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Introduction

When we think about the cells, we usually tend to picture mysterious machineries of microscopic structures and biochemical signals; however we can observe multiple homologies between macro structuresour whole bodies -and micro structuresthe cells. Similarly to our body, the cells are equipped with energy producers, digesting tracks, signal transmitters or supporting skeleton. Contrary to macro world though, the skeleton of the cell, called cytoskeleton, is highly dynamic and not only serves as a scaffold and internal transport pathway of the cell but also as its outer shell and force generator. This complex structure enables the cell to resist external stresses and exert forces, thanks to which the cell can perform a host of biological functions, for example cellular migration, cell division or endocytosis. One of the key components of cytoskeleton is a network of actin filaments that undergo constant and dynamic directed polymerization and depolymerization. This is accompanied by numerous protein partners, which interact with actin filament, regulating its assembly and disassembly.

One of the main factors controlling actin filament disassembly is cofilin, which binding severs ties between actin filament subunits. Such severing allows for recycling of the subunits and reorganization of the whole network.

Not only biochemical architecture does influence the overall functioning of cellular structures but also their mechanics, ergo their response to incoming forces. Both architecture and mechanics are entangled with constant feedback loops and are essential for proper functioning of the cell and the whole organism. Impairment of any of the two may have farreaching consequences leading to malfunctioning of the cell and disease development. For example, deregulation of actin filament disassembly may lead to modification of filaments mechanical properties and propagation of Alzheimer's disease. [START_REF] Bamburg | ADF/Cofilin-actin rods in neurodegenerative diseases[END_REF] Alteration of actin cytoskeleton machinery in cancer cells may result in migration of the cells from original tumour to other tissue, thus provoking cancer metastasis. [START_REF] Schoumacher | Actin, microtubules, and vimentin intermediate filaments cooperate for elongation of invadopodia[END_REF] Thereby, it is only through the joined lenses of biochemistry and biophysics that the diseases related to actin cytoskeleton can be properly diagnosed and treated. Although biochemical components of actin cytoskeleton have already been broadly described in the literature, still less is known about its mechanics, therefore this became the main interest of the following dissertation.

Thesis objective and outline

The main objective of the studies was to investigate the joined effect of disassembly factor -cofilin and force on mechanical properties of actin filament network. For this purpose branched actin networks were reconstituted in vitro with varied ratio of cofilin and their deformation upon force was probed with use of magnetic particles subjected to an external magnetic field. The particles were fabricated in the form of microcylinders through employment of photolithography and microfabrication tools. The technique enabled to measure visco-elastic properties of actin networks and the influence of cofilin on their evolution.

The first chapter of this thesis gathers the state-of-the-art knowledge about cytoskeleton components, with a focus on actin filament architecture and life cycle as well as its regulatory partners. A closer look is taken at the patterns of actin filament disassembly by cofilin.

Formation and regulation of branched actin networks, involved in cellular movement at the leading edge of the cell, is detailed as well. Finally, a brief overview of actin cytoskeleton related diseases is included.

The second chapter explains general concepts of mechanics and summarizes findings about mechanical properties of particular actin structures. Mechanical sensation of actin filament and its partners as well as cellular functions linked with this process are also introduced. Furthermore, the chapter contains the examples of experimental techniques applied recently to measure mechanical properties of biological materials, emphasizing the methods employed to study branched actin networks and unveiling their former outcomes.

In the third chapter, the experimental workflow applied in this project is presented.

Firstly, the chapter gives a detailed description of the biochemical system used for actin network assembly. Then, microfabrication techniques, employed to produce superparamagnetic microcylinders, together with an exhaustive commentary of their optimization process are discussed. Next, a broad description of the experimental setup is given. Afterwards, the method of conducting the experiments -relying on probing the mechanical properties of reconstituted actin networks with use of superparamagnetic cylinders -is explained. Method validation is also included. Finally, the methods of retrieving experimental data and calculating particular mechanical properties are elucidated.

Results obtained with the help of the described methods are the subject of the forth chapter. This chapter reveals first preliminary microscopy observations, then qualitative assessment of the recognized mechanical phenomena and finally thorough quantitative analysis of the studied mechanical properties and the influence of cofilin concentration on their values. Thus, application of varied stress solicitation schemes during the experiments allowed for estimation of the elasticity, non-linearity, reversible and irreversible deformation, viscosity as well as speed of growth of actin networks in presence and absence of cofilin.

The fifth and last chapter discusses the experimental findings with an attempt to deepen the understanding of potential origins of the discovered properties. Cofilin impact on the outcome of described here measurements is also broadly discussed. Additionally, the emergence of future perspectives, aiming to complement current findings is proposed.

Actin and its machinery

One of the features of eukaryotic cells, thanks to which they can perform their biological functions, is that they are supported internally by a dynamic structure called cytoskeleton, which constitutes a scaffold of the cell and its force engine. These functions are enabled by the continuous dynamic remodelling of cytoskeleton components, among which actin filaments are considered to be the most dynamic, as they undergo constant cycles of polymerization and depolymerization with a very fast turnover. All stages of this life cycle, from nucleation through growth to disassembly, are assisted by a number of so called actin binding proteins, which in turn undergo regulation by cellular regulatory systems. Depending on protein interactions, vastly diverse actin filament structures may arise, each of different function in the cell. Through deconstruction of one structure, building blocks for another structure are gained. Thus, such high dynamics is possible especially thanks to disassembly factors. All of these aspects are broadly described in the following paragraphs.

Actinfrom protein to filament

Actin is an extremely abundant protein in natureit is present in every eukaryotic cell, where, together with other proteins, it builds cytoskeleton. In vertebrates, three different actin classes may be distinguished: α-actin, present in skeletal, cardiac and smooth muscles, β-actin, comprising non-muscle actin and γ-actin, existing in non-muscle and muscle cells. [START_REF] Herman | Actin isoforms[END_REF] Regardless the cell type, actin can exist in two forms. As a monomer it is a small globular protein of 42 kDa and a diameter of 5.5 nm. [START_REF] Holmes | Atomic model of the actin filament[END_REF] It is called globular actin or G-actin. The monomers can however assemble into a filament in which case the structure is called filamentous actin or F-actin. Such filaments are right-handed helices of a diameter of 7 nm and a step of 37 nm. [START_REF] Isambert | Flexibility of actin filaments derived from thermal fluctuations: effect of bound nucleotide, phalloidin, and muscle regulatory proteins[END_REF] 

Actin filament nucleation

Pure actin monomers are able to form actin filaments spontaneously with a very low efficiency. Nuclei consisting of dimers or trimers are highly unstable, therefore the process of their assembly is unfavourable. Moreover, the addition of a monomer to the already existing oligomer is limited by diffusion, hence it depends on the rate of collisions of the subunits. [START_REF] Pollard | Cellular motility driven by assembly and disassembly of actin filaments[END_REF] This results in a lag phase at the initial stage of actin filament nucleation. [START_REF] Pollard | Actin and Actin-Binding Proteins[END_REF] In cells this is overcome by more than hundred cellular partners which promote filaments nucleation and ensure efficient subunit exchanges.

Actin polymerization into a filament

The structure of actin monomer allows for other subunits binding only in a strictly defined manner, due to which, the filaments are polar, with one end, called 'barbed end' (BE or +) and the other called 'pointed end' (PE or -), both characterized by different dynamics of actin association and dissociation and with certain critical concentration of polymerizable actin monomers in the solution above which polymerization predominates and under which depolymerization occurs. For Mg 2+ -bound ATP-G-actin (physiological form) this critical concentration is lower for barbed end than for pointed end (0.1 µM versus 0.7 µM respectively), therefore polymerization is favoured at the barbed end and depolymerization at the pointed end.

At the steady state an intermediate critical concentration between barbed end and pointed end is achieved and the rate of addition of the new monomer to the barbed end is compensated by the rate of dissociation of the monomer from the pointed end. This results in a progressive actin treadmilling which gives rise to directional growth of the filaments. During actin polymerization in vitro, the filament grows rapidly as new actin subunits are added to the filament in function of the concentration of available actin monomers, until the concentration of G-actin reaches the one of treadmillingthen treadmilling occurs and the filament length becomes constant. [START_REF] Pollard | Cellular motility driven by assembly and disassembly of actin filaments[END_REF] [8] [START_REF] Bugyi | Control of actin filament treadmilling in cell motility[END_REF] Fig 1 .1 Left: Ribbon representation of actin monomer in complex with nucleotide (protein data bank: 1ATN). Right: Actin filament, its polarization showed by the different kinetics at both ends. Adapted from [START_REF] Pollard | Cellular motility driven by assembly and disassembly of actin filaments[END_REF].

Different ATP states in a filament

The monomers are bound to either ATP or ADP, or an intermediate state ADP-Pi.

However one of these forms -ATP-actin -is observed to have much higher affinity for binding to other monomers, therefore nucleation and elongation of the filaments occur by addition of this particular actin form. Owing to the strong ATP-ase activity of F-actin (which solvent-driven mechanism is exhaustively explained in the very recent structural studies reaching the resolution of 2,2 Å by Oosterheert, Klink, Belyy et al., [START_REF] Oosterheert | Structural basis of actin filament assembly and aging[END_REF]), ATP is first hydrolysed by polymerized actin to ADP-Pi, before phosphate release turn it into ADP-actin. This creates a gradient of ATP / ADP alongside the filament. Due to the lower affinity of ADP-actin to maintain the filamentous form, ADP-actin at the tip dissociates which causes disassembly of the filament. [START_REF] Pollard | Cellular motility driven by assembly and disassembly of actin filaments[END_REF] In ATP-state, stabilization of F-actin is explained by formation of hydrogen bonds between the last phosphate of attached ATP (γ-phosphate) and serine on the first subunit of actin as well as glycine and valine on the third subdomain of actin. This creates a bridge between the subdomains. Once ATP is hydrolysed, the link no longer exists which loosens ties between actin subunits, enabling their slight rotations. This in turn destabilizes the filament and makes it more susceptible to subunits dissociation, as well as to severing by molecular depolymerization factors, that are proven to be capable of sensing nucleotide-state of actin. [START_REF] Oosterheert | Structural basis of actin filament assembly and aging[END_REF] 

Role of cations

Magnesium ions, which are present in the cell at a concentration largely exceeding the concentration of monomeric actin (above millimolar), serve as actin coenzyme as they are necessary for ATP hydrolysis. [START_REF] Pollard | Molecular mechanisms controlling actin filament dynamics in nonmuscle cells[END_REF] They also largely affect actin polymerization rate. Other ions present in the cell in relatively high concentration, calcium ions (Ca 2+ ), also bind ATP-Gactin, however polymerization in this case is much slower and critical concentration allowing for polymerization is higher. This is of great significance for in vitro studies as it allows to use Ca 2+ during actin purification and storage in order to maintain the protein in monomeric form.

[10]

Actin and its partners

As described in the previous paragraph, actin life cycle relies on constant polymerization into filaments and depolymerization into single monomers, which in cells occurs in partnership with so called Actin-Binding Proteins (ABPs). These may bind to either G-actin or F-actin or both of the forms and can be divided in several subgroups depending on their role in filament formation or destabilization. [START_REF] Pollard | Actin and Actin-Binding Proteins[END_REF] We shall distinguish: actin monomer binding proteins that control the availability of actin monomers for polymerization, nucleation and elongation factors that facilitate stabilization of the first oligomers and addition of subsequent monomers to the already existing chains, but also control the rate and extend of filaments growth, filament disassembly and capping factors that govern the length of the filaments as well as help to regenerate actin monomer pool, filament crosslinkers that ensure additional stabilization of the network and/or interactions with other cellular structures and finally molecular motors that are responsible for generating contractile and pushing forces. In order for all of these proteins to be so excellently orchestrated, many signalling and regulatory proteins act as conductors, dictating the order and number of players. 

Actin monomer binding proteins

In cells, actin monomer pool is regulated by monomer-binding proteins, such as profilin and thymosin β4. Both profilin and thymosin β4 block spontaneous nucleation of new filaments owing to their binding to actin monomers thereby occupying actin-actin binding site. However, the role of actin sequestering is different for both of the proteins.

Upon binding to actin monomer, profilin catalyzes the exchange of ADP-actin to ATPactin, thus increasing actin readiness to polymerize and reloading polymerizable actin pool.

Moreover it binds to the barbed end of actin monomers, hence a dimer of actin-profilin can elongate barbed ends of the filaments and not the pointed ends. Profilin has also an ability to bind at the same time to actin and to proline-rich sequences of filament nucleation factors such as formins, VASP or WASP (detailed in the later paragraphs); therefore, it can enhance formin/VASP/WASP-mediated growth. This molecule weighs only 14-19 kDa and it is a highly preserved protein in all eukaryotes.

Another small protein interacting with actin monomers is thymosin β4, which molecular mass is even lower and only 5 kDa. Contrary to profilin, its function is to sequester actin monomers to prevent them from binding to either barbed or pointed end. This way such monomers are kept as a reserve of ATP-actin pool. Since profilin affinity to ATP-actin is higher than thymosin β4, profilin can still retrieve the monomers from the reserve and mobilize them for polymerization. [START_REF] Pollard | Molecular mechanisms controlling actin filament dynamics in nonmuscle cells[END_REF] [6]

Actin filament nucleation

As spontaneous nucleation of actin filaments is not favoured, there exist multiple ABPs and regulatory proteins which role is to facilitate this process. Three different mechanisms of nucleation can be distinguished, each coping differently with an energetic barrier of the first polymerization seed formation. The first one relies on mimicking the structure of actin dimer or trimer, thanks to which the initial instability of the dimer or trimer is surpassed. Another mechanism aims to stabilize the intermediates that have already formed spontaneously. In the third observed mechanism, the nucleator recruits actin monomers and orients them so that they form a nucleation seed. [START_REF] Chesarone | Actin nucleation and elongation factors: mechanisms and interplay[END_REF] One of the most well-known actin filaments nucleator is Arp2/3 complex. Arp2/3, standing for Actin Related Protein 2 and 3 complex, employs actin mimicry mechanism and is in fact an association of seven subunits, two of which -Arp2 and Arp3are characterized by a high resemblance of their structure to monomeric actin. Therefore they serve as a scaffold onto which new actin monomer is added. Predominantly, Arp2/3 initiates new filaments through branching, meaning that it facilitates growth of 'daughter filaments' on the side of already existing 'mother filaments'. Due to the geometry of the complex itself, the angle between the old and the new filament preserves a constant value of 70 o . [START_REF] Mullins | The interaction of Arp2/3 complex with actin: nucleation, high affinity pointed end capping, and formation of branching networks of filaments[END_REF] In its native form, the complex is inactive, hence in order to play its role in the filament creation, the complex needs to be activated. This is ensured by regulatory proteins called Nucleation Promoting Factors (NPFs), among which the following species have been discovered: WAVE, WASP, WHAMM, WASH or WISH. Their function is to provoke conformational changes within the Arp2/3 molecule so that its structural mimicry of actin is enhanced and to move Arp2/3 and actin molecules closer in order for their interaction to occur. The other subunits of the Arp2/3 complex are: p16 which ties Arp2 to the rest of the complex, p21 which binds Arp3 to the mother filament, p20 and p34 that join to interact with the mother filament as well and finally p40 which presumable role is an interaction with NPFs. [START_REF] Pizarro-Cerdá | The Diverse Family of Arp2/3 Complexes[END_REF] Nucleators utilizing the second mentioned nucleation mechanism are formins.

Oppositely to Arp2/3 that mostly creates branched networks, filaments assembled with the help of formins create linear arrangements in vitro and may accommodate varied forms such as stress fibers or cytokinesis rings in vivo. [START_REF] Faix | Staying in shape with formins[END_REF] [START_REF] Goode | Mechanism and function of formins in the control of actin assembly[END_REF] Formins are large proteins of several distinguishable domains, the most conserved ones being Formin Homology 1 (FH1) domain and Formin Homology 2 (FH2) domain. Dimerization of the latter is essential for its activity, as is its conformation, which can become a 'gating' factor for formin-actin interaction. Once actin dimer or trimer is formed by chance, the 'polymerization-competent' FH2 domain dimer shapes a circle around actin subunits, stabilizing their association. Formins processively bind to the barbed ends of the initiated filaments, influencing filaments elongation rate and some of the formin species are also able to bind to the side of the filaments, provoking filaments bundling. [START_REF] Courtemanche | Mechanisms of formin-mediated actin assembly and dynamics[END_REF] Nucleation through recruitment and alignment of actin monomers characterizes three discovered nucleators: Spire, Cordon bleu (Cobl) and Leiomodin (Lmod). Spire is a tetramer consisting of four WASp-homology 2 (WH2) domains that are able to bind four actin monomers and are connected with four short linkers. [START_REF] Quinlan | Drosophila Spire is an actin nucleation factor[END_REF] [START_REF] Bosch | Analysis of the function of Spire in actin assembly and its synergy with formin and profilin[END_REF] In principle, Cobl acts similarly to Spire, however it constitutes a trimer of WH2 domains, not a tetramer, therefore it recruits three actin subunits and the linkers between its domains are longer than in case of Spire which results in presumable ability to stabilize not only a short pitch but also a long pitch associations of actin monomers. [START_REF] Ahuja | Cordonbleu is an actin nucleation factor and controls neuronal morphology[END_REF] In contrast to its precedents, Lmod consists of only one WH2 domain, it possesses though two other actin-binding domains, which resemble capping protein of pointed end of the filamenttropomodulin (Tmod). Probably Lmod stabilizes the young filament at its pointed end, at the same time recruiting new actin monomer to the barbed end. [START_REF] Chereau | Leiomodin is an actin filament nucleator in muscle cells[END_REF] Fig 1 .3. Schematic comparison of the mechanisms of actin filaments nucleation through spontaneous nucleation and by Arp2/3 complex, formins and Spire. [START_REF] Goode | Mechanism and function of formins in the control of actin assembly[END_REF] 

Actin filament capping

Once filaments are initiated, during their growth their length is regulated either through capping or disassembly of the existing filaments. Both of these mechanisms allow as well to maintain a pool of unpolymerized actin monomers at high concentration. Capping of barbed ends prevents fast growth of the filaments. Additionally, capping happens mostly in the cytosol as opposed to nucleation which occurs at the membrane, thereby capping the ends localized further from the cell surface avoids non-productive consumption of actin monomers as only the filaments present at the leading edge are effective in producing propulsive forces. [START_REF] Cooper | Control of actin assembly and disassembly at filament ends[END_REF] Some of the proteins involved in capping play also other functions, e.g. gelsolin may either participate in capping or severing. The most abundant protein responsible for capping, present in all eukaryotes is simply called capping protein (CP). Its muscle isoform from Z-disk is called capping protein Z (CapZ) and remains the protein the most frequently used in in vitro studies. [START_REF] Casella | Purification and initial characterization of a protein from skeletal muscle that caps the barbed ends of actin filaments[END_REF] CP is a heterodimer built of subunit α and subunit β, both of approximately 280 amino acids and the molecular weight of ~30 kDa. [START_REF] Cooper | New insights into mechanism and regulation of actin capping protein[END_REF] Despite low sequence homology, the two subunits share similar tertiary structure, which allows them to form a dimer of high stability. Such dimer adopts a shape of a mushroom on the tip of the barbed end [START_REF] Yamashita | Crystal structure of CapZ: structural basis for actin filament barbed end capping[END_REF]. Since physiological concentrations of CP and barbed ends in cytoplasm are similar -~ 1 µMthis guarantees capping of the vast majority of the barbed ends. [START_REF] Schafer | Dynamics of capping protein and actin assembly in vitro: uncapping barbed ends by polyphosphoinositides[END_REF] [START_REF] Narita | Structural basis of actin filament capping at the barbed-end: a cryo-electron microscopy study[END_REF] This means as well that in order to polymerize further, the filament needs to be uncapped. [START_REF] Schafer | Dynamics of capping protein and actin assembly in vitro: uncapping barbed ends by polyphosphoinositides[END_REF] Release of capping proteins occurs locally -either by phospholipids from the plasma membrane (p.ex. PIP2), or small GTP-ases responsible for activating NPFs. Ena/VASP proteins (see section 1.2.4) may also compete with CP for barbed ends. [START_REF] Bear | Antagonism between Ena/VASP proteins and actin filament capping regulates fibroblast motility[END_REF] [START_REF] Breitsprecher | Clustering of VASP actively drives processive, WH2 domain-mediated actin filament elongation[END_REF] All in all these factors may release the barbed ends and make them available for elongation. CP tri-dimensional structure, solubility and activity remains intact under a broad range of conditions regarding salt concentration, divalent cation presence, pH or osmolarity, which highlights the importance of the protein in actin network dynamics but also enables its wide usage in in vitro studies. [START_REF] Cooper | New insights into mechanism and regulation of actin capping protein[END_REF] Aforementioned gelsolin is another protein able to cap barbed ends. Its affinity for barbed ends is similar than this of CP and it can also be removed by PIP2. It consists of six homologous subdomains which all together give the size of 82 kDa. [START_REF] Kiselar | Visualizing the Ca2+-dependent activation of gelsolin by using synchrotron footprinting[END_REF] Each of these domains contains calcium ion-binding site, as binding of calcium ions activates the protein and dictates its interaction with actin. Thus, depending on calcium concentration gelsolin may either cap or severe actin filaments, or sequester actin monomers. Capping may occur either independently or in the aftermath of filament severing by gelsolin. [START_REF] Nag | Gelsolin: the tail of a molecular gymnast[END_REF] 

Actin filament elongation

Once the nuclei are formed and stabilized, the growth of the filaments progresses fast at their barbed ends and their elongation is controlled by elongation factors that manage the rate and extent of polymerization. Predominantly such proteins are attached to the growing side of the filament and move together with it, both promoting addition of actin subunits and protecting such end from being bound by capping protein. To date two protein families acting in the described way have been determined: formins (which were already mentioned before as nucleation factors) and Ena/VASP family.

Formins, in this context, control elongation rate through a tightly coupled activity of several of their domains. The dimeric FH2 domain surrounds the barbed end and processively advances with the growing filament in an ionic strength-dependent manner. [START_REF] Goode | Mechanism and function of formins in the control of actin assembly[END_REF] [START_REF] Courtemanche | Mechanisms of formin-mediated actin assembly and dynamics[END_REF] [35] FH1 domains, consisting of polyproline chains of varied length, act as linear flexible ropes, capturing profilin-actin monomers. Next the captured monomers are introduced to FH2 domain at the barbed end so that they can be instantly added to the filament. [START_REF] Kovar | Control of the assembly of ATP-and ADP-actin by formins and profilin[END_REF] Formin-mediated elongation is thus profilin-dependent and the excess of free profilin can result in a significant reduction of elongation rate due to a competition of free profilin and profilin carrying actin for FH1 domains. [START_REF] Chesarone | Actin nucleation and elongation factors: mechanisms and interplay[END_REF] Coupling the activity of profilin and formin during actin filament elongation is often used in in vitro studies. [START_REF] Jégou | Formin mDia1 senses and generates mechanical forces on actin filaments[END_REF] The second mentioned elongation factor is Enabled/vasodilator-stimulated phosphoprotein (Ena/VASP) which attaches to the barbed end and recruits profilin-actin as well; however in contrast to formins it contains four subunits and does not participate in actin filament nucleation in vivo. The protein has a modular structure and is built of three distinct domains, two of which can be further divided in three specific regions. Its N-terminus constitutes Ena/VASP homology 1 domain (EVH1 or WH1) and C-terminus comprises Ena/VASP homology 2 domain (EVH2), that contains itself three subdomains: globular actinbinding site (GAB), filamentous actin-binding site (FAB) and a C-terminal coiled-coil region enabling formation of VASP tetramer. [START_REF] Bachmann | Mutations in Drosophila enabled and rescue by human vasodilatorstimulated phosphoprotein (VASP) indicate important functional roles for Ena/VASP homology domain 1 (EVH1) and EVH2 domains[END_REF] [39] Finally a central domain stands for a prolinerich region (PRR) which is responsible for profilin-actin binding and delivering to GAB. The result of Ena/VASP activity are long unbranched filaments, crosslinked in bundles [START_REF] Skoble | Pivotal role of VASP in Arp2/3 complex-mediated actin nucleation, actin branch-formation, and Listeria monocytogenes motility[END_REF] [START_REF] Krause | The Ena/VASP enigma[END_REF],

which can be a consequence of the VASP tetramerization. [START_REF] Ferron | Structural basis for the recruitment of profilin-actin complexes during filament elongation by Ena/VASP[END_REF] In agreement with these findings, Ena/VASP proteins are found mostly at filopodial tips that contain multiple parallel actin filaments with numerous crosslinkers. [START_REF] Applewhite | Ena/VASP proteins have an anti-capping independent function in filopodia formation[END_REF] 

Actin filament severing and disassembly

Under physiological conditions actin filaments undergo constant treadmilling with polymerization occurring on one end and depolymerization happening on the other end.

Predominantly, new actin monomers are added to the barbed end and they dissociate from the pointed end, thereby replenishing the pool of unpolymerized actin. However there are also other mechanisms through which the filaments can be dismantled. Depolymerizing at the pointed end may be supported by certain ABPs, detaching actin monomers from the filament. Severing of the filaments relies on weakening non-covalent bonds between actin subunits which eventually leads to filament breakage. Newly created barbed ends may either be capped or elongated.

As mentioned above, gelsolin plays a double function of capping and severing protein.

It is one of the most potent severing protein reaching almost 100% efficiency. [START_REF] Selden | Severing of F-actin by the amino-terminal half of gelsolin suggests internal cooperativity in gelsolin[END_REF] Its activity and potency though highly depend on pH and calcium ion concentration (within a range between 0.2 µM to 1 mM). After a rapid cooperative binding to the filament of subsequent gelsolin domains, two of the domains simultaneously compete with actin subunits within the filament for binding to the neighbouring subunits. This provokes structural rearrangements within the filament and gelsolin molecule, which result in severing. [START_REF] Nag | Gelsolin: the tail of a molecular gymnast[END_REF] [45] [START_REF] Sun | Gelsolin, a Multifunctional Actin Regulatory Protein[END_REF] A group of proteins highly involved in actin filaments disassembly is actin depolymerization factor / cofilin (ADF/cofilin) family, which consists of three distinguished members: actin depolymerization factor (ADF), also known as destrin, cofilin 1 (Cof1) standing for non-muscle or n-cofilin and cofilin 2 (Cof2) also referred to as muscle or m-cofilin. All members share high homology and their molecular weight vary between 13-21 kDa. [START_REF] Gressin | Architecture Dependence of Actin Filament Network Disassembly[END_REF] ADF/cofilin members are known to have much higher affinity for ADP-actin than for ATPactin or ADP-Pi-actin, thereby they localize in the regions of the filaments that already aged through consecutive phosphates hydrolysis. Such differences in ADF/cofilin affinity to actin depending on the nucleotide state are of great importance at sites where force generation occurs as ADF/cofilin would not bind to the fast growing ends, allowing to maintain the integrity of the network, necessary for effective force production. [START_REF] Suarez | Cofilin Tunes the Nucleotide State of Actin Filaments and Severs at Bare and Decorated Segment Boundaries[END_REF] Once cofilin is bound to polymerized ADP-actin, it causes a change of the helical twist of the filament, provoking steric hindrance of the subunits. It binds to ADP-actin cooperatively, therefore newly recruited cofilin molecules progressively decorate the aging F-actin, advancing also in rearrangements alongside the filament. Naturally there start to appear domains of high decoration with cofilin and poor decoration with cofilin. The deformation of the filament helix upon cofilin binding manifests the most at the border between these domains where the torsional stress between actin subunits reaches such an extent that causes severing of the filament. [START_REF] De | How cofilin severs an actin filament[END_REF] The measured minimal cofilin domain size to allow severing is 100 molecules. [START_REF] Wioland | ADF/Cofilin Accelerates Actin Dynamics by Severing Filaments and Promoting Their Depolymerization at Both Ends[END_REF] Interestingly, it has been documented that at saturating (equimolar) concentrations, cofilin does not destabilize but stabilizes the filaments because of bringing additional points of contact between actin subunits. Concomitantly, cofilin decoration progresses rapidly towards barbed end until it reaches its capped tip. Due to the structural changes within cofilin-saturated filament, binding with CP weakens, which eventually results in CP removal from the barbed end and enabling depolymerization from this side of the filament. In this light, contrary to the previous believes, cofilin-saturated filaments do not perform treadmilling but disassemble from both ends.

Occasionally, they may begin to elongate when exposed to ATP-G-actin or profilin-actin. Such 'rescued' filament ends grow with the rate corresponding to the concentration of ATP-G-actin.

[50] Fig 1 .7. Scheme of the influence of severing on actin filaments depolymerisation from both filaments end. [START_REF] Wioland | ADF/Cofilin Accelerates Actin Dynamics by Severing Filaments and Promoting Their Depolymerization at Both Ends[END_REF] Interestingly, CP and cofilin seem to reciprocally regulate each other. Capping of barbed ends enables their full saturation with cofilin because actin close to the barbed ends becomes ADP-actin, allowing cofilin to bind until the tip of the filament (which due to the lower cofilin affinity for ATP-actin is not possible before), leading eventually to uncapping and depolymerization from barbed end. On the other hand release of CP from barbed end by cofilin may be an element of control over CP localization and dynamics in the cell. [START_REF] Wioland | ADF/Cofilin Accelerates Actin Dynamics by Severing Filaments and Promoting Their Depolymerization at Both Ends[END_REF] As previously conducted studies suggest, mechanical properties of cofilin-decorated filaments and of bare filaments are different, owing especially to the fact that partial decoration with cofilin brings significant instability and strain to the filament. [START_REF] Prochniewicz | Cofilin Increases the Torsional Flexibility and Dynamics of Actin Filaments[END_REF] [55] Moreover it has been proposed that cofilin binding influences all four actin filaments conformational motions: twisting, bending, tumbling and internal subunit motions at all of their timescales. [START_REF] De | How cofilin severs an actin filament[END_REF] Therefore this phenomenon seemed interesting to explore further in the presented project.

Nevertheless, many more cellular factors have been observed to work in concert with cofilin which results in enhancing cofilin-mediated severing of actin filaments. One of such proteins is actin-interacting protein 1 (Aip1) which is able to rapidly dismantle the entire actin network, regardless its architecture. This dismantling happens after the decoration of the filaments with cofilin and only after the size of the decorated part exceeds a threshold estimated to 23 ± 8 cofilin molecules. [START_REF] Gressin | Architecture Dependence of Actin Filament Network Disassembly[END_REF] It has also been proven that coronin and Aip1 in combination with cofilin may cause sudden disintegration of F-actin referred to as 'burst', after which only monomers and short oligomers remain. In this case through augmenting Pi release from F-actin, coronin enhances cooperative binding of cofilin to actin which causes alteration of helical twist within a long fragment of filament that is subsequently attacked by Aip1. [START_REF] Tang | Catastrophic actin filament bursting by cofilin, Aip1, and coronin[END_REF] As evidence suggests, also cyclase associated protein (CAP) cooperates with cofilin and accelerates cofilin-induced severing. [START_REF] Normoyle | Cyclase-associated protein (CAP) acts directly on Factin to accelerate cofilin-mediated actin severing across the range of physiological pH[END_REF] Filaments may be disassembled not only through severing, but also through debranching. Debranching happens at the junction between mother and daughter filaments and is usually caused by a competition for binding sites either on actin filament or on Arp2/3 complex. Cofilin is a molecule that directly competes with Arp2/3 for binding sites on actin filament and, additionally, conformational changes that it imposes on actin filament weaken the affinity of Arp2/3, altogether causing Arp2/3 dissociation. [START_REF] Chan | Cofilin dissociates Arp2/3 complex and branches from actin filaments[END_REF] Debranching may also be promoted by glia maturation factor (GMF) that binds to Arp2 and p40 subunits of Arp2/3 complex, causing actin subunit displacement. [START_REF] Gandhi | GMF is a cofilin homolog that binds Arp2/3 complex to stimulate filament debranching and inhibit actin nucleation[END_REF] [60] [START_REF] Ydenberg | GMF severs actin-Arp2/3 complex branch junctions by a cofilin-like mechanism[END_REF] It is also reported to compete with nucleation promoting factors for binding with Arp2/3, therefore preventing actin nucleation. GMF, similarly to cofilin, has reportedly higher affinity for ADP-bound proteins, therefore it acts mostly on aged branches. [START_REF] Gautreau | Nucleation, stabilization, and disassembly of branched actin networks[END_REF] Oppositely to cofilin and other depolymerization factors though, the result of its activity is not dissolution of the network, leading to actin monomers recycling, but rather remodelling of the network through rearrangement of particular filaments.

[63] Additionally, mechanical tension applied to the branch may also promote debranching. [START_REF] Pandit | Force and phosphate release from Arp2/3 complex promote dissociation of actin filament branches[END_REF] Mechanical effects caused by myosin motors are reported to play a significant role on actin filament fragmentation. It has been observed that the contraction of the filament network, induced by myosin, results in filament bending, which imposes mechanical stress on the filaments and eventually promotes fragmentation. [START_REF] Mccullough | Cofilin-linked changes inactin filament flexibility promote severing[END_REF] [66] [67]

Actin filament crosslinking

Apart from the proteins controlling actin filament polymerization and depolymerization, there exist multiple ABPs which bridge two or more individual filaments, effectively enhancing the stability and rigidity of actin networks. They are commonly called crosslinkers. The length of these molecules and consequently the fixed distance between the filaments they bind varies significantly between protein families, as does the binding angle, all together influencing the structure of the created actin network. Apart from the crosslinking function, many of these proteins play also an important role in an interaction between F-actin and other structures in the cells, including cell membranes, cell junctions or microtubules. Since they are so diverse and multifunctional, their regulation involves many different mechanisms and factors as well, i.e. some of them exhibit significant calcium-dependence. [START_REF] Dubreuil | Structure and evolution of the actin crosslinking proteins[END_REF] One of the smallest crosslinkers is fascin which is only ~55 kDa and, as a monomer, binds two actin filaments with a tight distance of ~8.1 nm between them. This results mainly in linking filaments into bundles. [START_REF] Lamb | Fascin in Cell Migration: More Than an Actin Bundling Protein[END_REF] Similarly, fimbrin, which is also relatively small (68 kDa) and monomeric, contributes to bundle formation. [START_REF] Dubreuil | Structure and evolution of the actin crosslinking proteins[END_REF] On the other side of the spectrum are filamins, e.g. filamin A is built of two 280 kDa subunits which dimerize into V-shaped 160 nm long structure, leading to binding of actin filaments with almost a right angle between two fibers. [START_REF] Nakamura | The filamins: organizers of cell structure and function[END_REF] Some of the crosslinkers share genetic and structural homology and these are extraordinary large proteins belonging to spectrin superfamily, which include e.g. α-actinins (~100 kDa, 30-40nm), dystrophins (427 kD, ~150nm [START_REF] Koenig | The complete sequence of dystrophin predicts a rod-shaped cytoskeletal protein[END_REF]) and spectrins (250-430 kDa; 200-250 nm). The majority of them form oligomers and they create loose lateral bundles of filaments or isotropic gels. [START_REF] Dubreuil | Structure and evolution of the actin crosslinking proteins[END_REF] 

Molecular motors

Molecular motors are the proteins that are able to transform the energy, mostly derived from ATP hydrolysis, into the unidirectional mechanical movement. This results e.g. in muscle contraction, transport of cargo or membrane trafficking. Hydrolysis of ATP during motor attachment to the cytoskeleton polymer causes conformational changes within motor structure that, repeated periodically, forces the molecule to propel alongside the cytoskeleton scaffold, as illustrated in Figure 1.9.

