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Abstract (Italian)



Le proprieta meccaniche dei sistemi biologici hanno una grande importanza nel determinare il loro
comportamento. Molti potenziali farmaci possono modificare le proprieta meccaniche della membrana
biologica e indirettamente modulare la funzione di proteine di membrana. Analogamente, molti stati
patologici a livello cellulare presentano un fenotipo con proprieta meccaniche alterate e la modifica di tali
proprieta e tipicamente il risultato di una riorganizzazione del citoscheletro. Allo stesso tempo, le cellule
sondano le proprieta reologiche della matrice extracellulare (ECM) attivando, a seconda della risposta
ottenuta, diversi percorsi biochimici. Tali fenomeni sono spesso caratterizzati da una riorganizzazione
citoscheletrica a seguito di stimoli periodici, come avviene ad esempio nel sistema cardiovascolare o nei
polmoni. La scienza che tratta questi fenomeni & la meccanobiologia. Il lavoro di questa tesi di dottorato e
dedicato all’analisi delle proprieta meccaniche di costituenti biologici, da semplici modelli di membrana,
come doppi-strati-lipidici supportati (SLB) e vescicole giganti unilamellari (GUV), a sistemi quali colture
cellulari in-vitro. Le tecniche di indagine usate hanno coinvolto: microscopia ottica in contrasto di fase, DIC e
fluorescente; microscopia a forza atomica (AFM). Sono stati sviluppati, all'interno della tesi, metodi di analisi
e dispositivi dedicati per specifiche applicazioni e misure di campioni. E stato progettato, testato e impiegato
un incubatore per esperimenti di live-cell imaging da integrare direttamente sul tavolino (on-stage) di un
microscopio ottico. Sono stati ottenuti simultaneamente parametri di migrazione di cellule esposte a diversi
trattamenti, o poste su substrati aventi diversa rigidita meccanica. Lo stesso incubatore & stato ridisegnato
per poter alloggiare uno stretcher uniassiale in grado di fornire al substrato specifiche funzioni periodiche di
deformazione e valutare la conseguente risposta delle cellule in termini di migrazione e polarizzazione. Tra i
metodi di indagine, e stata sviluppata I'analisi quantitativa di migrazione di singola cellula, ed e stato
impiegato il modello “Persistence-Random-Walk”. Lo scopo era quello di analizzare I'effetto citostatico di un
potenziale farmaco nelle cellule U87MG, usate come modello del glioblastoma multiforme. L’analisi
effettuata ha infatti mostrato I'efficacia sia citostatica che antimitotica della molecola. Sono stati indagati
inoltre i possibili meccanismi biochimici alla base di tali effetti. Nel contesto dei SLB e GUV é stata
implementata rispettivamente I’analisi sulla tensione di linea di domini che simulano lipid-rafts e la costante
di bending, basandosi sulla teoria delle fluttuazioni di membrana. Nel primo caso sono stati confrontati i
risultati sulla misura della tensione di linea di miscele ternarie costituite da diverse componenti rilevanti nella
formazione di lipid-rafts. Nel secondo caso, & stato valutato il ruolo di molecole esogene (peptidi
antimicrobici e lipopeptidi) nella determinazione della costante di bending. Nella caratterizzazione visco-
elastica del citoscheletro con AFM, e stato implementato un software basato sul modello di Ting, in grado di
estrapolare i parametri viscoelastici dalle singole curve andata-ritorno. Si e studiato I'effetto del potenziale
farmaco prima citato, sulle proprieta reologiche di cellule U87MG al fine di correlare migrazione e proprieta
meccaniche cellulari. Sono stati sviluppati software dedicati alla ricerca di eventi Jump-Through-Force
nell’analisi di SLB per valutare alterazioni nelle fasi Solido-ordinata (S,) Liquido-Disordinata (L4) in mappe di
Force-Volume. In particolare, sono state investigati gli effetti sulle proprieta meccaniche di SLB sotto I'effetto
di molecole esogene come la daptomicina.
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Thesis project and aims

Mechanical properties of biological systems play a crucial role for their behavior. For example, many drugs
could modify mechanical properties of the biological membrane and indirectly modulate transmembrane
protein functions. Similarly, many pathological conditions at the cellular level are characterized by a
phenotype with altered mechanical properties, where these alterations are due to cytoskeleton
reorganization. At the same time, cells continuously probe rheological properties of extracellular matrix
(ECM) enabling, depending on response obtained by the substrate, different downstream signaling cascades.
In many cases, cytoskeleton reorganization occurs also when cells are experiencing periodic mechanical
stimuli, as it happens for example in the cardiovascular system or in lungs. All these aspects are treated by a
recent interdisciplinary branch of physic and biology sciences called “Mechano-biology”.

This PhD thesis work has been devoted to study some specific aspects of mechanical properties of biological
systems: from simple models of the biological-membrane, like supported-lipid-bilayer (SLB) or giant-
unilamellar-vesicle (GUV), to in-vitro cells. Investigation techniques exploited in this work include: phase-
contrast optical microscopy, DIC and fluorescence microscopy and atomic force microscopy (AFM). In the
thesis we developed methods for the quantitative analysis and devices dedicated to specific applications and
measurements of biological properties. An on-stage cell incubator for live cell imaging has been designed,
tested and employed successfully. From time-lapse microscopy experiments we obtained different
guantitative migration parameters both for cell exposed to different drugs and for cells seeded on substrates
with different mechanical rigidity. In the context of these cell migration assays, we focused on two different
topics: Firstly, the glioblastoma multiforme (GBM) which is one of the most common malignant primary brain
tumors and, despite a strong effort dedicated to finding an effective therapy, it is still characterized by a very
poor prognosis. We investigated the antimitotic and cytostatic effect of a potential antitumoral drug in-vitro
assay in collaboration with the Department of Life Sciences, University of Modena and Reggio Emilia.
Secondly, we exploited the on-stage live cell incubator to investigate the interaction of mineral fibres with
macrophages. This investigation is related to the chronic lung inflammation and the subsequent development
of lung malignancies due to mineral fibres inhalation and it has been developed in collaboration with the
Department of Chemical and Geological Sciences and the Department of Life Sciences, University of Modena
and Reggio Emilia.

The same cell incubator has been modified to include an uniaxial stretcher to provide specific periodic
deformation stimuli to the substrate on which cells are growing, and we studied the effect of the periodic
stimulation on cell migration and orientation

Among the different analysis methods, a single cell migration analysis protocol has been developed,
exploiting the “Persistence-Random-Walk” model. The ultimate goal was that of analyzing the cytostatic
effect of a potential drug for the U87MG cell line, employed as model of the glioblastoma multiforme disease.
The analysis has in fact shown the efficiency of this molecule for blocking both migration and replication of
this cell line. Furthermore, possible biochemical mechanisms of action involved in these effects have been
investigated.

In the context of SLBs and GUVs, a line tension analysis of domains recapitulating lipid-raft and a bending
constant measurement have been implemented, in both cases exploiting the Flickering spectroscopy theory.
In the former case, domain line tension results for ternary mixtures containing different components relevant
for lipid-rafts formation have been compared for different lipid compositions. In the latter case, the role of
exogenous molecules (antimicrobial peptides and lipopeptides) on the bending constant has been
investigated. In viscoelastic characterization of the cell cytoskeleton through AFM, a Ting model-based
software has been implemented, allowing to extrapolate viscoelastic parameters from single indentation-
retraction curves. Using this method, the effect of the previously mentioned potential drug has been
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investigated, trying to correlate rheological properties to migration capabilities of U87MG. Finally, software
dedicated to Jump-Through-Force curves by AFM to identify specific events on SLB in Force-Volume maps
have been developed. In particular, SLB S,-Ls phases coexistence alterations under exogenous drug like
Daptomycin have been investigated.

Thesis outline:

1. Chapter “Introduction”: A brief and exhaustive state of the art regarding the current knowledge
concerning mechanobiology and the specific motor clutch model, relevant in the context of cell
migration and cyclic stretching is provided.

2. Chapter “Measurement methods”: A complete overview of the underlying mathematical basis
regarding Flickering-based theories is illustrated. A contour evaluation algorithm with sub-pixel
resolution for both GUVs and lipid domains is also implemented. The data-analysis protocol for single
cell migration, reorientation and polarization are illustrated and implemented. The theoretical
framework of the “Persistence-Random-Walk” model is also introduced. A brief review regarding the
pre-processing steps for AFM force curves (in particular the contact point determination), then the
Hertzian-based models are presented. After illustrating the main limitations of the Hertz model for
the mechanics of cells the Ting model theory is introduce and, subsequently, its implementation for
cell viscoelasticity characterization is illustrated.

3. Chapter “Devices development”: A custom-built (Arduino-based) On-Stage cell incubator for time-
lapse cell imaging assays and its development is presented. Additional features including automated
autofocus and motorized stage are also included. Then, a stretcher device compatible with the
presented cell incubator set-up is developed and validated.

4. Chapter “Results”: In this chapter the different findings obtained during PhD work are summarized.
In particular, line tension and bending findings are illustrated basing on related published articles.
Jump-Through-Force analysis of SLB exposed to exogenous drug is showed as well. Then, the main
results regarding U87MG cell migration assays and related viscoelastic characterization exploiting
Ting model are presented. In particular, correlations between cell motility variation and rheological
behavior when U87MG are exposed to exogenous drugs are investigated.

5. Conclusion and final remarks: Here the different contributions for combined techniques, devices and
aim achieved during the PhD training have summarized.
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Chapter 1

Introduction



Brief introduction to Mechanobiology
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Figure 1: Representative picture of the plasma-membrane, highlighting its main components.

Image taken from: https://biology.tutorvista.com/animal-and-plant-cells/plasma-membrane.html|

Cell biology related disciplines in the last few decades have shown that main cell processes are governed not
only by biochemical stimuli, but also by physical cues, like geometry, external cellular matrix stiffness or
traction forces [1]-[3]. These external mechanical stimuli are involved in many processes such as cell
development and migration [4] and at the same time, cells are able to respond to external physical stimuli
by deeply reorganizing the cytoskeleton, which provides the main mechanical structure to the cell. This
situation highlights the need of an interdisciplinary approach in biomedical sciences. Mechanobiology, i.e.
the transduction of mechanical signals into biochemical ones by cells [5], constitutes a relatively recent
science field. It is based on the biochemistry of biological systems but requires also knowledge of
mathematical and physical aspects to better understand cell processes like division, differentiation, migration
and development and to build devices that are able to explore these properties. This new discipline builds its
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foundations also on the explanation of biological functions involved in both healthy and disease conditions
exploiting mechanical aspects. It also has to be approached at different hierarchical levels, from molecular
to tissues scale. In fact, all characteristic metric scales spanning from nanometric to millimeter size are
relevant in mechanobiology study. Considering for example proteins: conformational changes are involved
at molecular level in gene transcriptions, protein complexes are associated in cell motility, adhesion and
material transport at the cellular level [6]. Finally, forces provided at molecular and cellular level can reshape
tissues, chemical and physical stimuli generated between cells and among cell by extracellular matrix
environment form the basis for tissues scaffold and architecture engineering in regenerative medicine. Also
the cell microenvironment and its nano-topography provides deep implication in subsequent cell
mechanotransduction [7]. Since cell processes span over six orders of magnitude, from nanometric scale to
millimeter, and many subcellular structures up to tissues are involved, a multidisciplinary framework is
fundamental. In particular, research teams need to involve, apart from the biological component, also
physicists, chemists and mathematicians, which provide the intuitions of mechanical aspects together to
appropriate computational models [8]. This is needed to collect, re-elaborates the vast data obtained from
experimental study, and provide appropriate models for a specific frame-work, even if a unified
mechanobiology theory, which spans from molecular players to tissues is completely out of range, at the
moment. A major effort is still needed to shed light on the complex hierarchy roles of cell mechanics, from
proteins to tissues and organs. The quantitative and numerical approach to mechanobiology can be divided
into three different instances [9]. First, physics and mathematical modeling provide numerical quantification
of the processes under study, a starting point for novel and still hidden potential mechanism involved in
mechano-transduction framework. Second, since in mechanobiology experiments the results appear
sometime counterintuitive or even conflictual, new interpretation approaches could be tested through
mathematical modeling combined to large data set available from observations. Finally, computational
models developed to explain to novel mechanism of action can be tested, selecting new and specific
experiments to be performed. Mechanobiology applications are essential in biomedicine screening research
and in regenerative medicine.

One of the most important players of all mechanobiology works at the molecular level is represented by the
“integrin-based adhesion complex” known also as “Focal-Adhesions”. This molecular player is closely bound
to actin cytoskeleton and, from the other side, to extracellular matrix. These complexes, together with
cytoskeleton elements, are able to recognize not only biochemical factors but also many different substrate
mechanical properties, like stiffness, viscosity, geometry or ligand spacing [1]—[3]. This series of capabilities
is directly translated at the cellular level, developing traction forces that are relevant for many biological
processes, like cell migration healing, angiogenesis, or metastasis. Considering this basic and essential
example, mechanobiology could provide guidelines in prediction of physiological and even pathological event
progression by measuring magnitude and direction of involved traction forces [10]. Remaining on the
molecular scale, among other single-molecule mechanobiology examples, two main subjects have been
explored: “Motor-tracks” and “lon-channels” [6]. The former constitutes a large family of transporters for
molecular components inside cells. Usually, molecular motors are represented by actin and microtubule-
based complexes, which move along specific tracks. Kinesin protein motor for example moves along
microtubule network inside a cell with the purpose of transporting cargos where they should be transferred;
myosin motor instead, is responsible for example of our muscle contraction and is associated to actin
filaments. The latter subject is constituted by protein families able to allow ion transport across the
membrane by the formation of pores. These proteins regulate the ion flow between inside and outside of
the cell. Activation mechanisms of ion channel obviously are affected by the hydrophobic chains of the lipids
constituting the membrane, their exposure to the aqueous medium, and charges displacement inside the
lipid bilayer. Nevertheless, also other physical factors play a role in channel activation, like the lipid lateral
tension, which could introduce conformational changes in transmembrane protein and subsequently
activate/de-activate the ion channel by lateral pressure tuning. A second example of ion channel activation
introduced by a variation in a physical parameter is the voltage-gated channels family [11], which are
sensitive to voltage difference across the plasma-membrane that can have also mechanical effects due to
capacitive aspects. Moving inside the eukaryotic cell and passing from molecular scale to organelle size, we
can focus on the nucleus. The nucleus represents the headquarters of the cell itself, and contains all the
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information needed for any cell activity, from single proteins synthesis to cell division, hosting the entire
genetic material constituted by long DNA sequences closely packed by histones, forming chromosomes.
Although nucleus shape and size could deeply influence genome functions and expressions, the nucleus
mechanical properties are still poorly explored. Nevertheless, initial studies [12] have shown some interesting
connection between pre-stressed eukaryotic internal structures of the nucleus and surrounding cytoplasm
environment, mainly through two different pieces of evidence. First, it has been shown that heterochromatin
nodes ablation results in anisotropic shrinkage of the nucleus structure. Second, depolymerization of actin
and microtubule experiments at cytoplasmatic level exerts forces on the nucleus. These starting results
should spur further experimental investigation in nucleus reshaping and re-sizing and mechanically induced
genome expressions and protein translocation. As asserted above, sensing and exerting forces capabilities
are relevant both in physiological and in pathological scenarios. In particular, changes in mechanical
properties are often associated to pathophysiological initialization and progression. To this ensemble we
include diseases associated to initial inflammatory response of lung cells after combustion-generated
ambient, or engineered manufactured, nanoparticle exposure. It has been shown [13] that heathy lung cells
after particles exposure changed their mechanical properties, depending on particle composition, size and
dose. This cell mechanical sensitivity to external particle exposure constitutes an initial step toward
respiratory diseases or even aggravation of pre-existing pathology. At the tissue level, forces involved in this
scenario are needed for cell-cell adhesion, responsible for reshaping and resizing of the multicellular system
itself [14]. The challenging issue is to address the mechano-transduced forces involved in the corresponding
multicellular processes and function response. Many works proposed a series of different modes and models
for mechano-sensing of different relevant physical parameters, fundamental in a wide range of biological
functions. These models span from balancing between cell-matrix and cell-cell forces adhesion via the
cytoskeleton to line tension and stresses redistribution upon cell proliferation or collective cell migration. For
example, a theoretical work [16A] proposed a mathematical model, based on differential adhesion of
epithelium cells. It has been shown that differential adhesion is needed to maintain the right cell positioning
during cell evolution. Furthermore, without differential adhesion, cell migration alone will result in a
completely random process. An interesting example regarding mechanobiology influence at cell and tissue
levels are represented by the role of extracellular matrix elasticity for cell evolution. In fact, it has been shown
that differentiation of stem cells and metastasis of cancer cells are governed not only by biochemical factor,
but also extracellular matrix stiffness plays a crucial role [15]. Naive mesenchymal stem cells evolve in
different phenotypes depending on substrate elasticity. In particular, extracellular matrix rigidity, which
mimics specific tissue phenotype rigidity will differentiate stem cell in the same tissue phenotype [16]. For
example, soft substrates recapitulating the brain extracellular matrix micro-environment have a neurogenic
behavior, substrates with intermediate stiffness resembling muscle extracellular matrix have myogenic
capability, and finally more rigid substrates, which mimic bone have an osteogenic role. Note that
extracellular matrix Young modulus spans over six orders of magnitude, from few kPa for neuronal tissue, to
several GPa for bone tissue. Extracellular matrix rigidity plays other crucial roles also, in cell spreading and
migration [17]. Early in-vitro experiments showed that cells on softer substrate were characterized by higher
motility and were less spread than on stiffer substrate. Furthermore, on softer substrate focal adhesions
were less developed than on stiffer substrate, confirming that this latter structure and its dynamics is closely
involved in the mechano-transduction process between cytoskeleton and substrate. More quantitatively,
previous experiments showed the existence of a substrate Young modulus optimum value for traction force,
adhesion and migration. This value is around =5 kPa and many results confirmed that this is a typical critical
value. This nominal value of the Young modulus can be better understood following several physical
arguments. First, focal adhesion organization is the main tool, which provides mechanical sensing and
transmission capabilities with the surrounding cell environment, typical focal adhesion size is around the
micrometer scale, and the forces sensed and exerted from focal adhesion are around =5 nN of magnitude
[18]. Second, the perception of the external environment rigidity is unlikely obtained with an absolute and
independent measurement by the cell. More probable, the cell senses the external rigidity and compares its
magnitude with an internal reference value, and the more reliable candidate is the cell stiffness itself or the
mechanical properties of the polymers constituting the cytoskeleton. We will expect that this reference value
will not differ significantly from the threshold value mentioned above. Further AFM forces measurements,
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adopting polymer physics principles for the cytoskeleton, showed that the typical cell stiffness is in the kPa
range, around =5 kPa, supporting the previous findings of the Young modulus threshold value. Other pieces
of evidence about substrate rigidity sensing of cell is reported by a special mechano-sensitive molecule,
“talin” [19]-[21]. This protein is highly sensitive upon loading rate exerted between the cell and the
extracellular matrix substrate, and its partial unfolding driven by force rates governs subsequent vinculin-
talin binding. Talin-vinculin binding constitutes a starting point for further focal adhesion growth, its role is
fundamental for cell adhesion and migration. We will discuss about talin unfolding in the Motor-clutch
section.

Figure 2: Main plasma-membrane interaction to inner part of the cell and surrounding environment: A)
transmembrane adhesion protein anchored the membrane to the extracellular matrix. B) Receptor-proteins,
like cadherins bound two different cells. C) Receptors dedicated to force transmission from actin to
cytoskeleton. D-G) Various examples of plasma-membrane selective permeability abilities:

Image taken from: https://alevelbiology.co.uk/notes/plasma-membrane-structure-and-functions/

The cell substrate stiffness microenvironment is not the only physical parameter which can affect cell
capabilities. Processes that can be modulated by mechanical cues include differentiation, migration and
adhesion and living cells in their physiological environments are continuously exposed to stretching or
compressing deformations. These situations include both the case of uniaxial stretching, such as for cells of
the skeletal-muscle tissues or cells in the walls of vessels exposed to a periodic stretching given by the blood
pressure oscillations, and of isotropic stretching, as in the case of hollow structures such as the heart or lungs.
Stretching a cell could affect in different ways its behaviour. For example, stretch-activated ion channels such
as piezo-channels [22] could be induced to activate, leading to a change of the flux across the membrane of
Ca?*ions, generating in this way a cascade of biochemical processes. At the same time, every deformation of
the substrate on which cells are growing acts on the focal adhesion complexes, transmitting the mechanical
signal to the cytoskeleton inside the cell [22]—-[25]. Given the mainly dynamic nature of the cell cytoskeleton,
a stretching acting on the sticking points of the cells to the substrate, could interfere with the polymerization
and depolymerisation processes of its elementary units. To shed light on the role of mechanical stimulation
on the cell activity, devices that are able to apply well defined deformations to the substrate have been
developed [26], [27]. If cells sufficiently adhere to the underlying substrate, without sliding, a strain of the
substrate can be transmitted to their internal structures. These devices, even if they cannot recapitulate the
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very complex scenario occurring in vivo, can provide very useful information on the biological effects of
mechanical deformations of the cells, better approaching specific physiological situations. Indeed, the
physiological environment of several cells includes periodic mechanical stimuli, but cells that physiologically
reside in regions without mechanical signals also share the same type of reactions when exposed to periodic
stretching. This behaviour appears so as a common aspect of the molecular machinery constituting the parts
of the cells in mechanical contact with the external environment. It has been demonstrated that cyclic
stretching can lead to alterations of the gene expression profile of cells. This phenomenon typically concerns
the proteins of the cytoskeleton or associated with it and the proteins of the extracellular matrix [28]-[30].
One of the effects of periodic stretching on cells that has been deeply investigated is their reorientation
relative to the stretching direction in order to maintain a tensional homeostasis [31]-[37]. There is large
evidence that cells with a bipolar shape such as fibroblasts tend to reorganize their orientation almost
perpendicularly to the direction of periodic stretching as a consequence of the development of an oriented
structure of stress fibers. Studying the details of this effect can largely help in understanding the
mechanobiology of the cell/substrate interaction. In the literature there are works that have been carried
out exploiting different types of cell stretching devices [38]. The large majority of the devices are custom-
made, although some systems are also commercially available. The stretcher can be uniaxial, bi-axial or radial
(isotropic).

In the context of mechanosensing, any deformation in the geometry of the substrate on which the cells are
growing can be transmitted inside the cell causing a sequence of biochemical reactions to begin if there is a
mechanical connection between the cell and the substrate [39]. Focal adhesions (FAs) are complexes working
as mechanonsensors used by the cells to probe their mechanical environment and integrins are
transmembrane proteins inside FAs used by cells to establish this connection [3]. They provide a bridge
between the internal cytoskeleton and the extracellular matrix. The stretching action is able to affect the
activation of relevant molecules inside the FA complexes such as the FA kinase (FAK) [40]. Forces applied
from outside to the cytoskeleton are able to affect the dynamical structure of this molecular construct. As
far as mechanochemistry is concerned, it is important to consider that the mechanical transmission chain in
composed by proteins interacting with each other with mainly two different types of bonds [41]. The first
type is the “slip bond” and its lifetime decreases if a force trying to break it is applied to the partners [42].
The second type is called “catch bond” [43] and is characterized by the fact that there is an initial increase of
the bond lifetime when a force is applied to it but , upon a further increase of the force, the lifetime starts
decreasing. We will provide a complete overview of the “slip bond” and “catch bond” in the motor clutch
model section.

Introduction to motor-clutch dynamics model

An example of a mechanobiological mechanism for which analytical models have been developed is
represented by the traction force exerted by cells on the extracellular matrix. This model will be exploited in
this thesis in the context of migration of cells as a function of substrate rigidity.

The capabilities of cell to carry out its main functions [16], [44], [45], including proliferation [46] depend on
cell ability to exert forces in the surrounding cells and its microenvironment [47]-[49]. In this section we will
introduce how cells are able to generate forces, and how these forces are transmitted to the extracellular
matrix at molecular level using the molecular clutch hypothesis. Finally, we will provide different cues about
how the clutch model could explain the mechano-transduction downstream events needed for cell functions.
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Figure 3 (left): Representative picture of the actin retrograde flow induced by myosin motors, and
subsequent force transmission to the extracellular matrix by adaptor-protein complex.

Figure 3 (right): Myosin molecular motor different configuration

Image taken from: Control of Mechanotransduction by Molecular Clutch Dynamics [C]; BIOL2060

The principal actors involved in exerting forces by the cell are represented by actin and myosin. Actin allows
cell to apply force through two major processes: actin polymerization and actin contraction, where myosin Il
molecular motor plays a crucial role. Once the force is generated by actin and myosin processes the stimuli
must be transmitted toward the extracellular matrix. A wide range of adaptor proteins bound to actin are
involved in force transmission. Nevertheless, adaptor proteins represent just a single step in force
transmission process, in fact adaptor proteins are linked to actin on one edge, and are bound to
transmembrane protein to the other edge, which behave like a bridge between the adaptor protein and the
extracellular microenvironment. Usually, the molecular structures constituted by actin, adaptor proteins, and
transmembrane proteins are defined as cell-matrix and cell-cell adhesion complexes, depending on the type
of transmembrane protein involved. If force is transmitted to extracellular matrix, integrins constitute the
principal transmembrane protein [50], if force is transmitted to other cell, cadherins represent the typical
transmembrane protein [51]. These adhesion complexes, which are deeply dynamic, are fundamental for
appropriate force transmission, exhibiting a precise spatial organization needed for specific adhesion
between cell and cell and cell to its microenvironment. Otherwise, in this regime nonspecific interaction
would bring to repulsive processes. Reassuming, in the inner part of the cell actin-based processes are
pushing against the membrane through actin polymerization and actin contractility powered by myosin,
produces a constant actin flow, called retrograde flow since is more accentuated at the cell edge and it moves
toward cell center [52], [53]. Lamellipodia and stress fiber are examples of adhesion complex integrins-based
(cell-microenvironment) involved in retrograde flow [54], [55], but similar examples can be found
experimentally shifting to cadherins-based adhesion complex (cell-cell). As mentioned above, adhesion
complexes constitute a highly dynamic system where a continuous binding and unbinding process between
different molecular elements regulates force transmission and influence the retrograde flow. When adaptor
and transmembrane protein are bounded together the adhesion complex is able to transmit force toward
extracellular matrix and, if the system is “engaged” with the extracellular matrix, the actin contraction
provided by myosin motor is rigidly opposed resulting in a slowing down of the retrograde flow [19]. we will
see later that retrograde flow is inversely connected to cell migration speed [52], [56], [57]. As opposite
condition, when the adaptor protein and its transmembrane protein counterpart are loosely interacting with
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the extracellular matrix, the system is disengaged, force transmission is stopped and retrograde flow speeds
up. To resembling the dynamical relation between cytoskeleton-external microenvironment and cell
migration in [20] the “molecular clutch” model was introduced and named like this according to relationship
between axles and the mechanical engine in a motor machine. As the different shafts can transmit motion
from to engine to the wheels only when they are correctly positioned, cell can coordinate its protrusions
when the different molecular element in adhesion complexes are correctly engaged.
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Figure 4 (A): Motor-clutch model scheme (B): Different motor-clutch model configuration, varying the
number of motors and the clutches engaged to the substrate.

Image taken from: Control of Mechanotransduction by Molecular Clutch Dynamics [C];

Since motor-clutch model regulates both cell movement and force transmission, it has deeply implication in
the onset of mechano-transduction events. Many different aspects about biochemical and mechanical
properties of mechano-sensitive players have been widely studied in the literature, and the motor-clutch
model could provide more quantitative modelling and prediction about other underling mechano-
transduction pathways still unexplored. We will see how clutch model results can be spent not only in the
well-studied case of integrin-based complexes in cell-extracellular matrix context, but it can be also exploited
for other specific adhesion complexes. Furthermore, molecular-clutch outputs are ascribed directly not to
forces per se, but more specifically to the force loading rate.

There are different molecular pathways where force transmission is involved through clutch model and we
will summarize them. Notwithstanding the molecular complexity arising from cell-extracellular matrix
adhesion, we can define which are the principal molecular player involved in clutch model: starting from
external microenvironment and moving toward the plasma-membrane we first find transmembrane protein
constituted by integrins/cadherins and other molecular ligands. Proceeding from the cell membrane to the
inner of the cell itself we have adaptor proteins, followed by myosin Il motor and actin filament pulled by
molecular motors. Depending on the adaptor and transmembrane proteins involved, force transmission can
be affected in a straightforward manner: by direct interaction between integrins and extracellular matrix
[58], [59], or by adaptor proteins, which directly mediate interaction between integrin and the actin filament,
like alfa-actinin [60], filamin [61], tensin [62], kindilin [63] and talin [64]—[66]. Force transmission occurs also
in a secondary way, by indirect interaction between integrin and actin. Adaptor proteins involved in this
scenario are: vinculin [64], [67]—-[69], FAK (Focal Adhesion Kinase) paxillin, and kank [70]. Similarly, in cell-cell
adhesion at intercellular level force transmission occurs both in a straightforward and in an indirect way,
where integrins are substituted by cadherins-based complexes [71]. Nevertheless, just few adaptor proteins
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have been experimentally observed in the force transmission chain, both in cadherin and integrin-based
complexes, like vinculin [72]; It is possible that more adaptor proteins affect force transmission in both cell-
extracellular matrix and cell-cell adhesion contexts.

Now that we have shed light on the major molecular players involved in the motor-clutch model, we will
show how the model can regulate and trigger specific force transmission. The principal property of the clutch
model resides in its intrinsic highly dynamic engagement and disengagement rates of the involved molecular
components. If more and more adaptor and transmembrane proteins are engaged connecting actin filament
to the extracellular environment, the force will be transmitted more efficiently. Nevertheless, the high
number of elements (influencing each other) and the complexity of the model require specific mathematical
modelling to describe the nontrivial and counterintuitive consequences of the model. Motor-clutch
formulation can be proposed using different models, depending on the type of molecular elements and the
chosen number, the extracellular mechanical properties and so on. In literature many computational
simulation studies [73]-[76], anq analytical solution to proposed models [76]-[80] have been developed.
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Figure 5 (A): Lifetime of slip and catch (catch-slip) bonds comparison as function of Force and loading rate.
(B): Description of force transmission, retrograde flow and integrin density proposed by clutch model
increasing substrate rigidity, considering the presence/absence of focal adhesion reinforcement.

Image taken from: Control of Mechanotransduction by Molecular Clutch Dynamics [C];

In [73] Odde et al provided a clutch model, which is highly sensitive to two characteristic properties: the
number of clutch motor elements available and bonds (slip and catch) lifetime. As already mentioned, the
retrograde actin flow generated by myosin motors depends inversely on the number of clutch elements
engaging the substrate [59], [64], [73], [81]. On its turn, actin flow speed decreases as the force transmission
is enhanced by the clutches, and the total exerted force reaches it maximum in stalling condition, whose
upper limit is fixed by the maximal force that a myosin motor can provide (~2 pN) [82]. The work quantified
the actin flow in the extreme regimes: when the system is completely disengaged and no clutches are present
between actin and extracellular matrix, resulting in the maximal retrograde flow, around 120 nm/s; when all
the clutches are simultaneously engaged to the substrate, corresponding to minimal flow rates around 10
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nm/s, since lower speed has not been observed [81]. The second property is the lifetime of bonds involving
adaptors, transmembrane proteins, and the microenvironment. In fact, characteristic lifetimes of these
bonds are directly affected by the force amount that is transmitted by the molecular partners to the bond
itself. Usually, proposed models consider just one type of bond and this selection is performed by looking for
the weakest link in the chain from the actin filament to extracellular matrix (integrins-based adhesion) [59],
[83], [84], or alternatively from cell to cell (cadherins-based adhesion) [73], [85]. Nevertheless, previous
experimental findings showed a variety of different retrograde flow rates response, depending on the clutch
elements involved [54]. Maybe, considering only one contribution provided by the weakest link is just a first
approximation, likely the model should take into account a superposition of the different clutch elements
lifetime reflecting an integrated and more realistic response in force transmission and retrograde flow.
Different clutch model formulations are strictly bounded to particular clutch elements selection, which is
justified by the particular adhesion complexes under investigation. notwithstanding the wide variety of clutch
models, simulations share a common dynamic evolution: at the initial condition the system, constituted by a
set of clutches, results completely disengaged, so actin contractility evolves freely and the retrograde flow is
maximum. As many clutches start to bind with a characteristic binding rate, the system becomes gradually
engaged, actin contraction pull on the substrate exerting progressively higher force. Since bonds involved in
the clutches are sensitive to the amount of force transmission, after reaching maximum force traction
corresponding to a completely engaged system, molecular chain elements gradually broke up since
unbinding events overcome binding events. The catastrophic disengagement cascade ends, since initial
conditions are restored, and the «cycle can begin again. This periodic and dynamic
engagement/disengagement circle is called “load and fall”. Force transmission is optimized in the “load and
fall” regime, but for particular molecular player properties and microenvironment conditions. Among the
different external microenvironmental parameters, substrate rigidity plays a crucial role in the optimal “load
and fall” cycling for maximum force transmission. In fact, as mentioned before, the principal parameter that
carried out the exerting force transmission tuning is the loading rate, rather than the force itself. Loading
rate is directly bounded to the retrograde actin flow by the substrate rigidity itself [86]. For rigidities higher
than the optimum value, clutches transmit load faster than the maximum loading rate supported by the
bounded molecular elements, so individual clutch binding elements are progressively released since
unbinding rate dominates, before additional force could be transferred to the substrate. The system rapidly
collapses and the number of engaged clutches reaches zero, both for instantaneous and stationary regimes,
the “load and fall” condition is substituted by the “frictional slippage”, where actin contraction acts in a freely
and completely disengaged environment, and force transmission contributions are negligible. Instead, for
lower rigidities than the optimum value, actin contraction provided by myosin induced too slow loading rate,
and single clutches disengage before the force has been completely transmitted. Alternatively, the mean
lifetime of clutches bond elements is too short to allow force transmission correctly in this low rigidity regime.
This behavior has been observed experimentally in [73] and [87]. Comprehensively, motor clutch model
suggests a biphasic behavior between substrate rigidity and force transmission, which gradually increases
increasing stiffness and then drastically slow down for rigidities above the optimum value [73]. Nevertheless,
many experimental studies provided a monotonic enhancement in transmission force when rigidity is
progressively increased [58], [78], [88], [89]. This discrepancy could be explained considering talin unfolding,
a mechano-transduction phenomenon already mentioned in the previous section, and its connection to focal
adhesion grows over the threshold rigidity [64].

Alternatively, it is possible to study how optimum rigidity value is affected by the loading rate, for example
modifying the number of active motors in actin contractility [64]. In that paper it has been shown how
inhibition of myosin Il molecular motor introduced a shift in the optimum rigidity value toward higher value,
where, in control condition, “frictional slippage” is expected. Furthermore, it is possible to modify two
clutches parameter simultaneously, like the number of motors together with the number of clutches,
experimentally realized in [90], [91] to test clutch model simulation predictions. Considering not a purely
elastic substrate, but a viscoelastic behavior can deeply affect cell response. In [92] paper it has been show
how clutch model applied to a viscoelastic extracellular matrix could predict corresponding cell
reorganization.
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Clutch model is fundamental not only in force transmission processes, but also for force transduction
regulation, and we will provide an intriguing example. Mechano-transduction property is defined as an
ensemble of cell capabilities to convert forces into a biochemical cascade signaling, which is able to affect
cell function itself. Usually, in mechano-transduction events specific mechano-sensing molecules are strictly
involved, and these molecular players are believed to change their biochemical properties upon external
mechanical stimuli, like applied stress or shear flow. The best known example of mechano-sensing
mechanism is represented by the partial talin unfolding together with vinculin, needed for actin-integrin
binding. Nevertheless, focusing on single molecular mechano-sensor is not enough to describe and
recapitulate force transduction regulation in the highly dynamic force transmission scenario, where the
motor clutch model finds its place. To provide a substrate rigidity sensitivity to the system, motor clutch
model needs at least two mechanosensory players with different mechanosensitive capability. Consider
again the actin-integrin clutch, which interacts with extracellular matrix exploiting talin. This simple element
of the clutch model constitutes already a substrate rigidity threshold sensor. Nevertheless, it cannot be
explained analyzing talin unfolding process alone, but it must be compared to integrin-extracellular matrix
fibronectin protein binding. More precisely, the time involved in the unbinding/unfolding of the two bonds,
which is force dependent, must be compared. In the former case (talin unfolding), the process is described
by the Bell model [93], meaning that the time required for single unfolding event decreases exponentially
increasing the exerted force, suggesting that talin folding events rate increases at high substrate regimes.
The latter case (integrin and extracellular matrix binding), is described by a catch bond (catch-slip bond). So,
time needed to break up the integrin bond follows a biphasic behavior, first increases increasing the applied
force, and then decreases upon further increase of the force, like a normal slip bond. Combining the two
bonds time-vs-force behaviors we can observe a crossover between the slip and catch bond processes. The
exerted force value provided by the substrate, where the two bonds curve cross each other, marks the rigidity
threshold value above that talin unfolding and subsequent talin-vinculin bindings dominates. Then, talin-
vinculin binding promotes further focal adhesion growth [68], [94]. This example clarifies that talin unfolding
act as nonspecific rigidity sensor, since it could be activated without a precise rigidity threshold, unless
integrin binding is taken into account. Following the previous description, it seems that exerted force
magnitude controls the slip and catch bonds, rather than loading rate. Nevertheless, similar behaviors could
be extended referring to applied loading rate. Furthermore, for long time it has been questioned if cell
mechanical sensing is affected more by force magnitude or loading rate, experimental evidences have shown
the presence of force fluctuation at cellular level [95]-[97], suggesting that they play a crucial role in cell
functions and development. So, motor clutch model, confirming this first experimental cues, could better
shed light on this debate [98]. As mentioned above, focal adhesion growth reinforcement caused by talin
unfolding at high substrate rigidity regime could explain the discrepancy between biphasic and monotonic
behavior of force transmission (upon increasing rigidity). In fact, cells that experiencing adhesion
reinforcement are able to enhance their clutch binding rate, because there are more and more integrins
available to bind, resulting in higher retrograde actin flow and preventing the force transmission decay
expected in biphasic regime. Obviously, as well as substrate rigidity, there are other internal and external
mechanical parameters affecting force mechano-transduction in clutch model. For example, in [99] it has
been demonstrated that spatial arrangement of ligands combined to two different mechano-sensors provide
cell sensing capability of extracellular matrix ligands distribution, and regulate subsequent focal adhesion
formations. Force transduction capabilities prediction arising from clutch model are based on life-time curve
interception belonging to two different bonds. Nevertheless, clutch model findings do not place any
limitation about the type of couple of bonds involved, previously we considered a slip and a catch-slip bonds,
but similar force transduction abilities could be predicted by the model using any type of bonds couples, as
long as life-time interception curves exists.

So far, we demonstrated the clutch model validity regarding force transmission and transduction. Traction
force could, at first sight, directly explain subsequent cell migration. Nevertheless, single measurement of
force transmission generated by the cell are several orders of magnitude higher than the force amount
needed for cell migration, while summing up the overall traction forces acting on cell will result in a zero
force value [100]. These experimental evidences suggest that traction force does not act as propulsion source
for cell migration. Although traction forces are not directly linked to cell migration, pieces of evidence [52],
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[56], [101] show a connection between cell migration speed and retrograde actin flow, one of the main
features of clutch model. It has been shown previously that for a specific actin polymerization, corresponding
to minimum retrograde flow, cell exhibits maximum traction force, this condition constitutes the favorite one
for fastest migration. This finding is strictly applicable for leading edge migration condition [73], belonging to
the initial clutch models proposed. In a more realistic description more protrusions pulling on cell must be
taken into account, as provided by Bangasser et al [90]. They predicted an optimal substrate rigidity not only
for maximum traction force, but also for fastest cell migration changing the number of clutches and motors
in the model, highlighting that maximum force transmission does not corresponds necessarily to fastest
migration.

Furthermore, motor clutch model prediction on cell migration regulation could be exploited not only for
single cell migration, but also for collective durotaxis [46]. In this scenario epithelial cell are sensitive to
substrate gradient rigidity, moving toward stiffer substrate area. It has been shown that collective migration
is cancelled by motors inhibition using blebbistatin, when cell-cell junctions are suppressed. Thus, durotaxis
constitutes a long-range interaction of cell-cell adhesions, where the clutches placed at the two opposite
edges, at the softer and the stiffer substrate area play a crucial role.

Role of the plasma-membrane as mechano-
sensor and mechano-transducer

The plasma-membrane constitutes a physical barrier between the inner and the outer part of the cell. This is
just one of the different roles associated to the plasma-membrane. Since the plasma-membrane is in direct
contact with the external environment, represented by the other cells, and the cytoskeleton, it is affected by
different mechanical and chemical stimuli. This wide range of external stimuli constitutes a set of stresses
that the cell must overcome and respond to. For this reason, the cell membrane represents a mechano-
sensor, between mechanical stimulus and consequent cell mechanical response. Furthermore, mechanical
response acts as a trigger for the subsequent downstream biochemical responses located inside the cell and
the nucleus, the plasma-membrane behaves also as a mechano-transducer. The simultaneous roles of sensor
and transducer provided by the cell membrane, is fundamental for all cell process such as proliferation,
division, differentiation and migration [102]—-[110]. Cell mechanical responses induced by external stresses
are usually provided in order to maintain the integrity of the cell itself, and the subsequent biochemical
signaling cascade is relevant both in healthy and in diseases scenarios. Among the different molecular actors
and parameters, which act as sensor and transducer in the plasma-membrane we can mention: membrane-
protein folding/unfolding, membrane tension, membrane curvature and domain re-arrangement in the
membrane. Since we mentioned above the wide range of stresses to which the cell is exposed, it is useful to
separate the different type of external mechanical stimuli, which can be classified in three different stresses
classes: Tensile, Compressive, and Shear stress. In the next sections we will focus on each single class,
recalling the principal molecular actors and parameters involved, and introducing different examples of
sensor and transducer cases associated to each class. We should specify, that usually a combination of
simultaneous external stresses act on the plasma-membrane, in this scenario we should treat the membrane
as an entire three-dimensional system. This more exhaustive description is for the moment set aside, and we
will focus on only a single type of mechanical stress at a time, considering the plasma-membrane as two-
dimensional system.
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Figure 6 (A): Scheme of mechanical stimuli experienced from the plasma membrane, highlighting the
subsequent main membrane reactions (B): Ensemble of the different molecular sensors and related
mechanical stresses acting on the membrane.

Image taken from: The plasma membrane as mechanochemical transducer [D];

e Tensile stresses (discussion and examples of
sensor/transducer cases)

Tensile stress can be achieved by osmotic procedures [111]-[113], usually using hypotonic treatment, both
in suspended and adherent cells. The typical cell response consists in membrane buckling, a plasma-
membrane area expansion, and a volume expansion of the cell itself. Alternatively, focusing on adhering cells
an uniaxial or isotropic stretching can be applied on cell membrane mechanically stretching the substrate
[112], [114]. In both the mentioned experimental approaches, the final result is an increase of the plasma-
membrane apparent tension. In fact, hypotonic treatment acts not only on the plasma-membrane, but also
on the surrounding cytoskeleton architecture, so part of the increasing tension is transferred on the
cytoskeleton [115], [116] which is strongly bound to the plasma-membrane. The role of the cytoskeleton
scaffold in this case, is to prevent cell lysing or rupture, since the plasma-membrane alone can endure only
~3-5% area expansion corresponding to a tension rupture amount of few mN/m (dyn/cm) magnitude (at 25°C
is 10-12 mN/m and at 50°C is between 3 and 4 mN/m) [Elastic Area Compressibility Modulus Of Red Cell

21



Membrane E. A. Evanes, R. Waugh, and L. Melnik Biophysical Journal Volume 16 1976] [107], [117].
Depending on the cell type, cell-membranes have different responses to minimize tension increment
provided by osmotic destabilization. In particular, cell membranes can supply additional lipids during area
expansion, and buffer the tension increases. First, we consider plasma-membrane having high density folds.
Folds can be released by plasma-membrane flattening, when is needed upon cell volume expansion [111],
[112], [118]. Second, we consider cells that release internal liposomes, through exocytosis processes, in
response to plasma-membrane tension increment [114], [119]-[122]. In both cases the cell carries out a
mechano-protective process to compensate plasma-membrane tension increase. This cell response upon
osmotic changes shows that not only the amount of stretching sensed by the cell is relevant, but also the
overall membrane lipid reservoir must be taken into account [123]. The total amount of lipid fold or endo-
membranes contained in the cell depends on the cell type, and usually cell lines exposed to frequent osmotic
instabilities or external stretch are coupled with overall higher lipid reserves. For example, caveolae are highly
abundant specifically in smooth muscle cells, which are highly exposed to stretch, and in endothelial cells,
which are highly exposed to shear flows). Now we focus on a consequence related to plasma-membrane
tension increment, the subsequent lipid bilayer thickness decrease [117]. This results in a complex
rearrangement in the elements contained in the cell membrane. In order to prevent water exposure of the
hydrophobic chains, conformational change in trans-membrane protein can occur, or a decrement in the lipid
packing that will favor diffusion in the bilayer.

We will proceed introducing different examples of molecular actors involved as sensors of tensile stresses,
relevant at short-time scale. The first example are the integral membrane proteins, which undergo
conformational changes upon tension increase and subsequence membrane expansion. In this family of
proteins, we can mention the “mechanically gated channels” [124]-[127]. This type of protein is exposed to
conformational changes also when shear flow is applied [124], [128], [129]. Nevertheless, if channel
activation is induced by share stress or by tensile stress caused by hydrostatic pressure remains unclear.
Another cue about protein conformational changes is the hydrophobic mismatch, which occurs when lipid-
bilayer thickness is modified. As we mentioned above, upon tensile stress also changes in the lipid-bilayer
are involved. In the studies of bacterial-channels it has been shown that also changes in plasma-membrane
thickness [130], together with area expansion and tension increment [131], can affect activation of these
channels. Introduction of membrane thickness and subsequent hydrophobic mismatch [117] to which
internal membrane proteins are exposed could reveal that several other transmembrane proteins work as
tensile stress sensor [132].

The second molecular actor that acts as sensor upon tensile stress is represented by all proteins involved in
relocation processes when caveolae and other invaginations are unfolded. We will focus first on caveolae
flattening when plasma-membrane undergoes tensile stress, the first role of this response process is to
prevent further tension increase. This results in tension buffering of the membrane, and it could be thought
as a sort of “mechanically gated channels” activation prevention. As final result, caveolae flattening
represents also and indirect mechano-transduction protection upon unwanted activation of transmembrane
channel gates [133]. During caveolae flattening many different proteins are easily diffused through the
cytoplasm, (for example caveolin-1, caveolin-3 and caveolae-associated protein 1) and to the nucleus (EH-
domain containing protein 2). Moreover, caveolae disassembling results in a decrement in sphingolipid
packing [134], favoring glycosphingolipid replacement in the membrane, since in flattened and unpacked
caveolae diffusion is increased. Finally, upon stretch release, caveolae are re-assembled [135], but the basic
mechanism that stays behind this process remains unclear. It has been proposed that “Bin-amphiphysin-Rvs”
domain-protein could be involved as actor in caveolae biogenesis [136], so proteins like “protein kinease C
and casein kinase substrate in protein neuron 2” could act as precursor-sensors of tension decrease in the
membrane. Regarding other invaginations unfolding, there are many examples that show how enhanced
phase separation induced by tension increment leads to relocation of anchored and embedded proteins
[137]-[141)].
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e Compressive stresses (discussion and examples of
sensor/transducer cases)

Compressive stresses could be thought as the opposite of tensile stress stimuli, and they occur typically in
two different ways. Mechanically, when the stretch is released compressive solicitation can also be achieved
by hyperosmotic treatment, followed by tension decrease [113], [142], [143]. The plasma-membrane tends
to bend more its surface in order to accommodate apparent tension decrements [117]. Upon hypertonic
treatment, cells passively form dome-like, caveolae and other invaginations structures at the micrometer-
scale as a consequence of water expulsion from the inner of the cell, but usually lipid reservoirs don’t form
[112], [113], [115]. Otherwise, when mechanical de-stretch occurs, cell membrane spontaneously folds in
form of sub-micrometer dot-like shaped or longer tubes reservoirs. In this case the plasma-membrane
deform locally its structure in order to accommodate the lipid excess originated from compression. Even if
unlikely in de-stretching stimuli, in the case of osmotic changes a volume decrease is also involved leading to
a minor area exceeding, so other additional membrane structures different from invaginations are not
required to compensate the minimal area increment. As a conclusion, in hypertonic treatment, changes both
in the cell shape and its volume are involved, but minor effects in plasma-membrane topography have been
observed [111].

Like in tensile stress, also in compressive stress lipid re-organization is involved. Tension decrease and
subsequent formation of highly curved structures in the bilayer are strongly correlated to lipid domains
defects, clustering and sorting. Experiments involving GUVs have shown lipid packing defects formation when
highly curved structures are present, both in liquid ordered and liquid disordered phases [144]-[146]. From
the theoretical point of view, some correlations between lipid clustering and lipid bilayer curvature have
been proposed, and then confirmed by simulations [147].

We will proceed focusing and retrieving the principal actors involved as sensors of compressive stress stimuli.
As seen before, the plasma-membrane undergoes deformations upon compression. Sensors that we are
introducing are able to detect this highly curved membrane structure, representing indirect measurements
of compressive applied stresses. One of the most important compressive stress protein sensors (CPS) is
represented by the “Bin-amphiphysin-Rvs” domain-proteins [148]. This wide protein family contains many
different types of molecules having their own specific intrinsic curvature: For example, N-BAR protein contain
a high intrinsic curvature, and it could be described as a banana-shaped molecule, which interacts strongly
in the presence of highly curved membrane-structures, providing a scaffold for this regions. F-BAR domain,
similarly to N-BAR domains, acts as support for plasma-membrane curved region having reduce curvature
compared to N-BAR protein [149]. Finally, I-BAR protein, could be thought as a bearing with negative
curvature [150], opposite to N-BAR and F-BAR domains, which binds to membrane regions having negative
curvature. In all three described cases, positive BAR domain binds to negatively charged polar head of lipids,
and this process is favored by the fact that both BAR domain and membrane regions have similar intrinsic
curvature.

The second type of curvature-sensor actor is represented by amphipathic helix motifs domain. As mentioned
before, compressive stress is also able to increase lipid packing/domain defects. These helices present in the
cell’s inner region in form of soluble proteins, can strongly interact via protein folding in membrane regions
enriched of lipid domain defects, acting as defect sensor and screening. One of the first examples discovered
is the ARFGAP1 (ADP-ribosylation factor GTPase-activating protein 1) protein [151], which represents a
specific protein of a wide range of helix motifs packing-sensor family “ALPS”. Nevertheless, there are many
examples of protein containing ALPS motifs that behave also as curvature-sensing [152]-[159], like N-BAR
domain proteins. It’s likely that in proteins containing both ALPS and curvature-sensor domains, the different
domains act as curvature detection in a cooperative process [160].

Since now, we have introduced many examples of curvature sensing proteins (CPS), nevertheless these
proteins can also induce specific curvature on plasma-membrane [138], [155], [161]. From a theoretical point
of view, sensing and inducing curvature are both simultaneous results of the same framework [162]. This
framework connects and couple the bilayer free energy, chemical potential of the proteins involved and the
curvature topography. For this reason, it is generally impossible to uncouple curvature sensing and
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formation, except for extreme cases of highly diluted or crowded protein, or fixing membrane shape. In cell
experiments, it has been shown how CPS organization remodel the plasma-membrane and most of related
results are focused on CPS inducing-curvature of cellular membrane in order to promote specific cellular
functions [163], [164]. Instead, the major experimental works of vitro assays developed since now, have been
focused more on the sensing role of CPS protein. For this purpose, sensing of liposomes with different
curvature has been studied [158], [159], also tether lipid assay and tether extraction from supported lipid
bilayer has been investigated [161], [165]. CPS are capable of recognizing convex and concave curvature,
choosing the appropriate intrinsic protein, nevertheless it is more intriguing to investigate the former, which
can be analyzed by lipid tether experiments [166]. Only experiments setup that involved models of the
plasma-membrane are dedicated to curvature sensing, decoupling curvature induction. In fact, CPS present
in cell contain additional domains, many of these have a secondary role in the biochemical signaling cascade
process. In most cases it remains unclear if protein recruitment in the curved plasma-membrane regions is
produced by sensing process or for other reasons. Nevertheless, it is believed that BAR proteins recruitment
in specific curved region to stimulate subsequent mechano-transduction cascade is induced by pre-existing
curvature on the membrane, rather in planar region that has been bended by external forces [167].

Finally, there are also example of CPS proteins that act in membrane sensing as response to membrane re-
shaping after the application of external mechanical stimuli. This happens in bacteria [168], and studies
focused on artificial reconstructed substrate topography [71], [169]. In the latter case specific CPS
recruitment occurs, like N-BAR or I-BAR, depending on the shape and size of the substrate pattern. Moreover,
topography modification in the membrane can stimulate CPS recruitment and subsequent mechano-
transduction cascade, which is concluded by enhanced endocytosis [170].

e Shear stresses (discussion and examples of
sensor/transducer cases)

Since cells are surrounded by aqueous medium, there are many scenarios where a water flux acts on plasma-
membrane surface, like in blood vessels. The flowing medium generates a shear flow on the plasma-
membrane. From a theoretical point of view, a shear flow acts on the surface generating a shear stress and
a tensile stress at the same time, and it is not possible to disjoint the two types of stresses. Nevertheless, it
has been shown experimentally in many different papers that shear flow introduces a fast disordering in the
plasma membrane. Furthermore, a specific study has revealed that rapid disordering occurring in the
membrane is directly related to shear stress only, rather than to tensile stress [171]. Disordering in the
plasma-membrane is associated to increased diffusion both in cells and in GUVs, and the fluidification acts
independently on the particular lipid phase considered (Liquid-ordered or Liquid-disordered) [172].
G-proteins family represents an important example of shear stress sensors in the plasma-membrane. In
particular, shear stimuli are essential in G-protein activation, since it induces the protein conformational
change needed [70]. As mentioned before, upon shear flow, membrane undergoes fluidity increment, which
favors G-protein rotational mobility and subsequent conformational change [171].

Shear flow is also responsible in vascular endothelial growth factor receptors and its phosphorylation,
nevertheless the exact process involved between shear flow and these receptors is still unclear [171].

Role of lateral tension and fluidity in the plasma-
membrane

In previous section we emphasized the different mechanical stimuli arising from external environment
directed toward the plasma-membrane. The membrane is continuously exposed to tensile and stretch
stresses, or other poking by extracellular matrix, cytoskeleton, or others biochemical imbalance. Now that
we tried to address the different mechanical stresses to the mechano-sensing molecules present in the
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plasma membrane, in this section we will argue how these mechanical local perturbations and their results
perturbate and propagate in surrounding environment of plasma-membrane. More precisely, we will discuss
how tension and mechano-sensor transmembrane proteins could diffuse from the point of application of the
external stimuli. Think for example about relevant experimental frameworks constituted by micro-pipette
aspiration or tether pulling. In this experimental setup we introduced a local perturbation to the membrane,
and we could investigate how fast and how far perturbation could propagate. In literature this debate has
been deeply treated, resulting sometimes in apparently contradictory results [173]. In fact, analysis of time
propagation of tension shows a widely spread timescale, diverging by ~10° orders of magnitude comparing
papers in the literature. Maybe this drastically high discrepancy among different works could be affected not
only by the particular conditions chosen by the authors, but also by active cell response governing its growth
and functions. For example, plasma-membrane could regulate transmembrane protein distribution during
cell activities, consequently affecting tension propagation.

The first question we can address is: “plasma-membrane is really well reproduced by lipid bilayer model
systems regarding mechanical properties ensemble?”. In the real cell membrane, the main components are
the different phospholipid species, constituting the lipid-bilayer, although, all the other organic molecule,
like cholesterol and transmembrane proteins are equally biochemically relevant. In most cases purified lipid
bilayers reproduce quite well mechanical features of plasma-membranes, like bending and stretching
constant. Nevertheless, some other physical or chemical cell membrane properties could be not well
reproduced by purified bilayer models, for example tension propagation. Historically, the first model of the
plasma membrane, proposed in 1972, was the “fluid mosaic model” [174]. It considers a liquid lipid bilayer,
where transmembrane proteins dispersed inside are able to move freely, and it is mechanically characterized
by only two parameters, the bending and the stretching constant, meaning that the system opposes
resistance upon in plane and out of plane deformation, but it can flow freely within its own plane. Later on,
experimental pieces of evidence have shown that several transmembrane proteins are not able to move
freely in the bilayer [175], [176], in particular diffusion coefficient deviation of this proteins emerged between
cell membrane and pure bilayer enriched of that proteins [101], [177], [178]. Gradually, successive models
[179], [180] added in the bilayer other biological components, taking into account related constrains, like
transmembrane protein fixed position or additional specific interaction between two proteins. Every time
cell membrane experimental evidence showed additional constrains, these were transferred in revised
models. Nevertheless, possible mechanical properties alteration provided by these additional constrain must
be also investigated, in order to test actual validity of cell membrane model [173].

e Tension propagation and stretch in membranes

If a membrane is exposed to external pulling or poking and the subsequent balancing flow is impeded, for
example by immobilized transmembrane proteins, the membrane will experience a stretching, identified by
the stretch modulus E. Experimentally, stretching of membrane is observed every time a change in tension
occurs, followed by subsequent area rearrangement. Stretch parameter E is measured comparing tension
variation Ao, and fractional area changes AA/A, as defined in [eq: 0]

E_AJ_AUA 0
~aa~ "
A

Where A in the dominator constitutes the initial area value. Nevertheless, in this definition we must mention
that A includes only membrane region where tension changes are distributed. As a first attempt, we can
expose the entire membrane to external tension application, such that A constitutes the initial whole
projected area membrane, as performed in [181] using full cell aspiration. Otherwise, when the tension is
imposed locally, A must be redefined including regions surrounding the point of application, and A
boundaries depending on tension propagation spreading [182]. The crucial question is, in fact, the spreading
tension propagation that limits prediction, introducing great uncertainties on A estimation. As we will see
afterwards, E experimental estimation arising from purified lipid bilayer (E=10° pN*um [183], [184]) differs
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significantly from real cell membrane (Ex40 pN*um™ [181]) for two fundamental aspects; Firstly, in plasma-
membrane are present lipid reservoirs, which dynamically and deeply interfered in A parameter evolution
and estimation. Secondary, in E definition [eq: 0] time does not appear explicitly, so we expected E
measurement as a constant and intrinsic mechanical property belonging to the membrane, considering the
membrane in a physical equilibrium state within measuring time interval. We will see that this assumption is
easily applicable on purified lipid bilayer, like GUV, whereas is no more believable in cell membrane context.
In a purified and free double layer thermal fluctuation introduce undulations in the membrane topography,
which are suddenly suppressed when the membrane is stretched. While fluctuations represent a positive
entropy contribution derived from thermal noise, stretching counterbalances decreasing configurational
entropy. Experimental findings in pure lipid bilayer, previously cited, show that membrane is almost
inextensible under stretching application, and mathematical models for free membrane scenario are in good
agreement with experiments [185], more precisely, these models set an upper limit for E estimation. If
transmembrane proteins are dislocated into the membrane, they affect deeply stretching modulus
estimation for various reasons: proteins able to bend during conformational changes introduces a coupling
between their bending properties and membrane stretching. At low tension regime, proteins that introduce
bend contribution concordantly to other molecules bending properties, will arise attractive interaction
between them, favoring protein clustering [186]. Also changes in conformational entropy of the membrane
could favor attractive interaction between bending-sensitive proteins [187]. At high tension regime, large
area membrane regions owing elevate curvature are entropically discouraged. Another example is provided
by proteins which membrane-bound and free-solution states are governed by membrane tension changes,
like BAR-protein previously cited [Compressive stresses sub-section] [110], [141], and alternatively protein
could control membrane tension upon bleb formation [182]. Finally, cytoskeleton could deeply interfere in
membrane stretching properties, since cytoskeleton elements locally poke and interact to standing above
membrane; introducing an “apparent” stretch modulus membrane, which is highly sensitive to cytoskeletal
mechanics details [188], [189]. Furthermore, membrane tension could be partially transferred to
cytoskeleton-elements, catastrophically changing the tension perceived by mechano-sensing molecule, like
ion channels [190]. Finally, as mention above, time does not appear explicitly in E definition [eq: 0]. We can
compare the time interval propagation, relaxation and dynamic involved in pure lipid bilayer and in cell
membrane. Considering a GUV having a radius r=10um, since main thermodynamic process occurring is
thermal fluctuation the time expected for the largest wavelength relaxation is At=0.1s [191]. Passing towards
real cell membrane, multiple factors must be considered, transmembrane proteins and cytoskeleton in
particular. These two main features reduce significantly membrane dynamics, so rearrangements of tension
and area need additional time, even up to hour time scales.

Now that we have highlighted the main factors affecting stretching constant in pure bilayer and cell-
membrane, we can move towards stretching estimation for real cell membranes. Stretching parameter
measurements obtained from tether pulling reveal an irregular behavior gradually increasing extracted tubes
length. In fact, this technique shows a complex tension membrane dynamics during tube extraction [175],
[191]. For tubes extraction event of length up to =10 um the apparent stretching value is almost zero [191],
since the membrane can provide additional lipids amount from internal reservoirs, tension perturbation and
subsequent propagation are negligible, while projected area increases [105], [182], [192], [193]. During tube
extraction, the force needed to accomplish the process remains almost constant, this is the main reason why
there is no net tension propagation in the membrane. Experimental works like [181], showed that continuing
tether extraction with further stretch of the tube a not null E value has been observed in the order of E=40
pN*um™, Although this stretching constant is approximatively five orders of magnitude lower than E
observed in pure bilayer, it is probable that further tube stretching should exhibit an E value close to that of
pure lipid bilayer one. As mentioned above, a stretching constant value Ex10° pN*um for pure lipid bilayer
implies an almost inextensible membrane, while in cell membrane having a lower stretching constant
suggests a major capability to endure external mechanical perturbations. In fact, a lower stretching modulus
means a minor resistance upon tension perturbation, more importantly, stretching parameter in cell
membrane vary significantly during tether extraction. This first insight shed light on the mechano-protection
role of cytoskeleton for the plasma- membrane [190], [194]-[196]. Several pieces of experimental evidence
[191] showed that cell membrane stretch have both a plastic and an elastic component behavior. From all
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these data, it is highly likely that stretching parameter in cell membrane is not a distinct variable (how it
happens in purified bilayer), whereas it results from a superposition of different active responses depending
on actual physiological conditions.

e Membrane fluidity: Stokes’ theory in 2D and 3D like system

As mentioned in the introduction section, comparing works that analyzed tension propagation in the plasma-
membrane suggests completely different rebalancing timescales, passing from almost instantaneous force
propagation to the whole membrane, within millisecond [197], to almost no long-range propagation, since it
occurs in the order several minutes [175]. First, we will provide some qualitative cues about membrane flow,
comparing theoretical predictions for two and three dimensions environments. Membrane will flow, whit a
speed v, upon tension gradient Vo following equation [eq:1]:

£y [1]
v=-=Vo
n

Where k and n are respectively, the Darcy permeability of the array obstacles present in the membrane (for
example transmembrane protein bounded to the cytoskeleton), and the membrane viscosity. In two
dimensions the obstacles have planar shape (circular shape for simplicity), and the Darcy permeability k
behaves following [eq: 2][17] and is dimensionally expressed as an area.

2
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where “a” represent the single area obstacle and ¢ constitutes the area fraction of the obstacles ensemble
dispersed in the available membrane area, so ¢ parameter is strictly minor than unity. Observing [eq: 2],
Darcy permeability is well summarized starting from pure geometrical indexes. For highly diluted obstacles
the Darcy permeability in a two dimensions system diverges proportionally to ¢ :In(d?) product. If we
consider sphere-shaped obstacles, passing to three dimensions system, the Darcy permeability diverge
slowly, proportionally to ¢ [198], as we will see further, this different behavior between 2D and 3D
approaches will lead to deeply significant implications in flow membrane understanding. Before discussing
about biological consequences arising from these mathematical discrepancy, we will briefly summarize how
mathematical efforts evolved starting from initial findings. Treating viscous liquid framework, in 1851 Stokes
developed the drag flow profile of a sphere falling down in a viscous medium [199]. These early studies
focused on slow speed regime, when viscous force exceeds inertial contribution (Reynolds number Re<<1),
show that the flow speed profile vi decay asymptotically linearly increasing the distance r from sphere center
viX 1L, Passing from three dimensions to two dimensions system, and substituting the flowing sphere with a
circular disc the flow speed profile surrounding the object decay asymptotically slower than in the 3D case,
proportionally to the logarithm of the distance from disc center: v¢ o< [In(r)]™. According to these 2D viscous
liquid flow profile results, it is not possible to have a null flow speed far from the disc, unless disc is in static
condition, independently of how large are the boundaries containing the fluid. It emerges that boundaries in
2D system affect deeply the flow liquid, introducing the so called “Stokes’ paradox”. Historically, before the
appearance of implications in cell membrane studies, Stokes’ paradox directly hindered Einstein diffusion
theory in 2D environment for almost 70 years. In 1975 Saffman and Delbriick [200] first considering biological
implication of the Stokes’ paradox (in a pure 2D membrane all transmembrane protein are unable to diffuse),
assuming that the plasma-membrane does not behave as a pure 2D material. Water layers having their own
viscosity and surrounding both sides of the membrane contribute to remove logarithmic divergence, ensuring
a partial transmembrane diffusion in the membrane. Logarithmic divergence damping occurs above a
characteristic length-scale, the so called Saffman-Delbriick length:

!

1=Ep
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Where W’ constitutes the 3D membrane viscosity, W is the agueous medium viscosity, and h is the typical
membrane thickness, approximatively 5 nm. Usually the viscosity ration is p’/u=100+1000, consequently the
Saffman-Delbriick length I=1um, and Saffman-Delbriick theoretical expectation has been confirmed in pure
lipid bilayer experiments containing diluted trackers.

In the previous examples we have considered circular and spherical objects in the 2D and 3D scenario
respectively, which moving through the viscous fluid, produce a liquid flow around the object edges. We can
alternatively describe a liquid flow that encounter a pattern of random static obstacles and ask how the array
obstacles affect flow propagation. Boundary conditions require that flow must vanish at the obstacle edges.
So, as long as the obstacles are enough dispersed, and the mean distance between two nearest obstacles is
higher than Saffman-Delbriick length, the logarithmic divergence quenching is applicable. Thus, for plasma-
membrane containing dilute obstacles 3D corrections can be invoked and the boundary condition of null fluid
flux at the obstacle edges is verified, while no zero fluid speed is maintained far from obstacles. Instead, for
highly packed obstacles array Saffman-Delbriick correction is not applicable, since mean distance between
nearest obstacle is negligible if compared to the characteristic length |. In this condition logarithmic
divergence dominates, thus is difficult to imagine a not null membrane flux across the obstacles pattern. In
other words, Stokes’ paradox show us that membrane flow is highly sensitive to immobilized obstacles, even
at very low obstacle area fraction ¢. Similarly, in 3D context where an ensemble of identical objects is moving
through the viscous medium; If we considered again a spherical-shaped element, the spheres will diffuse
easily in the medium, even at relatively high concentration. If we considered a rod-shaped element, the rods
will not diffuse inside the medium, but they will prefer to form aggregates, even at very low concentration
regime. In [173] the authors compared how obstacles array affects membrane flow, highlighted by Darcy
permeability, and tracker diffusion comparing the different theoretical behavior as a function of the ¢
parameter. They observe a catastrophic decrease of Darcy permeability upon ¢ increment [104+0.1], of at
least 1000-times, while tracker diffusion decreases of about 10-times in the same ¢ interval. This theoretical
prediction suggest how diffusion of tracers is less affected by obstacle area fraction, while even for low values
of the ¢ parameter, membrane flow could be easily suppressed. In fact, tracer diffusion studies are fairly
consistent to theoretical expectations.

Finally, we will provide some cue about membrane flow regulation by the cell itself through transmembrane
protein clustering, since Darcy permeability [eq: 1] is highly sensitive to a and ¢ geometrical parameters. In
fact [201], [202], receptor clustering is often related to many different downstream signaling. If a given
number of N, of transmembrane protein equally dispersed in the membrane is substituted by several clusters
(N), where each single cluster contain N. transmembrane protein (Np=N*N.) we expect that Darcy
permeability increases by a N. factor. So, when transmembrane protein ensemble forms cluster, the
membrane flow will propagate easily through the obstacles. There are also examples where the fraction of
immobilized transmembrane proteins is changed, manipulating ¢ parameter leaving a constant [203].
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Fluctuations Spectroscopy Techniques

Cell membrane constitutes the physical barrier for cells, and it could be considered, to a first approximation,
simply as a pure lipid bilayer. Furthermore, many inner cell organelles have their own barrier constituted by
a lipid bilayer. The whole biological membrane, and in particular the lipid bilayer skeleton, is essential for cell
stability, permeability, and functioning. Investigating mechanical and physical properties of pure lipid bilayers
is crucial, since, for some relevant aspects, they recapitulate the main mechanical features and interactions
of biological membranes.

In the following sections we will introduce the basic concepts of differential geometry, capable to properly
describe the fluctuating 2D membrane of GUVs; using the quasi-spherical approximation, we will describe
how surface undulations can be split into a stationary and a time-dependent part. exploiting the previous
statements, we will define the appropriate Hamiltonian for surface mechanical energy, highlighting the
bending contribution. We will demonstrate that the eigenfunctions able to solve the Hamiltonian of the
membrane fluctuations in any point are the spherical harmonics. Alternatively, fluctuations could be
expanded using spherical harmonics, and the coefficients are obtained by theoretical solutions proposed
from surface Hamiltonian. Membrane thickness is approximatively 5 nm, while GUV’s radius is around 10+40
pum, and usually optical microscopy is employed to follow membrane undulations. Due to the vast
discrepancy between membrane thickness and radius and the depth of field of optical microscopy, only a
limited part of the vesicles in a given frame is in focus. We typically concentrate on the equatorial plane,
which provide the greatest observable radius fluctuation. Albeit the solution obtained for the energy surface
described by the Hamiltonian is applicable in any point of the fluctuating membrane, due to the previously
mentioned experimental limitation, the fluctuations expected by theoretical framework of Hamiltonian must
be exploited focusing on the equatorial plane condition. Starting from equatorial plane contour fluctuations,
we will define the autocorrelation function and since contour fluctuations can be expressed using spherical
harmonic basis, the autocorrelation function can be expanded using this mathematical basis as well. Then
we will invoke the equipartition theorem and we will correlate the expansion coefficients of the
autocorrelation function to the searched intrinsic membrane feature, its bending constant. Alternatively, the
autocorrelation function can be expanded using the Fourier series basis. In both cases the bending constant
and the reduced membrane tension can be obtained using a non-linear fitting procedure, based on the
Levenberg-Marquardt algorithm. We will discuss deeply the advantages and drawbacks of each approach
making appropriate comparisons. Finally, we will provide a set of basic rules needed to identify the quality
of the fit obtained, suitable for both proposed approaches, based on general arguments depending on the
investigated vesicles shape, size and the range of the obtained parameters observed after the flickering
analysis.

e Flickering Spectroscopy on GUVs:
o Differential geometry and calculating curvatures

Giant unilamellar vesicles that are fluctuating are constituted by a lipid bilayer in the fluid state. The thickness
of the bilayer is approximatively equal to the double of a single acyl chain length, and it measures about 40-
50 A, a negligible value if compared to the radius vesicles, which is several micrometers. The vesicle is
surrounded by aqueous medium both from the inner and the outer of the membrane itself, and during bilayer
fluctuations the membrane is considered impermeable to water transfer from inside to the outside and vice
versa. Combining these arguments, we can approximate the membrane bilayer as a pure two-dimensional
system, exposed to three dimensional aqueous medium, which undergoes thermal fluctuations. These
thermal fluctuations, resulting from thermal noise contribution, perturb the membrane from its theoretical
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sphere-shape. So, the lipid bilayer can be considered quasi-spherical-shaped, and the spherical coordinate
properly describe each point of its surface. [Eq 1] resumes the representation of a generic point belonging to
the membrane surface, relating cartesian coordinates to the more suitable polar s one.

x = R[1+u(0, ¢, t)] sin(0) cos(¢p)
y = R[1+u(6, ¢, t)]sin(0) sin(¢p) [1]
z=R[1+ u(,,t)] cos(H)

where (x;y;z) represent the cartesian coordinates of the vector placed in the center of mass of the liposome
(characterized by a triad of mobile coordinates (xo(t);yo(t);zo(t);)) and pointing toward the point “P” of the
membrane (see figure 1). Alternatively, the point “P” can be identified using the polar spherical coordinates
(p=r;0;¢p) where 0 and ¢ are the polar and the azimuthal angles. For simplicity, we place the origin of the
frame of reference in the center of mass of the liposome itself, and we rewrite the radius r as
p=r=R(1+u(B,p,t)) where R is the equivalent radius of a sphere having the same volume of the liposome and
u represents the relative radius fluctuations. Since we are considering a quasi-spherical condition, we expect
that amplitude radius fluctuations expressed by the function u to be small, i.e. u(6,p,t)<<1. Furthermore, in
the absence of thermal noise we expect a pure spherical shape of the liposome, meaning that amplitude
fluctuations mediated in time should be equal to zero <u(6,¢,t)) >=0; we will come back on this aspect later.

