significantly, these mechanobiological alterations also extend to intracellular calcium dynam-
ics. Mechanosensitive calcium channels, such as Piezo1 and TRP channels, exhibit age-related
changes in expression and gating behaviour, leading to dysregulated Ca2+ influx in response
to mechanical stimuli [137]. In parallel, age-associated remodelling of mitochondria and the
endoplasmic reticulum—two critical organelles responsible for calcium storage, buffering, and
release—further impairs intracellular Ca2+ homeostasis [132, 142]. Together, these changes ex-
acerbate the cellular vulnerability to mechanical stress and may underlie several age-associated
pathologies.

90
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5.1.2 Stem cell ageing and consequences

A critical component of the ageing process is the ageing of stem cells, which significantly af-
fects their regenerative capabilities. Stem cells are essential for maintaining tissue homeostasis
and repairing damaged tissues. However, as organisms age, there is increasing evidence to sug-
gest that stem cell mechanosensitivity decreases and their functionality declines, leading to a
diminished ability to repair and regenerate tissues [119]. This decline contributes to various
age-related disorders [14], further exacerbating the physiological decline associated with ageing
[132, 142].

Hematopoietic stem cells (HSCs), for example, become less mechanosensitive with age, de-
creasing their ability to regenerate new blood cells [171]. This loss of mechanosensitivity has
been attributed to changes in the stiffness of the bone marrow microenvironment, where HSCs
reside [194]. The bone marrow microenvironment is a complex network of cells, proteins, and
other molecules that provides the necessary support and signals for the proper function of HSCs
[202]. Age-related changes in the microenvironment, such as alterations in the extracellular ma-
trix and cellular composition, can negatively impact the ability of HSCs to sense and respond to
mechanical cues [105, 114]. Muscle stem cells (MuSCs) also show a decline in mechanosensi-
tivity with age, contributing to impaired muscle regeneration. Research has shown that changes
in the extracellular matrix surrounding the MuSCs are responsible for this loss of mechanosen-
sitivity. The extracellular matrix is a complex network of proteins and other molecules that
provides cells with structural support and signalling cues. Age-related changes in the extracel-
lular matrix can lead to alterations in its composition and stiffness, which can negatively impact
the ability of MuSCs to sense mechanical signals in their environment [30, 84].

The question that arises is: What is the mechanism behind cellular ageing? Several factors
influence the molecular basis of ageing. Among the most significant factors is DNA damage
due to the accumulation of mutations, which results in genomic instability [179]. This DNA
damage can be induced by reactive oxygen species (ROS), ultraviolet radiation, environmental
mutagens, and various chemicals [107], and it is associated with numerous diseases, including
cancers, cardiovascular diseases, autoimmune disorders, and other age-related conditions [203].
Another important regulator of the ageing mechanism is telomeres, which generally protect the
DNA integrity, and it has been observed that their length decreases with age [36, 170]. Addi-
tionally, changes in epigenetic modifications, including methylation and DNA demethylation or
histones and histone deacetylation, have been shown to impact stem cell ageing and alter their
functions, particularly through interactions with metabolic mechanisms [73, 161]. However, the
reversibility of epigenetic alterations has attracted interest for its potential therapeutic applica-
tions in improving life quality in old age and treating ageing-related diseases, especially cancer
and cardiovascular diseases [14].
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5.1.3 Ageing indicators

Stem cell ageing is associated with alterations in cell cycle dynamics and metabolic activity,
which together impact both proliferation and regenerative capacity. As stem cells age, they of-
ten show an increased tendency to arrest in the G0/G1 phase due to factors such as accumulated
DNA damage, telomere shortening, and the upregulation of cell cycle inhibitors like P16 and
P21 [6]. This results in a lower proportion of actively cycling cells and a diminished prolif-
erative capacity. Enhanced activation of cell cycle checkpoints in response to stress or DNA
damage further slows cell division, compounding the decline in regenerative potential [106].

In parallel, metabolic activity, as measured by the Alamar Blue assay, declines with age. This as-
say reflects the reducing power of cellular enzymes and, by extension, mitochondrial function.
In aged stem cells, mitochondrial efficiency decreases, reducing ATP production and overall
metabolic output. Additionally, increased oxidative stress associated with ageing damages mi-
tochondrial components, further impairing metabolism. A shift in metabolic pathways—such
as a transition from oxidative phosphorylation to glycolysis—can also occur, contributing to the
lower fluorescence signals observed in the Alamar Blue assay [122]. These changes in cell cycle
regulation and metabolic function collectively underscore the reduced regenerative capacity of
aged stem cells.

5.1.4 Nanokicking

Nanokicking is a technique that applies high-frequency, nanoscale mechanical vibrations to
cells, typically using piezoelectric actuators. It was initially developed to induce osteogenesis
in mesenchymal stem cells (MSCs) by mimicking the mechanical cues that occur in bone re-
modelling. The method is based on delivering low-amplitude (typically in the nanometer range)
and high-frequency (often in the kilohertz range) vibrations to adherent cells, influencing their
mechanotransduction pathways [139].

Nanokicking plays a significant role in cellular mechanotransduction by stimulating mechanosen-
sitive ion channels such as Piezo1 and Piezo2, thereby influencing intracellular signalling path-
ways and gene expression. This nanoscale vibrational stimulation has been shown to promote
mesenchymal stem cell (MSC) differentiation, particularly into osteoblasts, without the need
for chemical inducers, as demonstrated in studies by Tsimbouri et al. [140, 178]. Moreover,
emerging evidence suggests that nanokicking may influence cellular ageing by modulating cy-
toskeletal organisation and affecting cell cycle progression [143]. Beyond its well-documented
role in osteogenesis, nanokicking is increasingly being explored for its broader applications in
regenerative medicine, highlighting its potential to impact diverse areas of cell biology and ther-
apeutic development [93].
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Nanokicking, as a mechanotransductive stimulus, is particularly relevant to this study as it offers
a non-chemical approach to modulating both cellular ageing and mechanosensitivity in mes-
enchymal stem cells (MSCs). Investigating the potential of nanokicking to reverse or modulate
ageing-related changes in MSCs could provide valuable insights into its application for main-
taining stem cell function and enhancing their responsiveness to mechanical cues. This study
explores whether nanokicking can mitigate senescence-induced alterations in mechanosensitiv-
ity, particularly through regulating Piezo1 expression and activity.

5.2 Materials and methods

Both physical and chemical methods were employed to induce cellular senescence in mesenchy-
mal stem cells (MSCs).

5.2.1 Physical methods for ageing induction

The physical methods involved repeated cell passaging and prolonged culturing. These ap-
proaches are known to contribute to cellular ageing and senescence [107]. Repeated cell passag-
ing can lead to the accumulation of cellular stress and genetic alterations, resulting in a decline
in cell proliferation and hence the regenerative potential of MSCs [14, 103].

Cells were seeded in 12 and 48-well plates at a density of 2,000 cells per cm2 and maintained in
culture for five weeks, with media changes performed twice a week. The Alamar Blue assay was
conducted weekly to assess cell growth and metabolic activity over time. After five weeks, cells
were harvested and analysed by flow cytometry to evaluate cell cycle distribution. Additionally,
an In-Cell Western (ICW) analysis was performed to quantify Piezo1 expression.

Similarly, ten flasks were subjected to weekly passaging to assess the effects of serial passaging
on cellular ageing. The Alamar Blue assay was performed weekly to monitor cell growth and
metabolic activity throughout the experiment. At the end of each week, cells from two flasks
were harvested for analysis, including flow cytometry to evaluate cell cycle distribution and ICW
to quantify Piezo1 expression, as described before.

These experiments aimed to determine which of the two physical approaches—prolonged cul-
turing or regular passaging—more effectively induces senescence through cell cycle arrest. Ad-
ditionally, the study sought to examine the impact of cellular ageing on mechanosensitivity, with
a specific focus on Piezo1 expression.
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5.2.2 Chemical methods for ageing induction

In addition to physical methods, chemical agents were employed to induce senescence in MSCs.
These included MS275, a histone deacetylase (HDAC) inhibitor, as well as tumour necrosis
factor-alpha (TNF-α) and actinomycin D. MS275 has been shown to promote cellular ageing
by altering gene expression patterns through epigenetic modifications [149]. TNF-α , a pro-
inflammatory cytokine, has been implicated in the induction of senescence by triggering inflam-
matory signalling pathways and oxidative stress. Actinomycin D, an inhibitor of RNA synthesis,
has been used to induce senescence by disrupting transcriptional activity and promoting DNA
damage responses. Collectively, these chemical agents were utilised to explore different path-
ways of senescence induction in MSCs [58, 149].

