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Abstract: Mechanical forces shapes living matter from the macro to the micro. No 
organism has escaped their influence or failed on taking advantage of them as both 
eukaryotic and prokaryotic cells are subjects and wielders of the force. However, while 
we know much of how this happens in mammalian cells, our appreciation of how rich 
this same process is in bacteria have been late to come. Consequently, while 
mechanical forces and their vast mechanobiology have been used to alter and control 
mammalian cells behaviour, we are lacking this same level of novelty in bacteria. With 
my work I would like to amend this and explore how bacteria can also be controlled 
through mechanical signals. To do this, I aimed influencing one of bacteria most 
mechanically rich and technologically appealing processes: surface colonisation. I 
found that nanometric surface vibrations of pN intensities and kHz frequencies, reduce 
surface colonisation. I found this response mediated by both cells’ membrane 
potential and flagella’s motors as, when these were suppressed, vibrations effect on 
cells surface behaviour was limited. I suggest that by crippling cells hyperpolarisation, 
vibrational stimulation hinder flagella’s mechanotransduction so hampering surface 
colonisation. While these findings prove that cells’ adhesion can be influence by 
mechanical forces, they also show that through a similar tickling sensation, mechanical 
cues can effectively be used as a novel tool to communicate and control bacteria. 
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À vous tous et à toi, merci. 
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1. INTRODUCTION 

Forces shapes everything around us, living and non-living objects alike. While their 

relevance in the macroscopic world is manifest, it may be surprising how in the 

microscopic playground they can also influence cells and their biology. In fact, the ability 

to sense and respond to mechanical forces appear to be a common feature throughout all 

the living organism from eukarya to bacteria. Between the two however a staggering 

contrast persist. In fact, despite the vast canopy of cells functions which are shaped by 

mechanical forces, while this have been used to control eukaryotic behaviour the same has 

not yet happened with bacteria. Here is therefore where our work is located. By being 

carefully guided from the recent developments in the field of bacteria mechanobiology and 

sensing, I would like to assess how these can serve human needs as they eukaryotic 

counterpart already did. In the coming pages, I will discuss mechanical forces, their effect 

on cells and the use we can make of them to control one of bacteria’s most relevant 

process: surface colonisation. Before going there however, we need to see the broader 

context of my work, how it relates with the current scientific knowledge, what is known 

and, most importantly, what is still missing. So, let’s begin by going back to where I started: 

forces. 

1.1 Shaping forces and Mechanobiology 

Of the roughly 10.000 years of human culture, the concept of natural forces 

shaping the world is recent as one of its first records dates the fifth century B.C. by the 

time of the presocratic philosopher Empedocles. For him, the world was in fact brought 

about but the perpetual contraposition of two opposing natural forces, love and strife 1. 
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Despite the yet vague and quite anthropomorphic terminology, these represents one of 

the earliest attempts in our species at formalising the idea that natural forces are 

responsible for the world we see. In fact, the eternal struggle or “tension” he describes 

existing between the two was for him what brought objects together and apart, giving the 

world its rhythm and explaining its changing with time. Realising the role of natural forces 

in modelling our world made for one of the greatest intellectual achievements of all times 

as it meant abandoning an animistic view in favour of a materialistic one This one, 

eventually, kept growing until it was finally formalised by the work of Newton and our 

modern interpretation of natural forces. However, if their involvement in shaping the 

world was appreciated since classical antiquity, it took millennia for this to be extended to 

living organisms. 

This conception of force affecting animal shapes and behaviour was in fact spring 

boarded at the beginning of the twentieth century by the work of the Scottish biologist 

d’Arcy Thompson and its influential book On Growth and Form 2. Today we know this to 

be true and we understand the relevant role that forces plays and had played in the past 

to shape both organism’s evolution and development. On a macroscopic level, coping with 

mechanical forces for an organism mostly means to be able to deal with gravity. Its 

omnipresence in time and space makes so that the most fundamental feature of any 

organism took form: structure. Most of the time an organism body is a necessary 

scaffolding that prevents them from crushing under their own weight and that over 

evolutionary times had been adjusted to meet some purpose. Bark, bones, carapaces and 

shells, when these have not been weaponised by evolution, are there to provide structural 

support to the organism. 

However, response to gravity and weight is not the only place where we see the 
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wide effect of mechanical forces on organism as, despite being more subtle, the sense of 

touch and hearing also are. While their presence is widespread among multicellular 

organism, this beg the question of how these are brought about? Here is where things get 

more interesting. In fact, apposite sensory tissues and cells exist which are capable to sense 

a mechanical stimulus and transform it into a chemical or electrical signals organism can 

sense 3. This simple and common experience with forces brings us down to a smaller realm 

as we leave the macro for the micro. Here, despite the loosen grip of gravity, cells do still 

have to retain structure as mechanical forces keep shaping them in even more unexpected 

and drastic ways.  

1.2 As above so below, mechanobiology and the cell 

When entering the microscopic realm, the interplay between forces and organisms 

is pushed even further as these take on even richer roles. In fact, not only forces influence 

cells need for structural support and sensing, but they can go as far as changings their 

shape, kind, functioning and even behaviour. Mechanobiology is the expanding science 

which is tasked to understand all these effects forces have on cells physiology 4. These can 

be classified as belonging to two main branches: mechanosensing and 

mechanotransduction. Mechanosensitivity investigate the effect that mechanical forces 

have on the structure and function of different cellular components, such as organelles or 

proteins. Mechanotransduction follow instead the internalisation of mechanical cues and 

how their transduction into chemical or electric signal allows cells to understand the 

environment and alter their behaviour.  

Through the lenses of mechanobiology we now see how force involvement in the 

life of cells is universal as it is shared by both eukaryotic and prokaryotic cells 5,6. Despite 
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this, our knowledge is skewed toward the former both in amount and depth. The reasons 

behind this are split but they might lie both on technological and scientific biases. From a 

technological perspective, while eukaryotes are harder to culture and keep viable, they 

have been simpler to study in the past because of their bigger sizes which did not require 

the same level of micro or nano control. Scientific biases could also have contributed as 

the view of bacteria being much simpler organism lasted until the end of the 20th century. 

Until then bacteria were known to be pathogenic organism swimming in their 

environment without too much of an agency. Chemotaxis and behavioural adjustment 

based on chemical inputs was considered top notch technology for them, but it was a far 

cry from viewing them capable to also sense mechanical cues. Or, maybe, sometimes 

things are simply out of fashion in science and only a brave bunch considered the subject 

worth being explored. 

No matter what the cause of this knowledge anisotropy was, the end results is that 

we now have a superior knowledge of the influence that mechanical forces have on 

eukaryotic and more specifically mammalian cells. This superiority involves a wider 

appreciation of both the mechanism and physiological impact of mammalian 

mechanobiology. Many mechanotransductive pathways have been discovered which turns 

mechanical forces into many different cells’ behaviours and functions 7. These effects 

reverberate across several order of magnitudes as forces are sensed and transferred from 

the level of the cell to that of the tissue. Specifically, on a sub-cellular level, through 

dynamic molecular processes 8, forces direct organelles organisation 9, nucleus structure 

10,11 and genetic expression 12,13 that can then influence cells motility 14, development 15,16 

and their differentiation 17,18  with drastic effects at the level of tissues and organs such as 

cartilage 19,20 and bone 21 formation or muscles 22 and brain functioning 23,24. Moreover, 
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forces do not only have a hierarchical effect on cells and tissues but can even influence less 

centralised networks as the immune system 25,26. 

In mammalian cells, the above vast stretch of physiological outcomes from 

mechanical inputs is mostly brought about by the interaction between forces and cells 

extracellular structure. Like spiders sitting at the centre of their webs and sensing forces 

through them, cells are embedded and sense forces through a web of their own, the 

extracellular matrix (ECM) 27. This bi- or tri-dimensional scaffolding is mostly made of 

collagen proteins the thickness of which dictates the mechanical properties of the final 

tissue. Thick and aligned fibres are found in tensile and robust tissues such as tendons 

while thin and meshed ones are usually a feature of brittle and transparent ones like the 

cornea. Thanks to its adaptable nature, the ECM made many things for cells viability but 

from a mechanobiological perspective it provides structural support and allow the transfer 

of mechanical information. This can then be internalised by the cells through a similar 

fibrous network: the cytoskeleton (CSK) 28. Similarly to the ECM, cytoskeleton provides 

structural support while it also allows the transfer of mechanical signals through its 

reticular network. Three proteins make most of the CSK and dictate its behaviour: actin, 

microtubules and intermediate filaments. The former act as a push and pull system that 

via polymerisation and depolymerisation cycles allow cells to expand and contract 

depending on their needs. Intermediate filaments provide instead a more passive support 

to cells through their more thermodynamically stable structure. Through the connection 

of these external (ECM) and internal (CSK) protein webs, cells can sense many different 

mechanical forces. Shear, pressure and stress can all be transferred from the tissues to the 

cell where they are finally internalised, influencing genetic expression and ultimately their 

behaviour. 



18 

Many more players belong to the established science of mechanobiology but we 

now have a feel of the profound interconnectedness that in mammalian cells allow forces 

to be put to use in many different ways. However, all I have discussed so far regarded 

mammalian cells but our argument started by introducing the fact that they are not alone 

in this as we have to meet the other bunch of force wielders: bacteria. 

1.3 A peek on bacteria mechanobiology 

It was 1982 when Koch first suggested the idea that bacteria could also be sensitive 

to their mechanical environment 29, a hypothesis that within the same decade was 

confirmed by the discovery that mechanosensitive elements like those of mammalian cells 

also existed in bacteria 30. Despite its younger history, bacteria mechanobiology have 

grown widely since these preliminary work and today mechanical forces are known to 

influence many aspects of their biology. While the body of knowledge covering 

mammalian mechanobiology is broader, older and deeper, the last decade had greatly 

compensated for the tardive appreciation of this phenomenon in bacteria. 

Bacteria mechanobiology is somewhat different and yet akin to its mammalian 

counterpart as this is partially explained by the difference and similarities which exist in 

their biomechanics. First, bacteria are smaller, about 40 times smaller 31. Their membrane 

is also different. Mammalian cells have smooth more malleable lipid membranes while 

bacteria have both multiple and stiffer ones due to the presence of both a lipid but also a 

peptidoglycan layer 32,33. This act as a safety net which evolved in response to the variable 

osmotic environments bacteria use to experience and which make them susceptible to 

sudden changes in internal pressure. Contrary to this, mammalian cells live in more stable 

environments while embedded in their self-produced extracellular matrix which bacteria 
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are also lacking. Except for their communal behaviour in biofilms, which I would touch 

upon very soon, single bacteria do not possess neither ECM nor an internal cytoskeleton. 

What is most reminiscent of this last feature are instead proteins that give bacteria their 

shapes and prepare them for duplication: MreB and FtsZ. The former is an homologue of 

the actin protein we encountered before in mammalian CSK. In bacteria, this performs a 

similar role as by polymerising within their membrane along the major axis it allows rod 

shaped bacteria to retain their form 34. FtsZ is instead a tubulin homologue that help 

bacteria during their duplication 35. The way this work is similar to a noose. In fact, while 

the cell elongates along its major axis, FtsZ, together with other proteins, polymerise 

around the inner membrane of the mother cells to form a ring structure known as Z-ring. 

Toward the end of duplication, this one would then start contracting and reduce in 

diameter, a process that eventually leads to septum formation and cells separation.  

However, both MreB and FtsZ capture CSK structural function but their 

connection to mechanobiology have yet to be established making them a far cry from CSK 

central role in mammalian mechanobiology.  

So, to recap, bacteria are smaller, stiffer, do not have neither an extracellular matrix 

nor a cytoskeleton and yet they can respond to forces. How they do this is still a matter of 

debate as, while we have many accounts of this process and its effect on cells, we still miss 

its grand picture. Nonetheless, several unifying themes are beginning to appear. Similarly 

to mammalian cells and higher organism, bacteria mechanobiology influence their 

physiology and behaviour through either mechanosensitive elements and 

mechanostranductive pathways 36,37. While mechanosensation is more of a self-reliant 

process where forces alter protein structure and their functioning, mechanotransduction 

is a causal chain of events that transform a mechanical input into either chemical or 
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electrical outputs. Following this transduction, mechanical cues are now in a format that 

cells can understand and react to by altering their behaviour. Within their pathway 

structure, mechanotransduction usually rely on some mechanosensitive element to sit at 

the top of its signalling cascade as this allows force to be converted into structural changes 

that generate electrochemical signals. These so crafted pathways are what allow force 

inputs to reverberate onto cells physiology (Figure 1). Different mechansensitive and 

mechanotransductive processes have been identified in bacteria of which discussing a few 

would provide the reader with the perspective necessary to better locate our work within 

its scientific landscape. 

1-3.1 Mechanosensation in bacteria 

Mechanosensitive elements in bacteria have been identified in both their 

membrane and motorised appendages. Forces acting on them induce some 

Figure 1: Bacteria mechanobiology. Mechanical inputs from solid surfaces and 

the environment are sensed and, through several mechanotransduction 

pathways, are then converted into different behavioural outcomes. These mostly 

affect biofilm formation, swarming motility and cells pathogenicity. 
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conformational change that alter their function which, because of mechanosensors 

location within the cells, most of the time results in their altered adhesion and motility. 

The older and better understood examples of mechanosensation in bacteria are 

mechanosensitive channels (MSC) 38. These have been first identified in eukaryotic cells 

but they are also common to bacteria where they assume the same role of their mammalian 

counterpart: safety pressure valves. In fact, pressure, specifically osmotic pressure is 

something cells must deal with constantly 39. Sudden drops or increases of ions in the 

medium can cause hypo and hyper-osmotic shocks as water rapidly enter or leave the cells 

Figure 2: Bacteria mechanosensitive 

channels provide protection toward 

harmful hypo-osmotic shocks. 

Specifically, when osmolarity in the 

environment drop, water influxes cause 

cells volume to inflate within milliseconds. 

Depending on the strength of the shock, 

MscS and MscL opening is sequentially 

triggered by the increase membrane 

tension. Their opening cause the 

millisecond release of ions and the 

recovery of normal osmotic pressures. 

Mutants lacking these channels are found 

much more susceptible to shock induced 

bursting that the wild type proving their 

direct effect on cells viability. Adapted 

from 41. 
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causing their bloating or withering 40. Of these, hypo-osmotic shocks are by far the greater 

threat to cells integrity as sudden water influxes can lead to pressure spikes which, if not 

released, can burst cells open 41 (Figure 2). This is where mechanosensitive channels come 

into play. Their ability to open in response to increasing membrane tension allow cells to 

quickly adjusting their ion content, releasing osmotic pressure and enabling cells to 

survive otherwise fatal shocks 42. 

How this is brought about and how MSCs can be activated by mechanical forces it 

depends entirely on their structure. Less than a dozen channels have been identified in 

bacteria and these belongs to either the small (MscS) or large (MscL) families 43–45. These 

barrel like intermembrane proteins are expressed in lower number within a cell and tightly 

bind to their membrane. Upon pressure, the tension acting on them cause their opening 

following a mechanism similar to that of a camera objective 46 (Figure 3). It takes few 

Figure 3 a) Top and side view of E.coli MscL channel and its open and closed states. Following increasing 

tension from the membrane, its barrel structure stretches and open following an iris-like mechanism. b) 

Molecular dynamics of the open and closed states. Dashed-black and solid-red lines are the edges of the 

channels cavity as closed and open respectively. Adapted from 41. 
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milliseconds to open a channel and, depending on its conductance, it can release between 

thousands and millions of ions per second. While most of the channels are nonspecific, 

some can selectively release only one ion such as some potassium specific 

mechanosensitive channels 47. To widen the protection and response based on the 

intensity of the shock, channels have different gating pressures and conductances. 

Specifically, MscS channels are tiggered by lower membrane strain and have smaller 

conductance than MscL. This ensure that faster voiding of precious internal ions is 

achieved only under threatening osmotic pressures. Their effect on cells have been proved 

fundamental for their viability under shock but their triggering also correlates with 

reduced cells growth and intracellular signalling 48. While at present no mechanoensitive 

channels have been associated to any mechanotrasductive pathway, it is tempting to 

suggest that the sudden drop in ionic content and its effect on both membrane potential 

and pH could serve as part of a mechanical signal transduction although this remains to 

a) 

b) 

Figure 4: Contrary to normal (slip) 

bonds which decrease in strength with 

applied load, catch bond resilience to 

rupture increase with tensile force (a). 

This is brought about by force 

dependent allosteric changings in the 

bond conformation (b). Specifically, as 

is the case for FimH (blue) and 

mannose (red), substrate specificity 

increases when these are subjected to 

forces.  Adapted from 49. 
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be elucidated.  

Aside from mechanosensitive channels, mechanosensitivity have also been 

observed in membrane bound adhesins. One of the most striking example of this are E. 

coli fimbriae catch bonds 49. Fimbriae are surface adhesins abundant in pathogenic E. coli 

and they are structurally akin to non-motorised pili. Particularly, one of its tip proteins 

(FimH) has catch bonding properties that, contrary to normal ones, strengthen with 

increasing load 50 (Error! Reference source not found.). This makes fimbriae act as safe 

belts, allowing cells to steadily attach onto surfaces and withstand drag forces which could 

otherwise lift them off. From a mechanistic point of view, the way E. coli FimH do this is 

through yet another force induced conformational change. Specifically, FimH attach to the 

mannose residues which decorate many mammalian cells membranes. When extra load is 

applied to the bond, rather than breaking or weakening, FimH change conformation, 

exposing aminoacidic residues that further boost their compatibility to mannose 

Figure 5: A) FimH rupture time increase with applied tensile force. B) This mechanism gives pathogenic 

strains of E.coli an edge when colonising hosts under variable shear stress such as in the urinary tract. 

In fact, following increasing hydrodynamic flow cells won’t lose grip on target cells and tissues. This 

is achieved via a changing in conformation of tip subdomains which increase substrate’s affinity and 

adhesin bonding to it. Adapted from 50. 
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ultimately strengthening FimH adhesion to it. This way, uropathogenic E.coli can 

withstand stronger rheological load allowing them to better infect cells and the organism 

51–53 (Figure 5).  

The examples above shows how membrane bound mechanosensitive elements 

exists in cells and support their adhesion and membrane integrity. A second class of these 

sensors exists in their motorised apparatuses, flagella and pili, which use forces to adjust 

another aspect of cell’s physiology: surface motility 54. Starting with flagella, their motors 

represent the second most widely understood and reported mechanosensitive elements in 

bacteria. Flagella are whip like structures that enable motility in liquid environments and 

surfaces. Their machinery spans the entire cells membrane and are roughly made of three 

main components: the whip which protrude at the exterior of the cell, the rotor, a sort of 

wheel-like structure connected to the whip and embedded in cells membrane and lastly 

the motors, membrane anchored proteins that surround the rotor and power its motion 55 

Figure 6: a) Schematic flagella structure. In grey, orange and blue are the filament, rotor 

and motors respectively. b) Top view of the dynamic assembly of motor (stator) units 

surrounding the rotor and fuelling its rotation. Adapted from 61. 
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(Figure 6). The whole apparatus can be imagined as a spinning wheel where the wheel is 

the flagella’s rotor and the propelling motors are the pulleys that rotate the wheel. As 

mechanosensitive channels were an evolutionary response to variable osmotic 

environments, flagella mechanosensitivity is a response to their variable viscosity.  

In fact, as this increase so does the load applied to the flagella which ultimately 

decrease their rotation frequency 56. To compensate for this and restore optimal swimming 

speed, E.coli rise their rotational power by increasing the number of motors that binds to 

them 57–59. As for the preceding examples this is achieved by a force induced 

conformational change in the motors’ structure 60. More precisely, as rotational torque 

increases, the extra force applied to the motors change their conformation which tighten 

their membrane bonds and makes them prone to cooperatively bind more sub-units 

Figure 7: In E.coli increased torque on flagella promote the cooperative binding  of motor 

units surrounding the rotor. This way cells can recover optimal rotation frequency upon 

entering mechanically challenging environments such as surfaces of viscous media. 

Adapted from 223.  
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around the rotor 61 (Figure 7). 

A second example of how flagella mechanosensitivity feedback on their motility 

comes from P. aeruginosa. Within this species, viscosity dependent reduction of rotational 

frequency is compensated by a true change of gears. In fact, P. aeruginosa has two kind of 

flagella motors, the low and high torque generators MotAB and MotCD. Upon increasing 

medium viscosity P. aeuruginosa has been proved to shift from the more energy efficient 

MotAB to the power intensive MotCD, which allows it to resume optimal motility speed 

62,63. Contrary to E. coli, work remains to be done to elucidate the mechanism of this shift. 

Together with flagella, bacteria second motorised appendages have proved capable 

of mechanosensitivity: pili. Specifically, type-IV pili (T4P) possess a similar structure to 

flagella in which they have a polymeric filament that protrude from the cell body and 

membrane embedded motors 64. This time, rather than rotating, two sets of motors takes 

turn to either poliserised and depolimerised the filament sub-units respectively allowing 

its extension and retraction. When this mechanism is applied on surfaces it originates a 

kind of motility known as twitching where bacteria use pili to crawl on surfaces 65. During 

this motion, P. aeruginosa T4P have been proved to adjust their retraction force on a load 

dependent manner. Similarly to what we have just seen happening for its flagella, P. 

aeruginosa also change pili’s gears. In fact, this one has two pairs of retractive motors: PilT 

and PilU. When under low tensile retraction, cells mostly use PilT to retract their filaments. 

However, when this increase, a joint combination of PilT and PilU have been observed to 

exert higher retraction forces than PilT alone 66 (Figure 8). The reminiscence of this 

mechanism to what we have seen happening to flagella’s motors suggests that, for 

motorised apparatuses, this gear shifting strategy could be a widespread feature in the 
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bacterial realm.  

1-3.2 Bacteria mechanotransductive pathways 

The above are but a selected bunch of the most striking and well documented cases 

of mechanosensitivity in bacteria. While many more evidence exists regarding this, 

bacteria have also been reported possessing mechanotransductive pathways. These are 

notoriously harder to elucidate in their fullness since they require the establishment of 

causal chains that connect mechanical stimuli to behavioural changes. However, if 

mechanosensitivity is most of the time confined to alter the function of its immediate 

mechanosensor, mechanotransduction can broadly alter cell behaviour. Usually, the chain 

Figure 8: T4P retraction strength is load dependent in P.aeruginosa. Specifically, 

pili are in their extended conformation until they attach to a surface (i). Following 

this, a yet unmown mechanical signal communicate their PilT motor to retract 

them (ii - iii). Upon increasing load, a second retraction motor (PilU) is activated. 

This complement PilT and facilitate pili retraction and cell’s displacement in 

viscous or drag rich environments. Adapted from 66. 
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of events in a mechanotransductive pathway rely on the changings in structure or function 

of some cellular component, most of the time a mechanosensitive element, which 

transduce the mechanical signal into a chemical one such as protein phosphorylation. 

Through mechanotrasnduction forces are therefore not limited to alter the function of a 

specific mechanosensors but their effect on cells can touch on many different physiological 

outputs such as biofilm formation 67, swarming motility 68 and pathogenicity 69. Despite 

not being completed in their causal chains many mechanotransducive pathway have been 

proposed in the past few years. These fall into mechano-chemical or mechano-

electrochemical transduction. The former are pathways where the mechanical information 

is transformed into a chemical signal without any intermediate step. Electrochemical 

transductions transduce instead mechanics into chemistry by passing through an 

electrostatic step. The necessity for a final chemical transduction mostly depends on the 

fact that, ultimately, bacteria are chemically encoded factories which needs this language 

to change the program they execute. While the nature of the mechanical input can vary, 

the most common way mechanotransducive pathways achieve their effect on bacteria is 

by altering the intracellular concentration of few common chemical, particularly the 

second messenger c-di-GMP. The effect of this molecule is paramount in bacteria biology 

as it conveys the signal for the execution of many different biological activities among 

which those of the same mechanotransducive pathways which influence cells surface 

colonisation, pathogenicity and biofilm development 70. 

At present, P. aeruginosa is the species where most of these mechanotransductive 

pathways have been reported. In fact, its ability to increase intracellular c-di-GMP 

concentrations has been observed to happen in response to different mechanical stimuli 

and in conjunction with some of the above mentioned mchanosensitive elements. This 



30 

suggest that these mechanosensors are necessary for many of these mechanotransducive 

pathways.  

On this regard rising level of c-di-GMP were observed following increasing liquid 

shear stress on cells envelope 71 (Figure 9). This was associated with improved cells surface 

adhesion and was observed to be pili dependent. In fact, when these were removed, cells 

had lower c-di-GMP intracellular concentration and were no longer capable to increase it 

under flow. Pili mechanosnsitivity further appeared to be involved in mechanotransducive 

pathways following increasing tension load upon surface attachment 72 (Figure 10 b). In 

fact, as this occurs, a yet unclear change in conformation of the pili main component PilA 

modulates its interaction with one of its motor components, PilJ. This one in turn activate 

the chemosensory element ChpA which signal the rising of another second messenger, 

cAMP. Contrary to c-di-GMP, this is found to increase upon surface contact but it is mostly 

Figure 9: Sensing of shear in P.aeruginosa where changings in c-di-GMP intracellular concentration are 

followed using a fluorescence reporter. A) Over static condition, c-di-GMP levels increase overtime (red). 

Subjecting cells to hydrodynamic shear further increase its concentration (blue). When cells’ adhesion 

shift instead from static to under flow, c-di-GMP levels adjust accordingly (black). B) Reduced and 

unaltered response are observed under flow in mutants lacking pili’s major component PilA. Adapted 

from 71. 
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responsible for P. aeruginosa pathogenic behaviour 73. 

Similar results in response to surface contact were observed in connection to 

another of its mechanosensor, flagella’s motors 74 (Figure 10 a). In this case the mechanical 

signal not only rose c-di-GMP levels, but it also promoted pili activity. This is brought 

about by the activation of FimW, a highly c-di-GMP sensitive proteins that promotes 

piliation by promoting their extrusion. Flagella’s motors were necessary to observe cells 

response as when these were removed neither changings in c-di-GMP nor pili activity were 

observed. 

The above mechanotrasductive pathways despite lacking clear start to end 

mechanisms prove how well adapted P. aeruginosa is at sensing mechanical forces around 

Figure 10: A combination of ‘fast’ and ‘slow’ mechanotrasnductive pathways in P.aeruginosa help it in at 

colonising surface and initiate pathogenic commitment. a) Fast surface sensing depends on flagella’s 

motors (MotA/B). In response to increasing torque when near a surface, they send a yet unknown 

mechanical signal that increases cells c-di-GMP levels. This activates pili through the c-di-GMP dependent 

activation of FimW, a protein that promotes piliation by activating their motors. b) Slow 

mechanotransduction happen instead in response to T4P’s increased tensile load upon surface adhesion. 

Through a yet unclear conformational change, tensile load in their filament is sensed by PilJ, a motor 

binding component that activate the chemotactic element ChpA. This one is ultimately responsible for a 

signalling cascade that rise cells cAMP intracellular concentration which prime cells to virulent behaviour. 

Adapted from 6. 
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it and use them to its advantage. As a pathogenic bacteria used to crawl on its host tissues, 

the ability to sense shear and use this as a signal to boost surface adhesion and colonisation 

generate a positive feedback that favour further infection. A nice and fulfilling picture 

appears then of how P. aeruginosa can regulate surface colonisation and its further 

commitment to pathogenicity. In fact, from the last two examples from above, P. aeruginosa 

seems to have two distinct surface sensing mechanisms. A quicker one based on flagella 

mechanonsensitivity which through c-di-GMP spikes enhances its adhesion by quickly 

deploying pili and a slower one that uses cAMP in response to pili load to activate 

pathogenicity and quorum sensing.  The surface act then as a starting clue that prime cells 

virulence to which they will only commit if enough conspecifics are nearby. Through the 

use of this AND logic gate, which require both surface and quorum sensing to activate 

pathogenic behaviour, P.aeruginosa is capable to distinguish between peaceful and 

aggressive surface colonisation 72,74,75. 

Mechanotransductive pathways are not exclusive to P. aeruginosa as their mutual 

presence is observed in many other species among which C. crescenstus. In this one 

following surface contact, both flagella and pili have been observed to induce the c-di-GMP 

dependent secretion of a polar adhesin known as the holdfast 76–79 (Figure 11). This is 

crucial to the species life cycle as it allows it to quickly colonise surfaces by holding tight 

onto them.  

The mechanotransductive pathways discussed up to this point are all reported to 

happen as a conversion of a mechanical input (surface, shear or tension) into a chemical 

output (c-di-GMP or cAMP). However, this is not the only way this could happens as 

changings in cells electric potential have also been proved to partake the process leading 

to mechano-electrochemical transduction.  
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In this one a mechanical input is always transduced into a chemical output but 

through an electrical intermediate. On this regard, while pathogenic strains of E.coli are 

well known to rely on similar pili and flagella dependent mechanotransduction pathways 

to induce pathogenic behaviour upon surface contact 69, domesticated strains  have shown 

a more peculiar transductive behaviour. In fact, E. coli appears to be able to rise its c-di-

GMP concentration following changings in its membrane voltage. Specifically, different 

studies have highlighted how, in response to surface contact, E. coli initiate rapid 

oscillations in its polarisation known as ‘electrical spikes’ 80 (Figure 12). Their dependency 

on mechanical cues was further strengthen observing their frequency, intensity and 

duration increasing when cells were pressed under agarose gels 81. Although a clearer 

connection remained to be established, these sparks correlate with alkaline spikes in cells 

internal pH and c-di-GMP 82. This final step is the suggested culprit for the signal 

Figure 11: C.crescentus uses the joint functioning of pili and flagella to sense and attach to surfaces. 

Swimming cells use their pili to initiate surface adhesion (1). Following this, through a yet unclear 

mechanism, mechanical load on their flagella’s motors induces c-di-GMP synthesis (2) which further 

stimulate pili retraction (3). This increase surface mechanical signalling on flagella, initiating a positive 

feedback which further increase c-di-GMP concentration. As this reach a critical threshold, it finally 

activates the machinery required for the secretion of their polar adhesin, the holdfast, which consolidate 

cell’s hold on the surface (4). Adapted from 78. 
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electrochemical transduction. In fact, while through some yet unknown mechanism 

surface landing alters cells polarisation, this one is responsible for cytoplasm basification 

and subsequent c-di-GMP synthesis.  

