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Résumeé

Mycobacterium tubercnlosis, 'agent étiologique de la tuberculose, est un pathogéne bactérien qui
infecte environ un quart de la population humaine mondiale. La tuberculose est la premiere
cause de déces parmi les maladies infectieuses et elle est la plus répandue dans les populations
a faible revenu. Beaucoup de choses restent inconnues sur la fagon dont ces bactéries se
développent, se divisent et parviennent a petsister dans 'hdte méme pendant des traitements

antibiotiques de plusieurs mois.

Les bactéries sont généralement a la limite de la résolution spatiale que les techniques
conventionnelles de microscopie optique peuvent offrir. De nouveaux outils sont donc
nécessaires pour étudier les sous-structures bactériennes avec une résolution nanométrique.
Nous avons développé une plateforme automatisée de microscopie optique et de microscopie

a force atomique (AFM) afin d'étudier la morphogenése des mycobactéties.

Quelle est la dynamique de croissance des mycobactéries? Des modéles opposés coexistent
dans la littérature pour la dynamique de croissance polaire des mycobactéries: le modele
unipolaire et le modele bipolaire. Nous montrons que la dynamique de croissance des
mycobactéries suit un nouveau modéle, NETO. Il existe une similitude surprenante entre la
dynamique de croissance NETO des mycobactéries et de la levure a fission, ce qui interroge
sur Pexistence de mécanismes communs pour la croissance polaire dans des organismes

éloignes sur I'arbre phylogénétique.

Comment les organismes a croissance polaire conservent-ils leur forme grace a l'insertion de
nouveau matériau cellulaire au péle ? Pour explorer davantage la morphogenese de la
croissance polaire, nous avons développé une méthode d'imagerie avec AFM du péle d'un
bacille. Nous avons observé la formation d'un maillage fibreux rigide sur le péle des cellules
de levure a fission, et montré que ce maillage est étiré a mesure que la cellule se développe et

insere du nouveau matériau de paroi cellulaire au pole.

Comment les mycobactéries se divisent-elles? Un autre aspect essentiel de la morphogenése

des bacilles est la division d'une cellule mére en deux cellules sceurs. A l'aide de I'AFM, nous



avons mesuré les contributions relatives des forces mécaniques et des mécanismes
moléculaires a l'origine du processus de division chez les mycobactéries. Nous avons montré
qu'il y avait une concentration de contraintes mécaniques au futur site de division, en utilisant
une combinaison de modélisation par éléments finis COMSOL et de mesures AFM tout en
modulant la pression de turgescence des cellules. L'accumulation de stress mécanique,
combinée a une activité enzymatique, conduit finalement a une fracture mécanique et a la

séparation des bactéries.

Les techniques de microscopie optique conventionnelles ont tendance a avoir une résolution
faible et une vitesse élevées, tandis que les AFM conventionnels ont une résolution élevée et
une vitesse faible. Nous avons congu et construit un module d'éclairage structuré imprimé en
3D, I'openSIM, qui peut étre ajouté aux microscopes a fluorescence. Il fournit un éclairage
structuré pour obtenir des images SIM avec une résolution plus élevée. Dans le but d'améliorer
la vitesse d'imagerie de 'AFM, nous avons mis en ceuvre un actionnement photothermique
dans une téte AFM a balayage de pointe et quantifié les contraintes de conception pour

l'imagerie haute-vitesse avec actionnement photothermique hors résonance.

L'AFM est le plus souvent utilisé pour acquérir des images haute résolution d'un échantillon.
Sa précision nanométrique en fait un outil unique pour d'autres applications. Nous avons
combiné une téte AFM avec une sonde en forme de volcan pour les mesures d'électrogramme,
et démontré l'enregistrement simultané des potentiels de champ extracellulaire et de la
contraction de la cellule. Ce nouvel outil ouvre la voie a de futures études explorant les liens

intrigants entre la mécanobiologie et 'électrophysiologie, avec une résolution unicellulaire.

Mots-clés

Microscopie a force atomique, mycobactéries, croissance polaire, dynamique de croissance,
morphogenése, division bactérienne, microscopie a fluorescence, imagerie time-lapse,

microscopie a éclairage structuré, superrésolution



Abstract

Mycobacterium tuberculosis, the etiological agent for the tuberculosis disease, is a bacterial
pathogen thought to infect about a quarter of the global human population. It is the first
cause of death among infectious diseases, and is most prevalent in low-income
populations. Much remains unknown about how these bacteria grow, divide, and manage

to persist in the host even during month-long antibiotic treatments.

Bacteria are typically at the edge of the spatial resolution that conventional optical
microscopy techniques can offer, and so new tools are requited to study bacterial
substructures or surface morphologies with nanometer resolution. We developed a
platform for automated optical microscopy and atomic force microscopy (AFM) in order

to study the morphogenesis of mycobacteria.

What is the growth dynamics of mycobacteria? Opposite models coexist in the literature
for the pole growth dynamics of mycobacteria: the unipolar model and the bipolar model.
Revising previous observations on mycobacterial growth, we show that the growth
dynamics of mycobacteria follows a new end take off NETO model. There is a surprising
similarity between the NETO growth dynamics of mycobacteria and of fission yeast,
which hints at shared mechanisms for pole growth in evolutionarily distant pole growing

organisms.

How do pole-growing organisms maintain their shape through insertion of new cell wall
material at the tip? To explore further pole growth morphogenesis, we developed a
method for imaging with AFM the pole of a growing rod-shaped microorganism. We
observed the formation of a stiff fibril mesh on the pole of fission yeast cells, and showed

that this mesh is stretched as the cell grows and insert new cell wall material at the tip.

How do mycobacteria divide into two sibling cells? Another essential aspect of
morphogenesis of rod-shaped cell is the division of a mother cell into two sibling cells.
Using AFM, we measured the relative contributions of mechanical forces and molecular
mechanisms driving the division process in mycobacteria. We showed that there is a
concentration of mechanical stress at the future division site, using a combination of

COMSOL finite element modeling and AFM measurements while controlling the cell



turgor pressure. The accumulation of mechanical stress, in combination of enzymatic

activity, ultimately leads to mechanical fracture and separation of the sibling bacteria.

Conventional optical microscopy techniques tend to have low resolution and high speed,
while conventional AFMs have comparatively high resolution and low speed. We designed
and built a 3D-printed structured illumination (SIM) module, the openSIM, as an add-on
for fluorescence microscopes. It provides structured illumination to obtain SIM images
with higher resolution. With the aim of improving the imaging speed of AFM, we
implemented photothermal actuation in a tip-scanning AFM head, and quantified the

design constraints for high-speed photothermal off-resonance tapping imaging.

AFM is most often used to scan and acquire high-resolution images of a sample. Its
nanometer precision make it a unique tool for other applications. We combined an AFM
head with a volcano-shaped probe for electrogram measurements, and demonstrated
simultaneous recording of extracellular field potentials and contraction of the cell. This
new tool opens the way for future studies exploring the intriguing links between

mechanobiology and electrophysiology, with single-cell resolution.

Keywords

Atomic force microscopy, mycobacteria, pole growth, growth dynamics, morphogenesis,
bacterial division, fluorescence microscopy, time-lapse imaging, structured illumination

microscopy, superresolution



Table of content

AcKNOwWledZemEnts .......cccuereiiieiiieieiieeteee e 3
RESUME ...ceiiiiiiiiieiiieiciteectee ettt aes s e s e e sase e s as e e s s sassesssssanssssssanees 5
o o] T R 7
Table Of CONTENL ....ueeerieieiieetieeeireeteeeeee e teee e s e e ae s aeesssaeseasesesnesssnnes 9
Table Of fIGUIES....ccciiiiiiiiiiiiiiiiiiieie e saan e eas 14
Chapter A General introdUCtiON......uuiieeeiieieieieeeeecee e 19
A.1. Imaging mycobacteria with single-cell £eSOIUtioN......c.cceveurcurcrrimririccrcrereerienenne 19
TUDEICUIOSIS .o 19
Importance of phenotypic heterOGENEILY ....cuvvevivevieeirieeiriciriciieieiceieeeieeeeeiaeneees 19
Growth i MYCODACLELIA ....oucuiieiieiieciiic s 19
Time-lapse microscopy for studying bacterial growth and division..........cccececuncunce. 20
Resolution limit in optical MICLOSCOPY wvvvuviiriviiiiiiiiiiiinici e 20
A.2. Correlated atomic force microscopy and optical MICLOSCOPY wuvvrvevriveviveriverreeennns 22
A.3. Increasing the resolution of optical MICIOSCOPY...cuvniuviiuiiriueirieiricirieiricirieisieniaes 25
Superresolution teChNIQUES .......ccvieiiciiiic s 25
Structured lumination MICLOSCOPY ...ceuvuvivivieriiiiiiiiiieisieise s 26
A.4. General objectives Of the 1eS€arCh ... s 28

PartI AFM time-lapse imaging of growth and division in pole growing

£ 04 TR o103 228 0§ 3 4 U 29

Chapter B A biphasic growth model for cell pole elongation in mycobacteria 31
B.1. Preamble
B2, ADSEIACE.couvtiiciiiiiiic s

B.3. Introduction
DS e o1 L R 33

Measurement of pole elongation with time-lapse AFM.........ccccocvevivivinininininininnn. 33



Pole elongation follows “new end take off” (NETO) dynamics........ccoeueuvernirrierinnc. 34
NETO is not due to release of physical constraints 0n poles.......cvevicrvinereirereininnn. 37

Delayed accumulation of Wag31 at the new cell pole

Wag31 relocalizes from old poles to NeW POLES .......c.cvcuieivririecicirereirieereseseeeeeenes
NETO timing does not scale with the interdivision time.........ccecvivineneiriinirinicinnn. 40
B.5. DISCUSSION c.iuiiiiiicii e 43
B.6. MEthOds ...uovieiieiiiiiiiiic e 45
Bacterial strains and growth CONAItIONS .....c.cuvcuevieeiiicinieeinieiiciicieieeeeseieees 45
Time-lapse optical MICLOSCOPY ..cuvivriimiiiiriiiiiiiiiiierr e s 46
Time-lapse atomic force mictoSCOPY (AFM) ...ccvvcvviniuriniciniciicinicicieeieeieceeenes 46
Processing of AFM IMAZES ...c.ceuieeuieernieeiniiiiieiiceieieieieisieisiessse e ssessssessssessssesenaes 47
Photo-conversion of Wag31-DendraZ........cvieicnciniiniininncneneeseeeseseeseeseeeesenne 47
Pole elongation measurement with time-lapse AFM.........ccccvvvuvcuncnininicncncnineeenne 47
Pole elongation measurement with time-lapse phase MictOSCOPY ......cvuevuvevrerrivrierinnnn. 47
Bilinear fitting of pole elongation data.........cccevceeicciniecinicinicinicieiceeeens 48
Calculation of cell wall age distribution in 2 microcolony ........cccvveiviiviniecinieeiniennn. 48
B.7. ACKNOWIEAZEMEILS..c...oucveeieercerieieeiciciei e nas 48
B.8. AUthOt CONIIDULONS c..cevveveierieiiiciriciretrct ettt eses e sseene 48
B.9. SUpplementary FIZULES ..ottt sssse s senaes 48

Chapter C Mapping the topography and mechanical properties during pole

growth of a rod-shaped microorganism .......cecceeeeiiiiciiieiiiieicitecceeece e, 57
C.1L Preamble...iiiiiiii e 57
C.2. INtrOAUCHON oo ar 57
C.30 RESUILS ..o 60

Vertical trapping of live rod-shaped cells in agarose microwells for AFM imaging.. 60

AFM imaging of cell poles of live fission yeast Cells ........covvninivinicninininicinnn. 62
AFM time lapse imaging of the pole of a growing yeast cell.........ccccovuvivinininininnn. 62
Radial displacement during growth of the fibrils visible on the yeast cell pole.......... 63

Deformation of the fibril mesh as it migrates from the tip to the sides of the cell...65

C4. DISCUSSION ..ttt ettt sae s s 66
C.5. Matetials and MethOds ..c.ceueecuieiniciniciicinrieiceee et senaesenae 68
Yeast strains and growth CONAIIONS ...curvevieeunicirieirieirieieereeeeeseie e esee s 68
AGAr0oSe MICTOWELLS ....uuviieiiiiiiiiiiiici s 68
TLAPPING .. cvvriviiiiiiii bbb 68
AFM IMAGINE ...ttt 68

10



Chapter D Overlapping and essential roles for molecular and mechanical
mechanisms in mycobacterial cell divisSion.......cuueeiniiieiiiiiieinniiiieiniiieecineeeennn. 71

D1 PLEAMDBIE .ttt ettt et eae bt eas b reerennen

D.2. Introduction

D30 RESULLS oottt sttt bbbttt sttt 72
D4, DISCUSSION vttt ettt ettt ae bbb ses et sasanene 80
D.5. AuthOr CONEIDULIONS: ...vviviieicrerriiieeiereiiceceerenseneaeee e seseeereses et sseseseaesessesesessane 81
D.6. ACKNOWIEAZEMENLS: .....uviiiieiiiciiciicii e saes 81
D.7. Materials and mMethOdS.....c.cevrnieieiiriieeerncee e 82
Bacterial culture CONAItIONS....c.coverieeueiririnecieieiriretieiesseeete et ssesenees 82
M. smegmatis RIpA depletion StLAIN........cvevieeurieiricreineieieieereeeee e eseesessenens 82
Coverslips for AFM IMAZINg ......c.ccueweeuiurierieneeeeieinieeceee e sessscseesenns 82
Attachment of bacteria 0N COVELSIPS......vuuuimririrrieiierierieeieeeseeseieeeeeeesesseeeseeeeeseneas 82
AFM IMAZING ...ttt 82
Correlated AFM and fluorescence IMaging.........c.cvweuieemicunicieiiuniiesiieeisieeseesseeenens 83
Membrane StANING ......cccvieriiriiiiiei e nae 83
AFM data PLOCESSING ..uvuuvrvririiieicieieiieeiieiet et see e ses s 84
Finite-element model of a dividing cell.........cciviiviiiiiiiiiiiii e 84
D.8. Supplementary fIZULES ....c..ccuieurierricieieieiiieiire ettt sssse s sessesenaes 84