Figure 1: Representation of a generic point P belonging to the
membrane surface, exploiting spherical coordinates:
p=r=R(1+u(8,¢,t))

Now we will resume some brief general aspects regarding differential geometry, very important in two-
dimensional membrane surface context. Starting from the radial vector 7(8, ¢), which identifies the surface
point “P” of the quasi-spherical liposome in the polar coordinates frame of reference, we can define the

metric tensor, g%# (6, ¢) [Eq 2]:

Te'Tg To'Ty .
g*%0,0)=_ Z . Y )[2]where - is the scalar product
To'To Ty Ty
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Where 7g = 677/69 and @ = a?/(')(p represent the partial derivatives of the radial-vector with respect the 8

and ¢ angles. 7y and @ are a couple of vectors tangent to the surface membrane where 7 is pointing to
(“P”). The metric tensor also admits its inverse matrix defined as follows [Eq 3]:

A P A A
0,9)=—— 2. 2 713
9ap(9,0) det [g*F] <—r9 ‘T, Tg'Tg >

The metric tensor g%# (6, ¢) can be used to reconstruct locally around “P” the membrane surface, since it
constitutes a new two-dimensional frame of reference for the area membrane around the radial-vector.
Furthermore, the couple of vectors 7y and @ can be used to identify the surface membrane normal vector
71, as follows [Eq 4]:

Considering 71 , we can define ng = 6?1/69 and ng, = aﬁ/a(p. Since 7 is obtained by the product vector

between 7y and @) , it is perpendicular to the plane containing this couple of vectors 7y and @) and we will
have that 7 - g = 0 and 7 - n,, = 0. In other words, the partial derivates g and 7, are contained in the
same plane constructed starting from the vectors 1y and @, so they are both tangents to the membrane
surface and can be expressed as a linear combination of 75 and ﬁp’vectors. The partial derivates of the normal
vector 7 can be used to define the useful curvature tensor, C%# (6, ¢) as follows [Eq 5]:

In fact, for each point “P” the membrane surface in the neighborhood of that point can be described starting
from its principal curvatures c; and c; that are perpendicular to each other and locally reconstruct the surface
in “P”. In figure 2 two typical examples are reported, where c; and c; are defined as the inverse of the
maximum R; and minimum R; radius perpendicular respectively to each other and describing the surface
curvatures:
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Figure 2: Principal curvatures examples for two different conditions: Ellipsoidal surface (left) and saddle surface (right)

Starting from the curvature C%# (6, ¢) and the inverse metric 9ap (0, ¢) tensors we can define a practical
tool, C[‘;" (6, @) [Eq 6] which is still a tensor able to connect together the two principal curvatures c; and c,.
Alternatively, we can consider c; and c; as the inverse of the maximum R; and minimum R; radius
perpendicular respectively to each other and describing the surface curvatures.

C5(0,9) = C(0,9)g,5(0,p)[6]
In fact, this tensor has two important properties:

The trace corresponds to the mean curvature: Tr[C_];'] = ¢4 + c5 ; while the determinant corresponds to the
Gaussian curvature det[Cf;'] = ¢;C,. The quantities: ¢; + ¢, and: ¢;c, are invariants quantities, which are
unaffected by the particular representation adopted.

Now that we have provided the appropriate mathematical framework, based on differential geometry for
the two-dimensional description of the membrane surface, we can proceed introducing the Hamiltonian for
the total mechanical free energy of the lipid bilayer itself.

¢ Introducing the Helfric’s free energy Hamiltonian

Early theoretical investigations regarding the mechanical free energy of the lipid bilayer started in 1970’
thanks to different researchers [1]-[3]. Their predictions regarding the free energy Hamiltonian were
supported by geometrical and symmetry arguments, depending strictly on the quasi-spherical condition. In
particular, they asserted that only the shape of the vesicles influences the total free energy of the membrane,
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and the structure of the Hamiltonian is independent of the particular parametrization chosen for the
fluctuating surface description. Since the mean curvature and the Gaussian curvature are surface invariants
the Hamiltonian should depend strictly on these two parameters. [Eq 7] represents the complete form of the
surface free energy obtained by previous authors:

K
H = O'f dA + Ef(cl + Cy — Co)sz + KGauss f(cl . Cz)dA [7]

This Hamiltonian is composed by three different terms, and each one of these highlights a different additional
cost for the total free energy of the membrane.

The first term o [ dA: represents the energy cost required to increase the area membrane after its
formation. A further area increase is weighted by surface tension g, which is expressed as an energy per unit
of area. The surface tension parameter does not behave as a pure constant. In fact, during self-formation of
the vesicles the surface tension can be neglected, considering it equal to zero. But once the vesicles in formed
encapsulating the inner aqueous medium from the external environment, any additional volume
accommodation from the outside will require an additional area membrane contribution, and in this case a
net surface tension should be considered. In the introduction chapter we will connect surface tension
changes due to external mechanical stimuli, the subsequent area increment and the stretching parameter;
in this chapter we will focus on vesicle exposed just to thermal noise and no other stimuli will be considered.
In [Eq 7] we considered the surface tension ¢ as a constant parameter set outside the total area integral,
implying that we are measuring the free energy contribution provided by the membrane tension during self-
formation of the vesicles. Resuming the previously mentioned arguments about this term of the Hamiltonian,
we can neglect surface tension contribution since we are referring just to the vesicle after formation process
and affected lonely by thermal noise perturbations.

The second term, gf(cl + ¢, — cg)?dA, represents the energy cost of bending deformations of the

membrane surface. It measures the energy cost required for curvature deviations starting from the mean
value: c1+c;, taking into account also the presence of a possible spontaneous curvature co. The coefficient co
arises from intrinsic membrane and bulk properties, such as an asymmetry in the lipid composition of the
two leaflets, which could provide a spontaneous bending of the membrane area. The coefficient k is in fact
the bending energy constant, and the bending contribution depends on the quadratic difference between
mean and spontaneous curvatures.

The last term kgqyss [ (¢q - ¢,)dA represents the energy cost required if a gaussian curvature is imposed on
the surface membrane, so it constitutes a pure topologically dependent contribution where ksq4y,55 IS the
Gaussian elastic modulus. Using the Gauss-Bonnet theorem [4], [5] developed in the differential geometry
field, we can solve analytically the third contribute. This theorem in fact connect the surface geometry
directly to its topological features. It asserts that whenever the gaussian curvature is integrated on a compact
surface (closed and limited area of integration), like in this case, the result is a topological invariant, as
showed in [Eq 8]

f(cl - cy)dA = 4n(1 — G)[8]

The key parameter for the integral evaluation is “G”: the number of handles present in the integrating
surface. Since we are considering a quasi-spherical shape, the total area of the vesicles, which does not
contains any handles, the final result of the third term is a constant contribution equal to 47k ;4,ss- In fact,
upon thermal fluctuation the membrane vesciscle remains compact limited and closed, dividing the inner
and the outer aqueous medium. Summarizing the previous considerations, the free energy Hamiltonian
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under equilibrium condition F. can be rewritten, neglecting constant contributions, using only the second
term [Eq 9]:

K
R=5 [ +e—cyaap

The last equation represents the appropriate free energy Hamiltonian of a vesicles exposed to thermal
noise, and it constitutes the starting point for further surface fluctuation analysis.

e Minimum of the free energy Hamiltonian

The next goal is to solve the free energy Hamiltonian, searching his local minimum, using the surface
fluctuation amplitudes, described by u(6,¢,t) function. Upon just thermal fluctuation, net volume flux of
aqueous medium between the inside and the outside of the membrane is negligible, implying volume
conservation of the quasi-spherical vesicles. This constrain condition must be impoed using [Eq 10]:

2T 2T

Vi{u} = fv(u)d@d(p = 6’1 v(u)dfde = 6’1 R3 (% +u+ uz) sin@ dfde [10]

Where v(u) represents the vesicles volume density, which can be described using the surface fluctuation
function u(6,¢,t). Integrating the volume density function over the entire vesicle we obtain the total volume
V{u}, which is maintained constant during thermal noise exposition. The surface fluctuation function u is
parametrized separating the spatial component, resembled by R, and the angular dependency ascribed to 0
and @. As mentioned above, R represents the radius of the sphere able to contain the same volume V{u}, of

the studied vesicle, so: R = : /%V{u}

As said in the introduction chapter, local surface tension changes introduce stretch response and subsequent
area variation. Nevertheless, for pure lipid bilayer, the energy cost required for area expansion when the
vesicle is under thermodynamic equilibrium is drastically elevated. Experimental evidences confirm that pure
lipid bilayer surface is almost inextensible, in fact stretching constant for this model membrane is
approximatively ~10° pN*um?, this contribution can be rewritten emphasizing the fact that represents an
energetic cost upon area expansion: ~10pN*((um)?2). These arguments clearly confirm that in absence of
external mechanical stimuli, thermal fluctuations alone are unable to produce surface membrane expansion.
We can conclude that also total surface membrane remains constant upon thermal noise exposition, this
second constrain can be written using [Eq 11]

2T T 2T

S{u} = jgs(u)dedq) = OJI s(w)dbde = Of! R? (1 +u + 2u? +%(|7u)2) sin@ dode [11]

Where s(u) is the surface density, which is integrated considering the compact closed and limited vesicle
surface. [Eq 11] can be solved, and its result can be written highlighting the relative area excess “s.” with
respect the non-perturbated surface 4wR?, when the vesicles behave as a pure and stable sphere of radius
R. Accordingly, we have S{u} = 4mR?(1 + s,). In the equation the gradient operator applied to the
fluctuation function u appears. This operator (squared) can be rewritten in the polar coordinates basis, which
uo
sin(6)?2
of the partial derivatives of u with respect to the two angular parameters 68 and ¢.

is more suitable for further analysis: (Vu)? = (ug + ) The terms ug and ué, indicate the square value
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At this point, it is strictly convenient to rewrite the surface fluctuations u(6,¢,t) separating the static
contribution uo(8,9) from temporal dependent variations 6u(0,¢,t) [Eq 12 a], where the static part uo(8,¢)
emphasizes the non-instantaneous surface deviations from the spherical condition [Eq 12b].

jeld
u(@,,t) =uy(0, ) +6u(d, @, t) [12a]; < u(@,p,t) >:=uy(6, @) phuiaid <ou(@,,t) >=0[12b]

The free energy Hamiltonian of the vesicles under thermodynamic equilibrium conditions [Eq 9] has a
minimum level, which is raised up by thermal fluctuations. These thermal induced surface perturbations
correspond to thermal noise provided by the water surrounding vesicle environment. Related to this
minimum free energy level, we expect to find an equilibrium-shape for the vesicle (an analytical solution for
the fluctuations function u(8,¢,t)), and its configuration can be found imposing the minimum of the free
energy. Looking again at the total free energy of the vesicle surface [Eq 9], we defined ¢, as the spontaneous
surface vesicles curvature, this term is null if the membrane is symmetric. More precisely, whenever the two
leaflets composing the bilayer have the same composition, then ¢, = 0. From now on we will always consider
pure lipid bilayers having symmetric composition. In [Eq 13], where f_ indicates the free energy density, we
rewrite the free energy of the vesicles defined in [Eq 9], explicating its dependence on fluctuation function
and their partial derivatives:

2T

K
F{u} = ffc(u, Ug, Uy, Ugg, Uy )dOdp = 5 ﬂ (4 — 4V2%u + 4uV?u + (V2u)? + 2(Vu)?) sin 6 dod g [13]
00

2

u
where (Tu)? = (ué + Sin(‘g)z

11]. V?u is the Laplacian operator applied to u function, whose expression form using the more useful

) is the gradient operator applied to u, and squared, already mentioned in [Eq

spherical coordinates is the following: V2u = (ugg + cotOug + (s?:g)Z)‘

The minimum free energy search, from a physical perspective, must be achieved with additional conditions;
imposing into the Hamiltonian the previously mentioned boundaries associated to fixed volume vesicle (no
aqueous medium exchange between inside and outside of the membrane) and fixed surface vesicle
(negligible stretch contribution). From a mathematical perspective, we can tackle this problem introducing a
new functional “F” without constrains that contains the free energy, the surface, the volume of the vesicle
and two additional parameters ¢ and Ap acting as Lagrange multipliers, which must have a specific physical
meaning [Eq 14]:

F{u} = F{u} + aS{u} — ApV{u}[14]

The Lagrange multipliers are represented respectively by o the surface tension, a small contribution, but
must take into account whenever the surface vesicles is close after its formation, and Ap which identifies the
hydrostatic pressure difference between the inner and the outer part of the vesicles. Using this new
framework, the two boundary conditions are substituted by the presence of the Lagrange multipliers. Note
that the functional is applied on the fluctuations function u(6,¢,t), which can be rewritten specifying the
stationary and the time-dependent contributions. Next goal is to solve this variational problem, looking for
specific fluctuations function u(6,¢,t) which minimize the functional F. In the variational context the search
of the maxima or minima of the related functional (extrema research) is always involved and in this case we
are setting the ordinary conditions for minimum functional value.
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The first condition is reported in [Eq 15], the first variation of the functional F{u,, Su} must be null:
SF{uy, du} = 6F.{ugy, 6u} + 06S{ugy, 6u} — ApdViuy, du} =0 [15]

This equation has an important physical meaning, if the fluctuation function stationary part ug(6,¢) minimizes
the functional F, this implies that its first variation of the functional &6F with respect to all small perturbations
of u, represented by du must be zero. Equivalently, the overall work executed by the external forces acting
on the surface membrane is zero, and the corresponding stationary part of the fluctuations function ug
reproduces the equilibrium shape. Note that just [Eq 15] is unable to specify if the solution uo(6,¢) obtained
for this shape equilibrium condition reflects a stable, a not-stable or even saddle conditions. Eq 15 is
composed by three different terms, and each one of these can be rewritten explicating the stationary uo(6,¢)
and perturbating &u(6,¢,t) fluctuation functions [Eq 16 a-c]:

JF,
OF, = Edu =K .U [(V2[V2uq] + 2V?uy) sin 8]6udOde [16a]
2T

{ &S = —6u = R? f [(2 + 2uy — V?ugy) sin8]dfde [16b]

2T
av
8V = a—Su = R3 ff [(1 + 2ugy) sinB]dOde [16¢]

Now that we have written the different variation contributions 6F., 8S, and 6V, differentiating upon
fluctuations variation du, we can observe that all the integrals have a common factor: sin 8 dudf8de, this
allows us to directly sum the functions under the integrals, we finally rewrite the [Eq 15] in a more suitable
form, [Eq 17]:

V2(V2up) + (2 —0)V?ug+ 2(G — puy = p — 26[17]

This equation-form is called Euler-Lagrange Equation and is satisfied by all the up functions able to reproduce
equilibrium shape for the surface vesicles. & represent the reduced surface tension, and it depends upon the
ratio between the tension and the bending constant multiplied by the square of R. Similarly, p represent the
reduced pressure difference. In the first member of [Eq 17] we note different terms, and each one is applied
to ug function. Accordingly, we can rewrite the first member highlighting that it can be thought as a linear
differential operator “L”: L =V?(?)+ (2—-ad)V? - +2(G — p), which depends on the Laplacian operator:

V (699 + cotf 69 +

9)2) In the second member of [Eq 17] we have a constant term depending only
on the reduced ten5|on and pressure, which are constant parameters. As we will see later, for small
fluctuation intensities compared to the equilibrium shape, we can approximate p = 24 and subsequently
the second membrane of [Eq 17] will become zero. Taking a look to the new obtained equation, it now

corresponds to a canonical eigenfunction-eigenvalue problem depending on a linear combination of the

yields
Laplacian: V2(V2ug) + (2 — 3)V?uy + 2(6 — plug = 0 — V2(V2uy) + (2 — &)V?uy = 2(p — d)u,
Since the L operator is a linear combination of constant terms and the Laplacian, and the eigenfunctions of
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the Laplacian are the spherical harmonics [Eq 18 a-c], we can expand the stationary part of fluctuations u,
using the spherical harmonics basis with the appropriate coefficients [Eq 18 d]:

( 2n+ D —m)! |
KI(6,9) = 61(6) - 91(p) = (F1)" [P e S S R (cos 6)e ™18 4]
meos m |Gn+ D -m)!
) om@e) =(-1) \/ 201+ m)] P*(cos 8)[18 b]

1 .
(@) = Eelm(p[w c]

NMax m=n

u@ )= ) D AT-VIO,9) 18]

k n=0 m=-n

where P, (cos 8) are the associated Legendre polynomials, the index m and n constitute the order and the
degree of the decomposition, respectively. Although from the mathematical point of view the spherical
harmonics expansion of an arbitrary function can be done considering an infinite sum, the series expansion
of uy (6, @) has a cut-off limit Ny;4, - This is due to the fact that the surface membrane structure is discretized,
and not continue. In particular, the total number of the lipids and molecules Ny ;45 constituting the surface
sets this limit, as follow: Nyqx=\/Nyipias - The underling idea is that the total number of independent
amplitudes, will be equal to the number of molecular elements available in the membrane. (For a fixed
oscillator of degree n, there are 2n+1 amplitude contributions, since m spans from -n to +n. So, summing up
the total number of enabled amplitudes m, it scales approximatively as Nyax?)

Until now, we have solved the equilibrium condition for the total free energy of the vesicle, demonstrating
that the most suitable representation for the stationary solution function u, are the spherical harmonics.
Now we must introduce a second condition, similar to [Eq 15], which ensures that our equilibrium condition
is related to a minimum value for our functional F (or alternatively a minimum for the free energy F), thus
to a stable scenario. This condition is reported in [Eq 19], which involves the second variation §%F of the
functional F:

82F{ug, 6u} = §2F {uy, Su} + 062S{uy, Su} — Ap5?V{uy, dul =0 [19]

Starting from [Eq 19] and proceeding differentiating up to second order with respect to fluctuations du the
different components of the equation, we can demonstrate that [Eq 19] has a quadratic form with respect
to time-dependent fluctuations §u and its partial derivates (6ug, Suy,, Sugg, Sy, ). Furthermore, adopting
integration by parts we can rewrite [Eq 19] in a more suitable way [Eq 20], emphasizing the presence of a
linear differential operator L'(ug), (which depends on the u, function), acting on du.

8%2F{uy, 6u} = k f SulL'(ug) - Suldfde [20]
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This linear differential operator L'(ug), results really similar to the already introduced L during equilibrium
discussion, since both are linear combinations of the Laplacian operator. In the previous case [Eq 17], L
operator acted on the stationary part uy, and we expanded the 1, solution using the spherical harmonics
basis [Eq 18 d]. Similarly, now L'(u,) is applied to time-dependent fluctuations §u, so it is convenient to
adopt the spherical harmonics expansion for the du function also [Eq 23 a]. Again, we can go back [Eq 20] to
an equivalent eigenfunction(&u)-eigenvalue(\) problem with respect to the L'(u,) operator [Eq 21]:

L' (uy)éu = A6u [21]

Furthermore, considering quadratic approximation, the operator L'(u,) loses its dependence from function

ield
Uy and becomes identical to L. (L' (u,) e L), so the eigenvalue equation assumes a simpler form [Eq 22]:
Lou=[V2(V?2 )+ (2—a)V?-4+2(G —p) - |6u = Adu  [22]

Using spherical harmonics expansion for fluctuation function [Eq 23 a] (note that the coefficients of the
expansion UJ*(t) are time dependent, and the sum is truncated to Ny, for the same arguments cited before
during u, spherical harmonic decomposition [Eq 18 d]), and adopting spherical harmonics properties, in
particular the relationship joining the spherical harmonics and the Laplacian operator [Eq 23 b], we can
analytically solve [Eq 22].

NMax m=n

ou®, @)= ) D UT®-¥O.9) [23d]

n=0 m=-n

V216, 9) = —n(n+ DY*(6,9)  [23D]

In particular, we can identify the eigenvalue A of this equation as a series of terms 4,,(&, p) which depend
on n, the reduced surface tension and pression, as follow [Eq 24 a-b]:

M(@p) =n*n+1)?-Q2-)n(n+1)+2(G —p) [244d]
alternatively:
Mm@p)=(n—1D(n+2)[c+n(n+1)]+2(26—-p) [24b]

As we will see later, the second rearrangement [Eq 24 b] is more suitable for further experimental analysis.
So, [Eq 22] can be completely rewritten using [Eq 25]:

Nmax

Lou = Abu = Z 1,(5,9) Z Um(t) - Y6, ) [25]
n=0

m=—-n
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Now we almost have all the components required to locally describe the total free energy of the vesicle,
around its equilibrium configuration, which is [Eq 26]:

1 yields 1
F{ug, 6u} = F{uy} + (6F{ug} = 0) + E521@"{511} —— F{ug, 6u} — F{uy}= E($2F{<5u}[26]

Considering again [Eq 20], we can evaluate the analytical result of this integral exploiting spherical harmonics
properties, in particular the Y;* (6, ¢) orthonormality, since the fluctuation function Su is described through
this basis decomposition. Moreover, we previously required that surface perturbations do not have
stationary part (< du(6, ¢, t) >,= 0) and the equilibrium shape should be spherical. Since in the spherical
harmonic basis the degree value n=1 describes fluctuations different from usual spherical-shaped, we will
have < U"(t) >;= 0. The second variation of the functional F will be [Eq 27 d]:

1
5 82F{su) = g f Su[Lsu]dode [27 a]

NMax mr=ns NMmax

SOFB =S Y S U © K 6,0) Z In(@,P) 2 UR(©) - Y6, 9) | dodg[27 b]

nr=0 mr=—n/s m=—-n

NMax mi=ns NMmax

—62F{6u}— - Z Z um () Z 1,(5,7) Z UM ()| 818 [27 €]

n=0 mr=—n/ m=—-n

NMax

1
S82F(ou} =22 @D\ +5 Z In(@.P) Z RO [27 d]

m=—-n

The first term, 210(5,5)|U8(t) 2, constitutes the deviation of the surface membrane related to static
translations of the center of mass. The relevant contribution is the second one, which shows how the free
energy raises from its minimum value, proportionally to the square value of the amplitudes U/ (t)|?. This
energy enhancement is ensured as long as 4,,(G,p) coefficients are strictly positive. Thus, the surface
membrane is fluctuating as a pure collective Brownian motion given by approximatively 2Ny, independent

harmonic oscillators, with a related amplitude |UM(t)|?.

e Squared fluctuations amplitude expression

We will proceed by investigating the distribution probability of the square amplitudes |U(t)|?2. Following
statistical mechanics, we expect a Boltzmann distribution [Eq 28]:

ZZNM‘U‘)], @p) ZR=Lnlunt (t)lzﬁ}’r

fUn") = [28]

N ax = = m
J‘ 22 Max 3 (ap)Zm——nU (t)lszTdUm

Where f(UJ") is the frequency (probability) of obtaining a given amplitude fluctuation U;*(t).
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Recalling the most probable expected amplitude, which is given by [Eq 29], and exploiting the ergodic
hypothesis we can connect thermal moments of U;*(t) to its time average.

wmumy = f UUTY (UMY U = 8y S (UM (D)[2)  [29]

Finally, invoking the equipartition theorem, which asserts that each independent mode in [Eq 27 d]
contributes with a constant weight k;’i (where kg is the Boltzmann constant and T the absolute temperature),
we will obtain [Eq 30]:

kBT yields

kgT
2 A @ PYIVT O = == (URO), = =

—_—n = 2; |m| <n 30
K An(0,P) [30]

Recalling [Eq 24 b] we can obtain the final equation for the time-mediated squared fluctuation amplitudes
(lUM(£)]?), for spherical vesicles [Eq 31]:

S _ kgT 1
(U OF) = = = G T DT D6 + nte + D] + 226 — )

[31]

Furthermore, exploiting the small perturbation approximation we are allowed to apply the well-known
Laplace equation, which connects reduced membrane tension and pressure difference: p = 24. So, the
second term in the denominator can be removed and we write [Eq 32], presented for the first time in [6],
and we will use it for further experimental relationships.

5T 1

k
(U (D)%), = Kk mM—1Dn+2)[6d+n(n+1)]

[32]

[Eq 31] and its approximation form for small fluctuations [Eq 32] show how all independent oscillators
provide a constant contribution dependent only on the degree index n, independently of order m. This
property is due to the fact that we are in a pure spherical symmetry condition. The couple of parameters:
(x, ) constituting the unknown physical properties of the vesicles, in particular the searched bending
energy, which must remain constants upon degree n>2 increment. There are several fitting procedures
exploitable and able to measure these parameters (k, d), and we will see them later.

e Angular Correlation function

From a hypothetical point of view, if the experimental value of the whole 3-dimensional fluctuations function
bu(B,¢,t) was available, we could directly fit [Eq 32], simply decomposing &u(6,¢,t) in the spherical harmonic
basis. Nevertheless, optical microscopy is unable to acquire simultaneously the entire 3-dimensional
structure of the quasi-spherical vesicles surface. Flickering spectroscopy technique reveals only the two-
dimensional equatorial plane of the liposome, resembling its cross-section corresponding to 8=m/2. This
condition is obtained when the focal plane of the microscope is placed at the section corresponding to the
maximum vesicle diameter fluctuations, and equatorial-plane contour is observed with maximum contrast.
Following the work of Fernandez-Puente et al [7], it is possible to correlate the previous theoretical finding
for a membrane elasticity model in a 3-dimensional framework with the experimental quantities provided by
the 2-dimensional equatorial-plane contours series. In particular, exploiting the angular correlation function,
evaluated at equatorial plane (6=1t/2), defined in [Eq 33 c]. [Eq 33 a] represents the cross-sectional radius
r(¢, t), which describes the overall equatorial contour as a function of ¢ angle at a given frame t. [Eq 33 b]
provides the average equatorial radius, integrating over ¢ angle , measured at a given frame t:
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r(p,t) =R [1 +u(9 = g,q),t)] [33a]
2m

1
") =5 f r(¢, £)d 9[33 b]

0
21

f r(¢ +7,0r(p, Ddg — r(©)| 33 c]
0

1
£, = f (rp +7.0 = r©)(rlg, 0~ r®)d 9 = 5—
\

2nR?

Substituting (¢, t) from [Eq 33 a] in the angular correlation function é(y, t) [Eq 33 c] we will obtain a more
suitable equation [Eq 34 a], where we can exploit spherical harmonics decomposition of fluctuation function

u(6,p,t) (seeEq18d; Eq23 a),for 0 = % and obtain [Eq 34 b]. The symbol ~ means the complex conjugate

component:
21
_ T T d
0 t) =3 sz u(5,<p,t) u(§,<p+y,t) ¢ [34a4]
0
21 /NMax m=n NMax mr=ns
m m ey (T
£, =5 f Y Y worGoe) |l Y D i Ge+r)|de 345]
n=0 m=-n nr=0 mr=—n/

We can extract the coefficients of the expansions U} (t) and UV (t) from the integral since they just depend
on time:

NMax m=n Nmax mr=ns

o=y Y Y Y UROUT®D 5 f m (5 0) i (5.0 + ) do [35]

n=0 m=-n n/=0 mr=—n/

Adopting the already cited spherical harmonics orthogonal properties, regarding ¢ angle, we can solve the
integral and write [Eq 36]:

Nmax NMax m=n

£,0) = Z D, . UROUE® Y (5.0) 7% (5.v) 136]

n=0 n/=0 m=-n

Now we introduce the function: £(y) = (¢(y, t)):, which represents the angular correlation average with
respect to time [Eq 37]:

Nmax NMax m=n

£0) = €0 0) = Z > D wrOUE©). Y (3.0) 7 (57) 137)

n=0 n/=0 m=-n

Since the only time-dependent part in the formula is the product: (U;7*(t)U;;} (t)):, we can invoke again the
previous finding regarding statistical mechanics [Eq 29], recalling independency between different modes.
The time-mediated angular correlation function can be rewritten as follow [Eq 38]:

NMax m=m

EN=CrO= ) > UrOR(5.0)7 (5.r)

n=2 m=-nm+0

Finally, recalling [Eq 32] we can replace, for n>2, the squared time-mediated fluctuation amplitudes with the
unknown physical parameters: (x, ), obtaining [Eq 39]:

53



Nmax

1 T T
§0) = Z Z K (n—1)(n+2)[a+n(n+1)]y’r( O)Ym(z ) [39]

n=2 m=-n,m*0

This final result shows how the time-averaged angular correlation function, (which could be experimentally
evaluated from vesicles contour resumed analyzing images of the vesicles acquired at equatorial plane), is
related to the searched physical parameters: (k, ). From this point, we can proceed using two different
pathways depending on the mathematical basis chosen for the angular correlation function decomposition.
In the next section we will introduce the so call “Old” or “Classical” approach, since it was the first one to be
exploited. In this case we will decompose the angular correlation time-averaged using Legendre polynomials
basis.

= Classical Approach

Looking again at [Eq 39], we can highlight how the experimental quantity é(y), which represents the time-
mediated angular correlation, is described by a sum of Ny;qy (Nyax + 1) — 2 terms, each one of these is

constituted by two separated components. The former is represented by an unknown factor:
ksT L
Kk (n-1)(n+2)[c+n(n+1)]

depending on (x,0), the searched parameters. The latter component is

represented by a factorized couple of Laplace’s spherical harmonics Y, (EO) YZ’" (gy) which could be

thought still as a mathematical basis for angular correlation decomposition. Nevertheless, in [Eq 39] the
second sum specifies m # 0 and the couple of harmonic functions are evaluated for two different angular
conditions. Thus, exploiting directly [Eq 39] decomposing angular correlation in the spherical harmonic basis
to extrapolate (i, @) is not suitable. Nevertheless, we can take back this incomplete harmonic basis
decomposition into a new one structure, involving a different mathematical representation, the Legendre’s
polynomials. Using the spherical harmonics theorem [Eq 40 a], which connects the sum over m of the couple

of factorized harmonic functions Y, (g 0) Yzﬁ (g y) to the associated Legendre’s polynomials B, (cosy):

m=—-n

P,(cos ) = 2

91)Yn"(62,92)[40 a]
m=n
. . yields
cos A = cos 0, cos 6, + sin O, sin 8, cos(p, — @) —— cosy [40 b]
Since in [Eq 39] terms having m = 0 are absent, we cannot use the theorem unless these m = 0 terms have
been subtracted from summation [Eq 41]. Note that the sum over m has been removed, since it is contained
into P, (cosy):

z | REOREY
_ 2n+1 _kB_T n\7y’ n\7y’
£ = G Z [(n+ D - D+t D)) O " dme ; D —D(E +ner s D)| PP

Considering again [Eq 32], which correlates the squared average-time amplitudes {|UM(t)|?); to the
searched parameters (k, @), we can rewrite the experimental time-averaged angular correlation as follows
[Eq 42]:

NMax

) =+ ) (BalO) Pulcosy) + (Bo)ePo(cos)[42]
n=2

Where two different contribution can be highlighted: the first contribution resumes the angular correlation
decomposition using Legendre’s polynomials for n>2, the second contribution recapitulates the overall m =
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0 terms, which are absent in [Eq 39] definition, and are ascribed to the zero Legendre’s polynomial
component P,(cosy). More precisely [Eq 43]:

2n4: - (U ()1?)g; forn = 2
(Bp (1)) = Npax N -
=Y 1 (G.0) T Gor) Aoy orm =

=2

Only the first contribution is suitable for further fitting analysis in order to extrapolate (k, &) parameters. The
zero-order contribution (B,), refers to vesicles radius changes over time, which are negligible [8]. Thus, (By);
contribution to the fitting analysis is not relevant for bending constant evaluation. Introducing the theoretical
expected B, (k, ) values, defined in [Eq 44], we can compare them to the corresponding experimental
quantities (B, (t)); for (k, @) extrapolation:

2n+1 kyT
4t k(n—1)(n+2)[6 +n(n+ 1)]

B,(k,0) = [44]

Now, the angular correlation function can be evaluated from the reconstructed contour coordinates of each
vesicle image (See “Contour Evaluation Algorithm” section). Usually, for each analyzed vesicle a series of
approximatively Nimages~2000+4000 images is acquired, with a frame rate of about 20 ms, depending on
optical magnification conditions. Reasonably, investigated vesicles are imaged for a few minutes. The
experimental angular correlation function is then decomposed into the Legendre’s polynomial basis and a
set of B, coefficients for each image is evaluated. Before proceeding to the time-averaged coefficient
calculation < B,>t mediating the different Nimages contribution arising from the image series, we must highlight
an experimental construction limitation: the image acquisition time of the CCD camera. In particular, the
images of the GUVs are taken every t=40 ps, and, consequently, modes having a relaxation time smaller than
ts cannot be observed. For this reason, all contributions coming from these not-observable modes must be
however included in the analysis. Now we want to relate the theoretically corrected values (actually
unknown) By (t), which will be exploited in [Eq 44-46] for bending analysis, to the experimental quantities
Bn'(t) just obtained from autocorrelation function. More precisely, to relate the theoretical expected values
Bn(t) to the experimental quantities Bn'(t), Bn(t) terms must be multiplied by a correction coefficient. This
time-integration correction factor has been previously introduced in [9]. In order to obtain B,(t), the
corrected value of the experimental B,’(t), a couple of non-linear equations [Eq 45 a-b] must be numerically
solved:

m _ AmR? (2 1 )B 45
= kgT nn+1) n[45d]
m\ 2 t
I TTL tS _T_‘Igl
Bn—2 Z ﬁ+e n —1 Bn[45b]

A correlation time ;' is introduced for each B, mode. The parameter n represents the viscosity of the
medium surrounding the liposome. R is the GUV radius, ks is the Boltzmann constant and T is the temperature
(in Kelvin). The new set of coefficients B,(t) is used to evaluate the time-mean coefficient <B,>, then the
least-squared “LS” fitting procedure [Eq 46] is performed through a non-linear Levenberg-Marquardt
algorithm:

=Nlim

n=N ~ 5
Swa= Y [Bn(x.o;T—D GO e
n=2 n
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where STD,, represents the corresponding standard-deviation of the associated (B, (t)); mean coefficient.
The set of coefficients (k,d) that minimizes LS(k,5) will be extrapolated as the bending constant and
reduced surface tension, respectively, which describes the investigated vesicle. As show in [Eq 46] the least-
squared problem involves several modes, starting from the second up to certain Nj;;,, index. The fitting
procedure and subsequent (k, &) parameter extractions are highly sensitive to the number of modes chosen
in the procedure, for several reasons.

First, looking again at [Eq 43] for n>2 we can observe how the decomposition coefficients B, (t) arise from
strictly positive quantities |UM(t)|?, for this reason B, (t) negative coefficients contributions must be
removed from calculation: (B, (t));, since they have not physical meaning. Second, nevertheless squared
deviations in [Eq 46] are weighted by STD,,we must also consider that B, (k, &) scales proportionally to ~n
with respect to the order index, meaning that higher order contributions are less detectable in the fitting
approach. Furthermore, these higher order modes are related to spatial scale fluctuations comparable to the
pixel resolution of camera itself, or alternatively their correlation-time are comparable to the integration
time ts. For these arguments, summation in [Eq 46] is truncated to Nj;,,, = 14. Third, the lower modes
correspond to the longest space scale fluctuations, whose relaxation occurs even in several seconds,
depending on the vesicle diameter size. Thus, although low order modes are easily detectable, they are
characterized by poor statistical analysis. In fact, imaged vesicles acquisition should be prolonged up to
approximatively ~10+15 min to record enough relaxation events for these lower modes (n=2+3), which is
experimentally inapplicable due to vesicle translation out of ROI (Region-Of-Interest) boundaries. For these
arguments, usually the lowest order considered in the fitting procedure is n=4 [10]. In Fig 3 an example of
the Legendre’s Polynomial coefficients decomposition and subsequent fitting for a DOPC vesicle to
extrapolate (k, @) parameters set is reported.

0.00010
1 s <Bnit)=
fitted model Sigma=10.070 (LA} Kc=13.863 (KT)
0.00008 -
0.00006 -
A »
=
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V000004 4
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[ ]
L -
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000000 1— . T T T T
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Figure 3: Time averaged Legendre’s Polynomial coefficients <Bn(t)> (blue dots) obtained from
angular autocorrelation decomposition of a DOPC vesicle and subsequent fitting (yellow
curve) to extrapolate the Bending constant: K.=13.86 K,T and the reduced surface tension:
0=10.07

Recalling some of the hypothesis/assumptions introduced during previous theoretical derivation, we should
consider quasi-spherical vesicles whose fluctuations are clearly observable, not simply imputable to camera
integration-time noise. For these reasons the vesicles should not be too small, not too tensed, otherwise
surface tension will suppress thermal noise, and no surface defects should be present. Using these criteria,
following [11] work, we developed the following protocol in order to choose correctly the investigated
vesicles:
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vesicles with radius smaller than 10 um has been discarded;

vesicles with a resulting reduced surface tension & out of this range [-4+50] are
discarded (negative & value suggest a particular fluctuating vesicles and are still
acceptable unless quasi-spherical shape is maintained. Too high & values imply
poor bending constant detection);

vesicles with surface defects or not conserving quasi-spherical shape or its radius
are discarded,
vesicles containing smaller vesicles are discarded.

Statistical Approach

As mentioned above, using Legendre’s polynomial decomposition of the angular correlation factor, only
approximatively 10+12 modes, spanning from [2°+14°] are suitable for the fitting procedure. In Fig 4 the
frequency distribution of the Legendre’s polynomial decomposition coefficients B, of angular correlation
function obtained from a series of 1500 images of a fluctuating DOPC vesicle is reported.

Relative frequency Bnit)

1'}—1 4

1'}—2 4

0z
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Figure 4: Frequency distribution of the Legendre’s Polynomial coefficients B(t)
obtained from the angular autocorrelation function of a DOPC fluctuating vesicle
(1500 frames).

The vertical axis, representing the event-frequency, is a logarithmic scale to highlight how largely frequency
coefficients B, could vary, depending on the considered index mode. In particular, two key aspects appear in
the frequency distribution factor.
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Firstly, although a small fraction of experimental coefficients B, has negative contributions, a clearly
asymmetric distribution shifted toward positive values can be observed from Fig 4. Confirming that B,
coefficients are strictly positive, since they are connected to the squared fluctuation amplitudes from [Eq 43].
Negative contributions are present for two different reasons: they could be referred to the zero-order index
n=0, which should in fact be strictly negative [Eq 43] and is not included in the fitting procedure. Alternatively,
these negative contributions could be related to higher index orders (above 14°) where time-relaxation is
comparable to the camera integration-time itself and various experimental noises could occur.

The second aspect that arises from Fig 4, looking at positive contributions, is that the higher B, coefficients
present in the decomposition, ascribed to the first modes involved in the analysis, constitute a minority.
While, most of the B, are however positive but are not included in the fitting procedure for several reasons
described in the “Old” approach section. Essentially, these positive contributions obtained from Legendre
decomposition arise from higher modes and are systematically ignored. Thus, the old approach poses a
further question, “Does it exist a different method able to include also the higher modes? Since they
constitute a not negligible frequency population?”

The “Statistical” approach has been introduced in order to respond to these crucial issues arising from the
“Old” approach [12]. In particular, it exploits part of the higher modes not originally involved in the “Old”
approach. As highlighted by its definition, “Statistical” approach proposes a method that introduces a new
mathematical basis to decompose angular correlation, and exploit how their coefficients decomposition is
statistically distributed, instead of simply evaluate their arithmetic means for further fitting procedure. The
goal is to redefine angular correlation decomposition using the Fourier basis. In this approach free energy
and angular correlation are rewritten as a superposition of a new set of independent modes, and each mode
owns its characteristic angular-periodicity, and we are focused on how each mode is statistically distributed.
We will start from the radius fluctuations, passing toward free energy, to finally obtain angular correlation
Fourier decomposition. We will demonstrate that angular correlation can be written as a pure cosine
decomposition, and each coefficient obtained from its decomposition follows a mono-exponential decay,
suitable to extrapolate the bending constant through a non-linear fitting procedure.

Starting from vesicles radius description, which has been previously decomposed using spherical harmonic
[Eq 18 d; Eq 23 a]:

A%+ Ud(t
0 o()+

r(0,0,t) =R[1+u(0,¢,t)] =R[1+ Jin

Un* (D)Y,"(6, 9) | [47]

nz2;|mjsn

we can rearrange the last term, containing fluctuations analysis, as follows [Eq 48]:

r(8,9,t) =R

0 0
1+ L\/?(t) + Z (agP,? (cos9) + Z (al* cos(me) + b sin(me)) B™(cos 9))] [48]
I3

n22 o<msn

where the new terms: B™(cos 8) and all*, bI™* have been introduced following [Eq 49 a-b]:

2n+1)(n—m)!
4n(n + m)!

- ield - .
P(x) = (-1)™ P (x) 25 Y8, ¢) = B (cos 0)e™P[49 a]

an'(t) — iby' (1)
2

Up'(t) = [49 b]

[Eq 48] has been obtained manipulating [Eq 47] and adopting [Eq 49 a-b] definition. [Eq 48] represents the

vesicles radius description using a different mathematical basis: The Fourier decomposition, and will be
useful in further angular correlation redefinition.
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Now we recall [Eq 27 d], which describes the overall elastic energy of the vesicles around its equilibrium state,
as a sum of squared amplitude fluctuations |U"*(t)|?, multiplied by the eigenvalues 4, (G, p). Using previous
Laplace equation p ~ 26 we rewrite: 1,(7,p) = 1,(0) = (n— D(n + 2)[d + n(n + 1)]

NMax

1
S82F(Bu} = S 2, RSO + Z NG Z U012 [27 '

m=—-n

We can rearrange the summation separating positive order m contribution from negative ones [Eq 27 d”]:

NMax
—62F{6u}——zo(a PO +35 Z 2n(5) [IUO(t)I2+ > AUROP + U O |27 4]

1<msn

Then we exploit the following relation that bounds squared amplitudes fluctuation between spherical
harmonic (having opposite order index m) and Fourier decompositions [Eq 50]:

1
U (O + U™ (O = > (la? @ + b ()12 [50]

As final result, we can redefine the total free energy around its equilibrium state using Fourier basis [Eq 51].

NMax
S8R (eu) = 5 2@ PIVS O + 5 Z (@ [|an<t)|2 > > 4G @P +bp@P)| [51]

lsmsn

What we have obtained is an alternative description of the total surface elastic energy, but still governed by
a different set of independent harmonic oscillators. So, for each squared contribution: |ad(t)|?, |a™(t)|?,
|b™(t)|?> we can invoke again the equipartition theorem and each squared amplitude in Fourier
decomposition follows a Gaussian distribution. Thus, statistical distributions for a3, a’*and b1 can be written
using [Eq 52 a-b], where: al(x), a™(x)and B/ (x) are the Boltzmann statistics of the corresponding
amplitude: al, a™ and b} respectively:

kA (& KAy (o)x?
an(x) = —2711;(,,7? e 2kT [524]

KAy @) _KAp(3)x?

@y () = B = |3 e T [52]

Now we rewrite the fluctuations radius at the equatorial plane 6 = %, obtaining [Eq 53] (From now on we

will consider an implicit time dependence of a3, a™ and bI* coefficients):

r(p,t) =R

AJ+ UJ(D) ey m mo: DI
T Var +n22 (anPn (0) + 2 (an' cos(my) + by sin(me)) B (0) || [53]

Similarly, we rewrite the mean radius at the equatorial plane [Eq 54]:

o<msn

2m

0 0
r(t) = %f r(p,t)dp =R|[1+ AO-I_Tl::(t) + Z a?lP,?(O)] [54]
0 n22

Subtracting from each other Eq 53 and Eq 54 we essentially remove the first two terms in (¢, t), obtaining
[Eq 55]:
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(@, t) —7(t) = R [Z Z (a™ cos(me) + b™ sin(me)) P,:n(O)] [55]

n=2 0<msn

We can invert the order summation between degree n and order m index and rearrange the terms as follows,
remembering that n has un upper limit Nyqx, obtaining [Eq 56 d]:

NMmax NMax Nmax

r(p,t) —r(t) =R cos(me) amP™(0) + sin(me) antPyt(0) [ [56 a]

NMmax

am = z amP(0) [56 b]
< n=m
NMax

Bm = > BEIET(0)[56 b]

n2m
NMax

r(p,t) —r(t) =R 2 [@™ cos(me) + B™sin(me)] [56 d]

o<m

The new terms introduced a™ and ™, are a linear combination of the ali* and b]}* sets respectively, where
the weights in the summation are represented by the BJ*(0) constant. Since the original sets aj* and b}*
follow a Gaussian distribution, the new variables a™ and B™ follow a Gaussian distribution as well.
Nevertheless, since the different contributions in the sums [56 b-c] bring a different weight, depending on
B™(0) constant, the Boltzmann statistics of ™ and 8™ must be re-normalized as follows [Eq 57]:

2

1 (_) kAn(0) y 5
K n o e 4kpT Enzm[—Pﬁn(O)] [57]

471k T S| PTCO)]

A™(y) = B"™(y) = J

a™ and B™ coefficients are in fact experimentally follow a gaussian distribution. As example, in Fig 5 the
frequency distributions of a® and 88 coefficient modes are reported:
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Figure 5: Experimental distribution of a® (blue dots) and 38 (green dots)
coefficient modes and subsequent gaussian fits, yellow and red curve,
respectively

Finally, we can recall the angular correlation defined in [Eq 33 c], and, using the previously introduced
guantities [56 b-c], after some rearrangement we can rewrite the angular correlation as follows [Eq 58]:

Npax Npax
1
.0 =5 ) [(@n®) + () ]costmy) = ) §m(e) cos(my) [58]
o<m o<m

[Eq 58] shows how the angular correlation function can be decomposed in a pure cosine basis, where we
have substituted §™(t) = %[(am(t))z + (ﬁm(t))z]. Since both a™(t) and B™(t) follow a Gaussian
distribution, their squared values (am(t))2 and (ﬁm(t))2 will follow a mono-exponential distribution. These
couple variables (am(t))z and (,[)’m(t))2 are so distributed as a mono-exponential decay with the same
features (See [Eq 57]), and are statistically independent. Thus, we expect that also é™(t) follows a mono-

exponential distribution, since it is written as the product of (ozm(t))2 and ([37"(t))2 distributions. We will

KAn () x2+y?
: —— 2

4kpT anm[Prrzn(O)]
a™(t) and B™(t) space variables respectively. Adopting polar coordinates transformation defining zas: z =

%(x2 + y?) where z represents ™ space variable, we can normalize the E™(t) distribution as follow [Eq 59]:

obtain that the £™(t) distribution: Z™ o exp [— ] where x and x are representing

K1, (&) el
n e b anm[Prrzn(O)] = Ame_Am'fm[Sg]

21k, T T PP 0)]”

FmEm) =

where in the last member we have substituted A™ using [Eq 60]
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KA, (0)
A™ = >
27kaT Zan[PJ”(O)]

[60]

The A™ definition [Eq 60] highlights how the statistical distribution of the coefficient £™ obtained from cosine
decomposition of angular correlation can be summarized including only three parameters

[K; An(ﬁ);Zan[P,{”(O)]Z]. The first two are the searched physical parameters, while the latter is a pure

mathematical factor. In particular, this sum converges quickly with the n index, avoiding possible fitting
procedure issues arising in the denominator.

Thus, using angular correlation function experimentally evaluated for each vesicles frame &(y,t), we can
decompose it using Fourier basis and confirm that it is a pure pair function, since recalling [Eq 58] it can be
described as a pure cosine decomposition. From each vesicle frame we can then extrapolate a different set
of E™(t) decomposition coefficients. For each mode m we can analyze its statistical distribution and confirm
that corresponds to a mono-exponential decay, expecting strictly positive €™ (t) coefficients for all modes.
From the statistical distribution of &™(t) we can linearize its exponential decay and extrapolate the
corresponding slope A™, for each mode. Finally, the obtained set of slopes A™ arising from different modes
can be exploited to extrapolate (k, &) parameters using a non-linear Levenberg-Marquardt procedure. Some
prescription should be highlighted during statistical distribution linearization, when the slopes A™ are
evaluated. In Fig 6 the statistical distribution of the m=8 mode is reported.
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Figure 6: Statistical distribution for the 8-th mode experimentally obtained and
plotted in linear-log scale (blue dot), and subsequent fitting procedure (yellow line) to
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Some deviations from mono-exponential decay (see Fig 6) could occur at very low frequency regime (far right
of the curve). These contributions constitute rare events whose statistical description is poorly explored, and
these points should be removed from the fitting analysis. At very high frequency regime (far left of the curve)
other deviations could appear due to the white noise arising from starting contour evaluation. Thus, very
high frequencies should be fitted with a cut-off limit. Finally, rare but still possible é™(t) coefficients with
negative values arising from cosine decomposition must be removed. In Fig 7 the experimental A™
coefficients obtained from the same DOPC vesicle analyzed in Fig 3 is reported, where we adopted the
angular autocorrelation (“old-approach”), and subsequent non-linear fitting to extrapolates the (k,&)

parameters.

E
=]

®  SperimA™
E00000 fitted model Sigma=14.536 (U.A.) Kc=13.173 (KT)

500000 4
400000 4
300000 4 .
200000 4

100000 4 ]

D{ &= ¥

Figure 7: experimental coefficients obtained from a DOPC vesicle
(blue dots) and subsequent fitting procedure (yellow curve) to
extrapolate the Bending constant: K.=13.86K,T and the reduced
surface tension: 6=10.07
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e Contour Evaluation Algorithm

In this subsection we will illustrate how our contour evaluation protocol has been developed following
previous procedures, in particular [13]. Our contour analysis algorithm has been written using Python scripts.
The vesicle frame acquired is a 12+16-bit depth gray-scale image.

»Y (Column axis)

i Pi=[x;vil

A\ 4
X (Row axis)

Figure 8: Pixel coordinates frame of reference of the liposome image

In the first step the image is read and numerically interpreted as a two-dimensional matrix object of size
[Nrows; Neolumns], Where Nrows and Neolumns represent the number of rows and columns of the image, respectively.
Each pixel intensity of the image spans over a range of: [0+2°%9¢P!"_1] |n Fig 8 the frame of reference of the
pixel coordinates is reported.

Next step consists of the identification of the vesicle’s boundaries exploiting the rows pixel intensity profiles
analysis. As mentioned above, the inner liposome volume is filled with sucrose dispersed in aqueous medium,
while the surrounding medium is composed by water with glucose. Since the sucrose and glucose have two
different refractive indexes, then the mean pixel intensities measured inside and outside the liposome are
also different (we use phase imaging). Thus, we expect to measure a constant and flattened pixel intensity
profile in rows that do not intercept the liposome boundaries. Instead, when the row profile intercepts the
liposome boundaries we expect to see a double discontinuity; when the row passes through the glucose-lipid
bilayer-sucrose and through the sucrose-lipid bilayer-glucose interfaces, respectively. In Fig 9b is reported a
flattened row intensity profile that does not cross the vesicle boundaries (blue dotted line of Fig 9c), in Fig 9a
another row intensity profile that crosses the vesicle boundaries and two discontinuity regions is shown
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(green dotted line of Fig 9c). The vesicle boundaries search can be performed scanning the pixel intensity row

Figure 9: (a-b) pixel intensity row profile intercepting liposome boundary (green dotted line), and not intercepting
the liposome (blue dotted line). (c) liposome frame at a given time frame. (d) Pixel intensity (blue line) and its
slope along column (y) axis (orange line 20x magnified).
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profiles (at fixed row index and scanning the column index coordinate) and establish an objective criterion
to identify these profile discontinuities.

As first attempt we proposed a test-parameter based on the ratio between the mean intensity profile
measured inside and outside the liposome. As shown in Fig 9a, when the columns coordinate in the row pixel
intensity profile (along y-direction) is reaching or overcoming the liposome boundary, a local peak maximum
is observable. Accordingly, the liposome contour in Fig 9c is surrounded by a circular brighter halo. Thus,
identifying these two local maxima allows us to distinguish the internal and the external region of the
liposome for a given row line. Further confirmation that the region between the two peaks is including the
inner part of the liposome is based on the average intensity comparison measured inside and outside the
peaks. In fact, the average intensity inside the liposome is lower than the mean intensity value outside, since
the sucrose and glucose have different refractive indexes. Thus, the test-parameter regarding this intensity
ratio [Eq 61] has been proposed:

_ (Ilnside—liposome)
Leatio =

< Iratio—ed 3[61]
(IOutside—liposome> g
where (I;nsige-tiposome? @and {loutside-tiposome) are the average intensity measured inside and outside the
two peaks, respectively, while L.gtio_cqge is the threshold edge parameter. The row profiles (along y-
direction) are analyzed first from the top of the image corner row-index=0, running from left to right. When
the [Eq 61] has been satisfied the same analysis is proposed starting from the bottom of the image corner,
row-index= Nows-1, when also the second research is concluded we have the starting-row-index and the
ending-row-index, respectively. Nevertheless, this first approach based on the intensity-ratio- reveals some
lacks, essentially related to the non-uniform illumination of the imaged area. Thus, a second method to
evaluate the starting and the ending row indexes has been developed.

The second approach analyze again the row intensity profiles (along y-direction, at fixed row and varying
column index), but in this case the slope signal of the pixel intensity is numerically evaluated. A moving
window of 11 pixels size is used to extrapolate the mean slope around each pixel column coordinate,
obviously the first and the last 5 pixels are ignored in the analysis. The slope intensity is averaged over 11
pixels in order to minimize image noise between neighboring pixels. When the row profile encounters the
lipid-bilayer interface it undergoes a fast variation. More precisely, the row profile passing through the
glucose-lipid bilayer-sucrose experiences a fast decrement, while passing through the sucrose-lipid bilayer-
glucose it undergoes a fast increment. These fast variations are ascribable to the lipid bilayer barrier
thickness, which is approximatively =4+5 nm. Thus, these pixel intensity modifications are clearly observable
when the slope pixel intensity is introduced (see Fig 9d) and the associated peaks are really sharped and
easily detectable. In particular, a negative peak is associated to the glucose-lipid bilayer-sucrose interface,
while a positive peak is ascribable to the sucrose-lipid bilayer-glucose interface. A second test-parameter is
introduced, based on the pixel-separation between the position of the minimum and the maximum values in
the row pixel slope profile. Distyin—_max is the test parameter and it measures the separation, expressed in
pixel unit, between the minimum (first interface, on the left) and the maximum (second interface, on the
right) in the row slope intensity profile. [Eq 62] represents the condition that must be satisfied to identify the
starting-row or the ending-row index.

Distyin—max = POSyin — POSyax > Distgage [62]

where Posy;, and Posy ., represent the column position where it is placed, respectively, the minimum and
the maximum value in the slope intensity profile, while Distgy4 is the edge parameter (=30 pixels).
Condition of [Eq 62] must be tested only when the peaks corresponding to Posy;;, and Posy,, are quite
sharp, otherwise, they could arise from background noise and the row profile is not crossing the liposome
boundaries. This second approach was really robust and reliable, thus we adopted this option.

Since the criterion implemented to evaluate the starting-row and the ending-row index is equal, we expect
that these row indexes are placed almost symmetrically from the liposome center row axis. The mean-row
index: (row) evaluated averaging the starting and the ending row should almost intercept the liposome
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center: (row) = (Starting,, + Ending,,,)/2 . Now, analyzing the slope pixel intensity profile of (row)
we can provide a first estimation of liposome diameter D and center [row.; column ] [Eq 63 a-c]:

D= POSMin((r0W>slope) - POSMax(<r0W>slope) [63a]
row; = (row) [63b]

D
columng = Posyn ((row)siope) + > [63c]

The equatorial plane of the liposome is described by a fluctuating circular-shaped contour, thus, we can split
up approximatively the contour perimeter in 8 regions equally spaced and define this quantity as: Interval =
7D /8. This is just an approximation since the measured perimeter contour: 2pg.; is larger than the circular
perimeter: 2p i = mD, due to thermal fluctuations. The algorithm proposed reconstructs the contour
perimeter step-by-step (pixel-by-pixel) through an iterative approach. Thus, we suppose to conclude the
contour reconstruction when the iterate-index in close to: 2p.;.., since all the geometrical parameters are
expressed in pixel units. Using the Interval parameter we can estimate which one of the 8 contour sectors
we are building.

In the next step, we set the provisional contour starting-point using the previous information [Eq 64 a-b].
According to the frame of reference in Fig 10a, we specify that the starting-point is aligned to row, = (row)
along the vertical axis x, in the far right of the horizontal axis y, and the reconstruction contour is performed
in the counterclockwise direction. Finally, the row-column pixel coordinates of contour points:
[row;; column;] (where the subscript i index refers to the i-th contour point) are converted in polar
coordinates [13; 6;] (where r; and 6; are the radial distance and the polar angle measured from the liposome
center). The coordinates conversion from cartesian-to-polar is done accordingly to Fig 10b frame of
reference.

{ TOWstare = (row) [64a]
columngeqre = POSMax(<T0W)slope)[64b]

»
>

Y (Column axis)

»
>

Y (Column axis)

Pi:[xi;yi]

Pstart=[X0; Yol

X (Row axis) X (Row axis)

Figure 10: (a) Frame of reference for contour starting point and subsequent counterclockwise direction. (b) Planar to polar
contour point conversion.

As mentioned early, the slope of the pixel intensity profile is a useful tool in the liposome boundaries
evaluation. Since now, the slope of the pixel intensity profile has been exploited for the profiles of the rows,
along y-direction, (constant row index and scanning the column index). Intuitively, this derivative-based
approach is highly sensitive when the liposome lipid bilayer barrier is placed almost perpendicularly to the
profile direction, since the scanning direction intercept the minimal cross-section barrier, whereas it is almost
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ineffective when profile direction and liposome bilayer are mutually parallel. Accordingly, the slope pixel
intensity along the row profile is maximized close to row;, 4., = (row) and is instead insensitive around
TOWingex = (row) £ D /2. Thus, a set of four directions namely: [x,y,v,w] has been proposed [13] to analyze
and reconstruct locally the slope pixel intensity from these different directions, for a given contour point. In
Fig 11 shown are the four direction profiles: along x-direction (column profile) is placed m,, gradient, which
evaluates the slope pixel intensity at fixed column line (fixed y), and varying column index x; along y-direction
(row profile) is placed m, which evaluates the slope pixel intensity at fixed row line (fixed x) and varying the
column indexy (already adopted to extrapolate starting-row and the ending-row indexes). Thus, m,, gradient,
which studies pixel intensity variation along x-direction (fixed column index y) is really efficient when we are
moving using row profiles placed close the liposome center (column;, 4., = column;). We considered also
two additional directions, v and w (and subsequent gradient m, and m,,), which are placed mutually
perpendicular and run diagonally with respect to x-direction (fixed-column y) and y-direction (fixed-row x).
In v and w directions the pixel intensity is evaluated along the pixel diagonal displacement, since the row and
column indexes are moved simultaneously. In fact, in w direction the row (x) and column (y) index increase
together, in v direction the row index (x) increases while the column index (y) decreases. Since the pixel
intensity profile is evaluated for a large displacement in v and w directions, along diagonal axis, actually v2
times the x and y directions, we expect a larger pixel intensity variation. Thus, the subsequent slopes
measured in v and w direction are weighted and normalized by a factor 1/+/2. We expect that v and w
directions provide a larger slope pixel intensity contribution for contour points placed between x-direction

»Y (Column axis)

X (Row axis)

Figure 11: Frame of reference for the [x,y,v,w] set directions used for
liposome boundaries evaluation.

(fixed column y) and y-direction (fixed row x). In particular, when contour points have polar angle 8 =~ 45°
and 6 = 225° for v direction, and 8 ~ 135° and 8 = 315° for w direction. Adopting the gradient set:
[my,mx,mv,mw] we are able to follow and reconstruct the liposome contour in the different portions of the
image imposing a counterclockwise orientation.

Now we illustrate the gradient-based iterative method that provides a first estimation of the liposome
contour with “pixel-resolution”. Each iteration of the loop introduces an additional pixel point following a
standard protocol described below. Exit from the loop is done once the initial contour starting point is
recovered. A set of four matrices (3x3 shaped) is initialized: [M,,M,.,M,,,M,,]. The matrix describe the gradient
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pixel intensity in the adjacent 8 points of the current contour position: P, ;r-ent, along the different directions
mentioned above (along x-direction M,,; along y-direction M,; along v-direction M,,; along w-direction M,,;).
Not only the magnitude of each element in the four matrix is relevant, but also its sign. In fact, the magnitude
(the absolute value) of the matrix element reveals how close the point is to the contour boundary. The sign
of the matrix element reveals that portion of the liposome contour we are studying. For example, adopting:
M, gradient matrix centered in the starting-point [Eq 64 a-b] we expect that the matrix elements magnitude
are higher if compared to the other gradient directions: M,, M;,, and M,,. Furthermore, since we are
intercepting the sucrose-lipid bilayer-glucose interface the M,, matrix elements are all strictly positives. Thus,
magnitude and sign of matrix elements can provide additional conditions to superimpose a counterclockwise
orientation. Since the magnitude of the gradient matrix elements suggest us how close we are to the contour
boundary with respect to a given direction, we defined a fifth matrix, My;.4,, defined as [Eq 65]:

Myean = |[My || + M|l + 1M, ]| + (1M, || [65]

My0an Matrix represents the average gradient pixel intensity arising from the four directions in the adjacent
positions of the current point, neglecting their specific sign (absolute value of the sum). Thus, My.,, Matrix
could provide a first estimation of the next trial contour point. First, the central element is set to zero, since
it is the current point of the contour. Then, a protocol of simple rules (shown below) is adopted to
superimpose a counterclockwise orientation of the contour evaluation. The four gradient pixel intensity
matrix: My, My, M, and M,,, are compared, choosing the matrix owing the highest absolute value element:
Myqx- This selection shows us which is the dominant pixel intensity variation direction. If My, = M,, the
dominant direction is x, corresponding to J = 90° or 9 = 270°. If My, = M, the dominant direction is y,
corresponding to 9 = 0° or 9 = 180°. If My, = M,, the dominant direction is v, corresponding to 9 = 45°
or ¥ = 225°. Finally, if My, = M,, the dominant direction is w, corresponding to ¥ = 135° or ¥ = 315°.

Tr(M,) < 0

%

{MMax =M, {MMQX =M,

Tr(M,) <0 {M’"“" =My

Tr(M,) < 0

{MMax =M,

Mpyax = My,
Tr(M,) >0

Tr(M,,) >0

] 1
1 1
1 — 1
1 1
i 1
1 1
1 1
1 1
1 1
1 1
I 1
1 1
1 1
1 1
1 1
1 1
1 1

Figure 12: Graphical representation of the rules-set adopted to
superimpose a counterclockwise contour evaluation. The 3x3 matrix
represents the pixels under study: the current contour position (blue
square), the possible next contour point (green squares) and the deleted
points (red squares).
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Then, the trace of My, is computed and its sign is investigated. Depending on the dominant gradient
direction matrix M4, and its trace sign, 8 possible different scenario are possible. The counterclockwise
direction of the contour evaluation is imposed removing (setting to zero) 3 of the 8 elements of My.q,, matrix
(the 8 adjacent points of the current position). The deleting choice of these 3 adjacent points is driven by the
8 scenarios proposed. In Fig 12 are summarized these 8 different scenario configuration and subsequent
deleting choice.

Thus, after application of this protocol rules, in M., Matrix 5 non null elements remain as possible next
trial point of the contour. The highest of these 5 candidates is chosen as next trial contour point, then we
check that this trial point does not belong already to the previous contour point list. If the check is concluded
successfully the current contour point is added to the previous contour point list, and the trial point becomes
the current contour position, ready for the next iteration. If the check of the next trial contour point fails (this
trial point already belongs to the contour points list), the corresponding My, element is set to zero and
the successive highest element in the matrix is set as next trial contour point and checked. This recursive trial
contour point analysis is performed since a new correct contour point is obtained.

After the new contour point evaluation, we check two additional conditions related to the iterate-index
Iteratei,qey-

Since the starting contour point defined in [Eq 64 a-b] is just a first approximation obtained using only m,
gradient, we decided to discard the first “delay” points, with Delay = 30. Thus, when Iterate;, 4., = Delay
we discard these first points.

The second condition concerns the exit circumstance from the iterative loop, when the iteration-index:
Iterate;, 4.y is close to the supposed concluding iteration: Iterate;,gox = 2Pcire = TD = 8 - Interval. This
condition holds unless all the geometrical parameters are expressed in pixel units. Thus, when the current
contour point is placed in the last of the 8 sub-sectors, Iterate;, ., > 7 * Interval, we can measure the
distance between the current and the starting contour points [Eq 66]:

. 2 2 .
DlStCurrent—Starting = J(xCurrent - xStarting) + (yCurrent - yStarting) < DlStThreshold [66]

where x and y refer to the row and column index of the contour points, respectively. The Distrpresnota
parameter is the distance threshold that allow the exit from the iterative loop. We set an intermediate
distance parameter: DiStrpresnoia = 2V2, equivalent to |Xcyurrent — Xstarting| <2 and |yeurrent —
ygtartingl < 2.0nce the [Eq 66] is satisfied, the algorithm escapes from the first iterative contour evaluation
loop.

Now we have a liposome contour evaluation with pixel resolution. The contour points expressed in cartesian
coordinates [row;; column;] ([x;; ¥;]) are exploited for the circular fitting, thus, the fitting radius r¢;; and
center [row,; = x¢;column; = y.] are extrapolated. Then, the cartesian coordinates are converted in polar
coordinates: [r;; 8;] adopting [Eq 67 a-b] (see Fig 10b planar-angular conversion):

1=/ — x0)2 + (y; — y¢)? [674]
Xi
6, = tan™! (—) [67b]

Yi

Note that the fitting radius 73;; is a theoretical parameter obtained approximating the liposome contour as
pure circular-shaped figure. Thus, (r)y # Trie, Where (1) is the experimental radius averaged upon the polar
angle 0. Furthermore, the contour perimeter: 2pcontour is higher than the theoretical perimeter: 2p i =
271y;¢. The contour perimeter: 2pcontour €an be evaluated summing up the distances between neighboring
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contour points ds; [Eq 68]. Since the contour is evaluated with pixel resolution without overlapped points,
the distance between neighboring points can have only two possible values: ds; =1 for

vertically/horizontally aligned points, ds; = /2 for diagonally aligned points:

Nior—1 Neor—1
2Pcontour = Z \/(xi+1 - xi)z + (yi+1 - Yi)z + 2\/5 = Z ds; + 2\/2 [68]
i=1 i=1

where N,,; is total number of elements constituting the contour points list, and the term 2v/2 is the distance
between the starting point ([x4, y;]) and the ending point ([wat, met]). The circular fitting perimeter:
2P.irc and the contour perimeter: 2pcontour €an be compared, and we expect: 2Pcontour = 2Pcirc, due to
thermal fluctuations. Thus, the perimeters ratio 2pg4+io can be introduced [Eq 69]:

_ 2pContfour

ZpRatio - [69]

chirc

The contour points list and the associated perimeter ratio [Eq 69] are stored.

Now we can evaluate again the liposome contour through an iterative approach, similarly to the first
provided loop, but including in the end some modification. The criterions used to superimpose the
counterclockwise direction and the first Delay points remotion are unchanged.

In the second iterative loop we set as starting position the contour point belonging to the previous contour
list, located in the N;,; — Delay position. The check for the exit condition has been modified in this second
loop. While in the first run we required a static escaping condition [Eq 66], here we used a dynamic solution.
When we are approximatively in the last sub-sector of the contour perimeter, Iterate;, e, > 7 - Interval ,
we cyclically measure the distance between the current point and the starting point: DiStcyrrent—starting
[Eq 66]. Once we are close enough to the starting point, imposing Distcyrrent—starting < 5v2, or
equivalently: |xCurrent _xStarting| <5 and |ycurrent - ysmrting| < 5, we initialize a distance function
Dist which measures the Distcyrrent—starting s @ function of the iteration-index for the next 20 iterations.
Since we start to acquire and store the current distance DiStcyrrent—starting N the Dist function when we
are 5 pixels far from the initial point, we expect to complete the contour perimeter figure in less than 20
iterations. When the 20-th iteration from Dist initialization has been computed, we interrupt the iterative-
loop process, and we analyze Dist as a function of the iteration-index. The minimum value: Disty;,, of Dist
function and its corresponding iteration-index position Iteratey;, are evaluated. The minimum value of
Dist, Disty;, and its iteration position Iteratey, represent the contour perimeter closure. The iterations
before Iteratey;, complete the contour figure, the iterates successive to Iteratey;, are retracing the
contour perimeter, thus are removed. Finally, the circular fitting procedure is applied on the new contour
data set.

Since now, we have essentially re-evaluated the contour perimeter with pixel resolution similarly to the first
iterative loop proposed above. Here we introduce two additional post processing steps, which improve the
liposome contour detection to sub-pixel resolution.

First, we adopted a new algorithm for contour point redefinition, which is based on the “radial-research”.
For each point of the contour perimeter just obtained we reconstruct the straight line joining the contour
point: [x;; y;] to the liposome center: [x.;y]. The points of this straight line placed around the contour point:
[x;; ] (the distance between [x;; ¥;] and the new points must be less than 10% of ;) are analyzed. The
Mpjean Parameter (similarly to My.qn [Eq 65] for a single element) is evaluated for this new points, if a
different point [xp; yp] with respect to the contour point [x;; y;] has a higher my;,,,, value, then the previous
contour point: [x;; y;] is replaced by: [xp; yp]. We expect that the radial research will affect slightly the initial
contour points list, and most of the points will remain unchanged.
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The second and more relevant correction is the sub-pixel resolution adjustment, already implemented by
[13]. Starting from a given i-th contour point, its coordinates [x;; y;] are expressed with pixel resolution from
previous steps, thus x; and y; are integer values. Adopting the sub-pixel resolution algorithm the contour
point coordinates: [x;; ¥;] are redefined with sub-pixel resolution introducing X, and ¥, which are fractional
values. The proposed algorithm is defined in [Eq 70 a-b]:

(55 _ xilmxi| + x_i|in| +W_xi meil +U_xi mvxi [70(1]
l [ | + [y | + [, | + [,

2 e R L 9
=

\ |mxi| + |m3/i| + |mWy,-| + |m”yi

[Eg 70 a-b] constitute a couple of weighted average equations where the weights are
[|mxi|, |myl. , |mwx, ,|m,,x, ] and “mxi , |mvy, ] for [Eq 70a] and [Eq 70b], respectively. The

barred values: [x_l-, Wy, v_xl] and [ﬂ, W_yi, v_yl] are defined through a geometrical construction rule. For a given
direction (for simplicity we will focus on y-direction, the column axis, providing an example Fig 13) the pixel
intensity profile is plotted (yellow line) and the related slope pixel intensity: m,, is used to linearize the pixel
profile (green straight line) around the point coordinate: y;(black vertical dotted line) .Then, the mean pixel
intensity around the contour point coordinate y; is evaluated (red dotted line) using a window of 31 points.
Finally, the barred value: y; (blue vertical dotted line) is found evaluating the interception coordinate
between the pixel profile linearization and the mean pixel intensity.
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Figure 13: Graphical construction of the barred value (y; vertical blue dotted line) starting from the
original contour coordinate (y;vertical black dotted line). In this example we showed only the contour
column coordinate.

This geometrical construction is straightforward for x; evaluation. For [W_x,' v_xl] and [W_yl, U_yl] first the w and
v values are evaluated along w and v direction, respectively, using the same protocol adopted for y; and X;.

[ and [y |- |,

projecting barred values and weight along x and y direction, respectively.

Then, [Wy,, Ty, | and [y, 7y, ] and subsequent weights [|mwx_| ) |mvx_
i i

] are obtained

The reason underlying the [Eq 70 a-b] weighted averages can be better understood providing an example.
Suppose to adjust a contour point oriented close to 8; = 0°. For that direction we previously mentioned that
the contour boundary is easily detectable from my, slope, where m,, is the slope pixel intensity along y-
direction evaluated at fixed x=xi. Instead, m,, is less accurate for this contour point position. Alternatively,
we can assert that y; coordinate is evaluated with higher accuracy than x;. For the moment we did not
include the w and v slope weight corrections in the averages. After the geometrical construction mentioned
in Fig 13 we have the [y;,x;] data set, which essentially are an improvement of the initial coordinates. Since
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the m,; slope have a higher accuracy than m,, we expect the y; fractional value to be more accurate than
X;.Thus, reasonably in [Eq 70b] the y; value is weighted by |mxl.| to obtain a ¥y, value closer to the new
fractional value. Instead, in [Eq 70a] X; is weighted by |myl.| to reproduce a closer value to the previous x;
integer value.

The sub-pixel resolution adjustment is applied for all points constituting the contour perimeter, then the new
contour points list is converted in polar coordinates [Eq 67 a-b] and sorted with respect to the angular
parameter 6;. Finally, the distance between adjacent points is evaluated. If couples of adjacent points result
higher than a given threshold (~2 pixels) additional points are inserted in these vacancy portions using the
following protocol. First, the straight line joining the couple of points placed too far from each other is
evaluated. Then, the points belonging to the straight line are added in the contour list. Finally, the additional
points list is treated adopting the “radial-research” procedure and subsequent sub-pixel resolution
adjustment described above. The additional contour points and the initial sub-pixel resolution list are merged
and the resulting array is sorted with respect to the angular parameter ;. The contour and the fitting
perimeter are evaluated, finally the parameters ratio is measured [Eq 69]. Then the perimeters ratio obtained
from the previous iteration and the current are compared. If their difference is less than the imposed
threshold: 2Pratiorsesnoia (W€ S€L: 2DRatiornresnoa = 0-01=1%) the entire contour evaluation procedure is
concluded [Eq 71]:

. _ ) < .
|2pRathCurrent 2pRathPrevious| = 2pRathThreshold [71]

Alternatively, an additional iteration loop contour evaluation is performed. In Fig 14 a flowchart reassumes
the overall algorithm process.
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Figure 14: Summary contour evaluation algorithm flowchart

In Fig 15 the contour evaluation obtained from a DOPC vesicle applying the algorithm is shown. The direction
slopes set [x,y,v,w] are highlighted in the final iteration of the recursive loop.
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Figure 15: Contour evaluation reconstruction applying the algorithm on a DOPC
vesicle. In the right-side the [x,y,z,w] direction slopes set is highlighted in the final
steps of the recursive loop.

e Flickering spectroscopy applied to boundary undulations of
lipid fluid domains for Line Tension measurement

In the previous section we deeply discussed and developed flickering spectroscopy as tool for bending
constant measurement in GUVs. In this framework, usually the vesicles are constituted of a mono-component
phospholipid specie in a homogeneous fluid phase, at most combined with cholesterol. In general, GUVs
composed of ternary mixture are avoided, since they introduce spontaneous curvature between boundary
domain demixing between fluid phases. Nevertheless, flickering spectroscopy technique can be exploited in
line tension determination in ternary mixture, containing cholesterol, at the boundary domain coexistence
between Liquid-Ordered (L,) and Liquid-Disordered (Ls) phases, when GUVs are for example close to the
mixing/demixing transition [14].