What I discussed in the preceding sections are few insightful examples of the 

complexity, breadth and vibrant role that cells mechanobiology cover on both mammalian 

cells and bacteria. From this it can be appreciated how, through both mechano-sensing 

and transductive pathways, forces appear to play a fundamental role in many aspects of 

cells biology shaping both their body and behaviours. All of this looks very technologically 

promising as, similarly to how much chemical cues have been used to control cells 

behaviour, also mechanical forces could be exploited to the same end. Examples of this 

already exists as mechanical forces have successfully been used to alter cells behaviour 

specifically cells differentiation 83–87. In fact, mechanical forces in the form of surface 

vibration have been used to induce stem cells differentiation into osteoblast 88. Despite the 

Figure 12: E.coli electrical “spiking” behaviour. 

Upon landing on a surface, cells polarisation 

fluctuates in time (A). This process is captured 

from the change in fluorescence of the cationic 

(TMRM) and anionic (PROPS) dyes (B). Specifically, 

when cells polarisation decrease (cells interior 

gets less negative) TREM and PROPS intracellular 

concentration respectively decrease and 

increase. This can be seen happening in A from 

the concomitant drops in TREM and increases in 

PROPS fluorescence. Adapted from 80. 
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very recent nature of these and other studies on the process, mechanical signals appear 

effective to direct cells mechanobiology and its many physiological processes.  

However, at present, this only holds true for mammalian cells. In fact, to our 

knowledge, little to no attempt have yet been made to exert the same level of mechanical 

control on bacteria mechanobiology. Here is therefore where our work is located. In the 

above-described panorama of bacterial mechanobiology, I would like to explore if what is 

already true for mammalian cells could also be for bacteria as their mechanobiology is 

exploited to control their behaviour. To test this point I decided on staying close to the 

already existing mammalian literature and tested the effect that mechanical stimulation in 

the form of surface vibrations had on bacteria physiology and behaviour. But which aspect 

of bacteria’s mechanobiology can be influenced? One answer quickly appeared to us: 

surface colonisation. The above discussion on cells mechanobiology provides some hints 

on the reasons behind our choice but, to better see how this came to be, we need to dig a 

little more into cells biology starting from one of its most remarkable and troublesome 

features, biofilms.  

1.4 Biofilms and bacteria surface colonisation 

Not later than few decades ago scientists came across something not entirely new 

but long neglected: biofilms 89. These are generally and loosely referred to as 

heterogeneous microbial communities which develop on surfaces and, similarly to 

mammalian cells, are sheltered by a shared extracellular matrix (ECM) 90. Specifically, 

biofilms grow and develop on almost any natural and manmade surfaces, following a 

process that, despite being species and environmental dependent, it is commonly 

described as divided into three main stages: (i) surface colonisation, where seeding cells or 
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cluster of cells colonize the surface, (ii) maturation, where the main characteristics of a 

biofilm appear, such as the fully assembled matrix and division of labour, and finally (iii) 

dispersion, where a mature biofilm goes full circle releasing single cells or bundles in the 

environment promoting further colonization 91,92. Despite cells lack biofilm specific genes, 

their development is incredibly well orchestrated both in time and space which, according 

to recent report, appear akin to even embryo development 93. From a row number 

perspective, biofilms are the most common way of life for bacteria as they can be found all 

over the biosphere, from the height of the atmosphere down to the deepest crevices of the 

oceanic subsurface 94,95. What makes them such a successful evolutionary choice capable 

to occupy so many environmental niches is their peek into social organization 96. In fact, 

as microbiological fortresses encased in ECM, biofilms allow the flourishing of 

heterogeneous and multispecies communities within their walls 97. Cellular 

communication 98, differentiation 99, division of labour 96,100,101 and the sharing of genetic 

material 102, public goods 103 and metabolites 104 are some of the advantages made possible 

by living within a biofilm. In fact, their conjunction enhances cells resilience and fitness 

toward many common natural insults such as predation, starvation and both mechanical 

and chemical stressors 105.  

Such biofilm’s resilience represents both an opportunity and a scourge from a 

human perspective. On the bright side, biofilms’ ability to function as small multicellular 

factories capable to withstand harsh environmental conditions have attracted a lot of 

technological interest. Their most common application sees them used in water implant 

for their purification and bioremediation 106. However, more recently, their mechanical and 

social structures are also under investigation to be respectively exploited as living materials 

and bio-factories. Specifically, their sturdy mechanical properties and the ability to self-
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repair from environmental damage are leading to their preliminary applications as smart 

concretes 107 and self-healing materials 108. Moreover, their social structure leading to both 

cells differentiation and division of labour is receiving a lot of attention in synthetic 

biology. Here, researchers are trying to capture biofilms social features and create synthetic 

consortia 109–112. Within these, genetically engineered cells can grow and interact as if they 

were in the safety of wild biofilms but with the added twist that they can now serve human 

purposes. In fact, because of their added social complexity, consortia have the potential to 

surpass single cells suspensions in all their current applications such as biofuel production 

113, drug synthesis 114 and biocatalysis 115.  

The above are areas where biofilms and humans meet under a peaceful light but as 

mentioned, this is only half of the story as biofilms are also seen as a persistent biological 

threat. In fact, because of their ability to colonise and persist on virtually any surface, 

overtime biofilms can cause equipment malfunctioning and its failure via a conjunction of 

biofouling and biodegradation. This has a considerable economical effect on most 

technological and industrial settings as only few are immune to biofilms reach. Water 

networks 116–119, ships transports 120,121, solar implants 122, food processing 123–125, fuel 

storage 126, aviation 127 and space flight 128–130, all to some extent feel biofilms’ negative 

influence. However, where biofilms deleterious impact fall more harshly is on our health 

care as here they can directly affect or end our lives. What makes biofilm’s infections so 

much hard to deal with is once again their resilience to stress 131,132. In fact, because of the 

damage it would cause to tissues, biofilms mechanical removal is out of question in many 

medical circumstances. Moreover, their encasing matrix, mixed composition, genetic 

exchange and differentiation into dormant cells makes them recalcitrant to the most 

common therapeutic treatments, especially antibiotics 133–136. While we are still poorly 
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armed against biofilms attacks to our bodies not everything is lost as encouraging results 

are coming our way, particularly from unexpected allies such as viruses. On this regard, 

bacteria targeting viruses or bacteriophages have proved effective at dissipating biofilm 

and limit their infectivity 137. Furthermore, biofilm social structure while being the source 

of their success can also contribute to their downfall. In fact, researchers are finding ways 

to undermine biofilms by targeting their social dynamics 138. Specifically, the use of 

chemical that suppress the production of commonly available substances, known as 

public goods, induces something akin to cheating behaviour in the community reducing 

cells’ ability to cooperatively assemble the biofilm. Promoting this sort of social unrest has 

proved to cripple ECM formation leaving biofilms exposed to the use of old weapons as 

antibiotics. 

The above discussion shows how hard it is to deal with biofilms when these are 

fully fledged and formed and it explains why a lot of experimental effort is trying to 

circumvent the problem by preventing their formation. Central to these efforts is the 

investigation of biofilm’s very first developmental step: surface colonisation. Here, I can 

finally leave the tangent I have been following on biofilms and go back on our argument 

of why I aim at influencing surface colonisation using mechanical cues. From its crucial 

involvement in biofilm formation and its widely reported reliance on mechanotransducive 

pathways, surface colonisation it’s in fact the perfect target that tie together 

mechanobiology with a great technological urgence. However, until now I kept referring 

at surface colonisation without giving a clear picture of what this is and how bacteria 

perform it.  Therefore, before entering the details of how others and I aimed at controlling 

this process, it’s time to spend a few words describing how this happens.  

Bacteria surface colonisation is a loosely defined terms that applies to all scenarios 
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where cells attach to surfaces and start growing on it. As we have seen it is a prerequisite 

to biofilm formation and its usually a step which takes a few hours to complete. The reason 

behind this time window is dictated by surface colonisation most characterising feature: 

cells phenotypic transition. Bacteria living in their environment are defined as either 

planktonic or sessile. These are broad labels that indicated the “gears” or genetic circuits 

which are active and dictate cells behaviour at any given time. Planktonic refer to the most 

idealised picture of a bacterium one can have, a single cell swimming and dividing in its 

environment. However, when bacteria bundle together or attach on surfaces their 

phenotype drastically change as they turn sessile 139. This is instead bacteria surface 

associated lifestyle which sees them non-motile and stickier as they secern adhesins to 

consolidate their position on the surface.  

Several reports exist of abrupt change in gene expression before and after surface 

exposure with mutually exclusive pathways being selectively activated suggesting that a 

true phenotypic change is taking place 140,141. One common feature of this planktonic to 

sessile transition is the increase intracellular concentration of the second messenger c-di-

GMP. As we have seen above, this molecule plays a central role in influencing cells 

behaviour by activating and suppressing gene expression within the cell. This enable 

scientist to use c-di-GMP as a chemical tag for cell’s statuses where high and low 

concentrations are identified with respectively sessile and planktonic phenotypes. Despite 

our still fragmented understanding of the gene’s differential expression during surface 

colonisation and sessile transition 142, from this mosaic experimental evidence a 

mechanistic description of the process is emerging (Figure 13). 
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Above all, planktonic bacteria need to reach the surface which they do through 

either active swimming or passive Brownian motion and sedimentation 143. Then cells are 

assumed to make physical contact with the surface. How quickly and reliably this happen  

would greatly depends on the affinity between cells physiological state and surface 

physico-chemical properties 64,144. Cells that have appendages and adhesins would increase 

their chances to interact with the surface facilitating their adhesion. Following this, a 

sequence of mechanical contacts turns cells from surface “naïve” to surface “sentient” 

while in response to each interaction cells begins to rise their intracellular c-di-GMP levels 

145. As I have discussed, this makes cells ‘surface-ready’ by promoting adhesin secretion, 

suppressing flagella motility and allowing them to turn their adhesion from reversible to 

permanent so completing sessile transition. At this point cells are well adapted to their 

new mechanical environment, are firmly attach to the surface and, based on the density of 

Figure 13: Schematic representation of cells surface colonisation and biofilm formation. From left to 

right, cells colonise a surface transitioning from planktonic to sessile phenotypes. In this process cells 

use their flagella and pili to sense surfaces. Through a series of reversible mechanical interactions this 

would rise their c-di-GMP intracellular concentration which would improve their adhesion and turn it 

to permanent. Once firmly established on a surface cells duplication and secretion of an extracellular 

matrix would then lead to a biofilm. 
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the surrounding colonisers and the nature of the surface, they can initiate different process 

such as pathogenicity 75,146, swarming 147 or biofilm development 148. With this picture of 

cells surface colonisation and its relevance in biofilms development, the stage is set to 

discuss which strategies have been developed to control the process. 

1.5 Physico-chemical techniques to control surface 

colonisation 

As I discussed, because of its key position in biofilm development and their 

extreme resilience to treatment, surface colonisation shifted the dogma of how these can 

be controlled. Specifically, many strategies had been developed in the past decades, the 

most common and well-established of which revolve around the chemistry and physics of 

bacteria surface colonisation 144,149. This gave birth to two main approaches, which, 

depending on the fate of surface approaching cells, are classified as either biocidal or anti-

biofouling. The former aim at killing surface colonisers while the latter simply hinder their 

adhesion. However, despite their different ways of action, they both limit surface 

colonisation using either destructive or disrupting physico-chemical interactions between 

cells and surfaces.  

For this to be achieve, surfaces are modified either chemically or physically 150 

(Figure 14). Specifically, chemical strategies attain antimicrobial effects via various kind of 

surface functionalization. These can in fact be coated with a plethora of chemicals which 

can either have antifouling properties or antimicrobial affects upon contact or their release. 

Biocompatible polymers and polymer brushes are of the most recent and stronger example 

of surface decorating chemicals showing remarkably good anti-biofouling properties 151. 
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Different biocides have instead been employed as coated agents capable to kill 

bacteria that reach surface. Antibiotics 152, lysozymes 153, antimicrobial peptides (AMP) 154 

and inorganic nanomaterials 155–157, particularly silver nanoparticles 158, have all proved to 

be greatly effective in preventing bacteria colonization. In their most recent embodiment, 

these are dispersed into a polymer coating which act as an entrapping matrix.  

However, rather than being passively released in the vicinity of the surface, these 

new smart surfaces use bio-responsive polymers that change their conformation following 

several environmental clues 159–161. This allow the on-demand release of the biocidal 

Figure 15: Current physico-chemical strategies to control bacteria surface colonisation. 

Chemical functionalisation (1a and 2e) decorates the surface with polymers or nanomaterials 

that can be further functionalised with biocidal chemicals (2c, d). Physical modifications 

inhibit instead cells interaction with the surface by altering its morphology and topology. 

This mostly reflects in the biocidal puncturing and killing of surface approaching cells or the 

obtention or super-hydrophobic surfaces. Adapted from150 
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chemicals which can act on cells only when these are present. Evocative example of this 

approaches is the use of pH sensitive polymers. Representative of this class of polymers is 

poly(methacrylic acid) (PMAA) 162 (Figure 15). Because of its abundant -COOH residues 

it has remarkably different physico-chemical properties at low or high pH. In fact, under 

acidic conditions (pH < 4), almost all its carboxy groups are protonated and the polymer 

structure curl on itself.  

However, upon increasing the pH, more and more group deprotonates expanding 

its structure. In fact, as more -COO- appear, this one swallow and stretch to diminish their 

electrostatic repulsion. As such, while PMAA is curled and electric neutral in acidic 

environments, this one become stretched, fully hydrated and negatively charged when 

these turn basic. These properties allowed researchers to trap biocidal chemicals such as 

AMPs or lysozymes into surface functionalised PMAA at low pH (~ 4). These were then 

released at physiological pH (~ 7) during cells colonisation with on-demand biocidal 

Figure 15: pH sensitive smart bactericidal 

surfaces. These are functionalised with pH 

sensitive polymers such as PMAA. At low 

(acidic) pH these are loaded with biocidal 

agents (red spheres) whose release is 

triggered by PMAA conformational change 

at neutral pH. After these are released, dead 

cells can be removed from the surface by 

further increasing the pH. In fact, under basic 

conditions, PMAA residues are mostly 

negatively charged allowing them to repel 

similarly charged cells. Adapted from 163. 
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activity. Moreover, because of bacteria negative surface charge, these can also be removed 

from the surface after killing by further increasing the pH to basic (~ 10). In fact, the strong 

electrostatic repulsion with the plentiful PMAA’s carboxylate groups (-COO-) appear to 

successfully clean the surface before reloading this one with a new round of biocidal 

compounds Figure 15Error! Reference source not found.).  

Aside from chemical functionalisation, the modification of surface physical 

properties has also become praxis in controlling bacteria surface colonisation. This field 

took inspiration from many naturally occurring surfaces such as shark skin, lotus leaves 

cicada wings and many more which are notoriously resilient to bacteria colonisation 163–

165. Similar nanostructures and topologies had therefore been synthetically emulated on 

many different materials with the intent of recapturing the success of their natural 

archetypes 166. From these, two biomimetic approaches emerged: antifouling and 

mechano-bactericidal. The first one takes most inspiration from shark skin and lotus leaves 

and see surfaces manipulated to create micrometric patterns. Thanks to photolithographic 

and imprinting techniques, these have then evolved into numerous different features 

among which ridges, cones, pillars, pits and ribs are the most common ones. These can 

vary in both forms and shapes but all share the same intent of reducing the available area 

to colonising cells. This is done by hindering their mechanical interactions with the surface 

through enhanced hydrophobic properties 167. Specifically, these surfaces achieve super-

hydrophobicity through the entrapment of micro- and nano-metric bubbles within their 

features 168.  

This phenomenon greatly hinders bacteria surface interactions with remarkable 

antibiofouling effects.  
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Contrary to patterning techniques, mechano-bactericidal strategies limit cells 

colonisation by killing cells using morphologically controlled nanometric features 169 

(Figure 16). These can be divided into rigid features such as pillars, cones or columns 

Figure 16: 3D spaces of features diameters, heights and spacing in cicada and dragonfly wings 

(a) and their synthetic equivalents (b). As can be seen, features need to possess specific values 

to induce mechano-biocidal effects on cells. These are mostly bound in the bottom left corner 

of the spaces above, within a fictitious space cube of dimensions 200 x 1000 x 500 (diameter 

x height x spacing). c-h are SEM images of artificial nanopillars (c), nanocolumns (d), nanowires 

(e), nanospinules (f), nanospikes (g) and nanocones (h). Adapted from173. 
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which do not bend upon cell contact, or flexible features such as nano-spears, spikes or 

tubes. These techniques are mostly centred around the emulation of the cicada wings’ 

effect which use nanometric spikes to kill surface engaged bacteria 165. However, not all 

nanometric features are effective at killing cells. In fact, it has been experimentally and 

theoretically proved that, for this to be possible, such features need to possess specific 

aspect ratios without which these won’t have any effect on cells 170,171. However, when 

these conditions are met, the adhesion force acting between the feature tips and cells 

membrane cause these to break, leading cytoplasm leakage and the ensuing cell’s death 172 

(Figure 16). 

However, despite their promising experimental success, several drawbacks and 

unknowns cripple the applicability of physico-chemical strategies, especially in medical 

settings. First, releasing and functionalising chemicals can get deplenished and 

biodegraded over-time shortening their lifetime and applicability window. Moreover, 

when antibiotics are employed as diffusible biocidal, their progressive deplenishment can 

expose bacteria to sub-inhibitory concentration and promote the insurgence of antibiotic 

resistances, stressing what already is a worldwide problem 173,174. When nanoparticles and 

nanomaterials are used instead, little is known of their long-term cytotoxicity limiting the 

prospects of their medical applications. Physical approaches, while being intrinsically 

more durable and not affected by chemical deplenishment, are not immune from 

drawbacks. In fact, their efficacy has proved to be species specific. Gram positive bacteria 

are notoriously more resistant to many mechano-biocidal approaches because of their 

thicker cell wall which limits the application of these approaches to generic, all-rounded 

scenarios 175,176. Both chemical and physical biocidal techniques are also affected by the 

very thing they try to circumvent: biofouling. In fact, over time, killed cells and debris can 



47 

cover the surface and, if not promptly removed, could limit its biocidal activity. While this 

is partially offset in smart surfaces using responsive polymers 177, mechano-biocidal 

strategies do not have yet a clear way out of this problem.  

Medical applications using implants are further complicated by the fact that 

preventing surface colonisation in implanted materials is not enough. In fact, after 

implantation a so called “race” for the surface begins between bacteria and tissues cells 178. 

Successful functionalisation should disqualify bacteria and allow tissues to win the race. 

Implant materials while they are carefully selected to allow tissues colonisation, they can 

seldom prevent bacteria to do the same. As we have seen, the physico-chemical treatment 

of the surface could solve the issue but not all implant materials can be physically modified 

and their tissues biocompatibility can be limited by their chemical functionalisation. 

Despite some attempts proved successful in promoting mammalian colonisation while 

limiting bacterial 179, finding the right combination of parameters that suit the requirement 

of a particular medical application remains a challenging task. When the above issues are 

then compounded by the still high cost of surface functionalisation, it explains why these 

techniques are not yet widely applied. To compensate for part of the above issues, a newer 

kind of approaches had developed the past few years. How these aim at influencing surface 

colonisation is not via its functionalisation but, rather, its own kinetics. 

1.6 Kinetic control of bacteria surface behaviour 

The above methodologies while being different in their execution shared the same 

fundamental logic: functionalise the surface to hinder colonisation. However, in all the 

approaches discussed above the surface played a static role as it needed to do nothing but 

provide the support required to achieve the desired functionalisation. Opposite to these 
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approaches are kinetic ones. These new bunch of methodologies shared the same “surface 

centrism” but invest the surface of a more active role as they influence colonisation using 

its kinetic properties. Undulatory surface phenomena such as vibrations, oscillations and 

standing waves all proved capable to alter cells surface behaviour in three main ways: (i) 

mechanical inhibition (ii) morphological patterning and (iii) hydrodynamic sweeping.  

Strong evidence of mechanical inhibition of surface colonisation was observed with 

P. aeruginosa 180. Within this species, vibrating polystyrene surfaces over 24 hours at 200 

Hz to 4 kHz and 30 nm amplitudes suppressed biofilm formation. The observed reduction 

was frequency dependent with least biofilm forming at 1 kHz (64% reduction in biomass). 

Similar results were obtained with E. coli, S. aureus and S. epidermidis after 1 hour vibration 

at 158-168 kHz and ~150 nm 181. However, this time the response was both strain and 

material specific as this was stronger in E. coli when surfaces were plasma treated before 

employment while the outcome was opposite for S. aureus and S. epidermidis. Encouraging 

result have also been observed when samples were vibrated at lower frequencies and wider 

amplitudes of respectively 4 - 40 Hz and 1 mm 182. However, while S. epidermidis remained 

sensitive to the above combinations, these no longer decreased surface colonisation in E. 

coli. Despite the resulting effect on cells colonisation, it remains yet unclear which 

mechanism could be responsible for the effect that mechanical vibrations have on cells.  

Aside from the above mechanical suppression, surface oscillations and vibrations 

have instead been reported to promote biofilm formation and influence its morphology. 

On this regard, standing oscillatory patterns between 100 Hz and 1.6 kHz with 

micrometric amplitudes proved effective at promoting biofilm formation over 48 hours in 

both P. aeruginosa and S. aureus 183. Interestingly, on both species the resulting biofilms 
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shared the same morphological features of the vibrational pattern suggesting that these 

can be used to shape their structure. This same morphological control was confirmed and 

finely controlled when researchers looked at biofilm formation in thin liquid layers 184. 

Under such shallow water conditions, vibrational patterns are known to transfer to the 

submerging liquid and generate what are known as Faraday’s waves. Surface acceleration 

dictates the stability of these patterns and their effect on surface colonisers. For frequencies 

of 120 Hz, surface accelerations between 2 to 3 g led to stable Faraday’s waves which 

promoted E. coli biofilms over 48 h with consistent morphological transfer of the 

vibrational pattern from surface to biofilm. In contrast, 7 g accelerations disrupted 

Figure 17: Biofilm development and morphological control in shallow water conditions under different 

vibrational regimes. Biofilm formation depends on the stability of vibrational patters and their 

associated Faraday’s waves in the liquid. A to B and E to H are the simulated patterns and the resulting 

stained biofilm after 24 hour for different surface accelerations g. Stable patters (2-3g, A and B) 

transferred to the growing biofilm and promoted its formation (E and F). Unstable and turbulent 

patterns, from higher surface accelerations, (C and D) suppressed biofilm formation (G and H). Adapted 

from 185. 
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vibrational patterns and hindered biofilm formation via the turbulent motion of the liquid 

in the samples (Figure 17).  

This last observation together with recent findings show how kinetically induced 

hydrodynamic effects are detrimental to surface colonisation. Specifically, millimetric 

surface waves can induce vortexes in close proximity to the surface with outstanding anti-

biofouling performances in E.coli 185. In fact, when such waves are sent across the surface 

every 3 s with an amplitude of 0.4 mm, they decreased bacteria colonisation over 18 hours 

by up to ~ 90%. Under these conditions strong vortexes are created in the liquid by the 

travelling surface waves which, acting as a hydrodynamic sweep, interfere with bacteria’s 

ability to reach and colonizing the surface. 

Together the above shows how kinetic approaches have the potential to overcome 

some of the issue affecting more consolidated physico-chemical strategies. For instance, 

they do not need any form of surface functionalisation which entirely remove all the issues 

associated with their cytotoxicity, biocompatibility and cost. Moreover, the fact that they 

lack diffusible chemicals and are non-biocidal increases their lifetime applicability and 

reduce fouling by dead cells, leading instead to potential self-cleaning features. While 

technical concerns can rise over the feasibility of achieving surface kinetics on any 

technology relevant material, despite their little number, these studies show how this 

approach represents a promising way to influence bacteria colonisation. 

So far, both physico-chemcial and kinetic approaches described in the preceding 

sections share a common feature which is their surface centricity. They all aim at 

influencing cells colonisation by putting the surface on the foreground. So far this had 

proved a successful strategy but in doing this cells’ role and their agency had instead 

shifted in the background. However, as we have seen, cells can do much more than 
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passively experience the surface and attach to it. So, it is time to discuss where our 

approach is different and how this can impact the modern context of both bacteria surface 

colonisation and more broadly, their mechanobiology. 

1.7 The end and the beginning - aim of study 

As I mentioned, the aim of my work is to assess the influence that mechanical 

stimulation has on cells surface behaviour. On this, my approach shares similarities with 

some of the most recent kinetic strategies, particularly those which use surface vibrations 

180. However, despite the similar tools employed, my approach is prospectively different 

because of few characterising features, first of which a renewed focus on cells agency.  

We have seen in the past sections how rich bacteria mechanobiology is and how it 

is often employed in surface sensing and adaptation. Consequently, the way I would like 

to influence these processes is by tickling cells. In fact, using mechanical cues of different 

intensities and frequencies, I aim to alter cells surface mechanotransduction and 

understand its impact on their surface behaviour.  

How I would like this to be done on an experimental ground bring us to my second 

characterising feature: the focus on cells stimulation. Not all physical cues when applied 

to living organism are classifiable as signals or stimuli. For these to be considered as such 

they need to belong to a scale the organism is capable to sense. For this reason, I used 

surface vibrations to deliver stimulation intensities that bacteria have been reported to 

sense and respond to.  

The goal of my work is therefore twofold as it has both a narrow and broad one 

each bringing its own benefits. On the narrow side, intent of my work is mainly what I just 
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discussed above: to understand how mechanical stimulation can influence cells surface 

behaviour and colonisation (Figure 18). Exploring this question can contribute to the field 

of surface colonisation in few ways. First, by focussing on cells mechanical stimulation and 

its physiological effect, my work can help explain the yet unknown mechanism through 

which some of the kinetic approaches above discussed achieve their effect. This would 

provide investigators with a conceptual framework that can both elucidate existing 

findings and help in achieving new ones. Moreover, the ability to control surface 

colonisation can have immediate benefit in all those applications where biofilm formation 

is involved. 

Finally, on a broader side, my task touches the question: is bacteria mechanobiology 

a viable strategy to control their behaviour? We have seen how much bacteria’s 

mechanobiology has grown and how rich the field has becoming. So, similarly to what has 

already been done in mammalian cells, I would like to assess whether bacteria 

mechanobiology can be exploited in much the same way. Finding a positive answer to this 

question could change our ways of thinking about bacteria. Far from being the sometimes 

Figure 18: Aim of our work is to understand how vibrational stimulation can influence 

surface colonisation and cells planktonic to sessile transition. 
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too familiar bag of proteins, passive to their environment and sensitive to chemical and 

eventually optical cues only, we could establish mechanics as a new channel to direct and 

control their behaviour. My work is specifically oriented on surface colonisation but, if 

successful in its intent, it would open the door to the exploration of how other 

mechanobiological process and their physiological outcomes could also be influenced 

through cells mechanical stimulation. Biofilm development, swarming, motility and cells 

pathogenicity could all become new targets that can be controlled in new ways. To 

summarise, from a more informal and allegorical point of view, by understanding how 

bacteria respond to tickling I would like to learn how to better communicate with them.  

With a contextual perspective for my work, an appreciation of the richness of 

bacteria mechanobiology and a hopefully clearly stated intent, it is time to end setting up 

the stage and begin our journey into bacteria’s tickling sensation.  

1.8 What to expect – Thesis outline 

Above was an introduction and stage setting of the work that will be discussed in 

the coming pages. However, before blindly dive into this, I offer here a concise synthesis 

of the overall thesis structure highlighting the chapters’ content.  

1. INTRODUCTION: it provides the context to my work. It summarises the present 

day ‘wall of knowledge’ into which I locate the missing brick of my research. 

Specifically, it discusses the role of mechanical forces in directing both mammalian 

cells and bacteria behaviour. The argumentation centre around the idea that 

eukaryotic mechanobiology has led to applications in the way this can be used to 

control their behaviour. Lacking a similar approach in bacteria, my work set to 
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compensate for this. Precisely, I aim at using mechanical forces to control one of 

bacteria force-directed behaviours: surface colonisation. 

2. PROCEDURE DEVELOPMENT: it presents the preliminary work performed 

toward achieving our experimental goal. It treats the details regarding growing 

conditions, stain employment, surface choice and imaging technique required to 

achieve and quantify surface colonisation on non-vibrated samples.  

3. VIBRATIONAL STUDIES: it dwells in recounting the main findings of the effect 

that vibrational stimulation has on cells surface colonisation. It begins with an 

engineering introduction of the relation between vibrational stimulation and force 

intensity. Then it shows how pN forces of kHz frequencies can reduce cells 

coverage on surface. Finally, it expands the understanding of this effect by 

exploring the negative influence of cells sedimentation, the non-linear dependency 

with stimulation length and its independency from cells’ surface habituation. 

Finally, the chapter ends on exploring how mechanical stimulation is not harmful 

to cells’ envelope. 

4. MECHANISM HUNT: this is my last experimental chapter and concludes my 

work. It explore the work I did to connect vibrational stimulation as an input to 

reduced colonisation as an output by the mean of a mechanism. If begins by 

identifying the biological nature of the effect vibrations have on cells. It then 

identify this as dependent on cells polarisation of which the chapter will discuss its 

changings upon stimulation. After showing how this hinders cell surface 

polarisation, it will discuss how it won’t affect cells surface motility but it is 

dependent on their flagella’s motors. The suggesting of a mechanism explaining 

vibrational effect on surface colonisation will conclude the chapter. 
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5. CONCLUSION AND PERSPECTIVE: In this final section I go through the main 

findings and novel understanding provided by my work. Briefly, vibrational cues 

of pN intensities and kHz frequencies (ms periods) are an effective stimulant to 

cells capable to reduce their surface colonisation. This is found to correlate with 

cells reduced polarisation but not motility on vibrated samples. I suggest that ion 

fluxes, following vibrational triggering of membrane channels, are responsible for 

the hindered cells polarisation and reduced surface colonisation upon stimulation. 