In case of actin networks, it is a superfamily of myosins that interacts with actin filaments. This family contains more than 30 classes of proteins, the most well-known of which is myosin class II that accounts for muscle contraction. All myosins contain a catalytic domain, commonly called a 'head', which is responsible for nucleotide and actin binding, a 'tail' domain which comprises a long helical chain able to bind cargos or other motor molecules and a 'neck' domain, also referred to as a 'lever', which bridges head and tail domains and transduces the force generated by catalytic domain. Myosin II however possesses two heads and its very long tail contributes to its unique ability to assemble in minifilaments with heads clusters reaching to oppositely oriented actin filaments. Such multimolecular bipolar associations are able to generate much larger forces than their single counterparts. [START_REF] Shutova | Common and Specific Functions of Nonmuscle Myosin II Paralogs in Cells[END_REF] [73] [START_REF] Tyska | The myosin power stroke[END_REF] Myosin-induced force generation occurs through the mechanism called 'power stroke', which comprises three coupled events: myosin binding to actin, a transition of this binding from weak to strong and the lever swing from up to down position, which causes a translocation of myosin molecule against actin filament. [75] As briefly mentioned in the previous paragraph, filaments contracted by myosin motors are highly susceptible to fragmentation if their curvature exceeds their mechanical resistance. Thus, apart from being the major engine of cell movement, myosins are also important players in modulating the dynamics of actin filament turnover. This is especially evident within actin filament bundles, which will be described in the next paragraph and which contain tightly packed arrangements of filaments. It is observed that such organization of the filaments improves their resistance towards ADF/cofilin disassembly [START_REF] Huang | Arabidopsis VILLIN1 generates actin filament cables that are resistant to depolymerization[END_REF] [77], thereby myosin motors serve as an additional mechanism compensating reduction of ADF/cofilin activity. 

Arp2/3 regulation

In the cells proper branches formation and turnover requires not only Arp2/3 but many more protein partners participating in branched network life cycle, from activation of Arp2/3 by nucleation promoting factors to network dissociation by debranching factors. All of these partners and processes are strictly controlled by regulatory proteins, which guide actin branches formation to particular subcellular locations. Many research advances, made throughout the recent years, allowed to identify the minimal set of proteins able to recreate branched actin networks in vitro with use of Arp2/3 and selected activators.

Arp2/3 activation by nucleation promoting factors

As mentioned before, the activity of Arp2/3 is dependent on preceding activation by specific nucleation promoting factors (NPFs) referred to as NPF type I. These are the proteins from WASP family which include WASP, N-WASP, SCAR/WAVE, WASH, WHAMM and JMY. [START_REF] Kollmar | Evolution of the eukaryotic ARP2/3 activators of the WASP family: WASP, WAVE, WASH, and WHAMM, and the proposed new family members WAWH and WAML[END_REF] [80] [81] [START_REF] Zuchero | p53-cofactor JMY is a multifunctional actin nucleation factor[END_REF] In the common view these proteins act through slight relative reorientation of Arp2 and Arp3 and bringing together Arp2/3 and actin monomers, therefore exposing them for their interaction. In order to fulfil this role WASP, N-WASP, SCAR/WAVE and WASH need to be activated themselves, as their native structure adopt self-inhibited conformationtheir Nterminus sequences are naturally bound to their C-terminus region, preventing the proteins from interactions. Once the signal for cytoskeleton reorganization comes to the cell, the whole cascade starts from proteins in the cell membrane which comprise small GTP-ases from Rho family that are able to open up the structure of WASP family members.

All six NPFs mentioned before share highly similar C-terminal sequences as these are substantial for promoting actin nucleation. They differ though in the structure of N-terminal domains. The shared C-terminal domain is referred to as VCA (verprolin, central, acidic) and it consists of three motifs, each of recognized specific function during induction of actin network polymerization. Motif V stands for Verprolin homology or WASP homology 2 (WH2) and is in charge of actin monomer binding. Motif C is noted as central or connecting and it interacts with Arp2/3 complex. Motif A is known as acidic owing to the fact that it contains multiple acidic amino acids that bind to Arp2/3 as well. As a result, VCA brings Arp2/3 and actin monomers to their close vicinity, enabling their interactions. VCA domain remains active even in isolation from the rest of the protein, therefore it is commonly used as autonomous Arp2/3 activator in the studies in vitro. In the structures of all proteins from WASPfamily VCA is preceded by a prolin rich domain (PRD), which recruits actin-profilin complex and introduces it to the newly formed filament, hence elongating it. VCA adjacent to polyproline motif is known as PWA (polyproline, WH2, acidic) and is employed in biochemical assays as well, especially in the systems based on the use of profilin where VCA does not allow for actin network assembly. Among the members of WASP family, WASP, WAVE and WISH are known to possess one WH2 domain within their C-terminal end, whereas N-WASP, WHAMM and JMY characterize tandem repeats of WH2.

As noted previously, N-terminal domains of WASP family members have different sequences depending on the protein, nevertheless they all consist of the equivalent of WASP homology 1 domain (WH1, also called EVH1) which main purpose is a recognition and interaction with the proteins present at the cell membrane at the sites where rapid assembly is needed. Thus these domains participate in integration of signalling pathways and differentiation of particular NPFs functions and locations in the cell. In between the two termini the most repeated domains among the subfamilies constitute a GTP-ase binding domain (GBD), followed by WASP autoinhibitory domain. [START_REF] Kollmar | Evolution of the eukaryotic ARP2/3 activators of the WASP family: WASP, WAVE, WASH, and WHAMM, and the proposed new family members WAWH and WAML[END_REF] Recent studies have revealed that not one but two NPFs are needed to promote Arp2/3mediated nucleation of actin branches as they deliver actin monomers to the complex from two distinct sitesone to the barbed end of Arp2 and another to the barbed end of Arp3. [START_REF] Gautreau | Nucleation, stabilization, and disassembly of branched actin networks[END_REF] Moreover, it has been suggested that high density of WASP protein on a given surface (e.g. cell membrane or in vitro structure) may contribute to a uniform positioning of their VCA domains in a configuration favouring unidirectional elongation of actin filaments perpendicular to the surface. [START_REF] Suetsugu | Activation of nucleation promoting factors for directional actin filament elongation: Allosteric regulation and multimerization on the membrane[END_REF] Apart from NPFs type I which function is to activate Arp2/3 and introduce actin monomers to this complex, there exist NPFs type II, including cortactin and Abp1 that also play a role in promoting Arp2/3 branching activity. However, in contrast to NPFs type I, their Arp2/3 activation and branches nucleation capabilities are rather weak and instead of binding actin monomers, they bind to actin filaments. Their main roles are stabilization of Arp2/3 at branch junctions and preventing debranching, thereby antagonizing debranching factors. They often colocalize and work synergistically with NPFs type I. Cortactin is also able to release NPF type I from the branch junction, making it available for new branch formation. [START_REF] Guo | Abp1 promotes Arp2/3 complex-dependent actin nucleation and stabilizes branch junctions by antagonizing GMF[END_REF] Lately, a novel protein family called WISH/DIP/SPIN90 (WDS) has emerged as nucleators of new filaments with use of Arp2/3 but without a need for a pre-existing filament as they serve as a scaffold for Arp2/3 instead of the 'mother filament' themselves. Filaments formed this way are mostly linear but can serve as 'mother filaments' for WASP-mediated branching. [START_REF] Wagner | Dip1 defines a class of Arp2/3 complex activators that function without preformed actin filaments[END_REF] [86]

Arp2/3 activity regulation and inhibition

Coronin is an interesting protein involved in Arp2/3 regulation, as it is able to spatially determine Arp2/3 activity. It has been observed that at the front of the cells, where the filament networks are usually denser, coronin recruits Arp2/3 to the sides of the existing filaments and the assembly of coronin and Arp2/3 together initiates new branches formation. However in the parts of the cells where the filaments are dispersed, such as in the rear of the leading edge, its binding to Arp2/3 causes stabilization of Arp2/3 in its inactive conformation, thus inhibiting Arp2/3 branching. [START_REF] Gandhi | Coronin: the double-edged sword of actin dynamics[END_REF] Apart from the aforementioned inhibition by coronin, there are also other proteins that disable activation of Arp2/3 through their competition for Arp2/3 with particular NPFs, therefore reducing or blocking branches formation, to name for example: arpin, gadkin and PICK1. Another protein involved in Arp2/3-mediated networks is glia maturation factor (GMF), which is responsible for debranching [START_REF] Gautreau | Nucleation, stabilization, and disassembly of branched actin networks[END_REF] and which was described in more details in section 1.2.5, dedicated to actin networks disassembly factors. 

Arp2/3 machinery regulatory pathways

As mentioned before, localization of particular NPFs type I in the cell is strictly regulated. This is assured by various regulatory proteins on the different membranes that bind specifically only to the targeted NPFs, causing their activation or deactivation. As they grow from the membrane, branched actin networks generate forces that reshape the membranes, thanks to which they can serve their functions in the cell. For example the membrane may be pushed to form cellular protrusion or it can be invaginated to form endocytic cup, as illustrated in Figure 1.12.

Predominantly, when the mechanical or chemical signal arrives to the cell, signalling pathway leads to activation of small GTP-ases from Rho family anchored in plasma membrane. Specific 'FPPPP' sequences of activated signalling proteins interact with N-terminal WH1 domains of NPFs (or first with the proteins complexed by NPFs), which are attached to the plasma membrane through phospholipids. This causes NPFs structure opening. As evidenced, each of the NPFs is activated by different Rho GTP-ase embedded in plasma membrane at different locations in the cell, thus differentiating functions of the created branched actin networks.

Scar/WAVE proteins localize to the plasma membrane through association with phospholipids phosphatidylinositol trisphosphates (PiP3) and are subsequently activated by Rac1. All three are present mostly at the tips of the front of 2D migrating cell called lamellipodia as well as in lamellipodia-like structures of the cells migrating in 3D environment, where new dense actin branches are needed for movement. WASP and N-WASP are regulated either directly or through the associated WIP protein by Cdc42. These proteins are located at early adhesion sites in the lamellipodia but also in clathrin-dependent endocytosis pits. When upregulated during cancer development, WASP promotes formation of protrusions of transformed cellsinvadopodia. WASH activation requires binding of ubiquitin, followed by interaction with phospholipid PI4P. WASH localizes mainly on endosomes where it mediates membrane scission. Both WHAMM and JMY localize at the ER and Golgi apparatus membranes and are activated after binding to Rab1 and microtubules. Linkage with microtubules assures formation of membrane tubes which serve for transport of cargo between Golgi apparatus and ER.

Once NPFs type I are activated, C-terminal VCA domains of these NPFs come into play and capture actin monomer and Arp2/3 complex, which results in the activation of the latter towards branch formation. Branches are stabilized by NPFs type II, including cortactin and Abp1, which are ubiquitously expressed in cells. Such stabilization relies mostly on linkage of these proteins with the filament and with Arp2/3 at the branch junctions.

Density and growth of the networks are controlled not only by controlled nucleation of the new branches, but also by regulation of Arp2/3 inhibitors. Inhibitors are also present at particular locations in the cells and coupled with particular NPFs type I, controlled by the same regulatory proteins as these NPFs. Rac, which controls WAVE proteins within lamellipodia, is also responsible for regulation of arpin. Arpin is a competitor of WAVE for binding with Arp2/3, however upon its binding with Arp2/3, the complex stays inactive, and hence its branching activity is disabled. PICK1 is a presumable antagonist of WASP as it inhibits clathrin-mediated endocytosis. It is also recognized in the dendritic spines of neurons, where its overexpression causes shrinking of the elongated spines, which suggest its coupling with Rac-WAVE-Arp2/3 pathway. A protein present on endosomes involved in binding of Arp2/3 and therefore opposing WASH is gadkin. Still little is known though about the exact mechanisms of its inhibition. [START_REF] Molinie | The Arp2/3 Regulatory System and Its Deregulation in Cancer[END_REF] Fig. 1.12. Different NPFs and their antagonists at their locations in the cells. [START_REF] Molinie | The Arp2/3 Regulatory System and Its Deregulation in Cancer[END_REF] As described above, Arp2/3 activity can also be spatially regulated by ubiquitous proteins belonging to coronin family, which enhance Arp2/3 activity at the sites of rapid growth and deactivate Arp2/3 at the rear of the leading edge. [START_REF] Gandhi | Coronin: the double-edged sword of actin dynamics[END_REF] Finally, aged Arp2/3-mediated branches can undergo debranching by the members of ADF-Homology superfamily, including ADF/cofilin and GMF, which compete with Arp2/3 for binding to actin and with actin for binding to Arp2/3, respectively. Both of them depend as well on Rho-GTPases regulation, however they are not direct effectors of these proteins. Their regulation relies on deactivation through phosphorylation of a serine on their C-terminus by LIM kinases.

Altogether, all of the described proteins -starting from signalling proteins in the plasma membranes, through their effectors including nucleation promoting factors and their antagonists, branches stabilizers and destabilizers and finally ending at Arp2/3 direct inhibitors -participate in Arp2/3 regulation and their efficient cooperation is crucial for effective branches formation, as described in the Figure 1.13 below. 

Actin filaments architectures

Dynamic reorganization of actin filaments and diversity of their potential interacting partners contribute to the variety of architectures that actin networks may accommodate to accomplish different functions in the cells. These architectures characterize also different mechanical properties that depend largely on the organization of the polymers, thus on the type, length and strength of the connections between separate filaments. We may distinguish three main mesostructures: linear, cross-linked and branched -that can be further divided in particular filament assemblies. 

Linear structures

Linear structures consist of aligned actin filaments which are tightened via electrostatic interactions and can be further supported either by cross-linkers or molecular motors. Such alignment forms bundles within which the filaments may slide over each other. Cross-linkers binding may play a role in the sliding as anchoring of actin filaments limits their free movements. The presence of cross-linkers or motors translates also into the mechanical behaviour of the bundle. Depending on the orientation of barbed ends, the filaments may be arranged parallelly or antiparallelly. Parallel alignment characterizes for example filopodia that constitute cellular finger-like protrusions allowing the cell to probe its environment [START_REF] Svitkina | Mechanism of filopodia initiation by reorganization of a dendritic network[END_REF], initiate cell contacts and transmit signals between the cells [START_REF] Romero | ATP-mediated Erk1/2 activation stimulates bacterial capture by filopodia, which precedes Shigella invasion of epithelial cells[END_REF]. Current evidence suggests that the filaments within filopodia are elongated into protrusions by formins. [START_REF] Jaiswal | The Formin Daam1 and Fascin Directly Collaborate to Promote Filopodia Formation[END_REF] They are joint together tightly mostly by a small cross-linkerfascin. Their barbed ends are directed against the plasma membrane causing its displacement upon filaments polymerization. [START_REF] Mogilner | The physics of filopodial protrusion[END_REF] Antiparallel organization of the filaments give rise to contractile fibers which are linked with α-actinin and non-muscle myosin II. [START_REF] Efimova | Branched actin networks push against each other at adherens junctions to maintain cell-cell adhesion[END_REF] Among these structures we can differentiate ventral stress fibers that form perpendicularly to the leading edge and participate in adhesion sites formation as well as transverse arcs that run in parallel with the leading edge but are not anchored in focal adhesions. [START_REF] Blanchoin | Actin dynamics, architecture, and mechanics in cell motility[END_REF] [95]

Cross-linked structures

Cross-linked structures contain filaments connected with help of cross-linkers or molecular motors, however typically they form non-directional isotropic networks. They are involved mostly in organizing cell shape and mechanical integrity. [START_REF] Blanchoin | Actin dynamics, architecture, and mechanics in cell motility[END_REF] A major example of such structures is actin cortex that lies right under the plasma membrane and serves as the outer shell of the cell. Thanks to its contractility, it assures cell migration [START_REF] Paluch | The role and regulation of blebs in cell migration[END_REF], mitotic spindle positioning [START_REF] Kunda | Moesin controls cortical rigidity, cell rounding, and spindle morphogenesis during mitosis[END_REF] or cell division [START_REF] O'connell | Distinct roles of the equatorial and polar cortices in the cleavage of adherent cells[END_REF]. Its complex structure arises from the cooperation of multiple ABPsthe filaments are initiated either by formins or Arp2/3, then capped by CP; spectrin is one of the major proteins participating in filaments crosslinking; myosin ensures structure contraction; ERM proteins anchor cortex to the plasma membrane.

Branched structures

Branched actin networks, also called dendritic networks, are a result of Arp2/3-mediated actin filament nucleation. As described in the previous paragraph, activated Arp2/3 forms 'daughter filaments' on the scaffold of 'mother filaments' with the constant angle between the two of approximately 70 o . Arp2/3 serves as a connector of two filaments, thus in this context can be treated as a cross-linker.

The most studied of these structures is the one found in lamellipodium, which forms a sheet-like protrusion at the leading edge of migrating cells filled with branched actin network that polymerizes in the direction of the cell movement, pushing the cell membrane forward.

During this movement, it enables exploration of the substrate and creation of new adhesion sites. [START_REF] Zaidel-Bar | Hierarchical assembly of cell-matrix adhesion complexes[END_REF] When exposed to complex environment, the cell may also extrude 3D lamellipodialike protrusions that facilitate navigation. [START_REF] Fritz-Laylin | WASP and SCAR are evolutionarily conserved in actin-filled pseudopod-based motility[END_REF] Branched networks participate as well in clathrin promoted endocytosis [START_REF] Weinberg | Clathrin-mediated endocytosis in budding yeast[END_REF], organization of meiotic spindle [START_REF] Yi | Actin cytoskeleton in cell polarity and asymmetric division during mouse oocyte maturation[END_REF] or membrane tube extrusion.

In lamellipodia actin branches are initiated mainly through Rac-WAVE-Arp2/3 pathway. Next Ena/VASP proteins elongate the filaments at the leading edge. Cortactin is abundantly present at the leading edge as well to stabilize the created branches. Capping protein is involved in terminating the growth of the filaments further from the leading edge. Finally cofilin is responsible for disassembly of the filaments that already aged and hence no longer effectively participate in force generation, which reloads the pool of actin monomers needed to polymerize new branches closer to the cell surface. Aged branches are also dismantled by GMF which helps to remodel the whole network or form other mesostructures.

Branched actin networks are present as well in the ventral extensions of lamellipodia called invadosomes, which constitute dot-shape protrusions able to secret the proteins that degrade the surrounding extracellular matrix (ECM) so that the cell can spread in its microenvironment. By this common term two distinct structures are known: podosomes, observed in monocytic, endothelial and smooth-muscles cells and invadopodia, which form specifically in cancer cells. Both of the structures are initiated by WASP or N-WASP, Arp2/3 and cortactin and are accompanied by CP and cofilin. What differentiates them though is that podosomes are shorter and short-lived, thus able to degrade ECM only to a slight extent whereas invadopodia are longer-lived and much more potent in their proteolytic activity, which occurs to be crucial for cancer metastasis. [START_REF] Linder | Invadosomes at a glance[END_REF] All in all, the occurrence of particular actin network mesostructure in particular part of the cell is regulated temporarily and spatially by signalling proteins that activate specific ABPs, which cooperation allows for the formation of a specific actin structure. The relationship between signalling proteins and the structures they initiate, as well as their localization is illustrated in the Figure 1.15 below. 

Actin filaments as a part of cytoskeleton

As mentioned before, actin filament architectures in the cells are an integral part of the cytoskeleton. The cytoskeleton itself is a complex heterogeneous structure composed of several species of protein polymers assembled in dense intertwining networks and permanently undergoing interactions with a broad spectrum of the cellular proteome.

Depending on the type of the brick forming a particular architecture, four different groups of cytoskeleton components can be distinguished: actin filaments (AFs), also referred to as microfilaments, intermediate filaments (IFs), microtubules (MTs) and septins. The building block of AFs is aforementioned actin, IFs may be formed by several proteins, including lamins, keratins or vimentins and MTs are composed of two isoforms of tubulin: α-tubulin and β-tubulin. The monomers forming these structures differ in size and in the conformations they accommodate upon assembly: this gives rise to different sizes of the filamentsfrom AFs, being the tiniest, of only 7 nm of diameter [START_REF] Isambert | Flexibility of actin filaments derived from thermal fluctuations: effect of bound nucleotide, phalloidin, and muscle regulatory proteins[END_REF], through IFs, as the name suggests characterized by intermediate size of 8 to 12 nm in diameter [START_REF] Pollard | Chapter 35 -Intermediate Filaments[END_REF], to MTs, comprising thick tubes of a diameter of 24 nm [START_REF] Hammond | Tubulin modifications and their cellular functions[END_REF]. Septins consist of palindromic hexamers or octamers [START_REF] Bertin | Saccharomyces cerevisiae septins: supramolecular organization of heterooligomers and the mechanism of filament assembly[END_REF] and are able to form not only filaments of 10 nm diameter, but also rings or hetero-oligomeric complexes. [START_REF] Mostowy | Septins: the fourth component of the cytoskeleton[END_REF] Fig 1 .16. Schematic illustration of cytoskeleton components structures. [START_REF] Mostowy | Multiple Roles of the Cytoskeleton in Bacterial Autophagy[END_REF] The type of the proteins and their interactions result as well in specific persistence length (Lp) characterising given cytoskeleton filament which can be defined as the average length over which a filament would bend due to thermal fluctuations. It constitutes a measure of the flexibility of the polymer. According to the previous studies based on the analysis of different fiber shapes induced by thermal fluctuations, AFs characterize the Lp of 9.0 ± 0.5 μm [START_REF] Isambert | Flexibility of actin filaments derived from thermal fluctuations. Effect of bound nucleotide, phalloidin, and muscle regulatory proteins[END_REF] whereas MTs persitence length is 4200 ± 300 μm with oxygen-scavenging system or 6600 ± 900 μm without it. [START_REF] Janson | A bending mode analysis for growing microtubules: evidence for a velocity-dependent rigidity[END_REF] Newest measurements, employing polymers curvature distribution, have confirmed previous estimations for AFs -10.0 ± 0.7 μm, however revealed lower values of Lp for MTs -300 ± 50 μm. [START_REF] Wisanpitayakorn | Measurement of the persistence length of cytoskeletal filaments using curvature distributions[END_REF] Notably, the Lp of MTs depends on their length, which typically in cells reaches 1-10 μm yet extends to 50-100 μm in axons. [START_REF] Pampaloni | Thermal fluctuations of grafted microtubules provide evidence of a length-dependent persistence length[END_REF] Since their Lp exceeds significantly their size and the size of the cell (the order of 10-50 μm), they are seen as rigid rods at the scale of the cell, while AFs are considered as much softer. IFs appear to be the most flexible of the cytoskeleton components, with Lp reported between 0.2 and 1 μm, depending on the building monomer. [114] [115] As relatively the youngest in terms of their discovery, no consensus has been reached yet with regards to the Lp of septins. Many proteins interacting with cytoskeletal structures can influence their Lp, e.g. cofilin binding reduces the Lp of actin filaments to 2.2 μm when actin is completely covered by cofilin. [START_REF] Mccullough | Cofilin increases the bending flexibility of actin filaments: implications for severing and cell mechanics[END_REF] Fig 1 .17. Comparative illustration of cytoskeleton filaments dimensions. MTs, AFs and IFs are drawn with the contour length of 10 μm and shown in comparison with single wall carbon nanotube. Adapted from [START_REF] Wen | Polymer physics of the cytoskeleton[END_REF].

Similarly to AFs, MTs are polar, formed from globular monomers, their polymerization and depolymerization is assisted by other protein factors and their life cycle is fuelled by nucleotides hydrolysis. One of the differences between these structures lies in the type of the interacting nucleotide which in case of AFs is ATP and in case of MTs -GTP. Moreover, both of the fibers interact with molecular motors, however the type of the motor differs as wellactin is associated with myosin and tubulin with kinesin or dynein. [START_REF] Huber | Cytoskeletal crosstalk: when three different personalities team up[END_REF] An interesting feature exhibited by microtubules and not by actin filaments is their 'dynamic instability'. Microtubule ends undergo periodical switching from a phase of constant growth to a sudden shrinking referred to as 'catastrophe', and then back to a growth phase which has been called 'rescue'. This phenomenon has great implications for the proper mitotic and meiotic spindle functioning. [START_REF] Gardner | Microtubule catastrophe and rescue[END_REF] Contrary to both microfilaments and microtubules, intermediate filaments are apolar and they are able to self-assemble without a need for any nucleators or nucleotides, owing only to the specific structure of their monomers. [START_REF] Dutour-Provenzano | Intermediate filaments[END_REF] All proteins belonging to IFs share high structural homology and consist of three domains: head, tail and connecting α-helical rod domain, which is the one involved in coiled-coil interactions between the proteins, giving rise to further filament formation. [START_REF] Chernyatina | Intermediate filament structure: the bottom-up approach[END_REF] Proteins building IFs are commonly divided in six subtypes, from type I to type VI, depending on their function and location, the most abundant being keratins, lamins, vimentins, desmins or neurofilaments. [START_REF] Dutour-Provenzano | Intermediate filaments[END_REF] Similarly to tubulin, septin is a protein binding GTP; however, identically to IFs, septin filaments are characterized by a lack of polarity. Their end-to-end assembly assures higher stability than in case of AFs or MTs, thereby their turnover is less pronounced. The filaments may undergo lateral interactions, which lead to their bundling. Such bundles may further form structures of higher order such as rings. Adopting specific structure may arise in response to the cellular signals. [START_REF] Mostowy | Septins: the fourth component of the cytoskeleton[END_REF] Varied structure and consequent mechanical properties of the filaments largely dictate their function. AFs thus participate mostly in cell motility and cell shape changes, muscle contraction and generating propulsive forces. MTs are responsible for chromosome segregation and intracellular transport. Predominantly, IFs support the cell structurally and mechanically, serving also as shock absorbers. Their precise function depends though on the kind of IF, p.ex. nuclear lamins build a protective nuclear shell, keratins rigidify hair, nails and claws [START_REF] Eriksson | Introducing intermediate filaments: from discovery to disease[END_REF] and vimentins participate in low-density lipoprotein (LDL cholesterol) transport. [START_REF] Sarria | A functional role for vimentin intermediate filaments in the metabolism of lipoprotein-derived cholesterol in human SW-13 cells[END_REF] Septins are recruited in various cellular tasks, for example formation of cleavage furrow during cytokinesis, neurogenesis or modulating innate immunity during bacterial infection. [START_REF] Mostowy | Septins: the fourth component of the cytoskeleton[END_REF] Fig 1 .18. Schematic illustration of septins participation in various cellular proceses. [START_REF] Mostowy | Septins: the fourth component of the cytoskeleton[END_REF] Altogether, microfilaments, microtubules, intermediate filaments and septins work in concert to assure strong yet transformable cell scaffolding and guidance for many vital cellular processes. In addition, they exhibit various interactions between themselves that is an inherent feature of living matter. As one of the examples, it has been proven that the symmetry of cortical actin dictates the symmetry of microtubules-based centrosome. [START_REF] Jimenez | Acto-myosin network geometry defines centrosome position[END_REF] Actin microfilaments appear to be very diverse and adaptive structures in cells, as they may accommodate different architectures localized in different parts of the cell to play specific biological functions. As a structure responsible for giving the cell its shape, actin cytoskeleton is involved in all the processes requiring shape remodelling, e.g. cell motility, cell division but also formation of short-lived insertions directed either towards outside of the cell (filopodia, invadopodia etc.) or to the inside of the cell (endocytic cups).

Actin and diseases

Since actin filaments are present in every living cell and play a vital role at every stage of cell development, any perturbation of the processes that they are involved in may result in malfunctioning of the whole cell or the whole tissue. As shown in the previous paragraphs, actin filaments life cycle engages multiple intertwining events; therefore impairment of any step of the cycle deregulates the machinery. Moreover, any modification of cellular function caused by biochemical signals in the organism largely contributes to the variation of cell mechanics. Actin cytoskeleton-related diseases may appear as a result of over-or underexpression even of a single actin binding protein. However apart from biochemical triggers, they can also emerge in consequence of actin mechanical properties alterations. As a crucial player in the cell playground, actin cytoskeleton can also become a target for microorganisms aiming to highjack its machinery for their own purposes.

Viral and bacterial infections

Taking advantage of the actin life cycle is a frequent event during viruses or bacteria infection, as these microorganisms harness dense actin networks to move in the cytoplasm of a host cell. The ability to modify actin machinery so that reproduced units can be dispatched to the outer environment of the cell increases their infectiousness. [START_REF] Blanchoin | Actin dynamics, architecture, and mechanics in cell motility[END_REF] [125] Such scheme of infection is utilized e.g. by the first bacteria discovered to usurp actin organization for their own use -Listeria monocytogenes. The cell wall of these bacteria carry a specific surface protein, called ActA, able to activate Arp2/3 complex and nucleate directed actin filament polymerization from the outer surface of the bacteria. Growing actin filaments create so called "actin comet tail", which assembly provokes bacteria propulsion through the cytoplasm and enables formation of membrane protrusions, through which Listeria can spread to the neighbouring cells. [START_REF] Tilney | Actin filaments and the growth, movement, and spread of the intracellular bacterial parasite, Listeria monocytogenes[END_REF] [127] [START_REF] Osek | Listeria monocytogenes-How This Pathogen Uses Its Virulence Mechanisms to Infect the Hosts[END_REF] Other microbes may e.g. invoke creation of abnormal cellular protrusions that would serve them for spreading from cell to cell within epithelium. Such mechanism is utilized for example by Ebola, Marburg or vaccinia viruses. The latter enhances actin filaments elongation towards filopodia formation and then localizes at the tip of the filopodium, being ready to attack other cells. [START_REF] Leite | The role of signalling and the cytoskeleton during Vaccinia Virus egress[END_REF] A virus that also seizes actin machinery towards increased filopodia formation and that has been in the global spotlight for the recent few years is SARS-CoV-2. Filopodia produced by this coronavirus are much longer than those of healthy cells and consist of actin networks with more branches; they contain as well virulent proteins spread all across the filopodium, which all together may contribute to increased virus egress and faster infections. [START_REF] Bouhaddou | The global phosphorylation landscape of SARS-CoV-2 infection[END_REF] 

Cancer metastasis

Cellular actin mesostructures are employed also by another invadercancer cellsduring metastasis. Cancer cells are known to form extensive lamellipodia and filopodia, thanks to which they can crawl in the extracellular matrix (ECM) and probe its mechanical stiffness, however they develop as well additional invasive actin protrusions, due to their vicious function called invadopodia. ECM constitutes a mixture of proteins secreted by the cells to hold them together in the form of a tissue. Invadopodia degrade ECM surrounding cancer cell, creating a hole into which the invasive cell can translocate. Invadopodia are formed from both branched and unbranched actin networks and their nucleation is initiated either by Arp2/3 or formins.

Stiffness of the cells as well as of ECM around them is abnormally high within tumour aggregates, therefore this property may serve for a recognition of cancer presence or stage during diagnostics. Since it can also inform about the metastatic potential, actin cytoskeleton and more specifically its mechanics may become a target for potential antimetastatic therapies.

[78] [START_REF] Schoumacher | Actin, microtubules, and vimentin intermediate filaments cooperate for elongation of invadopodia[END_REF] As it is governed though by multiple actin binding proteins and regulators, all of which may undergo deregulation during cancer progression, new anticancer therapies targeting particular ABP or stage of actin life cycle are constantly being created, which has been exhaustively summarized in Ruggiero, Lalli, 2021 [START_REF] Ruggiero | Targeting the cytoskeleton against metastatic dissemination[END_REF].

Atherosclerosis

Mechanical cues are sensed by actin cytoskeleton not only during cancer metastasis: mechanical tension put on actin architecture is also apparent while formation of arthetis, contributing to atherosclerosis. In this case blood flow in the blood vessels of high curvature pressures the cells lying at the bent parts, which results in alterations of signalling pathways, triggering actin cytoskeleton reorganization that leads to cells death and eventually to progressing accumulation of dead cells in the vessel. [START_REF] Blanchoin | Actin dynamics, architecture, and mechanics in cell motility[END_REF] Mechanical triggers may also be discerned when the external force appears in the environment which is subsequently transmitted through actin network to the nucleus. Pressure imposed on the nucleus in this situation may affect gene expression pathways, causing over or underexpression of particular proteins, which eventually leads to many disorders. [START_REF] Blanchoin | Actin dynamics, architecture, and mechanics in cell motility[END_REF] Alzheimer's disease A major example of a disease caused by impaired regulation of one of the actin binding proteins is Alzheimer's disease. A cytoskeletal protein which deregulation is crucial for Alzheimer's development is ADF/cofilin. Disruption of actin network disassembly results in increased stability of long cofilactin rods which then serve as a scaffold onto which phosphorylated tau accumulates. Due to the reduced dynamics of such stiff rods, the formation of neurofibrillary fibers, containing tau aggregates (the main Alzheimer's disease hallmark), is facilitated. Additionally cytoskeleton reorganization impairs synaptic activity. As a result of both of these processes neurodegenerative disease progresses. [START_REF] Blanchoin | Actin dynamics, architecture, and mechanics in cell motility[END_REF] [START_REF] Bamburg | ADF/Cofilin-actin rods in neurodegenerative diseases[END_REF] On the whole, alteration of physiologically functioning actin cytoskeleton can result in the development of actin cytoskeleton related disease. Since actin structures are involved in defining the mechanical properties of the cell, these are also altered in pathological states.

Therefore measurements of mechanical properties of the cells should not be neglected in the diagnosis of the biological state of the cells as they could give invaluable information about the cell condition, the origins of the pathology or the stage of disease progression, especially with regards to cancer metastasis.

Conclusion

To conclude, actin filament life cycle involves several distinguishable events in which tremendous number of other cellular partners participate, leading to ever-lasting fast reorganization of actin cytoskeleton. Actin depolymerizing factors, such as cofilin, largely contribute to high dynamics of actin machinery. Binding of particular protein partner alters the properties of decorated filament, which is especially present in the case of cofilin as its propagating cooperative binding changes the interactions between filament subunits, inducing destabilization of the filament and eventually its severing. This destabilization results also in modification of the mechanical response of particular filaments and of the network as a whole.

Thus, mechanical studies may bring invaluable insights into functioning or malfunctioning of the cells or cellular structures and motivate potential medical implications.

Mechanics and its role in exploring live matter

As stressed in the previous chapter, not only biochemical architecture of cytoskeleton is important to understand the mechanisms of its dynamic reorganization but also the mechanics of particular cytoskeleton components plays more and more appreciated role.

Mechanics is the science that aims to understand the effects of forces on objects. The principle of mechanical measurements is to observe a deformation of the object as a function of the applied constraint (or vice versa). However, due to the typically small sizes of biological materials as well as their complex structure and fast dynamics, many experimental techniques that can be applied to static macro-objects no longer find their use. There emerged though multiple empirical techniques in order to access mechanical properties of biological materials the most accurately as possible, which will be briefly presented in the following chapter. Everevolving theoretical models also support experimental findings; however they will not be in the focus of the described advances. Before introducing available techniques of mechanical measurements though, a brief description of mechanical properties of the materials is needed.

