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Abstract 

This thesis investigates the fundamental role of mechanical forces in cellular biology, with a specific focus on the mechanosensitive ion channel Piezo1 in regulating cell-matrix and cell-cell interactions. Using two complementary acoustic force-based platforms—the z-Movi cell avidity analyser and Acoustic Force Spectroscopy (AFS)—this research provides quantitative insights into cellular mechanobiology at both population and single-cell levels. The z-Movi studies for cell-matrix interactions revealed that Piezo1 significantly enhances cell adhesion to fibronectin during the initial attachment phase in both transformed (HEK293T) and tumor (MCF-7) cells, with overexpression enhancing adhesion and knockout or pharmacological inhibition reducing adhesion strength. Additionally, for cell-cell interactions, z-Movi analysis demonstrated the superior binding capacity of CD19-CAR T cells compared to HER2-CAR T cells and validated a novel bispecific adaptor approach to redirect CD19-CAR T cells to target HER2-expressing solid tumours. Further investigations using AFS elucidated Piezo1's critical role in cellular mechanoprotection, showing that beyond its ion channel function, Piezo1 structurally reinforces cell membrane integrity under mechanical stress. This work advances our understanding of mechanobiology in health and disease, offering insights into potential therapeutic strategies targeting mechanical signalling pathways in cancer and immunotherapy applications. 
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Chapter 1: Introduction 

 What if the secret to understanding disease wasn’t just in our genes, but in the way our cells feel? Beyond the traditional views of cellular processes being dictated by chemical signals and genetic makeup, emerging research has uncovered the remarkable ability of cells to sense and respond to mechanical stimuli within their surrounding microenvironment. This dynamic responsiveness lies within the emerging field of mechanobiology, elucidating the complex interplay between mechanical forces, cell signaling and biological processes [1]. This leads to greater understanding of the influence of mechanical stimuli within cellular processes including cell behaviour, tissue development, and disease [2]. By unravelling the complexities of such cellular processes, a deeper understanding of varying medical diseases such as cancer can be achieved.   Within the context of mechanobiology, cells are continuously exposed to several biomechanical cues within their microenvironment. These biomechanical cues include matrix stiffness, tension, compression, fluid shear stress and surface dynamics [3], [4]. Through the employment of mechanosensors like cell adhesion molecules, cells are able to sense and convert mechanical stimuli into biochemical signals. It is important to note that cells rarely exist in isolation and the capacity for cells to sense and respond to these biomechanical cues are acutely influenced by the cellular communication between surrounding cells and extracellular matrix (ECM) [5]. Cell-cell and cell-matrix interactions establish the junction through which biomechanical signals are transmitted and translated to manipulate cell function and tissue organisation [6], [7]. By comprehending the cellular communication involved within the microenvironment of cells, it provides the avenue to improve current therapeutics for several diseases and disease progressions including tumour metastasis [8], [9], [10], [11].  Elucidated in recent mechanobiology studies focussed on cellular mechanosensing, there are specialised molecular structures that possess the ability to detect and respond to mechanical stimuli in the cellular microenvironment. Piezo1, a mechanosensitive ion channel is a critical example that has been shown to have the capacity to sense and translate mechanical stimuli into key cellular responses. The structure of Piezo1 is that of a large transmembrane protein, configured as a trimeric ion 
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channel. When the Piezo1 ion channel is activated upon sensing mechanical stimuli such as membrane tension, substrate stiffness and fluid shear stress, the flow of cations, especially calcium ions, in and out of the permeable structure is mediated. The facilitation of calcium influx into the cell is especially critical in triggering downstream signalling pathways which regulate various cellular processes such as cell adhesion, migration and differentiation. Whilst the role of Piezo1 in mechanotransduction has been signified, a comprehensive understanding of Piezo1’s capacity in other cellular mechanobiology investigations such as cell-cell and cell-matrix interactions remain to be fully explored. With an emerging focus endowed upon the field of mechanobiology, there is an increased demand for technology that is capable and effective in applying and measuring forces on cellular and subcellular scales. Several model systems and conventional methods have been developed and employed to study mechanobiology including fixed-cell imaging-based in vitro adhesion seeding assays [12], optical tweezers-based traction force microscopy [13], and traditional wash assays [14]. Although instrumental in identifying the key elements of the mechanobiology process, these techniques are often non-standardised and heavily reliant on manual operation, rendering them unsuitable for high-throughput applications patient and large-scale drug stratification [15], [16], [17].  In light of the drawbacks of current technology, this thesis brings forth a novel proposal to overcome these limitations, employing two complementary acoustic-force based platforms – the z-Movi cell avidity analyser and Acoustic Force Spectroscopy (AFS). These platforms facilitate high-throughput measurements of cell-cell and cell-matrix interactions, enabling quantitative investigations on both population and single-cell levels. Specifically, this thesis aims to investigate the role of Piezo1 in cellular mechanobiology in the context of two primary focusses: (1) the influence of Piezo1 on cell-matrix adhesion during the initial attachment phase, and (2) the function of Piezo1 in cellular mechanoprotection beyond its ion channel activity. Furthermore, the wider utility of acoustic force-based technologies in biomedical research and clinical therapy is explored through its use in evaluating the efficacy of chimeric antigen receptor (CAR) T-cell therapies.  
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This thesis is divided into four aims: 
 Aim 1: Detailed in Chapter 3.3, the main objective is to establish the commercialised cell avidity analyser, z-Movi. Designed for immunotherapeutic screening, the z-Movi platform was initially employed to screen for CAR T cells that exhibited the highest killing capacity through correlating the binding avidity to tumour cells expressing the target antigen. In collaboration with the Peter MacCallum Cancer Centre, the efficacy of constructed cluster of differentiation (CD)-19-CAR and human epidermal growth factor receptor 2 (HER2)-CAR T cells were examined through interactions between haematological cancers and breast cancers. Additionally, with the low efficacy rates of CAR T cell therapy on solid tumours, this research explores the potential of a novel adaptor that leverages the CD19 CAR T cells to target solid tumours.  
 Aim 2: Following the conventional application of z-Movi, Chapter 3.4. presents the expansion of the z-Movi platform to investigate cell-matrix interactions. This novel approach is motivated by the need to understand the cell adhesion process on the ECM, with particular emphasis on the initial stages of cell adhesion. The assay studies transformed Human Embryonic Kidney (HEK)-293T cell lines expressing different levels of the mechanosensitive ion channel, Piezo1, to explore its role during the initial stages of cell adhesion. Through characterising the impacting of Piezo1 within the initial cell adhesion process, this research can elucidate the fundamental mechanisms involved in mechanobiology at the biomolecular level.  
 Aim 3: The focus of Chapter 4.1., is the development and characterisation of an acoustic force spectroscopy (AFS) platform designed for real-time investigation of distinct binding events in living cells under mechanical stimulation. The development of AFS was driven by the limitations held by z-Movi which is AFS-based. To elaborate, the z-Movi was preconfigured to only perform a single force ramp to measure the total binding strength between two subjects. To counter the limitation, AFS was established and optimised to produce a maximum of eight times the acoustic force output with different force modes.  
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 Aim 4: In conjunction with Aim 3, Chapter 4.2. aims to employ the established AFS to investigate the impact of Piezo1 on membrane integrity. Beyond its traditional role as a mechanosensitive ion channel, it is hypothesised that Piezo1 plays a broader role in cellular mechanotransduction. This work aims to showcase that through the activation of Piezo1, intracellular signalling is initiated, driving integrins into a higher-affinity state which ultimately strengthens ECM interactions. Motivated by the capabilities of Piezo1, these findings present a mechanoprotective pathway with regard to cellular adhesion strengthening. By integrating advanced biophysical approaches with cellular and molecular analyses, this thesis contributes to our understanding of how cells sense, respond to, and withstand mechanical forces, with potential implications for developing therapeutics that target mechanical signalling pathways in disease.   
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Chapter 2: Literature Review 

2.1. The Importance of Mechanobiology 

 Mechanobiology is the study of the interactions between mechanical stimuli and cellular biology [1]. The multidisciplinary field elucidates how cells sense, transduce and respond in regard to mechanical stimuli as well as the classification of cellular mechanical properties. Mechanical forces are a crucial factor that dictates cell behaviours and tissues homeostasis[18]. It has been correlated with significant biological events such as stem cell differentiation, cell fate switching and tissue development. All physiological features directly depend on the cells’ capacity to sense and respond to mechanical cues [19]. 
2.1.1. Mechanotransduction 

 Mechanotransduction is defined to be the fundamental physiological process wherein cells convert mechanical stimuli from their adjacent environments and subsequently translate them into biochemical signals, resulting in specific cellular responses that in turn can promote structural remodelling [3], [4]. This process is also known to facilitate mechanolransduction which refers to the biological process that cells undertake to convert mechanical energy into electrical or chemical signals [20], [21]. There are three main phases within the process of mechanotransduction: mechanocoupling, cell-cell communication and the effector response [3], [22]. Mechanocoupling refers to the initial phase where an applied mechanical stimulus generates a physical perturbation, either directly or indirectly, to the cell [23]. The cell-cell communication phase, also denoted as the signal propagation phase, is the enlistment of cell signalling pathways for biochemical transfiguration and conduction of the transmitted mechanical stimulus between cells [24], [25]. There are several signalling pathways that incorporate a torrent of prospective cytosolic mediators to convey these biochemical signals from the surface of the cell to, ultimately, the effector endpoint [26]. The last phase, the effector response, involves the cellular reaction to the applied mechanical stimulus, that is, where the cellular biology begins to undergo modification. These changes are referred to as the cell’s ultimate response to the mechanical cues that were sensed and translated [4], [21]. An example of this would be if the designated 
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endpoint were the effector cells, the cellular response may lead to changes in the adhesive properties of the cells, cytoskeletal reorganization or even lead to apoptosis, otherwise known as cell death [3]. 
2.1.2. Biomechanical Cues 

In the context of mechanobiology, within the cell microenvironment, cells are constantly exposed to a variety of biomechanical cues that influence cell behaviour [27], [28], [29]. These biomechanical cues are categorised into five key distinct types of physical forces and structural features [10]: ECM stiffness [30], [31], tension (stretching force) [32], [33], compression (pushing force) [34], [35], [36], fluid shear stress [37], [38], and surface topography [39].  

 
Figure 2.1 Overview of biomechanical cues and associated physiological processes [4].  
2.1.2.1. ECM Stiffness  Often denominated by the Young’s modulus, stiffness refers to a substrate’s threshold to resist elastic deformation under an applied force [1]. ECM stiffness, a critical mechanical cue influencing cell behaviour, is recognized by the cell through integrin-
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based focal adhesions. These focal adhesions operate as mechanical nexuses between the ECM and actomyosin cytoskeleton[18]. With stiffer substrates, cells are typically observed to achieve accelerated spreading, leading to the increased development of mature focal adhesions and overall higher traction forces [30], [31]. Due to these chain responses, activation of mechanosensitive pathways, like yes-associated protein (YAP) and the transcriptional coactivator with PDZ-binding motif (TAZ), is possible [5]. These signalling pathways are capable of translocating to the nucleus to dominate the gene expression correlated with cell differentiation and proliferation as well as the production of ECM [40]. In juxtaposition, softer substrates tend to exhibit globular cell morphology and predispose stem cell differentiation down particular lineages. 
2.1.2.2. Tension  Tension is generally described as the pulling or stretching force with the capacity to deform cells and tissue [41]. Increased tension can be exhibited by cells through various manners such as cell-cell adhesions, cytoskeletal contractility and communications with the ECM. The employment of tension can incite cytoskeletal remodelling and the orientation of cells, an example being the configuration and differentiation of vascular smooth muscle cells when experiencing cyclic stretching [42], [43]. To note, integrins, involved in cell-ECM junctions, and cadherins, involved in cell-cell junctions, are principal mechanosensors with regard to tension[44].  
2.1.2.3. Compression  Categorised as a pushing force, compression condenses the volume of a substrate [34]. Cell surface receptors are employed to sense compressive forces and can result in cell morphology changes, cytoskeletal remodelling and intracellular pressure fluctuations. Pathological modifications in tissues, such as cartilage, can be exhibited with a sustained discharge of compressive mechanical force [45]. Additionally, under static and dynamic floe, compression force can be mediated by cell-cell collisions [36]. Contrary to this, when compression forces are controlled with precision, it can influence tissue growth and homeostasis. Various other mechanosensors that act in response to compressive forces include mechanically-gated ion channels and certain signalling pathways such as the canonical Wingless-related integration site (Wnt) pathway (Wnt/β-catenin) [46]. 
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2.1.2.4. Shear Stress  Shear stress refers to forces that operate in parallel to a surface, resulting in the relative motion of several layers of fluid in the context of cell environment. This biomechanical cue is highly relevant for several physiological processes where cells experience fluid flow, an example being that of endothelial cells that line blood vessels [38]. In response to shear stress, endothelial cells configure in the direction of the fluid flow, resulting in changes to their gene expression profile as well as controlling processes such as vascular reconstruction and inflammation[37]. Mechanosensors for shear stress involve Platelet Endothelial Cell Adhesion Molecule (PECAM)-1, Vascular Endothelial (VE)-cadherin, and mechanically-gated ion channels [47]. Several signalling pathways can be triggered through shear stress such as the Mitogen-Activated Protein Kinase (MAPK)/Extracellular Signal-Regulated Kinase (ERK) and Nuclear Factor kappa-light-chain-enhancer of activated B cells (NF-кB) which influences cell survival and proliferation[48], [49]. 
2.1.2.5. Topography  Topography, referring to the surface and geometrical dynamics of the ECM or other biological substrates, is a pivotal biomechanical cue that has the potential to dictate cell adhesion, spreading, migration and differentiation [39]. To initiate mechanotransduction pathways alongside cytoskeletal remodelling, mechanosensors like integrin interact with the surface structures of cells [50]. For instance, by linearly arranging nanofibers, it can promote osteogenic differentiation. By sensing the geometry of their microenvironment, especially coalesced with other mechanical cues, it can affect the cells morphology and configuration of focal adhesions [39]. 
2.1.3. Mechanosensitive Molecular Mechanisms 

 Mechanosensors are pivotal for cells to sense and translate mechanical stimuli within their microenvironment into biochemical signals. In response to such mechanical stimuli, these sensors exhibit physiological changes, activating downstream signalling pathways.  
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2.1.3.1. Cell Adhesion Molecules and Associated Complexes  Cell adhesion molecules (CAMs) refer to proteins localised on the surface of the cell that support cell-cell and cell-matrix interactions [51]. Integrins, a key mechanosensor, are transmembrane receptors that bind the ECM to the cytoskeleton and are particularly sensitive to the stiffness and tension of the ECM [52]. The application of force onto integrins can trigger conformational changes, clustering, and the recruitment of signaling biomolecules to focal adhesions[53]. These modifications can consolidate protein-protein interactions (catch bonds), uncover obscure binding sites, or reveal locations for post-translational alterations [53]. Additionally, cadherins are transmembrane proteins that facilitate cell-cell adhesions through adherens junctions [54]. Cadherins are known to operate as a mechanosensor for tension located between cell-cell interactions. Forces applied on cadherins can enhance the linkage between actin and catenins, manipulating cell behaviour [19], [55]. Involved in the cellular response to both external and internal forces, focal adhesions and adherens junctions are multimolecular clusters that composite of several mechanosensor proteins. It is important to note that focal adhesion dynamics is essential for identifying ECM rigidity and dictating cell migration [56], [57]. 