Line tension measurement at boundary fluid domains mismatch is a subject of many investigations, both
from theoretical and experimental point of view. In some cases, inhomogeneity of proteins and lipids in the
lateral distribution in lipid bilayers drives the subsequent line tension studies [15]. In fact, line tension
regulates the fluid domain growth kinetics, fission and size, depending on its magnitude. Therefore, line
tension modulation influences the protein-lipid heterogeneity composition in the plasma membrane. From
this starting evidence, line tension constituted a crucial parameter in the functional regulations aspects in
the biological membrane, like protein conformational changes or recruitment as mentioned in the
introductive chapter.

In the next section we emphasize how flickering spectroscopy basis can be exploited not only in the 3-
dimensional fluctuations of vesicles to measure the bending constant, but also in 2-dimensional in plane
undulations at the boundary of different fluid domain in lipid bilayer, in order to estimate line tension. First,
we will introduce the line tension concept in lipid bilayers following the historical development of this
physical parameter, then we will focus on 2-phases interfaces (boundary tension). We will compare the
different experimental framework able to measure line tension of lipid monolayer and lipid bilayer, and the
different accessible ranges for each technique. We will recall the capillarity wave theory basis, which is behind
the line tension measurement using the flickering spectroscopy approach. We will see also that line tension
can be estimated using different methods, starting from contour evaluation of boundary fluid domain. In
principle all the different approaches (radial fluctuations, angular correlation and relaxation time) are
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interchangeable. Finally, we will focus on the best experimental conditions to obtain the most reliable results
of line tension measurements using the flickering spectroscopy technique.

e Introduction

Liquid-Ordered (L,) and Liquid-Disordered (L4) phases have been initially hypothesized by Ipsen et al. [16] in
1987, and about two decades later experimental results [17], [18] confirmed the coexistence of these fluid
phases on lipid bilayer arising from ternary mixture containing cholesterol and for some aspects resembling
biological membranes. After these initial observations, the physical and chemical knowledge that is behind
fluid phases mixing-demixing has been progressively expanded, as reported in different reviews as [19].
Molar ratio components and temperature regulate lipid phase transition between the homogeneous fluid
phase and fluid phases coexistence. In fact, lipid phase transition has been deeply investigated exploring
ternary mixture composition, (reproducing also molar components ratio far from physiological condition)
and temperature[20]-[24]. Regarding fluid phases coexistence many physicochemical aspects has been
treated, like domain diffusion [25] and mechanical properties of domains [21], [26], [27], which reflect 3-
dimensional vesicle shape. Although, all these additional investigations are strictly connected to soft
condensed matter physics issues, most of nowadays research interest is devoted to lipid-protein membrane
heterogeneities at domain boundary level in living cells [28]. In fact, fluid domain microenvironment and its
dynamics regulates biological functionality of transmembrane proteins. Thus, investigation of bulk domain
properties has been integrated by studies of the boundary between fluid domains, which have increased
progressively both from theoretical [29]-[32] and experimental [26], [33]—[35] point of view. A key parameter
for the boundary fluid domain coexistence properties is the interfacial tension or simply line or boundary
tension.

Before going into the details, we will recapitulate the “line tension” concept, from how it has been historically
introduced for the first time to nowadays use in lipid monolayer/bilayer. The concept of line tension was
firstly introduced by Gibbs in his theory of capillarity [36], which considers the more general case where three
different phases coexist simultaneously. In fact, most of the experimental and theoretical line tension studies
published since now consider 3-phases coexisting environments [37] spanning a wide range of different
materials. Nevertheless, line tension is defined also in surface environments where at least two different
phases coexist. Far from 3-phases coexistence, few works dedicated to surface phase mixing/demixing has
been published, since few materials have been identified for the latter case. In fact, the substances that
belong to surface phase coexistence and analyzed trough Langmuir technique can be grouped in three
different families: Polymers [38], [39]; Surfactants [40]; and Lipids.

Here, we will report some literature examples regarding lipid-based phase coexistence. Firstly, we will focus
on monolayer studies. Initially, C. Desai et al. [41] studied gas and liquid-expanded phase coexistence by the
fluorescence microscopy technique, in particular its buckling instability heating the sample with constrained
area, which allowed first line tension estimation for a 2-dimensional lipid system. Then, Fisher et al. [42]
studied a similar system, where surfactant gas and liquid-expanded phases coexistence has been investigated
to measure line tension parameter. In this case deformation forces has been exerted using laser tweezer.
Finally, a liquid-liquid phase coexistence has been studied by McConnel et al. [43]. In this work lipid
(Dimyristoylphosphatidylcholine DMPC) and cholesterol mixture monolayer has been investigated exploiting
the Langmuir technique. Thus, shear flows and subsequent shape-distorting of the domains have been
exploited to investigate liquid phase transition. Line tension has been measured using the recovery rate from
distorted domain shape toward equilibrium condition, and values between =0.1+10 pN has been observed,
depending on the applied film pressure. This paper suggests, as expected, that line tension decreases
dramatically close to the critical point. Similarly, in [44] liquid-liquid phase coexistence studied by thermally
induced domain boundaries fluctuations confirmed that line tension magnitude is around =0.1 pN when the
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system is close to a critical point. Considering theoretical support from continuum [43], [44] and microscopic
models [29], [30], [45], these findings suggest that line tension values for lipid monolayer spans from 1 pN to
10 pN and collapse to 0.1 pN near a critical point.

Now we will consider studies regarding line tension evaluation in lipid bilayers. Line tension in lipid bilayer
membrane arises in two different circumstances: firstly, whenever a pore formation event is involved, the
energy cost to maintain membrane edge depends on line tension; secondly, at the boundary interface
between phase-separated domains, as in monolayer environment. In the first case, line tension at the
membrane edge has been investigated both experimentally [46]-[48] and theoretically [49], suggesting a line
tension magnitude approximatively =10 pN. In the second scenario, where boundary domain interface is
involved, several experimental setups allow different line tension measurement approaches. In fluid-fluid
phase separation of GUVs, a first attempt based on shape analysis provided a coarse estimation of line
tension around =1 pN [26], [33]. Further works [34] involving the micropipette aspiration technique in
dumbbell-shaped vesicles containing liquid-liquid phase separation, provided a line tension value around =5
pN. This is a valuable technique to measure higher boundary domains line tension in GUVs but it become
extremely imprecise below =0.5 pN regime. As mentioned above, low line tension regimes (=0.5 pN or lower)
appear and are strictly connected to mixing/demixing phase transition temperatures. Several experimental
pieces of evidence such as for example in the work by Baumgart et al [26], show that in-plane domains
boundary between fluid phases domains become nearly circular close to the temperature transition. In this
scenario, low line tension associated to circular boundary domains fluctuations can be measured. Indeed,
boundary domain thermal fluctuation can be spectrally analyzed by FFT (Fast Fourier Transform)
decomposition and give access to line tension estimation. Invoking capillarity wave theory [26], [44], [50],
the mean squared modes obtained from boundary undulation Fourier decomposition can be related to line
tension magnitude. Several other studies have already tested this theoretical analysis, [14]. In particular
Keller et al. [51] proposed a two dimensional Ising class model to describe ternary lipid mixture containing
respectively high-melting-temperature, low-melting-temperature phospholipids and cholesterol near a
critical point. In this work they correlate line tensions and correlation lengths concepts to temperature by
introducing critical exponents. Since we cited several line tension evaluation approaches for lipid bilayer in
the form of GUVs, we should also consider supported lipid bilayers (SLBs). In the latter case, AFM is a valuable
technique, which is not available in the case of GUVs. SLB studies involving AFM technique suggest a different
line tension evaluation method. In fact, line tension of boundary domains between fluid and solid phases has
been established measuring domain nucleation rates [35].

e Capillarity wave theory

In this section we will recapitulate how surface domain fluctuations can be described through capillarity wave
theory, focusing on fluid-fluid boundary interface between micrometer scale domains with constrained area.
In liquid boundary domains having constrained area, if their fluctuations can be spectrally decomposed using
Fourier basis and their power modes behave as independent harmonic oscillators, then spectral amplitudes
are proportional to (n? — 1)~ where n represents the power mode number describing the n-th harmonic
oscillator index.

Thermal undulations-based studies of fluid bodies with delimited boundaries have been deeply examined,
both with theoretical and experimental approaches, including normal fluctuations (out of plane undulations),
like double layer membrane in GUVs and red blood cells [52]-[55], where bending stiffness constant
evaluation constitutes the core of the flicker spectroscopy analysis. This method, already described in the
previous sections, is well characterized nowadays, since optical microscopy image acquisition has been
gradually optimized increasing the method accuracy [9], [13], [56]. At the same time, in-plane fluctuations
where we consider domain boundary at liquid-liquid interface when two fluid phases coexist, such as in
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Langmuir monolayer of lipids [50] and polymers [57], have been previously studied. Next step is to expand
the theoretical and experimental supports of thermal undulation boundary domains monolayer toward
circular fluctuating boundary domains in GUVs membrane in the demixing region of their phase diagram. As
we will see, bending elasticity in GUVs membrane and line tension in fluctuating liquid domains, share
mathematical Fourier decomposition of experimental fluctuations, and they belong to the Flickering
spectroscopies analysis. Nevertheless, in bending elasticity analysis of GUVs lower modes indexes are usually
discarded [9], [13], due to poor statistic as already mentioned. Instead, in line tension analysis, higher power
mode amplitudes are set aside since they significantly deviate from the theoretical behavior and many
experimental limitations affect the obtained power modes.

Let us define the squared average (time mediated: from now on (x) constituted by the time average of x
quantity) power amplitudes obtained from Fourier decomposition of domain undulation as: {|u,|?). In [44]
capillarity wave theory has been employed to relate line tension to these coefficients, in that case the study
of a Langmuir lipid monolayer of a lipid mixture was involved. Now we will resume their theoretical
framework and we will adopt it to the lipid bilayer environment. The starting point of capillarity wave theory
assumes the existence of a model Hamiltonian (or effective Hamiltonian) and the fluctuations boundaries at
the interface between different domains can be described solving the Hamiltonian itself [58], [59]. In our
case, the Hamiltonian can be written as follows [Eq 1]:

H=Lg= ’2
aaf T d0 d9

where L and r are geometrical parameters: L is the boundary contour length and r is the distance between
the contour point and the center of mass of the domain. Finally, o identify the line tension. The contour of
the domain is parametrized through the polar angle 6. In fact, a crucial point in the Hamiltonian equation is
the contour evaluation, and usually the analytical solution based on the polar angle parametrization results
useful for practical purposes. For this reason, [Eq 1] is rewritten substituting exact L parametrization by its

truncated expression [Eq 2] (where the Taylor expansion: lin(l) Vi+x=1+ g has been exploited setting x =
X—

2
(Z—;/r) ). This assumption holds as far as the radial fluctuation with respect the polar angle Z—; are negligible

if comparted to the radial distance r.
21
H=Llo= f +1(dr)2 do 2
—HOT )" T 2r \as (2]
0

The contour length L expansion can be truncated only for small radial fluctuations Ar compared to the

. . ) A . o .
equivalent radius Ry, defined as: Ry = \E R, represents the equivalent radius if the domain was replaced

by a circle containing the same initial area A. Now, the radial coordinate r = r(8) (expressed using polar
angle) can be spectrally decomposed using Fourier basis [Eq 3 a-b]:

N/,
r(0) =Ry| 14+ uy+ Z a, cos(nf) + b,, sin(nf) |[3a]
n=1
) 1n=1"/2;n=t0
r(0) = Ry| 1+ uy +§ Z une™ | with: lu,| = ’anz + b, [3b]
\ n=-N/,
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. N . . . .
Where the summations are truncated up to -» since the contour undulations are provided from optical

microscopy images, thus N parameter depends by molecular details N =§ ( where b is a cutoff length

associated to molecular dimensions [59]). Using [Eq 3 a-b] the contour length L, and the area domain A can
be Fourier decomposed as well [Eq 4-5]:

L = 2nR,

1
1+u,+ ZZ nzlunlzl [4]
n

1
A=7Ry|(1+uy)?+ EZIunlzl [5]

From the experimental perspective, we would like to establish line tension measurements for boundary
domain with constrained area A = nROZ, as described in the introduction. This additional condition applied
to [Eq 5] poses a further relation between Fourier coefficient [Eq 6]:

Now, we can apply the square root to [Eq 6] and assuming the sum over |u,|? as a small contribution
compared to the unity. We can then rewrite the right-hand side using the square root expansion and
truncating it [Eq 7]:

Using the latter approximation [eq 7] we can rewrite the contour length L [Eq 4], and in particular removing
uy dependence from this equation, obtaining [eq 8]

142> (- 1)|un|2] ]

Focusing on [Eq 8] just obtained, we can distinguish two different contributions. The first term represents
the energy amount for the minimum equilibrium state E, = 2mR,0, when the boundary behaves as a pure
circular-shaped domain and thermal noise in not affecting its contour. The second term raises the energy of

quoazn(n2 — 1)|u,|?, due to the presence of thermal

induced fluctuations of the contour boundaries. The energy amount AFE just obtained is perfectly comparable
to the expression derived by [44] for the lipid monolayer context. Under the approximations applied since

L= 27TRO

the domain from its minimum, by a contribution AE =

. o kpT .
now, we are allowed to invoke the equipartition theorem on the thermal energy terms: AE,F% .This

assumption treats each energy thermal contribution AE,, in the sum as an independent harmonic oscillator
with quadratic degree of freedom [Eq 9].

kyT

(lunl?) = TReo(n2 = 1)

[9]

Using [Eq 9] we can resume the line tension magnitude starting from the mean squared power modes
amplitudes (|u, |?) using a non-linear fitting procedure.
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Equivalently to the equipartition theorem, we can tackle the line tension evaluation from a statistical

TTRyo 2
,

¥>..(n? — 1)|u,|? is an independent harmonic oscillator. Then, each harmonic

perspective in the time-domain. We assume that each thermal energy contribution: AE, =
TTRyO

1D|u,|? inthe sum AE = ;

oscillator characterized by its own vibrating amplitude |u,,| can be associated at a given frame according to
_nRoa'(nZ—l)lunlz
its probability distribution P(|u,|), which follows a gaussian distribution: P(|u,|) « e 2kpT

This result is applicable to the entire set of experimental obtained squared power modes |u,|?. If the

harmonic oscillator amplitude |u,,| follows a gaussian distribution, then the variance of the squared power
kpT
nRyo(n2-1) °
is: Var[lunlz] = (Alunlz) = ((un - (un>)2> = (lunlz — 2up(uy) + (un)2> = (lunlz) - (un)z- Since we
expect no net deformation of the contour boundary from its mean circular shape during time, we can assume:

modes Var[|u,|?] will be equal to: Var[|u,|?] = Now we recall the variance definition, which

(u,) = 0 and (A|u,|?) = (Ju,|?). This latter statement, allow us to measure the line tension according to
(Eq 9]

Furthermore, this latter approach gives us the opportunity to test if the squared power modes verify the
previous assumptions regarding equipartition theorem, simply verifying if squared power modes follow a
gaussian distribution. [Eq 9] can be rewritten in the real space fluctuations Ar(6) by summing up the mean
squared power modes, obtaining [Eq 10]

bTRo

(ar(9y?) = 2KeTRo

4mto [10]

Where {(4r(68)?) is mediated firstly over the polar angle at a given snapshot when a single frame is taken
under study; secondly time mediated over the entire set of acquired frames.

Protocol regarding floating fluid domains appropriated selection is explained below.

e Contour Evaluation

Starting from the image set acquired for a single domain under study, next goal is to establish the contour
coordinates [x,y] where the couple [x,y] refers to the pixel position running on the contour profile. As first
attempt, we tried to adopt the same protocol used for phase contrast microscopy image in the bending
analysis cited in previous section. Summarizing, in that method we reconstruct the contour profile by an
iterative approach until a closed boundary is obtained. Finally, we improve the contour coordinates position
resolution at sub-pixel scale using an algorithm based on mean gray scale. Nevertheless, this reliable method
has been developed for gray scale frame obtained for phase contrast microscopy for imaging GUVs, now we
are using the fluorescence microscopy technique on fluid Lo,-Ls domains boundary. Testing this previous
method on fluid domains imaged by fluorescence technique some issues emerged. During contour evaluation
at the iterative section loop many unwanted events perturb the boundary reconstruction. These additional
events include the presence of neighboring floating fluid domains, which not necessarily will join the domain
under study. When suddenly additional neighboring domains appear in the field of view the contour iterative
algorithm could accidentally consider also these domains in the contour evaluation. Finally, the contour
profile obtained in this case will be partially the boundary of the original domain under study, joined to a
portion of the second floating domain boundary, at least. Alternatively, if the second floating domain is only
partially imaged in the view field, the iterative loop algorithm will crash whenever a field of view edge is
reached. Due to this deleterious issue, the algorithm used after closing the first contour domain
determination, which redefines the contour coordinates at sub-pixel resolution has been poorly tested.
Although the iterative contour loop algorithm work quite well on isolated fluid domain, the presence of
additional floating domains during exposure time yield almost unsuitable this contour evaluation protocol.
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Following contour evaluation methods used by [60] and partially by [14], in our protocol discrete
approximations of the domain contours are obtained by superposing a square mesh mask to the images,
which are converted to binary afterwards (the Imagel software was used), then, no additional refinements
have been applied.

e Angular autocorrelation

. - . A
After contour evaluation procedure, we can start the data analysis first evaluating the Ry, = \/7:1 parameter.

Acknowledgment of the contour coordinates [y,x] (pixel-scale) allow us to first establish if A and Ry remain
constant, neglecting pixelation and tracing noises, for the entire set frames acquired. Whenever this
statement is infringed, then the imaged domain is discarded. Next step consists of evaluating the center of
mass of the imaged domain [ycu,Xcm] , for each frame. Then we convert the [y,x] coordinates data set into
polar coordinates [r(@), 8], where r is the radial distance measured from the center of mass. The statistical
analysis approaches discussed below started manipulating the contour coordinates, expressed in the polar
basis: [r(8), €], and they concluded obtaining the line tension. In this section, we will show how line tension
can be obtained from the squared power modes provided by the FFT spectral decomposition, exploiting two
different methods: the former is based on direct radial distance FFT decomposition; the latter involve angular
autocorrelation function.

In the former method, we can directly analyze the contour radial distance for each acquired image, and this
imaged contour is associated at a given time frame t; (where i-index runs from 1 up to Ng,qmes the total
number of images acquired for the fluctuating domain boundary). Thus, we obtain the u,(t;) modes
amplitude from r(6, t;), the radial distance Fourier spectrum decomposed [Eq 3b] (actually: (6, t;) — R, if
we want remove the unity contribution), and then we evaluate the squared modes |u,,(t;)|?. Finally, from
the data-set resulting from each mode (each experimental data-set associated at a given mode contains

T Sy ()2
needed for line tension analysis [14]. In a similar manner, we can measure the amplitude of the different
modes starting from the radial fluctuations, which are defined as 4r(6) = r(6) — (r(0))g, where (r(6))g
represents the radial distance mediated on the angular parameter, (r(6))g. We first evaluate the mean
radial distance: (r(68))g using [Eq 3b], demonstrating that is strictly connect to the sum of the squared mean

modes: Y., |u,|2.We solve the integral (r(8))g [Eq 11] recalling that u,, are describing the thermal motion,
which is completely random, thus their overall contribution mediated over the polar angle is null:

Ngrames €lements), we evaluate the time-mediated squared mode: (|u,|?); =

2m 2m
1 R .
(r(@))e = 2—f r(0)d6 = Ry(1 +uy) + 4—0f Z upe™ dh = Ry(1 + ug) [11]
T 0 T 0 nn#o0
Substituting [Eq 11] in Ar (@) definition shows us how the contribution Ry(1 + u,) is systematically canceled
out in the radial fluctuations, in fact, 4r(8) = %an;o u,e™. Thus, when we decompose Ar(8) using FFT

we directly measure the power mode amplitudes u, (t;) associated to the frame under study and line tension
is evaluated following the same steps described above [14]. Furthermore, [Eq 11] can be rewritten in a more

suitable way, recalling [Eq 7]: (r(8))s = R, (1 — iznlunlz). This interesting finding shows how the angular-

averaged radial distance is clearly different from the R, parameter and is even systematically less than Ry,.
Furthermore, angular averaged radial distance (r(6))g can be finally time mediated, simply averaging the

different (r(8, t;))g contribution frames ((r(6))g): = nggames(r(a t))e = R, (1 — %Zn(|un|2)t)_

Although the time and angular averaged radial distance contain the average squared power modes sum
Y allu,|?);, a suitable process to decompose single (|u,|?); term from the summation is not available.
Nevertheless, the experimentally obtained ((r(8))g); can be compared to the reconstructed experimental
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quantity: R, (1 - izn(lunlz)t) exploiting (|u,|?); evaluated from Ar(8) or r(8) spectrally decomposed.

This mathematical inference allows us to test again if the previous hypothesis conditions (like fixed area
domain constriction) are really satisfied.

In the latter approach, we reconsider again the radial fluctuation function: Ar (@), which is required to define
the angular autocorrelation ¢(8) [Eq 12]:

21
d&=«mw+6yammn=§%fhw+aywmmnthywmmnweum
0

where § represents the phase shift. Solving the [Eq 12] integral, exploiting the orthogonal properties of the
exponential terms ei"‘g, we can rewrite the angular autocorrelation function in a more suitable way [Eq 13]
[14]:

2
c(8) = RTOZ:IunI2 cos(nd) [13]

In fact, c(8) is described as the trace Fourier mode amplitudes. Thus, the squared power mode amplitudes
|u,|? can be obtained from the spectral cosine decomposition of the angular autocorrelation. Each contour
frame provides its squared power mode dataset |u, (t;)|?, and time averaging the contributions we obtain

1 t i
Y NErames|y (+)|2. Finally, we extrapolate

the average squared power mode amplitudes: {|u,|?), = ——— ot
NFErames -

the line tension magnitude.

e Relaxation time

In the previous section we discussed how to obtain the time-averaged squared power mode amplitudes:
(lu, %), starting from the radial fluctuation Ar(8) or, alternatively, from the angular autocorrelation function
c(6), in order to extrapolate the line tension parameter o. In this section we will introduce a different
method, moving toward the time domain. As a starting point, the squared power modes amplitudes |u,|?
and their time-averaged (|u,|?); are still required. This approach has been firstly introduced in [14] in the
context of membrane lipid bilayer and previously by [44], [61], [62] for lipid monolayers. In their works
temporal fluctuations of the squared power mode amplitude with respect to time averaged value have been
adopted [Eq 14]:

Au, 17 = [un O = (lun(O1?), [14]

Then, exploiting these time fluctuations function 4|u,, (t)|?, the time autocorrelation function has been
defined has follow [Eq 15]:

NFrames—

9n(T =100 = Al ¢+ DP - Ay O = Y

i=1

n
Aluy (tizn + T)lz : Alun(ti)lz

N Frames — 1

[15]

Obviously, [Eq 15] must be time discretized , [Eq 15 right-hand member], since the time fluctuations
Alu, (t)|? are evaluated between two different time frames, and the time shift T can be only a discrete
multiple of the time interval of the frame acquisition time At. Thus T = n4t

The time autocorrelation function g,, (t) behaves as a mono-exponential time decay function, with its related
t

time constant 7,,.Thus, g,(t) « e ™, and the time autocorrelation function can be linearized as follows:
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Ing,(t)=a+bt=a-— TL and finally the time constant t,, can be evaluated starting from the slope b. The

n

time constant is related to the line tension and to the power mode index n through the following relation [Eq
16]:

_ 2nRyn (n? = 1/,)
" o n2(n?2-1)

[16]

In [14] the authors developed [Eq 16] starting from previous time autocorrelation theory [63], which has
been exploited for lipid monolayer fluid-fluid domains in Langmuir experiments. In [61], [63] the authors
constructed this time-dependent approach adjusting capillarity wave theory in the time-domain. In [Eq 16]
the 1 parameter represent the surrounding aqueous medium viscosity, while the intrinsic lipid bilayer
viscosity is neglected [64]. Note that moving from lipid monolayers, (where only the underling lipid interface
interact with water), to bilayer environment, where the interacting aqueous surfaces are duplicated, the
initial t,, equation proposed by [61], [63] must be redefined. In fact, the original equation 7,, has been
multiplied by a factor 2 in order to obtain [Eq 16].

The authors in [14] experimentally validated this time-dependent method, expecting and verifying an
exponential decay of the time autocorrelation function respect time for the first fourth modes. Furthermore,
they confirm a fast decrement of time constant: 7,, & n™2 as suggested from the theory. This approach allows
also to extrapolate the viscosity coefficient, if the line tension has been obtained using the approaches
discussed above [65].

e Experimental protocol and limitations

In this section we will illustrate the experimental protocol adopted for the fluctuating boundary domain video
acquisition, accordingly to [14], [60]. Then, we will recapitulate the common experimental issues and
limitations that affect experimental data acquisition and analysis.

After GUVs electro-formation, the vesicles have been slowly cooled at room temperature and stored at + 4°C.
In the experimental setup for epifluorescence imaging the vesicles suspended in a 105-mM glucose solution
were injected in a glass chamber embedded in another Teflon chamber custom built for controlling the
temperature of the system and. A small hole was made in the spacer to insert the thermocouple probe inside
the water solution. The bottom slide was pretreated with 10 mg/mL BSA to remove surface charges and to
avoid strong adhesion between the bilayers and the glass, which could affect the phase behavior of the
vesicles. About 200 mL of a 105-mM glucose solution was inserted into the chamber, and 50 mL of vesicle
suspension was added. The chamber was sealed by vacuum grease and put in direct contact with a Peltier
cell. From the opposite side, the Peltier cell was in contact with a circulating water chamber whose
temperature was controlled by a circulating temperature control unit (Lauda Brinkmann, Delran, NJ). The
Peltier cell was connected to a custom-developed control unit exploiting the proportional integral derivative
system (PID) of an Arduino microprocessor. The system allowed for temperature jumps as fast as 15°C/min
as well as controlled cooling or heating ramps. In Fig 1a is reported the temperature control unit together
with the PID controller, in Fig 1b is showed a typical temperature heating ramp during experimental session.
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Figure 1: (a) PID controller and temperature control unit. (b) Temperature heating ramp example during GUV's
coexisting phases analysis.

Since the GUVs have been prepared in 100m-M sucrose solution, they will fall down toward the bottom
surface. When the vesicles reached the lower glass side the temperature has been rapidly increased from
room temperature until only homogeneous fluid disordered phase Lq is obtained. Then, the temperature has
been gradually moved toward L.-Lg phase transition value for the given lipid mixture composition. When a
stationary L, phase appear from nucleation processes in the higher side of the vesicle, far from the glass
interface, the boundary fluctuating domains can start. The challenging and crucial part consists of finding the
appropriate vesicle, which must be in the appropriate range size, and stable. This guarantees to observe
domains in the upper vesicle pole neglecting domain curvature projection out of the focusing plane.
Furthermore, the same domain fluctuations can be acquired during time, preventing domain escaping from
the ROI (Region-Of-Interest) due to vesicle rotation. When the appropriate vesicle has been selected, the
domain under study must conserve its initial area, thus selected domain where neighboring domain coalesce
in the former one must be discarded. Briefly, similarly to [14], [60] the protocol selection for the domains
must possess several properties:

1-Their area must not exceed approximatively =20% of the total area of the GUV, otherwise domain area
projection effects deeply influence the contour evaluation.

2-Their shape must be almost circular, accordingly to Lo,-Ls boundaries. This caution should exclude induced
photo-oxidation effects from illumination source, which usually remodel the circular boundaries.

3-Their radius must be not less than 3 um, since smaller radius dimensions imaged in our optical setup are
not capable to highlight net undulations boundaries with sufficient accuracy.

4- They must be planar and located at about the center of the GUV imaged surface, close to the vesicle
pole. This additional condition ensures domain focus by the optical objective in its entire area and prevent
area projection effects.

5-Their area must remain constant during the whole acquisition time. This condition is an indispensable
hypothesis requirement. Furthermore, it excludes neighboring domain fusion events and domain alteration
due to photo-induced effects.

In fact, selection of GUVs with appropriate domains is performed using as low as possible light intensity to
prevent photo-oxidation. The images are collected by fluorescence microscopy; then, discrete
approximations of the domain contours are obtained by superposing a square mesh mask to the images,
which are converted to binary images (the ImageJ software was used). In Fig 2a a L, domain frame captured
from a DiphyPC-DPPC-Chol vesicle (1-1-1 molar ratio +0.5% Tx-Red), and subsequent square mesh mask
process toward binary image 2b is reported.
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Figure 2: Boundary domain frame captured from
a DiphyPC-DPPC-Chol vesicle (a) and contour
reconstruction using a square mesh mask (b).
Bar-size=2um

The frames have been acquired using a CCD high-resolution video camera (Qlcam FAST Cooled Mono 12-bits)
or a CMOS camera (Hamamatsu ORCA-flash 4.0LT — C11440) connected to an inverted optical microscope
(Olympus IX 70 microscope, Olympus, Tokyo, Japan). Texas Red-DHPE was included in the lipid mixtures at a
molar concentration of 0.5-1% or lower. We used a 40x objective lens with inverted configuration for
epifluorescence microscopy. In this configuration the pixel size it corresponds approximatively to 114 nm
(Qicam FAST Cooled Mono 12-bits). When the appropriate fluctuating domain has been selected and the ROI
has been resized, the exposition time ranged from 20 to 30 ms and the acquisition time from 30 to 50 ms (if
we increase the acquisition time up to 250 ms the obtained results are very similar). Being the number of
images for each sequence in the order of 600, the overall acquisition time takes 18-30 s. In fact, following the
data analysis approach in [14], considering simulation studies, about =500 frames are required to measure
line tension with enough accuracy.

We also search the maximum mode number N,,,,, which can be employed in the spectral squared power
mode analysis. Setting the length Ax;;,,, = 114 nm corresponding to the pixel size, it poses a limit on the
maximum mode number N,,,, which makes sense to be analyzed: the wavelengths of the Fourier
components (e.g. in the autocorrelation function) are 2" submultiples of the fundamental wavelength: 1; =
21R,, so that it is readily found that N, 4, = log,(1,/4%;im). Contours of domains with approximatively 3
um radius can be analyzed up to the 6™ mode.

In Fig 3a the experimental mean squared power modes |u,|? obtained using the angular autocorrelation
spectral decomposition of a L, domain fluctuations captured from a DiphyPC-DPPC-Chol vesicle as function
of the index mode (2°+6° modes, red dots, are highlighted) are reported. Since the |u,|? coefficients are
proportional to (n? — 1)~ ([Eq 9]) we expect a straight line for the mean squared power modes as function
of (n? — 1)~ and the slope reveals the line tension parameter, Fig 3b confirms theoretical behavior (2°+6°
modes, red dots, are highlighted).
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Figure 3: Experimental |u,,|* coefficients obtained from angular autocorrelation spectral decomposition of L, fluctuating domain as
function of mode index “n” (a), and (n®> — 1)~ factor (b). First 2°+6° modes are highlighted (red dots)

The problem of photo-oxidation has been considered already in ref. [60] and it is addressed here because we
used a fluorophore concentration significantly higher (=5 times) than in that work. To check the relevance of
induced photo-oxidation on the domains, we partitioned the image sequence in four sub-sets made of the
same number of frames. For each sub-set the line tension was estimated in order to reveal whether any
systematic drift of line tension ¢ in time was detectable; our results did not show any such tendency.
Eventually, we analyzed the dependence of the line tension as a function of domain radius and, within errors,
no influence on the domain size was observed.

In Fig 4 we reported an example of line tension measurements in progressive sub-sets, each of these
constituted by = 150 frames, for L, domain fluctuations captured from a DiphyPC-DPPC-Chol vesicle. In Fig 5
we analyzed line tension measurements as a function of domain radius for the same domain specie (L,
domain fluctuations captured from a DiphyPC-DPPC-Chol). In particular, we divided domain radius results in
two sub-groups: Ro<3 um and Ro>3 um. As we stressed out above, fluctuations of domains having smaller
radius (Ro<3 um) are less detectable (less contour points and pixelation effect) resulting in poor statistical
analysis for the |u,|? coefficients. Comparing line tension result for these two sub-groups it appears the
presence of a clear shift toward higher values moving from Ro<3 pum to Ro>3 pum, also the experimental
accuracy is higher for Ro>3 um sub-group. Probably, pixelation contributions and less contour points for Ro<3
pm sub-group yield apparent higher domain fluctuations and subsequently a distorted value for the line
tension. This experimental comparison confirms how point 3 in the protocol is strictly required for accurate
line tension measurements.
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Figure 4: Line tension measurements for a L, fluctuating domain (DiphyPC-DPPC-
Chol 1:1:1) for progressive sub-set frames. No net deviation of line tension
during time appears comparing the different sub-sets, confirming that photo-
induced oxidation effects are negligible.
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Figure 5: Line Tension measurements as function radius domain Ry partitioned in
wo sub-groups: Ro<3 um (cluster of 9 domains, green triangles) and Rp>3 um
(cluster of 6 domains: blue triangles).

Finally, we want to point out how the mean power mode amplitude equation [Eq 9], needed for line tension

evaluation, has been developed for finite system size. Instead, the equivalent [Eq 9] for continuum size

k

T . . . .
ﬁ. Note that [Eq 9] rewritten for continuum systems is really similar to:
0

k .
(Iunlz)ociz [59] where g represents the wave vector. Although several fluctuating modes are
aq

domain will lead to (|u,|?) =

microscopically accessible for micrometer-scale phase-separated domain, finite size system approach should
be taken into account, as indeed has been performed.
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In a similar approach already treated in the bending constant analysis [Eq 45 a-b], an equivalent couple of
equation corrections regarding the power mode amplitudes must be introduced to take into account camera
exposure time. In fact, other than scan size limitation given by the optical system combined to the CCD
camera resolution, also the exposition time must be considered. Finite frame exposition time, which
theoretically should be null, poses an issue for faster fluctuating modes. In fact, these fast undulations cannot
be followed by the CCD camera frames, and their contribution must be time averaged. This problem has been
already treated for 3-Dimensional fluctuations of vesicles by [9], [13], [66]. Starting from angular
autocorrelation function mediated over time, for a time interval up to the exposition time, a correction factor
similar to [Eq 45 b] in the bending constant section can be introduced. This correction factor correlates the
experimental squared power modes |u,,’|?, which must be corrected and redefined, to the theoretically
expected unknown values |u,|?, where the effect of an exposition time different from zero has been
removed [Eq 17]:

"2 Tn\2 [Ts _Is 5
' = 2(22) [T—” fn—l] |2 [17]
S n

In [Eq 17] the adjusting factor is governed by the ratio 7,/7, where 7, is the relaxation time, depending on
the considered n-th fluctuating mode (which can be evaluated similarly to [Eq 45 a]), and 74 is the camera
exposition time. Note that for zero exposition time, or infinitely short if compared to exposition time the
ratio 7,/7, in the exponential term can be Taylor expanded and the experimental |u,|'? and theoretical
|u,,|? converge.

Following the simulation results proposed by [60] the flickering spectroscopy technique for line tension
determination is a valuable approach for low range measurements [0.10+0.50 pN]. In particular, for
fluctuating domains with circular shape close to the fluid-fluid phase separation condition or to the critical
point, where line tension collapses. Thus, flickering spectroscopy is a reliable and complementary approach
to Micropipette aspiration technique for GUVs, when externally applied forces cannot be applied.
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Cell Migration and orientation quantification
parameters

In this section we will illustrate the quantitative-qualitative cell migration parameters, highlighting the
advantages and drawbacks of each of them. Before the description and numerical implementation of the
migration parameters:

e Wind-Rose Plot

e Mean Square Displacement (MSD)

e (Experimental) Mean-Speed-Modulus

e Directionality-Ratio

e Angular-Autocorrelation

e Final-Direction and <|sin(Binal) | >

e Shape-Factor

e Reorientation-angle parameter and director index

we will illustrate the protocol adopted for cell migration imaging acquisition and subsequent manual
tracking.

The parameter proposed refer to single cell migration, measured on isolated moving cell. Eventually, these
parameters can be mediated on the overall cell sample data set. Firstly, we will propose the spatial
parameters: the Mean-Square-Displacement (MSD) and the Mean-Speed-Modulus, which provide a first
estimation of the area explored by the cell and its dynamics. Nevertheless, these metric parameters, even
adopting mathematical models about the MSD, are unable to represent a complete overview of single cell
migration. Thus, directional-based parameters of single cell migration are also proposed: the directionality-
ratio, the angular-autocorrelation, the final direction assumed by the cell with respect to its starting position.
Also, a director parameter needed to quantify the cell migration population starting from single cell analysis
has been introduced: <|sin(B¢inal) | >. Finally, the Persistence-Random-Walk, a mathematical model for MSD
description and extrapolation of physical-dynamic cell features, has been described, implemented and
exploited.

Furthermore, we studied also the cell morphology reorientation under periodic stretch of the underlying
substrate. Thus, subsequent cell reorientation director parameter has been introduced.

All the scripts developed for cell migration and reorientation parameters quantification are written in Python
language.

Here | will illustrate several motility parameters examples that can be reobtained and implemented from
previous works mentioned below, and from papers written during the PhD course included in the thesis.

e Manual Tracking

After selection of the regions of interest of the cell sample, the image acquisition can finally start. The custom-
built motorized stage can follow from 4 up to 8 different areas simultaneously and maintain the focus in each
portion independently using the autofocus algorithm developed in the lab [67].

A sequence of images is acquired for each single area of interest with a specific time interval between two
consecutive frames (typically every 3+6 min). To proceed with the migration analysis, it is necessary to keep
track of the individual cells during the entire film acquisition period. Since we are interested in studying the
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migration of single cells, not all cells present at the beginning of the sequence in the area can be exploited
for analysis. Cells that are in contact with other cells, cells that escape the imaged boundary field or cells that
undergo cell division must be discarded. Selected cells are individually tracked manually using a free Image)
(Manual Tracking) software plugin. This plugin is capable of recording progressive cell positions and
instantaneous speed to a text file. We decided to follow a fully manual tracking since semi-automatic
algorithm are not capable to track faithfully the center of mass of the cell during the entire sequence.

e Wind-Rose plot

After the manual-tracking process we have the track points coordinates list of the selected cell-set. The first
and straightforward qualitative parameter that we can exploit is the Wind-Rose plot. All the two dimensional
track cells can be rigidly translated to the origin point Porigin=[0;0] of the frame of reference in the planar
plane X-Y. Thus, the absolute tracking-point coordinates for a given cell P; = [X;; Y;] ,where the subscript -i

refers to the image frame index, are converted in the relative coordinates by subtracting the cell starting
point Py = [Xy; Y] [Eq 1]:

pi = Pi— Py = [X; — Xo; Y; — Yol = [xi; v:] [1]

Control Sinusoidal Stretching

-200 200

y displacement [um]
y displacement [um]
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Figure 1: Wind-Rose plot comparison of BALB-3T3 under control condition (a) and under sinusoidal periodic
stretching.

The relative-coordinates p; obtained from the overall cell data-set are plotted in the X-Y plane, and each time
frame constitutes a point in the X-Y frame of reference. The Wind-Rose plot provides a first estimation of the
magnitude and behavior of the area explored by the cells set. In particular, the plot can dispense a starting
guess regarding the anisotropic nature in the cell migration direction. In Fig 1 the Wind-Rose plot obtained
from BALB-3T3 cell-line after 6 hours of live imaging in control condition (a) and under sinusoidal uniaxial
stretching (b) is reported. The superposition of the cell tracking ensemble in control condition appears clearly
isotropic (a), while in periodic stretching the cells explore the surrounding environment anisotropically [68].
In fact, the cell migration in Fig 1b is more oriented along the X direction.
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e Migration Parameters Evaluation

Since the Wind Rose plot provides just a first cue regarding the magnitude and the nature of the area explored
by the cell population, here we will summarize the principal quantitative parameters that describe the
migration process from spatial and directional point of views.

e Mean-Square-Displacement

Starting from the cell coordinates p; = [x;; y;] associated with the i-frame at a given moment, many relevant
migration parameters can be analyzed. The first kinematic parameter we will introduce is Mean-Square-
Displacement (MSD). This parameter is provided by averaging the square displacement traveled by a single
cell after a specific number of frames "n". Since the time interval between consecutive frames is fixed,
henceforth At, the MSD evaluated after n frames will correspond to the averaged square displacement
traveled by the cell after a time of t = nAt. Therefore, the MSD will be described as a function of time. Taking
into account that if the cell trace contains a total number of frames N (corresponding to N points labeled
from 0 to N-1), the total amount of contributions needed to evaluate MSD after t = nAt is N-n, and the MSD
function is defined as follows [Eq 2]:

N—-n-1
Xivn — X)) + Wign — ¥i)?
MSD(t = nAt) = z (Xi4n l)N_(YHn vi) 2]
i=0 n

From the experimental point of view, this index provides a first quantitative estimation of the area explored
by the single cell during the observation time. The MSD pathway from individual cells can also be exploited
for describing the overall behavior of the cells collected in the tracking procedure. If Nceis is the number of
cells selected in a given zone, we can introduce the overall mean square displacement, defining it as MSDa,
as follows [Eq 3]:

Nceils
MSD _ MSDi—cell(nAt)
i (ndt) = = [3]
=1 Cells

This parameter represents the average area explored by the set of cells chosen in the area of interest as a
function of the elapsed time since the start of the image acquisition. The experimentally obtained MSD from
single cell analysis is often used to test mathematical models that could describe a particular cell migration
behavior. In a section below we will propose a mathematical model for MSD description, the PRW, which can
be applied upon the environmental conditions adopted in our experimental setup.

e (Experimental) Mean-Speed-Modulus

Another quantitative cinematic parameter easily measurable from the cell tracking is the Experimental Speed
Modulus, in particular the mean experimental speed modulus between adjacent frames. Typically, the cell
motility behavior, when a time interval acquisition of several minutes is adopted (like in our experimental
protocol), is a saltatory-like motion. Thus, the cell performs its translation in several steps before the process
is concluded. First, the cell protrusions are elongated toward the motion direction, then the central cell body
is moved, and finally the remaining back cell translates and the cell is ready for the next translation cycle. As
mentioned above, the manual tracking is performed following the cell center of mass by the operator.
Consequently, evaluating the displacement between adjacent frames: iy, =

2
J(xi+i —x;)%+ (yl.ﬂ. — yl.) and normalizing it with respect to the time interval, the resulting plot as
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Figure 2: Instantaneous speed modulus measured from 5 tracked U87MG cell seeded on petri-
dish under control condition.

function of the observation time t=nAt is a discontinuous segmented line. In Fig 2 are reported the
instantaneous speed modulus profiles: v;,,.; obtained from 5 U87MG cells cultured on plastic petri-dish in
control condition, the saltatory-based motion is clearly observable. Most of the “instantaneous-speed”
Viy1,; = dit1.;/ At between adjacent frames are almost null and just few plot points are significantly different
from zero. These well localized sharp peaks highlight the saltatory cell migration behavior.

Thus, the “instantaneous” speed modulus can be used for investigating qualitative parameters to
demonstrate the saltatory nature of the motion and the saltatory events rate. A more suitable and
guantitative parameter is the mean experimental speed modulus (v). After measurement of displacements
between couple of adjacent frames we evaluate their average normalized with respect to the time interval
At. Since the tracking list points is constituted by N elements, we have N-1 contributions, which must be
averaged [Eq 4].

N_ZJ(xi+1 - xi)z + (yi+1 - yi)z 1
(v) = ZO — = [4]

The mean experimental speed modulus constitutes the intrinsic speed parameter of the cell sample and can
be compared to the speed fitting parameter extrapolated from specific MSD mathematical model, as we will
see below.

e Directionality-Ratio
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The previously introduced motility parameters constitute spatial-based index and provide information
regarding the area explored by the cell (Wind-Rose plot and MSD) and the underlying dynamic cues that
govern the processes (instantaneous and mean speed).

However, these parameters evaluated for a single cell or averaged for the entire cell population, are
kinematic parameters that do not take into account any clues as to the directionality of migration. The
simplest index that considers the role of cell directionality is the Directionality-Ratio, DR. It is defined as the
ratio of the net distance between the starting point and the ending point for a given time interval t = nAt:
dn.o and the length traveled by the cell during the related image sequence [0;n]: d;o = X di11.; [Eq 5].

2
dn;O B \/(xn_x0)2+(yn_y0)
2
o ﬁ\';oz\/(xiﬂ —x)? + (}’Hl -y,

If a cell maintains its initial direction throughout its migration, DR will equal one. If a cell loses its initial
direction, DR will be progressively less than one and the rate of this decay depends on how quickly the cell
loses its original direction. However, this parameter is not the best index for cell direction analysis, as the DR
also depends on the instantaneous speed and the distance traveled between consecutive frames. Essentially,
the DR parameter provide only a partial information regarding the cell directionality migration, but it does
not constitute a pure (angular)-geometrical index.

DR(ndt) =

t

e Angular-Autocorrelation

Since the DR parameter does not provide an entire directional analysis overview, we move toward an
angular-based director index. The next migration parameter we will introduce is the Direction-
Autocorrelation, DA. Similarly, to DR, DA describes the ability of the cell to retain its initial direction over
time, with the advantage that this is a pure geometric index, completely independent of the instantaneous
cell speed [69]. Consider the trace of a single cell, defined by N couples [x;; y;] representing the positions
occupied by the cell in the stack of images. From this set of N coordinates, we can define N-1 segments, and
fixing a common frame of reference X0Y, we can evaluate for each segment its length and its angle from a
fixed axis (X or Y independently). Consider for example the couple of adjacent point [xy; yo] and [x; y;] and
fix the frame of reference XOY: X horizontal axis with the positive semi-axis oriented to the right, and Y vertical
axis with the positive semi-axis oriented downward (See Fig 3a). We can define the segment joining [xy; Vo]
and [x;; ¥1] as S1 having a length given by [Eq 6a] and an angle given by [Eq 6b] measured from the positive
X axis (See Fig 3a).

1S1] = \/(xl - xO)Z + (yl - y())z [6a]

_ Y1 —Yo
0, = an-t (<2122 (g
1 an X, — X, [6D]

Repeating this procedure for all the couples of adjacent points [x;; y;] and [x;;+1; Vi+1] we will obtain a
complete set of N-1 segments, from S; to Sn-1 and the corresponding set of angles from 81 to On.1.
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Figure 3: Representative XY frame of reference for S, and 8, geometrical construction (a). Example of cell tracking and subsequent
AU,-; evaluation for the first 10 segments (b).

As already mentioned, DA depends only on geometric factors. In fact, it is defined using only the set of angles
0:+6n-1. DA can be expressed as a function of time DA = DA(nAt), and measures the average cos(A8,) value,
where AB, = B6i.n- Bi represents the difference between angles associated to segments separated by n frames.
In Fig 3b is reported the ABn-1 construction, for the first 10 steps of a given cell track. “OVERLAP” label in Fig
3b refers to couple of overlapped tracking points, thus S,=0 and subsequent AB, cannot be evaluated. Since
we start from a set of N-1 segments and their corresponding angles, we will have N-n-1 cosine contributions
for the evaluation of DA(nAt) [Eq 7]:

& cos(6 0;)
i+n — Yi
DAnAr) = Z N-n-1 U

Since DA is defined as the average cos(AB,) value, we expect -1 < DA < 1. From the experimental point of
view, DA = 1 represents a perfect straight path in which no change in direction occurs during cell migration,
similarly to DR = 1. In fact, DA = 1 means AB,=0° constantly, describing a series of segments, not necessarily
equally sized, all parallel and aligned along the same direction. Consider now the case DA = 0, corresponding
to AB, = +90°. If we focus only on adjacent segments (DA(t=At)), cell path is described by a random walk
where every step segment is followed by a new one oriented perpendicularly to the previous one. Finally,
considering the lower value DA = -1, in the limiting case of consecutive segments (DA(t=At)), the cell trace is
characterized by a series of segments, where each couple of consecutive steps are oriented antiparallel to
each other. During the manual-tracking procedure, cells could maintain their position for several frames
before continuing their travel, meaning that several consecutive points are overlapped, and the
corresponding steps are zero. Obviously, the angle direction cannot be evaluated for these steps, and this
introduce a problem in the DA equation. There are many different ways to overcome this numerical
evaluation issue: we can assume that the null step maintains the previous direction, or simply remove
cos(AB,) contribution whenever null segments are involved. We have chosen the latter option. Similarly, to
MSD [Eq 2], DA=DA(nAt) is evaluated mediating N-n-1 contributions for a fixed n index. Thus, the DA
parameter is truncated approximatively at n = N - 75% since for higher n values NA becomes noisy due to
low number of contributions in the sum.

The DA=DA(nAt) function evaluated from isolated cells can finally be mediated for the overall cell data set.
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Figure 4: DR and DA comparison parameters obtained from U87MG cells seeded in petri-dish under control
condition.

In Fig 4 is illustrated the DR (a) and DA (b) graphs comparison of U87MG cells in control condition. This
comparison confirms how the DR is more fluctuating and noisy than DA, in fact DR is biased from the
instantaneous mean speed while DA does not.
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Figure 5: DA comparison of U87MG cells exposed to different concentration of 1G compound:
Control (black dotted line),1G 5uM (red dotted line),1G 10uM (green dotted line) and 1G 20uM (blue
dotted line), respectively.

In Fig 5 is reported the DA function comparison of U87MG cells seeded on plastic petri-dish in control
condition (black dotted line) and exposed to several different exogenous 1G molecule concentration: 5uM
(red dotted line), 10uM (green dotted line) and 20uM (blue dotted line), respectively. 1G is a molecule that
we studied for its potential as a cytostatic drug (See Chapter results). The DA index decays faster under 1G
exposition, especially for higher concentration levels. Thus, the inability of U87MG cell to maintain its initial
direction even after few frames when exposed to 1G drug is highlighted from DA comparison and confirm 1G
cytostatic effect.
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e Final-Direction and <|sin(B¢ina) | >

The DA parameter introduced above describes the cell migration directionality during time. Thus, DA
represents a kinetics director index of the directionality. The last directional parameter we will introduce is
the final direction of migration assumed by the cell, Brina. It is defined as the angle of the segment joining the
starting and the final points of the cell trace [Eq 8]:

_Yn-17 J’o) [8]

— -1
QFinal = tan (
Xn—-1 — Xo
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Figure 6: Orina geometrical construction for a given tracked cell.

Using the previous reference system X0Y, B¢inal is measured from the positive X axis and is a pure geometric
index like DA. Unlike DA, Brinai estimates the ending direction, neglecting the intermediate configuration
assumed by the cell. Thus, Brna does not represent a kinetic index but can quantify the presence of
anisotropic motility in the cell sample, regardless from the displacement traveled by the cell. Cells having the
same final direction of migration but different final MSD are indistinguishable in this analysis. In Fig 6 is
reported the Brna geometrical construction for a given tracked cell using the same frame of reference
adopted in Fig 3b.

From the tracked cells list composed by Nceis elements we will obtain the associated Brinal data set. This
directionality index allows us to establish if the overall cell migration behaves isotropically or a particular
anisotropy exists and, in the latter case, its direction. Histogram of Ofina parameter can provide a first
estimation of the hypothetical preferred direction of migration, a flatted histogram suggests that the cell
migration process is totally isotropic, the presence of a couple of peaks equally spaced with respect to the
zero value suggests an anisotropic behavior. In order to better quantify the anisotropy direction we can
define |sin(Brinal) |, Wwhere the symbol | | represents the absolute value, and finally compute the average
value <|sin(Bfina)|>. If cell migration follows a purely isotropic dispersion we should expect
<|sin(Brinal) | >=2/m, in fact passing from the discrete sum of the Nceis terms to the continuous limiting case
and solving the associated integral we find [Eq 9]:

Ncelis | ino 1 T
sin0;_g;
< |sin Opiparl >= = fmall L, lim < |sin Opinail >==— jlsin&l do = 2/7T [9]
—~ Neeirs Ncens—+o 2
= -1
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Any significant deviation from 2/m suggests the presence of an anisotropic behavior. In particular significant
lower value (<|sin(Brinal) | > << 2/m) shows cell migration preference to follow X direction. Instead, significant
higher level (1 > <|sin(Brinal) |> >> 2/m) suggests cell migration preference to maintain almost the Y direction.
In Fig 7al-a2 are reported the Brinal histogram comparison between BALB-3T3 cultured on PDMS rigid
substrate in control condition (Fig 7al no periodic stretching application) and under sinusoidal periodic
stretching (Fig 7a2), respectively (See chapter Devices Development). The histogram of Bin. obtained from
cells traced in control condition appears fairly flattened and uniform with respect to the angular orientation
range [-180+180(°)], while the Binai parameter obtained under periodic stretching does not. In fact, the
central regions around =+90° is less populated than the other orientations. This first qualitative guess is
numerically confirmed by <|sin(Brina)|> parameter evaluated from control (red column bar) and under
periodic stretching (black column bar) conditions (Fig 7b). In the control case the experimental <|sin(Bginal) | >
value follows the expected isotropic direction (pink column bar) [Eq 9], while in the periodic case the
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Figure 7: Ofina histograms obtained from BALB-3T3 in control condition (1a red column bar) and under periodic stretching

(2a black column bar). <[sin(Srina)) |> bars plot comparison between experimental findings (control red column bar, periodic
stretching black column bar) and theoretical isotropic (pink column bar) and min-strain (gray column bar) directions.

experimental <|sin(Brina)|> data is superimposable to the minimum-strain direction (gray column bar)
derived from stretching calibration setup.

All the reported parameters have been numerically computed starting from excel raw data obtained from
Image) plugin using home-made scripts developed in Python.

e Persistence Random Walk Model

Depending on the experimental conditions to which the cells are exposed during migration, it is possible to
propose specific migration models. These mathematical models could depend on specific migration
conditions, such as the presence of gradients of exogenous molecules acting as chemical attractors, or
whether cells collectively move cooperatively or not. Furthermore, the physical conditions of the in vitro
assay can influence the empirical parameters obtained from the model, which may be different from the
intrinsic properties of cell motility. In the literature it has been often proposed that, in an isotropic
environment, cells follow a Persistence-Random-Walk model PRW [70]. Thus, in our experimental studies,
when no periodic stretching is applied and no exogenous molecule is present, this hypothesis is assumed.
This mathematical model proposes two different cell motility behaviors, depending on the observation time
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scale considered: for a short period of time the cells move in a fairly straight direction, while, for a long period
of time, the cells behave in more casual way similar to a random walk. The time parameter that marks the
transition from short to long time scale is the so called Persistence-Time P; accordingly, for time t << P we
expect a linear trajectory, whereas, for t >> P, we have a completely randomized motion. The PRW model
can be applied to a wide range of physical phenomena. For example, in the semi-rigid polymers context like
DNA the “end-to-end distant correlation” has been exploited [71], which is pretty similar to PRW where the
persistent-time is replaced by the persistent-length. In the cell motility context, the PRW model has been
introduced independently by different authors, initially by Dunn et al. and then by Othmer et al. and Alt et
al. [72]-[74] with different approaches. They derived the following equation [Eq 10]:

MSDppy () = 252P [t — P (1 - e_t/P)] [10]

which states that the MSD in a two-dimensional system is governed by only two empirical parameters: S, i.e.
the (fitting) speed modulus and the persistence time P, mentioned above. The fitting speed parameter S
constitutes a model parameter and must not be confused with the mean experimental speed modulus (v),
which is an intrinsic kinematic index introduced above. The fitting parameter S is the theoretical-speed that
the cell should maintain during its path reproducing the PRW model with persistence time P extrapolated
from the analysis. Thus, (v) and S must not be necessarily comparable since they concern to different
kinematic speed concepts.

The three approaches proposed by the different authors differ from each other for the physical role assigned
to the P parameter. Dunn et al. considered the MSD as a sequence of discrete adjacent segments
approximating the real curvilinear cell trajectory, defining P as a pure directional persistence index unaffected
by cell fitting speed modulus or direction. Othmer et al. proposed a different interpretation for the P
parameter: they suggested that cell speed and orientation are not regulated by the same mechanism.
According to their view, speed and directionality belong to separate underling processes. Cell speed changes
are controlled by a Poisson process distribution with parameter A, resembling the speed frequency changes.
This assumption directly affects P, which finally results as a superposition of speed modification, defined by
A, and a directional factor W4 which describe the average directional cosine [Eq 11]:

P [11]

D)
Similarly, Alt obtained the PRW equation on the basis of a speed autocorrelation function. The fit to each cell
track to obtain the (S,P) parameters is performed using a non-linear Levemberg-Marquardt convergence-
method. The fitting process is applied on the experimental MSD up to 75% of the total observation time. In
fact, evaluation for longer times would results in a poor estimation of MSD, since the total number of
contributions decreases following a N-n factor, where N is the total number frames constituting the movie,
and n is the number of steps after that MSD is evaluated. After the fitting procedure, cells that provide P
values near or below the acquisition time interval At, or significantly higher than the total observation time
NAt, are automatically discarded. Persistence times drastically outside the useful time range [At ; NAt] are
typically obtained when the expected biphasic cell migration behavior, which should be almost quadratic for
t << P, and fairly linear for t >>P , has not been clearly observed, and obviously the PRW model cannot be
applied to the considered cell [75]. In the former case, P < At, the cell follows a pure random walk migration,
in the latter case, P >> NAt, the cell is moving in an almost straight line for the entire time observation (MSD
is in this case described by a purely quadratic curve), neglecting any random behavior. Our findings show that
the majority of the analyzed cells followed the PRW model. Before identifying the most probable value for
<S> and <P>, we must consider what is the statistical distribution for these two parameters. Following the
previous works, the speed modulus distribution is described by a Gaussian curve, P instead, derived from a
Poisson process, follows a Poisson distribution. In Fig 8 is reported the S and P statistical distribution obtained
applying PRW on MSD evaluated from U87MG tracked cells set under control condition (Fig 8al-b1) and
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Figure 8: Statistical distribution panel of S and P fitting parameters obtained from PRW model applied on
experimental MSD evaluated from single cells. In (a1-b1) figures are reported the S and P parameter,
respectively, from U87MG under control condition. In (a2-b2) figures are reported the S and P parameter,
respectively, from U87MG under sinusoidal stretching stimuli.

under periodic stretching (Fig 8a2-b2). The fitting speed S distributions (Fig 8al-a2) follow fairly well a
gaussian behavior, while the persistence time P distributions are ascribable to a Poisson-like distribution
process (Fig 8b1-b2):
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Figure 9: (a) Averaged MSD of U87MG cells in control condition (red squared dots) and under periodic stretching (black squared
dots). (b) P fitting parameter comparison between U87MG in control condition (red column bar) and under periodic stretching
(black column bar)

In Fig 9a are compared the experimental overall MSD averaging the MSD from single cells obtained under
control condition (red squared dots) and applying the periodic stretching (black squared dots). The averaged
MSD behavior under periodic stretching application is almost linear during the entire time observation, while
a composed parabolic-linear profile is clearly observable in control condition. Accordingly, the persistence
time P extrapolated in the control experiment is significantly higher than P obtained during periodic
stretching (approximatively two-times-fold) (See Fig 8b1-b2 and Fig 9b).
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The knowledge of <S> and <P>, global parameters representing the cell motility in a specific area, allows us
to introduce another general physical parameter. Pointing out that the migration of a cell population in a
given zone resembles a diffusive process, we can define the diffusivity u starting from <S> and <P>
parameters as follows [Eq 12]:

<S§>%<pP>
p=—"o— [12]
The factor two in the denominator summarizes that we are dealing with a diffusive process in a two-
dimensional system.

e Shape-factor and orientation Parameters Evaluation

When cells from in-vitro experiments are manually tracked, in addition to migration analysis, the shape-
factor is equally relevant. In our studies we focused on two major topics. Firstly, how cells react from
exogenous molecule or drug exposure, evaluating their polarity. Secondly, how cells reorient their body
under periodic stretching stimuli. In both cases a quantitative parameter summarizing cell polarity must be
introduced. In the next section we will provide a shape-factor fitting parameter that allows us to measure
shape-ratio of single cells. Shape-ratio index is required to tackle polarity study in the former task
(exogenous drug exposure). The shape-factor fit is also exploited to evaluate the reorientation-angle,
needed for the latter framework (stretching stimuli). Similarly to the final direction parameter: B¢inal
introduced above, also in the reorientation angle a director index must be adopted to quantify the cells
reorientation magnitude.

e Shape-Factor parameter

Usually, the cell shape can reasonably be approximated as an ellipsoidal body. This condition holds for the
cell-lines exploited in our experimental setups, which are U87MG glioblastoma and BALB-3T3, respectively.
In particular, for the case of U87MG line since it is a “multiform” tumor most of the cell ensemble contours
are superimposable to an ellipsoidal shape. The relevant geometrical index summarizing the cell morphology
are the major a and the minor b axis obtained from the ellipsoidal fitting applied on the cell contour. The cell
contour is manually tracked and then the ellipsoidal fitting is applied using standard Image-J routines. Then,
the shape-factor can be evaluated computing the aspect-ratio AR between the minor and the major axis [Eq
13].

AR =

SIS

[13]

In Fig 10 the elliptical fitting applied on contour cell highlighting the major and minor axis is reported.

Long axis
Short axis direction of the
direction of the fitting ellipse

Fitting ellipse

Best-fitting
ellipse

Figure 10: Graphical reconstruction of the elliptical fitting
procedure (red dashed line) applied on contour cell (blue body).
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The shape-factor runs in the [0+1] range and represents a polarity index for the cell morphology. In fact,
aspect-ratio closer to unity identify cellular shape where no dominant elongation direction is detectable,
subsequently the cell is “depolarized”. Instead, aspect-ratio significantly lower than unity refers to cell
contour having a sharped and easily observable elongation direction, thus the cell is highly “polarized”. In
this description we are neglecting the cell orientation direction since we are simply testing the polarization
level of the cell contour sample. The presence of cell polarization can provide cues regarding the cell motility
capabilities. Usually, highly polarized cells have higher migration features, while low polarized cells do not.
The aspect-ratio is a suitable index to test the efficacy of cytostatic drugs on cell lines, here we provide an
example. We tested the cytostatic role of a novel potential-drug compound called “1G” that is a
benzodiazepine-based molecule and has been initially synthesized searching an anti-epileptic role.
Nevertheless, 1G compound showed a potential efficiency as antimitotic and cytostatic drug. Thus, we
investigated 1G effect on immortalized glioblastoma tumor cell line, U87MG. In Fig 11 a-b two final snapshots
after 12 hours of live imaging of cultured invitro U87MG in control condition (Fig 11a) and exposed to 1G
20uM (11b) are reported. Approximatively =25 cells have been selected and elliptically fitted to evaluate
their aspect-ratio [Eq 13]. The image acquisition started immediately after cell seeding. In Fig 11c the mean
aspect-ratio + s.d. obtained from control (red column bar) and 1G 20uM exposition (green column bar) after
12 hours from initial seeding is reported. Most of the cells in control conditions are fairly polarized, in fact
their mean AR is significantly lower than unity, while the majority of cells exposed to 1G result rounded and
their mean AR is approximatively one. This AR suggest that the reduced motility of U87MG cell-line under 1G
exposure is probably due to the depolarization process induced by the exogenous drug.
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Figure 11: Final snapshots of the cells imaged areas after 12 hours from seeding in control condition (a) and under 1G 20uM
exposition. AR comparison between control (red column bar) and 1G 20 M exposition (green column bar).

e Reorientation-angle parameter and director index

In the previous section we have introduced the AR parameter starting from the contour cell fitting, which is
ascribable to an elliptical shape. In the topic treated above we were focused only on the polarization-
depolarization evaluation, since this parameter is strictly connected to the cell motility features. However,
the environmental condition both in control condition and during drug exposition are supposed to be
isotropic, considering the drug diffusion equally spread in the cell microenvironment. This argument suggests
us to neglect the particular major axis orientation with respect the axis of reference. Whenever the cells
environment treated so far cannot be consider isotropic anymore, then also the reorientation angle must be
included. This is the case of the second topic treated, when an uniaxial periodic stretching is applied we are
introducing a mechanical anisotropy in the cell substrate.

In the literature there are many pieces of evidence reporting that cells exposed to a uniaxial cyclic stretching
stimulus in a 2D environment reorient themselves in a direction almost perpendicular to the stretching one
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[76]-[78]. If we assume that cells align along the direction of zero strain, we expect to see, after a certain
period of continuous cyclic stretching, cells with the major axis of their fitted shape aligned along two mirror
directions corresponding to the angle obtained for this specific orientation (the angle we are considering is
evaluated with respect to the main stretching direction). Equivalently, the major axis direction obtained from
the fit reproduce the cell orientation body. If the orientation angle is measured from the main-stretching
direction, we expect to observe two possible mirror cell-reorientation directions. Thus, evaluating the major
axis direction angle from a cell data-set the subsequent histogram should follow a double peak distribution.
Here we assume that the direction of the cell major axis corresponds to the average direction of the stress
fibers in the cell (we then experimentally validated this hypothesis). In our analysis we exposed BALB-3T3 cell
line under uniaxial periodic stretching with sinusoidal waveform and frequency f=1Hz with maximum strain
=10% for 6 hours. Accordingly, the ImagelJ software was used to determine the average direction of the major
axis of about 100 cells every 2h of stretching. In Fig 12c the major axis direction angle distributions obtained
from the elliptical fitting each 2 hours of live imaging observation is reported. The major axis direction angle
is measured from the horizontal X axis reference, which is placed perpendicular to the main strain direction
(Y vertical axis). Direction angle histograms confirms the expected double peaks distribution placed
symmetrically with respect the uniaxial main-strain anisotropy, even after just 2 hours of cycling stretching
application.

We firstly tried to evaluate the most probable reorientation angles applying a gaussian fitting distribution on
the histogram peaks. Nevertheless, the distribution of the cell orientation is typically not Gaussian. In some
theoretical investigations, the energy associated to specific cell orientations has been considered and then
the expected distribution has been derived on the basis of statistical mechanics. In the specific case, the
Boltzmann factor has been exploited to derive the distribution.

Following these statistical mechanics basis we removed the Gaussian fit and we introduced a director for the
average cell direction 9giector = (9) and orientational order parameter S to represent the angular
distribution. Where (9) is the arithmetic average of the major axis direction angle. Then the angular
fluctuation AY = (9) — 9 (where 0 is the major axis direction extrapolated from a given cell) is introduced.
A possible choice for the orientational order parameter S in 3D systems is [Eq 14]:

3cos?A9 — 1

S = P,(cosA9) = 5

) [14]
as is quite common in the field of liquid crystals (note that S corresponds to the second order Legendre
polynomial). In our case, we can use a 2D orientation order parameter defined as [Eq 15]:

S =(2co0s?49 — 1) = (cos 249) [15]

The average value of cos 249 is also defined as apolar order parameter. In fact, for cells represented as an
ellipse, a vector v oriented along the direction of the major axis is equivalent to the —v vector. S = 0 case
means an isotropic distribution of directions and the cells are equally oriented around average direction (9)
with a mean dispersion (|49|) = m/4. S = 1 means perfect order since the cell ensemble have the same
identical orientation J; = (9) and 49; = 0 for each i-th cell. S = -1 means perfect order in the direction
perpendicular to the director (). Another possibility would be that of using as a director the main-strain
direction, and of calculating the orientational order parameter with respect to that direction. Subsequently,
Yairector = Imain-strain aNd A9 = 9 pin—strain — 0 (where O still refers to the major axis direction
extrapolated from a given cell). In this case S = 0 means isotropic orientation of cells, S = 1 corresponds to
the situation where all the cells are oriented parallel to the stretching direction and S = -1 indicates that all
the cells are oriented perpendicular to the stretching direction. We decided to calculate the average direction
Yairector @and the orientational order parameter S using the average cells direction as the director. We split
the major axis orientations in two sub-groups [0+90(°)] (right) and [90+180(°)] (left), where the angle is
measured from the horizontal axis of Fig XX and a=90° represents the main-stretch direction. Then we
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evaluated the (J) and S parameter separately for each sub-group, obtaining (9yignt), (Jiefe) and Syigne,
Siefe, respectively . Thus, we expect a similar orientational order parameter: S,;gns = Siefe from the sub-
groups for a given time observation. S value near to 1 indicate a narrow orientational distribution, while S
near to 0 implicates an almost isotropic angular dispersion. In Fig 12a-b are reported the initial (a) and the
final (b) snapshot of BALB-3T3 cells imaged field during sinusoidal stretching application, also the main-strain
direction is emphasized. In Fig 12c is showed the experimental angular distribution histogram for 0,1,2,4 and
6 hours of live imaging observation. Figure 12d shows the average cell direction as a function of stretching
time. The angles corresponding to the zero(min)-strain direction (blue and green dashed lines) and main-
strain (black dashed line) are also reported in Figure 12d. It is to be stressed that the most probable
reorientation process that we observed is represented by cells losing their orientation, becoming almost
circular and then extending their body (and stress fibers) along the specific direction of almost zero-strain
and not a slow rotation of flattened cells.
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Figure 12: BALB-3T3 polarization process under sinusoidal stretching is showed: initial (a) and final (b) snapshot of cells in
the imaged field. Also the main (blue vertical arrows) and the min strain (white crossed lines) directions are showed. (c)
Statistical distribution of the cells direction distribution for several time-frames ([0,1,2,4,6] hours) during sinusoidal
stretching. (d) Averaged cells polarization direction evaluated for the different time-frames previously analized in (c). Also
the min-strain direction (blue and green dashed lines) and the main-strain direction (black dashed line) are reported in (d).

In order to have quantitative data about the angular distribution we determined the orientational order
parameter S [Eq 15]. Accordingly, S = 0 means an isotropic distribution of directions, S = 1 means perfect
order along the director and S = -1 means perfect order in the direction perpendicular to the director. The
data are reported in Table 1:

Average direction (director) | S parameter (calculated with
with respect to the respect to the director)
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Stretching time perpendicular to the main
stretching direction
Oh 0.08
1lh (34+23)° 0.71+£0.30
(148+23)° 0.70+0.30
2h (26£20)° 0.79+0.30
(152+19)° 0.79+0.20
4h (24£19)° 0.80+0.30
(154+18)° 0.81+0.20
6 h (21£17)° 0.85+0.30
(155+17)° 0.83+0.20

Table 1: values of the average direction of cells (+ s.d.) and the corresponding S parameter at different time

points of continuous cyclic stretching.
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Cell Nano-Mechanics

In this section we will describe how AFM technique can be exploited as a powerful investigation device to
obtain data about cell mechanical properties. In the previous section, we characterized cell migration
properties introducing different parameter-indexes. Nevertheless, cell speed, MSD, and directional
parameters alone provide only a partial cell features description. In fact, these migration indexes are strictly
connected to cell mechanical and viscoelastic properties and their changes [79], [80]. In this section we will
focus on the complete cell nano-mechanical investigation (viscoelasticity) through single Force-Displacement
(F-D) AFM curves.

AFM is endowed with an almost unique capability: it can apply and measure vertical forces and height
profiles sample with nano-scale resolution, and it can be exploited in vast variety of materials exposed to
different external conditions: in vacuum, in air, and in aqueous environment. This allows us to study for
example cells in their almost physiological conditions. Through AFM we can acquire vertical height profile of
cells at the nano-scale level moving along the x-y plane up to 100/200 micrometers. In fact, cell samples
topography has been already imaged by AFM technique in literature [81]. Moreover, since actually AFM
cantilever provides a deflection signal for a given plane coordinates sample point (x;yi), we can extrapolate
force interactions between the AFM tip and the underlying cell. In fact, after initial pre-calibration of
sensitivity parameters and cantilever elastic constant K. , we can obtain the actual tip- sample interacting
force curve. Thus, for a given sample-surface point (x,yi), we can first obtain the deflection-scan
displacement curve (Def-D) expressed in voltage units, then calibrating the piezo sensitivity parameter we
can convert the Def-D curves in metric unit. Finally, the Deflection-Scan Displacement curves can be rewritten
as Deflection-Indentation curves (Def-I), which correlate the actual cell indentation to the tip deflection (or
alternatively to the force perceived by the tip). In this step several data treatments can be taken into account,
such as the hydrodynamic drag evaluation and subsequent subtraction and the contact point (C-P)
evaluation. Hydrodynamic drag affects the deflection signal along the entire scanning displacement,
especially at high scan-displacement speed regime and is clearly observable in the non-contact regions. C-P
represents the initial point of the vertical scan-displacement axis where the tip starts its interaction with the
underlying cell surface. After these two sub-steps correction we can obtain the Deflection-Scan Displacement
curves corrected from aqueous medium drag and measured from the C-P. Nevertheless, the horizontal axis
(Scan-Displacement measured from the C-P) does not represent the real tip indentation applied to the cell
surface. Since the sensitivity calibration has been obtained from the plastic/glass rigid substrate, cell
indentation is referred to the underlying rigid substrate. Thus, cell indentation should be measured starting
from the linear substrate deflection response used for sensitivity calibration. A linear fit representing the
tip/rigid sample deflection is plotted and then subtracted from the Def-Scan Displacement curves, for both
the approach and retraction regions. Thus, starting from the initial Deflection-Scan Displacement (Def-D) raw
curves we have extrapolated the Indentation-Scan displacement cell curves (I-D) (where the cell substrate
and hydrodynamic medium contribution have been removed). Finally, the Force-Indentation curves (F-I) can
be evaluated by multiplying the Indentation axis to the tip elastic constant K. previously measured.

Starting from Force-Indentation F-I curves we can provide some mechanical initial guess and cues. Initial cell
studies involving AFM measurements proposed a pure elastic and isotropic description of the cell[82]. in
these works, only the approach part of the F-I curve has been involved in the analysis. Considering the Hertz
theory regarding contact mechanics and deformations of bodies with different geometries [83], [84], Young
modulus E extrapolation of the cell from approach F-I curve can be obtained. These initial cell elasticity
evaluations, based only on E parameter using non-linear fitting procedure of approach F-I curves rapidly
showed their drawback. Even taking into account bottom-effect-correction model (BECC), cell nano-
mechanics is not well described through pure elastic models. Firstly, cell mechanicsis clearly highly non-
isotropic both along in-plane and vertical directions [85]. In fact, depending on the particular indented inner
cell region, apparent Young modulus changes rapidly, since both plasma-membrane and cytoskeletal
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environments provide their contribution to the overall measured indentations. Secondly, applying the Hertz
indentations models to the retraction part of F-I curves, the extrapolated E parameter is always higher if
compared to E value obtained from the approach region. Furthermore, comparing approach and retraction
F-D or F-l curves, a clear hysteresis area is observed [86], [87], and usually the retraction part is located below
the approach curve. These first insights clearly suggest that a pure elastic description for cell nano-mechanic
is totally inappropriate, but it could provide a first approximation of E parameter for further analysis. Instead
cell contain, at least, also a viscoelastic contribution, which must be quantified introducing a second
mechanical parameter, which must be added to E quantification.