Part II Instrumentation developments for increasing resolution, speed or

measurement modalities of combined AFM-optical microscopes ...........ccceeu..e. 95

Chapter E openSIM: a 3D printed microscope add-on for structured

lumination MICIOSCOPY..ciirrurriiiiriuriiiiriiiiiiiieeiiiteeeerre e ceessneeeesasneeees 97
B Preamble.... s 97
E.2. INtrOdUCHON. ..ottt st saes 97
B30 RESUIES ..o e 98

Structured illumination mMicroSCOPY: PLNCIPIE ..o 99
OPEASIM AESIGN ..ottt sane 101
OPENSIM INLEITACE .. 102
OPENSIM IMAGING ...ttt ses 103
B4, DISCUSSION ..ttt 105
E.5. Materials and mMEthods .......ceiveuieiieinieiniciieinieiieeeeieeeieetiensiessiessesessesessesesseaes

Optical components for the openSIM

Mechanical components for the openSIM........cccoiviiinniiniciees 107
Electronic components for the openSIM ... 107
Labview interface and openSIM CONtIOl......c.cuiueuiveinieeiieinieiiiieiiieeeseeseeseeneees 107

11



Sample Preparation....... s 107
Combined SIM/SICM MICIOSCOPY cvvuvvrrmerererrermermcenrineanenseriecureuersessesssessesserssssesessessans 109

Chapter F Photothermal Actuation for Tip-Scanning Atomic Force

Microscopy 111

L1 PreambIe oottt 111
F.2. INEOAUCHON woreitiieeciicieicicieietcecie ettt ettt ettt eneenenes 111
FL30 RESUILS ottt ettt et n s seneaes 112
Fi4. DISCUSSION cortrieiiriceceeienernieeeieaeseececie st seseesestasaese s esesesessesestassesesseseacsesesenmencaces 119
F.5. Matetials and mMethOds......occeueuririiecieininiiieieisi ettt 122
A MLttt ettt bttt 122
Collagen SAMPIE.....c.vveiuieieciiiciiciice et

PORT simulation

Chapter G Volcano-shaped SPM probe for combined force-electrogram

recordings from excitable CellS.......cocuuiiiriiiiiiiniiiiiiiiiiiiiiiiee s 125
GL1. PLeambIe ottt ettt 125
G20 ADSEIACT e ceeiereiicicetetsececiete ettt ettt ettt 125
G.3. TOLEOAUCHOMN ettt sttt ettt s e s st s sntsenen 126
G RESULLS ittt ettt sttt neb s 127

MICLOFADIICALION .ttt sttt 128
Force and electrical measurements on neonatal rat cardiomyocytes .........ccvecuveunee 130

Recording of cardiomyocyte contraction displacements using the nanovolcano

PLODC. o e 131
Simultaneous recording of contraction displacements and electrogram from
cardiomyocytes using the NaNOVOICaNO PLObE.......coiveuieirieinieeiriiiieeieeeeeieeiaes 133
G5, DISCUSSION vttt iesess et aesess et ss s sesessestse s s estacaesessessnes 134
G.0. CONCIUSION .ttt ettt st sttt sttt baesenes 136
G.7. Matetials and MEthOdS. ....c.cviiueuririniieieirree ettt 137
MICLOFADIICALION «.ovrtriniiiiecicictrrcietete ettt ettt bbb es 137
TOLEITACING ..ot 138
Electrodeposition of platinum-black.........cccvvevciriiriiniiniricncncrieiecrereeeeeeennes 139
Isolation and culture of primary rat cardiomyOCytes ........covuevirrimriuririeineiiiniierieninnns 139
Device functionNaliZation.....c.c.cevurieecueirinenceieienireeieie ettt seseseaeseseesens

Combined AFM-optical-electrical setup and recordings

ElectrOphysiology ..o 140
G.8. ACKNOWICAZMENLS ..o 140
G.9. AULhOrS CONIIDULION c.vivvivvcviteeectccteeeeect ettt er et er s ereebe s eseevenseneen 140

12



G.10. Supplementary INFOrMAtION ... 141

Custom cantilever holder ... e, 141
Setup for simultaneous optical imaging, force, and electrical recordings.................. 141
Electrode-electrolyte INtErfaCe. .....ciuiiuieierieicicireireieeieieere et 142
Cell-eleCtrode INLEITACE ....vuvvmiveriieiieciieiieisicieiete ettt sseaesenaes 144
Long-term CharaCteriZatioN. . ...oucuueurieueineueiniieiieenieeiieiie ettt ssssesssaesenaes 144
Force-controlled impedance MeasuremMents ........cceuecueueemriemnienmniiueiisisisesiensiensines 144
Contraction displacement MEASULEMENTS . ....c.ucreviveiieemieniieenieniiseesissisessessseesssaessenes 145
Electrogfam mMEeasuremMents ..o sssssssens 145
Chapter H =~ CONCIUSION .....ceiiuuiiiiiiiiiieiiitiieiiinieectnreccnneeccsanneeessaneesesaneeees 147

H.1. Main contributions of the thesis

How do mycobacteria Growr ... ssssessssessnees 147

Measuring the topography and local mechanical properties of a growing pole with

AtOMIC fOICE MICTOSCOPY ..vvvvrireiririiieiiisciie et 147
How do mycobactetia divIde? .......cieuieinicirieirieirineieeieieieeseseesieessessaesseens 148
Designing a SIM add-on for fluorescence miCroSCOPES ....c.wuivuiermieerieereieireieineininnns 148
Adding photothermal actuation capability to a tip-scanning AFM head. .................. 148
Adding live-cell electrical measurement capability to an AFM ..., 149
H.2. Possibilities for future development of the work presented in the thesis............ 149

Is there a link between NETO and the other events of the cell cycles in
MYCODACTELIAL ...t 149
Tip-growth morphogenesis: surprising similarities between evolutionarily distant
organisms and potential insights on mycobacteria to be gained from analogous tip-

growing organisms

What is the relationship between tip-growth and infection?.......ccoccevecivicrvienviecnnes 151
Future developments for the openSIM ... 153
RELEIEICES ceuuirrniieniiieiienietueienieteeeteeerneereseereseessessssersnssessesssssssesensesassssssssnsesenseses 155
CULLiCUIUIM VIEAC cevvuuiiennieiiennieiteneeetenieetenneeetesseeeesnsesessssessssssessssssesssnssssssnsessssnnnns 179

13



Table of figures

Figure 1: Modes of bactefial growth ..o s

Figure 2: Link between resolution, numerical aperture and noise level
Figure 3: The resolution of an image is lower than the diffraction limit if the signal-to-
FoTey RS - 1a Lo 15 T30 (02T 22

Figure 4: Comparison between the typical size of a mycobacterium and a wavelength of

Figure 6: Measuring topography and mechanical properties with AFM in off-resonance
tapping (ORT) MOE. ... 24
Figure 7: Combined AFM and optical microscope for automated time-lapse imaging ... 25

Figure 8: Relationship between spatial frequencies, the image domain and the Fourier

AOMAIN .ttt et et ettt bbb s s eaeae 27
Figure 9: Principle of structured illumination ..........coeecuiniereeeeemcenieseeeeeneeseseeeeeenens 27
Figure 10: Increase in resolution with SIM......ccccovviiiiiiniiniccnns 28
Figure 11: Measurement of M. smegmatis pole elongation dynamics using AFM............... 34
Figure 12: Biphasic pole growth: NETO and cell division are independent events.......... 35
Figure 13: Unipolar, bipolar, and NETO pole growth models in mycobacteria............... 36

Figure 14: The pre-NETO phase is not due to physical constraints on new cell poles...38
Figure 15: Wag31 relocalizes from the old to the new pole during the pre-NETO phase.

......................................................................................................................................................... 39
Figure 16: Species-specific NETO dynamics impart different patterns of asymmetry. ... 42
Figure 17: Sample immobilization methods for atomic force microSCOPY......cvvvvevereuennee 59
Figure 18: Vertical trapping of live fission yeast for AFM imaging of the cell pole.......... 61

Figure 19: Procedure for loading fission yeast cells into agarose microwells using a lab
CONELITUGE ot 61

Figure 20: Mechanical properties measurement on the pole of a live fission yeast cell ... 62

Figure 21: Time-lapse imaging of the pole growth of a fission yeast cell........cccceuvvuncunennee 63
Figure 22: Displacement of stiff fibrils duting tip growth ......c..ccveevveeieinienierneeinicieinnns 64
Figure 23: Deformation of the stiff mesh during pole growth.........ccceceuvieviciviiiviiicinnans 65

Figure 24: Artistic representation of the fission yeast cell wall components, as seen with
electron microscopy during cell wall formation........ccvuiririniriiniiceeeeees 67
Figure 25. The pre-cleavage furrow (PCF) is a nanoscale cell-surface feature that marks

the future division Sit€ I M. SIEGMALIS. .......c.cevuveiucinieciiciriciricicicicice e 74

14



Figure 26. Daughter cell cleavage occurs with millisecond kinetics by rupture around the
PCE. oo 75

Figure 27. Turgor pressure drives cell cleavage through stress concentration at the PCF.

Figure 28. AFM-applied local stress on the PCF can substitute for an essential cell division

eNZYME (RIPA). coiieiiiiiiiiciricrcre et 78
Figure 29: Principle of structured lUmMination .......ccceieineeinicinicinicnnieicieeeenceenne 99
Figure 30: Principle of structured illumination microscopy reconstruction.........eee.. 100
Figure 31: Design and assembly of the openSIM microscope add-on .........cccecviuvinennc. 102
Figure 32: Increase in resolution and optical sectioning when using the openSIM
compared to wide field HUMINATON «..vucveuiiriiiicirieieirceee e 104
Figure 33: openSIM images of fluorescent biological samples..........cccucuvcunerriereeeecenennenn. 105
Figure 34: Implementation of photothermal actuation in a tip-scanning AFM .............. 114
Figure 35: Photothermal cantilever actUation ... 115
Figure 36: Imaging in air with photothermal actuation in tapping mode.........c.cecuveeeneee. 116

Figure 37: Measuring topography and mechanical properties with AFM in off-resonance

tapping (PORT) MOAE ..ot 117
Figure 38: Impact of the tracking error for PORT ..o 118
Figure 39: Imaging in air in photothermal off-resonance tapping (PORT) mode.......... 119
Figure 40: Estimated photothermal actuation bandwidth for several commercial
CANTLEVETS .ttt ettt ettt b ettt enesseneses 121
Figure 41: Concept and microfabrication of the nanovolcano probe.........ccoucvivinennc. 129
Figure 42: Force and electrical measurements on neonatal rat cardiomyocytes............... 131

Figure 43: Recording of contraction displacements from primary rat cardiomyocytes. 132
Figure 44: Simultaneous recording of cardiomyocyte contraction displacements
ClECLIOZIAMIS. «.uviviieiiii e 133
Figure 45: Combined AFM-fluorescence imaging of live M. smegmatis bacteria.............. 147

Figure 46: Convergent evolution of analog traits between evolutionary distant organisms

Figure 47: M. tuberculosis bacteria form intercellular cord structures and deform their

environment dufing MFECHON ..o 152

Figure S 1: Surface nanostructures resolved by AFM can be used as fiducial markers....49
Figure S 2: Absolute measurement of pole elongation with AFM using surface
nanostructures as fiducial MATKELS. ....c.civviviiieieriieece ettt s e 49

Figure S 3: Precision of single-cell measurements using AFM.........ccccovviiviinininincinnnns 50

15



Figure S 4: Model for pole elongation dynamics. ..o 50
Figure S 5: Measurement of pole elongation by phase-contrast microscopy requires a
fiducial marker and accurate detection of cell dIVISION. ......cccviviuvinieriniiriniicinicrccrccie 51
Figure S 6: The AFM cantilever tip can be used to lyse or displace cells. ..........cccuvuvcunccnee 52
Figure S 7: NETO is associated with an accumulation of Wag31-GFP at the new pole. 53
Figure S 8: Relocalization of Wag31-Dendra2 from old to new poles measured using
photo-conversion fluorescence MICLOSCOPY. ..uuimimiuiiniriniiieiriiesrieisiersiesesese e sssesessenees 53
Figure S 9: NETO growth dynamics are observed in fast-growing and slow-growing
MYCODACIEritm SPECIES. ....ouvvriviririiiiiic s 54
Figure S 10: The duration of the pre-NETO phase does not scale in proportion to the
interdivision time in Mycobacteriunz SPECIES. .......ccvwvuveivirieerierriciriesisesseieseie e sseesssaesens 55

Figure S 11. The pre-cleavage furrow (PCF) precedes the Wag31-GFP cytokinesis marker

at the future Cell diVISION SITE. cuovriiirereiririieceier ettt et neeaeee 84
Figure S 12. AFM scan line across the PCF during cleavage........cccoeinivivcvininiiniininennns 85
Figure S 13. Height data of millisecond cell cleavage measured at 1 kHz rate (shown in
FIGULE 20€). et 85
Figure S 14. Cell cleavage measured at 1 millisecond time £esOlution. .......c.ccvceveeeerercurcnnee 85

Figure S 15. Overview height images of cell before (left) and after (right) cleavage shown
10 FIGUIE 208-N. ettt 86
Figure S 16. AFM force curves at the PCF of two representative cells over time. ........... 86
Figure S 17. Comparison of stiffness values obtained from QNM DMT modulus imaging
channel and analysis of the individual force-diStance CULVES......cverrueerrrcremerennerennereneeenn. 87
Figure S 18. Stiffness at the PCF measured by repeatedly scanning across the PCF. ...... 88
Figure S 19. Height images of cells before and after deflation induced by piercing with a
sharp ATFM cantileVer tP. ..o sns 88

Figure S 20. Height images of cells corresponding to stiffness maps shown in Figure 28.