Ultimately, my work suggests that, as it is for mammalian cells, bacteria 

mechanobiology can also be used to control their behaviour. 
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2. PROCEDURE DEVELOPMENT 

Before studying the effect that mechanical stimulation has on bacterial physiology 

and surface behaviour, I developed an experimental framework allowing me to 

consistently quantify these processes without stimulating cells. In fact, it would be useless 

to follow changings in surface colonisation without developing a reliable way to capture 

the process when happening undisturbed. Consequently, at the centre of my 

investigations during the project’s preliminary stages, had been the crafting of an 

experimental procedure allowing me to study surface colonisation while remaining 

flexible enough to accommodate vibrational stimulation when required.  

Such resulting procedure is schematically represented in (Figure 19). From this 

Figure 19: Representation of both non-vibrational (top) and vibrational (bottom) procedure. From the 

left to the right, E.coli fluorescent cells were grown in minimal medium M63+, overnight at 30˚C. Cells 

were then resuspended in polystyrene petri dishes (35 mm) and, to allow surface colonisation, these 

were incubated for 120 minutes at 30˚C. When vibrational stimulation was applied, samples were 

loaded onto a vibrational device and stimulated during surface colonisation. After this, samples were 

washed and surfaces imaged using fluorescence microscopy. From the analysis of the resulting pictures 

I inferred the change in coverage upon stimulation.  



57 

one we can see that it requires the growth of fluorescent cells in minimal media, their 

resuspension in small polystyrene petri dishes followed by their incubation and surface 

colonisation. Finally, surfaces were washed, imaged with fluorescence microscopy and the 

extent of surface coverage quantified from the analysis of the resulting pictures. Following 

this experimental pipeline, I went from cell growth to surface coverage.  

However, this was but one specific embodiment among many that would have 

allowed me to do just the same. Here then is what this chapter will be about. It would 

provide a rationale and a justification to the question “Why this procedure”? It will present 

and support the choices I did and the constrains I set that shaped its final form. By the end 

of this chapter, it should be clearer not only what makes my procedure, but also why it is 

this way. Surface choice, bacterial strain, growing conditions, washing methodologies and 

quantification methods have all been factors which required optimisation and that the 

coming sections will discuss in finer detail. 

2.1 Surface samples  

At the front of my experimental work is the control of cells surface colonisation. As 

such, the surface itself occupied one of the main roles in my work and it required careful 

selection to decide which one to employ. Again, such choice was almost endless as bacteria 

are capable to colonise any sort of man-made or natural material. As such, I let simplicity 

to guide me.  

The goal of my work is to establish new understanding of the effect that mechanical 

stimulation has on cells surface behaviour. How this can be used to control colonisation 

on medically or economically relevant surfaces is only incidental and it will make for nice 
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technological applications but it’s a process that needs to be optimised only after the 

nature of cells response is understood. Consequently, the surface, at this stage of 

exploration, had only to provide the solid support enabling the reliable transfer of 

mechanical stimulation to cells and had to little interfere with their colonisation process. 

Because of this, I tested two commonly available and broadly employed non cytotoxic 

polymers: polydimethylsiloxane (PDMS) and polystyrene (PS). PDMS samples were made 

from freshly synthesized polymer (10:1 base to crosslinker ratio) which was cut, plasma-

bonded to polystyrene petri dishes (35 mm) and sterilised using UV radiation. Polystyrene 

samples were instead made from the same petri dishes as above which came in pre-

sterilised batches and did not require any further processing (Materials and Methods). 

Experimentally I tested cells colonisation on both surfaces resuspending overnight 

M63+ cultures at 0.4 OD600 in 5 mL of fresh medium within the desired surface samples 

that I then incubated at 30˚C for 1 hours. After surface colonisation, samples were washed, 

imaged using fluorescence microscopy and cells coverage quantified from the resulting 

images. These steps will be discussed in the coming sessions and further information can 

be found under Materials and Methods.  

Following these experiments, I observed that surface coverages, both between and 

within samples, were more broadly distributed on PDMS rather than PS surfaces (Figure 

20). I reasoned that, because of its more complex samples assembly, some uncontrolled 

variable could have been responsible for PDMS broaden variability. I identified one of such 

variables in the UV radiation. In fact, while this can temporarily turn PDMS from 

hydrophobic to hydrophilic 186, hydrophobic recovery can vary as it depends on both UV 

exposure time and PDMS chemical properties. Since surface hydrophobicity impacts both 

cells adhesion and surface colonisation, I hypothesised that samples with uncontrolled 
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recovery time could differ in their hydrophobicity and have different impact on cells 

adhesion so explaining PDMS variability. 

Because of the added experimental difficulty that would have required to monitor 

PDMS hydrophobic recovery, I confined my experimental studies to PS surfaces 

exclusively. 

2.2 Bacterial strains and growing conditions 

In the above section I discussed cells and their adhesion on surfaces by giving for 

granted that these were grown at 30˚C in a yet unspecified medium M63+. Purpose of this 

session is to clarify these points and present where these conditions came from and why I 

decided on using them. 

  

Figure 20: Surface coverage after 1 hour adhesion on both PDMS 

(a) and PS (b) surfaces. R1 to R3 represents three independent 

replicates. Data show the mean and SD of the cell count per 

picture (n > 27 for each condition). 
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As stated in the introduction, my experimental question revolved around bacteria 

surface colonisation which needed to happen consistently before applying any mechanical 

stimulation. For this reason, I looked closely at two factors which are known to influence 

this process: bacteria’s physiology and their growing conditions. On the bacterial side, E. 

coli MG1655 served as our model organism. The experimental ease of working with this 

domesticated strain and the vast literature covering its physiology were the main reasons 

behind this choice. More specifically, I predominantly employed a sub strain of MG1655 

named SCC1 187 which was much simpler to identify on surfaces thanks to its constitutive 

green fluorescence (Materials and Methods).  

Growing conditions and their ability to influence cells physiology through specific 

environmental clues, also have a prime impact on bacteria’s surface adhesion. In fact, in E. 

coli, this process is facilitated by the expression of extracellular adhesins known as curli 

188,189. This depends upon the master regulator CsgD whose activation is triggered by many 

environmental parameters such as low temperature, osmolarity, oxygen and glucose 

concentrations 190–192. To achieve enhanced curli expression and surface colonisation, I 

then adjusted my growing conditions to meet the above requirements. Specifically, I grew 

cells at lower temperature (30˚C) in M63+, a low osmolarity medium that I supplemented 

with 0.2% glucose. Before using these conditions, I tested their effectiveness at promoting 

both curli expression and surface colonisation.  

I confirmed the former by monitoring the changing in fluorescence of a fused curli 

reporter which, as expected, increased over time leading to robust curli expression passed 

18 hours growth (Figure 21 A, Materials and Methods). To prove instead that this could 

ease surface colonisation on polystyrene surfaces, I grew cells both under the above 

conditions and in LB at 37˚C overnight. Then, I let them colonise surfaces for 2 hours, 
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washed them and used fluorescence microscopy to derived pictures from which I 

quantified surface coverage using image analysis tools (Figure 21 B, Materials and 

Methods).  

Following these experiments, I observed that cells cultured in the curli promoting 

media M63+ delivered higher surface coverages compared to their LB counterparts. 

Together the above results confirmed that consistent surface colonisation can be achieved 

with E. coli after 2 hours by adjusting its growing conditions. Specifically compared to rich 

media at higher temperature, growth in minimal media at lower temperature aimed at 

promoting adhesin secretion, increased cells coverage on polystyrene surfaces by 97%. 

For these reasons, I decided on using the above conditions as my default culturing choice, 

explaining both their appearance in the preceding sections and those to come.  

2.3 Microscopy and surface washing methodologies 

Fluorescence microscopy was my defined analytical tool to tap into cells behaviour 

and surface colonisation. The reasons behind its choice over other quantification methods 

were grounded on its few characterising features: specificity, flexibility, applicability, and 

self-sufficiency. In fact, different methos exists that could successfully assess surface 

coverage and cells physiology such as staining or fluorometric techniques which use either 

crystal violet or plate readers. However, what these provide are mean values and nothing 

more. They look at the population by gathering cells average behaviour but lose their 

individuality in the process. Microscopy compensates this as the information provided by 

recorded pictures and video is cells specific. This makes it far superior to competitive 

techniques since cells variable behaviour within isogenic population had been proved to 

be a core feature of their adaptation to new environments 193. Being able to peak through 
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this phenomenon makes microscopy less subject to experimental limitation as it can still 

provide the same population behaviours while preserving cells individuality. 

Flexibility gives instead microscopy an edge when compared to similar cell-specific 

techniques such as flow cytometry. In fact, while this successfully provides cells specific 

information, its applicability is limited to homogenised suspensions. On the contrary, 

fluorescence microscopy allows experimenters to study cells coming from a variety of 

samples which can be imaged either directly, as for microfluidic devices, or by transferring 

them on agar pads or glass slides. Moreover, the ever-expanding kind of micro-devices, 

microscopes and objectives sizes makes microscopy suitable to many experimental 

contexts. However, what makes microscopy truly shine is its almost unlimited applicability 

which is made possible by its symbiont: image processing and analysis. In fact, per se, 

microscopy is nothing but image gathering which can only really be used for qualitative 

estimates. What makes it transit from qualitative to quantitative is the application on its 

records of the many digital processing tools that together transform images and pixels into 

data and numbers. This fact is single handily the key to microscopy success in cell biology 

as any spatio-temporal process that can be imaged can also be quantified.  Many complex 

scientific questions can in fact be boil down to the simpler question of how to image the 

phenomenon which, most of the time, its answered by the application of few fluorophores. 

Together all the above combine to make microscopy an incredibly self-sufficient 

technique. In fact, its ability to adapt to many experimental needs and to assess many 

different phenomena in a cells specific manner relieves the need for other analytical 

techniques to be used. Again, the how to study a new process can be turned into how it 

can be imaged. A testament to how flexible this technique can be it comes directly from 

my own work where I used microscopy to monitor changings in surface colonisation, 
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membrane potentials and cells motility with minimal variations to my experimental 

procedure. Because of the above it can now be appreciated why I chose this technique as 

my main analytical tool throughout my work.  

This brings us back to my procedure development. Specifically, I left to the 

identification of the optimal growing conditions which ensured robust surface 

colonisation on polystyrene petri dishes. Specifically, I let this to happen undisturbed for 

2 hours after which I finally used fluorescence microscopy to image my surface and gather 

the pictures required to estimate cells coverage. However, before this was possible, 

samples needed to be prepared for microscopy. In fact, despite the above benefits of my 

methodological approach, this was nonetheless prone to three sources of systematic 

errors. The primary of them was the appearing in fluorescence pictures of undesired cells 

such as swimmers. In fact, when these moves in proximity of the surface, they can be 

wrongly considered as colonisers which would cause to overestimate surface colonisation.  

A second source of error came instead from surface colonisers themselves. As mentioned, 

surface colonisation is a twostep process requiring cells to first reach the surface and 

second to adjust their physiology while transitioning to a sessile lifestyle. Since I want 

mechanical stimulation to influence this process, potentially impaired colonisers needed 

also to be removed from the surface before imaging as their lingering on it would 

underestimate cells response to vibrations. Third and final source of error was due to cells 

clusters forming on the surface. Their presence in fluorescence pictures would cause 

unreliable estimation of surface coverage both because of the added complexity required 

to determine tree dimensional volumes from bidimensional images and because of the 

difficulty in resolving cells from such clusters.  

To address all the above issues, I introduced an extra step in between surface 
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colonisation and imaging: samples washing. In fact, the moving liquid on the surface 

would act as a hydrodynamic sweep ensuring the removal of both swimmers and hindered 

colonisers while allowing to control surface clustering. For these reasons, surface washing 

played a critical role in our experiments as it limited the introduction of systematic errors, 

defined the quality of the gathered pictures and the reliability of their analysis. 

Consequently, I spent a considerable amount of time to meticulously optimise different 

washing techniques.  

Once more, endless methodologies exist to perform this simple task, so I identified 

the most suitable to my circumstances by fixing three criteria the resulting washing 

technique had to possess. First, I wanted it to deliver homogeneously distributed cells with 

no clusters; second, I wanted this to be strong enough to decrease coverage by removing 

swimmers and feeble colonisers and third, I wanted it to be reproducible and limit 

technical variability between samples. Under these criteria I tested different washing 

methodologies that, depending or not on surface exposure to the air, I respectively 

classified as Air-loose and Air-tight. I started by testing the former, of which, I employed 

two techniques: (i) dipping, relying on the simple up and down dipping of sample dishes 

in and out of fresh buffer and (ii) pipetting, which flew instead fresh buffer on the surfaces 
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through a serological pipette (Materials and Methods).  

To test whether these techniques met my criteria, I let cells to colonise polystyrene 

surfaces for 2 hours and judged the quality of the resulting pictures. From these I saw that 

both techniques suffered from severe cells clustering on the surface (Figure 22). To test if 

this was a by-product of cells culturing or its processing, I monitored the homogeneity of 

cells suspension at the onset of surface colonisation using fluorescence microscopy. As I 

observed no aggregation in the medium (Figure 22), I concluded that washing could have 

been responsible for surface clustering.  

Figure 21: Air-loose washing led to surface clustering on polystyrene surface 

after 2 hours colonisation. No clustering was observed in either diluted overnight 

cultures nor their resuspensions. 
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To assess this point, I imaged stranded cells on glass slides. These were cells that 

were left on the surface after the retraction of the liquid film between the slide and its 

supported coverslip (Figure 23 A, Materials and Methods). In these images I observed the 

same kind of clustering as in washed samples proving that this was involved in their 

formation. This point was further confirmed by the analysis of video records (Figure 23 

B). In these, I observed that the liquid layer first gathered cells upon its retraction and left 

them stranded on the surface as clusters upon reaching either a critical mass or 

encountering some surface impurity. 

Because of this intrinsic tendency toward clusters formation, I abandoned Air-loose 

washings and moved toward our second tested methodology: Air-tight washing. Building 

on the above findings, this was centred around the idea of preventing surface exposure to 

air by keeping it under liquid throughout the entire process (Materials and Methods). To 

A 

B 

Figure 23: A) Stranded cells and retracting liquid layer in between a glass slide and coverslip. B) Time lapse 

of the above process (from left to right) showing the formation of a stranded cluster from the retracting 

liquid suspension. 
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achieve this, samples containing cells suspensions were entirely submerged in 400 mL of 

PBS within plastic tips’ boxes, held in position at their bottom via neodymium magnets 

and washed using a mechanical shaker. I then tested the above methodology against our 

criteria and judged the quality of the resulting pictures, the change in surface coverage and 

its experimental variability.  

From these experiments, Air-tight mechanical shaking successfully met all our 

criteria. It delivered homogeneous surface populations (Figure 24 a and b) decreased cells 

coverage and proved reliable upon replication with little experimental variability between 

samples (Figure 24 c).  

This reliable methodology enabled us to perform microscopy without the 

insurgence of systematic errors, leaving me to enjoy the previously discussed benefits of 

this technique. 

Figure 24: Homogeneously distributed surface cells before (a) and after (b) Air-

tight mechanical washing. No cluster is formed using this methodology which 

also proved effective at reducing surface coverage with limited data variability 

(c). Box plot represents the surface coverage derived from fluorescent pictures 

of polystyrene surface after 1 hour colonisation before (brown) and after 

(yellow) their washing. 
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This brings us toward the end of my procedure development. So far, I have seen 

how cells were grown, surface colonisation maximised and microscopy and surface 

washing used to optimise cells surface distribution. What remains to be described is how 

surface quantification and its analysis had been performed from the resulting fluorescence 

pictures. 

2.4 Image processing and analysis 

As introduced earlier, image processing and analysis makes for the quantitative 

aspects of microscopy techniques. They can be applied wherever microscopy is used to 

image cells physiology over both time and space. In my specific conditions, I used image 

analysis to quantify cells coverage from fluorescence pictures. This quantitative transition 

from images to numbers was a twostep process made on one side by the digital processing 

of fluorescence pictures and on the other by the data analysis of the resulting values.  

Experimentally I achieved the above by applying different processing algorithms 

to the gathered pictures and automated this process using customs scripts to decrease the 

insurgence of operational errors. I did this using FIJI, a freely available image processing 

software that comes with all the necessary tools to extract cells coverage from fluorescence 

pictures. Without allowing unnecessary details to cloud the argument and discussing only 

the meaning of the employed algorithms, our processing workflow is divided in three 

parts: (i) processing, where images are polished from environmental noise, (ii) binarization, 

where features are binarized and distinguished from the background and finally (iii) 

detection, where they are classified as independent regions of interest (ROI) and their 
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desired statistics derived (Figure 25). 

Starting with processing, I corrected image backgrounds for uneven illumination 

which can vary in the pictures because of imperfection in either the samples or the 

microscope stage. As such, specific algorithms exist that can recognise skewness in pixel 

intensity and normalise it across the picture. Following this step, I improved cells 

recognition in the image by first removing the now normalised background and second 

by applying topological filters. Specifically, background removal is meant to ease features 

detection by lowering background pixel values to 0. In its essence, this is the same as 

subtracting the background using a blank sample before any fluorometric measurement. 

The used of the topological median filter is instead less intuitive and it requires a 

little more discussion. Essentially, a topological filter is a mathematical operation (a 

Figure 25: Image processing steps followed to determine cell surface coverage and size. Fluorescence 

Images were first processed by correcting the background for uneven Illumination and by 

homogenising cells features using median topological filters (I). Processed images were then binarized 

and cells resolved using specific threshold and segmentation algorithms (II). Finally, regions of Interests 

(ROI) were identified and their diameter and surface area determined. 
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convolution) that transform the intensity of every pixel in the image according to a defined 

law or kernel. In the specific case of median filters, this kernel transforms pixel intensities 

based on the median values of its eight neighbours in a squared arrangement around it. 

This has basically three effects on the picture: it homogenises the values of pixel belonging 

to the same feature such as my cells, it increases the contrast of their boundaries and it 

finally denoise the image reducing its granularity. The joint combination of background 

subtraction and median filters improves then cells detection in my images which, to 

summarise, is achieved by making their pixels more distinct from the background and by 

homogenising their intensities. 

Once the images were processed and polished, I prepared them for detection 

through binarization. This step is performed first by distinguishing the features from the 

background using threshold algorithms and then, by resolving them using segmentation 

algorithms. Finally, once cells/features are distinguished and separated from one another 

they are detected and classifies as independent regions of interest (ROI). These can be 

analysed to derive cells specific statistics that can vary depending on experimental needs. 

For surface coverage quantification, my most characterising features were ROI’s diameter, 

total number and surface area. The latter values are then combined for all pictures coming 

from three experimental replicates and used to determine cells mean surface coverage.  

This last point usher the transition from digital processing to data analysis. 

Specifically, as I was mostly interested in relative changings in surface coverage rather than 

its absolute values, for any given condition, the resulting coverage was normalised by the 

value of its associated control. This way I was able to express variation in coverage between 

vibrated samples and controls as fractions or percentage of its change.  

Closing my analysis workflow, is the statistical comparison between conditions. To 
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do this, I applied standard statistical tests to the normalised changes in coverage using 

either parametric or non-parametric tests. Guiding my choice was the nature of data 

themselves. When parametric tests such as t-test and ANOVA were used, I checked that 

the data were bell shaped (normality) and had similar spread (homoscedasticity). Where 

normality failed, I used Welch’s variants of the above tests and where also 

homoscedasticity failed, I moved to non-parametric alternatives such as Mann-Withney U-

test or Kruskal-Wallis. 

In conclusion, I managed to consistently determine cells surface coverage and infer 

its changing upon different experimental conditions from the joint combination of image 

processing and data analysis tools. 

2.5 Conclusion 

The detour on my experimental procedure and its development has now come to 

an end. As we have seen from the above sections, I succeeded in crafting a working pipeline 

allowing me to study cells undisturbed surface colonisation. This was possible through 

the optimization of several factors, first of which the choice of the colonised surface. On 

this regard, polystyrene proved more reliable than PDMS because to its almost non-

existent sample preparation and the absence of uncontrolled variables. Then cells 

culturing in M63+, at lower temperature and under limited glucose availability promoted 

adhesin secretion and enhanced cells colonisation which eased the observation of the 

process. Air-tight mechanical washing, that prevented surface exposure to the air, proved 

also fundamental to prepare samples for microscopy as it ensured the removal of swimmer 

and impaired colonisers while delivering homogenous surface population in a consistent 

way. Finally, I reliably quantified surface coverage through the automated processing of 
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fluorescence images.  With this procedure, I confidently move my studies further and get 

to the heart of my scientific endeavour. In fact, if until now I confined ourselves to 

undisturbed surface colonisation, I can finally change that and direct our attention to the 

effect that mechanical stimulation has on this process. To achieve this, I simply had to take 

the above procedure and made room for the centre piece of my studies: vibrational 

stimulation. 
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3. VIBRATIONAL STUDIES 

In the preceding chapter we saw how I successfully determined cells coverage using 

an optimised experimental procedure. Now it is time to see how I used this one to tackle 

instead my project’s main scientific question: can mechanical stimulation influence bacterial 

surface colonisation? 

Before presenting my findings, it is useful to pause and discuss the nature of such 

mechanical stimulation. Forces are ubiquitous in nature and so more so are mechanical 

forces. These follow from Newton’s second law which, in their simplest one-dimensional 

form, define them as proportional to the product of the mass m of an object time its 

acceleration a(t) or the second derivative of its displacement x(t). 

𝐹(𝑡) = 𝑚𝑎(𝑡) = 𝑚
𝑑!𝑥(𝑡)
𝑑𝑡!  

From such simple relation, one can estimate the force acting on a vibrating object 

supporting a weight m. However, how were cells vibrated in first place? Which kind of 

device I used to do so? What is the relationship between surface vibrations and applied 

forces and how did I estimate them? All these questions are going to be addressed in the 

following section which provides a concise guide to the engineering behind my work. 

3.1 A detour on the physics 

In the previous chapter we saw the nature of my samples: polystyrene petri dishes 

(35 mm in diameter) containing cellular suspension. Now we need to see how through 

vibrations, these could be subjected to forces. 

1 
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To get there, we need to answer two questions: (i) Which device did I use to vibrates 

samples? and (ii) How vibrations can generate mechanical forces on cells? 

Any experimental effort needs the right tools to meet its purpose and, in my case, 

this meant the assembling of a device capable to apply mechanical forces on surface 

approaching cells. The experimental work needed to assemble and characterise such 

device was performed by Dr. Nasim Mahmoodi and I will now describe it at my best, 

starting by the device structure and its working. So, which device did I use? 

From a structural point of view this was made of a heavy aluminium base on top of 

which corners four piezoelectric elements were fixed with thermoresistant glue (Figure 26 

A). Glued on top of these was a thinner aluminium plate covered with a 1 mm thick steel 

sheet. This served as a stage for my samples which were magnetically bound to it using a 

neodymium magnet. To allow this magnetic binding, a steel disk (34 mm in diameter) was 

glued at the outer bottom surface of my samples which were then gently slide on top of 

the magnet. 

Now how the above vibrates samples? The answer to this question lay within the 

piezoelectric elements and their ability to mechanically expand when electrically polarised. 

This allows to control piezos’ expansion using electric currents as the flow of negatively 

charged electrons, near one side, polarises it, expanding and contracting its structure. 

Since the applied current I(t) is proportional to the voltage V that generates it (Equation 

2), a sinusoidally oscillating current of frequency f would therefore cause the piezos to 

expand with same frequency and an amplitude A (Equation 3). This is what results in 

samples vibrating. By being glued to the aluminium plate on top of them, piezos’ 

expansion is vertically transferred to the plate itself, so transforming an electric signal into 
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a vibration. 

To make the above possible, the piezoelectric elements were wired in series and 

connected to a signal generator and amplifier which generated the sinusoidally oscillating 

voltages and currents. Therefore, by controlling the frequency and magnitude of the 

applied voltage it is in principle possible to control the frequency and amplitude of the 

resulting vibration.  

However, while its frequency is the same as that of the current that drives piezos’ 

expansion, its amplitude is expected to linearly depends on the applied voltage and needs 

to be determined. To do this, Dr. Mahmoodi applied currents of different frequencies and 

increasing voltages to the piezos and recorded the resulting vertical displacement of the 

aluminium plate using laser interferometry. From this she then derived the vibrational 

amplitude that she plotted against the applied voltage for all tested frequencies. What she 

observed is that for voltages between 0 and 40 V, vibrations had nanometre amplitudes 

and increased linearly with voltage for all tested frequencies of 0.5, 1 and 2 kHz (Figure 

26 B). 

While this behaviour confirmed the device intended working, it allowed us to 

completely describe the amplitude and frequency of the vibration by knowing the voltage 

and frequency of the applied current. Since these can be set through the signal generator, 

the above setup allowed me to vibrate samples at amplitudes between 0 to 120 nm and 

frequencies of 0.5 to 2 kHz. 

2 3 
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Through the above work Dr. Mahmoodi showed that the aluminium plate vibrated 

with frequency f and amplitude A upon piezos electrical stimulation but what about the 

sample on top of it? For cells to experience vibration two more things need to happen: 

first, vibrations need to be transferred from the plate to the sample dish and second, they 

Figure 26: A) Schematic representation of the vibrational device and its functioning. A signal 

generator and amplifier originate a sinusoidally oscillating voltage which send a corresponding 

electric current to four piezoelectric elements. Their ensuing periodic expansion causes the 

aluminium plate, magnet and sample to oscillate as a single body. This generates a vertical vibration 

the amplitude of which is proportional to magnitude of the applied potential. B) Linear 

proportionality between applied voltage and vibrational amplitude for frequencies of 0.5, 1 and 2 

kHz. Points on graph are laser interferometry data of the amplitude average with standard deviation 

measured at the centre of the vibrating aluminium plate. C) Laser interferometry data of vibrational 

amplitude measured at 121 squared tiles on the steel sheet covering the aluminium plate in A. This 

was vibrated at 1 kHz and 25 V and data are the average amplitude measured at the centre of each 

tile over three experiments. 
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need to be homogeneous across its surface. Let’s see how the device met these criteria. 

Since both the aluminium plate, the magnet and the sample are rigid bodies, 

vibrations can transfer unhindered from the former to the latter, allowing the three of them 

to vibrate as one. However, damping effects happening at their respective interfaces, could 

hamper this process and lead to the mismatched transfer of vibrational amplitude, 

frequency or both. To test vibration transmission to the sample dish, Dr. Mahmoodi 

performed the same experiments she did to characterise the plate’s vibration, only this 

time she monitored the displacement of the sample’s bottom surface using laser 

interferometry. She observed that, for the tested vibrations, the sample oscillated with the 

same amplitude and frequency as the plate (data not shown). This supported the rigid 

body behaviour of our setup that can therefore transfer undamped vibrations from the 

piezo up to the sample. 

The second criterion mentioned above is that vibrations must be uniform over the 

surface of the samples which means that they should oscillate vertically at the same 

frequency and amplitude. This is a critical step in our vibrational design since, as I’ll 

explain shortly, it permits cells to experience the same force near the surface while 

preventing the insurgence of hydrodynamic vortexes. In thin liquid conditions such as 

mine, vibrational patterns can in fact transfer from the surface to the liquid 184 and for non-

homogeneous vibrations, these so-called Faraday’s waves sweep the surface hindering 

cells adhesion 184.  

Given the rigid body behaviour described above, the homogeneous transfer of 

vibrations to the dish is only conceivable if the aluminium plate either does not deform 

while vibrating or if a portion of it, the size of our sample, vibrates homogeneously. 
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To check which of the above scenarios applied to our device, Dr. Mahmoodi 

divided the aluminium plate surface in 121 square tiles and derived the amplitude, 

frequency and phase of their oscillation using laser interferometry. By plotting the 

resulting amplitudes in 3D, she observes that, while these were greater above the piezos 

at the plate’s corners, a wide region (4 x 4 tiles) at the centre of it, vibrated uniformly 

(Figure 26 C). We therefore marked this region and used it as the loading position for the 

magnet and samples it supports. 

Through the work above, Dr. Mahmoodi showed that the device she assembled can 

vibrate samples uniformly by applying oscillating currents of controlled frequency and 

voltage. Moreover, the uniform vibration of the tiles supporting the samples also ensure 

that cells adhesion is unhindered by hydrodynamic sweeps and that the forces that 

vibrations generate are equal across their surface. Talking of forces then, it is finally time 

for me to explain how these arise in the samples. So, forces is where we are heading next. 

So far, we have seen the structure of the device and how this vibrates samples 

through piezoelectric stimulation. However, vibrations are not enough since my 

experiments aim at influencing cells behaviour by applying mechanical cues. We are 

therefore left to question how the above device can generate mechanical forces acting on 

cells? To see how this is possible, we need first to zoom at the samples’ bottom surface 

and, once there, we’ll need to use Newton’s second law. 

Near the bottom of the samples, cells swim by or engage with the surface. No matter 

how they move horizontally to it, they always experience the weight of the liquid on top 

of them. Following piezos’ electrical stimulation and during vibrations, we saw that the 

surface, the cells and the liquid mass they support oscillates as a single body with 

frequency f and amplitude A (Equation 3). Driving this motion is the force generated from 
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the piezos’ expansion which is transferred to the samples’ surface and from there is further 

transferred through the cells to the liquid weighting on them.  

Cells are therefore in analogous situation as the shoulder of a weightlifter. As these 

are supporting the weight loaded on them, so do cells on the surface with the liquid 

suspension. When the lifter then pushes with its legs, a force is transferred through the 

shoulder to the weight which is lifted. Throughout this process, the weight opposes the 

lifting force with one of equal magnitude but opposite direction which act on the 

shoulders. Similarly, when the surface exerts an upward force, this is transferred from the 

surface, through the cell to their supported liquid which once again exert a reaction force 

on cells. 

Therefore, upon vibration, surface approaching cells experience a force which is 

perpendicular to the surface and of the same magnitude as the one that this transfer 

through them to the hovering liquid. Such force can be estimated through Newton’s 

second law (Equation 1, rewritten below) by knowing the acceleration a(t) and mass m of 

the displaced object.  

𝐹(𝑡) = 𝑚	𝑎(𝑡) 

1 

Since the force acting on cells has the same magnitude as the one needed to lift the 

liquid above them, to estimate this force, we determined the liquid acceleration and mass.  