Further works dedicated to cell nano-mechanics measured by AFM moved from a pure elastic cell description
toward viscoelastic modeling [88], [89]. Usually, in these works a dynamic force AFM setup was exploited,
where two mechanical parameter G and G’ are extrapolated as function of the driven cantilever oscillation
frequency. These AFM setups required some additional modifications from original AFM configurations,
which are also quite expensive, like lock-in device. Furthermore, this approach is employed in the frequency
domain, whereas we coukld be interested in extrapolating the viscoelasticity of cell samples directly from
initial single Def-D curves.

In fact, looking at the Def-D or F-D profiles, the hysteresis between the approach and retraction parts is
clearly observable. Thus, viscoelastic behavior of cell is already contained into the F-D curve but it cannot be
directly evaluated. Our next achievement is to adapt an analytical method that allows us to extrapolate
viscoelasticity from F-D (F-I) curves. Following the protocols introduced by [90] and [91], which are based on
Ting model [92], we developed our own step-by-step method to extrapolate the viscoelastic parameters and
we applied this method to different cell lines exposed to different treatments. Then, we adapted and applied
the same analysis protocol to force-volume maps (FV) to map viscosity and elasticity of whole cell regions
exposed to different exogenous molecules.

Our AFM setup is constituted by a BioScope | microscope equipped with a Nanoscope IlIA controller (Veeco
Metrology, Plainview, NY, U.S.A.). A custom temperature-controlled stage based on a circulating water bath
combined to Peltier cell driven by PID controller has been exploited to control sample temperature. AFM was
used in both imaging (tapping-mode) and force spectroscopy configurations, using triangular silicon nitride
cantilevers (Bruker DNP-S) with nominal spring constants of 0.06 N/m. Force-Indentation curves has been
acquired setting = 100 nm maximum indentation since we are adopting sharp-tip geometry (pyramidal-
indenter).

e Preliminary Calibrations on Deflection-Scan Displacement
curves

In this section we will recapitulate the steps needed to convert raw data curves (deflection-scan displacement
data, Def-D, of the piezo expressed as volage) to deflection-scan displacement curves (Def-D) expressed in
metric units. Then, we will focus on the hydrodynamic drag contribution, which affects Def-D curves during
both approach and retraction regions, especially at high scan-displacement tip speeds. We will show how to
remove this deleterious effect due to the aqueous medium. Finally, we will introduce the Contact-Point (C-
P) concept, which specifies where actually the tip encounter the cell sample surface and its force interaction
starts. Definition of C-P is extremely crucial for further analysis, in fact, we developed several iterative
algorithm approaches to identify C-P along the scan displacement axis. We will show how the combinations
of these different method allow us to better identify the C-P on the Def-D curves.

e Sensitivity Evaluation
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After AFM tip mounting and photo-diode centering, the cantilever is inserted in the the aqueous medium.
Using the imaging support given by the optical microscope a plastic/glass substrate region not covered with
cells is selected. Finally, the approaching procedure toward the sample surface is performed. First manual
stepping driven by the operator through the stepper motor is used to travel coarse the major distance
between the tip and the surface. Then, when the tip-surface distance is less than approximatively =<500um
the automatic search of the underlying surface can start. During the procedure the piezo moves cyclically
toward the surface as follows. First it travels down approximatively for 15 micrometers, then if in this initial
approaching the sample surface is not reached the tip is retracted for half of the distance traveled by the
stepper motor and the sequence is iterated until the surface is achieved.

When the tip reaches the sample surface, usually the setup is set to rest for several minutes. Since the cell
sample is placed in a controlled temperature device, which is needed to maintain the sample at the
physiological condition of +37°C, the piezo and the cantilever should reach a new thermodynamical
equilibrium condition. In fact, the piezo sensitivity, the calibration parameter that we are going to measure,
is highly sensitive to environment condition changes especially on temperature. After several minutes, when
the aqueous medium and the piezo are thermically stable, the piezo sensitivity can be acquired. First, the
AFM operating mode is set on single deflection-scan displacement curve. Then, several Def-D curves on the
plastic/glass substrate are acquired minimizing the scan-displacement speed in order to reduce as much as
possible the hydrodynamic drag. The substrate is chosen as surface of reference for sensitivity calibration,
since it could be thought as an extremely rigid and non-deformable material. In fact, glass bulk is constituted
by an almost infinity stiffness if compared to cantilever elastic constant and considering substrate and tip
material. The scan-displacement range and the deflection setpoint are tuned in order to emphasize the
region of interaction between the cantilever tip and the underlying glass surface. In fact, we are searching
the linearity region of piezo response and detector sensitivity, needed for sensitivity calibration. The
Deflection-scan Displacement curves (Def-D) graphs obtained from the rigid surface can be summarized as a
flat curve, representing the non-contact region, followed by a linear region with almost constant slope, i.e.
the contact region. A typical D-Def graph curve acquired on a rigid substrate (where the axis have been
already inverted from Def-D curve for sensitivity calibration) is reported in Fig 1-left. The D-Def data raw
curves are expressed initially in voltage unit, then only the scan-displacement axis can be converted in metric
unit, which in fact describes the known vertical scanning of the cantilever. Focusing on the contact region
(Fig 1-right zoom) we can compare the cantilever deflection amount and the subsequent vertical scan
displacement variation. Since the surface behaves, at first approximation, as a non-deformable material,
during deflection process the cantilever tip hypothetically does not indent the surface and the corresponding
vertical scan-displacement variation is due only by pure elastic cantilever deflection in response to the
underlying substrate. Thus, the sensitivity parameter can be inferred fitting the linear region and measuring
the subsequent slope coefficient, which is expressed as a metric unit divided voltage unit (usually nm/V). The
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optimal region used for linear regression is the central region of the detector, where the photodiode
response linearity is maximized.

e Hydrodynamic drag correction

After initial piezo sensitivity calibration on the rigid substrate, the Def-D curves on cell sample acquisition can
finally start. Usually, cell surface research is performed moving the AFM stage and looking the area of interest
provided by the objective of the optical microscope. Once a specific cell is chosen, the AFM stage is moved
in order to place the cantilever tip above the central region of the cell and several Def-D curves are acquired.

One of the key point-parameters during the Def-D curves acquisition is the scan displacement speed. As the
cantilever tip moves faster on the underlying sample, more Def-D curves can be acquired during time.
Nevertheless, as the scan displacement speed is increased also the hydrodynamic drag is enhanced. The
hydrodynamic drag is introduced by the presence of the aqueous medium surrounding the cantilever; the
surrounding medium is dragged by the cantilever movement and opposes the tip vertical translation. Thus,
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Figure 1: Sensitivity calibration from Scan Displacement-Deflection curve from glass substrate. (left) Deflection-
vs-Scan Displacement. (right) zoom on the linearity region of the photodiode response and subsequent linear
fitting for sensitivity measurement.

the tip undergoes additional deflection contribution arising from hydrodynamic drag, which depends on
several terms like cantilever and tip geometry and scan displacement speed. When the AFM works in vacuum
or air environment hydrodynamic drag is negligible. Conversely, hydrodynamic drag in water represents a
non-neglectable contribution, both during approach and retraction regions. Thus, hydrodynamic drag
provides an additional deflection during the entire scanning of the tip on the below cell surface, also in the
contact part, and its contribution is perfectly equivalent in the approaching and retraction region. The
hydrodynamic drag is the major deflection contribution during the non-contact region, when the tip does not
interact with the underlying surface. Its contribution is clearly observable highlighting the deviations of the
non-contact region in the approach and retract curves. The farther the initial part of the Def-D approaching
region from the retraction section, the more the hydrodynamic drag deeply influences the deflection signal.

The hydrodynamic drag removal is performed as follow: first the Def-D curve in the approach part is taken
into account, then the initial part of the curve (usually = 1/3+1/2 of the entire scan-displacement, but still
far from the contact region) is fitted by a parabolic fitting procedure, in order to remove the non-linear
contributions that affects the Def-D curve at high scan displacement speed regime. Finally, the reconstructed
parabolic behavior is removed along the entire scan displacement axis, in both the approach and retraction
regions. This procedure allows removing also possible tilts in the force-curve plots due to the laser alignment.
As final result, we have obtained the Def-D hydrodynamic drag corrected curves, where the non-contact
region in the approach and retraction regions is represented by a perfectly fattened curve, meaning that no
interaction is affecting the non-contact regime. A more rigorous procedure would require to take into
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account the hydrodynamic drag also when the tip is in contact with the sample, but this approach is more
critical in the case of dynamic modes of analysis of the sample rheological properties.

e Contact-Point search algorithms

After the pre-treating steps of detector sensitivity calibration and tilt and hydrodynamic drag correction, we
finally obtain the corrected Deflection-Scan Displacement (Def-D) curves. These treated Def-D curves are
composed by two different regimes, the non-contact (flat part) and the contact (non-linear part) regions.
Between these two regimes is contained the contact-point (C-P), the scan-displacement coordinate where
the cantilever tip first encounters the underlying cell surface. The C-P is a fundamental parameter, since it
allows us to measure the height profile (the gap) between the cell surface measured from the cantilever tip
in the non-contact region. More importantly, it provides us with a first estimation of the indentation amount
in the cell sample in the contact-region, since the rigid substrate deflection contribution has not yet been
removed. The C-P is easily detectable for Def-D curves measured on stiff material, like plastic/glass substrate,
simply because there is a sudden, and monotonic deflection signal change behavior upon scan-displacement
axis movement, as reported above. When the AFM tip deflection is measured on soft material, like on living
cells, the change of the approach deflection signal along vertical scan displacement is less noticeable due to
several reasons. Firstly, the non-contact region is characterized by low signal-to-noise ratio of the deflection
signal, even after hydrodynamic drag subtraction. Secondly, the deflection profile in the contact region does
not follow a pure linear behavior like in non-deformable material. Instead, the deflection response as a
function of scan displacement, given the soft surface, provides a non-linear curve that must be treated
carefully to correctly determine the C-P coordinate.

To avoid subjective manual C-P detection provided directly by the operator, first automatic C-P evaluation
has been initially proposed by [93]. Furthermore, the typical amount of Def-D curves acquired at the end of
any experiment is about several thousands, thus an automatic and well tested protocol is needed. Previous
proposed C-P evaluation studies [93]-[97] considered several approaches. Nevertheless, most of these
methods were focused on the Goodness-Of-Fit method (GOF). The GOF approach recursively fits a specific
sub-section of the approaching Def-D curve with a given Deflection-Scan Displacement (or alternatively
Force-Scan Displacement) theoretical relationship based on Hertzian models ((for example [Eq 1a-b]))
through least-squares based algorithm. The unknown coefficient that is extrapolated by the GOF fitting
procedure is typically the Young modulus E. For every experimental Def-D sub-section fitting, subsequent
residuals sum is stored, and the C-P selection is based on searching the sub-section containing the minimum
residuals amount. Thus, C-P evaluation based on GOF is strictly dependent on the particular experimental
conditions used during Def-D set curves acquisition. In particular, several theoretical relations that bound
Force and Deflection are proposed depending upon these experimental circumstances, like: tip and cantilever
geometrical shapes, tip half-opening angle, and indentation/sample-height ratio. Usually, in the C-P
evaluation based on GOF the underlying cell is treated as a pure elastic and isotropic material, and Sneddon’s
implementation of the Hertz theory for pyramidal or cone-shaped tip is used [98]. Alternatively, for cone tip
where the indentation/sample-height ratio cannot be neglected in which the bottom effect arising from the
rigid substrate affects the indentation process, also the Bottom-Effect-Cone-Correction (BECC) [99], [100]
and more recently [101] is included. In [Eq 1a] is reported the Sneddon’s equation for a cone-shaped tip, in
[Eq 1b] BECC modified equation is reported, where 0 represents the half-opening angle of the tip, E is the
Young Modulus which is extrapolated from the fitting procedure, and h is the sample thickness at a given
location:
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The initial C-P evaluation works [93]-[97] confirmed how the different iterative searching methods provide
similar C-P results. Here, we will summarize four different methods and we will show how a combination of
them can achieve better accuracy results in C-P evaluation. In fact, erroneous C-P identifications that differ
approximatively ~50 nm from real C-P position could produce faulty Young modulus values up to an order
of magnitude [102]. This larger error propagation is easily explained just considering that the typical Force-
Indentation (F — &) relationship for cone and pyramidal tip shapes follow a quadratic behavior: F « §2.

The four C-P search algorithms proposed below are supposed to work in a similar way. Each proposed method
is labeled by a test-parameter, which is sequentially evaluated for all the possible C-P candidate positions
along the scan-displacement axis. As mentioned before, not the entire Def-D approach curve is really suitable
for the C-P search algorithm, thus the C-P points under test are usually individually related to a sub-portion
of the curve. In particular, the approaching Def-D curve is analyzed fragmentating it in sub-parts of equal size,
and each sub-part is labeled by its specific trial C-P belonging to this sub-region. The window-size is defined
depending on the chosen C-P searching algorithm. After the trial C-P set analysis we have the corresponding
test-parameter data set, which we expect to vary smoothly far from C-P region, while it assumes a narrow
peak in the region surrounding the C-P. This common test-parameter behavior for the proposed algorithms
yield a fast and easily detectable C-P search, guaranteeing high accuracy for all proposed methods.
Furthermore, since the four approaches provide similar test-parameter behavior as a function of the trial C-
P coordinate, these methods can be combined together to yield the best C-P research.

The first algorithm proposed is the so called: Ratio-Of-Variances (ROV):

In the non-contact region we have a completely flat curve, since the tip does not mechanically interact with
the underlying surface and only the thermal and instrumental noises could affect deflection signal. Thus,
measuring the variance in a small window portion of the non-contact region we expect to measure only these
noises. Instead, moving toward the contact region the tip senses a progressively higher interaction force with
the cell surface confirmed by an increase of the deflection signal. Thus, the variance measured using the
same window size in the contact region will be significantly higher if compared to the variance obtained in
the non-contact region. If we move the window starting from the initial scan displacement points (the
farthest from the cell surface) toward the contact region and we sequentially measure the window variance
we expect to observe a step-like behavior in the portion surrounding the C-P. Obviously, the window-size
must be sufficiently large to minimize accidental noise contribution, and the i-th trial C-P point is placed at
the center of the window. Nevertheless, window variance profile does not fit the appropriate criteria
described above. In particular, its relationship with respect to the i-th trial candidate does not follow a peak
profile around the C-P region. Thus, several possible data modifications are required. The first, and more
obvious, option consists on the numerical evaluation of the derivative of the variance with respect the i-th
trial index. This suggestion will introduce one peak in the real C-P position, where the step-shaped profile of
the variance is maximized. Summarizing, the variance signal is locally fitted point by point by a straight line
having a fixed number of elements around the point of interest. The fitting region should be large enough to
minimize noise fluctuations. Then, the slopes obtained from the sequential variance fitting are plotted and
the trial point represented by the highest slope is chosen as best C-P. The derivative of the variance signal is
a valuable test-parameter, but not the unique possible for the variance-based method. A second solution
proposes to evaluate the variance of two equally spaced windows (of size Ny, inq0w) lOCated respectively at
the left-side and at right-side of the i-th trial C-P. Then the ratio between the right-side and left-side window
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is evaluated [Eq 2], where X; denotes the scan-displacement coordinate. This test-parameter is called Ratio-
Of-Variance (ROV):

Var[X; + Xitn,maow]

ROV() = Var[Xi + Xi]

[2]
—Nwindow
As mentioned above, the variance in the non-contact region is due to instrumental and thermal noise
contributions, which are almost constant along the scan-displacement axis. Thus, the ROV is close to unity in
the non-contact region. Equivalently, in the pure contact region the Def-D curve follows a paraboloidal or
similar behavior depending on the cantilever and tip geometrical features. Thus, ROV in the contact region is
slightly above unity. Around the C-P the ROV increases since the variance in the non-contact region is
significantly lower compared to the value obtained in the contact region as explained above. Thus, at the C-
P location the ROV reaches its maximum value and around the C-P is well represented by a peak behavior.
Note how the ROV method is robust with respect to the particular experimental condition, since it is
unaffected by geometrical cantilever and tip construction features, and indentation-sample-height ratio as
well. Furthermore, this method is numerically less expensive since just standard variances evaluation of the
different windows is required. Thus, ROV approach could be used as first C-P evaluation, and only then
several different more computationally expensive searching algorithms could be applied around this initial
guess [103].

The second method illustrated is the previously mentioned GOF,

This is the most common strategy exploited so far. The Def-D curve is progressively fitted, each time changing
the initial point, using the appropriate contact-mechanics model depending on the experimental conditions.
Thus, the trial C-P candidates, representing the initial point for the fitting procedure, are sequentially tested
starting from fart non-contact region toward the contact region. Since the horizontal axis in the least-squares
fit algorithm constitutes the sample indentation, the i-th trial C-P candidate is tested setting the initial point
X; = 0 and F; = 0 (for the scan-displacement and force coordinates) in the fitting procedure. Possible test-
parameters associated to GOF approach could be: the mean-squared error [104], the residuals-sum, or the
r2 coefficient [97], [105]. These test-parameters profile plotted as a function of the trial C-P index share similar
peak-shaped behavior. Obviously, for mean-squared error and residuals-sum the absolute minimum value
constitutes the best C-P choice. Instead, for r? coefficient the maximum value, the closest to unity is set as C-
P selection. This sequential C-P research method is quite computationally expensive if compared to ROV
approach since non-linear fit algorithms are iteratively applied. Thus, it could be applied only in a limited Dev-
D curve portion around the C-P previously evaluated from the ROV strategy. In Fig 2a is reported the C-P
evaluation using the ROV method. In Fig 2b is reported the C-P evaluated using the GOF method, the initial
guess | provided from the ROV C-P (vertical black dashed line).

The third method illustrated is based on Young modulus E variations (obtained by the fit procedure) observed
applying sequentially the contact-mechanics model (AE method):

This method is a sort of additional study based on the GOF approach, described above. Whenever we apply
the appropriate contact-mechanics model fit, (usually based on Hertzian models) we extrapolate the E
coefficient that describes the elastic mechanical material property. This mechanical coefficient depends
strictly on the C-P choice, or alternatively the initial point of the fitting procedure. When part of the non-
contact is included in the model fitting the E coefficient is systematically underestimated. Alternatively, when
the fitting initial point is well within the contact region, over the real C-P, the E coefficient is overestimated.
Thus, E extrapolated from least-squares fitting, increases monotonically as the i-th trial C-P index runs along
the scan-displacement, as reported by [93]. The E derivative with respect to the i-index (dE/di) can be
introduced and numerically evaluated. We expect that its sign is strictly positive (dE /di > 0). Nevertheless,
the derivate dE/di behavior could change depending on the contact-mechanics modelling. For Sneddon’s
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[Eq 1a] its value is almost constant while for BECC [Eq 1b] follows an exponential trend. In [103], where the
Seddon’s model for cone-shaped tip was exploited, they observed a small inflection in the E profile with
respect to the i-index at the C-P coordinate, which is easily detectable in a logarithmic scale. Thus, this local
minimum represents the ideal condition for C-P detection. The test-parameter proposed was AE, defined in
[Eq 3], where minus sign was applied to convert the local minimum in a local maxima point. This test-
parameter behaves like a peak-shaped curve around the C-P region, as required in the statements above.
Like in GOF approach, the fitting procedure for E extrapolation is applied systematically along the scan-
displacement. This least-squares procedure is quite numerically expensive, thus initial C-P guessing provided
by ROV method should be considered.

d[ln('E)] (3]

AE = —
di

The fourth and last method exploited is the Power-Law-Exponent (PLE) model

When GOF and AE methods are applied, [Eq 1a-1b] or adapted contact-mechanics modela are sequentially
applied on portions of the Def-D curve and the unknown E coefficient is evaluated. In the case of Sneddon’s
model the applied force follows a quadratic profile with respect to the indentation amount, thus: F o §2.
This relationship could in principle be tested for the trial C-P set under study. In PLE approach we have two
free parameters: the Young modulus, and the power law exponent x (E, X) instead of only E. We expect to
reobtain X=2 only when the initial point for the fitting procedure is placed at the right C-P coordinate. Instead,
when part of the non-contact region is included in the least-squares fit the x exponent will significantly
decrease from its theoretical value. Similarly, when the initial fitting point is well-within the contact region x
exponent will reproduce numerical deviation from the expected X=2 condition. This method must be adapted
if a different contact-mechanics model describes the Force-Indentation theoretical behavior. An additional
prescription must be highlighted, since power law exponent deviation could appear for high indentation
regimes, when the theoretical model predictions are less reasonable. In this case, only a small portion of the
Def-D (Force-D) curve should be fitted. For low deflection condition this additional caution can be neglected,
since also bottom effects are negligible. If the Sneddon’s model [Eq 1a] is replaced by BECC [1b], which
actually is a Sneddon’s correction, the pure quadratic profile is no more reliable especially for higher
indentation/sample-thickness- ratio regimes. In the most general case, the following equation [Eq 4] has
been developed by [103], the test-parameter PLE that reproduces the required peak-like profile around the
C-P. Xexpectea represents the power law exponent required by the appropriate contact-mechanics model,
while X; constitutes the power law coefficient associated to the i-th trial C-P extrapolated from the fitting
procedure. When Xeypectea = X; the PLE function diverges, since the denominator is close to zero, and the
C-P coordinate is easily detectable. Also, in the PLE approach an initial C-P guess provided by the ROV method
can reduces the computational cost. In Fig 2c is illustrated the C-P evaluation using the PLE method using the
ROV C-P as initial guess (vertical black dashed line).

1
PLE =In ( > [4]
|Xexpected - Xil
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After the application of the proposed methods we have a set of four possible C-P candidates for each Dev-D
curve. In [103] the authors proposed a specific new test-metric based on the product of the four singles test-
parameters. We initially decided to evaluate the best C-P coordinate simply averaging the four parameters.
Nevertheless, we systematically observe a large deviation in the C-P evaluated by AE if compared to the C-P
obtained from the other approaches. Furthermore, the peak-shaped profile in the AE model is less
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detectable. In fact, other similar spikes are frequently observed in the profile background and subsequent C-
P evaluation sometimes is quite confusing. Thus, we decided to mediate only the GOF, VOR and PLE methods.
In Fig 2d is reported an example of the C-P evaluation for a Def-D curve obtained from U87MG cell sample.
Vertical arrows represent the different C-P methods results obtained.

Figure 2: Different Contact-Point evaluations adopting the proposed strategies on a U87MG
Deflection-Scan Displacement curve. (a) Ratio-Of-Variance ROV, (b) Goodness-Of-Fit GOF, (c)
Power-Law-Exponent, (d) comparison of the C-P methods. In b-c panel vertical black dashed
line illustrates the C-P evaluated from ROV method.

It is interesting to note how the C-P searching algorithms are usually referred to Deflection-Indentation
(Force-Indentation) curves, while we instead considered C-P evaluation in Deflection-Scan Displacement
curve. Nevertheless, the Scan-Displacement to Indentation conversion is easily obtained by subtracting the
Deflection-Scan-Displacement straight-line obtained from previous sensitivity calibration on the rigid
substrate. Thus, the C-P search process and the Scan-Displacement-Indentation conversion can be exchanged
in the data analysis sequence.

e Hertz Model

The usually exploited model for contact mechanics in AFM investigation is the Hertz model. Originally, Hertz
treated in 1881 [106] the contact mechanics and subsequent deformation between two solid spheres. In this
description the first sphere (the indenter) is indenting the other one (the sample) and is considered infinitely
rigid if compared to the sample stiffness. Thus, for spherical indenter the equation bounding the applied
force F and the subsequent indentation 6 in the sample is [Eq 5]:
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4R 3

F(5) = 3 EHertz5§[5]

(1-v?)
Where v constituted the Poisson ratio of the sample. Usually, for cell environment v=0.5 since it is constituted
essentially of water and accordingly is assumed to be incompressible. Epert; is the sample elastic Young
modulus, which summarize together with v the mechanical features of the sample, assuming a pure linear
elastic and isotropic environment. 6 represents the vertical indentation of the sample. Usually, in the Hertz
model and its modifications, the force F is proportional to a given power n of the indentation, F o< §™. Finally,
R is the effective radius of curvature describing the indenter-sample coupling [Eq 6]:

1 1 1

R Rlndenter RSample

(6]

In the limit of sample constituted by a flat surface (which corresponds to the indentation problem of an half-
space with a rigid axisymmetric indenter and compatible with the Ting’s solution) the radius curvature is
described by the indenter radius: R = Ry, denter

Starting from Hertz contact-mechanics model developed for spherical-shaped indenter, since in AFM
framework a multitude of other tip geometries are available, several modifications of [Eq 5] have been
introduced to adopt other tip geometries [107], [108]. Below we will briefly report the most exploited tip
geometries in AFM setup:

For conical indenters, the relationship between the applied force provided by the tip and subsequent vertical
sample indentation is described in [Eq 7]:

2tan(6)

= rd v Enerez6°[7]

Where 0 is the previously mentioned half-opening angle of the cone. Note how setting v=0.5, which is usually
adopted for cell sample, [Eq 7] become [Eq 1a].

Similarly, for pyramidal indenter the relation bounding the applied force F and the indentation is [Eq 8]:

_ 14906 tan(@)

2(1 _vz) EHeTtZ62[8]

Where 6 is the semi-included angle (axis-to-face) of the pyramidal. These cone-shaped and pyramidal-shaped
tip geometries are really similar, and they share the same Force versus indentation relationship: F o« §2. The
indentation profiles obtained from these tip geometries provided more local surface nano-mechanical
information from the underlying surface sample depending on the opening angle value.

For flat cylindrical indenters [Eq 9] describes the relation between applied force and indentation of a half-
space:
2Rcilinder
F=—""7 Enercz6[9]
Where R jinder represents the cylinder radius. This tip geometry could provide more surface-mediated
nano-mechanical sample information.

In contact-mechanics Hertz-based models, [Eq 5,7,8,9] reported above, essentially two mechanical fit
parameters resembling the pure elastic behavior of the sample are unknown (v, Enertz). Nevertheless, for cell
sample it is common choice setting v=0.5, considering it as an incompressible material and a time
independent mechanical parameter. Thus, in further analysis the Poisson pre-factor (1 — v?) is implicitly
substituted by the numerical factor: 3/4 and only the Young modulus remains unknown during fitting
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procedure. As we will see next, the Poisson ratio could be in principle reintroduced as free parameter when
more complex models (including poro-elasticity behavior) are taken into account.

In previous experimental works on cell nano-mechanics characterization based on AFM setups, Hertzian
models have been deeply exploited in the Force-Indentation curve in the approaching region, after contact-
point evaluation [108]-[113]. Previous work confirm how Hertzian models fit objectively well the
experimental data, both for cells and hydrogels, at least for shallow indentation profiles and low scan piezo
speed regime. Nevertheless, as already mentioned above, a clear hysteresis between the approach and
retraction curve during the indentation cycle confirms the presence of a viscous component in the cell nano-
mechanics. Since the Hertzian models involve only the approaching region and treat the cell surface as a pure
elastic material they are unable to completely characterize the viscoelastic cell behavior. Before complete
rejection of the Hertz model for the entire cell nano-mechanics characterization, we could at least consider
if the extrapolated Enert; is @ valuable “comparison-parameter” between different cell phenotypes, or for cell
response upon exogenous drug exposure, providing a guess about cell health, tumor progression,
differentiation or other cell features changes. In [90] the authors clearly confirm that elastic modulus Enert,
obtained from approaching curve fitting not only is unable to recapitulate the entire cell viscoelasticity, but
furthermore it cannot be exploited as “comparison-parameter” for cell viability, differentiation, tumor
progression or other cell parameters. In fact, the measured Epert; parameter (which is actually a dummy or
apparent mechanical parameter) could be arising from different combinations of the viscoelastic coefficients
couple, which they will be introduced formally in the next section. Thus, for example in cell samples exposed
to exogenous drugs a possible invariance of Euer, calculated considering only elastic contribution during
experiment could instead hide deep cell viscoelasticity changes and subsequent cell condition modifications.
In Fig 3 the approaching phase of a Force-Indentation curve is reported, using pyramidal indenter, obtained
from a u87MG cell and subsequent Hertz model fitting. The fitting curve follows fairly well the experimental
data.

14
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Figure 3: Example of Force-Indentation curve during the approaching phase

obtained from U87MG cell sample (blue curve), and subsequent Hertzian model
fitting (orange curve).

e Ting Model
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In the previous section we have illustrated the most used contact-mechanics models derived from Hertz
theory, and we have demonstrated how Eper; coefficient obtained from the fit is just a “dummy” or
“apparent” cell mechanical parameter and is not able to clarify actual cell conditions or other main cell
features modifications. Thus, in this section we will illustrate the theoretical framework provided by the Ting
model exploited on the Force-Indentation (F-I) curves obtained on cells. The exploitation of the Ting model
allows obtaining cell viscoelasticity data directly from single force curves. We will briefly summarize the
experimental-theoretical steps that gradually moved the F-I analysis from the initial Hertz models toward a
complete viscoelastic framework. Then, we will compare advantages and drawback between the Ting model
and the other well-known viscoelastic approaches based on the AFM technique in the time and frequency
domain.

Starting from previous results obtained by Hertz-based methods, which includes only the approaching part,
a first attempt for viscoelasticity characterization could be introduced following Lee and Radok work [114].
The authors proposed an analytical solution for the indentation of a viscoelastic material based on the
“elastic-viscoelastic” correspondence principle and the focal parameter becomes the contact-area a(t), which
must necessarily increase during time. Thus, this theoretical framework is perfectly suitable in the
approaching and holding phases of AFM curves but is no more exploitable in the retraction part. The Lee and
Radok analytical method requires the knowledge of the solution for the equivalent elastic scenario problem.
In fact, the time-stationary Young modulus behavior Epert, is replaced by a relaxation function: E(t). Thus, the
initial Young modulus: Epert; obtained from Hertzian models provides a starting guess for this relaxation
function, which replace Hyuert,. The solution is based on the hereditary integral operator and in [Eq 10] the
analytical resolution for a pyramidal-shaped tip, recalling [Eq 8] is proposed:

t
1.4906 tan(8) 96%
0

F(66(0) =~y | B =8 57 dé(10]
0

The applied force Fis a time-dependent function and is evaluated solving the integral. The time extrema span
from t=0 (representing the starting point of the indentation process and a(t=0)=0) to t=tm (where tm
represents the concluding frame of the approaching process). The variable & represents the fictitious time
variable, required to solve the integral. The factor inside the integral is constituted by two different terms:

252 N . , , .
E(t—¢)and TR The former factor represents the constitutive equation (relaxation function) for the time-
dependent Young modulus, which is evaluated at the time-frame: (t — &). Thus, the applied force F evaluated
at the time-frame “t” is provided summing up the overall Young modulus contributions arising from the

relaxation function E (t — &) taking into account a shift (delay) time given by (t — &) and due to the material
response propagation, as expected for linear response theory. The latter factor: 2—‘? is the time derivative of
the indentation function power 2, evaluated at the corresponding instantaneous fictitious time: £. Note that
this time-derivative is applied to the power-law-indentation term expected for the Hertz model with a
spherical-shaped indenter. The Lee and Radok solution can be easily adapted for the different indenter
geometries. Accordingly, the pre-factor in front of the integral and the indentation-factor ratio inside it must
be corrected. The constitutive relaxation function is an arbitrary time-dependent relation that contains
several mechanical parameters resembling the viscoelastic behavior of the sample. Thus, the constitutive
equation is chosen on the base of a realistic viscoelasticity model that well-describes the treated sample. We
will see later several constitutive relaxation models motivating their viscoelastic fitting parameters. The Lee
and Radok solution can be applied also in experimental processes where the shear modulus is exploited,

using the well-known relation [Eq 11]:
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Consequently, the pre-factor term in [Eq 10] must be rewritten if the shear relaxation modulus is used.

Although the Lee and Radok viscoelastic method introduces the relaxation modulus functions, it exploited
only the approach region of the AFM force-indentation curves. Thus, viscoelasticity information arising from
retraction region remains unknown, furthermore, it has been demonstrated [90] how Lee and Radok
analytical solution is incomplete and could provide erroneous viscoelastic results.

The limitations of the Lee and Radok analytical solution arise essentially from the contact-area a(t) time
progression, which must increase during indentation cycle, and makes the method incomplete. To exploit
also the retraction region a more general viscoelastic theoretical framework, which is independent from a
specific load history, must be developed. Nevertheless, many qualitative and phenomenological attempts
have been proposed to measure the viscoelasticity from standard indentation cycle. Several works studied
the hysteresis area between approaching and retraction phases [86], [112], [115]-[117], other investigated
the relationship between the indentation-rate and the “apparent” Young modulus (still obtained from
Hertzian models) [113], [115], [118]. Nonetheless, these empirical approaches results provide a non-
complete viscoelastic description since they are not based on a rigorous theoretical framework.

In 1966 T.C.T.Ting [92] developed a new theoretical framework, which solved the indentation problem for a
linear viscoelastic half-space material under a rigid axisymmetric indenter force application for an arbitrary
load history. Thus, for this theoretical scenario the entire indentation cycle, involving approaching and
retraction part can be exploited. Previous works already implemented and adapted the Ting model in the
AFM force-indentation curves acquired from cell samples and soft hydrogels. In [90] the authors validated
the method comparing the fitting results extrapolated from experimental data with theoretical prediction
obtained from Finite-Element simulations (FE). In [91] the viscoelasticity parameters using Ting model
extrapolated from experimental data were compared with usual AFM viscoelastic characterization in the
frequency-domain. In the former work a spherical-shaped indenter geometry was used for the protocol
implementation. In the latter paper a conical-shaped tip was adopted. More recently also [119] adopted the
Ting model. Here, we will develop a similar protocol for pyramidal-shaped geometry indenter.

The analytical solution of the Ting theoretical framework for a pyramidal indenter during the entire
indentation cycle is represented in [Eq 12a-c]:

( 14906 tan(6) | 952
F(t,(?(t))=w E(t—f)a—gdffor:OStStm[IZa]
t1(8)
1.4906 tan(0) 0562
<F(t,6(t))=w E(t—¢ a—fdf for:t, <t <tipnall2b]
g 35
with: f E(t— f)adg‘ =0 for:ty, <t < tipglllc]

t1(t)

where the time variable t runs along the overall indentation process, t=0 corresponds to the initial
indentation state, t=tn, constitutes the approaching conclusion (similarly to Lee and Radok method [Eq 10]),
and t=tinq represents the complete indentation cycle end. & is the indentation depth, E(t) is the constitutive
relaxation function chosen for the Young modulus, and ¢ is the fictitious time variable required for integral
solution. The Ting model adaptation for AFM force-indentation curves is a clear extension of the previous
solution provided by Lee and Radok. In fact, [Eq 12a] exploitable for the approaching phase is perfectly
equivalent to [Eq 10]. ti=ti(t) is an auxiliary time function required to fix the upper limit in the integral of [Eq
12b] for the force evaluation during the retraction phase. During indenter retraction (tm<t<ting), the auxiliary
time function t; (O<ti<tn) is evaluated using [Eq 12c], this nulling requirement of the integral represents the
mathematical condition to superimpose a(t)=a(t1), meaning that the contact area in the actual frame t in the
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retraction phase must be recovered during the approaching phase, in particular the time t; when this
condition is satisfied. The auxiliary time function t;=ti(t) has a deep physical implication, as the contact area
a(ti(t)) can be evaluated, and also the effective indentation §1(t1(t)) during the retraction process can be
evaluated. The effective indentation can be though as the indentation measured relative to the relaxation of
the surface after deformation produced by the indenter. As asserted above, the hysteresis between
approaching and retraction in Force-Indentation curve (See Figure 4) appears since the deflection (or force)
signal in the retraction is systematically lower than the approach signal. Thus, at a certain point in the
retraction curve the force becomes null before the “absolute” indentation (measured from initial
undeformed surface) has reached its initial starting point. If the force is null then the contact area is null, and
subsequently also the effective indentation is null meaning that the relaxation process rate is slower than
the cantilever-base retraction speed. Equivalently, when the indenter is still retracting from the sample, the
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Figure 4: Example of Deflection-Scan Displacement curve obtained from U87MG
cell sample (the substrate removal contribution has not been applied yet). A clear
hysteresis appears between the approaching (blue curve) and retraction (orange
curve) phase.

previous indentations states have not yet completely recovered because the relaxation surface process is too
slow and the tip is physically detached from the underlying substrate and no net deflection is measured.

Cell sample mechanical-viscoelastic characterization has been developed exploiting several techniques other
than AFM-based like for example micropipette-aspiration [120], [121], compression and stretching stimuli
using a couple of microplates [122]-[124], optical-tweezers [115], [125] and magnetic twisting cytometry
[126], [127]. For AFM-based nano-mechanics viscoelastic investigation the methods can be divided in two
main groups: techniques exploiting the time domain [88], [128], [129], and techniques exploiting the
frequency domain [105], [130]-[134].

In the time-domain experiments, usually creep and stress relaxation are the most exploited methods [88],
[135], [136]. Typically, the experimental protocol for these setups forecasts a fast loading step- (which should
be theoretically instantaneous) followed by a long hold phase. Nevertheless, in the loading phase even the
maximum loading speed available from the device, which mimics the step, is not exploitable. In fact, the
hydrodynamic and inertial effects deeply affect the deflection profile during the loading phase. Thus, the
actual curve is a ramp-hold profile and the ramp-correction, or a global ramp-holding fitting should be
implemented [137]-[139]. Furthermore, for long-time relaxation several issues in the interpretation could
arise from thermal drift of the piezo and from active cell response [140], [141].

AFM experiments can be performed also in the frequency-domain. In this framework the cantilever base
oscillates sinusoidally with a fixed amplitude and a pack of waves containing several harmonics is transferred
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to the piezo at a specific point of the indentation curve [130], [131], [134], [142]-[144]. From the cantilever
oscillation signal the amplitude and phase shift are acquired to evaluate the frequency-dependent complex
Young modulus or shear modulus. Nevertheless, these experimental setups require additional modification
from standard biologically oriented AFM-device, and also a higher expertise skills from the operators.

Since now, we have summarized the main advantages and drawbacks of usual AFM viscoelasticity
characterization in the time and frequency domain. The Ting-based analytical solution allow us to directly
obtain viscoelastic features of the sample starting just from standard approaching-retraction curves, and no
additional modifications of the protocol or the device are required. The curves analysis obtained from Ting
model adaptation owned a complete viscoelasticity overview, since it has a firm theoretical foundation over
the entire indentation cycle. The Ting-based method can be applied on arbitrary indentation loading history
curve, once its associated analytical solution has been theoretically evaluated. Thus, also ramp-holding
profiles can for example be analyzed. Since all the data points of the curve are numerically treated in the Ting
solution, (and no lag-times are required), also fast loading rate profiles can in principle be exploited, once the
sampling rate has been previously adjusted. Thus, also a ramp-loading force profile can be analyzed using the
Ting-based method. Once the loading history is experimentally accessible the Ting model can be exploited,
also in experimental setups other than AFM. Bottom-Effect correction can be introduced in the analytical
solution [Eg 12a-c] inside the integrals. In fact, basing on Finite-Element simulation, it has been demonstrated
that this effect is unaffected by the loading history [145]. Thus, the Bottom-Effect correction can be defined
just starting from: the geometrical indenter features, the sample thickness, and the indentation depth, while
it is independent from the chosen relaxation modulus. Finally, several constitutive relaxation functions can
be tested in the Ting analytical solution integrals to find out which one of these better recapitulates the
viscoelasticity features of the sample.

On the other hand, several drawbacks regarding the Ting model adaptation should be highlighted. Obviously,
since the method is employed on standard AFM indentation curves, it shares the usual uncertainties
regarding AFM experiments, like cantilever spring constant and sensitivity calibration. Requirements arising
from the Ting protocol guidelines are; the absence of strong adhesion forces during the retraction phase
(which are not accounted in the analysis), and possible drift and active cell response especially for low piezo
speeds. Finally, a high computational cost is required. In fact, each theoretical force coordinate is evaluated
solving numerically the integral [Eq 12a] and a couple of integrals are numerically solved [Eq 12b-c] for each
point of the retraction phase.

Recalling again the set of [Eq 12a-c] the Poisson ratio v is considered as constant and time-independent
coefficient. In fact, it is kept aside from the solving integrals. As said above, we set v=0.5 since the cell sample
are composed mainly by water. In a more realistic analysis, also the Poisson ratio can be treated as free and
time-dependent parameter, introducing a poro-elastic component.

e Relaxation modulus (Constitutive equation)

In Lee-Radok [Eq 10] and Ting [Eq 12a-c] analytical solution definition for a linear viscoelastic material
deformed by an axisymmetric indenter (with pyramidal-shaped tip), the viscoelastic constitutive relaxation
function of Young modulus E(t) has been introduced. A time-dependent relaxation modulus essentially
describes how the Young modulus of the viscoelastic material dynamically evolves after external indentation
stimuli. The relaxation modulus resembles the overall viscoelastic features of the sample and matches the
arbitrary constitutive equations of the linear viscoelastic material. Thus, the relaxation modulus function and
the constitutive equation essentially coincide and can be exchanged reciprocally. Usually, the relaxation
modulus is a decaying function governed by several viscoelastic parameters resembling the material
properties with a physical meaning. The relaxation modulus, or alternatively the constitutive equation, is
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derived starting from a rheological modeling. There are many rheological models, and each one contains its
set of viscoelastic fitting parameters. Essentially, the rheological modelling of a given viscoelastic material is
built starting from two elementary components: a spring (elastic element) and a dashpot (damper element).
A rheological model can contain an arbitrary number of springs and dashpots connected each other in series
orin parallel, and subsequently the related constitutive equation can be defined with its viscoelasticity fitting
parameters. However, among the multitude of different rheological models, just a few of them have been
deeply exploited in viscoelasticity characterization: the Standard-Linear-Solid (SLS) and the Power-Law-
Rheology (PRL). The SLS model usually describes well soft hydrogels, as demonstrated in [90]. In this model,
the viscoelastic material is considered as a spring connected in parallel to a spring-dashpot series (see Fig 5a).
In [Eq 13a] the associated relaxation modulus function is reported. The constitutive equation of SLS model is
composed by three different viscoelastic fitting parameters: Eo, E~, and T, which represent respectively, the
instantaneous, the asymptotic Young modulus, and the relaxation time (time constant). Thus, the SLS
proposes an instantaneous elastic response governed by Eo, which evolves following a unique viscoelastic
process described by an exponential decay, reaching a long-time relaxation value E~. The PLR model usually
describes fairly well cell sample, independently of the specific cell line [90]. It is composed by an infinite
coupling of spring-dashpot series, and each spring-dashpot series element is connected in parallel with the
others (see Fig 5b). In [Eq 13b] the most general relaxation modulus for the PLR model is reported. The
constitutive equation of the PLR contains three different viscoelastic parameters, like the SLS: Eo, E-, and a.
Eo and E~ represent the same definition introduced in the SLS. Since the PLR mode is described by an infinite
sum of different relaxation processes T, the superposition of this relaxations provides a power law decay
highlighted by the a parameter, which is the power law coefficient. t’ represents just a small time offset value
needed to normalize the ratio t/t’ and actually does not constitute a fitting parameter. Commonly, the t’ time
offset is set equal to the sampling acquisition time.

Standard Linear Solid b Power Law Rheology
a
—1.] ..
% | L — L
| | | | | |- |
.1 ..
L — L

Figure 5: Spring&Dashpot modeling of the Standard-Linear-Solid (a) and the Power-Law-Rheology (b) viscoelasticity model.

t
Ex + (Ey — Ex)e T SLS [13a]
E t — EO - EOO
Q) B, +——= PLR[13b]
(1+7)

The SLS model describes a viscoelastic material that is ascribable to a specific single relaxation process, and
the relaxation rate can be evaluated from the 7/t;,4 ratio, where t;,,4 is observation time phenomena that
coincides with the entire duration of the approach-retraction cycle. (Deborah’s number). An higher t/t;,,4
ratio means a slower relaxation process. The PLR represents a superposition of an infinite number of different
relaxation processes, and the overall sum is described by a, the power law parameter. The a parameter spans
between [0+1], where a=0 describes a pure elastic-solid material, meaning that the dashpot elements are
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negligible, and a=1 represents a pure fluid-like material. Thus, a quantify the relaxation amount, higher a

. . " 1
values mean larger relaxation behavior, up to the limit a=1 where E(t) < E, oo

The PLR model foundations are strictly related to the Soft-Glassy-Rheology theory (SGR) [146]. The SGR
theory is based on the assumption that the material is composed by several internal structures, and the
disorder and metastability arising from their superposition produces its observable behavior at the different
observation ranges. The internal constitutive elements are bound together by weak attractive interactions,
thus their resulting energy profile is assimilable to a well. The scale-free, or power-law, rheology is defined
superimposing a large distribution (theoretically infinite) of well energy profiles and related element
lifetimes. The ensemble of these energy well-traps, where the elements are temporary confined, defines the
“effective-temperature” of the material, which reflects the thermal agitations of the constitutive elements
and defines the jump-probability of the elements to jumps between different wells. The power law exponent
o parameter represents this “effective-temperature”, where higher a values means more fluid-like behavior.
In fact, the jumps of the elements between energy wells is the theoretical basis for the fluid-like processes.
Thus, a=0 represent a soft glassy material, which behaves as a pure elastic solid, while a=1 represents a pure
viscous liquid, and O<a<1 a values are related to partial elastic/viscous samples with a behavior from an
elastic-solid to -a viscous fluid. The cytoskeleton micro-environment can be described by a PLR model [147],
where the internal elements undergoes to disordering-reordering changes, and subsequently the
reorganization of these elements is represented by the a parameter. Furthermore, changes in the effective-
temperature parameter could be due to cell-processes like migration, differentiation, invasion and
metastasis, thus providing a theoretical framework for these fundamental cell events. Previous rheological
characterization oof living cell adopting PLR identified their rheology behavior as a soft glassy material close
to glass transition a~[0.0 = 0.2] [90], [147].

Before going on, we should mention that many PLR constitutive equations variations have been developed,
depending on the particular time frame we want to highlight. The simplest form for the PLR is reported in
[Eg 14], where E; refers to the modulus relaxation for t=1s and the time variable t is normalized with respect
to 1s value [148].

E(t) = E;t™%[14]

Instead, [Eq 13b] [149], [150] have a more general structure where Eo and E.. have the same meaning of the
SLS model. Moreover, the unity addition removes the singularity for t = 0s. However, for cell experiments,
especially in rheology framework, E-. is set to zero. Thus [Eq 13b] can be simplified using only two fitting
viscoelastic parameters, obtaining [Eq 13b new]:

t —-a
E(t) =E, (1 + P) [13b new]

In [90], the authors tried to maintain the long-term relaxation modulus E-. as a free parameter and obtained
values close to zero, if compared to Eo. Thus, simplifying [Eq 13b] removing the long-term, and taking into
account that t’ is set equal to the sampling time and subsequently t'<<tinq, [Eq 13b new] and [Eq 14] look
really similar. In particular, [Eq 13b new] becomes E(t)=E1t™® with E;=Eqt’®.

Till now, we have proposed two possible relaxations modulus for an arbitrary linear viscoelastic constitutive
equation, which will describe the viscoelasticity of the material. The former case, the SLS, is an extreme case
where a specific single relaxation process describes the overall viscoelastic material behavior. The latter case,
the PLR, on the opposite side considers an infinite superposition of different relaxation processes. However,
plotting the relaxation modulus normalized to the instantaneous value Eq (thus E(t)/Eo ratio is plotted) as a
function of time for the SLS and the PLR models and comparing them, they will show a really similar time-
decay behavior (Fig 6a). This first comparison obtained from a linear time scale, which explore just a decade
range, clearly shows how difficult is to test the proposed relaxation moduli on short time scale. Thus, to
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evaluate that relaxation function better represents our viscoelastic sample, several experimental data-set of
tina SpPanning over many time scale decades should be acquired and analyzed. To better justify this

a Normalized Relaxation Modulus Comparison b Normalized Relaxation Modulus Comparison
104 — 5LS model 1.0 = SLS model
E PLR model E - PLR model
E 0.9 E
3 508
S 0.8 E
° °
£ £
a 07 a
8 8 0.6
T 0.6 e
= =
- -
[ [T
e 0.5 o
- - 0.4
] @
N N
= 0.4 =
E E
203 S 0.2
00 02 04 06 08 10 10-* 102 10-! 10° 101
Time(s) Time(s)

Figure 6: Normalized relaxation modulus comparison between SLS (blue curve) and PLR (orange curve) viscoelastic
model; on linear-linear scale (a) and on logarithmic-linear scale (b). Two clear plateau are observable in the SLS
model in Fig 6b, which PRL model does not own.

experimental choice, in Fig 6b the same normalized relaxation modulus of SLS and PLR models on a log-linear
scales is reported, where several order of magnitudes in the time domain are explored. It clearly appears
from Fig 6b, that the SLS presents two plateaus at the short and long-time scale regimes, respectively.
Instead, the PLR is characterized by a more monotonic decay, since it is constituted by a continuous relaxation
spectrum.

e Indentation and its derivatives Evaluation

In the first section we described the overall preliminary steps regarding the raw Deflection-Scan
Displacement to Force-Indentation curves conversion (Calibration Sensitivity, Deflection relative to the
substrate evaluation (Scan displacement to Indentation conversion) and Contact-Point (C-P) evaluation).
Then we showed the limitations arising from pure Hertzian models adaptations, and then we introduced the
Ting model for pyramidal-shaped indenter [Eq 12 a-c] and the relaxation modulus concepts [Eq 13a-b,13 b
new].

In this subsection we will summarize the pre-processing and the sequential steps required for numerical
implementation of the Ting model [Eq 12 a-c]. In the next subsection we will provide an exhaustive and step-
by-step description of the numerical implementation. First, recalling the analytical solution proposed by Ting
we can observe that the constitutive elements inside the integrals are essentially two. The relaxation

. . . . . . a8
modulus equation: E (t — &) that is chosen arbitrary before numerical solution, to test its robustness, and %%
0582

or ¥ that are the rates of the indentation and of the squared indentation, respectively. Note also that all

these terms are time-dependent function, the former E(t — &) is a constitutive theoretical equation
depending on the trial viscoelastic parameter ([Eo,E,t] for the SLS, and [Eo,a] for the PLR) and can be easily
5 852

evaluated by an appropriate sub-function in the algorithm; the latter (a_f or 5) are experimental quantities

2
that must be numerically evaluated starting from the indentation data &(t). The rates (Z—? or %) are
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essentially data arrays and each element of the array is associated at a given time frame t; where timoves
between [0+ting]. Thus, these experimental data arrays remain unchanged during integral numerical solution
[Eg 12 a-c] and must be evaluated only once and this step constitutes the “zero-step” of the Ting model
implementation.

Here we will focus on the numerical differentiation of § and §2. First, we want to emphasize how not only
the time-dependent force signal experimental data F(t) is non-linear, but also the deflection signal &§(t)
varying non-linearly during time. In fact, only the Scan Displacement, the vertical piezo movement or the
cantilever base displacement, is performed at constant speed. Instead, the indentation speed is slower than
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Figure 7: Indentation (blue curve) and Scan-Displacement (green dotted line) profile
comparison as function of time. Experimental data obtained from U87MG cell sample

the Scan-Displacement speed. This is particularly true during the contact region, where the deflection signal
is increasing significantly. The indentation-vs-Scan-Displacement speed discrepancy is clearly observable
when the piezo direction is inverted, at the highest deflection signal regime and t = t,, (see Fig 7).

Thus, the experimental indentation data § (t) is almost superimposable to the theoretical Scan-Displacement
signal at the beginning or close to the ending of the indentation cycle (t = 0 or t = t;,4), while is
significatively lower close to piezo direction inversion t = t,,. Instead, the Scan-Displacement signal is
described by a pure time-dependent linear behavior for the overall indentation time t;,4, as highlighted in
Fig 7.
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. . 0 . . .
The numerical evaluations of the rates (E and 0—5) are performed as follows. First numerical calculation

of §2(t) vector elements is obtained from §(t) data, then mean slopes with respect to time of the §(t)
and 62 (t) data points are computed adopting a moving average filter of 5 points size, in order to reduce
experimental noise contribution and minimize random spikes in the time-derivatives. In Fig 8 the

. 5. . sz, .
experimental rates example plots are reported, % in Fig 8a and ¥ in Fig 8b:

a b
2000 M‘ﬁmﬁm‘émw Indentation Rate 2000000 | M,I..-\", Square-Indentation
: Y i Rate
1
i e :
1000 : 1000000 - o '
v
| “ »” .
< i = |
E © : £ 0] < : L
c : c i o
1 : _.F)
1000 i -1000000 1 | o
| i "
sk -2000000 - L et
~2000 NS Nodrsaiia i
00 01 02 03 04 05 06 07 00 01 02 03 04 05 06 07
time (s) time (s)

Figure 8: Indentation (a) and square indentation (b) rates obtained from experimental data of U87MG cell sample force curve.
Some deviation from the theoretical Scan-Displacement speed magnitude (2000 nm/s) are observable close to tp,.

2

. a . .
As expected, the experimental rates (a_f and a_f) are, in modulus, lower than the Scan-Displacement speed

and the Scan-Displacement squared speed, respectively.

Now that the required experimental vectors: 3—6 and a_f have been evaluated in the “step-zero”, we can
start the numerical evaluation of the solution of integrals [Eq 12a-c]. The viscoelastic parameters ([Eo,E,T]
for the SLS, and [Eo,a] for the PLR) referred to the associated relaxation modulus are extrapolated from the
algorithm minimizing the following quantity e [Eq 15]:

tind

_ Experim Ting . 2
e = (Ftl - Fti ([Ew, Eo, TlsLs; [Eo, a]PLR)) [15]

ti=t,

Where e is the sum of the squared errors (norm of residuals) between the experimental data and the Ting
Ting
is the

theoretical force value reconstructed from the model for the same time frame. The main advantage of the

model. The FExpmm represents the experimental force for a given time frame t, while F,,

Ting-based model is that the overall data-set: (FEmem, GEXPmm of the indentation cycle is exploited in

the analytical solution for pyramidal-indenter. Thus, if few experimental data points (FEXpmm, 65“’9”"1

are affected by noises, their contribution is minimum in the [Eq 15] sum, where all indentation cycle points
square errors are evaluated. The algorithm starts setting an initial guess value for the viscoelastic parameters
of the relaxation modulus chosen. Then, the theoretical Ting function is reconstructed and the norm of
residuals e is evaluated. The algorithm repeats recursively the previous steps adjusting the viscoelastic
parameters since the norm of residuals is minimized. The algorithm has been developed in Python language
adopting a least-square fitting procedure based on Levenberg-Marquardt algorithm the viscoelastic
parameters of the constitutive equation are extrapolated.
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e Constitutive equation models and step-by-step
algorithm implementation

In the previous subsection we discussed about the integrating function components of the solving formula

of the Ting model [Eq 12a-c]. In particular, we focused on the indentation and square indentation
26 252 . . . . . . .
rates (a_f and ﬁ) and their numerical evaluations. Then, we introduced our algorithm for Ting adaptation
model protocol, suitable on our Force-Indentation experimental curves. The quality parameter of the
algorithm e [Eq 15], which establishes when the iterative viscoelastic parameters research can be considered

satisfied, has been defined.

Now we will focus on the second fundamental component of the integrating function [Eq 12a-c], the
constitutive equation of the viscoelastic model E(t) (the relaxation modulus). The E(t) relaxation modulus
represents the theoretical viscoelastic time evolution of our sample, and it is governed by its parameters.
The numerical implementation of the relaxation modulus is straightforward since is easily evaluated once
the time frame t; and the viscoelastic parameters are known [Eq 133,13 b new]. Thus, a dedicated sub-
function in the algorithm is written for each proposed relaxation modulus, in our case we provide two
different sub-function for the SLS and the PLR models, respectively. While the indentation and squared
indentation rate arrays are evaluated only once as pre-processing step, the relaxation modulus must be
computed recursively for each time frame t; inside the solving integrals every time a new viscoelastic set
parameter is proposed.

Now we describe the step-by-step procedure algorithm of our numerical implementation of the Ting model
adaptation. Initially, the approaching Force-Indentation curve is fitted using the Hertzian model for
pyramidal-shaped indenter [Eq 8]. The apparent Young modulus Ener, is stored and will be used as initial
guess value for the viscoelastic constitutive equation parameter Eo, in particular, for both SLS and PLR models
we set Ep=2Ener;. As mentioned above, the apparent Young modulus Eper; does not resemble the overall
viscoelastic behavior of the sample, in fact application of the Hertzian model in the retraction phase will
provide a higher Epert; value if compared with the previous one obtained fitting the approaching curve. Thus,
we will expect a viscoelastic parameter Eo>Enerr, and declaring Eo=2Enert; is @ reasonable initial guess
assignment. In the SLS model option we additionally set, E~=E as long-term modulus, and 1=1s as time decay,
as initial guess declaration. In the PLR model we additionally define a=0.1 as power law exponent initial guess.
In fact, previous rheological studies on cell samples modelled successfully cellular environment as a soft
glassy material with a close to glass transition ~[0.0 = 0.2].

Now, after initial viscoelastic parameters assignment for the constitutive equation, the iterative procedure
can finally start. The iterative viscoelastic set parameters research will be concluded once the e [Eq 15]
minimization is satisfied.

First, the Ting solution for the approaching phase [Eq 12a] is numerically solved for every data point
(thxperim; 65xperim ), and the theoretical reconstructed points ngng of the approach region are evaluated.
Then, before computing the analytical solution for the retraction phase [Eq 12b], the auxiliary time function
t1=t1(t) must be numerically evaluated for each time frame t; belonging to the retraction phase. Thus, for each
data point of the retraction curve tm<ti<tina the nullification condition of [Eq 12c] must be satisfied. The
integral [Eq 12c] is thus discretized and treated as sum of elements composed by two factors: the relaxation

modulus E(t — &) (where the dependency from viscoelastic parameters has been omitted) and the
indentation rate % (and obviously the sampling time interval: d§). The analytical condition of [Eq 12c] can

be rewritten and computed by the algorithm as follows [Eq 16]:
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a6

E(ti_tn)'g

tn=t1(t;)

(tn) ' (tn - tn—l) ~ 0 [16]

[Eg 16] provides the numerical adaptation of [Eq 12c] condition, and extrapolates the auxiliary time function
value t; (t;) for a given time frame t; belonging to the retraction phase: tm<ti<ting, While t; (t;) that satisfied
[Eq 16] belongs to the approaching phase: O<ti(t)<tm. More precisely, t;(t;) is constituted by an array of
Nina/2 elements, where N;;,4 is the overall number of experimental data points of the indentation cycle, and

it is not to be confused with t; = 0, which is the initial time frame of the experimental data-set. E(t; — t;,)

a8 . . : . .
and % (t,,) are, respectively, the relaxation modulus and the indentation rate evaluated at the current time

frame t,, (t, — t,_1) is the time interval between the current time frame t,,, and the previous one t,,_;.
Since the experimental sampling rate is constant, we expect (t, —t,_;) to be constant. An additional
discussion should be made regarding the constitutive factor signs of [Eq 16] sum, which help the nullification
condition search. The relaxation modulus is a decaying positive function: E(t; — t,) > 0,Vt, as the time
interval is also positive: (t, — t,_1) > 0, instead the indentation rate has two different sign assignment:

E(t )= { positive, 0<t,<tp

&~ ™ " |negative, tm < tn, <t; <ting

In fact, during approaching phase: 0 < t,, < t,, the indentation increases during time, while during the
retraction phase: t,, < t, < t; < t;uq, the indentation is decreasing over time. Thus, all contributions in [Eq
16] sum arising from retraction phase are strictly negative, while the contributions obtained from
approaching phase are strictly positive. We decided to start the summation process from the upper limit
t, = t; and moving the lower limit, scanning the t,, toward the initial time frame. Thus, we gradually added
previous time frames since nullification condition is satisfied. Once the auxiliary time function t; = t;(t;)
array has been numerically evaluated for each time frame t; belonging to the retraction phase, we can
proceed with the next step. In Fig 9a an example of the auxiliary t; time function research for a given t;, where
the trial frame time tiwia is moved toward the starting frame is reported. In Fig 9b the numerical values
(theoretically nulls) of the [Eq 16] integral as function of t; (tm<ti<ting) is reported, in Fig 9c the subsequent
t1(t;)) values that minimize the integral is shown. As shown in the plots, for the higher retraction time frames
the nullification condition [Eq 16] is not satisfied, thus the auxiliary time function is set to t1(ti)=0, the starting
time frame. For the higher times in the retraction phase t1(t;)=0 condition is the best numerical solution for
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Figure 9: Auxiliary time function t; panel: (a) Graphical representation of the [Eq 12c 16] integral for a fixed t; (tm< ti< ting) as function
the ti.wria pOint, t1 choice is highlighted (vertical black dotted line). (b) Plot of [Eq 12c 16] integral nullification condition check. (c)
Auxiliary time function t;=t;(t) obtained from [Eq 12c 16] condition.

[Eq 16] minimization, in fact, ti(t)=0 brings [Eq 16] closer to zero, as much as possible. This statement is in
total agreement with the Ting theory, and it can be proved simply recalling the t; role, which is defined as
a(ti(t))=a(t)) where a is the contact-area. In the final frames of the retraction phase the contact area is zero,
this condition during the approaching phase holds only for ti(ti)=0, as confirmed by Fig 9b-c.
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Now, we are able to numerically compute [Eq 12b], which analytically resolves the indentation problem in
the retraction phase adopting the Ting model. The [Eq 12a] for the approaching region and the [Eq 12b] for
the retraction region are formally the same, except for the upper limit of the integral. Thus, this couple of
equations can be treated recalling the same sub-function inside the algorithm. This sub-function discretizes
the integrals [Eq 12 a-b] similarly to [Eq 12c] discretization, obviously the indentation rate is replaced by the
squared indentation rate [Eq 17]:
tiim 952
i tiim = t; 0<t; <t
FI™ (¢, 8(t; =2Et-—t c——(ty) * (tn — tp { tm = "L P17

ti (l (1)) (z n) 85 (n) (n n 1) tiim = tl(ti)v ty <t; < tind[ ]

m
tn:tl

Once the theoretical Ting function: Ft?in‘g has been reconstructed from the experimental data: (ti, S(ti)) for

a given viscoelastic parameters trial set (again the dependency of the viscoelastic parameters has been
omitted in the relaxation modulus: E(t; — t,,)), we can compute the norm of residual: e [Eq 15].
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Figure 10: Example of viscoelastic parameters [Eg,a] extrapolation solving the Ting model through the iterative algorithm. The PLR
model has been adopted as relaxation modulus. The experimental force-indentation curve has been obtained from a U87MG cell.

This step-by-step proposed algorithm protocol is repeated iteratively, and each time the viscoelastic
parameters are adjusted, until the sum of residual is lower than the prefixed tolerance-convergence value.
The resulting viscoelastic parameters set are chosen as the best combination, which better describes the
experimental data for the given viscoelastic constitutive equation model. In Fig 10 an example of the iterative
algorithm application on experimental indentation cycle adopting the PLR model, where the starting guess
assignment (Fig 10a) and the final iterate results (Fig 10b) are highlighted is reported.
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In Fig 11 the block diagram of the step-by-step procedure adopted by the algorithm is reported.

Reading Force-Indentation
curve (appraching and
retraction phase)

Numerical evaluation of the
norm of residuals: e [Eq 15]
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Numerical evaluation of the
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Figure 11: Summary flowchart description of the Ting model resolution algorithm adaptation for force-indentation cycle.

e Constitutive viscoelastic model equation choice

In the previous subsection we described how to adapt the Ting analytical solution [Eq 12a-c] for a numerical
implementation [Eq 16-17]. The proposed algorithm treats the relaxation modulus as an priori assigned
function, and the viscoelastic parameters set are tested during the fitting procedure.

Nevertheless, another option can be considered. Rewriting the resolutive equations [Eq 12a-c] by
replacement of the integral with the Riemann sum, the relaxation modulus E (t) can be extrapolated for each
time frame t. In this case we obtain the empirical relaxation modulus: E(t), which is a function dependding
just on time t and no additional viscoelastic parameters are included. Thus, the extrapolated relaxation
modulus E(t) represents a constitutive viscoelastic model. The empirical E(t) data can be compared to
several known constitutive relaxation moduli, testing different viscoelastic parameter sets combination for
each constitutive equation. Although this second approach does not impose any a priori constitutive
equation inside the analytical solution [Eq 12a-c], the identification of the constitutive equation from the
empirical E (t) data is not simple or straightforward. Furthermore, the time derivative of the indentation and
square indentation are pretty noisy, even applying a moving average filter of 5 points size, especially close
the Contact-Point (C-P). Thus, extrapolation of the empirical relaxation modulus E (t) and its level of accuracy
are hindered due to noise coming from the time derivative [90].

Thus, we decided to adopt the same strategy mentioned early and also used in [90]. An arbitrary constitutive
viscoelastic model is assigned, before applying the numerical evaluation [Eq 16-17] of the analytical Ting
solution [Eq 12a-c]. To test the robustness of the trial constitutive model the associated viscoelastic
parameters set are extrapolated for different experimental conditions. In particular, several indentation
cycles are acquired at different indentation time tin¢ on the same cell sample. The experimental protocol
adopted is the following. We fixed the total Scan-Displacement of the piezo and we gradually increased the
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Scan-Displacement speed, exploring approximatively one order and a half of magnitude of this parameter
(Scan-Displacement Speed 0.40+6.70 um/s]). We examined approximatively =20 cells and for each cell we
focused on the central region and we have taken several Deflection-Scan-Displacement (Def-D) curves for
each Scan-Displacement speed. We expect that the viscoelastic parameters resembling the constitutive
equation to be independent of the particular experimental condition used (in our case the Scan-Displacement
Speed or the total cycle indentation time ting). Thus, if the viscoelastic parameters extrapolated from the
different Scan-Displacement speeds are almost unchanged, then the chosen constitutive equation reassume
well the viscoelastic behavior of the sample. Instead, if the viscoelastic parameters are not preserved for the
different Scan-Displacement speeds tested, then the related constitutive equation does not describe well the
sample and must be rejected.

The cell line used for the test of the relaxation modulus choice was U87MG. This cell line represents a deeply
studied biological model for the glioblastoma-multiforme tumor. The cell sample was placed and cultured
into a petri-dish and then transferred for AFM characterization using a device to control the temperature,
which is maintained at +37°C. We acquired approximatively =3 indentation cycles for each Scan-Displacement
speed [0.40; 1.00; 2.00; 2.66; 4.00; 6.70] ps/s analyzing the central area of the cell for a total number of =20
cells. Then, we processed the raw Deflection-Scan-Displacement (Def-D) curves obtaining the related Force-
Indentation (Def-Ind) curves. Finally, the pre-processed curves were analyzed computing the numerical
solution [Eq 16-17] of the Ting resolving equations [Eq 12a-c], first setting the PLR and then the SLS as
constitutive viscoelastic model, for each Scan-Displacement speed condition.
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Figure 12: Viscoelastic model robustness comparison between PLR (a) and SLS (t) for US87MG cell
sample. a parameter (blue squares) is plotted in a linear scale, the T parameter (red squares) is
plotted on a logarithmic scale.

The obtained viscoelastic parameters set of the relative constitutive equations: [Eq,a] for the PLR and
[Eo,E~,T] for the SLS were split up for the different Scan-Displacement speeds and finally compared. In
particular, we compared the relaxation rate parameter of the proposed models: the power law exponent a
from the PLR and the decaying time 1 from the SLS. In Fig 12 power law exponent a and the decaying time t
as a function of the Scan-Displacement speed are reported. The Scan-Displacement speed is represented on
a linear scale, like the power law exponent a, while the time decaying parameter tis plotted on a logarithmic
scale. Observing Fig 12, the decaying time parameter 1 decreased dramatically over two orders of magnitude
from t=1s to 1=0.01s moving along the Scan-Displacement speed. Instead, the power law exponent a
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gradually increased from a=0.06 at the lowest speed to a=0.14 at the highest speed. Nevertheless, the power
law exponent is approximatively constant a=0.10 in the other four intermediated Scan-Displacement speed
conditions. The power law exponent a deviations observed at the Scan-Displacement speeds extrema could
be reasonably related to the limitation of the PLR model, where its single a parameter is not able to captures
the overall viscoelastic behavior for all the Scan-Displacement speeds. In fact, it has been demonstrated in
several rheological experimental studies on cells [136], [151]-[153], where the PLR model has been exploited,
that a single a parameter is not able to recapitulates the overall viscoelastic cell behavior along the entire
time or frequency domain range. Instead, two or three distinct regimes has been observed, thus a specific
power law exponent is required to describes each regime. Probably, the Scan-Displacement speed range
adopted in our analysis crosses a power law exponent transition between two different regimes. However,
from Fig 12 we can clearly assert that the PLR better reassumes the viscoelastic behavior of U87MG cells than
the SLS. This conclusion also confirms how several relaxation processes (PLR) affect the viscoelasticity of the
cell sample, rather the only a specific one (SLS). In the other viscoelastic characterization of cell samples
adopting the Ting model analytical solution, the PLR constitutive equation will be exploited.
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Chapter 3

Devices development



On-stage cell incubator for live cell imaging

In this section we will describe the step-by-step realization of a low-cost on-stage cell incubator Arduino-
based. The first version of the cell incubator device was placed on the original stage of the optical microscope
and was connected to the PC through a USB port and interfaced to a LabView control panel, this version
allows to acquire a single petri dish area per session. The home-made setup includes also an automated
autofocus algorithm exploitable for long-time live cell imaging sessions managed by a second Arduino, which
work separately from the cell incubator device and was interfaced to a Python script (also a Matlab interface
has been developed) for image contrast analysis.

After the first cell incubator design was published in Journal of Biological Education [1], we modified the
initial enclosure chassis in order to host not a single dish but a multi-six petri-dish. Simultaneously, we
designed an aluminum-based motorized stage that allows us to image several cell sample fields exposed to
different treatments and to increase the cell migration statistical analysis in a single session. The motorized
stage apparatus has been connected to the previously existing autofocus system, thus the final Arduino-setup
can control the overall 3D cell incubator position (X-Y planar pane of the cell incubator and the Z vertical
coordinate of the optical objective of the microscope). The stage-autofocus Arduino-setup has been
interfaced to the PC using a USB port. A dedicated LabView control panel has been developed to select the
cell sample regions of interest (X-Y coordinates) setting also the focus vertical position Z of each area. In Fig
1 is reported the LabView interface controlling the X-Y-Z displacements during regions assignment, the
software can define from 4 up to 8 different areas.

The LabView program constituted the starting point of the subsequent automatic image acquisition, in fact
is launched, exploited and finally closed before automatic image acquisition, representing a preliminary
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Figure 1: LabView controlling interface during cell sample regions assignment. The software automatically evaluates the
time needed to cover the overall region set during acquisition phase.

procedure. Then, the automated cell image region acquisition loop is managed by a Python script, which has
been designed to cyclically apply the autofocus algorithm on each pre-selected region. The LabView and
Python programs has been realized to study an arbitrary number of different cell region. Our work treats
from 4 up to 8 regions. The automated procedure for image acquisition has been written to maintain in focus
each region independently along the entire time session, thus the focus is adjusted recursively during image
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acquisition cycle. A third cell incubator design has been realized to host a PDMS-based stretcher substrate
and it will be described in the next chapter.

e Introduction

One of the most diffuse and fundamental devices in cell-biology labs is certainly the cell incubator. Essentially,
the task a cell incubator has to perform is to keep cells in the best conditions for their survival and
proliferation as long as possible. The main ingredients to fulfill this aim are a constant temperature of 37 °C,
stabilize the pH parameter, and relative humidity of about 90-95% to limit as much as possible water
evaporation. Usually, 5% carbon dioxide (CO2) concentration is maintained to stabilize the pH of many of the
cell culture media. Many other cell culture media namely “CO2 independent” have also been developed,
which assure pH stability for several hours without requiring C02 pressure. Nevertheless, these culture media
are less pH stable during time and are not suitable for long-time live cell imaging experiments. Instead they
are more exploited for example in AFM sessions where complete chassis enclosure is not feasible. Thus, we
will adopt the former cell culture media and a CO2 flux is driven into the cell incubator. At the same time,
considering that cells are strongly active systems, in the past the possibility of observing in real-time with a
microscope dynamic events occurring for example during cell duplication, cell migration or reactivity of cells
exposed to exogenous molecules has been pursued [2]-[4]. For this task two different solutions have been
considered: 1) the optical microscope has been almost completely included inside a system allowing to
control all the required conditions; 2) smaller incubators could be positioned on top of the microscope stage
have been developed. The first strategy is less feasible for several reasons like the optical microscope usury
when exposed to high relative humidity level, or the higher volume chassis required to enclosure the optical
apparatus. The second strategy is more portable and can be easily adapted to different microscopes
preventing high risks of optical microscope usury. On-top stage incubators are commercially available but
quite expensive for cell biology tutorial labs. In the recent years an activity called DIY (Do It Yourself) biology
[5] allowed many small labs, which have not access to large fundings, to equip themselves with small devices
to perform experiments in biology. The DIY biology movement allowed scientists, small organizations as well
as young students, to approach biology and life science exploiting methods and devices similar to those used
in traditional research institutions [5]—[7]. Cell incubators are among these devices. The DIY biology activity
has benefitted from the development of open-source microcontrollers, like the popular Arduino
microprocessor [8] homepage for Arduino creators covering hardware, software, applications and support;
https://www.arduino.cc.pdf], which are very cheap and can also be used to train students with the
programming and electronics procedures [9]. In addition, the Arduino board is an easily programmable
platform based on C++ language that requires a basic secondary school electronic knowledge. Alternatively,
the electronic basis can be possibly acquired during undergraduate formation. Recently, there have been
works aimed at developing low cost cell incubators for live-cell imaging [4]. These attempts could allow many
labs and also tutorial labs to equip themselves with a device for studying dynamical aspects of cells. Here we
present the development of an on-stage cell incubator based on the Arduino microprocessor, which can be
built for a total cost of about 260 euros. The incubator is easily mounted on the stage of any inverted
microscope and allows to maintain cells in optimal conditions (temperature, CO2 concentration and
humidity). The parameters are controlled by independent feedback systems that exploit the already
developed routines for Arduino. We observed the evolution in time of different mammalian cells (see cell
migration chapter for details) and we were also able to study in real time the effect of molecules delivered
to the cells. This set-up allows to investigate long-term effects of drugs on cells while keeping them in good
conditions taking advantage also of an autofocus system and automatic acquisition of images.
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e Cell incubator design

The first version of the chassis of the cell incubator was made using plastic PMMA (polymethylmetacrylate)
and Aluminum. The PMMA has been used for the base and the cover parts for several reasons. The base is in
direct contact to the metallic microscope stage, thus a plastic material prevents high heat dispersion and
lower temperature expansion contribution. The cover will host an ITO heating window driven by an
appropriate PID feedback to adjust the underlying cell sample temperature, thus a surrounding thermo-
electrical insulator surface is required as well.