Similarly to the physical methods, cells were seeded in 12- and 48-well plates at a density of
2,000 cells per cm2, with four plates allocated to each condition. The chemical treatments were
administered under specific conditions: MS-275 was applied at a concentration of 1.5 µM and
maintained in culture for three days, while TNF-α was added at 10 ng/mL and incubated for the
same duration. In contrast, Actinomycin D was introduced at 0.5 µg/mL but remained in the
culture for only three hours. Following the chemical treatments, two plates from each condition
were subjected to nanokicking for seven days. Yoda1 was added at a concentration of 2 µM to
one non-nanokicked plate and one nanokicked plate for 24 hours.

Flow cytometry was conducted for all experimental conditions to evaluate the cell cycle status.
Additionally, the expression of various mechanosensitive and senescence-associated proteins
was assessed using ICW, while gene expression levels were quantified through real-time qPCR.

The protocols followed for all the tests conducted in this chapter are described in Chapter ref
Ch3.

5.2.3 Nanokicking bioreactor

For the mechanical stimulation of the cells in this chapter, a nanokicking bioreactor was used
(Figure 5.1). The bioreactor’s surface with dimensions 130×178 was designed to facilitate two
well plates (Corning, NY). It incorporated low-profile piezo actuators (PL088.30, Physik In-
strumente, Karlsruhe, Germany) with a large attachment area to ensure effective mechanical
stimulation. To secure the well plates, the upper platform featured magnetic attachments, while
3 mm thick magnetic sheets were affixed to the underside of the well plates before their place-
ment on the nanokicker [178].

The magnetic flux at the surface of these magnets is measured at 700 gauss (0.07 T), which
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is considered too low as a static field to impact cellular function significantly. However, since
these magnets are configured as Halbach arrays, their magnetism is concentrated on the side
facing the bioreactor, leaving the opposite side—where the cell culture is located—mostly un-
affected. As a result, any residual magnetic fields reaching the cells are expected to be minimal
[178].

Figure 5.1: Schematic illustration of the nanokicker bioreactor and experimental setup. The
nanokicker bioreactor is placed on a shelf inside the incubator and is connected to an external
power supply. A magnet attached beneath the well plate secures it to the bioreactor, ensuring
stable mechanical stimulation during the experiment. (Created in BioRender.com).

Interferometric measurements

Laser interferometry is a precise optical technique used to measure small displacements, surface
irregularities, refractive index changes, and vibrations by exploiting the principle of interference
between coherent laser beams.

To quantify the vibrational amplitude of the nanokicker platform, a laser interferometry system
was employed, following previously established methodologies [46, 89, 178]. The experimental
setup consisted of a USB laser interferometer (Model SP-S, SIOS Messtechnik GmbH, Ilme-
nau, Germany), which was mounted on a stable optical frame, ensuring precise alignment and
minimal external interference.
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A 3 mm-thick magnetic sheet (NeoFlex Flexible Neodymium Magnetic Sheet, 3M, MN, USA)
was affixed to the underside of each well plate to ensure secure attachment to the nanokicker
bioreactor and to transfer the vibrations inside the plate. This magnetic attachment helped
maintain stability during vibration, preventing unwanted movement that could introduce mea-
surement artefacts. The well plates (one 12-well plate and one 48-well plate) were thoroughly
cleaned with 70% ethanol and allowed to dry before placement on the nanokicker to eliminate
dust or debris that could interfere with laser reflection. The prepared well plates were placed on
the top surface of the nanokicker, ensuring that the magnetic attachments were aligned correctly
for secure fixation.

Figure 5.2: Schematic illustration of the laser interferometry setup for precision measurement
of nanoscale displacements. (Created in BioRender.com).

Reflective tape was added in each well, and the laser beam was directed perpendicularly onto
the surface of the nanokicker bioreactor, which was vibrating at a predefined frequency (1kHz),
the same that has been in previous studies to differentiate MSCs towards osteogenic phenotype
[178]. As the surface oscillated, it induced variations in the optical path length of the reflected
laser beam (Figure 5.2). These variations resulted in changes in the interference pattern when
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the reflected beam was combined with a reference beam within the interferometer. The in-
terferometer detected these phase shifts, allowing for the precise quantification of nanoscale
displacements. Five measurements were taken for each well of the well plates

The PhD student Eva Bohti conducted the measurements, and the raw data obtained from the
interferometry measurements were processed using INFAS software, which provided real-time
displacement curves and frequency domain analyses. The interferometer was calibrated before
each measurement session to ensure accuracy and reproducibility. All measurements were per-
formed in a controlled environment to minimise external vibrations and thermal fluctuations that
could affect the readings.

The data analysis was conducted by me, and the results for the well-plates tested in this sys-
tem are presented in the following table (Table 5.1):

Well plate average displacement (nm) STD (nm)

12-well plate 32.2 3.5

48-well plate 30.8 1.9

Table 5.1: Measurements produced in a range of culture well-plates used in the experiments at 1
kHz. Data were acquired for each well of the 12- and 48-well plates. The results are illustrated
in the form of mean±SD.

This methodology ensured that the vibrational amplitudes applied to the mesenchymal stem
cells (MSCs) were accurately characterised, allowing for precise control over the mechanical
stimulation parameters in subsequent biological experiments.

5.3 Results

5.3.1 Physical methods for ageing induction

Flow cytometry analysis was performed to assess cell cycle status in each experimental condi-
tion, following the protocol detailed in subsection 2.3.2.

The graph in Figure 5.3 depicts cells’ distribution across the cell cycle phases (G1, S, and G2)
in different culturing periods. The x-axis represents different time points (day 7, day 14, etc.),
whereas the y-axis indicates the percentage of cells in each phase. It was observed that most
cells remained in the G1 phase throughout the experiment, which is typical for a proliferating
population. The S phase, representing DNA synthesis, appears more prominent at earlier time
points, particularly on day 7 and day 14, but declines at later time points. Meanwhile, the G2
phase remained relatively small across all conditions, with only slight variations.
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When comparing all conditions, a clear trend emerges in which prolonged culturing appears
more effective in inducing senescence than regular passaging. Across the time points, a gradual
and dramatic decline in the S phase is observed, indicating a reduction in DNA replication as
the cells age. While both passage-based ageing and prolonged culturing lead to an accumulation
of cells in G1 and a decrease in proliferation, the most pronounced effect is seen in the "day 35
long" condition. This condition exhibits a statistically significant reduction in S phase activity
compared to day 35 (Figure 5.4) and the highest proportion of cells arrested in G1, strongly
suggesting a more advanced state of senescence.

Figure 5.3: Flow Cytometry to assess the cell cycle arrest of the different cell sample conditions.
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Figure 5.4: Comparison of the S-phase of cell cycle, among the different culturing time points
(∗p-values < 0.05 ).

In contrast, the regularly passaged cells at day 35 show only a modest increase in G2 arrest and
maintain a slightly higher proportion of cells in S phase, indicating that some level of prolifera-
tion persists. This suggests that while repeated passaging contributes to cellular ageing, it is less
efficient in driving full senescence than prolonged culturing. Thus, the data support the conclu-
sion that extended culture duration, rather than serial passaging, is the most effective method for
inducing cellular senescence and arresting the cell cycle.

Since prolonged culturing was identified as the most effective physical method for inducing
senescence in MSCs, an Alamar Blue test was conducted at all stages of the prolonged culture,
up to five weeks, to evaluate metabolic activity. The protocol followed for this test is described
in the subsection 2.3.1.

This graph (Figure 5.5) represents the percentage of Alamar Blue reduction over time in MSCs
subjected to prolonged culturing. Alamar Blue reduction indicates cellular metabolic activity,
with higher reduction percentages reflecting greater metabolic function.
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Figure 5.5: Alamar Blue assay shows the effect of prolonged culturing on MSCs metabolic
activity (∗∗∗p-values < 0.005 ).

Initially, the metabolic activity appears relatively stable, with minor fluctuations observed be-
tween day 0 and day 21. However, a notable increase in Alamar reduction occurs after day 21,
peaking at day 35. Since the Alamar Blue reduction percentage has not been normalised to cell
number, this increase at days 28 and 35 can likely be attributed to the higher number of cells
present due to the extended culture duration. As the culture progresses, cell density naturally
increases, leading to a greater cumulative metabolic activity, which may not accurately reflect
the metabolic state of individual cells. This makes it challenging to correlate the rise in Alamar
reduction with cellular senescence directly.

On the other hand, the decrease in metabolic activity observed at day 21 is more indicative
of cells undergoing senescence. A decline in Alamar Blue reduction at this stage suggests that a
portion of the cell population has entered a state of growth arrest, characteristic of senescence,
where cellular metabolism slows down. This reduction is more reflective of a true shift in cell
function rather than simply a difference in cell number. However, to draw more definitive con-
clusions from the Alamar Blue assay, it would have been important to normalise the fluorescence
signal to actual cell number to distinguish between metabolic decline per cell versus reduced cell
proliferation.
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5.3.2 Chemical methods for ageing induction

Cells treated with Actinomycin D did not survive, leading to the disposal of those samples. Since
MS-275 and TNF-α treatments were administered for three days, a separate control sample was
incubated under the same conditions for three days without any treatment to serve as a baseline
for comparison.