Mechanical properties of the materials

Mechanical properties of any material can be described and compared with the tools of rheology. Rheology stands for the study of flow and deformation of matter in relation with the force applied to the system in particular time scale. Mechanical properties can be divided into: elastic, plastic, viscous or exhibiting a combination of these properties: visco-elastic, viscoplastic, elasto-visco-plastic etc.

Elasticity

Elasticity is the ability of the solid material to resist deformation. This means that the elastic material returns to its original shape after being deformed and thus can be compared to an elastic spring. Elasticity is related to storage of mechanical energy. A physical value used to describe and compare elastic properties is the elastic modulus, also called Young modulus

(E).

Considering a uniaxial compression, during which the force F is applied on the surface S, the resulting stress imposed on the object can be defined as: σ = 𝐹 𝑆 . A deformation, also called a strain, that the material undergoes during force application, can be described as ε =

𝑙-𝑙𝑜

𝑙𝑜

, where lo is the initial length of the material and l is the length in the given moment during the compression. This is called engineering strain and is applied to calculate small deformations (such as the ones occurring within metals). For deformations of a broader range, true strain is used and defined as: εt = log 𝑙 𝑙𝑜 . It is based on instantaneous length values, as during the deformation the reference length in the given moment is not the same as its initial length before any stress was applied.

If the material is purely elastic, it obeys Hooke's law, according to which the deformation is directly proportional to stress and the proportionality factor is elastic modulus -E, as shown in the equation below:

σ = E ▪ ε (2.1)
As stress has the dimension of a pressure, and strain has no dimension, the dimension of the Elastic modulus is also the one of a pressure (measured in Pascal). In principle, the higher the elastic modulus, the higher the resistance of the material towards deformation, meaning the higher force needs to be applied for the strain to occur. High values of elastic modulus characterize e.g. stainless steel (~200 GPa), whereas low values of elastic modulus, hence high deformability is appropriate e.g. for silicone rubber (~0.000005 -1.9 Gpa).

[132]

However, many biological materials exhibit non-linear mechanical responses [START_REF] Storm | Nonlinear elasticity in biological gels[END_REF],

therefore elastic modulus can no longer be applied to describe their mechanical behaviour (see 

Plasticity

Plasticity can be understood as a capability of the material to undergo large deformations which appear once the stress under the applied load exceeds certain yield limit and which result in irreversible change of the shape of the material. This means that even when the load is removed, the material does not return fully to its original dimensions. While continuing with increasing the stress, such material may eventually reach fracture point where it breaks. 

Viscosity

Viscosity can be defined as a resistance of the liquid material to movement. Therefore, viscous materials are generally represented as dashpots. Contrary to elasticity, viscosity dissipates the mechanical energy. In the typical shear flow particular layers of liquid slide over each other with one layer being faster than the one underneath it. In this case the mentioned resistance is described with a physical value called dynamic viscosity (η). It stands for a proportionality factor between a shear stress (σ) imposed on each of the fluid layers and the rate of their relative displacement (dε/dt), also called shear strain or strain rate, as can be read from the following equation:

ε = η • dε 𝑑𝑡 (2.3)
Such behaviour, where the viscosity does not depend on the shear rate and the shear stress changes linearly with the shear rate characterizes purely viscous materials, meaning the materials that obey Newton's law (Newtonian fluids). The examples of Newtonian fluids enlist water and dilute dispersion of colloids. Non-linear behaviour characterizes non-Newtonian fluids which viscosity does not have a constant value and depends on the shear rate. Nonlinearity can be observed for example while shear thinning, shear thickening, thixotropy or shear banding. [START_REF] Worldwild | A basic introduction to rheology[END_REF] In both of the cases (Newtonian and non-Newtonian fluids) viscosity is temperature and pressure dependent and thus it raises together with the increase of pressure and decrease of the temperature.

Viscoelasticity

Viscoelasticity emerges when the material consists of elements that are neither purely elastic nor viscous but exhibit simultaneously elastic and viscous properties. Such mechanical behaviour can be described with viscoelastic models, the most well-known of which are Maxwell model, Kelvin-Volgt model and Burgers model.

In Maxwell model elastic and viscous elements are placed in a series, one after another and it is used for description of visco-elastic liquids. On a short time scale, the material responds 

Mechanical properties of biological materials

Biological materials, as any other materials undergo the laws of mechanics. Traditional concepts of solid and fluid mechanics have been applied in the past to examine the mechanics of organs or tissues as well as the blood flow in the blood vessels. However, biological materials cannot be simply described as elastic or viscous as their responses to stress and strain depend on the time scale and are a function of direction and extent of deformation. Therefore, they can rather be depicted as viscoelastic, wherein particular cellular structures or tissues may exhibit different viscoelastic responses. Non-linearity of biological materials arises from their inhomogeneity as they are not built of one type of atom or molecule but constitute structures of high diversity of components and interconnections between them. Moreover, these structures are not static but constantly undergo multiple structural interchanges which all contribute to their complex mechanics. Lastly, due to the mechanical cues received from the environment these interchanges may pronounce in complete alterations of mechanical properties which makes them difficult to track and even more difficult to explain.

One of the examples of non-linear viscoelastic behaviour is strain stiffening shared by soft tissues, which allows them to withhold large deformations. In case of many of these tissues, such as muscles, blood vessels or lungs, stretching that they undergo during their lifetime reaches tens of percent. Any injuries may evoke even larger deformations.

Mechanical properties of actin mesostructures

As shown above, involvement of particular ABPs able to construct specific type of mesostructures is essential for proper adaptation to the environment or to the fulfilled function.

Nevertheless the biggest effectiveness in performing given function can be achieved not only thanks to the well-organized biochemistry of the given structure but also its mechanics. Inspired by the review of Laurent Blanchoin, et al. [START_REF] Blanchoin | Actin dynamics, architecture, and mechanics in cell motility[END_REF], the main factors contributing to the mechanical behaviour of particular actin mesostructures are detailed below.

Considering linear actin structures, their arrangement into bundles ensures much higher mechanical resistance to load than the one of a single filament, which is crucial for generating protrusive forces.

Mechanical properties of cross-linked actin structure depend strongly on the time scale within which the load is applied on the network. On a long time scale, cross-linkers rearrange under the applied force which gives rise to an alternation of the architecture of the whole meshwork. These changes are preserved even after releasing the force, thus the material behaves like a viscous liquid. In contrast, on a short time scale, the rearrangements have no time to occur and bound cross-linkers contribute to resistance towards the applied force, thanks to which, after releasing the force, the network bounces back to its previous shape. The material behaves then as an elastic solid. [START_REF] Xu | Mechanical properties of actin filament networks depend on preparation, polymerization conditions, and storage of actin monomers[END_REF] However, cross-linked actin architectures in vivo are mostly non-homogenous where different cross-linkers dictate different mechanical behaviours, therefore some of the filaments may undergo stress-induced compression and some elongation; moreover some are concentrated into short bundles and some are entangled, in consequence of which the mechanical response of the whole network becomes highly non-linear. [START_REF] Blanchoin | Actin dynamics, architecture, and mechanics in cell motility[END_REF] In comparison with other actin architectures, branched actin networks characterize high homogeneity, as the branches form with a specific angle and are able to fill the space between previously created filaments. This assures that the whole network maintains high resistance and adaptability towards mechanical loads and exhibits elastic mechanical responses at short time scales. On long time scales what comes into play is a turnover of actin filaments at the rear of the lamellipodium caused by myosin motors, hence the structure becomes viscous.

[78]

Actin structures and forces

Thanks to the integration of actin cytoskeleton with extracellular matrix that happens through crosslinking of actin filaments with proteins in the plasma membrane, actin cytoskeleton is able to sense external forces occurring in the environment and adapt to them.

External pressure, stretching or shear force are transmitted to the actin structures and converted into biochemical signals that promote cytoskeleton remodelling. Such mechanotransduction may appear also internally when myosin-induced contraction contributes to actin networks conformational changes. [START_REF] Zuidema | Crosstalk between Cell Adhesion Complexes in Regulation of Mechanotransduction[END_REF] [137] [START_REF] Jegou | Mechanically tuning actin filaments to modulate the action of actin-binding proteins[END_REF] However, actin cytoskeleton is not only able to sense the environmental mechanical cues. Due to the high dynamics of this structure, it is also capable of force generation. There are two types of forces exerted by actin cytoskeleton that work in opposite directions at the scale of the cell: pushing forces, in other words protrusive forces that participate in protrusion formation perpendicularly from the plasma membrane and pulling forces, standing for contractile forces which work in the direction parallel to the bundle and are related to cell or particular fiber contraction. [START_REF] Svitkina | The Actin Cytoskeleton and Actin-Based Motility[END_REF] Protrusive forces appear when the growing barbed end reaches the obstacle, typically plasma membrane. Owing to the thermal motion, a tiny space is created between both structures. If the thermal movement of the membrane is larger than actin monomer size, this allows for an insertion of the monomer on the filament. Hence barbed end continues with its elongation which can result either in pushing the membrane forward or the filament backwards.

Force that a single filament can exert this way reaches maximally few pN; however, arrangement of the filaments in bundles significantly increases the force range. Such model of force generation upon polymerization was called the Brownian ratchet and it is used to describe all cellular protrusions formation. [START_REF] Peskin | Cellular motions and thermal fluctuations: the Brownian ratchet[END_REF] [START_REF] Mogilner | Cell motility driven by actin polymerization[END_REF] Contractile forces are related to work performed by myosin motors. A single motor sliding over a single filament is able to exert the force on the order of 3 pN [START_REF] Takagi | Force Generation in Single Conventional Actomyosin Complexes under High Dynamic Load[END_REF]. As mentioned in the previous paragraph though, certain types of myosins assemble in minifilaments which attach to more than one actin filament. This assures the increase of generated force and contraction of the whole actin structure. Coordinated contraction can be observed e.g. while mitotic cell rounding and cell division as well as while cell migration at the rear of the cell.

In this light, apart from categorizing actin structures based on the type of the architecture they accommodate, they can also be divided based on the kind of force they are able to exert. Therefore, we can distinguish protrusive structures: filopodia, lamellipodia, invadopodia and contractile structures: e.g. actin cortex, stress fibers, cytokinesis rings.

Structure -mechanicsfunction relation in the cells

Cell is a very dynamic structure, undergoing multiple interchanges, both in the cell body and in its outer layer that arise from biochemical and mechanical signals arriving to the cell and that result in biochemical reconstructions and alterations of mechanical properties.

Biochemistry and biophysics, architecture and mechanics are therefore tightly coupled in the constant feedback loops -the environment acts on the cell and the cell acts on its environment.

A cellular structure that plays a crucial role in controlling cell mechanics is aforementioned actin cytoskeleton, that is able to quickly adapt to the stimuli and that dictates a vast majority of mechanical properties of the cell. These mechanical properties in turn largely influence a host of biological processes, such as mechanosensation, cell deformation, cell division and cell motility. Therefore deepening the knowledge about actin mechanics may shed new light on the exact mechanisms of cellular processes and on potential ways of treatment of mechanically impaired cells.

Mechanosensation

The cells are able to sense and respond to the external forces arising in their environment in the process called mechanosensation or mechanotransduction, already mentioned above. One of the paths through which mechanotransduction occurs involves mechanoreceptors in the cell membrane. The cascade constitutes a multilevel event, nevertheless, after mechanical impulse is received by membrane mechanoreceptors, it is transmitted to the ionic channels in the membrane that open their structure for ionic exchange. This results in producing both electric and mechanical signals which are passed mostly through the cytoskeleton to the nucleus. The nucleus dictates the expression of regulatory proteins that remodel the cytoskeleton which gives rise to modulation of global or local mechanics of the cell which in turn can comprise a signal itself for the neighbouring cells. [143] [144] Not only momentary or repetitive forces can be sensed by the cells but also overall mechanical properties of their environment. Environmental rigidity can become an important factor during differentiation of stem cells. As it has been observed, when the environment is relatively soft, this results in formation of neuronal cells. When the stiffness of the substrate reaches intermediate levels, this gives rise to muscle cells. And when the substrate is very rigid, the osteoblasts are formed. [START_REF] Engler | Matrix elasticity directs stem cell lineage specification[END_REF] 

Cell deformation

During cellular life cycle, the cells need to undergo multiple significant changes of their shape. This means global reorganization of their cytoskeleton and its mechanics. Already mentioned stem cells differentiation stands for the first example of such processes. More general morphogenesis, ergo the process of defining the shape of the cell is one of the key aspects during embryonic development and during maintenance of the tissue in the mature organism. Global changes of cell shape influenced by cell mechanics manifest as well during mitotic and meiotic cell division, where the cytoskeleton needs to reorganize chromatin and other organelles in the cell body. Subsequently cleavage furrow formed mostly by actin and myosin splits the cell in two through the coordinated contraction. [START_REF] Verdier | Review: Rheological properties of biological materials[END_REF] The cells deform though not exclusively during their development but also in response to the forces that act on them for example endothelial cells of blood vessels may deform under the pressure of flowing blood cells [START_REF] Lehoux | Cellular mechanics and gene expression in blood vessels[END_REF] or lung epithelial cells may distort during respiration upon expanding and shrinking of lung vessels. [START_REF] Dipaolo | Stretch magnitude and frequency-dependent actin cytoskeleton remodeling in alveolar epithelia[END_REF] Large deformations and changes of mechanical properties are required also during cell motility so that the cell could crawl on its substrate. Some of the cells translocate on larger distances, e.g. through squeezing between tightly arranged endothelial cells to accomplish passage through endothelium from tissue to tissue. [START_REF] Verdier | Review: Rheological properties of biological materials[END_REF] 

Cell motility

Mechanical properties of the cell demonstrate to a great extent while cell motility. Cells migration requires a sequence of cytoskeleton transformations and it may arise from various stimuli, based on which we can differentiate e.g.: chemotaxy, meaning cell movement towards specific chemoattractant, haptotaxy, which stands for the movement towards the gradient of the proteins adhered on ECM, durotaxy, comprising a movement towards the gradient of stiffness of ECM and finally mechanotaxy, which is the response to the mechanical tension transmitted through ECM. [149] [150] In healthy tissues, cells migrate for example during embryonic development where they move to the areas of morphogenesis, during wound healing process, where the platelets move to the destroyed area and push the tissue for restoration or during angiogenesis which happens through migration of endothelial cells into tissues to form the network of vascular capillaries.

In pathological tissues, cancer metastasis propagates through cancer cell motility, even to the areas localized far from the original tissues. Tumour growth and vascularization also utilizes mechanical capabilities of the cells. [START_REF] Trepat | Cell migration[END_REF] One of the most fascinating examples of cells motility is diaspedesis, which stands for leukocytes migration during inflammation. In this process, chemical signals released by bacteria trigger leukocytes movement through the blood vessels to the infected tissue. This occurs via a series of highly coordinated signalling followed by adhesions and de-adhesions to the endothelium on the blood vessels walls. Last but not least, cells cytoskeleton requires significant reconstruction in order to allow the cell to squeeze through the junctions between the endothelial cells to pass to the surrounding tissue. [START_REF] Verdier | Review: Rheological properties of biological materials[END_REF] Cellular movements are often divided into mesenchymal (elongated) movements, based on the formation of polymerization-driven lamellipodia and amoeboid (rounded) movements, based on the formation of actin-deprived blebs or gliding. Mesenchymal migration involves multiple mechanisms that can be divided in several cell motility stages, from protrusion, through adhesion of the leading edge and de-adhesion of the trailing end to contraction of the cell body. Actin filaments polymerization is extended at the particular site of the cell which leads to the formation of protrusion at the front of the celllamellipodium. Next, the leading edge of the cell adheres to the substrate on which it is migrating that is mostly mediated by ventral stress fibers. This is followed by de-adhesion of the back of the cell from the previously established adhesion site. Finally, molecular motors engine contraction of the cell body in order to push it forward. [START_REF] Verdier | Review: Rheological properties of biological materials[END_REF] [152] [START_REF] Small | The lamellipodium: where motility begins[END_REF] Bleb-based amoeboid movement requires a formation of a bleba specific protrusion that is not formed by actin polymerization, rather it arises at the part of the cell where actin cortex is weakened and is driven by internal hydrostatic pressure of the cell triggered by actomyosin contraction. Disruption of actin cortex can be caused by local depletion of actinmembrane linkers. In comparison with lamellipodium, which is a thin sheet-like 2D protrusion, bleb is usually characterized by a round 3D shape. Bleb life cycle consists of several stages, which are: rapid initiation, linked to the separation of plasma membrane from actin cortex, static growth, marked by further disconnection of plasma membrane and filling the resulting inflation by cytoplasm and slow retraction, which is preceded with actin polymerization inside the bleb and relies on actomyosin contraction. [START_REF] Charras | Blebs lead the way: how to migrate without lamellipodia[END_REF] 

Actin filaments and ABPs mechanical regulation

Cell motility, cell deformation, cell differentiation and many more cellular processes, as shown before, may arise as a response to mechanical cues in the process of mechanotransduction. Many studies have already succeeded in measuring the overall forces acting on the cells, showing mutual dependences between environmental mechanics and cellular functions. However, as the growing recent evidence suggests, apart from considering mechanotransduction only at the cellular level, it can be viewed as well at the molecular scale.

Current advanced techniques allow for measurements with a sufficient time and space resolution as well as force sensitivity to identify particular structures and molecules that are able to sense and/or exert forces. Such recognized mechanosensitive structures include: nucleus, microtubules, integrin adhesions, cadherin adhesions, actin cortex and finally actin protrusions, many of them being a part of or interacting with cytoskeleton. It has been highlighted that cytoskeleton formation, architecture and mechanical integrity are regulated not only biochemically but also through its adaptation to the mechanical forces. [START_REF] Vicente | Novel imaging methods and force probes for molecular mechanobiology of cytoskeleton and adhesion[END_REF] These forces may influence for example network density, filament reorientation or debranching, [160] Taking even closer look, what adapts to these mechanical cues are the protein molecules within cytoskeletal structure, as they undergo deformations and reorganizations under the upcoming forces. These may manifest in the enhanced or weakened interactions between the molecules or in protein unfolding, leading to exposition of the binding sites, opening protein channels as well as boosting or silencing enzymatic activity. [START_REF] Vicente | Novel imaging methods and force probes for molecular mechanobiology of cytoskeleton and adhesion[END_REF] Several ABPs have been recognized to exhibit force-dependent mechanisms and these are among others cofilin and Arp2/3, both being employed in this thesis. Interestingly, what has been proven is that actin filament is a force sensor itself and binding of some of the ABPs depends on its momentary mechanical state. [START_REF] Narita | ADF/cofilin regulation from a structural viewpoint[END_REF] 

Cofilin mechanical regulation

Since cofilin binding to actin filament imposes filament flattening and a change of its helical twist, modification of the twist by other actin binding protein prior to cofilin binding may lead to its inhibition. In this manner, the activity of formin exerts a rotational force on actin filament which alters its helix. If this force prevails over twisting imposed by cofilin (if the overtwist exceeds 5 turns per micrometer, maximum value reached by cofilin [START_REF] Jégou | Mechanically tuning actin filaments to modulate the action of actin-binding proteins[END_REF]), then binding of cofilin is disabled. Myosin binding also involves a change of right-handed rotation, effectively inhibiting binding of cofilin. Since the discovery of Hayakawa in 2011, it was believed that the tension imposed on actin filament may reduce the affinity of cofilin as well, due to the increased helical pitch receding actin subunits. [160] However, as evidenced by Wioland et al., stretching of the filament does not affect cofilin binding, rather it enhances severing by cofilin. Severing rates are also augmented in case of twist-bend coupling as well as when actin filaments are anchored to some substrates or stabilized by cross-linkers which prevents releasing the cofilin-induced torque and promotes fragmentation.

Arp2/3 mechanical regulation

It has been reported that both branches formation and dissociation may be influenced by mechanical forces. Networks growing against the load are recognized to recruit more Arp2/3 and to create more and more densely packed branches. [163] [164] Debranching on the other hand may occur directly as a result of the force applied to the junction between Arp2/3 and mother filament or indirectly as a consequence of a strain caused by propagating conformational changes occurring within the daughter filament or bending of the mother filament. [START_REF] Jégou | Mechanically tuning actin filaments to modulate the action of actin-binding proteins[END_REF] Moreover, aged Arp2/3 at the junction, with bound ADP, is proven to be more sensitive to force, which leads to debranching under shear. [160]

F-actin mechanical regulation

Apart from the aforementioned property of sensing the forces applied to actin filaments, F-actin also undergoes force-dependent regulation. Curvature or tension, even if applied uniformly, may cause ununiformed strain, distributed inhomogeneously across the filament and localized on particular subunits. This may cause conformational changes within the impacted subunits and if the reorganization reaches D-loop responsible for interactions with ABPs, many of them may be altered. Binding of ABPs can also be changed by stress-induced reduction or redistribution of local strain through thermal fluctuations within actin filament. In this light, it was proposed that binding of ABPs would not depend on them sensing the tension itself but rather on the availability of their binding sites in the given F-actin mechanical state. [START_REF] Jégou | Mechanically tuning actin filaments to modulate the action of actin-binding proteins[END_REF] As can be seen, mechanical force applied to actin filaments can influence binding of multiple ABPs, however stress applied to the ABPs may impact actin filaments as well. This demonstrates that the mechanics of particular elements of actin networks undergoes constant feedback loops, contributing to the high dynamics of the whole structure. It also highlights that it is possible to induce specific alterations of actin networks through employment of mechanics exclusively, without a need to modify biochemical regulation. Such mechanical regulation propagates much faster and much further in the whole actin structure, which is of great importance for example while designing future therapies for the diseases with impairment of actin structures or particular molecules. 

Experimental techniques to measure mechanical properties of biological materials

As mentioned in the previous paragraphs, exploration of mechanical properties of biological materials, especially on subcellular level has been a challenge for many decades due to the complexity of the studied objects as well as their extreme dynamics. Therefore a complete characterization of their viscoelastic behaviour requires obtaining their characteristic stressstrain relation within a wide range of time scales, as well as stress and strain rates.

Quantification and rationalization of mechanical responses of subcellular biological systems involves specific advanced methods and is often considered through continuum mechanics models (e.g. extended classical Maxwell and Kelvin-Voigt models or poroviscoelastic model).

In the recent years fast emerging advances in multiple areas of science contributed to the development of a multidisciplinary approach and a broad scope of experimental and computational techniques aiming to address biomechanical phenomena at the level of the cell and the molecule. Thanks to these advances it is now possible to probe biophysical and biomechanical properties of the cells or particular cellular structures by modulation of the forces to the precision of pN and the displacement to the precision of nm. [START_REF] Suresh | Biomechanics and biophysics of cancer cells[END_REF] Moreover, even nonequilibrium systems, p.ex. using ATP as the source of energy, are being studied on the theoretical point of view with more and more success with the currently developed tools.

Precise and reliable experimental techniques measuring mechanical properties of biological materials are important not only to enhance the general knowledge of particular biological structures: measurements of the elastic modulus of the cells can be used for example to differentiate healthy cells from cancer cells, as the stiffness of cancer cells is largely modified during disease development, as described in the previous paragraphs. In addition, while designing biomaterials for medical application, such as implants or bone replacements, it is crucial to evaluate the elastic modulus of such material as it needs to be mechanically compatible with the material of the original tissue. [START_REF] Mazza | Mechanical biocompatibility of highly deformable biomedical materials[END_REF] The examples of the experimental techniques applied to measure mechanical properties of biological materials nowadays are presented schematically in the Figure 2.7 and detailed below. 

Plate rheology

One of the oldest techniques used to study rheological properties of biological and nonbiological materials employs rheometers. Rheometers are devices that measure flow of dense fluids or gel-like materials subjected to external stresses. Among many types of constructed rheometers, plate-plate rheometer and plate-cone rheometer were often applied to study the viscoelastic properties of actin networks in vitro. In such rheometers the sample is placed between two plates or between the cone and the plate and subjected to oscillations of the bottom plate at different frequencies and amplitudes. The movement of both top and bottom part of the instrument is registered and the phase difference between the movement of these parts is calculated. This gives an information about the dynamic elastic modulus and dynamic viscosity of the sample. [START_REF] Sato | Mechanical properties of actin[END_REF] 

Atomic force microscopy

Atomic force microscopy has been first developed in the late 1980'. [START_REF] Binnig | Atomic force microscope[END_REF] It relies on probing the surface of the sample with mechanical probe and reaches the nanoscale resolution.

The device is typically built of a flexible silicon cantilever with a sharp subnanometer tip of conical or pyramidal shape that constitutes a probe and is controlled by piezoelectric elements.

These allow precise adjustment of the tip position in order to put it in contact with the probed surface. The forces exerted between the probe and the sample cause convexity of the cantilever which in turn results in the deflection of the laser beam reflected on it that can be subsequently detected by a photodiode. The force applied or sensed by the tip is therefore transformed into a displacement of the cantilever. Detected forces depend on the flexibility of the cantilever and usually range from 10 pN to 100 nN. This method allows imaging of surface topography. The cantilever can also be put in oscillation at a given frequency which permits to measure the viscoelastic properties of the examined material. The technique can be applied in different modes i.e. contact, non-contact or tapping. [START_REF] Verdier | Rheological properties of biological materials[END_REF] It has been used in a number of various disciplines, nevertheless with regards to biological materials it has been employed mostly to explore the structure and stiffness of modular proteins as well as to probe the hardness of the whole cell (typically using a colloidal probe or flat cantilever to increase the surface of contact).

The elastic moduli of cells estimated with this method fall between hundreds of Pa to hundreds of kPa. [START_REF] Kuznetsova | Atomic force microscopy probing of cell elasticity[END_REF] Optical traps / optical tweezers Optical traps or optical tweezers are a Nobel winning technique that utilizes a laser beam of a high focus assured by a microscope objective to hold and move microobjects. The laser light produces forces in the piconewton scale (thus very small range of forces) and the size of the trapped objects usually reaches micrometer or submicrometer scale. [START_REF] Ashkin | Observation of a single-beam gradient force optical trap for dielectric particles[END_REF] In biology and medicine this technique is applied to hold single cells or cellular molecules attached to the probes, typically well-calibrated silicon microbeads. What is usually measured is the displacement of the trapped structure in the energetic potential of the trap generated by the laser. [START_REF] Verdier | Rheological properties of biological materials[END_REF] This method has already allowed to examine viscoelastic properties of membranes coated with actin [START_REF] Helfer | Viscoelastic properties of actin-coated membranes[END_REF], as well as to measure the forces exerted by molecular motors on single filaments. [START_REF] Spudich | Optical traps to study properties of molecular motors[END_REF] 

Magnetic tweezers

Magnetic tweezers constitute paramagnetic or ferromagnetic beads placed in the biological sample and manipulated with the use of an external magnetic field gradient. [START_REF] Strick | The elasticity of a single supercoiled DNA molecule[END_REF] This allows forces of compression, stretching or torque to be applied on the measured surface of the cell or intracellular structure. The generated forces reach tens of pN to tens of nN, and, contrary to other methods, are exerted locally, at a significant distance from the external magnetic field which reduces the potential interference of the magnetic field on the studied material. [

174] [175]

Passive microrheology

There are several methods gathered under the common name of 'passive microrheology' that can be used for rheological measurements of soft materials. These methods rely on tracking the movement of the probe (or probes) placed within the material without any external field applied to the system. The driving force is Brownian motion of the particles undergoing free diffusion. Among these techniques e.g. dynamic light scattering (DLS), diffusing wave spectroscopy (DWS) and video particle tracking (VPT) can be distinguished. The trajectories of the probes or intensities of the light scattered within the material are then analysed in single particle mode or averaged as a mean-squared displacement (MSD). In order to reduce the influence of mutual interactions between the particle and its environment during the experiments or heterogeneity of the material, two probes can be applied which movement is then correlated. This principle characterizes two-point microrheology (TPM). [START_REF] Yating | Passive and Active Microrheology for Biomedical Systems[END_REF] The tests were performed mostly with the use of classical rheometer [START_REF] Sato | Mechanical properties of actin[END_REF] or the developing tools of particle-tracking microrheology [START_REF] Gittes | Microscopic viscoelasticity: shear moduli of soft materials determined from thermal fluctuations[END_REF] on actin gels polymerized in solution without any accessory proteins. Actin concentrations in these experiments ranged between tens of nM per litre to several μM per litre, therefore being much lower than hundreds of μM detected in the cells. The tests revealed the elastic modulus of pure actin networks at the level of 0.01 -0.1 Pa. [START_REF] Xu | Mechanical properties of actin filament networks depend on preparation, polymerization conditions, and storage of actin monomers[END_REF] It has been observed though that the bulk experiments and microrheological techniques give results that significantly differ in terms of the measured actin network viscoelasticity, presumably due to accessing different length scales of actin structures. This was addressed in the studies of Margaret Gardel and her team who employed single-particle and two-particle microrheology, reaching the range of lengths from 1 to 100 µm, allowing to recognize two factors impacting elasticity of actin networksfilament entanglements and longitudinal fluctuations. [START_REF] Gardel | Microrheology of entangled F-actin solutions[END_REF] When only actin subunits are used to polymerize actin filaments, the network is formed due to filament entanglements. However, in nature, actin filaments are rarely solely entangled, rather they are cross-linked with various types of cross-linkers or nucleators. Therefore, subsequent measurements utilizing the same techniques were conducted on actin networks with use of different cross-linkers. They gave the elastic modulus of such networks in a range of 0.1 -300 Pa. [START_REF] Wachsstock | Affinity of alpha-actinin for actin determines the structure and mechanical properties of actin filament gels[END_REF] [182] [START_REF] Lieleg | Mechanics of bundled semiflexible polymer networks[END_REF] The exact value depended on the concentration of actin, as well as the type and concentration of the cross-linker. However, during the measurements in the solution, the applied concentrations of actin still differed significantly from the physiological actin concentration in the lamellipodia (up to tens of μM against hundreds of μM, respectively [START_REF] Koestler | F-and G-Actin Concentrations in Lamellipodia of Moving Cells[END_REF]); therefore the mechanical response of the reconstituted structure might not have reflected the real mechanical behaviour of this material in cells.

The breakthrough that allowed to overcome this limitation came in the end of 1990', following the discovery of actin polymerization-driven motility of bacteria Listeria monocytogenes. [START_REF] Tilney | Actin filaments and the growth, movement, and spread of the intracellular bacterial parasite, Listeria monocytogenes[END_REF] As mentioned before, Listeria was found to induce actin polymerization from its surface thanks to the protein present in its cell wall -ActAthat initiates actin comet tail polymerization. [START_REF] Kocks | L. monocytogenesinduced actin assembly requires the actA gene product, a surface protein[END_REF] The successive studies using ActA and cytoplasmic extract of Xenopus laevis egg allowed to recreate Listeria motility in vitro. In this studies actin networks were polymerized from the micron-sized surface of the ActA-coated polystyrene beads which permitted to obtain dense branched networks of high local actin concentration, similar to those present in the lamellipodia. [START_REF] Cameron | Motility of ActA proteincoated microspheres driven by actin polymerization[END_REF] Simultaneously, a minimal yet sufficient set of purified proteins was established, allowing to obtain actin comets polymerization. [START_REF] Loisel | Reconstitution of actin-based motility of Listeria and Shigella using pure proteins[END_REF] Arp2/3 complex was recognized to be crucial for actin branches nucleation mediated by ActA. [START_REF] Welch | Interaction of human Arp2/3 complex and the Listeria monocytogenes ActA protein in actin filament nucleation[END_REF] Soon, other actin nucleation promoting factors, starting from WASP and N-WASP, were identified [START_REF] Rohatgi | The Interaction between N-WASP and the Arp2/3 Complex Links Cdc42-Dependent Signals to Actin Assembly[END_REF], which contributed to establishment of Arp2/3 machinery as a model system of dendritic actin network formation in a subsequent in vitro studies. Such recreated branched networks were also subjected to mechanical studies e.g. via AFM or micropipettes, which is described in the next paragraphs. The comet is held by its end with a micropippete. C) Force-comet lengthening dependence curve. [START_REF] Marcy | Forces generated during actin-based propulsion: a direct measurement by micromanipulation[END_REF] Thanks to the beads fixation to the flexible handle, serving as a force sensor, it was possible to measure the forces arising from actin polymerization or micropipette manipulation.

The applied forces were in the range of several nN and the calculated Young modulus reached 3.7 kPa, a value much higher than for previously tested entangled or cross-linked networks, suggesting that branching contributed to much higher rigidity. [START_REF] Marcy | Forces generated during actin-based propulsion: a direct measurement by micromanipulation[END_REF] AFM Another attempt to access mechanical properties of branched actin networks was accomplished in the following years by the team of Daniel Fletcher at Berkley University. In this case a cantilever of a modified AFM device was functionalized with ActA from Listeria monocytogenes and, instead of a mixture of purified proteins, a cellular extract from Xenopus laevis eggs was used. ActA present on the surface of cantilever activated Arp2/3 from the extract that started to nucleate branches on the filaments existing in the cytoplasmic material. This allowed to polymerize branched networks of similar density than in the lamellipodia.

During its growth the comet deflected the cantilever which allowed to measure the speed of polymerization and apply the force on the comet. The larger the growth, the bigger the deflection and the higher the force exerted on the comet, until reaching the level when polymerization stops. [START_REF] Chaudhuri | Reversible stress softening of actin networks[END_REF] Through putting the cantilever in oscillations and measuring its deformations in and out of phase, elastic modulus and viscous modulus were accessed. Estimated this way Young modulus reached 985 ± 655 Pa. It was also observed that for low level of stresses, the comet responded linearly however together with rising stress, first stress-stiffening and then, surprisingly, stress-softening appeared. The first onestress-stiffening was explained with the filaments resistance towards extension and the latterstress-softeningwith buckling of the filaments that opposed compression. [START_REF] Chaudhuri | Reversible stress softening of actin networks[END_REF] However, the observed stress-softening still remains unique in the literature as this result has not been reproduced by other labs to date.

The same group employed AFM in the later studies with reconstituted actin networks.

In this assay actin nucleation promoting factor WAVE1 was immobilized onto a micropattern (14x14 µm 2 ) on the coverslip, next purified G-actin together with Arp2/3 complex, CP and profilin were added. Application of confocal fluorescence microscopy allowed to observe that actin networks created 3D pillars emerging directly from the WAVE-patterned coverslip at the rate similar to actin polymerization rate in lamellipodia. To test their mechanical properties, before initiation of actin network polymerization, the cantilever of AFM device was installed above the coverslip containing NPF. Various schemes of loads were then applied to the growing actin network. As it occurred, force applied during actin network formation is a substantial factor determining network architecture, function and mechanics through increasing network density, stiffness and resistance to breakage. [START_REF] Bieling | Force Feedback Controls Motor Activity and Mechanical Properties of Self-Assembling Branched Actin Networks[END_REF] Subsequently, the beads were applied for the studies on cellular extracts instead of purified proteins during the thesis of Jessica Planade. The studies revealed that the comets reconstituted from cellular extracts characterize even higher elastic modulus than those reconstituted from purified protein, reaching 5700 Pa against 860 Pa, respectively. [192] The major advantage of the technique, differentiating it from the previously used methods, occurred to be its availability, simplicity and relatively high throughput. The beads used for the experiments were commercially available, therefore they did not require extensive preparation prior to the experiments. Moreover, alignment of the particles in chains allowed for parallel measurements of many comets in the same experimental chamber, contributing to improved statistics of the data. However, one of the main limitation came from the particles geometry. Spherical geometry does not allow to precisely evaluate non-linearity of mechanical behaviour of actin comets because of the non-linearity of such system itself, namely non-linear relationship between force and indentation of the material (which describes the Hertz model).