By assuming that the liquid in the sample behave as a rigid body and does not 

deform, its acceleration can be determined by the displacement of the surface itself. For 

vertical oscillations of frequency f and amplitude A, the acceleration takes then the form 

below.  
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𝑎(𝑡) =
𝑑!𝑥(𝑡)
𝑑𝑡! =

𝑑![𝐴𝑠𝑖𝑛(2𝜋𝑓𝑡)]
𝑑𝑡! = −𝑨(2𝜋𝒇)! 𝑠𝑖𝑛(2𝜋𝒇𝑡) 

4 

From Equation 4 we see how the vibrational frequency and amplitude associated 

to the sample displacement x(t) can thus be used to determine its acceleration a(t). 

I previously discussed how Dr. Mahmoodi showed that the sample vibrates with 

the same frequency as the applied current and determined a linear relation between its 

amplitude and the applied voltage. As such, for vibrations occurring between the 

previously given ranges of 0 - 120 nm amplitude and 0.5 - 2 kHz frequency, we have all 

the information needed to use Equation 4 and compute sample’s acceleration from the 

frequency and voltage of the applied current. 

What we are still missing to estimate the force is the mass of the displaced object. 

In our case, this is the liquid column cells support near a surface and it can be found from 

the product of cells’ average surface area Acell, the height of the liquid volume h in the 

sample and its density r (Equation 5) 

𝑚 =	(ℎ	𝐴"#$$r) 

5 

 Following steps used in similar mammalian studies 194, we determined the above 

mass by approximating cells suspension density to that of water (998 kg/m3) and 

quantifying cells average surface area. For this step I applied the image analysis tools and 

workflow described in the preceding chapters to fluorescence images of surface attached 

cells (Materials & Methods 6 and 27 - 1). By substituting the value m of the displaced 

liquid and its acceleration a(t) in Equation 1 the result is the following. 
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𝐹(𝑡) = 	−(ℎ	𝐴"#$$r)	(2𝜋𝒇)!𝑨	sin	(2𝜋𝒇𝑡) 

6 

The expression above describes the force that cells experience in vibrating samples 

(Figure 27). This oscillates with surface’s frequency and a maximum magnitude given by 

𝐹%&' = |(ℎ	𝐴"#$$r)	(2𝜋𝒇)!𝑨| 

7 

On a practical ground, the above description of the force in terms of vibrational 

parameters f and A allowed us to control its magnitude through the frequency and voltage 

of the applied current.  

From Equations 6 we can now appreciate how critical it is for us to homogeneously 

vibrate surfaces. Because force is determined by both vibrational frequency and amplitude, 

if these vary throughout the surface, cells would be subjected to various mechanical loads. 

However, since the purpose of my research is to study the effect these cues have on 

Figure 27: Plots representing the relation 

between surface vibration and the 

generated force and pressure acting on 

cells. From laser interferometry records 

of a surface oscillating at 1 kHz 

frequency and 35 nm (blue line), the 

resulting force can be estimated from 

Equation 6 (red line). This leads to a 

force, perpendicular to the surface, 

oscillating with the same frequency and 

a magnitude of 50 pN. 



82 

bacterial adhesion, all cells on the surface had to be subjected to the identical stimuli as 

this is the only way to achieve a bijective relationship between applied these and cell 

response. 

Before proceeding, it is important to acknowledge the elephant in the room, which 

is pointing to the fact that, while we estimated these forces, we did not monitor them 

experimentally. The primarily reason behind this was technical. The size of the device, and 

the nature of the sample are enough to exclude many techniques that would otherwise 

prove helpful. Take atomic force microscopy (AFM) for example. While this could monitor 

both the vibrations and forces generated by a single piezo on a cell sitting on it, it would 

make for an entirely different experimental setup and accordingly different forces applied 

on the cell.  

Despite AFM failure, we could nonetheless experimentally determine our forces 

using pressure sensors. These are made of piezoelectric components, which send electrical 

signals in response to applied pressure. While no cell sized sensor is accessible, 

micrometric ones do. Few such sensors could then be attached to the bottom surface of 

our sample dishes and submerged in varied liquid heights. Now, if our approximations 

leading to Equation 6 hold, by knowing the area of the sensors, the density of the liquid 

and the frequency and amplitude of the vibration, we should observe a linear change in 

the detected force with the volume and therefore the heigh of the submerging liquid.  

These results could solidify both the theoretical assumptions and final estimate of 

our forces but, because of their complex technical nature, they were deemed beyond the 

scope of my work and are left for the next round of students to explore. 

An alternative to our vibrational strategy could use fluid flow and shear to subject 
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cells to mechanical loads. Through this approach, forces can be precisely derived by the 

liquid flow rate, a parameter that is easily controlled and monitored. This would require 

the engineering of a brand-new microfluidic device, made of a small flow chamber where 

flow is driven by automated pumps through which flow rate and mechanical load could 

be controlled. Such a microfluidic device could also be installed under a microscope 

allowing more information to be available from the recording of time lapses when studying 

cells response. Unfortunately, while the above alternative has been discussed, the work 

needed to optimise its proved beyond my time constraints but it would definitely make 

worth investigating as a new project. 

The above discussion closes this section excursion on the engineering which I 

started by asking two questions: Which device did I used to vibrate samples? and How 

vibrations can generate mechanical forces on cells? The answer to the first question is found 

in the inverse piezoelectric effect, which allows oscillating electric currents to govern the 

expansion of piezoelectric materials. Because of the rigid body behaviour, vibrations are 

transferred from these to the samples with no loss of amplitude or frequency which leads 

to the answer to my second question. In fact, these vertical oscillations subject cells to 

mechanical forces in the same way that a squatting weightlifter's do to its shoulders. The 

inertia of the liquid on top of cells applies on these a force which is a response to the lifting 

one transferred from the moving surface through the cells. 

With the procedure discussed in the preceding chapter and the engineering of the 

vibrational device out of the way in this one, I can return to my scientific question and 

discuss how bacteria surface colonisation can be influenced through vibrational 

stimulation. On this regard, I will begin by touching exactly on this point, the need for 

stimulation. 
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3.2 Bacteria vibrational stimulation 

The way I wanted to influence cells surface behaviour and colonisation was by 

tackling cells’ surface response and its mechanical signalling. As discussed in the 

introduction, a growing body of experimental evidence is establishing the fact that bacteria 

can sense mechanical stimuli and forces via specific physiological changings 140. This 

process can differ among species and several mechanisms had also been observed to exist 

within one. Pili, flagella, motility and membrane potential, these are among those 

physiological components that have been reported to vary due to surface mechanical 

presence and who’s changings help cells in transducing mechanical cues into 

physiological outputs. These consists of intracellular variation of second messenger levels 

such as c-di-GMP and cAMP, protein synthesis and genetic expression which together 

rewire the cell and prepare it for a sessile, surface associated, lifestyle.  

I therefore reasoned that, altering any of the physiological responses that usher this 

transition from planktonic to sessile behaviour, could hinder cells natural surface response 

and its resulting colonisation. To achieve this, I used the previously described surface 

vibrations as exogenous force generators and physiological perturbator. Central to the 

success of my approach was therefore the identification of suitable force magnitudes 

enabling bacteria mechanical stimulation. 

So far, I discussed the physical nature of these forces and how these can be 

obtained, however, their intensity can vary broadly. Applying a force, any force, to cells it 

is not enough to achieve their stimulation and trigger physiological changings. For this to 

happen, a force needs to act as a stimulant and be sent within a precise scale so that it can 

be perceived and processed. Failing at this not only would prevent us from answering our 
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question but it would also compromise its answer. In fact, if applied forces exceed beyond 

physiological sensing range, any observable response they have on cells couldn’t be 

considered as a genuine result of their stimulation since other effects, such as membrane 

damage, would also be relevant at higher order of magnitudes. Therefore, for vibrations to 

be effective at stimulating cells they should alter their physiology without affecting their 

integrity. Moreover, beyond its intensity, stimuli must also have a specific time scale. In 

fact, they need to be sent with the right timing if these want to be sensed or interfere with 

the process. As such, for applied forces to act as stimulant they need to possess both the 

right intensities and frequencies. Before applying mechanical stimulation, I then identified 

these scales that, starting with their intensities, I did by turning my attention to what 

bacteria can do with forces.  

Every living organism belong to a particular scale and as such, is capable to sense 

and respond to a plethora of environmental stimuli which are specific to their scale and 

bacteria are no exception. They live in mechanical environments that encompass a range 

of forces from the pico- to the micro-newton; 106 orders of magnitude and a broad range 

to begin with 195. However, within this spectrum, I began my exploration starting with 

those forces that bacteria are capable to exert and handle with one of their motorised 

apparatuses: pili. More precisely, type-IV pili are motile external appendages, ubiquitous 

among bacteria as a versatile tool enabling motility, sharing of genetic information and 

predation but their involvement in surface sensing have also been recently highlighted 196. 

In performing the above activities, a single pilum can generate forces within the tenths to 

the hundreds of piconewtons 197, which defined the intensity window I also used 

throughout my experiments. Justifying this choice are two reasons: first, pili retraction 

forces provide a sensible indication of the force magnitudes bacteria generate at their scale. 
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Since these forces can trigger sensing and response mechanisms, similar outcomes should 

be expected upon their exogenous application. Piconewton forces could therefore be of 

broad applicability within bacteria even when pili are absent as for our own strain.  

The second reason behind our choice resides instead on the relatively small 

magnitudes of pili’s forces. These are in fact at least one order below adhesion forces 195 

and, because of this, piconewtons stimulation is unlikely to compromise cells’ adhesion 

through simple mechanical effects. Moreover, always because of their reduced magnitude, 

no significant disruption to cells envelop should be expected, preventing to incorrectly 

attribute any effect on colonisation to cells damage. 

Once I identified piconewtons as a suitable intensity scale for my simulation, I 

determined the time and frequency of its application. From Equation 6, vibrational forces 

are not constant but cycles continuously with the same frequency as the applied vibration. 

Its period represents then the time between two consecutive stimulation peaks which 

provides the scale of my stimulation. Specifically, I wanted this to be familiar to what 

bacteria experience and, to find it, I once more let bacteria to guide my choice looking at 

yet another of their features: flagella. These whip-like structures are mostly used for 

propulsion which, under high load, can reach frequencies of hundreds and thousands of 

Hz 31,198. I therefore decided to stimulate bacteria with kilohertz frequencies.  

One last thing remained to be done. I had the desired magnitude and frequency 

with which I wanted to stimulate cells, so I only had to translate this information in terms 

of vibrational parameters. Equation 6 is what allowed this conversion. Since the force is a 

function of both vibrational frequency and amplitude, to generate stimulation forces of 

piconewton intensity and kilohertz frequencies meant the use of nanometric amplitudes. 
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This was the ultimate combination needed to subject surface approaching cells 

with piconewton forces: vibrations of kilohertz frequencies and nanometric amplitudes. 

The above discussion should make sense of what, in the previous section, could 

have otherwise seemed as a murky or arbitrary choice at best. Why to characterise the 

device functioning at kilohertz frequencies and nanometric amplitudes? Why not 

megahertz and micrometres? I hope the reason is now apparent. 

The work Dr. Mahmoodi did to characterise the device and which I discussed in 

the previous section involved kilohertz frequencies and nanometric amplitudes because 

these are needed for piconewton forces to be applied on surface approaching cells.  

We now approached the end of what could look like an excessively long intro to 

my vibrational studies and here, before moving forward, we face one last question; How 

are said forces experienced by cells? Earlier we saw how these are generated, which 

direction and magnitude they have but how are these acting on cells? It is a tricky task to 

put ourselves in the shoes of cells, but we did this before and, although speculative at this 

stage, cells membrane should come into focus.  

As we saw, vibrational forces come from the opposing inertia of the liquid 

suspension submerging cells on the surface. This means that cells are sandwiched between 

the surface and the liquid, transferring the lifting force from one to the other. As such they 

should experience an applied load acting on their outermost feature, the membrane. This 

would result in cells feeling a pressure. When dividing the force in Equation 6 by cells 

average surface area one finds the below expression describing the pressure acting on cells. 
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𝑃(𝑡) =
|𝐹(𝑡)|
𝐴"#$$

= |(ℎ	r)	(2𝜋𝒇)!𝑨	sin	(2𝜋𝒇𝑡)| 

8 

For piconewton forces and micrometres squared areas, Equation 8 estimates 

periodic pressures spikes of few tenths of pascals (Figure 28). 

We foresee such applied pressure to most likely influence proteins or force 

transducers such as pili and flagellar motors which are conveniently bound to the 

membrane. Since protein deformation occur mostly under piconewton loads 1, this means 

that our applied forces could alter protein conformation and interfere with their sensing 

role without directly affect cells adhesion.  

Figure 28: Complete relation between vibrations (top blue), forge (red, middle) and pressure (green, 

bottom). In this case, surface vibrating at 1 kHz and 35 nm leads to forces oscillating with an intensity 

of 50 pN. These can then translate in pressure spikes, which, depending on vibration frequency, can 

solicitate cells’ membrane every few millisecond. 
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One very last question remains on the direction this force needs being applied to 

affect cells behaviour and protein conformation. Contrary to the force that generates it, 

pressure is isotropic. This means that surface approaching cells would experience the force 

as a compression acting homogeneously and normally to their membrane. However, such 

pressure could also put the membrane under a tension and trigger the deformation or 

opening of tension sensitive proteins such as mechanosensitive or ion channels. Through 

the resulting ion fluxes, the applied forces could not only affect protein conformation but 

also influence other aspects of cells’ physiology such as their membrane potential.  

The picture we can synthesise of cells experiencing vibrational forces on surface is 

therefore that of a squashed balloon. When you apply a force on it with your foot it comes 

both under pressure and tension as its volume is compressed and its surface stretched. 

Cells are expected to face a similar behaviour by being small, inflated balloon sandwiched 

between a moving surface and an inert liquid exerting forces on them. 

On paper, the above forces, “felt” through the membrane, has the potential to touch 

and affect several components of cells mechanotransduction; from proteins conformation 

to cells membrane potential. 

This speculation on the how cells could feel the applied force finally conclude our 

tour on the engineering background of our work. We saw the device, the piezoelectric 

effect that vibrate our samples and how this is uniform across their surface. We then 

discussed how force are generated through the inertial response of the liquid which 

submerges cells and how their intensity can be controlled by the frequency and voltage of 

the applied current.  

We understood the need for piconewton stimulation and the requirements for 
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kilohertz frequencies and nanometric amplitude to achieve this through vibrations. Then, 

we reasoned of these forces as putting cells membrane both under pressure and tension, 

potentially affecting protein conformation and cells membrane potential.  

With all this behind our back, we can explore how I used all the above technical 

and theoretical background to answer my question: can mechanical stimulation influence 

bacterial surface colonisation? 

3.3 Vibrational stimulation hinders bacterial surface 

colonisation 

From Equation 6, different vibrational forces can be obtained from specific 

combinations of frequencies and amplitudes. These, however, could have independent 

effects on bacteria, so, to simplify my experiments, I begun by holding the frequency 

constant which, de facto, make the applied force a function of vibrations’ amplitude only. 

I then achieved forces of magnitudes between 15 and 500 pN under the fixed frequency 

of 2 kHz by adjusting their amplitudes accordingly to Equation 7. The resulting 

combinations are reported in Table 1.  

Dictating this choice was the fact that 2 kHz maximise the range of forces that our 

device could generate under a fixed frequency, allowing the wider possible experimental 

window. Moreover, because frequencies above 2 kHz are close to the device own 

resonating limit, they won’t establish a linear relation between applied voltage and 

vibrational amplitude. This would ultimately prevent me from using Equation 6 to 

estimate the resulting force making these frequencies useless to my experimental purpose. 

 



91 

Table 1: Combinations of frequencies and amplitudes associated to different stimulation intensities. 

N.A. represents values not experimentally achievable using our device. 

          Frequency (kHz) 

 2 1 0.5 

Intensity (pN)           Amplitudes (nm) 

15 3 11 22 

30 5 21 42 

50 9 36 N.A. 

100 18 72 N.A. 

200 36 N.A. N.A. 

300 54 N.A. N.A. 

500 90 N.A. N.A. 

 

The core hypothesis I wanted to test with these experiments was that vibrational 

stimulation would elicit physiological changings in bacteria that could hinder surface 

colonisation. To assess this hypothesis, I deployed the experimental procedure which was 

discussed throughout the preceding chapter with the added difference that samples were 

now vibrated during incubation (Materials and Methods).  

To quickly summarised it here, I grew fluorescent E. coli in M63+ overnight, cells 

were then diluted in fresh medium to 0.4 OD600 in polystyrene small samples dishes (35 

mm) which I vibrated for 2 hours in the dark at 30˚C. Specific combination of the 

vibrational parameters A and f depended on the intensity of the force that I wished to apply 

and which ranged from 15 to the 500 pN. Controls were processed in the same way as 

above but were not vibrated while incubating. All samples were then washed following a 

Air-tight procedure before using fluorescence microscopy to gather between 30 and 40 

pictures of the surfaces. These were then processed and analysed with custom scripts to 

finally quantify bacteria surface coverage. For every tested force, experiments were 
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repeated as independent triplets and the average surface coverage obtained from all 

gathered pictures were used to compute their change between vibrated samples and 

controls.  

Following this experimental workflow, vibrations decreased surface coverage 

across all tested forces by ~ 21% (Figure 29). For a 2 kHz stimulation frequency, the effect 

was constant as there was no significant difference in its extent between force points. In 

fact, changing stimulation intensity did not alter cells response across an entire order of 

magnitude, from 15 to 500 pN. Consequently, vibrational stimulation influence cells 

surface colonisation by mitigating its extent.  

Knowing that vibrational response was stable at 2 kHz, I explored the effect that 

on the above observations had varying stimulation frequencies. Using the same procedure 

as above, I monitored the change in surface colonisation after 2 hours stimulation at both 

Figure 29: Change in surface coverage 

after 2 hours stimulation at 2 kHz with 

intensities between 15 and 500 pN. Data 

points represents the mean and SD of the 

difference in coverage between samples 

and controls across three replicates (n > 

110 for all conditions). Dotted line 

represents interpolation line (R2 = 0.98). 
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1 kHz and 500 Hz. The same stimulation intensities were obtained by adjusting vibrational 

amplitudes in accordance with Equation 7 and the resulting combinations are reported in 

Table 1. However, because of our own setup limitations, the amplitudes required by forces 

above 100 pN couldn’t be reached with frequencies below 2 kHz. As from Equation 6, 

these would have required amplitudes which were too high for our device to generate. I 

therefore limited our exploration to forces between 15 to 100 pN when using 1 kHz and 

15 and 30 pN with 500 Hz. Lower frequencies still reduced surface, however, the extent 

of cellular response diminished when frequencies were lowered from 2 kHz. This 

reduction was both frequency and force dependent as it was stronger for 500 Hz and 

toward the “edges” of the employed range. Specifically, relative to 2 kHz, response at 1 

kHz (red line in Figure 30) was in fact unchanged for central forces of 30 and 50 pN but 

diminished respectively by 27% and 34% for side forces of 15 and 100 pN. Frequency 

reduction to 500 Hz (pink datapoints in Figure 30) further diminished vibrational 

response by 38 and 31% for both tested forces of 15 and 30 pN.  

From these results I concluded that, piconewton stimulation of surface 

approaching cells reduces their colonisation depending on stimulation frequency. 

Specifically, reducing its value diminish cells response by up to 38%. This appear to be 

force dependent as forces of 15 and 100 pN were the most affected while forces of 30 and 

50 pN retained the same vibrational response when stimulation frequency was halved to 

1 kHz.  

Taken together, the above results proved that bacteria vibro-mechanical 

stimulation in the piconewton and millisecond range can mitigate bacteria surface 

colonisation. For a give stimulation intensity, this effect depends on its frequency as 

surface colonisation is most affected when vibrational stimulation is applied at 2 kHz and 
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decrease upon its reduction to 1 kHz and 500 Hz. This changing is also dependent upon 

the intensity of the applied stimulation since central forces of 30 and 50 pN appear less 

sensitive to reduction in frequency.  

This dependency suggests that the applied stimulation most effectively elicit a 

cellular response when it is applied with a period of 0.5 ms (2 kHz). Finally, because of 

their resilience to changings in frequency, I selected 30 and 50 pN as reference stimulation 

intensities that I used to explore vibrational effects on cells physiology both in the 

reminder of this chapter and the next one.  

Figure 30: Change in surface coverage after 2 hours vibrational stimulation between 15 and 100 pN 

and tested frequencies of 2, 1 and 0.5 kHz. For the latter, only intensities of 15 and 30 pN were tested. 

Vibrational response decreased with stimulation intensity in a force dependent manner. Datapoint 

represents the mean change in surface coverage with 95% confidence intervals determined as the 

average change between samples and controls from three independent replicates (n > 120 for all 

conditions, p.values **** < 0.0001). Dotted lines are simple and non-linear regressions (R2 = 0.98 and 

0.96 for 2 kHz and 1 kHz respectively). 



95 

3.4 Cells surface sedimentation decreases vibrational 

response 

Beside surface sensing and physiological transitions, bacteria surface colonisation 

also benefits from their growth and density in the medium. In fact, as these increase, more 

and more cells can reach the surface initiating sensing and physiological responses. Aim 

of the above experiments was to target these components by using piconewtons 

stimulation to mitigate natural surface colonisation and, although this proved successful, 

it did not account for the impact that cells density and surface sedimentation have on this 

process which I then tested. To do this, I increased cells concentration in the samples and 

monitored how this affected the change in surface coverage once these were vibrated.  

Experimentally, overnight M63+ cultures were resuspended in 5 mL of fresh 

medium at densities between 0.1 and 1.2 OD600. To every suspension, I then applied 

mechanical stimulation for 2 hours at 30 pN at 2 kHz. During this time cells were 

incubated at 30˚C in the dark and controls for every condition were processed the same 

way but were not vibrated during incubation. Finally, samples were washed, imaged and 

changings in coverage quantified (Materials and Methods). 

Following these experiments, a tenfold increase in cells density from 0.1 to 1.2 

OD600, diminished vibrational response (Figure 31). In fact, this linearly decreased with 

cells concentration from -31% at 0.1 OD to no significant difference from controls at 1.2 

OD.  Consequently, cell concentration in the medium appears to have a detrimental effect 

on vibrational stimulation and it needs to be accounted for when planning their 

application. As such, environmental or experimental conditions where cells density is 

expected to increase could result in diminished response to vibrations. Since these 
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conditions are met by my experiments, I expected that upon continuous stimulation, their 

efficacy would decrease over time.  

To test this hypothesis, I stimulated 0.4 OD600 suspension at 30 pN and 2 kHz 

between one and four hours when cells were free to grow in the sample. For every time 

point, I monitored both cells concentration and its change in coverage. As anticipated, this 

decreased over time with increasing cells growth and suspension density (Figure 32). 

Specifically, while cells concentration in samples increased from 0.4 to approximately 1 

OD600, the resulting change in surface coverage diminished from -31% after 1 hour to no 

Figure 31: Change in surface coverage after 2 hours vibrations at 30 pN and 2 kHz with increasing 

suspension density (0.1 to 1.2 OD). Vibrational reduction of surface coverage decreases with cells 

concentration. Datapoint represents the mean change in surface coverage with its SD determined as 

the average difference between samples and controls from three independent replicates (n > 110 for 

all conditions). Dotted lines is simple linear regression (R2 = 0.95). 
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significant difference after 4 hours. These results followed the same pattern observed in 

our previous findings corroborating the idea that increased cells density have a detrimental 

effect on vibrational stimulation as this is completely negated when densities reach values 

near and above 1 OD600. 

To explain these findings and the inverse proportionality between vibrational 

response and suspension density, I investigated cells surface sedimentation. In fact, over 

time, cells can reach the surface through swimming and passive deposition. However, 

during prolonged exposure and because of cells growth and environmental crowding, 

clusters would start forming in the medium and fall on the surface as sediments. The 

Figure 32: Change in coverage after vibrational stimulation (30pN, 2kHz) applied from 1 to 4 hours. 

Vibrational response decreases over time in response to cells growth and increasing density in 

samples (0.42, 0.61 and 0.91 OD600 for 1, 2 and 4h respectively). Data points are the mean and SD 

of the change in coverage between samples and controls. (n > 111 for all conditions). Dotted line is 

linear regression (R2 = 0.99). 
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resulting biotic mat can then hamper cells vibrational stimulation because of its different 

mechanical properties than the hard surface. As a result, clustered and sedimented cells 

would experience dissimilar forces than those originally applied a fact which would also 

violate the assumptions required by the approximations I used to estimate them. I 

therefore hypothesized that extended cells sedimentation would inhibit vibrational 

stimulation and its effect on colonisation.  

To assess this hypothesis, I quantified cells surface sedimentation over time for 

different suspension densities. These were obtained resuspending overnight M63+ 

cultures in 5 mL of fresh medium within sample dishes and at variable OD600 of 0.2, 0.4 

and 0.8. Samples were then incubated at 30˚C in the dark and surface colonisation was 

allowed for progressively longer times of 1, 10, 30, 60, 120 and 240 minutes. After this I 

used fluorescence microscopy to gather 10 to 15 pictures of the surface from which I 

quantified cells’ sedimentation following the image processing steps represented in Figure 

33.  

Aim of my analysis was the determination, for every picture, of a sedimentation 

ratio expressing the fraction of surface area covered by sediments. To obtain this, I started 

by quantifying the total coverage in each picture without applying any restriction to the 

size of the analysed objects in them. Then I determined the coverage due to individual 

cells by restricting the above analysis only to those objects within our previously 

determined cell size of 4 µm2 ± 0.9. Finally, I subtracted this cell coverage to the total 

obtaining the sedimentation coverage that, when divided by the total, resulted in the 

looked-for sedimentation fraction. For a given suspension density and time point, this 

approach was applied to all pictures gathered from three experimental replicates and the 

resulting ratios were averaged and interpolated for graphical comparison. 
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From the resulting data, sedimentation fraction increases sigmoidally over time for 

all tested cells concentrations (Figure 34). The higher this is, the quicker and the earlier 

surface sedimentation happens as more cell clusters can reach the surface. After 2 hours, 

sedimentation fractions increased with cells density reaching values of 3%, 31% and 78% 

for 0.2, 0.4 and 0.8 OD600 respectively (vertical dotted line in Figure 34). Moreover, when 

looking at the time evolution of surface sedimentation at 0.4 OD600 (mid-line in Figure 34), 

its increase correlates with the previously observed reduction in vibrational response 

overtime (Figure 32). From these results, I inferred that increasing surface sedimentation 

reduces vibrational influence on its colonisation. Consequently, vibrations appear to better 

stimulate cells under limited or absent surface sedimentation as this diminishes vibrational 

Figure 33: Sedimentation analysis workflow: I) a threshold is applied to fluorescence images and 

used to determine the total and cells specific surface coverage, II) the two are subtracted to 

obtain the coverage due to surface sediments only. III) this value is then divided by the total to 

determine the sedimentation fraction of the area covered by cells sediments. 
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response which completely disappears when sediments saturate the surface.  

The onset of their sigmoidal growth represents then the time before vibrational 

stimulation starts losing its efficacy and it therefore defines its applicability window. In 

fact, before this time, the process happens with limited to no clustering and mechanical 

stimulation can effectively be transferred to surface approaching cells. However, passed 

this point, surface coverage transit from individual cells to sigmoidally growing clusters. 

These hinder vibrational stimulation through the formation of a biotic mat which, upon 

saturation, completely inhibit cells response. Consequently, the longer the surface can 

remain free from sediments, the longer vibrations can limit cells colonisation. This makes 

Figure 34: Sigmoidal growth of surface sediments for three different starting cells concentrations 

(0.2, 0.4 and 0.8 OD600). Data for specific time points represents the mean sedimentation ratios and 

their SD determined as the average value across three independent replicates (n > 36 for all 

conditions). Lines are sigmoidal interpolations of the resulting mean values (R2 > 0.96 for all tested 

cells densities). Inserts on the right are fluorescence images of surface coverage at 60, 120 and 240 

minutes from 0.4 OD growth. 
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sedimentation curves a fundamental parameter which need to be accounted for before 

applying vibrations in all those scenarios where bacterial growth could happen 

unchecked. 

I use this newly acquired knowledge to further optimise vibrational stimulation 

under my own experimental conditions. In fact, the above results predict that greater 

vibrational response should be expected when these are applied at low sedimentation. 

Since I were interested in 2 hours stimulations, I looked at minimise this process during 

this time. Under my initial conditions of 0.4 OD600, sediments covered approximately one 

third of the surface (33%) but when this was halved to 0.2 OD600 this value decreased to 

only 3% (Figure 34). Looking then at 0.4 and 0.2 OD response after 2 hours stimulation 

(30pN / 2kHz) I saw that surface coverage on vibrated samples further decreased from -

21% to -36% (Figure 32). Guided by this observation, I therefore maximised vibrational 

stimulation over 2 hours by minimising surface sedimentation by halving cells 

concentrations to 0.2 OD600.  

3.5 Cells response to mechanical stimulation is time 

dependent 

From the above, I learned about the importance of suspension density in planning 

vibrational experiments and how surface sedimentation can negatively affect their 

outcomes. I also saw that, for the same reasons, vibrational response decreases over time 

if cell growth is left unchecked. However, this information left open the question of when 

and how vibrations influence on cells colonisation changed with the length of their 

application. To answer this question, I stimulated cells at 30 pN and 2 kHz over 
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progressively longer times from 10 to 120 minutes. Moreover, to prevent sedimentation 

to influence my results the longer vibrations were applied to cells, I minimised its impact 

by adjusting the starting cells concentration based on stimulation length. Specifically, 

when this was shorter or longer than one hour, I respectively used suspension densities 

of 0.4 and 0.2 OD600. In fact, as I saw in the preceding section, sedimentation is of little 

extent and similar for colonisation times below 60 and 120 minutes respectively (Figure 

34). From the above experiments I observed that surface coverage on vibrated samples 

Figure 35: Change in surface coverage following longer stimulation length (30 pN / 2 kHz) under 

minimal surface sedimentation (less than 5% for all conditions). This was achieved using cellular 

suspensions of 0.4 and 0.2 OD600 for experiments respectively below and above 60 minutes. Datapoint 

represents the mean variation and its SD determined as the average value across all fluorescence 

pictures among three independent replicates (n > 105 for all tested times). Dotted line is non-linear 

interpolation of the mean values (R 2 =0.89). 
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decreased with increasing stimulation time until it plateaued when this was applied 

beyond one hour (Figure 35). Specifically, vibrational stimulation began affecting cells 

colonisation after 30 minutes (13% coverage reduction) and then, after one hour, its effect 

more than doubled (31%) and remained nearly constant afterward (36% at 2 hours). 