The following graph (Figure 5.6) illustrates the distribution of cells across different phases of
the cell cycle (G1, S, and G2) under the various treatments.

Figure 5.6: Flow Cytometry to assess the cell cycle arrest of the different cell sample conditions.
The chemical treatments (MS-275 and TNF-α) are applied to cell cultures on day 0.

On day three, compared to day zero, there is an increase in the G1 phase and a significant de-
crease in the S phase, indicating a decline in the cells’ proliferative capacity (Figure 5.6). This
trend becomes more pronounced in the MS-275 and TNF-α conditions. Both treatments result
in a statistically significant reduction of the S phase (Figure 5.7) and a greater accumulation of
cells in the G1 phase, showing a decrease in proliferation, potentially indicating the initiation of
senescence. TNF-α exhibits a slightly higher G1 percentage than MS-275, indicating a stronger
senescence-inducing effect. However, since TNF-α may also trigger inflammatory responses
alongside senescence, MS-275 could be considered a more targeted approach for inducing cel-
lular ageing.



CHAPTER 5. STEM CELL AGEING AND MECHANOSENSITIVITY 102

Figure 5.7: Comparison of the S-phase of cell cycle, among the different culturing time points
(∗p-values < 0.05 ).

The first graph (5.8) presents the qPCR analysis of P16 and P53, markers of cellular senescence,
along with Piezo1, a mechanosensitivity marker, across different conditions. P16 expression
remains relatively stable after 28 days of culturing. However, in the TNF-α condition, P16
levels decrease significantly, following the same trend as P53.

Figure 5.8: qPCR results show the effect of physical and chemical treatments on the expression
of senescence markers (P16, P53) and mechanosensitivity genes (Piezo1) (∗p-values < 0.05 ).
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This decrease in senescence markers in the aged groups could be attributed to transcriptional re-
pression due to specific signalling pathways activated by the ageing inducer, particularly TNF-α .
While TNF-α is pro-inflammatory and can induce senescence, its signalling pathways (e.g., NF-
κB, MAPK) are incredibly complex and context-dependent. It’s likely that certain downstream
transcriptional factors or co-repressors activated by TNF-α could directly bind to or recruit
epigenetic machinery to the promoter regions of the CDKN2A (P16) and TP53 (P53) genes,
leading to their transcriptional silencing or downregulation [24, 96]. This might not be a general
senescence-inducing mechanism but rather a specific transcriptional response to intense TNF-α
signalling, leading to epigenetic modifications that suppress gene expression.

Additionally, Piezo1 expression declines in the chemically treated samples, particularly in the
TNF-α condition, suggesting a potential reduction in mechanosensitivity in aged cells.

The second graph (5.9) displays ICW assay data measuring P16, P21 (a downstream effector
often transcriptionally regulated by P53) [65], Piezo1, and TRPV1 protein levels.

Figure 5.9: In Cell Western test results show the effect of physical and chemical treatments
on the expression of senescence markers (P16, P21) and mechanosensitivity proteins (Piezo1,
TRPV1) (∗p-values < 0.05 ).

Unlike the qPCR results, P16 levels increase significantly under MS-275 and TNF-α treatment
compared to day 0, indicating that these treatments may enhance senescence through P16 upreg-
ulation at the protein level. This discrepancy suggests potential post-transcriptional regulation
affecting P16 expression. For instance, Wang et al. (2001) demonstrated that loss of HuR during
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senescence reduces P16 mRNA stability, leading to lower P16 transcript levels despite ongoing
or increased translation of existing mRNA pools [188]. P21 expression increases significantly
under MS-275 and TNF-α treatment, although P53 mRNA levels decrease in the same group.
El-Deiry et al. (1993) showed that stress signals (including TNF-α) can activate the P21 pro-
moter via NF-κB or ATF sites, boosting translation efficiency and protein levels independent of
mRNA [65]. This suggests these treatments strongly activate P21, reinforcing their role in cell
cycle arrest and senescence induction.

Piezo1 expression declines by day 28 compared to earlier time points, confirming that aged
cells progressively lose mechanosensitivity. Interestingly, MS-275 and TNF-α exhibit interme-
diate Piezo1 levels, lower than day 0 but not as drastically reduced as in long-term aged cells,
indicating a partial suppression of mechanotransduction. TRPV1 decreases significantly in al-
most all conditions compared to day 0. The upregulation of both Piezo1 and TRPV1 proteins in
the day 3 group may reflect an assay-related artefact or a short-lived, temporary change in cel-
lular behaviour, rather than a sustained biological adaptation. Without parallel measurements of
channel activity (e.g., patch-clamp recordings) or mRNA stability, it is impossible to distinguish
a true upregulation from rapid post-translational redistribution or slowed degradation.

A key discrepancy is observed between the qPCR and ICW results for P16: while qPCR shows
a decrease in P16 expression under MS-275 and TNF-α , ICW reveals an increase at the protein
level. This suggests differences in transcriptional and post-transcriptional regulation, potentially
due to mechanisms such as protein stabilisation or post-translational modifications [97]. Overall,
these findings indicate that MS-275 and TNF-α effectively promote senescence, as evidenced
by increased P16 and P21 levels. Meanwhile, the decline in Piezo1 highlights the association
between cellular ageing and reduced mechanosensitivity.

The following graphs illustrate the effects of Yoda1, nanokicking (NK), and their combination
on the day 0 group, which represents healthy, untreated cells (Figures 5.10 and 5.11).

P16 expression remains relatively stable across conditions, with minor variations. Nanokick-
ing alone does not significantly alter P16 levels compared to the control (day 0). However,
Yoda1 treatment leads to a significant increase in P16 expression. P53 does not exhibit any
statistically significant difference among the different conditions. Piezo1 expression remains
unchanged mainly across conditions, except for a statistically significant decrease in response to
nanokicking treatment (Figure 5.10).

Consistent with the qPCR results, the ICW analysis reveals a significant increase in P16 ex-
pression under Yoda1 treatment. This stronger increase at the protein level may be due to post-
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transcriptional regulation, where P16 mRNA levels remain stable or decrease while the protein is
stabilised and accumulates. P21 protein levels also significantly increase with Yoda1 treatment,
whereas nanokicking alone leads to a decrease.

Figure 5.10: qPCR results show the effect of Yoda1 and nanokicking on the expression of senes-
cence markers (P16, P53) and mechanosensitivity genes (Piezo1) (∗p-values < 0.05 ).

Figure 5.11: In Cell Western result show the effect of Yoda1 and nanokicking on the expression
of senescence markers (P16, P21) and mechanosensitivity proteins (Piezo1, TRPV1) (∗p-values
< 0.05 ).
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As expected, Piezo1 expression increases following Yoda1 treatment, reinforcing its role as a
Piezo1 agonist. Additionally, TRPV1, another mechanosensitive protein, significantly increases
across all conditions, with the highest expression observed in the Yoda1-treated samples (Figure
5.11).

Day 3 represents the cell group that remained in culture for three days, allowing for a certain
degree of ageing to occur. The following graphs (Figures 5.12 and 5.13) illustrate the effects of
Yoda1, nanokicking, and their combination on the different conditions within this group.

The expression of P16 significantly decreases following nanokicking treatment, as well as with
the combined application of nanokicking and Yoda1. Similarly, P53 levels decline after treat-
ment with Yoda1 and nanokicking. Notably, Piezo1 expression is reduced across all treatment
conditions, with the most significant decrease observed in the combination of nanokicking and
Yoda1 (Figure 5.12).

Figure 5.12: qPCR results show the effect of on the expression of senescence markers (P16,
P53) and mechanosensitivity genes (Piezo1) (∗p-values < 0.05 ).

At the protein level (Figure 5.13), both P16 and P21 levels rise significantly following nanokick-
ing treatment, as well as in the combined nanokicking + Yoda1 condition. This suggests that
mechanical stimulation alone (nanokicking) is sufficient to induce early senescence-associated
markers, and that Yoda1 (a Piezo1 agonist) does not prevent, but may even reinforce, this up-
regulation. Such rapid induction of P16 and P21 has been observed in other studies of acute
mechanical stress: for example, cyclic stretch applied to human mesenchymal stem cells (hM-
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SCs) for 24 h led to a significant increase in P21 protein before transcriptional changes became
evident, indicating that post-translational stabilization plays a role in the early response to me-
chanical load [113].