Figure S 21. Cell cleavage can be induced prematurely by increasing the mechanical stress
ON the PCF. ..o 89
Figure S 22. Premature cleavage can be induced by AFM force curves or AFM scanning
AloNg the PCE. ... 90
Figure S 23. Cells forced to undergo premature cleavage continue to grow and divide.. 90

Figure S 24. RipA-depleted cells form chains of cells that grow only at the free cell poles.
Figure S 25. Height and stiffness changes of chained RipA-depleted cells. ..........ccceuuu.e. 91

Figure S 26. Cell wall failure of centrally located cells of RipA-depleted cell chains occurs
in between the flanking PCES. ..ot sssecsesseaes 92

16



Figure S 27. Finite element modeling of the PCF in a dividing cell. ..o 92

Figure S 28: Mechanical and electrical interfacing of the nanovolcano probe................. 141
Figure S 29: Description of the custom AFM-optical SYStem. .......cccocvueurirerrirereirinenrenennes 142
Figure S 30: Electrochemical characterization of the nanovolcano probe.........ccceuee.. 143

Figure S 31: Recording of a cardiomyocyte electrogram using the nanovolcano probe.146

17






Cbapt er A General introduction

A.l. Imaging mycobacteria with single-cell resolution

Tuberculosis

Mycobacterium tuberculosis, the etiological agent for the tuberculosis disease, is a bacterial
pathogen thought to infect about a quarter of the global human population'. Among
infectious diseases it is responsible for the largest amount of annual death and is most
prevalent in low-income populations!. Much remains unknown about how these bacteria
grow, divide, and manage to persist in the host even during month-long antibiotic
treatments??, information that is all the more relevant given the sharp increase in the

prevalence of multi-drug-resistant strains3.

Importance of phenotypic heterogeneity

While studies at the population level provide significant insights on the global behavior of
bacteria, it does not capture the diversity of phenotypes within the bacterial population®.
Indeed, the average phenotype of a population is not necessatily a good representation of
the phenotype of any bacterium within that population*. Conversely, a diverse population
is often more capable to evolve and adapt when exposed to environmental changes;
phenotypic diversity increases the probability that at least a sub-population of bacteria will

be more suited to survive in the new environment*.

Such phenotypic diversity has been observed in mycobacteria. In a small microcolony of
genetically identical bacteria, epigenetic factors generate a certain diversity in gene
expression?, cell size-$, and age’, which in turn impacts the ability of the colony to survive

under drug exposure>’.

Growth in mycobacteria

At each generation, new daughter bacteria inherit the same growth potential as the mother
cells (Figure 1a). However, we still have poor understanding of the processes involved in
the preservation of cell shape and function during growth and division. The precise growth
dynamics of mycobacteria is important for its potential contribution to cell-to-cell
phenotypic heterogeneity and drug susceptibility”?. In some rod-shape bacteria such as
Escherichia Coli, new cell wall is synthetized along the cell sidewalls (Figure 1b). In contrast,

Actinobacteria, including the medically relevant genus Mycobacterium tuberculosis, are
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extending by inserting new cell wall material at the pole!® (Figure 1b). Diverging
descriptions of pole growth co-exist in mycobacteria, such as the unipolar’!0 and the
bipolar model® (Figure 1c). Motivated by this intriguing discrepancy, we show that the

growth dynamics of mycobactetia follows a new end take off NETO model'! (Figure 1c).
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Figure 1: Modes of bacterial growth

(a) Schematic representation of bacterial division. A mother cell divides in two daughter cells.
Each daughter cell inherits a pole of the mother cell (old pole) and a new pole, formed at the
division site. (b) Schematic representation of two modes of bacterial growth: dispersed growth
and pole growth. Inserted new cell wall material is represented by a green dotted line. Some
species (e.g. 5. Coli) grow by insertion of new cell wall material on the sides of the cell (dispersed
growth) while for others the insertion of new material is restricted to the cell pole. (c) Three
models proposed for the pole growth dynamics of mycobacteria: unipolar growth’, bipolar

growth®, and the model introduced in this work, biphasic NETO growth!!.

Time-lapse microscopy for studying bacterial growth and division

Automated microscopes for time-lapse imaging of mycobacterial growth are essential for
seeing bacterial diversity. They typically combine a motorized microscope, a high-
performance camera, a sample stage, a temperature control system, a microfluidic system
to renew the growth medium continuously, and a software control to coordinate these
hardware elements>’. This type of instrument was key for determining the size distribution
of individual mycobacteria®’, the location of the division site relative to the middle of the

mother cell®, the age of cell poles’, and the gene expression of individual cells’.

Resolution limit in optical microscopy

Because of the diffraction of light in the optical microscope, objects close to each other

cannot always be resolved. Abbe!? showed that a microscope cannot resolve objects

, A 2 ,
separated by a distance smaller than d = Zmsin(®) . ZNA where A is the wavelength of

light, n is the refractive index of the medium between the microscope objective and the

sample, 0 is the half of the collection angle of the objective, and NA = n - sin(@) is the
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numerical aperture of the objective (Figure 2a,b). In other words, there is a limit to the
smallest details that are visible through an optical microscope, depending on the numerical
aperture of the microscope objective (Figure 2b,c). The optical components of a
microscope determine the value of the diffraction limit. In practice, the diffraction limit is

about 200nm for conventional optical microscopes!3.

The diffraction limit sets a low boundary to the smallest distance that can be resolved with
a given microscope (using conventional microscopy techniques). Depending on the noise
level compared to the signal (usually quantified as signal-to-noise ratio), the actual
resolution of the image might not reach the diffraction limit (Figure 2d, Figure 3). For
fluorescence microscopy, the signal-to-noise ratio depends on several factors, such as the
numerical aperture of the objective, the sensitivity and noise performance of the camera,
the density and brightness of the individual fluorophores in the imaging plane, the density
and brightness of fluorophores in out-of-focus planes, and the intensity of the light used
for fluorescence excitation. This last point is crucial when imaging live cells, because of
phototoxic effects!. The total amount of light that can be used to illuminate a given sample
without a major toxic impact is often referred to as the photon budger'. For live-cell imaging,
there is thus a compromise to be made between light-induced damage, signal-to-noise-

ratio (hence spatial resolution) and temporal resolution?®.
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Figure 2: Link between resolution, numerical aperture and noise level
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(a) Hustration of the components determining the numerical aperture (NA) of a microscope
objective. The numerical aperture is equal to the product of the refractive index of the medium
between the objective and the sample and the sinus of the aperture angle. (b) Schematic
representation of a low NA objective (left), without immersion medium and with a low aperture
angle and a high NA objective (right), with oil immersion medium and a high aperture angle. (c)
Simulated image of a sample, when using a high NA objective (center) or a low NA objective
(right). (d) Simulated image of a sample (sample defined in (c)), when there is no noise (left),
some noise (center) or more noise (right). (c-d) An arrow indicates when two bacteria close to

each other are correctly resolved as being two separated bacteria (green arrow) or mistaken for

2
I\

a single long bacterium (red arrow).
: :

noise =

e LB
N M\

Figure 3: The resolution of an image is lower than the diffraction limit if the signal-to-
noise ratio is low

(a) Hlustration of the intensity profile for two point sources close to each other. Here, the two pez
are close, but clearly separated: the two point sources are properly resolved. (b) Illustration of t
impact of noise on resolution: adding noise makes the two peaks indiscernible and the two po
sources are no longer resolved, even if they are separated by a distance larger than the diffracti

limit.

A.2. Correlated atomic force microscopy and optical microscopy

Given the micrometric size of bacteria, many

subtle details involved in their growth and

division ate typically at the edge of the spatial

\/\ resolution  that  conventional  optical
\/\/ microscopy techniques can offer (Figure 4). It
) 4 W is therefore important in microbiology to

550 nm 1um explore alternative techniques with higher

5um

resolution.

Figure 4: Comparison between the
typical size of a mycobacterium and a

Atomic  f i A i
wavelength of light tomic force microscopy (AFM) is a

technique that does not rely on light to image
a sample and is therefore not limited by diffraction. The atomic force microscope is a
scanning probe instrument, invented in 1986 to image non-conductive samples, and it can

reach nanometer resolution on live biological samples'¢-18, Additionally, AFM imaging has
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no reported toxic effect on live bacteria, which continue to grow and divide normally

during the scan!L16:18,

An AFM requites a nanometer-sharp tip made by microfabrication technology at the free
end of a flexible cantilever (Figure 5). The deflection of the cantilever is measured with a
laser and a four-quadrant photodiode. A piezoelectric actuator moves the cantilever is XY

(for scanning) and Z (for tracking the sample topography during scanning).

1. tip-scanning AFM head
2. readout laser

3. XYZ piezo tube

4. splash guard

5. cantilever holder

6. sample holder

7. glass coverslip

8. microscope objective
9. cantilever body

10. cantilever

11. bacteria

Figure 5: Combined AFM and optical microscope setup

The sample (e.g. bacteria in this schematic) is attached to a glass coverslip and covered in cell
medium. The sample holder heats the cell medium to the optimal temperature. An inverted
optical microscope allows us to get fluorescence images of the sample. For AFM imaging, the
deflection of a microfabricated cantilever is measured using a readout laser. The force applied to
the sample is calculated in real time based on the cantilever deflection, as well as calibration
parameters such as cantilever spring constant and deflection sensitivity. The piezo tube translates
the cantilever to scan the sample in XY, while adjusting the vertical Z position with a feedback

loop to apply a constant (low) force to the sample. This diagram is not to scale.

When the cantilever interacts with a sample (Figure 6a), it is possible to calculate the
vertical position of the sample, as well as the local mechanical properties, such as stiffness
and adhesion (Figure 6b). The ORT AFM imaging mode!® (also called Pulsed Force
mode?, PeakForce QNM?2!, HybtiD mode, etc.) is a method for measuring the topography
and the local mechanical properties simultaneously at high speed. At each point of the
sample surface, the local interaction curve is calculated by subtracting the cantilever
dynamics (free deflection). The applied peak force is deduced (Figure 6¢), as are the local

mechanical properties, and the applied force is compated to the force setpoint (typically
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1nN for imaging mycobacteria). The difference is set as the input of a proportional integral
controller (PI controller), to calculate the voltage to apply to the piezoelectric actuator and
reduce the error. This feedback loop ensures that the applied force remains close to the
setpoint while scanning (Figure 6d). The motion of the piezoelectric actuator required to

do so cotresponds to the topography of the sample (Figure 6d), and is the output data of
AFM.
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Figure 6: Measuring topography and mechanical properties with AFM in off-resonance
tapping (ORT) mode

(a) Hlustration of the cantilever (black) being deflected when it is in contact with the sample
surface (light blue). (b-d) are numerical simulations made with a custom MATLAB script, based
on Newton’s law , assuming linear interaction forces, and transferred in the discrete temporal
domain with Euler approximation. (b) Simulated force curve, from which sample mechanical
properties (stiffness, adhesion) are deduced. In ORT, interaction curves are obtained by plotting
the cantilever deflection (multiplied by the cantilever spring constant) as a function of the
background (i.e. free deflection). As long as the cantilever is away from the surface, no force is
applied. When the cantilever touches the surface, the force applied increases with the
indentation, proportionally to the sample stiffness. (c) Simulated ORT measurement of the
sample mechanical properties without scanning. During ORT, the cantilever is actuated with a
sine wave signal. When the cantilever is away from the surface, the cantilever motion is therefore
a sine wave (dotted blue line, background). When the cantilever is brought closer to the surface,
the cantilever motion deviates from a sine wave (green line). The difference between the free
deflection and the deflection signal in contact gives the background corrected deflection signal
(orange), from which interaction curves are calculated (blue). k:cantilever stiffness. (d) Simulated
ORT measurement of the sample topography and mechanical properties while scanning a line
of a sample. The topography of the simulated sample is a step represented by a green dotted
line. The background corrected deflection is calculated in real time to determine the peak force
applied. The peak force is compared to the force setpoint (InN here, indicated by the red dotted

line). The controller adapts the voltage sent to the piezoelectric actuator to keep applying a
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constant force. The position of the piezoelectric actuator (“z piezo pos.”) reflects the topography

of the sample and is our output, i.e. one line of the AF'M image.

An atomic microscope provides nanometer resolution information about the surface of a
sample without requiring a labeling step, and a fluorescence microscope provides
information on specific labelled structures of the cells (usually with diffraction-limited
resolution). The combination of such complementary techniques is gaining increasing
popularity for biological applications, to integrate high-resolution information about the
cell surface with specific data on the inside of the cell'” (Figure 5). We developed an
automated platform for combined AFM-optical microscopy (Figure 5, Figure 7) to record

correlated images of the growth and division of mycobacteria over several generations'!.

y AFM head

XY stage =) _" -

So Inverted optical
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Figure 7: Combined AFM and optical microscope for automated time-lapse imaging

A.3. Increasing the resolution of optical microscopy

Superresolution techniques

The diffraction limit was long believed to be impossible to overcome. However, there has
been recent developments in superresolution fluorescence microscopy, achieving

resolution one or two orders of magnitude higher that the diffraction limit.

Superresolution microscopy techniques divide into two categories: superresolution with
patterned excitation (STED?2223, SIM24, MINFLUX?%), and superresolution without
patterned excitation (PALM?26, STORM?7, SOFI%8, SRRF%,...).