What is more, the beads in the solution can rotate freely without changing the alignment of their magnetic moment in the field, which means that actin comets growing from their surfaces would be turned away from the chain axis so that the beads get closer to each other and reach their energetic optimum. Once the comets lose their alignment, it is no longer possible to compress them evenly.

Therefore, in order to surpass these obstacles, the team developed the fabrication of anisotropic superparamagnetic particles of cylindrical shape. This assures that the magnetic particles will not rotate in the magnetic field. Moreover, application of the deformation of actin comets by opposing flat surfaces assures that the force is distributed homogenously on a constant area. This enables direct access to the stress-strain relationship from the experiments.

Another advantage of the method is self-organization of the magnetic particles in the magnetic field which assures relatively high-throughput of the method in comparison with AFM or OT, where only one sample, placed at exactly precise position in the experimental setup, can be measured at the time. Here, due to the self-alignment of the cylinders in chains, it is possible to select such a chain that would allow to probe multiple actin comets at the same time. This is additionally assured by the fact that the forces are generated not only in the close vicinity of the measured structure but they act in a non-localized way on each pair of cylinders in the experimental chamber. What is more, the range of the applied forces can be quite broad -from piconewtons to nanonewtons -and not limited by the mechanical properties of the probes themselves. These forces can be applied either to access mechanical properties of actin networks or to track networks growth in dependence of the stress. Due to the relatively smaller sizes of the measuring objects (e.g. 6 μm of cylinders diameter in comparison with 14x14 μm 2 micropattern used by the group of Peter Bieling in AFM experiments), the lowest stress possible to apply while growth of the network in AFM reaches 25 to 100 Pa, whereas in the experiments utilizing microscopic magnetic cylinders as probes the comets grow in the minimal stress well below 1 Pa. The deformation precision reaches high resolution as well -a few nanometerswhich is obtained through following cylinders displacement during the experiments with use of bright field microscopy. This approach has been first introduced during the thesis of Pierre Bauer, who explored mechanical properties of reconstituted branched actin networks as a function of the concentration of Arp2/3. He also confirmed the findings that actin networks exhibit nonlinearity of their mechanical behaviour, displaying both elastic and viscous components. [START_REF] Bauër | A new method to measure mechanics and dynamic assembly of branched actin networks[END_REF] As hypothesised, elasticity presumably arises from the presence of entanglements, cross-linkers and branches that assure springing back of the whole structure once the load is removed.

Viscosity on the other hand is a result of rearrangements within cytoskeleton architecture including e.g. sliding of neighbouring filaments, cross-linkers exchange or disassembly. [START_REF] Verdier | Review: Rheological properties of biological materials[END_REF] The elastic response of actin comets depended largely on the applied stress with strongly pronounced stress-stiffening. It was quantified through calculation of the local slope of stressstrain curve, a value called tangent modulus. As can be seen in Figure 2.13, the higher the stress, the stiffer actin networks are. [START_REF] Bauër | A new method to measure mechanics and dynamic assembly of branched actin networks[END_REF] Fig 2 .13. Experimental results obtained by Pierre Bauer, showing non-linearity of actin mechanics. A) Stress-strain curve of a representative actin network with the application of an increasing force. Inset presents tangent modulus calculated for the whole length of the stressstrain curve. B) A representation of tangent modulus dependence on stress for 9 different actin comets. C) A representation of tangent modulus dependence on stress normalized with the modulus at 50 Pa. [START_REF] Bauër | A new method to measure mechanics and dynamic assembly of branched actin networks[END_REF] The technique was also applied during the thesis of Reda Belbahri who, similarly to Jessica before, employed it to study actin networks recreated from cellular extracts. He also investigated the link between actin networks elasticity in vitro and the efficiency of endocythosis in vivo. [192] The same technique was utilized in this thesis, therefore its particularities will also be further described in the Methods chapter.

Conclusion

To summarize, as emphasized in this chapter, mechanical properties are inherent characteristics of biological materials, influencing mutual interactions between the molecules or structures and allowing not only for passive responses to the external environmental cues but also for active force production. Development of the experimental techniques enabling measurements of these properties is of great importance for improvement of the knowledge about the processes occurring in the cells and thus for potential medical upgrades. Many advanced techniques have already emerged in the field, allowing to study the mechanics of biological materials even at the molecular level and at a broad range of the applied stresses and time scales. These advances have been employed also to characterize the mechanics of actin networks, both in vivo and in vitro, testing a variety of possible scenarios regarding network architecture and composition. Previous studies on branched actin networks, including the ones performed in the team at PMMH, have revealed an interesting property of actin network stressstiffening. The impact of cofilin on this and other phenomena is further examined in this project, as cofilin, being a disassembly factor, is supposed to enhance actin network breakage.

Methods

The following chapter discloses the details of all the methods applied while performing the experiments as well as analysing their outcome. The primary goal of the experiments was to discover the effects of synergy between disassembling factors and the external force on actin network mechanical behaviour. The main idea standing behind the experiments was to measure actin networks deformation through magnetic particles displacement in an external magnetic field. What was expected was that actin networks would already be weakened by disassembly factor, and should eventually break upon external stress application. In order to observe the described phenomenon, what was needed for the experiments, was a reconstituted actin network and a probe to apply stress and measure the mechanical response. For this purpose I used a novel and unique technique, developed by the group that I worked with, that allows to conduct many experiments of different types to explore a broad range of mechanical properties. This technique relies on using superparamagnetic micro-cylinders that are fabricated and functionalized in the lab. The cylinders are formed from PDMS matrix containing micro-wells of cylindrical shape. The PDMS matrix is itself produced by soft lithography technique. The whole experimental workflow comprises several delicate procedures, which are described with all their specificity in the following paragraphs. Since magnetic particles are the foundation of the applied experimental technique, a general introduction to the magnetic properties of the materials is also presented.

Biochemical actin network reconstitution

Actin networks in the cell constitute incredibly complex structures, consisting of a variety of actin binding proteins (ABPs), involved in multiple cellular processes and interacting with numerous cellular signalling molecules. It is therefore difficult to grasp all of their properties at once or to measure them at the cellular level. Due to the dynamics and interconnection of the processes, establishing purely biochemical models becomes a challenge as well -actin networks present in living cells and those reconstructed in a tube have different characteristics and organization. Nevertheless, in vitro studies give the opportunity to separate the events occurring within the network and test the influence of particular ABPs on actin network architecture and mechanical behaviour. The idea is to use a minimum number of proteins required for the process to occur. Such minimal reconstituted systems are simpler due to the low number of interacting partners and controlled concentrations of the employed proteins, yet they can still bring important information about the mechanisms and effects of particular factors, comprising little bricks of knowledge that added one on top of each other build the understanding of cytoskeleton functioning.

Branched actin network formation from a surface nucleated by Arp2/3

In contrast to many studies performed in other groups, during which growth of actin networks occurs freely in the solution [START_REF] Zalevsky | Different WASP family proteins stimulate different Arp2/3 complex-dependent actin-nucleating activities[END_REF] or elongation of single filaments attached to a substrate is tested [START_REF] Jégou | Individual actin filaments in a microfluidic flow reveal the mechanism of ATP hydrolysis and give insight into the properties of profilin[END_REF], the goal of the experiments in my research team has been to obtain the growth of the whole network from a certain surface. In the experiments performed during my PhD, I used a minimal biochemical system aiming to achieve in vitro branched actin network reconstitution from purified proteins using the well-known Arp2/3 machinery at play in the lamellipodium of cells migrating on rigid substrates. [START_REF] Cameron | Motility of ActA proteincoated microspheres driven by actin polymerization[END_REF] [186] [START_REF] Bernheim-Groswasser | The dynamics of actin-based motility depend on surface parameters[END_REF] The established minimal system is based on actin branches nucleation mediated by a nucleation promoting factor (NPF), or a domain of the NPF (see Chapter 1) attached to a desired surface. The minimal mix contains usually F-actin, Arp2/3, ATP, profilin, a capping protein and a member of ADF/cofilin family.

In this system the NPF activates Arp2/3 complex, promoting dendritic actin network formation from the desired surface. By fixing NPF on a specific substrate, much denser networks are obtained, as elongation of actin filament is possible only in the close vicinity of the surface.

Profilin prevents spontaneous actin filaments formation elsewhere, capping enhances network homogeneity and the ADF/cofilin family member assures actin turnover. In my experiments, the particles, onto which actin network growth was induced, were superparamagnetic microcylinders, described in details in the next paragraphs. The aim of my studies was to explore the effect of cofilin on branch formation and network mechanics, hence the composition of the basic mix needed to be optimized to allow for cofilin concentration variations. Assembly of actin networks on the surface of the cylinders begins immediately in the test tube and is subsequently tracked under the microscope. However, it is difficult to observe actin comet growth using the bright field microscopy. Therefore, a fraction of actin is tagged with a fluorescent dye. Label that was used in the majority of experiments was Alexa Fluor 488 (excitation at 493 nm, emission at 520 nm) and a usual percentage of labelling applied in the single experiment was 5%. Actin used throughout the project was isolated from rabbit muscles, Both fluorescent and non-fluorescent actin were stored separately, in the form of monomers. As G-actin is more stable when kept with calcium ions, the storage buffer (for the purpose of the experiments called G-buffer and described in details regarding its composition in Appendix E) contained high concentration of calcium Ca 2+ . Right before the experiments, labelled and unlabelled actin stocks were pooled together reaching the desired labelling percentage and then calcium was exchanged for magnesium Mg 2+ with help of chelating agent EGTA (ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid tetrasodium salt) present in the exchange buffer (also described in Appendix E).

Magnesium ions are essential for active actin polymerization, as the latter requires ATP as the energy source, therefore the polymerization progresses together with ATP hydrolysis that is in turn promoted by metal ions. [START_REF] Pollard | Molecular mechanisms controlling actin filament dynamics in nonmuscle cells[END_REF] Since ATP itself is very acidic and the experiments required slightly basic pH, ATP used in the experiments was commercially purchased from Sigma in a form of a solution of already stabilized pH of 7.8. Received solution needed to be complemented with MgCl2, DABCO and DTT prior to the experiments to preserve better stability of the proteins when submitted to fluorescence illumination.

Assembly of actin comets took place in presence of profilin, which served as a sequester of free actin monomers in the solution limiting spontaneous nucleation as well as acted in coupling with pWA-Arp2/3 machinery, facilitating delivery of actin monomers to the desired surfaces. Capping protein Z was used to block fast growing ends, enhancing homogeneity of the structure. Since the main goal of the project was to observe disassembly of actin filaments upon force with usage of cofilin, cofilin-1 was harnessed as a disassembly agent. All these proteins, as well as Arp2/3 were kindly provided by the lab of Guillaume Romet-Lemonne and Antoine Jégou as well.

The final experimental mix was prepared in motility buffer, so called X buffer, containing HEPES at pH 7.8, together with both Ca 2+ and Mg 2+ at the proper equilibrium.

Detailed composition of the buffer can be found once again in Appendix E and the concentrations of the proteins are shown in Figure 3.2. In addition, BSA (bovine serum albumin) of 1% mass percentage, bought from Sigma and then solubilized in X buffer, was applied as a crowding agent.

In order to avoid undesired precocious filaments polymerization in the growth mix, the order of the addition of particular ingredients was of great importance. Actin needed to be the last protein added to the sample. Standard protocol was pre-established by the previous postdoc in the team, Cesar Valencia Gallardo. According to this protocol, actin was incubated with profilin at the targeted ratio prior to preparation of the final growth mix and only then the solution of these two was added to the final mix as the last ingredient. However, during my PhD I discovered that it may cause premature filaments nucleation as well, therefore this step was removed and I incorporated profilin in the final sample directly, with no preceding incubation with actin.

Routinely, the final volume of the growth mix was only 8 µl and all the manipulations were conducted at room temperature (while keeping all the protein vials on ice). First BSA 10% was pipetted to the low-binding Eppendorf to reach the final concentration of 1%, after which profilin, pre-diluted in G-buffer, and CP, pre-diluted in X-buffer, were added at the corresponding final concentrations of 12 uM and 90 nM. Next ATP mix (ATP already combined with MgCl2, DTT and DABCO) at the final concentration of 2,4 mM and Arp2/3 at the final concentration of 98 nM (or 40 nM in case of a small number of the experiments) were added and the mix was complemented with X-buffer until final volume was reached.

Afterwards cofilin was added at the concentration varying across the experiments within a range from 0 to 2000 nM (0, 20, 50, 100, 150, 200, 250, 400, 500, 750, 1000, 1500 and 2000 nM were tested). At the end of the procedure, previously prepared cylinders solution was briefly vortexed and 1 µl of particles was pipetted into the mix using low-binding pipette tip, not to lose any of this precious ingredient because of the adhesion to the tip walls. Last but not least F-actin was introduced into the mix. Its concentration was adjusted during the project, first applying a concentration of 6 µM in the experiments utilizing pre-mix of actin and profilin with actin : profilin ratio of 1:5 and afterwards going to the concentration of 4 µM in the final mix, where the concentration of profilin constituted 3 times concentration of actin. Immediately after adding actin to the mix, the polymerization starts, therefore, the whole volume was promptly transferred to the experimental chamber (described in the Chapter 3.3.1) and the sample was placed under the microscope in order to start the observations as soon as possible. For the purpose of mechanical studies, the size of the growing actin comets needed to reach detectable length but not exceed certain limit (approximately 6 µm), after which magnetic force would not be large enough to deform the comets, therefore the measurements were usually initiated between 5 to 15 minutes after addition of actin to the experimental mix. This time may depend on the actual network assembly speed which can vary with the composition of the mix.

Magnetic microcylinders as probes

In order to access mechanical properties of reconstituted actin networks, magnetic microcylinders were employed in all series of experiments. The method utilizes magnetic dipolar attraction between superparamagnetic particles placed in a homogenous magnetic field.

Variation of the magnetic field modulates the magnetisation of the superparamagnetic particles and thus of the attractive force that appears between two neighbouring particles. Magnetic cylinders serve as probes of a material, actin network, located between them. For better understanding of the method principles, an overview of magnetic properties of the materials is provided first.

Magnetic properties of materials

All materials exhibit some sort of magnetism and can be thus divided in several categories depending on their magnetic susceptibility. Magnetic susceptibility is defined as a ratio between magnetization of the material and the intensity of the applied external magnetic field. Depending on its sign, it tells whether the magnetic moment aligns with the field or against the field.

A phenomenon when the magnetic moment aligns opposite to the external magnetic field is called diamagnetism. In this case the induced magnetic moment has the opposite direction than the applied magnetic field, therefore the magnetic susceptibility is negative. In fact, this form of magnetism is present in all materials, but as it is extremely weak, it can only be observed if the material does not exhibit any other form of magnetism. Diamagnetic substances are formed from atoms with no unpaired electrons, hence they have no net magnetic moment and only produce weak magnetization when subjected to the external magnetic field.

Materials that acquire net magnetic moment exclusively when placed in an external magnetic field are called paramagnetic. The magnetization lasts only as long as the magnetic field is applied and the magnetic moment is oriented in the direction of the magnetic field, thus the magnetic susceptibility is positive, although low. For some materials possessing unpaired electrons -in the external magnetic field the spins of these electrons align with the field, inducing a magnetic moment at the scale of the material. Since only a part of the spins gets oriented by the field, the magnetic susceptibility is low. Without the external field spin orientation is randomized due to thermal motions.

In a situation when a material consists of many unpaired electrons, their magnetic moments align in a regular pattern, which can lead to three scenarios. When all the magnetic moments align in the direction of the external magnetic field, the magnetization of the material becomes stable and the material stays magnetized even when the field is removed. Such high and positive magnetic susceptibility characterizes ferromagnetics. If the magnetic moments point in opposite directions, they cancel each other, which results in no net magnetic moment and very weak magnetization. Since the effect is opposite to ferromagnetics such materials are called anti-ferromagnetics. If the magnetic moments point in opposite directions but due to the atomic composition of the material the magnetic moments of the atoms differ in magnitude, the overall net magnetic moment is non zero and spontaneous magnetization occurs. It can also remain after removing the external magnetic field, as in case of ferromagnetics, however the magnetic susceptibility is lower in value. Materials exhibiting such magnetic properties are ferrimagnetics. [START_REF] Gignoux | Phenomenology of magnetism at the microscopic scale[END_REF] Representative hysteresis loops of different magnetic materials in presence of external magnetic field, where: Hc -coercive field, Mr -remanent magnetization, Ms -saturation magnetization. [START_REF] Tapeinos | 9 -Magnetic Nanoparticles and Their Bioapplications[END_REF] Superparamagnetism is a magnetic behaviour which appears mostly in nonhomogenous materials consisting of small particles which are ferro-or ferrimagnetic. When the external magnetic field is applied, the ferromagnetic domains exhibit strong magnetization; however, when the field is stopped their magnetic moments disalign. They demonstrate thus high and positive magnetic susceptibility, higher than in case of paramagnetism; however, no permanent magnetization is observed. Nonetheless, thanks to such properties superparamagnetic materials can be employed as tuneable strong magnets which magnetic moment can be varied by modulating external magnetic field. [START_REF] Gignoux | Phenomenology of magnetism at the microscopic scale[END_REF] Fig 3 .4. Schematic representation of ferromagnetic and superparamagnetic domains in the absence (A) and presence (B) of the external magnetic field. In the presence of the magnetic field, the magnetic moments of the particles align with the direction of the external magnetic field. When the magnetic field is turned off (C), ferromagnetic particles maintain the magnetization whereas magnetic moments of superparamagnetic particles return to chaotic arrangement. [START_REF] Alcantara | Chapter 11 -Magnetic Nanoparticles for Application in Biomedical Sensing[END_REF] 

Magnetic forces

As can be seen in the Figure 3.3.B., when a superparamagnetic particle is subjected to an external magnetic field, it acquires a significant magnetization, due to which it acts like a magnetic dipole. Its dipole moment can be expressed as:

𝑚 ⃗⃗ = 𝑉 × 𝑀 ⃗⃗ , ( 3.1) 
where: 𝑚 ⃗⃗magnetic moment of the particle, Vvolume of the particle, 𝑀 ⃗⃗magnetization of the particle.

If the gradient of magnetic field appears, the generated force acting on the particle can be characterized with the following equation:

𝐹 = (𝑚 ⃗⃗ • ∇ ⃗⃗⃗ ) 𝐵 ⃗⃗⃗ , (3.2) 
where: ∇ ⃗⃗⃗gradient of the magnetic field, 𝐵 ⃗magnetic induction.

In this situation the domains of the superparamagnetic particle align with the field gradient, as depicted in Figure 3.5.

Fig 3 .5. Schematic representation of the magnetic dipoles arrangement in superparamagnetic material without an external magnetic field and subjected to the external magnetic field gradient. [START_REF] Kilinc | Advances in magnetic tweezers for single molecule and cell biophysics[END_REF] If two isolated superparamagnetic particles interact with each other, the resulting dipolar force depends on the square of the magnetic moment (m) of the particles and the 4 th power of the distance between the centers of the particles (d), as per the equation below, where θ describes the angle between the magnetic field and the segment linking the two moments:

𝐹 = 3𝜇 𝑜 4𝜋𝑑 4 𝑚 2 • (3𝑐𝑜𝑠 2 (𝜃) -1). (3.3)
If the particles are aligned with the field, this expression becomes as follows: [START_REF] Kilinc | Advances in magnetic tweezers for single molecule and cell biophysics[END_REF] 

𝐹 = 3𝜇 𝑜 2𝜋𝑑 4 𝑚 2 . (3.4)

Magnetic properties of superparamagnetic materials

Due to the induced magnetic moments, once placed in a gradient of magnetic field, the particles align with the field and move with its gradient towards higher magnetic field. When subjected to homogenous external magnetic field though, where no gradient is present, the particles do not move as a whole but they align their magnetic moments with the field and dipolar forces develop between adjacent particles, resulting in their attraction and selforganization into chains, aligned with the direction of the external magnetic field.

Superparamagnetic materials as probes

Since superparamagnetic materials exhibit such differentiated behaviours depending on the type and the value of the external magnetic field that can be tuned and since the interaction between superparamagnetic particles in the external magnetic field can be controlled as well, such particles became of great interest for their application in rheology experiments in my research group at PMMH. In these experiments the main idea is to place the object of the study between two superparamagnetic particles in an external magnetic field and then to modulate the external magnetic field in order to modulate attraction of the particles which would cause deformation of the object between them. Thanks to tracking of the particles during the experiment this deformation can later be quantified. This way the employed particles can serve as probes of mechanical behaviours of materials. It is also possible to track the growth or reduction in size of the material over time using the same measurements technique.

Superparamagnetic cylinders as probes

The novel experimental technique described above has been developed in my research team first in in vitro studies during the thesis of Thomas Pujol who used superparamagnetic spherical beads in order to access the mechanical properties of reconstituted actin networks. [191] [192] As explained in the previous chapter, due to the geometrical constraints of the spherical particles, a fabrication technique of cylindrical probes has been initiated by Joseph

Tavacoli and used in in vitro experiments by Pierre Bauer and Cesar Valencia Gallardo. [START_REF] Bauër | A new method to measure mechanics and dynamic assembly of branched actin networks[END_REF] [192] Spherical beads have been employed, however, in the experiments within cells as well, that were started by Valentin Laplaud [START_REF] Laplaud | Pinching the cortex of live cells reveals thickness instabilities caused by Myosin II motors[END_REF] and are currently used in the thesis of Joseph Vermeil and Anumita Jawahar. 

Cylinder fabrication

Fabrication of magnetic cylinders constitutes a multi-stage process, consisting of steps requiring multiple techniques and methodology, as well as different tools. Therefore, it was performed not only in the laboratory of PMMH but also in IPGG facility (Institute Pierre-Gilles de Gennes, ESPCI). The procedure started from photolithography which relied on creating a pattern of micropillars in a resin covering a silicon wafer. Such prepared wafer was subsequently used as a form onto which liquid PDMS (polydimethylsiloxane) was poured and eventually cured, which allowed to transfer the pattern from the wafer onto PDMS. This way a mold with microwells was formed. The microwells were then filled with a mixture of magnetic solution and thermoreticulant polymer which solidified inside the wells into cylindrical shapes upon baking. In the next step magnetic cylinders were functionalized through coating them with actin network nucleation promoting factor -pWA. Finally cylinders were extracted from PDMS mold through sonication and washed in order to be ready to be used in the experiments.

All the steps are described in more details in the following paragraphs. 

Photolitography

Photolitography or optical litography is a technique employing light to produce patterned thin films onto a chosen substrate, typically a silicon wafer. First, an optical mask is designed and created that would serve as a geometric pattern template. Then the design is transferred to a substrate coated with light-sensitive chemicalphotoresist with the application of UV light. Finally, the parts that did not receive light are removed by washing in dedicated solvents, assuring that only the designed pattern remains on the substrate. As a substrate, commercially available silicon wafer of 10 cm diameter was employed.

The general protocol applied at this stage required all steps of photolitography to be performed in the clean room of IPGG ensuring no dust contaminate the wafer and its motifs. The detailed procedure was developed by Joseph Tavacoli and Pierre Bauër and then modified further by Reda Belbahri, all being former PhD students or Postdocs in the team.

Following the established protocol, first the wafer was cleaned with compressed air flow, washed in isopropanol and dried with compressed air again. Then it was pre-baked on the hot plate at 200 o C for 5 minutes in order to remove potential contaminations. Afterwards, a negative photoresist from SU8 series was poured onto a wafer and spincoated for reaching the targeted thickness of the resin (~15-20 µm) on the wafer and for even photoresist distribution.

The type of the resin as well as the parameters of spincoating and baking were selected based on the desired film layer height. After spincoating, the wafer was soft-baked on the hot plate to remove solvents used in the resin.

Next, MJB4 mask aligner was used to precisely align the mask and the wafer together and to illuminate the photoresin on the wafer with UV light (365 nm). The parts not covered by the mask were exposed to the illumination, therefore they could react with the light, making the chains of SU-8 resin reticulate. This in turn resulted in solidifying the exposed region. The parts covered by the mask remained liquid, since no reaction occurred. During this process exposure time under UV light was calculated for each preparation separately as the aligner lamp energy was changed by each equipment maintenance procedure. After the illumination, the wafer was removed from the aligner and subjected to post-baking on a hot plate with the parameters selected according to the mentioned manual. This was to ensure further solidifying of the transferred pattern.

Afterwards, PGMEA was employed as a solvent of SU-8 resin in order to dissolve the parts of liquid SU-8 so that only the solid parts stay on the wafer. This process, called development, relied on immersing the wafer in PGMEA for several minutes with gentle agitation. Then the wafer was transferred to isopropanol and agitated for another few minutes.

Next, remaining undeveloped resin was removed through rinsing first with isopropanol, then with PGMEA and then again with isopropanol. Isopropanol was used to replace PGMEA in between the created pillars to avoid excessive surface tension during PGMEA evaporation that could cause collapse of the pillars. The wafer was cleaned with compressed air and the washing procedure was repeated one more time in order to ensure the removal of all the excess of the resin and PGMEA. As the last step, the wafer was hard baked at 200 o C for 5 minutes to ensure full evaporation of the solvents and removing potential cracks.

After completing the described steps, the shape of the pillars was verified under the microscope and their height was measured using optical interferometer. 

Optimization of wafer pillars height

The height of the pillars and thus the targeted height of the resin on the wafer is highly important for further cylinder formation and extraction, as well as for their behaviour in the magnetic field. If the height is smaller than the cylinder diameter, the cylinders align their diameter with the magnetic field instead of their height. When the height was too extended, this usually resulted in issues, such as PDMS mold peeling from the wafer or PDMS wells filling.

Most importantly, pillars of excessive height resulted in impossible cylinders extraction, as their embedment in PDMS mold was too deep and the strengthened contact of their surfaces with the walls of PDMS did not allow for their removal from the mold. The fact that the actual cylinders height can only be measured at the later steps of the experimental workflow, sometimes only after cylinders extraction or even actin network growth initiation, is one of the main difficulties in my experiments as if the height is not correct, the whole procedure needs to be restarted, which costs plenty of time and effort. The exact parameters of fabrication steps as well as the outcome of each production are summarized in the table in Appendix F.

PDMS mold preparation

As mentioned before, after successful fabrication of the wafer, it serves as a form onto which liquid PDMS is poured.

PDMS standing for polydimethylsiloxane is a chemical compound from a group of polymeric organosilicons. It is commonly applied in research laboratories due to its rheological propertiesflowing right after the preparation and solidifying after curationthanks to which it can be given any form. In the process of soft litography it can serve as an elastic mold allowing to transfer the patterns with a resolution down to a micron. Its advantages, enabling its broad usage especially in biomedical research or electronics, are also optical clearness, non-toxicity and non-flammability.

During the described experimental workflow the process of PDMS formation started from preparing a mixture of liquid PDMS and its thermosensitive curing agent Sylgardthe reagents were weighted on the balance in order to reach the ratio of PDMS to curing agent 9 : 1.

The ingredients were mixed thoroughly and transferred to 50 ml falcon tube to be placed in a centrifuge to remove the air bubbles (centrifugation at 4000 rpm for 2 min). In the meantime previously fabricated silicon wafer was cleaned with compressed air flow. Wafer was put onto an aluminium foil folded all around the wafer to form a well and laid on the bottom part of Petri dish. After centrifugation PDMS solution was poured onto a wafer slowly to avoid any new air bubbles and Petri dish with its content was placed in the vacuum chamber for final degasing.

Next, it was transferred to an oven set at the temperature of 70 o C for 2 hours for curing. After this time, the materials were removed from the oven and cooled down in the room temperature.

Next PDMS was peeled off from the surface of the wafer gently to avoid destroying the mold or the wafer and to allow for preserving the transferred pattern. This activity was performed under the hood for better cleanness. Pilled mold was then cleaned with plasma in plasma cleaner using the parameters indicated in Table 3.1. The applied parameters were stronger than in standard soft lithography procedure, as they are crucial for further PDMS filling and cylinders extraction. The first step of plasma cleaning aimed at removing molecular air through pumping O2 at 100 tor (base pressure), as a result of which the remaining molecules were only O2. During the second and last step the usage of electrical current transformed molecular oxygen into plasma that oxidized the surface of the mold, making it more reactive. After cleaning with plasma, activated PDMS mold surface was subjected to the process of silanization which relied on linking fluorosilane on the mold in order to make the surface hydrophobic. For this purpose PDMS mold was placed in a vacuum chamber with 40 µl of trichloro (1H,2H,3H) perfluoroocyl silane in a small cup and a handful of silica beads as dehydrating agent. The vacuum was applied for half an hour, before being switched off (without breaking it) and the mold was kept in the vacuum chamber for an additional hour. During this process, the vacuum accelerated silane evaporation and the vapor reacted with hydroxyle groups of activated PDMS surface to form covalently bound layer of silane molecules on top of PDMS with perfluorocyl groups directed towards the environment, therefore making the surface hydrophobic.

Immediately after silanization, freshly prepared PDMS solution of the same PDMS :

curing agent ratio was poured onto silanized PDMS mold in order to protect the surface and remove unreacted silane molecules. Once again the mixture needed to be degased under the vacuum pump and left in the oven at the temperature of 70 o C overnight. Ready PDMS mold could be stored for several months before further usage.

Optimization of PDMS mold formation

On the course of the project, due to the optimization of the pillars / wells dimensions and PDMS cleaning / silanization process but also due to the exploitation of the previously prepared molds, I produced 29 PDMS molds. The data characterizing each PDMS mold formation are gathered in the table in Appendix F.

In principle, in comparison with the previously established protocol that predicted degasing of freshly prepared molds for 20 minutes, I placed them under the vacuum for slightly extended time which varied between 30 and 40 minutes, until the moment when no or only few small air bubbles appeared on the surface of the molds. The more air bubbles is eliminated at this point, the less of them diffuses to the solution with which the PDMS is filled later.

Moreover, silanization constitutes a process extremely sensitive to the environmental conditions, namely temperature and humidity in the experimental room, thus these parameters were verified and registered by each procedure. Additional care was taken to use relatively fresh silane and to preserve this reagent from any excessive contact with air which would degrade the silanization efficiency. Therefore, after every opening of silane bottle, I protected the remainings by careful replacing the air inside the bottle with nitrogen. Furthermore, one silane stock was used only for maximum 4 preparations, then a fresh stock was reordered. 

Cylinder formation

The idea behind formation of magnetic particles of cylindrical shape on the basis of the prepared PDMS mold is to mix magnetic beads with thermoreticulant polymer-based mixture, fill the wells of PDMS mold with this solution and then cure it to encapsulate magnetic beads in a solid polymer matrix which form is dictated by the PDMS wells.

The protocol of cylinder fabrication was already carried out in the team, I modified it to ensure better reproducibility of the process.

The polymer used in the experiments was ETPTA (Trimethylolpropane ethoxylate triacrylate) and as its thermo-initiator first AIBN (Azobisisobutyronitrile) was applied and then the reagent was switched to ACHN (1,1′-Azobis(cyclohexanecarbonitrile)). In order to prepare the polymer solution, AIBN/ACHN and ETPTA were mixed in 3,5% mass ratio of AIBN/ACHN. Due to the poor solubility of both thermoinitiators (although ACHN presented much better properties), the solution needed to be mixed with vortex thoroughly and then placed in the sonication bath for 30 minutes with increased temperature (30 o C).

In the meantime, magnetic beads were prepared. Magnetic beads of the size of 300 nm were purchased from Adembeads, each consisted of a dense solution of iron oxide particles of the diameter of 5-15 nm, surrounded by silicon layer of 20-30 nm. The beads were stored in ethanol, however the ethanol needed to be exchanged prior usage. For this purpose, the necessary volume of the beads (1500 µL) was washed in fresh portions of 98% ethanol 4 times.

After each washing step the solution was centrifuged at 8000 rpm for 4 minutes. To ensure all ethanol is removed, the Eppendorf with the beads was placed in the vacuum chamber for 7 minutes for complete evaporation. Dry mass of the beads was measured on the analytical balance by comparing the mass of the Eppendorf filled with dry beads and the mass of (same) empty Eppendorf measured before.

In order to obtain the cylinders of the proper shape and density, a ratio of 55% in weight of dried beads compared to ETPTA+AIBN/ACHN was applied during the final mixture preparation. Such ratio was established by Reda Belbahri also in order to ensure the compromise between not much elevated viscosity of the solution and maximized magnetization of the created cylinders. Viscosity of the solution constitutes an essential parameterif it is too high, the solution will have difficulties while moving through PDMS, thus the wells will not be filled; if it is too low, the wells will be filled insufficiently, resulting in irregular height of the cylinders or improper height to diameter ratio. Prepared solution was gathered on the bottom of the tube and let on the bench in the vertical position for 30 minutes. This was to ensure better mixing of the beads and polymer solution. After 30 minutes, the solution was sonicated in the room temperature for 20 minutes with vortexing briefly each 5 minutes.

In order to produce cylindrical shapes, PDMS mold needed to be cut with respect to the chosen diameter of the wells and the quantity of cylinders. In majority of the experiments, cylinders of 6 µm diameter were formed. The protecting layer of PDMS was peeled from the surface of the cut stripe, revealing the wells underneath it. ETPTA+AIBN/ACHN with beads solution was poured on the PDMS stripe onto the area with no wells with the help of a pipette tip. Then the solution was swept through the PDMS wells 3 times (up and down and back up)

with the application of compressed air flow so that the solution penetrates into the wells by wetting the walls of the mold.

Once the whole area with wells was filled (which was marked with intense brown colour) the PDMS stripe was placed in a vacuum chamber for 30 minutes with an open vial of ETPTA. This was to enable removing of potential air bubbles trapped at the bottom of the wells.

The remaining solution of polymer with beads was sonicated at room temperature for 15 minutes prior to the second round of filling. After filling completion, another vacuum step was implemented applying the same conditions. Finally, filled mold was transferred into the oven set at 130 o C for 3 hours and then the temperature was increased to 150 o C for 5 hours. After removing the stripe from the oven it could be stored for further usage for several months.

Optimization of PDMS filling with solution containing magnetic beads

In total, I filled PDMS stripes of different dimensions with magnetic solution 60 times during the duration of the project, subjecting many of the steps of this process to optimization.

The summary of all the filling rounds can be found once again in the table in Appendix F.

The main changes, introduced to the general procedure presented above, involved the type of the thermoinitiator, baking parameters and the number of filling rounds.

As already mentioned, initially the reagent used as the thermoinitiator was AIBN.