Piezo1 protein levels also increase across all treatments, with the highest increase after nano-
kicking alone. This is consistent with the notion that acute mechanical perturbation upregulates
Piezo1 membrane localisation or stability, even before mRNA levels change. In osteoblast-
lineage cells, mechanical loading has been shown to induce Piezo1 accumulation at the plasma
membrane within hours, enhancing mechanosensitive calcium currents [172]. We therefore hy-
pothesise that nanokicking similarly drives Piezo1 stabilisation or trafficking to the membrane
in aged hMSCs, boosting their mechanosensitive capacity.

By contrast, TRPV1 expression remains low and unchanged, in line with its established role
as a thermo- and chemosensor rather than a primary mechanotransducer in mesenchymal cells.
In HEK293 and MSC models, TRPV1 upregulation has only been reported under sustained in-
flammatory or thermal stress, not under purely mechanical stimuli [183]. The lack of TRPV1
induction here implies that nanokicking ± Yoda1 acts predominantly via Piezo1-mediated path-
ways, and that TRPV1 does not significantly contribute to the acute mechanosensitive response
in this context.

Figure 5.13: In Cell Western results show the effect of Yoda1 and nanokicking on the expression
of senescence markers (P16, P21) and mechanosensitivity proteins (Piezo1, TRPV1) (∗p-values
< 0.05 ).

The following graphs represent the cells treated with MS-275 for three days (Figures 5.14 and
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5.15), a condition previously shown to induce cellular senescence (Figure 5.6). These results
illustrate the effects of Yoda1, nanokicking, and their combination on this senescent cell group.

P16 mRNA levels decrease significantly in the nanokicking (NK) and NK + Yoda1 groups,
mirroring the trend in P53 transcripts. Despite lower P16 mRNA with nanokicking, P16 protein
remains unchanged across all conditions. Likewise, P21 protein levels do not shift, even though
P16 transcripts fall. This discordance likely reflects post-transcriptional and post-translational
regulation in senescent cells. In ageing or HDAC-inhibited MSCs, mRNA destabilisation (e.g.,
via reduced HuR activity or increased senescence-associated microRNAs) can lower P16 tran-
script counts without immediately impacting the existing protein pool, which is often stabilised
by decreased proteasome activity [38]. Indeed, Wang et al. (2001) showed that loss of HuR
in senescent cells leads to rapid P16 mRNA decay, whereas P16 protein persists due to slower
degradation [188]. Similarly, P21 protein is known to be protected from proteasomal turnover
when cells enter cell-cycle arrest [13], which could explain its stable abundance despite upstream
transcript fluctuations.

Figure 5.14: qPCR results show the effect of Yoda1 and nanokicking on the expression of senes-
cence markers (P16, P53) and mechanosensitivity genes (Piezo1) (∗p-values < 0.05 ).

Piezo1 mRNA does not change significantly with Yoda1 alone, but decreases significantly in
both NK and NK + Yoda1 samples. By contrast, Piezo1 protein shows a small but statistically
significant increase in the NK and NK + Yoda1 groups, despite the reduced mRNA, suggesting
enhanced channel stabilisation or trafficking to the membrane.
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Acute mechanical perturbation (nanokicking) may trigger rapid translocation of existing Piezo1
to the plasma membrane without requiring new transcription, leading to a transient protein in-
crease even as mRNA is downregulated. Sun et al. (2019) demonstrated that mechanical loading
in osteoblast-lineage cells induces rapid Piezo1 membrane accumulation prior to any mRNA up-
regulation [172, 187].

ICW analysis revealed a significant decrease in TRPV1 protein levels after Yoda1 treatment
alone, after nanokicking (NK) alone, and after the combined NK + Yoda1 treatment (p < 0.05
for all comparisons). This pattern suggests that, unlike Piezo1, TRPV1 is not upregulated in
response to acute mechanical or Piezo1-specific chemical stimulation in these aged hMSCs. In-
stead, TRPV1 appears to be suppressed when cells experience either direct Piezo1 activation
(Yoda1) or mechanical perturbation (NK).

One possible explanation is that TRPV1 serves primarily as a thermo- or inflammatory sensor
rather than a mechanosensor in mesenchymal stem cells. For example, sustained TRPV1 acti-
vation by capsaicin or inflammatory mediators can induce channel desensitisation and enhanced
ubiquitin-mediated degradation in non-neuronal cells [183].

Figure 5.15: In Cell Western test results show the effect of Yoda1 and nanokicking on the
expression of senescence markers (P16, P21) and mechanosensitivity proteins (Piezo1, TRPV1)
(∗p-values < 0.05 ).

The following graphs represent the cells treated with TNF-α for three days (Figures 5.16 and
5.17), a condition previously shown to induce cellular senescence (Figure 5.6). These results
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illustrate the effects of Yoda1, nanokicking, and their combination on this senescent cell group.

Figure 5.16: qPCR shows the effect of Yoda1 and nanokicking on the expression of senescence
markers (P16, P53) and mechanosensitivity genes (Piezo1) (∗p-values < 0.05 ).

Figure 5.17: In Cell Western test shows the effect of Yoda1 and nanokicking on the expression
of senescence markers (P16, P21) and mechanosensitivity proteins (Piezo1, TRPV1) (∗p-values
< 0.05 ).
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In the TNF-α group, qPCR analysis (Figure 5.16) revealed that P53 mRNA levels were signif-
icantly reduced upon Yoda1 addition (p < 0.05). In contrast, Piezo1 and P16 mRNA showed
no significant changes across TNF-α ± Yoda1, indicating that acute Piezo1 activation does not
immediately alter their transcript abundance in TNF-α treated MSCs.

At the protein level (Figure 5.17), Piezo1 expression increased significantly after nanokicking
(NK) alone (p < 0.01). This finding is consistent with reports that mechanical perturbation can
rapidly stabilise or recruit existing Piezo1 to the plasma membrane independently of transcrip-
tion; for instance, Sun et al. (2019) showed that mechanical loading induces Piezo1 membrane
accumulation within hours in osteoblastic cells [172, 187]. Furthermore, the combined NK ±
Yoda1 treatment caused a significant increase in TRPV1 protein (p < 0.05). By contrast, P16
and P21 protein levels remained unchanged across all TNF-α conditions, despite earlier mRNA
changes. This likely reflects post-transcriptional buffering in senescent cells, where P16 and
P21 proteins are stabilised by reduced proteasomal degradation [188].

The following graphs demonstrate the cell groups that were kept in culture for 28 days, resulting
in a certain degree of cellular ageing (Figures 5.18 and 5.19). These results illustrate the effects
of Yoda1, nanokicking, and their combination on this senescent cell group.

The combined nanokicking (NK) and Yoda1 treatment induced a statistically significant increase
in P53 transcript levels (p < 0.05). This suggests activation of DNA damage or stress pathways,
as elevated intracellular Ca2+, via Piezo1 activation by Yoda1 or mechanical perturbation, can
trigger P53 transcription. For example, cyclic mechanical tension in nucleus pulposus cells has
been shown to induce DNA damage and activate the P53-P21 pathway, leading to premature
senescence [69]. Similarly, in aged hMSCs, NK + Yoda1 likely exacerbates mechanical and
ionic stress, driving P53 upregulation.

Piezo1 transcript levels declined significantly after NK alone (p < 0.05). This may reflect a
homeostatic feedback: short-term mechanical stimulation can cause Piezo1 channels already at
the membrane to remain active while their gene transcription is transiently repressed. As pre-
viously discussed, in osteoblastic cells, mechanical load rapidly redistributes existing Piezo1
to the membrane before mRNA changes occur [172, 187]. In day 28, group hMSCs, NK may
similarly mobilise Piezo1 protein, prompting a compensatory drop in Piezo1 transcription.

P16 mRNA did not exhibit any statistically significant changes among the different treatments.
However, at the protein level, P16 rose significantly (p < 0.05) following the Yoda1 treatment.
Piezo1 activation by Yoda1 can induce P16 stabilisation via Ca2+-dependent kinases (e.g., p38
MAPK) that protect P16 from degradation [38]. In addition, P16 protein fell significantly (p
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< 0.05) after being subjected to nanokicking. This suggests mechanical stimulation may tran-
siently downregulate P16 protein—perhaps via enhanced proteasomal turnover following me-
chanical remodelling, as mechanical stretch can activate Rho-p38 signalling leading to selective
degradation of senescence proteins [129].

Together, these data imply that pure Yoda1 engagement fosters senescence marker accumula-
tion, whereas NK alone triggers pathways that selectively reduce P16 protein in day 28 cells.

Figure 5.18: qPCR test shows the effect of Yoda1 and nanokicking on the expression of senes-
cence markers (P16, P53) and mechanosensitivity genes (Piezo1) (∗p-values < 0.05 ).