For STED microscopy, a doughnut shaped beam deactivates the fluorophores, while a
focused beam activates them??. When the two beams are precisely aligned, only the
fluorophores at the very center of the excitation beam emit light. Scanning the sample with

the beams results in a superresolution image.
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Single molecule localization microscopy techniques (SMLM, such as PALM? and
STORM?) relies on a very different principle. It takes advantage of the reversible switch
of fluorophores between an “on” and an “off” state. At a given time, only a small fraction
of the fluorophores are emitting light, and it is consequently possible to localize each with
high precision. Several hundreds or thousands of images are recorded to generate a final

superresolved image.

Both STED and SMLM techniques require high excitation intensity and are too toxic to
be compatible with long term time-lapse imaging!®. Structured illumination microscopy
(SIM) on the other hand gives a moderate resolution improvement (two-fold
improvement in lateral resolution for 2D linear SIM24), but has been gaining a wide interest
because of its high speed3??! and low phototoxicity'>. For this reason, we chose to focus
on the SIM superresolution technique as a mean to increase the resolution for time-lapse

imaging of live cells.

Structured illumination microscopy

SIM relies on operations on spatial frequency domain of the images.

Figure 8 illustrates what are the low and high spatial frequency components of an image.
In short, an image without the high spatial frequency components looks blurred and loses
the sharp details. In the Fourier domain, the distance from the origin is directly related to
the frequency in the real space (Figure 8): low frequencies lay close to the origin, whereas

high ones are farther from it.

Because of the diffraction limit, a microscope blurs the image, i.¢. it blocks the high spatial
frequency components of the image (with a frequency cut-off equal to i%) In the

Fourier domain, this corresponds to filtering out all the spatial frequencies laying outside

of a disk of radius R = i%, and blocking the high-frequency information outside that

disk. Structured illumination is a method to translate high frequency components into the

diffraction-limited disk of the microscope.
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Figure 8: Relationship between spatial frequencies, the image domain and the Fourier
domain

The Foutier transform (FFT) of an image gives information about its content in terms of special
frequencies: an image which contains only the low spatial frequency looks blurred (center), while
an image with high spatial frequencies (right) mainly contains edges and small details. In the
Fourier space, low (respectively, high) frequencies lay close to (respectively, far from) the origin.
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Figure 9: Principle of structured illumination

[llustration of the principle of wide field illumination compared to structured illumination. For
wide field illumination, the field of view is illuminated with a constant excitation intensity, in
response to which the fluorescent areas of the sample emit light. Due to the diffraction limit, a
“blurred” version of the emitted fluorescence reaches the camera. For structured illumination,
the excitation light is patterned, meaning that not all the areas of the sample are excited and emit
light. In mathematical terms, the emitted fluorescence is the product of the fluorescent area of
the sample and the excitation pattern. The emitted fluorescence image is “blurred” due to the

diffraction limit in an identical manner as for wide field microscopy.

27



A structured illumination microscope illuminates the sample with a predefined pattern
(usually lines, Figure 9, Figure 10a), instead of a constant illumination over the whole field
of view (wide field illumination, Figure 9). Several images with different illumination
patterns are combined to build an artificial superresolved image with a computational

algorithm3>3 (Figure 10).

a-._
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wide idld | SIM

Figure 10: Increase in resolution with SIM

(a) Example of patterned illumination on a thin fluorescent film. Here, 14 different patterns are
used corresponding to 4 different angles. (b) Comparison between an image of beads with wide

field illumination compared to the SIM image.

A.4. General objectives of the research

The first objective of this thesis was to understand some of the biophysical mechanisms
enabling mycobacteria to grow and divide: determining the growth dynamics of pole
clongation (Chapter B), and highlighting the role of mechanical stress concentration
during bacterial cell division (Chapter D). This research was made possible thanks to
previous and new developments in instrumentation for time-lapse optical and AFM

microscopy, by our group and by others.

The second objective of this research was to develop new tools for live-cell microscopy,
which will facilitate future research on mycobacteria and living organisms in general, by
our group and by others. To do so, I developed a protocol for AFM imaging of the
growing tip of a pole-growing microorganism (Chapter C), introduced a design for
photothermal actuation in a tip-scanning AFM to increase AFM imaging speed (Chapter
F), designed and built a microscope add-on for SIM microscopy to increase optical
resolution (Chapter E), and collaborated with another group? to develop an AFM setup

for simultaneous optical, mechanical and electrical recordings on live cells (Chapter G).
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Cbapter B A biphasic growth model for cell pole

elongation in mycobacteria

B.1. Preamble

Opposite models coexist in the literature for the growth dynamics of mycobacteria®’.
Motivated by this intriguing discrepancy, we show, thanks to time-lapse AFM images, that the

growth dynamics of mycobacteria follows a new end take off NETO model.

This is a verbatim copy of an article that has been published in a peer reviewed journal'l.

Permission is granted by the publisher to reproduce the article in this thesis dissertation.

Hannebelle, M. T. M., Ven, J. X. Y., Toniolo, C., Eskandarian, H. A., Vuaridel-Thurre, G.,
McKinney, J. D.* & Fantner, G. E*. A biphasic growth model for cell pole elongation in
mycobacteria. Nat. Commun. 11, (2020).

+ contributed equally

My contribution to this work consist in the assembly and automation of the combined AFM-
optical microscope used in this study. I also acquired the AFM time-lapse images and analyzed

the data.

B.2. Abstract

Mycobacteria grow by inserting new cell wall material in discrete zones at the cell poles. This
pattern implies that polar growth zones must be assembled e novo at each division, but the
mechanisms that control the initiation of new-pole growth are unknown. Here, we combine
time-lapse optical and atomic force microscopy to measure single-cell pole growth in
mycobacteria with nanometer-scale precision. We show that single-cell growth is biphasic due
to a lag phase of variable duration before the new pole transitions from slow to fast growth.
This transition and cell division are independent events. The difference between the lag and
interdivision times determines the degree of single-cell growth asymmetry, which is high in

fast-growing species and low in slow-growing species. We propose a biphasic growth model
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that is distinct from previous unipolar and bipolar models and resembles “new end take off”

(NETO) dynamics of polar growth in fission yeast.

B.3. Introduction

At the single-cell level, the spatial pattern of cell growth and division is remarkably diverse,
even among organisms that are morphologically similar3>. Among rod-shaped bacteria, some
species grow by insertion of new material into the sidewalls with little or no growth at the
poles (e.g., Escherichia coli, Bacillus Subtilis)®, while others show the opposite pattern, growing
by insertion of new material at the poles with little or no growth at the sidewalls (e.g.,
Mycobacterium species)?>. Mycobacterium is a medically relevant genus that includes important

pathogenic species such as M. tuberculosis and M. leprae.

To characterize the pattern of growth of a bacterium at the single-cell level, both temporal and
spatial information are required with sufficiently high resolution. Several methods have been
developed over the past decades for measuring the pattern of single-cell growth, but the
conclusions have varied between studies. Two main models have been proposed for bacteria
that grow by extension of the sidewalls, such as E. coli or B. subtilis: a linear model in which
cells grow at a constant speed?, and an exponential model in which the speed of growth is
proportional to cell size¥”. More recently, the exponential growth pattern has been confirmed
for B. subtilis by a pioneering study using a suspended microchannel resonator to measure the

buoyant mass of individual cells over time3®.

Compared to our understanding of the growth pattern of sidewall-growing organisms, our
understanding of polar growth is incompletes. Time-lapse optical microscopy combined with
microfluidics has become a tool of choice for measuring the pattern of polar growth in
mycobacteria>7%10, Despite a consensus that mycobacteria grow exclusively at the poles, it
remains controversial whether their pattern of single-cell growth follows unipolar
(asymmetric) or bipolar (symmetric) dynamics®-19%. According to the wnipolar model, the new
cell pole grows very slowly or not at all between birth and division, when it becomes the old
pole of the newborn cell and transitions to fast growth (Figure 11a). According to the bipolar

model, both poles, new and old, grow at the same rate between birth and division (Figure 11a).

We sought to reexamine this controversy regarding the pattern of single-cell growth in
mycobacteria using time-lapse microscopy with high spatial resolution. The spatial resolution
of optical microscopy is limited by diffraction to approximately half the wavelength of light,

which corresponds in size to the radius of a bacterium. Super-resolution optical microscopy
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can overcome the diffraction limit?226:27, but most supet-resolution techniques are not
compatible with long-term time-lapse imaging due to phototoxicity’>. Atomic force
microscopy (AFM) is emerging as a powerful tool for microbiology, as it allows nanometer
resolution imaging of live cells in liquid cultures*#!. AFM has been successfully used to study
cell wall nanostructure®=#4, cell growth*>#3, and the nanoscale effects induced by drug
exposure**. In addition, developments in AFM technology have enabled imaging of bacterial
processes at high temporal resolution?®-48, Recently, we developed methods for long-term
time-lapse AFM to observe mycobacteria growing and dividing through multiple generations
with nanometer resolution!®. AFM time-lapse images revealed morphological landmarks on
the mycobacterial cell surface, which appear up to two generations in advance and correspond
to future sites of division'. Using AFM nanomechanical mapping, we found that
mycobacterial division is driven by a combination of peptidoglycan hydrolytic activity and
accumulation of mechanical stress at the septum, which culminates in abrupt division in a

timeframe of milliseconds!8.

Here, we use a combination of time-lapse AFM and optical microscopy to characterize the
spatial and temporal pattern of single-cell growth in fast- and slow-growing Mycobacterinm
species. We show that single-cell growth of mycobacteria follows biphasic polar dynamics

distinct from the previously proposed unipolar and bipolar models.

B.4. Results

Measurement of pole elongation with time-lapse AFM

We imaged cell growth and division of Mycobacterinm smegmatis with time-lapse AFM, which
provides nanometer-resolution three-dimensional topographical data of the cell surface
(Supplementary Movie 1). Cell division is visible in the AFM images as a sudden drop in height
at the nascent division site!®!8, Upon cell division, two newly formed sibling cells often remain
closely apposed at their new poles and may therefore appear to be a single non-divided cell by
optical microscopy while being resolvable as two distinct cells by AFM (Figure 11b).
Moreover, AFM reveals nanoscale structures on the cell surface, such as wave-troughs!,
division scars®, and protruding blebs, which may represent microvesicles® (Figure 11; Figure
S 1). These surface structures are spatially immobile over time because they are outside the
polar growth zones (Figure S 1), which validates them as fiducial markers that can be used to
measure the growth of each cell pole individually. By repeatedly measuring the distance
between cell-surface fiducial markers and the cell poles, we were able to quantify pole

elongation in absolute terms (Figure 11c;Figure S 2) with ~50nm precision (Figure S 3).
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Figure 11: Measurement of M. smegmatis pole elongation dynamics using AFM.
(a) Schematic of unipolar’ and bipolar® elongation models. OP, old pole. NP, new pole. (b)

Comparison between phase-contrast and AFM time-lapse images of dividing cells measured on
different instruments. Arrows indicate the division site in the first frame following the division event.
For phase-contrast microscopy data, the division event was detected using the method described in
Figure S 5. Scale bar, 1 wm. Time between consecutive images is 10 minutes for phase-contrast
microscopy data and 13 minutes on average for AFM data. (c) Absolute measurement of pole
elongation using fluorescence pulse-chase labelling and AFM-resolved surface nanostructures as
fiducial markers. Scale bar, 1 um. Top: combined phase-contrast and fluorescence images of an
elongating cell. Time between consecutive images is 30 minutes. The schematic illustrates how
fluorescently labeled cell wall (green) can be used as a fiducial marker to measure pole elongation
(white arrows). Bottom: AFM time-lapse images of a mother cell (green) and its two daughter cells
(blue and yellow). Surface nanostructures used as fiducial markers are indicated with a white arrow:
division scar (s), protruding bleb (b), trough (t). The schematic illustrates how surface nanostructures
(black circles) are used as fiducial markers to measure pole elongation over time. Time between two

images is 1.25 hours on average.

Pole elongation follows “new end take off” (NETO) dynamics

We observed that a newly born cell pole initially grows slowly (or not at all) before transitioning
to a constant rate of fast growth (Figure 12a), reminiscent of the unipolar model’. However,
close inspection of our AFM data reveals that, in most cases, the new pole transitions from
slow to fast growth prior to the subsequent cell division (Figure 12a). Rather than unipolar’-10
or bipolar¢® growth, this pattern (Figure 12b;Figure S 4) instead resembles the “new end take
off” (NETO) model of biphasic pole growth described previously in the eukaryotic fission
yeast Schizosaccharomyces pombes'. Although mycobacteria and fission yeast are separated by more
than a billion years of evolution, we will use the descriptive term “NETO” in reference to the

dynamics of polar growth in mycobacteria as well (Figure 12c).
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Figure 12: Biphasic pole growth: NETO and cell division are independent events.

(a) Elongation of a representative newborn pole through three generations measured by time-lapse
AFM. Grey: AFM data; orange/blue: bilinear fit. See Figure S 4. (b) Schematic of biphasic growth of
a newborn pole with a rate change (NETO). (c) Schematic of biphasic NETO growth of a cell over
one cell cycle. (d) Left: elongation speeds of newborn poles during the pre-NETO phase (slow or
no growth) and the post-NETO phase (fast growth). Right: pre-NETO time and interdivision time.
Data from time-lapse AFM images (20 poles). Bars indicate averages and standard deviations. (e)
Typical elongation curve of a newborn cell pole (left) and atypical curves with eatly NETO before
division (center) and late NETO after division (right). Each curve corresponds to one of the data

points in (d). Grey: AFM data; orange/blue: bilinear fit.