However, its partial insolubility in ETPTA repeatedly resulted in inhomogeneity of their mixture and less controllable viscosity of the final solution. Moreover, transport and storage of AIBN requires extensive precautions as the molecule is highly reactive. For these reasons, I tested ACHN as the replacement of the previous initiator. It occurred that, while keeping the same preparation procedure, it allows to obtain the solution of the same properties, yet with the advantage that it dissolves in ETPTA much better and faster.

The number of rounds of filling the PDMS mold was subjected to many tests in order to reach the optimal filling level and optimal density of the created cylinders. Uneven or insufficient PDMS filling could result in an undesired trapping of air bubbles close to the cylinder top surface which could reduce the contact of the coating protein with the cylinders.

This might prevent efficient actin network formation or, in extreme cases, foreclose the growth at all.

At first, according to the protocol, I pipetted a small drop of the polymer-beads solution (of approximately 2 µL) onto the PDMS stripe and slowly lead it through the PDMS wells to the other side of well area, next swept back over neighbouring row of wells, then pushed again on the other side over the next row of the wells and I continued the process until reaching the edge of the PDMS stripe. Afterwards, I repeated it 2 more times alongside the whole PDMS fragment. This constituted one filling round. I pipetted new drop onto PDMS once the previous one was completely distributed or once it dried to the level that it was impossible to push it with the gentle stream of compressed air. Filled PDMS band was placed under the vacuum pump for 30 minutes and then I performed the second filling round in the same manner.

However, the whole process was highly time-consuming, thereby I attempted to reduce the number of filling rounds, as the microscopic observation of PDMS mold filled only once suggested sufficient distribution of the magnetic solution within the wells. Nonetheless, as it occurred afterwards, the cylinders formed with just one round of PDMS filling, did not perform well during their functionalization and were more susceptible to breakage or disruptions during the extraction, making the whole process highly irreproducible. Therefore, I reinstated two rounds of PDMS filling.

As I discovered though, another root cause of irreproducibility lied in the duration of the filling process itself; therefore, contrary to the previously established protocol, I poured significant volume of the solution onto the mold each time, in order to avoid premature drying of the drop and I swept it through the wells 3 times at the same spot, only then filling the neighbouring wells (as compared in the illustration 3.12). 

A.

B.

Cylinder coating

Functionalization of the cylinders using nucleation promoting factors enables actin network to grow precisely on the cylinders and not anywhere else in the solution. Moreover in order to ensure that growth only occurs from one base of the cylinders, coating was conducted when the cylinders were still embedded in the PDMS mold (all other surfaces being protected by the PDMS). As a coating protein, GST-pWA was applied, which detailed characterization is described in Chapter 1.

During the process of functionalization, previously filled PDMS stripe was cut in smaller band of approximately 0.5 cm width and 0.2 cm height. The band was placed in 2 ml

Eppendorf in 1600 µl of X buffer for 15 minutes for pre-wetting (the same buffer that the one used to prepare the final actin growth mix). After this time it was transferred to another Eppendorf with 1600 µl of X buffer containing 2 µM pWA and incubated on the bench for 1 hour. Next, 1000 µl of 1% BSA in X buffer was added to the Eppendorf with PDMS band and mixed with the pWA solution thoroughly with the same pipette. This step was repeated one time with the same volume of BSA solution and then two times with smaller volume of 500 µl.

BSA was used here to saturate surfaces that were not coated with GST-pWA.

Optimization of cylinders functionalization process

Even though the coating procedure seems relatively short and simple, all the variables : i) initial PDMS band surface cleaning and activating method, ii) pWA concentration, iii) incubation with pWA conditions and iv) washing BSA solution volumes underwent long and demanding optimization process in order to obtain actin comets of the best quality.

At the beginning, after cutting PDMS band of the proper dimensions, I cleaned it with a scotch tape, which was supposed to remove any potential dust from the surface of the band, and then I placed it in the coating solution. However, the extraction of the cylinders and actin growth from the surface of the cylinders were clearly not reproducible and the final outcome of these processes varied significantly from one preparation to the other. What I suspected was that instead of removing the impurities, the fragments of the tape were left on the surface of the cylinders, making them less available for the coating protein. For this reason, other cleaning methods were tested.

One of them relied on sonication of the cut PDMS band in X buffer for 15 minutes prior to coating, nonetheless this in turn influenced the cylinders brittleness and did not bring any beneficial effects for further coating or actin formation. Hence I applied plasma cleaning instead to maximize cleanness. Surprisingly, this attempt brought negative result and no actin network formed on the cylinders cleaned with this method. Next, I coupled plasma cleaning with silanization of the band, however this did not result in network formation either. Finally, multiple combinations of previously described methods were tested, yet none of them brought the desired effect.

What occurred successful though, was to immerse the band in X buffer for 15 minutes prior to coating. This seemingly simple method appeared sufficient to increase the reproducibility of extraction and actin network growth. Probably, it allowed for removal of the air bubbles from the band surface due to which cylinders faces were more available for the coating protein and coating was more efficient.

As mentioned before, not only cleaning procedure but the concentration of pWA used for coating was a subject of modifications. At first, I applied 1 µM of pWA; however, a slight change of the biochemical system, explained before, resulted in a lack or insufficient growth of the network on the cylinders coated with this concentration of pWA. Therefore, I increased the concentration to 2 µM which gave good reproducibility of the growth occurrence and speed. In order to keep the data consistent, I performed a quantitative comparison of the mechanical properties of actin comets nucleated with 1 µM and 2 µM of pWA, which confirmed convergence of the results for these two concentrations. Incubation of the band in pWA happened initially in the spinning wheel, but it occurred that the process is more reproducible if the band is left with pWA in vertical position on the bench.

After coating, I washed the band with 1% BSA in X buffer, I modified though the volumes used for this step as well in order to find a sufficient volume allowing for removing the unbound pWA from the solution.

All the optimization attempts were summarized in the table in Appendix F.

Cylinders extraction

After functionalization, the cylinders needed to be released from PDMS matrix. For this purpose, immediately after washing step, the stripe was bent and transferred to a new lowbinding Eppendorf containing 500 µL of 1% BSA in X buffer. The stripe was bent in a way that the side with the cylinders was directed towards the bottom wall of the Eppendorf. This assured extension of the outer surface of the stripe in the long direction. To enhance the extension in both long and short direction, a plastic piston was inserted into the Eppendorf so that the cylinders can leave the wells more easily. The method is shown in the scheme 3.14. Eppendorf with the bent PDMS band and piston was placed in a sonication bath for 30 seconds, which facilitated the release of the cylinders from the mold. Extracted cylinders were instantly immersed in BSA solution present in the Eppendorf, which enabled coating all the remaining surfaces with this protein, thereby passivating them. The piston and the PDMS stripe were slowly removed from the Eppendorf and the remaining solution was carefully transferred to the smaller 0.5 ml low-binding Eppendorf. The solution was left for incubation in BSA for 30 minutes in the spinning wheel. Spinning wheel was applied so that the magnetic particles do not sediment, thus making their surfaces less available for BSA. After this time, the content of the Eppendorf was centrifuged for 1 minute at 500 rpm, then the supernatant was removed and the pellet, containing functionalized cylinders, was washed with 200 µL 0.1% BSA in X buffer. The solution was vortexed briefly, centrifuged with the same parameters and washed again with another 200 µL of BSA/X buffer. Approximately 20-50 µL of supernatant was kept in the Eppendorf and the excessive volume was removed, making the cylinders dilution ready to be used in the experiments.

Optimization of cylinders extraction

At the beginning of the project, the success rate of the extraction process was not really satisfying. Many of the attempts ended with no or poor extraction. First, I increased the time of sonication to enhance the robustness of the process. This resulted though in deactivating pWA on the cylinders as ultrasounds can denature the proteins or cause their detachment from the surface. Thus, I kept the sonication time short but constant for all the samples -30 s.

As it became clear, improprieties or defects appearing during previous steps of cylinder fabrication were the main sources of irreproducibility of the extraction, thus after optimizing these processes, as described earlier, the extraction became highly reproducible. 

Experiments description

The following paragraphs will demonstrate how the final mechanical measurements of reconstituted actin networks in the magnetic field were performed. A detailed description of experimental chamber, setup, input and output is presented. Finally, the preliminary observations of self-alignment of the produced magnetic cylinders in the external magnetic field serve as a method validation.

Chamber preparation

For all the experiments, lab-made chambers were prepared. The chambers constituted a glass slide onto which two parallel parafilm stripes were attached at hot temperature and covered with cover slip. This way a narrow experimental channel of approximately 8 µl was created, as shown in the scheme 3.16.

Fig 3.16. Schematic model of experimental chamber

The chambers were incubated in 10% BSA for 0.5 -2 h prior to the experiments in order to avoid the adhesion of the cylinders to the walls of the chamber. Right before their usage for the experiment, BSA was removed from the channel with compressed air, next the chamber was washed with 100 µL of X buffer and 100 µL of water and dried with compressed air again.

The chambers were typically filled with 8 µL of the experimental sample. Once the sample was pipetted into the chamber, the upper and bottom end of the channel were sealed with hot wax (a mix of vaseline, lanoline and paraffine) which solidified quickly, making the chamber safe from leaking and evaporation.

Such prepared chamber was placed on the sample holder under the microscope. Axio A1 with the oil objective of 100 x magnitude and numerical aperture of 1.4. The microscope was also equipped with halogen lamp HXP 120C and a set of filters from Zeiss in order to verify the presence of actin gels on the surface of the cylinders before the experiment and to track their growth or disassembly after each magnetic field application. As mentioned before, a fraction of actin used in the experiments was fluorescently labelledusual percentage of labelling in the final mix was 5%. Illumination of the gel with UV light while applying a specific dye-dependent filter enabled interaction of the light with fluorescent dye attached to actin molecules. For the majority of the experiments the fluorescent label applied to actin was Alexa Fluor 488 which is excited by the wavelength of 493 nm and which emits the green light of the wavelength of 520 nm. The filter used for the tests with this label was Zeiss filter set 44 with the excitation range of 475/40 and emission range of 530/50. For some of the experiments actin was tagged with another fluorescent label -Alexa 568, being excited at 576 nm and emitting in red colour at 603 nm. These attempts required using filter set 00 of the following parameters: excitation at 530-585 nm, emission 615. Red labelling was also tested in case of cofilin in another set of experiments that employed recombinant mCherry-Cofilinemission at 587 nm, excitation at 610 nm. Since the excitation and emission occurred at similar values to Alexa 568, the same filter set 00 was used for this experiment series.

Experimental setup

In order to switch from white light to fluorescent light, a shutter from Uniblitz was used, together with associated drivers VCM-D1 from Vincent Associates. At first shutter was used manually, however this brought risks of prolonged exposure to UV light and photodamage of the sample. In order to avoid this scenario, shutter was programmed to be triggered automatically, just for the defined short duration (usual exposure times were: 50, 100 or 200 ms, depending on the intensity of fluorescence in the sample).

To generate a controlled external magnetic field, the microscope stage was equipped with two identical circular magnetic coils, installed symmetrically on each side of the sample holder along the same axis. Such position of the coils, called pseudo-Helmholtz configuration, ensured creation of a uniform magnetic field. The value of the field acting on the sample was additionally enhanced by winding the coils onto cores made of nickel-iron alloy so that the magnetic field is focused and amplified. The electric current within the coils was generated thanks to the current amplifier BOP (Bipolar Operational Power) that could deliver a current of 6 A up to 200 W under the control of a voltage delivered by the acquisition card. The amplifier possessed an impedance adaptor to be used with coils. Magnetic field between 0 and 80 mT could thus be generated.

The employed camera was an Orca Flash 4 from Hamamatsu with a CMOS sensor. It recorded 16 bits images with a frame rate of typically 10 ms. All the devices used during the experiments were controlled by a Labview program. The signals from and to the devices went through an acquisition card from National Instrument. The Labview program was created by Julien Heuvingh and then modified on the run while performing the experiments. Thanks to the use of this software not only constant values of the magnetic field could be set, but the field value and shape could be varied according to the needs. A text file containing the different parameters could be used directly by the software. The program was saving the images taken by the camera together with measurements of the intensity of electric current within the coils in a synchronized manner. However I observed that in some cases of memory overflow, the time of acquisition saved by the camera differed from the time corresponding to the measurements of magnetic field. This was taken into account during post-treatment analysis. 

Experiments output

After each run of the experiments, the camera produced a proprietary format file (dcimg) containing experimental data. I transformed these compressed files with another LabView program in order to obtain readable outputs. As final outputs the following files were registered: i) a series of tiff images recorded by the camera, ii) camera time file saved as a text file, iii) magnetic field command values and system time saved in a text file, iv) program log saved as a text file. Additionally, as an outcome of the experiments, fluo images from before and after magnetic field application were saved as well.

Before unfolding the methods of the analysis of the obtained data, a detailed description of how cylinders self-organize and how the space between them allows to characterize actin network is presented, serving as a validation of the experimental method.

Method validationself-alignment of magnetic microcylinders

The experimental workflow, described above, allowed to obtain magnetic microcylinders of a good quality in terms of their brittleness and magnetization as well as of the optimal length to diameter ratio. Cylinders longer than their diameter allowed magnetic particles alignment in the external magnetic field. As mentioned in the previous paragraphs, the main advantage of using superparamagnetic particles is their instantaneous response to the variations of external magnetic field. Thereby, immediately after the external magnetic field is applied, cylinders in the experimental chamber align and self-organize into pairs or into chains, (depending on their initial localization and distance). Since the nucleator of actin polymerization is present just on one of the surfaces, it is possible to observe the growth of actin networks in between a pair of cylinders, as a space between the cylinders grows bigger together with the growth of the actin comet. By increasing the external magnetic field, the attraction between the cylinders is increased as well, meaning imposing stress on the structure between them. The more actin comet deforms during the compression, the more distance between the cylinders decreases, which can be tracked in real time through bright field microscopy. After releasing the external magnetic field, it is possible to observe whether the distance between cylinders stays the same or goes back to its previous value or even if the cylinders move further away from each other. Since the probed structure is present precisely between the faces of the cylinders, the distance between the cylinders indicates the size of the deformed actin comet.

Minimum value of the external magnetic field allowing for cylinders self-alignment was 

Data analysis

Data collected during the experiments was analysed in several stages using different pieces of software. Databases including all experimental parameters were built as MS Excel files. Next, measurements of magnetic cylinders positions and dimensions were performed with use of ImageJ. Finally, all the calculations regarding relative and absolute distance between the cylinders and subsequently the calculations of particular mechanical properties were conducted in MATLAB, with the employment of specially programmed codes. All these steps are thoroughly described below.

Data management

Since the experiments resulted in immense amount of data, once all the outputs from the particular series of experiments had been gathered, their analysis started from thorough documentation of data corresponding to each of the experiments and each actin comet in an Excel file. The latter served as a master file, not only comprising experimental database, but also an input for MATLAB codes developed to perform the analysis.

Image processingcalculating distance between magnetic particles

The tiff images, being one of the outputs of LabView program, contained a grey level picture in 16 bit of a pair or a chain of cylinders. Since they were captured using bright light, the actin comet can only be dimly seen in the picture, but the comet size can be calculated based on the distance between a pair of cylinders.

Relative distance between the cylinders

MATLAB code, allowing to calculate the relative distance between the cylinders, was written by Julien Heuvingh and further modified by Reda Berbahri. The method relies on utilizing granularity of the cylinders that comes from the beads building the particles to calculate the displacement of each cylinder using correlation algorithm. The program recognizes characteristic patterns in the frame of reference and then finds the area of the biggest resemblance in the next frame. Then it calculates the difference in the positions of these regions of interest (ROI) in the following frame in relation to the previous one, from which it derives the displacement of these regions. Calculations are based on MATLAB function xcorr2. In order to enhance the precision of the displacement measurements to sub-pixel range, interpolation of the correlation matrix was used. To measure the distance between the cylinders with help of the MATLAB code, first the cylinders dimensions and borders needed to be defined. Detection of these parameters was performed using ImageJ software. For each acquisition folder ImageJ processing was conducted for one starting frameeither the first frame recorded during the measurements or any pre-defined frame from which the measurements should start. For each cylinder I draw a rectangular area manually within the cylinder and I measured its dimensions with the measurement function of the ImageJ software. The area needed to be selected carefully: not to be too close to the cylinder borders -to prevent the bright contrast at the edge from dominating the speckle contrast in the center of the cylinder -yet not to be too small in order to obtain the After all the measurements conducted with help of ImageJ, containing the width, length and position in x and y of the rectangles, I saved them in Excel files, serving as inputs for MATLAB code. Apart from the mentioned parameters, the files contained also indications of the desired starting frames and end frames among all the frames registered. The code recognizes the regions of interest and calculates the relative distance between the cylinders.

Absolute distance between the cylinders

In order to perform further calculations one more piece of data is neededthe absolute distance between the cylinders in the starting frame. To calculate this, I applied another piece of MATLAB code. This part of the code aimed in automatic detection of the borders of the cylinders based on the profile of intensity of the pixels. While running the program, the user is asked to draw the line between a pair of cylinders in the image, next the program detects significant sudden changes of contrast and calculates the distance between these changes in pixels, as shown in the scheme 3.23. The absolute distance value is further added to the relative distance at the starting moment t0 to accurately measure the real distance throughout the experiment. Calibrations have been performed previously in the team and used here. 

Optimization of distance-time calculations

At the beginning of the project, each analysed actin comet required separate Excel file with cylinders measurements on the basis of which the described MATLAB code produced separate output files and separate figures containing distance-time relationship. Given the fact that during one day of the experiments, on average 100 single comets were observed, the whole procedure was inconvenient and time-consuming. Moreover any further calculations necessitated manual data extraction from each of the produced outputs. Therefore, in collaboration with Julien Heuvingh, I modified the described MATLAB code in order to facilitate and accelerate the process.

In the newly established procedure, previously used code was split in two, one calculating relative distance between the cylinders and the other absolute distance. Both of the programs needed Excel files as inputs; however, they employed directly "master" Excel files containing the data for all the analysed series of experiments. This was possible due to the inclusion in the Excel files the directories of the analysed images, which could be recognized and tracked by the programs. The outputs of the modified codes differed from their precedents as well.

MD matrix. The final product of the new code analysing relative distance between the cylinders was a MATLAB matrix (so called "MD matrix"), containing not only the calculated distance but also dimensions and positions of the cylinders, included in input Excel file, as well as raw data of the magnetic field values, extracted from the text files produced after every acquisition during the experiments.

MC matrix. New version of the program analysing absolute distance between the

cylinders utilized another master Excel file -"Analysis" file, containing the data related to all the applied experimental conditions. After finalizing calculations for a given set of data, the value of the absolute distance was saved in an additional column in the same Excel file as the comet length in pixels. Data stored in both -Analysis Excel file and MD matrix -were afterwards combined by another MATLAB code, creating MATLAB "MC" matrix. This matrix was the only file needed for any further calculations and data manipulations, as it gathered all the required pieces of information.

MATLAB enabled arbitrary merging of the created matrices; therefore, MD and MC matrices were produced separately from each set of experiments directly after gathering experimental data; however, then they were merged with the previous matrices corresponding to the experiments of the same type. This allowed at first to analyse data from particular days / weeks in a fast and efficient manner and then to compare them with the previous findings. As a result single MC matrix files can serve as databases of the entire history of the experiments performed during the project.

Distancetime curves

As presented above, the position of magnetic particles registered during the experiments is transformed into distance between a pair of cylinders. This distance accounts directly for the length of actin comet between them and can be plotted as a distancetime curve, representing changes in size of the comet on the course of the experiment. Knowing the distance between the cylinders and their geometry as well as their magnetization in the external magnetic field, it is also possible to calculate the effective force imposed on particular actin comet during the experiment. Due to the constant variations of these parameters in the experiments, the force in each instant of the measurements was interpolated using a dedicated function in MATLAB, programmed by Pierre Bauer during his thesis. Simulations allowing to calculate the effective force between the cylinders were performed by Julien Heuvingh and Pierre Bauer. This code utilizes the result of finite element analysis of the dipolar force between two magnetic cylinders of various lengths and diameters, as depicted in Figure 3.24. The program uses cylinder dimensions (length and diameter), their relative distances, the applied magnetic field, and finally cylinder magnetization -that was measured previously. What can be noticed is that the shape of distancetime curve corresponds almost directly to the shape of the applied magnetic field modulation, and that the change in the cylinder distance affects only slightly the applied force. This paves the way for application of many varied stress schemes and, most importantly, for an access to stress and strain information directly from the experiments.

Stress and strain calculations

In order to extract the values of stress and strain from the data registered during the experiments, I applied the equations presented in Chapter 2 for stress (σ ) and true strain (εt):

σ = 𝐹 𝑆 εt = log 𝑙 𝑙𝑜 ,
where F stands for the force applied on the surface of actin comet, interpolated with use of MATLAB function; S is a surface area of actin comet, deriving from the given cylinder diameter (here 6 µm); l describes instantaneous length of actin comet and lo its initial length.

To obtain stress and strain co-dependency, the experiments consisted of a compression scheme, as presented above, during which the level of external magnetic field was increased for a defined duration (typically 2s) until reaching a targeted maximum and then decreased with the same rate back to the minimal field value. Based on the obtained distance -time curves, a fragment corresponding to the rise of external magnetic field, thereby a rise of the resulting stress, was automatically selected, as shown in Figure 3.26 in magenta. 

Elasticity calculations

Since the obtained curve is clearly non-linear -with a visibly different inclination of the stressstrain curve at low level of stresses than at high level of stresses -in order to evaluate the elasticity of tested actin networks I calculated non-linear elastic moduli (K) based on the slopes of the lines tangential to stress-strain curve within a chosen instantaneous stress range, as described in Chapter 2 and as per the equation:

K = 𝑑σ 𝑑ε
The calculation method relied on defining three ranges of stresses: a narrow range corresponding to low level of stresses, a range of medium level of stresses and a broad range corresponding to high level of stresses. Next, the stress-strain curve were linearly fitted within the defined stress ranges and the slopes of these lines stood for tangent elastic moduli. As a result, three data points were obtained, corresponding to tangent elastic moduli at the averaged stress values within the defined ranges. 

Conclusion

The experimental technique presented in this chapter constitutes a multistep process, particular steps of which required thorough optimization on the course of this thesis. One of the main advantages of the method is obtaining actin network growth from the surface of cylindrical magnetic probes with employment of actin-binding proteins found in lamellipodium. This assures that actin structure between two magnetic cylinders has a density comparable to the density in vivo. The technique allows for direct access to many mechanical properties of reconstituted actin networks, which was achieved through tracking cylinder displacement in the external magnetic field. The force between the cylinders, thus the stress acting on actin network, depends on the magnitude of the magnetic field and the distance between the cylinders, thus on the network length. What is more, the fact that each pair of cylinders is a measurement device itself enables large data collection, allowing for broad range of cofilin concentrations to be studied.

Results

This chapter gathers experimental results obtained with the previously described methods and discusses the observed effects and relations. First, microscopy observations are presented as a validation of the actin growth method. Fluorescence verification of polymerized actin comets confirms growth of actin networks from the surface of magnetic cylinders. Double labelling fluorescence imaging reveals the region within polymerized actin comet where active polymerization occurred. Fluorescence observations of labelled cofilin allowed me to identify where cofilin localizes. Subsequently, a method enabling mechanical studies was validated through confirming magnetic cylinder displacement upon variations of the external magnetic field. Next, application of different stress solicitation schemes allowed for quantification of actin networks elasticity, reversible and irreversible deformation, speed and rate of deformation as well as speed of growth. Additionally, significant non-linear mechanical behaviour of actin comets was recognized. Afterwards, an interesting phenomenon of actin network "re"-growth after stress release was observed and quantified. Lastly, a comparison of mechanical behaviour of actin comets grown in presence and absence of cofilin was presented.

Fluorescence observations 4.1.1. Growth of actin comets from the surface of magnetic cylinders observed through epifluorescence

As mentioned before, actin used in the experiments consisted of a mixture of two purified proteins, one of which was fluorescently labelled (Alexa Fluor 488 at the strictly defined fraction of labelling in the experimental sample: 5%). This allowed for visualization of polymerized actin comets using epifluorescence microscopy. I confirmed the growth of actin comets from one surface of the cylinders (a flat face with round edges) before application of stress scheme and thus validated the actin network assembly. The comets appropriate for mechanical measurements were chosen as those growing precisely between two aligned cylinders in a way that actin comet polymerizing from the 'front' face of one of the cylinders was touching the 'back' of the second cylinder, which assured proper alignment of actin Fluorescence visualization of actin comets polymerized from the surface of magnetic microcylinders. The left comet is properly positioned between the two cylinders, while the right one doesn't touch a cylinder and will not be studied. Top: actin comets before application of stress. Bottom: actin comets after application of stress.

The above observations confirm that the designed experimental system allows direct mechanical measurements of actin comets to be performed. They also indicate that it is possible to measure the speed of comet polymerization, based on the same principlethrough observation of cylinder displacement induced by growth of the comets. Moreover, selforganization of the cylinders simplifies the experiments as it removes the need to align the comets between the probes manually. Alignment of cylinders in chains permits also to conduct parallel measurements during one acquisition.

Double-labelling of actin

To visualize the addition of new actin to already initiated actin networks, I used two fluorescent labels of actin -Alexa Fluor 488 (green label) and Alexa 586 or Alexa 568 (red labels), each at the typical 5% of labelling in the final experimental sample. First I added actin with one label to the motility medium, then incubated the mix for several minutes to let actin assemble on the surface of the cylinders in the solution, next I added actin with the second label and then placed the sample under the microscope for the observations. As can be seen in the Figure 4.2, visualization of actin introduced to the sample as the first (top image) allowed me to identify a region within the network with higher intensity of fluorescence (of a factor of 2), localized at the tip of actin comet. This demonstrates higher concentration of the first label of actin in the mentioned region. This part of the comet remains obscure while visualizing actin added to the sample as the second (bottom image), suggesting that it grew during the initial incubation period when only first label of actin was present in the solution and afterwards was pushed forward by newly polymerizing actin filaments of both labels. This is a clear evidence that in my experimental system polymerization of actin filaments starts and continues from the surface of the cylinders where nucleation promoting pWA is localized. 

Green-labelled actin

Red-labelled actin

Cofilin localization within polymerized actin comets

As the next validation step, I visualised the localisation and distribution of cofilin within the polymerized actin comets. For this purpose labelled cofilin was added to the mixture containing typical concentrations of other proteins and typical actin-Alexa Fluor 488 labelling percentage. Cofilin was labelled and kindly provided by the lab of Guillaume Romet-Lemonne and Antoine Jegou and it contained recombinantly-incorporated mCherry red dye. 

nM cofilin

Cofilin influence on growth of actin networks

Importantly, through testing broad range of cofilin concentrations and comparing the growth of actin comets at the same time point, I observed that addition of larger cofilin concentrations significantly slows down actin polymerization, as after the same time from the start of polymerization, the comets with higher concentration of cofilin were remarkably shorter. As the above graph demonstrates, cofilin concentration has no significant effect on the growth of actin comets until reaching the level of 250 nM; after exceeding this concentration of cofilin the growth of the comets remarkably slows down. Interestingly, actin with 2000 nM cofilin did not polymerize at all in the adopted experimental conditions.

Elasticity of actin networks with cofilin 4.2.1. Qualitative observations

During the experiments the variations of the applied external magnetic field resulted in higher attraction between cylinders which induced increased deformation of the actin comet and the displacement of the magnetic cylinders. Displacement could usually be directly observed visually during the compression and relaxation and was recorded with a defined frame rate (typically 10 ms). An illustration of typical observations of the displacement is presented in Figure 4.6, containing three frames selected at the different stages of the experimentat the beginning of the experiment, during the compression and at the end of the experiment. As can be noticed, during high external magnetic field period (middle image), the distance between the cylinders diminishes, highlighting the compression of actin comet between them. After releasing the external magnetic field (bottom image), the cylinders return approximately to their initial position. What can be noticed is that during force application, the network undergoes huge stressinduced deformationit loses more than a half of its initial length. However, what can also be highlighted is that the deformation is mostly reversible, meaning that after releasing the stress (returning to the minimum level of the magnetic field), the comet returns roughly to its initial size. Therefore, no large breakage of the network, expected to occur in the applied experimental conditions, was observed. However, final length of the comet is slightly smaller than its initial length, indicating some level of permanent loss of sizeirreversible deformation. While giving a closer look to the shape of the curve during the compression, a certain non-linearity might also be noticed.

I repeated the compression experiment, as described above, across broad range of cofilin concentrations: 0 nM, 20 nM, 50 nM, 75 nM, 100 nM, 150 nM, 200 nM, 250 nM, 400 nM, 500 nM, 750 nM, 1000 nM, 1500 nM. The obtained actin comets had similar qualitative mechanical responses to the applied stress scheme, as the exemplary curve shown before, in Next, I selected a specific fragment of the distance-time curve for further analysis and comparison, referred to as 'compression' and corresponding to the gradually ascending level of the applied magnetic field (reaching 60 mT) after which gradual descending was applied, both of the same duration (1s). In Figure 4.8, curves have been selected to have similar initial length to allow for a direct visual comparison. As the applied mechanical stress depends both on the magnetic field magnitude and the distance between the cylinders (thus the comet length, see Chapter 3), similar lengths correspond to similar level of applied stress during compression. One can thus directly compare indentation (maximal deformation) to have an estimation of relative elasticity from one condition to the other. As can be seen, the changes in length of the comet without cofilin are smaller than the changes in length of the comets with cofilin, which rise with rising cofilin concentration. At all of the tested cofilin concentrations though, even reaching 1500 nM, the deformation is mostly reversed after stress release and no huge breakage of the network is observed. However, all of the comets have slightly smaller final length in relation to their initial length, indicating some irreversible deformation that also rises with the rise of cofilin concentration.

The previous characteristics were repeatedly observed and thoroughly analysed quantitatively across multiple cofilin concentrations, which is the focus of the following paragraphs.

Stressstrain dependence of actin comets with cofilin

To quantify elastic properties of actin comets, stress and strain values were calculated on the basis of the distancetime curves, as per the method described in Chapter 3. An example of the obtained curves is presented in Figure 4.9. As can be seen in the graph, the stressstrain curve is not a straight line, because of the non-linearity of actin comet mechanical behaviour: the elastic response depends on the applied stress in a way that with the increase of stress the network becomes stiffermore and more force is needed for its unit deformation. A. illustrates representative stressstrain curves for actin comets with two cofilin concentrations: 50 and 500 nM. While comparing the two curves, it can be noted that even though they reach similar level of stress, the deformation of the network with 500 nM cofilin is much larger than the one with 50 nM cofilin. Therefore, higher level of cofilin seems to soften actin network. In order to compare the elasticity of the comets quantitatively, I calculated tangent elastic modulus as the slope of stressstrain curve within three selected ranges of stress: 0-10 Pa, 10-30 Pa and 30-100 Pa, as depicted in Figure 4.10.A. as well.

Next, the values were plotted against stress, as shown in Figure 4.10.B. As a reminder, lower tangent elastic modulus values correspond to softer material. In this light it can be read from Figure 4.10.B. that tangent elastic moduli of higher cofilin concentration are systematically lower than the ones corresponding to the lower cofilin concentration. This indicates that higher concentration of cofilin enhances actin network softness. What is more, it is essential to notice that tangent elastic modulus values of the networks with both cofilin concentrations are stress-stiffening, which means that with the increase of stress, the networks become less deformable (higher tangent elastic moduli). A plot of stressstrain curves for the exemplary actin comets with 50 nM cofilin (in magenta) and 500 nM cofilin (in green) with marked tangential lines within the selected ranges of stress which slopes served for calculations of tangent elastic moduli lines (in purple and light green, respectively). B. A plot of tangent elastic moduli versus stress dependence for the same representative actin comets with 50 nM cofilin (in magenta) and 500 nM cofilin (in green). As Figure 4.12 illustrates, for each stress ranges tangent elastic modulus values decrease with the increase of cofilin concentration, demonstrating that actin comets are softer and softer when cofilin concentration increases. What can also be observed across all the ranges of stresses, is a tendency to plateau for the highest cofilin concentrations (above 500 nM).

Plateauing of the elastic properties may indicate full decoration of actin filaments with cofilin.

Notably, the comets with the highest tested cofilin concentration (1500 nM) seem to be slightly stiffer, especially at high level of stresses. As can be noticed in the Figure 4.14, all the curves exhibit similar trends with a noticeable variation of mechanical behaviour from one concentration of cofilin to another.

Moreover, the values of tangent elastic moduli are lower for higher concentrations of cofilin, showing softening of the networks with progressing decoration with cofilin. Subsequently, with rising stress, tangent elastic moduli for each cofilin concentrations increase but the tendency as a function of cofilin concentration becomes less straightforward. This is due to different nonlinear behaviour when cofilin concentration varies.

In search for a quantitative comparison of the obtained curves, I selected a region within the curves exhibiting the most linear course which corresponded to the stress range between Estimated slopes expose a tendency to rise with rising cofilin concentration, hence highlighting steeper tangent elastic modulus versus stress curves with increased fraction of cofilin.

In order to continue the analysis of non-linearity, the above curves were normalized to the middle data point which happened to be at the stress of 10 Pa, as displayed in While looking at the values of tangent elastic moduli displayed for the stress level of 10 Pa across all cofilin concentrations, once again it becomes apparent that tangent elastic modulus values decrease with increasing cofilin concentration, thus confirming increasing softness. Among normalized curves, the curve corresponding to actin comet without cofilin displays the flattest shape and the closest to linear course, whereas the curve corresponding to actin comet with the highest tested concentration of cofilin, 1500 nM, is highly non-linear and covering much broader range of tangent elastic modulus values. This reveals significant stressstiffening of actin networks. Whilst comparison of the curves for all cofilin concentrations, it is well outlined that non-linearity of tangent elastic modulus curves and thus of mechanical behaviour of actin comets rises with rising cofilin concentration.

Altogether, these results show that increasing cofilin concentration increases softness and stress-stiffening of actin comets in a monotonic way; despite applying relatively high concentrations of cofilin no bell shape curve appears, which would be expected in case of saturation of actin filaments with cofilin. However, the plateau observed at the highest cofilin concentrations (> 500 nM) could mean full decoration of the filaments.

Mechanical behaviour of actin comets nucleated in absence of cofilin

On a different point of view, I tested the influence of the presence of cofilin during the initial growth of actin comets. Thus, I performed experiments in which actin polymerization is launched in the test tube without cofilin. After several minutes of incubation (3-5 min) I added cofilin and only then the sample was observed under the microscope. Fluorescence images of the obtained comets (actin-Alexa 488 was applied at standard 5% labelling) do not differ from the ones corresponding to the comets which grew in presence of cofilin in terms of the shape and intensity of the fluorescence region, suggesting similar density of the obtained networks. As the above graph shows, tangent elastic moduli of the networks initiated in absence of cofilin are of the same range of values than the moduli of the comets initiated in presence of cofilin with only slight divergence of the values for high level of stresses. However, both curves of continuous tangent elastic modulus values exhibit the same course with regards to stress, with rising values of tangent elastic modulus with rising stress, confirming no significant difference between mechanical response of actin comets nucleated with and without cofilin.