 
Figure 2.2. Schematic of the structure for four classifications of cell adhesion molecules: Cadherins, Integrins, Selectins and Ig-superfamily CAMs [58]. 
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2.1.3.2. Mechanically-Gated Ion Channels  Mechanosensitive ion channels are transmembrane proteins that produce pores throughout biological membranes. As these channels are force-dependent, their activity fluctuates between open and closed states, where an increase in mechanical stimuli results in the likelihood of the gate opening [20]. Examples of mechanosensitive ion channels include Piezo1 and Piezo2, which are cation channels that are essential for the sensing of mechanical stimuli. Piezo1, regulated by cytoskeletal proteins and the stiffness of the ECM, senses the bilayer tension [59]. Other key mechanosensitive ion channels are the Transient Receptor Potential (TRP) channels, Bacterial channels such as MscL and MscS, and the Epithelial Sodium Channel (ENaC)/Degenerin (DEG) [60].  

 

Figure 2.3 Schematic of the mechanosensory function of Piezo1 [61]. There are two main models that theorise the activation of mechanically-gated ion channels: the Tethered Model (force-through-filament) and the Bilayer Model (force-through-lipid) [62]. The Tethered Model proposes that the channel’s gate and the proteins localised in the ECM or cytoskeleton are directly linked to each other. To elaborate, if the channel, relative to the proteins, were to be shifted, it would cause the gate to either open or close [63]. For instance, for auditory hair cells, when the stereocilia is displaced, ‘tip links’ joined to the channel’s gate are stretched, causing the gate to open [64]. The Bilayer Model proposes that the tension culminated within the lipid bilayer is inherently accountable for the channel gating. In instances where the membrane tension is increased, resulting in conformational changes within the mechanosensitive ion 
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channel, the gate can be prompted to open [65]. An example that supports this model would be when purified bacterial mechanosensitive ion channels are reconstructed in a lipid bilayer and can still function as an ion channel, demonstrating that protein linkers are not essential [64].  
Table 2-1. Functions of the Mechanically-gated ion channels, Piezo1 and Piezo2, with regard to cellular mechanotransduction [4]. 

Type Target Mechanical 
stimulation Mechanism Reference 

Piezo1 Vascular endothelium development Shear stress Ca2+influx→MTP-MMP signaling→focal adhesion and endothelial cell sprout formation; [66] 
Vascular tone Shear stress Ca2+influx→G-coupled endothelial adrenomedullin receptor→cAMP→ eNOS→NO; Ca2+influx→ATP→PI3K/AKT→eNOS→NO 

[67], [68], [69] 
Vascular remodeling Stretch Ca2+influx→transglutaminase →ECM remodeling [70] Erythrocytes Shear stress Ca2+influx→K+ efflux→red blood cells dehydration [71] Erythrocytes Shear stress Ca2+influx→pannexin-1→ATP release [72] Nervous system Traction force Ca2+influx→neural differentiation →neuron-astrocyte interaction [73], [74] Gastric mucosa Antrum distension Activated G cells→gastrin secretion [75] Lung endothelium Shear stress Ca2+influx→calpain→Src cleavage→stabilization of adherens junctions [76] Lung endothelium Hydrostatic pressure Ca2+influx→calpain→disruption of adherens junctions [77] Aoveoli Stretch Ca2+influx→Bcl-2 pathway→type II epithelial cells apoptosis [78] Urinary bladder Stretch Ca2+influx→ATP→attenuate storage disorders [79] Tumor ECM stiffness YAP-Piezo1→proliferation; Ca2+influx→AKT/mTOR phosphorylation→proliferation; Piezo1–mitochondrial calcium uniporter–HIF-1α–VEGF axis→metastasis 

[80], [81], [82] 
Piezo2 Gastrointestinal epithelium Mucosal force 5-HT pathway→mucosal secretion [83] Airway Stretch Ablation of Piezo2→Airway-innervating sensory neurons→ respiratory distress and death in newborn mice [84], [85] 

Urinary bladder Stretch Sensory neuron→bladder ϐilling sensation [86] 
Piezo1/2 Baroreceptor reflex Shear stress Elevated blood pressure→Piezo1/2 →nodose-petrosal-jugular-ganglion complex→ decreased blood pressure and heart rate 

[87], [88], [89] 
Chondrocyte anabolic and biosynthesis Mechanical stress GsMTx4→Piezo1/2 inhibition→ alleviate chondrocyte injury [90], [91] 

Acronyms: Calcium ion (Ca 2+), matrix metalloproteinase (MMP), microsomal triglyceride transfer protein (MTP), extracellular matrix 
(ECM), nitric oxide (NO), phosphoinositide 3-kinase (PI3K), protein kinase B (AKT), endothelial nitric oxide synthase (eNOS), adenosine 
triphosphate (ATP), cyclic adenosine monophosphate (cAMP), transglutaminase (TG), 5-hydroxytryptamine (5-HT), Yes-associated 
protein (YAP), mechanistic target of rapamycin (mTOR), vascular endothelial growth factor (VEGF), hypoxia-inducible factor 1-alpha 
(HIF-1α), phosphatidylinositol 3-kinase (PI3K), proto-oncogene tyrosine-protein kinase (Src), Grammostola Mechanotoxin #4 (GsMTx4). 
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2.1.3.3. Cytoskeleton and Nucleus   The cytoskeleton, composed of a network of protein filaments, plays a significant role in the sending and translating of mechanical cues [92]. Linked to cell adhesion molecules, integrin and cadherin, the cytoskeleton can undergo remodelling due to mechanical forces, modifying the cellular contractility and stiffness. Mechanical stimuli applied to the cytoskeleton can potentially stabilise particular constructs of mechanosensors [93]. Connected to the cytoskeleton through the linker of nucleoskeleton and cytoskeleton (LINC) complexes and nuclear envelope proteins, the nucleus can dictate force transmission. In response to mechanical force, the nucleus can experience deformation which triggers the opening of signalling molecules such as YAP that can alter gene expression [94], [95]. 
2.1.4. Cell-Matrix Interactions 

 Cell-ECM interactions refer to the constant communication that occur between cells and ECM proteins. The ECM microenvironment composites of various macromolecules including collagens, elastin, and glycoproteins such as fibronectin and laminins [96]. It supports the cell through mechanical and structural means and controls the cellular phenotype and behaviour. Cell-ECM interactions are formed either by direct or indirect regulation through cell surface receptors [2]. Direct regulation ensues when the ECM interacts with particular cell surface receptors like integrins [4], syndecans [97], CD44 (a receptor for hyaluronan) [98], and the discoidin domain receptor (DDR) group for collagens [99]. Indirect regulation refers to when the ECM is collaborating with multiple receptor molecules as well as growth factors [100]. The physical properties of the ECM can also dictate cell adhesion and mechanotransduction, particularly the elasticity (linear, non-linear, or viscoelastic) and microarchitecture of the ECM [5]. As previously mentioned, when mechanotransduction is initiated by cell-ECM interactions, the ensued effector responses include modifications of the gene expression due to YAP/TAZ activation, the remodelling of the cytoskeleton, cell adhesion, migration, proliferation, differentiation, and apoptosis [101]. For example, as the ECM stiffness is known to regulate cell behaviour and can direct cell differentiation, when cells sense the stiffness of the resident tissue, it is likely for the cells to then differentiate into the resident tissues’ cells [34]. Another example would be when cells reorganise the 
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cytoskeleton, reinforcing stress fibres, within a stiff microenvironment to maintain the tensional equilibrium with the ECM [11], [102]. 
2.1.5. Cell-Cell Interactions 

 Cell-cell interactions refer to the physical communication between that of two or more cells. These interactions are mediated by several biomolecules such as proteins, ligands, integrins, and receptors [7]. Cell-cell interactions, crucial for the organisation of cellular activities like tissue assembly, cellular differentiation, and preservation of tissue integrity, can be either structural via cell adhesion molecules or involve biochemical signals to generate an intracellular effect [51]. These interactions can activate downstream signalling in the receiver cells leading to modified transcription factor activity and gene expression [103]. As previously mentioned, cell-cell interactions play a substantial role in the collective cell migration in which cells coordinate their movement, cell proliferation, and apoptosis [104]. For instance, in cardiac tissues, cell-cell interactions conducted through ion channels are crucial when synchronising the tissue contraction [2]. It is also important to note that deviations to cell-cell adhesions can be attributed to the signalling caused by cell-ECM interactions which can facilitate processes like cancer cell invasion [105], [106].  
 
2.2. Dynamic Force Spectroscopy 

Dynamic Force Spectroscopy (DFS) techniques are prominently used to investigate molecular interactions between biomolecules through the implementation of force ramps [107]. By evaluating the cellular responses to such mechanical stimuli over time, characterisation and visualisation of mechanical force-dependent adhesion kinetics for individual molecules or molecular assemblies are possible [108]. Alongside these binding kinetics, DFS can be used to investigate the mechanical forces involved during cell rupture and deformation [109]. Studying the interplay of force and biological function is pivotal to further consolidate the comprehension of phenomena such as molecular recognition, protein folding, cellular adhesion, and mechanotransduction. 
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Figure 2.4. Representative image of types of externally applied forces with the corresponding forces [110]. 
2.2.1. Principles of DFS 

Conventionally, DFS executes a force application upon a working system at a molecular level and by reading the relative feedback, precise measurements can be achieved. To elaborate, depending on the type of force, DFS can measure the force required to subsequently break or alter the binding interaction between two biomolecules, such as proteins [111], ligands [112], and nucleic acids (deoxyribonucleic acid (DNA)/ ribonucleic acid (RNA)) [113]. The force protocol that DFS follows can be categorised by several crucial parameters, that is, the ramping of force, rate of force application as well as the direction and form of the force application [114]. Depending on the particular direction of which the force is applied, the behaviour of the molecular interaction can be interpreted.  
2.2.1.1. Force Ramp 

 The most common types of force ramps can be delineated as either linear or exponential [115]. The force ramp is often set as continuous, that is, the applied force will steadily increase until it reaches the predefined event, for example, when a bond rupture occurs. For a linear force ramp, the applied force increases at a constant rate over time and is more commonly implemented due to the direct relationship between force and 



  
 

30 
 

time, enabling more predictable and reliable measurements within the linear region. Mathematically, the linear force ramp �(�) is given by: �(�) = �଴ +  � ∙ � 
where �(�)  represents the force applied at time � , �଴  is the initial force, and �̇  is the constant increasing rate of force [116]. In scenarios involving rapid force applications to study the biomolecular interaction, an exponential force ramp is more suitable than linear force ramp. Using an exponential force ramp enables a progressively accelerated increase in force over time. Mathematically, the exponential force ramp �(�) is given by: �(�) =  �଴  ∙  �ఈ௧ 
where �(�)  represents the force applied at time � , �଴  is the initial force and �  is the exponential growth constant [117].  
2.2.1.2. Loading Rate 

The loading rate, denoted as �̇, refers to the rate at which the force is applied to the molecular system. The loading rate is generally expressed in SI units as pN/s (piconewtons per second), indicating the rate of change in force per unit of time. Depending on the set loading rate, the rupture force and particular mechanical responses of the cellular interaction can be studied [113]. A high loading rate generates a higher rupture force as the time taken for the molecule or cell to equilibrate during the force application is reduced. In contrast, a low loading rate provides more time for the cell or molecule to adjust, exhibiting a lower rupture force [118]. Kinetic parameters such as the binding and unbinding rates of these cellular interactions depend on the loading rate to determine the rupture process. 
2.2.1.3. Direction of Force The force direction applied to the system has implications on the interaction between the cellular bonds when force is applied as well as the force cessation when the threshold force is attained. Stretching refers to the tensile force that is applied along the 
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natural elongation axis of the cell or molecule. This configuration allows for the study of protein unfolding, DNA unzipping and bond rupture. In addition, compression, where the force is pushing in the opposing direction, is applied to observe protein folding or molecular assembly processes [119]. 
2.2.2. Model Systems of DFS 

To quantitively analyse the mechanical forces at the single-molecule and single-cell levels, DFS incorporates a suite of sophisticated techniques. To address the inherent heterogeneity tendency of biological systems, various force spectroscopy techniques have been developed and optimised to target either in-depth single-cell investigation or high-throughput parallel analysis. These platforms investigate the fundamental biophysical principles underlying biological processes such as cellular adhesion and mechanotransduction [120]. 

 
Figure 2.5. Representative image of the variety of DFS applications. Categorised as either ‘Single-cell’ (top row) or ‘High-throughput’ (bottom row) [15]. 
 