We found that the lag phase between new-pole formation and the transition from slow growth
(average ~0.15 £ 0.06 um per hour) to fast growth (~0.61 = 0.13 pm per hour) is variable
with an average duration of 2.9 * 0.8 hours in cells growing with an average interdivision time
of 3.6 £ 0.7 hours (Figure 12d). In the majority (> 80%) of cells, NETO occurs between birth
and the next cell division (Figure 12¢). However, in a minority (< 20%) of cells, NETO occurs

after the next cell division (Figure 12e), which rules out the possibility that division per se is the
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trigger that causes a cell pole to switch from slow to fast growth. We conclude that NETO
and cell division are temporally distinct events in terms of their relative order and timing. The
NETO pattern of growth is distinct from the bipolar growth model, according to which fast
pole growth is initiated immediately at pole birth (Figure 12). The NETO pattern of growth
is also distinct from the unipolar growth model”!?, according to which fast pole growth is

initiated at cell division, when the new pole becomes an old pole (Figure 13).

unipolar bipolar NETO

T ()
¥ opP ) +
op ' OP
opP OP OP

n

NETO
N

pole elongation
pole elongatiol
pole elongation

time time time

Figure 13: Unipolar, bipolar, and NETO pole growth models in mycobacteria.

Schematic representation of the elongation curves for the old pole (OP, blue) and the new pole (NP,
orange) of a cell from birth (division of the mother cell) to division, according to the unipolar’,

bipolar®, and NETO models.

We investigated whether NETO growth dynamics might be an artifact caused by the
experimental conditions we used for time-lapse AFM. As a comparison, we analyzed data
obtained by phase-contrast microscopy of bacteria growing in a microfluidic device using the
same experimental conditions under which bipolar growth was previously reported®. In this
device, the cells are sandwiched between a glass coverslip and a semipermeable membrane,
which constrains them to grow in the imaging plane while providing a continuous supply of
nutrients. Separation of newly divided sibling cells can be difficult to observe in diffraction-
limited phase-contrast microscopy images. However, time-lapse AFM images revealed that
division was accompanied by an abrupt snapping movement of the sibling cells away from
each other by ~ 100 nm on average (Figure S 5a). Based on the insights provided by our AFM
experiments, we developed an algorithm using differential image processing to identify the
snapping separation of sibling cells in phase-contrast microscopy images by measuring the
differences between consecutive frames (Figure S 5b). We then used morphological features
that were visible by phase-contrast microscopy on a minority of cells (e.g., bent cells,
constrictions) as low-precision fiducial markers to measure the elongation of individual cell

poles (Figure S 5¢). Our results with phase-contrast microscopy confirmed that newborn cell
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poles grow with biphasic NETO dynamics, in agreement with the results we obtained in AFM
time-lapse experiments (Figure S 5d). We conclude that NETO growth dynamics are not an
artifact caused by the experimental conditions that we use for time-lapse AFM imaging.
Moreover, our AFM time-lapse data allowed us to validate a new and more accurate method
to measure pole elongation from birth to division using diffraction-limited optical time-lapse

images.

NETO is not due to release of physical constraints on poles

We hypothesized that the lag phase between birth and NETO might result from spatial
constraint inhibiting growth of the new cell pole, since newborn cells remain in physical
contact for some time after cell division (Figure 14a). We relieved this spatial constraint by
using the AFM cantilever tip to mechanically lyse or physically displace one cell in a pair of
siblings (Figure S 6). Neither of these manipulations eliminated the lag phase between new-
pole birth and NETO (Figure 14b,c). Conversely, inverting the orientation of a cell in order
to bring its old pole into physical contact with another cell pole (Figure S 6) had no impact on
the growth dynamics of the old pole, which continued to elongate at the same rate (Figure
14d). We conclude that the spatial constraint imposed by end-to-end physical contact between
newborn sibling cells is not responsible for the slow rate of new-pole elongation during the

pre-NETO phase.
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Delayed accumulation of Wag31 at the new cell pole

Since the pre-NETO phase is not due to physical constraints on the new cell poles, we
investigated whether recruitment of the machinery required for cell wall biogenesis might
occur with a delay similar to the duration of the pre-NETO phase. We focused on the Wag31
protein (also known as DivIVa) because it preferentially binds to the cell poles!'?~23 and
functions as a scaffold for recruitment of enzymes responsible for cell wall biogenesis!®. We
measured the progressive accumulation of Wag31 at new cell poles using a strain of M.
smegmalis expressing a fusion of Wag31 to green fluorescent protein (Wag31-GFP)°. Starting
from a low level at the time of cell division (about 10% of the final intensity), Wag31-GFP
fluorescence at the new cell poles gradually increases before stabilizing, with an average time
constant of 2.4 hours (representative curve: Figure 15a; average of 20 poles: Figure S 7;
Supplementary Movie 2). On average, Wag31-GFP accumulates to about 70% of its final value

before NETO occurs (Figure 15b; Figure S 7).
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Figure 15: Wag31 relocalizes from the old to the new pole during the pre-NETO phase.

(a) Combined time-lapse phase-contrast and fluorescence microscopy of M. smegmatis expressing
Wag31-GFP. Zoom on the division site showing progressive formation of two elongating new poles.
Time between consecutive images is 20 minutes. Scale bar, 1 Um. (b) New-pole elongation curves
of two sibling cells (red and orange) and the average of their Wag31-GFP intensities (green). Data
are representative of 20 poles (Figure S 7). The average intensity rather than /ndividnal intensity of the
two new poles is plotted because their physical proximity precluded individual measurements.
Wag31-GFP intensity over time was fitted with an asymptotic exponential function (dotted green
line) with a time constant of 1.9 hours (confidence interval 0.26 at 95%), adjusted R? = 0.98. The
confidence interval and R2 value indicate the quality of the fit to the fluorescence curve. (c)
Combined time-lapse fluorescence and atomic force microscopy of M. smegmatis expressing Wag31-
Dendra2 before (0-), just after (0+), and 2 hours 51 minutes after (2h51) UV-induced photo-
conversion. Scale bar, 1 um. (d) Evolution of photo-converted Wag31-Dendra2 signal at the new
and old cell poles during cell division. Each sibling cell has a new pole (orange) and an old pole (light
or dark blue) inherited from the mother cell. (e) Schematic representation of Wag31 relocalization

from the old pole to the new pole during and after cell division.
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Wag31 relocalizes from old poles to new poles

Accumulation of Wag31 at the new cell pole during the pre-NETO phase could be due to
localization of newly synthesized protein, relocalization of existing protein from the old pole
to the new pole, or both. To distinguish between these possibilities, we constructed a strain of
M. smegmatis expressing a fusion of the Wag31 protein to the photo-convertible fluorescent
protein Dendra2 (Wag31-Dendra2). We imaged the cells before and after exposure to a pulse
of UV light, which irreversibly converts Dendra2 fluorescence emission from green to reds
(Figure S 8a). Cells born after photo-conversion showed a gradual accumulation of photo-
converted (red) Wag31-Dendra2 at the new poles, which was accompanied by a gradual
decrease of photo-converted Wag31-Dendra2 at the old poles (Figure 15c,d). These
observations suggest that Wag31 partially relocalizes from the old pole to the new pole in
newborn cells. In parallel, non-photo-converted (green) Wag31-Dendra2 gradually
accumulated at both the new and old cell poles, presumably due in part to recruitment of
newly synthesized protein (Figure 15¢,d). As a consequence of these dynamics, the total
amount of Wag31-Dendra2 increased over time at new cell poles while remaining more or less
constant at old cell poles. In subsequent generations, photo-converted Wag31-Dendra2
continued to redistribute between the old and new cell poles (Supplementary Movie 3). Non-
dividing cells exhibited a relatively stable signal of photo-converted Wag31-Dendra2 over
time, which confirms that the amount of photo-bleaching was low. In contrast, dividing cell
lineages exhibited a lower photo-converted Wag31-Dendra2 signal per pole due to repartition
of photo-converted Wag31-Dendra2 between a larger number of poles (Figure S 8b,c). We
conclude that Wag31 partially relocalizes from the old pole to the new pole during the pre-
NETO phase (Figure 15¢).

NETO timing does not scale with the interdivision time

In M. smegmatis, cell division and NETO are independent events characterized by different
time intervals, although on average the pre-NETO time is only slightly shorter than the
interdivision time (Figure 12). We asked whether NETO dynamics are also characteristic of
other mycobacterial species and whether the pre-NETO time scales with the interdivision
time. Due to biosafety constraints, we were unable to use AFM to measure single-cell growth
in pathogenic mycobacteria. As discussed above, we used AFM-based imaging of M. smegmatis
to develop a differential image processing method to interpret diffraction-limited optical time-
lapse images with improved accuracy (Figure S 5). We used this method to measure polar

growth of pathogenic mycobacteria with optical time-lapse microscopy.

40



The interdivision time of the human pathogen M. tuberculosis is, on average, about six times
longer than the interdivision time of M. smegmatis®>. Similar to M. smegmatis, we found that
new-pole growth in M. tuberculosis displays NETO growth dynamics, with an initial slow-
growth phase of variable duration followed by a fast-growth phase (Figure 16a). We also
observed NETO dynamics (Figure S 10) in M. abscessus and M. marinum. In M. smegmatis, most
poles (70%) initiate NETO during the second half of the cell cycle (Figure 6¢). In a small
minority of poles (10%), NETO occurs eatly, in the first half of the cell cycle. Since the pre-
NETO time is only slightly smaller on average than the interdivision time in M. smegmatis,
NETO occurs after division for a minority of cells (about 20%), when the pole is no longer
“new”. In the slow-growing mycobacteria M. marinum and M. tuberculosis, the pre-NETO time

is much smaller than the interdivision time, and NETO always occurs before division (Figure

16b,c).

Unexpectedly, the duration of the lag phase between birth and NETO is only twice as long in
M. tubercnlosis compared to M. smegmatis: on average, 6.2 £ 2.2 hours in a population of cells
growing with an average interdivision time of 16.3 £ 3.1 hours (Figure S 10). As a consequence,
M. smegmatis exhibits asymmetric polar growth during 80% of the cell cycle on average, whereas
M. tuberculosis grows asymmetrically during only 40% of the cell cycle on average (Figure 16¢).
Similarly, NETO occurs in the second half of the cell cycle (60% on average) in fast-growing
M. abscessus, and in the first half of the cell cycle (30% on average) in slow-growing M. marinum
(Figure 16¢). We conclude that the lag phase between pole birth and NETO does not scale
strictly with the interdivision time in mycobacteria (Figure 16b,c; Figure S 9; Figure S 10), and
the ratio between the pre-NETO time and the interdivision time is variable and determines

the degree of growth asymmetry in different species.

Bacterial cells are composed of a combination of newly synthesized material and material
inherited from previous generations. We calculated the spatial distribution of aged cell wall
material within a cell, and its progression during growth of a microcolony of M. smegmatis,
based on time-lapse phase-contrast microscopy. Figure 6d shows a microcolony with the cell
surface false-colored based on the age of the cell wall (see Methods for details). We found that
the composition of aged cell wall material is heterogeneous within the population: some cells
are composed mostly of new cell wall material (e.g., cell A in Figure 16d), while other cells are
composed mostly of older material (e.g., cell B in Figure 16d). Based on NETO growth
dynamics measured in M. smegmatis and M. tuberculosis (Figure 16¢) and assuming symmetric

division for simplicity, we calculated the repartitioning of aging cell wall material in the two
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species. Based on our calculations, we predict that sibling cells of M. smegmatis exhibit greater
cell-to-cell heterogeneity in the composition of aged cell wall material compared to M.
tuberculosis sibling cells (Figure 16e). We conclude that the ratio between the pre-NETO time

and the interdivision time affects the cell-to-cell heterogeneity of cell wall age distribution.
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Figure 16: Species-specific NETO dynamics impart different patterns of asymmetry.

(a) Elongation dynamics of representative old and new cell poles of M. smegmatis and M. tuberculosis
between birth and division. Points: phase-contrast microscopy data. Lines: linear fit (blue) or bilinear
fit (orange). (b) Pre-NETO phase vs. interdivision time in M. smegmatis (38 poles), M. tubercutosis (14
poles), M. abscessus (6 poles), and M. marinum (6 poles). Each symbol represents a new cell pole. Black
lines indicate the expected pre-NETO time and interdivision time corresponding to unipolar growth
or bipolar growth. (c) Asymmetry of old-pole and new-pole growth between birth and division in

individual cells of M. smegmatis, M. abscessus, M. marinum, and M. tubercnlosis, expressed as the ratio (pre-
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NETO time)/(interdivision time). Bars indicate averages and standard deviations. (d) Calculated
spatial pattern of cell wall age for individual cells within a microcolony of M. smegmatis based on time-
lapse phase-contrast microscopy. (e) Calculation of the partitioning of cell wall material inherited by
the daughter cells from the original mother cell in M. smegmatis (top) and M. tuberculosis (bottom),
based on the average values calculated from the experimental data in panel (c) and assuming

symmetric division for simplicity.

B.5. Discussion

Two models of single-cell growth have previously been proposed in mycobacteria: a unipolar
model, in which the new cell pole grows slowly (or not at all) between birth and division, and
a bipolar model in which both poles (old and new) grow at the same rate after births. By
measuring the growth of each cell pole with unprecedented precision using time-lapse AFM,
we find that single-cell growth is neither strictly unipolar nor bipolar; rather, we find that new-
pole growth follows biphasic NETO (“new end take off”) dynamics, in which the new pole

initiates fast growth after a delay.