These results proved that cells response to vibrational stimulation is both delayed 

and non-linear in time. In fact, vibrations require a minimum of 30 minutes to elicit an 

effect on cells and one hour to approach their full efficacy. This suggests that stimulations 

do not have an immediate effect on cells but that it rather unfolds within the first hour of 

their application. This delay and its origin present two non-mutually exclusive hypothesis: 

(i) vibrational stimulation takes time to induce a physiological effect or (ii) this happens 

quickly but its response is slow to unfold. No matter which one of the above scenarios 

prove to be correct, the presence of such a delayed response strongly points toward a 

physiological process that needs time to be activated and initiate a response.  

I will explore what such process might be in the following chapter when discussing 

the involvement of protein synthesis and membrane potential in transducing vibrational 

stimulation but for the rest of this chapter the focus is set on the second characterising 

feature of the above findings: their non-linear response. In fact, while their effect on surface 

colonisation kept increasing with time, its change decreased until the effect remained 

constant when the plateaux was reached. This loss of efficacy suggests that some process 

is counteracting vibrations making them less and less effective at mitigating colonisation. 

Having excluded sedimentation as a lurking variable given its limited extent within these 

experiments, I thought instead that one such countering effect could come from cells 

colonisation itself.  
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3.6 Surface colonisation do not affect vibrational 

response 

In the experiments above, vibrational stimulation reduced surface colonisation 

when these were applied from the onset of this process. However, during the early 

colonisation stages, cells transition from a planktonic to sessile lifestyle which leads to 

their improved surface adhesion 144. Consequently, over the course of 2 hours, cells 

become better colonisers, a fact that could counteract vibrational stimulation and explain 

their decreased efficacy with time. In fact, as surface adhesion improve with colonisation 

time, I expected that the longer this could happen before stimulation the less it would be 

hampered by it. 

In an unexpected turn of events where the acted upon became the agent, I therefore 

investigated the effect that surface colonisation had on vibrational stimulation. I did this 

following a two steps approach which is depicted in Figure 36. First, I confirmed that 

Figure 36: Experimental strategy I used to assess the effect of surface colonisation on vibrational response. 

From the left to the right, I first confirmed that cells surface adhesion improves with colonisation time (I) 

and, second, I explore the influence that this has on cells response to vibrations when these are stimulated 

for 2 hours at 30 pN and 2 kHz (II). 
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surface adhesion improves with colonisation time and then I determined how this process 

could affect cells response to vibrations. 

To address our first point, I let cells to colonise surfaces from 10 to 120 minutes 

and then compared their changes in coverage after these were washed. My prediction was 

that, as colonisation times increase, so would cells’ adhesion leading to more and more 

cells remaining on the surface after these were washed. However, longer colonisation times 

can lead to increasing surface coverage not only via improved cells adhesion but also 

through sedimentation as over time more cells reach the surface. This can be seen 

happening in Figure 37 A where the green line shows that surface coverage of a 0.2 OD600 

suspension increases over 2 hours.  

Consequently, longer colonisation times would lead to broader surface coverages 

also because of longer cells deposition. If left uncheck this phenomenon would then bias 

my results as it would prevent to link changes in coverage to improved adhesion. For this 

to be possible, I blocked the effect of cells deposition by equalising all samples coverages 

before washing (Figure 37 A, red dots). This way, differences in surface coverage after 

washing can only be explained by changes in cells adhesion.  

Having successfully blocked sedimentation from biasing our results, I assessed the 

effect of improved adhesion by resuspending overnight M63+ cultures into 5 mL of fresh 

medium within polystyrene sample dishes at variable concentrations (0.33, 0.28, 0.25 and 

0.20 OD600) according to colonisation length (15, 30, 60, 120 minutes respectively). This 

was then allowed by incubating the samples in the dark at 30˚C, after which these were 

washed and 30 to 40 pictures of the surfaces gathered per sample using fluorescence 

microscopy. Change in coverage were finally quantified from the resulting images 
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(Materials and Methods).  

Applying the above procedure, I observed that, surface coverage after washing 

increased with cells colonisation time (Figure 37 B). Specifically, between 15 to 120 

minutes the fraction of remaining cells on the surface after washing increased from 0.34 

to 0.78. During this time, more cells are assumed to have transitioned from planktonic to 

sessile phenotype, allowing more of them to withstand washing.  

These results re-establish the correlation between surface colonisation and 

improved cellular adhesion under my experimental conditions. I used this fact to assess 

my second point from above and check the effect that colonisation and improved cells 

adhesion has on their vibrational response. The way I approached this was by letting cells 

A B 

Figure 37: A) Surface coverage for a 0.2 OD cellular suspension increases with colonisation time (green 

line). Similar coverages (red dots) are obtained by adjusting cells concentration (0.33, 0.28, 0.25 and 0.20) 

with colonisation length (15, 30, 60, 120 minutes respectively). B) Change in coverage after samples with 

longer colonisation times were washed. Datapoints represents the mean surface coverage (A) and its fold 

change (B) with associated SD. For all conditions, these were determined as the average value across all 

fluorescence pictures from three independent replicates. Dotted lines are mean non-linear (A) and linear 

(B) interpolation lines (R2 > 0.91 for both). 
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undisturbed to colonise surfaces for variable times before applying vibrations and 

compare the resulting change in coverage. I expected that, as surface adhesion improve 

with colonisation time, the more this was allowed to happen before stimulation the less 

vibrations would decrease cells coverage. 

Experimentally, I tested the above resuspending overnight M63+ cultures in 5 mL 

of fresh medium within small polystyrene petri and allowed surface colonisation to 

happen in the dark at 30˚C between 15 and 120 minutes. As for the previous experiments, 

to minimise differences in surface coverage to bias the results, I adjusted cells 

concentration based on colonisation length. After this one, I then diluted the samples 1 in 

25 to isolate cells surface populations and prevent that difference in cells suspension 

would influence vibrational stimulation. This was finally applied for 120 minutes at 30 pN 

and 2 kHz after which samples were washed and fluorescence microscopy was used to 

gather 30 to 40 pictures from the surface. From these I finally quantified surface coverage 

through automated image processing and analysis (Materials and Methods).  

Contrary to my expectations, I observed that, following longer colonisation times, 

vibrational influence remained constant, decreasing surface coverage by an average 23% 

across conditions (Figure 38). Improving cells surface adhesion through increased surface 

residence time prior to stimulation appears then to have little to no effect on vibrational 

response.  

These results marked two important points: first, they reject the hypothesis that 

increased cells adhesion decreases the effect stimulation has on colonisation over time. 

Second, they show that vibrations do not need to be applied from the onset of surface 

colonisation to be effective.  
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In fact, vibrations can still mitigate adhesion even when this has been happening 

for up to 2 hours before stimulation. This allows vibrations to also be applied in those 

scenarios where surface colonisation had already taken place. 

I began this section looking for an answer to the non-linear change in vibrational 

response I observed with time, hypothesising that this could have derived from the very 

same process vibrations were hindering: surface colonisation. Specifically, as this is 

Figure 38: Effect of colonisation time on cells response to vibrations. Samples were let to colonise 

surfaces for different times (from 15 to 120 minutes) after which they were diluted and stimulated for 

2 hours at 30 pN / 2 kHz. Changes in surface coverage remained constant with longer colonisation 

times with an average reduction of 23%. Inserts are fluorescence images of cells from the surface. 

Datapoints represents the mean change in coverage and their SD determined as the average value 

across all fluorescence pictures among three independent replicates (n > 120 for all conditions). Dotted 

line is simple linear regression (R2 = 0.93). 
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happening during stimulation, cells adhesion would improve and counteract the effect of 

vibrations. As stated, the above results proved this is not the case as cells variation in 

surface coverage varies little between samples with longer colonisation time. This finding, 

while reject my hypothesis, it also strengthened its competitive one: that only a fraction of 

cells population could be sensitive to the applied stimulation. 

To explain this phenomenon and find a reason for vibrations effect on surface 

colonisation, I carefully peaked into cells physiology and its change upon mechanical 

stimulation. I will discuss my efforts on this regard in the next chapter but before going 

there and try to find a biological explanation to my findings, I first exclude that these were 

deriving from damaging effects vibrations had on cells. 

3.7 Vibrational stimulation does not damage cells 

envelope 

To exclude harmful effects vibrations could have on cells I used a fluorescence 

microscopy technique known as live/dead assay. Despite cells death can be a daunting 

task to define, the loss of their membrane integrity can act as a proxy of their viability. 

Specific dyes pairs take advantage of this fact and assess for its loss using different 

combinations of dyes permeabilities and fluorescence.  

One of such pairs, and the one I used, is Syto9 and propidium iodide (PI). Both dyes 

bind to nucleic acids, but the former is membrane permeable and has green fluorescence 

while the latter is impermeable and has red fluorescence. Because of its non-permeability, 

when used in combination with Syto9, PI can only stain cells with damaged or instable 

membranes. However, once inside the cell, it would compete with Syto9 for binding sites 
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but, because of its higher binding enthalpy, its prevailing would cause cells fluorescence 

to turn from green to either yellow or red depending on the extent of permeability loss 

and membrane damage. This can then be quantified by computing the ratio of damaged 

(red) to healthy (green) cells in fluorescence pictures; the bigger the ration, the more 

severe the damage caused by the process under examination is.   

To assess this occurrence in our vibrational experiments, I stimulated cells for 2 

hours (0.2 OD600 starting concentration) at 30 pN and 2 kHz and stained them according 

Figure 39: Ratios of red (damaged, PI stained) to green (healthy, Syto9 stained) cells with and without 

vibrational stimulation (2 hours at 30 pN and 2 kHz). The same red/green ratios were observed for 

vibrated samples and controls (< 0.2%). Inserts are samples images from vibrated surfaces - damaged 

cells in the red channel are highlighted in white. Data represent the mean and SD of all ratios coming 

from pictures among three replicates (n > 134 for both control and vibrations). 
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to manufacturer instructions using Syto9 (3.5 µM) and propidium iodide (18 µM) for the 

remaining 20 minutes of vibrational stimulation (Materials and Methods). This was then 

stopped, samples were washed and 30 pictures gathered from the surface as pairs on both 

the red and green channels. From these I finally derived the total number of cells that was 

used to determine the extent of cells damage from their red to green ratios.  

Following these experiments, I observed that less than 0.2% of cells on the surface 

were positive to red fluorescence and that this value was not statistically different for non-

vibrated controls (Figure 39). This shows that vibrations are not harmful to cells when 

these are mechanically stimulated and that this cannot be responsible for their effect on 

surface colonisation. Therefore, vibrations appear to act as a genuine cells stimulant that 

can mitigate surface colonisation without interfering with their physical integrity. 

3.8 Conclusion 

Before venturing forward and explore the experiments I did to find a mechanistic 

explanation to the above findings, it is beneficial to stop and recollect what these are. 

When applied for 2 hours, vibrational stimulation with piconewton intensities 

decreases bacteria surface colonisation by 21% (Figure 29). For stimulation frequencies 

of 2 kHz, this effect is independent from the applied intensity as the response is constant 

across all tested forces between 15 pN and 500 pN. This force non-specificity is a most 

welcome result as it makes vibrational stimulation more flexible to meet different 

experimental needs as cells can be stimulated within a range rather than using specific 

values. However, the interplay between stimulation intensity and cells response become 

more complex as their frequency is reduced to 1 kHz and 500 Hz (Figure 30). In fact, this 
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diminishes vibrational response in an intensity dependent manner where central forces of 

30 and 50 pN are less sensitive to this change while with side forces of 15 and 100 pN 

cells response decreases by up to 38%.  

Changings in stimulation frequencies rather than intensity appears then to have a 

greater impact on vibrations ability to alter cells behaviour suggesting a deeper connection 

to their millisecond time scale. Specifically, 0.5 ms periods (2 kHz) between consecutive 

stimulation peaks, proves the most effective at reducing surface colonisation. I will explore 

this point further in the coming chapter where I will discuss its connection to changings 

in cells polarization following vibrational stimulation.  

I then observed that increasing cells concentration in the medium decrease 

vibrations effect on surface colonisation. Specifically, for cells concentrations beyond 1.0 

OD600, 2 hours stimulation at 30 pN and 2 kHz stopped having any inhibitory effect on 

cells surface colonisation. I explained this observation with the sigmoidal growth of cells 

sediments on the surface as their different mechanical properties compared to the hard 

polystyrene can damp cells stimulation. In fact, this is retained until sediments start 

growing sigmoidally on the surface, a process that depends on cells concentration. The 

lower this is, the more it takes for sediments to appear allowing mechanical stimulation to 

be effective over longer times. 

Accounting for this phenomenon, when I halved cells concentration from 0.4 to 0.2 

OD600, surface sedimentation over 2 hours decreased from 33% to 3% (Figure 34) 

allowing vibration to further reduce cells coverage from -21 to -36% (Figure 31). Surface 

sedimentation and its sigmoidal growth appear then as prime factors that need to be 

accounted for when vibrationally stimulating cells. More generally, these results suggest 

the deleterious damping effects that on this process could also have other forms of surface 
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crowding and impurity such as conditioning layers and cells secretions. Conditioning 

layer is a term loosely employed to identify the result of chemicals that passively attach 

onto surfaces due to their non-specific physical interactions 143. Cells can then partake to 

the formation of such layers via the secretion of their own wastes and by-products. 

Furthermore, once on surfaces, cells can alter their mechanical environment via the 

secretion of extracellular polymeric substances or EPS 199. These are a mixture of 

polysaccharides, proteins and DNA that cells use to glue themselves in and that could 

damp their mechanical stimulation.  

I expect the above processes to have little influence on my results as our experimental 

conditions proved unfavourable to the formation of a conditioning layer. This was in fact 

limited by using pristine sterile surfaces and minimal media that respectively reduced the 

incidence of surface impurities and, contrary to rich media, had no debris, proteins or 

other chemical chunks in suspension. Moreover, influences from cells secretions were 

limited by resuspending them in fresh minimal media that prevented any by-product from 

overnight cultures to be carried into samples. However, under less controlled 

environments, the influence of conditioning layers and cells secretion can’t be overruled 

and its damping effect on vibrational stimulation would require further investigation. 

Nonetheless, I suggest that, because of the nanometric scale of the resulting layers, these 

would have a smaller effect on vibrational transfer than cells sedimentation, making them 

a less relevant variable to account for. 

Following the above experiments, I also observed a complex interplay between 

stimulation time and altered surface colonisation (Figure 35). In fact, cells response 

appears after 30 minutes and this non-linearly increases with time as it double after 60 

minutes and plateaus to a constant value between 60 and 120 minutes. This lag suggests 
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that some physiological feature needs time to translate the vibrational input into an altered 

colonisation output. As similar delays are common in transcriptional response, which 

require the activation and transcription of new proteins, I will investigate its involvement 

in my findings through the coming chapter. Moreover, this non-linear response suggests 

that while vibrational effect on colonisation keep increasing with time, it does so with less 

and less efficacy. This presented the hypothesis that either a fraction of the population is 

sensible to the applied stimulation or that cells could counter stimulation through a yet to 

be discovered mechanism.  

 I thought one of such mechanism could have been surface colonisation itself that, by 

improving cells adhesion over time, would have made them more resilient to stimulation. 

However, when cells with longer surface residence times were stimulated, vibrational 

response did not decrease but remained constant instead (Figure 38). Consequently, 

improved adhesion during colonisation did not explain the non-linear change in cells 

response with stimulation time. While weakening my second hypothesis from above, these 

results strengthen the former, suggesting that only a fraction of cells residing on the 

surface could be sensible to mechanical stimulation.  

This view is supported by the fact that vibrations only have a limited effect on 

surface adhesion. In fact, at ideal conditions (0.2 OD, 30 pN, and 2 kHz), the coverage 

loss never exceeded 36%. (Figure 35). This behaviour could be explained by two 

phenomena: population bet hedging and cell surface orientation.  

Bacterial bet hedging refers to the ability of bacteria to cope with unexpected 

environments by stochastically altering gene expression. This permits a previously 

homogeneous population to become heterogeneous. Subpopulations of the resultant cells 

express various sets of genes, causing them to respond differently to mechanical stimuli. 
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This mechanism is also more likely to occur under stationary phase and starving 

conditions, both of which our experimental settings satisfy. 

Alternatively, the orientation of cells on the surface can influence how they respond 

to stimulation. As we saw from Equation 6, the force and pressure that cells feel on their 

membrane are proportional to their surface area. This value, as well as the force acting on 

them and their mechanotransduction, changes with different orientations. 

The above hypothesis could be tackled in the future by either monitoring cells 

heterogeneity using flow cytometry pre and post experiment. Since different gene 

expression is often correlated to different phenotypes, the comparison between forward 

and side scattering of cytometric data could eludicate cells’ population homogeneity in 

samples and during vibrational experiments. Alternatively, the impact of cells’ orientation 

can be assessed through a thorough investigation of fluorescence images. From these, 

several algorithms can be applied to determine the angles cells form with the surface. By 

comparing the fraction of upright and flat standing cells between vibrated samples and 

control one can infer which population could be more sensitive to vibrational stimulation 

and therefore less likely to appear on the gathered pictures.  

Finally, I tested for vibrational damage on cells membrane and observed that 

stimulation is harmless as the fraction of damage cells on vibrated samples was both 

minimal (< 0.2%) and non-significantly different from non-vibrated controls (Figure 39). 

This is an important confirmation which allowed me to exclude cells damage as an 

explanation of cells behaviour and consolidated vibrations role as cells stimulants. 

To summarise, my results shows that vibrational stimuli mitigates surface colonisation 

when these have piconewton intensities and kilohertz frequencies. The extent of cells 



116 

response reaches max effect within 2 hours of stimulation and, while it is independent of 

adhesion strength or previous surface colonisation, it is negatively affected by cells 

sedimentation. These findings ultimately provided me with a round understanding of the 

effect that vibrations have on cells surface behaviour and which experimental parameters 

needed to be accounted for its optimisation.  

With this knowledge at my back, I investigated how vibrations effect on cells surface 

behaviour could be brought about. I tailored vibrational stimulation to elicit physiological 

changings aimed at disrupting cells natural surface sensing and colonisation. Having 

achieved this, I explored which physiological changings could have been responsible for 

it; a search that I began by confirming physiology as a necessary condition to my findings. 

This is where we are heading next. 
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4. MECHANISM HUNT 

In the preceding chapter, I established a connection between vibro-mechanical 

stimulation and reduced bacteria surface colonisation (Figure 29). I achieved this by 

applying forces of piconewton intensities to elicit physiological changings in bacteria. 

Understanding the nature of such changings was fundamental step in bridging the 

knowledge gap laying between our input (vibrational stimulation) and our output 

(decreased colonisation). In fact, a connection between these two phenomena in a causal 

chain would enable to explain my findings through the proposition of a mechanism. 

Therefore, clarifying such a connection and identifying such mechanism occupied the 

remainder of my experimental efforts and the following of this chapter. 

Figure 40: Schematic representation of the existing connection between vibrational stimulation and 

surface colonisation. Specifically, when surface approaching planktonic cells are mechanically 

stimulated with piconewton intensities and over milliseconds periods (kHz frequencies), surface 

colonisation is decrease suggesting their delayed transition to a sessile state. The reminder of this 

chapter would be to identify what connects vibrational stimulation to hampered surface colonisation. 
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4.1 Vibrational effect and its nature 

The previous chapter ended by excluding cells damage from being responsible for 

the observed reduction in surface coverage, but it did not prove that vibrations elicited 

physiological changings responsible for my findings. In fact, these could have been 

explained using entirely physical, physiological or mixed arguments. Indeed, vibrational 

response might have been caused by changing in cells physiology, such as flagella motility 

or protein synthesis, but they might as well have been explained by purely physical effects 

such as mechanical repulsion or other unforeseen physical phenomena. These would not 

have involved any aspect of cells biology as they would apply to any physical object given 

its correct size. Therefore, to explain my results and fil the gap between vibration and 

colonisation, my first step was to identify the nature of its mechanism. This information 

would have guided my search either on the physical or physiological side of the cell to 

surface interaction.  

As any other living organism, bacteria perform biological tasks while retaining 

general physical properties through their body and shape. Both sides of their nature 

influence and account for the complexity of their surface interactions which are mostly 

categorised as passive or active. Passive interactions are exclusively physical in nature and 

do not require any involvement of cells metabolism and functioning to be performed; they 

are, in this sense, passive. These are further divided into generic and specific; the former, 

as the name suggest, are those broad and average physical properties defining cells outer 

membrane such as its charge, hydrophobicity and overall chemistry. These are generic 

since their existence rely on fundamental physical forces and are non-exclusive to cells as 

any microscopic objects interacting with the surface would be characterised by them. 



119 

Specific interactions are instead cell specific or even strain specific and account for the 

ensemble of their outer membrane features. External appendages and adhesins such as 

pili, flagella, curli and cellulose along with the peptidic or lipidic nature of the outer 

membrane fall into this category. Despite being fundamentally physical in nature, these 

interactions are distinct from their generic counterparts because they are shaped into 

features that serves specific biological purposes. Balancing these passive and mostly 

physical surface interactions, are active and exclusively “biological” ones. Active here 

stands for physiological activity as these represent all behavioural responses bacteria 

perform when interacting with a surface. While some of these modulate pre-existing 

generic and specific interactions, others genuinely internalise mechanical signals from the 

environment and generate unique responses such as changing in motility, membrane 

volage, gene expression and protein synthesis 141.  

The concerted combination of the above interactions account for the complexity of 

cells surface adhesion and early colonisation 143. Since vibrational stimulation hinder this 

process, vibrations effect on cells should derive from the disruption of one or more of such 

interactions. To understand which one was the most relevant to explain my findings, I 

assessed their involvement independently.  

As in mutational studies a lack of function link to a lack of response, in the same 

way I approached my investigation. I removed an interaction at a time and observed how 

this impacted vibrational response and the associated reduction of surface coverage. If 

such a removal would have diminished vibrational response, then the removed interaction 

was a necessary condition. Since no easy mutation exist to suppress either passive or active 

surface interactions, I studied instead the response to vibrations of other systems as abiotic 

particles and dead cells (Figure 41).  
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As purely physical objects, abiotic particles can interact with surfaces only through 

physical generic interactions. Selecting beads where such properties were similar to my 

cells would have accounted for their involvement in vibrational response. In fact, since 

such system can interact with the surface only through generic interactions, their lack of 

response to stimulation would suggest that these are not the mean through which 

vibrations influence cells colonisation. Moving one step further, dead cells, could rely 

instead on both generic and specific interactions because of their shape and the presence 

of a cell membrane. However, lacking a working metabolism and the ability to 

physiologically respond to stimuli, they are not able to actively interact with the surface. 

As such, their failed or diminished response to vibration would suggest that active 

Figure 41: Schematic representation of surface interactions available to different systems. Living cells 

(left) possess a full interaction spectrum with both passive “physical” and active “biological” 

interactions. Dead cells (centre) by the lack of both an active metabolism and physiological function 

cannot make use of biologically active interactions with the surface. Abiotic particles (right) are 

limited instead to generic physical interactions only. 
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biological interactions are necessary for cells response to vibrations. Following this 

approach, I then dissected the nature of the vibrational effect by looking at the response 

of these new systems with reduced surface interaction complexity. 

4-1.1 Vibrational response relies on physiologically active 

interactions 

I began these investigations using abiotic particles. For these to be effective at capturing 

cells passive generic interactions with the surface, they needed to share similar physical 

features such as: hydrophobicity, size and charge. Similarly to other studies on bacteria 

surface colonisation 200, I met most of these requirements utilising fluorescent polystyrene 

microscopic beads, 1 µm in diameter and functionalised with either ammine (PS-NH2) or 

carboxy groups (PS-COOH). This functionalisation and the establishment of their 

respective weak acid (-NH3
+) and base (-COO-) was necessary to generate surface charges 

and Z-potentials encompassing the reported range of E. coli and therefore mimicking its 

electric properties 201. I then stimulated both kind of particles with vibrations at 30 pN 

intensity and 2 kHz frequency for 2 hours and monitored the resulting changing in surface 

coverage between vibrated samples and controls. Experimentally, this was achieved using 

my vibrational procedure (Materials and Methods) with the only difference being the use 

of beads rather than cells suspensions. Under my experimental conditions, I observed 

that, for all tested beads, their surface coverage did not change when samples were 

vibrated (Figure 42). The same lack of response was also shared by both kind of particles 

with no statistically significant difference between them. Since general passive interactions 

are the only mean through which beads could interact with the surface, from these results 
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I concluded that passive interactions are not involved in cells response to vibrations.  

Specific interactions were studied next and dead cells were the mean I used to 

investigate them. As mentioned earlier, their lack of an active metabolism and 

physiological functioning would prevent dead cells from actively interact with surfaces. 

However, they would capture both generic and specific surface interactions via their shape 

and envelope. For this to be possible, membrane and its features needed to be preserved 

as much as possible upon cells death. Since most of the chemical and physical methods 

Figure 42: Surface coverage did not change when both carboxy and amine 

functionalised polystyrene beads were stimulated for 2 hours at 30 pN and 2 

kHz. Data represents the mean change in coverage with 95% confidence 

intervals (n > 130 for all conditions, p**** < 0.0001). Insert are fluorescence 

pictures from the surface representing ammine functionalised beads on both 

control and vibrated samples. 
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used to kill bacteria rely on severe membrane damage, I reasoned about the employment 

of antibiotics instead. Specifically, I opted for the ribosome targeting kanamycin that, by 

preventing protein synthesis, could kill bacteria with no direct damage to their envelope.  

I then treated overnight M63+ cultures with inhibitory concentration of kanamycin (50 

µg/mL) and incubated them over 24 hours at 30˚C. I confirmed cells death by plating 100 

µL of treated cultures on LB agar and checked for colony formation at 37˚C overnight. 

Among three replicates, no colony formed on plates (data not shown), confirming our 

procedure to be effective at making bacteria non culturable, a condition that I associated 

Figure 43: Vibrationally induced change in surface coverage is reduced 

by ~75% after 2 hours stimulation at 30pN and 2kHz of dead cells. These 

were treated with 50ug/mL of kanamycin for 24 hours prior to 

employment. Data represents the mean change in coverage with 95% 

confidence intervals (n > 140 for all conditions, p**** < 0.0001). Insert: 

fluorescence pictures from the surface representing dead cells on both 

control and vibrated samples. 
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to cells death. Having identified suitable conditions that used antibiotics to obtain dead 

cells, I tested how these responded to vibrations. To do this, I used the above overnight 

cultures treated with kanamycin to prepare my experimental suspensions. These were 

then vibrated for 2 hours at 30 pN and 2 kHz and their effect on surface coverage was 

quantified following the analysis of the resulting fluorescence images (Materials and 

Methods).  

Treating cells with 50 µg/mL kanamycin reduced the difference in surface adhesion 

between vibrated samples and control to 8 % (Figure 43). The implications of this finding 

are two folded: first, dead cells’ lack of active engagement with the surface significantly 

reduces their response to vibrations. However, as this partially persists, vibrational 

disruption of specific interactions with the surface cannot be ruled out and, together with 

active interactions, contributes to cells' vibrational response. 

Vibrations effect on cells’ adhesion appear then to have a mixed nature. In fact, while 

this mostly depends on cells actively engaging the surface, it also relies on the disruption 

to their specific interactions with it. 

What allow the above results to be inferred is that living and dead cells share the same 

envelop properties which allow them to interact with the surface through the same mixture 

of generic and specific interactions (Figure 41). While this assumption is sensible as 

kanamycin action on ribosomes kill cells by preserving the integrity of their envelope, this 

could nonetheless change over 24 hours because of passive protein degradation. Because 

of this, dead and living cells’ specific interactions with the surface could differ and with it 

their response to vibrations. 

Therefore, to dig deeper into the role that specific interactions play on cells vibrational 
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response, the difference in cells’ envelope between living and dead cells should be 

monitored. Fluorescence cytometry would allow such comparison as it can reveal both 

cells’ cells size and shape. Specifically, the greater the overlap in light forward and side 

scattering of living and dead cells populations, the more they would share similar 

envelopes. 

Unfortunately, because of time constraints, I have not been able to perform these 

experiments as I directed instead my experimental effort toward understanding how active 

interactions could mediate cells’ vibrational response. In fact, since both abiotic particles 

and dead cells response to vibrations was either absent or greatly diminished, the above 

results imply that their effect on cells adhesion mostly depends on the changing in cells’ 

physiology. Having established that the nature of mechanical stimulation is biological, I 

pursued the search for a mechanism by exploring which aspect of cells physiology 

vibrations would act upon. 

4-1.2 Membrane potential but not ribosome activity is 

necessary for cells vibrational response 

Confident in our believe that the nature of vibrational effect resided in cells biology, 

I needed to determine which aspect of their physiology vibrations would affect. To achieve 

this, I once more recurred to the use antibiotics, this time to suppress desired metabolic 

activities and looked at cell’s vibrational response. In fact, vibro-mechanical stimulation 

would have two effects on cells physiology: it would either induce the synthesis of new 

proteins or alter the functioning of pre-existing cellular machinery. Using a more technical 

jargon, the cells response would either be transcriptional or post-transcriptional. To 

investigate which of these was responsible for my findings, I targeted two of the most 
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fundamental aspects of cells physiology: ribosome activity and membrane potential. 

Ribosome activity is necessary for protein synthesis as they translate nucleotides 

into aminoacidic sequencies. Because of this central role they are therefore indirectly 

involved in those surface responses that require new proteins to be synthesised. 