2.2.2.1. Single-Cell DFS Application Single-cell force spectroscopy represents an important set of established techniques, utilised for probing the mechanical environment of individual living cells, revealing the nuanced behaviours within cell populations. Atomic Force Microscopy 

(AFM) is a noteworthy, versatile technique that has the ability to manipulate and evaluate 
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forces at the single-cell level [121]. It utilises a sharp tip on a micro-fabricated cantilever to indent cell surfaces and map the cell’s mechanical properties such as elasticity. This facilitates the identification of subcellular structures, for instance the cytoskeleton, and the quantitative measurement of cellular moduli across various cell types and conditions [122]. In contrast, micropipette-based assays offer alternative approaches through both single and dual micropipette techniques as well as the advanced Biomembrane Force 

Probe (BFP). By applying controlled pressures, micropipette aspiration is capable of manipulating cells to measure the viscoelastic properties and membrane tension of the cell body [15]. Typically, BFP employs a red blood cell as a piconewton force sensor to precisely characterise two-dimensional (2D) ligand-receptor binding kinetics on individual live cells. It facilitates in identifying the association and dissociation rates as well as the bond lifetime and stiffness of the cells [123]. These techniques have the capability to be coupled with fluorescence imaging to correlate mechanical events with intracellular signaling pathways [124]. To study threshold forces required for detachment and tethering formation, 
Optical Tweezers (OT), with its ability for three-dimensional (3D) manipulation, can precisely control these cell interactions. OT uses a non-invasive approach by directing a focused laser beam to trap and exploit single cells or protein-coated beads. The distance between the restrained bead or live cell and the focus of the laser beam can be calculated to determine the piconewton-range forces involved in cellular mechanics and adhesion [125]. Similarly, Magnetic Tweezers (MT), a biocompatible and selective approach, involves magnetic beads bound to the surface of the cell before a magnetic field gradient is applied. By modulating the gradient, the displacement of the cell is then recorded and mapped [126]. In recent, Single-Molecule Force-Clamp Spectroscopy has been an emerging application that can be integrated with DFS techniques such as AFM and OT. It maintains a continuous force on a single cell or molecule to study the dynamic response, revealing kinetic details on force-dependent cellular processes such as morphological remodelling or adhesion [127]. 
2.2.2.2. High-throughput DFS Application With significant developments in the field of single-molecular and single-cell biomechanics, high-throughput force spectroscopy has facilitated in addressing the 
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limitations of traditional approaches by increasing the quantity of events for simultaneous investigation. Through the implementation of acoustic fields, Acoustic Force 

Spectroscopy (AFS) is a salient tool in applying forces in the sub-piconewton to thousands of piconewtons range upon large populations of biomolecules or cells in parallel. Traditionally, it uses a piezo element that is operated by an oscillating voltage to prompt a levelled acoustic standing wave within a microfluidic chip [128]. Additionally, 
Centrifuge Force Microscopy (CFM), another notable high-throughput approach, is capable of applying centrifugal force onto thousands of tethered beads to visualise and manipulate single molecules simultaneously [129].  Designed for high-content measurements of cellular forces, Traction Force 

Microscopy (TFM) uses flexible substrates that are embedded with markers like beads or micropillars in which cells adhere to. The traction forces exerted by the cells during the adhesion and migration process are then measured and plotted. The dimensions of the deformation produced on the markers, typically ranging between 2 – 20 µm in size, are recorded and computed to quantify the traction force [130]. Incorporating the use of a double-stranded DNA, the Tension Gauge Tether is an alternative platform for high-throughput experimental applications. The platform operates on short, double-stranded DNA segments that irreparably dissociate in response to shear-stretch, functioning as sensors to measure the tension levels that are transmitted across cell membrane receptors. The upper strand of the DNA is covalently conjugated to a ligand and then bonded to respective cell receptors. The magnitude of the force required to achieve dissociation is dependent on the DNA strand length as well as sequence [131]. 
2.3 Acoustic Force Spectroscopy 

 The pivotal platform, Acoustic Force Spectroscopy (AFS), is categorised as a high-throughput DFS that utilizes acoustic forces for the molecular and cellular study of structural, mechanical, and kinetic properties. 
2.3.1. Principle of AFS 

The fundamental principle of AFS involves the employment of an acoustic field within a microfluidic chamber and the ensuing interaction between the field and the suspended particle, that is, either live cells or protein-coated beads. The core of an AFS 
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platform incorporates a piezoelectric element that generates an acoustic standing wave in the planar direction within a fluid-filled microfluidic chip. This acoustic field is driven by an oscillating voltage at the resonant frequency of the piezoelectric device. The planar acoustic standing wave generates a spatially fluctuating pressure map with regions of high pressure (antinodes) and low pressure (nodes) [128], [132], [133]. By introducing a particle in the acoustic domain, an acoustic radiation force is subsequently imparted on it. This is due to the scattering and absorption of the acoustic waves experienced by the particle [134]. This mechanism is dictated by the acoustic contrast factor, which is determined by the differences in the density and compressibility between the particle and the circumambient medium. For AFS assays that require the use of beads, the typical material composition of these beads is either polystyrene or silica, suspended in an aqueous medium. In such cases, the acoustic contrast factor is positive and consequently the beads are propelled toward the acoustic pressure nodes of the planar standing waves [135]. According to the Rayleigh regime, which refers to the event where the particles are significantly smaller than the acoustic wavelength it is interacting with, the Gor’kov theory presents the framework to understanding the acoustic radiation force [136]. The Gor’kov theory stipulates that the acoustic radiation force can be quantified through the negative gradient of an acoustic potential. This acoustic potential is dependent on the time-averaged squared acoustic pressure and velocity fields as well as the acoustic contrast factors relative to the compressibility and density ratios between the particle and the surrounding medium [136]. The mathematical delineation of the acoustic radiation force imparted on a small particle, according to Gor’kov’s theory is given by: 
�(�, �) = − 4�3 �ଷ∇ ൤12 ��[�ଵ]�଴〈�ଶ〉 − 34 ��[�ଶ]�଴〈�ଶ〉൨ 

where �(�, �)  represents the acoustic radiation force as a function of the spatial coordinate r and time t, a is the particle radius, �ଵ = 1 − ఑೛఑బ  , �ଶ = ଶ(ఘ೛ିఘబ)ଶఘ೛ିఘబ , �଴  is the comprehensibility of the fluid, �௣  is the comprehensibility of the particle, �଴  is the equilibrium fluid density, �௣ is the equilibrium particle density, � is the fluid density, � =
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|�|  is the absolute value of the velocity, and the notation ��[∙] is the real part of the complex variable [134], [136]. The acoustic radiation force is used to apply a controlled tensile force on the particle, either a protein-coated bead or live cell, which is tethered to the surface of the microfluidic flow cell. By analysing the positional changes of the particle under the influence of the acoustic field, the forces applied to study the molecular unfolding, binding interactions and conformational changes can be accurately calculated [137]. 
2.3.2. Applications of AFS 

As mentioned previously, AFS can be utilised to study the structural and mechanochemical characteristics of single biomolecules alongside assessing the adhesion forces and kinetics of live cells. There are several potential applications involving AFS which can be categorised as either biomolecular or cellular studies. 
2.3.2.1. Biomolecular Applications  Regarding the biomolecular applications of AFS, studies can be performed to investigate DNA-related events as well as protein-DNA and protein-protein interactions. With a tuneable force range between sub-piconewton to thousands of piconewton, investigating the mechanical properties of DNA such as torsionally constrained and unconstrained molecules, can be implemented [132]. AFS can also examine the characteristics of singular double-stranded DNA (dsDNA) molecules post-protein-filament assembly and the real-time localisation of viral particles surrounding a DNA template. By determining the force-extension behaviour of the dsDNA, comparisons can be done with models, for example the extensible worm-like chain (WLC) model  [128]. In conjunction to this, AFS has also established a distance-clamp mode that can be utilised to concurrently probe several rupture events on the same construct, elucidating key information such as DNA hairpin disruption, the overstretching of DNA, and protein unfolding [132], [138]. 
2.3.2.2. Cellular Applications  In the context of cellular applications, AFS has demonstrated its capabilities in discriminating between cells hinged on their adhesion properties. AFS can be employed 
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to investigate both cell-ECM interactions and cell-cell interactions[139]. For example, AFS has been previously utilised to investigate the binding kinetics of CD4+ T lymphocytes to the ECM protein, fibronectin, as an in-vitro model for CD4+-endothelium invasion. Further insights can be achieved through cell-cell interactions, that is, immune cells interacting with endothelial cells before introducing acoustic force [133]. The AFS platform also has potential in diagnostic development and drug screening by identifying the T cell adhesion changes associated with pathologies. Alongside these applications, AFS has also shown promise in probing the viscoelastic properties of red blood cells (RBCs) as a function of multiple drug treatments [140]. 
2.3.2.3. Emerging Technological Advancements  AFS is a versatile technique that is emerging as a fundamental technique to study biomolecules and live cells with high-throughput capacity. As of recent, there have been several advancements in the platform’s configuration, including the development of transparent piezo elements. By allowing transillumination, AFS can be combined with low-light fluorescence detection, for example confocal, super-resolution, or total internal reflection fluorescence microscopy, to obtain high quality images of the tethered particles. By utilising modelling tools such as the 1D MATLAB model, the AFS microfluidic flow cell design can be enhanced for particular force profiles [128], [132]. With the ability to shape these force profiles, large length changes of biomolecules can be calculated. 
2.4 Microfluidic Systems 

Operating in the microscale, microfluidic systems incorporate a controlled milieu for the manipulation of fluids and biological particles. It functions under the principle of laminar flow to achieve precise applications of shear stress. Typically, these systems leverage channels with dimensions that range up to hundreds of micrometres. 
2.4.1. Principle of Microfluidics 

 Known as Stokes flow, low Reynolds number hydrodynamics determines the behaviour of fluids. The Reynolds number is a dimensionless number that represents the ratio of inertial forces to viscous forces which is defined by the equation: 
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�� =  ����  
where �� represents the Reynold number, � is the density of the fluid, � is the diameter of the channel, � is the velocity of the fluid and � is the viscosity of the fluid [141].  Due to the small channel diameter and low fluid velocities, the derived Reynolds number is often calculated to be less than 1 meaning the viscous forces govern inertial forces, resulting in laminar flow where the adjacent fluid layers begin moving at parallel with negligent mixing caused by turbulence [142]. The laminar flow is time-symmetric whereby reversing the applied pressure will reverse the fluid motion. It is important to note that the flow profile is determined by the range that the Reynolds value lies within. To elaborate, if �� is less than or equal to 2,000, the velocity profile takes on a parabolic shape, if �� is within 2,000 and 4,000, the velocity profile is within the transition region, and if �� is greater than 4,000, the velocity profile is in the turbulent flow area and is substantially flat [141], [142]. By evaluating the �� value, the flow velocity pattern and boundary conditions can be defined. The shear stress experienced in the flow cell that is caused by the turbulence of fluid layers moving at varying velocities, is directly proportional to the shear rate. The shear rate is given by the gradient of the flow velocity respective to the direction which is perpendicular to the flow [143]. 
2.4.2. Application of Microfluidics 

Microfluidic systems use hydrodynamic forces to precisely manipulate fluid flow and apply defined shear stresses for a wide range of biological studies such as cellular mechanics, adhesion and mechanotransduction. Laminar Flow-based Shear devices are designed to employ shear stress within the flow cell by defining the shear rate through exact dimensions of the channel and a pre-determined flow rate. By incorporating narrower channels and higher flow rates, proportional to these values, the shear stress will subsequently increase [144], [145]. Another model of a microfluidic system is the Parallel Plate Flow Chamber, designed to mimic flow conditions that are comparable to blood vessels. With the shear stress proportional to the viscosity of the fluid and flow rate, the flow chamber is used to study the endothelial cellular response to shear force, similar to that exerted by blood flow [146]. Utilising these devices can provide insights into the signaling pathways, changes to cell morphology and gene expression in response 
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to shear stress. Alongside applications in cell adhesion and mechanotransduction studies, microfluidics has emerged in the drug delivery field as well. For example, a study has demonstrated the potential of microfluidics through implementing shear-induced nanoparticles for targeted drug delivery to impede blood vessels [147]. 
 

2.5 Micropipette Aspiration 

 Micropipette aspiration is a prominent technique used to study mechanobiology, specifically the mechanical properties of individual living cells. The platform involves generating a controlled negative suction pressure within a finely pulled borosilicate glass micropipette and aspirating single cells. The magnitude of the cellular deformation exhibited, respective to the aspiration pressure, allows for the quantification of certain mechanical properties including membrane tension, elastic modulus, and stiffness. 
2.5.1. Fluorescence Micropipette Aspiration Assay to Investigate Red 

Blood Cell Mechanosensing 

Jasmine Jin is the principal author of the following publication, which forms the part of this thesis submitted for the examination for the Master of Philosophy. The corresponding author below provides their consent for the inclusion of the following publication in this thesis and accept the following candidate statement of contribution for this publication. 
Journal of Visualised Experiments: Jin Jasmine, Wang Jerry Haoqing, Chen Catherine Yiyao, Russell Blake, Sun Allan, Wang Yao, Ju Lining Arnold Fluorescence Micropipette Aspiration Assay to Investigate Red Blood Cell Mechanosensing. JoVE (2024). DOI: 10.3791/66265     
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Candidate contribution:  This is the method paper to explain and demonstrate the recent advances in utilising micropipette to study the single cell mechanobiology. The manuscript was written, formatted, and prepared by Jasmine Jin. This author designed the paper, and all co-authors did the literature research. 
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Chapter 3: Establishing the Acoustics Force-

Based Cell Avidity Analyzer 

3.1. Introduction 

 With regard to the literature review presented in Chapter 2, the study of cellular interactions and their subsequent response to mechanical stimuli can elucidate the fundamental characteristics of cells. By understanding the cellular communication within cells’ microenvironments, it gives rise to the advancements of vital therapeutics across a range of diseases – this is particularly critical and necessary for the complex malady known as cancer [148]. Due to the limitations of current technology conϐining researchers’ knowledge of the tumour microenvironment (TME) and the intricate cellular communication that occurs within, efforts to fully uncover the underlying mechanisms of cancer continues to be hindered. During the process of metastasis, where the primary tumour spreads to other areas of the body, tumour cells not only interact among themselves but also interact with a variety of non-cancerous host cells, such as endothelial cells, ϐibroblasts, and immune cells [149]. For example, during the early stages of metastasis, tumour cells will transmit signals to promote angiogenesis, the formation of new blood vessels, to sustain the tumour with nutrients and oxygen [150]. Additionally, tumour cells also respond to factors such as cytokines, growth factors, and ECM proteins. Within the TME, cell adhesion to ECM proteins, assisted by integrin receptors, is fundamental for tumour cell invasion and metastasis [151]. Such cellular interactions have the capacity for general indication of the metastatic potential for certain cancer types. Currently, there are several established model systems that have been implemented to study the afϐinity of cell-cell and cell-matrix interactions, including optical tweezers [13] and traditional wash assays [14]. Although these applications can distinguish key components during the cell adhesion process, they are known to be non-standardised and substantially manually operated. To address such limitations, this chapter introduces the emerging commercialised cell avidity analyser, z-Movi, to investigate cell-cell and cell-matrix interactions in high-throughput. Originally developed 
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for immunotherapeutic screening through measuring the avidity between T cells and a target tumour cell monolayer, the z-Movi application is also expanded to measure cell-ECM avidity [152], [153]. 
3.2. Publication of Method Paper for the z-Movi Application 

Jasmine Jin is a leading author of the following publication, which forms the part of this thesis submitted for the examination for the Master of Philosophy. The corresponding author below provides their consent for the inclusion of the following publication in this thesis and accept the following candidate statement of contribution for this publication. 
Biosensors: Wang Yao, Jin Jasmine, Wang Jerry Haoqing, Ju Lining Arnold Acoustic Force-Based Cell-Matrix Avidity Measurement in High Throughput. Biosensors (2023). DOI: https://doi.org/10.3390/bios13010095  
Candidate contribution:  This is the method paper to elaborate and demonstrate the established novel high-throughput cell-matrix avidity measuring platform using z-Movi. Jasmine Jin led and performed the z-Movi experiments and data analysis. Data interpretation and related results incorporated in the manuscript was carried out by Jasmine Jin and other co-authors. Manuscript formatting and editing was performed by Jasmine Jin and other co-authors. 
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3.3. Leveraging CD19 Chimeric Antigen Receptor (CAR) for 

Solid Tumor Treatment via a Novel Adaptor Approach 

The following sections include a collaborative manuscript with Dr. Clare Slaney from Peter MacCallum Cancer Institute, Melbourne and forms part of this thesis submitted for the examination for the Master of Philosophy. The presented z-Movi work, and data analysis was performed by Jasmine Jin. All relevant sections have been rewritten by Jasmine Jin. Section 3.3. introduces an application of the z-Movi technology to investigate cell-cell interactions. It will detail the key ϐindings and data collection through implementation of the Cell-Bead setup, replacing the matrix-coated glass bead with a cell, presented in Section 3.2., to investigate the different binding avidities for CD19 CAR T cells and HER2 CAR T cells to their target as well as the introduction to a novel adapter approach. 
3.3.1. Introduction 