In a recent study, Botella et al. used pulse-labeling with fluorescent peptidoglycan precursors
and snapshot microscopy to measure the amount of peptidoglycan synthesis at cell poles as a
function of cell length, on the assumption that cell length corresponds roughly with cell cycle
position®. In M. smegmatis, they reported a fast rate of peptidoglycan synthesis at one of the
cell poles and a slow rate of synthesis at the other cell pole across the whole range of cell
lengths. In contrast, they reported that, in M. tuberculosis, the rate of peptidoglycan synthesis is
lower at one of the cell poles for short cells but is similar at both poles for long cells. Based
on this analysis, they proposed that M. smegmatis and M. tuberculosis exhibit different modes of
pole eclongation, as reflected in their distinct spatiotemporal dynamics of cell wall
peptidoglycan synthesis, although they did not measure cell growth per se, nor could they
distinguish between old and new cell poles®. Our results using time-lapse AFM and optical
microscopy to measure cell growth directly are partly consistent with their findings. In M.
tuberculosis, smaller cells are more likely to be at an earlier time point in the cell division cycle,
and therefore the new pole is more likely to be in the pre-NETO phase and to grow slowly.
In M. smegmatis, NETO occurs, on average, only shortly before division; thus, in the majority
of cells one pole (the old pole) grows rapidly for the entire duration of the cell division cycle,
while the other pole (the new pole) grows rapidly for only a fraction of the cell cycle just before
division. However, we found that NETO in M. smegmatis can, in rare cases, occur long before

division or, conversely, after division. These results establish that NETO and division are
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temporally distinct events in both M. smegmatis and M. tuberculosis. Compating the dynamics of
pole growth in fast-growing and slow-growing Mycobacterinm species, we conclude that the
dynamics of pole growth are fundamentally the same and we propose a unifying model based
on our observation that all of the four species we tested display NETO pole dynamics with a

pre-NETO lag phase of variable duration.

Biphasic NETO dynamics seem to be a general characteristic of single-cell growth in
mycobacteria. The question arises, why do mycobacteria initiate growth of a newly formed
pole only after a lag phase? One possibility is that the lag phase corresponds to a period
required for “maturation” of the new pole before it can initiate growth?. It is, however,
unlikely that the maturation phase is an absolute requirement, as initiation of growth from a
newly formed pole has been observed immediately after division in a morphologically
abnormal strain of M. smegmatis'®. 1t has been proposed that asymmetric growth has evolved
by natural selection because it increases cell-to-cell phenotypic heterogeneity, which may
increase overall evolutionary fitness®. Consistent with this idea, it was recently shown that
deletion of the /am.A gene in M. smegmatis decreases the asymmetry of polar growth as well as
survival during exposure to the antibiotic rifampicin?. However, we find that polar growth is
less asymmetric in slow-growing species (e.g., M. tuberculosis) compared to fast-growing species
(e.g., M. smegmatis), because the pre-NETO time does not scale in proportion to the duration

of the cell cycle.

What is the mechanistic basis for NETO pole growth dynamics? In fission yeast, it has been
shown that application of a high external mechanical force on the cell poles can counteract
the forces driving pole extension, thereby inducing growth arrest”’. We considered the
possibility that pole-to-pole contact forces remaining after cell division might inhibit
mycobacterial new-pole extension during the pre-NETO phase. However, we find that
physical separation of daughter cells immediately after division of the mother cell, using the
AFM cantilever, does not eliminate the lag phase. These results rule out the possibility that
pole-to-pole contact forces alone are responsible for NETO growth dynamics in

mycobacteria.

In fission yeast, it is thought that NETO might reflect the initiation of repartitioning of Cdc42
from the old pole to the new pole>>, although the actual determinants of elongation speed
remain unknown®. In mycobacteria, polar insertion of new cell wall material is thought to be
directed by Wag31, and it has been proposed that accumulation of Wag31 at the new cell pole

may be rate-limiting for pole growth!%:61.62, Consistent with this idea, we found that Wag31
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gradually accumulates at the new cell pole prior to NETO due, in part, to relocalization of
Wag31 from the old pole to the new pole. However, it remains to be proven whether Wag31
accumulation above a certain threshold actually serves as a trigger for NETO. In other
bacteria, relocalization of proteins from one pole to the other can occur on fast timescales.
For example, proteins of the Min system in F. co/i oscillate from one pole to the other with a
periodicity of about 50 seconds®, and pole-to-pole equilibration of the Wag31 homolog
DivIVa in B. subtilis takes only about five minutes®®. These kinetics are much faster than the
rate of Wag31 equilibration between the old and new cell poles in M. swegmatis, which is about
three hours on average, as shown here. This striking difference suggests that M. smegmatis
Wag31 and B. subtilis DivIVa might have different intrinsic dissociation constants at the poles,
or that species-specific regulatory proteins might control the rate of dissociation from the old
pole or association to the new pole, such as PonA16> and LamA® in M. smegmatis. 1t has been
shown recently that deleting the lamA gene decreases growth asymmetry between the two cell
poles and increases recruitment of Wag31 to the division septum (and, therefore, to the future
new cell poles)?. As LamA localizes to the septum?, it might reduce the association constant
of Wag31 to the new pole, thereby slowing recruitment of Wag31 from the old pole to the

new pole.

This study has revealed an unexpected similarity of pole growth dynamics between
mycobacteria and fission yeast, which are separated by billions of years of evolution®. It seems
unlikely @ priori that this striking similarity reflects the conservation of molecular mechanisms
that evolved prior to the divergence of these organisms. This raises the intriguing possibility
that NETO growth dynamics may reflect underlying biophysical and mechanical constraints
associated with polar growth of rod-shaped organisms that divide by binary fission. In the
future, it will be interesting to determine whether NETO growth dynamics are a general
characteristic of pole-growing microorganisms, which are found in taxonomically diverse

phyla including the Actinobacteria, Proteobacteria, and Ascomycota3>°1.

B.6. Methods

Bacterial strains and growth conditions

Mycobacterium  smegmatis mc?155 (wild-type), Mycobacterium tuberculosis Exrdman (wild-type),
Mycobacterium abscessus DSM2 (wild-type), Mycobacterinm marinum M (wild-type), and derivative
strains were grown in Middlebrook 7H9 liquid medium (Difco) supplemented with 0.5%
albumin, 0.2% glucose, 0.085% NaCl, 0.5% glycerol, and 0.05% Tween-80. Cultures were

grown at 37°C (30°C for M. marinum) to mid-exponential phase, corresponding to an optical

45



density at 600 nm (ODG00) of ~0.5. Aliquots were stored in 15% glycerol at —80 °C and
thawed at room temperature before use; individual aliquots were used once and discarded.
The strain expressing a Wag31-GFP fusion protein has been described previously®. The
reporter strain expressing a Wag31-Dendra2 fusion protein was constructed using the Gibson
assembly NEBuilder HiFi DNA Assembly Master Mix (New England Biolabs) according to
the manufacturer’s protocol. The dendra2 open reading frame, minus the start codon, was PCR-
amplified from pGEXG6P-1-Dendra2 (a gift from Periklis Pantazis; Addgene plasmid # 82436
67) using primers dendra2_wo_STARTF (AGT TCA ACC GCG GCA ACA ACA ACA CCC
CGG GAA TTA ACC) and dendra2_wo_STARTR (GGC CAT TGC GAA GTC ATT ATT
TAC CAC ACC TGG CTG GG) and joined by Gibson assembly to the integrative plasmid
pIS220 ¢, which was PCR-amplified using primers pIS220_wag F (ATA ATG ACT TCG
CAA TGG CCA AG) and pIS_wag R (GTT GTT GCC GCG GTT GAA C). The resulting
plasmid was confirmed by restriction digestion and DNA sequencing. The Wag31-Dendra2-
expressing plasmid was integrated at the chromosomal a#B site by electroporating a wild-type
strain of M. smegmatis with 1-2 ug of plasmid DNA and selecting transformants on 7H10 plates

containing 50 ug ml~! kanamycin.

Time-lapse optical microscopy

For time-lapse optical microscopy, bacteria were cultured in a custom-made microfluidic
device with a continuous flow of 7TH9 medium>S. Bacteria were imaged with a DeltaVision
personalDV microscope (Applied Precision) equipped with a 100X oil immersion objective
and an environmental chamber maintained at 37°C (30°C for M. marinum). Images were
recorded on phase-contrast and fluorescence channels (490/20-nm excitation filter and
528/38-nm emission filter for GFP, 575/25-nm excitation filter and 632/60-nm emission
filter for mCherry) with a CoolSnap HQ2 camera.

Time-lapse atomic force microscopy (AFM)

An aliquot from an exponential-phase culture of M. smegmatis was pipetted onto a PDMS-
coated glass coverslip!®, mounted in a custom-made coverslip holder with a built-in heating
unit!’, and incubated at 37°C without agitation for ~15 minutes to allow attachment.
Unattached bacteria were removed by rinsing the coverslip surface with 7H9 before imaging,.
The sample was maintained at 37°C during imaging using the coverslip heating holder
controlled by a TC200 temperature controller (Thorlabs). AFM images were recorded using a

customized Icon AFM (Bruker) that was mounted above an inverted optical microscope.
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Images were recorded at =0.5 Hz line rate using ScanAsyst Fluid cantilevers (Bruker) with a
nominal spring constant of 0.7 N m! in PeakForce quantitative nanomechanical mode (QNM)
at an oscillation rate of 1 kHz and a force setpoint < 2 nN. Fluorescence images were acquired
with an EMCCD iXon Ultra 897 camera (Andor) mounted on an IX81 inverted optical
microscope (Olympus) equipped with a 100X oil immersion objective. Illumination was
provided by a mercury lamp (U-HGLGPS, Olympus). The AFM was mounted above the

inverted microscope and the AFM laser was switched off while acquiring fluorescence images.

Processing of AFM images

Standard scanning probe software (Gwyddion, Nanoscope Analysis) was used to process
AFM images. Images were scaled and aligned using Fiji® and the StackReg plugin™. The area
of interest was cropped, and a montage was generated from the time-series stacks to show
consecutive images side by side. A false color was assigned to the background and to each
individual bacterium with Photoshop. 3D renderings were made using Fiji, using the AFM

height channel for topography and the AFM error channel as an overlay.

Photo-conversion of Wag31-Dendra2

Photo-conversion of Wag31-Dendra2 was induced with UV light using the excitation channel
of a DAPI filter cube (417-477 nm) with 500 milliseconds of exposure time. Subsequent
imaging was performed only in the red channel unless specified otherwise, to avoid additional

photo-conversion over time.

Pole elongation measurement with time-lapse AFM

For obtaining pole elongation curves from AFM data, the distance between the pole and the
closest immobile surface structure (fiducial marker) was manually measured using Fiji (Figure
11c; Figure S 2). When the reference was changed from one fiducial marker to another, the
distance between the old and the new fiducial markers was added as an offset to subsequent
values. As the surface structures are inherited by the daughter cells from the mother cell,

elongation of a given pole can be measured over several generations.

Pole elongation measurement with time-lapse phase microscopy

The timing of sibling-cell separation was defined in the phase-contrast microscopy data by
identifying the abrupt (frame-to-frame) displacement of the two sibling cells along their

longitudinal axes (Figure S 5). StackReg” was used to align individual bacteria over time using

47



cell shape. Pole elongation was measured with a similar method as with AFM data, using details
in cell shape as a fiducial marker instead of the surface nanostructures resolved by AFM

(Figure S 5).

Bilinear fitting of pole elongation data

Pole elongation data were fitted with a bilinear curve with a custom MATLAB (R2018a) script,
using the MATLAB fiinsearch() function with four fitting parameters: the timing of the NETO
event, the growth speed before NETO, the growth speed after NETO, and an offset.

Calculation of cell wall age distribution in a microcolony

To compute the cell wall age distribution, we chose a microcolony of bacteria that did not
move relative to each other over time. A threshold was applied to separate the cells from the
background with Fiji®. The binary images were summed to obtain a 2D intensity map

indicating the cell wall age distribution for each bacterium within the microcolony.
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Figure S 1: Surface nanostructures resolved by
AFM can be used as fiducial markers.

Top panel: AFM time-lapse images of a mother cell
and its two daughters. Arrows point to surface
nanostructures: blebs (markers 1, 2, 3), wave-troughs
(markers 3, 4), and a division scar (marker 6). Scale

bar, 1 pm. Bottom panel: Distance between several

cell-surface markers and an atbitrarily chosen marker

= average standard fiducial markers

e deviation : 49 nm 1,2,5:blebs on the same cell (point 3 for the top cell, point 4 for
4 3,4 :troughs

E S 6: division scar the bottom cell). The distance between markers on
§ 1W.\. distance between the same cell remains constant over time (average
2 markers -
8 05| S~ —o— Tand3 standard deviation: 49 nm).
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Figure S 2: Absolute measurement of pole elongation with AFM using surface
nanostructures as fiducial markers.

Left panel: AFM time-lapse images of a mother cell (green) and its two daughters (blue and yellow).
Scale bar, 1 um. Center panel: Schematic representation of the methodology used for measuring pole
elongation over time using surface nanostructures as fiducial markers. The elongation of a given pole
d(t) is equal to the distance between the pole and the closest fiducial marker (white arrows), plus the
cumulated offsets (red arrow) to compensate for switching between different fiducial markers when
necessary, minus the initial distance between the pole and the closest marker. Right panel:

Cotresponding elongation curves for the old pole (OP) and the new pole (NP).
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Figure S 3: Precision of single-cell measurements using AFM.

(a) AFM time-lapse images of a non-growing cell over 15 hours. Blue point: Cell pole used for the

measurement. Scale bar, 1 um. (b) Distribution of the measured pole elongation. Each blue point

corresponds to a time point in (a). Bars indicate the average and the standard deviation. Standard

deviation: 49 nm.
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Figure S 4: Model for pole elongation dynamics.

(a) Elongation of a pole measured from pole birth (grey) fitted with a linear model (red, equation:
y=a'x+b), an exponential model (orange, y=atb-exp(c.x)), a polynomial model (purple,
y=a-x’+b x+0), or a bilinear model (green). (b) Residuals (difference between data and fit) for the
four fitting models introduced in (a) and for the elongation of five representative cell poles measured
with AFM from pole birth over at least seven hours. Residuals that are systematically positive or
systematically negative for much of the data range indicate that the model is a poor fit to the data.
Residuals that appear randomly scattered around zero indicate that the model describes the data
well”!. (¢) Pole elongation of five representative poles measured with AFM (grey), fitted with a

bilinear model (green).
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Figure S 5: Measurement of pole elongation by phase-contrast microscopy requires a
fiducial marker and accurate detection of cell division.