Membrane potential might be instead a less well understood or known entity 

surrounding bacteria’s physiology but, as protein synthesis, it is one of their fundamental 

features if not the oldest and life defining one 202. From a physical perspective, this electric 

potential is originated from charged imbalances across cells membrane which are caused 

by their selective permeabilities to different ions. These resulting charge discrepancy 

between inner and outer membrane generates a faint electric field that in turn is 

responsible for the resulting potential. As in a gravitational field, bodies would move from 

higher to lower values according to their mass, so they would according to their charge in 

an electric one. Depending then on its sign, this would make either cations or ions to more 

easily to “fall” from outside to within the cell or vice versa. At its essence this is the 

fundamental role behind membrane potentials as cells can perform different tasks from 

these resulting ion fluxes 203. From a more biological stand points, membrane potential is 

so ancient, so well conserved across organisms and so fundamental to their functioning 

that it has even been suggested as our geological ancestor which first formed across the 

membranes of lithic debris in oceanic vents 202. The reason why life played around it so 

extensively lay behind its malleability as a tool. In fact, by controlling ion fluxes cells can 

also control their metabolic activities and those very same fluxes can also serve as energy 

source, which is capable to power many different physiological functions, the most 

important of which are cells motility and energy production. I will explore these in finer 

details in the coming sections but, to conclude our discussion here, because of membrane 
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potential critical role in cells physiology, bacteria tend to strike a balance between two 

opposite conditions: depolarisation and hyperpolarisation. The former happens when 

ions imbalance across the membrane is resolved and perfect chemical equilibrium is 

reached. On the opposite side, hyperpolarisation correspond to an increase in ion 

imbalance and membrane charge. Under normal circumstances in stationary phase, cells 

aim at maintaining a polarised state known as resting potential that in E. coli has a value 

of about ~150 mV 204. Because of its central role in cells activity, membrane polarisation 

appeared as a good candidate to monitor during cells vibrational response, a fact that is 

further supported by reports of its changings upon surface landing 80.  

 Because of the above reasons, I tested both the transcriptional and post-

transcriptional nature of cells response by observing how this changed when suppressing 

either ribosome activity or membrane polarisation using antibiotics. Specifically, for the 

former I used kanamycin and chloramphenicol which target ribosome complexes and 

prevent peptide bonds formation. For the latter, I used carbonyl cyanide m-chlorophenyl 

hydrazine (CCCP), an ionophore that suppress membrane voltage by permeabilising H+ 

ions. Since their electrochemical gradient in living cells is the principal component to 

bacteria overall membrane potential, its suppression leads to cells depolarisation. I 

therefore treated cells with the above antibiotics, suppressed necessary aspects of their 

physiology and looked at the effect this had on their response to stimulation.  

4-1.3 CCCP depolarisation of membrane potentials  

Since both kanamycin and chloramphenicol are of broadly and routinely applied 

in microbiology and genetic engineering, I did not question their effect on cells under my 

experimental conditions. However, CCCP is more context dependent, particularly in the 
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way cells polarization is quantified. Therefore, before using it to study membrane potential 

involvement in vibrational response, I confirmed CCCP depolarising effect on cells. To do 

this, I treated cells with increasing concentrations of CCCP and quantified their effect on 

membrane potential using fluorescence microscopy and the voltage-dependent dye: 

DiOC2(3). The nature of this dye, along with its electrophysiological response, will be 

described shortly and in finer detail in the following section. Here it would suffice to know 

that using this dye, variations in membrane potential can be monitored via changing in 

both its fluorescence frequency and intensity. Specifically, the dye’s fluorescence Stoke-

shifts from green to red when its intracellular concentrations increase in response to 

potential-driven electromigration. This cause polarised and depolarised cells to 

respectively appear in fluorescence pictures as red/yellow or green. To assess the extent 

of cells depolarisation, I quantified the ratio of red to green cells in pictures after these 

were treated with CCCP. What I expected from these results was to observe these ratios 

to diminish with increasing CCCP concentrations as less polarised red cells would appear 

in fluorescence images.  

Experimentally, I resuspended overnight M63+ cultures in sample dishes to which 

I added CCCP at working concentrations of 2, 5 and 20 µM. Samples were incubated in 

the dark at 30˚C for 2 hours then washed, imaged and the polarisation ratios determined 

from the resulting pictures. Specific image analysis tools and script have been used and 

these are now going to be described (Materials and Methods).  

Briefly, 5 to 15 pictures were gathered from surfaces after 2 hours of incubation. 

For a given location, images were acquired as pairs on both the red and green channels 

then automatically processed by a script to quantify their number on both. For every pair, 

I used the resulting values to compute the ratio of red over green cells which represented 
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the fraction of polarised cells on the surface.  

Following the above procedure, red/green ratios of surface attached cells stained 

with DiOC2(3) decreased exponentially with increasing CCCP concentrations (Figure 44). 

Values above 5 µM strongly decreased membrane polarisation as this was retained by less 

than 7 % of the imaged cells. These results confirm that, under my experimental 

conditions, CCCP depolarises cells which make it a suitable choice, together with 

kanamycin and chloramphenicol, to respectively suppress cells polarisation and protein 

synthesis. 

4-1.4 Vibrational response of antibiotic treated cells 

To understand if either protein synthesis or membrane potential were involved in 

Figure 44: Depolarising effect of CCCP on cells. a) Fraction of polarised cells (red) over total (green) decays 

with increasing CCCP concentrations. Data are the mean and SD of the resulting ratios from all pictures 

across three independent replicates. Dashed line is exponential decay interpolation (R2 = 0.94). b) Inserts of 

fluorescence images from surface attached cells stained with DiOC2(3). The number of polarised (red) cells 

decrease with increasing concentrations of CCCP. 
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cells response to vibrations, I once more played the game of associating a lack of response 

to a lack of function. In this case, I was interested in observing reduced vibrational 

response following the suppression of either protein transcription or cells polarisation. To 

do this I respectively treated cells with variable concentrations of ribosome targeting 

kanamycin and chloramphenicol or the proton ionophore CCCP and compared their 

change in coverage to untreated samples after stimulation. Since in the preceding section 

I saw how killing cells with antibiotics reduced their response to vibrations, to prevent this 

from biasing my results, in these experiments I limited cells exposure to antibiotics to 2 

hours while also testing sub-inhibitory concentrations.  

Experimentally I employed my vibrational procedure with the added difference 

that samples were supplied with the required amount of antibiotics. These were 10 and 

100 µM for kanamycin, 6 and 60 µM for chloramphenicol and 5 and 20 µM for CCCP. 

Samples were then vibrated for 2 hours at 50 pN and 2 kHz and their effect on surface 

coverage determined from the analysis of fluorescence images (Materials and Methods). 

Treating cells with ribosome targeting antibiotics had little to no effect on cells response 

to vibrations (Figure 45 A and B). In fact, inhibitory concentrations of chloramphenicol 

(60 µM) and kanamycin (100 µM) respectively caused a 0.87-fold-change and no 

significant variation in response relative to untreated cells. When these were instead 

depolarised with CCCP, vibrational response linearly decreased with its concentration 

(Figure 45 C). Specifically, after 2 hours exposure at inhibitory concentration (20 µM), 

cells response was almost halved to 0.56 of its original extent. 

Taken together, these results show that limiting protein synthesis have little to no 

effect on cells vibrational response. As such, this seems to be independent from the 

transcription of new proteins suggesting instead a post-transcriptional nature. Moreover, 
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when cells were depolarised with CCCP, their response to vibrations decreased. This 

proved instead that membrane potential is necessary for vibrations to affect cells behaviour 

during surface colonisation. Such a connection between these two phenomena presents 

the hypothesis that vibrational stimulation could affect cells polarisation and, through it, 

their ability to colonise surfaces. I therefore explored this hypothesis by studying the 

physiological effects that vibro-mechanical stimulation has on cells membrane potential.  

Figure 45: Change in vibrationsl response of 

antibiotic treated cells stimulated for 2 hours at 

50pN and 2kHz. Data represents the fold change in 

coverage after stimulation of antibiotically treated 

cells relative to their control. Ribosome targeting 

antibiotics (A and B) had little effect on cells 

response that decreased instead by 0.56 when these 

were depolarised with CCCP (C). Dashed lines are 

simple linear regressions (R2 > 0.91 for all cases). 
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4.2 Vibrations hinders cells surface hyperpolarisation 

The above results confirmed that cells membrane potential is necessary for vibrations 

to inhibit surface colonisation as this was reduced when cells were depolarised. These 

findings started filling the gap between vibrational stimulation and hampered surface 

colonisation suggesting they could be linked by cells polarisation. Since membrane voltage 

is not known to directly influence colonisation, this also suggest that some other aspect of 

cells’ physiology should transduce polarisation into colonisation changings.  

In the following sections I will explore these connections in further detail and I will 

present the work I did to clarify their influence on surface colonisation. The steps I 

followed are schematically represented Figure 46. In going from vibrational stimulation to 

reduced surface colonisation, first I elucidated the effect that vibrations have on cells 

Figure 46: Schematic representation of vibrational effect on cells. Stimultaions of pN intensities and 

kHz frequencies over 2 hours (I) proved effective in decreasing cells colonisation (IV). The previously 

uknown connection between the two appears to be dependent on cells physiology and their 

polarisation (II). To fill the knowledge gap between stimulation and colonisation, I explored how 

membrane potential change in reponse to vibrational stimulation and how this could influence other 

aspects of cells physiology which are relevant to surface colonisation (III). 
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membrane potential and second, I determined how its changings would influence other 

aspects of cells’ physiology which are linked to surface colonisation. Central to the above 

exploration is the concept of membrane potential. This is the first link in transitioning 

from vibrational stimulation to surface colonisation and it would therefore benefit my 

argument to briefly discuss why it is important and how it changes upon surface contact.  

4-2.1 Membrane potential and its role in cells physiology and 

surface response 

As introduced earlier in the text, cells membrane potential is fundamental for their 

functioning mostly because of its involvement in energy production and motility. Being 

living organisms, cells need energy to perform work and stay out of deadly equilibrium 

with their environment 205. The most basic energy currency cells use to perform these tasks 

is adenosine triphosphate or ATP. This is synthesised with apposite watermill-like 

membrane machinery known as ATPase. As a watermill use water’s gravitational gradients 

to do work, so ATPase uses electro-chemical gradients from H+ ions to do the same. These 

are actively pumped out of cells membrane which results in a charge imbalance that 

generates an electrostatic potential across it. Flowing as water through the wheel of a mill, 

protons then travel back to the cytosol across the ATPase machinery which transform the 

potential energy of their gradient into chemical energy of ATP bonds.  

Similar to the above process, bacteria transform proton gradients into motion through 

their flagella. In this case, the energy from such gradients is transformed in kinetic rather 

than chemical energy 206. This derives from apposite trans-membrane proteins which 

rotate in response to the H+ ions flowing through them. Such motion is then transferred 

to external whip-like structures, whose rotation propel cells in liquid environments. 
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Despite arising from the complex interplay of different factors, cells membrane is 

mostly dictated by the above H+ gradients 207. Because of the above role in energy 

production and motility, membrane potential has been thought to be constant in cells as 

its changings would hav dare consequences to their fitness. However, abundant evidence 

has been recently gathered supporting the opposite. Membrane potentials are mostly 

dynamics, changing over time in response to different stimuli and expanding what cells 

can do with them 203,208. Following this experimental evidence, polarisation dynamics are 

found involved to many physiological processes such as antibiotic resistance 209, inter and 

intra species signalling 210,211, growth control 212, spore formation 213, surface response and 

mechanical sensing 80,81. Particularly relevant to our investigation are these last two points 

that provide a link between membrane potentials and mechanical stimulation. Specifically, 

when E. coli cells land on a surface, their membrane potential goes through polarisation-

depolarisation cycles. This leads to the so-called electrical spiking behaviour with longer 

and more frequent spikes observed when surface attached cells were mechanically 

stimulated 80,81. I therefore hypothesised that vibrational stimulation could cause similar 

changings to cells polarisation when these approach the surface.  

Proving the above hypothesis would have strengthened the connection between 

membrane potential and vibrational stimulation and laid the foundations for a mechanism 

capable to explain their effect on colonisation. I then set out to test this hypothesis which 

I did using vibrations to stimulate cells and quantify their effect on polarisation.  

Because of bacteria small sizes, once more, the way I wanted to approach this was by 

using fluorescence microscopy. In fact, different dyes exist that relate fluorescence 

intensity to polarisation changings. These are known as voltage-dependent dyes as they 

redistribute across cells membrane following their electric potentials. Following this 
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approach, before studying such changings in polarisation, few preliminary works needed 

to be sorted: first, I identify a suitable dye to be used in E. coli and second, I optimised its 

staining under my conditions. Such preliminary exploration preceded by the working 

mechanism behind such dyes are about to be discussed. 

4-2.2 Voltage dependent “Nernstian” dyes 

As introduced above, fluorescence microscopy can be employed to follow changings 

in membrane potential using apposite dyes that relate fluorescence intensity to cells 

polarisation and for which they are referred to as Nernstian dyes 214. In fact, unsurprisingly, 

the way they works is by following the Nernst equation below: 
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In this one, V represents the voltage (mV), R and F are respectively the ideal gas 

and Faraday (~ 8,31 J • K-1 • mol-1) constants, T is the temperature (K) and X stand for the 

intra or extracellular concentration of a give ion (mol/L). This equation describes the 

equilibrium distribution of permeable ions across a membrane in response to an external 

electric potential.  

As we have seen, in cellular environments, this potential is mostly provided by the 

proton gradients across the membrane. Cells actively pump H+ ionss to generate a charge 

imbalance between the inner and outer side of the membrane. External ions would then 

experience this potential and adjust their intracellular concentrations accordingly to 

Equation 8. Because of the negatively charged inner membrane, ions response would differ 
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according to their charge. Anions would tend to be repelled and accumulate outside the 

cells while cations will be dragged within, increasing their intracellular concentration. 

Because of this mechanism, ions gradients would form across cells membrane and their 

extent directly depends on cells potential ΔV.  

Nernstian dyes rely on this very phenomenon to connect fluorescence to membrane 

voltage (Figure 47). In fact, these are organic ions in which either the cations or anions in 

the pair can be fluorescent. Their ionic and organic nature is what enables them to adjust 

their intracellular concentration following Nernst equation. Being ionic they can 

redistribute across cells membrane according to its potential, a process that is eased by 

Figure 47: Cationic Nernstian dyes are ionic organic chemicals where either the cations or the anions 

in the pair can act as fluorophores and that can relate fluorescence changings to membrane potential. 

Depending on the cationic or anionic nature of the fluorophore, increases in cell polarisation (more 

negative cytoplasm) will be respectively associate with increase or decrease in their fluorescence. In 

fact, with cationic dyes, when membrane potential increase and become more negative, more 

fluorophores are driven within the cells increasing its fluorescence. The reverse scenario is true for 

anionic dyes. 
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their organic nature and increased permeability.  

The ionic component of the dyes will then dictate the kind of fluorescent response 

following polarisation changings. In the case of cationic dyes, when potential increases so 

does cells fluorescence as more fluorescent cations are dragged into cells. This state is 

typical of hyperpolarised cells where membrane potential is increasing. Contrarily, when 

this is dissipated following cells depolarisation, fluorescence would diminish as less 

fluorophores are dragged into the cell. With these dyes, depolarised cells display little to 

no fluorescence, which would sharply increase during polarisation or hyperpolarisation. 

Where anionic dyes are employed, the above picture is reversed, with fluorescence 

decreasing with cells hyperpolarization and vice versa for depolarisation. Despite not 

being able to quantify the actual millivolts variation in membrane potential, the fluorescent 

measurements of these dyes can nonetheless monitor polarisation changings caused by 

different treatments. 

Moving forward, in the rest of our discussion I will only consider the cationic 

scenario from above as this is the behaviour followed by my dye of choice: the cationic 

DiOC2(3). 

4-2.3 DiOC2(3) and its staining optimisation 

3,3’-Diethyloxacarbocyanine iodide, or DiOC2(3), is a permeable organic dye that 

is positively charged and follow Nernstian behaviour with added capabilities (Figure 48). 

Not only it accumulates in cells following their polarisation state, but the colour of its 

fluorescence is also dependent on their voltage as it changes from green to red. Specifically, 

in its diluted form, the dye fluorescence is green with emission centre at 510 nm. However, 

when cells are polarised, it will electromigrates within them increasing its intracellular 
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concentration and shifting its fluorescence to red (> 600 nm). This process is brought 

about by the π-stacking of the dyes aromatic rings which aggregate and form clusters 

whose fluorescence emission is red. The extent of clusters formation and fluorescent shift 

is proportional to the dye electromigration within the cell following polarisation increases. 

This cause polarised cells to have variable degrees of red/yellow fluorescence while 

depolarised one are characterised by green fluorescence only.  

These chemical properties of DiOC2(3) make it suitable not only for fluorometric 

but also ratio-metric determination of membrane voltage. In fact, the fraction of polarised 

cells can be determined from the ratio of red to green cells in fluorescence images. When 

such ratio decreases, less cells turn red which indicate a reduction in their polarisation. 

Because of this flexibility, and its previously attested Nernstian behaviour in E. coli 215, I 

chose to use DiOC2(3) for monitoring changings in membrane potential caused by 

vibrational stimulation. 

Before proceeding and discuss the relevant experiments, few conditions needed to 

Figure 48: DiOC2(3) chemical structure. The stacking of 

the aromatic wings is responsible for the formation of 

molecular clusters that shift its fluorescence emission 

from green (510 nm) to red (670 nm). 
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be optimised regarding DiOC2(3) employment such as: strain selection and staining 

conditions. So far I used SCC1 187, a mutated strain of E. coli MG1655 constitutively 

expressing Gfp (Materials and Methods). However, its intrinsic green fluorescence would 

have likely compromised both the fluorometric and ratiometric determination of its 

polarisation. To circumvent the problem and follow membrane potential responses upon 

vibrational stimulation, I employed its unmodified parent strain, MG1655. 

I then optimised DiOC2(3) staining conditions. Specifically, I wanted to achieve 

bright red and green fluorescence emission which would have facilitated both ratiometric 

and fluorometric measurements. To achieve this, two factors required my attention: dye 

concentration and membrane permeabilization. As mentioned above, dye diffusion across 

cells membrane happens with relative ease, however this might not always be the case. In 

gram-negative species such E. coli, their outer membrane impose severe limitations on the 

diffusion of many chemicals being these antibiotics or fluorescent dyes 216. To circumvent 

the issue and permeabilise the membrane during staining, different compounds are used, 

the most common of which is ethylenediaminetetraacetic acid or EDTA 217,218. This 

destabilises cells envelope via the complexification of divalent cations such as Mg2+ and 

Ca2+ which decrease the electrostatic repulsions among charged lipids heads forming the 

membrane.  

I therefore used values from the literature to test different dye (30 µM and 150 µM) 

and EDTA (2 mM and 11 mM) concentrations that would have achieved bright cells 

fluorescence 215,219. Figure 49 reports these values along with the experimental procedure 

I followed to test and optimise DiOC2(3) fluorescence in MG1655.  
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Briefly, I resuspended overnight M63+ cultures to a 0.05 OD600. Cells were then 

allowed to attach to the surface for 100 minutes and then stained for 20 minutes using 

different combinations of DiOC2(3) and EDTA. This was done by replacing 3 mL of 

suspension with the same amount of staining mixture in M63+. After staining was 

completed, samples were diluted 1 in 25 with fresh medium using a serological pipette 

and finally imaged using fluorescence microscopy to gather between 15 to 20 pictures of 

the surface for both the red and green channels (Materials and Methods).  

Figure 49: DiOC2(3) staining optimisation procedure. From left to right, overnight M63+ 

suspensions of MG1655 are left to attach to polystyrene surfaces for 100 minutes. These are 

then stained for 20 minutes by replacing 3 mL of suspension with the same volume of a 

staining mixture in M63+. This contained the required amounts to achieve the above 

reported combinations of DiOC2(3) and EDTA. Dyes concentration in samples was diluted 1 

in 25 replacing twice 4 mL of stained suspension with fresh M63+. Finally, samples surfaces 

were imaged using fluorescence microscopy and pictures were gathered as pairs in both 

the red and green channel. 
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Following the inspection of these images, I observed brighter fluorescence when 

cells were stained with 150 µM DiOC2(3) and 11 mM EDTA (Figure 49). Consequently, I 

picked these values to be my reference staining conditions and used them to study cells 

change in membrane potential upon mechanical stimulation. 

4-2.4 Vibrational stimulation hinders cells hyper-polarisation 

during surface colonisation 

Before discussing the effect that vibrational stimulation has on bacteria membrane 

potential, it could be beneficial to quickly summarise the results that led to this point. First, 

in the previous chapter, I established a connection between vibrational stimulation and 

surface colonisation. In fact, stimulating cells with mechanical forces of piconewton 

magnitudes and kilohertz frequencies, reduced surface coverage and its colonisation. I saw 

that such an effect was proper to living cells as it was absent or greatly diminished in non-

living equivalents such as abiotic beads and dead cells. Therefore, the observed response 

to stimulation had to be meditated by active interactions between the cells and the surface 

suggesting its biological nature and the involvement of some cell physiological feature. I 

then identified one of such features as the bacteria membrane potential. In fact, when this 

was dissipated with the ionophore antibiotic CCCP, vibrational change in coverage was 

almost halved suggesting this is necessary for vibrations to influence cells surface 

behaviour. Finally, I resolved on monitoring polarisation changings upon vibrational 

stimulation using the voltage dependent dye DiOC2(3). Of this, I optimised its staining 

conditions under my experimental needs. Everything is set now to describe the effect of 

vibrational stimulation on cells membrane potential, presenting both the relevant 

experiments and their results.  
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From an experimental perspective, I achieve the above by stimulating cells at a desired 

frequency and intensity, then I stained them with DiOC2(3) and use fluorescence 

microscopy to determine both fluorometric and ratiometric changings in fluorescence that 

I used to infer cells variable polarisation.  

This was achieved by adjusting my procedure, the result of which is depicted in Figure 

50. Overnight cultures of MG1655 in M63+ were resuspended in 5 mL of fresh medium 

at an OD600 of 0.05 within small polystyrene petri dishes that were then vibrationally 

stimulated for 120 minutes at 50 pN and 2 kHz. To prevent any delay between the stop of 

vibrations and surface imaging, I stained cells during the remaining 20 minutes of their 

stimulation. Specifically, after 100 minutes, I paused vibrations and stained cells with 150 

µM DiOC2(3) and 11 mM EDTA. I did this by replacing 3 mL of suspension with a staining 

mixture in M63+ which had the required components to reach the desired working 

concentrations in the samples. Vibrations were then resumed for 20 more minutes which 

Figure 50: Vibrational procedure used to study the effect of mechanical stimulation on cells membrane 

potential. I, cells from M63+ overnight cultures are resuspended in 5mL fresh medium within 

polystyrene sample dishes. II, these are loaded on vibrational device and stimulated at 50pN and 2kHz 

for 120 minutes.  After 100 minutes, samples are stained for the remaining 20 minutes with a mixture 

of DiOC2(3) and EDTA (150µM and 11mM working concentrations respectively). III, stained suspension 

is diluted 1 in 25 and IV, fluorescence pictures are recorded. 
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coincided with staining time. Before imaging, to reduce dye background fluorescence, I 

diluted the samples 1 in 25 by replacing twice 4 mL of stained suspension with fresh 

M63+. Once diluted, contrary to previous vibrational experiments, I did not wash the 

samples but immediately imaged them using fluorescence microscopy. The reason behind 

the absence of a washing step was justified by the desire to quantify changings in cells 

physiology as a response to vibrations. Specifically, washing would have compromised the 

results by removing cells from the surface and therefore preventing me from monitoring 

population wide changings in their polarisation. Finally, from the gathered pictures I 

quantified variations in fluorescence from which I inferred changings in membrane 

polarisation.  

To do this I relied on two quantification methods: ratio-metric and fluorometric. 

Turning from green to red in polarised and hyperpolarised cells, DiOC2(3) can in fact be 

used to monitor changings in membrane potential by simply comparing the ratio of red to 

green cells in fluorescence images. Fluorescence intensity was instead derived from the 

average pixel values of cells in the pictures. Specifically, I limited the analysis to red 

fluorescence as it is the only one that can vary depending on the degree of cells 

polarisation. To do this, I first identified cells in red images using segmentation algorithms 

and second, for each of them, I determined its fluorescence from their average pixel 

intensity. I then plotted these values as normalised frequencies distributions of the total 

imaged population and compared these between conditions. 

From the above experiments and plots, I observed two interesting phenomena. First, 

upon vibrational stimulation, the extent of depolarised cells increased from 15% to 24% 

(Figure 51 B). Second, in both control and vibrated samples, cells polarisation on the 

surface were bimodally distributed indicating two coexisting sub-populations: one at a 
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lower peak representing polarised cells and a second one, peaking at 2𝜎 of the former 

suggesting the presence of hyperpolarised cells (Figure 51 A). Interestingly, these 

distributions differed between vibrated samples and controls in the proportion of 

hyperpolarised but not polarised cells. In fact, integrating the curve below and above 2𝜎, I 

observed that vibrations decreased the fraction of hyperpolarised cells from 30% to 22% 

A B 

Figure 51: A) Frequencies distributions of DiOC2(3) red fluorescence in cells with and without 

vibrational stimulation at 50 pN and 2 kHz. The number or red fluorescence cells was normalised by 

the total number of cells for both conditions. Imaged populations were bimodally distributed with a 

first peak at 116 a.u. and a second hyperpolarisation peak centred at 2 SD from the first one (153 

a.u.). Solid lines are the gaussian interpolation of the data (n > 1.6 x 104 and R2 > 0.98 for both 

conditions). Shaded areas are the integrals under the interpolating curves. Insert are fluorescent red 

cells on the surface on control sample. B) Fractions of cells polarisation on gathered mages for both 

vibrated and control samples derived from the frequency distributions in a and ratio-metric 

measurements. Values for polarised, hyperpolarised and depolarised cells respectively are 55%, 30% 

and 15% for control and 54%, 22% and 24% for vibrations. 
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while the number of polarised cells remained almost unvaried to about 55% of the imaged 

population (Figure 5 B). This indicate that vibrations could interfere with cells 

hyperpolarisation on surface, increasing cells depolarisation by decreasing their 

hyperpolarisation. 

Taken together, the above results proved that during surface colonization cells adjust 

their membrane potentials which are bimodally distributed indicating the existence of 

hyperpolarised sub-populations. Moreover, mechanical stimulation in the form of surface 

vibrations, disrupts this process particularly by limiting cells hyperpolarisation. 

Interestingly, this changes in membrane voltage also appear to precede and correlate with 

the reduction in surface coverage, presenting the hypothesis that vibrations could hinder 

surface colonisation by interfering with these polarisation dynamics.  

To test this hypothesis, I artificially disrupted cells membrane voltage and observed 

how this impacted surface colonisation. I already saw how polarisation can be disrupted 

by the ionophore antibiotic CCCP, however this severely depolarise cells causing a much 

more drastic effect than vibrational stimulation. To find a methodology enabling the 

gentler tuning of cells membrane voltage, I directed my attention to cations and their 

fluxes across cells’ membrane. 

4-2.5 Magnesium influxes limit cells polarisation and 

decrease surface colonisation 

One-way cells can regulate their membrane potential is through the efflux of 

cations. Magnesium effluxes and subsequent hyperpolarisation have been shown to occur 

when cells are under stress from sub-lethal concentrations of ribosome targeting 

antibiotics 220,221. I reasoned that a similar response could be shared by other cellular 
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stressors such as the membrane strain coming from the surface during its colonisation. 

Increasing magnesium extracellular concentrations could then inhibit such effluxes and 

prevent cells from hyperpolarise in response to stress which would provide the mean 

needed to suppress this process and study its effect on both cell colonisation and response 

to vibrations. 

Consequently, I monitored the effect that increasing extracellular Mg2+ content has 

on cells hyperpolarisation by rising its concentration in the samples by 10-fold (from 1 

mM to 10 mM) and quantified its effect on polarisation using fluorescence microscopy. 

To do this I used the same procedure as for the above experiments with the added 

difference that samples magnesium content was enriched and these were not vibrated 

Figure 52: Schematic representation of our experimental hypothesis. Vibrational stimulation 

leads to cells limited polarisation which is assumed responsible for their reduced surface 

colonisation. To confirm this hypothesis, I treated cells with known polarisation disruptors (10 

mM magnesium and 5 µM CCCP) and observed their effect on surface colonisation. 
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(Materials and Methods).  

From these experiments, I observed that increased concentrations of extracellular 

magnesium decreased the fraction of hyperpolarised cells to 7 % while increased that of 

depolarised to 54 % (Figure 53 B and C). Magnesium fluxes appeared then to influence 

Figure 53: A and B) Frequency distributions of DiOC2(3) red fluorescence with 1 mM and 

10 mM magnesium extracellular concentrations. The number of red fluorescent cells was 

normalised by the total count from the green channel for both conditions. Solid lines are 

gaussian interpolations (n = 1.6 x 104 and 4 x 103, R2 = 0.99 and 0.84 for 1 mM and 10 mM 

respectively).C) are the fraction of polarised cells in the population for Mg2+ and CCCP 

treated cells. D) Is the change in coverage after 2 hours colonisation for cells treated with 1 

mM, 10 mM, 5 µM CCCP. Data are normalised to 1 mM control and represents the mean 

with SD (n > 118 for all conditions, p.values**** < 0.0001). 

A 

B 

C 

D 
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cells polarisation dynamics on the surfaces, particularly inhibiting hyperpolarisation 

without causing population wide depolarisation as from CCCP treatment. 

 Along with CCCP, I then used increased magnesium contents to disrupt cells 

surface polarisation and study its effect on colonisation (Figure 52). As such I treated cells 

with either 10 mM magnesium or 5 µM CCCP, let them to colonise surfaces for 2 hours 

and compared the resulting coverages to untreated cells. Experimentally, I resuspended 

cells from M63+ cultures in 5 mL of fresh medium within polystyrene petri dishes (35 

mm). I then supplemented the samples with either 10 mM of MgSO4 or 5µM CCCP. 

Control samples and CCCP treated ones had the normal amount of Mg2+ (1 mM). 

Colonisation was then allowed for 2 hours while samples were incubated in the dark at 

30° C. After this they were washed and change in surface coverage relative to the control 

determined from the analysis of fluorescence pictures (Materials and Methods). 

From these experiments I observed that treating cells with either CCCP or 10 mM 

magnesium decreased surface colonisation by respectively 31% and 34% (Figure 53 D). 

Interestingly, depolarisation with CCCP was not statistically different to magnesium 

treatment, suggesting that the reduction in coverage is mostly dependent on the 

diminished hyperpolarisation rather than population wide depolarisation. To summarise, 

these findings show that disrupting cell polarisation dynamics on the surface hinders 

colonisation, supporting the hypothesis that the same mechanism could explain cells’ 

reduced adhesion upon vibrational stimulation. 