(a) (b)

Tube for the Inlets for water

air/CO; mixture Hole to host the Water reservoirs reservoir refilling
petri dish

ITO covered glass Silver paint defined
Jelectrodes

Temperature and
humidity sensor  Inlet and outlet
to inject drugs .~

Holes for the
screws to block
the upper surface
and to seal the cell

Hole in the ITO

glass covered
Harmonic steel

3 by a glass incubator
clips to block the coverslip to
petri dish Electrical connections for increase optical To the Arduino feedback
the T and RH sensor and for transparency system to control
the current to TRFs temperature

Figure 2: (a) scheme of the main components of the cell incubator; (b) scheme of the cell incubator cover showing the ITO
covered

/
I
I
I
I
I
I
|

To the power supply To the power supply
of the external of the internal circuit
circuit (24V) (12v)

Figure 3: Electrical connection scheme of the TFRs used to heat the cell incubator and favor the
increase of the relative humidity inside the cell incubator. The dashed line represents the
boundary between the internal and the external TFRs.

The schematic representation of the case is reproduced in Fig 2.

To control the internal temperature, we used both Thick Film Resistors (TFRs) and an Indium Tin Oxide (ITO)
covered glass slide, as mentioned above.

In Fig 3 are reported the detailed electrical connections of the TFRs, as showed in the figure the internal and
the external TFRs series are power up by two independent power supplies, to better calibrate the cell
incubator temperature during initial heating phase. In particular, external TFRs are not necessarily required
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or needful but reduce noticeably the pre-heating phase time. When the cell incubator temperature reaches
approximatively =34-35°C the external TFRs power supply can be turned off and the ITO PID feedback is

Temperature and
relative humidity inside
the lower chamber (flux
humidification chamber)

\

Chamber for the
humidification of
the air/CO, flux

Dry chamber for the
measurement of the
CO, concentration

Display for the visualization of th.\e\

main parameters (temperature ) % Teneeratura(C)=37. 20
and relative humidity are >0 A e

measured inside the incubator)

Figure 4: Picture of the set-up external to the on-stage cell incubator. It shows the chambers used to mix air and CO2
and to humidify the mixture before sending it to the incubator and the display used to visualize the parameters inside
the incubator.

switched on. In fact, turning on the ITO window PID control when the chassis temperature is still far from the
physiological condition will introduce a high rebound in temperature curve profile when the setpoint (37°C)
is finally reached. The internal TFR are always powered up to assist the ITO window and prevent cell sample
medium evaporation. In fact, the internal humidity is maintained by two water reservoirs that are heated by
TFRs. The CO2 concentration is measured by a 10,000 ppm MH-Z16 NDIR CO2 sensor with 12C/UART 5V/3.3V
Interface for Arduino from Sandbox Electronics. The internal humidity and temperature are measured by an
Arduino sensor (DHT22 — AM2302, Aosong Electronics Co., Ltd) placed just aside from the petri-dish but still
below the ITO window to reproduce accurately the cell sample condition. The whole system is controlled by
the Arduino Uno microprocessor. The Arduino microprocessor is interfaced with the LabView software to
allow the real-time monitoring and storing of the cell-incubator parameters. In particular, the cell incubator
parameters are stored in a .txt file recording also the related time and date values in order to recover the
actual cell sample conditions of each image frame once the session is concluded. The values of temperature,
CO2 concentration and humidity are also visualized on an LCD Arduino display with four lines and are updated
approximatively every 2 seconds. CO2 gas is taken from a pressure bottle typically used for controlling the
CO2 presence inside aquariums (ASKOLL CO2 PRO GREEN SYSTEM). The CO2 source is connected to a reducer,
which coarsely pre-regulates the gas flux. The humidified air/CO2 mixture is delivered inside the incubator
using a 12V pump (AIRPO 12VDC). To control the amount of CO2 inside the cell incubator a solenoid valve
(PARKER) is used and its open/close state is controlled by Arduino. A similar pump is used to mix the
atmospheric air with CO2. In Fig 4 the external cell incubator set-up is reported: it includes the Arduino Uno
board and circuit, the dry-chamber, the humidified pre-chamber and the LCD display.
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The different parts of the chassis have been designed by a freeware program, which is able to produce a G-
Code (Geometric Code) and the cuts have been obtained using a numerical control milling machine (Proxxon
MF70). Anyway, any normal mechanical workshop could produce the chassis in about 5-6 hours working-
time. The upper and lower surfaces of the case have been made of plastic PMMA, as mentioned above,
whereas the lateral wall is made of aluminum to allow heat conduction. In the bottom surface a circular hole
(30 mm diameter) has been milled in order to host petri dishes of different diameters. Additionally, a couple
of harmonic steel clamps have been installed close to the circular hole in order to fix the petri position. Inside
the chamber two water reservoirs have been constructed with a total volume of 40 ml. TFRs have been glued
to the walls of both reservoirs in order to allow water heating. At the same time, along the external walls of
the aluminum lateral barrier other 3 TFRs have been glued and 2 of them are located in a position
corresponding to the internal water reservoirs. All the connections to the TFRs are reported in Fig 2. To obtain
a good optical transparency for acquiring phase contrast images of the cells, part of the upper surface was
made with an ITO coated glass. The ITO window must also prevent water condensation along the optical
pathway, the glass has been then modified introducing two linear electrodes using silver paint (See Fig 5
right). In Fig 5 left the cell incubator chassis assembling is reported.

Figure 5: Picture of the assembling of the incubator chamber and of the ITO glass: (1) connections for the injection of drugs and
perfusion of different media in the petri dish; (2) electrical connections for the TFRs external to the chamber; (3) TFR; (4) ITO
glass before cutting the hole for the glass coverslip (see (7)); (5) electrical connections for the current to the ITO glass; (6)
connections to the internal region of the chamber: T and RH sensor, internal TFRs circuit; (7) circular glass coverslip to increase
the optical transparency; (8) silver paint electrodes on the ITO glass.

The electrodes are then connected to the Arduino feedback system to control the current going through the
ITO glass. The aim of the ITO glass is that of providing heat to warm the cell incubator but at the same time
to keep the upper surface at a higher temperature with respect to the internal chamber. Essentially, the
current regulation through the ITO window slightly heats the underlying cell sample but does not constitute
the main heating source that is managed instead by TFRs. The ITO glass functionality avoids water vapor
condensation on the upper surface, which could hamper optical transparency. To further increase optical
transparency, we cut the ITO glass in the region just above the petri dish producing a circular hole. The hole
was then closed using a glass coverslip glued by a conductive glue to the ITO glass. In practice, the TFRs are
powered by a constant power supply assuring a temperature just below 37 °C. The ITO glass is connected to
a variable power supply controlled by an Arduino feedback system using a PWM signal (Pulse-Width-
Modulation) to adjust the temperature exactly to 37 °C. Fig 4-5 and Fig 6 show pictures of the on-stage
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incubator we constructed and of how the incubator is positioned on the stage of an inverted optical
microscope.

In the upper surface of the chassis we made several holes for inlet and outlet tubes to inject reagents inside
the culture medium and to perform exchange of the medium by using a syringe pump. We also inserted two
inlets to perform a refilling of the water reservoirs for very long imaging sessions. To automate the image
acquisition system, we implemented an autofocus process and the possibility of switching on and off the light
of the microscope by Arduino. In fact, the light exposition results cytotoxic for the cell sample and must be
reduces as much as possible, so it is only exploited during the image acquisition phase. The automatic
autofocus is managed by another Arduino, which works independently from the cell incubator control
system. The autofocus is based on a stepper motor connected to the focus knob and controlled by Python
via Arduino and a motor shield. The same Arduino controls also the switching on an off of the microscope
light by exploiting a relay and a 5V TTL signal. The details of the automation process and related algorithm
are reported below. Before each imaging session the cell incubator was kept for at least 15 min under UV
irradiation to sterilize the internal components of the device.

Figure 6: Cell-incubator mounted on the optical microscope stage. Two plexiglass bars (1) are
used to rigidly couple the cell-incubator chassis (3) to the microscope stage. The microscope
condenser (2) is positioned very near to the incubator. All the system is inside a box to protect
cells from light exposure.

e PID feedback and electronic development

In this section we will illustrate the PID (Proportional-Integral-Derivative) feedback system adopted for CO2
and temperature control, respectively. Then, we will show the PID controller parameters tuning for the CO2
and temperature management.

Briefly, the PID represents one of the fundamental (negative)-feedback control algorithms at infinite-loop.
The PID controller manages a physical parameter measuring continuously the error signal e(t), a time t
dependent function defined as the difference between the required setpoint value and the current
measurement [Eq 1]:

144



e(t) =r() —y(®) [1]

Where y(t) is the physical parameter measurement and r(t) is the required setpoint. The PID controller is
connected to the sensor, which measures the physical parameter and to the actuator that influences the
physical parameter value. The error signal e(t) constitutes the input signal of the PID controller, then the
output signal u(t) [Eq 2] (a function depending of the error signal) is evaluated and exploited in order to the
actuator action.

t
d
u(t) = Kye(t) + K; f e(t)dt' + K, Ee(t) [2]
0
The output signal u(t) is composed of three different terms: The proportional term: er(t), the integral
term: K; fot e(t")dt’, and the derivative term: % e(t). These factors are in fact proportional to the error signal:
e(t), its time integral: fote(t’)dt’, and its time derivate: %e(t), respectively. [Eq 2] is a linear combination
of these factors where: Kp, K;, and K, are the constant parameters (the PID controller parameters). The PID
parameters must be finely tuned to obtain the fastest, precise, and accurate physical parameter response in
order to reach the required setpoint. In Fig 7 the PID controller scheme, the input signal, e(t) is reported,

and the subsequent output signal u(t) evaluated using [Eq 2] is highlighted. The plant/process block
represents the actuator element, which is driven by the PID output signal.

The PID scheme shows the basic principle of the negative-feedback controller. In particular, current output
= P h'.r'[ff,l

r(t) Plant/ |0
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- +T
- D Kd%ﬂ

Figure 7: Representative PID controller scheme.
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modification will alter actuator action and future physical parameter measurements, but new physical
parameter measurements will introduce a new error (input) signal e(t) and the output signal u(t) will be
subsequently re-computed and so on. Thus, changes in the output signal u(t) evaluated from an initial error
(input) signal e(t) will provide a cascade effects that finally modify again the input signal. For this reason,
this kind of controller is called negative-feedback controller since it is based on a loop mechanism depending
on the subtraction between the setpoint and the current measurement [Eq 1]. Thus, in a PID controller the
input e(t) and the output u(t) signals are reciprocally influenced and the controller is also called “closed-
loop system”. The crucial feature of a PID controller is its stability, whenever a new setpoint is assigned, the
physical parameter reaches the setpoint with certain fluctuations. If the physical parameter measurement
fluctuates systematically around the setpoint but fluctuation amplitudes increase during time then the
system is unstable. If the physical parameter fluctuation amplitudes around the setpoint are stationary, then
the system is partially stable. Finally, when the physical parameter stabilizes around the setpoint, and the
fluctuation amplitudes reduce during time then the system is stable. During PID controller calibration the
proportional, integral, and derivative parameters [Kp;Kl-; Kd] are finely tuned in order to prevent physical
parameter over-oscillations, the ideal physical parameter response is the critical-damping profile.

Here we briefly summarize the role of the proportional, the integral, and derivative factor respectively.
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The proportional contribution is based on the pure error signal: e(t). Consequently, an active (not null)
actuator response is provided only if the error (input) is not zero. Clearly a pure proportional controller (P)
cannot reach the required setpoint since a net discrepancy between the setpoint and the measurement [Eq
1] is needed in order to apply a net contribution to the actuator state. This setpoint-measurement
discrepancy becomes smaller during time reaching a stable and not zero value, even increasing the
proportional coefficient K. Gradually increasing the proportional parameter, the asymptotic measurement
approaches the setpoint and the speed response of the controller is also increased. Nevertheless, the initial
fluctuation amplitudes and frequency of the physical parameter around the setpoint become higher and
slowly reduce during time. Consequently, the controller is less stable for too high proportional parameter
value. In Fig 8 the physical parameter response in a P controller for different proportional coefficient values
is reported.

y(t) k=5 int
N K=z _ setpoin
W

T T T
0 5 10 15 20 t(s)
Figure 8: Physical parameter response y(t) obtained by pure P controller for several K, proportional parameter values.

The integral factor essentially mediates the previous physical parameter measurements during time, starting
from the controller initialization. Thus, the integral factor is proportional to the time-averaged of the physical
parameter measurement. Now the output signal of the PI controller depends on the current measurement
(like the pure P controller), but also on the previous measurements of the physical parameter. In Fig 9 is
reported the physical parameter response produced by a Pl controller.
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Figure 9: Physical parameter response y(t) obtained by a Pl controller for several Ki integral parameter values at fixed K,=1. The time

K
constant T; has been defined as follows: T; = p/K,
L

The response of the physical parameter in a Pl controller becomes faster and more accurate than the pure P
controller. In particular, the asymptotic setpoint-measurement discrepancy is removed. Even the controller
stability is increased with respect to the P case. The Pl controller introduced also an undesired effect called
“Wind-up” (see Fig 10). When the current measurements remain systematically higher or lower than the
setpoint for a certain amount of time the output signal can overcome the operating range of the actuator
and the hypothetical response provided by the Pl and the actual response applied on the actuator are
different.
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Figure 10: Wind-Up effect representation when the setpoint (black curve)
vary as a step profile. A clear discrepancy between the actual output (red
curve) which govern the actuator and the PID output (blue curve) signal is
observed.

A possible solution of the Wind-Up effect is to remove temporary the integral contribution until the output
signal return within the actuator operating range.

The last factor is the derivative term. This contribution measures the rate of change of the error signal and
can provide a forecast of the future error values, for this reason the derivative term represents an
“anticipatory role”. As observed in Fig 9 in the Pl controller the fluctuating transient in the response of the
physical parameter is still present, using a PID the derivative term can dump these fluctuations delaying the
setpoint achievement. In Fig 11 is reported the physical parameter response in PID controller for several
derivative coefficient values keeping constant the K;, and K; parameters, gradually increasing the derivative
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term up to T4=1.5. The transient fluctuations are dumped and a theoretical “critical-dumping” profile is
achieved.

;=01 .
0 T T T T
0 5 10 15 20 t(s)

Figure 11: Physical parameter response y(t) obtained by a PID controller for several Kd derivative parameter values at fixed Kp and
Ki values. The time constant Td has been defined as follows: Ty = Kd/K
p

The derivative factor has two possible undesired effects. Firstly, if the physical parameter measurement has
a white noise contribution with amplitude A and frequency F, this periodic noise is magnified by a factor F
when the temporal derivative is evaluated, and is finally transferred in the output signal with a net amplitude:
K4 AF. This white noise amplification in the output signal and its subsequently transfer in the physical
parameter measurement is highlighted in Fig 11 for T¢>1.5. Secondly, each time the setpoint is modified the
temporal derivative of the error undergoes a fast change in the next output evaluation. This effect is called
“Derivative Kick” and can produce large and undesired actions in the actuator, which could damage the
actuator itself. This effect can be avoided evaluating only the derivative of the measurement ignoring the
setpoint contribution. In Fig 12 an example the Derivative Kick effect is reported.
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Figure 12: Derivative Kick effect representation when the setpoint
(black curve) vary as a step profile. The derivative of error (yellow
curve) and subsequently the output signal (blue curve) undergo fast
variations assimilable to spikes profiles.
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After this brief PID theory introduction we will calibrate the PID set parameter [K ; Ko Kd] for the CO2 and
temperature control, respectively.

The PID algorithm contained in the Arduino libraries already includes the Wind-Up and the Derivative Kick
effects compensation. The PID function and its parameter set [Kp;Ki; Kd] must be defined in the script
initialization, since we have two physical parameters to control, two PID functions must be initialized. We
first consider the CO2 concentration, we will must focus on the CO2 sensor and actuator mechanism of
action, then we will calibrate the PID parameters [Kp; K;; Kd].

To measure the CO2 concentration, we used a NDIR (Non Dispersive InfraRed) sensor that measures the
concentration of CO2 by recording the received IR light intensity through a defined pathway in the same
environment. NDIR sensors detect the molar density of the gas from the number of CO2 molecules in the
path of the beam, but the output is typically provided as volume percent. The amount of radiation that is
absorbed by CO2 is proportional to the concentration of CO2 in the environment in terms of ppm. However,
if the pressure, the temperature, or the amount of water humidity change, considering that the light-pathway
is constant and that the molar density and percentage with respect to other gases could be affected in a
different way, also the CO2 concentration detected by the sensor will change. In fact, an increase of the
pressure will increase the density of CO2 molecules in the light-pathway whereas, in case of constant
pressure, the increase of the water vapor pressure will remove part of the CO2 molecules in the pathway
(dilution effect). Obviously, the number of water molecules in the pathway will not affect the signal recorded
by the NDIR sensor for CO2. In our system we cannot use the CO2 sensor inside the cell incubator chamber
because the high humidity produces a large condensation on the windows of the IR emitter and detector
affecting the detected signal. To avoid this problem, we detect the CO2 concentration in a dry environment
before sending the air/CO2 mixture inside the cell incubator. If we keep CO2 concentration in the dry
environment to 5%, once inside the incubator CO2 will be ‘diluted’ by the presence of the water vapor
molecules obtaining a lower concentration. Considering published conversion tables (see table 1) and the
dewpoint inside the incubator (about 36 °C resulting from a temperature of 37 °C and 98% relative humidity),
which can be calculated according to the August-Roche-Magnus approximation [10] [Eq 3 4a-b], and the
dewpoint of the CO2 measurement chamber (about 9 °C resulting from a temperature of 25 °C and 40% RH)
the correction factor is about 0.939. It results that for the CO2 setpoint in the dry environment we have to
use a value of 5.3% which should correspond to 5% inside the cell incubator.

Td (°C) -40 -30 -20 -10 (0] 10 20 30 40 50 60
-60 0.9999 1 0.9996 | 0.999 | 0.997 | 0.994 | 0988 | 0.977 | 0958 | 0.927 | 0.878 | 0.803
-50 0.9999 ] 0.9997 | 0.999 | 0.997 | 0.994 | 0.988 | 0.977 | 0.958 | 0.927 | 0.878 | 0.803
-40 1.0000 | 09998 | 0.999 | 0998 | 0.994 | 0988 | 0.977 | 0958 | 0.927 | 0.878 | 0.803
-30 1.0000 | 0.999 | 0.998 | 0.994 | 0988 | 0.977 | 0958 | 0.928 | 0.879 | 0.804
-20 1.000 | 0.998 | 0.995 | 0.989 | 0.978 | 0.959 | 0.928 | 0.879 | 0.804
-10 1.000 | 0.997 | 0.990 | 0.979 | 0.961 | 0.930 | 0.881 | 0.806

(0] 1.000 | 0.994 | 0.983 | 0.964 | 0.933 | 0.884 | 0.809
10 1.000 | 0.989 | 0.970 | 0.939 | 0.890 | 0.815
20 1.000 | 0.981 | 0.950 | 0.901 | 0.826
30 1.000 | 0.969 | 0.920 | 0.845
40 1.000 | 0.951 | 0.876
50 1.000 | 0.925

Table 1: CO, concentration correction factor.
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where a = 17.625 and b = 243.04, the temperatures T and T,,, are expressed in °C and RH the relative
humidity in %. To obtain the environmental condition T and RH we can use the following set of equations

[Eq 4a-b]:
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The CO2 is taken from a pressure bottle typically used to maintain the presence of CO2 inside aquariums.
The bottle is connected to the measurement chamber by a tube passing through a solenoid valve
(continuous regulation). The flux through the valve is controlled by a bias voltage provided by Arduino and

controlled by a feedback scheme.

The air/CO2 mixture is then humidified passing through a chamber containing a large water reservoir and a
rectangular piece of ITO glass glued to the wall of the reservoir and endowed with two electrodes produced
by two lines of silver paint. The electrodes are connected to a power supply and the water is then heated
and the humidity and temperature inside the chamber are measured (37 °C, 100% RH). The humidified
mixture is then delivered to the incubator chamber by a vacuum pump and tubing provided with a valve
manually controlled in order to obtain an equilibrium condition for all the parameters of interest. The circuit
for the preparation of the air/CO2 mixture to inject inside the cell incubator is shown in Figure 13.

Air pump

‘!
\
¥ €O, concentration

sensor
\

Solenoid valve

controlled by Arduino
-

To Arduino—

B

Water reservoir to humidify

CO, pressure the air/CO, mixture

bottle

==

Manual
valve

To the cell incubator

Figure 13: Scheme of the gas flux circuit used to inject the air/CO 2 mixture inside the cell incubator. The CO 2 concentration
is measured outside the incubator in a dry environment at 25 °C. The setpoint is in this case set to 5.3% according to the

dilution effect due to the water vapor.
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The PID parameters calibration [K ; Kis Kd] has been performed substituting the cell incubator chassis to an
identical empty case and inserting inside a second CO2 sensor. This additional test verify that the CO2 amount
measured in the pre-chamber is correctly transferred inside the incubator. We observed that the CO2 sensor
measurement provides not negligible inertia and we decided to calibrate the PID controller focusing mainly
on the derivative and proportional contributions.

Here we will focus on the PID parameters calibration for the temperature control. The temperature is
acquired by a DHT22 sensor, which is placed below the ITO window, the current flux passing through the ITO
is controlled by a transistor (IRF-740). The transistor is driven by a PWM Arduino output signal, which spans
between [0;255] range. The PWM state is defined using the output signal evaluated by the PID controller
using Eq 1-2 where y(t) is the current temperature measurement. Since the ITO glass is only able to heat but
cannot cool down the underlying cell sample, when the current measurement overcomes the setpoint the
current flux is interrupted using a relay. During the PID calibration procedure we focused on the derivative
contribution required for a high level of inertia of the system, but also including a not null integral parameter.

The DHT22 sensor can also measure the relative humidity percentage. This physical parameter must be as
high as possible to prevent cell medium evaporation (>90-95%) and is not directly managed by a PID
controller.

Wiring Diagram
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Figure 14: Detailed scheme of the DHT22-ArduinoUno circuit interface.

The whole system is controlled by the Arduino Uno microprocessor (the detailed circuit interface between
DHT22 sensor and the Arduino Uno board is reported in Fig 14). Temperature, relative humidity and CO2
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concentration are visualized on a LCD Display controlled by Arduino with a refresh time period of 2 seconds.
To test the physiological cell incubator parameters (CO2 percentage, Temperature, and relative Humidity)
and its stability during time, we plotted these parameters as a function of time (especially the Temperature).
in Fig 15a is reported the temperature parameter profiles during 6-7 hours of live imaging session. During
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the experiment, the cell incubator has been temporary opened to insert exogenous drug in the cell sample
and immediately after has been closed again. In Fig 15b-d we can observe the time needed to recover the
physiological state after cell incubator closure.

e Autofocus algorithm

To automate the image acquisition system we implemented an autofocus process and the possibility of
switching on and off the light of the microscope by Arduino. The autofocus is based on a stepper motor
connected to the focus knob and controlled by Python via Arduino Uno and a motor shield. When the
motorized stage has been developed (see next section), we removed the Arduino Uno and the motor shield
replacing them with an Arduino Mega 2560 and several stepper motor drivers. A vertical stack (Z-axis) of
images is acquired with an adjustable step size. The contrast of each image is then calculated with a specific
algorithm and the image with the highest contrast is selected and stored [11]. The contrast image function C
is evaluated summing up the pixel intensity p[i, j] difference (in absolute value) between adjacent pixels, the
pixels intensity difference evaluated along the diagonal direction is weighted by a factor: 1/v/2 [Eq 5] (See
also Fig 16). The focus knob is moved to the position corresponding to the highest contrast. This position will
be the central position around which the focus of the next image will be looked for. The same Arduino
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controls also the switching on an off of the microscope light by exploiting a relay and a 5V TTL signal. The
details of the automation process are reported in Fig 17 flowcharts.
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Figure 16: Image contrast evaluation scheme.
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Figure 17: Autofocus algorithm flowcharts: Python script flowchart (left) and Arduino Uno flowchard (right).

In the following improvements (see next section and next chapter [12]) we applied also this automated
autofocus algorithm (Eq 5) but we observed some deviations between the actual focal plane and the plane
chosen by the algorithm. Essentially, when a PDMS-based substrate is used the substrate imperfections like
micrometer-sized encapsulated bubbles falsify the autofocus research method. Thus, the autofocus
algorithm based on Eq 5 try to follow the bubbles or other small artifacts present in the surface or inside the
substrate. To overcome this issue, we defined as best on-focus plane that one which has the highest contrast
variation, evaluated between adjacent planes. This correction is based on the fact that cells are typically
larger than the artifacts pattern inside the PDMS substrate, consequently the contrast will vary more when
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the objective lens is reaching the cells plane. Usually, the details coming from the inner part of the PDMS
substrate are really small compared to the typical cell feature size, so, in the analysis of the contrast variation
in the stack of images, the frames where the cells are in focus will have the major contrast variation
contribution between consecutives slices. Instead, frames where the PDMS substrate inner details are in
focus will present minor variation contributions, and will be discarded. We found that the method based on
the maximum contrast can be easily used for images acquired in the Differential Interference Contrast mode
or for phase contrast images in the case of an elevated density of cells on the surface. In the case of phase
contrast images with mainly isolated cells, the method based on the contrast gradient provided more stable
results.

e Cell lines tested

The cells used for the tests were from the U87MG cell line. This line represents a model for Glioblastoma
Multiforme. Glial tumors are clinically classified in 4 groups according to their malignancy level. Glial tumors
belonging to the IV group are called Glioblastoma Multiforme (GBM) and they are among the most aggressive
brain tumors. We used this cell line because U87MG cells are endowed with a high motility and their
movement is largely evident even for small incubation periods. U87MG cells (ATCC) were maintained in
EMEM growth medium supplemented with 10% fetal bovine serum, 100 g/mL streptomycin, 100 U/mL
penicillin and 1% non-essential amino acids (Euroclone Spa, Milan, Italy) under a humidified incubator at 37
°C and 5% CO2. Sub confluent cells were then detached using trypsin-EDTA solution (Sigma, Italy) in calcium-
free phosphate buffered saline (PBS) and counted in hemocytometers. For the experiments the cells were
seeded (30x10*/cm?) in 9.6 cm? dishes, and culture medium was changed every 48 hr. The cells were treated
using 1G compound in order to test its antimitotic and cytostatic effects (see dedicated chapter). The cells
were also exposed to blebbistatin (Sigma-Aldrich, Italy), initially dissolved in dimethyl sulfoxide (DMSO), at
25 uM concentration. The final concentration of DMSO in the culture medium was < 0.1%. Blebbistatin is a
well-established inhibitor of myosin Il activity. It is known that blebbistatin leaves myosin Il in a configuration
in which its head is not able to bind to actin in order to exert its contractile activity.

We tested the cell-incubator using the U87MG cell line. The cells were initially plated in a petri dish inside a
conventional incubator and allowed to grow for one day. The petri dish was then transferred inside the on-
stage incubator for live imaging. Before the transfer, the on-stage incubator was stabilized at 37 °C, 90-95%
RH and 5% CO2. The stabilization step requires about 20-30 minutes. The developed apparatus allows to
monitor in real-time and to store all the parameters of the incubator exploiting a custom-developed LabView
software. Fig 15a shows the registration of temperature values during an imaging session of about 6-7 h. The
temperature maintains a value of 37.0 £ 0.3 °C. The oscillation is due to the fact that the control system
allows just to heat the system and not to cool it. Accordingly, once the temperature reaches a value lower
than 36.8 °C (the setpoint value) the Arduino PID system provides the current to the ITO glass to increase the
temperature and the value bounces above 37 °C by 0.3 °C. In this way temperature oscillations are centered
around 37 °C. The same happens for the CO2 concentration value. We then evaluated the change in the
parameters and the re-equilibration time when the incubator cover is opened and then closed again. This
could be the case when the medium has to be changed or drugs have to be added without a perfusion
process. Figure [Fig 15b-d] shows the trend of the different parameters when the cover remains open for 30
seconds. The value of the CO2 concentration is practically unaffected. The reason is that CO2 concentration
is measured far from the cell chamber, in a dry environment and the concentration of CO2 in the flux that is
delivered to the chamber is controlled. Temperature, during the brief opening of the chamber, decreases to
about 36 °C and in about 2 minutes the system is again at equilibrium. The most affected parameter when
the cover is opened is the relative humidity. However, even in this case, in about 2 minutes the system
recovered the correct value for the relative humidity. We initially investigated the spreading phase of cells
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Figures 18 panel: U87MG cell seeding and spreading on plastic substrate over 6.5 hours. Several isolated cells have been manually
tracked and the extrapolated paths are highlighted. The imaged area is ~1330x1330 um?

just seeded inside the petri dish already mounted inside the on-stage incubator. The images (Figs 18 panel)
show that after approximatively two hours of incubation most of the cells spread on the substrate and after
4 hours well defined long processes can be observed.

Figs 18 panel highlights also several paths of manually tracked cells (12 cells) during an imaging period of
about 6.5 hours. U87MG cells are moving on the substrate following the typical saltatory migration behavior.
Figs 19 panel reports a sequence of images of a tracked cell in which the typical steps of the migration process
are clearly evident [13]. Initially, there is a dilation of the leading process. Then, the centrosome and the Golgi
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Figures 19 panel: Single cell migration path obtained from manual tracking analysis.

apparatus are transferred to the dilated leading process. Exploiting the contractile activity of the
actin/myosin Il system the nucleus is then forced to move to the dilated region. The rear part of the cell is
then retracted and the cell completely moves to the forward direction.

We then investigated the effect of a drug on the cell behavior in real time. We have chosen to study the
effect of blebbistatin on U87MG cells. The effect of blebbistatin on different cell lines has already been
investigated [14], [15]. In the case of neurons, it has been found that blebbistatin induces an increase of the
length of minor processes. In general, by acting on the myosin contractile motor, blebbistatin affects the
stress fibers and the cells adopt a shrinking tendency. Figs 20 panel shows what we obtained in the case of
U87MG cells. We exposed the cells to a 20 uM blebbistatin concentration for approximatively 8 hours.
Blebbistatin is solubilized in DMSO and we verified that the cells are not affected by the DMSO amount that
we insert in the culture medium together with blebbistatin (about 3.5 pL in a total of 2500 pL). Cells, after a
few minutes of exposition to blebbistatin, start to retract their soma to a less spread conformation (see Figs
20 panel) and they adopt a largely dendritic conformation. The processes start to increase their length after
a few minutes of incubation.
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Figures 20 panel: U87MG cells exposed to blebbistatin 20 uM for approximatively 8 hours. The imaged area
is approximatively 442x614 um?

e Further improvements

The on-stage cell incubator development and its cell migration results described above refer to the first
project, when the cell incubator is placed on the microscope stage. This configuration allows to acquire a
single cell sample region per imaging session, limiting the statistical analysis and exogenous drug effect
comparison. Here we will report additional modification we exploited to overcome these limitations. Firstly,
we developed a custom-built motorized stage, which substitutes the original manual microscope stage, then
we redesigned the cell incubator chassis in order to host a multi-six petri dish. Finally, we modified the
autofocus algorithm in order to combine an epifluorescence imaging to the previous existing phase contrast
technique.

e Motorized stage

Experiments where the analysis of cell morphology or migration trajectories have to be evaluated, require a
large number of individual cells to be measured. In order to obtain large statistics from a single experiment,
we implemented a motorized stage allowing to acquire 4 or 8 images during each time interval or stop in the
cyclic stretching protocol. The motorized stage has been assembled using aluminum and PMMA plates, the
different parts have been designed and cut using the same numerical control milling machine previously
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mentioned. The motorized stage is able to move in the two in-plane directions (X,Y) independently. The X
and Y displacements are provided by a couple of Nema 23 stepper motors (using the appropriate drivers
DM542) driven by the same Arduino microcontroller used also for the autofocus system. This Arduino
manage also additional features (the stretcher device described in the next section [12], and the
epifluorescence imaging described below), since an higher number of input and output pins are required for
these additional features the original Arduino Uno has been replaced by an Arduino Mega 2560. The stepper-
motors does not include the encoder circuit used for counting the effective steps of the motors. Nevertheless,
with the appropriate driver (DM542), the torque provided by the motors is in large excess compared to the
torque required to move the stage. Moreover, in-plane movements are executed considering the backlash
corrections by the software. Before starting the time-lapse imaging acquisition, the different areas of interest
are selected and stored in the software (every step in each of the two perpendicular directions plus the
vertical adjustments of the focus are counted and stored). They include the in-plane coordinates(X,Y) and the
Z position for the best in-focus image. After all the required information for the process are stored, the
experiment starts, in a fully automated way, for the total amount of established hours. The autofocus
algorithm elaborates the best on-focus plane position for each selected region independently, the procedure
is repeated at each image acquisition regions cycle. In Fig 21 the cell incubator mounted on motorized stage
is reported (a) front and (b) side view, respectively.

e Cell incubator chassis for multi-six petri dish

Figure 21: Cell incubator and the motorized stage combined set-up. (a) Front view of the stretcher device included in
the cell incubator. (b) Side view of the cell incubator including inside the multi-six petri-dish.

In order to test several exogenous compounds simultaneously on a single live cell imaging session the original
cell incubator chassis has been redesigned to host a multi-six petri dish plate. Since the cell incubator is placed
on top of the motorized stage whose plate is made of PMMA we decided to use an aluminum plate for the
bottom chassis surface. Thus, the heat is uniformly dispersed inside the cell incubator and the underlying
PMMA plate of the motorized stage prevent heating flux toward the surrounding environment. In the bottom
surface a rectangular hole has been made using the milling machine, which will host the multi-six plastic
plate. Two water reservoirs have been placed symmetrically from the central rectangular hole and a couple
of TFRs have been glued to the reservoirs walls. The cell incubator cover has been also modified, a rectangular
hole in the PMMA surface has been cut in order to contain a larger ITO glass. The ITO glass has been
redesigned with a rectangular shape equal to the multi-six plate and has been finally placed on top of the
multi-six plate and glued on the cell incubator cover. In Fig 22c-d the new on-stage cell incubator design is
reported. In Fig 22a-b the cell incubator device hosting a multi-six petri-dish and a couple of petri dishes is
respectively showed. As reported in the figure the petri dishes placed on the top-left and the bottom-left
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corners are used to acquire the physical parameters reference. In fact, the DHT22 sensor is put inside the
former dish, while the latter dish can accommodate a thermocouple as additional temperature reference
directly in liquid. The other 4 petri dishes are used for cell migration assay and can contain different
combinations of exogenous compounds. For example, two different drugs can be studied simultaneously
using the following scheme: the 4 dishes contain respectively the control, the 1% drug, the 2" drug, and the
15442 drugs.

Tube for the
air/CO, mixture

Electrical connections for
the T and RH sensor and
for the internal TFRs

d
IRF-740 .-~ ="
driven by" sil ind
Arduino Ung fiver pain
PID \‘\ \

Figure 22: New cell incubator scheme and assembling. (a) cell incubator hosting a multi-six petri-dish. (b) cell incubator hosting a
couple of petri dishes. (c-d) Top view of cell incubator scheme.

e Combined phase-contrast and epifluorescence
microcopy

Since we are using an inverted optical microscope we could exploit also the epifluorescence microscopy
technique. Thus, we modified the previous hardware and software setup that already includes the motorized
stage and the autofocus system to accommodate also the epifluorescence imaging.

The epifluorescence acquisition is performed opening the shutter and taking several images and finally
closing again the shutter. Normally, the shutter is manually managed and the integration time should be
manually modified by the operator as well. The automated epifluorescence imaging acquisition has been
performed introducing the following modifications. The shutter has been jointed to a gear that is in
mechanical contact to a second gear driven by a stepper motor axis, the stepper motor is able to open and
close the shutter and is connected (using the appropriate driver: TB6600) to the Arduino Mega 2560 setup.
The issues regarding the different integration times between phase-contrast and epifluorescence microscopy
has been resolved modifying the autofocus algorithm. Usually the integration time required for phase-
contrast-based techniques is approximatively =30ms, while the time required for epifluorescence microscopy
is at least ten times longer. During the image acquisition cycle, immediately after that the phase-contrast
frame in a given region has been acquired, the shutter is opened and several fluorescence images are
acquired using the same vertical plane of reference, whereupon the shutter is closed again. Then, the pixel
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intensity arising from the images stack are summed and the resulting image is stored, the images stack is
finally removed.

We tested the epifluorescence setup using a co-culture experiment where we superimposing a standard
U87MG cell line, and a U87MG genetically modified to spontaneously emit fluorescence signal (luciferase
reported). We followed the free migration of the co-culture sample for several hours and finally we
overlapped the phase-contrast to the epifluorescence sequences obtained. In Fig 23 a single cell migration
snap-shot where the phase-contrast and the epifluorescence images have been overlapped is rereported.

Figure 23: Snapshot obtained from live imaging assays from U87MG
(scale gray signal) and U87MG luciferase (green signal) co-culture.

From phase-contrast and fluorescence image superposition we can clearly distinguish which cells belong to
the standard U87MG cell line, and which belong to the luciferase-treated line. Furthermore, the cell
migration assay confirms that the cell fluorescence signal is stable during time.
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Periodic stretching device suitable for living cell

assay
e Introduction

It has been largely demonstrated that living cells are affected by mechanical stimuli in a similar way to
chemical ones [16]—[19]. Processes that can be modulated by mechanical cues include differentiation,
migration and adhesion and living cells in their physiological environments are continuously exposed to
stretching or compressing deformations. These situations include both the case of uniaxial stretching, such
as for cells of the skeletal-muscle tissues or cells in the walls of vessels exposed to a periodic stretching given
by the blood pressure oscillations, and of isotropic stretching, as in the case of hollow structures such as the
heart or lungs. Stretching a cell could affect in different ways its behaviour. For example, stretch-activated
ion channels such as piezo-channels [20] could be induced to activate, leading to a change of the flux across
the membrane of Ca?*ions generating in this way a cascade of biochemical processes. At the same time,
every deformation of the substrate on which cells are growing acts on the focal adhesion complexes,
transmitting the mechanical signal to the cytoskeleton inside the cell [21], [22]. Given the mainly dynamic
nature of the cell cytoskeleton, a stretching acting on the sticking points of the cells to the substrate, could
interfere with the polymerization and depolymerisation processes of its elementary units. To shed light on
the role of mechanical stimulation on the cell activity, devices that are able to apply well defined
deformations to the substrate have been developed [17], [23]. If cells sufficiently adhere to the underlying
substrate, without sliding, a strain of the substrate can be transmitted to their internal structures. Typically,
these devices exploit polymer-based compounds where cells can adhere, proliferate and migrate. Among
synthetic polymers, polydimethylsiloxane (PDMS) is largely used as substrate for living cells due to its good
biocompatibility and the possibility to tune its rigidity by varying the amount of the crosslinking agent. It
should be emphasized that cell adhesion is ultimately regulated by the presence of cell-adhesive molecules,
which, depending on the cell type and on the applications, can be natural (e.g. components of the
extracellular matrix ECM such as fibronectin or laminin) [24] or obtained with synthetic approaches [25].
These molecules are generally deposited on the substrate surface in contact with cells and are able to locally
modify the chemical-physical properties promoting cell adhesion. The substrates can then be stretched
periodically by the use of a transducer system. These devices, even if they cannot recapitulate the very
complex scenario occurring in vivo, can provide very useful information on the biological effects of
mechanical deformations of the cells, better approaching specific physiological situations. Indeed, the
physiological environment of several cells includes periodic mechanical stimuli, but cells that physiologically
reside in regions without mechanical signals also share the same type of reactions when exposed to periodic
stretching. This behaviour appears so as a common aspect of the molecular machinery constituting the parts
of the cells in mechanical contact with the external environment. It has been demonstrated that cyclic
stretching can lead to alterations of the gene expression profile of cells. This phenomenon typically concerns
the proteins of the cytoskeleton or associated with it and the proteins of the extracellular matrix [26]—[28].
One of the effects of periodic stretching on cells that has been deeply investigated is their reorientation
relative to the stretching direction in order to maintain a tensional homeostasis [29]—[35]. There is large
evidence that cells with a bipolar shape such as fibroblasts tend to reorganize their orientation almost
perpendicularly to the direction of periodic stretching as a consequence of the development of an oriented
structure of stress fibers. Studying the details of this effect can largely help in understanding the
mechanobiology of the cell/substrate interaction.

The development of mechanical stretching devices represents a sort of interdisciplinary enterprise in which
mechanical and medical engineers, together with physicist, biologists and chemists are involved. Several
home-developed devices have been described in the literature [36]—-[45]. Commercial devices are also
available (for example FlexCell, (http://www.flexcellint.com/) [46] or STREX (www.strexcell.com) but, in
many cases, they have limitations in providing ad-hoc stimuli researchers might be interested to test (for
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example specific periodic signals different from the usual simple sinusoidal, triangular or square patterns)
[47]. Moreover, they are typically costly to purchase and many laboratories, especially the ones dedicated to
educational training, might find it difficult to buy one of them. Moreover, it would also be very interesting
to study the kinetics of orientation at high time resolution to understand how a cell responds to a mechanical
stimulus transmitted by the environment and what are the main determinants of the phenomenon. For
example, the characterization of the relaxation time of the cell orientation process as a function of the
applied frequency could be compared with the output of different models that have been developed to
describe the overall phenomenon [48]—[50]. In this case, it would be useful to have a stretcher device
integrated with a cell incubator. This result could be pursued both by constructing cell stretcher devices with
optical access compatible with an optical microscope [51] and then exploiting an enclosure to maintain all
the microscope in the best conditions for cell survival (presence of a CO, environment, 37°C and high relative
humidity) or by integrating the stretcher device inside an on-stage cell incubator. Only a few devices of the
latter type are commercially available and they are typically expensive.

The stretching device development will provide some examples of investigation to get in touch with cutting-
edge experiments in the field of mechanobiology. Mechanobiology has in fact developed into a well-
established research field that should now be part of undergraduate curricula for biologists, biotechnologists
and biomedical engineers. The team of instructors for the project should include both researchers working
in laboratories focused on cell biology experiments, where an optical microscope with basic phase imaging
systems is typically present, and researchers working in labs more familiar with engineering approaches,
where skills such as CAD (Computer Aided Design) knowledge, programming, CNC (Computer Numerical
Control) milling techniques and basic electronics are typically present and where there is also the possibility
of exploiting a mechanical workshop. The best context for this activity would therefore be a Faculty of
Biomedical Engineering. The project presented also includes some ideas on the construction of a motorized
stage for optical microscopy (a device available on the market but usually quite expensive and not included
in basic optical microscopes), but, if a large statistical analysis relating to the dynamic behaviour of the cell
population is not required, this part can be skipped. Several basic concepts of continuum mechanics are
required for stretcher pre-calibration, and also to compare the cell reorientation results with the proposed
theoretical frameworks. Finally, several knowledge regarding programming skills and PC-microcontroller
interface are strictly needed, like Python, LabView or Matlab. The uniaxial stretching device that we present
can be exploited with cell populations growing on a PDMS support while observing how the cells are affected
by the mechanical cue with time-lapse optical microscopy imaging. In fact, the stretching device is built inside
an on-stage cell incubator [1]. The PDMS substrate can be chemically functionalized or coated to allow other
cell-substrate interaction studies. All the different modules are controlled by the Arduino microprocessor
and the movements are driven by stepper motors. For the apparatus controlling the cell culturing conditions
such as the feedback mechanisms for controlling the temperature and CO, concentration, we refer to our
previous work [1] (also mentioned in previous section). As a proof-of-concept, we will investigate the effect
of the periodic stretching stimulus on cell reorientation and migration processes. We present also a brief
overview of the different working principles of the stretching devices that have been presented in the
literature and a short introduction to mechanobiology as far as mechanical stretching cues are involved.

Inthe literature there are works that have been carried out exploiting different types of cell stretching devices
[52]. The large majority of the devices are custom-made, although some systems are also commercially
available. The stretcher can be uniaxial, bi-axial or radial (isotropic). In the first case, due to the volume
conservation of the stretched material, in addition to the elongation of the substrate in the direction of the
actively induced stretching, there will also be a contraction in the perpendicular directions. The ratio between
the deformation in mutually perpendicular directions is, in ideal conditions, provided by the Poisson ratio of
the exploited material but in real experiments it is partly controlled by the geometry of the PDMS chamber
and its connection to the stretcher device (in particular the clamping or boundary conditions). As a result, in
the case of the typical substrates used for cell culturing, the ratio of the deformations in the two
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perpendicular directions of the cell plane is different from the Poisson ratio of the exploited material. This is
due to the presence of structures like the borders of the culture chamber that confer directional asymmetries
to the system. Bi-axial stretchers are able to apply deformations to the PDMS substrate in two perpendicular
directions. In this case, in both directions it is possible to have a positive elongation at the same time. In the
case of isotropic stretchers, the elongation is applied at the same time in all planar directions and they are
typically exploited to reproduce deformation stimuli experienced by cells residing in hollow organs like the
heart or lungs. The deformation can be obtained exploiting different actuation systems [41], [42], [53]-[55].
One possibility is represented by pneumatic stretching devices. In this case, both negative and positive
pressures could be used to decrease or increase the volume of a deformable chamber that is able to transmit
the deformation to a substrate on which the cells are adhering [56], [57]. This system, which microfabrication
and lithography skills are required, offers the possibility of obtaining deformations in a very clean way. The
pneumatic actuation allows to obtain uniaxial, bi-axial and radial strains of the substrate. Another actuation
system is based on electromagnetic signals and this includes both the use of stepper motors and voice coils
actuators [39], [58], [59]. This method is very simple to implement and offers the possibility of interfacing
the devices with easily programmable low-cost microprocessors. Their compatibility with incubators may be
more difficult than pneumatic systems due to possible contamination related to the motor lubricants and
motor heating. Another possible actuation system is based on the use of DEAs (Dielectric Elastomer
Actuators) which allow the application of very fast strain deformations (sub-ms resolution) and at the same
time are compatible with optical inspection [60], [61]. In this case, an elastomer is sandwiched between two
stretchable electrodes and the application of a high voltage potential difference induces the approaching of
the two electrodes and the stretching of the elastomer. Another advantage of DEA-based stretchers is that
they can be easily miniaturized to make them compatible with other instruments such as incubators and
optical microscopes. For this actuation system, it is necessary to pay attention to the fact that strong electric
fields could affect cell behaviour in addition to the effect on the cells produced by the mechanical substrate
deformation [60].

Here, we revising the general mechanobiology concepts seen in the introduction chapter, focusing on cycling
stretching framework.

In the context of mechanosensing, any deformation in the geometry of the substrate where the cells are
growing can be transmitted inside the cell causing a sequence of biochemical reactions to begin if there is a
mechanical connection between the cell and the substrate [62]. Focal adhesions (FAs) are complexes working
as mechanonsensors used by the cells to probe their mechanical environment and integrins are
transmembrane proteins inside FAs used by cells to establish this connection [22], [63]. They provide a bridge
between the internal cytoskeleton and the extracellular matrix. The stretching action is able to affect the
activation of relevant molecules inside the FA complexes such as the FA kinase (FAK) [64]. Forces applied
from outside to the cytoskeleton are able to affect the dynamical structure of this molecular construct. As
far as mechanochemistry is concerned, it is important to consider that the mechanical transmission chain in
composed by proteins interacting with each other with mainly two different types of bonds [65]. The first
type is the “slip bond” and its lifetime decreases if a force trying to break it is applied to the partners [66].
The second type is called “catch bond” [67] and is characterized by the fact that there is an initial increase of
the bond lifetime when a force is applied to it. After a maximum lifetime has been reached, upon a further
increase of the force, the lifetime starts decreasing. Many of the proteins associated with the cell
cytoskeleton, and in general the proteins whose physiological role is to withstand forces, establish catch
bonds. It means that, if a force is applied to them, the stability of the bonds increases. Accordingly, the
stability of actin subunits in the actin filaments and their interaction with actin-bounding molecules, can be
affected by the application of a force. This modulation can in turn be regulated by other molecules, such as
the Rho A protein, which has been found to be directly involved in the orientation of the stress fibers in the
presence of a cyclic stretch [33]. In fact, the presence of interacting molecules could transform a catch bond
in a slip bond, altering the polymerization dynamics of actin [68], [69]. It is relevant for cyclic stretching
experiments that some molecular interactions have memory of what happened previously. It means that the
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history of force application to a bond determines the evolution of the same bond. So, if the same force value
is applied to the bond of two molecular partners, the lifetime of the bond will depend on how that force
value was achieved. In this context, the stretching-ramp frequency can be relevant to determine the type of
bond of a specific interaction and a shift from a catch to a slip bond can be observed by changing the force-
ramp rate [70]. Also the cyclic application of forces can induce a modification of the lifetime of a bond. In
some cases, reaching a peak force before releasing the applied force produces a stabilization of a bond and,
in other cases, the bond stabilization can be reached as a consequence of a cyclic stretching of the bond.
Accordingly, it is clear that the history of the force applied to a molecular bond affects its stability. The
important aspect is to be able to measure in-vivo the waveform of the mechanical stimuli applied to cells
from the outside and, vice-versa, from the cell to the external environment. If the stretching waveform of a
self-oscillating cell on the extracellular matrix is registered, the measured waveform could be transmitted to
cells in vitro to better reproduce the in-vivo situation [71]. Of relevance in this context, it has been found that
the rate of force application by a stretchable substrate is more relevant than the overall frequency of the
signal [72]. For example, in the case of the cardiac stimulation or in the connected vascular system, different
rates of force increase are present during the cycle and the different rates might be biochemically relevant.
The cell could work as a filter capturing the presence of specific frequencies and force application rates to
activate specific biochemical processes.

What we just described represents the complicated ensemble of possible molecular interactions controlled
by the application of a force. The stability of a bond could be affected by the amplitude, the frequency and
the waveform of the applied force. The cell has then to integrate all these signals to obtain a specific
behaviour [62]. This last step is what concerns the mechanobiology. In addition to the effect on the lifetime
of molecular bonds, mechanical force can also induce partial denaturation of molecular partners making
cryptic sequences accessible to effector proteins. An example is constituted by the focal adhesion complex
where the talin protein, partially unfolded by the force transmitted via integrin attachment to the
extracellular matrix, interacts with the protein vinculin [73]. This allowed interaction leads to the stabilization
of focal adhesion complexes and their reinforcement. Of relevance, it has also been found that talin
undergoes dynamic stretch and relaxation cycles at the level of single molecule in cells [74]. Also the plasma
membrane deformations induced by cell stretching can have a mechanobiological effect [75]. Considering
the concept of forces mediated by lipids [76], the activity of ion channels, and in general membrane proteins,
can be modulated by the lateral tension of the lipid bilayer. This is valid for truly mechanosensitive channels
(channels whose open-closed state can be completely controlled by a change of the lateral tension, such as
piezo-channels or MSLC channels), but also for many other membrane proteins whose functionality is
somehow affected by a modification of the lateral tension in the membrane.

In addition to the biochemical transmission based on the interaction between molecular partners, the
mechanical transmission chain has also to be considered [77]. In this case, a mechanical stimulus first sensed
by integrins and the FA complexes could be transmitted directly to the interior of the nucleus exploiting
mechanical lines of transmission like actin filaments, structurally connected via the LINC (Linkers of the
Nucleoskeleton and Cytoskeleton) complexes to the nucleus [78], [79]. The main advantage of this
transmission line is its rapidity compared to a chemically travelling signal exploiting diffusion or even an active
transport system.

e Stretcher design

After a brief introduction of the existing cell stretcher devices and description of their relevance recalling
mechanosensing related evidences we will illustrate the design and fabrication of our stretcher device,
incapsulated in the on-stage home-made cell incubator previously developed.

The stretching device is installed inside an on-stage cell incubator based on a work we recently published [1].
The case is made by a PMMA base and an aluminium wall. The overall scheme of the stretching chamber is
shown in Figure 1. The heating system is composed by thick film resistors mounted on the external wall of
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two water reservoirs positioned inside the chamber, as shown in Figure 1a, and by an ITO (indium-tin-oxide)
window positioned on the top cover of the chamber. The window is endowed with two silver-painted lines
that assure electrical connection with an external circuit [1]. The heated ITO window provides optical
accessibility for time-lapse imaging while avoiding water condensation. The temperature inside the chamber
is measured by a DH22 sensor and is controlled by an Arduino driven circuit exploiting the PID routines
already available for this microprocessor. The sensor is positioned inside the chamber very close to the region
where the cells are seeded. The position of the cell culture PDMS support is symmetric with respect to the
heating apparatus and we can assume the absence of temperature gradients in the incubator chamber in the
region close to the cells. The same sensor measures also the relative humidity inside the chamber. The two
water reservoir assure the high humidity level inside the incubator with negligible liquid evaporation from
the cell medium. For very long imaging sessions (> 24h), the water reservoirs can be refilled from the outside
of the chamber by a tubing system. The CO, atmosphere is assured by the same system exploited in our
previous work [1]. The mechanical stretching is obtained by a stepper motor controlled by Arduino. The
stepper motor produces the rotation of a stainless steel screw with a pitch of 2 mm producing the linear
translation of a PVC bar that transmits, via two wires, a symmetrical uniaxial stretching to the cell chamber.
All the moving PVC bars of the stretcher device move along two 4 mm diameter aluminium bars using Ball
Bearing Linear Bushing typically used for CNC systems. To ensure a completely closed chamber, the region
under the PDMS cell substrate was also closed using a glass window. During normal operation of the
incubator, this glass window could be subjected to humidity condensation and a consequent deterioration
of the image quality. To eventually avoid this problem, a liquid water film can be sandwiched between the
bottom of the PDMS chamber and the glass window. This system avoids the formation of a condensation film
on the internal face of the window and it is stable without significant evaporation for more than 10 hours.
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Figurel: a) scheme of the cell stretcher apparatus. The different parts are highlighted together with the elements used to obtain the
controlled environment for the temperature, humidity and CO, concentration. B) top view pictureof the stretcher. C) image of the
stretcher mounted on the motorized stage of the inverted optical microscope.

e Design and fabrication of PDMS substrates for cell culture

As reported in figure 1a the stretchable PDMS substrate is placed between a couple of barriers, which
constituted the geometrical boundary condition of the cycling stretching. Here we will illustrate the
fabrication protocol adopted for the PDMS substrates.

The PDMS substrate for cell culture is made exploiting the 184 Sylgard from Dow-Syl. We used a cross-
linker/polymer weight ratio from 1:10 to 1:20. This particular composition assured a good mechanical
stability of the cell culture chamber with a Young modulus in the order of 150 kPa. The chamber is prepared
in a polytetrafluoroethylene (PTFE) mould as shown in Figure S2. The PTFE mould, in the region
corresponding to the area where cells are seeded, is covered by a piece of glass that avoids the appearance
on the surface of the PDMS substrate of topographic irregularities coming from mechanical machining of the
mould. This strategy allows obtaining the best transparency of the substrate for optimal imaging conditions.
The PDMS region where the cells are seeded and imaged has a typical thickness < 1 mm and its value can be
decreased to about 200 um. The use of high numerical aperture objectives is however prevented (unless they
have a working distance longer than 3 mm) as the PDMS substrate is inside the incubator and is also
separated from the objective by a glass window as shown in Figure 1a. To avoid as much as possible the
formation of air bubbles in the PDMS substrate, once the mixture is poured in the mould, all the system is
inserted in a vacuum apparatus for about 30’ and then put in the oven to accelerate the polymerization
process. Before seeding the cells, the PDMS surface is treated in a Plasma cleaner with Nitrogen atmosphere
and is exposed to a solution containing proteins of the extracellular matrix as detailed in the text. Considering
that the exposition of PDMS surfaces to a plasma cleaning procedure could produce a texturing of the surface
[80], which will deteriorate the image quality, the power was kept at a maximum of 25 W and the exposition
time to 2 minutes.
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Figure 2: a) Teflon stamp for the fabrication of the PDMS; b) example of a PDMS substrate

e Generating the arbitrary strain waveform

There are several pieces of evidence showing how the specific shape of the waveform may have an influence
on the effect produced by cyclic stretching on cells. Accordingly, the ability to deliver different waveforms to
cells is crucial. In this section we will show how our set-up can generates arbitrary periodic waveforms. In
fact, we developed a software able to provide a periodic deformation resulting from the composition of
sinusoidal signals of different frequencies. In this way, a periodic signal of interest can be analysed by a
Fourier decomposition process and then reconstructed with the desired fidelity including the required
number of harmonic components.

Suppose to have a periodic deformation signal obtained from in vivo experimental assay. Firstly, using
OriginLab software or Python routines we spectrally decomposed (using Fourier basis) the periodic signal we
want to transfer to cell substrate. Using the appropriate harmonics set the original signal is reconstructed,
and finally the reconstructed signal is adapted for stepper motor mechanical transmission.

In fact, the stretching deformation is applied to the PDMS substrate through a stepper motor, which is
connected to the screw. We expected to observe the major deformation along the axis direction, driven by
the rotations of the stepper motor. Every single step of the motor (corresponding to 10 um for a 200
steps/revolution motor) will correspond to a specific quantized displacement of the two clamped PDMS
substrate edges (considering the specific configuration of the device, the stretching amount per each step if
the motor is equal to twice the step size, see Fig 1a for details). The displacement amplitude related to a
single step of the motor depends on the technical specification of the screw, in particular, its screw-pitch,
and of the stepper motor (steps per revolution). This parameter specifies the amount of displacement that
can be provided by a single step, and is equal to [Eq 1]:
Screw_Pitch
Single_Step_Displacement = [1]

Step_per_Revolution

[Eq 1] condition holds at least at the movable barriers, while inside the cell sample just a fraction of the
original displacement is transmitted.

The amplitude of the periodic signal we want to apply to the substrate can be converted from the metric
scale to the corresponding number of single steps of the motor obtaining the y = f (t) rescaled function, the
conversion can be performed after imposing the maximum strain level we want to transfer to the cell sample.
The mechanical actuators, the stepper motor, is driven by the Arduino microcontroller managing the delays
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between consecutive steps, even at the microsecond scale if necessary. Thus, the time interval between two
consecutive steps must be subsequently evaluated, the overall time intervals sum will corresponds to the
period T of the function. Since the displacements provided by the stepper-motor are discretized, the periodic
function will be discretized as well. In order to reconstruct the entire periodic function profile, the
appropriate time intervals between two consecutive steps must be evaluated while keeping the single step
amplitude constant. Starting from an arbitrary periodic function y = f (t) with f (t) = f (t+T), where T is the
periodicity, it is possible to invert the function in order to resume t [Eq 2]:

t=f"1(y) (2]

Since the periodic function has been discretized, we can define the different stepper motor processes: yo=f
(to), y1=f (t1), y2=f (t2) and so on, where the subscript enumerates the number of the sub-processes out of
N the total motor processes in which the period has been divided. Similarly, yirepresents the actual stepper
motor position related to the time frame: ti. The boundary condition to ensure the periodicity is the following

[Eq3]:
Yo = f(te) = f(0) =yy = f(ty) = f(T)[3]

Inverting the periodic function, we can estimate the different time intervals t; .1 [Eq 4]:
tiier = tier =t = [T i) — £ [4]

Where the subscript runs from 0 to N-1. This approach can be used for an arbitrary complex periodic
function, from a single sinusoidal profile, up to a superposition of many harmonic functions. In Fig 3 are
reported 3 examples of strain waveform discretization starting from theoretical behaviour (Sinusoidal Fig 3a,
Triangular Fig 3b, and superposition of several harmonics Fig 3c).
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Figure 3: Periodic waveform examples panel: (a) Sinusoidal shape, (b) Triangular shape, and (c) superposition of several harmonics.

e Validation of the stretcher signal to the PDMS substrate

The signal transmitted to the substrate has been analysed by acquiring images during the stretching cycle at
a high frame rate (1 image every 20 ms). Since the typical waveform period range is =[0.5+1.5]s we have
enough frames for signal test evaluation. The sequence of images has been then analysed exploiting the
Image) plug-in that allows the alignment of images exploiting a feature present in all images as a reference.
A large defect in the substrate has been selected in order to be able to use the same reference for all the
images, notwithstanding the focussing problems connected to variations of the z position of the substrate
during the stretching process. Once the sequence of images has been aligned, a second feature in the images
is selected and the plug-in for the alignment is applied again. The list of the x-y coordinates of the
displacements gives variations of the distance between the two selected features during the stretching cycle
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in the two perpendicular directions. Fig 4 shows two examples for a sinusoidal and a triangular signal. The
results related to the validation of the transmission of the stretching signals to cells are reported in the next
section. We verified that cells effectively are stretched following the signal imposed by the substrate.
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300 —— Principal Stretching Direction
200+
— — 200
o o
o 1004 [}
X X 1004
2 =
s s
T -100 ® 400l
E £ 100
© 200 $ 200
o (&)
-300 -300
2 3 4 5 2 3 4 5
Time [s] Time [s]

Figure 4: analysis of the distance variation between two features in the PDMS substrate for a sinusoidal (a) and a
triangular (b) signal. The red line refers to principal stretching direction, black line refers to secondary stretching
direction.

e Validation of the stretcher signal from PDMS substrate to
cells

After validation of the periodic signal transmission to the PDMS substrate another important aspect of a
stretcher device is the validation of the transmission of the deformation signal to cells. In fact, the substrate
could slip under the cell body due to an insufficient adhesion configuration that could prevent the complete
transmission of the signal to the cells. Moreover, it could be interesting to understand the maximum strain
that could be applied to the substrate without the cells detaching from it. Typically, above a strain of about
20% cells could easily detach from the substrate. To verify these aspects, we acquired a series of images for
different values of static strain and we marked the perimeter of a cell (see Fig 5,6). The lines following the
cell perimeter in the conditions of zero stretch, maximum stretch and again zero stretch, are reported and
compared to each other. From the analysis it appears that cells are able to follow the substrate deformations
we applied (10%).
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Figure 5: example of a stretching cycle for a US87MG cell. At the top a cycle of the sinusoidal signal applied to the PDMS
substrate is reported and the corresponding images at the minimum, maximum and again minimum stretching
conditions are reported in the middle. In the bottom section, the contour lines of the cells in the different conditions have
been overlaid to highlight the transmission of the substrate extension to the cell body. (marker = 10 um)
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Figure 6: orientation of a Balb-3T3 cell during a cycle of the stretching process. The figure shows the variation of the
orientation of the cell while keeping an almost constant length during one stretching cycle schematized at the top
of the image. The two arrows (red and blue) represent the cell length and in the bottom they are reported (by a
parallel translation) as rays of the same circle (centred in O) to highlight their almost equal length. This situation is
useful to stress the fact that the angle of the cell orientation with respect to the stretching direction depends on the
specific position during the cycle. (marker = 10 um)
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e Theoretical basis for the strain calibration procedure

Here we introduce all the theory required to better understand the calibration method for the substrate
strains. Suppose that in the not-stretched condition we have a feature of our support in the position X and
that, after a certain amount of stretch and at time t, the position of the same feature, in the same reference
system is x = x(X,t) (we are using a reference system that is fixed in space, another possibility would be that
of considering a reference system that is fixed with the stretched support). We can define, according to Fig
7, the vector u (u,v,w) joining the initial position of a feature identified by X (X,Y,Z) with its final position
identified by the vector x (x,y,z). Accordingly:

x=X+ul[5]

fixed reference
system

Figure 7: deformation in a fixed reference system (2D case)

It is possible to define a deformation matrix according to the following expression [Eq 6]:

ox Jdu

14+ Ju Ju ou
0X aY 0z
v v v
F = — — — 7
x taw oz |7
ow ow 14 ow
0X aY 0z

If we consider an initial segment of length dX in the support, the matrix F will be able to provide the
transformation of this segment dx after the deformation simply by [Eq 8]:

dx = FdX [8]

Another parameter defining the action of a stretcher is the “stretch value”, defined as [Eq 9]:
1= |dx 9
It is different from strain, the last being defined, for a segment of length L increased by AL, as [Eq 10]:

_ AL 10
e == [10]

whereas the stretch is defined as [Eq 11]:
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and it has to be considered just in the direction of the segment neglecting its possible rotation. In fact, as we
already considered, the strain is a parameter that can have also a shear component. It is also evident that,
considering the definitions [Eq 10] and [Eq 11], € =A — 1. In the case of the stretching evaluation in a plane,
segments along two different directions joining specific features are selected and the change of the length
of the resulting segments are measured. If the two directions are selected along the principal axis, equivalent
to consider a diagonal matrix F, the segments will maintain their direction in the space. In this case, the matrix
F, in 2 dimensions, will be represented by [Eq 12]:

A4 0
F=(3 1) 02

F matrix diagonalization can be numerically evaluated starting from a triad of distinct points observed in the
images before and after deformation, the two images correspond to the initial condition and the condition
of maximum stretch of the substrate. The triangle located at the centre of the images is constructed by
exploiting three different features in the PDMS substrate. These three features are identified in the images
labelling the vertices of the corresponding triangle, ABC and A’B’C’ respectively, and three segments joining
the selected couples are reported. The coordinates of the points (in pixels) are given by the fixed reference
system is provided by the camera frame, below we will show a numerical example using B=B’ as frame of
reference (see Fig 8). Using the segments set: dX;=BA, dX,=BC, dx;=B’A’, and dx,=B’C’ we can define two
equations [Eq 13a-b], which allow us to extrapolate the non-diagonalized form of F:

From the above derived equations, it is possible to obtain the F matrix and eventually diagonalize it. However,
the matrix F includes possible rotations together with the distortions. Considering the matrix F, it can be
expressed as the product of a rotation matrix R and a distortion matrix U, where the translation is performed
before the rotation [Eq 14]:

F = RU [14]

Obviously, if the deformation is just a distortion without rotation, the matrix F will be equal to U. If the
distortion is performed after the rotation, the corresponding matrix will be V and we will have:

F =VR [15]
Considering the properties of the matrices, we have:
V = FRT [16]
and, exploiting [Eq 14], we can write [Eq 17]:
V = RURT [17]

Two matrices [Eq 18a-b] can be defined so that they are related just to deformation, neglecting rotation.
They can be obtained considering the following expressions:

F'F = (RU)T(RU) = UTRTRU = UTU = U? = C [18 q]
FFT = (WR)(VR)T = VRRTVT = VTV =V? = D [18 b]

where we have considered that the product of a rotation matrix and its transpose is the identity matrix. The
two matrices C and D are the right and left Cauchy-Green deformation tensors, respectively. The advantage
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of the Cauchy-Green tensor is that it depends just on the distortion or stretch and not on the rotation.
Moreover, exploiting the matrix C, we can write [Eq 19]:

dx?* = (dX)C(dX) [19]
It is then possible to introduce the Green strain tensor E [Eq 20] as:

1
E=3 (FTF —1T) [20]
The term 1/2 is due to the fact that E is a tensor and the mixed elements of the matrix, corresponding to the
shear elements will explicitly contain this term. The Green strain tensor can be considered as the sum of a
small strain tensor and a quadratic term that is to be taken into account for large deformations. Once the F
matrix has been calculated, it is possible to derive the Green strain tensor E according to [Eq 20]. The
advantage of using E instead of simply F, is particularly evident when considering large deformations.

After a brief introduction of the theoretical deformation tools needed for stretch calibration here we detail
the specific calibration procedure obtained in our set-up.

To be sure that the stretching of the PDMS substrate responds to the desired stimulus and to calibrate the
guantitative substrate stretching we performed a series of experiments with and without cells. We started
considering a PDMS substrate without any applied stretch, looking for different features or imperfections of
the substrate, such as bubbles encapsulated in the inner part. All these details identify points of reference
needed to quantify the amount of deformation reached after gradually increasing the stretching on the
substrate. Each time the stretching is increased, a new image is acquired, in order to follow the evolution of
the different points identified in the initial frame. In this way we can test if the deformation applied behaves
following a homogeneous/linear regime response. The only mechanical boundary condition [81] that we
impose to our PDMS substrate is a mechanical clamping. For the procedure, we concentrated on the central
region of the PDMS substrate. Considering that our set-up provides a symmetric stretching, the central
position is found by looking for almost static-point during the stretching procedure. Calibration analysis is
performed studying the evolution of triads of adjacent points for different regions of the substrate. In this
way we can confirm whether the deformations are homogeneous throughout the area, and which are the
principal axis along which the deformations act. The amount of strains evaluated along the principal axis are
also needed to quantify which is the minimum strain direction in the PDMS substrate (see below). In the
following, the complete procedure, is reported for a substrate region.

AI

Stretching Direction

stretched B=B’

unstretched

Figure 8: a) PDMS substrate without any applied stretch, b) PDMS substrate exposed to stretching along the vertical
direction via stepper motor rotation. c) Example (enlarged for clarity) of the vector analysis of X = AB (blue) and x =
A’B’ (red), and the associated u = AA’ (green) representing the translational displacement.
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In Fig 8, images of the PDMS substrate in unstretched (a) and stretched (b) conditions are reported. In the
images we identified five triangles placed at the centre and the four corners of the area. The vertexes of the
triangles are identified by features of the substrate. Figure 8c shows an example of the vector analysis.
Assuming a common origin in B = B’ of the two vectors BA and B’A’, the deformation vector AA’ is obtained.
For each triangle we can evaluate the associated gradient-deformation matrix F inverting [Eq 13a-b]. This
matrix contains the transformations involved during the stretching process, in particular, rigid rotation, strain
and shear deformation. We can separate rotational contribution from strain and shear by evaluating the right
Cauchy-Green deformation tensor, directly (FTF=C) or by polar decomposition of F [Eq 14] and evaluating the
product U'U=C. By choosing the polar decomposition we have the possibility to verify if rotational
contributions are negligible during deformation. Experimental results obtained from deformation analysis of
the five triangles confirm that rigid rotations are negligible. In fact, we obtain Bgotation= (3.0212.87)°. This
evidence confirm that we are deforming the PDMS substrate along two perpendicular directions without
introducing any significant rotation. Finally, using the C tensor we can measure the actual strain deformation
via the Green-Lagrange strain matrix E [Eq 20], which can be also used for large deformation conditions, since
Fis only afirst order strain approximation, useful only for small deformation conditions. We can obtain strain
amount along the principal directions using E, and compare this result to its first order approximation,
provided by F matrix. In fact, we expect from the theory E ~ F-I.

From experimental data analysis, performed for a well-defined rotation of the stepper motor, we have
observed that the strain amount obtained using the Green-Lagrange strain (already diagonalized) is:

&x O ) —3.63+0.36 0
0 = =
E(%) ( 0 & ( 0 10.43 + 0.78)

Instead, strains obtained using the gradient-deformation matrix F (already diagonalized and subtracting the
identity matrix) is:

Fop — 1 0 —3.67 +0.35 0
— 0, = = -
F —I1(%) ( 0 E,, — 1) ( 0 9.90 + 0.68)

The experimental results confirm that F is just a first approximation of the measured strain, which is well
described by the matrix E. Comparing &« With F«-1 and g, with F,,-1, we can observe that the relative error
gyy—(Fyy—1)

Eyy
Exx— (Fyx—1)

Exx

agreement with the fact that Fis only valid for small deformation. Furthermore, exploiting diagonalization of
E we can measure the principal axis strain directions, which are placed at Bmax-strain=91.483.7° and Bwmin-
strain=1.48%3.7° for the maximum and minimum strain axis, respectively (using the camera frame as
reference). Note that the motor axis producing the stretch is placed at +90°, completely in agreement with
the measured value of Buaxstrain. Also note that the uncertainty associated to Omax-strain is perfectly comparable
to Brotation, the rotation measured by polar decomposition, confirming again that rigid rotation is negligible.

associated to the y axis ~ 5.1%, the maximum strain direction, is much higher than its

counterpart along x axis ~ 1.1%, the minimum strain direction. This observation is in total

e Minimum strain and stress directions evaluation

There is large consensus about the fact that cells belonging to several lines are able to align themselves in a
direction almost perpendicular to the direction of the main deformation stimulus in the case of cyclic
stretching. The kinetics and the amount of the average reorientation of a cell population has been found to
depend on the amplitude of the stretching stimulus [33], [82], on the frequency [32], [83], [84] and also on
the rate of deformation (the wave shape) for the same value of the overall frequency using non-harmonic
stretching protocols [72], [85], [86]. Even if this behaviour has a physiological relevance for some types of
cells, like for example smooth muscle or endothelial cells of blood vessels exposed to period stretching, many
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cell lines share the same behaviour, even if they don’t undergo a stretching cycle in-vivo, pointing to a general
mechanism connected to common molecular constructs. Several analytical models have been developed to
explain and quantify this phenomenon [83], [87]-[91]. Their validity is evaluated on the basis of the relevant
aspects of the phenomenon that they are able to reproduce, such as the dependence upon the frequency
and the rate of deformation, the difference between a static stretch and a cyclic stretch, the direction of
stress fiber orientation with respect to the substrate strain and the kinetics of cell reorientation. Some of
these models are based on methods of statistical mechanics and they rely on the minimization of the
potential energy accumulated by the cell cytoskeleton during the stretching process. Accordingly, the
orientation of the cells will correspond to the situation where the stress fibers of the cells are minimally
deformed by the substrate.

These theoretical methods based on statistical mechanics proposed a crucial dilemma regarding the potential
energy minimization of the cell cytoskeleton. “Are cells more sensible to stress or strain mechanical stimuli
under substrate deformation?”. Here we will recall briefly the theoretical framework required to evaluate
the minimum strain and stress directions in a 2D planar system.