 With the development of more progressive cell therapies, in particular chimeric antigen receptor (CAR) T cell treatments, there is a rise in the clinical application of such therapies to treat cancer. In general, CAR T cell therapy refers to the process in which a clinical patient’s T cells undergo genetic modiϐication to express CAR. This enables the modiϐied T cells to identify cancer antigens and moderate anti-cancer cytotoxicity. There are currently seven CAR T cell therapies sanctioned by the US Food and Drug Administration (FDA) which are designed for hematologic cancer, including ϐive therapies that speciϐically target CD19 which is known as a B-cell lineage marker and two therapies that target the B-cell maturation antigen (BCMA).  Although there has been signiϐicant clinical success for CAR T cell therapy, especially in B-cell tumours, there is a notable juxtaposition for solid malignancy treatment. To date, there have been several clinical studies implementing CAR T cell therapies to target solid tumours. However, despite the varying target antigens that have been clinically experimented, observations demonstrate low efϐicacy in targeting solid cancers [154]. This challenge can be potentially attributed to the multiplicity of cancer 
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antigens and the immunosuppressive tumour microenvironment (TME) [155]. It should be noted that both liquid and solid cancers have very different antigen expression, suggesting that the selection of the target antigen with its respective CAR is essential when determining the clinical efϐicacy of CAR T cell therapies between hematologic and solid malignancies. Although there have been a substantial number of clinical trials to investigate varying CAR-antigen pairs, this mechanism cannot be easily identiϐied due to several factors such as the many cancer types and CAR backbones as well as the varying strategies in producing the CAR T cells. To bridge this gap, this study compares the efϐicacy of B-lymphocyte antigen CD19 (CD19)-CAR and human epidermal growth factor receptor 2 (HER2)-CAR to that of hematologic and solid malignancies. Additionally, this study introduces the potential of a novel anti-HER2 single chain variable fragment (scFv) adaptor for the treatment of solid tumours. 
3.3.2. Avidity Measurements to Compare CD19-CAR and HER2-CAR T 

Cells Binding to Suspension and Solid Tumours 

 As the target tumour cells are paired with their identical CAR backbones, it is theorised that the reduced efϐicacy observed in CAR T cells targeting solid cancers is attributed to the interaction between the target antigen and corresponding CAR, potentially due to the various scFvs. Typically, afϐinity, which refers to the binding strength of an individual antibody to its antigen, is used with regard to CAR activity. However, to better understand the antigen and CAR interaction, investigating cellular avidity is preferred. By imitating the cell-bead conϐiguration detailed in section 3.2, the matrix-coated ϐluorescent glass bead is replaced with an effector cell instead. To elaborate, this study uses CD19-CAR and HER2-CAR T cells as the stained effector cells and the respective target cells is the human B-cell precursor leukemia cell line, NALM6, and the M D Anderson–Metastatic Breast (MDA-MB)-468 cell line. Before beginning the assay, z-Movi microϐluidic chips are pre-coated with 0.002% Poly-L-Lysine (PLL). The target cells are then seeded as a monolayer with approximately 95% surface coverage. The seeding density for the NALM6 monolayer is 180 × 10଺  cells/mL, whereas due to the cell size being larger for MDA-MB-468, the seeding density was set at 100 × 10଺  cells/mL. The monolayer is incubated for 2 hrs at 37 ˚C before introducing the respective effector CAR T cells which interact with the monolayer for 5 mins before the force application. 
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Figure 3.1. Avidity measurements to determine the efficacy of CD19-CAR T cells. An incubation of 5 mins with NALM6 and MDA-MB-468 expressing CD19 (positive controls) and NALM6-CD19KO and MDA-MB-468 WT (negative controls) was performed before a force ramp of 0 – 1000 pN was applied for 2.5 mins was applied. Avidity trends across 0 – 1000 pN for all four conditions (left) and percentage of cells bound at force points 200 pN and 1000 pN (right). For the positive controls, CD19-CAR T effector cells interacted with both NALM6 and MDA-MB-468 expressing CD19 for an adhesion time point of 5 mins. From Figure 3.1, it is demonstrated that there is higher avidity between the CD19-CAR when bound to the hematologic cancer, NALM6, where approximately 20% of the total effector cell population was lifted from the monolayer at 1000 pN.  Although the solid breast tumour cell line, MDA-MB-468, demonstrated relatively high avidity with approximately 30% effector cell detachment at 1000 pN when compared to NALM6, the observed trend was inferior. This decrease in avidity indicates that CD19-CAR T cells exhibit better binding to cancer cells that possess an innate expression of CD19. As NALM6 naturally expresses CD19, the isogenic derivative, NALM6-CD19 Knockout (KO) cell line was used for the negative control for blood tumour monolayer. In contrast, MDA-MB-468 does not inherently express CD19 and thus the parental MDA-MB-468 Wild Type (WT) cell line was used as a negative control to represent the solid tumour monolayer. As shown in Figure 3.1, when CD19-CAR T effector cells interact with NALM6-CD19 KO and MDA-MB-468 WT, the avidity signiϐicantly reduces, further validating the efϐicacy of the antigen/CAR interaction. 
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Figure 3.2. Avidity measurements to determine the efficacy of HER2-CAR T cells. An incubation of 5 mins with NALM6 and MDA-MB-468 expressing HER2 (positive controls) and NALM6-CD19KO and MDA-MB-468 WT (negative controls) was performed before a force ramp of 0 – 1000 pN was applied for 2.5 mins was applied. Avidity trends across 0 - 1000 pN for all four conditions (left) and percentage of cells bound at force points 200 pN and 1000 pN (right).  To compare the binding efϐicacy with CD19-CAR T cells, HER2-CAR T effector cells interacted with NALM6 and MDA-MB-468 expressing HER2 for the adhesion time point of 5 mins. Visualised in Figure 3.2, NALM6 exhibited slightly higher avidity with the HER2-CAR T cells where approximately 25% of the effector cell population detached from the target monolayer at 1000 pN. Although MDA-MB-468 demonstrates a lower avidity curve, the effector cell population that detached from the target monolayer was approximately 30% at 1000 pN. As NALM6 inherently expressed HER2, this can potentially explain the slight increase in avidity compared to the MDA-MB-468 which does not have an innate expression of HER2. Overall, CD19-CAR T cells displayed superior binding with higher avidity trends than HER2-CAR T cells during NALM6 and MDA-MB468 interactions with the corresponding antigen expression. For each time point, three runs of experiments were performed for a single z-Movi chip. The avidity trends presented incorporate data collected from three separate z-Movi chips in one day. This was repeated twice more on separate days. 
3.3.3. Investigating the potential of an Anti-HER2 scFv adaptor to 

leverage CD19 CAR on solid tumour treatment 

 By repurposing the remarkable efϐicacy of the CD19-CAR T cells toward solid malignancies, complicated strategies the involve improving weaker CARs through further modiϐication can be avoided. To divert the CD19-CAR T cells to target solid cancers which do not inherently express CD19, a recombinant bispeciϐic protein adaptor, consisting of a 
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human CD19 extracellular domain (ECD) sequence fused to an anti-HER2 scFv, is used to redirect the CD19-CAR T cells to target solid cancers expressing the HER2 antigen. 

 
Figure 3.3 Avidity measurements to determine the efficacy of anti-HER2 scFv adaptor. CD19-CAR T cells were incubated with the adaptor for 30 min before introducing the CAR to the MDA-MB-468-HER2 monolayer. An incubation of 5, 15, 30, and 60 mins with MDA-MB-468 expressing HER2 (positive control) was performed before a force ramp of 0 – 1000 pN was applied for 2.5 mins was applied. Untreated CD19-CAR T cells were also used to perform the exact same condition as a negative control. The avidity of HER2-CAR T cells is included to provide better comparison on the efficiency of the adaptor. Avidity trends across 0 – 1000 pN for all three conditions at 5 mins (top left) and at 60 mins (top right). Percentage of cells bound at force points 200 pN (bottom left) and 1000 pN (bottom right) were visualised for all three conditions.  To test the efϐicacy of the anti-HER2 scFv adaptor in redirecting the CD19-CAR to target solid tumours, avidity measurements were taken between the target MDA-MB-468 expressing the HER2 antigen cell line interacting with the effector cell: HER2-CAR T cells, CD19-CAR T cells (Negative Control), and CD19-CAR T cells incubated with the anti-HER2 scFv adaptor (Positive Control). In top right of Figure 3.3, CD19-CAR T cells incubated for 60 mins with the adaptor demonstrated a signiϐicant increase in avidity where 35% of the effector cells detached at 1000 pN, when compared to the negative control, which is the CD19-CAR T cells only, where 85% of the effector cells detached at 1000 pN. It should be noted that by increasing the adaptor incubation period with the CD19-CAR T cells during 
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the adhesion interaction, the avidity signiϐicantly increases. Across the different time points, the avidity between MDA-MB-469-HER2 with CD19-CAR T cells incubated with the adaptor begins to closely follow the avidity trend of that with the HER2-CAR T cells after the 15 min adaptor incubation. For each time point, three runs of experiments were performed for a single z-Movi chip. The avidity trends presented incorporate data collected from three separate z-Movi chips in one day. This was repeated twice more on separate days. 
3.3.4. Discussion 

Typically, afϐinity has been the preferred indicator to determine CAR function with reference to the CAR-antigen interaction [156], [157], [158]. However, this has proven to be less reliable when discerning the original binding between the CAR and antigen. In contrast, avidity proϐiles use population studies to present the cumulative binding strength of CAR T cells against tumour cells, offering a more comprehensive valuation compared to afϐinity measurements. Regarding the technological advancement of the z-Movi instrument, the novel biophysical tool allows for high throughput screening to quantitatively compare cell-cell avidities at the single-cell level [159]. With the explicit measurement of cell-cell binding strengths, avidity proϐiles provide mechanical acuity into CAR T cell function. The presented ϐindings suggest that CD19-CAR T cells had a more effective overall binding capacity through higher avidity proϐile when compared to that of HER2-CAR T cells. Recent studies have revealed that by increasing the binding strength of both sides of the immunological synapse, it can result in higher avidity which improves the in vivo function of the CAR T cells [160]. Furthermore, a previously developed mathematical model representing the bivalent binding of CAR, showed that with higher avidity proϐiles, the amount of phosphorylated CAR also subsequently increases. This indicates that increased avidity extends the interactions between antigens and CAR, further improving the signaling potential of CAR T cells [161]. In juxtaposition, it was discovered that by engineering a CAR that binds to the BCMA and the transmembrane activator CAML interactor, the resulting in vivo efϐicacy is low. Although having comparable afϐinity to BCMA-CARs, this particular CAR exhibited reduced binding avidity which led to less interleukin (IL)-2 secretion and increase exhaustion [162]. These studies suggest that 
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measuring CAR T cell avidity through targeting tumour cells can be correlated to in vivo efϐicacy. In conclusion, this study reveals that the CD19-CAR binding capacity far surpasses that of HER2-CAR within a regulated solid tumour model system. By leveraging the potent efϐicacy of CD19-CAR T cells, redirection to target HER2 expressing tumours through the introduction of the anti-HER2 scFv adaptor is possible. 
3.4. Cell Avidity Regulation on Fibronectin via the Piezo1 

Mechanosensitive Ion Channel 

 The following subsections introduce an application of the z-Movi technology to investigate cell-ECM interactions. It will detail the key ϐindings and data collection through implementation of the ECM-cell setup, presented in Section 3.2., to investigate the role of Piezo1 during initial stages of the cell adhesion process. 
3.4.1. Introduction 

 Cell adhesion is an important process involved in cellular regulation and intercellular communication. Cell adhesion essentially refers to the capacity of a cell to bind to either another cell or to the ECM [163]. As an essential mediator, cell adhesion governs several cellular processes including cell differentiation and migration. Fluctuations exhibited in the adhesive properties of cells to the ECM are indications of tumour cells and their predisposition to invade and metastasize [164], [165]. In general, the cell adhesion process involves three main stages: the initial attachment of the cell body to the substrate, ϐlattening and spreading of the cell body, and the restructuring of the actin cytoskeleton resulting in the development of focal adhesions (FA) between the cell and substrate [166]. Cells, particularly tumour cells, are known to transduce mechanical stimuli into biochemical responses with the mechanically-gated ion channel, Piezo1. This mechanosensor is a crucial component of cells as it facilitates with sensing and generating mechanical forces. When the cation channel is activated by mechanical cues, cation translocation occurs where calcium ions enter the cell, subsequently inducing the mechanotransduction process and downstream signalling. It is susceptible to a diverse range of mechanical cues, that is, membrane stretch, shear ϐlow, cell indentation, 
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substrate stiffness, and conϐinement. The subunits of the trimeric mechanosensitive calcium ion channel are constructed with Piezo1 proteins.  Piezo1 is known to be involved in the regulation of certain cellular functions such as protein synthesis, spreading, migration, proliferation, and apoptosis, in response to mechanical force. Previously, Piezo1 proteins have demonstrated co-localisation with FA complexes at the edges of spreading cells, suggesting a direct involvement in the cell adhesion process. As FA maturation is associated with perpetual traction forces, it has been suggested that Piezo1-adhesion interplay depend on force [167]. Studies have shown that with the inhibition of actomyosin contraction, a reduction of Piezo1 at adhesion sites before FA disassembly is observed. In contrast, Piezo1 enrichment is observed when the cell contractility is augmented through active RhoA, demonstrating that the recruitment of Piezo1 to adhesion sites is force-dependent [168], [169]. It has also been demonstrated that Piezo1 plays an important role in mature adhesion for normal cells and have little role in transformed or tumour cells. The following study presented aims to investigate the role of Piezo1 in transformed and tumour cells during the initial attachment stage. 
3.4.2. Avidity Measurement of Different Piezo1 Expression Levels in 

Transformed Cells when Interacting with Fibronectin 

 Implementing the ECM-Cell setup detailed in Section 3.2., the ECM protein, ϐibronectin (FN), was coated at a concentration of 50 μg/mL, on the glass surface of a z-Movi microϐluidic chip and incubated overnight for approximately 16 hrs. The effector cells used in the z-Movi assay included transformed Human Embryonic Kidney (HEK239T) cells with different Piezo1 expression levels, denoted as HEK293T Wild Type (WT), HEK293T Piezo1 Knockout (P1KO), HEK293T Piezo1 Overexpressed-Halo (P1OE). These effector cells were visualised on the z-Movi platform through the staining of the membrane with CellTrace™ Far Red dye. Before measuring the avidity, which is the collective binding strength of numerous bonds between cells and substrates, the stained effector cells were incubated to the FN coating for 2.5, 5 and 15 mins. 
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Figure 3.4. Avidity measurements of HEK293T WT, HEK293T P1KO, and HEK293T P1OE incubated on FN at time points: 2.5 (left), 5 (middle), and 15 mins (right). The presented trends represent the percentage of cells lifted across the applied force ramp of 0 – 1000 pN. After the 0 – 1000 pN force ramp is applied, it is noted that HEK293T P1OE exhibited the highest overall binding avidity to FN with the percentage of cells lifted to be approximately 12% at 200 pN and 20% at 1000 pN for the adhesion time point, as shown in Figure 3.4 for 2.5 mins. Comparing this to HEK293T WT, the percentage of cells lifted was 27% at 200 pN and 35% at 1000 pN, demonstrating a decrease in avidity to FN. Overall, HEK293T P1KO had the lowest avidity to FN with the percentage of cells lifted to be 42% at 200 pN and 52% at 1000 pN. This trend is further reϐlected in the adhesion time points at 5 and 15 mins. For each time point, four runs of experiments were performed for a single z-Movi chip where the ϐirst data set is omitted due to an evident increase in avidity when compared to the remaining three runs. The avidity trends presented incorporate data collected from three separate z-Movi chips in one day. This was repeated twice more on separate days. 