Similarly to P16, P21 protein was significantly reduced following NK (p < 0.05). Mechanical
tension, especially in aged or long-term–cultured cells, has been shown to activate proteasome-
dependent P21 degradation, even when P21 mRNA remains unchanged [188]. Thus, mechanical
forces from NK likely accelerate P21 turnover, overriding any transcriptional signals.

Although Piezo1 mRNA fell with NK, Piezo1 protein increased significantly after NK alone
and increased even more under NK + Yoda1. This indicates that mechanical stimulation rapidly
stabilises or traffics existing Piezo1 channels to the membrane. Yoda1 binding can prevent
Piezo1 internalisation, further boosting protein levels [152]. Together, NK + Yoda1 produce
a synergistic effect: NK mobilises Piezo1, while Yoda1 locks it in an active state, leading to
maximal protein retention. Finally, the TRPV1 protein decreased significantly under NK alone
and under the combination of Yoda1 + NK treatment. As discussed previously, TRPV1 acts
primarily as a thermo- and inflammatory sensor; mechanical stimulation or Piezo1-driven Ca2+
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influx can activate downstream kinases (e.g., PKC) that target TRPV1 for phosphorylation and
rapid endocytic degradation [183].

Figure 5.19: In Cell Western test shows the effect of Yoda1 and nanokicking on the expression
of senescence markers (P16, P21) and mechanosensitivity proteins (Piezo1, TRPV1) (∗p-values
< 0.05 ).

In summary, P53 upregulation under NK + Yoda1 indicates combined mechanical and Piezo1-
mediated Ca2+ stress activating DNA damage pathways. iezo1 mRNA falls with NK, while pro-
tein rises due to rapid membrane recruitment and stabilisation; Yoda1 further amplifies this ef-
fect. P16/P21 proteins respond differently: Yoda1 boosts P16, whereas NK reduces both P16 and
P21, reflecting stress-dependent degradation. And finally, TRPV1 declines under NK ± Yoda1,
consistent with mechanistically induced channel internalisation and proteasomal turnover. These
patterns illustrate how aged hMSCs integrate mechanical and chemical inputs—via Piezo1 and
p53 pathways—to modulate senescence and mechanosensitivity at multiple regulatory levels.

These interpretations are based on existing literature but remain speculative. To draw firmer
conclusions, the underlying signalling pathways must be investigated in detail. Future studies
should include targeted experiments—such as kinase assays, ubiquitination analyses, and tran-
scription factor profiling—to confirm how mechanical and chemical cues interact. Such work
goes beyond the scope of the current project but will be essential to validate these hypotheses.



CHAPTER 5. STEM CELL AGEING AND MECHANOSENSITIVITY 114

5.4 Discussion

This chapter represents an exploratory investigation into how induced ageing affects human
mesenchymal stem cell (hMSC) mechanobiology, serving as a proof-of-concept rather than a
comprehensive study. The ultimate aim was to establish and optimise protocols for inducing
senescence, by either prolonged culturing or chemical treatments (MS-275 treatment, or TNF-α
exposure), so that these aged cells could subsequently be studied in my microfluidic platform for
real-time, high-throughput (HT) mechanosensitivity assessment. Below, I place the key findings
in context, discuss methodological strengths and limitations, and suggest refinements for future
work.

5.4.1 Summary of Findings and Context

Senescence Induction and Cell-Cycle Arrest

Extended culture (21+ days) and three-day chemical treatments (MS-275, TNF-α) all produced
increased G1-phase accumulation and reduced S-phase entry by flow cytometry, indicating
growth arrest [88]. These results align with established protocols for replicative and induced
senescence in hMSCs [184]. G1 arrest by day 21 confirms that prolonged culturing is sufficient
to trigger age-related cell-cycle changes [59].

qPCR versus Protein Discrepancies

In MS-275 and TNF-α groups, mRNA levels of P16 and P53 decreased, whereas ICW showed
increased P16/P21 proteins [188]. Day 28 cells exhibited elevated P53 mRNA with nanokick-
ing + Yoda1, but P16/P21 proteins responded variably to treatments. These mismatches illus-
trate common post-transcriptional and post-translational regulation in senescent cells [97, 100].
Without kinetics (mRNA half-life or protein-turnover assays), it is difficult to conclude whether
transcriptional suppression or protein stabilisation predominates [186].

Mechanosensitive Channel Expression

Piezo1 protein often rose acutely under mechanical stimuli (nanokicking), even when its mRNA
fell. TRPV1 remained low or decreased under most conditions. This suggests that short-term
mechanical perturbation mobilises existing Piezo1 channels before transcriptional feedback sup-
presses Piezo1 mRNA. Such rapid trafficking has precedent in osteoblast models [152]. In con-
trast, TRPV1 appears less relevant to hMSC mechanosensitivity under these regimens [183].
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Metabolic Activity (Alamar Blue) and Senescence

Alamar Blue reduction was stable until day 21, then spiked (reflecting higher cell counts) and
declined at day 21 (indicating senescence). Without normalising to cell number, interpreting
intrinsic metabolic changes per cell is impossible. A true metabolic decline per cell likely began
around day 21, coinciding with cell-cycle arrest [38].

5.4.2 Methodological Reflections and Limitations

Exploratory Scope

This chapter aimed to identify effective senescence induction conditions rather than fully map
mechanistic pathways. As such, protocols were not exhaustively optimised, and sample sizes
were limited to technical triplicates. Future studies should incorporate additional biological
replicates and sample cells at multiple time points, such as day 21 and day 35, to better char-
acterise the progression of induced senescence. It would also be valuable to include hMSCs
from several elderly donors, allowing direct comparison between in vitro–induced ageing and
naturally aged, in vivo cells.

qPCR and ICW Normalisation

qPCR relied on housekeeping genes (GAPDH, RPL13A). However, ageing and stress can alter
their expression, skewing results [180]. Including multiple reference genes or using global mean
normalisation could improve accuracy. ICW was normalised to total protein per well. Yet
ageing can change overall protein synthesis and cell size, affecting total protein measurements
[18]. Incorporating cell counts or DNA staining (e.g., Hoechst) in parallel wells could refine
normalisation.

Senescence Heterogeneity and Single-Cell Analysis

Bulk qPCR and ICW average responses across heterogeneous cultures. Yet senescence often
occurs in subpopulations. Single-cell RNA-seq or flow-cytometric detection of P16 and SA-β -
gal could reveal whether only a fraction of cells drive overall marker shifts [197]

Alamar Blue Assay Caveats

Without normalising to cell number or performing parallel viability assays (e.g., Trypan Blue),
Alamar Blue data can be misleading. Future studies should normalise fluorescence to cell count
via automated counters (as used with Countess) or calibrate Alamar Blue readings with known
cell densities [27].
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5.4.3 Suggestions for Future Optimisation

Further Senescence Characterization

Incorporate multiple senescence markers—SA-β -gal staining, γ-H2AX immunofluorescence,
SASP profiling (e.g., IL-6, IL-8 ELISAs)—to confirm functional senescence rather than relying
solely on cell-cycle and P16/P21 readouts [88].

Enhanced Normalisation and Controls

Utilisation of multiple housekeeping genes for qPCR and normalising ICW to DNA content or
cell count. Vehicle controls (e.g., DMSO-only) should also be included for chemical treatments
to rule out solvent effects [149].

5.4.4 Applicability and Potential Impact

Although preliminary, these data demonstrate that hMSC senescence can be induced within a
month (or even three days chemically) and that key mechanosensitive channels (Piezo1, TRPV1)
and senescence markers (P16, P21, P53) respond in complex, dynamic ways. Establishing reli-
able ageing protocols is a crucial first step. Once standardised, aged hMSCs can be introduced
into my previously developed microfluidic devices to measure their mechanosensitivity in real
time and at HT.

This approach could support disease modelling, for example, by examining how aged MSCs
from patients with osteoporosis or osteoarthritis respond to mechanical stimuli. It could also
be applied to drug screening, using the flow-based platform to evaluate compounds that restore
mechanosensitivity or delay senescence rapidly. In regenerative medicine, this system could
help isolate MSC subpopulations that retain mechanosensitivity despite cellular ageing, poten-
tially improving therapeutic outcomes.

However, caution is needed. Altered mechanosensitivity in aged hMSCs is not proven by these
findings; only marker expression under static or acute nanokicking/Yoda1 conditions is shown
to shift. More robust functional assays and improved normalisation strategies will be required
before definitive conclusions about aged cell mechanobiology can be drawn.

5.5 Conclusion

Overall, this chapter provided an initial look at how prolonged culturing and chemical treat-
ments induce senescence in hMSCs and how these aged cells respond at the molecular level to
mechanical cues. Although changes in senescence and mechanosensor markers were observed,
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the results remain preliminary and must be interpreted cautiously. Future work should focus
on validating these findings with more functional assays, improved normalisation, and com-
parisons to naturally aged MSCs. With these refinements, we can better understand aged cell
mechanobiology and integrate aged hMSCs into our microfluidic platform for high-throughput
mechanosensitivity screening.