Let us concentrate on the determination of the direction corresponding to the minimum deformation of the
cells as a function of substrate strain. We consider a transformation from the x-y plane where x is the main
stretching direction and y the orthogonal direction (we will assume that the stretching is without shear) to a
polar coordinate system defined by the direction of a segment we are considering, as shown in Fig 9. The
polar coordinates can be interpreted as a new Cartesian system with x’ along the direction of the segment
we identified and y’ along the perpendicular direction. The displacements in the two coordinate systems are
connected by the following equations [92]:

Uy = UpcoSY — uysing [21a]
{uy = u,sind + ugycosv [21b]

where the transformation matrix is given by R, the rotation matrix:

_ ( cos9 sind
R_(—sinﬁ COSl9) 122]

We can find the elements of the strain matrix considering the following conversions [Eq 23a-c]:

Err = Exixr [23a]
€99 = Eyryr [23b]
Er9 = Exryr [23c]

and we can apply the transformation rule for the strain tensor [Eq 24]:
€ = ReRT [24]

where R is the rotation matrix [Eq 22] and:

& = (‘Sx'x' gx’y') _ (Srr erﬁ) [25]

Exly'  Eyly! &ro €99

Accordingly, we obtain:

(5 S0-(oty S ) i) o

Err = ExxCOS2Y + £y, SIN*Y + 2&,, sincos? [27]
99 = ExxSIN®Y + €,,c08%9 — 2€,,, sindcosV [28]

&r9 = (&yy — &xx)sindcost + &, (cos?V — sin®9) [29]
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If we consider the definition of the cross-strain element [Eq 30]:
Exy = %(% + aaz;y ) [30]
and we remind that we assumed that there is no shear in the transformation (&, = 0), the &,,- term is given
by:
Err = ExxCOS?Y + £, 5in*Y [31]
From this expression it is easy to consider the condition of zero strain in the r direction. In fact, if we consider

the matrix describing the plane deformation of the PDMS substrate, the relative deformation of an initially
segment of length I, can also be written as:

Al
L= Exx + (Eyy — Exx)SIN?Y = £, [1 — (k + 1)sin?9] [32]

where &« and g,, represent the relative deformation of the substrate in the x and y directions, respectively,
U is the angle defining the direction with respect to the direction of main stretching and k is the ratio — &,/ex.
The condition of zero strain requires, for a specific value of ¥ = a:

1 — (k + 1sin?a = 0 [33]

AMin—sStrain = arcsin ’ = arctgf = arctg ’—gﬂ 34|

y ’ r—=2> (x)

Figure 9: scheme of the transition from Cartesian to polar coordinates and the relation among the corresponding
deformations of a segment.

Following the question proposed above, we can also evaluate the zero-stress direction condition. The zero-
stress direction is achieved rewriting [Eq 31] for the stress components, and requiring o,=0 obtaining [Eq 35]:

Opr = 0xxC05°9 + 0yy,5in*9 = 0 [35]

In the case where the orientation is controlled by the stress [48], we have to consider the relations connecting
strain and stress of the substrate (plane stress in 2D) [Eq 36a-c]:
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E
O-XX = m (SXX + ngy) [36a]
E

Oxy = msxy [36C]

Where we have introduced the Young modulus E and the Poisson ratio u of the material we are using (PDMS).
If we consider the ratio o,y/ox we have [Eq 37]:

ayy_eyy+vexx_ v—k

Orx  Exx +veyy, 11—k

Anyway, as has been reported in Livne et al. [50], the value obtained by this second possibility is not
consistent with the experimental data assuming a value of 0.5 for the Poisson ratio and the experimentally
determined value for k. Livne et al. proposed an interesting explanation for this deviation.
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Chapter 4

Results



Effects of a benzodiazepine-derived molecule
(1G) on U87MG cell-line

e Introduction

Glioblastoma multiforme (GBM) is one of the most common malignant primary brain tumors and, despite a
strong effort dedicated to finding an effective therapy, it is still characterized by a very poor prognosis [1].
Among others, one feature that makes GBM difficult to be defeated is its ability to migrate and to infiltrate
into the surrounding brain parenchyma and all of these properties are strongly related to a continuous
dynamic reorganization of the actin cytoskeleton [2], [3]. At the same time, the cellular dynamic changes that
occur during tumor progression induce significant changes in the architecture and mechanical properties of
both the tumor and surrounding host tissue. It is known that cellular biomechanics are involved in a number
of biological functions in eukaryotic cells, such as migration, differentiation, morphogenesis, and proliferation
[4], [5]. The cytoskeleton and the associated proteins are responsible for both transducing external
mechanical stimuli into biochemical processes and for the application of stresses on the external matrix. This
sort of mechanical homeostasis is strictly dependent on the activity of cytoskeleton-associated motor
proteins and to the cell/matrix adhesion molecules and it is altered in the case of developing and migrating
tumors [6]—[8]. Thus, the motor-clutch hypothesis becomes crucial in this framework. In particular, cell
adhesion is related to integrin clustering, leading to the formation of focal adhesions and actin stress fibers
that, in turn, alter the rheological properties of the cells [9]. Although the available standard therapy for GBM
has evolved into multimodality approaches, comprising temozolomide and the antiangiogenic monoclonal
recombinant antibody bevacizumab, corticosteroids and immunotherapy, unfortunately, the improvements
of patients survival have been only modest [10], [11]. This has led to an important effort to identify new
molecular targets of GBM tumor specially focusing on motility and proliferation properties of the associated
cells [12]-[15]. Specific microtubule associated proteins, especially the ones related to the dynamic behavior
of microtubules, could represent a good target to simultaneously act on invasion and proliferation activity of
GBM cells. However, especially in the brain, the role of microtubules is crucial, and their unspecific
depolimerization should be avoided as much as possible. From this point of view, compounds that produce
only a slowdown in microtubule dynamics avoiding its depolimerization could more selectively fight cancer
cells in which the dynamic activity is strongly enhanced. Affecting microtubule dynamics could also result in
an alteration of the actin cytoskeleton [16]. It has been found that the depolymerization of microtubules
induces for example an increase of the formation of actin stress fibers by the activation of RhoA [17], [18]
and, in general, by affecting the Rho family GTPases and the nucleotide exchange factors involved in the
dynamic activity of microtubules. As a consequence, molecules targeting microtubules associated proteins
can have an effect on cell mechanical properties, largely ascribable to the structure of the actin cytoskeleton,
and on cell migration properties. In recent years, several studies reported that some types of cancer cells
have a stiffness inversely proportional to their metastatic potential, due to increased ability of more
deformable cells to migrate in the narrow pores of the extracellular matrix. In general, cancer cell rheological
properties are different with respect to the case of healthy cells [19]—[21]. Softer cancer cells are typically
embedded in more rigid tissues thanks to the production of a stiffer extracellular matrix. Cells and matrix
reciprocally interact on the basis of mechanical stimuli in a sort of mechanoreciprocity process [22]. Even if
the tissue scale mechanics is the definite mechanical descriptor of the cancer behavior, analysis of rheological
properties of single cells could be used as a marker of cell metastatic potential. At the same time, alteration
of cell or tissue mechanical properties could be exploited as a target to which drugs can be directed [23],
[24].
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Some of us recently demonstrated the ability of a new 2-benzodiazepine-3-one derivative (in the following
named 1G) to arrest the cell cycle progression of human leukemia Jurkat T cells and Hela cells by altering
mitotic spindle formation during mitosis [25]. Since the new molecule is supposed to be able to cross the
blood brain barrier, it could represent an interesting candidate for fighting brain tumors. In this section we
will illustrate how 1G interferes with the replicating, migrating and mechanical properties of the GBM cell
line UB7MG. We show that 1G, starting from a concentration of 5 uM, is able to slow down duplication times
of GBM cells and, at concentrations higher than 20 uM, to almost completely block their duplication in the
G2/M phase by disorganizing the mitotic spindle. At the same time, starting from a concentration of 5 uM,
1G induces strong and almost instantaneous shape changes leading to a polarity loss of the cells and strongly
decreases the 2D migration capabilities of the cells regardless of the stiffness of their substrate. We found,
exploiting Atomic Force Microscopy, that cell polarity loss is also coupled with an increased cell stiffness.

e Cell migration assay

GBM cells are endowed with a very high infiltration ability exploiting physical structures in the brain
environment such as blood vessels and axons. The molecular basis for their migration of glioma cells has been
largely investigated and it has been found that their proliferative and migration capabilities are mutually
exclusive, meaning that conditions that favor their migration at the same time slow down their proliferation
[26]—-[28]. This correlation between proliferation and migration poses a critical limit in clinical treatments.
Accordingly, a strategy to block GBM proliferation could have the increase of their migration ability as a side
effect. Moreover, the GBM cell migration process has been found to be sensitive to the mechanical properties
of the substrate on which cells reside. This situation could depend on the specific GBM cell lines that are
considered, and the behavior of primary cell from patients could be different [29].

At the same time, it has been shown that the effect of drugs on the same type of cells depends on the
mechanical environment of the cells [30], [31]. Moreover, also drugs affecting molecular motors or cell
substrate adhesion could have different effect on cell migration properties, in terms of relative speed
variation, depending on the stiffness of the substrate [32]. Our initial findings were focused on cell migration
capabilities when the U87MG cells are exposed to different concentrations of 1G compound (5-10-20 uM).
Accordingly, we measured the effect of 1G on the 2D cell migration properties of U87MG cells on PDMS
substrates with different Young modulus and on plastic. The range of substrate stiffness (Young modulus) we
considered spans the interval from 0.2 kPa to 300 kPa for PDMS supports (0.2-8-32-300 kPa in order to span
over 3 orders of magnitudes focusing on the relevant substrate rigidity range well resuming the brain
extracellular-matrix) and we also considered the plastic substrate for which we can assume a Young modulus
of a few GPa. The different PDMS substrate rigidities have been studied acquiring a multi-six dish set by
“Advanced Biomatrix CytoSoft® Discovery Kit”. The set was composed by seven multi-six with different
rigidity (nominal value): 0.2-0.5-2.0-8.0-16.0-32.0 and 64.0 kPa, respectively. We did not check the accuracy
of the nominal value rigidities provided by the seller. Regarding the repeatability of the overall experimental
findings reported below for the different rigidities, we repeated the live imaging assays twice.

e Wind Rose Plots

Firstly, we provide a qualitative comparison of the averaged area explored during live cell imaging assays
using the Wind rose plot, Fig 1. At fixed row we showed how the substrate rigidity can modulate cell motility
capability, especially under control conditions (below we will provide a brief account recalling the motor

186



clutch theory), the last column report the results obtained on plastic-dish. At fixed column we demonstrated
the gradual cell migration inhibition while the 1G concentration is increased.
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Figure 1: Wind-Rose plots panel: At fixed column is investigated the 1G effect gradually increasing its concentration for a given
substrate rigidity condition. At fixed row is explored a specific 1G concentration condition varying the substrate rigidity.

e MSD and PRW model

After Wind Rose plot illustration (Fig 1), which qualitatively confirms the efficiency of the 1G compound for
all the substrate rigidity under study, we moved toward a more quantitative analysis. Firstly, we measured
the experimental MSD after approximatively 8 hours of live imaging session. The experiments were
performed using a multi-six plate with a nominal fixed rigidity and moving repeatedly the motorized stage to
follow 4 dishes that represent respectively: control, 1G 5uM, 1G 10uM and 1G 20uM. In Fig 2 the MSD panel
is reported. In the first row (Fig 2a-e) the MSD results for a fixed substrate rigidity are plotted
[0.2kPa;8.0kPa;32kPa;300kPa;Plastic], in the second row (Fig 2f-i) the MSD for a specific 1G concentration
are plotted [Control;1G 5uM;1G 10uM;1G 20uM]. Focusing on the finding obtained in control conditions, we
showed how the substrate rigidity can modulate cell motility capability. In the first row the 1G compound
concentration is gradually increased (5uM red line; 10uM green line; 20uM blue line) and its effect on the
cell sample motility is investigated. The tracked cells used for the averaged MSD evaluation have been chosen
using the protocol described in the methods chapter, thus only =75% of the entire observing time is exploited
in the graphs.

For the control case, where no drug was injected, we can see that the cell migration ability shows mechano-
sensitivity; the MSD for all the time intervals is higher for substrates of intermediate stiffness with a
maximum, considering the different substrates we tested, for 32 kPa. We have to recall that U87MG cells are
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Figure 2: MSD-vs-Time profiles panel: (a-e)Experimental MSD evaluated for the different substrate rigidities, the 1G concentrations
effect are compared in each subplot. (f-i) Experimental MSD for a fixed 1G concentration condition, the substrate rigidities role if
compared in each subplot.

mainly representative of the mesenchymal subclass among all the GBM types and the presence of mechano-
sensitivity for migration ability could depend of the specific subclass [33]. Dealing with the MSD parameter,
the overall behavior we observed is biphasic, as found for other cell types. This behavior can be attributed to
a balance between cell adhesion on the support and the dynamics of actin polymerization and traction force
[34]. On a soft substrate, cell adhesion area is lower and the focal adhesion complexes of the leading edge
and the cells are not strongly attached to the substrate to induce an efficient forward movement of the cell.
On the other hand, on a too much stiff substrate, the strong development of adhesion complexes makes the
necessary release for the migration of the rear portion of the cell more difficult. We must emphasize how
the blue and the light-blue lines in control condition (Fig 2 f, which represent the 300kPa and the plastic
substrate, respectively) are almost superimposable. Thus, 300kPa and few GPa values provide an almost
equal MSD behavior and confirm how U87MG cell are insensitive above certain substrate rigidity limit. An
intermediate stiffness could produce the optimal compromise between the two opposite situations to
enhance cell migration. A quantitative model of this mechanism with predictive ability can be based on the
motor-clutch mechanism [32], [35]—-[37], which specifically applies to the force transmission process. A
combination of different modules with different orientations can produce a balance of traction forces
resulting in an effective cell migration. In each module, myosin contractility is partially transmitted to the
adhesion complexes that assure the connection between the cytoskeleton elements and the cell substrate
establishing a cytoplasmatic retrograde flow of actin. The binding and unbinding rate constants, together
with the force rate increase on the substrate, finely tune an optimal intermediate substrate rigidity value for
which the rate of force increase is not too fast to impede the formation of a relevant number of
integrin/substrate attachment points before disengagement and not too slow to induce detachment of the
adhesion complexes before a relevant force value is transmitted to the substrate. Considering that the
traction force has an effect on the actin retrograde flow, a connection can be established between the motor-
clutch hypothesis and the migration speed, especially in the case where different pseudopods are included
in the prediction analysis. In this context, a biphasic behavior of glioma cells as the substrate rigidity is varied
has been experimentally obtained [32]. The motor clutch mechanism deals with the role of the cytoskeletal
actin polymers. However, as already mentioned, it has been demonstrated in several cases that a drug that
is able to affect microtubules can have a secondary effect also on actin stress fibers. Including the effect of
the 1G compound in Fig 2a-e and g-i we observe a gradual reduction of the MSD increasing the compound
concentration, which is not uniform for the different substrate rigidities analyzed. In fact, at higher substrate
rigidities (300kPa and Plastic) the 1G 5uM curve and the control condition are almost superimposable. At
lower rigidities (0.2kPa;8.0kPa;32.0kPa) even at 1G 5uM concentration we have a drastic MSD slow down if
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compared to the related control reference. Although, the MSD magnitude at 5uM and 10uM conditions for
32kPa (where the motility is maximized) are comparable to MSD in control condition for 300kPa and Plastic
substrate. Concluding, the substrate stiffnesses can modulate the motility in control condition, as explained
above, but also in presence of the 1G compound.

e Experimental mean speed modulus

Another motility index is the experimental mean speed modulus evaluated between adjacent frames. In Fig
3 our findings comparing the substrate stiffness role for a fixed 1G compound concentration are reported.
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Figure 3: Experimental mean speed panel: The subplots reports the results for fixed 1G concentration condition comparing the
substrate rigidities role.

Observing Fig 3, the mechano-sensitive biphasic migration behavior, already observed in the MSD analysis
(Fig 2), is confirmed for the mean speed even for all 1G concentrations we considered. Furthermore, the
experimental mean speed remains almost unchanged (or little reduced at most) gradually increasing 1G
concentration for all the substrate rigidities explored, even at the highest level (20uM). The drastic MSD
reduction seen in Fig 2 is not ascribable to the instantaneous experimental mean speed. The cell motility
capability inhibition under 1G exposition must be related to directional index. Firstly, we tried to apply the
PRW mathematical model on the experimental MSD in order to extrapolate the [S;P] fitting parameters and
to compare them when the 1G concentration is gradually increased. Then, we measured and compared the
angular correlation function.

e S (Speed fit) and P (Persistence Time) parameters

The PRW model is applied singularly on the cells tracked set, then the [S;;Pi]] where S; and P; refer to the i-th
cell are statistically analyzed following the protocol described in the Methods Chapter. Thus, the most
probable <S> and <P> for a given substrate rigidity and 1G concentration are extrapolated. We must
emphasize that <S> and <P> are evaluated starting from the statistical distribution arising from the single
MSD cell fitting procedure, not from the overall MSD plotted in Fig 2. Furthermore, not all the tracked cells
follow the PRW model, but most of them do. In Fig 4a-d the extrapolated <S> fitting parameters are reported.

189



(a) Ctrl (b) 1G 5uM (c) 1G 10uM (d) 1G 20uM

[ Speed Modulus Fit 1G 10 uM 3

w
w
w

[ Speed Modulus Fit Ctrl [ Speed Modulus Fit 1G 5 uM
B Speed Modulus Fit 1G 20 ;M

2

[N
o

Speed Modulus Fit [ym/min]
Speed Modulus Fit [um/min]

Speed Modulus Fit [um/min]

m

E‘
£
Nk
Vo3
=
:
H
H

02 8 02 8 300 Plastic . a et 32 Plastic
(e iuns\me Rigidity [Kpa] (fjubslra!e Rigidity [KPa] ) 5 btr m ngi dity [KPa ] astic ( h ) Suhslra!e ngld“y [KPa]
5,0x10° [ Pérsistence Time Ctrl 5.0x10° 5.0x10° ng istence Time 1G 10 uM 5.0x10°

[ Persistence Time 1G 5 M

.| EmPersistence Time 1G 20 uM

g 4.0x10° 4,0x10° 4.0x10°

3.0x10° 3.0x10° 3.0x10°

Time [min]
o @ B
) e @
=y z 2
3 2 2o

Persistence Time [min]

2 2.0x10°

. s
¢ 20x10° Not evaluated § 20x10°
K]
3 1.0x10° g 1.0x10° /Li
&
00 0.0
i 02 8 32 /

1 0x10°
0.2 8 32 300 Plastic Plastic 8 32 300 Plastic 02 8 Plastic
Substrate Rigidity [KPa] Substrate R‘Q“’“V [KPa] Substrate Rigidity [KPa] Sub weate Ri igidity [KPa]

Persistence Time [min]
)
-4
U

Persistence Time [min]

o
°

Figure 4: <S> and <P> fitting parameters panel:(a-d) <S> and (e-h) <P> parameter comparison, each subplot refers to specific 1G
concentration condition.

In Fig 4e-h the related <P> parameters are shown. The findings are organized splitting up the data for each
1G concentration we considered (similarly to the experimental mean speed Fig 3), and each graph compares
the substrate rigidities for a given 1G concentration.

The most probable speed fitting parameters <S>, unlike the corresponding experimental average speed (Fig
3) gradually decreases significantly with respect to the control reference when the 1G concentration is
increased. Even the extrapolated persistence time <P> follows a similar trend for the overall substrate
rigidities set (except for the 8.0kPa case). Summing up, the <S> and <P> results comparison in Fig 4 shows
how cells gradually lose their capability to maintain their starting direction during time when they ate
exposed to 1G molecule, especially at higher concentrations (10uM and 20uM). Simultaneously, the fitting
speed parameter <S> reduction can provide some guess regarding the deep cytoskeleton reorganization
under 1G exposition, while experimental mean speed does not show. This discrepancy between <S> and the
experimental mean speed, together with the fact that cells exposed to 1G explore a reduced area with
respect to the control case, can be interpreted as a continuous attempt but without success to produce stable
pseuodopodia.

Now we can evaluate and compare the angular autocorrelation function to estimate a complete motility
overview including also a directional parameter.

e Direction-Autocorrelation

In Fig 5 the Direction-Autocorrelation (DA) function results are reported: in the first row (Fig 5a-d) the findings
obtained at fixed 1G concentration are summarized, and in the second row (Fig 5e-i) the results extrapolated
at fixed substrate stiffness are reported.

The DA graph obtained under control condition (Fig 5a) shows that the 300kPa and plastic rigidity substrate
provide similar finding and their curves decay slowly during time if compared to DA at low substrate rigidities
regime. This behavior could once again be attributed to the larger adhesion area of cells on harder substrates
and to the cytoskeleton dynamics. Higher substrate rigidity produces a more structured cytoskeleton with
stress fibers resulting from the enlargement of adhesion complexes and enhanced myosin activation.
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Figure 5: Direction-Autocorrelation panel: (a-d) AD profiles rearranged for a specific 1G concentration, each subplot reports the

substrate rigidity comparison. (e-i) AD profiles rearranged for a specific substrate rigidity, each subplot reports the 1G concentration
comparison.

Accordingly, when the cell is organized for migration along a specific direction, it takes longer time to nucleate
a new pseudopod and to change the migration direction. Instead, softer substrates allow a more rapid and
similar change of migration direction for U87MG cells and the DA function decays faster. Thus, the direction-
autocorrelation provides an estimation of the change of the migration direction rate unbiased from the
instantaneous cell speed. In fact, the DA profiles for softer substrates under control condition, 0.2kPa, 8.0kPa
and 32.0kPa are almost superimposable. Including the effect of the 1G compound for the different substrate
rigidities (Fig 5e-i) we observe a minimal DA decrement but well distinguishable when the 1G concentration
is increased to 300kPa and to the plastic cases (Fig 5h-i). The 300kPa and the plastic curves are
superimposable and strictly positive at the different 1G concentrations. Similarly, the DA profiles for low
substrate stiffnesses are fairly superimposable for a fixed 1G concentration condition (Fig 5b-d 0.2kPa-
8.0kPa-32.0kPA, black, red and green dotted line respectively). Gradually increasing the 1G amount for a
given low substrate rigidity (Fig 5e-g) we observe a noticeable DA decrement, especially at first time points,
where DA assumes even negative magnitude. Since the DA decays faster for low substrate rigidities, the
relevant DA comparison between different 1G concentration for 0.2kPa-8.0kPa-32kPa cases must be
performed in the first time-frame points, while for longer times the 1G concentrations and control conditions
are indistinguishable. Differently, at high substrate rigidities regime (300kPa and plastic) the DA profiles are
well separated even for longer times (>30min).

e Cell Polarization Loss

An additional parameter that quantified the cytoskeletal reorganization under 1G exposition, like the
lamellipodia or pseudopodia protrusion stability is the shape-factor introduced in the Methods Chapter. In
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Figure 6: Aspect-Ratio comparison between control (black column bar)

and 1G 20uM (gray column bar) after 8h from initial seeding.
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fact, one of the immediate effects once 1G is injected is the retraction of the processes and the prevalent
round shape adopted by the cells, as shown by the shape-factor parameter reported in Fig 6 after elliptical
fitting (Figure already showed as example in the aspect-ratio introduction).

The loss of polarity and the processes retraction of U87MG cells upon exposure to 1G have been initially
observed during live cell imaging analysis for migration assays, but not quantitively measured. These
preliminary findings suggested us to investigate by time-lapse imaging what happens when cells are directly
seeded in the presence or in the absence of 1G. In fact, symmetry breaking occurs in cells after they started
to adhere to the substrate. Whereas U87MG cells in the absence of 1G, after about two hours required for
the adhesion process, start elongating processes, in the case of cells seeded in the presence of 1G, the
elongation of processes was completely prevented. It appears such as 1G is able to block a stable symmetry
breaking in cells leading to the formation of protrusions and directed cell migration. The initial step in the
formation of cell protrusions is mainly the result of actin polimerization but the stability of the formed
protrusions against the myosin contractile action could be attributed to the mechanical role of microtubules.
If microtubule dynamics and organization is affected by 1G, the establishment of cell polarization is more
difficult and the directed migration is strongly reduced. Cells are however active in producing many attempts
to extend pseudopods.

e Cell viscoelasticity characterization

The large cell cytoskeletal reorganization after 1G exposition suggested us to investigate how the mechanical
properties of the cells are affected by 1G compound. Mechanical properties have been often related to the
migratory ability of cells, but a general rules set framework has not yet been defined. Although it has been
found that in many cases a reduced stiffness of cancer cells ensures a higher metastatic degree, each cell
type must be specifically analyzed in this regard. Moreover, the migration ability should be considered in a
specific environment. In fact, the relevant mechanical features are the cell viscoelasticity combined to the
substrate extracellular matrix stiffness. For example, 3D migration in a dense polymer network could require
the deformation of the nucleus, whereas this property is not relevant if migration is considered in an
obstacle-free 2D environment. Here we studied using AFM the mechanical properties of U87MG cells before
and after their exposure to 1G. The comparisons have been performed under the same conditions and
different experiments have been performed. We investigated by force spectroscopy control cells and cells
exposed for 5h and 24h to 20 uM 1G concentration, respectively, inside a cell incubator. Considering long
time live cell imaging, we observed that, in the case of a 24h treatment, there are two different populations
in the petri dish: rounded cells corresponding to cells in mitosis and blocked in this phase, and flattened cells
corresponding to both cells in interphase and still waiting to enter the first attempt of mitosis after 1G has
been added and cells that exited from mitosis after a prolonged attempt to divide.

We adopted the AFM experimental protocol acquisition mention in the methods chapter (chapter 2),
acquiring = 10 Force-Indentation curves per cell.

In AFM characterization we concentrated on flat cells given that, for untreated cells, the rounded cell
population is scarcely represented and a statistical meaningful analysis for a comparison is difficult. Secondly,
the rounded and unpolarized cells have usually higher height profiles, which pose serious limits for AFM
analysis since the piezo scan-limit is approximatively =14um. The viscoelasticity analysis has been performed
acquiring several Force-Indentation curves in the central region of the cell, studying approximatively =20 cells
for each condition (1G 20uM after 3h and 24h since 1G initial addition and corresponding controls reference).
The Force-Indentation curves have been acquired for several scan-displacement speeds Vscan-pisplacement in
order to validate the robustness of the findings. The viscoelastic results, analyzed exploiting the Ting model,
reported below refer to two distinct Vscan-isplacement [24M/s;5um/s]. Then, the raw data are pre-processed for
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Contact-Point evaluation and hydrodynamic force subtraction following the protocol explained in the
Method Chapter. Finally, the Ting model solution has been exploited. In Fig 7a-b the mean [Eq;a] parameters
extrapolated from the analysis after 3h of 1G exposition and corresponding control condition are reported
and compared. In Fig 7c-d are reported the mean [Eo;a] parameters after 24h from initial 1G addition and
related control condition reference. In Fig 8 are showed the histograms for the viscoelasticity parameters
[Eo;a] obtained from cell sample after 24h 1G 20uM exposure. After 3h of 1G treatment both the cell stiffness
Eo and viscosity index a are almost unchanged if compared to the initial control state. Instead, after 24h of
1G 20uM treatment the cell stiffness Eq is significantly higher with respect to control reference, and the
viscosity parameter is more spread toward higher values (see the histograms in Fig 8). Concluding, these
comparisons between control and 1G exposition after 3h and 24h focalized on flattened cells reveals a drastic
viscoelasticity modification only for longer time 1G treatment. Subsequently, we can observe that the
depolarization of the cell shape that acts immediately after 1G treatment is not related to immediate
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Figure 7: Eo and a viscoelastic parameters obtained applying the power-law-rheology (PLR) relaxation function for
two different Vscan-pisplacement: (a-b) Eo and a comparison after 3h from 1G 20uM insertion. (c-d) Eo and a comparison
after 24h from 1G 20uM insertion.

viscoelasticity changes in the cytoskeleton. However, after long time 1G exposition also the viscoelastic
modifications are involved. Finally, comparing our findings with respect to the Scan-Displacement speed we
can observe a small shift of the viscoelastic parameters when we moved to higher speeds. This is probably
due to hydrodynamic drag force, although it has been removed in the previous pre-treating steps.
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Figure 8: Ep and a histograms after 24h from 1G 20uM insertion: (a,c) control condition, (b,d) 1G 20uM exposition

e Effect of 1G on tubulin in mitosis and mitotic time

During the mitotic stage, some attempts to start the cytokinesis step can be observed as deduced from the
shape changes of the cells rounded cells start to adopt an oblong configuration and then they go back to the
rounded shape when we performed long-time live imaging assays [38].

In Fig 9 is reported the “cell-state-progression” during the long-time cell imaging assays under 1G 20uM
exposition. In particular, 26 different cells have been analyzed from their entrance in mitosis. In many cases,
the attempts are stopped and the cell goes back to the rounded shape. It happens that, after a prolonged
period of time rounded cells start adopting a flat configuration escaping the mitotic stop. These cells are
probably going back to the interphase stage of their cycle in a multinucleated configuration. There are
mechanical actions to be performed to proceed with cell shape changes during cytokinesis. Work has to be
done against the cortical tension to deform the cell from a spherical shape that minimizes the total cell area.
An increased cell cortical tension could be a limiting factor for the cytokinesis process. Moreover, the
disorganization of the mitotic spindle could produce the absence of the right coupling of microtubules and
actin filaments to proceed in the cytokinesis stage. For example, the right coupling between the two
cytoskeletal elements is required for the correct positioning of the furrow stiffening ring.
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Figure 9: cell-state-progression graph obtained from long-time live imaging assay under 1G
exposition

e Immunofluorescence assays

A recent study from some of us showed that, in Hela cells, 1G affects the dynamics of microtubules, slowing
down their growth [39]. Microtubule dynamics is controlled by several Microtubule Associated Proteins
(MAPs) which, by their binding-unbinding kinetics control the dynamic stability of the polymers. To directly
check the effect of 1G on cytoskeleton organization, we decided to analyze, by immunofluorescence, U87MG
cells exposed to 1G for different time intervals. Firstly, we analyzed on actin filaments, then we moved toward
microtubule and FAK structures. Fig 10 shows typical fluorescence microscopy images of U87MG cells where
actin filaments have been stained. It is evident that, after just a few hours of exposition, 1G induced the
formation of stress fibers in the cells, similarly to what happens in the case of nocodazole [40]. The action
mechanism of nocodazole is based on microtubule depolimerization, a situation highly toxic for cells in the
brain, where a lot of signals travel along microtubules. It has been shown that microtubule depolimerization
is often coupled to an increase of the stress in cells and the formation of actin stress fibers [17], [40], [41].
This effect could be the result of the elimination of the resisting role played by microtubules against the acto-
myosin contraction. Alternatively, microtubule depolimerization could induce enhance myosin light chain
(MLC) phosphorylation inducing the formation of the stress fibers. At the same time, by affecting other MAPs,
or by modifying the association/dissociation rate of proteins that couple actin filaments to microtubules they
could affect the organization of actin. Fig 11a-b show a couple of cells that were exposed to 1G 20uM (Fig
11b) and under control condition (Fig 11a), respectively, both stained for tubulin. Whereas in the elongated
structure of control cells microtubules are aligned forming bundles, in cells exposed to 1G, microtubules
appear as a disordered network composed by not depolymerized filaments, similarly to what has been
observed in Hela cells [39].
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a) Actin filaments after 1h 1G 20uM exposition b) Actin filaments after 2h 1G 20uM exposition

c) Actin filaments after 5h 1G 20uM exposition

Figure 10:Actin filaments panel: Several U87MG stained cells exposed to 1G 20uM compound at different times
(a) 1h,(b) 2h and (c) 5h

We also considered the distribution of FAK molecules (Fig 12a-b), confirming their coupling with the
formation stress fibers and cofilin, noting that 1G favors the translocation of this molecule from the
cytoplasm to the nucleus.

Figure 11: Microtubule (tubulin) and actin filaments staining of U87MG cell during control condition (a) and exposed to
1G 20uM (b)

a) Control b) 1G 20uM

Green->Actin

Figure 12: FAK, actin filaments and DNA staining of U87MG cell during control condition (a)
and exposed to 1G 20uM (b)

Regarding the effects of 1G on the cell cytoskeleton and the associated proteins, we can conclude that after
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just a few hours (effects are visible even after 1 hour of exposition to 20 uM 1G), an increase in the formation
of stress fibers is observed, whereas microtubules appear as disordered but they are not depolimerized.

One of the immediate effects of 1G on U87MG cells is the retraction of the processes and the loss of polarity
all leading to the adoption of a circular shape, as evidenced in Fig 6. The fact that the effect is almost
instantaneous (occurring on the time-scale of a few minutes) suggested us to investigate for processes
occurring at or near the plasma membrane. Among the proteins that can regulate cell shape and the structure
of the cortical layer there are the proteins ezrin, radixin and moesin (ERM proteins) that mediate the
interactions between membrane proteins and F-actin of the cortical layer. Accordingly, we investigated the
distribution of pERM proteins during control condition (Fig 13a) at long time (24 hours) 1G 20uM exposure
(Fig 13b) of US7MG cells. Fig 13a-b shows that, whereas in control cells pERMs are mainly localized in
microvilli of the flattened cells, when cells are exposed to 1G and retract the processes, pERMs aggregate at
the periphery of the cells forming hollow structures.

control

Figure 13: FAK (red), actin filaments (green) and DNA (blue) staining of U87MG cell during control condition (left)
and exposed to 1G 20uM (right)
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e Bending constant findings

In chapter 2 we recalled the Flickering spectroscopy theory, which allows us to estimate the bending constant
and the domain line tension parameters from GUVs. Here we will report our results regarding bending
constant characterization of mono-component GUVs.

In the work reported below we studied the Magainin-H2 (Mag H2) antimicrobial peptide (AMPs), a mutant
form of the well-known Magainin 2 wild-type (wt Mag 2). AMPs constitute a novel and encouraging
therapeutic alternative with respect to traditional antibiotics to fight bacterial infections. AMPs are endowed
with a strong advantage if compared to classical antibiotics. In fact, they strongly interact directly at the
plasma membrane level targeting mainly the lipid bilayer physical-chemical properties among that also
mechanical properties, and bacteria can hardly successfully evolve a drug resistance from AMPs. Thus, AMPs
can provide a rapid and a wide-spectrum action against bacterial infections. A correct, wide and
comprehensive understanding of the mechanisms underlying the AMPs and bacterial membrane interactions
is required. In the paper we will focus on Mag H2 action on GUVs exploiting several techniques (for example
Micropipette aspiration MAT and Flickering spectroscopy) proving a general mechanical characterization of
the lipid bilayer, and of the dynamics of the permeabilization process in order to investigate the underlying
possible molecular pathways like pore formation. Mag H2 owns a higher hydrophobicity level with respect
to Mag 2, and this additional feature deeply influence its target due the electrostatic interactions.
Nevertheless, the intrinsic spontaneous monolayer curvature is also relevant thus we focused also on GUVs
composed by PG groups verifying how these specific groups play a protective role.
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notwithstanding its enhanced hydrophobicity, has a pore formation mechanism compatible with the tor-
oidal pore model similar to that of wt Mag 2.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

The continuous misuse of antibiotics in the medical and agricul-
tural sectors together with a substantial lack in the discovery of
new active molecules has led to a worldwide incidence of multi-
drug resistant bacteria. Various international organizations such
as the World Health Organization (WHO) and United Nations, as
well as the USA government and several European countries, have
identified the uncontrolled spread of these resistant microorgan-
isms as one of the most dangerous threats of this century, carrying
serious consequences at different social levels, not only in public
health but even within macroeconomic sectors [1-5].

Among the alternative solutions to fight bacterial infections, the
use of antimicrobial peptides (AMPs) has been considered a very
promising strategy given their broad spectrum of activity and rapid
bactericidal action [6,7]. AMPs are evolutionarily conserved host-
defense molecules found in most complex living organisms, and
they selectively target the bacterial membrane through a variety
of non-specific interactions. The exploitation of non-specific inter-
actions hinders bacteria from developing definite resistance mech-
anisms to peptide binding and action [8,9]. Research on AMPs
activity during the last three decades have suggested that their
interaction with the cytoplasmic membrane could be the first step
of the bactericidal mechanism and that inhibition of enzymatic
activity, induction of protein degradation, inhibition of protein,
nucleic acid or cell wall synthesis, and interference in the transport
and energy metabolism could subsequently be involved [8,10,11].
Regarding the first step of their mechanism of action, several sce-
narios involving or not the formation of pores have been proposed.
Among them there are the formation of barrel-stave pores or toroi-
dal pores, a carpet mechanism, sinking raft, lipid clustering and
interfacial activity models [11-14]. AMPs have also been found to
be active against fungi, viruses, and even cancer cells [15]. Studies
aimed at developing AMP-based pharmaceuticals used either engi-
neered synthetic peptides or modified native peptides to improve
their antimicrobial properties and stability, and reduce toxicity to
host cells. For this to be achieved, a full understanding of the
molecular aspects of the AMP-membrane interaction is required.
Even if significant advances have been recently done to shed light
on the various mechanisms of action of AMPs, some molecular
details still remain unknown.

Research about the effects of AMP activity on both biological
membranes and lipid bilayer model systems have been performed
by means of various experimental techniques [16]. These studies
have revealed that the bound-peptide concentration plays a crucial
role. The model systems are strongly sensitive to small changes in
the peptide-to-lipid (P/L) ratio, requiring low P/L values to observe
the peptides’ effects, whereas much higher peptide concentrations
are needed to obtain significant effects on bacteria [14]. Liposomes
are among the mostly exploited model systems to study the inter-
action of AMPs with lipid bilayers. Liposomes can be classified
according to their size and, different sizes allow different tech-
niques to be exploited for their investigation. Whereas Large Unil-
amellar Vesicles (LUVs, diameter up to about 120 nm) can be used
for the analysis of fluorescence signals due to vesicle permeabiliza-
tion processes at well-established P/L ratios [17], Giant Unilamelar
Vesicles (GUVs, diameter from 1 um up to about 100 pum) can be
studied also by optical microscopy techniques including fluores-

cence techniques [ 18]. Moreover, GUVs could also be used to inves-
tigate the effect of AMPs on the lipid bilayer area changes or on
their mechanical properties by using the Micropipette Aspiration
Technique (MAT) [19-25] or flickering spectroscopy [26]. At the
same time, exploiting GUVs it is possible to establish the effects
of mechanical properties modulation on peptide activity [27].

Notwithstanding the variety of biophysical experimental analy-
sis, at present the details about the molecular mechanisms of the
AMP/membrane interaction at nanometer scale resolution can be
grasped mainly by molecular dynamics (MD) simulations [28-
30]. Due to the restrictions in the time covered by simulations
and number of included molecules, MD investigations typically
target AMPs which are strongly active on lipids which have been
well characterized in terms of simulation. This is the case of Magai-
nin H2 (Mag H2), an analog of magainin 2 (wt Mag 2) which is one
of the best characterized short cationic AMPs. wt Mag 2, a 23 amino
acids long peptide secreted on the skin of the African clawed frog
Xenopus laevis, permeabilizes bacterial membranes via toroidal
pores without exhibiting significant toxicity against mammalian
cells [31-34]. The Mag H2 analog differs on five amino acids that
confer it a higher hydrophobicity compared to wt Mag 2, conse-
quently enhancing the permeabilizing activity on zwitterionic
membranes due to a higher binding affinity, while leaving nearly
unchanged its antimicrobial activity [35]. Particularly, Mag H2
shows an EDsq for hemolysis of 16 pM, whereas wt Mag 2, has
practically no activity on red blood cells, and, concerning the bac-
tericidal activity against Escherichia coli, Mag H2 has just a four-
fold lower MIC with respect to wt Mag 2 (2 pM vs 8 pM) [35]. This
loss of membrane selectivity (zwitterionic host cell vs anionic bac-
terial membranes) might be undesirable from a medical point of
view. In fact, due to its activity on zwitterionic lipids, Mag H2 can-
not be considered a peptide with therapeutic applications. Never-
theless, in order to infer the molecular details of the peptide/
membrane interaction it is important to investigate what happens
when the properties of the peptides are changed in order to estab-
lish a correlation between the peptide chemical and physical prop-
erties and its mechanism of action. On the other hand, zwitterionic
lipids such as phosphatidylcholines (PC) are well characterized in
MD simulations, and AMPs strongly active on PC membranes like
Mag H2 are preferred in this type of studies. In fact, most of the
few studies about Mag H2 activity in the literature are of simula-
tion character [30,35-38| whereas the performed experimental
studies involved just the analysis of the permeabilization of LUVs
[35].

Aimed at filling the gap between simulation and experimental
studies about the interaction of Mag H2 with model membranes
and at understanding if the different hydrophobicity could induce
also a different mechanism of action apart from selectivity with
respect to wt Mag 2, here we studied the action of Mag H2 on GUVs
by using phase contrast optical microscopy, fluorescence micro-
scopy, flickering spectroscopy and MAT. The results have been
compared with the results on wt Mag 2 taken from the literature.
Our results reveal that Mag H2 strongly interacts with lipid bilay-
ers inducing a rapid permeabilization. The permeabilization pro-
cess is anticipated by a large increase of lipid bilayer area and a
strong decrease of the bilayer bending constant. The mechanism
of action seems however similar to that of wt Mag 2, implying
the probable formation of toroidal pores that decrease their diam-
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eter as the permeabilization process proceeds. Mag H2 has a strong
permeabilization activity on bilayers composed of zwitterionic
lipids and is less effective on GUVs including PG or cardiolipin
(CL) lipids suggesting that the monolayer curvature could prevail
over the peptide-membrane electrostatic interaction partly
inhibiting the formation of pores and the permeabilization process.

2. Material and methods
2.1. Lipids, fluorescent markers and peptides

DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine), POPC
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine), POPG (1-
palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol), Cardi-
olipin (CL) (Heart, Bovine), and cholesterol (chol) were bought
from Avanti Polar Lipids (Alabaster, USA). 1,2-dihexadecanoyl-sn-
glycero-3-phosphoethanolamine-Texas Red (DHPE-Texas Red)
was bought from Life Technologies (Thermofisher. Carlsbad, CA,
USA). Carboxyfluorescein (CF) was bought from Sigma-Aldrich Cor-
poration (Saint Louis, MO, USA). Specific lipid mixtures were pre-
pared by mixing chloroform lipid solutions in the desired
amount (the proportions used in this work are to be intended as
molar). The peptide Mag H2 (Ile - Ile - Lys - Lys — Phe - Leu -
His - Ser - Ile - Trp - Lys - Phe - Gly - Lys - Ala - Phe - Val -
Gly - Glu - Ile - Met - Asn - Ile) was purchased in powder from
United BioSystems Inc, with a 95.6% purity, and used without fur-
ther purification (see Par S1 and Fig. S1 for the aminoacid sequence
and hydropathy of Mag H2 compared to the natural Magainin 2). It
was dissolved in Millipore water at a high peptide concentration
(4 mg/mL) and stored at —20 °C until required for use.

2.2. Preparation of GUVs

GUVs were prepared according to the usual electroformation
method [39] with minor modifications. Briefly, lipid mixtures were
suspended in chloroform, and small drops (2-3 pL from a 2 mg/ml
lipid solution) were deposited on two opposing platinum (Pt) wires
positioned inside a Teflon chamber. The chloroform was initially
removed via a Nitrogen flux and then the chamber was positioned
inside a vacuum system (10~ mBar) for 0.5-1 h. Thereafter, the Pt
wires were connected to an electric function generator providing a
sinusoidal voltage potential difference. The Teflon chamber was
then filled with a 100 mM sucrose solution, and sealed. The elec-
troformation protocol was as follows: (i) 10Hz, 4.0V, for
105 min; (ii) 5 Hz, 2 V,,, for 45 min; (iii) a 5 Hz square-wave for
5 min in order to promote the final detachment of the vesicles from
the wires. All the procedure was performed at a temperature of
40 °C. GUVs were then extracted from the Teflon chamber and
resuspended in a 105 mM glucose solution. The presence of the
osmotic difference across the bilayer (the external glucose concen-
tration is 5 mM higher than the sucrose concentration) makes the
vesicles a little bit flaccid increasing their bending fluctuations, and
approaching the behavior of biological membrane which are typi-
cally not tensed. When GUVs were prepared for fluorescence
microscopy investigation, a 0.5-1% molar amount of DHPE-Texas
Red was included in the lipid mixtures in order to mark the bilayer.
When studying Mag H2-induced membrane permeabilization via
fluorescence microscopy, CF was added to the imaging or forma-
tion medium. In the first case, we measured the influx of CF, and
we injected the GUVs in a chamber already containing 10 uM CF
in 105 mM glucose + the desired Mag H2 concentration. In the sec-
ond case, we formed the vesicles in the presence of 100 mM
sucrose + 10 uM CF. The vesicles were then washed by at least 5
cycles of centrifugation and exchange of the supernatant with
105 mM glucose before injecting them in a chamber already con-

taining the desired concentration of Mag H2. The chambers we
used to study the permeabilization of the GUVs were made with
glass slides and Teflon and the bottom glass surface was pretreated
with BSA (10 mg/mL) to avoid adhesion between glass and lipid
bilayers. The BSA solution was then removed and the chamber
abundantly rinsed with the working solution. We did not observe
any effect ascribable to residual BSA in the chamber.

2.3. Micropipette aspiration

Micropipettes were made by pulling glass capillaries (World
Precision Instruments, Sarasota, FL, USA) of 1.2 mm initial-
internal diameter, reaching a final cylindrical shape and an internal
diameter of ~10 pm. To pull the micropipettes, we initially used a
HEKA temperature controlled pipette puller PIP5 followed by the
use of a home-developed pipette puller to obtain the final
cylindrical shape. A home-made microforge was used to cut the
micropipette perpendicularly to its axis; the capillaries were then
tip-polished to smooth their break-point in order to ensure good
membrane/micropipette contact. The micropipettes were pre-
treated with BSA (10 mg/mL) to avoid adhesion between glass
and lipid bilayers by neutralizing the charge on the bare glass
surface, and then the pipettes were abundantly rinsed with the
working solution. The micropipettes were then filled with a
105 mM glucose solution, assuring the absence of internal air
bubbles. Finally, the micropipette is connected to the aspiration
system, and immersed in a home-made Teflon/glass chamber
where the vesicles were deposited.

To apply lateral tensions to the vesicles, the micropipette was
connected to a pneumatic pressure transducer (Lorenz MPCU-3)
to exert pressure differences between the internal side of the pip-
ette and the external solution at the same height, with a sensitivity
of 0.1 cm H,0. The pressure difference was applied by controlling
the air pressure on top of a cylindrical tube containing the same
external solution and initially kept at the height providing a negli-
gible pressure difference. The negligible initial pressure was evi-
denced by the absence of movement of small particles in front of
the pipette aperture. Controlling the height difference of the solu-
tion levels in two tubes, we are able to aspirate the vesicle into the
micropipette, and the progressive membrane deformation (projec-
tion) into the micropipette can be measured as a function of time
at constant pressure difference. To study the kinetics of the inter-
action of the molecules with a lipid bilayer, a fast perfusion system
would be required (the measurement time should start with an
already established constant concentration of the peptides). To cir-
cumvent this problem, we assembled a cell with two chambers
[23,25,40], and we transferred the vesicles to be studied from
one chamber without the peptide to another chamber with the
already homogeneous peptide concentration. In particular, the
chambers are prepared using Teflon in order to have a hydrophobic
surface and to avoid the contact between the liquids of the two
compartments (see Fig. S2). To better insulate the two compart-
ments we also used two small pieces of a Teflon foil (25 pm thick)
in contact with the glass in the channel. One compartment is filled
with the vesicle solution in glucose. Using a micromanipulator, a
pipette with an external diameter of about 0.5/1 mm and filled
with the glucose solution is inserted through the hole from the
compartment opposite to the vesicle in order to reach the vesicle
solution. The other compartment is then filled with the solution
already containing the Mag H2 concentration we want to investi-
gate. A vesicle from the first compartment is aspirated by the
micropipette and the vesicle with the micropipette are then
inserted inside the bigger pipette (see Fig. S2). The chamber is then
moved by using the microscope stage in order to take the aspirated
vesicle to the chamber containing the peptide solution. The bigger
pipette is then removed and the interaction kinetics starts. Time
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t =0 in our analysis corresponds to the removal of the bigger pip-
ette and the exposure of the vesicle to the Mag H2 solution. All the
formulas used to analyze the experiments performed by MAT are
reported in the Supplementary Material section (see Par 52).

2.4. Flickering spectroscopy

GUVs have been observed using 40X phase contrast objective
(NA 0.60), mounted on an Olympus IX 70 microscopy. An addi-
tional lens incorporated in the microscope was used to increase
the total magnification, up to 60X. A CCD high-resolution video
camera (Qlcam FAST Cooled Mono 12-bits) was used to store GUVs
movies of 1500 phase images with a frame rate of 25 images/s, and
an integration time of 15 ms. The samples have been prepared
using an O-ring chamber sealed with two cover glasses. During
sample preparation, GUVs were suspended in 112 mM glucose
solution in order to make fluctuations easily visible by optical
microscopy at our resolution level. The images of fluctuating vesi-
cles represent the evolution in time of the GUVs contour at the
equatorial plane. Using a home-made software developed in
Python, the vesicle contour for each image of the sequence is
detected with a sub-pixel resolution [41]. The 2D contour coordi-
nates are used to obtain the radial fluctuations: r(3,@,t) = r(¢,t)
in polar coordinates at the equatorial plane at a given time f, cor-
responding to the analyzed image.

Starting from radial fluctuations, the angular autocorrelation
function is evaluated by:

1

E(p,t) = —
s(r ) ZT[Rz

2n
[ o+ n0=r)-Irtg.0 - ritNde (1)

0
where r(t) =5k ,j'z" r(g,t)de is the averaged radius of the vesicle,
0

and R:Zﬂu%f" is the mean radius obtained from the entire
sequence containing Ny frames. The autocorrelation functions are
then decomposed using a Legendre Polynomials basis,
E(y,t) = (Bo)Po(cos y) + Z:’j;’ (By) - Py(cosy), obtaining the corre-
sponding B, coefficients for each frame. Finally, the mean
value(B,) = 2{"{0&#{“ is evaluated. Using a Levenberg-Marquardt
procedure, the experimental (B,) values are fitted following the the-
oretical expression:

ooy 2n+41 kT
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wherek;, is the Boltzmann constant,k and ¢ are the bending con-
stant and the reduced surface tension, respectively, and n > 1. For
the fitting procedure, coefficients between the 3° and 14° mode
number were used. Since the coefficients are defined as greater than
0, following Eq. (2), all negative contributions have been neglected.

2.5. Fluorescence microscopy

Epifluorescent images were acquired using an Olympus IX 70
microscope equipped with a 20X or 40X objective (NA 0.4 and
0.75, respectively). All procedures were performed at minimal light
exposition (using neutral filters) to avoid fluorophores’ photo-
bleaching. A CCD high-resolution video camera (Qlcam FAST
Cooled Mono 12-bits) or a CMOS camera (Hamamatsu ORCA-
flash 4.0LT - C11440) connected to a computer were used for image
and video capture. Analysis of images and videos was made using
Image] [42]. For confocal imaging, we used a Leica SP2 microscope
with AOBS (Acoustic Optical Beam Splitter), and 40X and 63X-oil
immersion objectives. The excitation wavelengths for CF and
Texas-Red were 488 nm and 594 nm, respectively; the emission

wavelengths were 517 nm and 615 nm, respectively as well. Anal-
ysis of the evolution of the fluorescence intensity inside GUVs was
performed with Image]+Time Series V3 plugins. Briefly, the images
corresponding to the time sequence of each vesicle, were selected,
properly aligned, and joined in a single sequence. Images corre-
sponding to the fluorescence reference value (outside the vesicle)
were inserted in the sequence, as well.

3. Results and discussion

3.1. Strategies for the study of the permeabilization of GUVs by
peptides

Typically, three different strategies can be exploited to verify
the permeabilization activity of AMPs on GUVs: (i) the GUVs being
inside a chamber, the AMPs are delivered by using a micropipette
positioned near to a single vesicle (single GUV method); (ii) the
vesicles are injected in a glucose solution already containing a
homogeneous peptide concentration (GUV dispersion method);
(iii) the vesicles are injected in a chamber and, after they have been
settled down, the peptides are injected into the medium. Among
them, just strategy (ii) allows the measurement of the peptide-
vesicle interaction at a well-defined AMP concentration. Obviously,
the adsorption of the peptides on the vesicles implies a decrease of
the peptide concentration in solution but, in most cases, it can be
considered anyway as an equilibrium situation given the usually
high amount of peptides in solution in experiments involving
GUVs. This strategy presents the impossibility of having data at a
very short time after exposing the vesicle to the peptides because
enough time has to elapse (about 40-50 s) before the vesicles set-
tle at the bottom of the imaging chamber in order to have a time
lapse visualization of their state. In strategy (iii) the exact peptide
concentration near to the GUVs is not known, or it changes during
the measurements. When GUVs are exposed to a peptide flux
(strategy (i)), vesicles not adhering to the surface are easily moved.
Vesicles not moving are probably physically adhered to the sub-
strate, and this condition could alter the tension in the bilayer. If
the possibility of blocking the vesicles on the support by a specific
chemistry such as biotin/avidin is exploited [43], it is possible to
flux a solution with a well-defined peptide concentration and this
method, repeated on several vesicles, could provide valuable
results even if the uncertainty on the concentration and effects
related to mass diffusion in solution should be considered. Differ-
ent methods of vesicles exposure to peptides could give different
results. In the experiments performed in this study, we mainly
worked with strategy (ii), i.e. the vesicle dispersion method. With
this method we never measured the permeabilization kinetics.
What we were able to measure is the percentage of intact and per-
meabilized vesicles after a quite long interval from the vesicle
injection (about 30 min) or the kinetics of influx or efflux between
the vesicle lumen and the external solution from the moment
when these events start. In these cases, we considered time t=0
as the time at which the permeabilization starts without reporting
the real time after the initial exposure of the vesicles to the Mag H2
solution. The overall time at which the influx or efflux start is
stochastic. More results obtained with the other strategies are
reported in the Supplementary Material Section.

3.2. Role of lipid composition on the Mag H2 effect

In order to identify which types of lipids could promote or dis-
favor the permeabilization effect of Mag H2, GUVs with different
lipid compositions have been studied. We initially measured the
percentage of permeabilized vesicles for different lipids and for dif-
ferent peptide concentrations after 30 min incubation time with
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Mag H2 [44,45]. For this analysis we exploited phase microscopy
imaging. The permeabilization efficiency is detected by the con-
trast change due to an equilibration process between sucrose
inside the GUV and glucose outside the GUVs once pores have been
formed. To be sure that the leakage process by itself could not
affect the time analysis, we followed the leakage process of several
vesicles by time lapse phase contrast imaging with a time resolu-
tion of just a few seconds. Fig. 1 reports a representative example
for a DOPC/chol (88%/12%) vesicle.

Once it starts, the leakage process reaches an equilibrium situ-
ation in about 30s. In some cases, the leakage process was not
complete but it stopped producing a partially permeabilized situa-
tion. This scenario was more evident at low peptide concentrations
for all the lipid compositions we studied. Anyway, in the case of
partial permeabilization, after a fast first step (see below) a second
very slow leakage process follows. The fact that the leakage process
is much faster than the observation time of 30 min assures us that
it is the rate of pore formation what is relevant, and not the time
required for the equilibration of the internal and external solutions
of the GUVs. Table 1 reports the percentage of still intact vesicle at
the end of the 30 min incubation time for different lipid composi-
tion of the GUVs.

As a first analysis, we compared the permeabilization activity of
Mag H2 on DOPC and POPC vesicles in order to understand the role
of chain unsaturation on the activity of Mag H2. Due to its higher
hydrophobicity, Mag H2 is much more effective on PC lipids than
Mag 2 and very low concentrations of Mag H2 are enough to
induce permeabilization of the vesicles (1-2 M) whereas concen-
trations starting from 15 pM are required for Mag 2 [46]. The frac-
tion of not-permeabilized vesicles shown in Table 1 reveals that
DOPC bilayers are more resistant to Mag H2 permeabilization than
POPC bilayers. This is quite interesting because DOPC, having two
unsaturated chains, is expected to be more disordered than POPC
at the same temperature (the analysis have been performed at a
controlled temperature of 27 °C) and more prone to be destabilized
by the peptide. A possible explanation for this behavior is related
to the spontaneous curvature of the monolayers. In fact, given
the increased volume of the acyl chain region of DOPC monolayers,
it is expected that they will have a higher tendency to adopt neg-
ative curvature with respect to POPC monolayers. Experimental
data on the spontaneous curvature for DOPC and POPC report a
higher negative curvature for DOPC (-0.091 nm~') with respect
to POPC (-0.022 nm™") [47]. Given that simulations of the activity
of Mag H2 show the formation of toroidal pores [30], lipids with
a higher negative curvature will protect the bilayer from the for-
mation of Mag H2 pores [48]. The same protective behavior was
observed in vesicles containing CL (see Par S5), a lipid with the ten-
dency to form monolayers with high negative curvature, and to
easily adopt the inverted hexagonal phase structure (Hy).

Table 1

Permeabilization effect of Mag H2 at different concentrations for GUVs with different
lipid compositions, estimated as the fraction of not-permeabilized vesicles after
~30 min. All the measurements have been performed at a constant controlled
temperature of 27 °C, and more than 100 vesicles have been considered for each
experiment. Each experiment was repeated 3 times giving consistent results. The
reported error is the standard deviation of the repetition of the experiments (n = 3).
ND = Not Determined.

Compositions Percent of intact GUVs after 30 min

1 pM Mag H2 2 pM Mag H2
DOPC ND 26+9
POPC 47 +7 03+0.1
POPC/POPG 3:1 73£10 308
DOPC/chol 88:12 ND 32+10
DOPC/chol 76:24 ND 79+8
DOPC/chol 60:40 ND 84+12

We then compared the permeabilization activity of Mag H2 on
vesicles including negatively charged lipids -such as POPG- in
order to understand their role on the activity of Mag H2. We found
that a POPC/POPG (3:1) lipid bilayer is more protective than a pure
POPC bilayer (Table 1). It is important to point out that the mea-
surements in this case were performed in water plus 105 mM glu-
cose without any buffering agent, obtaining a solution with pH
between 5 and 5.5 that assures a negative charge to the PG head-
group (the pK, of phosphatidylglycerol is ~3). In the case of Mag
2, it has been found in previous works that the presence of PG
favors the permeabilization of the vesicles [4G]. The presence of
negatively charged lipids typically increases the effect of cationic
AMPs due to the electrostatically increased adsorption of peptides
on the lipid bilayer. This is exactly what happens in the case of Mag
2, while in the case of Mag H2 the presence of PG acts as a protec-
tion against permeabilization. It is also to be stressed that in water
solution (even if residual Na* ions are present in the solution
according to how lipids are provided by Avanti Polar Lipids) the
electrostatic effect is even more intense with respect to buffer
solutions in which the charges are shielded, and the tendency to
adopt inverted phases is reduced. In other cases, it has been
recently found that the electrostatic force is relevant in the AMP/
lipids interaction but it is not the only relevant parameter and, in
specific cases, the geometry of the bilayer, the number of defects
and the lipid-to-lipid average distance could overwhelm the elec-
trostatic interaction [49]. The protective effect of PG groups is pre-
sent for both 1 and 2 uM Mag H2 concentrations that we analyzed
(Table 1). A similar result has been obtained in the case of LUVs
[35] and it has been interpreted as a result of the intrinsic more
negative curvature of PG with respect to PC [50]. Even in this case
it is important to highlight that our experiments could be different
with respect to experiments performed in buffer solution; in

Fig. 1. Sequence of phase contrast optical microscopy images of a DOPC/chol (12% cholesterol molar content) GUV exposed to a 2 yM Mag H2 concentration. Once it starts, in
about 30 s all the permeabilization process is complete. The contrast loss is related to equilibration of the internal (sucrose) and external (glucose) solutions of the GUV. The
time reported on each image starts from the starting of the vesicle leakage (bar =10 pm).
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particular, the higher negative curvature value for PG is reported
for buffer solutions; therefore, in our case, the presence of the
positively charged peptides could play a role similar to
poly-electrolytes in solution. Our results suggest that, for Mag
H2-induced permeabilization, the intrinsic monolayer curvature
could be more relevant than the electrostatic interaction between
the peptide and the bilayer. Another case in which a protective
effect of POPG lipids has been obtained is related to a modification
of the maculin peptide by the insertion of a proline amino acid [51].

We also evaluated the role of cholesterol on the permeabiliza-
tion activity of Mag H2. Cholesterol has typically a protective effect
against AMPs, and this aspect is one of the mechanisms conferring
specificity to the activity of AMPs towards bacteria with respect to
host-cell membranes [52]. We demonstrated that cholesterol has a
protective effect also in the case of Mag H2. Whereas in the case of
DOPC/chol (with cholesterol molar content equal to 12%) the frac-
tion of permeabilized vesicles is comparable to the case of pure
DOPC, at a cholesterol molar fraction of 24%, the protective effect
is greatly enhanced, and it seems to reach a saturation effect for
larger concentrations considering that 40% cholesterol concentra-
tion provides similar results (Table 1). A similar non-linear behav-
ior as a function of cholesterol concentration has already been
obtained for MSI-78 [53], a 22 amino acids long AMP commercially
known as pexiganan. The non-linear behavior has been interpreted
as the result of a phase change of the DOPC/chol binary mixture for
cholesterol concentrations higher than ~20%. In fact, for choles-
terol concentrations above 20%, regions of L, phase should form,
and the activity of the peptides on these domains should be
strongly inhibited. We speculated that the protective effect of
cholesterol is mainly related to its effect on the phase state of
the bilayer and on their mechanical properties; in fact, the pres-
ence of cholesterol in lipid bilayers confers a much higher value
to the their stretching and bending constants [54]. On the other
hand, in many cases, the formation of black dots or spots on the
surface of vesicles was observed by phase contrast microscopy
after the exposure to the peptide, in particular in the case of vesi-
cles containing CL (see Fig. S7 and Fig. S12a). By including 1%
DHPE-Texas Red in the bilayer of the vesicles, we were able to con-
firm that the black dots are due to lipid accumulation (see
Fig. S12b); for example, in case of high Mag H2 concentrations,
we observed formation of large spots on the surface of the vesicles
before they collapse (see Fig. S6). Furthermore, the presence of
these spots does not imply the permeabilization of the involved
vesicle. We do not know which could be the organization of the

lipids within these regions, and we just refer to these structures
as accumulation of lipids, as suggested also by other studies
[55,56].

3.3. Quantitative analysis of the influx kinetics

For a quantitative analysis of the kinetics of the influx process
we exploited a fluorescent dye and confocal microscopy using
strategy (ii). Fig. 2 shows GUVs composed of POPC +1% DHPE-
Texas Red dispersed in a solution containing 105 mM glucose
+10 uM CF. Even in this case the exact P/L ratio is difficult to estab-
lish due to the impossibility of knowing the lipid concentration in
the sample. Fig. 2a shows the vesicles in the absence of Mag H2. At
the beginning of the experiment, the internal region of the GUVs
showed the complete absence of CF. On the time scale of several
minutes no permeabilization event was observed in the absence
of the peptides. Vesicles exposed to Mag H2 showed different
behaviors depending on the peptide concentration. In all the
reported experiments, time t=0 corresponds to the starting of
the influx of efflux process, independently from the overall time
of exposure of the GUVs to the peptide. Fig. 2b shows the effect
of a 1 uM Mag H2 concentration on POPC GUVs. In this case most
of the vesicles become partially permeabilized: after an initial
rapid influx of CF molecules, the flux slows down, and it proceeds
at a very low rate probably due to a size reduction of the pore
diameter (see also Fig. S3 for a photobleaching experiment, and
Fig. S4 for an example of influx kinetics after the initial fast step).
The decrease of the pore size after the initial influx (or efflux) of
a dye has been already reported both for Mag 2 [57] and for Mag
H2 [35]. Fig. 2c shows a completely permeabilized vesicle which
was exposed to a 2 pM peptide concentration. The same behavior
was observed for both CF influx and efflux. The behavior of the
influx process for some of the analyzed GUVs is shown in Fig. 3.
To analyze quantitatively the data, we used a simple exponential
decay function similar to the one reported in [58]:

I(t) = (1 - A) + Ae ™ 3)

where I(t) represents the difference of the fluorescence intensity
between the external region and the region inside the vesicle, nor-
malizing to 1 the difference at time t = 0 when no permeabilization
has occurred, (1-A) is the permeabilization fraction (where A is the
percentage of fluorescence increase inside the vesicle. A=1 would
correspond to a total permeabilization of the vesicle), and k is the

Fig. 2. Confocal fluorescence microscopy images of POPC+1% DHPE-Texas Red GUVs dispersed in a solution containing 105 mM glucose + 10 uM CF. (a) GUVs not exposed to
Mag H2; scale bar in the inset = 5 um; (b) example of a POPC vesicle partially permeabilized after exposing the GUVs to a 1 uM Mag H2 concentration; (c) example of a vesicle
completely permeabilized after being exposed to a 2 uM Mag H2 concentration. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 3. Analysis of the influx kinetics of a POPC GUV by confocal microscopy. (a) and (b) POPC GUVs dispersed in a solution containing 105 mM glucose + 10 uM CF, exposed to
a1 pM Mag H2 concentration. A GUV initially not-permeabilized (indicated by a red arrow in panel (a), appears partially permeabilized 200 s later (indicated by a red arrow in
panel b - the vesicles slowly moved in the chamber and we had to follow their positions); (c) normalized fluorescence signal difference between the regions outside and
inside the vesicles. The black dots correspond to representative traces of the kinetics of the fluorescence marker influx whereas the red continuous lines represent the best fit
by Eq. (1). The influx process occurs by an initial fast step corresponding to the opening of the pores, followed by a very slow influx process which is not noticeable on this
time scale; (d) and (e) POPC GUVs dispersed in a solution containing 105 mM glucose + 10 yM CF, exposed to a 2 uM Mag H2 concentration. Two GUVs initially not-
permeabilized (indicated by the red arrows in panel (d)) appear completely permeabilized in panel (e); (f) normalized fluorescence signal difference between the regions
outside and inside the vesicles. The black dots correspond to representative traces of the kinetics of the fluorescence marker influx whereas the red continuous lines represent
the best fit by a simple exponential decay function. All the curves have been aligned in such a way that t=0 s corresponds to the beginning of the influx process for all the
vesicles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

inverse of the time constant (in s~'). Before fitting the data with the
exponential function, we aligned the fluorescence intensity trends
so that t=0s corresponds to the stochastic beginning of the CF
influx process. The rate constant k is about (0.048 +0.016) s~
(meants.d. for n=9) in the case of partial permeabilization
(Fig. 3a-c), and (0.041 +0.012) s~' (mean # s.d. for n =9) for total
permeabilization (Fig. 3d-f). The permeabilization of the vesicles
loaded with CF (efflux kinetics) occurs on similar time-scales (see

Fig. S5). We also performed an analysis of the initial volume flux
Jv across the bilayer in the cases of both transient and complete per-
meabilization exploiting the method presented in [44,45] (see Par
S4). The results are reported in Fig. 4 showing that by doubling
the Mag H2 concentration from 1 uM to 2 uM we have an initial
dye influx changing from (0.04 + 0.02) um/s to (0.29 + 0.08) um/s
(mean *s.d, n=9) . This result can be interpreted as an increased
number of pores initially formed at higher Mag H2 concentration
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Fig. 4. (a) Log-linear plots of time-dependent initial dye influx (—R/3In(1 — c)) versus time for partial permeabilization of POPC GUVs exposed to 1 M Mag H2 concentration.
The average flux value is (0.04 + 0.02) um/s (average + sd); (b) The same plots as in (a) in the case of POPC GUVs exposed to 2 M Mag H2 concentration in the case of total

permeabilization. The average flux value is (0.29 + 0.08) um/s (average + sd).

208



254 A. Mescola et al./Journal of Colloid and Interface Science 553 (2019) 247-258

leading to a complete influx of the dye during the period in which
the pores remain completely open. In the case of partial permeabi-
lization, the number of pores could be not enough to obtain a com-
plete equilibration of CF concentration during their open time.

If Mag H2 concentration is further increased to greater
than 5 uM, we observed a very fast complete influx kinetics with
the GUVs rapidly losing their stability resulting in the formation
of spots where lipids accumulate as evidenced by the localized
increase of the lipid fluorescence signal (see Fig. S6). The partial
permeabilization phenomenon can be interpreted on the basis of
the fact that once the pores are formed, they can close or reduce
their size even if we do not know the mechanistic details of this
phenomenon. In this case, the level of permeabilization depends
on the rate constant of the fluorophore flux: if the flux rate is high
(large pores or high number of pores for example), it is possible to
obtain a complete permeabilization before pore closure or size
reduction, whereas if the flux is slow (narrow pores for example),
the vesicles will show just a transient permeabilization followed
by a second phase characterized by a very low permeabilization
rate (~0.0019 5™, see Fig S4). This behavior could also be inter-
preted in the context of the translocation of the peptides from
one leaflet to the other. From our results, in the case of Mag H2
the behavior is mainly related to its concentration and to the initial
value of the influx of the fluorescent dye.

3.4. Investigation by micropipette aspiration of GUVs exposed to Mag
H2

The MAT technique is typically exploited to study the mechan-
ical properties of lipid bilayers in the form of GUVs or to investigate

!

0.5 pM Mag H2

1 nM Mag H2 2 ooz

the bilayer area expansion or volume variation providing informa-
tion about the interaction kinetics of the lipid bilayer with exoge-
nous molecules [20-25]. Usually, to study the interaction of the
lipid bilayer with exogenous molecules, a single GUV is grabbed
by a micropipette which is covered by a bigger pipette, and moved
to a different compartment already prepared with a solution of
homogeneous concentration of the molecule of interest. The
removal of the bigger pipette marks the beginning of the interac-
tion kinetics [25,59]. The expansion or retraction of the vesicle area
is detected by the movement of the vesicle projection inside the
micropipette (increase or decrease, respectively) which works as
an amplifier of the effect of the peptides on the bilayer area (see
the Supplementary Information Par S2 for details of the analysis).
The data we will show are mainly representative of the qualitative
behavior of the lipid bilayer exposed to the peptides given that a
rigorous quantitative analysis in terms of peptide concentration
could strongly depend on the initial conditions, such as vesicle size
and applied lateral tension.

MAT experiments on DOPC GUVs at different Mag H2 concen-
trations were performed. Fig. 5a-c shows the results of the expo-
sure of a DOPC GUV to a 5.37 x 107> M Mag H2 concentration
[40], corresponding to P/L ~ 1/30 (to obtain this estimate we con-
sidered that there is only one GUV in the chamber, the vesicle is
composed by approximately 5.8 x 10° lipids according to its size
and the area-per-lipid and we evaluated the total number of pep-
tides in the chamber on the basis of the peptide concentration
and the volume of the chamber ~0.6 mL). From all the performed
experiments (n=7) at this peptide concentration, in ~70% of the
cases the projection increased like in the case shown in Fig. 5a-c,
whereas in the remaining 30% the vesicle projection remained
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Fig. 5. (a)-(c) Evolution of the vesicle protrusion inside the micropipette for a DOPC vesicle (t=0's, 150 s, 350 s, respectively) exposed toa 5 x 10~ "> M Mag H2 concentration.
The vertical dashed line highlights the position of the vesicle projection inside the micropipette with respect to the first snapshot; (d)-(f) sequence of images acquired on a
DOPC vesicle exposed to a Mag H2 concentration of 10-° M. The lipid bilayer protrusion retracts as a consequence of the interaction with the peptides; (g) evolution of the
relative area variation as a function of time for two representative cases for 5.13 x 10~'* M Mag H2; (h) representative plots of the protrusion retraction for two Mag H2
concentrations, 10~ M (black squares) and 8 uM (red circles). In the case of the 8 M concentration, the vesicle disrupted after 200 s. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)
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stationary. Fig. 5g shows the relative area increase associated with
the overall projection increase as a function of time for two repre-
sentative experiments. When the Mag H2 concentration is
increased to 102 M, we observed the opposite effect, i.e. the vesi-
cle projection retracted such as in the sequence shown in Fig. 5d-f
(n=5). The retraction rate depended on the Mag H2 concentration,
increasing with peptide concentration, as shown in Fig. 5h. In the
case of the vesicle projection retraction we did not analyze its
behavior in terms of relative area variation because it cannot be
excluded that the lipid bilayer is adopting structures in which
lipids accumulate in some points, having an effect on the quantita-
tive analysis. In fact, in some cases we observed the formation of
dots on the lipid bilayer during the projection retraction. Qualita-
tively, the decrease of the vesicle projection can be interpreted as
due to a volume increase of the vesicle. In this case, the volume
increase could be related to the formation of pores in the mem-
brane inducing the influx of glucose molecules in the vesicle
lumen.

Considering the extreme sensitivity of the bilayer to the peptide
concentration, and looking for the transition from the expansion to
the retraction behavior on the same vesicle, we decided to change
the method of vesicle exposure to the peptides. To this aim, we
grabbed one POPC vesicle using the MAT system, and then injected
in the chamber a peptide amount equivalent to a final concentra-
tion of 2 and 4 uM without any stirring procedure. By this way,
the concentration of the peptide near the vesicle increases as the
diffusion of the molecules proceeds. Before injecting Mag H2, we
measured the background effect on the position of the vesicle pro-
jection inside the micropipette due to the evaporation of water in
the imaging chamber. Fig. 6 shows the trend of the relative area
variation as a function of time for different POPC vesicles. For
2 uM Mag H2, we generally observed a slow increase of the area
up to a relative variation of 4% followed by a projection retraction
and the final collapse of the vesicle. For 4 uM Mag H2, the typical
behavior consists of an initial rapid area increase, a decrease of
the growth rate which is then followed, after a relative area varia-
tion of about 8%, by a rapid retraction of the vesicle projection; the
sequence ends with the collapse of the vesicle (see Movie S1 for the
complete sequence of one experiment). The average area increase
for the two concentrations, 2 and 4 uM, are 3.3+1.0% and
6.3 +1.6% (n=9 in both cases), respectively. The behavior of the
vesicle projection can be explained as follows: an initial area
increase takes place due to the adsorption of the peptide and the
decrease of the lipid bilayer thickness (it is not excluded that a con-
tribution comes also from the decrease of the bending constant —

see below - of the lipid bilayer affecting the GUV projection posi-
tion). It is to be stressed that the second region of slow increase of
the area should be considered taking into account also the reported
area variation just due to solvent evaporation (thin dashed line in
Fig. 6). If this effect is taken into account, we can say that after the
initial increase, the lipid bilayer area stays constant until the per-
meabilization and the increase of the volume starts. This behavior
is similar to the one observed for Mag 2 in ref [19]. The increase of
the volume always leads to the destruction of the vesicle, probably
due to the strong effect of the peptide on the mechanical properties
of the bilayer and the lateral tension applied by the micropipette.