 
Figure 3.5. Avidity measurements of HEK293T WT, HEK293T P1KO, and HEK293T P1OE incubated on FN at time points: 2.5, 5, and 15 mins at the selected force point of 500 pN. 
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To better visualise the avidity differences across the three different Piezo1 expression levels, data points collected at the 500 pN force point was graphed across the three different adhesion times. Through the bar plot shown in Figure 3.5, it can be observed that HEK293T P1KO exhibited the lowest binding strength to FN, while HEK293T P1OE had the highest binding strength, and HEK293T WT served as the baseline between the two. The collective trend indicates that with the elimination of the Piezo1 construct in the HEK293T cells, the adhesion rate to FN is signiϐicantly slower during the initial attachment stage of the cell adhesion process. To further validate this, the Piezo1 inhibitor, Grammostola Mechanotoxin #4 (GsMTx4) was introduced to impede the Piezo1 function present in HEK293T WT. A dosage of 2.5 and 5 μM was used to drug treat the HEK293T WT cells for an incubation period of 20 mins. Before the force application, the adhesion time point was set at 2.5 mins as the untreated HEK293T WT cells already exhibited high binding avidity to the FN coating. 

 
Figure 3.6. Avidity measurements at 500 pN of HEK293T WT drug treated with 2.5 and 5 μM of GsMTx4 to inhibit the Piezo1 function. HEK293T WT cells were treated for 20 mins before introduction to FN coating for 2.5 mins. Untreated HEK293T WT avidity measurements is included for comparison. Relative to the control, which is the untreated HEK293T WT cells, the GsMTx4 treated HEK293T WT cells were normalised in Figure 3.6. By plotting the percentage of cell detachment at 500 pN for both the control and drug-treated cells, the visualised trend depicts an increase in cells lifted, indicating a reduction in the population binding to FN. To elaborate, by inhibiting the function of the Piezo1 in HEK293T WT, a comparable trend 
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to the HEK293T P1KO is observed, further reinforcing that Piezo1 plays a role in the initial attachment process. It should be highlighted that the initial Piezo1 expression level in HEK293T WT was already relatively low, which further demonstrates the signiϐicance of Piezo1 during the initial attachment phase.  
3.4.3. Avidity Measurement of Different Piezo1 Expression Levels in 

Tumour Cells when Interacting with Fibronectin 

 To further investigate the role of Piezo1 in the initial attachment phase of the cell adhesion process, avidity measurements were taken of the breast tumour cell lines, Michigan Cancer Foundation-7 (MCF-7). With varying Piezo1 expression levels, these effector cells are denoted as MCF-7 WT and MCF-7 P1KO. By utilising the aforementioned ECM-Cell conϐiguration, the membrane-stained effector cells were incubated on the 50 μg/mL FN coating for 5 and 7.5 mins. 

 
Figure 3.7. Avidity measurements of MCF-7 WT and MCF-7 P1KO incubated on FN at time points: 5 (left) and 7.5 mins (right). The presented trends represent the percentage of cells lifted across the applied force ramp of 0 – 1000 pN.   After the 2.5 min force application from 0-1000 pN is completed, it can be shown in Figure 3.7 at the adhesion time point of 5 mins, MCF-7 WT exhibited a higher overall binding strength with approximately 43% of cells lifted at 200 pN and 60% at 1000 pN. Comparing these values to MCF-7 P1KO, which exhibited lower binding avidity to FN, it is observed that at 200 pN, 75% of cells were lifted and 80% at 1000 pN. The signiϐicantly 
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higher avidity difference across the MCF-7 WT and its isogenic derivative, MCF-7 P1KO, can be attributed to the original Piezo1 expression level being already high in the MCF-7 WT. This may explain the sharp decrease observed in the MCF-7 P1KO avidity curve. Additionally, when the adhesion time to FN is increased to 7.5 mins before the force application, a similar trend to that of the 5 mins incubation is observed. For MCF-7 WT, the percentage of cells lifted were approximately 43% at 200 pN and 63% at 1000 pN. In contrast, MCF-7 P1KO showed approximately 60% of cells detached at 200 pN and 83% at 1000 pN. For each time point, four runs of experiments were performed for a single z-Movi chip where the ϐirst data set is omitted due to an evident increase in avidity when compared to the remaining three runs. The avidity trends presented incorporate data collected from three separate z-Movi chips in one day. This was repeated twice more on separate days. 

 
Figure 3.8. Avidity measurements of MCF-7 WT and MCF-7 P1KO incubated on FN at time points: 5 and 7.5 mins at the selected force point of 500 pN.  To better highlight the avidity differences observed between the two different Piezo1 expression levels, data points were taken at the 500 pN force point and plotted across the two adhesion times represented in Figure 3.8. The overall trend between MCF-7 WT and MCF-7 P1KO is similar to the HEK23T isogenic cell lines, indicating that with the elimination of Piezo1, the initial attachment process is signiϐicantly delayed. To further validate these observations, 2.5 and 5 μM dosages of GsMTx4 were used to drug-treat MCF-7 WT for a period of 20 mins. The adhesion time point was set at 5 mins as the avidity difference between the two time points were similar.  
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Figure 3.9. Avidity measurements at 500 pN of MCF-7 WT drug treated with 2.5 and 5 μM of GsMTx4 to inhibit the Piezo1 function. MCF-7 WT cells were treated for 20 mins before introduction to FN coating for 5 mins. Untreated MCF-7 WT avidity measurements are included for comparison.  Relative to the control, that is, the untreated MCF-7 WT cells, the GsMTx4-treated cells lifted at 500 pN was normalised and graphed in Figure 3.9. By taking the data points at 500 pN, the observed trend depicts an increase in cell detachment when Piezo1 is inhibited in the GsMTx4-treated MCF-7 cells. With a high percentage of cell lifted, this demonstrates that by impeding the function of Piezo1, the total binding strength is reduced. By discerning the similar decreasing avidity curves when Piezo1 is removed or inhibited for both transformed and tumour cell lines, it can be interpreted that Piezo1 is involved in the initial attachment process and can regulate the cellular avidity on FN. 
3.4.4. Discussion 

 It has been previously established that the mechanosensitive ion channel, Piezo1, is involved in cell spreading and has the capacity for adherent cells to respond to mechanical stimuli. Through implementation of the acoustic force-based cell avidity analyser, z-Movi, the presented ϐindings suggest that Piezo1 plays a signiϐicant role during the initial attachment stage of the cell adhesion process. Recent studies of cell spreading on micropatterns have demonstrated that normal human embryonic kidney (HEK293) cells expressing Piezo1 exhibited elongation on FN stripes, whereas when Piezo1 is knocked out, the HEK293 cells no longer elongate. This was further validated through the inhibition of Piezo1 conductance through drug treatments with GsMTx4 and Gadolinium 
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Chloride (GdCl3) which resulted in only partial cell spreading across the micropatterns [170]. As the recruitment of Piezo1 is hypothesized to be force-dependent, studies have shown that with the inhibition of actomyosin contraction through drug treatments using Y-27632 or blebbistatin, there is a signiϐicant reduction of Piezo1 in the adhesion sites before FA disassembly. Additionally, the CV-1 Origin Simian (COS)-7 cells have been studied to model the force-dependency for the recruitment of Piezo1. By restoring the myosin internal iliac artery-dependent contractility, an inϐlux in Piezo1 accumulation to adhesions is observed. Overall, these studies suggest that the magnitude of the force applied, and the force duration dictates the degree of recruitment of Piezo1 at FA [168].  As Piezo1 accumulates at FA sites, a resulting calcium inϐlux in the cell occurs. These cations facilitate with regulating various cellular processes, including cell adhesion. With the increase in calcium intake, Piezo1 can subsequently control the FA dynamics, determining the integrity of the cell-ECM interactions [167], [171]. This supports the notion that by impeding the Piezo1 structure and function accompanied by the lack of FA regulation, it results in the instability of cell-matrix interactions, observed as the signiϐicantly lower avidity proϐiles in the initial attachment stage. Typically, the localized calcium transients surrounding the adhesions in normal cells are evidently weaker when compared to transformed cells. This indicates that the interaction between Piezo1 and adhesions have been modiϐied during the transformation process [167], [172]. In support of this, a secondary study demonstrated that Piezo1 is involved during the maturation stage of cell adhesion for normal cells but had no inϐluence on transformed and tumour cells, whereas the presented ϐindings in this thesis demonstrate that Piezo1 is involved in the initial attachment of cell adhesion for both transformed and tumour cells [167].  To conclude, the novel approach of utilising the biophysical acoustic force-based z-Movi technology to investigate the role of Piezo1 during initial cell adhesion has proven to be a reliable and highly versatile application. With its high-throughput capabilities and relatively short experimental time, rapid analysis of cell-matrix interactions is possible across all stages of cell adhesion.    
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Chapter 4: The Development of Acoustic Force 

Spectroscopy for Live Cell Studies 

Section 4.1. in this chapter aims to ϐirst introduce the operational system behind AFS, including the experimental conϐiguration, software interface, and the analysis of AFS experiments. Following this, Section 4.2. details the application of AFS in investigating the role of Piezo1 in cellular mechanoprotection.   
4.1. Operational System of AFS 

In the literature review presented in Chapter 2, the principles behind AFS and its application in biomolecular and cellular studies are detailed. With the capability for high-throughput, AFS employs acoustic forces to measure the structural, mechanical and kinetic properties of cells. 
4.1.1. AFS Experimental Configuration 

 The AFS experimental conϐiguration is multi-faceted, incorporating a z-Movi chip holder, Nikon inverted microscope (Nikon Eclipse Ti2), IDS imaging camera (UI-3240CP-M-GL), Nikon Collimation Adaptor (COP5-A), acoustic force ϐield generator, z-Movi microϐluidic chip and the accompanying AFS software. The setup involves the z-Movi chip holder to be positioned on the stage of the microscope where a z-Movi chip is fastened in place by tightening four thumb screws located at each corner of the chip. The z-Movi chip holder has 8 prongs that connects to the PCBA of a z-Movi chip to extract information, such as the chip serial number and the pre-calibrated force map. The extracted data is then fed back to the acoustic force ϐield generator. The AFS software reads and visualises this data and performs minor adjustments, and through a feedback loop with the generator, calibrates the resonant frequency with respect to the physical properties of the interacting cell. Once the appropriate resonance frequency is determined, the magnitude of the desired power and mode of the force application (i.e. force ramp or force clamp) is then applied to the z-Movi chip. 
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Figure 4.1. Schematic of AFS assembly. (A) An overview of the AFS hardware system. (B) The z-Movi chip holder with a Nikon collimation adaptor. (C) AFS stage with the z-Movi microfluidic chip secured to the holder. (D) Acoustic force field generator (E) iDS imaging camera (F) AFS software interface. 
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4.1.1.1. z-Movi Microfluidic Chips, Chip Holder and Acoustic Force Field Generator  In this AFS experimental setup, certain z-Movi components were repurposed and integrated, leveraging the shared AFS-based operating principle of the z-Movi system. This includes the z-Movi microϐluidic chips, chip holder and controller, that is, the acoustic force ϐield generator. Although the AFS conϐiguration integrates these z-Movi components, it is important to note that this AFS setup enables a greater range of applicable force modalities as compared to the commercialised z-Movi device explored in Chapter 3. For example, the z-Movi device is only capable of one force application, a linear force ramp from 0 to 1000 pN across 2.5 mins whereas the AFS system can apply up to 8000 pN for any desired length of time with complete ϐlexibility of the force patterns, either as a force ramp (gradually increasing tension), force clamp (constant tension) or a combination of the two. Although the avidity measured by z-Movi is graphed as a function of force, the cellular interactions measured using AFS is graphed as a function of percentage of maximum power. The preparation of the z-Movi chip to investigate the role of Piezo1 in cellular mechanoprotection will be detailed in Section 4.2. 
4.1.1.2. AFS Software  The AFS software allows for the adjustment of the temperature, resonance frequency and the acquisition parameters, including the frame rate and shutter time.  Selected particles are tracked through brightϐield imaging where the AFS software determines the particles’ x-, y-, and z-positions. Once the z-Movi chip has been secured to the chip holder, the AFS software can be initiated. The general workϐlow of the software involves setting the temperature feedback (Figure 4.2A) to 37 ˚C before zeroing the power 

percentage (Figure 4.2B) and turning on the signal generator (Figure 4.2C). Depending on the particle size, adjust the region of interest (ROI) for the particle selection (Figure 4.2D) to the desired area and attune the focal plane position (Figure 4.2E) to best visualise the particle. 
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Figure 4.2. AFS software interface during setup (A) Temperature feedback settings (B) Power percentage settings (C) Signal Generator button (D) ROI adjustor for particle selection (E) Focal Plane Position settings. To establish the desired power sequences, the power transitions ϐirst need to be parameterised by entering the required power percentages in the power column (Figure 4.3A) and the duration of force application in the wait column (Figure 4.3B). By dragging each transition into the sequences of power transitions column (Figure 4.3C), the power sequence can then be initiated under the command parameter column (Figure 4.3D). Before the force application, initiate a frequency sweep (Figure 4.3E) to determine the resonance frequency speciϐied in the printed circuit board assembly (PCBA) of each z-Movi chip. Once particles have been introduced to the channel, select the particles of interest to begin tracking in the x-, y- and z-position. When the force application commences, the software is able to detect the detachment of tracked particles, that is, where the particle leaves the ROI placed on it. 
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Figure 4.3. AFS software interface for configuring the force application (A) Power column (B) Wait column (C) Sequences of Power Transitions (D) Command Parameter (E) Frequency Sweep button. 
4.1.2. Data Analysis 