Chapter 6

Conclusions and Future Work

This work was designed to develop a high-throughput method for characterising calcium dy-
namics for single cells. The project was driven by the need to monitor cellular responses to
mechanical stimulation using prototype microfluidic devices. In parallel, the study investigated
the mechanosensitivity of hMSCs, with a focus on how this is affected by ageing (as indicated
by senescence markers). Together, the experimental chapters on calcium signalling, mechan-
ical stimulation, and stem cell ageing were designed to complement each other and provide a
comprehensive understanding of how cells respond to physical and biochemical cues.

6.1 Experimental Findings

The first phase of the research confirmed the feasibility of using calcium signalling as a reliable
readout of cellular response in HEK293T cells. This initial work validated that both adherent
and suspended cells respond to chemical stimulants such as ATP and Yoda1. The effect of
experimental conditions- including cell sample preparation, flow rate, and laser power was in-
vestigated. The careful adjustment of these parameters ensured that the following assays could
reliably measure dynamic changes in calcium signalling. Moreover, identifying optimal con-
ditions for cell suspension and microfluidic design sets the basis for experiments that require
prolonged cell observation, an important factor for high-throughput analysis.

Building on these findings, the second experimental phase focused on mechanical stimulation.
Here, microfluidic devices with different geometrical features were used to apply compression
forces. The experiments showed that the magnitude and mechanical stimulation type are key
parameters determining the cellular response. For example, cells compressed through gentler,
wider constrictions exhibited significantly higher responses than those subjected to more ex-
treme compression. These results indicated the importance of balancing effective mechanos-
timulation and cell protection. The observation that even a tiny mechanical variation (such as
this derived from the sheath flow) can influence the response further emphasises the attention
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that should be paid to device design. This phase of the study not only confirmed the role of
mechanical stimulations in modulating cell behaviour but also highlighted that a combined ap-
proach—using both chemical and mechanical stimuli—can offer more detailed insights into
cellular mechanotransduction.

The third experimental chapter extended the investigation to stem cell ageing and its impact on
mechanosensitivity. Here, hMSCs were purposely aged using both physical and chemical meth-
ods, and their responses to mechanical stimulation were compared with those of untreated fresh
hMSCs. The experiments revealed that ageing alters cell cycle dynamics, metabolic activity,
and the expression of key mechanosensitive proteins such as Piezo1. Interestingly, while ageing
was associated with reduced overall responsiveness to stimuli, some compensatory mechanisms
were observed at the post-transcriptional level. The divergence between mRNA and protein lev-
els of senescence markers suggests that cells may adopt adaptive strategies to maintain a degree
of mechanosensitivity despite the adverse effects of ageing. This finding is critical for regener-
ative medicine as it indicates that even aged stem cells might be sorted or rejuvenated based on
their mechanosensitive profiles, thus potentially enhancing their therapeutic efficiency.

6.1.1 Combining findings towards a common goal

Taken together, the three experimental chapters form a consistent narrative that addresses both
fundamental and practical aspects of cellular mechanosensitivity. The calcium signalling studies
provided the methodological basis for real-time, high-throughput analysis of cell activation. At
the same time, the mechanical stimulation experiments demonstrated that the cellular response
is highly dependent on the physical parameters of the applied force. Finally, our preliminary in-
vestigation into MSC ageing offered initial clues about how mechanosensitivity changes in the
ageing state and suggested ways it could be maintained—or even improved—under optimised
conditions. However, these observations remain tentative and will require further validation.

This overall strategy is promising for regenerative medicine. If stem cells can be sorted by their
mechanosensitive response, it would be possible to select those with the highest regenerative
potential, such as younger or more responsive cells, for therapy. Aged cells, whose mechanosen-
sitivity is reduced, could become targets for rejuvenation protocols. Ultimately, refining these
approaches into a high-throughput assay could streamline drug or treatment screening aimed at
modulating mechanotransduction pathways, paving the way for improved clinical outcomes.

A possible microfluidic strategy for mechanosensitivity-based sorting relies on the fact that aged
(with impaired mechanosensitivity) and non-aged hMSCs differ in their immediate calcium re-
sponse when mechanically stimulated. In such a device, a mixed suspension of cells would flow
sequentially through a short constriction region that applies a standardised mechanical pulse
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to each cell, forcing a brief membrane deformation. An immediate detection region where a
focused laser excites Cal520AM-loaded cells, and a photomultiplier records the resulting Ca2+-
dependent fluorescence. Because non-aged hMSCs typically exhibit a larger, faster Ca2+ spike
under mechanical stress than aged counterparts, a real-time threshold can be defined. If a cell’s
fluorescence peak exceeds that threshold, indicating a “non-aged” phenotype, it is allowed to
continue into outlet A. Cells showing a smaller or delayed Ca2+ response (indicative of "aged"
hMSCs) would fall below the threshold and be passively directed into outlet B. The optimal
method for switching outlets has yet to be determined. This proposal remains a future prospect
that will require substantial optimisation of the microfluidic platform and validation of the stem
cell findings before implementation.

6.1.2 Limitations

Several limitations were encountered during this study that should be considered when inter-
preting the results.

Microfluidic Assay Variability

First, the microfluidic devices, although optimised for high-throughput analysis, exhibited vari-
ability in flow dynamics and cell positioning. Minor inconsistencies in channel geometry and
flow rate control may have contributed to fluctuations in cellular responses, making it challeng-
ing to completely decouple the effects of mechanical stimulation from inherent device-induced
variations.

Fluorescence Readout Constraint

Relying on Cal520AM fluorescence as a proxy for Ca2+ influx introduces potential artefacts.
Heterogeneous dye loading and cell-to-cell staining differences could affect signal amplitude
and timing. Moreover, the presence of fluorescent labels is incompatible with many transla-
tional scenarios. Therapeutic applications demand unaltered cells, and regulatory requirements
discourage exogenous dyes. Alternatively, label-free readouts (e.g., impedance or mechanical
deformability [144]) should be explored to improve clinical relevance.

Mechanical Stimulation Uncertainties

In Chapter 4, applying constriction-based stimuli highlighted the sensitivity of cell responses to
exact force magnitudes. Without direct quantification of the mechanical loads (e.g., such as com-
putational fluid dynamics (CFD) simulations), it remains difficult to compare our constriction-
induced pressures to literature-reported thresholds.
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Ageing Model Relevance

The senescence protocols in Chapter 5 (prolonged culturing, MS-275, and TNF-α treatments)
successfully induced cell-cycle arrest and marker shifts, but they do not fully replicate the mul-
tifaceted, lifelong ageing process in vivo. Differences between mRNA and protein levels (P16,
P21, Piezo1) indicate complex post-transcriptional regulation that we could not fully investigate.
To better bridge in vitro and in vivo ageing, future work should incorporate hMSCs from elderly
donors and include longer time-course studies of SASP factors, ROS levels, and mitochondrial
function.

In summary, these challenges (device variability, reliance on fluorescent labels, mechanical
force quantification, and ageing model limitations) highlight areas for refinement. It is critical
that they be addressed before the high-throughput mechanosensitivity platform can be translated
into broader research and clinical contexts.

6.2 Future work

The implications of this research extend beyond mechanosensitivity assays alone. By showing
that chemical and mechanical stimuli can be used to modulate cellular responses, and that these
responses change with cellular ageing, a foundation is laid for future work in tissue engineering
and regenerative medicine. The microfluidic systems created here demonstrate how cell acti-
vation can be monitored in real time based on dynamic calcium signalling, providing a highly
controlled environment for studying and potentially selecting specific cell phenotypes.

Future efforts should focus on optimising these microfluidic designs to improve both sensi-
tivity and throughput. Equally important will be testing the platform with primary stem cells
from donors of different ages to ensure the assay’s relevance in clinical settings. Ultimately,
this approach could underpin next-generation cell-sorting technologies that feed directly into
personalised regenerative therapies, enabling more effective and tailored treatments.

6.3 Conclusion

In summary, this project demonstrates that high-throughput mechanosensitivity assays based
on microfluidic platforms are both feasible and informative. The comprehensive investiga-
tion—including calcium signalling, mechanical stimulation, and stem cell ageing—has revealed
critical insights into how cells respond to various stimuli and how these responses are altered
by ageing. These findings not only validate the proposed approach but also highlight its po-
tential applications in regenerative medicine, particularly in the context of stem cell sorting and
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rejuvenation. Through the careful optimisation of experimental conditions and device design,
this research initiates progress towards future innovations in mechanobiology and cell-based
therapies.



Appendix A

Microfluidic devices

The following devices were fabricated during my industrial placement in Cytonome, Boston, but not used

in the project’s experiments.