A sensible explanation of this behaviour involves the uncontrolled opening of 

mechanosensitive or ions channels as a response to mechanical stimulation. The 

piconewton forces that this applies on cells envelope could in fact generate enough 

pressure to open such channels so allowing ionic species to leak the cells thereby altering 
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their membrane potential on the surface.  

Given that the peak-to-peak action of acceleration forces on cells occurs in 

milliseconds and the typical conductance of E. coli ion channels is in picoamperes, the 

opening of a single channel might leak between 103 and 104 ions/ms 31,38,207. Because the 

most abundant ions have millimolar concentrations in cells, these can lose 0.1 to 1 % of 

those species every millisecond, generating a significant change in membrane potential. 

Aside from expanding the understanding of cells surface polarisation, the above 

work consolidated the connection between cells polarisation and surface colonisation by 

establishing membrane potential at the front of the causal chain connecting these two 

phenomena. However, cells voltage is not known to be directly involved on both cells 

adhesion and colonisation which ask for some other physiological aspect to complete the 

connection. On this matter, two closely related features of cells biology came to the rescue: 

motility and flagella mechanosensing. In fact, they both are linked to membrane potential 

by the flagella’s motor, a protein machinery the functioning of which depends on cells 

polarisation, and they have also been recently associated with cells ability to attach and 

colonise surfaces 79,206,222,222–224. As such, I reasoned that these two physiological aspects of 

bacteria and their Janus connection to both membrane potential and adhesion, could have 

provided the missing link between changings in polarisation and colonisation. It is 

therefore time to discuss how these were both involved and influenced cells response to 

vibrations. 
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4.3 Cells motility and its relevance to vibrational 

response 

Bacteria ability to swim is a fundamental aspect of their physiology as this enable them 

to find nutrients and colonise their environment. However, because of their small sizes, 

this is very viscous as ordinary water changes when looked up closely at the microscopic 

scale. There, the same weak bonds between hydrogen atoms among molecules which are 

responsible for its macroscopic liquid behaviours, are no longer so weak for bacteria the 

size of few microns. For them, water is a viscous medium which is as hard to pierce 

through as it would be for human to swim in pitch205.  

Nonetheless bacteria do this and they do it well. In fact, when foraging for food during 

chemotaxis, they can propel themselves to speeds up to 30 µm/s or, considering an 

average 2 µm size, 15 body length per second; the equivalent of a human running 110 

km/h 31,205. How they achieve this is through the employment of specific extracellular 

structures: flagella. These whip-like filaments rotate in a mixed clock and counter-

clockwise rotation that make bacteria stop (tumble) and resume swimming based on 

newly acquired environmental information such as nutrients gradients.  

Why flagella are relevant to this discussion is because of the energy source cells use 

to fuel them: the electrochemical proton gradient that make their membrane potential. In 

fact, through specific transmembrane proteins known as motA/B, about a 105 H+ ions are 

used every second to power their rotation which, depending on the viscosity of the 

surrounding medium, can happen between the hundreds and thousands of times a second 

31,198,206, faster than modern jet turbines. As these are powered by electric currents travelling 

into their circuit, flagella are fuelled instead by ions flowing across their membrane. This 
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ability of membrane potential to act as a charged capacitor providing the current required 

for their functioning define a strong connection between cells polarisation and motility 

enabling changing in the former to influence the latter.  

But what is even more relevant to our discussion about flagella, is not only their 

connection to cells polarisation but also to surface colonisation. In fact, flagella are well 

known to be under-regulated when cells transition from planktonic to sessile behaviour 

as they found little to niche uses when cells are attached to hard surfaces or bundled into 

biofilms 225,226. However, during the early stages of this transition and within few hours of 

surface exposure, the situation is reversed and flagella are fundamental for their adhesion. 

First, they can bias cells swimming toward the surface. The conditioning layer 

forming on them make so that surfaces carry positive nutrients gradients, activating cells 

chemotactic machinery which direct them toward the surface. Second, once this is reached, 

cells further utilised flagella as tools to improve their adhesion and colonisation. The way 

this happen is via two major mechanisms: flagella mechanosensing and motility driven 

adhesion 79,224,227,228 (Figure 54). Recent findings support the idea that flagella’s motor 

Figure 54: Hypothetical causal chains connecting vibrational stimulation to reduced surfece colonisation. 

Vibrations hamper cells polarisation on surfaces which can lead to hindered colonisation either via 

altered flegalla motility or mechanosensing. 



152 

could partake in sensing of mechanical stimuli coming from the surface during adhesion 

via some yet unclear chain of events that would transduce them into cells response. The 

details are varied and species dependent, but the results is all the same: improved cells 

adhesion and increased intracellular concentration of second messenger such as cAMP 

and c-di-GMP 140. Surface colonisation is also directly dependent on the degree of cells 

motility. Specifically, cells motion can influence their ability to attach and colonise the 

surface 143,224. In fact, when cells approach it, they can decrease their speed to ease their 

adhesion facilitating the contact with the surface in what results as a motility driven 

adhesion. 

Because of these connection to both surface colonisation and cells polarisation, 

flagella motility can serve as the missing link in our findings and bridge vibrational 

stimulation to surface colonisation. In the following of this chapter I will explore how 

motility is both involved and influenced by vibrational stimulation discussing the 

experiments I performed to gauge how motility driven adhesion and surface sensing are 

entailed in cells vibrational response. 

4-3.1 Tracking cells motility on polystyrene surfaces 

As a first step in connecting changings in membrane potentials to flagella motility, 

I tested our ability to monitor this process on polystyrene surfaces using fluorescence 

microscopy. Specifically, by applying tracking algorithms to video records I derived spatio-

temporal trajectories that I used to classify surface motion and follow its changings across 

different experimental conditions.  

To test the reliability of my methodology, I recaptured the variable motility between 

fast and slow growing cells. In fact, a correlation exists between duplication rate and cells’ 
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flagellation as both their assembly and functioning are upregulated in growth promoting 

environments 229.  Consequently, flagella activity is stronger when cells are fast dividing in 

rich media during exponential phase at physiological temperature and it decreases when 

growing rate slowdown at lower temperature, in minimal media or upon entering 

stationary phase.  

The reasons for this behaviour are still debated but an explanation relies on cells 

energy management during growth. In fact, flagella are very inefficient machines as every 

rotation contributes only 0.1% of the energy required to propel the cell which make 

investing resources in their functioning detrimental when nutrients are scarce and 

metabolic energetic output limited 230. To achieve different growing rates, I therefore varied 

the culturing medium, temperature and time. Specifically, fast growth was achieved by 

culturing cells in rich medium (LB) at higher temperature (37˚C) for shorter times (3 

hours) while for slow growth I used minimal media (M63+) at lower temperature (30˚C) 

overnight (~18 hours).  

Complementing this preliminary methodological tests, I also accounted for 

influences arising from Brownian motion. This random movement is typically 

encountered in liquids for objects smaller than few microns and it depends on the 

stochastic anisotropy of their collision with the surrounding water molecules which would 

set them in motion. To determine the impact of this effect, I studied the displacement of 

negatively charged abiotic particles 1 µm in diameter. Lacking any form of self-propulsion, 

their only source of motion would in fact derive from such random influences. 

From an experimental perspective, I compared cells and beads surface motility 

using the following procedure (Figure 55): when cells were employed, their growing 

conditions differed from fast and slow growers: fast growth was achieved culturing cells 
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overnight in rich LB medium at 37˚C and then re-inoculating them (1 % volume) in fresh 

medium for further 3 hours growth at 37˚C. Slow growth was achieved instead culturing 

cells in minimal M63+ medium overnight at 30˚C. After growth, cells from both 

conditions were then resuspended within polystyrene petri dishes at a 0.1 OD600 in 5 mL 

of motility buffer (PBS + 0.2 % glucose).  

Where beads were used the same suspension as above were prepared by simply 

diluting the required amount from a stock solution. To facilitate the detection of both cells 

and beads, I used a green-fluorescent E. coli strain (SCC1) and particles (1 µm in diameter, 

Materials and Methods). Samples were then imaged under the microscope, surface 

motility recorded as four videos (20 s, 30 fps) and the experiments performed in 

independent triplets for a total of 9 records per condition. These records were then 

Figure 55: Schematic representation of the procedure used to assess differences in surface 

motility among abiotic particles and cells under both slow (M63+, 30˚C, 18 hours) and 

fast (LB, 37˚C, 3 hours) growing conditions. Both beads and cells were resuspended at 0.1 

OD600 in 5 mL motility buffer (PBS + 0.2% glucose) within petri dishes (35 mm) (I). For each 

condition, video records (20 s) were recorded (II), converted into image stacks and object 

specific trajectories were derived analysing them with track algorithms (III). All 

experiments were performed as independent triplets recoding 3 to 4 videos in each.   
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analysed using a TrackMate, a tracking algorithm plugin freely available in FIJI 231.  

Every video was first converted into image stacks which the program used to derive 

spatio-temporal tracks of surface moving cells. From these, I then computed the total 

trajectory length and the farther distance between two points in a track, known as its max 

displacement. To account for differences in size between tested objects, the above statistics 

were converted from microns to body-lengths. This conversion was based on the average 

diameter of the tracked objects which, in the case of beads, was readily available from the 

manufacturer label. For cells instead, I experimentally determined this value from the 

analysis of florescence pictures under both rich and minimal growth and rounded their 

value to one significant digit. The conversion factors were therefore 1 µm for beads, 2 µm 

± 0.2 SD for cells grown in M63+ and 3 µm ± 0.5 SD for LB growers. I then used these 

quantities to classify motion as either stationary, rotating or travelling 232. Stationary were 

those objects which moved less than half a body length, rotating moved between half and 

one while travelling moved more than one body length (Figure 57 A). Finally, I compared 

these fractions and their underlying populations across experimental conditions.  

Following the above experiments, I first observed that all conditions were 

characterised by some degree of surface motion although its extent greatly varied between 

them (Figure 56). For example, looking at the frequency distributions of the trajectory 

lengths, beads travelled the less with an average of approximately 1.5 body lengths. These 

were followed by slow growing cells in M63+ which travelled an average total distance of 

11 body lengths while fast growers in LB displayed a bimodal distribution with two sub-

populations moving respectively an average of 7 and 20 body lengths.  
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I observed a similar trend when looking instead at the populations’ distributions 

of cells and beads max displacement (Figure 56 B). This shared the same averaged and 

population trends as trajectory length with beads moving the less (0.30 body lengths ± 

0.31 95 % C.I.), followed by slow growers in M63+ (0.80 body length ± 0.16 95 % C.I.) 

and fast-growing cells in LB moving the farthest (1.40 body length ± 0.34 95 % C.I.).  

Despite travelling trajectories of several body lengths, the above values proved that 

all objects are relatively confined on their motion. This is particularly true for beads and 

M63+ cultured cells that, despite an average trajectory length of respectively 2 and 11 body 

length, did not moved further than a quarter or half a body length indicating a mostly 

static surface behaviour. This was partially explained when looking at the classification of 

Figure 56: Population averaged and underlying frequency distributions of 

both the total trajectory length (a) and max displacement (b) for tracked 

polystyrene carboxy functionalised beads (PS-COOH) and slow and fast-

growing cells in either minimal M63+ or rich LB. Bars plots show the mean 

and 95% confidence intervals of the total tracked objects per conditions (n = 

60, 233 and 175 for PS-COOH, M63+ and LB respectively). Solid lines are 

gaussian interpolations (R2 > 0.85 for all conditions). 
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beads and cells motion from which a clearer picture appeared (Figure 57 B). In fact, the 

almost entirety of the imaged beads population (92 %) was stationary on the surface as 

they moved within a confined radius of less than half a body length.  

This picture was reversed for both slow and fast-growing cells where the fraction 

of static cells respectively decreased to 39 % and 29 %. Interestingly, for cultured cells in 

M63+, rotation between half and one body length proved to be the most common surface 

behaviour which contributed almost half of the imaged population (46 %). In opposition, 

Figure 57: Classification of different motions from analysed trajectories (a). For every tacked object, 

the max displacement (δ) in their trajectory was computed in body lengths and used to classify their 

motion according to this value.  Fraction of stationary, rotating and travelling objects classified for 

each condition (total number of tracked objects = 60, 233 and 175 for PS-COOH, M63+ and LB 

respectively). 



158 

fast growing cells in LB, most of the population (42 %) travelled beyond one body length. 

Together, the above results confirmed greater surface motility in fast growing cells 

and accounted for the limited influences of Brownian motion in our experimental 

conditions. In fact, cells cultures in rich LB medium showed the highest fraction of 

travelling population on the surface (42 %) which, in average, moved 1.40 body lengths. 

Moreover, the almost entirety of polystyrene particles in our record moved less than 0.3 

body lengths they were standing stationary on the surface. Brownian motion had therefore 

negligible influence on the observed cells movement which is to be the results of their 

genuine self-propulsion. In summary, the above confirmed that my tracking methodology 

can correctly identify differences in cells motility and can be used to explore how this is 

influenced by vibrational stimulation. 

4-3.2 Vibrational stimulation has limited effect on cells surface 

motility 

In the paragraphs above I saw how membrane potential influence flagella motility 

by providing the energy required for their rotation. Consequently, when cell polarisation 

changes in response to mechanical stimulation I would also expect this to indirectly affect 

cells motility. Given its strong connection to surface colonisation, proving such influence 

could explain the reduced coverage observed on vibrated samples.  

To tackle this experimentally, I used my vibrational procedure to stimulate cells at 

30 pN, 2 kHz for 2 hours (Figure 58, Materials and Methods). After stimulation, samples 

were not washed for the same reason discussed when determining changings in their 

polarisation. In fact, washing would have removed cells with altered motility and reduced 

adhesion capabilities. Samples were instead diluted by replacing 4 mL of cells suspension 
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with motility buffer (PBS + 0.2 % glucose) and subsequently imaged using fluorescence 

microscopy to record three 20 seconds videos of surface moving cells. This was repeated 

for three independent experiments and, as described in the preceding section, from the 

analysis of the resulting video records I derived cells trajectories that I used to classify cells 

surface motion. 

From these experiments I observed little variation in the fraction of moving cells 

between vibrated samples and controls (Figure 59 A). In fact, the population distribution 

of cells max displacement was mirrored in both conditions where most of the imaged cells 

for were standing stationary on the surface as only 15 % and 11 % were either rotating or 

travelling (Figure 59 B). Responsible for this change was the population of travelling cells 

that almost quadrupled in vibrated samples increasing from 0.6 % to 2 %. This small 

increase also led to a significant difference in cells average max displacement that 

increased from 0.43 to 0.54 µm (Figure 59 C). 

Figure 58: Experimental procedure used to determine the effect of vibrational stimulation on surface 

motility. Cells from overnight cultures in M63+ were resuspended in 5 mL fresh medium at 0.02 OD600 

within petri dishes (35 mm) (I) and then vibrated for 2 hours at 30 pN and 2 kHz (II). Samples were 

diluted by replacing 4 mL of suspension with motility buffer (PBS + 0.2% glucose) (III) and three to four 

videos of surface moving cells recorded using fluorescence microscopy (IV). Three independent 

experiments were then performed for both samples and non-vibrated controls. 
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Vibrational stimulation appears then to cause a limited but nonetheless statistically 

significant increase in cells surface motility. However, these results should be handled with 

care before inferring any meaningful effect to surface colonisation. In fact, these might be 

more informative of the accuracy of the analytical method rather than providing any 

biological insight. Despite the higher proportion of motile cells on vibrated samples, the 

effect is small as it increases the number of motile cells and their max displacement by 

only 4 % and ~100 nm respectively. Because of this, it is unlikely that such difference in 

motility would be responsible for the 1/3 reduction in surface coverage caused by 

vibrational stimulation. Explaining this behaviour are two non-mutually exclusive reasons: 

first, from these data I do not have any information about the rate at which the above 

fractions of stationary, rotating and travelling cells evolved with time. In fact, when these 

results are compared to those from the preceding session, I saw that motility greatly 

A B C 

Figure 59: A) Frequency distributions of cells max displacement for both vibrated samples and 

controls. B) Classification of cells motion from the distributions in a. C) Average max displacement of 

control and vibrated populations. Data represents the mean with 95% C.I. (n > 1600 for both conditions, 

solid lines in a are gaussian interpolations, R2 > 0.98 for both). 
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decreased during 2 hours of surface colonisation. Specifically, form cells culture overnight 

in minimal medium, this diminished from 65 % to only 15 % (Figure 57 B and Figure 59 

B). This increase of static cells could in fact be happening differently between vibrated 

samples and controls. Under this light, vibrations could be altering not the final 

proportion of motile cells but how quickly these transition from motile to static. Second, 

statistical biases due to the small number motile cells, could have led to either statistically 

significant or non-significant results depending on the handling of a limited number or 

outliers. 

In conclusion, while the above results proved that vibrations can affect cells 

motility, it is unlikely that this is responsible for the concomitant change in coverage 

caused by vibrations. For this reason, I excluded changings in motility as part of the causal 

chain connecting hampered polarisation to hindered colonisation.  

4.4 Flagella’s motors are necessary for vibrations to 

alter cells surface behaviour 

In the introduction to this section I mentioned how flagella could act as a Janus 

connector in the causal chain between reduced cells polarisation and surface colonisation 

and how this can be brought about by a single feature: their motors. In fact, two of it 

composing proteins, motA/B, fulfil this role by both using cells polarisation to power 

flagella rotation and by affecting cells adhesion through motility and 

mechanotransduction 206,223. In the preceding section we saw how motility varied little 

upon mechanical stimulation, suggesting that this is less likely to explain the resulting 

change in surface colonisation. Purpose of this section wouldbe to assess flagella’s second 
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way to influence this process: surface sensing (Figure 60). 

How bacteria use their flagella to sense and response to surfaces is still lively 

debated within the scientific community, but many accounts exist of their involvement in 

the process. To connect to what I discussed in the introduction of this text, this comes in 

the form of both mechanosensing and mechanotransduction. The former has been 

reported to occur in E. coli as it adjust flagella rotation based on external load 60. In fact, 

when bacteria engage a more viscous environment or approach a surface, flagella’s rotation 

slow down under increasing torque. As a response, more motor units co-operatively 

assemble to power rotation and restore swimming speed. This mechanosensitive 

correction of flagella rotation based on mechanical load is among the best understood and 

stronger evidences of this process happening in bacteria. 

Following these direct observations are then a broader number of 

mechanotransduction pathways that have also be suggested in the past years and which 

Figure 60: Schematic representation of the connection between cells polarisation and surface 

colonisation. Upon mechanical stimulation the former is decreased with potential consequences for 

both cells motility and flagella mechanosensing. Having excluded motility as a mediator between 

polarisation and colonisation I are now about to explore how this role could be fulfilled by flagella 

mechanosensing instead.   



163 

connect flagella surface induced behaviours. Despite many of these accounts lack a 

complete mechanistic connection between flagella and surface colonisation, their 

associations have been widely reported to occur in many different species. All these share 

the same theme of observing impaired surface colonisation and decreased c-di-GMP spikes 

when flagella, particularly their motors, are removed from the cells. Recent and clear 

examples of these have been observed in both C. crescentus and P. aeruginosa 74,79,228,233. 

Within the former, removing flagella’s motors decrease colonisation by limiting the on-

time secretion of their holdfast, a surface adhesin that ease cells adhesion. In P. aeruginosa 

reduced pili activity was observed when surface engaging cells were deprived of flagella’s 

motors 74. Despite its differences in kind among species, these observations are unified by 

the common effect that bacterial flagella’s motors (BMF) appear to have on cells upon 

surface landing: increased c-di-GMP signalling. As this is usually found in much higher 

concentration within sessile cells, its concentration spikes in response to surface contact 

and their reduction following BMFs removal had provided strong evidence of their 

involvement in surface sensing and sessile transition. 

Because of the above evidence of BFM influence on surface colonisation, I tested 

how this process could play a role in explaining cells altered colonisation upon vibrational 

stimulation. Rather than assessing one of the specific pathways linking the two, I looked 

instead at their relation of necessity. Specifically, as I have done many times in our work, I 

did this by removing BFMs and observed how this affected cells response to vibrations. 

Once more, if this was suppressed by the mutation then BFM would have been a necessary 

mean through which mechanical stimulation could affect cells surface behaviour. 
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Therefore, to achieve the above I mutated my fluorescent MG1655 strain and 

removed the genes responsible for the assembly of flagella’s motors: motAB. This was done 

as a cooperative effort with Alex Osgerby, another PhD. candidate in the lab that has been 

responsible for the design and execution of the required mutagenic steps. Briefly, these 

made use of Gene-doctoring to knock out the target genes 234 while all the plasmids needed 

by the method were prepared through Gibson-assembly (Materials and Methods). The 

resulting mutants were then used to assess BFM influence on cells vibrational response 

which I did this by comparing their vibrational change in surface coverage to that of the 

mother strain.  

Flagella play an important role in surface adhesion primarily because they help cells 

swimming to the surface. As a result, mutants that lack flagella are likely to display lower 

surface adhesion. To prevent this from biassing experimental results, I compared the 

change in surface coverage of non-vibrated to vibrated mutants. As a result, the intrinsically 

lower adhesion caused by the mutation would equally affect both control and vibrated 

samples, allowing any difference to be solely attributed to the lack of flagellar motors. 

Figure 61: Fold change in surface coverage following 2 hours 

stimulation at 50 pN and 2 kHz of both WT (MG1655) and 

∆motAB mutants lacking BFMs. Data are the mean and SD of 

the fold-change in coverage between vibrated samples and 

control for each condition. (n = 121 and 77 for WT and 

∆motAB respectively. p.value **** < 0.0001). 



165 

Experimentally I then achieve this by resuspending overnight M63+ cultures of the 

above mutants in 5 mL of fresh medium within small petri dishes. Surface adhesion was 

then allowed for 2 hours by incubating the samples in the dark at 30˚C while these were 

stimulated at 50 pN and 2 kHz. I then washed them and collected 30 to 40 pictures from 

the surface using fluorescence microscopy. All images gathered from three independent 

replicas were then grouped together and used to determined change in surface coverage 

between vibrated samples and controls for both the WT and mutants (Materials and 

Methods). 

From these experiments I observed that removing BFM halved vibrational effect as 

this changed from a 35 % to a 18 % reduction in surface coverage (Figure 61). This shows 

BFMs are necessary for vibrations to alter cells colonisation, suggesting that they are part 

of the causal chain connecting vibrational stimulation to hampered adhesion. 

However, similarly to what I observed with dead cells, removing flagella did not 

entirely suppressed cells response to stimulation. While this behaviour requires further 

investigation, I envisage two possible explanations of it. First, disruption to cells’ specific 

interactions with the surface could still affect mutants adhesion on vibrated samples. From 

the dead cells results I discussed above, this process appears in fact to be one way in which 

vibrations affect surface adhesion. Because the mutation preserves cells’ envelope, 

vibrational stimulation could still act on the same set of specific interactions and affect 

mutants’ adhesion. Consequently, while removing flagella would sap the active 

component of cells response, vibrational disruption to cells’ specific interactions can 

explain mutants residual decrease in coverage. 

As a second explanation, flagella are not the only mechanical transducer through 

which mechanical stimulation could influence cells surface behaviour. Removing flagella 
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would therefore reduce vibrations effect on cells without entirely suppressing it. 

What these other elements of signal integration could be is hard to tell at this stage, 

but the mechanical nature of the vibrational stimulation suggests the involvement of 

mechanosensitive channels. Further experimental work is needed to elucidate 

complementary signalling pathways to flagellar dependent one. 

4.5 Conclusion 

The last finding from the above section begs one question regarding which 

mechanism would weave together my observations? I would like to put forward one such 

mechanism that by integrating cells surface response and my findings could explain how 

vibrations affect colonisation (Figure 62). 

 When E. coli cells approach a surface the increased torque on flagella reduces their 

rotation which also decreases the number of H+ ions consumed to fuel this process. 

Consequently, as more of them accumulate on cells membrane, its potential rises inducing 

cells hyperpolarisation 235. I observed this happening as surface colonising cells had 

bimodally distributed membrane polarisations which suggest different extents of torque 

induced hyperpolarisation. As less H+ ions flow across the membrane, this process is also 

associated to cells cytoplasm alkalinisation which rise its pH. Recent findings support this 

observation showing that alkaline spikes occur in E. coli during surface colonisation 82. 

The polarisation dynamics I monitored appear then as a voltaic representation of 

these subjacent alkaline spikes. Such cytoplasm alkalinisation had finally been proved to 

promote surface adhesion and sessile transition by rising c-di-GMP intracellular 

concentrations 82. Within this framework, I propose that vibrations influence cell adhesion 
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by limiting flagellar torque-induced hyperpolarisation thereby reducing c-di-GMP 

signalling and so impeding both cell sessile transition and surface adhesion. 

While this hypothesis merges my results with recent developments on E. coli 

surface response, further work is needed to consolidate the above model.  

First, the connection between changings in membrane potential and c-di-GMP 

Figure 62: Schematic representation of cells tickling through which vibro-mechanical 

stimulation can influence surface colonisation and planktonic to sessile transition. Upon 

approaching a surface, cells experience increased flagella torque which slow their rotation (I). 

As less protons are consumed to power their functioning, cells cytoplasm become more 

negative causing both cells to hyperpolarise and their pH to increase (II). This ultimately 

stimulate diguanylate cyclase activity rising intracellular c-di-GMP concentrations favouring 

both cells sessile transition and surface colonisation. Vibrations interfere with the above 

process hindering cells hyperpolarisation in response to increasing flagella’s torque. As such, 

cytoplasm alkalinisation is reduced, limiting c-di-GMP intracellular concentration and with it 

both cells sessile transition and surface colonisation. 
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synthesis, while sensible, demands further experimental evidence. Successfully capturing 

reduced intracellular expression of c-di-GMP on vibrated samples would provide such 

much-needed proofs.  

Second, how do vibrational cues dissipate cells’ membrane potential? In this sense, 

I envision two scenarios centred on vibrationally induced ion fluxes and reduced flagellar 

torque generation. In the first hypothesis, mechanical forces acting on cells' membrane 

could cause mechanosensitive or ion channels to open, allowing cation fluxes to counter 

flagellar induced hyperpolarisation. As previously stated, flagella rotating speed reduces 

near the surface, consuming fewer protons that then accumulate outside cells’ inner 

membrane. The ensuing hyperpolarisation could be countered by offsetting protons 

electrochemical gradient via the transmembrane migration of positively and negatively 

charged species. The most abundant of these such as Na+, K+, Mg2+, Cl- and glutamate could 

move according to their own electrochemical gradients through mechanosensitive or ion 

channels, the opening of which can be triggered by the piconewton forces or pascal 

pressures exerted on cells’ membrane. 

Alternatively, mechanical stimulation can hinder surface hyperpolarisation by 

affecting the very same torque increase experienced near surfaces by flagella. Stimulating 

forces acting on their filaments or membrane embedded motors could then reduce the 

torque generated on surface contact, thereby decreasing the strengthening of protons 

electrochemical gradients and resulting membrane hyperpolarisation. The above 

mechanism are not mutually exclusive and they can jointly explain how mechanical 

stimulation limit cells hyperpolarisation during surface adhesion. 

Finally, if ions fluxes are to occur during cells’ mechanical stimulation, it would be 

interesting to understand their nature and specificity. Are cations or anions fluxes 
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involved? Would there be any specific sensitivity to monovalent (Na+ and K+) or divalent 

(Ca2+ and Mg2+) cation fluxes?  

In summary, bacteria stimulation with piconewton intensity inhibits surface 

colonisation by hindering membrane hyperpolarisation. Such tickling sensation, while 

fitting nicely into the establishing frame of E. coli surface sensing, deepens our 

understanding of this phenomenon and set cells’ mechanobiology as a new way to control 

it.  
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5. CONCLUSION & PERSPECTIVE 

With the above it ends not only this chapter but also my experimental effort and 

journey, which started with both a narrow and broad question. On the narrow side I 

wondered if mechanical stimulation could influence bacteria surface colonisation, while on the 

broad side the scope of my work was oriented toward understanding if bacteria 

mechanobiology is a viable path to control their behaviour. Looking back to the preceding 

chapters the answer to both the above is yes.  

Starting with my narrower investigation, this was firmly proved by observing that 

nanometric vibrations with piconewton intensities decrease cells’ ability to colonise 

surfaces. This effect appears to be mostly dependent on stimulating frequency rather than 

intensity, as lower frequencies of 0.5 and 1 kHz diminished cells response compared to 2 

kHz where all tested intensities equally reduced surface colonisation. Aside from purely 

engineering parameters such as frequency and magnitude, the observed effect is also 

strongly dependent on surface sedimentation. Specifically, the resulting clusters and 

sediments can damp vibrational transmission, reducing their influence on cells behaviour. 

Accounting for this effect and stimulating cells under limited sedimentation, vibrations 

can reduce surface colonisation by up to 36 %. 

While these results proved the clear influence that mechanical stimulation has on 

cells surface behaviour, stimulation is the core feature that supports my claim. In fact, 

different mechanical forces can be applied to cells but this does not automatically qualify 

them as effective stimulants. To act as such, forces need to play around cells physiology, 

more specifically they need to influence their sensing pathways. Not only I reasoned about 
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what the right scales for bacteria mechanical stimuli could be, but different evidence in my 

work supports that I successfully identified them. First, I excluded cells damage as an 

explanation to my findings since this was negligible following mechanical stimulation. 

Second, non-living equivalents such as abiotic beads and dead cells both failed in 

responding to stimulation, suggesting that the effect is not based on a passive physical 

ground, but it requires instead an active physiological component. Rather than disrupting 

physical interactions between cells and surfaces, vibrational stimulation alters their 

behaviour by acting as a genuine stimulant.  

From this the question then centred around the effect of this stimulation, which 

part of cells physiology it touched and most importantly, how was this influenced? On this 

regard I first noticed that vibrational effect on cells was independent from protein 

synthesis as when this was suppressed their response didn’t change, suggesting that it has 

a posttranscriptional nature. In fact, cells’ response was induced by their altered 

polarisation dynamics. Specifically, vibrations appear to hinder surface colonisation by 

limiting cells’ ability to hyperpolarise.  