 To analyse the results attained from the AFS experiments, there are two main approaches, using the accompanying AFS data analysis software or through manual data analysis. 
4.1.2.1. AFS Data Analysis Interface  To utilise the accompanying data analysis software, the data collected from the AFS software must ϐirst be converted into a compatible ϐile format. Using the Python code found in Appendix A provided by LUMICKS, the generated technical data management systems (TDMS) ϐiles were converted into binary ϐiles which can be imported into the data analysis software. The original Python code was modiϐied to allow access to the corresponding ϐile paths. After importing the binary ϐiles into the data analysis software, the tracking signals in the x-, y-, and z-position can be visualised. 
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Figure 4.4. Resultant x- and y- position signal of a cell bound to the FN-coated glass surface, tracked through the AFS software. The significant spike demonstrates a rupture event which indicates that the cell has detached from the surface. A positive spike on the x-position indicates that the particle was pulled towards the right, and a negative spike would indicate the particle was pulled to the left, where the centre is denoted as the original position held by the particle. This can be applied to the y-position, where a positive spike represents pulling in the upward direction and a negative spike represents a pulling in the downward direction.  From Figure 4.4, it is observed that when the particle remains within the conϐines of the selected ROI, there is little background signal. In comparison, when the particle is outside the ROI, there is a signiϐicant spike in the displacement of the x- and y- position, indicating the detachment of the particle from the substrate. It should be noted that the displacement for the z-position can also be visualised if the focal plane position was calibrated in the initial setup. The time point at which the particle displacement occurs can be located at the onset of the signal spike. The time point at which the signal returns to the baseline signal indicates when the particle is completely detached from the surface. Depending on the negative or positive spikes on the graphs for the x and y displacements, the direction of the particle displacement and the closest acoustic node can be determined.  For the experiment performed in Section 4.2, the AFS Data Analysis Software was not utilised as more in-depth analysis was required. As such, manual data analysis was performed. 
4.1.2.2. Manual Data Analysis  In addition to the AFS data analysis software, manual data analysis can be performed to investigate particle-substrate interactions within a ϐield of view (FOV). The particle-substrate interactions recorded can be categorised into four interaction types: immediate detachment, short tethering, long tethering and no detachment. For events categorised as immediate detachment, the time point corresponding to the complete 
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detachment of the particle is recorded, enabling the calculation for the retention of the particle to the substrate. When categorised as a tethering event (short or long), the time point for the onset of particle tethering, the duration of the tethering and if applicable, the time point of complete particle detachment is recorded. For events where the particle exhibited no detachment, the retention time on the substrate is recorded as the end time point of the force application period.  
4.2. PIEZO1 Mechanically Protects Cell Integrity Through 

Balancing Membrane Tensions 

 The following section details the application of AFS in investigating the role of Piezo1 in cellular mechanoprotection.  Employed alongside AFS brightϐield imaging, confocal microscopy is also used to study the cellular response after experiencing acoustic force.  
4.2.1. Introduction 

 What happens when a cell’s structure is pushed to its limits? Mechanical forces are fundamental for cellular function however the maintenance of cellular integrity remains as one of the most critical yet often overlooked frontier in modern medicine and biotechnology. With the growing aging population and the global rise of cardiovascular diseases, there is an unprecedented demand for mechanical support devices where over 50,000 left ventricular assist devices are implanted worldwide [173], [174]. While life-saving interventions including extracorporeal membrane oxygenation and haemodialysis provide vital support, they expose blood cells to supraphysiological shear stresses of greater than 100 dyne/cm2, potentially triggering haematologic complications such as haemolysis and thrombosis [175]. Similarly, the biotechnology revolution has rapidly advanced for tissue engineering and organoid development. However, the mechanical procedures involved in bioprinting and biofabrication impose significant mechanical forces during extrusion processes leading to compromised cellular viability and tissue functionality [176], [177]. Despite such challenges, the biomolecular mechanisms that safeguard the cellular integrity remains severely understudied. 



  
 

89 
 

 During the process of mechanotransduction, cells adopt mechanically-gated ion channels to function as key transducers to sense and respond to mechanical stimulation [178]. In particular, the mechanosensitive ion channel Piezo1 is a primary regulator by converting mechanical forces such as membrane tension into electrochemical signals where a Ca2+ influx is observed due to the opening of the Piezo1 channel, resulting in downstream signaling [179]. However, the unique triskelion-bladed structure of Piezo1 suggests potential functions independent of ion conduction. Structural studies have shown that while other mechanosensitive ion channels such as Transient Receptor Potential Cation Channel Subfamily M member 4 (TRPM4) and Anoctamin 2 (ANO2) exhibit insignificant influence on the cellular membrane structure, the combined convex centre and three-bladed architecture of Piezo1 stimulates more distinct nanocurvature [180], [181].  The idea that membrane proteins are able to facilitate the mechanoprotective abilities of cells through structural properties, irrespective of their innate electrochemical signalling potential, offers a new outlook in investigating the mechanisms of cellular resilience. This chapter proposes that Piezo1 can confer mechanoprotection via its structure to reinforce cellular integrity. By elucidating the mechanoprotective capabilities of Piezo1, this work aims to establish the novel concept where Piezo1 is capable of dual functionality – mechanosensation through calcium influx and mechanoprotection through structural reinforcement. 
4.2.2. Methods and Materials 

4.2.2.1. List of Reagents 

Table 4-1. Detailed list of reagents used in the Methods. Full Name Source Catalogue Number Dulbecco’s Modified Eagle Medium (DMEM) Thermo Fisher Scientific 11995073  Fetal Bovine Serum (FBS) Thermo Fisher Scientific 10100147  Penicillin-Streptomycin (PS) Sigma-Aldrich P4458-100ml  Geneticin™ Selective Antibiotic (G418) Sigma-Aldrich G8168-100ML  Phosphate-Buffered Saline (PBS) Thermo Fisher Scientific 10010023 
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 TrypLE™ Express Thermo Fisher Scientific 12604021  Trypan Blue Thermo Fisher Scientific 15250061 Fibronectin (FN) Thermo Fisher Scientific 33016015  Ethylene glycol-bis(2-aminoethylether)-N,N,N',N'-tetraacetic acid (EGTA) BioWorld 40120127-1  Calcein405 Thermo Fisher Scientific 65-0855-28  mβCD Merck Life Science C4805-5G  CellMask Orange (CMO555) Thermo Fisher Scientific C10045 CellMask Green (CMG488) Thermo Fisher Scientific C37608  Phalloidin 488 (Pha488) Thermo Fisher Scientific A12379  Phalloidin 647 (Pha647) Thermo Fisher Scientific A30107  Janelia Fluor® JFX554 HaloTag® Ligands (JFX554) Promega Corporation HT1030 
 
4.2.2.2. Cell culture and Harvesting Transformed Human Embryonic Kidney cell lines HEK293T with Piezo1 Wildtype (WT), Knockout (P1KO; kindly gifted from Dr Ardem Patapoutian), and Overexpressed-Halo (P1OE; kindly gifted from Dr Philip Gottlieb) and the breast cancer cell line MCF-7 with Piezo1 WT and P1KO was cultured in Dulbecco’s Modified Eagle Medium (DMEM; Thermo Fisher Scientific) supplemented with 10% Fetal Bovine Serum (FBS; Thermo Fisher Scientific) and 1% Penicillin-Streptomycin (PS; Sigma-Aldrich). The cultured cell lines were stored in a saturated incubator at 37 ˚C with 5% CO2. This solution will be referred to herein as complete culture medium. During the transfection process, HEK293T P1KO-Mutant-Halo (P1KO-Mutant) and HEK293T P1KO-TRPM4-GFP (P1KO-TRPM4) cells were cultured in 5 mL of complete culture medium supplemented with 80 µL of the disulfate salt solution, Geneticin™ selective antibiotic (G418; Sigma-Aldrich), which is at a concentration of 800 µg/mL. HEK293T P1KO-Mutant and P1KO-TRPM4 was continuously maintained using 5 mL of the complete culture medium supplemented with 40 µL of G418 to attain a concentration of 400 µg/mL. Cells were maintained in T25 
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culture flasks and when required for experiments, cells were seeded into 35 mm x 10 mm petri dishes and left to recover overnight before use. Prior to experiments, the cells were harvested when the confluency in the petri dishes reached approximately 80%. Cells were initially washed with Phosphate-buffered saline (PBS; Thermo Fisher Scientific) before being incubated with TrypLE™ Express (Thermo Fisher Scientific) for 3 min at 37 ˚C. After the cells begin to detach from the surface of the culture flask, they are resuspended in complete culture medium. The concentration of the cells in suspension was calculated by mixing 10 µL of the cell solution and 10 µL of 0.4% Trypan Blue (Thermo Fisher Scientific) before seeding 10 µL of this mixture between the haemocytometer dish and a glass slide. The cell concentration can be calculated using the following equation: 
���� ������������� =  ����� ���� ����� �� ������� × �������� ��������. �� ������� × 10ସ 

 To note, each experimental run requires 20 µL of a cell solution at a concentration of 3 × 10଺ cells/mL. To ensure optimal viability, a larger initial volume of 40 µL was taken from the 3 × 10଺  cells/mL stock solution. Before seeding, each 40 µL aliquot is resuspended to ensure the cell pellet is separated from which 20 µL will be taken for seeding. 
4.2.2.3. Chip Glass Surface Coating with Fibronectin  Ensure the channel of the z-Movi microfluidic chip is cleaned and dried for at least 1 hr before beginning the surface coating process. To begin the coating process of each chip, the glass surface of the channel was rehydrated by pulling in 400 µL of 1 M sodium hydroxide (NaOH) from the reservoir into the channel using a 3 mL syringe (Terumo) for an incubation period of 5 min. The channel was then washed twice with 400 µL of Milli-Q water before pulling in 400 µL of 1 M HCl for an incubation period of 2 min. The channel was again washed with 400 µL of Milli-Q water for three times before pulling in 400 µL of PBS. Majority of the PBS was pulled through the channel, leaving approximately 10 µL of PBS left in the reservoir. For each chip, 30 µL of 50 µg/mL FN (Thermo Fisher Scientific) solution was pulled through the reservoir until approximately 5 µL was remaining. The reservoir was washed twice with 200 µL of PBS to prevent aggregate formation before a 
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final 200 µL was deposited into the reservoir. The coated microfluidic chips are then secured with a cap and stored for at least 16 hrs in a dry incubator at 37 ̊ C. It is important to note that the FN coating lasts up to 72 hrs from the initial coating. Before introducing the cells into the channel, the FN-coated chips were washed twice with 400 µL of PBS before introducing a buffer exchange with 400 µL of completed culture medium ensuring 10 µL remains in the reservoir. 
4.2.2.4. AFS Operational Settings  Upon launching the software, the temperature feedback was set to 37 ˚C before zeroing the power percentage and turning on the signal generator. The ROI was adjusted from 50 × 50  pixels to 75 × 75  pixels for the particle selection area. To focus on the channel of the microϐluidic chip, the focal plane position was set to 3 mm. For the standard power sequences, the inputted power percentages in the power column and duration of the force application in the wait column was 0% for 300 secs for the interaction period between the cells and the FN coating, 50% for 120 secs for the acoustic force application, and 0% for 5 secs to re-zero the power percentage. For AFS experiments that was followed by confocal imaging (FV4000, Olympus Corporation) after each run, the power transitions were set at 0% for 450 secs for the FN-interaction, 0% for 10 secs for a buffer exchange before force, 100% for 120 secs for the force application and 0% for 5 secs to re-zero the 
power percentage. Before the force application, a frequency sweep is initiated to determine the resonance frequency speciϐic to each chip. The resonance frequency is then calibrated and set as the frequency under the Signal Generator Settings. For more details, refer to Section 4.1. which details the AFS conϐiguration and software. 
4.2.2.5. Cell-matrix Binding Measurement  The z-Movi chip (LUMICKS B.V.) was secured on the z-Movi chip holder and through the FOV, the channel of the microfluidic chip was focussed. Before seeding the cells and beginning the FN-interaction, the volume of complete culture medium remaining in the reservoir was levelled down to approximately 5 µL. After resuspending the 40 µL aliquot of the 3 × 10଺ cells/mL cell solution, 20 µL was separated and deposited into the reservoir inlet for seeding. The cells are seeded by pulling the cell solution through the channel using a 3 mL syringe and interact with the FN coating for either 5 mins (standard parameters) or 7.5 mins (parameters with confocal imaging) before a 
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force application is initiated. During the incubation period, the reservoir is washed twice with 200 µL of complete culture medium to remove cell aggregation left from the seeding solution. The inlet is refilled with the appropriate culture medium – complete medium for Ca2+-positive systems and culture medium treated with ethylene glycol-bis(2-aminoethylether)-N,N,N',N'-tetraacetic acid (EGTA; BioWorld) for Ca2+-negative systems. The concentration of the EGTA was 3mM where 0.6 µL was mixed with 200 µL of DMEM medium only. After the incubation period, the force application begins for 2 mins where the force clamps at either 50% (standard parameters) or 100% (parameters with confocal imaging). It is important to note that the percentage parameters of the power refer to the percentage of max power, for instance 50% power represents 50% of the max power generated by the acoustic force field controller. During the force application, different types of cell-matrix interactions were recorded – immediate detachment, short tethering, long tethering and no detachment.  
4.2.2.6. Confocal imaging  Before running the AFS experiments, the 40 µL aliquots of concentration 3 cells/mL solution were suspended in DMEM medium only and stained with Calcein405 (Thermo Fisher Scientific) with a dilution ratio of 1:500 for 25 mins. Prior to seeding, Methyl-β-cyclodextrin (mβCD: Merck Life Science) is added 2 min before Calcein405 staining was completed. The cells are then seeded and incubated with FN for 7.5 mins. Before the force clamps at 100% power for a duration of 2 mins, the channel undergoes a buffer exchange with complete culture medium for Ca2+-positive systems and EGTA-treated culture medium for Ca2+-negative systems. After the force application, the cells are stained to determine the level of damage, that is, either major rupture or minor damages. For HEK293T WT and HEK293T P1KO, 1:500 CellMask Orange (CMO555; Thermo Fisher Scientific) and 1:2000 Phalloidin 488 (Pha488; Thermo Fisher Scientific) was used to stain the cell membrane and actin, respectively. For HEK293T P1OE and HEK293T P1KO-Mutant, 1:500 CellMask Green (CMG488; Thermo Fisher Scientific), 1:2000 Phalloidin 647 (Pha647; Thermo Fisher Scientific) and 1:1000 Janelia Fluor® JFX554 HaloTag® Ligand (JFX554; Promega Corporation) was used to stain the cell membrane, actin and the HaloTag, respectively. For HEK293T P1KO-TRPM4, 1:500 CMO555 and 1:2000 Pha647 was used to stain the cell membrane and actin, respectively. After the dyes have stained the cells in the channel for 5 mins, the microfluidic chips are 
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then fixed onto the FV4000 stage for confocal imaging. Lasers at wavelengths of 488 nm, 594 nm and 640 nm were used to excite the dyes. The images were scanned at 1024 × 1024 pixels resolution for a single z-position. 
4.2.2.7. Data Analysis 

 The data analysis conducted on the presented experiments were performed using the manual analysis method. Observations made on video recordings of the experimental runs categorised cell-matrix interactions into four types: immediate detachment (0 – 1 secs), short tethering (2 – 5 secs), long tethering (5 – 120 secs) and no detachment. Duration before detachment, before tethering and during tethering were recorded. For more detail on the AFS data analysis, refer to Section 4.1.2. The data analysis involved for the confocal imaging used the membrane and actin staining to determine if the cell body experience major damages. When both CMO555/CMG488 and Pha488/647 entered through the cell body following the force application, this was counted as double-positive staining, indicating significant rupture of the cell body. To note, only double-positive staining was considered as a representation of major rupture. For minor damages, the level of Calcein405 staining was used as an indicator. The extent of damage was assessed by normalizing the intensity change in the Calcein405 staining after force application relative to the control. 
4.2.2.8. Statistics and Reproducibility  All representative results presented in this chapter are from at least three independent experiments generating similar outcomes. For each independent experiment, the data was collected from three separate z-Movi chips in one day which was repeated twice more on separate days. All statistical analyses were performed using Prism 10 (GraphPad Software). 
4.2.3. Results 

4.2.3.1. Cell Membrane Deformations for Transformed Cells  To characterize the impact of Piezo1 in cellular mechanoprotection, the AFS was employed. Repurposing the z-Movi microfluidic chips, the glass surface of the channel was overnight-coated with the ubiquitous glycoprotein FN. Prepared HEK293T WT, 
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HEK293T P1KO, and HEK293T P1OE cells were introduced into the channel and interacted with the FN coating for 5 mins before a force clamp of 50% power was applied. The generated acoustic forces induced cell membrane deformation with four distinct types of cell membrane interactions: immediate detachment (0 – 1 secs), short tethering (2 – 5 secs), long tethering (5 – 120 secs) and no detachment. 