Cofilin effect on irreversible deformation of actin networks

The following paragraph will focus on the recognized signature of irretrievable loss of length of actin comets after the compression. Quantitative approach has been employed to estimate irreversible deformation of actin comets after one cycle of compression as well as after repetitive solicitation cycles. Creep-related behaviour was also quantified to verify potential source of irreversible deformation.

Irreversible deformation of actin comets after one compression cycle

The graphs of distancetime relationship, presented before, show small permanent loss of size of actin comets after their compression. As can be seen in Figure 4.20 below, even though the comet retrieves the major part of its size after the compression, there still remains some length that is not recovered. In order to quantify the observed phenomenon, I calculated the irreversible deformation of a single actin comet by comparing the comet length after the compression (lac) and the comet length right before the compression (lo). I used the logarithm of the ratio between these two lengths, in the same manner as true strain is calculated, as per the equation from Chapter 2: εirr = log While looking at the obtained graph, it can be noticed that the range of calculated irreversible deformations is small, reaching a maximal absolute value of approximately 0.12, which corresponds roughly to 12% loss of length. Nevertheless, irreversible deformation increases together with the increase of cofilin concentration.

Since actin networks at higher cofilin concentrations are softer, as evidenced in the previous paragraph, the comets are more deformed during the compression. This could influence the level of the measured irreversible loss of size. To verify this, I took a closer look on the maximum deformation during the compression of actin comets.

The maximum deformation achieved during the compression was determined as the minimum value of true strain (as it has negative values). True strain was calculated as per the equation included in Chapter 2 and reminded below: 

// 0

What can be read from the above quantitative analysis and what could already be seen qualitatively in the graphs representing distance -time curves across different cofilin concentrations, is that the maximum deformation increases strongly with increasing cofilin concentration. Large deformation of the comets at high cofilin concentration is both an effect of the decreased stiffness of the network and of the increased stresses applied to them on average. Indeed comets with different cofilin concentrations reach different lengths in the time frame of the experiment as the addition of cofilin slows down their growth. As a consequence, the probed comets with higher concentration of cofilin had on average smaller sizes, thus experienced larger stresses due to the dependence of the force between the cylinders on the distance (see Chapter 3). As can be seen in the presented graph, there is a correlation between irreversible deformation of the comets and maximum deformation which these comets underwent during the experiment. The greater extent to which the comet deforms, the more pronounced is the permanent loss of its size. The above graph demonstrates that with rising cofilin concentration, the part of the deformation which is not recovered rises. In case of actin comets with high concentrations of cofilinexceeding 500 nMpermanent loss of their initial dimensions is approximately 0.1, corresponding to around 10%, which means that 10% of the deformed length does not recover and 90% does. Moreover, the calculated values seem to plateau for cofilin concentrations above 500 nM. These results show that although the irreversible deformation increases with maximum deformation, the relative loss of length is greater for larger cofilin concentration than for concentrations below 250 nM.

Since strain of actin comets is directly related to the stress they experience, a correlation between irreversible strain and maximum stress was also verified and included in the Appendix A.

Taking all the results presented here into consideration, it becomes evident that the breakage of cofilin-actin comets through force application is limitedthe range of irreversible deformation is smaller than expected. The plasticity of actin networks with presence of cofilin is thereby not prominent. 

The effect of repetitive stress solicitations

Since only limited breakage of actin comets was observed while applying single compression, I employed multiple subsequent short stress solicitations in order to check the effect of repetitive solicitations on the comets. The increased effect of repetitive solicitations on fracture is a phenomenon called fatigue, prominent in metals. In each of the experiments, actin comets with varied cofilin concentration were subjected to a series of ten compressions of a duration of 2 s each and a magnitude of magnetic field of 20 mT.

On the basis of gathered data, I plotted standard distance -time curves (Figure 4.26). The above distancetime curves revealed that during each stress solicitation, the comet undergoes large deformation and its length almost recovers its initial value when the force comes back to its low level. It is worth noting that after the first compression, the recovery is not complete, similarly to the single compression experiment displaying certain traces of irreversible deformation. On the few examples shown in Figure 4.26, this becomes more pronounced with rising cofilin concentration. However, this partial recovery is not present for further solicitations, as after each subsequent compression, all comets return roughly to the same size as they reached after the first compression. At the end of the compression cycles in most of the curves the length of the comets returns to the initial value; however it must be noted that the observation time after the solicitation cycle is limited, thereby proper assessment of the mechanical response at this time scale is unfeasible. All in all, even multiple repeated solicitations did not induce breakage of actin comets and the comets exhibited no significant fatigue; therefore their plasticity due to the presence of cofilin is much lower than expected.

To explore this phenomenon further, the levels of imposed stresses were plotted against changes in distance between the cylinders (length of the comets) during the entire series of solicitations, which gave characteristic hysteresis curves (Figure 4.26 as well).

Mechanical hysteresis is defined as a dependence of the material strain not only on the level of stress in the given moment but also on the stress history. It can be observed as well while comparing loading and unloading stress -strain curves.

As in the obtained graphs the curves corresponding to subsequent cycles overlap after the first one, we can deduce that the mechanical response remains the same in the probed time frame. Only the curves corresponding to 0 nM cofilin concentration overlap less, which can be interpreted as a result of the fast growth of the comets in the absence of cofilin. The observed hysteresis cycles highlight that after the first compression permanent loss of actin comet length is larger than after subsequent solicitations. Further solicitations result in a very repetitive and reversible hysteresis, as both compression and decompression curves return to the same point, showing vastly conserved mechanical behaviour of the comets. Again in this set of analysis, the examined networks occurred less plastic and less hysteretic than anticipated.

In this light, the first cycle could be linked to the irreversible deformation, described in the previous section, as after the first cycle the comets clearly lose some part of their size. The other cycles are similar to the response of visco-elastic materials described with Kelvin-Voigt model (see Chapter 2).

What is noteworthy is that in the previously described experiments with the single compression typically several pairs or chains of the cylinders were monitored in sequence in the same experimental chamber. Due to the magnetic field being present in all the chamber, all actin comets experience force and compression. Therefore, I verified the difference in irreversible deformation between the comets subjected to the first compression and the comets subjected to subsequent compressions. The averaged irreversible deformation of these comets in function of cofilin concentration is demonstrated in Figure 4.27. Interestingly, in the presented graph no significant difference can be observed. The first solicitation does not result in larger irreversible deformation of the comets than the subsequent solicitations, in contrast to what was remarked in the 'fatigue experiments' with multiple consecutive solicitations in the series. Presumably, the difference between irreversible deformation after the first compression and after further compressions is more prominent during the solicitation series than during single compression experiments because of the insufficient time for the comets to 'regenerate' in between the solicitationscompressions in the series are applied one after another with no interval between the cycles, hence the comets may not fully relax after each stress release, whereas during the single compression experiments the time between ensuing stress applications reaches few minutes (minimally ~1 minute), allowing for // 0 'regeneration' of the comets. In summary, no significant impact of the order of measurements of actin comets within one experimental chamber on their mechanical responses was confirmed.

To better understand the phenomena related to irreversible deformation, in the next series of experiments visco-elastic properties of actin comets were studied with a focus on their creep, meaning viscous flow under the applied force. This was to understand how irreversible deformation depends on the duration of stress application and on the level of this stress.

Creep measurements of actin comets

In order to examine creep-like behaviour of the comets, I applied modified compression scheme that contained three steps of constant force. For this purpose the magnitude of the magnetic field during the steps reached 20, 40 and 60 mT, in mixed order and with varied duration. Typically each step lasted 5 s with intervals of 2 s or 5 s between the steps. An example of distancetime curve is shown in Figure 4.28. As mentioned in Chapter 3, cylinder tracking algorithm was less precise than anticipated in case of the sudden increase of force. Thereby, in these experiments I focused only on the phenomena occurring upon the constant force step.

During the constant force step, the length of the comet decreases and the decrease is faster when the stress is larger. The speed of changes in comet length during the compression can be evaluated by a linear fit of the distancetime curve within the fragment corresponding to the step, marked as a red line in the left graph of As can be seen in the exemplary graph below, the higher the applied stress, the higher speed and rate of deformation. In case of viscous flow of a material (also called creep when very viscous), the dependence of the yield on stress is linear and the viscosity corresponds to the slope of stressyield curve, as per the equation presented in Chapter 2 and reminded below:

σ = η • 𝑑𝜀 𝑑𝑡
Therefore, the main interest of the analysis was to observe if the dependence of yield on stress is linear, which would confirm creep behaviour of the examined actin comets. From the graphs in Figure 4.30 it can be read that the yield of the comets without or with low concentration of cofilin (0 and 200 nM) has very low absolute value, and does not exhibit clear tendencies with regards to stress. However, the creep could be compensated by the significant growth of actin comets at these cofilin concentrations during the experiments as many of their distance -time curves exhibit rise during the compressions. High concentrations of cofilin (1000 and 1500 nM) result in broader range of yield values with a tendency to decrease with rising stress. However, the comets with 1500 nM cofilin were extremely small after the compression, which posed difficulties in the precise analysis. The most striking is the result for the comets with 500 nM cofilin, which displays the most pronounced trend and the higher absolute values of yield. Such a divergence of the results for 500 nM cofilin concentration may be incidental but it may also be a result of a larger occurrence of actin filament breakage on filaments partially decorated with cofilin. Average viscosities of the comets with particular cofilin concentrations correspond to the inverse of the presented slopes of yield -stress curves (Figure 4.30 as well).

For the two most reliable cofilin concentrations -500 and 1000 nMwe can thus read that their viscosities reach 3.3 ± 0.6 • 10 3 Pa•s and 6.3 ± 0.9 • 10 3 Pa•s, respectively. No systematic results could be obtained though.

The presented data do not allow for definite conclusions: the duration of the compression applied to measure creep could not be sufficient to observe and fully evaluate occurring events. Thus, the experiments on a longer time scale were performed and the observed mechanical responses were evaluated with use of viscoelastic models like Burgers model and compliance calculations. These experiments produced ambiguous results and are included in Appendix C and D.

To summarize, in the above section we were looking for a signature of actin comet plasticity. Even though some trace of irreversible deformation after the compression was recognized and assessed to depend on the presence and concentration of cofilin, the overall plasticity of actin comets was not as pronounced as expected.

Possible regrowth of actin comets after releasing the force 4.4.1. Influence of cofilin on regrowth of actin comets

Numerous distancetime curves from different kinds of experiments, particularly at low cofilin concentrations, displayed continuous increase both before and after the compression. It appears plausible then that the comets keep growing after the compression or even during stress solicitations. At the concentrations of cofilin above 500 nM, a comparison of multiple distancetime curves lead to the observation that in the majority of cases the shape of the curve at the end of the experiment, after releasing the last applied stress, exhibits a clear rise in the length of the comet, which was higher than the growth of the comet before force solicitation (Figure 4.30, as an example). This rise could not be accounted solely by a delayed viscous relaxation, as it continued when the measurements time was prolonged. It seemed that the comets regenerated not only their original dimensions but also increased their growth.

In order to evaluate the growth of actin comets after stress solicitation, I added a prolonged observation step at the end of the experiment, after the stress release. The duration of the observation time was either 10, 20 or 40 s. Plotting distance -time curves of actin comets subjected to this test showed that regardless of the stress solicitations scheme used in the experiment and regardless of the applied cofilin concentration, the curves have an ascending course after the release of the last high stress, as can be observed in the exemplary curves in Figure 4.30. This suggests that actin comet grows after stress application, even if its growth had stopped earlier (see second and fifth curves in Figure 4.30).

To study this observation further and compare the growth before and after the compression, growth speeds were measured in the initial phase of actin networks assembly (before application of any high stress) and after stopping the last applied stress as the fits of distancetime curves within the aforementioned periods (see red and magenta lines in The plot shows higher values of growth speed after releasing the compression than of growth speed before the compressiondots that are above the blue straight line -for the prominent majority of the results. Larger value of growth speed after releasing the compression over growth speed before the compression suggests that actin comets start to grow again or with an increased rate after mechanical solicitation. This plot confirms again the increased growth speed after the compression as compared to the growth speed before the compression. However, averaging over comets grown in the presence of same cofilin concentration showed that the effect starts to be more pronounced with rising cofilin concentration, especially after reaching the concentration of 500 nM. Such difference between the growth speeds for higher concentrations of cofilin may be linked with the increased severing of the filamentstherefore, the speed of growth after releasing the compression rises because of the augmented formation of new barbed ends (at the location of breakage) that are not capped yet and thus can elongate by the addition of new actin monomers from the solution.

On the side note, what can be noticed as a systematic pattern within the results is that the error bars of growth speed before the compression are always slightly higher than the error bars of growth speed after releasing the compression. It is important to note that during the experiments the time of low force application before the compression(s) was much shorter than after the compression(s)typically 5s versus 20s, respectively, hence the initial speed of growth exhibits more noise.

To visualize these results more clearly, speed of growth before the compression was subtracted from speed of growth after releasing the compression to give the overall speed of gained growth. The mean speed of gained growth was plotted against cofilin concentration, as depicted in Figure 4.34. As the regrowth of actin comets may be related to the creation of new barbed ends through filament severing, it should depend on stress and/or strain value during the compression. Therefore the effect of stress and strain on the speed of gained growth was estimated and described in the next paragraph.

Influence of maximum stress and maximum strain on gained growth speed of actin comets

The evidenced gained growth speed may depend not only on the level of cofilin concentration but also on the level of compression that the comets underwent during the experiment, as under the force potentially more filaments may fragment, exposing more barbed ends for the addition of new monomers. Stress duration may possibly also have an impact on the rate of severing. Moreover, cofilin is supposed to influence bothfragmentation of the What we can see is that the majority of the points corresponding to lower concentrations of cofilin are clustered within relatively smaller ranges of maximum deformation and at the same time within the smaller ranges of gained growth speed than the points corresponding to higher cofilin concentrations. However, once again no clear trend could be noticed.

Since it is difficult to grasp the tendencies on the whole while looking at all cofilin concentrations, the impact of stress and strain was investigated in relation to one cofilin concentration, which is the subject of the next paragraph.

Factors influencing gained growth speed of actin comets studied for one cofilin concentration

To see the influence of maximum stress and maximum strain on the possible regrowth of actin comets assembled in identical conditions, I took a closer look on the correlations appearing for the cofilin concentration with the highest number of collected results -500 nM.

Thereby, I compared speed of growth before the compression and speed of growth after releasing the compression averaged within the defined maximum stress and strain intervals (each 20 Pa and each 0.2, respectively) in function of maximum stress and strain. This is demonstrated in Figure 4.37. It is important to note, though, that the maximum stress achieved during the compression depends on the size of actin comet; therefore, it is a result of the speed of growth before the compression. In turn, it influences the growth of the comets during or after force application, thereby it becomes a cause of the speed of growth after releasing the compression. Taking this into consideration, I inspected also the effect of initial length of the comets with 500 nM cofilin on the speed of growth before the compression and after releasing the compression, which is demonstrated in Figure 4.37 as well. From the resulting graph of speeds dependence on maximum stress we could observe that the mean speed of growth after releasing the compression is higher than mean speed of growth before the compression until reaching the stress level of approximately 120 Pa and that at low levels of stresses (0-60 Pa) a rising tendency of both speeds appears and then they both decrease until the level of 120 Pa. After exceeding this range of stress, the values are more dispersed with no clear trend.

The dependence of growth speeds on maximum strain also seems to vary more at high level of deformationafter exceeding 1.2. For low range of strain (0-1.2), mean growth speed after releasing the compression has a decreasing tendency with the increasing strain; however mean growth speed before the compression seems to oscillate more.

In the graph of speeds dependence on initial length it can be noticed that in the majority of tested length intervals growth speed after releasing the compression exceeds growth speed before the compression. Additionally, within the length range between 1.5 and 4.5 µm, growth speed after releasing the compression rises with rising actin comets length, yet after exceeding this length, the trend is lost. Initial length is strongly related to the growth speed before the compression and it can be seen that the comets characterized with higher growth speed before the compression on average grew larger. Lack of clear tendencies within both speeds of larger comets may be linked though with straitened precise measurements of the comets of this length.

Unfortunately, evaluation of speed of gained growth in function of maximum stress, maximum strain and initial length of actin comets did not give clear answer as to whether there exists a significant correlation between these parameters.

Confirmation of actin comets regrowth

In order to confirm if the observed phenomenon stands for the regrowth or if it is a result of a delayed mechanical response after stress release (delayed relaxation), I performed a new series of experiments, during which I polymerized actin comets in the solution for several minutes and then diluted the sample (10 times), either in the growth buffer or in the growth buffer with the addition of phalloidin (20 nM). Dilution of the sample lowers concentration of G-actin in the solution below critical concentration of polymerization, we thus expect to see no regrowth of the comet after mechanical solicitation.

Phalloidin is a protein belonging to phallotoxins, recognized to bind to two adjacent actin subunits within actin filaments, causing their stabilization and therefore preventing depolymerization. It is also supposed to protect debranching of a daughter filament from Arp2/3 complex. Moreover, phalloidin is reported to compete with cofilin for binding with actin filaments. [START_REF] Muhlrad | Antagonistic effects of cofilin, beryllium fluoride complex, and phalloidin on subdomain 2 and nucleotide-binding cleft in Factin[END_REF] If this was happening on a short enough time-scale, phalloidin could potentially alter the effect of cofilin. This was the effect attempted to verify. As can be noted, the level of gained growth in both of the tested scenarios is lower than in case of application of a standard protocol. There is also no clear dependence of the gained growth speed on cofilin concentration in case of sample dilution in phalloidin. A comparison of the speed of gained growth for one chosen cofilin concentration (500 nM) across the methods (Figure 4.40) demonstrates clearly more pronounced growth of the comets subjected to the standard protocol than to the protocols with sample dilution. This stands for a proof that in the applied experimental system the filaments indeed repolymerize after (or during) stress solicitation. While application of the dilutions, the concentration of free actin in the solution dropped below critical concentration, not allowing the filaments to repolymerize efficiently. Moreover, as can be seen, the result is even lower for the sample with the addition of phalloidin than for the one with dilution in the buffer alone. This may be a consequence of the mentioned prevention of actin filaments depolymerization caused by phalloidin. Phalloidin is also reported to limit ATP hydrolysis by filamentous actin, which lowers the number of ADP-bound actin subunits alongside the filament, causing poorer decoration with cofilin. In addition, presumably, phalloidin can remove already bound cofilin from the filaments, disabling filament severing and recreating new barbed ends.

All in all, the experiments presented in this section allowed me to recognize a remarkable regrowth of actin comets after releasing the stress, as the speed of their growth before the compression was significantly lower than the speed of growth after releasing the compression. This regrowth was confirmed through the experiments designed to disable efficient actin monomer pool regeneration, proving that the observed phenomenon is not related to mechanical response but to repolymerization of the filaments within the comets. Speed of gained growth, corresponding to the difference between growth speed after releasing the compression and growth speed before the compression, exhibits clear dependence on cofilin concentration, most probably due to the increased number of released barbed ends with the increased cofilin-induced severing of the filaments. The influence of stress and strain levels and duration on the investigated speed of gained growth occurred difficult to assess.

Conclusion

Among the obtained results, firstly, observations of the fluorescence of actin comets allowed to confirm the growth of the comets precisely between the magnetic particles, validating that the experimental design gives direct access to the mechanical measurements of the comets. Localization of polymerization site confirmed its occurrence from the surface of the cylinders, whereas localization of cofilin within actin comet demonstrated its larger presence further from the cylinder surface, thus further from nucleation site.

Variation of cofilin concentration occurred to largely influence mechanical properties of actin networks, with a clear difference of the obtained values for the comets without cofilin and with high concentrations of cofilin. Increasing cofilin concentration resulted in the increase of actin comet softness and stress-stiffening as well as irreversible deformation. The latter was less prominent than anticipated though, given the applied diverse modulations of stress magnitude, duration and scheme. The discerned regrowth of the comets was also recognized to depend on cofilin concentration. All of these effects are tightly intertwined, which is further confronted in the Discussion chapter.

Discussion

The experiments which I conducted during my thesis allowed for qualitative and quantitative measurements of several mechanical properties of actin networks in presence of cofilin. Thanks to the application of varied schemes of compression and decompression, differing in stress level, duration and rate, I was able to observe phenomena occurring at different timescales. The following paragraphs summarize and systematize experimental findings as well as shed light on possible underlying mechanisms of the observed mechanical behaviours.

Cofilin enhances softness and non-linear mechanical behaviour of actin comets

As gathered results demonstrate, when subjected to compression actin networks with cofilin undergo huge stress-induced deformation which results in some cases in their size being more than halved. Yet, contrary to the primary predictions, this deformation is largely reversible, suggesting extreme softness of actin comets in presence of cofilin. In all the applied conditions, the comets resisted the stress and did not experience breakage, instead they almost retrieved their initial size as soon as the stress was released.

A quantification and comparison of mechanical behaviours of the comets grown in presence of varied cofilin concentrations revealed that both reversible deformation of actin comets and their softness depend strongly on cofilin concentration as they both increase together with the increase of cofilin concentration. This indicates that the more cofilin is present in actin network, the softer, more deformable the network becomes. Interestingly, differential elastic moduli, taken as a measure of actin network softness at a given stress, tend to plateau when the concentration of cofilin exceeds 500 nM. Plateauing of the elasticity may be a sign of full decoration of actin filaments with cofilin since no further changes of their elastic properties are observed.

Furthermore, actin networks with cofilin exhibit strong non-linearity of their mechanical behaviour, which is demonstrated by the non-linear relation between their strain and the applied stress and is quantified through the dependence of their differential elastic moduli on stress.

Consequently, at small levels of stress, the comets are relatively soft; however, with the increase of stress and occurring deformation, they exhibit strong stress-stiffening. Such mechanical nonlinearity becomes more pronounced with rising cofilin concentration.

Softening of actin networks in presence of cofilin may be related with the impact that cofilin has on the persistence length of actin filaments. As mentioned in Chapter 1, persistence length describes the average length that the filament can reach before bending upon thermal fluctuations, thereby it can be treated as a measure of filament flexibility. Actin filaments fully decorated with cofilin are proved to have smaller persistence length than bare actin filaments (2-3 µm [START_REF] Mccullough | Cofilin increases the bending flexibility of actin filaments: implications for severing and cell mechanics[END_REF] [65] versus 9-13 µm [START_REF] Isambert | Flexibility of actin filaments derived from thermal fluctuations: effect of bound nucleotide, phalloidin, and muscle regulatory proteins[END_REF]), meaning they would bend more easily. Therefore, higher concentrations of cofilin could decorate bigger number of filaments within the network, contributing to the increase of their flexibility, hence softening.

Another factor through which cofilin may influence softness of actin network is the reduction of its connectivity. This is linked with possible debranching and severing of some filaments caused by cofilin. Removing the branches from mother filaments and breaking individual filaments would both reduce the number of contacts between the filaments and fluidize the network.

The next section puts the phenomena described here in another perspective in search for the possible root cause of the discovered mechanical behaviour.

between their points of contact with other fibres (twisting, sliding or extension are disregarded).

The theory arguments that with the increasing pressure applied to the system, the number of points of contact between individual fibres increases, which translates to propagation of the imposed load and progressing increase of fibre compression. This in turn causes a global rise of packing density and consequently a reduction of fibre volume. In this light, the pressure is supposed to be linearly proportional to the inverse cube of the volume, as per the basic Van Wyk equation:

𝜎 = 𝐴 ( 1 𝑉 3 - 1 𝑉 𝑜 3 ), (5.1) 
where: stress, Aexperimental constant, Voverall volume of the fibre mass at the given moment, Vovolume of the fibre mass at 0 Pa.

This equation can also be shown as:

𝜎 = 𝐾 0 3 (( 𝑉 𝑉 𝑜 ) -3 -1), (5.2) 
with K0 as the linear elastic modulus, that can be thought as the tangential elastic modulus at small stress. This equation directly correlates the occurring pressure/stress to the inverse cube of the ratio between the momentary volume and initial volume of the system.

As actin on microscopic level seems to be characterized with similar mechanics, we attempted to confront our experimental data with Van Wyk model. However, wool in Van Wyk model was considered as an infinitely long fiber with plenty of occurring entanglements but no bonds. Branched actin networks that we studied contain multiple bonds as each new branch is fixed to the mother filament at a branch junction. Therefore, several additional concepts were introduced. In the branched actin networks growing between two obstacles, due to the occurring capping events only a small share of all created branches reaches the obstacle. Therefore, only these branches will be the ones to actively participate in load resistance during the compression.

Following Van Wyk's theory though, compression creates additional points of contact within the network, due to which the "newly contacted" filaments also become 'activated' and take part in resistance to deformation. As a result more and more filaments participate in the elastic response of the whole network, what contributes to network stiffening. constraints is lower, then the system is hypostatic and has no mechanical rigidity. Due to the branched architecture, the undeformed network is close to but not at its isostatic point and behaves as if it had no rigidity at all. This may explain the vanishingly small linear elastic modulus of such networks at low level of stresses, meaning their extreme softness, which was previously observed in the studies of Pierre Bauer. [START_REF] Bauër | A new method to measure mechanics and dynamic assembly of branched actin networks[END_REF] With larger deformations, the branches undergo huge displacements in an uncoordinated way which contributes to transition from isostatic to hypostatic system. The displacements create new points of contact between the filaments. These collision-based contacts result in rigidification of the whole network, as it is the case in Van Wyk description of wool mechanics (see Figure 5.1). In contrast to the described here branched network, wool does not exhibit isostatic problem, as the material can be simply seen as a stack of intertwined ropes.

Actin comets that I obtained during my experiments demonstrated large stressstiffening, which may find an explanation in the described theories. To test Van Wyk theory on my experimental system, I fitted experimental data to Van Wyk's model equations, through plotting the dependence of stress on the inverse cube of the instantaneous and initial volume ratio. An example result for one cofilin concentration (250 nM) can be seen in Figure 5.3. As can be seen, the shape of the obtained curve at the initial low stress level suggests that actin comet at this point remains at hypostatic regime. However, with larger stress and deformation, it fits into Van Wyk model with good accuracy, as the curve obtained from experimental data (in blue) aligns with a theoretical Van Wyk curve (in red).

The results were averaged across actin comets with different cofilin concentrations which is shown in Figure 5.4. As seen before, with augmented stress and deformation, the curves follow Van Wyk model. With progressing deformation, the curves exhibit less linear behaviour and the nonlinearity rises with rising cofilin concentration. The highest cofilin concentrations (above 500 nM) show large values of (V/V0) -3 , due to extremely large deformations. Following Van Wyk theory, this would indicate that together with the increasing compression, the number of contacts between particular network branches increases, which stiffens the whole structure.

As discussed earlier, higher concentrations of cofilin would contribute to higher flexibility of the filaments (decreased Lp) and less coordination between them (reduced connectivity), as a consequence of which the filaments would be able to deform more, even upon low level of stress. Then, with the increase of stress, more points of contact between the filaments could be created, as the deformation would decrease the distances between the filaments. Hence, the network would be extremely soft at low stresses and become stiffer with the increase of stress. This can explain the observed non-linearity of mechanical behaviour of actin networks with cofilin, especially at high cofilin concentrations (1000 and 1500 nM).

Similarly to the calculations of tangent elastic modulus from the stress-strain curve, we can extract Van Wyk modulus (K0) from the slope of Van Wyk model curve. This modulus corresponds to the very low stresses at the beginning of the linear regime. This was performed for all the experimental data. Next, a median of Van Wyk modulus was calculated for each cofilin concentration and the obtained values were plotted in Figure 5.5. Theoretically, the values of Van Wyk modulus should be lower than those of tangent elastic modulus at the lowest level of stress, as the latter would correspond then to the hypostatic regime. Here we can notice the reversed tendency; however, what is worth noting is that tangent elastic modulus calculations presented above were performed for the stress value of 2.23 Pa, which was not the lowest stress experienced by actin comets during the experiments but the lowest level of stress with sufficient data points to calculate the mean. Nevertheless, the above results prove that two different methods of analysis, relying on different aspects of actin networks, can be applied to assess networks mechanical properties, as the evaluation of networks elasticity with these two methods gives very good agreement. This may also confirm that the elasticity of the obtained branched actin network can be explained with Van Wyk theory.

Irreversible deformation of actin comets in presence of cofilin and its potential sources

Studies on branched actin network mechanical properties performed previously in the team revealed an important signature of actin comet plasticity as they led to a dramatic collapse of the whole network. This was achieved during the thesis of Pierre Bauer [START_REF] Bauër | A new method to measure mechanics and dynamic assembly of branched actin networks[END_REF] with use of a similar minimal biochemical system yet with low concentration of Arp2/3. Lowering concentration of Arp2/3 caused a decrease of the number of branches and increase of the distances between them. Larger spaces between the filaments could make them more accessible for cofilin, allowing for enhanced severing and thus breakage. However, the experiments conducted by Pierre employed an excess of cofilin. It is then interesting to look at the effect of cofilin on the irreversible deformation of actin networks and this was assessed during my thesis.

Even though no large expected breakage of cofilin-actin comets under the force was observed, the comets exhibit certain irreversible deformation right after the force is released, since their length after the compression is reduced as compared to their length before stress application. This irreversible deformation rises with rising cofilin concentration, suggesting augmented weakening of the network by higher concentrations of cofilin.

While comparing the dependence of irreversible deformation of the comets on their maximum deformation across all tested cofilin concentrations, a strong correlation between these two parameters was recognized. This suggests that the level of irreversible deformation and thus the size loss of a particular actin comet is linked with the maximum achieved level of deformation during the experiment, meaning that the more the comet deforms during the compression, the more of this deformation remains within the comet, hence the more of the initial length of the comet is lost.

Maximum strain is related to the level of experienced stress, which in turn is linked with the size of the materialsince the magnetic force depends on the distance between the cylinders (hence on the comet length), shorter comets experience higher stress whereas this stress is largely reduced when the comets are longer. As evidenced through a comparison of the influence of cofilin concentration on the growth of actin networks, in the applied experimental conditions actin comets with lower concentrations of cofilin grew significantly faster than the ones with higher concentrations of cofilin, thus with increasing cofilin concentration the networks were shorter at the moment of measurements, hence the maximum stress acting on them was larger and thus the maximum deformation of such comets was larger as well. In this light, permanent deformation would depend on cofilin concentration indirectlythrough the influence that cofilin had on the growth speed of actin networks.

However, despite the increase of irreversible deformation together with maximum deformation, the relative permanent loss of length is larger in case of higher cofilin concentrations than lower cofilin concentrations (below 250 nM). Importantly, softening of actin networks with higher concentrations of cofilin, confirmed through elasticity analysis, also strongly participates in the increase of stress level that the comets with high concentrations of cofilin may reach.

The conducted hysteresis cycles show that the permanent loss of actin comet size is greater after the first compression than after subsequent compressions, the latter resulting in a highly repetitive reversible hysteresis. However, similarly to the irreversible deformation, the extent of hysteresis is much lower than initially predicted. What is more, tested comets do not exhibit any significant fatigue, even when subjected to multiple repetitive compressions.

The observed permanent loss of initial length during the first hysteresis cycle may stand for irreversible deformation; however, it may also be related to another mechanical phenomenoncreep, meaning viscous flow of the comets under the applied force. In case of a viscous liquid, speed and yield of deformation should be proportional to stress. The highest effect of this kind is achieved for cofilin concentration of 500 nM. For the mentioned cofilin concentration the obtained value of viscosity reached 3. At a longer time a real recognition of the phenomenon is difficult because of the overlapping effects of mechanical behaviour and biochemical processes happening at the same time. During the long stress application many comets exhibited increase of their size at the end of their compression, which could mean regrowth of the comets. The latter was confirmed to occur after releasing the stress; however, it is likely that this phenomenon happens also during the compression. It remains unknown though at which time scale the repolymerization starts. It is possible that at first only a mechanical response appears but when the compression lasts longer, more severing would occur and the repolymerization could be initiated. As during the experiments described in this thesis, plasticity of actin networks occurred largely limited with no collapse of the network and no fatigue of the comets observed, several experimental concepts emerge, aiming to achieve the intended outcome.

Firstly, it seems plausible to test the influence of cofilin on plasticity of actin networks with lower level of Arp2/3, which would bring the experimental system closer to the one in Pierre's experiments. The first attempts of such experiments, with Arp2/3 concentration nearly halved with regards to the standard concentration, have already been performed; however, I have only obtained a few and not conclusive results, thereby the experiments can be continued in the future.

Moreover, as already known, filaments severing occurs through the alteration of actin filament twist upon binding of cofilin. As evidenced by e.g. Wioland et al., restricting the twist, e.g. through anchoring the filament, enhances the severing, as the induced torsion would make the filaments more susceptible to breakage. In my experiments no solid anchorage was applied, thus the filaments could still rotate relatively freely, which would allow them for partial release of the torsion caused by cofilin. Adding cross-linkers to the sample could increase the number of contacts between the filaments, thereby 'anchoring' them. The experiments with crosslinkers (a-actinin) were performed before in the team by Cesar Valencia Gallardo and they showed stiffening of the networks but no dependence on cofilin presence was achieved. Due to the limited duration of my thesis, this scenario could not be tested in my experiments; however, it still remains in the focus of the future experiments.

All in all, even though the breakage of the network as a whole could not be observed with the applied experimental conditions and scale, there appeared another signature of breakage -regrowth of the comets after the compression. Therefore, it is discussed in the next paragraph.

Cofilin does not induce breakage of the network as a whole but provokes local breakages that enhance actin monomer turnover

An interesting phenomenon, observed among the vast majority of experiments at cofilin concentration above 500 nM, is a regrowth of actin comets after releasing the stress. This regrowth seemed to exhibit clear dependence on cofilin concentration. Therefore it seems evident that cofilin plays a major role in this process. Severing of the filaments, caused by cofilin, creates new barbed ends, onto which free actin monomers can be incorporated. The speed of regrowth may be therefore influenced by the number of created barbed ends, which would depend on the decoration of filaments with cofilin, thereby on cofilin concentration.

Influence of cofilin on actin comets recycling has recently been quantified as well by Blanchoin et al. [START_REF] Colin | Recycling limits the lifetime of actin turnover[END_REF]. Therefore, the occurrence of the regrowth stands for a strong indication that severing of the filaments occurs prior to their re-elongation. Thereby, even though breakage of the network as a whole was not observed in the applied experimental system, certainly there exists a local breakage of single filaments.

Confirming these findings, almost no regrowth appeared when actin polymerization was blocked through dilution of the sample below critical concentration of G-actin and even less regrowth occurred when it was additionally exposed to phalloidin, used to prevent depolymerization. Phalloidin is also able to displace cofilin from the filaments [START_REF] Muhlrad | Antagonistic effects of cofilin, beryllium fluoride complex, and phalloidin on subdomain 2 and nucleotide-binding cleft in Factin[END_REF], which impairs filament severing and thus creates new barbed ends. Since preventing cofilin-mediated severing led to a lack of regrowth, this indicates that severing is important for subsequent repolymerization to occur. As regrowth was almost completely stopped by the dilution of the sample either in presence or absence of phalloidin, it confirms that the effect is linked with increased elongation of the filaments and not with long-term visco-elastic mechanical response.

What is interesting to remark is that within the range of cofilin concentrations up to 500 nM there is an increasing effect of cofilin concentration on all of the measured parameters.