3.5. Vesicle area variation before permeabilization

We then tried to deepen the understanding of the lipid bilayer
changes while it interacts with Mag H2 before the permeabiliza-
tion process starts. To do this, we decided to continuously follow
the shape changes of the vesicles during the exposure to the pep-
tides by measuring the equatorial shape of the vesicles using phase
contrast imaging. We then reconstructed the approximate perime-
ter of the equatorial image of the vesicle using the same profiling
technique exploited for flickering spectroscopy (see below) and,
at the same time, we measured the changes of the phase contrast
inside the vesicles as a marker of the permeabilization process.
In this case we can report the ratio between the average contrast
inside the vesicle and the average contrast value measured outside
the vesicle as a function of time. The initial contrast difference
between the two regions is due to the fact that the solution inside
the vesicle contains sucrose whereas outside it is mainly glucose.
Upon permeabilization, the solutions inside and outside the vesicle
equilibrate and the ratio approaches 1. Fig. 7 shows an example for
this kind of analysis on a POPC vesicle exposed to 2 pM Mag H2. If a
GUV had a spherical shape it could be possible to measure the area
from the measurement of the circle obtained at the equatorial
region. In the case of a fluctuating vesicle, the measurement of
the perimeter at the equatorial region can be exploited only to
have an idea of fluctuations but not as a parameter from which
to obtain the exact vesicle area. Accordingly, the trend of the
perimeter reported in Fig. 7 shows the behavior of the fluctuations
as the interaction of the vesicle with Mag H2 proceeds. The images
reported in Fig. 7 show the vesicle frames at the different time
points reported in the plot (the complete sequence of images is
reported in Movie S2). As already pointed out, the first effect of
peptides adsorbing onto the lipid bilayer is an increase of the
visible lipid bilayer fluctuations. Both, the excess area and the
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Fig. 6. Evolution of the relative area change as a function of time of POPC GUVs exposed to (a) 2 uM and (b) 4 uM Mag H2 concentrations. The dotted light grey line represents
the extrapolation of the drift of the relative area variation due to water evaporation measured for 500 s in (a) and 200 s in (b) on the same vesicle at the beginning of each

experiment. (see movie S1 for the experiment indicated by the asterisk).
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Fig. 7. Variation of the phase contrast and the perimeter value measured at the equatorial plane of a POPC GUV as it interacts with a 2 uM Mag H2 concentration. Hollow
squares represent the phase contrast intensity ratio obtained by considering the average intensity of a region external to the vesicle and the average contrast value inside the
vesicle. The blue circles represent the approximate value of the perimeter of the vesicle at the equatorial plane as an observable used to report lipid bilayer fluctuations. The
phase contrast images of the vesicle reported below have been obtained at the instants numbered in the plot (bar = 10 um). (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

possible thickness decrease could induce this effect as well as a
bending constant decrease. The increase of fluctuations however
proceeds without any change in the phase contrast between the
internal and external regions of the vesicle (the instabilities in
the plot of Fig. 7 are due to the overlapping of floating structures
in the chamber as it is evident from Movie S2). At point 3 in the
plot, fluctuations of the bilayer rapidly decrease without producing
any change in the internal contrast of the vesicle. We tentatively
associate this phase to the translocation of the peptides from the
external to the internal leaflet of the bilayer. Immediately after this
rapid phase, the permeabilization starts and the area of the vesicle
increases. In the Supplementary Material section we report the
analysis of the area variation measured by phase contrast for POPC
vesicles exposed to different Mag H2 concentrations (Fig S11) as
well as a sequence of images obtained by confocal microscopy
showing a similar process (Fig S8). The sequence of the events
could be summarized in the following steps: (i) the peptides
adsorb onto the external vesicle leaflet increasing its area and gen-
erating a strong asymmetry between the two leaflets, introducing
softening of the bilayer and strong visible fluctuations; (ii) the
internal leaflet of the bilayer expands due to the interleaflet cou-
pling, probably inducing the formation of highly disordered struc-
tures which allow (iii) the translocation of the peptides to the
internal leaflet restoring a symmetry between the two leaflets
and recovering the spherical shape of the vesicle; (iv) after restor-
ing the spherical shape with a symmetric situation for the two leaf-
lets, pores are formed and the equilibration of the internal and
external solutions starts with an increase of the vesicle volume.
The behavior that we observed for vesicles exposed to Mag H2 is
in part consistent with a model developed for Mag 2 in the litera-
ture [57] and is also consistent with experimental results in which
fluorescently labeled Mag 2 accumulation on the surface of a GUV
has been tracked together with the efflux from the vesicle of a flu-
orescent species [19]. In particular Karal et al. [19] show the pres-
ence of a small lag time between the moment in which the peptide

starts to translocate to the inner leaflet of the vesicle and the start-
ing of the fluorescent dye efflux from the vesicle. The average lag
time that has been found in [19] is about 24 s, whereas, using a dif-
ferent observable (fluctuations with respect to the intensity of the
labeled peptide) we observed a lag time of about 100 s. Accord-
ingly, the main source for the fluctuations that we observe could
be related to the leaflet asymmetry in the peptide concentration
whereas pore formation is highly favored when the peptide is dis-
tributed in the two bilayer leaflets. On the basis of our data we can-
not obtain any evidence about the mechanistic process that
eventually leads to the decrease of the pore diameter.

3.6. Effect of Mag H2 on the lipid bilayer bending constant

In MAT experiments, the vesicle projection inside the pipette is
a sort of amplification of the lipid bilayer area changes. However, in
the MAT set-up, changes in the bending constant of the lipid
bilayer could produce a variation of the apparent vesicle area.
Accordingly, we decided to study the changes of the bending con-
stant of lipid bilayers due to the adsorption of the peptides by flick-
ering spectroscopy. The effect of AMPs on lipid bilayer fluctuations
has already been studied by flickering microscopy [60,61]
establishing for example in the case of Mag 2 a strong effect, in par-
ticular a decrease, on the bending constant of POPC membranes
[26]. Table 2 shows the effects of low Mag H2 concentrations

Table 2

Bending constant values for POPC and DOPC vesicles measured by flickering
spectroscopy before and after the exposure to low Mag H2 concentrations (before
producing the permeabilization effect).

Control Mag H2(C]
POPC (26 £6) kgT (n=3) (11£2) kgT 0.25 M (n=7)
DOPC (21£2) kgT (n=7) (7+2) kgT 0.3 M (n=17)
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Fig. 8. (a) Image of a DOPC GUV exposed to 0.30 uM Mag H2. Part of the GUV contour is zoomed in order to show the different directions used for gradient of pixels
evaluation. Scale bar =10 um; (b) fit of experimental <B,,> coefficients obtained from a fluctuating POPC GUV observed at room temperature (22C°) in control condition
(continuous blue line), and exposed to Mag H2 0.3 uM (dashed red line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

(0.25-0.3 uM) on the bending constant of DOPC and POPC bilayers.
The low concentration of Mag H2 assures that the permeabilization
processes is not obtained. This is necessary because the permeabi-
lization typically produces an increase of the vesicle volume pro-
ducing a tensed bilayer for which the fluctuations are difficult to
be measured. Fig. 8 shows an example of the procedure used to
identify the vesicle contour (see Par S6 for the details and Movie
S7 for the complete contour reconstruction) and the comparison
between a pure POPC vesicle and a POPC vesicle exposed to a
0.3 uM Mag H2 solution. The results show that Mag H2 decreases
the bending constant of the bilayer, with a similar effect for both
DOPC and POPC. This effect could be related to a decrease of the
bilayer thickness as has been detected for Mag H2 [62,63].

4. Conclusion

In this work, we studied, by exploiting GUVs, the permeabiliza-
tion activity of Mag H2, a peptide obtained by changing 5 residues
to the natural antimicrobial peptide Mag 2. Mag H2 is endowed
with increased hydrophobicity with respect to Mag 2 and, to the
best of our knowledge, no previous studies used GUVs and the
related optical microscopy approaches to study the activity of this
peptide. The aim of the study was to shed light on the mechanism
of action of Mag H2 compared to the well-studied mechanism of
Mag 2 with particular emphasis on figuring out of the role played
by the enhanced hydrophobicity on the poration mechanism. In
fact, together with the different selectivity which is associated to
the increased hydrophobicity it is possible that the different phys-
ical and chemical properties of the peptides could give rise to dif-
ferent mechanism for the permeabilization activity. We found that
Mag H2 has a strong activity also on zwitterionic bilayers and the
presence of negatively charged lipids such as PG has a protective
effect on the permeabilization activity at variance with the natural
Mag 2. We associated this behavior to an increased role of the
monolayer curvature in the pore formation mechanism, probably
due to deeper penetration of Mag H2 in the hydrophobic region
of the bilayer. Accordingly, the increased hydrophobicity of pep-
tides could make the intrinsic monolayer curvature aspects more
relevant than the electrostatic effects. In the future, detailed exper-
iments as a function of temperature could shed new light on this
aspect. In fact, the intrinsic monolayer curvature can be modulated
by temperature and the tendency to form toroidal pores could be
consequently affected. Concerning the mechanism of pore forma-
tion, our results can be interpreted as consistent with the forma-
tion of a toroidal structure and the sequence of steps leading to
the permeabilization that we observed are consistent with what

has been obtained in other previous studies for Mag 2 [19]. In par-
ticular, it seems that pore formation occurs only after the peptide
has translocated to the internal leaflet of the GUV, The results we
obtained are in agreement with the MD simulation studies in
which the formation of disordered toroidal pores has been
obtained in the specific case of Mag H2 in PC lipid bilayers [30].
It could be interesting to extend the simulation studies to the case
of PG lipids to investigate in more details the role of lipid curvature
with respect to electrostatic effects.

Appendix A. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jcis.2019.06.028.
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1) Magainin H2 vs Magainin 2 sequences
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Figure S1: Aminoacid sequence and hydropathy of Mag H2 compared to the natural Magainin 2

2) Micropipette aspiration set-up and formulas for analysis of results
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Figure S2: a) Schematics of the set-up used to perform transfer experiments in order to measure the interaction
kinetics between a single GUV and mag-H2 peptides; b) picture of the aspirated GUV inside the bigger pipette
to be transferred from one compartment to the other one.

In Micropipette Aspiration Experiments, the vesicle area variation AA can be measured from
the optical images. It is given by[1]:
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AA = 8TR,AR, + 2nR,AL,  [S1]

where R, is the GUV radius, R, is the internal micropipette radius and L, is the length of the
vesicle projection inside the micropipette. At the same time we can also measure the volume
variation AV:

AV = 4mRZAR, + mRZAL,  [S2]

Performing experiments with GUVs and antimicrobial peptides we can have two possible
cases: at low P/L ratios the peptides induce an area expansion without the formation of pores;
at high P/L ratios the peptides induce the formation of pores. In the first case we can have
GUVs with constant volume and increasing area, whereas in the second case the area could
be considered constant and the vesicle volume can change due to water or electrolyte fluxes.
In the first case, i.e. at constant volume, the expression for the area change can be simplified
to:

AA = 2nR,(1—R,/R,)AL, [S3]

The above formula has been used to calculate the area variation when the GUVs were
exposed to the antimicrobial peptides. According to Eq. S3, a positive value of AL, (an
increase of the projection inside the micropipette) corresponds to an increase of the vesicle
area. For values of the peptide concentration which are expected to form pores, the projection
of the GUV inside the micropipette decreases. In the case of an isosmotic situation (between
the inside and outside of the vesicle), the formation of pores should not induce a volume
variation. However, it has been considered that the permeability of the pores for the different
species in solution could be different. For example, narrow pores could allow glucose to pass
through while blocking the flux of sucrose. In this case, the volume of the GUV will increase
because glucose from the external solution will move inside the vesicle, carrying also water
molecules. At constant area (it has been found that once pores are formed the lipid bilayer
area remains constant) the expression for the volume variation could be simplified to:

AV = —nR,(R, — R, )AL, [S4]

A negative variation of the vesicle projection can be interpreted as a volume increase of the
vesicle. We observed that for peptide concentrations in the order of 10° UM (for a single
vesicle) the vesicle projection retracted. For higher peptide concentrations the retraction was
very evident leading to the complete destruction of the vesicle.

3) Experiments by epifluorescence and confocal microscopy

Here we present supplementary experiments by epifluorescence and confocal microscopy on
the permeabilization activity of Mag H2 on GUVs. Figure S3 shows what happens when a
GUV has been permeabilized and the internal region of the GUV is photobleached. GUVs
were prepared without CF inside and they were injected in a chamber containing 105 mM
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glucose, 10 uM CF and 2 uM Mag H2. Once the GUVs have been permeabilized, the region
was photobleached. Then, we waited for 10 minutes to see if a re-equilibration with external
CF molecules occurs. We found that no re-equilibration occurred. This result evidences that
the pores formed by Mag H2 close or decrease their size after the initial opening.

Figure S3: Example of photobleaching inside permeabilized vesicles of POPC + 1% DHPE-Texas Red
dispersed in a solution containing 105 mM glucose + 10 uM CF + 2 uM Mag H2. The Texas Red is excited at
the same wavelength used for CF. a) First image acquired by fluorescence microscopy to show the presence of
permeabilized vesicles; b) fluorescence image of the same area after exposition to high intensity fluorescence
light in order to produce CF photobleaching; c) fluorescence image of the same sample area as in a) and b)
acquired 10 minutes after the photobleaching step. No recovery of the fluorescence intensity is observed.

In the following figures (Figures S4, S5 and S6) we represent the kinetics of GUVs influx
and efflux exposed to different Mag H2 concentrations. As a general comment, we found that
for both POPC and DOPC vesicles, the permeabilization is mainly partial at low Mag H2
concentrations whereas a total permeabilization takes place at high concentrations. Moreover,
at low peptide concentrations the permeabilization typically occurs with a partial fast initial
process that is followed by a very slow process. This behavior is probably related to the
closure or size decrease of the pores after the initial formation. We present data both for
GUVs internally loaded with CF (CF flux is from inside to outside the vesicle - efflux) and
GUVs that initially have no CF inside (CF flux is from outside to inside the vesicle - influx).
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Figure S4: a) Confocal microscopy images showing the slow permeabilization step of a DOPC GUYV exposed to
a 1 uM Mag H2 concentration. The images have been acquired after an initial fast partial permeabilization step
(see for example Fig. 3 in the main manuscript). (t = 0 s corresponds to an instant after the fast permeabilization
step). 1% DHPE-Texas Red was added to the lipids and the vesicles were injected in a 105 mM glucose + 50
uM CF + 1 puM Mag H2 solution; b) plot of the fluorescence intensity variation during the slow
permeabilization process. After an initial fast permeabilization step, the influx of CF slows down and it proceeds
for several minutes at a low rate probably due to a closure or a reduction of the pore size. The initial value of the
fluorescence intensity inside the vesicle (no fluorescence) and the value of the fluorescence signal outside the
vesicle are reported as well in b) but they are not to be considered according to the reported time scale.
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Figure S5: Efflux kinetics of a DOPC + 1% DHPE-Texas Red GUV loaded with 10 uM CF exposed to a 2 pM
Mag H2 concentration. The confocal fluorescence image on the left shows the vesicle at the beginning of the
experiment. The diagram on the right reports the fluorescence intensity inside the vesicle as a function of time.
See the corresponding Movie S3 and S4 for the case of a GUV with CF initially present outside the vesicle.
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Figure S6: Upper panel: Sequence of images obtained by confocal microscopy showing a DOPC lipid bilayer
(in red — 1% DHPE-Texas Red) and the influx of CF (in green) when the vesicle has been exposed to an 8 uM
concentration of Mag H2. The time in each image reports the acquisition instant of the pictures starting from the
GUVs injection. It is evident that the lipid bilayer collapses by a burst event and the vesicle diameter decreases
due to the formation of spots where lipids accumulate. Lower panel: another example of a DOPC GUV (+ 1%
DHPE-Texas Red) which has been exposed to a 5 pM concentration of Mag H2. The snapshots have been
acquired every 10 seconds. In the case of concentrations higher than 5 uM all the permeabilized vesicles
underwent burst events.

4) Measurement of the fluorescent dye influx in GUVs

The calculation of the fluorescent dye vesicle influx is based on the work by Schén et al [2]. In
brief, the variation of the fluorophore concentration ¢(t) inside the vesicle is given by:

o(t +dt) = c(t) +5 (54

where dN is the change in the number of fluorophore molecules inside the vesicle and V'is the volume
of the vesicle. If we normalize the fluorophore concentration outside the vesicle to 1, the overall flux
of molecules in the time interval dt can be assumed to be proportional to the concentration difference
(1 —¢(t)). Accordingly:

dN = (1—c(t))JyAydt [S5]

where Jy is the net volume flux across the vesicle of area Ay. By this equation Jy is assumed to be
independent of time if the flux mechanism remains the same. We can then write the following
differential equation:

c(t+dt)—c(t) _ (1-c@®))vAy _
dt - v N

2(1-c®)y s8]

Considering that ¢(0) = 0, we can integrate the equation S6 to obtain:
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c(t+dt)—c(t) _ (1-c(®)JvAy _
dt N v -

3
~(1-c®)y 157
The solution of eq. S7 is given by:

3]Vt

ct)=1—e r [S8]

(1-c®) =e 7

ln(l — c(t)) = —%t

Accordingly:

—gln(l — () = Jyt [89]

5) Vesicles containing cardiolipin

We assembled GUVs composed of DOPC:CL (3:1). Cardiolipin is a lipid endowed with a
large tendency to adopt a negative curvature and to form the inverted hexagonal phase. GUVs
containing CL were more resistant to the Mag H2 permeabilization . Exposing GUVs to a 4
UM Mag H2 concentration did not induce any permeabilization event. At the same time, we
observed the formation of black dots on the surface of vesicles in phase contrast images
(Figure S7) which might be attributed to accumulation of lipids in an unknown structure.

Figure S7: Phase contrast image of a DOPC:CL (3:1) GUV showing the formation of dark spots on the vesicle
surface apparently due to the accumulation of lipids. The presence of these spots is particularly evident with CL,
even if it is not to be completely excluded the fact that the dark spots could be due to smaller vesicles in solution
adhering to the observed GUVs as we did not use filtered vesicles.
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6) Fluctuations induced by Mag H2 in GUVs

.

Figure S8: Sequence of confocal fluorescence images showing the permeabilization of a POPC vesicle exposed
to a 2 uM Mag H2 concentration (see also the corresponding Movie S5). The external solution contains 105 mM
glucose + 10 uM carboxyfluorescein + 2 uM Mag H2. The vesicle has been prepared with 0.5 % DHPE Texas
Red. The time reported in each image corresponds to the time since the exposure of the vesicles to the peptide
solution. The images show that, the period just before the vesicle permeabilization is characterized by an
increased area fluctuation of the lipid bilayer with the tendency to adopt an oval shape. (Bar = 10 um).

- = -

Figure S9: Sequences of phase contrast images of two POPC vesicles undergoing the permeabilization process
when exposed to 2 uM Mag H2. a,-a,) the vesicle before the permeabilization; b,-b,) the vesicle undergoing
large fluctuations; c;-c,) the vesicle after the permeabilization with a spherical shape. Bar = 10 um (see also the
corresponding Movie S6)
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Flickering Spectroscopy measurement

We investigated the changes in the bending constant of POPC and DOPC GUVs exposed to
Mag H2 using the classical Flickering Spectroscopy method based on Legendre polynomials
decomposition of the autocorrelation function [3].

The algorithm used for contour evaluation of the images is based on iterative procedure
which analyses the pixel-intensity slopes for four different directions (X,Y,V,W; see Fig
S10a and Movie S7). Since the V and W directions correspond to the diagonals of the pixels,

their contributions are weighed by a factor i Starting from a given initial point (X;Y,)

belonging to the contour, the first eight close neighbours pixels are analysed. For each pixel
the intensity slopes along X,Y,V and W directions are evaluated, and summed (in modulus).
The pixel having the greater sum is considered as the next-contour-point, neglecting pixels
which already belong to the contour. The procedure can be considered concluded when the
last point of the contour (Xginai; Yrinal) collapses to the initial one (X,;Y,). This first procedure
provides a contour-evaluation with pixel resolution (x;;¥;). In order to achieve a sub-pixel
resolution (X;;3,) , we introduce a post-processing analysis on contour points obtained
previously [4]. This second step consists of a weighted average as shown in Egs. S10 a-b:

¥ = SYxoxi+S{ 5+ S ¥y +SY ¥ Wy,
t SY+SF+ST+SY

[S10a]

o~ SEy ST+ ST vy + 81 Wy,
L S7+SF+ST+SY

[S10b]

where the slopes (S§, Siy ...) represent the weights. The barred values (X, ¥,...) are obtained
by searching the interception between the fitted line (red), and the mean pixel intensity (see
Fig S10b). The fitted red line represents the linearization of the pixel intensity close to the
maximum slope in that direction.
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Figure S10: a) Image of a DOPC GUYV exposed to Mag H2 0.30uM. Part of the GUV contour is zoomed in
order to show the different directions used for gradient of pixels evaluation. Bar = 10 um; b) Plot of pixel
intensity (green) and its slope (orange) along x direction close to x; point.
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Starting from the contour coordinates it is possible to numerically evaluate the
autocorrelation function, and then decompose it using Legendre polynomials. Before
proceeding with the non-linear fitting procedure, we consider a time integration correction
factor [5]. Since the images of the GUVs are taken every t=40 ps, modes having a relaxation
time smaller then t; cannot be observed. For this reason, all contributions coming from these
not-observable modes must be mediated, and the experimental values B,(t) must be
multiplied by a correction coefficient. In order to obtain B,(t)’, the corrected value of the
experimental B, (1), a couple of non-linear equations (S11 a-b) must be numerically solved:

m_4mR3 (1
T = kpT (2 n(n+1)) B, [Slla]

my 2 = T8
By =2 (20 [T:‘m+e g 1] B, [S11b]
A correlation time z,” is introduced for each B, mode. The parameter 7 represents the
viscosity of the medium surrounding the liposome. R is the GUV radius, k3 is the Boltzmann
constant and 7 is the temperature (in Kelvin). The new set of coefficients B,(1)’ is then used
for the fitting procedure of eq. S12:

—\ _ 2n+1 KpT
Bu(x,0) == cmpmvpmmry 121

7) Measurement of the area variation of GUVs by phase contrast
microscopy

The area variation of GUVs can be estimated considering spherical shapes due to the fact that
we have just an image representing a 2D projection of a 3D object. Accordingly, we
measured the area of the initial and final spherical GUVs once they have been permeabilized
by Mag H2. We concentrated on the average relative area variation in the case of 1 pM and
1.5 uM Mag H2 concentrations for POPC vesicles. To measure the area of the vesicles we
used the following strategy: 1) we acquired phase contrast images at the equatorial plane of
the vesicles; 2) the borders of the vesicles in the equatorial plane were reconstructed using a
protocol developed in the context of flickering spectroscopy of GUVs to determine the
bending constant (Fig. S11); 3) the obtained profile is then fitted to a circular shape and the
resulting radius is extracted. Using this strategy we obtained the following features for the
area increase of POPC vesicles: (4.7 £2.1)% (n = 8) for 1 uM Mag H2 and (14.5 £ 3.0)% (n
=8) for 1.5 uM Mag H2.
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a; af

Figure S11: Two examples showing how the area variation of the vesicles has been measured are reported
above. The continuous lines represent the best fitted circle to the POPC GUV profile before (a;, b;) and after (a,
by) exposing the vesicles to a 1 pM Mag H2 concentration. The scale bars are 5 pm in all images.

8) Formation of spots on the surface of GUVs exposed to Mag H2

In several cases, when the vesicles were exposed to Mag H2, we observed the formation of
black spots on the GUVs’ surface in phase contrast images (Figure S12a). Using the DHPE-
Texas Red fluorescent marker, we established that the black spots correspond to
accumulation of lipids (Figure S12b). As already mentioned, it is not to be completely
excluded the fact that the dark spots could be due to smaller vesicles in solution adhering to
the observed GUVs as we did not use filtered vesicles. However, the fact that the amount of
these spots correlates with the lipid composition of the vesicles supports our conclusion that
they are due to lipid accumulation from the same vesicle.

/

Figure S12: a) Phase contrast image of a DOPC + 1% DHPE-Texas Red GUV exposed to a 2.5 uM Mag H2
concentration; b) the corresponding fluorescence microscopy image. The arrows point to the black dots in the
phase contrast image and the corresponding bright dots in the fluorescence image.

9) Description of the Movies
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Movie S1: Movie representing the deformations of a POPC GUYV aspirated by a micropipette
and exposed to a 4 pM Mag H2 concentration. The movie covers a period of about 1600 s.

Movie S2: Example of a POPC vesicle imaged by phase contrast microscopy undergoing the
permeabilization process when exposed to 2 uM Mag H2

Movie S3: Permeabilization Kinetics of a DOPC + 1% DHPE Texas Red GUV loaded with
10 uM CF exposed to a 2 uM Mag H2 concentration.

Movie S4: Permeabilization kinetics of a DOPC + 1% DHPE Texas Red GUV in a 10 uM
CF solution and exposed to a 1.5 uM Mag H2 concentration.

Movie S5: Confocal fluorescence microscopy movie showing the permeabilization of a
POPC vesicle exposed to a 2 uM Mag H2 concentration. The external solution contains 105
mM glucose + 10 uM carboxyfluorescein + 2 uM Mag H2. The vesicle has been prepared
with 0.5 % DHPE Texas Red.

Movie S6: Example of a POPC vesicle imaged by phase contrast microscopy undergoing the
permeabilization process when exposed to 2 uM Mag H2.

Movie S7: Example of a vesicle contour tracking for the flickering spectroscopy technique.
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e Line tension findings

After showing the bending constant findings obtained by successfully applying the flickering spectroscopy
analysis in the AMPs framework now we will focus on line tension evaluation of GUV fluctuating domains
obtained from ternary lipid mixtures.

In the following paper we investigated the phase behavior of ternary mixtures composed by a low melting
temperature phospholipid, a high melting temperature phospholipid, and cholesterol. Ternary lipid mixtures
resemble the main thermodynamical features of real cell membrane of mammalian cells and constitute a
valid physical model for the complex cell barrier. We used diphytanoyl-phosphatidylcholine (DiphyPC) for the
low melting component, while we used several sphingomyelin types (SM) or 1,2-dipalmitoyl-snglycero-3-
phosphocholine (DPPC) for the high melting component. Adopting fluorescence microscopy investigation
combined to micropipette aspiration set-up (MAT) we analyzed the complex phase behavior of ternary
mixtures, especially mixtures containing SM. When GUVs obtained from ternary mixture containing
cholesterol are imaged with fluorescence microscopy, up to three coexisting phases can be observed under
certain thermodynamical conditions. These phases refer to the: Solid-ordered (S,), Liquid-Ordered (L,), and
Liquid-Disordered (L4) respectively. Nevertheless, in standard condition like mixture containing DPPC only
two phases coexistence, typically the Lo,-L4 coexistence is clearly observable.

When we exploited mixtures containing SM we observe the presence of three coexisting phases upon specific
conditions: 1) the presence in the SM specie of asymmetric and long acyl chains 2) low temperature regimes.
Additionally, adopting MAT we also observed that these phases are easily modulated applying a lateral
tension. Thus, we decided to measure the line tension exploiting the flickering protocol for fluctuating
domains of mixtures containing SM and DPPC according to the theory presented in Chapter xxx and finally to
compare their findings. Our results show how fluctuating domains of mixtures containing SM with long acyl
chains have a lower line tension with respect to domains obtained from mixture containing DPPC.
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ABSTRACT Understanding the lateral organization of biological membranes plays a key role on the road to fully appreciate the
physiological functions of this fundamental barrier between the inside and outside regions of a cell. Ternary lipid bilayers
composed of a high and a low melting temperature lipid and cholesterol represent a model system that mimics some of the
important thermodynamical features of much more complex lipid mixtures such as those found in mammal membranes. The
phase diagram of these ternary mixtures can be studied exploiting fluorescence microscopy in giant unilamellar vesicles, and
it is typically expected to give rise, for specific combinations of composition and temperature, to regions of two-phase coexis-
tence and a region with three-phase coexistence, namely, the liquid-ordered, liquid-disordered, and solid phases. Whereas
the observation of two-phase coexistence is routinely possible using fluorescence microscopy, the three-phase region is
more elusive to study. In this article, we show that particular lipid mixtures containing diphytanoyl-phosphatidylcholine and
cholesterol plus different types of sphingomyelin (SM) are prone to produce bilayer regions with more than two levels of fluores-
cence intensity. We found that these intensity levels occur at low temperature and are linked to the copresence of long and
asymmetric chains in SMs and diphytanoyl-phosphatidylcholine in the lipid mixtures. We discuss the possible interpretations
for this observation in terms of bilayer phase organization in the presence of sphingolipids. Additionally, we also show that in
some cases, liposomes in the three-phase coexistence state exhibit extreme sensitivity to lateral tension. We hypothesize
that the appearance of the different phases is related to the asymmetric structure of SMs and to interdigitation effects.

INTRODUCTION

Understanding the lateral organization of biological mem-
branes could be extremely relevant to grasp some aspects
of their functional role. Many of the mechanical and chem-
ical stimuli that affect cell behavior must somehow interact
with the cell membrane, and the physical-chemical proper-
ties of this barrier could contribute to signal transduction
(1). Biophysicists usually exploit different kinds of model
systems of the biological membrane to shed light on the
fundamental physical aspects ruling its behavior (2-4).
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Lipids are one of the main constituents and structure-deter-
mining elements of biological membranes, and the most
common model systems are composed of two, three, or
even four different types of lipids (5-9). Moreover, these
model systems can be assembled in the form of monolayers,
liposomes, supported lipid bilayers (SLBs), or black lipid
membranes (2.4). As thermodynamic structures, lipid bila-
yers might present different phases characterized by order/
disorder of the hydrophobic chains and by solid or liquid
lateral dynamics of lipid molecules. The relevance of model
systems has recently been highlighted by the evidence that
ternary lipid mixtures composed by a high-melting-temper-
ature (high 7,) lipid, a low-melting-temperature (low 7},,)
lipid, and cholesterol, assembled in giant unilamellar vesi-
cles (GUVs), show a thermodynamic behavior very
similar to that of giant plasma membrane vesicles (10).
Typically, the phase diagram for ternary mixtures is charac-
terized by the occurrence of a large region in which two
immiscible liquid phases coexist, named liquid-disordered
(Lq) and liquid-ordered (L,) phases (11-14). Immiscibility
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is ascribed to the different distribution of cholesterol, which
shows a higher affinity for the high 7, lipids, especially if
they are represented by sphingolipids (15). The biological
relevance in this case is related to the presence of the L,
phase, which has been connected to the “lipid-raft hypoth-
esis” in biological membranes (16). The formation of lateral
heterogeneities in a lipid bilayer could be in fact a lipid-
based mechanism for the compartmentalization of mem-
brane proteins, and it could be connected to fundamental
biochemical processes (17.18). Apart from the liquid-liquid
coexistence region, the phase diagram for ternary lipid mix-
tures foresees the presence of a triangular three-phase coex-
istence area (19). This triangular region includes, along with
the L, and L, phases, the solid-ordered (S,) phase as well.

Ternary lipid mixtures, including sphingolipids, have
been deeply studied. Both natural (frequently found in mix-
tures) and synthetic sphingolipids have been considered in
biophysical studies. This class of lipids has a strong biolog-
ical relevance because of their abundance in the external
leaflet of eukaryotic cells and, in the case of mammals,
because of their peculiar interaction with cholesterol
(20-23). Notwithstanding their relevance and profusion of
previous studies devoted to understand the thermotropic
behavior of sphingolipids, several aspects are still far from
being well understood, and their behavior in mixtures with
other lipids is to be considered as particularly complex.
Part of this complexity arises from the possible presence
of acyl chain asymmetry (24-27).

Together with the sphingosine chain, many different satu-
rated and unsaturated alkyl chains of different length,
ranging from 12 to 26 carbon atoms, might be found in
sphingolipids composing biological membranes (28). The
two main species of natural sphingolipids contain a chain
with 16 or 24 carbon atoms (C16 and C24). With their
very long acyl chains, C24 sphingolipids have been
observed to interact with cholesterol distinctly from C16
sphingolipids (29-31). As an example, it has been recently
shown that substituting C24 with C16 sphingolipids (partic-
ularly ceramides) results in metabolic defects in mice, an ef-
fect probably related to their different interface with
cholesterol (32). This outcome clearly points to the critical
biological relevance of sphingolipids. In addition, the ther-
motropic behavior of these lipids is strongly affected by
their headgroup, as well. For example, the main transition
for the C24:1 ceramide occurs at 44°C, whereas the C24:1
sphingomyelin (SM), sharing the same acyl chain structure,
has a transition temperature of 24°C (33). Strictly connected
to the chain asymmetry of these lipids is the possibility for
the acyl chains to exhibit interdigitation states (29,34-37) in
which part of the acyl chain of lipids in one leaflet explores
the region of the opposing one. This phenomenon is ex-
pected to be relevant for ordered phases, but its relevance
also in disordered phases cannot be excluded (38). Finally,
considering the strong asymmetry in the composition of
the biological membranes (39), the possibility of interdigita-
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tion provides a mechanism for interleaflet coupling and con-
fers a potentially remarkable physiological role to these
kinds of lipids (40). Interdigitation could in principle also
alleviate the relevant hydrophobic thickness difference be-
tween ordered and disordered phases acting as a sort of
interfacial attenuation of the line tension energy cost.

Here, we studied the phase behavior of ternary lipid mix-
tures composed of DiPhyPC (low T,), cholesterol, and
different types of SMs (high 7,,,). We analyzed both natural
and synthetic SMs at different molar ratios, temperatures,
and lateral tensions of the bilayer. As model systems, we
considered GUVs, lipid monolayers at the water-air inter-
face, and SLBs. We used fluorescence microscopy, micropi-
pette aspiration, atomic force microscopy (AFM), and the
Langmuir trough technique coupled to fluorescence micro-
scopy so as to highlight the presence of phase separation
in both mono- and bilayers. We found that more than two
fluorescence intensity levels on the surface of GUVs can
appear when specific lipids are present and for particular
physical parameters. This situation is interesting both
because of the supposed presence of a region of three-phase
coexistence in the phase diagram of ternary lipid mixtures
and its elusive character when GUVs are observed by fluo-
rescence microscopy, and because it could be evidence of a
more complex phase behavior in the presence of specific
SMs in the membrane with respect to other high-7,, lipids.
The micropipette aspiration technique (MAT) allowed us
to study the effect of the lateral tension on the phase state
and on the shape of domains on GUVs, taking account of
an additional control parameter to temperature and compo-
sition (41-44). Likewise, we compared the effect of the
lateral pressure on lipid bilayers with the effect of the sur-
face pressure on lipid monolayers of the same composition.
Interesting analogous behaviors were found pointing to a
relevant role of line tension in shaping lipid bilayer
domains.

MATERIALS AND METHODS
GUV preparation and imaging

1.2-dioleoyl-sn-glycero-3-phosphocholine  (DOPC),  1.2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC), brain SM (bSM) (porcine), egg-SM, di-
phytanoyl-phosphatidylcholine  (DiPhyPC), dihydrocholesterol (dichol),
cholesterol (Chol), (24:1)SM (N-nervonoyl-D-erythro-sphingosylphosphor-
ylcholine), (24:0)SM (N-lignoceroyl-D-erythro-sphingosylphosphorylcho-
line), (18:0)SM (N-stearoyl-D-erythro-sphingosylphosphorylcholine) were
purchased from Avanti Polar Lipids (Alabaster, AL) and used without further
purification. Texas Red-DHPE (Texas Red 1,2-Dihexadecanoyl-sn-Glycero-
3-Phosphoethanolamine) was purchased from Thermo Fischer Scientific
(Waltham, MA). Specific lipid mixtures were prepared by mixing chloroform
lipid solutions in the desired amount (the lipid fractions reported in this work
are molar proportions). Bovine serum albumin (BSA) was acquired from
Sigma Aldrich (St. Louis, MO).

GUYVs were prepared by the electroformation method with minor modi-
fications (45). Briefly, lipid mixtures were dissolved in chloroform, and
small drops (2-3 uL; 2 mg/mL lipid concentration) of this mixture were
deposited on two opposing Pt wires (distance between the wires equal to
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~3 mm) inside a Teflon chamber. Chloroform was initially removed by
exposing the Pt wires to a continuous N, flux and then by using a vacuum
pump (1072 mbar) for at least 30 min. The two Pt wires were then con-
nected to an electric wave generator set to produce a sinusoidal potential
difference. The Teflon chamber was then filled with a 100-mM sucrose so-
lution and sealed using glass coverslips and vacuum grease (Dow Corning,
Midland, MI). The applied electroformation protocol was as follows: 1)
10 Hz, 2.0-3.0 V,, peak to peak voltage for 1 h and 30 min; 2) 5 Hz,
2-2.5 V,,, for 30 min; and 3) 2 Hz, 1.5 V,_, for 15-20 min. The vesicle for-
mation process was performed at 50°C. As a final step, we applied a square
wave at 5 Hz to promote vesicle detachment from the wires. After forma-
tion, GUVs were extracted from the Teflon chamber and suspended in a
105-mM glucose solution (in some cases, we resuspended the samples in
a 200-mM glucose solution to make the vesicles more flaccid). Vesicles
were then allowed to cool slowly to room temperature. In place of choles-
terol, we also tested dichol. It has been suggested that dichol, especially in
the case of Langmuir monolayers, is more resistant than cholesterol to
oxidation (46.47). However, changing cholesterol for dichol resulted in
no appreciable differences in the results of the experiments both with
GUVs and monolayers.

Fluorescence microscopy was performed with an Olympus IX 70 micro-
scope (Olympus, Tokyo, Japan). Texas Red-DHPE was included in the lipid
mixtures at a molar concentration of 0.5-1% or lower. Imaging was per-
formed at controlled temperature. A home-developed imaging chamber
consisting of two cover glass slides separated by a Teflon spacer was
used. A small hole was made in the spacer to insert the thermocouple probe
inside the water solution. The bottom slide was pretreated with 10 mg/mL
BSA to remove surface charges and to avoid strong adhesion between the
bilayers and the glass, which could affect the phase behavior of the vesicles.
About 200 uL of a 105-mM glucose solution was inserted into the chamber,
and 50 pL of vesicle suspension was added. The chamber was sealed by
vacuum grease and put in direct contact with a Peltier cell. From the oppo-
site side, the Peltier cell was in contact with a circulating water chamber
whose temperature was controlled by a circulating temperature control
unit (Lauda-Brinkmann, Delran, NJ). The Peltier cell was connected to a
custom-developed control unit exploiting the proportional integral deriva-
tive system of an Arduino microprocessor. The system allowed for temper-
ature jumps as fast as 15°C/min as well as controlled cooling or heating
ramps (see Fig. S| for details).

AFM

AFM imaging was performed with a BioScope I microscope equipped with
a Nanoscope IIIA controller (Veeco Metrology, Plainview, NY). We used a
custom temperature-controlled stage based on a circulating water bath on
which we could mount the BioScope head. The sample’s temperature
was continuously monitored by a digital thermometer Fluke 16 (Fluke,
Brugherio MB, Italy) equipped with a small K-thermocouple probe (Ther-
mocoax, Heidelberg, Germany) in direct contact with the imaging buffer.
Temperature stability was within +0.3°C of the specified temperature
value. Triangular silicon nitride cantilevers (DNP-S; Bruker, Billerica,
MA) with nominal spring constant of 0.32 N/m were used for tapping-
mode imaging. All the images presented in this work have been obtained
in tapping-mode AFM.

SLBs were prepared by the vesicle fusion technique. Briefly, small uni-
lamellar vesicles were prepared by initially mixing the lipids in chloroform
at the desired molar proportions. The chloroform was then removed by
initially using a N; flux and then by keeping the lipids in vacuum for at least
1 h. The lipids were then resuspended in a 450 mM KCI, 100 mM phos-
phate-buffered saline, 10 mM CaCl, (pH 7) solution (the high ionic strength
of the buffer favors the formation of SLBs). The lipid suspension was then
sonicated at ~40°C, and 70 L were deposited onto a freshly cleaved mica
sheet (SPI Supplies/Structure Probe, West Chester, PA) fixed on a polytetra-
fluoroethylene (Teflon) disk attached to a metal disk, incubated for 15 min
at a temperature above 40°C and then the sample was extensively rinsed
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with the imaging buffer (150 mM KCI, 50 mM phosphate-buffered saline
(pH 7)). Finally, the sample was slowly cooled to the desired imaging
temperature.

Micropipette aspiration setup

Microaspiration was performed by means of pulled glass capillaries (World
Precision Instruments, Sarasota, FL) with a cylindrical shape to a final in-
ternal diameter in the order of ~10 um. Pipettes were tip polished to ensure
good membrane-pipette contact and pretreated with BSA (10 mg/mL) to
avoid adhesion phenomena between the glass and vesicles. For each exper-
iment, a micropipette was connected to a pneumatic pressure controller
(MPCU-3; Lorenz, Dayton, OH) to apply pressure differences between
the internal side of the pipette and the external solution at the same height
with a sensitivity of 1 mm H,O. The pressure difference was applied by
controlling the air pressure on top of a cylindrical tube containing the
same external solution and initially kept at a height to assure an initial negli-
gible pressure difference. The vesicles were manipulated inside a home-
made chamber. We assembled a specific chamber in which the solution
temperature could be controlled by two Peltier cells in contact with a
metallic base and, from the opposite side, with a water circuit whose tem-
perature was controlled by a temperature control unit. See Fig. S2 for the
details of the setup.

In response to pressure, the vesicle is aspirated into the pipette and the
lateral applied tension can be measured by the Laplace law according to

the following:
27 R,
AP = —(1——], (1)
R R,

P
where 7 is the lateral tension in the bilayer (in N/m), R, is the internal diam-

eter of the micropipette, 4P is the pressure difference, and R, is the external
vesicle radius.

Langmuir monolayers

For the lipid monolayer experiments, we used a Langmuir trough (Nima
Technology, Coventry, UK). Before usage, the Langmuir trough was
cleaned with ethanol and chloroform and then repeatedly rinsed with
distilled water until it did not show any significant increase (IT <
0.2 mN/m) in the surface pressure upon barrier closure. The trough’s tem-
perature was controlled by circulating water from a water heat bath. At open
barriers (surface area = 80 cm?), we injected 4-5 uL of the lipids dissolved
at a concentration of | mg/mL in chloroform. The chloroform was allowed
to evaporate for 5 min; subsequently, barriers were closed at a speed of
5-10 em*min. The lipids contained a 0.5-1% molar proportion of Texas
Red-DHPE to visualize the formation of domains by epifluorescence
microscopy.

RESULTS

Effect of the temperature and composition on the
phase behavior of GUVs

The first ternary lipid mixture that we considered was
DiPhyPC/bSM/Chol 1:1:1. DiPhyPC (a branched-chained
lipid) was chosen as the low T, lipid of the mixture mainly
because we mostly used fluorescence microscopy to inspect
the phase state of lipid bilayers, and DiPhyPC provides an
elevated resistance against oxidation induced by radiation
damage. DiPhyPC is a synthetic lipid that adopts the L, state
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for a very large temperature range (no phase transition has
been found from —120 to 120°C) (48), although an order-
disorder phase transition has been described as a function
of the degree of hydration (49). DiPhyPC can be considered
an archetypical model for methylated lipids. This kind of
lipid is present in archaebacteria conferring high stability
to the membrane even in extreme temperature conditions.
Methyl-branched lipids have also been found in bacteria
and eukaryotic cells (some SMs have been found to include
chain branching) even if their physiological role has not
been completely established (50,51). The lateral methyl
groups on each of the isoprenoid chains of DiPhyPC confers
to this lipid the tendency to form expanded states in the
bilayer with a large area-per-lipid value in comparison
with normal linear acyl chains. In addition, methylated
phosphatidylcholines have been shown to be more fluid
than the corresponding unbranched counterparts at a given
temperature (46). It has also been found that a phosphatidyl-
choline with two phytanoyl chains packs very poorly with
cholesterol, and this behavior can have a role in the forma-
tion of L, and Ly domains (47). Additionally, the methyl
groups in DiPhyPC have been shown to favor a negative
monolayer curvature (52,53).

bSM is a natural extract containing many different spe-
cies, the dominant ones being (18:0)SM (50%) (https://
avantilipids.com) and (24:1)SM (~20%). Phase diagrams
of similar ternary mixtures have been previously investi-
gated using different techniques (27,54-57), and a phase
coexistence region with two types of liquid domains has
been observed. The coexistence of three phases, including
also an S, phase, has remained more elusive. The occurrence
of the different phases depends on temperature, but it should
be kept in mind that the lateral organization of the lipid
bilayer can also be influenced by properties related to line
tension and membrane curvature, which are both affected
by the lateral tension applied to the vesicle.

When GUVs of the ternary lipid mixture DiPhyPC/bSM/
Chol 1:1:1 plus 0.5-1% molar proportion of Texas Red-
DHPE are prepared by the electroformation method and
imaged by fluorescence microscopy at 16°C, the population
has mainly a bimodal distribution. As shown in Fig. 1, apart
from a large population of vesicles presenting the usual two
fluorescence intensity levels that we assign to L, and Ly
phases, a small group of vesicles exhibits three fluorescence
levels (which from now on we will call 3-ph vesicles).
Considering the intensity levels, it seems that the new ap-
pearing level has an intermediate fluorescence between the
ones attributed to L, and Ly phases. We also found that
the probability of finding 3-ph vesicles increases upon
decreasing temperature and after the vesicles have been
stored for a long period (a few hours) at 4°C. Remarkably,
at 12°C the percentage of vesicles with three fluorescence
intensity levels is ~7% (n = 300 vesicles). We then tried
to follow the formation of regions with three different inten-
sity levels by decreasing the temperature. To this aim, we
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FIGURE 1 Fluorescence microscopy image of representative GUVs
composed by an equimolar mixture of DiPhyPC/bSM/dichol + 1% Texas
Red-DHPE at 16°C. A GUV presenting two different phases (GUV 1)
and a GUV with three fluorescence intensity levels (GUV 2) are observed.

initially increased temperature to 50°C to make the lipo-
somes completely homogeneous. According to the phase di-
agram for the ternary lipid system at issue or with very
similar composition, at 50°C, most of the vesicles are in
the homogeneous Ly phase. To keep the vesicle constantly
in the field of view of the camera during the cooling step,
we aspirated and kept at low constant tension one uniform
vesicle with a micropipette. Fig. 2 shows a sequence of
snapshots of a representative 3-ph vesicle during this cool-
ing ramp (see the corresponding Video S1). We observed
that the lipid demixing starts at a temperature of 34°C pro-
ducing what are typically interpreted as L, domains (dark
regions) surrounded by the Ly phase (brighter matrix). By
further decreasing temperature, the newly formed domains
tend to enlarge and coalesce. Starting from a temperature
around 16°C, a third fluorescence intensity level appears
in the lipid bilayer (Fig. 2 e). The new intensity level is in-
termediate between the previously observed ones, and it
seems to completely surround the darkest regions. If the
temperature is further decreased, we observe an increase
of the area occupied by the region with the intermediate
level of fluorescence intensity (see Fig. S3 for an analysis
of the fluorescence intensity levels for 3-ph vesicles).
Furthermore, the above described evolution can be observed
when the vesicles are not grabbed by a micropipette as well
(see Fig. S4), demonstrating that the behavior cannot be
ascribed to the lateral tension applied by the micropipette
setup. Overall, the intermediate region seems to grow
mainly at the expense of the brighter one (see Fig. S5 for
the quantitative analysis), and it completely wets the darkest
regions. Carrer et al. (58) reported a case in which three in-
tensity levels were observed on GUVs by fluorescence mi-
croscopy. However, in the latter case, the vesicles had four
components, and the geometry of the domains strongly de-
pended on the amount of brain ceramides in the vesicles. By
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performing fluorescence correlation spectroscopy, they
were able to exclude the possibility of leaflet decoupling
as an explanation for the different intensity levels. The
authors attributed the intermediate level to an intermediate
phase between the L, and the L, one.

We also studied the effect of a change in Chol concentra-
tion while keeping the same proportion of DiPhyPC and
bSM. Our results indicate that for a Chol concentration of
25%, we never observed the third fluorescent intensity level
appearance, whereas, for concentrations from 29 up to 40%,
the three fluorescence intensities were always observed in a
similar percentage of vesicles (see Fig. S6).

Effect of the lateral tension

If a 3-ph GUV grabbed by a micropipette is exposed to an
increasing lateral tension by increasing the negative pres-
sure, the intermediate fluorescent region is always removed.
Under such conditions, this region is transformed to round
domains showing the lowest or the highest fluorescence in-
tensity levels. An example of this behavior is reported in
Fig. 3 (see Fig. S7; Video S2 for other examples). On the
other hand, if temperature is increased, the removal of the
intermediate level occurs mainly by the appearance of bright
domains, which progressively increase their area until only
two fluorescence intensity levels are left (see Fig. S8).

AFM of SLBs

We also performed an AFM analysis on the same lipid
mixture (DiPhyPC/bSM/Chol 1:1:1) prepared as an SLB.
In AFM analysis of lipid bilayers, the presence of different
phases is inferred by the appearance of regions with different
heights (i.e., bilayer thickness). Fig. 4 shows a representative
image of effects on an SLB at decreasing temperature. Start-
ing from 25°C, we observed the presence of two height levels
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FIGURE 2 (a-f) Sequence of fluorescence mi-
croscopy images of a 3-ph GUV composed of an
equimolar proportion of DiPhyPC/bSM/Chol (plus
1% Texas Red DHPE) for decreasing temperature
values. To have an easier tracking of the vesicle dur-
ing the temperature quench, the vesicle has been
grabbed using a small negative pressure applied
with a glass micropipette (on the right in the im-
age). The same behavior has been observed for
the other five vesicles.

on the lipid bilayer, which we attribute to L, and L, phases.
At 16°C, the regions surrounding the thicker domains adopt
an intermediate height as evidenced in Fig. 4 ¢, which shows
line sections obtained across the lines in Fig. 4, a and b. As in
the case of GUVs, these data further confirm the formation of
new domains upon decreasing the temperature. The fact that
some domains decrease their thickness upon decreasing tem-
perature is a strong indicator of interdigitation effects. In gen-
eral, even if we have found several cases in which the
behavior was like the one described in Fig. 4, this was not
observed in all the SLBs having the same lipid composition.
This fact is also consistent to what we observed for GUVs.
Even if AFM could be very useful for the investigation of
lipid bilayer phases given that nanodomains are easily de-
tected, it is possible to have leaflet decoupling in SLBs
(59). However, it is very difficult to know if the different
occurring domains are due to phases that span the whole
bilayer or if they involve just one of them. We performed
force spectroscopy analysis of the SLBs as well, yet the
curves showed no evidence of leaflet decoupling (see
Fig. S9). Under different conditions, three phases have
been found on SLBs of ternary mixtures by AFM (60). In
that case, it has been observed that S, regions had a lower
thickness than L, areas because of the amount of Chol that
is not enough to create a L, phase but is able to induce an or-
der decrease of the S, region. This phase has been called the
“disordered gel phase,” and its formation is favored at low
Chol concentration (10-15%) and by cooling the bilayer at
a low rate (~1°C/min). In our case, the concentration of
Chol is quite high (3040%), and it should therefore disfavor
the appearance of this type of domain.

Synthetic SMs

In principle, a bilayer composed by a lipid mixture contain-
ing a high-7,, lipid, a low 7,,-lipid, and Chol should be
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considered equivalent to a system with five components.
This is due to the fact that the membrane is composed by
two separate leaflets and two types of lipids (high and low
T,.), which cannot easily translocate from one leaflet to
the other, whereas Chol is more free to diffuse transversally.
In the case of GUVs prepared by electroformation, it is
assumed there is no asymmetry in the lipid composition,
and domains in the two leaflets are kept in register by an in-
terleaflet coupling mechanism. Accordingly, the effective
number of components should be reduced to three. How-
ever, bSM is already a mixture by itself with two main spe-
cies, (18:0)SM and (24:1)SM, which represent 50 and 20%
of the total composition, respectively. Hence, the appear-
ance of three fluorescence intensity levels could also be ex-
plained by the number of components being higher than
three. In particular, we hypothesized that at 16°C, the
(24:1)SM component could segregate from the other bSM
species giving rise to a new phase. Moreover, C24:1 chains
interact differently with Chol with respect to chains with a
lower number of C atoms. To understand the possible role
of all species in the mixture, we firstly considered a more
pure natural SM, egg-SM, which is a mixture too, yet the
dominant phase, 16:0 SM, represents ~86% of the total

(7]

h (pm)

FIGURE 4 AFM images showing the phase state of a DiPhyPC/bSM/
Chol 1:1:1 SLB at two different temperatures: (a) 17°C; (b) 16°C; (c)
line sections corresponding to the dashed lines reported in (a-b). To see
this figure in color, go online.
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FIGURE 3 (a-f) Sequence of images of a typical
3-ph GUV upon increasing the lateral tension at
15°C (from 0.5 to 5 mN/m). The aspirating micro-
pipette is to the right of the vesicle, and the
increasing lateral pressure is evidenced by the
growth of the vesicle projection inside the micropi-
pette. Scale bar, 10 um. (See Video S2.) A similar
behavior has been observed for at least seven vesi-
cles under similar circumstances.

1.4 mN/m

composition. In this case, we were not able to observe the
coexistence of the three fluorescence intensities (see
Fig. S10). We then used synthetic SMs, starting from
(18:0)SM. The mixture of DiPhyPC/(18:0)SM/Chol was
not able to produce 3-ph GUVs (see Fig. S11). In addition,
with (18:0)SM, the typical features of the S, phase were
observed at low temperature (see Fig. S11 b), including den-
dritic domains with not rounded borders. We then moved to
the second major component of the bSM mixture, specif-
ically (24:1)SM. In this case, the percentage of 3-ph vesicles
increased (up to ~15% at 12°C) (n = 250 vesicles). Interest-
ingly, the presence of the intermediate fluorescence level is
not strictly confined to the boundary with the darkest do-
mains and, in many cases, it is the most abundant phase.

Different possibilities exist for the appearance of the three
levels. Fig. 5 a shows the case in which bright domains sur-
rounded by the intermediate level appear (type I case),
whereas Fig. 5, b and ¢ shows the case in which the darkest
and intermediate fluorescence intensity regions are sur-
rounded by the brightest region (type II case). Fig. 5 d shows
the case in which isolated circular domains appear for each
fluorescence intensity level (type III case).

It is important to note that when regions of the darkest
fluorescence intensity are inside a larger domain of interme-
diate fluorescence level, the dark domains apparently cannot
cross the border between the highest level of fluorescence
and the intermediate one, a phenomenon that supports the
fact that the different domains come from a single bilayer.
In principle, there could be not-in-register domains present
in the bilayer, which could provide an explanation for the
appearance of the three fluorescence levels. Nonetheless,
the analysis of domain behavior upon coalescence (see
Fig. S12) confirms the fact that the three different fluores-
cence intensity levels must be attributed to configurations
spanning the whole bilayer. Then we analyzed the behavior
of the 3-ph GUVs upon variation of the temperature. Fig. 6
shows the behavior when the temperature is increased until
the GUV reaches homogeneous fluorescence intensity.

232



FIGURE 5 Examples of domains appearing in the case of the ternary
mixture DiPhyPC/(24:1)SM/Chol 1:1:1 plus 0.5-1% Texas Red DHPE.
(a) Appearance of the brighter and not rounded domains in the intermediate
fluorescent intensity region (type I); (b and ¢) darkest domains completely
wetted by the intermediate fluorescence intensity region (type II); (d)
appearance of rounded domains of all the three fluorescent intensity levels
(type III). Scale bar, 10 um.

Increasing the temperature results immediately in a decrease
of the line tension between the brightest and the intermedi-
ate fluorescence intensity regions as deduced from the irreg-
ular boundaries. Moreover, the two brighter phases become
very similar to each other with a fading interface region,
whereas the darkest regions are removed. At a temperature
of ~34°C, the GUV becomes homogeneous (i.e., without
any apparent lipid segregation). Fig. S13 reports also the
behavior corresponding to the subsequent cooling of the
same GUV down to 12°C, showing that the formation of
the different regions is completely reversible. Another
example of phase behavior of DiPhyPC/(24:1)SM/Chol
GUVs upon temperature increase is included in Fig. S14,
as well.

Considering the peculiar behavior of the DiPhyPC/(24:1)
SM/Chol mixture, we analyzed different molar proportions
of the three lipids. By increasing the amount of DiPhyPC
with respect to (24:1)SM, keeping constant the cholesterol
concentration to 33.3%, we found that for the mixture
DiPhyPC/(24:1)SM/Chol 53.3/13.3/33.3, just a few vesicles
clearly showed the 3-ph condition, whereas at a temperature
<20°C, most of the vesicles showed only two fluorescence
levels with multilobe-shaped domains (see Fig. S15). It is to
be remarked that the fluorescence intensity differences
could be so small as to be undetectable. For the mixture
DiPhyPC/(24:1)SM/Chol 13.3/53.3/33.3, we were not able
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to find 3-ph GUVs, and they typically showed just two re-
gions (bright domains on a dark background). According
to these results, a similar amount of DiPhyPC and (24:1)
SM is required for the appearance of the three domains.
We also exchanged (24:1)SM for (24:0)SM. In this case,
three fluorescence intensity levels with a behavior similar
to that observed for (24:1)SM were detected (see
Fig. S16), yet the 3-ph state was typically detected up to
35°C. It is to be stressed that (24:0)SM has a higher transi-
tion temperature with respect to (24:1)SM (61), but, at
the same time, (24:1)SM and (24:0)SM have different
properties, with (24:0)SM more similar to (18:0)SM than
(24:1)SM.

AFM of SLBs with synthetic SM

We next obtained AFM images of SLBs prepared from small
unilamellar vesicles that were of the DiPhyPC/(24:1)SM/
Chol 1:1:1 ternary mixture. Previous AFM studies showed
that in presence of ethanol, supported bilayers can adopt, for
specific lipid compositions, an interdigitated phase (62).
Nevertheless, interdigitation has also been observed by
AFM for pure DHPC bilayers in the absence of ethanol
(33.63). The appearance of the new phase in AFM experi-
ments is deduced from the lower thickness of the interdigi-
tated domains (62.64). Interestingly, when the interdigitated
domains are studied by polarized total-internal-reflection
fluorescence microscopy in SLBs, a contrast inversion is ob-
tained by changing the light polarization. This behavior is
related to the orientation of the Texas Red DHPE fluorescence
probe. By changing the light polarization from s- to p-, the
interdigitated and the L, regions invert their relative fluores-
cence intensity. For the s-polarization (parallel to the sub-
strate), which is the case closely resembling the conditions
found in epifluorescence microscopy (65), the interdigitated
phase is brighter than the L4 phase. This aspect stresses again
the fact that the association of the fluorescence intensity with
the order parameter should be evaluated with care.

AFM can provide directly the analysis of the bilayer
thickness, offering another way to reveal the order of
different domains in the lipid bilayer. Fig. 7 shows the re-
sults we obtained at low temperature for the specific mixture
we used. At higher temperatures, the lipid bilayer appears
uniform, whereas at 20°C, the formation of thicker domains
occurs. By further decreasing temperature, starting from
~12°C, another type of domain appears. These new do-
mains are characterized by a circular or semicircular region
of lower thickness, and the region inside this border has a
height that is just a fraction of a nanometer thicker than
the surrounding bilayer (see Fig. S17). This height differ-
ence is very small (~0.2-0.3 nm), which could be undetect-
able in many cases. This very small height difference points
to very tiny differences in the lipid chain order of the
different domains. The absolute height of the bilayers is
~4-4.5 nm. This value is not consistent with a bilayer
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composed of 24.1 SM in the straight conformation in both
leaflets unless we consider interdigitation effects. Hence,
in general terms, at low temperatures, three phases are
observed in SLB (see Fig. S18 for other examples).

Effect of lateral tension on vesicles containing
(24:1)sSM

Another interesting aspect of this mixture is the appearance
of modulated phases at low temperature (8-9°C) involving
the brightest and the intermediate fluorescence intensity re-
gions (see Fig. S19). The appearance of this particular phase
is highly favored by releasing the lipid bilayer lateral ten-
sion via an increase of the external osmotic pressure, which
is obtained by an increment of the sugar concentration
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FIGURE 6 Sequence of fluorescence micro-
scopy images of a DiPhyPC/(24:1)SM/Chol +
0.5% Texas Red DHPE as the temperature is
increased from 12 to 34°C. The border between
the brightest and the intermediate fluorescence in-
tensity regions gradually disappears without appar-
ently changing the relative area, whereas the
darkest regions shrink until they disappear. Scale
bar, 10 pm.

outside the vesicle. In other cases, the formation of modu-
lated phases is observed while increasing the temperature
(see Fig. S20) just after the decrease of the line tension be-
tween the intermediate and brightest fluorescence intensity
regions where the trend of the line tension is deduced
from the increasing irregularity of the borders separating
the two regions. The modulated phases start with linear
structures and then tend to small rounded regions. Consid-
ering the dependence of the modulated phase on the tension
in the lipid bilayer, we concentrated on the effect of the
lateral tension on the appearance and the shapes of the do-
mains for the DiPhyPC/(24:1)SM/Chol mixture. Fig. 8
shows the effects on a type I vesicle grabbed by the micro-
pipette at increasing lateral tension (see Video S3). The
vesicle initially showed the presence of bright domains in

FIGURE 7 (a-c) AFM images of DiPhyPC/
(24:1)SM/Chol 1:1:1 SLBs obtained at 12°C. In
(a) and (c), the line sections on specific regions of
the sample are reported evidencing the presence
of more than two height levels. In (a) and (b), the
presence of annular regions with lower height
with respect to the surrounding bilayer is high-
lighted by arrows. To see this figure in color, go
online.



a background, which can be associated with the intermedi-
ate intensity level. These domains typically show a large
fluctuation of their borders with an estimated line tension
of (0.066 + 0.035) pN (see Supporting Materials and
Methods for the details of the calculation). At higher resolu-
tion, some of these domains show the presence of modula-
tions with stripes of different fluorescence intensity inside
the domains with the highest fluorescence intensity (Fig. 8
a), whereas, in other cases, no structures were observed
(see Fig. S21; Videos S4 and S5 for other examples).
Fig. S22 reports the detailed shape changes of a domain
when the lateral tension of the GUV is increased by MAT.
The quantitative analysis of the area of the different domains
shows that the increase of the lateral tension corresponds to
an increase of the region characterized by the brightest fluo-
rescence intensity as well as a decrease of the area with the
darkest fluorescence intensity. This behavior points to the
connection between the brightest region and an area with
greater disorder than the latter one.

Fig. 8 shows that upon an increase of the pressure differ-
ence between the inside and the outside of the micropipette,
a strong reorganization of the domains occurs. The stripes
inside the bright domains increase their width until they
fuse in dark subdomains near the boundary of the bright
domain. At the same time, the bright regions assume a
higher fluorescence intensity and a quarter moon-like shape.
Notably, the shape changes are fully reversible (see Videos
S3, S4, and S5) and occur over a lateral tension range going
from ~107% to 1 mN/m where the vesicle bending fluctua-
tions are dominant. From these results, we speculate that
the shape changes are mainly related to the removal of fluc-

0.1 mN/m

Increasing the lateral tension
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tuations and not to a molecular area increase in the lipid
bilayer (stretching component). According to this evidence,
it seems the modulated phases are ascribable to different
spontaneous fluctuations of the curvatures from different
domains in the bilayer. In the case of type II vesicles in
which the background region is the brightest one, the lateral
tension increase produces a negligible effect on the shape of
the domains (see Fig. S23).

Langmuir monolayers of DiPhyPC/(24:1)SM/Chol

The shapes adopted by the domains in the case of the
DiPhyPC/(24:1)SM/Chol 1:1:1 mixture upon changes in
the GUV lateral tension are reminiscent of what happens
in the case of lipid monolayers when three different phases
(i.e., gas, liquid expanded, and liquid condensed) are present
at the air-water interface and the lateral pressure is varied.
Theoretical approaches that are able to explain what hap-
pens to domains in the three-phase coexistence region
have been developed (66-68). Accordingly, we investigated
the possible equivalence of GUVs under the effect of an
increasing lateral tension and monolayers in a Langmuir
trough for which we controlled the lateral pressure. Fig. 9
reports examples of the similarities we observed. We found
changes in the domain shapes when the bilayer lateral ten-
sion was increased (greater molecule-to-molecule distance),
which corresponds to a lateral pressure decrease in the
Langmuir trough (increase of area-per-molecule). Theories
developed for the analysis of lipid monolayers ascribe
most of the observed behavior to effects related to the
competition between line tension among the different

FIGURE 8 (a—f) Fluorescence microscopy im-
ages of a DiPhyPC/(24:1)SM/Chol + 1% DHPE
Texas Red undergoing a lateral tension increase.
The micropipette is on the left of the image (dashed
lines in the first frame). See also Video S3. Scale
bar, 10 um. To see this figure in color, go online.
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Bilayer

Micropipette
aspiration

Increasing lateral tension

Bilayer

domains, dipole repulsion, and wetting phenomena (66).
The wetting phenomena in Langmuir monolayers present-
ing three different phases have been largely investigated
(68). Upon changes in the values of both the dipole density
difference among the different domains and the line tension,
wetting and dewetting transitions associated with large
shape changes of the domains occur (see for example
Figs. 2 and 3 in (68)). Similar changes take place when
the above parameters are held constant and the areas of
different domains are modified (68).

DISCUSSION

Unraveling the phase behavior of sphingolipids represents a
difficult task because of the many different types of molec-
ular structure they have, the different types of bonds they
form with other lipids in the bilayer, and the presence of
very asymmetric acyl chains (69). Sphingolipids have
been associated to the raft hypothesis for lipid bilayers
because, in model systems, they typically form complexes
with Chol in the L, domain, suggesting a clue relevance
of sphingolipids in plasma membranes. Here, we found
that a mixture including a natural SM extract, like bSM or
synthetic analogs ((24:1)SM and (24:0)SM), together with
cholesterol and DiPhyPC, can give rise to a phase behavior
in which three fluorescence intensity levels might appear.
Domains with an intermediate fluorescence intensity appear
when the temperature is decreased, completely surrounding
darkest domains in the case of bSM. Considering that the
new domains with an intermediate fluorescence intensity
level are formed at the interface between the brightest and
darkest domains, we exclude the possibility that we are
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Monolayer

FIGURE 9 Analogies between the appearance of
domains in a DiPhyPC/(24:1)SM/Chol 1:1:1 4+ 1%
Texas Red DHPE GUYV as a function of the applied
lateral tension (left column) in a MAT setup and do-
mains of the same lipid composition in a Langmuir
monolayer upon decreasing the lateral pressure
(right column). The lateral tension in the GUV on
the left column ranges from 0.3 to 0.8 mN/m moving
from the upper to the lower case, whereas the lateral
tension in the monolayer is 12 mN/m in the first two
images and less than 0.5 mN/m in the remaining two
cases. To see this figure in color, go online.

Decreasing lateral pressure

- - -

Monolayer

observing the formation of the typical S, phase. In fact,
the S, phase would be expected to form in the central part
of an already dark region. Moreover, AFM images of
SLBs of ternary mixtures containing bSM showed the for-
mation of new domains with intermediate thickness at low
temperature (~16°C). At first, we tentatively attributed the
formation of the new domains to the fact that bSM is already
a mixture (the two main components are (18:0) and (24:1)
SMs). It is not unusual to observe three different types of do-
mains when more than three types of molecule are present in
a lipid mixture. This is observed when, for example, ceram-
ides are added to ternary lipid mixtures (58). Nonetheless,
the experiments we performed with synthetic SMs clearly
showed that the appearance of the intermediate phase is
not strictly related to the presence of more than three com-
ponents. When a purely ternary mixture including the syn-
thetic (24:1) or (24:0)0SM lipids and DiPhyPC is
considered, three fluorescence intensity levels are still ob-
tained. Our experiments clearly showed that these specific
SMs, in combination with DiPhyPC, are responsible for
this three-phases phenomenon. However, whereas in the
case of bSM, the intermediate phase always wet the darkest
regions, in the case of (24:1) or (24:0)SM, we found that the
intermediate phase can also be present in the form of iso-
lated domains, pointing to a possible different explanation
for the formation of the different domains.

We used the MAT to study the behavior of different
phases when the lateral tension in the bilayer is increased.
It has been recently reported that the osmotic differences be-
tween the inside and outside regions of GUVs strongly
affect the shape and size of L, and L, domains (70). It is
to be stressed that temperature decrease induces on its
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own an increase of the lateral tension of the GUV because of
the fact that the area decrease of the lipid bilayer prevails
over volume decrease (71,72). Accordingly, effects related
to the lateral tension increase could be evident also when
temperature is decreased. In particular, any undulated or rip-
ple phases present in the vesicle will be removed simply by
increasing the lateral tension resulting in a planar structure.
Actually, the role of lateral tension on the phase behavior of
lipid bilayers has been already considered both in theoret-
ical (41.73) and experimental investigations (42-44,74). In
principle, considering the 2D version of the Clausius-Cla-
peyron law, an increase of lateral tension should favor
more expanded phases. For example, it has been found
that the demixing temperature from a completely L, phase
to the coexistence of L, and Ly phases decreases upon an in-
crease of the lateral tension (43). Moreover, theoretical anal-
ysis showed that a lateral tension increase produces a line
tension rise when domains of different hydrophobic thick-
ness are present (73). The variation of the line tension in
the case of a domain thicker than the surrounding lipids
(like in the case of a lipid raft) has been predicted to be
appreciable. This effect is related to the curvature and elastic
moduli of the domains and to the tilt and splay deformations
at the borders of the domains. In this context it is also
possible that the molecular details of the lipids could be
equally important to determine the extent to which line ten-
sion is affected by the lateral pressure. In light of all these
considerations, the intermediate phase in the case of bSM
cannot be ascribed to an increase of the lateral tension in
the bilayer during the cooling step because the transforma-
tion of a bright region into an intermediate fluorescence in-
tensity region should correspond to an increase of the lateral
order. Furthermore, we noticed that the intermediate region
is removed by an increase of the lateral tension applied by
the micropipette.

The line tension increase could induce the coalescence of
nanodomains, which are not optically detectable. These
dark L, nanodomains on the bright L, background would
result in an intermediate fluorescence intensity level.
Thus, when temperature is decreased, the height difference
between the L, and Ly domains could increase up to the
point at which a wetting layer made by L, nanodomains is
energetically favored (see Fig. S9). The coalescence of
nanodomains into microdomains allows the possibility to
observe them by fluorescence microscopy. A similar expla-
nation has been hypothesized previously by Li and Cheng
(75) even in the absence of Chol (DLPC/DPPC GUVs pre-
pared at high (IM) sucrose concentration or DLPC/DPPC
plus DOPG GUVs were used). This mechanism could in
principle explain the effect observed for bSM upon lateral
pressure increase.

If we consider the coexistence of three different phases as
suggested by AFM, we have to understand their nature. It
has been shown that (24:1)SM has a very broad and complex
differential scanning calorimetry thermogram, and it is not

Phase Behavior of Sphingomyelins

prone to form well-ordered domains (76). Different tempera-
tures have been associated to (24:1)SM bilayer reorganiza-
tions; from high to low temperature, two reorganizations
occur at 25 and 16°C even if the exact nature of these transi-
tions has not been clarified. Even in the case of (24:0)SM, a
complex thermotropic behavior with multiple transitions has
been observed, being strongly dependent on the hydration de-
gree of the molecules and the thermal history of the sample.
Notably, these behaviors have been attributed also to transi-
tions between a tilted, partially interdigitated to an almost un-
tilted, interdigitated gel phase at low temperatures (39.4°C),
with major changes in lipid thickness (77). In general, it has
been observed that for SMs with different chain length, the
appearance of complex thermograms starts for chains with
more than 18-20 carbon atoms. This fact coincides with the
appearance of chain asymmetry in the acyl chains (33).
According to these considerations, a possible explanation
for the formation of the third type of domains is given by the
formation of interdigitated phases upon a temperature
decrease due to the presence of the strongly asymmetric
(24:1)SM species (bSM contains ~34 mol % of asymmetric
molecules, including C22, and of this 34 mol %, 59% is un-
saturated). The detection of the phase diagram just by fluo-
rescence microscopy presents the problem of associating the
intensity of the fluorescent emission, strictly related to the
partition coefficients of the marker, to the different lipid
phases (i.e., lipid order) that can be present. This is particu-
larly critical in our case in which (24:1)SM is prone to
adopt interdigitated phases at low temperature, and the par-
titioning of fluorescence markers in this phase is unclear.
Moreover, different lipid organizations giving rise to inter-
digitated conditions (i.e., mixed, partial, and complete inter-
digitation) are possible (78), and different lipid packing is
expected in different situations. Concomitantly, the fully
and mixed interdigitated phases imply an increase of the
lateral area and a strong decrease of the bilayer thickness.
Considering AFM images, the height difference among
the different domains is small (~0.5 nm), and it allows us
to exclude the possibility of a complete interdigitation state.
In the case of (24:1)SM, the height differences are even
smaller, and if the different domains are due to interdigita-
tion effects, the overlap of the acyl chains of the two leaflets
is also very small. At the same time, the absolute thickness
of the bilayers measured by AFM (~4—4.5 nm) is consistent
with at least a partial interdigitation phenomenon of the
chains (61). Pinto et al. (79) studied the phase behavior of
(24:1) nervonoylceramide in the binary mixture with 1-pal-
mitoyl-2-oleoyl-sn-glycero-3-phosphocholine. They found
a complex behavior of the mixture at low temperature,
which was attributed to an initial change from a mixed inter-
digitated gel phase to a partially interdigitated one and then
to a fluid phase at increasing temperature. They also found
regions of phase coexistence with lines in the phase diagram
in which three phases could coexist. Similar results have
been found for SM (80). Because the main phase transition
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of (24:1)SM occurs at ~16-20°C and the intermediate
phase appears at a very similar temperature, it is feasible
to relate the appearance of the intermediate phase to a
change in the organization of the (24:1)SM molecules. In
this case, the first dark domains that are formed by
decreasing temperature are due to the L, phase in which
mainly (18:0)SM is involved, whereas (24:1)SM remains
in the Ly phase. At a temperature of ~16°C, (24:1)SM
adopts a more ordered state, and the possible interdigitation
of (24:1)SM, probably favored by the large area-per-mole-
cule of DiPhyPC, explains the lower thickness of the newly
formed L, phase with respect to the (18:0)SM related L, re-
gion as observed by AFM (see Fig. 4). This interdigitated
phase could have a reduced area-per-molecule occupation,
and this would explain, at least in part, the fact that the in-
termediate phase collapses by increasing the lateral tension.