Figure A.1: Mechanical Stimulation Device 2: Sheath flow is used to maintain the cells in
the central plane of the channel. Cells pass through a constriction, where the channel width is
reduced compared to the surrounding areas. The width of this constriction ranges from 10 µm
to 25 µm.
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Figure A.2: Mechanical stimulation device 4: This design eliminates the need for sheath flow
by utilizing repeated curvatures and narrow channels immediately following the inlet. These
features create a controlled environment that naturally focuses cells into a central streamline. As
the cells flow through the device, they pass through a single constriction where the channel width
is significantly reduced compared to the surrounding regions. The width of these constrictions
varies between 10 µm and 25 µm.



Appendix B

Python code for confocal data processing

The following code was developed by Prof. Massimo Vassalli, for processing the data acquired from the

Zeiss LSM980 microscope.

1 import sys

2 import numpy as np

3 from PySide6.QtWidgets import (

4 QApplication, QWidget, QPushButton, QVBoxLayout, QHBoxLayout,

QFileDialog,

5 QLabel, QSpinBox, QSlider, QMessageBox, QDialog, QSizePolicy

6 )

7 from PySide6.QtCore import Qt

8 from scipy.signal import savgol_filter as savgol

9 import pyqtgraph as pg

10 import csv

11

12 class RandomScatterPlotDialog(QDialog):

13 def __init__(self):

14 super().__init__()

15 self.setWindowTitle(’Random Scatter Plot’)

16 self.setGeometry(200, 200, 600, 400)

17

18 layout = QVBoxLayout()

19

20 innerlayout = QHBoxLayout()

21 self.plotWidget = pg.PlotWidget()

22 self.plotWidget.getViewBox().setMouseMode(pg.ViewBox.RectMode

)

23 self.plotWidget.setLabel(’left’,’Intensity [a.u.]’)

125
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24 self.plotWidget.setLabel(’bottom’,’Duration [us]’)

25 self.graphWidget = pg.PlotWidget()

26 self.graphWidget.setLabel(’left’,’Intensity [a.u.]’)

27 self.graphWidget.setLabel(’bottom’,’Time [us]’)

28 innerlayout.addWidget(self.plotWidget)

29 innerlayout.addWidget(self.graphWidget)

30

31 lowelayout = QHBoxLayout()

32 self.selectedpeak = QSlider(Qt.Orientation.Horizontal)

33 self.selectedpeak.setMinimum(0)

34 self.selectedpeak.setMaximum(100)

35 self.selectedpeak.setSizePolicy(QSizePolicy.Policy.Expanding,

QSizePolicy.Policy.Preferred)

36 lowelayout.addWidget(self.selectedpeak)

37 lowelayout.addWidget(QLabel(’Duration [us]:’))

38 self.Lduration = QLabel(’n/a’)

39 lowelayout.addWidget(self.Lduration)

40 lowelayout.addWidget(QLabel(’Intensity [a.u.]:’))

41 self.Lpeak = QLabel(’n/a’)

42 lowelayout.addWidget(self.Lpeak)

43

44 layout.addLayout(innerlayout)

45 layout.addLayout(lowelayout)

46

47 self.setLayout(layout)

48 self.peaks=[]

49 self.generateRandomData()

50

51 def generateRandomData(self,x=None,y=None,data=None):

52 self.plotWidget.clear()

53 self.graphWidget.clear()

54 if x is None:

55 x = np.random.rand(1000)

56 y = np.random.rand(1000)

57 self.selectedpeak.setMaximum(len(x)-1)

58 self.x,self.y=x,y

59 self.peaks=data

60 self.plotWidget.plot(x, y, pen=None, symbol=’o’, symbolSize

=5)

61 self.point = self.plotWidget.plot([x[0]],[y[0]],pen=None,

symbol=’o’, symbolSize=5, symbolBrush=’orange’)
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62 self.selectedpeak.setValue(0)

63 self.selectedpeak.valueChanged.connect(self.updatePoint)

64 self.updatePoint()

65

66 def updatePoint(self,value=0):

67 # Update the point based on the selected peak value

68 if self.peaks is not None:

69 peak = self.peaks[value]

70 self.graphWidget.clear()

71 self.graphWidget.plot(peak[:,0],peak[:,1], pen=’y’,symbol

=’o’,symbolSize=3)

72 self.point.setData([self.x[value]], [self.y[value]]) #

Assuming peaks is a list of (x, y) tuples

73 self.Lpeak.setText(f’{int(self.y[value])}’)

74 self.Lduration.setText(f’{int(self.x[value])}’)

75

76 class MyApp(QWidget):

77 def __init__(self):

78 super().__init__()

79 self.initUI()

80 self.loaded = False

81 self.finished=False

82 self.inmemory = False

83 self.duration,self.intensity = [],[]

84 self.safepeaks = []

85

86 def initUI(self):

87 self.setWindowTitle(’AMK data analyser’)

88 self.setGeometry(100, 100, 800, 600)

89

90 layout = QVBoxLayout()

91

92 controlLayout = QHBoxLayout()

93 self.selectButton = QPushButton(’Select CSV’, self)

94 self.selectButton.clicked.connect(self.openFileDialog)

95 controlLayout.addWidget(self.selectButton)

96

97 # Button to show plot

98 self.showButton = QPushButton(’Show’, self)

99 self.showButton.clicked.connect(self.showRandomScatterPlot)

100 controlLayout.addWidget(self.showButton)
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101

102 self.messageLabel = QLabel(’’, self)

103 controlLayout.addWidget(self.messageLabel)

104

105 self.pointsLabel = QLabel(’Points to Plot:’, self)

106 controlLayout.addWidget(self.pointsLabel)

107 self.pointsSpinBox = QSpinBox(self)

108 self.pointsSpinBox.setRange(1, 999999)

109 self.pointsSpinBox.setValue(1000)

110 self.pointsSpinBox.valueChanged.connect(self.sizeChanged)

111 controlLayout.addWidget(self.pointsSpinBox)

112

113 self.winLabel = QLabel(’Window:’, self)

114 controlLayout.addWidget(self.winLabel)

115 self.winSpinBox = QSpinBox(self)

116 self.winSpinBox.setRange(1, 999)

117 self.winSpinBox.setValue(31)

118 self.winSpinBox.valueChanged.connect(self.updatePlot)

119 self.winSpinBox.setSingleStep(10)

120 controlLayout.addWidget(self.winSpinBox)

121

122 # Label and SpinBox for threshold

123 self.thresholdLabel = QLabel(’Threshold:’, self)

124 controlLayout.addWidget(self.thresholdLabel)

125 self.thresholdSpinBox = QSpinBox(self)

126 self.thresholdSpinBox.setRange(0, 65535)

127 self.thresholdSpinBox.setValue(0)

128 self.thresholdSpinBox.setSingleStep(1000)

129 controlLayout.addWidget(self.thresholdSpinBox)

130 self.thresholdSpinBox.valueChanged.connect(self.moveThreshold

)

131

132 self.prevButton = QPushButton(’Reset’, self)

133 self.prevButton.clicked.connect(self.prevWindow)

134 controlLayout.addWidget(self.prevButton)

135

136 self.isolateButton = QPushButton(’Isolate’, self)

137 self.isolateButton.clicked.connect(self.isolatePeaks)

138 controlLayout.addWidget(self.isolateButton)

139

140 self.saveButton = QPushButton(’Save CSV’, self)
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141 self.saveButton.clicked.connect(self.saveData)

142 controlLayout.addWidget(self.saveButton)

143

144

145 layout.addLayout(controlLayout)

146

147 self.sliding = QSlider(Qt.Orientation.Horizontal,self)

148 self.sliding.setMinimum(0)

149 self.sliding.setMaximum(100000)

150 self.sliding.setPageStep(1000)

151 self.sliding.valueChanged.connect(self.updatePlot)

152 layout.addWidget(self.sliding)

153

154 self.plotWidget1 = pg.PlotWidget(title="Intensity vs Time")

155 self.plotWidget2 = pg.PlotWidget(title="PMT vs Time")

156 self.plotWidget1.getViewBox().setMouseMode(pg.ViewBox.

RectMode)

157 self.plotWidget2.getViewBox().setMouseMode(pg.ViewBox.