(a) Time-lapse AFM illustrating cell division. Blue shapes indicate two surface nanostructures, one
inherited by each sibling cell, used as fiducial markers to reveal the axial snap during division. Scale
bar, 1 um. (b) Time-lapse phase-contrast microscopy (top panel) and corresponding graph (bottom
panel) of the differences between consecutive images (red), revealing the axial snap associated with
division. Scale bar, 1 im. (c) Time-lapse phase-contrast microscopy of a single cell from birth (first
image) to division (last image). Images were aligned using a kink in cell shape as a fiducial marker
(green line), which was used to measure absolute pole elongation over time as for AFM data in Figure
1. Division was detected using the axial snap, as defined in panel (b). Scale bar, 1 im. (d) Elongation
speed before and after NETO and duration of the pre-NETO phase measured with AFM (20 poles)
or phase-contrast microscopy (18 poles). Bars indicate average values and standard deviations. The
differences between AFM and phase-contrast microscopy measurements are not statistically
significant (two-sided t-test; at 0.05 level, when equal variance is not assumed, the difference is not

statistically different from 0).
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Figure S 6: The AFM cantilever tip can be used to lyse or displace cells.

(a) Schematic of the AFM cantilever applying a force to a mycobacterial cell surface and
demonstrating the use of an AFM cantilever as a nano-mechanical manipulating tool. (b-d) AFM
images, error channel. The observed cell is highlighted with a dotted orange line. (b) Lysis of one of
the sibling cells (marked with a skull). See Figure 4b. (c) Displacement of one sibling cell. See Figure
4c. (d) Inversion of the orientation of one of the sibling cells in relation to its neighbors. The old
pole (OP) is brought into contact with other cells while the new pole (NP) is removed from contact

with other cells. See Figure 4d.
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Figure S 8: Relocalization of Wag31-Dendra2 from old to new poles measured using photo-
conversion fluorescence microscopy.
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(a) Schematic of the expected experimental results if Wag31 is initially present at the old pole and
remains there (case 1), or if Wag31 relocates from the old to the new pole (case 2). Comparison with
the experimental results obtained by correlated fluorescence and atomic force microscopy (see Figure
5¢). Scale bar, 1 wm. (b) Combined phase-contrast and fluorescence time-lapse imaging of photo-
converted Wag31-Dendra2 (red) in dividing (cell 2) and non-dividing (cell 1) sibling cells. The photo-
converted signal remains relatively stable over time in the non-dividing sibling, suggesting that the
gradual decrease of the photo-converted signal in the dividing sibling is due to dilution rather than
photo-bleaching. Scale bar, 2 Um. (c) Snapshot of combined phase-contrast and fluorescence
microscopy from a time-lapse series. The poles marked with white arrows belong to two daughters
of a mother cell that grew slowly after photo-conversion. The green poles belong to cight great-
granddaughters of a mother cell that grew normally after photo-conversion. Photo-converted (red)
signal at the poles depends on the dilution over the generations and is not necessarily proportional

to the non-photo-converted (green) signal. Scale bar, 2 tm.
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Figure S 9: NETO growth dynamics are observed in fast-growing and slow-growing
Mycobacterium species.

Representative elongation curves for the old pole (blue) and new pole (orange) of a cell between
birth and division. NETO (black square) was observed in the four tested species, which include both
fast-growers (M. smegmatis and M. abscessus) and slow-growers (M. marinum and M. tuberculosis). Points:

phase-contrast microscopy data. Blue lines: linear fit. Orange lines: bilinear fit.
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Figure S 10: The duration of the pre-
NETO phase does not scale in
proportion to the interdivision time in
Mycobacterium species.

Distributions of the duration of the pre-
NETO phase and the interdivision time
(IDT) for fast-growing (M. smegmatis and
M. abscessus) and  slow-growing (M.
marinun and M. tuberculosis) mycobacteria.
Each point corresponds to a single pole.
Bars indicate averages and standard

deviations.
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Cbapter C Mapping the topography and
mechanical properties during pole growth of a rod-

shaped microorganism

C.1. Preamble

In the previous chapter (Chapter B), we report a surprising similarity between the growth
dynamics of mycobacteria and fission yeast, which hints at shared mechanisms for tip growth
in evolutionarily distant pole growing organisms. With the current protocol developed for
imaging mycobacteria used in Chapter B, the cells are imaged from the side, and we do not

have images of the pole itself, which is the site where new material is inserted for cell growth.

In this chapter, we develop a method for imaging the pole of a growing rod-shaped
microorganism, and show time-lapse AFM images of the topography and local mechanical

properties of a growing fission yeast pole.

My contribution to this chapter is the general idea of vertical trapping for pole imaging with
AFM and part of the supervision of the project. The protocol was developed by Camille
Roche, as her master thesis, and myself, based on a similar method for optical imaging of
vertical fission yeast’? and bacteria. Camille Roche and I imaged the growing poles with AFM

and processed the data.

I would like to thank Prof. Sophie Martin and Veneta Gerganova for providing the yeast cells
and growth medium, for general support for working with fission yeast cells, as well as for

useful discussion.

C.2. Introduction

Numerous living organisms form elongated structures by growing from their tip: root hairs
and pollen tubes in plants, axons of neuron in animals, yeast cells, bacterial cells. Some of the
tip-growing genus are highly medically relevant, such as Mycobacteria, among which M.
tuberculosis, which is thought to infect more than 20% of the world population and causing the
highest number of death among infectious diseases’, and Streptomyces, from which come a
large portion of the antibiotics we know?. Schigosaccharomyces pombe (also called fission yeast) is

another tip-growing species, and a widely studied model organisms for cell biology, particularly
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for the genetic analysis of cell morphogenesis™. We chose to study the poles of fission yeast

cells, as a model for pole-growing micro-organisms in general.

Many questions remain about the morphogenesis of tip growing microorganisms, because of
the challenges associated with microscopy at sub-micron scale. How do these organisms
regulate the time and place for insertion of new material while preserving cell integrity? What
controls the NETO transition from slow to fast pole growth in fission yeast®! and

mycobacteria!'?

Conventional optical microscopy techniques are limited in resolution to 0.2 um because of
fundamental constraints associated to the diffraction of light””. The resolution limit of
conventional optical microscopes (0.2 um) is comparable to the diameter of a bactetium
(about 0.8 um), which means that higher resolution techniques are desirable for microbiology.
Superresolution microscopy techniques can achieve higher resolution, but are often toxic for
the cells’>. With electron microscopy techniques, sub-nanometer resolution images of yeast
cell surfaces’ and bacterial cell envelopes™ can be obtained. However, electron microscopy is

not compatible with live cell imaging because it requires fixing or freezing the sample.

Atomic Force Microscopes (AFM) can image cells surfaces with a nanometer resolution and
is compatible with liquid environment and live-cell imaging®. Like scanning electron
microscopy (SEM), AFM has the advantage of being a label-free technique. Additionally, new
AFM modes such as off-resonance tapping (ORT, also called jumping mode and peak force
tapping) have been developed to quantify the local mechanical properties of the sample,
opening new roads for a better understanding of the physical and mechanical phenomena at
play in living organisms*8182, One can wonder why AFM is not used more frequently
compared to scanning electron microscopy. It is possible that the complexity of the instrument
plays a role. A major other factor is the difficulty of sample immobilization on a surface*-83,
which is essential for high resolution AFM imaging. If the sample immobilization is not
sufficiently strong, the lateral forces applied during AFM imaging drag the sample during the
scanning motion (Figure 1a), resulting in a poor-quality image (Figure 1b). Appropriate

immobilization of the sample is therefore essential for AFM imaging.
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Figure 17: Sample immobilization methods for atomic force microscopy

(a) Schematic representation illustrating how the lateral forces applied while scanning can displace a
loosely immobilized sample. (b) AFM image of a loosely immobilized sample (E. Co/). The sample
was scanned from top to bottom. The stripes are due to the motion of the bacteria. (¢) Schematic
illustrating chemical immobilization®* of bacteria (yellow) via a coating of the surface (grey) with an
adhesive chemical (red). (d) Schematic illustrating mechanical entrapment® of bacteria (yellow) in a
porous filter (green). (e) Schematic illustrating the immobilization of bacteria with an active

microfluidic system?®.

Several methods have been developed to hold a microorganism while imaging. A coating of
poly-L-lysin, cell-tak or other chemical compounds can be used to generate adhesive bonds to
the sample$* (Figure 17c). Chemical immobilization techniques require minimal sample
preparation, but are often toxic for the cells: these methods are suited for imaging during a
short amount of time, but unsuited for long time-lapse during a whole or several cell cycles.
One notable exception if the use of a thin film of PDMS as an adhesive layer to immobilize
mycobacteria, which has no observable impact on the bacterial growth rate, possibly because
the adhesion is not chemical but due to hydrophobicity! .16, Alternatively, mechanical traps are
being used to hold the sample during imaging and prevent lateral motion (Figure 17d). The
most frequently used mechanical entrapment techniques rely on porous filters$>. Our group
has introduced a more complex method to trap bacteria with a microfluidic chip, allowing for

sequential trapping, imaging, and release of bacteria®® (Figure 17¢).
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Here we introduce a method for imaging the pole of growing microorganisms with nanometer
resolution, and demonstrate its use to study the topography and mechanical properties during

the growth of a fission yeast pole.

C.3. Results

Vertical trapping of live rod-shaped cells in agarose microwells for AFM imaging

To image fission yeast cells poles with AFM, the yeast cells need to be held in a vertical
position. We propose a mechanical immobilization method for AFM imaging of cell poles,
with agarose microwells. The agarose microwells would need to have a cylindrical shape similar
to the shape of a fission yeast cell held vertically (3 to 4 um in diameter and 7 to 14 pm in
length). A very similar method has been developed for optical imaging of fission yeast’? and
bacteria’. Because lateral forces are applied during AFM imaging, the diameter of the
microwell trapes has to be optimized to make sure that the cell remains trapped and immobile

while scanning.

We used photolithography and deep reactive ion etching to create vertical cylindrical pillars
on a silicon wafer (Figure 18a), with 10um height and a diameter of 2.5um, 3um, 3..8um and
4.5 um. Liquid agarose was poured onto the micropatterned silicon wafer (Figure 18a) to
obtain vertical cylindrical microwells (Figure 18a). A lab centrifuge was used to push the fission
yeast cells into the agarose traps (Figure 18b, Figure 19). Because the diameter of the wells (2.5
to 4.5 um) is similar in size to the average diameter of a cell (3 to 4 um), but much smaller than
the average length of a cell (7 to 14 um), all the trapped cells stand vertically, leaving one of

their poles exposed.

Upon loading, half of the accessible poles are old poles (of variable age), and the other half
are new poles. To ensure consistency in the results, we chose to image new poles only. After
4 hours of incubation at 32C, the trapped cell will have divided at least once. Because the
height of the microwell is smaller than the length of two cells, one of the sibling cell is released
in the liquid medium, while the other remains trapped. This ensures that the pole imaged with

AFM is a new pole.

Magnets clamp the agarose microwells to a glass slide, which was placed in a custom sample
holder for AFM imaging (Figure 18c)!¢. Trapped fission yeast cells were visible on the AFM
image (Figure 18d). The cell immobilization was ideal for AFM imaging when the diameter of
the well was 3um. Smaller wells had a very low loading efficiency. Larger wells were loaded

with yeast cells, but the cells were moving during imaging.
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Figure 18: Vertical trapping of live fission yeast for AFM imaging of the cell pole

(a) Simplified representation of the process flow for making agarose microwells. (b) Fission yeast loading

process into the agarose microwells. (c) Schematic representation of the setup holding the live vertical

yeast cells for imaging with a combined AFM-optical setup. (d) 3D AFM image of trapped fission yeast

cells. image size: 35x26 pm.

1. Place the agarose
microwells on a 25mm
round glass coverslip.
The wells should be on
top.

5. Place the traps into a
tube whose size is
adapted to the centri-
fuge holder and at least
26mm inner diameter.
The tube should be
filled beforehand with
agarose up to 1cm away
from the top,

2. Place aring of
PDMS around the
microwells. The ring
should be about
25mm outer diameter,
4 mm thick and 8 mm
high.

6. Prepare a second tube
to act as a counter-
weigth in the centrifuge.
It should have the same
weight as the one
containing the agarose
wells.

3. Place on top of the
agarose traps 300.4L of
liquid yeast culture in
exponential growth
phase.

4. Cover the PDMS ring
with a second round
cover slip. Press gently
to ensure a seal
between the PDMS and
the cover slips.

Figure 19: Procedure for loading fission yeast cells into agarose microwells using a lab

centrifuge
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AFM imaging of cell poles of live fission yeast cells

AFM measures surface topography (beight channel, error channel), but also local mechanical
properties using the ORT mode (Figure 20). When imaging a new pole with a force setpoint
of 1nN, a round, smooth surface was visible on the topography channel (Figure 20a,b,c). In
comparison, the stiffness channel is more contrasted (Figure 20d). In particular, stiff fibril
structures are visible, forming a mesh covering the whole pole (Figure 20d). This mesh is
barely visible in the error channel (Figure 20c). These fibrils do not have an evident preferred

otientation.

These fibrils are also visible as less adherent areas in the adhesion channel (Figure 20e).
However, it is possible that the cell is not actually less adhesive in these areas: because the cell
wall is stiffer, less indentation is required to apply the force setpoint of 1nN; therefore, there
is less contact area between the AFM cantilever tip and the sample surface, which in turn could
reduce the total adhesion force. Consequently, if we show the adhesion image here for the

sake of completeness, we did not explore further the adhesion data in this report.