 
Figure 4.5. Representative images of the two types of tethering. (A) Short-term tethering (B) Long-term tethering.  These interactions were visualised through brightfield imaging, and the two different types of tethering can be seen in Figure 4.5. The membrane tethering events were quantified through recording positive tethering events during the time-lapse brightfield imaging.  

 
Figure 4.6. HEK293T cell membrane deformation through tethering events. Percentage of cells lifted with tethering (left) and duration of the tethering event (right). 



  
 

96 
 

From Figure 4.6, it was observed that HEK293T P1KO exhibited a higher percentage of cells lifted with tethering compared to HEK293T WT and HEK293T P1OE, where the average showed approximately 58% of the cell population exhibited tethering. For HEK293T WT, the average showed that approximately 47% of the cell population exhibited tethering whereas HEK293T P1OE averaged at approximately 8%. Overall, HEK293T P1KO demonstrated a higher precedence of tethering events in the cell population. Potentially attributed to the inherent low expression levels of Piezo1 present in HEK293T WT, the difference between the population of tethering events exhibited between HEK293T P1KO and HEK293T WT was not as significant when compared to HEK293T P1OE. Although the number of tethering events between HEK293T P1KO and HEK293T WT cells was not significantly different, the retention of these events revealed more pronounced differences. To elaborate, the duration of the tethering events exhibited for HEK293T P1KO ranged between 2 to 120 secs, where the average was calculated to be approximately 31 secs. For HEK293T WT, the tethering duration ranged between 2 to 60 secs, where the average was determined to be approximately 13 secs. Similarly, HEK293T P1OE demonstrated tethering durations ranging between 2 to 25 secs, where the average was calculated to be approximately 5%. 

 
Figure 4.7. Cell-matrix interaction during the force application of 120 secs. The progression from attached to tethering can be depicted for HEK293T P1KO (left), HEK293T WT (middle), and HEK293T P1OE (right).  To better visualize the significant differences of the tethering duration across the three isogenic cell lines, a horizontal bar plot was graphed as shown in Figure 4.7. It is important to note that the cell populations used in the AFS experiments for all three isogenic cell lines were of similar size, however, due to the lower frequency of tethering 
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events observed in HEK293T P1OE cells, the total number of tethering events analysed was significantly reduced. 
4.2.3.2. Cell Membrane Deformations for Tumour Cells  To further investigate the impact of Piezo1 in cellular mechanoprotection, the breast cancer cell line MCF-7 with P1WT and P1KO was used. Similar preparation to the HEK293T cells, suspended MCF-7 WT and MCF-7 P1KO cells were introduced into the channel and interacted with the FN coating for 7.5 mins before a force clamp of 50% power was applied. 

 
Figure 4.8. MCF-7 cell membrane deformation through tethering events. Percentage of cells lifted with tethering (left) and duration of the tethering event (right). As observed in Figure 4.8, MCF-7 P1KO exhibited a significantly higher percentage of cells lifted with tethering where the average was calculated to be approximately 77%. For MCF-7 WT, the average percentage of cells lifted with tethering was determined to be approximately 10%. This significant difference can be attributed to MCF-7 WT inherently having high expression levels of Piezo1. To further highlight the pronounced differences between MCF-7 WT and MCF-7 P1KO, the retention of the tethering exhibited for MCF-7 P1KO cells ranged between 2 to 120 secs, where the average tethering duration was determined to be approximately 50 secs. Comparing these results to those of MCF-7 WT, the retention of the tethering also ranged between 2 to 120 secs, however the average tethering duration was found to be approximately 10 secs. Overall, it was observed that when Piezo1 is removed for both HEK293T and MCF-7 cells, the cells exhibited long and lasting tethers during the cell lifting process. 
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4.2.3.3. Cell Body Membrane Damage and Rupture Events for Transformed Cells  To study the protective function of Piezo1, higher AFS parameters were applied to induce membrane deformation and inflict membrane damage to the cell body. As previously detailed, prepared HEK293T WT, HEK293T P1KO, HEK293T P1OE, HEK293T P1KO-Mutant, and HEK293T P1KO-TRPM4 cells were introduced into the channel and interacted with the FN coating for 7.5 mins before a force clamp of 100% power was applied.  

 
Figure 4.9. Percentage of major rupture events for HEK293T P1KO (left), HEK293T WT (middle), and HEK293T P1OE (right). Major rupture was indicated through double positive staining of membrane and actin dyes.  Additionally, AFS experiments were performed in Ca2+ negative systems to determine whether the protective function of Piezo1 is dependent on its ion channel activity. To ensure that there are no Ca2+ ions in the system, 3 mM EGTA mixed with DMEM only was used during the buffer exchange prior to the force application. From Figure 4.9, it can be observed that HEK293T P1KO still demonstrated the highest rates of membrane damage when compared to HEK293T WT and HEK293T P1OE. This indicates that the protective effect of the Piezo1 continued even in the absence of extracellular calcium. 
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Figure 4.10. Percentage of major rupture events for HEK293T P1KO-Mutant (left) and HEK293T P1KO-TRPM4 (right). Major rupture was indicated through double positive staining of membrane and actin dyes.  Interestingly, for the ion-impermeable Piezo1 mutants (M2493A/F2494A) expressed in HEK293T P1KO cells, the mechanoprotective effect was preserved despite the absence of calcium conductance (Figure 4.10). This indicates that apart from its ion channel function, the structural properties of Piezo1 are involved with mediating membrane protection. In contrast, the non-selective ion channel TRPM4 expressed in HEK293T P1KO continued to show high rates of membrane rupture in a calcium-free environment. This indicates that substituting Piezo1 with TRPM4 does not preserve the mechanoprotective effect against force. Providing additional support, the intensity of Calcein405 staining was recorded for both Ca2+-positive and Ca2+-negative systems after force application and normalised relative to the control. Upon entering the cell, Calcein405 will remain trapped within an intact cytoplasm until the cell membrane is ruptured or damaged, causing the Calcein to drain out and subsequently reduce the intensity of the dye. 
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Figure 4.11. Intensity changes of Calcein405 staining for HEK293T P1KO (top row), HEK293T WT (middle row), and HEK293T (bottom row). The intensity changes were normalised against the control.   From Figure 4.11, it is observed that HEK293T P1KO exhibited a significant reduction in Calcein405 intensity for both Ca2+-positive and Ca2+-negative environments, further indicating membrane rupture and damage. The observed intensity change for HEK293T WT was not as significant compared to HEK293T P1KO, however, there was still an overall minor reduction in intensity. In contrast, HEK293T P1OE demonstrated negligible Calcein405 intensity changes in the calcium-free environment and a slight increase in the calcium-present environment. 
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Figure 4.12. Intensity changes of Calcein405 staining for HEK293T P1KO-Mutant in Ca2+-positive (left) and Ca2+-negative (right) environments. The intensity changes were normalised against the control.  Similar to the trend observed for HEK293T P1OE, Figure 4.12 demonstrates that HEK293T P1KO-Mutant is able to facilitate the mechanoprotective properties of the membrane as there is negligible reduction observed for the Calcein intensity, indicating the absence of major rupture or damage. 

 
Figure 4.13. Intensity changes of Calcein405 staining for HEK293T P1KO-TRPM4 in a Ca2+-negative environment. The intensity changes were normalised against the control.  Corroborating previous results, Figure 4.13 demonstrates that the ion channel TRPM4 is unable to mediate membrane mechanoprotection. Similar to the HEK293T P1KO, there is a significant reduction in Calcein intensity, suggesting that the membrane is either ruptured or damaged. Overall, the presented data demonstrates that the structural properties of Piezo1 is capable of mediating the membrane protection. 
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4.2.4. Discussion 

 The implementation of the AFS system has revealed the ability of Piezo1 as a structural mechanoprotector that preserves cellular membrane integrity undergoing mechanical stimulation. Independent from its canonical ion channel activity, Piezo1 depends on its distinct convex central region combined with triskelion-bladed architecture to protect the cell membrane [179]. By elucidating the mechanoprotective capabilities of Piezo1 through its nanocurvature, this work underlines the dual functionality of Piezo1.  Historically, Piezo1 is involved in the mechanotransduction process wherein it facilitates the cells’ ability to sense and respond to mechanical stimuli. It functions by converting mechanical forces such as membrane tension into electrochemical signals where a Ca2+ influx is observed due to the opening of the Piezo1 channel, resulting in downstream signaling [180]. Interestingly, through the AFS platform, it was identified that cells without Piezo1 exhibited more elastic cellular membranes represented through the higher rates of deformation, that is, longer and lasting tether formation. Indicated by the Calcein staining and double-positive staining of the membrane and actin, P1KO cell lines demonstrated weaker membrane integrity with larger cell population sizes experiencing major rupture and damage under acoustic forces. In conjunction with this finding, HEK293T P1OE demonstrated that with higher expression levels of Piezo1, the cellular membrane was observed to be more rigid and intact against acoustic forces. This is represented through the low deformation frequency and shorter tethering retention, suggesting that the mechanoprotective properties of Piezo1 may be partially calcium independent.  The protective function of Piezo1 and its dependency on its ion channel activity was validated through AFS experiments in Ca2+-negative environments. Remarkably, the protective effect of Piezo1 continued even with the absence of extracellular calcium, further supporting the notion that the mechanoprotective properties of Piezo1 is independent of its ion channel activity. Furthermore, with the introduction of Piezo1 mutants expressed on HEK293T P1KO, the mechanoprotective capabilities was rescued despite the impaired calcium conductance. This suggests that Piezo1 repurposes its distinctive trimeric architecture to achieve dual functions, that is, mechanosensation 
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through calcium influx and mechanoprotection through structural reinforcement. Through the coupled functionality of Piezo1, it may explain the increased conservation of Piezo1’s structure across various species, reconceptualising the current understanding of the multifaceted roles of membrane proteins in cellular physiology [182]. The mechanoprotective effect was determined to be Piezo1-specific with the introduction of HEK293T P1KO cells expressed with the non-selective ion channel, TRPM4. The findings demonstrated that by replacing Piezo1 with the TRPM4 ion channel, the mechanoprotective properties could not be rescued. This suggests that other mechanosensitive ion channels are incapable of recapitulating the protective properties of that of the Piezo1 structure. The discovery of Piezo1 as a structural mechanoprotector reconceptualises the current understanding of this mechanosensor. Through the elucidation of Piezo1’s structure facilitating membrane resilience, valuable insights into cellular adaptation to mechanical stress can be achieved. This provides new avenues to address current challenges in clinical settings, such as for mechanical circulatory support devices for cardiovascular diseases and regenerative medicine.  
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Chapter 5: Conclusions and Future Directions 

5.1 Summary of Findings 

This thesis investigated the fundamental roles of mechanical forces in cellular biology, with a particular focus on the mechanosensitive ion channel Piezo1 in regulating cell-matrix and cell-cell interactions. Through the implementation of two complementary acoustic force-based platforms—the z-Movi cell avidity analyser and Acoustic Force Spectroscopy (AFS)—this research has provided quantitative insights into cellular mechanobiology in both high-throughput and single-cell levels. The comprehensive literature review presented in Chapter 2 established the theoretical framework for this research, detailing the principles of mechanobiology, mechanotransduction pathways, and biomechanical cues that influence cellular behaviour. The review also highlighted the evolution of dynamic force spectroscopy techniques, emphasizing acoustic force-based approaches as powerful tools for high-throughput investigations of molecular and cellular mechanics. In Chapter 3, the z-Movi cell avidity analyser is introduced as an innovative platform for quantifying cell-matrix and cell-cell interactions in high throughput. Using this technology, the findings demonstrated that Piezo1 plays a significant role in the initial attachment phase of cell adhesion to fibronectin. This reveals that Piezo1 overexpression enhances adhesion strength, while Piezo1 knockout or pharmacological inhibition reduces avidity in both transformed (HEK293T) and tumor (MCF-7) cell lines. These results challenge the prevailing view that Piezo1 primarily influences mature adhesions in normal cells but has minimal impact on transformed or tumor cells. Instead, the data suggests that Piezo1 contributes significantly to the early stages of cell-matrix interactions across different cell types. Additionally, Chapter 3 showcased the versatility of the z-Movi platform through a collaborative study evaluating CAR T-cell binding avidity to target cells. This investigation demonstrated the superior binding capacity of CD19-CAR T cells compared to HER2-CAR T cells, providing mechanical insights into the differential efficacy of CAR T-cell immunotherapy. Furthermore, this work validated a novel bispecific adaptor approach to redirect CD19-CAR T cells to target HER2-
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expressing solid tumours, highlighting the potential of acoustic force-based assays in the development and optimization of cancer immunotherapies. Detailed in Chapter 4, AFS was established for live cell studies, focusing on the role of Piezo1 in cellular mechanoprotection. Experimental findings revealed that beyond its ion channel function, Piezo1 structurally reinforces cell membrane integrity under mechanical stress. Through comparative analyses of both transformed and tumour cells, and calcium-free conditions, the results demonstrated that Piezo1's mechanoprotective role involves both calcium-dependent signaling and calcium-independent structural reinforcement. This expands the current understanding of Piezo1's function beyond traditional mechanotransduction, positioning it as a multifunctional protein critical for cellular adaptation to mechanical environments. 
5.2 Significance and Implications 