Previous studies using the ternary mixture DOPC/(24:1)
SM/Chol reported that (24:1)SM inhibits the formation of
laterally heterogeneities like the formation of L, domains,
yet the behavior at low temperature has not been considered
(81). In the same study, it was established that exchanging
(24:1)SM for (24:0)SM leads to the formation of separated
domains. In this context, DiPhyPC could have a role in
the interdigitation effects. Indeed, the ether derivative of
DiPhyPC has been shown to form interdigitated phases, as
well (63). In light of this fact, it is probable that DiPhyPC
could favor the formation of interdigitated phases via SM
with long chains even if it does not interdigitate when
considered as a single component.

The images we obtained for the case of the DiPhyPC/(24:1
or 24:0)SM/Chol mixtures are quite similar to those reported
in a work by Collins and Keller (82) in which they used a
ternary mixture of DiPhyPC/DPPC/Chol in a lipid bilayer
with asymmetric leaflet composition. They found three
different fluorescence intensity levels, and their appearance
was related to the asymmetry of the bilayer. However, they
found that the three levels should be associated to bilayer
spanning phases and the three intensity levels could also be
found in just one leaflet. Because in our case we should
have a symmetric bilayer, the reason for the appearance of
the different fluorescence levels should be different. In one
recent molecular dynamics investigation, it has been found
that the presence of C24 SM in just one leaflet forces choles-
terol to the opposite one (83). At the same time, cholesterol in
the opposite leaflet is able to push C24 SM slightly out from
the bilayer, and its interaction with cholesterol in the same
leaflet is reduced. The asymmetric structure of the bilayer
could produce bilayer spanning phases with different values
of fluorescence intensity because of a nonsymmetric parti-
tioning of the fluorophore. Accordingly, in our case, the
asymmetry in leaflet composition could be a process that is
induced by the presence of C24 SM. We also observed, espe-
cially in the case of a largely reduced tension of the lipid
bilayer obtained by an osmotic unbalance, that modulated
phases involving the two brighter regions appeared.
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One interesting aspect of the domain shape in the case of
the DiPhyPC/(24:1)SM/Chol mixture is its extreme depen-
dence on the lateral tension of the bilayer. The behavior
we observed in GUVs is similar to what is observed at the
interface of three phases in Langmuir monolayers. The
shape of the domains formed in the case of phase coexis-
tence is finely tuned by the mutual line tension between
the phases and by the area of each phase according to the
Young equation. Both parameters can in turn be affected
by the applied lateral tension. In the case of monolayers, a
parameter ruling the wettability of different phase domain
is related to both the dipole moment difference and the
line tension between each pair of phases (68). For example,
it is possible to induce wettability transitions in two-dimen-
sional systems by reducing the area-per-molecule. Consid-
ering the behavior of lipid bilayers, we can hypothesize
that aspects related to line tension and wetting phenomena
are relevant for the shape of domains when three phases
characterized by different lipid density are present simulta-
neously and they have very similar thicknesses. In this case,
we have to consider that the main contribution of the dipole
moment in ester-linked lipid membranes has to be associ-
ated with the carbonyl group of each leaflet (50). Their
dipole moments are quite far from each other and, as a
consequence, the possibility to be mutually neutralized be-
comes unlikely. Accordingly, dipole interactions should
play a role in the shape of the domains in bilayers as it
has been established for monolayers.

Considering all the possibilities, we hypothesize that in
the presence of highly asymmetric and very long chain
SMs and DiPhyPC, one L4 phase and two different L, phases
exist, with the latter associated to two different interdigita-
tion states of SM. Generally, interdigitated phases are asso-
ciated with gel or ordered phases, but it is not to be excluded
that interdigitation can also have effects on liquid phases.
The L, phase and one of the two L, phases have a very
similar thickness as highlighted by our AFM results. In
some cases, it is possible to have the copresence of three
phases in which the shape of the domains is strongly depen-
dent on the lateral tension in the bilayer as a result of vari-
ations in the mutual area fraction and line tension. In the
case of monolayers, it has been proposed that for long
acyl chains, as is the case of 24:1 ceramide, a transition
from a “mushroom” to a “brush” configuration might occur
by increasing the lateral pressure, like in the case of grafted
polymers (24). It is not clear yet how these findings could be
translated to the bilayer case, but it is to be considered that
temperature and lateral tension might affect the configura-
tion of the long acyl chains inside the bilayer.

CONCLUSIONS

We have found that the appearance of more than two fluo-
rescence intensity levels occurs at low temperature for
ternary lipid mixtures, including the highly asymmetric
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lipid (24:1) SM, a methyl-branched ester lipid, DiPhyPC,
and Chol. If (24:1)SM is substituted for (24:0)SM, the three
fluorescent levels are present even at higher temperature (up
to 35°C). We attributed the presence of the three intensity
levels to the asymmetric and very long chains of SMs and
the formation of different interdigitated structures, which
can favor phases with different lipid densities. This is rele-
vant because very long chain sphingolipids (>20 C) are
largely present in specialized tissues, and some functional
properties of the membranes are affected if these specific
lipids are lacking. Notably, we have found that when the
3-ph state is present on a GUYV, the shape of domains
involving the phase with the brightest fluorescence level
can be strongly dependent on the lateral tension applied to
the vesicle. Based on the strong similarities between the
behavior of domains in the GUVs when the lateral tension
is increased and domains in lipid monolayers when the sur-
face pressure is released, we assigned a strong relevance to
line tension and wetting phenomena in the organization of
lipid domains in bilayers. This experimental evidence,
although obtained on a model system, could have biological
relevance considering the typical very low lateral tension of
plasma membranes in living cells. Moreover, the complex
alteration of the membrane state induced by the presence
of (24:0) or (24:1)SM could be one of the reasons for their
biological effect (83). Thus, the possible interdigitation of
very long and asymmetric SM lipid species could contribute
to the coupling of the inner and outer leaflets in biological
membranes.
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Fig. S1:Scheme of the set-up used to analyze the GUVs at different temperatures with the
epifluorescence microscope. The Peltier cell is connected to a home-developed temperature
controller device implementing a PID control by the Arduino Uno board. The circulating water bath
is exploited as fast heat sink.

Pressure
controller Water

reservoir

micropipette =

Fig. S2: Scheme of the Micropipettte aspiration set-up exploited to change the lateral tension of the
GUVs. The pressure controller is used to control the pressure on top of the water reservoir. The
water reservoir is connected to the micropipette.
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Fig. S3: Fluorescence intensity analysis (histogram of intensity levels in a) and line section in b))
for DiPhyPC/bSM/Cho 1/1/1 GUVs showing three intensity levels. (Bar = 10 um)

Fig S4: Example of the formation of the intermediate fluorescence intensity level for a

DiPhyPC/bSM/Chol 1/1/1 vesicle not grabbed by a micropipette upon a decreasing temperature
run.
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15°C 15°C
13°C . 13°C
j i
15°C 13°C
Grey region | Blackregion | Greyregion | Blackregion
a 79 48 103 39
b 82 51 109 42

Fig. S5: Analysis of the area variation as a function of temperature for the darkest and the
intermediate region in the case of two domains (a and b) from the sequence reported in Fig. 2 of the
manuscript and Movie S1. Both the fluorescence images and schemes of how the domains have
been calculated are reported. The Table reports the area of the different domains for two different
temperatures (15°C and 13°C). The grey region is the region defined by the external border of the
intermediate fluorescence level whereas the black region is the area of the region with the lowest

. . . . . . 2
fluorescence intensity level. The unit for area quantification is pm-.
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DiPhyPC/bSM/dihydrochol

37.5:37.5:25 35.5:35.5:29 33.3/33.3/33.3 30:30:40

Fig. S6: We considered different molar proportions of the DiPhyPC/bSM/dihydrochol mixture. In
particular, keeping an equal molar proportion between DiPhyPC and bSM (1:1) we changed the
amount of cholesterol. We found that a low amount of cholesterol (~25%) easily produced the S,
phase coexisting with the L, phase and the three different fluorescent intensities were never
observed. For higher cholesterol concentrations (up to 40%) the coexistence of the three intensities
was always observed with no evidence of a dependence of the percentage of GUVs in this state on
the cholesterol amount. (Bar = 10 pum)

Fig. S7: Examples of other GUVs for which the application of the lateral tension by the MAT set-
up induces the appearance in the intermediate fluorescence intensity level region of bright and dark
round domains. The blue bars represent the position of the micropipette. (Bar = 10 pm)
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Bottom

Fig. S8: Sequence of fluorescence microscopy images of a DiPhyPC/bSM/chol 1/1/ 1 GUV (+ 1%
Texas Red-DHPE) upon a temperature cycle. The colored triangles and the arrows show the
temperature variation trend. Couples of images have been reported when both the top and bottom
surfaces of the GUVs have been captured
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Fig. S9: a) Topography image of a DiPhyPC/bSM/Chol 1/1/1 SLB at 16°C; b) Force Volume image
corresponding to the force spectroscopy analysis of the same region in a). The threshold value for
the deflection has been chosen to show the punch-through force difference among the different
domains; ¢) two examples of force curves coming from the regions pointed by the arrows.
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Fig. S10: Examples of fluorescence microscopy images of DiPhyPC/eggSM/chol 1/1/1 (+ 1%
Texas Red-DHPE) GUVs. In no cases the presence of more than 2 fluorescence intensity levels has
been observed. Bar = 10 um.

Fig. S11: Examples of fluorescence microscopy images of DiPhyPC/(18:0)SM/Chol 40/40/20 (+
1% Texas Red-DHPE) GUVs. The presence of more than 2 fluorescence intensity levels has never
been observed. Bar = 10 um.
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Fig. S12: The sequence shows what happens when a region with the darkest fluorescence intensity
merges with an intermediate region. The darkest region is completely included in the intermediate
region and the overall area of the domains at the end of the coalescence event is approximately
equal to the sum of the two initially separated regions. This behavior is not in accordance with the
confinement of the two different domains to the two opposite leaflets Quantitative analysis of the
area of different domains upon coalescence: The area (in pixel’) of domain 1 in a) is 168, for
domain 2 we have 102. Upon merging of the two domains, the overall area of the formed domain
(3) is 298. The fact that the area of the new domain is almost equal to the sum of the two initial
domains points to the fact that the two domains span the overall bilayer thickness and they are not
confined to a single leaflet. (Bar = 10 pm)

Fig. S13: Sequence of fluorescence microscopy images of a DiPhyPC/(24:1) SM/Chol + 0.5%
DHPE Texas Red GUV as the temperature is decreased from 27°C to 12°C. The border between the
brightest and the intermediate fluorescence intensity regions gradually gets more defined and
regular and the darkest domains, once included inside a larger intermediate domain, get trapped in
that position. The sequence corresponds to the vesicle shown in Fig. 7 of the manuscript. (Bar = 10
pm)
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Increasing the temperature

@ &
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0O
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Fig. S14: Phase behavior of a DiPhyPC/(24:1)SM/Chol 1/1/1 (+ 0.5% Texas Red-DHPE) upon
temperature increase. Bar = 10 pm.

251



0.0 \ 0:2 - 0;4 0.6/ 08 . 1.0
DiPhyPC 24:1 SM

Fig. S15: Appearance of the different fluorescence intensity levels as a function of composition for
the ternary mixture DiPhyPC/24:1 SM/chol + 1% Texas Red. The highest fraction of vesicles
presenting three fluorescence intensity levels is obtained for a lipid composition with an
approximately equal concentration of DiPhyPC and (24:1)SM.
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Fig. S16: Sequence of fluorescence microscopy images of a GUV composed by
DiPhyPC/(24:0)SM/Chol 1/1/1 plus 1 % DHPE Texas Red. The vesicle has been exposed to a
temperature cycle: from 19°C to 51°C and back. The presence of an intermediate fluorescence
intensity level wetting the darkest domains is removed at 51°C and reappears at around 25°C. Bar =
10 pm.

Fig. S17: Higher magnification of Fig. 8a with false colors to highlight the fact that the regions
inside the arcs (arrows) have a different height (higher) with respect to the surrounding bilayer. In
the false colors representation darkest regions are thicker.
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Fig. S18: AFM images of DiPhyPC/(24:1)SM/Chol 1/1/1 SLBs showing the presence of more than
two height levels corresponding to the presence of more than two different domain thicknesses. The
images have been acquired at a temperature of 12°C

Fig. S19: Appearance of a modulated phase as a function of temperature for a
DiPhyPC/(24:1)SM/Chol 1/1/1 +1% Texas Red DHPE GUV. The appearance and disappearance of
the modulation is reversible.
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Almost hexagonal
phase '

Fig. S20: Example of the appearance of striped domains upon temperature increase for a
DiPhyPC/(24:1)SM/chol 1/1/1 + 1% Texas Red DHPE GUYV. The striped domains appear after the
decrease of the line tension between the domains with the highest fluorescence intensity and the
domains with the intermediate intensity. Scale bar for the upper images = 10 pum.

255



c lateral tension release

Fig. S21: a,b,c) Examples of
shape changes of domains for
DiPhyPC/(24:1)SM/Chol

1/1/1 (+ 1% Texas Red
DHPE) GUVs upon an
increase or release of the
lateral tension obtained by a
Micropipette Aspiration set-
up at 15°C. The blue object in
a) represents the position of
the micropipette.

256



a increasing lateral tension

[
TR IC

o- d

4] 82+
424 804
< =
£ 404 NE L]
784
2 384 2 [ ]
o~ o
< 36 < 7.
< 34 %
1 < 744 » - .
324 [ ]
304 724 L
28+ 70
0.4 0.6 0.8 1.0 1.2 14 0.4 0.6 0.8 1.0 1.2 1.4
Lateral tension (mN/m) Lateral tension (mN/m)

Fig. S22: a) Sequence of fluorescence microscopy images showing the detailed analysis of a
domain in Fig. 10. b) Schematic representation of the domains corresponding to the second row in
a); ¢) Quantitative analysis of the white (black squares) and dark grey (red dots) regions as a
function of the applied lateral tension; d) Sum of the dark grey and white regions as a function of
the applied lateral tension.
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-0.1cm H,0

Fig. S23: Effect of the lateral tension on the shape of domains for a DiPhyPC/(24:1)SM/Chol 1/1/1
(+1% Texas Red DHPE) in the case of Type II domains of Fig. 5. Upon a lateral tension increase
little effect is observed on the shape of the domains. Bar = 10 pm.
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Fig. S24: Scheme of a possible interpretation for the appearance of the intermediate fluorescence
intensity level upon temperature decrease and of its removal in favor of black (the darkest
fluorescence level) and white (the highest fluorescence level) regions upon an increase of the lateral
tension.
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Line tension measurement

Theory

The line tension can be estimated from the (Fast) Fourier analysis of the L, and L; domains’
contour fluctuations. The method is illustrated in detail in refs. [1], [2] but we provide here a brief
account.

Given a selected domain, its image is recorded in time with a sufficient number of frames;
for each frame, the radius as a function of the angle, r(9), is extracted and the associated n-mode
amplitudes |u,| are derived either by direct analysis or from the autocorrelation function ¢(8) = {
N 9+8))s = (Ro2)Z, \u,,|2 cos(nd), being R, the radius of a circle with the same area of the
analyzed domain. The averages of the square amplitudes yield the line tension o through [1]

_ kpT
T mRom2—1)(|unl?)’

where kgT is the thermal energy.

A 40x objective lens has been used, and the pixel size approximately corresponds to 114
nm. The exposure times range from 20 to 30 ms and the cycle times from 30 to 50 ms (if we
increase the cycle time up to 250 ms the obtained results are very similar). Being the number of
images for each sequence in the order of 600, the overall acquisition time takes 18-30 s. The
domains are selected following the criteria indicated in [1,2], namely:

e Their area must not exceed 1/5 of the total area of a GUV

e Their shape must be almost circular

e Their radius must be not less than 3 pm

e They must be planar and located at about the center of the GUV imaged surface
e Their area must remain constant during the whole acquisition time

Selection of GUVs with appropriate domains is performed using as low as possible light
intensity to prevent photo-oxidation. The images are collected by fluorescence microscopy; then,
discrete approximations of the domain contours are obtained by superposing a square mesh mask to
the images, which are converted to binary afterwards (the ImageJ software was used).

The length Ax;;,, = 114 nm corresponding to the pixel size, poses a limit on the maximum
mode number n,,,, which makes sense to be analyzed: the wavelengths of the Fourier components
(e.g. in the autocorrelation function) are 2" submultiples of the fundamental wavelength A, = 27R,,
so that it is readily found that n,. = loga(Ai/Axy,). Contours of domains with approximately 3 um
radius can be analyzed up to the 6™ mode.

The problem of photo-oxidation has been considered already in ref. [2] and it is addressed
here because we used a fluorophore concentration significantly higher (~5 times) than in that work.
To check the relevance of induced photo-oxidation on the domains, we partitioned the image
sequence in four sub-sets made of the same number of frames. For each sub-set the line tension was
estimated in order to reveal whether any systematic drift of o in time was detectable; our results did
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not show any such tendency. Eventually, we analyzed the dependence of the line tension as a
function of domain radius and, within errors, no influence on the domain size was observed.

Results

We compared the value of the line tension in the case of domains for a well-known lipid mixture
(DiPhyPC/DPPC/Chol) with the case of domains of Type I (see manuscript) for the
DiPhyPC/(24:1) SM/Chol mixture which showed the maximum sensitivity to the applied lateral
tension. Fig. S24 shows typical examples of the domains we analyzed.

a) b)

Fig. S25: a) and b) represent a L, domain obtained from the DiPhyPC/DPPC/Chol mixture (1/1/1
molar ratio), as it appears in the initial and final frame of the analysis respectively . c¢) and d)
represent a L; domain obtained from the DiPhyPC/(24:1) SM/Chol mixture (1/1/1 molar ratio), as it
appears in the initial and final frame respectively. Bar =2 pum

Line tension components (Variance and mean amplitude):

I Line Tension Component o,

o

0,

Line Tension o [pN]

n mode
Fig. S26: Example of line tension estimate from different Fourier mode amplitudes as a function of
mode number 7. Only the first terms (up to the 6" mode) are relevant (red bars).
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Fig. S27: Mean square amplitudes (|u,|?) of the autocorrelation function as functions of (n? —
1)7! (left) and mode number n (right). Amplitudes from the 2" to the 6™ mode are plotted as red

dots.
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Fig. S28: Examples of estimated line tension for progressive sub-set number. The results do not
show a significant dependence on the sub-sets; thus, the photo-oxidation process should be
minimal.
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Fig. S29: Line tension as a function of
domain radius for six L, domains of a
DiphyPC/DPPC/Chol  1/1/1  mixture.
Only the domains with radius larger than
3 pum have been considered, as they allow
to access a larger number of modes (up to
the 6" one at least).
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Line tension comparison

I Line Tension o DiphyPC-DPPC-Chol 1:1:1
050, | [ Line Tension o DiphyPC-24:1SM-Chol 1:1:1

Line Tension o [pN]

Fig. S30: Comparison of line tension estimates from L, domains of DiPhyPC/DPPC/Chol 1/1/1
mixture (red) and L, domains of DiPhyPC/(24:1) SM/Chol 1/1/1 mixture (green): The line tension
for the domains in the first type of mixture (0.384 + 0.096 pN) is larger than in the case of the
second mixture (0.066 + 0.035 pN).
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Movies’ legends

Movie S1: Fluorescence microscopy movie of a DiPhyPC/bSM/Chol 1/1/1 (plus 1% Texas Red
DHPE) vesicle undergoing a decreasing temperature ramp. The vesicle is grabbed by a micropipette
(on the right of the vesicle, not visible in the fluorescence microscopy image). The temperature
decreases from 50°C to 12°C. (see Figure 2 in the manuscript for other details).

Movie S2: Fluorescence microscopy movie of a DiPhyPC/bSM/Chol 1/1/1 (plus 1% Texas Red
DHPE) vesicle showing the presence of three fluorescence intensity levels and undergoing an
increase of the lateral tension at a constant temperature of 15°C. (See Figure 3 in the manuscript for
other details).

Movie S3: Fluorescence microscopy movie of a DiPhyPC/(24:1)SM/Chol 1/1/1 (plus 1% Texas
Red DHPE) vesicle at 15°C undergoing repetitive cycles of lateral tension increase and decrease.
The lateral tension is increased by a micropipette aspiration set-up (the micropipette, not visible in
the image, is positioned on the left of the vesicle at 45° with respect to the horizontal direction).
(see Figure 10 in the manuscript for other details).

Movie S4: Another example of the same type of vesicle as in Movie S2. The vesicle undergoes a
sequence of lateral tension increase and decrease. See Figure S20a for other details.

Movie S5: Another example of the same type of vesicle as in Movie S2. The vesicle undergoes a
rapid lateral tension decrease. See Figure S20b for other details.
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e Jump-Through-Force on SLB exposed to Daptomycin

In the previous sections we illustrated two possible mechanical characterizations of GUVs based on the
flickering spectroscopy. Here we will mechanically characterize another cell plasma membrane physical
model, the Supported-Lipid-Bilayer (SLB) model, adopting the Jump-Through-Force parameter.

In the following paper the antimicrobial role of Daptomycin has been investigated exploiting SLBs. We
analyzed several SLB two-component compositions resembling mainly the classical bacterial membrane
features. Daptomycin is an antimicrobial cyclic lipopeptide, which requires calcium ions to correctly targets
bacterial membrane. Daptomycin is especially efficient against gram positive bacteria, which hardly can
contrast Daptomycin action and provide subsequent resistance. Furthermore, this drug has a high affinity for
phospholipids containing phosphatidylglycerol (PG) headgroups and owns an intrinsic fluorescence emission
which make it reliable and suitable for fluorescence analysis. Even if Daptomycin has been released on the
market since 2003 several mechanism of action details that could provide some guidelines for further drugs
development are still controversial.

In this work we exploited AFM and fluorescence microscopy techniques to shed light on the still debated
questions related to the role of the presence of phase separation in the lipid bilayer for the Daptomycin
mechanism of action. Thus, we focused on SLB incorporating two different lipid species both containing the
PG headgroup and reproducing the So.-Ls phases coexistence. We developed the data-analysis protocol to
detect the events and evaluate the Jump-Through-Force (JTF) writing the software able to read the Force-
Volume map data and then search the possible JTF for each event. Finally, the obtained results are illustrated
in JTF maps. The AFM topography analysis has been combined to quantitative JTF mechanical
characterization.

Our finding confirm that Daptomycin preferentially interacts with PG headgroup, regardless of whether the
PG lipids are in the Ly or S, phase. From S, and Ly topography profiles analysis the solid and the liquid phase
reach progressively a similar height under Daptomycin exposure. Considering also the JTF analysis,
Daptomycin appears to produce a stiffening effect of the domains where PG lipids are mainly in the fluid
phase, whereas it causes fluidification of the domains where PG lipids are in the solid phase.
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ABSTRACT: Daptomycin (DAP) is a calcium-dependent cyclic lipopeptide with
great affinity for negatively charged phospholipids bearing the phosphatidylglycerol
(PG) headgroup and has been used since 2003 as a last resort antibiotic in the
treatment of severe infections caused by Gram-positive bacteria. The first step of its
mechanism of action involves the interaction with the bacterial membrane, which not
only represents a physical barrier but also accommodates transmembrane proteins,
such as receptors, transporters, and enzymes, whose activity is crucial for the survival of
bacteria. This results in a less efficient development of resistance strategies by
pathogens compared to common antibiotics that activate or inhibit biochemical
pathways connected to specific target proteins. Although already on the market, the
molecular mechanism of action of DAP is still a controversial subject of investigation
and it is most likely the result of a combination of distinct effects. Understanding how
DAP targets the membrane of pathogens could be of great help in finding its analogues
that could better avoid the development of resistance. Here, exploiting fluorescence

S

PO'POPG 3:1+ DAP 4uM

5 "

microscopy and atomic force microscopy (AFM), we demonstrated that DAP affects the thermodynamic behavior of lipid mixtures
containing PG moieties. Regardless of whether the PG lipids are in the liquid or solid phase, DAP preferably interacts with this
headgroup and is able to penetrate more deeply into the lipid bilayer in the regions where this headgroup is present. In particular,
considering the results of an AFM/spectroscopy investigation, DAP appears to produce a stiffening effect of the domains where PG

lipids are mainly in the fluid phase, whereas it causes fluidification of the domains where PG lipids are in the solid phase.

H INTRODUCTION

The development of strategies to ﬁ%ht antimicrobial resistance
is today a very active research field.' ~* The effort aims to find
new molecules capable of attacking bacteria and preventing the
occurrence of their resistance mechanism as much as possible.
To this end, much research has been devoted to the study of
molecules that affect physical aspects of bacterial structures
such as the barrier provided by their plasma membrane. In fact,
the membrane plays a fundamental role in the vital processes
of microbes, and any drug that influences its physical structure
can be harmful to them and their effects can hardly be
bypassed by redundant mechanisms or mutations. This is the
case for many antimicrobial peptides (AMPs), whose effects on
the lipid bilayer in vitro and in vivo have been extensively
explored.‘*_8 In fact, the first step on the way to the inactivation
of pathogens by AMPs is the interaction with their cytoplasmic
membranes and, typically, their permeabilization to relatively
large molecules.”™"* Apart from the formation of pores, other
mechanisms of action have been suggested for AMPs and a
combination of different processes is more plausible."* For
example, it has been proposed that the AMPs activity could be
related to their effect on the lipid domain organization within
the bacterial membrane, including phase separation, variations
in their fluidity and/or the formation of domains. These effects
could be mainly a consequence of the selective grouping of
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anionic lipids and the lipid demixing induced by the
AMPs."* 7 The effect of AMPs on the formation of domains
in bacterial membranes could for example alter both the
partitioning of relevant membrane proteins and the membrane
permeability by promoting ion leakage.'”*" In some cases, the
effect of AMPs could also be seen in the absence of
permeabilization phenomena, at least as regards the formation
of large pores. For example, the appearance, after interaction
with AMPs, of two distinct peaks or the shift of the peaks in
differential scanning calorimetry (DSC) experiments per-
formed on lipid mixtures containing phosphatidylethanolamine
(PE), phosphatidylglycerol (PG), and cardiolipin (CL), which
are lipid headgroups typically present in bacterial membranes,
could be explained by a stronger segregation of the different
lipids.'®'” The mechanistic explanation of this behavior could
be related to the preferential electrostatic interactions between
cationic peptides and anionic lipids such as PG. A related class
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of molecules of significant interest for their antimicrobial effect
is represented by lipopeptides (LPs).”>** These are molecules
in which a small number of amino acids organized in a linear or
circular chain are connected to a lipid chain. For example,
daptomycin (DAP), a cyclic LP active on Gram-positive
bacteria, is the representative of the latest class of antibiotics
that was introduced to the market in 2003.**7*" Although
negatively charged, DAP, in the presence of Ca?*, has several
aspects in common with AMPs as regards the interaction with
lipid bilayers. For example, there are several pieces of evidence
showing that its mechanism of action does not implicate any
direct DAP—protein interactions and is related to the
interaction with the bacterial membrane.”*™>' Indeed, the
development of resistance is typically related to changes in the
composition of the lipid membrane. In particular, in many
cases, DAP-resistant bacteria present a significant decrease in
the amount of lipids with PG headgroups and increased
conversion of PG to Lys-PG.*>>* The DAP mechanism of
action requires the simultaneous presence of PG lipids and
Ca’" ions and involves the formatlon of a dimeric complex at a
specific stoichiometric ratio,”> both in bacteria and in lipid
membrane model systems. 243035738 Interestingly, DAP has
been recently demonstrated to specifically interact also with
undecaprenyl-coupled cell wall precursors (lipid II) in the
presence of PG lipids by forming a tripartite complex.’
Considering the pivotal role of lipid II precursor in the
enzymatic arrangement involved in peptidoglycan biosynthesis
as well as in cell division, these findings offer an explanation
about the cell wall synthesis inhibition observed in the
presence of DAP; the mentioned interaction with lipid II
precursor can induce the recruitment of fundamental protein
complexes affecting physiological cellular processes. In several
studies, it has been discovered that DAP, in the presence of
Ca’ ions, induces an increase in K* ions leakage which affects
the difference in electrical potential across the membrane and
the blosg'nthesis of basic molecules for the assembly of the cell

2540 even if it seems that DAP does not directly inhibit
peptldoglycan synthesis.*' Another possible scenario is linked
to the DAP effect on the membrane curvature: in this case, the
different geometries of some membrane regions could lead to a
non-physiological dlstnbutlon of specific membrane proteins,
affecting their activity,"* even if this mechanism of action has
been questioned in other works.**

Interestingly, several in vivo studies have shown that the
membrane depolarization in bacteria is just partially present
when DAP is used at a typical minimum inhibitory
concentration (MIC), but it can occur completely at much
higher concentrations and, at the same time, this phenomenon
has a slow kinetics."*~*® This behavior is not consistent with
the formation of ion channels by DAP. It has been recently
shown that lethal DAP concentrations for different bacteria are
able to affect the organization of bacterial membranes by
altering the formation of fluid domains and, as an indirect
effect, to inhibit cell wall synthesis.*”** Moreover, it has also
been found that DAP is able to target fluid domains in the
membrane and to produce a rigidification of the lipid bilayer,
as revealed by an increase in the Laurdan general polarization
signal. " From these studies, it appears that the presence of
DAP in bacteria involves lipid segregation and alteration of
lipid domains organization, particularly, domains where
functionally relevant transmembrane proteins are located. All
these effects are present when working at the MIC. Another
recent investigation established that similar rules are valid also
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for model lipid bilayers assembled in the form of liposomes.*’
It has been discovered that the K* ions leakage is a transient
phenomenon that appears just immediately after DAP is added
to the solution, and the binding of DAP with the lipid bilayers
depends on their thermodynamic phase state. Accordingly,
further investigations on DAP effects on the thermodynamics
and the organization of model lipid bilayers could be relevant
to shed light on its mechanism of action on bacterial
membranes, helping thus the development of new substitutes
able to counter the bacterial resistance.

Here we studied, using fluorescence microscopy (FM) and
atomic force microscopy (AFM)/spectroscopy, how DAP can
affect the structure of supported lipid bilayers (SLBs)
assembled with different lipid mixtures relevant in the context
of bacterial membranes. Using the FM technique on SLBs, we
can take the advantage of the presence of a kynurenine (Kyn
13) residue in DAP and its intrinsic fluorescent properties. In
fact, even if the quantum yield is very low for thls peptide (it
increases when it is buried inside the lipid bilayer’”), the stable
configuration of a SLB allows the use of prolonged integration
times for signal acquisition. The Kyn residue has already been
exploited to obtam images of model lipid bilayers in the form
of liposomes.* In the lipid bilayers studied by FM, we also
included a fluorescent lipid probe which is known to
preferentially partition into more fluid domains and whose
fluorescence does not overlap with the intrinsic one of DAP. In
this way, we are able to simultaneously detect the localization
of more fluid domains and of DAP.*” The use of AFM allows
to distinguish the changes in the thermodynamic state of the
bilayer by exploiting the presence of lipid domains
characterized by different thicknesses (see Figure S1). Unlike
FM, using AFM, it is possible to detect the formation of even
nanometric domains if these are characterized by a different
hydrophobic thlckne_ss and, using the related force spectros-
copy capabilities,** ™" it is possible to study the mechanical
stability of the different lipid domains to understand if they are
differently affected by the LP.

B MATERIALS AND METHODS

Materials and Reagents. DAP was bought from Sigma-
Aldrich Corporation (Saint Louis, MO, USA) and dissolved in
dimethyl sulfoxide (DMSO) at its solubility limit (S mg/mL).
Final concentrations were then obtained by diluting the
mother solution with distilled water. The amount of DMSO
inside the imaging chambers at the final concentration does
not affect the structure of SLBs. 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoethanolamine (POPE), 1-palmitoyl-2-oleo-
yl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-
sn-glycero-3-phospho-(1'-rac-glycerol) (POPG), and 1,2-di-
myristoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DMPG)
were all purchased from Avanti Polar Lipids, Inc. (Alabaster,
USA). 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine-
Texas Red (DHPE-Texas Red) was purchased from Life
Technologies (Thermo Fisher, Carlsbad, CA, USA). Each lipid
was dissolved in the proper amount of chloroform (Sigma-
Aldrich Corporation) and then mixed with the other lipids of
interest to create the desired lipid proportion. The lipid ratios
in the reported mixtures must be considered as molar ratios.
DHPE-Texas Red was included in the lipid mixtures at a molar
concentration ranging from 0.5 to 1%.

SLBs Preparation Exploiting Small Unilamellar
Vesicles. SLBs were prepared, exploiting the vesicle fusion
technique on mica substrates starting form small unilamellar

https://dx.doi.org/10.1021/acs.jpcb.0c06640
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vesicles (SUVs).* Briefly, after transferring with glass syringes
the right amount of lipids in chloroform in a small glass vial,
the chloroform was evaporated under a gentle flow of nitrogen
and under vacuum to obtain a complete removal of the solvent.
Thin lipid films formed on the walls of the vial were then
rehydrated with the proper amount of buffer solution (150
mM KCl, 8 mM HEPES, 3 mM CaCl,, pH 7) and vortexed till
their complete resuspension in the form of large multilamellar
vesicles (LMVs) of various sizes. SUVs were then obtained by
reducing the size of LMVs exploiting energy input in the form
of sound energy (sonication) for 30 min at ~ 40 °C. For FM,
SLBs were assembled in a home-made chamber equipped with
a temperature control system (see the Fluorescence Micros-
copy section) mounted on the microscope stage. It consisted
of a polytetrafluoroethylene (PTFE-Teflon) drilled disk (with
a diameter of 20 mm), equipped with an O-ring to keep the
liquid solution confined inside; to avoid further liquid leakage,
the outer edges were sealed with high vacuum grease (Dow
Corning, USA). The bottom of the chamber was a freshly
cleaved mica substrate (Supplies/Structure Probe, West
Chester, PA) with a thickness that guarantees the best
compromise between optical transparency and mechanical
stability. SLBs for FM measurements have been prepared by
adding 100 uL of the SUV suspension (0.25 mg/mL) to 1.5
mL of imaging buffer solution, whereas, for the AFM analysis,
samples were prepared by depositing 70 uL of the SUV
suspension onto the cleaved mica substrate. In both cases,
lipids were incubated for 15 min at ~40 °C and then
vigorously rinsed with buffer solution before being analyzed.

As for the DAP concentration, we must emphasize that the
method of preparation for SLBs does not allow to know the
accurate surface percentage covered by the membrane and, at
the same time, the exact packing density of the lipids in the
bilayer is not known. Consequently, it is difficult to convert the
concentration of DAP in the chamber into a specific lipid—LP
ratio. Concerning the peptide-to-lipid ratio, we can consider a
lower limit assuming a complete coverage of the chamber
surface used for the experiments by the SLBs and a value of the
lateral surface area-per-lipid taken from the literature. In the
specific case of FM analysis, for the circular area of our
chamber (diameter = 2 cm) and a volume of the solution of
1.5 mL, a DAP concentration of 1 yM corresponds to a
peptide-to-lipid ratio of about 2:1. In the experiments we
performed, we focused on what happens when the DAP is
introduced into the imaging chamber and when its
concentration is gradually increased. To characterize the
experiments, we refer to the DAP concentration considering
the volume of the imaging chamber. In all cases, we performed
experiments with a DAP concentration lower than its critical
aggregation concentration in the presence of Ca®*, which is
reported to be around 120 uM.*?

Fluorescence Microscopy. Epifluorescent images were
acquired using an Olympus IX 70 microscope equipped with a
20X or 40X objective (NA 0.4 and 0.75, respectively). All
procedures were performed at minimal light exposure (using
neutral filters) to avoid fluorophores’ photobleaching. A
CMOS camera (Hamamatsu ORCA-flash 4.0LT—C11440)
connected to a computer was used to acquire images and
videos. Excitation wavelengths at around 380 and 594 nm for
Kyn 13 and Texas-Red, respectively, have been used. Emission
wavelengths at around 450 nm for Kyn 13 and 615 nm for
Texas Red were used. The home-made sample chamber was
equipped with a temperature control system based on the use
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of a pair of Peltier cells. One surface of both Peltier cells was
indirectly in contact with the sample (they were in direct
contact with a thin metallic plate on which the mica was
positioned). The opposite side of both Peltier cells was in
contact with chambers where water with controlled temper-
ature (Lauda-Brinkmann, Delran, NJ) was flowing. Peltier cells
were connected to a custom-developed control unit using the
proportional integral derivative feedback system provided by
an Arduino microcontroller. The microcontroller is connected
to a PC by USB port and interfaced to a custom-developed
LabView program. The LabView control panel is used to
manage the setpoint temperature and save the temperatures
acquired by the thermocouple inserted in the home-made
chamber. In this way, the system allowed fast cooling and
heating ramps that were performed every time before the DAP
insertion in order to have well-mixed and uniform lipid bilayers
and avoid artifacts because of the thermal history of the
sample. The public domain software Image] was used to
analyze all images presented in the manuscript.

Atomic Force Microscopy/Spectroscopy. AFM analysis
was performed with a BioScope I microscope equipped with a
Nanoscope IIIA controller (Veeco Metrology, Plainview, NY,
USA). A custom temperature-controlled stage based on a
circulating water bath has been exploited to control sample
temperature. The BioScope head was mounted on the home-
developed stage. The sample’s temperature was continuously
monitored by a digital thermometer Fluke 16 (Fluke,
Brugherio MB, Italy) equipped with a small K-thermocouple
probe (Thermocoax, Heidelberg, Germany) in direct contact
with the buffer solution. AFM was used in both imaging
(tapping-mode) and force spectroscopy configurations using
triangular silicon nitride cantilevers (Bruker DNP-S) with
nominal spring constants of 0.32 N/m. Processing of AFM
images was carried out using the free software Gwyddion
(version 2.41). Force—distance (F—D) curves on SLBs and
force—volume maps were analyzed using a home-developed
software (Python). The algorithm we developed automatically
finds, if present, the jump-through event in each curve at every
specific point of the force—volume map. All jump-through
events and their corresponding coordinates are recorded in
order to reconstruct the jump-through force map.

B RESULTS AND DISCUSSION

To design a suitable model system able to best mimic bacterial
membrane properties, the complexity of membrane’s archi-
tecture as well as the variance of lipid composition represent
two fundamental aspects to be carefully considered. Bacterial
membranes contain a huge assortment of lipids, including the
common phospholipids PE, PG, and CL; for most bacteria, the
predominant zwitterionic phospholipid is PE. Generally,
Gram-negative bacteria show a higher content of PE than
Gram-positive bacteria. Some Gram-positive bacteria have a
very low content of zwitterionic phospholipids, even if some
exceptions of Gram-positive bacteria with a high content of PE
have been reported.”* PG and CL represent the predominant
anionic lipids in bacterial membranes. The total amount of
anionic lipids present in all bacteria, be they Gram-negative or
Gram-positive organism, is at least 15%. It is the presence of
these anionic lipids that confer selectivity of the AMPs,
generally cationic, against bacteria and not against mammalian
cells. Considering Gram-positive membranes, although their
lipid composition can vary from one species to another, they
typically contain high amounts of anionic lipids such as PG and
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Figure 1. FM and AFM images of POPE/POPG 3:1 SLBs exposed to DAP at 20 °C. (a) SLB in phase separation comprising solid ordered
domains (dark regions) in a liquid disordered background (bright region) rich in a fluorescence lipid probe (DHPE-Texas-Red). (b) Same region
with signal absence from the KYN channel before interacting with DAP. (c—h) Fluorescence images of the same region in (a) exposed to 2 uM
DAP and acquired after 180 s (c—e) and 600 s (f—h), respectively, exploiting TR and KYN channels and the ovetrlapped image. Scale bar
corresponds to 20 ym. (i) AFM topographic image of a POPE/POPG 3:1 SLB before and (j) 180 s after exposure to 4 M DAP; full and dotted
lines correspond to the domain boundaries before and after the interaction with 4 4M DAP, respectively. Scale bar is 1 ym.

they usually contain phospholipids species characterized by a
high content of branched-fatty acids, which were shown to
influence the activity of AMPs.>

With this understanding, we decided to exploit two different
lipid model systems. As a first model system, we investigated
the POPE/POPG 3:1 (molar proportion) lipid mixture. The
POPE/POPG mixture is a well-studied system with regard to
its phase behavior,”® and the presence of the PG headgroup
allows one to investigate the specific interaction with DAP.
The POPE/POPG mixture has a phase transition temperature
which depends on the molar proportion of the two
components, going from about 23 °C in the case of pure
POPE to a temperature lower than 0 °C for pure POPG. When
the bilayer is in phase separation, the liquid disordered regions
are rich in POPG, whereas solid ordered regions are rich in
POPE, with a non-ideal mixing in the solid phase.”® The phase
diagram of the POPE/POPG 3:1 lipid mixture allows rough
quantification of the distribution of PG lipid between the two
phases at 20 °C, around 15% for the solid regions and 38% for
liquid regions, respectively.”® When this model system is
assembled in the form of SLBs, a small shift to higher
temperatures (2—3 °C) of the main phase transition could be
found due to the interaction of the bilayer, in particular the
proximal leaflet, with the substrate which, in all cases in this
work was mica.””*® Figure la shows a FM image of a POPE/
POPG 3:1 SLB at a temperature of 20 °C using the
fluorescence signal coming from the lipid probe (DHPE-
Texas-Red, in the following TR). The image shows the
presence of solid ordered domains (darker regions) embedded
in a liquid disordered background (brighter regions), as
expected from the phase diagram of the lipid mixture at issue.
If the signal is taken from the channel at about 445 nm
(maximum emission wavelength of the Kyn residue, in the
following KYN), no contrast is observed (Figure 1b). Figure
lIc—e represents FM images acquired on the same area of panel
(1a) 180 s after the injection of 2 uM DAP for the TR and
KYN channels, together with the corresponding merged
images. As expected, considering the KYN signal (Figure
1d), DAP mainly interacts with the PG-rich region,
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corresponding to the disordered liquid phase, and the regions
producing the two fluorescence signals mainly coincide.
However, it is possible to see an apparent expansion of the
solid ordered domains rich in PE at the expense of the
disordered region, quantified at around 45%. This behavior
could be ascribed to the surplus of lateral pressure resulting
from the insertion of DAP into the liquid disordered phase of
the bilayer and from the consequently induced lateral
expansion. In fact, in the case of SLBs, a prevented or limited
expansion of the bilayer lateral area because of the interaction
with the substrate could produce an increase in the lateral
pressure in the bilayer and an enlargement of the solid
regions.””®” FM images taken 600 s after DAP injection (1f—
h) reveal the formation of bright spots especially along the
boundaries of solid domains. The spots formed are brighter in
both fluorescence channels, TR as well as KYN, as indicated by
the yellow arrows. This evidence suggests an aggregation of
lipids together with DAP consistent with a sort of lipid
extraction mechanism, as suggested in previous investiga-
tions.”® Furthermore, the occurrence of these spots along the
boundaries of solid domains probably points to a phenomenon
favored by the presence of defects in the bilayer. The increased
fluorescence cannot be simply explained by the increased
penetration of the KYN residue into the hydrophobic
environment of the bilayer because we have also observed an
increase in the TR fluorescence for these spots. We also
observed the prevalence of the KYN signal in some spots
embedded in the solid regions (Figure 1g). It is important to
emphasize that all these phenomena are not observed if the
experiments are performed in the absence of Ca™". In order to
see the consequences on the phase organization at higher
spatial resolution, the DAP effect on SLBs has also been
studied by AFM. Panels (1i) and (1j) show topographic
images of POPE/POPG 3:1 SLBs at a temperature of 20 °C
before and after DAP insertion to reach a final concentration of
4 puM; an expansion of the external boundaries of solid phase
domains, in association with a partial lipid fluidification within
the domains, is clearly observable. The observed fluidification
could reasonably be ascribed to the clustering of the PG

https://dx.doi.org/10.1021/acs.jpcb.0c06640
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Figure 2. AFM images and relative height profiles of POPE/POPG 3:1 SLB, prepared as a bilayer patch, exposed to DAP at 20 °C. (a)
Topographic image of the bilayer patch. (b) Same patch as in (a) after its exposure to 8 uM DAP concentration. (c) Averaged profiles of the two
images relative to the regions highlighted by a white line in both images [continuous black line for (a) and dashed red line for (b)]. Scale bar is 1
pm.

POPE:POPG 3:1 POPE:POPG 3:1 + DAP 4uM

POPE:POPG 3:1

Figure 3. FM and AFM images of POPE/POPG 3:1 SLBs at 25 °C exposed to 4 uM DAP; (a) completely homogeneous SLB. (b,c) Fluorescence
images of the same region in (a) after exposure to a 4 uM DAP concentration, as seen from TR and KYN channels, respectively, and (d)
overlapped image. Scale bar corresponds to 10 ym; (e) topographic image of a SLB and the (f) same region after exposure to a 4 uM DAP
concentration. (g) Magnification of the 2 X 2 ym” region corresponding to the blue dotted rectangle in (f). Scale bars correspond to 1 um; (h)
height profiles reconstruction of five randomly selected solid domains. The height of the newly formed solid domains is ~1.0 nm.

fraction within solid domains by means of DAP.***"*> This patch to a DAP concentration equal to 8 4M, we observe an
behavior is consistent with the appearance of the KYN signal increase in the global area of the patch of about 20% and an
from the solid region, as shown in Figure 1g. At the same time, increase also in the area occupied by the solid domains. This
the enlargement of the external boundaries of the solid result points to the fact that the increase in the solid domains
domains could be the result of the fluidification of the PG could also be due to the other factors besides the fluidification
moieties inside solid domains. within the domains, as shown in Figure 1i. We can speculate

AFM does not provide direct analytical information to that, apart from the formation of clusters of POPG lipids
evaluate the order of lipid domains with the aim of analyzing followed by their fluidification within solid domains and part of
whether DAP is affecting it. However, an indirect method the POPE lipids from the liquid domains that join solid
frequently exploited to have an indication of changes in the domains, we have a general rigidification of the bilayer and an
lipid order is to measure the changes in the domain’s thickness. enlargement because of the incorporation of DAP. In the case
If we consider the images in Figure 1ij, we obtain that the of a patch, we can measure the thickness of both domains,
difference in height between the liquid and solid domains liquid and solid, relative to the substrate, together with the

decreases from (0.46 % 0.04) to (0.24 + 0.05) nm after the difference between the two domains. In the case of the patch of
interaction with DAP, highlighting the fact that they become Figure 2, we found that both types of domains become thicker

more similar to each other. However, to get an idea of the when DAP is inserted (Figure 2c). This situation could be
absolute variation in the height of the domain, we need to also explained by an increase in the order of lipids in both phases,
image the solid substrate, exploiting bilayer patches instead of with a greater increase in the case of liquid domains rich in PG
uniformly covered substrates. Furthermore, although the where DAP is mainly concentrated. Indeed, the height
increase in the lateral area in SLBs could be limited by the difference between the two domains decreases, as shown in
interaction of the bilayer with the substrate (see Figure S2 for Figure 1h,i. If the DAP concentration is increased, a saturation
an example of the consequence of the presence of the effect is obtained for the height variation and, in the specific
substrate), this situation could be partially reduced if the case of Figure 2, for concentrations from 10 #M up to 20 uM,
experiments were performed on bilayer patches instead of on no variations in the thickness of the lipid domains are

complete bilayers.””** Accordingly, we performed AFM observed. Unlike AMPs, even a high LP concentration (20
analysis on POPE/POPG 3:1 patches and Figure 2 reports a UM) is not able to destroy the double-layer structure of the
typical example. In this case, after exposing the lipid bilayer membrane. These observations suggest that DAP can produce
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Figure 4. FM images of POPC/DMPG 3:1 SLBs at 20 °C exposed to a concentration of 1 and 2 M DAP. (a) SLB in phase separation showing
two solid ordered domains (dark regions) in a liquid disordered background (bright region) rich in the fluorescence lipid probe (DHPE-Texas-
Red). (b—g) Fluorescence images of the same region in (a) exposed to a concentration of 1 M DAP acquired after 180 s (b—d) and 600 s (e—g)
obtained from TR, KYN, and overlapped channels, respectively. (h—m) Fluorescence images of the same region in (a) exposed to a concentration
of 2 uM DAP, acquired after 180 s (h—j) and 600 s (k—m), from TR, KYN, and overlapped channels, respectively. (a;,b,e;) Highlighted
boundaries of the solid ordered domain inside the dashed square in (a) before (a,) and after interaction with 1 uM DAP after 180 s (b,) and 600 s

(e,). Scale bars correspond to 40 yum.

an increase in the lateral area of the lipid bilayer and an
increase in the lipid order. This effect recalls of the
rigidification effect observed in the case of bacteria.”* At the
same time, a strong reorganization of the domain distribution
is observed when the DAP concentration is increased (see
Figure S3 for another example of domain reorganization
induced by DAP). It is to be stressed that, in the case of many
AMPs, their interaction with the lipid bilayer causes a decrease
in the order as well as thickness of the bilayer. The results
obtained with DAP are similar to those obtained in analogous
investigations with surfactin, another LP.%* In ref 64, it was
found that the surfactin insertion into DOPC and DPPC lipid
bilayers induced an increase in the lipid order, as revealed by
Laurdan. The behavior resembles what happens when
cholesterol is inserted in a lipid bilayer. At the same time,
surfactin started to interact with the lipid bilayer from the
boundaries of the domain.

We then considered the influence of DAP on a specific
aspect of the thermodynamic behavior of the POPE/POPG
3:1 lipid mixture; in particular, keeping the temperature
slightly above the melting one (T = 25 °C), DAP was inserted
in the imaging chamber. Under these conditions, at the
beginning of the experiment, the system is totally fluid, as
confirmed by the absence of darker regions (Figure 3a) using
FM and the observation of a substantially homogeneous flat
bilayer using AFM (Figure 3e). The DAP injection at a
concentration of 4 #M induces a strong rearrangement of the
SLB inducing the formation of solid domains. In fact, Figure
3b—d reveals the different fluorescent signals coming from TR,
KYN, and merged channels. In particular, solid domains in the
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TR signal are observed. It is shown as the phase transition
region of the bilayer shifted to a higher temperature and,
keeping the bilayer at a constant temperature, it entered the
phase transition region. A similar behavior has been obtained
for a POPE/TOCL SLB exposed to PR-9 peptides,
investigated by AFM and polarized total internal reflection
FM.®® Furthermore, it is possible to note the presence of
spherical aggregates at the center of solid domains which show
a higher fluorescence intensity in both channels. These
observations allow us to hypothesize that DAP, by recruiting
and forming co-clusters of DAP—POPG lipids, promotes the
solidification of POPE-rich domains above the melting
temperature of the pure lipid mixture. An analogous result is
obtained studying the behavior of the bilayer by AFM, as
shown in Figure 3e—g. Indeed, it is possible to clearly notice
the formation of solid domains having dimensions of the order
of tens of nanometers in diameter consequent to DAP
insertion (Figure 3fg). Height profiles of solid domains are
shown in panel (3h) and height differences are in the range of
1 nm, in agreement with the solid phase separation. These
findings are biologically relevant if we consider that bacterial
membranes in physiological conditions are in the fluid phase
but very near to the main phase transition, and this condition is
assured even in the case of a variation of the growth
temperature by adjusting the lipid composition.”® Accordingly,
even a small amount of DAP could induce a lipid phase
transition greatly affecting the membrane structure.

As a second model system, the POPC/DMPG 3:1 lipid
mixture was considered. The choice of this lipid mixture has
been dictated by its phase transition behavior which allows to

https://dx.doi.org/10.1021/acs jpcb.0c06640
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obtain solid domains rich in PG at around 15 °C unlike the
previous case; in fact, at this temperature, because of the
different melting behavior of the two lipids, the system is in
phase separation, with POPC-rich liquid disordered regions
and DMPG-rich solid ordered regions. Now, PG headgroups
are in the solid phase. Figure 4a shows an experiment that has
been performed at constant temperature on a system in phase
separation by adding DAP initially at the concentration of 1
uM, followed by another injection of the LP to reach the
concentration of 2 uM. Considering that, apart from
concentration, the kinetics of DAP/lipid bilayer is also a
relevant aspect, we reported the images as a function of the
time since injection: in particular, after 180 and 600 s. The
second DAP injection has been made after 600 s, when the
lipid system appeared as stable and no further significant
changes were recorded. We initially observed a slightly higher
presence of DAP on liquid phosphatidylcholine (PC) domains
than on PG domains. This could be due to the KYN residue
being able to better approach the hydrophobic region on less
dense bilayers. A basal binding of DAP to neutral membranes
exposing PC groups in SLBs was also observed in other
investigations.” However, this initial situation was followed by
a strong interaction between DAP and solid PG lipids, together
with a gradual fluidization of solid domains edges, as deduced
from the TR signal (see also Figure S4). Figure 4a,—e,; shows
an extensive size reduction of the solid domains, equal to 59%,
after the interaction with DAP at the concentration of 1 uM.
Over time, it is possible to observe an increase of the
fluorescent signal because of DAP along the edges of solid
domains.

This behavior could be explained by a DAP-induced
fluidification of the solid lipid domains which is initially
stronger at the edges because of the higher lipid disorder in
these regions. The fluidization induces a higher penetration of
the TR lipid probe. In turn, the increase in the fluorescent
signal from DAP could be related to a greater penetration of
the LP into the hydrophobic region of the lipid bilayer. When
the DAP concentration is increased to 2 uM (Figure 4h—m),
the previously solid domains seem to enrich in DAP, as
deduced from the increase of the KYN fluorescent signal and, if
the overall fluorescence signal coming from the DAP is
considered, the domains restored their initial area. However, if
we consider the signal from TR, the lipid domains become
visible again, but they appear as brighter with respect to the
background. This behavior is ascribable to the appearance of
bright spots in both fluorescence signals, reasonably due to the
interaction between DAP and PG-fused moieties and the
extraction mechanisms previously mentioned. Therefore, DAP
interacts with PG moieties regardless of their physical state by
promoting fluidization in PG-rich domains starting from their
boundaries when this type of lipid is in the solid phase and a
rigidification when this type of lipid is in the liquid phase.
From these results, it emerges that PG is probably the moiety
that allows DAP to penetrate deeply into the lipid bilayer, in
contrast with PC moieties, for example, and this ability does
not depend on the thermodynamic state of the lipids. In the
case of different proportions of the same mixture (POPC/
DMPG 1:1), we obtained a similar behavior. In another
experiment, we exploited AFM to shed light on the effect of
DAP on the edges of solid domains in the POPC/DMPG 1:1
mixture. We observed a sharp increase in the length of the
edges and the formation of finger-like structures, as shown in
Figure 5. The observed behavior suggests a decrease in the line
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Figure 5. AFM image of POPC/DMPG 1:1 SLBs at 15 °C exposed to
a concentration of 8 uM DAP. Finger-like structures at the boundaries
of the domains when they are exposed to DAP reveal a preferential
interaction of DAP with the domain boundaries. Scale bar is 1 ym.

tension because of the hydrophobic mismatch between the
different domains, as already obtained for other LPs.** This
result agrees with the observation of a strong increase of the
fluorescent intensity due to DAP along the boundaries of the
domains.

To obtain further information on the fluidization or
solidification of lipid domains by DAP, we also investigated
the mechanical stability of SLBs using force spectroscopy
measurements. The typical jump-through force obtained in
force—distance curves on SLBs by AFM is considered to be a
marker of the fluctuations in the lipid bilayer, and it could
provide hints on the mechanical and order properties of the
bilayer.”® In the case of the AMPs interaction with lipid
bilayers, the force spectroscopy technique has already been
used, revealing the action of peptides on the order of the lipids
in the membrane.®””” We concentrated on the POPC/DMPG
1:1 mixture, and the data in Figure 6 show the results. Upon
the addition of DAP, we observe an initial increase in the
jump-through force for both types of domains (Figure 6b,b,,d).
This behavior points to an initial rigidification of the bilayer,
equivalent to an increase of the lipid order. A parallel could be
established with an initial increase of bilayer bending constant
that has been observed when AMPs interact with model lipid
bilayers that mimic bacterial composition.”® Upon increasing
DAP concentrations, we observed a decrease of the jump-
through force for both domains (Figure 6¢c,c;,d), correspond-
ing to a fluidification of the domains. By measuring the domain
height from the topographic images of the patch, we observed
that for the fluid domains, at a DAP concentration of 4 uM, it
was (4.7 + 0.5) nm compared to (6.5 + 0.6) nm in the control
bilayer, whereas for the solid domains, it was (5.7 + 0.6) nm
with respect to (7.0 + 0.4) nm in the control. The decrease in
the height of the domain is in accordance with a decrease in
the jump-through force. Moreover, the interaction of DAP
with the solid domains produces regions of decreased bilayer
thickness and an enlargement of the area delimited by the
external boundary of the domain (see Figure 6e/f). This
behavior could be interpreted as a demixing of the different
lipids in the domains, producing clusters of more solid PG
lipids and a fluidification of the remaining PC lipids.
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Figure 6. Force spectroscopy analysis and AFM images of a POPC/
DMPG 1:1 SLB exposed to increasing DAP concentrations (2, 4,6,
and 8 uM). (a,a;) Jump-through force maps and the corresponding
histogram distribution (red pattern) with the corresponding Gaussian
fitting (black) of jump-through events for pure SLB and after the
exposure to 2 uM (b,b;) and 8 uM (c,c;) DAP concentrations; maps
resolution (32 X 32 pixels); scale bar corresponds to 2 ym. The
evaluation of the peak value, and its error, has been performed
applying a double Gaussian fit to the experimental data. (d)
Comparison of solid and fluid domains jump-through force upon
increasing concentrations of DAP. (e) Topographic image of SLB
before and after (f) exposure to a 8 uM concentration of DAP. Scale
bars correspond to 1 um.

Bl CONCLUSIONS

The present study showed that DAP interacts with phase-
separated lipid bilayers, producing a strong modification of
their phase state. We found that DAP preferentially interacts
with domains rich in PG lipids, regardless of whether their
phase state is fluid or solid. It appears that PG allows DAP to
access more deeply into the lipid bilayer producing a change in
its phase state. However, whereas in the case of PG lipid in the
fluid phase, DAP induces a stiffening in the bilayer with an
increase in solid domains, probably due to lipid demixing,
when PG lipids represent the solid fraction of the bilayer, DAP
produces a fluidification. The observed behavior is similar to
what cholesterol produces on lipid bilayers. Analogously, a
similar behavior has been suggested for another LP, surfactin.®*
The preferential interaction of DAP with PG headgroups could
be related to the ability of the LP to affect the configuration of
the hydrogen bond networks of lipid headgroups. The main
effect of DAP on lipid bilayers would be to modify their phase
state by affecting, in bacteria, the distribution of proteins
relevant for essential processes. The observed transient ionic
flux observed in model bilayers could be due to the strong
reorganization of the bilayer structure induced by the LP and
may not be strictly related to the length of the domain
boundaries. Even in the absence of domains, the lipid flip-flop
due to the initial binding of DAP on the external leaflet of the

bilayer could in part explain the observed transient trans-
membrane ion current.
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SUPPORTING INFORMATION

Supporting Figures

Figure S1: a) AFM topographic image of a POPE/POPG 3:1 + 1% DHPE-Texas-Red SLB on mica at 20°C;
b) Fluorescence Microscopy image of the same area in a). The thicker regions in a) correspond to dark
regions in b) in which the fluorescence lipid marker is preferentially excluded. These higher regions
correspond to solid ordered areas of the lipid bilayer

Control tr

©O. daptomycin

Figure S2: a) Fluorescence Microscopy image (TR signal) of a POPE/POPG 3:1 + 1% DHPE-Texas Red on
mica: the different fluorescence intensity of the solid domains could be ascribed to the uncoupling of the two
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leaflets and the presence of solid domain only in the lower leaflet, as reported in several reports in the
literature. The situation is described in the scheme in the bottom part of the image, where darker lipids
represent solid lipids. b) TR signal after the SLB in a) has been exposed to a 2 uM DAP concentration. We
still see the different intensity of the domains due to the fact that the TR probe is present in both leaflets.
Accordingly, the signal intensity can be explained by the schematic red line on the bilayer scheme (TR). c)
KYN signal from the same region of a) and b). The darkest regions in b) are dark also in c¢) whereas the
regions with an intermediate dark signal in b) are not dark in c). This behavior can be explained considering
that, where the solid regions are limited to the lower leaflet of the bilayer, the upper layer is affected by the
presence of DAP and its penetration in the bilayer. The signal from the KYN residue is schematized in the
blue line above the bilayer scheme.

The two insets show magnification of a specific region of the bilayer obtained from the TR and KYN signals
after the bilayer has been exposed to DAP. Note that not all the dark regions observed in the magnification of
b) are visible as dark domains in c). The bar corresponds to 10 pm.

Figure S3: a) POPE/POPG 3:1 SLB imaged at 20°C; b) the same area of a) is imaged immediately after DAP
has been added to the imaging chamber in order to have 3 uM DAP concentration: we observe an immediate
increase of the lipid bilayer area; c) the same area of a) with 3 uM DAP concentration 10 minutes after the
lipopeptide has been added. The bilayer shows a strong reorganization of its phase state, with higher domains
appearing in the previously completely fluid regions.

Figure S4: a) Fluorescence microscopy image of a POPC/DMPG 3:1 + 1% DHPE-Texas Red. The image has
been obtained exploiting the fluorescence signal from Texas-Red. The boundaries of a solid domains have
been highlighted by the green line; b) the same bilayer as in a) has been exposed to a 2 uM DAP
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concentration and imaged exploiting the Texas-Red signal. The green line represents the boundaries of the
same solid domain in a). It is evident that the borders of the solid domain have been fluidified by the
lipopeptide; ¢) the same region of b) has been imaged exploiting the fluorescence signal from KYN. It is
evident that the borders of the solid domain have the strongest signal; d) the borders of the solid initial solid
domain have been overlapped with the borders of the solid area observed in b). It appears that the brighter
region observed in c) corresponds to the fluidified borders of the initial solid domains.
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Chapter 5

Conclusions
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Final remarks

Following the previous findings mentioned in the introduction chapter, mechanobiology constitutes an
interdisciplinary research field, which has gradually increased its relevance in the last decade toward the new
horizons of advanced medicine-based research. Cell samples and their microenvironment scaffolds clearly
require a combined investigation where AFM and optical microscopies found their places. Nevertheless, an
adequate comprehension of the vast variety of mechanical processes and subsequent cell capabilities
relationship, both under physiological and pathological conditions is still elusive. The development of new
devices able to reproduce particular microenvironmental conditions is also highly required.

These main topics have been tackled in this PhD thesis. Here we will summarize the main contributions and
aims achieved regarding the implementation of novel and useful analysis and devices, both for cell
membrane and the underlying cytoskeleton scaffolds. The following results have been obtained:

1. Two analysis protocols for mechanical characterization of biological models describing the plasma
membrane have been successfully implemented. Firstly, the bending constant analysis of GUVs
obtained from mono-component phospholipid species (DOPC and POPC) has been evaluated and
the resulting findings are in good agreement with previous works (using both the “classical” and the
“statistical” approach). Then, the protocol has been exploited to investigate exogenous molecule
effects on GUVs (an antimicrobial peptide and a lipopeptide). Secondly, the line tension of
fluctuating domains in GUVs composed by ternary mixtures has been successfully extrapolated.
After protocol validation, the method has been exploited to investigate the sphingomyelins role in
the phase behavior of ternary mixtures containing cholesterol. These methods belong to the
Flickering-based analysis family.

2. An adequate analysis protocol to investigate and quantify single cell migration, reorientation and
polarization has been successfully implemented and validated exploiting the vast data acquired from
time-lapse cell imaging assays. A “Persistence Random Walk” mathematical model has been also
successfully implemented and tested.

3. Since a deep lack in the appropriate devices development for in-vitro assay as mentioned above still
exist, and sometimes are economically not accessible for small research groups, we successfully
developed several tools and devices useful to investigate live cell behavior both from a “first-step”
undergraduate level and a “higher” level for state of the art investigations in the mechanobiology
fields. In particular, starting from an initial education-based project dedicated to build a low-cost on-
stage cell incubator we moved toward a stretcher suitable for live cell imaging assay, an useful
investigating tool that can reproduce not so obvious cell microenvironmental conditions.

4. In order to assist the previous live cell imaging assays results, we successfully implemented and test
the robustness of a method to investigate cell viscoelasticity based on Ting model applied to Force-
Indentation raw curves. This protocol analysis combined to time lapse assays is highly helpful to
provide possible guess and interpretations of exogenous molecules mechanism of actions on cells.
Furthermore, the usual Hertzian models clearly do not resemble the entire viscoelastic overview of
living cell sample.

PhD activities

| implemented an on-stage cell incubator with an automated autofocus system exploiting an Arduino Uno
microcontroller communicating to a Python script for time-lapse live imaging assay. The Arduino Uno
controls the microscope objective lens vertical position through a stepper motor, the Python script analyzes
the images acquired and exploits an autofocus algorithm developed by me to evaluate the best on-focus
frame.
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The on-Stage cell incubator can be placed on the optical microscope stage for live cell imaging assay. |
developed the hardware and software set-up of this project using and Arduino Uno microcontroller and
creating a dedicated LabView control panel interface. The Arduino board controls the cell incubator
temperature T, relative humidity RH, and CO, concentration maintaining the best conditions for cell cultures
(T=37°C, RH>90-95%, pH=7). The pH value is stabilized through a CO; flux, the temperature T and CO;
concentration are controlled exploiting the PID feedback controller libraries already included in the Arduino
Uno microprocessor. The LabView interface plots and stores the physical parameters during live cell imaging
session. The cell incubator works together with the autofocus system and the corresponding Arduino boards
are completely independent from each other. The set-up project allows to follow a cell sample region in a
completely automated way up to 12-24 hours. The cell incubator has been validated using U87MG cell line
during control condition and exposing the cells to blebbistatin 20uM [1]. The On-Stage cell incubator
combined to the automated autofocus acquisition have been refined adding several features.

In order to increase the statistical analysis of live cell imaging a custom-built motorized stage has been
realized. | focused on the hardware and software implementation of this project. The stage controls the cell
incubator position (X-Y) using a couple of stepper motors and has been integrated with the autofocus system.
The resulting set-up can follow up to 8 different cell sample areas and their focus position independently of
each other. The cell incubator has been redesigned to host a multi-six petri dish, | dealt with the required
hardware and software modifications.

A stretcher device able to reproduce a periodic waveform with arbitrary shape on a PDMS-based cell
substrate has been developed. This device can be hosted in a modified version of the previously mentioned
cell incubator. | focused on the hardware and software implementation required to filter and reconstruct an
experimental periodic signal (obtained for example from AFM measurements on cells), which must be
reproduced on a PDMS-based cell substrate. | managed the hardware and software implementation required
to combine the stretcher and previous existing cell incubator and the motorized stage devices. The resulting
set-up is able to follows live cell imaging sessions in a completely automated way studying up to 8 different
regions exploiting also the autofocus procedure. Essentially, the periodic stimulation is provided continuously
(>75% of the entire time session) and, periodically, the stretcher is interrupted and the automated image
region acquisition is performed. The periodic substrate deformation has been achieved using an Arduino-
based actuation system exploiting stepper motors. | wrote the software (Arduino and LabView) needed to
reproduce an arbitrary periodic signal exploiting the spectral Fourier decomposition. | dealt with the strain
substrate calibration based on continuum mechanics theory. | developed the data-analysis protocols for cell
migration and reorientation exploiting the Python language. | also developed the experimental procedure to
produce and functionalize the PDMS substrate for cell seeding and live imaging application.

The time-lapse live cell imaging assay is performed using phase-contrast or differential-interference-contrast
(DIC) techniques. The automated autofocus protocol has been modified in order to combine these techniques
with the epi-fluorescence microscopy. | managed the hardware and software implementation required to
integrate the epifluorescence microscopy technique.

The On-stage cell incubator has been exploited to study several cell lines. Firstly, | investigated the U87MG
line, which is a biological model for the GMB tumor, during control condition. Then U87MG cells where
exposed to exogenous myosin Il inhibitor drugs like blebbistatin or Y-27632, and to a potential antimitotic
and cytostatic compound called 1G. The 1G was tested for different rigidities of the PDMS-based cell
substrate [2]. The On-Stage cell incubator combined with the automated motorized stage has been exploited
to investigate the cell response activity of the THP-1 cell line previously differentiated into MO macrophages
(MO-THP-1) following exposure to exogenous mineral fibres. Three different mineral fibres: chrysotile,
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crocidolite and fibrous erionite classified as carcinogens by the International Agency for Research on Cancer
have been analyzed and their cytotoxic effects have been compared [3].

The stretcher device has been validated using two different cell lines, U87MG and the BALB-3T3 [4].

| implemented the data-analysis protocol to evaluate the cell migration and reorientation capabilities during
time-lapse cell imaging assays. | focused on single cell migration using a manual tracking tool and | exploited
several migration and orientation indexes. Among the different models for cell migration, | implemented and
specifically adopted the Persistence-Random-Walk (PRW) mathematical model to describe the mean-square-
displacement (MSD) of single cells. The cell migration analysis on substrates of different rigidities showed
that. For U87MG cells there is an optimal value for the MSD value. The existence of this optimal value can be
explained on the basis of the molecular clutch model for force transmission to the substrate.

After the implementation of the on-Stage cell incubator set-ups for live cell imaging assays | developed a
viscoelastic nanomechanical analysis protocol suitable for AFM experiments on living cells. The data-analysis
protocol is based on the Ting model, which is able to extrapolate the viscoelasticity parameters starting from
simple Force-Indentation raw curves. In particular, the implemented algorithm is able to identify which is the
best viscoelastic constitutive equation describing the cell viscoelastic properties. The Ting-based analysis has
been validated using U87MG and hADSC cell lines. The live cell imaging experiments and results were
analyzed according to cell nanomechanical characterizations exploiting the AFM technique. In the case of 1G
investigation on U87MG cells the obtained findings revealed the cytostatic and antimitotic effect of 1G
compound on the different substrate rigidities, whereas the viscoelasticity characterization showed a strong
variation of the elastic parameter when U87MG are exposed to 1G 20uM for 24 h. Instead, for lower time
exposure, the viscoelastic parameters are almost unchanged [2]. The Ting-based viscoelastic analysis has
been also exploited to investigate the nanomechanical response of Human Adipose-derived Stem Cells under
exposure to the Cytochalasin B drug [5].

In the context of AFM-based mechanical characterizations, | developed also the data-analysis protocol to
detect and evaluate the Jump-Through-Force (JTF) events in SLB (supported by mica) obtained from binary
lipid mixtures. In particular, | wrote the software to read the Force-Volume map data and then search the
possible JTF events. Finally, the obtained results can be presented in JTF maps. All the programs have been
written using Python language. The aim of this analysis was to investigate the So,-Ls phases coexistence
thermodynamical changes under exogenous drug exposure like Daptomycin. Our findings show how
POPC:DMPG 1-1 SLB mixture exposed to gradually higher Daptomycin concentrations progressively alter the
JTF parameter for the Sp and Lq4 phase, respectively [6].

In the context of physical simplified models of the plasma-membrane | focused also on GUVs analysis. |
acquired the skills to produce GUVs from ternary lipid mixture using the electro-formation procedure. |
developed and exploited a protocol for the Flickering spectroscopy analysis in order to measure the bending
constant of GUVs under control condition and exposed to exogenous molecule (antimicrobial peptides and
lipopeptides). Firstly, | developed a custom algorithm able to evaluate the liposome contour from frames of
fluctuating GUVs at sub-pixel resolution level. This algorithm has been written in Python language and is
based on the pixel intensity slope profile along different directions. Secondly, | implemented the data-
analysis procedure to extrapolate the angular autocorrelation function from contour coordinates and then
decompose this function to evaluate the bending constant. In particular, | developed and compared two
different methods: 1) the “classical” approach, which exploits the Legendre Polynomial decomposition; 2)
the “statistical” approach, which is based on spectral Fourier decomposition. The bending constant has been
evaluated using a non-linear fitting procedure based on Levenberg-Marquardt algorithm. The “classical” and
“statistical” models provide similar findings in agreement with previous literature results. The data-analysis
has been written using Python language. | also compared different experimental protocols for fluctuation
vesicles selection and movie acquisition. | compared the bending constant parameter obtained from DOPC
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and POPC vesicles under control conditions and exposed to Magainin and Magainin-H2 [7]. The results
showed how Magainin-H2 reduces dramatically the bending constant, even more than natural Magainin with
respect to control conditions. The contour evaluation algorithm has been also exploited to study the
(dynamic) time evolution of the permeabilization effect.

| also focused on line-tension evaluation of L, or Lq fluctuating domains of GUVs electro-formed from ternary
mixtures composed by high melting temperature, low melting temperature phospholipids and cholesterol,
respectively. Line-tension analysis, similarly to bending constant, is a Flickering-spectroscopy-based
technique. The frames of the GUVs domains have been obtained exploiting fluorescence microscopy
technique and the contour evaluation is straightforward derived from phase contrast microscopy. The
domain contour has been evaluated applying a square mesh mask to the fluctuating domain images. |
numerically evaluated the angular autocorrelation from contour fluctuations and | spectrally decomposed
this function to extrapolate the square power modes. The line-tension is finally extrapolated. In [8] we
compared the line tension obtained from DiphyPC-DPPC-Cholesterol and DiphyPC-24:1 Sphingomyelin-
Cholesterol mixture, in the former case the measured line tension is significantly higher than in the latter
case.
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