Flagella mechanosensitivity and transduction rather than motility provides the link 

between altered polarisation and surface behaviour. In fact, as I found comparable cells 

motilities between vibrated samples and controls, the lack of bacteria flagella’s motors 

completely suppressed their response to vibrations. 

The success of my narrow task in establishing the influence that vibrational 

stimulation has on surface colonisation can be ultimately formalised into a mechanistic 

pathway. For this one, mechanical stimulation acts similarly to a tickling sensation that 

prevents flagella’s dependent hyperpolarisation, ultimately hampering sessile transition 

and surface colonisation. Such simple and previously unreported phenomenon in 
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bacteria, other than being an interesting observation by itself, can serve the scientific 

endeavour in few ways.  

On one side it provides a sensible strategy to deal with bacterial biofilms by either 

influencing their formation or controlling their development. Mechanical stimulation and 

its inhibitory effect on sessile transition can delay or outright prevent biofilm growth. This 

can be achieved either employing vibrations by themselves or as a complement to existing 

strategies. Moreover, given the strong influence that mechanical clues have on biofilm 

development, mechanical vibrations can affect this process by applying cues of both 

controlled intensity and frequency. On the other side, the above mechanism and 

observations can benefit current mechanosensing and mechanobiological efforts by 

confirming several experimental observations and bringing them together into a unified 

picture.  

This new knowledge supports and expands our understanding of the role of 

surface displacement in biofilm formation. Vibrations with static surface wave patterns are 

used in kinetic techniques to contain biofilm development. These have demonstrated that 

biofilms form selectively at points of zero surface displacement (vibrational nodes) but not 

at maximum displacement (antinodes) 183,184. While this is commonly explained by the 

insurgence of hydrodynamic fluxes and cells’ transport to the surface, the same locations 

might subject cells to respectively minimal and maximal acceleration forces. As a result, 

mechanical stimulation, by reducing cells’ surface adhesion, can contribute to explain the 

suppression of biofilm formation at wave antinodes. Also, in those instances where 

homogeneous surface vibrations have also been used 180,181, I believe that mechanical forces 

acting on surface vibrated cells explains the reduced biofilm development by hindered 

surface adhesion and sessile transition.  
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Mindful of such tickling sensitivity, biofilms control strategies can be enhanced by 

shifting our attention from the surface to the cell. On this sense, I can foresee the merging 

of surface physico-chemical modification to cells mechanical stimulation, leading to 

rounder strategies capable to exploit both surface properties and cells sensing. Seeing the 

low cost and ample flexibility of vibrational approaches, such a future is at close 

experimental reach. Finally, while I focussed on surface adhesion, it is intriguing to think 

that mechanical stimuli could also control other force dependent behaviours such as 

virulence. Upon surface contact, several mechanotransductive pathways supersede its 

activation in both P. aeruginosa and pathogenic E. coli 53,72,75 which make it a prime target 

to exogenous mechano-control.   

Coming now to the broader perspective of my work, I intended this to act as a proof 

of concept by showing that our ability to control cells behaviour can be extended from 

chemical and optical to also mechanical cues. As this has already successfully be done 

within eukaryotes, my results are the first supporting evidence that this can also be 

possible with bacteria. Moreover, my findings are reassuring in nowadays abilities to 

overcome technical limitation that prevented bacteria mechanobiology from being 

exploited in the past. Specifically, as bacteria can be up to 40 times smaller than 

eukaryotes, it had been difficult to apply and monitor the effect that mechanical cues have 

on them. However, I believe that today advances in cells imaging and mechanical 

engineering make the above possible allowing bacteria mechanobiology to join chemical, 

optical and electrical toolkit available for scientists to influence cells behaviour.  

Moving in this direction and capitalising on cells mechanical response could open 

entirely new ways to control them. Taking inspiration from my own work, mechanically 

induced changings in cells polarisation can be used to specifically activate transformed 
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genetic elements. This mechanically induced genetic transcription (or mechano-genetics) 

could innovate fields such as synthetic biology and bioengineering. In fact, this would give 

experimenters a new tool to activate genetic circuitry on a completely different physical 

channels with potentially no interference with existing chemical and optical cues.  

I hope that this work could be beneficial in expanding the current understanding 

of bacteria surface colonisation, highlighting how this can be influenced using mechanical 

stimulation and underlying the importance that cells polarisation has on this process. On 

a wider scale, I also hope that my findings could vouch for the possibilities that awaits 

when cells mechanobiology is exploited to control their behaviour. The field is young, fast 

expanding and fertile to interdisciplinary approaches serving a prime opportunity to 

harness and learn from tickling bacteria.  
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6. Materials and Methods 

1. PDMS synthesis: 
This was performed by Dr. Nasim Mahmoodi using Slygard 184 elastomer kit in a 10:1 base 

to crosslinker ratio following manufacturer instructions. Briefly, the two components (vinyl-terminated 

base and curing agent) are mixed at the desired ratio. To remove any air bubbles formed while mixing, 

mixtures were degassed through 5 pumping cycles in a low vacuum chamber. These were then 

moulded onto foil wrapped silicon wafers at a volume allowing the obtention of 2 mm thick uniform 

films which were then cured for 45 minutes on a hotplate at 100˚C. The resulting PDMS films were 

finally post-cured in a conventional oven at 165˚C over a period of 48 hours. 

2. Surface samples preparation:  
Samples were assembled from 35 x 10 mm triple vented polystyrene sterile dishes (Sarstedt) 

to which 34 x 1 mm polished iron disks were fixed at their outer bottom surface using epoxy-glue 

(Loctite). In the case of polystyrene, surfaces were readily available by the dishes inner bottom surface 

themselves while for PDMS, sample dishes were plasma treated (2 minutes, air plasma) and submerged 

for 20 minutes with 3 mL of a 5% (weight/volume) APTES solution in water ((3-

Aminopropyl)triethoxysilane, Sigma-Aldrich). 6 x 6 x 2 mm (L x W x H) PDMS patches were then 

plasma treated (1 min, air plasma) and bonded to the polystyrene dishes bottom. After binding, 

samples were rinsed with 20 mL of distilled water and blown dry with argon gas. Surface samples were 

finally sterilised for 20 minutes using short UV radiation (280 nm) before been sealed with parafilm 

and let to recover surface hydrophobicity over a minimum period of 24 hours. 

3. Media preparations: 
LB broth (Sigma-Aldrich) was prepared in deionised water, autoclave before employment and 

stored at room temperature for up to two months. M63+, a minimal and low osmolarity medium, was 

prepared as a variation of standard M63. This is using succinate as extra carbon source and has reduced 

glucose content (0.2%, weight/volume). 5X stocks were prepared with the following additions: 

(NH4)2SO4 (15mM, Sigma-Aldrich), KH2PO4 (100mM, Sigma-Aldrich), sodium succinate (17mM, 

ThermoFisher) and FeSO4 (1.8μM, Sigma-Aldrich). The mixture was then neutralised to pH 7 with 

KOH 5M (Sigma-Aldrich). Before employment, the medium was diluted to 1X in deionised water and 

supplemented with MgSO4 (1mM, ThermoFisher) and D-glucose (10mM, 0.2%, ThermoFisher). Stock 

solutions were stored at -4 ̊ C for a maximum of six months before employment. 

4. Bacterial strains and growing conditions: 
I employed the following E.coli K-12 sub-strains throughout our experiments: SCC1, MG1655 
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and PHL644. SCC1, is a MG1655 mutant constitutively expressing Gfpmut3* while PHL644 is an 

MC4100 strain carrying a mutation at the ompR operon causing curli overexpression 236. For each strain 

a single colony from an LB agar plate was collected with a sterile inoculation loop, inoculated within a 

120 mL flask containing 10 mL of M63+ minimal medium and incubated overnight (16 - 20 hours) at 

30 ̊C and 150 rpm.  LB growth was achieved instead by inoculating 5 mL of medium with a single 

colony within 25 mL culturing tubes. Cultures were then incubated at 37˚C overnight. LB agar plates 

with colonies were stored at -4 ̊C and employed when less than a week old. All strains came from 

separate 50% glycerol stocks stored at -80 ̊C and refreshed monthly.  

5. Curli expression monitored though flowcytometry:  
Curli expression was monitored overtime using E.coli MC4100 harbouring pJTL-TET plasmids 

causing fused CsgA-Gfp expression. Cultures were setup in 200 mL M63+ at 30˚C, aliquots were taken 

every hour and passed on the flow-cytometer (BD Accurri C6 Plus) to monitor variation in cells 

fluorescence.  

6. Bacteria colonisation of polystyrene samples:  

Overnight E.coli  SCC1 cultures in M63+ were centrifuged at 3200 g and resuspended in 5 mL 

of fresh medium at the desired suspension density (OD600) within polystyrene petri dishes (35 mm in 

diameter).  Surface colonisation was then allowed by incubating the samples at 30˚C in the dark for 

variable times depending on experimental needs (mostly between 10 to 240 minutes). Samples 

surfaces were then washed to remove unattached cells and surface coverage determined from 

fluorescence pictures as explained in the following sections.  

7. Washing methodologies:  

Air-loose methodologies allowed samples to get exposed to the air. These have been tested as 

two different techniques: (i) Dipping: samples dishes containing cellular suspensions were dipped three 

times in and out of boxes containing 400 mL of PBS buffer; ii) Pipetting: sample dishes containing 

cellular suspensions were first emptied and then then their surfaces washed with 50 mL of PBS buffer 

using a serological pipette. 

Air-tight methodologies avoided instead samples surfaces from being directly exposed to the 

air during washing. Sample dishes containing cellular suspensions were submerged in 400 mL PBS 

within plastic boxes and held in position at their bottom using magnets attached on the back of said 

boxes. These were then shaken for 1 minutes and 30 seconds using a longitudinal shaker (150 strokes 

per minute). This process was repeated twice with fresh buffer.  

After any of the above methodologies, to prevent spillages, 5 mL of excess buffer were removed 

from the dish using a pipette. 
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8. Fluorescent microscopy:  

Cluster monitoring in suspension and cells stranding: to compare E.coli MG1655 clusters 

formation in either overnight cultures or 0.1 OD600 resuspensions in M63+, 10 µL from both were 

respectively stained with  5 µL of a 200 µM Syto9 solution in PBS (ThermoFisher). 10 µL of the stained 

suspension were then transferred on a glass slide, covered with a 24 x 24 mm coverslip and imaged 

using a 100 x oil objectives (Zeiss Axiolab E-re). A minimum of 15 images were recorded per sample 

for three experimental replicates. When interested in cells stranding on the surface, I loaded cells on a 

glass slide as for the above procedure. Then I imaged the edges of the thin liquid film between this one 

and the supported coverslip. A total of 15 to 20 pictures were collected for each of the three replicates. 

Video records of the retracting films were recorded for 20 seconds at 30fps, using a Moticam 1080. 

Surface coverage quantification: 30 to 40 pictures from polystyrene samples were taken at 

random locations on the surface using a 40 x dipping objective (Zeiss Axiolab E-re). 

9. Bacteria vibrational stimulation 

Overnight E.coli SCC1 cultures in M63+ were centrifuged at 3200g and resuspended in 5mL 

of fresh medium at 0.4 OD600 within polystyrene petri dishes. These were then placed on our vibrational 

device, incubated in the dark at 30˚C and stimulated for 2 hours at variable combinations of pN 

intensities and kHz frequencies (Table 1). Samples were then washed (Air-tight) and 30 to 40 pictures 

gathered from the surface using fluorescence microscopy. These were then digitally processed and 

analysed to derive cells surface coverage on both vibrated samples and non-vibrated controls. The 

resulting change in coverage between these was then expressed as percentages by normalising the 

results from the vibrated samples by the mean coverage of their associated control. All tested conditions 

and experiments were performed in triplets. 

10. Vibrational stimulation under variable cells concentrations: 

Overnight E.coli SCC1 cultures in M63+ were centrifuged at 3200 g and resuspended in 5 mL 

of fresh medium at variable OD600 (0.1, 0.2, 0.4, 0.8 and 1.2) within polystyrene petri dishes. These 

were then placed on our vibrational device, incubated in the dark at 30˚C and stimulated for 2 hours 

at 30 pN and 2 kHz. Samples were then washed (Air-tight), imaged (8) and surface coverage quantified 

(27). 

11. Over time stimulation with sedimentation: 

Overnight E.coli  SCC1 cultures in M63+ were centrifuged at 3200 g and resuspended in 5 mL 

of fresh medium at 0.4 OD600 within polystyrene petri dishes. These were then placed on our vibrational 

device, incubated in the dark at 30˚C and stimulated at 30 pN intensity and 2 kHz frequency for either 

60, 120 or 240 minutes. Samples were then washed (Air-tight), imaged (8) and surface coverage 

quantified (27). 
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12. Surface sedimentation fractions: 

Overnight E.coli  SCC1 cultures in M63+ were centrifuged at 3200 g and resuspended in 5 mL 

of fresh medium within polystyrene samples dishes at variable OD600 of 0.2, 0.4 and 0.8. For each 

condition samples were incubated at 30˚C in the dark for variable times (1, 10, 30, 60, 120 and 240 

minutes) at the end of which 10 to 15 pictures of the surface were gathered and analysed to infer the 

fraction of sediments covering the surface (27). The average values coming from three independent 

replicates were then plotted for every time point of each condition and interpolated using sigmoidal 

curves.  

13. Over time bacteria stimulation without surface sedimentation 

Overnight E.coli  SCC1 cultures in M63+ were centrifuged at 3200 g and resuspended in 5 mL 

of fresh medium within polystyrene samples dishes at OD600 of 0.2 or 0.4 when stimulation length was 

respectively above and below 1 hour. Samples were then loaded on or vibrational device, incubated at 

30˚C in the dark and stimulated at 30pN and 2kHz for progressively longer times of 10, 30, 60 and 

120 minutes. Samples were then washed (Air-tight), imaged (8) and surface coverage quantified (27). 

14. Improved surface adhesion over time 

Overnight E.coli  SCC1 cultures in M63+ were centrifuged at 3200 g and resuspended in 5 mL 

of fresh medium within polystyrene samples dishes at different OD600 depending on surface 

colonisation times and reported in the table below. 

Colonisation time 

(minutes) 

Cell concentration 

(OD600) 

120 0.2 

60 0.25 

30 0.28 

15 0.33 

 

Surface colonisation was then allowed by incubating the samples at 30˚C in the dark for longer 

times (from 15 to 120 minutes). Samples were then washed (Air-tight), imaged (8) and surface coverage 

quantified (27). 

15. Effect of colonisation time on vibrational stimulation 

Overnight E.coli  SCC1 cultures in M63+ were centrifuged at 3200 g and resuspended in 5 mL 

of fresh medium within polystyrene samples dishes at variables OD600 depending on surface 

colonisation length and according to the table in 14. Cells in samples were incubated at 30˚C in the 

dark and let to colonise the surfaces for progressively longer times of 15, 30, 60 and 120 minutes. After 



179 

this, samples were diluted 1 in 25 by replacing 4 mL of suspension with the same amount of fresh 

medium twice using a serological pipette. Samples were then loaded onto the vibrational device, 

incubated once again at 30˚C in the dark and vibrations were applied for 2 hours at 30pN and 2kHz. 

Samples were finally washed (Air-tight), imaged (8) and surface coverage quantified (27). 

16. Vibrational damage on cells envelope 

Overnight E.coli SCC1 cultures in M63+ were centrifuged at 3200 g and resuspended in 5 mL 

of fresh medium within polystyrene samples at 0.2 OD600. Samples were then incubated at 30˚C in the 

dark and vibrations were applied for 2 hours at 30pN and 2kHz. After 1 hour and 40 minutes cells 

were stained within the samples for the remaining 20 minutes with a mixture of Syto9 (3.5µM w.c.) 

and Propidium Iodide (18µM w.c., ThermoFisher LIVE/DEAD Bac-light kit). This was done by 

replacing 1 mL of suspension with the same volume of a preprepared staining mixture. To prepare this 

one, both dyes were diluted in the ration of 1 µL of stock per mL of sample. After staining and vibrations 

were completed, samples were washed (Air-tight) and 30 pictures gathered from the surface on both 

the red and green channel using fluorescence microscopy. These were finally analysed to derive the 

ratio of damaged cells according to 27. 

17. Vibrational response of polystyrene functionalised beads and dead cells 
(1) Abiotic particles: Fluorescent carboxy and ammine functionalised beads (L4655 and 

L2778, Sigma-Aldrich) were used directly from stock to prepare 5 mL PBS suspensions 

within polystyrene petri dishes (35 mm) at 0.6 OD600. Samples were then incubated at 

30˚C in the dark and vibrations applied for 2 hours at 30 pN and 2kHz. Surfaces were 

then washed (Air-tight), imaged (8) and surface coverage quantified (27). All 

experiments were performed as triplets. 

(2) Dead cells: Overnight E.coli SCC1 cultures in M63+ were centrifuged at 3200 g and 

resuspended in 15 mL of fresh medium within polystyrene samples at 0.4 OD600. Cells 

were then treated with 50 µg/mL of kanamycin (~100 µM) and incubated at 30˚C 

overnight. From this suspension, 5 mL were transferred into polystyrene petri dishes 

(35 mm), incubated at 30˚C in the dark and vibrations applied for 2 hours (30pN, 

2kHz). After this, samples were washed (Air-tight), imaged (8) and surface coverage 

quantified (27). Experiments were performed in triplets.  

18. Cells depolarisation using CCCP 

Overnight E.coli MG1655 cultures in M63+ were centrifuged at 3200 g and resuspended in 5 

mL of fresh medium within polystyrene samples at 0.05 OD600. To these, I added different volumes of 

CCCP (carbonyl cyanide 3-chlorophenilhydrazone, Fisher Scientific) to achieve concentrations of 0, 2, 

5 and 20 µM. Samples were then incubated in the dark at 30˚C for 2 hours and during the remaining 
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20 minutes they were stained with DiOC2(3) (3,3’-Diethyloxacarbocyanine Iodide, Thermo Fisher). 

This was done by replacing 3 mL of suspension with the same amount of a staining mixture in M63+ 

which contained the required amount of dye (150 µM w.c.) and EDTA (11 mM, Thermo Fisher). 

Samples were then diluted 1 in 25 by twice replacing 4 mL of stained suspension with the same volume 

of fresh M63+ and were finally imaged using fluorescence microscopy. For every condition, 5 to 15 

pictures of the surface were gathered on both the red and green channel which were then used to 

determine the ratio of red to green cells (27). Results were averaged across three replicates, plotted and 

interpolated with an exponential decay function.  

19. Vibrational effect on antibiotic treated cells 

Overnight E.coli SCC1 cultures in M63+ were centrifuged at 3200 g and resuspended in 5 mL 

of fresh medium within polystyrene samples at 0.2 OD600. These were then treated with both inhibitory 

and sub-inhibitory concentrations of kanamycin (10 and 100 µM, Thermo Fisher), chloramphenicol (6 

and 60 µM Thermo Fisher) and CCCP (5 and 20 µM, Fisher Scientific). For each condition, samples 

were loaded on the vibrational device, incubated in the dark at 30˚C and stimulated for 2 hours at 50 

pN and 2 kHz. Following this, sample were washed (Air-tight), imaged (8) and surface coverage 

quantified (27). The resulting values were then normalised by the mean change in coverage of 

untreated cells and these results coming from three independent replicates were plotted. 

20. DiOC2(3) staining optimisation 
Overnight E.coli MG1655 cultures in M63+ were centrifuged at 3200 g and resuspended in 5 

mL of fresh medium within polystyrene samples at 0.05 OD600. These were then incubated for 2 hours 

and during the remaining 20 minutes cells were stained using different combinations of dye and EDTA 

according to the table below. 

DiOC2(3) (µM) EDTA (mM) 

150 2 

150 11 

30 2 

30 11 

These were supplied by replacing 4 mL of suspension with the same amount of a staining mixture in 

M63+ containing the required amount of dye and EDTA. Finally, samples were diluted 1 in 25 by 

replacing 4 mL of stained suspension with the same volume of fresh M63+ before being imaged using 

fluorescence microscopy to gather 15 to 20 pictures on both the red and green channels. These were 

used to qualitatively judge stain effectiveness. 



181 

21. Changings in cells polarisation following vibrational stimulation and magnesium 
treatment 

(1) Vibrational stimulation: Overnight E.coli MG1655 cultures in M63+ were centrifuged 

at 3200 g and resuspended in 5 mL of fresh medium within polystyrene dishes (35 

mm) at 0.05 OD600. These were then incubated in the dark at 30˚C and vibrationally 

stimulated for 2 hours at 50 pN and 2 kHz. During the remaining 20 minutes, cells 

were stained using 150 µM DiOC2(3) and 11 mM EDTA. To do this, 4 mL of samples 

suspension were replaced with the same volume of a staining mixture containing dye 

and EDTA amounts required for the above working concentrations. After staining, 

samples were diluted 1 in 25 by replacing twice 4 mL of stained suspension with the 

same amount of fresh M63+. Cells on surfaces were then imaged using fluorescence 

microscopy to gather 20 pictures as pairs on both the green and red channels. These 

pictures were the analysed (27-4b) to derive both the fractions and distributions of 

polarised cells on the surface for both vibrated samples and their controls. All the 

relevant experiments were performed in triplets. 

(2) Magnesium treatment: Overnight E.coli MG1655 cultures in M63+ were centrifuged at 

3200 g and resuspended in 5 mL of fresh M63+ within polystyrene dishes (35 mm) at 

0.05 OD600. Magnesium concentration was then adjusted by adding either 1 mM 

(controls) or 10 mM (samples) MgSO4. These were subsequently incubated in the dark 

at 30˚	C for 2 hours. During the remaining 20 minutes cells were stained with DiOC2(3) 

(150 µM) and EDTA (11 mM) by replacing 4 mL of suspension with the same volume 

of a staining mixture in M63+ containing the required amounts of dye and EDTA for 

the above working concentrations. To ensure no change in Mg2+ concentration during 

staining, the above mixtures also contained either 1 mM (controls) or 10 mM 

(samples) MgSO4. Following this, controls and samples were diluted 1 in 25 with fresh 

M63+ at respectively 1 mM or 10 mM magnesium content by replacing twice 4 mL of 

stained mixture with the same amount of fresh medium. Samples were then imaged 

using fluorescence microscopy to gather 20 pictures of cells on the surface on both the 

red and green channels. To determine both polarisation ratios and changings in 

fluorescence intensity, samples were finally analysed according to 27-4b. 

22. Changing in cells colonisation following magnesium and CCCP treatment 
To determine the effect that cells depolarisation and inhibited hyperpolarisation have on 

surface colonisation, overnight E.coli SCC1 cultures in M63+ were centrifuged at 3200 g and 

resuspended in 5 mL of fresh medium within polystyrene dishes (35 mm) at 0.2 OD600. Samples were 

supplemented with either 10 mM MgSO4 or 5 µM CCCP and then incubated in the dark at 30˚	C. 

Control and CCCP samples were supplied with standard magnesium content (1 mM). Finally, surfaces 
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were washed (Air-tight), imaged (8) and surface coverage quantified (27-1). 

23. Cells and beads motility on polystyrene surfaces 
I compared surface motilities of abiotic beads and cells using tracking algorithms. To do this, 

when cells were used, I grew them in either M63+ or LB. For growth in minimal medium E.coli SCC1 

was cultured overnight at 30˚	C while for growth in rich medium cells were first grown overnight at 37˚	

C then reinoculated as 1% (v/v) in fresh medium for 3 more hours at 37˚	C. From the resulting cultures, 

cells were then centrifuged at 3200 g and resuspended in motility buffer (0.2% glucose in PBS) at 0.1 

OD600. When beads were used, similar suspensions in the same medium were prepared from direct 

dilution of particles from stock (polystyrene carboxy functionalised beads fluorescents 1 µm in 

diameter, L4655 Sigma-Aldrich). The resulting suspension were then images using fluorescence 

microscopy and three to four videos (20 seconds, 30fps, Moticam 1080) were recorded for each 

condition at random locations on the surface.  The above experiments were performed in triplets and 

the resulting videos analysed using the FIJI plugin TrackMate to derive cells and beads trajectory length 

and max displacement.  

24. Vibrations effect on cells motility 

To determine the effect of mechanical stimulation on cells surface motility, overnight E.coli 

SCC1 cultures in M63+ were centrifuged at 3200cg and resuspended in 5 mL of fresh medium within 

polystyrene dishes (35 mm) at 0.02 OD600. Samples were then incubated in the dark at 30˚C and 

vibrations applied for 2 hours at 30 pN and 2 kHz. They were then diluted by replacing 4 mL of 

suspension with motility buffer (0.2% glucose in PBS) and imaged using fluorescence microscopy. 

Between three to four videos (20 seconds, 30fps, Moticam 1080) were recorded at random locations 

on the surface for both vibrated samples and controls. The above experiments were performed in 

triplets and the resulting 9 to 12 videos per conditions analysed using FIJI’s plugin TrackMate to derive 

cells trajectory lengths and max displacements.  

25. motA/B knockout mutation in E.coli SCC1 
The method used for recombineering is based on ‘Gene doctoring: a method for 

recombineering in laboratory and pathogenic Escherichia coli strains’ 234. First I design a pDOC-C 

recombineering donor plasmid (RDP) which contained the desired recombineering substrate (in our 

case an Kan resistance cassette flanked by homologous regions to motAB in the genome). Then the 

recipient host strain SCC1 was co-transformed via electroporation with the RDP and the 

recombineering plasmid pACBSR (already available in the lab). Selection happened by inoculating a 

single transformed colony in 1 mL LB + amp + kan + cam + 0.5% (w/v) glucose. Glucose is suggested 

as to prevent leaky expression of λ-Red and I-SceI genes from pACBSR via catabolite repression. Cells 

were cultured at 37˚C, 200 rpm for 2 hours and then centrifuge at 10,000 rpm for 5 minutes. After 
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having discarded the supernatant, cells were resuspend then culture in 1 mL LB + 0.5% (w/v) L-

arabinose. These were re-cultured at 37˚C, 200 rpm until turbid (~ 4 - 5 hours), then diluted (1 x 10-

6), plated onto LBA + kan + 5% (w/v) sucrose and incubate plates at 30˚C overnight. On the resulting 

colonies I checked loss of residual RDP by patching onto LBA + amp and pACBSR loss by patching 

onto LBA + cam. Finally, colony PCR was performed and the purified product sent for sequencing.  

26. motA/B mutants response to vibrations 
To investigate the involvement of bacteria flagella motors (BFM) on vibrational response, I 

monitored the response of mutants that lack both motor proteins MotA and B. Overnight E.coli SCC1 

ΔmotAB cultures in M63+ were centrifuged at 3200 g and resuspended in 5mL of fresh medium within 

polystyrene dishes (35 mm) at 0.2 OD600. Samples were then incubated for 2 hours in the dark at 30˚C 

while cells were stimulated at 50 pN and 2 kHz. Surfaces were then washed (Air-tight), imaged (8) and 

surface coverage quantified (27-1). All the relevant experiments were performed in triplets.   

27. Image processing and analysis: 
All image processing steps were performed using FIJI as either sequencies of manual or 

automated steps using task specific scripts. 

(1) Surface coverage quantification: fluorescence images were processed and analysed 

using ImageJ and the process automated through custom scripts (see below). These 

determined the number and fraction of area covered by cells in each picture. These 

values were then averaged among all the pictures coming from three replicates of a 

specific condition and statistically compared. 

(2) Surface sedimentation: to determine sedimentation fraction, for each picture a script 

was manually run. This one first determined the total surface area covered by cells. 

Then, it performed the same operation but analysing only objects whose surface are in 

the pictures was the size of our cells (4 µm2 ± 0.9). This value was subtracted from the 

total allowing one to determine the area covered by sediments. This was finally divided 

by the total to derive the sedimentation ratio in each picture. 

(3) Membrane damage: images from both red and green channels were analysed and the 

total number of cells in them determined using the same script as for surface coverage 

determination. For every pair of green and red picture of a visited location on the 

surface, the number of red to green cells was computed. For each condition, the 

resulting values among all pictures from three independent replicates were statistically 

compared and plotted as bar plots. 

(4) Membrane polarisation:  

(a) Ratio-metric: Pairs of red and green images from specific locations on the surface 



184 

were independently analysed with custom scripts.  These determined the number 

of red to green cells for each pair of which their grand mean was computed by 

averaging the result from all the pairs belonging to three independent replicates. 

(b) Fluorometric: Pictures on the red channels were analysed to identify cells and 

determine their fluorescence as pixel intensity in the images. To do this custom 

FIJI scripts were used. These automatically segmented the images to isolate single 

cells from the background. Then, these regions of interest (ROI) were used to 

determine their average pixel intensity. Finally, for a give condition, these values 

were plotted as histograms and normalised by the total number of cells. This value 

was determined instead from the analysis of paired pictures in the green channels. 

Always using custom script their number was determined in pictures and used to 

normalise red fluorescence frequency distributions. These were then interpolated 

using Sum of Gaussian functions and the fraction of hyperpolarised cells was 

determined as the area under the curve passed 2 standard deviations of the left-

most peak of the control distribution.  

28. Data analysis and statistical comparison: 
Where statistical comparison between samples was required, I used both parametric and non-

parametric tests depending on data normality and homoscedasticity. When both were met, I used either 

t-tests or ANOVA, when only the latter was met Welch’s correction to the preceding techniques were 

used instead.  Finally, when samples were neither normally distributed nor homoscedastic, non-

parametric equivalents such as Mann Withney U-test and Kruskal-Wallis were used.  All statistical 

analysis and data handling were performed using GraphPad Prism, Microsoft Excel and R respectively.  
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29. Custom FIJI scripts: 

Surface coverage quantification for SCC1: The following script was employed to determined 

surface coverage, cells number or their average surface area depending on the parameter defined at line 

60. 
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Surface coverage quantification for MG1655 stained with DiOC2(3): The following script perform 

the same work as the one above only with adjusted parameters to better work with stained cells. 
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Fluorometric determination: The following script was employed to determine the fluorescence 

(pixel intensity) and number of cells in both green and red pictures. 
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Ratio-metric determination of red and green cells in paired images: The following script determine 

the number of red and green cells in paired pictures from the surface. 

 



190 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



191 

Surface sedimentation: The following script determine the fraction of cells sediments formed on 

the surface. These are manually performed and the place holder names can vary according to the 

pictures opened.  
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