Above the concentration of 500 nM different parameters exhibit different behaviourelasticity and irreversible deformation seem to plateau, whereas gained growth speed maintains the rise.

As mentioned before, actin filament decoration with cofilin lowers the Lp of the filaments, making them more flexible. If the filaments are more flexible, they could deform more, what would make them potentially more prone to breakage. Plateauing of the elasticity and irreversible deformation measures may indicate that the decoration of actin filaments with cofilin is achieved at a concentration of cofilin close to 500 nM.

As many previous studies shown, severing of actin filaments occurs principally at the border between highly decorated and poorly decorated actin filaments. [START_REF] De | How cofilin severs an actin filament[END_REF] Severing of an individual actin filament dependence on cofilin concentration is considered to follow a bell shape curve, where the level of breaking rises with rising cofilin concentration until reaching a peak and then decreases with further increase of cofilin concentration. The fact that we can only observe increasing effect of cofilin concentration on the measured mechanical properties but no decreasing effect may indicate that no saturation of actin filament with cofilin is reached.

No observed saturation with cofilin might be caused by application of cofilin concentration lower than the optimum range for breaking, which was reported at the ratio of 1:4 between cofilin and actin. [START_REF] Pavlov | Actin filament severing by cofilin[END_REF] However, in my experimental system, the concentration of actin polymerized into the filaments is much lower than the concentration of G-actin in the bulk (4 µM in total), thereby with the applied cofilin range (20 -1500 nM), the bell shape curve should still be observed. The hypothesis assuming insufficient cofilin concentration in the experiments should thus be excluded.

Another reasoning behind the lack of observed saturation of cofilin binding is potential saturation of mechanical response. This would mean that any further cofilin binding would not modify the mechanical response.

There is finally another possibility. Due to the presence of the activator of Arp2/3 machinery on the surface of the cylinders, there appears a segregation of 'old' and 'young' actin filaments within the network, where young filaments are formed from the nucleation site at the cylinder surface. This creates an ATP/ADP-Pi-actin cap close to the cylinder. Since cofilin binds preferentially to ADP-actin rather than ATP-actin or ADP-Pi actin [START_REF] Suarez | Cofilin Tunes the Nucleotide State of Actin Filaments and Severs at Bare and Decorated Segment Boundaries[END_REF] [50], the ATP/ADP-Pi-actin cap will be devoid of cofilin, creating, at the scale of the network, a border between cofilin-decorated and not decorated region within the comet. The length of the ATP/ADP-Pi-actin cap depends on the Pi release rate, as reported in [START_REF] Suarez | Cofilin Tunes the Nucleotide State of Actin Filaments and Severs at Bare and Decorated Segment Boundaries[END_REF] but also on the growth speed. Hence, with increasing cofilin concentration, ADP-actin region would reach saturation with cofilin, yet severing of the filaments would still prevail at the border between ADP-and ATP/ADP-Pi-actin caps, explaining no bell shape curve effect in filaments breakage and monotonic rise of the measured mechanical properties instead. However, at higher concentrations of cofilin, severing at the caps border would reach its limit. Since severing of the filaments creates new barbed ends for subsequent network regrowth, the above would mean that the regrowth would be maintained constant at the highest cofilin concentrations. This is not the effect observed while measuring the speed of regrowth of actin comets. It is then possible that cofilin at high concentrations starts to decorate also ADP-Pi-actin fragments and the decrease of the number of recreated barbed ends within ADP-actin region is compensated by the cofilin-induced increase of the number of barbed ends at the ADP-Pi-actin site.

The estimation of actin filaments decoration with cofilin, which could confirm the above predictions, was already performed during this thesis, as shown in the Results chapter; however, these experiments were only performed for three concentrations of cofilin and only with epifluorescence, which gave quite noisy results. To verify this with better precision, confocal microscopy experiments are planned with use of the new spinning disk acquired by the team, which would hopefully allow to better visualize cofilin decoration of actin networks and the region within the network where the regrowth occurs.

Visualisation of the ATP/ADP-Pi-actin cap could also shed a light on the length of the cap, which can be an important factor contributing to actin comet mechanical behaviour. The ratio between the length of ATP/ADP-Pi cap and the length of cofilin-decorated filaments within a comet can, however, influence the overall stiffness of the comet, as such network would behave as a series of elements of very distinct mechanical responses. If the length of the cap is much smaller than the decorated part, its effect could probably be neglected. In other case, the ATP/ADP-Pi region would alter the elasticity of the comet as a whole, as the part decorated with cofilin would be much softer than the part with no cofilin decoration. In this light, this effect could be more pronounced for the comets with higher concentrations of cofilin, as such comets on average grow slower, hence reach shorter lengths, and thus the undecorated part would still constitute a relatively big proportion of the whole size of the network. This can explain stiffening of the network observed for the highest tested cofilin concentrations.

Nevertheless, it is possible that the effect of the substantial cap length at high cofilin concentrations is counterbalanced by the hypothesised partial severing of actin filaments within ADP-Pi-actin cap, which would in turn soften this part of the comet.

Conclusion

This thesis aimed to investigate the effect of cofilin as a disassembly factor on the mechanics of reconstituted branched actin network. Designed previously in the team and optimized during this thesis experimental technique, allowed for reconstitution of actin structure similar to the one at the leading edge of the cell, as well as for a direct access to mechanical properties of the networks and large data statistics, thanks to which many mechanical properties of actin networks could be assessed.

What was expected to reveal was weakening of the networks, caused by cofilin and their force-induced breakage. Instead, actin networks softening in presence of cofilin was observed.

Networks with high concentrations of cofilin were extremely deformable, yet the deformation was largely reversible and the anticipated breakage considerably limited. The observed effect was attributed mainly to the enhanced flexibility and reduced connectivity of actin networks decorated with cofilin. However, with rising stress and deformation, the networks exhibited strong stress-stiffening, presumably occurring due to the creation of new points of contact within highly deformed structures.

What is more, despite no apparent signature of breakage, local severing of actin networks was evidenced through the discovery of the regrowth of actin networks after stress release, which occurred to be highly cofilin-dependent. All in all, these findings point out a substantial role of cofilin in actin networks remodelling, proving cofilin importance especially at the sites undergoing significant stresses where fast actin network turnover may enhance load adaptation.

A. Irreversible deformation dependence on maximum stress

Due to the dependence of the strain of actin comets on the stress they experience, higher level of maximum stress should result in larger deformation and thus in larger irreversible deformation. Therefore, I investigated a correlation between irreversible strain and maximum stress, as shown in Figure 4.A.1. As expected, we see similar codependence of irreversible deformation and maximum stress as in case of irreversible deformation and maximum strainpermanent size reduction is proportional to the achieved maximum stress. Identical trend with regards to the distribution of the results across cofilin concentrations remains as well. However, certain differences can also be noticed: at low stressesin a range from 0 to 75 Paa large group of comets at low cofilin concentrations seem to experience very limited irreversible deformation. After exceeding this value, rise of irreversible deformation with the rise of maximum stress is stronger.

B. Speed of length changes of actin comets in function of stress

As described in paragraph 4.3.3., during the application of constant force step, the length of actin comet decreased and the decrease was more pronounced with rising stress. The speed of changes in comet length during the compression was evaluated by a linear fit of the distance time curve within the fragment corresponding to the step (Figure 4.28 left). Slope of these lines corresponded to particular data points (Figure 4.28 right in blue). Next, speed values were plotted against stress for each tested cofilin concentration. This is shown below. As can be seen in the graphs above, in case of speed the results corresponding to the cofilin concentration of 500 nM stand out even more clearly than in case of yield (shown in the paragraph 4.2.3.3.) in a way that they exhibit much larger range of values than other tested cofilin concentrations. As already mentioned before, such divergence of the results for 500 nM cofilin may be a sign of the partial decoration of actin filaments within the comets, which would invoke higher severing. However, it is difficult to make a clear statement based solely based on the presented results.

C. Creep measurements on a long time scale

Since previously measured creep, described in the paragraph 4. What could immediately be observed is that even after long lasting stress, actin comets did not break but they bounced back to their initial sizes, as in the previous experiments.

Moreover, it can be noticed that the comets with no cofilin tend to grow even during force application. The comets with cofilin experience shortening during long stress application, this effect being the more prominent at the higher concentration of cofilin. However, in order to confirm creep behaviour, the progress of this loss in time needed to be evaluated. value, meaning that the material is able to undergo certain deformation under the applied stress, however once the load is removed, it quickly recovers. This stands for an instantaneous elastic compliance, J0 and is related to purely elastic stretching or compressing the bonds between structural units of the material. In region 2, a retarded elastic mechanical response is observed, which is time-dependent and linked to a material viscoelasticity. It is caused usually by breakages and reorganizations of the bonds within the material that occur not at the same time and not with the same rate, in consequence slowing down the material response. Therefore the arising compliance is called time-dependent retarded elastic compliance, JR. Region 3 depicts the mechanical response occurring at long time scale, and hence it corresponds to longterm viscous compliance, JN. Within this region, the compliance curve is linear in time and the material exhibits Newtonian viscous behaviour. Viscosity is a result of further breakages of the bonds within the material, due to which the structural units start to flow past each other. It has been demonstrated than in living cells, the compliance as a function of time has a powerlaw dependence J(t)=A0(t∕t0) α with an exponent (alpha) of typically 0.2 [START_REF] Balland | Power laws in microrheology experiments on living cells: Comparative analysis and modeling[END_REF] The plots included in Figure D.2 below represent the experimental evolution of compliance in time (both in logarithmic scale) for particular actin comets with different cofilin concentrations during the application of long constant stress. Logarithmic scales were applied to allow for direct visualization of a power-law dependence. We can observe a time-dependent rise of compliance in the initial stage of stress application; however after several seconds the compliance drops with the slope strongly dependent on cofilin concentration. This means that at short time-scales, actin comets exhibit certain level of flow under the applied force and their viscous behaviour becomes more pronounced. However, what comes into play on a longer time scale is growth of the comets, occurring even during force application and demonstrating in drop of compliance values. Due to this growth, quantification of mechanical response of actin comets in the applied experimental conditions, especially on longer time scale, is not possible, because repolymerization masks any underlying mechanical effect and alters mechanical responses itself. 

E. Buffers and growth mix composition
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 12 Fig 1.2. Schematic illustration of actin filament life cycle.[START_REF] Spinardi | Gelsolin and diseases[END_REF] 
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 14 Fig 1.4. Structure of Capping Protein dimer.[START_REF] Funk | A barbed end interference mechanism reveals how capping protein promotes nucleation in branched actin networks[END_REF] 
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 511516 Fig 1.5. Schematic representation of intramolecular contacts within actin filament upon cofilin binding, front view and side view.[START_REF] Tanaka | Structural basis for cofilin binding and actin filament disassembly[END_REF] 
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 18 Fig 1.8. Examples of actin filaments crosslinkers. [Mechanical Biology Info]
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 19 Fig 1.9. A schematic illustration of myosin propulsion along actin filament. [MBInfo]
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 110 Fig 1.10. Schematic illustration of myosin-mediated actin filaments fragmentation.[START_REF] Blanchoin | Actin dynamics, architecture, and mechanics in cell motility[END_REF] 
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 111 Fig 1.11. Schematic comparison of the main NPFs type I structures together with their antagonizing Arp2/3 inhibitors and their indicated locations in the cell.[START_REF] Molinie | The Arp2/3 Regulatory System and Its Deregulation in Cancer[END_REF] 
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 113 Fig 1.13. Schematic illustration of Arp2/3-mediated branching machinery, displaying the involvement of NPFs type I in recruitment of both Arp2/3 and actin for new branch formation (A), the role of NPFs type II, here cortactin in filaments stabilization (B) as well as the effect of coronin, GMF and other Arp2/3 inhibitors in blocking Arp2/3 branching (C).[START_REF] Gautreau | Nucleation, stabilization, and disassembly of branched actin networks[END_REF] 
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 114 Fig 1.14. Schematic illustration of different actin filament architectures within the cell. [78]
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 115 Fig 1.15. Scheme of actin mesostructures within the cell. [104]
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 2121 Figure 2.1). For this purpose tangent elastic modulus (K) is used which derives from instantaneous deformations under instantaneous stress and can be depicted as the slope of a line tangent to stress-strain curve at a given point in time, as shown below:

Fig 2 . 2 .

 22 Fig 2.2. Stress-strain curve with marked elastic and plastic regimes.

  elastically and on a longer time scale viscously. Kelvin-Voigt model describes the elements placed parallelly and thus simultaneously contributing to mechanical response, which results in a delay of elastic response caused by the dashpot. It characterizes visco-elastic solids. On a short time scale the material behaves as viscous liquid and on a longer time scale it exhibits elastic deformations. Burgers model can serve to describe the systems with double viscous and elastic elements, placed both in parallel and in a series, as can be seen in a comparative illustration of visco-elastic models examples in the Figure 2.3. Many other combinations of viscous and elastic elements are also possible and they are described by a range of other models p.ex. gel-like model, viscoplastic model or elasto-visco-plastic model.
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 23 Fig 2.3. Schematic representation of the mechanical properties of the materials: A) purely elastic solid, obeying Hooke's law, B) purely viscous liquid, obeying Newton's law C) visco-elastic liquid according to Maxwell model, D) visco-elastic solid according to Kelvin-Voigt model, E) visco-elastic material according to Burger model. Adapted from: Malvern Instruments Worldwide 2016
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 24 Fig 2.4. Scheme of possible chemo-bio-mechanical pathways emerging between subcellular structures that may influence their architecture, mechanics and disease state.[START_REF] Suresh | Biomechanics and biophysics of cancer cells[END_REF] 
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 2526 Fig 2.5.A scheme of the potential stresses possible to apply to actin filaments (blue arrows). Mechanical stress can influence actin filament conformation which in turn modifies ABP binding.[START_REF] Jegou | Mechanically tuning actin filaments to modulate the action of actin-binding proteins[END_REF] 
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 27 Fig 2.7. Schematic comparison of experimental methods allowing to measure mechanical properties of biological materials.[START_REF] Suresh | Biomechanics and biophysics of cancer cells[END_REF] 

  [START_REF] Marcy | Forces generated during actin-based propulsion: a direct measurement by micromanipulation[END_REF] [START_REF] Chaudhuri | Reversible stress softening of actin networks[END_REF] MicropipettesOne of the first mechanical experiments with branched actin networks, allowing to measure force-growth velocity relationship, was realized in the team of Cecile Sykes at Institute Curie in 2004. Actin networks were grown from the surface of polystyrene beads (2 μm of diameter) functionalized with N-WASP and minimal mix of proteins contained F-actin, profilin, Arp2/3, gelsolin and ADF. Obtained networks grew in a form of actin comets.Elongating ends of the comets were then either compressed or stretched with the use of a micropipette.
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 28 Fig 2.8. A) and B) Scheme and image of the experimental setup, respectively. Dark grey region represents actin comet, growing from the spherical bead attached to the flexible fiber.The comet is held by its end with a micropippete. C) Force-comet lengthening dependence curve.[START_REF] Marcy | Forces generated during actin-based propulsion: a direct measurement by micromanipulation[END_REF] 
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 2 Fig 2.9. A) Scheme of the experimental setup. B) Normalized elastic modulus curve in dependence of applied stress, showing strong stress-stiffening followed by reversible stresssoftening.[START_REF] Chaudhuri | Reversible stress softening of actin networks[END_REF] 
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 2 Fig 2.10. A) Scheme of the experimental setup. B) Normalized density of actin network and free barbed ends in dependence of the applied stress during network self-assembly. C) Normalized elasticity of actin network in dependence of the growth stress.[START_REF] Bieling | Force Feedback Controls Motor Activity and Mechanical Properties of Self-Assembling Branched Actin Networks[END_REF] 

Fig 2 .

 2 Fig 2.11. Left: Fluorescence (top) and bright field (bottom) image of the spherical superparamagnetic beads aligned in the magnetic field. Bright spheres in the fluorescence image show presence of actin networks growing from the surface of the beads. Right: Graph of dependence of elastic modulus on the concentration of Arp2/3 (in red) and gelsolin (in blue) derived from the experiments with the beads. Adapted from: [191].
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 212 Fig 2.12. Bright field (top) and fluorescence (bottom) images of superparamagnetic cylinders aligned in horizontal chain in the magnetic field. Green zones in the fluorescence image show presence of actin gels growing from the surface of the cylinders. Scale bar: 10 µm. [175]
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 31 Fig 3.1. Scheme of activation of Arp2/3 complex by nucelation promoting factor from WASP family on the fixed surface. Adapted from: Gressin, 2016.

  Fixed surfacepurified and labelled by the lab of Guillaume Romet-Lemonne and Antoine Jégou at Institute Jacques Monod, Université de Paris.
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 32 Fig 3.2. Schematic composition of the experimental mix.
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 33 Fig 3.3. A. Schematic representation of the magnetic dipoles arrangement in different kinds of magnetic materials together with their response to the external magnetic field. B.Representative hysteresis loops of different magnetic materials in presence of external magnetic field, where: Hc -coercive field, Mr -remanent magnetization, Ms -saturation magnetization.[START_REF] Tapeinos | 9 -Magnetic Nanoparticles and Their Bioapplications[END_REF] 

Fig 3 . 6 .

 36 Fig 3.6. Examples of applications of superparamagnetic particles to probe the mechanics of in vitro actin networks or cellular structures. A. Actin network growth around superparamagnetic beads. [Pujol et al., 2012] B. Actin network growth on the side of superparamagnetic cylinders. [Bauer, 2018] C. Superparamagnetic beads used as 'Magnetic Pincher' of cellular cortex.[Laplaud, 2019] 
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 37 Fig 3.7. Scheme of experimental workflow of magnetic cylinders fabrication. [Belbahri, 2020]
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 3839 Fig 3.8. Scheme of the photolithography technique.
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 310 Fig. 3.10. Photography of a ready fabricated wafer with engraved micropattern.
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  µm pillars diameter 4 µm pillars diameter 6 µm pillars diameter Due to the need to optimize the height of the resin used to form the pillars, during the entire project I produced thirteen different wafers. The choice of the resin, spincoating parameters, baking temperature and duration as well as the exposure time of the aligner determines the final height and thus needed to be chosen carefully depending on the targeted height. On the course of fabrication I observed also that the pillars are excessively washed out, especially on the edges of the wafer, therefore I modified slightly development and washing steps in order to preserve the pillars from detaching from the wafer. The initial conditions of developing the resin first in PGMEA for 3 minutes at 100 rpm and next in IPA for 3 minutes at 100 rpm were thus shortened to include only immersion in PGMEA for 3 minutes with lower agitation speed of 70 rpm. Washing step was also reduced from triple rinsing with IPA, PGMEA and IPA to rinsing only with PGMEA and IPA; no repetition of washing step was applied in the final procedure as well.

Fig 3 . 11 .

 311 Fig 3.11. Microscope images of improperly (top) and properly (bottom) formed PDMS wells. Improper shape of the wells is caused mainly by difficulties while PDMS peeling from the wafer and results in visible irregularities of the circular structure of the wells.
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 312313 Fig 3.12. Scheme of filling PDMS mold with the solution of ETPTA+AIBN/ACHN and magnetic beads. A. Method established by Reda Belbahri of applying small droplet of magnetic solution swiped progressively through PDMS mold. B. Optimized method established during the presented project relying on using larger volumes of magnetic solution at once and swiping it over the same wells three times, only afterwards moving to the neighbouring area.
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 314 Fig 3.14. Top: Schematic illustration of the PDMS stripe bending before the extraction. Parts of PDMS with cylinders are marked in brown. Adapted from: Reda Belbahri, 2020. Bottom: Schematic illustration of the PDMS stripe bent in the Eppendorf and pressed with a piston.
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 315 Fig 3.15. PDMS band after extraction. Left: Macroscopic view on PDMS band after extractionbright hole within brown area proves successful extraction. Right: Microscopic view on PDMS band after extractionbrighter circles mean emptied wells, darker circles mean wells still holding the cylinders.
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 317 Fig 3.17. Image of the experimental setup.
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 318333 Fig 3.18. Scheme of Labview workflow used for the experiments. Adapted from: Laplaud, 2019.
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 319 Fig 3.19. Examples of different magnetic field variations applied to explore different mechanical properties.
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 5 mT; however, due to the possible slight reorientation of the cylinders I augmented the typical value used during the experiments to 3 mT, ensuring the alignment on the course of the whole experiment. The example images of cylinders alignment are shown in the Figure 3.20 below.
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 320 Fig 3.20. Bright field microscopy images of magnetic microcylinders aligned in the external magnetic field in pair (left image; start of imaging after 8 minutes from the start of polymerization; 500 nM cofilin) and in chain (right image; start of imaging after 30 minutes from the start of polymerization; 500 nM cofilin). Spaces between the cylinders are a result of actin network growth between the cylinders.
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 321 Fig 3.21. Illustration of a method of correlation. Left: Image of reference with marked zone of correlation. Right: Deformation image with marked moved zone of correlation. [Bauer, 2016]
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 322 Fig. 3.22. Examples of incorrect (left and center) and correct (right) selection of the area within the cylinders.

Fig. 3 .

 3 Fig. 3.23. Top: A line drawn between a pair of cylinders of interest in order to measure absolute distance. Center: Matlab pop-up window with a calculation of the distance between the pair of cylinders based on the intensity profile of the pixels within the drawn line. Bottom: Calculated distance between the cylinders displayed by Matlab.
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 324 Fig 3.24.A scheme of dipolar forces between the cylinders calculated as a function of distance between them for different levels of magnetic field through finite elements analysis. Cylinders of 10 µm in length and 6 µm in diameter are considered. Inset: Dependence of forces on cylinders lengths for the distance of 1 µm and the magnetic field 40 mT.[START_REF] Bauër | A new method to measure mechanics and dynamic assembly of branched actin networks[END_REF] 

Fig 3 .

 3 Fig 3.25. Left: A scheme of magnetic field program applied during the experiments. Center: A plot of calculated variations of the effective force acting on actin comet on the course of the experiment. Right: A plot of calculated changes in actin comet length (distance between the cylinders) in time.

Fig 3 . 26 .

 326 Fig 3.26. A representative distancetime dependence curve for a single selected actin comet with 500 nM cofilin corresponding to the ramp of force of the highest amplitude with the fragment taken into account for the calculations of stress and strain marked in magenta.

Fig 3 . 27 .

 327 Fig 3.27. A plot of stressstrain dependence curve for the representative actin comet with 500 nM cofilin.

Fig 3 . 28 .

 328 Fig 3.28. Left: A plot of stressstrain dependence curve for the representative actin comet with 500 nM cofilin with plotted lines tangential to stress-strain curve serving to calculate tangential elastic modulus. Right: A corresponding plot of tangent elastic modulus in function of stress with marked stress ranges defined to calculate moduli.

  network in the direction of the applied forces, thus ensuring uniform force application. Comets growing towards each other, so called 'double comets', were eliminated from the measurements. After application of the force, I visualized actin again to verify the presence and size of the comets. Examples of the images before and after applying the force can be seen in the Figure 4.1 below.
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 41 Fig 4.1.Fluorescence visualization of actin comets polymerized from the surface of magnetic microcylinders. The left comet is properly positioned between the two cylinders, while the right one doesn't touch a cylinder and will not be studied. Top: actin comets before application of stress. Bottom: actin comets after application of stress.

Fig 4 . 2 .

 42 Fig 4.2. Fluorescence visualization of actin comets grown from the surface of magnetic microcylinders. Top: Green channel. Bottom: Red channel. Green-labelled actin was added to the sample as the first, at time 0 whereas red-labelled actin was added to the sample as the second, after 5 minutes of incubation of the experimental mix in the test tube. Images taken after 15 minutes of comets growth, count from time 0.
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 43 fluorescence images of green-labelled actin (top image) and red-labelled cofilin (bottom image) for one chosen concentration of cofilin (250 nM). As can be noticed, fluorescence intensity of actin is homogenously distributed across actin comets; however, while looking at the visualization of cofilin, some inhomogeneity appears: fluorescence intensity is decreased close to the cylinders surface and enhanced in the further parts of the comets, showing a larger presence of cofilin in the 'old' parts of the comets. This is in line with the current literature, indicating that cofilin has a higher affinity for ADP-bound, thus 'aged' actin within the filaments and not freshly incorporated ATP-actin.[START_REF] Suarez | Cofilin Tunes the Nucleotide State of Actin Filaments and Severs at Bare and Decorated Segment Boundaries[END_REF] 
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 43 Fig 4.3. Top: Fluorescence visualization of actin comets polymerized from the surface of magnetic microcylinders. Bottom: Fluorescence visualization of fluorescently labelled cofilin (250 nM cofilin, 100% labelling percentage, no delay in addition of cofilin to the final mix). Images taken after 16 minutes of comets growth, count from time 0.

Fig 4 . 4 .

 44 Fig 4.4. Fluorescence visualization of actin comets with different cofilin concentrations taken after 10 min from the start of polymerization.
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 45 Fig 4.5. A plot of median of actin comets growth speed in relation with cofilin concentrations. Error bars calculated as standard error.

Fig 4 . 6 .

 46 Fig 4.6. Cylinder displacement observed during the experiments. Top image: Cylinder position at the start of the experiment (time 0). Middle image: Cylinder position during the compressionthe distance between the cylinders decreases. Bottom image: Cylinder position at the end of the experimentthe distance between the cylinders increases again.
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 47 Fig 4.7. Example distancetime curve of actin comet with 500 nM obtained from the experiment with a single compression.
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 4 Figure 4.7.
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 4 8 depicts typical curves of the obtained distancetime relationship across cofilin concentrations.
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 48 Fig 4.8. Examples of distancetime curves of actin comets in presence of varied cofilin concentrations.
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 49 Fig 4.9. A plot of stressstrain dependence curve for an actin comet grown in presence of 500 nM cofilin.
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 4 Figure 4.10.A. illustrates representative stressstrain curves for actin comets with two

Fig 4 .

 4 Fig 4.10. A.A plot of stressstrain curves for the exemplary actin comets with 50 nM cofilin (in magenta) and 500 nM cofilin (in green) with marked tangential lines within the selected ranges of stress which slopes served for calculations of tangent elastic moduli lines (in purple and light green, respectively). B. A plot of tangent elastic moduli versus stress dependence for the same representative actin comets with 50 nM cofilin (in magenta) and 500 nM cofilin (in green).
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 412 Fig 4.12. Plots of the medians of tangent elastic modulus values versus cofilin concentration measured at different levels of stresses: Top, Stress range: 0-10 Pa; Bottom left, 10-30 Pa; Bottom right: 30-100 Pa. Error bars calculated as standard error.
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 414 Fig 4.14. Average of the tangent elastic moduli versus stress curves for actin comets with different cofilin concentrations.
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 5 Pa to 24 Pa, as shown in Figure 4.15. Next, I calculated slopes of the curves within the defined stress range by fitting the curves to linear function of their logarithms. The extracted slopes are presented in dependence of cofilin concentration in Figure 4.15.
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 415 Fig 4.15. Left: Plots of tangent elastic modulus -stress curves for actin comets with different cofilin concentrations with marked regions within which slopes were calculated. Right: A plot of tangent elastic modulusstress curves slopes dependence on cofilin concentration. Error bars shown as 95% confidence intervals.
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 416 Normalization factors, being the values of tangent elastic modulus at 10 Pa, were plotted in dependence on cofilin concentration, as in the inset in Figure 4.16.
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 416 Fig 4.16. Plots of tangent elastic modulus -stress curves for actin comets with different cofilin concentrations normalized to the middle data point (10 Pa). Inset: A plot of tangent elastic moduli at stress level of 10 Pa in relation with cofilin concentration.
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 417 Fig 4.17. Fluorescence visualization of actin comet which polymerization was started in absence of cofilin, cofilin at 500 nM being added after 3 minutes of incubation time. Top: Image taken before stress application. Bottom: Image taken after stress application.

  .
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 418 Fig 4.18. Plots of typical mechanical response of actin comet initialized without the addition of cofilin, cofilin at 500 nM being added after 3 minutes of incubation time. Left: Typical distancetime curve. Middle: Corresponding stressstrain curve. Right: Resulting plot of tangent elastic modulus versus stress.
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 419 Fig 4.19. A comparative plot of tangent elastic modulus dependence on stress for actin comets initiated with (plot in green) and without (plot in blue) addition of cofilin. Error bars calculated as standard errors.
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 420 Fig 4.20. Example distancetime curve of actin comet with 500 nM obtained from the experiment with a single compression. Measures of the length of the comet before (lo) and after the compression (lac) are indicated.

  Figure 4.21. Note that lac is smaller than l0, thus irreversible deformation is a negative quantity.
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 421 Fig 4.21. Histograms of irreversible deformation results across all tested cofilin concentrations.
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 422 Fig 4.22. Plot of median irreversible deformation of actin comets variation at different cofilin concentrations. Error bars calculated as standard error.

  plotted maximum deformation against cofilin concentration, as depicted in

Figure 4

 4 Figure 4.23.
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 423 Fig 4.23. A graph of average maximum deformation during the compression plotted against cofilin concentration. Error bars calculated as standard error.

I

  investigated a correlation between irreversible and maximum deformations through plotting irreversible deformation against maximum deformation during the compression for each comet across all cofilin concentrations, visualised in different colours in Figure4.24.

Fig 4 . 24 .

 424 Fig 4.24. A correlation of irreversible deformation and maximum deformation for actin comets with different cofilin concentrations. Each dot corresponds to a comet, the colour indicates cofilin concentration.
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  thus computed the ratio of irreversible deformation and maximum deformation and plotted these values as a function of cofilin concentration. This is shown in Figure4.25.
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 425 Fig 4.25. A plot of the ratio between irreversible deformation and maximum deformation averaged in dependence on cofilin concentration. Error bars calculated as standard error.
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 426 Fig 4.26. Red frame: Visualization of magnetic field scheme used for the experiments. First and third column: Examples of distancetime curves of actin comets with different cofilin concentrations subjected to ten subsequent rapid solicitations. Second and fourth column: Corresponding plots of stress versus distance, representing mechanical response of actin comets to the subsequent solicitations.
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 427 Fig 4.27. Plots of mean irreversible deformation of actin comets with different cofilin concentrations subjected to the first compression during the experiment (in blue) and to subsequent compressions (in red). Error bars calculated as standard error.
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 428 The slope of this line ( 𝑑𝐷 𝑑𝑡 ) is plotted in blue in the right graph of Figure 4.28. This speed can be normalized by the initial length of the comets to obtain the deformation rate or yield ( 𝑑𝜀 𝑑𝑡 ) (red symbols in the right graph of Figure 4.28).

Fig 4 .

 4 Fig 4.28. Left: An example distancetime curve obtained from the experiment with three subsequent steps of constant force of the increasing magnitude of external magnetic field (20 mT, 40 mT, 60 mT). Experiment performed with 500 nM cofilin. Right: Corresponding graph of the dependence of speed and rate of deformation (yield) on the level of the applied stress for the selected actin comet.
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 429 Fig 4.29. Plots of yield dependence on stress for different cofilin concentrations. Right bottom: Plot of averaged slopes of yield versus stress curve for each comet as a function of cofilin concentration. Error bars calculated as standard error with 95% confidence intervals.
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Fig 4 . 30 .

 430 Fig 4.30. Examples of distancetime curves obtained from the experiments with prolonged observation time at the end of the acquisition (20s or 40s) with marked regions of the fits of growth speed before the compression (red line) and after releasing the compression (magenta line).
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  4.30). Next, I plotted the speeds of growth before the compression and after releasing the compression in the Figure 4.31 to search for a potential correlation.

Fig 4 . 31 .

 431 Fig 4.31. Speed of growth of each actin comet after releasing the compression as a function of its speed of growth before the compression with different cofilin concentrations indicated by the symbol colour. The blue line indicates equality of the two speeds.
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 433 Fig 4.33. Plots of mean growth speeds before the compression and after releasing the compression dependence on cofilin concentration. Error bars calculated as standard error.
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 434 Fig 4.34. A plot of gained growth speed dependence on cofilin concentration. Each dot is the average at the corresponding cofilin concentration of the difference of speeds for each actin comet. Error bars are calculated as standard error.

  filaments and experienced stress level due to the experimental setup. Therefore, speed of gained growth dependence on maximum stress achieved during the experiments was assessed in relation with cofilin concentration, as presented in Figure 4.35.

Fig 4 . 35 .

 435 Fig 4.35. A plot of speed of gained growth dependence on maximum stress. Each dot corresponds to a comet, the colour indicates cofilin concentration.

Figure 4 .

 4 Figure 4.[START_REF] Kovar | Molecular details of formin-mediated actin assembly[END_REF] gives no clear answer whether there is a correlation between the maximum stress and the speed of gained growth or whether there is an influence of cofilin concentration.

Fig 4 .

 4 Fig 4.36. A plot of speed of gained growth dependence on maximum strain. Each dot corresponds to a comet, the colour indicates cofilin concentration.

Fig 4 . 37 .

 437 Fig 4.37. Plots of growth speed before the compression and after releasing the compression dependence on: maximum stress (top left), maximum strain (top right) and initial length (bottom left) for one cofilin concentration: 500 nM. Speeds are averaged within defined intervals: for stress -each 20 Pa, for strain -each 0.2, for initial length -each 1 µm. Error bars calculated as standard errors.

I

  performed the described experiments only for three concentrations of cofilin in doseresponse manner: 250, 500 and 1000 nM. Qualitative comparison of distancetime curves obtained from this series of experiments is presented in Figure 4.38 and quantitative results can be seen in Figure 4.39.

Fig 4 . 38 .

 438 Fig 4.38. Examples of distancetime curves obtained for actin comets with 500 nM cofilin from the experiments with prolonged observation time at the end of the acquisition (20s) with marked regions of the fits of growth speed before the compression (red line) and after releasing the compression (magenta line). Left: Experiment performed with the dilution in X buffer with addition of phalloidin. Middle: Experiment performed with the dilution in X buffer. Right: Experiment performed with the standard protocol without the dilution.

Fig 4 . 39 .

 439 Fig 4.39. Plots of gained growth speed dependence on cofilin concentration. Left: Experiments performed with the dilution in X buffer with addition of phalloidin. Inset: Experiments performed with the standard protocol without the dilution. Right: Experiments performed with the dilution in X buffer. Error bars calculated as standard error.

Fig 4 . 40 .

 440 Fig 4.40. Speed of gained growth dependence on the applied protocol for a selected cofilin concentration: 500 nM.

Fig 5 . 2 .

 52 Fig 5.2. A scheme visualizing branched network stiffening induced by compression.

Fig 5 . 3 .

 53 Fig 5.3. A typical experimental dependence of stress on the inverse cube of the volume, based on Van Wyk theory. In blue: the curve obtained from experimental data for the concentration of cofilin of 250 nM. In red: a theoretical Van Wyk model curve.

Fig 5 . 4 .

 54 Fig 5.4. Plots of averaged Van Wyk model curves across different cofilin concentrations.

Fig 5 . 5 .

 55 Fig 5.5. Left: A plot of Van Wyk modulus dependence on cofilin concentration. Right: A plot of mean tangent elastic modulus dependence on cofilin concentration for low level of stresses: 2.23 Pa (mean calculated for the first point of target stress in the continuous tangent elastic modulus curves from Results chapter).