RectMode)

158

159 self.plotWidget1.getViewBox().sigXRangeChanged.connect(lambda

vb, range: self.on_xrange_changed(self.plotWidget1.

getAxis(’bottom’), range))

160 self.plotWidget2.getViewBox().sigXRangeChanged.connect(lambda

vb, range: self.on_xrange_changed(self.plotWidget2.

getAxis(’bottom’), range))

161

162 layout.addWidget(self.plotWidget1)

163 layout.addWidget(self.plotWidget2)

164

165 self.setLayout(layout)

166

167 def openFileDialog(self):

168 filePath, _ = QFileDialog.getOpenFileName(self, ’Open CSV’, ’

’, ’CSV Files (*.csv);;All Files (*)’)

169 if filePath:

170 self.filename= filePath

171 self.loaded = False

172 self.finished=False

173 self.inmemory = False

174 self.loadAndPlotData()
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175

176 def saveData(self):

177 defaultName = self.filename.rsplit(’.’, 1)[0] + ’_processed.

csv’

178 filePath, _ = QFileDialog.getSaveFileName(self, ’Save CSV’,

defaultName, ’CSV Files (*.csv);;All Files (*)’)

179 QApplication.setOverrideCursor(Qt.WaitCursor)

180 if not filePath:

181 return

182 if self.finished is False:

183 QMessageBox.warning(self, ’Warning’, ’Please do isolate

the peaks first.’)

184 return

185 #if len(self.duration) == 0:

186 self.calculateFeatures()

187 with open(filePath, ’w’, newline=’’) as csvfile:

188 csvwriter = csv.writer(csvfile)

189 for duration, intensity in zip(self.duration, self.

intensity):

190 csvwriter.writerow([duration, intensity])

191 QApplication.restoreOverrideCursor()

192 QMessageBox.information(self, ’Data Saved’, f’Data

successfully saved to {filePath}.’)

193

194 def loadAndPlotData(self):

195 QApplication.setOverrideCursor(Qt.WaitCursor)

196 self.line_offset = []

197 f = open(self.filename)

198 offset = 0

199 for line in f:

200 self.line_offset.append(offset)

201 offset += len(line)+1

202 endtime,tmpfluo=[float(number) for number in line.strip().

split(’,’)[:2]]

203 f.close()

204 self.number = len(self.line_offset)-1

205 self.acqtime = (endtime)/(self.number-1)

206 self.range=[1,self.number]

207 N = self.pointsSpinBox.value()

208 self.pointsSpinBox.setMaximum(self.number)

209 self.pointsSpinBox.setMinimum(100)
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210 self.sliding.setMaximum(self.number-N-1)

211 QApplication.restoreOverrideCursor()

212 QMessageBox.information(self, ’File loaded’, f’File {self.

filename} opened.\nA total of {self.number} lines has been

read.\nTotal acquisition time of the track: {int(endtime

/10)/100}s\nAcquisition time {int(self.acqtime*1e5)/100}us

’)

213

214 self.messageLabel.setText(f’Loaded file: {self.filename}’)

215

216

217 self.plotWidget1.clear()

218 self.line1 = self.plotWidget1.plot([], [], pen=’y’,symbol=’o’

,symbolSize=3)

219 self.fit1 = self.plotWidget1.plot([], [], pen=’r’)

220 self.threshline = self.plotWidget1.plot([], [], pen=’b’)

221 self.plotWidget2.clear()

222 self.line2 = self.plotWidget2.plot([], [], pen=’y’,symbol=’o’

,symbolSize=3)

223 self.fit2 = self.plotWidget2.plot([], [], pen=’r’)

224

225 self.loaded = True

226 self.updatePlot()

227

228

229 def sizeChanged(self):

230 if self.loaded is False:

231 return

232 self.sliding.setMaximum(self.number-self.pointsSpinBox.value

()-1)

233 self.sliding.setPageStep(self.pointsSpinBox.value())

234 self.updatePlot()

235

236 def on_xrange_changed(self, axis, range):

237 if self.loaded is False:

238 if self.finished is True:

239 self.plotWidget1.setXRange(*range, padding=0)

240 self.plotWidget2.setXRange(*range, padding=0)

241 self.range=[int(range[0]/self.acqtime),min(int(range

[1]/self.acqtime),len(self.line_offset)-1)]

242 return
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243 self.loaded = False

244 self.plotWidget1.setXRange(*range, padding=0)

245 self.plotWidget2.setXRange(*range, padding=0)

246 self.range=[int(range[0]/self.acqtime),min(int(range[1]/self.

acqtime),len(self.line_offset)-1)]

247 self.loaded = True

248 self.updatePlot()

249

250 def moveThreshold(self):

251 th=self.thresholdSpinBox.value()

252 view_range = self.plotWidget1.viewRange()

253 x_range = view_range[0]

254 self.threshline.setData(x_range ,[th,th])

255

256 def updatePlot(self):

257 if self.loaded is False:

258 return

259 win = self.winSpinBox.value()

260 if win%2 == 0:

261 win+=1

262 N = self.pointsSpinBox.value()

263 #position = self.sliding.value() #change here for the

starting position of the slice in ms

264 f = open(self.filename)

265 time=[]

266 fluo=[]

267 pmt=[]

268 for position in np.linspace(self.range[0],self.range[1],N):

269 f.seek(self.line_offset[int(position)])

270 riga = f.readline()

271 tmptime,tmpfluo,tmppmt=[float(number) for number in riga.

strip().split(’,’)[:3]]

272 time.append(tmptime)

273 fluo.append(tmpfluo)

274 pmt.append(tmppmt)

275 f.close()

276

277 self.loaded = False

278 self.line1.setData(time, fluo)

279 self.fit1.setData(time,savgol(fluo,win,1))

280 th=self.thresholdSpinBox.value()
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281 self.threshline.setData([min(time),max(time)],[th,th])

282 #self.plotWidget1.autoRange()

283 self.line2.setData(time, pmt)

284 self.fit2.setData(time, savgol(pmt,win,1), pen=’y’)

285 #self.plotWidget2.autoRange()

286 self.loaded=True

287

288 def calculateFeatures(self):

289 win = self.winSpinBox.value()

290 if win%2 == 0:

291 win+=1

292 peaks=[]

293 prevtime=0

294 tmp=[]

295 for i in range(1,len(self.xtime)):

296 time = self.xtime[i]

297 fluo = self.xfluo[i]

298 if int((time-prevtime)*1000) > int(self.acqtime*1000):

299 if len(tmp)>win:

300 peaks.append(np.array(tmp))

301 tmp=[]

302 else:

303 tmp.append([time,fluo])

304 prevtime = time

305 intensity= []

306 duration = []

307 for p in peaks:

308 intensity.append(np.max(savgol(p[:,1],win,1)))

309 duration.append((p[-1,0]-p[0,0])*1000)

310 self.duration,self.intensity = duration,intensity

311 self.safepeaks = peaks

312

313 def showRandomScatterPlot(self):

314 dialog = RandomScatterPlotDialog()

315

316 if self.finished is True:

317 self.calculateFeatures()

318 dialog.generateRandomData(self.duration,self.intensity,

self.safepeaks)

319

320 dialog.exec_()
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321

322 def prevWindow(self):

323 self.range=[1,self.number]

324 self.updatePlot()

325 self.plotWidget1.autoRange()

326 self.plotWidget2.autoRange()

327

328 def isolatePeaks(self):

329 win = self.winSpinBox.value()

330 if win%2 == 0:

331 win+=1

332 QApplication.setOverrideCursor(Qt.WaitCursor)

333 self.loaded=False

334 self.finished=True

335 if self.inmemory is False:

336 f = open(self.filename)

337 self.memfluo=[]

338 self.mempmt=[]

339 self.memtime=[]

340 f.readline()

341 for riga in f:

342 tmptime,tmpfluo,tmppmt=[float(number) for number in

riga.strip().split(’,’)[:3]]

343 self.memtime.append(tmptime)

344 self.memfluo.append(tmpfluo)

345 self.mempmt.append(tmppmt)

346 f.close()

347 self.inmemory = True

348

349 filtered = savgol(self.memfluo,win,1)

350 threshold = self.thresholdSpinBox.value()

351

352 block = np.where(filtered>threshold)

353

354 self.xtime = np.array(self.memtime)[block]

355 self.xfluo = np.array(self.memfluo)[block]

356 self.xpmt = np.array(self.mempmt)[block]

357

358 self.line1.setData(self.xtime, self.xfluo)

359 self.fit1.setData(self.xtime,savgol(self.xfluo,win,1))

360 th=self.thresholdSpinBox.value()
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361 self.threshline.setData([min(self.xtime),max(self.xtime)],[th

,th])

362 self.plotWidget1.autoRange()

363 self.line2.setData(self.xtime, self.xpmt)

364 self.fit2.setData(self.xtime, savgol(self.xpmt,win,1), pen=’y

’)

365 self.plotWidget2.autoRange()

366

367 QApplication.restoreOverrideCursor()

368 QMessageBox.information(self, ’File analysed’, f’A total of {

len(self.xtime)} points lay above the smoothed threshold,

corresponding to {np.sum( (self.xtime[1:]-self.xtime[:-1])

>self.acqtime )} events.’)

369

370

371 if __name__ == ’__main__’:

372 app = QApplication(sys.argv)

373 ex = MyApp()

374 ex.show()

375 sys.exit(app.exec())
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