The findings presented in this thesis have several important implications for our understanding of cellular mechanobiology and its relevance to health and disease. First, the demonstration of Piezo1's role in the initial attachment phase of cell adhesion expands the temporal framework for considering mechanosensitive ion channels in cell-matrix interactions. While previous research has emphasized Piezo1's contribution to mature adhesions, the presented work highlights its importance in the earliest stages of contact establishment. This discovery indicates that mechanical sensing begins immediately after contact between the cell and substrate which can potentially explaining how cells adapt to their microenvironments during processes such as wound healing, tissue regeneration, and cancer metastasis. Second, the discovery of Piezo1's dual role in mechanoprotection involving both calcium signaling and structural reinforcement, provides more details on the process of how cells maintain integrity under mechanical stress. This finding may be particularly relevant in contexts where cells experience significant mechanical challenges, such as blood circulation, muscle contraction, or tumor invasion. The mechanoprotective function of Piezo1 could represent an evolutionary adaptation enabling cells to withstand the diverse mechanical environments they encounter. 
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Third, the use of acoustic force-based technologies to evaluate CAR T-cell therapies highlights the broad scope of such approaches in biomedical research. Through quantifying binding avidity at the single-cell level, acoustic force-based platforms offer a mechanical perspective on immunotherapeutic efficacy, complementing traditional functional assays. These quantified avidities provide valuable insights for optimizing cell-based cancer therapies, potentially improving their efficacy against solid tumours. Acoustic force-based systems have been increasingly adapted for in vivo and clinical applications. For example, in blood-based diagnostics, acoustic separation is implemented to enable the sorting of rare circulating tumor cells. Additionally, acoustic waves are utilised in targeted drug delivery to guide nanocarriers toward specific tissues. By focusing on clinically relevant parameters such as cell stiffness, tissue elasticity, and the mechanical properties of circulating cells, AFS is potentially capable of distinguishing between malignant and benign tumours, studying drug-induced effects in cell mechanics, and identifying pathological tissue softening or stiffening. Fourth, to highlight the novelty of acoustic force-based technologies in comparison to other existing force-based systems, AFS offers scalable and parallel manipulation for high-throughput applications alongside force tuneability for both gentle manipulation as well as stronger force applications. The high dynamic nature of the AFS system enables compatibility with complex media such as fluids and tissue. To compare with other force-based systems, OT operates within similar force ranges as AFS but has limited scalability and is susceptible to flow. While TFM is capable of high-throughput, it measures the forces exerted by cells on a substrate rather than actively manipulating the cells. In conclusion, AFS presents a more holistic set of advantages that addresses certain limitations found in existing force-based systems. 
5.3 Limitations and Challenges 

Despite the significant findings achieved through the presented studies, several limitations and challenges should be acknowledged. Although the in vitro nature of this research offers precise control over experimental conditions, it does not fully recapitulate the complex mechanical environments that cells undergo in vivo. For instance, within the tumor microenvironment, dynamic interactions among various cell types and ECM components collectively influence mechanical signaling.  
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Additionally, acoustic force-based systems are dependent on medium properties such as density and attenuation, however, these parameters vary within complex tissues which may affect the calibration of the applied acoustic forces. Although the presented experimental setup applies acoustic forces of approximately 4000 pN, which is within the biomechanical range in certain key physiological processes such as tumour invasion, the applied forces represent the higher end of this range. While the acoustic force-based platforms are capable of high-throughput and precision, it primarily evaluates tensile forces perpendicular to the adhesion surface. In physiological contexts, cells experience multidirectional forces including compression, shear, and torsion. A more comprehensive understanding of cellular mechanobiology would require integration of diverse force application methods.  Furthermore, while the focus on Piezo1 is justified by its prominent role in mechanotransduction, it only represents one aspect of the cell’s intricate mechanosensory system. The interplay between Piezo1 and other mechanosensors, such as integrins, cadherins, and cytoskeletal components, should be further investigated to develop a systems-level understanding of cellular mechanosensing. 
5.4 Future Directions 

To build on the findings and addressing the limitations of this research, there are several potential avenues for further investigation. Future studies should aim to elucidate the interplay between Piezo1 and other mechanosensory systems, investigating how these components function collectively to orchestrate cellular responses to mechanical stimuli. This could involve simultaneous manipulation of multiple mechanosensors and assessment of downstream signaling integration. Additionally, the mechanoprotective role of Piezo1 warrants exploration in pathological conditions characterized by abnormal mechanical environments, such as cancer, cardiovascular disease, and musculoskeletal disorders. Understanding how alterations in Piezo1 function affect cell survival and behaviour under disease-related mechanical stresses could reveal new therapeutic targets. Furthermore, developing techniques to monitor and manipulate mechanical forces in living tissues would enable more physiologically relevant studies of 
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mechanotransduction. Advances in intravital imaging, optogenetics, and biomaterial engineering offer promising approaches for extending mechanobiological investigations to in vivo settings. Additional insights gained into Piezo1 function and CAR T-cell mechanics could inform the development of novel therapeutic strategies. These might include small molecules targeting mechanosensitive ion channels to modify cell adhesion or migration or engineered CAR T cells with optimized mechanical properties for improved tumour targeting. Lastly, continued refinement of acoustic force-based technologies could expand their capabilities, allowing for application of complex force patterns, simultaneous imaging of molecular dynamics, and integration with other analytical techniques such as mass spectrometry or genomic analyses. 
5.5 Concluding Remarks 

This thesis has contributed to the understanding of cellular mechanobiology by elucidating the multifaceted roles of Piezo1 within cell-matrix interactions and mechanoprotection. It demonstrates the utility of acoustic force-based technologies in quantifying cellular mechanical responses. The findings underscore the fundamental importance of mechanical forces in cellular function and highlight the potential of targeting mechanosensitive pathways for therapeutic interventions. As the understanding of mechanobiology evolves, it is becoming increasingly evident that physical forces are not secondary influences but primary determinants of cellular behaviour in both health and disease. The integration of advanced biophysical techniques with molecular and cellular analyses promises to yield further insights into how cells navigate their mechanical landscapes, opening new avenues for diagnostic and therapeutic innovations. In conclusion, this thesis establishes a foundation for future investigations at the intersection of mechanobiology, cell biology, and biomedical engineering, contributing to the growing recognition of mechanotransduction as a central principle in biological systems. The continued exploration of how cells sense, respond to, and withstand mechanical forces will undoubtedly enhance our ability to address complex biomedical challenges, from tissue engineering to cancer therapy, through mechanically informed approaches. 
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Appendix A: Code for TDMS File Conversion  
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Appendix B: Experimental Standard Operational 

Procedures (SOPs) 

z-Movi Chip Handling SOP 
Chip Glass Surface Coating with Poly-L-Lysine (PLL): 1. Clean the chip and dry for 1 hour at 37°C in a dry incubator. 2. Prepare a 0.002% PLL solution in PBS. 3. Pull 100 μL of fresh PLL solution into the microfluidic channel using a 3 mL 

syringe. 
o Leave ~10 μL in the reservoir to avoid bubble formation. 4. Incubate the PLL in the chip at room temperature for 10 minutes. 5. Introduce 400 μL of PBS into the flow cell three times. 6. If using the chip the same day: 
o Pull out remaining PBS via syringe. 
o Pull air through the chip several times. 
o Incubate at 37°C with reservoir capped for at least 1 hour. 7. If using the chip within 72 hours: 
o Leave PBS in the channel and cap the reservoir. 8. Use PLL-coated chips within 3 days of coating. 9. Before cell seeding: 
o Rehydrate the chip with 100 μL of warm PBS, leaving ~10 μL in the reservoir. 
o Repeat with 100 μL of warm complete culture medium 

 

Chip Glass Surface Coating with Fibronectin (FN): 1. Clean and dry the chip for 1 hour at 37°C in a dry incubator. 2. Using a 3 mL syringe, rehydrate the glass surface with: 
o 200 μL of 1M NaOH (5 min incubation). 
o 400 μL of Milli-Q water (twice). 
o 200 μL of 1M HCl (twice; second time incubate for 2 min). 
o 400 μL of Milli-Q water (three times). 
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o 400 μL of PBS (once). 3. Prepare 30 μL of 50 μg/mL FN solution in PBS (1:20 dilution from 1 mg/mL stock). 4. Pull FN solution into channel with ~10 μL remaining in reservoir. 5. Wash inlet with 200 μL of PBS (three times), then reload with 200 μL of PBS. 6. Cap and store chips in dry incubator overnight at 37°C. 7. Use FN-coated chips within 3 days. 8. Before cell seeding: 
o Wash chip three times with 400 μL of PBS. 
o Introduce 400 μL of complete culture medium into flow cell. 

 

Target Cell Monolayer Formation: 1. Accept chips with ≥80% confluency. 2. Wash adherent cells with 3–5 mL of PBS. 3. Trypsinize with 200–500 μL TrypLE for 3 min at 37°C. 
o Volume depends on flask size (T25 vs T75). 4. Collect cells in 5 mL of complete medium. 5. Determine cell density: 
o Dilute 10 μL stock + 90 μL PBS. 
o Use automatic cell counter. 6. For each chip: 
o Seed 20 μL of MCF-7 or A2780 cells at optimal density via syringe. 
o Leave ~10 μL in reservoir to avoid bubbles. 
o Maintain 37°C throughout seeding. 7. Clean inlet with 400 μL complete medium (three times). 8. Reload inlet with 200 μL of complete medium. 9. Cap and incubate chips at 37°C for 1–4 hours, depending on cell line. 

 

Cell Viability Measurement of Target Cell Monolayer: 1. Dilute 10 μL Trypan Blue in 50 μL complete medium. 2. Flush dilution into the reservoir. 3. Incubate cells with dye for 30 seconds. 
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4. Wash out with 200 μL complete medium. 5. Assess viability using brightfield imaging. 
o Confirm monolayer is moderately healthy. 
o If fully stained, the majority of cells are dead. 

 

Effector Cell Staining: 1. Rinse adherent cells with 3–5 mL PBS. 2. Trypsinize with 200–500 μL TrypLE for 3 min at 37°C. 3. Wash cells into suspension using 5 mL complete medium. 4. Count cell density: 
o Dilute stock 1:20 in PBS (100 μL sample). 5. For each run: 
o Prepare 20 μL of 15×10⁶ cells/mL (0.3×10⁶ total). 6. Perform wash step: 
o Buffer/medium exchange. 
o Centrifuge at 1000 rpm for 4 min. 7. Wash cells with 5 mL PBS. 8. Stain cells: 
o Use 1×CellTrace Far Red Dye in 2 mL PBS at 1×10⁶ cells/mL. 
o Incubate for 15 min in dark. 
o Re-suspend every 5 min by pipetting. 9. Inhibit staining: 
o Add 5 mL complete medium. 10. Final wash with 5 mL PBS. 11. Re-suspend in medium to 15×10⁶ cells/mL. 12. Transfer to a round-bottom 96-well plate. 

 

Effector Beads Coating with Fibronectin (FN): 1. Wash step: 
o Buffer/medium exchange. 
o Centrifuge at 1000 rpm for 4 min. 2. Wash beads three times with 500 μL PBS. 
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3. Wash once with 500 μL complete medium. 4. Incubate beads: 
o Coat with 10 μg/mL FN in 200 μL complete medium. 
o Rotate at room temp for 1 hour. 5. Wash beads three times with 500 μL complete medium. 6. Re-suspend in medium at required volume. 7. Use at least 10 μL of Effector bead solution per run. 

 

Chip Cleaning: 1. Introduce 5% bleach (A1727, Sigma-Aldrich) into the microfluidic channel. 2. Incubate for 10 min–4 hrs at room temperature. 3. Rinse channel twice with 400 μL Milli-Q water, using air bubbles to scrub glass surface. 4. Scrub surface twice with 200 μL of 5% bleach. 5. Sequentially pull through: 
o 400 μL of 5% bleach 
o 400 μL Milli-Q water (two rounds) 
o 200 μL of 12M HCl (two rounds) (H1758, Sigma-Aldrich) 
o 400 μL Milli-Q water (two rounds) 
o 400 μL of 1M NaOH 6. Rinse with 400 μL of 1M NaOH, scrub with air bubbles. 7. Incubate with 200 μL of 1M NaOH for up to 1 hour to reset glass surface. 8. Scrub again with 200 μL of 1M NaOH. 9. Final rinse with 400 μL Milli-Q water (twice). 10. Using a 10 mL syringe, remove residual liquid by pulling through air several times. 11. Store cleaned chips in dry incubator at 37°C.   
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z-Movi Experimental SOP 
Cell Binding Avidity Measurement: 1. Place the chip on the z-Movi stage. 2. Validate monolayer quality using an acoustic force of 1000 pN for 10 seconds. 3. Level cell culture medium in the inlet to ~10 μL. 4. Add 20 μL stained effector cell solution into the reservoir and pull into the microfluidic channel. 5. Incubate cells with the target monolayer for a designated period. 6. Wash inlet and reservoir three times with 200 μL complete medium. 7. Reload inlet with 100 μL complete medium. 8. Apply a linear acoustic force ramp of 0–1000 pN over 2.5 minutes. 9. Determine percentage of bound cells during force ramp for statistical analysis. 10. To inhibit FN binding: 

o Treat tumour cells with FN antibody (MA5-11981, Thermo Fisher). 11. To eliminate non-specific binding: 
o Use 2% BSA (A3311, Sigma-Aldrich) diluted in complete medium. 

 

Avidity Data Analysis: 1. Analyse data offline using Oceon 1.4.1 software (LUMICKS). 2. Upload two-channel images: 
o Brightfield (monolayer + effector events) 
o Fluorescence (effector location and detachment) 3. Software automatically directs field of view (FOV) based on chip calibration. 4. Within FOV: 
o Track monolayer via brightfield 
o Track effectors via fluorescence 5. System designates each effector's region of interest (ROI): 
o 12 pixel-wide circle using cell centre. 6. Detect ~400 ROIs per FOV: 
o Detached effectors = events that left ROIs. 7. Automatic tracking, then manual selection to validate: 
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o Exclude: clumped effectors, covered nodes, adherent to coatings or monolayer clumps. 
o Include: hinged effectors (partial escape but still attached). 8. Simulate tracking of lifted cells across 0–1000 pN force ramp. 9. Note: manual selection impacts the avidity curve. 
o Omission leads to substantial differences. 
o Consistent manual selection is essential for reliable experimental comparison. 

 

Acoustic Force Spectroscopy (AFS) Experimental SOP 
Initial Hardware Setup: 1. Turn on the Acoustic Force Field Generator. 2. Turn on the Nikon Inverted microscope. 3. Select the LEFT camera port on the microscope. 4. Toggle the z-position to approximately 8500 µm on the microscope. 5. Toggle the Nikon Collimation Adaptor to MAX. 6. Secure z-Movi Chip on to the chip holder. 
 

Launch AFS Software: 1. Initiate the AFS software. 2. Set the temperature feedback to 37˚C. 3. Set the Power Percentage to 0 %. 4. Set the Frequency to 7.970 MHz. 5. Turn on the Signal Generator. 
 

Particle Imaging Setup: 1. Adjust the Region of Interest (ROI) from 50 to 75. 2. Attune the Focal Plane Position to 3. 
 

Power Sequence Configuration: 1. Input the desired power in the power column. 
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2. Input the desired force duration respective to the power in the wait column. 3. Drag each transition into the sequence of power transitions column. 4. Drag the sequence to the command column. 5. Initiate the desired power sequence by clicking Execute Commands. 
 

Frequency Calibration: 1. Initiate frequency sweep at the beginning of the force application. 2. Set the resonant frequency determined by the frequency sweep. 
 

Particle Tracking: 1. Seed particles into the z-Movi chip. 2. Select particles to begin the tracking in the x-, y- and z-position.    