  As can be noticed, Van Wyk modulus values decrease with the increase of cofilin concentration with the highest tested cofilin concentration exhibiting slight rise. Therefore, they follow the same trend as the moduli obtained during previous elasticity estimation. The obtained values of Van Wyk modulus (K0) and tangent elastic modulus extracted for the low level of stress (K; on the right in Figure5.5) are of very similar rangefor the comets with no cofilin reaching 303.7 ± 32.9 Pa and 130.9 ± 31.8 Pa, respectively and for the comets with 1000 nM cofilin yielding 15.7 ± 7.4 Pa and 20.2 ± 2.7 Pa, respectively.

6 ± 1 . 4 •

 614 3 ± 0.6 • 10 3 Pa•s. The viscosity calculated with help of Burgers model for the same cofilin concentration had a value of ~ 11.10 3 Pa•s, thus larger of a factor of 3, however still of the same order of magnitude. Yet, the exact estimation of creep across actin comets with different cofilin concentrations on the basis of gathered data was not fully possible. Nevertheless, what was observed, was that the mechanical response of actin networks occurs at different time scales (see Figure 5.6) that can be interpreted with different phenomena. Instantaneous response to augmented stress results in abrupt deformation and proves huge elasticity of the comets. Short time-scale reveals visco-elastic behaviour of the comets through delayed elastic response. At intermediate time-scale, actin comets exhibit certain level of flow under the applied force, therefore the comets probably lose viscously some part of their size.

Fig 5 . 6 .

 56 Fig 5.6. A plot of straintime relationship of a selected actin comet with cofilin concentration of 1000 nM. Recognized time scales of particular mechanical behaviour are marked with arrows.

Fig A. 1 .

 1 Fig A.1. A correlation of irreversible deformation and maximum stress for actin comets with different cofilin concentrations.

Fig B. 1 .

 1 Fig B.1. Plots of speed dependence on stress for different cofilin concentrations.

  3.3., was observed in relatively short time scale, I performed new experiments, aiming at verifying creep behaviour during long lasting stress application. Here, the solicitation consisted of a long step of constant force which duration reached 20 s. Distancetime curves obtained from the measurements were transformed into straintime curves and presented below.

Fig C. 1 .

 1 Fig C.1. Example straintime curves for actin comets with different cofilin concentrations subjected to the force step of long duration.

  Principally, in the curves demonstrated above we can distinguish several characteristic elements of mechanical response appearing at different time-scales:-instantaneous response to high force application, resulting in rapid deformation, confirming huge elasticity of the comets; -short-time response, lasting approximately 1 s -2 s after high force application, marked with the curvature of the mechanical response curve and suggesting visco-elastic behaviour of the comets; -intermediate-time response, during which creeping of the comets can be observed, being a signature of a viscous flow; -long-time response which is probably a result of several intertwining phenomena, occurring within the comets during the compression.The occurrence of such different time-scales poses difficulties in the proper quantification of the existing effects. However, the first three listed mechanical behaviours can be described and quantified with the help of several rheological models. Hence, instantaneous response can be represented as an elastic string with elasticity EMax and intermediate-time response can be described as a viscous dashpot with the linear viscosity ηMax. Visco-elastic response appearing at short time-scale corresponds to Kelvin-Voigt model, which consists of elastic (EKV) and viscous (ηKV) elements placed in parallel accounting for a delayed elastic response. In order to quantify the mechanical behaviour of the material exhibiting all of these elements, we can picture it as Kelvin-Voigt element in a series with Maxwell element, which is called Burgers model (schemes of these models are included in Chapter 2).

Fig C. 2 .

 2 Fig C.2. Scheme of Burgers model. Adapted from [Belbahri, 2020].

Fig C. 3 .Fig C. 4 .

 34 Fig C.3. First and third column: Representative straintime curves for actin comets with different cofilin concentrations subjected to the force step of long duration. Second and fourth column: Corresponding plots of Burgers model fit on the time course of high force application.

Fig D. 2 .

 2 Fig D.2. Left column: Representative distancetime curves for actin comets with different cofilin concentrations subjected to the force step of long duration. Right column: Corresponding plots of compliance versus time.

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 2 . 1 .

 21 A comparison of the scale of exerted/detected forces with different experimental techniques serving to measure mechanical properties of the materials.[START_REF] Verdier | Rheological properties of biological materials[END_REF] 

	Experimental technique	Forces scale
	Atomic Force Microscopy	~10 pN -~100 nN
	Optical Tweezers	~ 1 pN -~100 pN
	Micropipettes	~ 1 pN -10 pN
	Microplates	< 100 nN
	Magnetocytometry	~ 1 nN
	Magnetic Tweezers	~ 10 pN -~ 10 nN

. Measurements of mechanical properties of actin networks

  First experimental observation of actin is attributed to W.D. Halliburton back in the end of the XIX century, who discovered a coagulant of myosin from muscles. However it was only purified and characterized by Hungarian scientists Bruno Ferenc Straub and Albert Szent-Györgyi half a century later, in 1942. Due to its properties of 'activating' coagulation of myosin, the protein was called actin.[START_REF] Rall | Generation of life in a test tube: Albert Szent-Gyorgyi, Bruno Straub, and the discovery of actin[END_REF] Nevertheless, mechanical properties of actin gels have gained interest much later, in 1980' when studies on reconstituted actin networks in vitro have started.

Table 3 .

 3 1. Plasma cleaning parameters.

	Plasma cleaning parameters			
	Step #0		Step #1 *	
	MFC#1	Oxygen 50sccm MFC#1	Oxygen 8sccm
	Gas time (time of pulling	30s	Gas time	10s
	O2)			
	Base pressure	100mTor	Base pressure	100mTor
	Purge time	0s	Purge time	0s
	Vent time	30s	Vent time	10s
	Power	0W 0s	Power	30W 1min

Table E . 1 .

 E1 Buffers and growth mix composition and concentrations of the reagents. Table F.2. Summary of the optimization of PDMS mold preparation. Table F.3. Summary of the optimization of cylinders extraction.

	30/04/2021	PDMS_10-4	MK10			6		ACHN	16/04/2021 12/02/2021	2x	130C/10h
	30/04/2021	PDMS_10-4	MK10			6		ACHN	16/04/2021 12/02/2021	1x	130C/10h
	PDMS mold production date PDMS mold filling date 30/04/2021 30/04/2021	PDMS mold ID PDMS mold ID PDMS_10-4 PDMS_10-4	Wafer ID Wafer ID MK10 MK10	Plasma cleaning program Wells diameter [um] 6 6	Silane / Producer Initiator Initiator opening date ACHN 16/04/2021 12/02/2021 Magnetic beads pre-washing date ACHN 16/04/2021 12/02/2021	Silane opening date Filling 1x rounds 1x	Grey room temperature [°C] 130C/10h Baking temperature Grey room humidity [%] and time 130C/10h
	18/05/2021 07/02/2020 PDMS_Magda_1 PDMS_10-5 04/03/2020 PDMS_Magda_1 18/05/2021 PDMS_10-5 25/05/2020 PDMS_R 20/05/2020 PDMS_Magda_1 18/05/2021 PDMS_10-5 30/06/2020 PDMS_R-2 28/05/2020 PDMS_R 18/05/2021 PDMS_10-5 23/07/2020 PDMS_2-1 28/05/2020 PDMS_R 18/05/2021 PDMS_10-5 23/07/2020 PDMS_3-1 03/06/2020 PDMS_R 20/06/2021 PDMS_10-5 24/07/2020 PDMS_00-1 24/07/2020 PDMS_1-1 03/06/2020 PDMS_R 25/10/2021 PDMS_10-7	MK10 W4-13 W4-13 MK10 X buffer Reza W4-13 MK10 Reza Reza MK10 MK2 Reza MK10 MK3 Reza MK10 MK00/Reda MK1 Reza MK10	7 7 7 7 7 7 7	6 6 6 6 6 8 6 8 6 6 6 8 6	Reagent ACHN Trichloro(1H,1H,2H,2H-perfluorooctyl)silane / Sigma 24/06/2019 16/04/2021 12/02/2021 1x Concentration ACHN 04/03/2020 N/A 2x ACHN 16/04/2021 12/02/2021 1x [mM] HEPES pH 7.8 Trichloro(1H,1H,2H,2H-perfluorooctyl)silane / Sigma 25/05/2020 ACHN 04/03/2020 N/A 2x ACHN 16/04/2021 12/02/2021 1x 10,0 KCl Trichloro(1H,1H,2H,2H-perfluorooctyl)silane / Sigma 25/05/2020 ACHN 04/03/2020 22/05/2020 2x ACHN 16/04/2021 12/02/2021 2x 100,0 MgCl2 Trichloro(1H,1H,2H,2H-perfluorooctyl)silane / Sigma 25/05/2020 ACHN 04/03/2020 22/05/2020 2x ACHN 16/04/2021 12/02/2021 2x 1,0 CaCl2 Trichloro(1H,1H,2H,2H-perfluorooctyl)silane / Sigma 25/05/2020 ACHN 04/03/2020 22/05/2020 2x ACHN 16/04/2021 12/02/2021 2x 0,1 Water Trichloro(1H,1H,2H,2H-perfluorooctyl)silane / Sigma 25/05/2020 Trichloro(1H,1H,2H,2H-perfluorooctyl)silane / Sigma 25/05/2020 ACHN 04/03/2020 22/05/2020 2x ACHN 16/04/2021 12/02/2021 130C/10h (program running 130C/10h N/A N/A 130C/3h + 150C/5h 130C/10h N/A N/A 130C/3h + 150C/5h 130C/10h N/A N/A 130C/3h + 150C/5h 130C/10h N/A N/A 130C/3h + 150C/5h 130C/10h N/A N/A 130C/10h 130C/10h N/A N/A N/A N/A 130C/10h 2x for longer time)
	06/10/2020 01/07/2020 19/11/2021	PDMS_2-2 PDMS_R-2 PDMS_10-7	MK2 Reza MK10		7	8 6	TRIS-HCl pH 8.0 Trichloro(1H,1H,2H,2H-perfluorooctyl)silane / Sigma 06/10/2020 5,0 ACHN 04/03/2020 22/05/2020 2x ACHN 16/04/2021 19/11/2021 130C/10h (program running N/A N/A 130C/10h 2x for longer time)
	06/10/2020 24/08/2020 19/11/2021	PDMS_3-2 PDMS_3-1 PDMS_10-7	G buffer MK3 MK3 MK10	7	6 8	CaCl2 Trichloro(1H,1H,2H,2H-perfluorooctyl)silane / Sigma 06/10/2020 0,2 ACHN 04/03/2020 22/05/2020 2x ACHN 16/04/2021 19/11/2021 130C/10h (program running N/A N/A 130C/10h 2x for longer time)
	06/10/2020 28/08/2020 03/12/2021	PDMS_3-2 PDMS_2-1 PDMS_10-8	MK3 MK2 MK10		7	6 6	Water Trichloro(1H,1H,2H,2H-perfluorooctyl)silane / Sigma 06/10/2020 ACHN 04/03/2020 22/05/2020 2x ACHN 16/04/2021 19/11/2021 2x	N/A 130C/10h 130C/10h	N/A
	16/10/2020 28/08/2020 07/01/2022	PDMS_5-1 PDMS_2-1 PDMS_10-9	MK5 MK2 MK10		7	8 8	EGTA Trichloro(1H,1H,2H,2H-perfluorooctyl)silane / Sigma 06/10/2020 1,2 ACHN 04/03/2020 22/05/2020 2x ACHN 16/04/2021 19/11/2021 2x	20,3 130C/10h 130C/10h	40
	16/10/2020 28/08/2020 11/01/2022	PDMS_6-1 PDMS_3-1 PDMS_10-10	Exchange buffer MK6 7 Trichloro(1H,1H,2H,2H-perfluorooctyl)silane / Sigma 06/10/2020 MgCl2 0,2 MK3 8 ACHN 04/03/2020 22/05/2020 2x MK10 6 ACHN 16/04/2021 19/11/2021 2x	20,0 130C/10h 130C/10h	38
	03/11/2020 21/09/2020 15/03/2022	PDMS_7-1 PDMS_2-1 PDMS_10-11	MK7 MK2 MK10		7	6 6	Water Trichloro(1H,1H,2H,2H-perfluorooctyl)silane / Sigma 06/10/2020 ACHN 04/03/2020 22/05/2020 2x ACHN 16/04/2021 19/11/2021 2x	20,1 130C/10h 130C/10h	38
	04/11/2020 24/09/2020 19/07/2022	PDMS_8-1 PDMS_00-1 PDMS_10-12	MK8 MK00/Reda MK10		7	6 6	ATP pH 7.5 Trichloro(1H,1H,2H,2H-perfluorooctyl)silane / Sigma 06/10/2020 12,0 ACHN 04/03/2020 22/05/2020 2x ACHN 16/04/2021 19/11/2021 2x	20,5 130C/10h 130C/10h	37
	24/11/2020 24/09/2020	PDMS_11-1 PDMS_1-1	MK11 MK1		7	6	MgCl2 Trichloro(1H,1H,2H,2H-perfluorooctyl)silane / Sigma 06/10/2020 24,0 ACHN 04/03/2020 22/05/2020 2x	19,4 130C/10h	43
	24/11/2020 27/11/2020 07/10/2020 09/10/2020	PDMS_13-1 PDMS_10-1 PDMS_3-2 PDMS_2-2	ATP mix MK13 MK10 MK2 MK2	7 7	6 6	DABCO DTT Trichloro(1H,1H,2H,2H-perfluorooctyl)silane / Sigma 06/10/2020 0,9 30,0 Trichloro(1H,1H,2H,2H-perfluorooctyl)silane / Sigma 06/10/2020 ACHN / 04/03/2020 22/05/2020 2x AIBN ACHN 04/03/2020 22/05/2020 2x	19,2 19,1 130C/10h 130C/10h	44 42
	27/11/2020 13/10/2020	PDMS_12-1 PDMS_R	MK12 Reza		7	6	Water Trichloro(1H,1H,2H,2H-perfluorooctyl)silane / Sigma 06/10/2020 ACHN 04/03/2020 22/05/2020 1x	19,3 130C/10h	41
	12/01/2021 13/10/2020 11/02/2021 21/10/2020	PDMS_10-2 PDMS_3-2 PDMS_10-3 PDMS_4-1	MK10 MK3 MK10 MK4		7 7	8 6	Concentration Trichloro(1H,1H,2H,2H-perfluorooctyl)silane / Sigma 06/10/2020 ACHN 04/03/2020 22/05/2020 1x Reagent [µM] Trichloro(1H,1H,2H,2H-perfluorooctyl)silane / Sigma 06/10/2020 ACHN 04/03/2020 22/05/2020 1x	19,5 130C/10h 19,0 130C/10h	41 42
	12/04/2021 21/10/2020 07/05/2021 21/10/2020 11/10/2021 10/11/2020 22/10/2021 10/11/2020 02/12/2021 25/11/2020 05/01/2022 25/11/2020 10/01/2022 02/12/2020 14/03/2022 02/12/2020 18/07/2022 07/12/2020	PDMS_10-4 PDMS_5-1 PDMS_10-5 PDMS_6-1 PDMS_10-6 PDMS_7-1 PDMS_10-7 PDMS_8-1 PDMS_10-8 PDMS_11-1 PDMS_10-9 PDMS_13-1 PDMS_10-10 PDMS_10-1 PDMS_10-11 PDMS_12-1 PDMS_10-12 PDMS_10-1	MK10 MK5 Exchange mix 7 6 MK10 7 MK6 6 Growth mix MK10 7 MK7 6 MK10 7 MK8 6 MK10 7 MK11 6 MK10 7 MK13 6 MK10 7 MK10 6 MK10 7 MK12 6 MK10 7 MK10 6	G-Actin Trichloro(1H,1H,2H,2H-perfluorooctyl)silane / Sigma 12/04/2021 25,0 ACHN 04/03/2020 22/05/2020 1x 1 Trichloro(1H,1H,2H,2H-perfluorooctyl)silane / Sigma 12/04/2021 ACHN 04/03/2020 22/05/2020 1x 6x Echanging Buffer 1,00% Chloromethylsilane (BY MISTAKE) 11/10/2021 ACHN 04/03/2020 22/05/2020 1x BSA Profilin Trichloro(1H,1H,2H,2H-perfluorooctyl)silane / Fisher 22/10/2021 ACHN 04/03/2020 22/05/2020 1x 12,00 CP Trichloro(1H,1H,2H,2H-perfluorooctyl)silane / Fisher 22/10/2021 ACHN 04/03/2020 22/05/2020 1x 0,09 ATP MIX Trichloro(1H,1H,2H,2H-perfluorooctyl)silane / Fisher 22/10/2021 ACHN 04/03/2020 22/05/2020 1x 2400 Arp 2/3 Trichloro(1H,1H,2H,2H-perfluorooctyl)silane / Fisher 22/10/2021 ACHN 04/03/2020 22/05/2020 1x 0,0975 Trichloro(1H,1H,2H,2H-perfluorooctyl)silane / Fisher 14/03/2022 ACHN 04/03/2020 22/05/2020 1x X-Buffer Cofilin-1 0,50 Trichloro(1H,1H,2H,2H-perfluorooctyl)silane / Fisher 14/03/2022 ACHN 04/03/2020 22/05/2020 1x	20,8 130C/10h 20,2 130C/10h 22 130C/10h 21 130C/10h 20,5 130C/10h 19,5 130C/10h 19,5 130C/10h 19,8 130C/10h 21 130C/10h	26,6 50 48,9 52,1 41 40 41 41 40
	19/01/2021	PDMS_10-2	MK10			6	VCA/pWA cylinders ACHN 04/03/2020 22/05/2020	1x	130C/10h
	16/02/2021	PDMS_10-3	MK10			6	Actin	ACHN	4,00 04/03/2020 12/02/2021	2x	130C/10h
	18/03/2021	PDMS_10-3	MK10			6		ACHN	04/03/2020 12/02/2021	1x	130C/10h
	18/03/2021	PDMS_13-1	MK13			6		ACHN	04/03/2020 12/02/2021	1x	130C/10h
	18/03/2021	PDMS_11-1	MK11			6		ACHN	04/03/2020 12/02/2021	1x	130C/10h
	18/03/2021	PDMS_12-1	MK12			6		ACHN	04/03/2020 12/02/2021	1x	130C/10h
	18/03/2021	PDMS_8-1	MK8			6		ACHN	04/03/2020 12/02/2021	1x	130C/10h
	16/04/2021	PDMS_10-4	MK10			6		ACHN	04/03/2020 12/02/2021	1x	130C/10h
	16/04/2021	PDMS_10-4	MK10			6		ACHN	16/04/2021 12/02/2021	1x	130C/10h
	20/04/2021	PDMS_10-4	MK10			6		ACHN	04/03/2020 12/02/2021	1x	130C/10h
	20/04/2021	PDMS_10-4	MK10			6		ACHN	16/04/2021 12/02/2021	1x	130C/10h

  Table F.4. Summary of the optimization of cylinder coating.

	08/12/2020 20/05/2021	07/12/2020 18/05/2021	PDMS_10-1 PDMS_10-5 R2	6 6	scotch tape prewetting in Xb	pWA VCA	0,2 0,5	6	1h / bench 1h / bench
	10/12/2020 20/05/2021	07/12/2020 18/05/2021	PDMS_10-1 PDMS_10-5 R3	6 6	scotch tape prewetting in Xb	pWA pWA	0,2 2,0	6	1h / bench 1h / bench
	Cylinders extraction date 11/12/2020 22/06/2021 14/12/2020 15/07/2021 06/01/2021 21/07/2021	PDMS mold filling date 07/12/2020 18/06/2021 07/12/2020 18/06/2021 07/12/2020 18/06/2021	PDMS mold ID PDMS_10-1 PDMS_10-5 PDMS_10-1 PDMS_10-5 PDMS_10-1 PDMS_10-5	Cylinders diameter [um] 6 6 6 6 6 6	Band surface cleaning / activation method scotch tape prewetting in Xb 15min sonication in Xb prewetting in Xb 15min sonication in Xb prewetting in Xb	Coating protein pWA pWA pWA pWA pWA pWA	Coating protein concentration [uM] 1,0 2,0 1,0 2,0 1,0 2,0	Coating 30 protein 30 volume [ul] 30	1h / bench 1h / bench Incubation time 1h / bench 1h / bench in pWA 1h / bench 1h / bench
	27/05/2020 13/01/2021 28/07/2021	20/05/2020 PDMS_Magda_1 07/12/2020 PDMS_10-1 18/06/2021 PDMS_10-5	6 6 6	scotch tape 15min sonication in Xb prewetting in Xb	pWA pWA pWA	1,0 1,0 2,0	30 30	1h / wheel 1h / bench 1h / bench
	29/05/2020 20/01/2021 13/10/2021	28/05/2020 19/01/2021 18/06/2021	PDMS_R PDMS_10-2 PDMS_10-5	8 6 6	scotch tape 15min sonication in water prewetting in Xb	pWA pWA pWA	1,0 1,0 2,0	30 30	1h / wheel 1h / bench 1h / bench
	29/05/2020 20/01/2021 26/10/2021	28/05/2020 19/01/2021 25/10/2021	PDMS_R PDMS_10-2 PDMS_10-7	8 6 6	scotch tape 15min sonication in water prewetting in Xb	pWA pWA pWA	1,0 1,0 2,0	30 30	1h / wheel 1h / bench 1h / bench
	04/06/2020 04/06/2020 27/01/2021 03/11/2021 22/11/2021 05/06/2020 27/01/2021 24/11/2021	03/06/2020 03/06/2020 19/01/2021 25/10/2021 19/11/2021 03/06/2020 19/01/2021 19/11/2021	PDMS_R PDMS_R PDMS_10-2 PDMS_10-7 PDMS_10-7 PDMS_R PDMS_10-2 PDMS_10-7	6 8 6 6 6 8 6 8	scotch tape scotch tape 5min sonication in water prewetting in Xb + 1min plasma cleaning prewetting in Xb scotch tape 15 min sonication in water prewetting in Xb	pWA pWA pWA pWA pWA pWA pWA pWA	1,0 1,0 1,0 2,0 2,0 1,0 1,0 2,0	30 30 30 30 30	1h / wheel 1h / bench 1h / bench 1h / bench 1h / wheel 1h / wheel 1h / bench 1h / bench
	10/06/2020 25/11/2021 22/06/2020 03/02/2021 08/12/2021	03/06/2020 19/11/2021 03/06/2020 19/01/2021 03/12/2021	PDMS_R PDMS_10-7 PDMS_R PDMS_10-2 PDMS_10-8	8 6 8 6 6	scotch tape plasma cleaning (program 7) prewetting in Xb scotch tape + 0,5h silanization with fresh chlorotrimethylsilane at IPGG prewetting in Xb	pWA pWA pWA pWA pWA	1,0 2,0 1,0 1,0 2,0	30 30 30	1h / bench 1h / wheel 1h / wheel 1h / bench 1h / bench
	02/07/2020 02/02/2022 09/07/2020 10/02/2021 23/02/2022	01/07/2020 11/01/2022 01/07/2020 19/01/2021 11/01/2022	PDMS_R-2 PDMS_10-10 PDMS_R-2 PDMS_10-2 PDMS_10-10	8 6 8 6 6	scotch tape prewetting in Xb scotch tape 15 min sonication in water prewetting in Xb	pWA pWA pWA pWA pWA	1,0 2,0 1,0 1,0 1,0	30 30 30	1h / bench 1h / wheel 1h / wheel 1h / bench 1h / bench
	21/07/2020 24/02/2022	03/06/2020 11/01/2022	PDMS_R-2 PDMS_10-10	8 6	scotch tape 15 min sonication in water prewetting in Xb	pWA pWA	1,0 2,0	30	1h / bench 1h / bench
	26/08/2020 09/03/2022 31/08/2020 10/02/2021 16/03/2022	24/08/2020 11/01/2022 28/08/2020 19/01/2021 15/03/2022	PDMS_3-1 PDMS_10-10 PDMS_2-1 PDMS_10-2 PDMS_10-11	6 6 6 6 6	scotch tape + plasma cleaning (program 7) prewetting in Xb scotch tape + 0,5h silanization with fresh chlorotrimethylsilane at IPGG prewetting in Xb	pWA pWA pWA pWA pWA	1,0 2,0 0,1 1,0 2,0	30 3 30	1h / bench 1h / bench 1h / bench 1h / bench 1h / bench
	02/09/2020 22/03/2022	15/03/2022	PDMS_10-11	6	+ incubation in Xb 30 min 2000 ul prewetting in Xb	pWA	2,0		1h / bench
	07/09/2020 04/04/2022	28/08/2020 15/03/2022	PDMS_2-1 PDMS_10-11	8 6	scotch tape prewetting in Xb	pWA pWA	0,2 1,0	6	1h / bench 1h / bench
	07/09/2020 05/04/2022	28/08/2020 15/03/2022	PDMS_3-1 PDMS_10-11	6 6	scotch tape scotch tape prewetting in Xb	pWA pWA	0,2 2,0	6	1h / bench 1h / bench
	07/09/2020 10/02/2021 07/04/2022	28/08/2020 19/01/2021 15/03/2022	PDMS_3-1 PDMS_10-2 PDMS_10-11	8 6 6	scotch tape + 0,5h silanization with fresh + plasma cleaning (program 7) prewetting in Xb	pWA pWA pWA	0,2 1,0 2,0	6 30	1h / bench 1h / bench 1h / bench
	15/09/2020 03/05/2022 15/09/2020 15/06/2022	28/08/2020 15/03/2022 28/08/2020 15/03/2022	PDMS_3-1 PDMS_10-11 PDMS_3-1 PDMS_10-11	6 6 6 6	scotch tape chlorotrimethylsilane at IPGG prewetting in Xb scotch tape + incubation in Xb 30 min 2000 ul prewetting in Xb	pWA pWA pWA pWA	0,2 2,0 0,2 2,0	6 6	1h / bench 1h / bench 1h / bench 1h / bench
	16/09/2020 18/02/2021 11/07/2022	28/08/2020 16/02/2021 15/03/2022	PDMS_3-1 PDMS_10-3 PDMS_10-11	6 6 6	scotch tape 15 min sonication in water prewetting in Xb	pWA pWA pWA	0,2 1,0 2,0	6 30	1h / bench 1h / bench 1h / bench
	22/09/2020 16/03/2021 20/07/2022	21/09/2020 07/12/2020 19/07/2022	PDMS_2-1 PDMS_10-1 PDMS_10-12	6 6 6	scotch tape 15min sonication in Xb prewetting in Xb	pWA pWA pWA	0,2 1,0 2,0	6 30	1h / bench 1h / bench 1h / bench
	23/09/2020 16/03/2021	21/09/2020 19/01/2021	PDMS_2-1 PDMS_10-2	6 6	scotch tape 15min sonication in Xb	pWA pWA	0,2 1,0	6 30	1h / bench -
	23/09/2020 16/03/2021	21/09/2020 16/02/2021	PDMS_2-1 PDMS_10-3	6 6	scotch tape 15min sonication in Xb	pWA	-1,0	-30	-1h / bench
	08/09/2020 16/03/2021	24/09/2020 16/02/2021	PDMS_00-1 PDMS_10-3	6 6	scotch tape 15min sonication in Xb	pWA pWA	0,2 1,0	6 30	1h / bench 1h / bench
	08/09/2020 16/03/2021	24/09/2020 16/02/2021	PDMS_1-1 PDMS_10-3	6 6	scotch tape 15min sonication in Xb	pWA BSA	0,2 0,01	6 16	1h / bench -
	08/10/2020 23/03/2021	07/10/2020 18/03/2021	PDMS_3-2 PDMS_10-3	6 6	scotch tape 15min sonication in Xb	pWA pWA	0,2 1,0	6 30	1h / bench 1h / bench
	12/10/2020 23/03/2021	08/10/2020 18/03/2021	PDMS_2-2 PDMS_13-1	6 6	scotch tape 15min sonication in Xb	pWA pWA	0,2 1,0	6 30	1h / bench 1h / bench
	12/10/2020 23/03/2021	08/10/2020 18/03/2021	PDMS_2-2 PDMS_11-1	6 6	scotch tape 15min sonication in Xb	pWA pWA	0,2 1,0	6 30	1h / bench 1h / bench
	20/10/2020 23/03/2021	13/10/2020 18/03/2021	PDMS_R PDMS_12-1	6 6	scotch tape 15min sonication in Xb	pWA pWA	0,2 1,0	6 30	1h / bench 1h / bench
	20/10/2020 23/03/2021	13/10/2020 18/03/2021	PDMS_3-2 PDMS_8-1	6 6	scotch tape 15min sonication in Xb	pWA pWA	0,2 1,0	6 30	1h / bench 1h / bench
	22/10/2020 21/04/2021	21/10/2020 16/04/2021	PDMS_4-1 PDMS_10-4	6 6	scotch tape 15min sonication in Xb	pWA pWA	0,2 1,0	6 30	1h / bench 1h / bench
	22/10/2020 21/04/2021	21/10/2020 20/04/2021	PDMS_5-1 PDMS_10-4	6 6	scotch tape 15min sonication in Xb	pWA pWA	0,2 1,0	6 30	1h / bench 1h / bench
	22/10/2020 21/04/2021	21/10/2020 20/04/2021	PDMS_6-1 PDMS_10-4	6 6	scotch tape 15min sonication in Xb	pWA pWA	0,2 1,0	6 30	1h / bench 1h / bench
	13/11/2020 04/05/2021	10/11/2020 30/04/2021	PDMS_7-1 PDMS_10-4	6 6	scotch tape 15min sonication in Xb + 15min vacuum pWA pWA	0,2 1,0	6 30	1h / bench 1h / bench
	13/11/2020 04/05/2021	10/11/2020 30/04/2021	PDMS_8-1 PDMS_10-4	6 6	scotch tape 15min sonication in Xb + 15min vacuum pWA pWA	0,2 1,0	6 30	1h / bench 1h / bench
	26/11/2020 04/05/2021	25/11/2020 30/04/2021	PDMS_11-1 PDMS_10-4	6 6	scotch tape 15min sonication in Xb + 15min vacuum pWA pWA	0,2 1,0	6 30	1h / bench 1h / bench
	26/11/2020 04/05/2021	25/11/2020 30/04/2021	PDMS_13-1 PDMS_10-4	6 6	scotch tape 15min sonication in Xb + 15min vacuum	pWA VCA	0,2 1,0	6 25	1h / bench 1h / bench
	03/12/2020 20/05/2021	02/12/2020 18/05/2021	PDMS_10-1 PDMS_10-5 L2	6 6	scotch tape prewetting in Xb	pWA VCA	0,2 0,5	6 13	1h / bench 1h / bench
	03/12/2020 20/05/2021	02/12/2020 18/05/2021	PDMS_12-1 PDMS_10-5 L3	6 6	scotch tape prewetting in Xb	pWA pWA	0,2 2,0	6 60	1h / bench 1h / bench
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Influence of cofilin on softness of actin networks

I performed similar analysis as described above across all tested cofilin concentrations.

The obtained numerical values of tangent elastic moduli for low level of stresses (0-10 Pa) are presented as histograms below. 

Non-linearity of actin networks in presence of cofilin

In order to assess non-linearity of actin networks, stressstrain curves were used once again to obtain tangent elastic moduli; however in contrast to the previous method, evaluating the moduli for only three and relatively broad ranges of stresses, a continuous tangent elastic modulus values based on Gaussian fit were calculated. In order to do so, a number of target stresses (typically 20 in a range from 0 to 80 Pa) were chosen on a logarithmic scale. For each of these target stresses, the stress -strain curve was fitted with a linear relation and a decreasing weight for experimental points further from the target stress. This weight took the Gaussian form, with a half-width equal to the distance between target stresses. This method allowed me to obtain continuous stress -tangent modulus curves, with a focus on smaller stresses, as shown in Figure 4. [START_REF] Chesarone | Actin nucleation and elongation factors: mechanisms and interplay[END_REF]. Red data points correspond to the tangent elastic modulus values calculated in the previous paragraph, based on three ranges of stresses. The fact that these points are placed precisely on the continuous tangent elastic modulus curve validates the two methods. Nonlinearity of the mechanical properties appears clearly on the curve. On the basis of the histograms we can deduce that the speed of growth after releasing the compression tends to exceed speed of growth before the compression in case of all presented cofilin concentrations, as already observed in the previous graph, especially at high values of cofilin concentration. For each concentration of cofilin a mean growth speed before the compression and mean growth speed after releasing the compression were evaluated and plotted in dependence of cofilin concentration in Figure 4.33.

The origins of actin network elasticity and non-linearity

The origins of branched actin network elasticity and non-linearity were investigated in collaboration with Mehdi Bouzid and Martin Lenz with the use of theoretical soft matter physics tools. As found by Mehdi, the mechanical behaviour of many fibrous materials subjected to increasing stress is similar, meaning that the differential modulus of these materials rises 

D. Compliance of actin networks with cofilin

In order to quantify the mechanical response of actin comets subjected to a long stress in another way, a measure called compliance was evaluated.

In mechanical engineering compliance, also called flexibility or creep function, is considered to be a tolerance of a material to occurring deformations. Compliant or flexible materials are therefore easily stretched or compressed, have low elastic moduli and even a little level of applied stress results in significant strain. Compliance (J) is thus the inverse of stiffness and can be related with stress (σ) and strain (ε) using the following equation: In the presented graph, it is possible to distinguish three regions of different compliance curve trends, signifying different mechanical behaviours of the examined material within the considered time scales. At time 0, marked as region 1, the compliance already has a non-zero 

F. Optimization processes summary

ABSTRACT

Every living cell in order to perform its biological functions needs to resist constant external stresses and exert forces enabling e.g. migration, endocytosis or cytokinesis. This is possible thanks to the complex structure of cytoskeleton serving as a scaffold and an outer shell of the cell. One of the key components of cytoskeleton is a network of actin filaments that undergo constant and highly dynamic cycles of polymerization and depolymerisation. These processes are controlled by assembly and disassembly factors, incessantly interacting with actin filaments. As far as the architecture of the network and biochemical interactions between the components have already been broadly described in the literature, the mechanical properties of the networks are not fully understood from a biophysical point of view.

The main goal of this PhD was to investigate how a disassembling factor, cofilin, influences the mechanical properties of actin network and its resistance towards external mechanical stress. We use minimal biochemical system based on pWA-Arp2/3 nucleation to obtain branched actin network growth from the surface of superparamagnetic microcylinders. The application of an external magnetic field ensures cylinders self-alignment in pairs, next we vary the external magnetic field and monitor cylinders displacement using bright field microscopy. This enables quantitative measurements of viscoelastic properties of actin networks growing between the cylinders. Our results showed that actincofilin networks are extremely soft, undergoing huge stress-induced and cofilin-dependent deformation. The mechanical response of cofilin-actin networks is highly-nonlinear, with stress-stiffening. Cofilin does not invoke full breakage of the network, as expected: the deformation is largely reversible with little traces of irreversible deformation. However, local breakage of filaments can be evidenced through repolymerization of actin comets after their compression. KEYWORDS cytoskeleton, mechanotransduction, magnetic particles, microfabrication, cofilin, viscoelasticity
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