E [EEEOOKPA 0__khI
3D topography height error yeast pole stiffness yeast pole adhesion

Figure 20: Mechanical properties measurement on the pole of a live fission yeast cell

(a) 3D topography render of the pole of a live yeast cell. Topography: AFM height image; overlay:
AFM error image. (b) AFM height image. (c) AFM error image. (d) AFM stiffness map of the yeast
pole (DMT modulus), corresponding to the circular area highlighted with a dotted blue line in (c).
The area outside of the blue circle has been excluded because the stiffness image is dominated by
edge effects at the transition between the yeast and the agarose microwell, and does not represent
the actual stiffness of the surface. (e) AFM adhesion map of the yeast pole, corresponding to the

circular area highlighted with a dotted blue line in (c).

AFM time lapse imaging of the pole of a growing yeast cell

The fission yeast cells are trapped in agarose, which is a material with no known impact on the
growth of fission yeast, and is routinely used as a covering pad for optical time-lapse imaging®’.
Our trapping system with microwells should therefore be compatible with live-cell imaging.

Additionally, AFM is demonstrated to work well in normal liquid cell growth media®. We

62



successfully imaged a new pole of a fission yeast cell during cell growth and over several hours
(Figure 21). The cell pole was imaged during more than 3 hours, after which the cell separated,

releasing one of the sibling cells in the growth medium.

height

Figure 21: Time-lapse imaging of the pole growth of a fission yeast cell

error
SN 20N

stiffness

AFM height, error and stiffness images of the pole of a growing fission yeast cell, immersed in growth
medium at 25C. A dotted blue circle highlights on the AFM height image the area corresponding to

the error and stiffness images. Time between consecutive images: 20 minutes.

Radial displacement during growth of the fibrils visible on the yeast cell pole

The stiff fibrils described in Figure 20 are also visible on the time-lapse images of the new
pole, and there is a good spatial correspondence between the strands visible in consecutive
time points (Figure 21). It was therefore possible to track the position of single fibrils over
time (Figure 22a,b). The trajectory of each fibril is a line going outwards from a central area,
to which we will refer as the center of growth. The distance between the position of the fibril and
the center of growth was calculated at each time point, using the AFM stiffness channel to
locate the strand, and the height channel to measure the 3D coordinates of the strand and of
the center of growth (Figure 22¢). The linear fit of the experimental data of the translation
speed as a function of the distance to the center of growth shows a statistically significant
positive slope. In other words, fibrils which are close to the center of growth move slowly
(about 0.15 um/h for strands at 0.25um of the center of growth), while fibrils which are further
away translates faster (about 0.3 um/h for strands at 1 um of the center of growth). It should
be noted that this result applies only to the fibrils in the vicinity of the center of growth (less
than 1 um away), we did not measure for fibrils located further away. Based on the linear

model of the experimental velocity data (Figure 22¢), we deduce an exponential model for the
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position of a fibril over time as it translates radially away from the center of growth (Figure

22d).
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Figure 22: Displacement of stiff fibrils during tip growth

(a) Stiffness map of a fission yeast pole with, as an overlay, the position of surface markers over time
(vellow). The stiff fibril structures were used as fiducial surface markers. The position of the surface
markers was measured from a time-series of AFM stiffness images acquired every 20 minutes. The
surface markers corresponding to the image being displayed are in blue. Scale bar: 1 um. (b)
Displacement of surface markers on the surface of a fission yeast pole determined from (a), overlaid
on an AFM topography image. Black arrows are proportional to the displacement of surface markers
over one hour. Scale bar: 1 um. (c) Displacement of surface markers in one hour, as a function of
their initial position relative to the center of growth. Dotted green line: linear fit showing an increase
of the displacement speed for markers further away from the center of growth. The slope of the
linear fit is significantly different from zero (p=0.002). (d) Model for the displacement over time of
new material originating on the pole from the center of growth, and migrating to the sides of the
cells. The model was calculated based on the linear fit of the experimental data from (c), y=0.28

x+0.09, and the solution of the first order differential equation dx/dt-0.28x-0.09=0.
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Deformation of the fibril mesh as it migrates from the tip to the sides of the cell

In the time-lapse AFM images, we see that the stiff fibrils migrate radially as the pole grows.
Because the radial displacement speed is not constant but increases, we expect the distance
between nearby fibrils to increase over time, as the cell grows. This would mean that the
fibril mesh is deformed and stretched as it moves away from the tip. To test this hypothesis,
we tracked the local shape of the mesh over time (Figure 23a). As expected from Figure 5,
the mesh translates radially outwards (Figure 23b). If we subtract the translation movement,
the deformation of the mesh itself become cleatly visible (Figure 23c): the mesh stretches

as it moves away from the tip of the cell.

The projection of the spherical topography of the pole as a 2D AFM image could account
for some of the observed mesh deformation (it would make the mesh look compressed in
the radial direction). For this reason, we tracked the local mesh deformation in Figure 23
over a short translation only (less than 200nm). Given that the radius of the yeast cell is

approximately 1.5um, the projection artefact for a translation of 200nm would be of 1 —

cos (gi ZZ) = 0.9%, which is negligible compared to the observed deformations Figure

23 (stretch in the radial direction: 17% for the top panel and 25% for the bottom panel).
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Figure 23: Deformation of the stiff mesh during pole growth
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(a)Zoom on two areas of the fibril mesh visible in the stiffness channel of Figure 4. Time between
consecutive images: 20 minutes. Top panel: original image. Bottom image: manual selection of a
mesh structure easily identifiable over time. Scale bar: 100 nm. (b) Ovetlay of the mesh structures
over time, as it migrates radially outwards. (c) Subtraction of the mesh translation highlights the local
mesh deformation. The radial mesh deformation is 17% for the top panel, and 53% for the bottom

panel.

C.4. Discussion

Vertical trapping and time-lapse AFM pole imaging represents a new strategy to understand
how pole-growing microorganisms incorporate new cell wall material at the pole without
disrupting the structural integrity of the pole. In this study, we propose a protocol for
immobilizing live rod-shaped fission yeast cells using microfabricated vertical agarose
microwells for AFM imaging. Using this method, we obtained high-resolution AFM time-

lapse imaging of growing yeast cell poles.

We measured the translation and deformation of a stiff fibril mesh within a 2 um diameter
area centered on the pole tip. Within this area, we showed that the radial velocity of the fibrils
increases linearly with the distance to the pole. Because fission yeast are pole growing cells, we
expect the fibril velocity to become constant and equal to the overall pole growth speed once
it has reached the sides of the pole. Abenza et al. used quantum dots bound to the cell wall of
growing fission yeast, and measured the position of the quantum dots over time®8. Our result
on the displacement and deformation of the fibril mesh is in coherence with their
observations: they show a linear increase of the quantum dot velocity with meridional position,

until it transitions to a constant velocity when it reaches the sides of the cell®s.

While the topography of the pole is a relatively smooth surface (Figure 21a,b), the stiff fibrils
are visible in the stiffness channel and form a mesh covering the whole pole (Figure 21c). The
fact that the fibrils are more visible on the stiffness channel could be explained if they were
covered with a softer material. In that case, the topography would correspond to the outer
layer of soft material, while the underneath fibrils would be “felt” as stiffer areas. SEM images
of cell wall formation from a protoplast state could support this hypothesis® . Osumi et al.
reported that the first step of the formation of a new cell wall is visible on electron microscopy
images as the formation of a mesh on top of the cell membrane® (Figure 24a). This mesh is

identified as being constituted of (-glucan fibrils, with a selective enzymatic digestion

experiment®. In a later stage, the (3-glucan fibrils get covered by a layer of amorphous «-
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galactomannan particles®? (Figure 24b). The undetlying mesh of §-glucan fibrils is no longer
visible on the electron microscopy images®’. It is likely that the stiff fibrils observed with AFM
correspond to the (3-glucan fibrils observed with electron microscopy, since they have the
same appearance and since no other fibrillary mesh is visible in cross section of the cell wall
observed with electron microscopy’®8. These (5-glucan fibrils would be seen as stiffer areas
in the stiffness channel of the AFM, but not cleatly visible in the topography channel because

they are covered with o-galactomannan particles and other proteins.

cell wall formation from protoplast as observed with SEM

a formation of a 3-glucan mesh b the (3-glucan mesh is covered
with a-galactomannan particles

f-glucan

outside

inside

= B-glucan fibrils

® «-galactomannan particles

Figure 24: Artistic representation of the fission yeast cell wall components, as seen with
electron microscopy during cell wall formation

(a) Artistic rendering. During the first 5 hours after incubation of a fission yeast protoplast, a fibrillary
network of fibrils of -glucan is formed on top of the cell membrane. For the original SEM image,
see Osumi et al.”® (b) In a second step, the fibrils are covered progressively with amorphous particles
of a-galactomannan. The fixed cells were observed by Osumi et al. using SEM, and the
composition of the fibrils and particles was determined using electron-immunolabelling and selective

enzymatic digestion’s.

Fibrillary meshes of glycans have also been observed with AFM in other microbial species?,
on live cells such as Staphylococcus anrens®s and Bacillus subtilis®!, and on extracted cell sacculus of
Escherichia colP?. These meshes are directly visible in the topography image of live S. aureus*
and B. su#btilis36 but not for E. co/%. This is expected given that S. aureus and B. subtilis are Gram-
positive, while Gram-negative bacteria such as E. co/i have their peptidoglycan mesh covered
with the outer membrane and cell wall proteins. In mycobacteria, we have published images
of the stiffness of the cell wall, revealing a stiff mesh of fibers!8. Like for the fission yeast

images that we reported here, these fibers were not clearly visible in the topography channel!8,
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very likely because the peptidoglycan layer is covered with mycolic acids. AFM stiffness
measurements of the cell wall surface offers the opportunity to “feel” the underlying glycan
structures directly on live cells, even in cases where the glycan mesh is covered with other

proteins and therefore cleatly visible.

C.5. Materials and methods

Yeast strains and growth conditions

A volume of 370 pL of a frozen stock of Schizosaccharomyces pombe stored at -80°C was incubated
at 30°C in 12mL of Edinburgh minimal media (EMM) with supplements (ALU). After 15h of
incubation, the optical density of cell culture was between 0.3 and 0.4 and fission yeast cells

were harvested.

Agarose microwells

Pillars on a silicon wafer were fabricated in the EPFL CMi clean room facility by using
photolithography and etching. First, the wafer was coated with a 1.3 um thick layer of AZ1512
positive resin. The areas to be etched were exposed with ultraviolet light from the MLA150
mask aligner, and developed. After this step, the diameters of the pillars were measured to be
2.5 um, 3um, 3.8 um, 4.5 um. Deep Reactive Ion Etching (DRIE) was used to etch around

the pillars. An oxygen plasma process removed the remaining resin.

Liquid agarose was prepared by heating a mixture of 0.4 gram of agarose and 10 ml of EMM
without boiling (for about 1 minute) with a 530 Watt microwave oven. 1 mL of liquid agarose
was poured onto the microfabricated wafer to imprint microwells into the agarose. After

solidification, this agarose mold was gently lifted from the silicon wafer.
Trapping

The setup for centrifuging the yeast cells into the agarose microwells is described in Figure 19.
The centrifuge was set to 1000 rom for 10 minutes. Non-trapped yeast cells were removed by

rinsing away 3 times with EMM medium.
AFM Imaging

During AFM imaging, the fission yeast cells were covered with EMM medium. AFM images
were recorded with a Dimension Icon microscope in peak force mode at room temperature

using a ScanAsyst-Fluid cantilever. The AFM was combined with an ix81 Olympus optical
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microscope equipped with a 60x objective to align the cantilever tip with a trapped yeast cell

before scanning it.
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CbapterD Overlapping and essential roles for
molecular and mechanical mechanisms in

mycobacterial cell division

D.1. Preamble

In Chapter B and in Chapter C we studied the morphogenesis of rod-shaped microorganisms
from the perspective of growth and insertion of new cell wall material. Another essential aspect
of the morphogenesis of a rod-shaped cell is the division of a mother cell into two sibling rod-

shaped cells.

This chapter describes the relative contributions of mechanical forces and molecular

mechanisms driving the division process in mycobacteria.

This is a verbatim copy of an article that has been published in a peer reviewed journal's.

Permission is granted by the publisher to reproduce the article in this thesis dissertation.

Odermatt, P. D., Hannebelle, M. T. M., Eskandarian, H. A., Nievergelt, A. P., McKinney, J.
D.* & Fantner, G. E. * Overlapping and essential roles for molecular and mechanical

mechanisms in mycobacterial cell division. Naz. Phys. (2019). doi:10.1038/s41567-019-0679-1
+ contributed equally

My contribution in this chapter is the finite element simulation of stress concentration at the
future cell division site, the tracking over time of topographical features revealing material
stretching at the future division site, the AFM experiment showing that the increased stiffness
measured on the septum corresponds to a turgor-pressure driven stress concentration, and the

AFM images showing that RipA-depleted cells grow only at the free cell poles.

D.2. Introduction

Mechanisms to control cell division are essential for cell proliferation and survival®3. Bacterial
cell growth and division require the coordinated activity of peptidoglycan synthases and

hydrolytic enzymes®~% to maintain mechanical integrity of the cell wall”’. Recent studies
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suggest that cell separation is governed by mechanical forces?®”. How mechanical forces
interact with molecular mechanisms to control bacterial cell division in space and time is
pootly understood. Here, we use a combination of atomic force microscope (AFM) imaging,
nanomechanical mapping, and nanomanipulation to show that enzymatic activity and
mechanical forces serve overlapping and essential roles in mycobacterial cell division. We find
that mechanical stress gradually accumulates in the cell wall concentrated at the future division
site, culminating in rapid (millisecond) cleavage of nascent sibling cells. Inhibiting cell wall
hydrolysis delays cleavage; conversely, locally increasing cell wall stress causes instantaneous
and premature cleavage. Cells deficient in peptidoglycan hydrolytic activity fail to locally
decrease their cell wall strength and undergo natural cleavage, instead forming chains of non-
growing cells. Cleavage of these cells can be mechanically induced by local application of stress
with AFM. These findings establish a direct link between actively controlled molecular

mechanisms and passively controlled mechanical forces in bacterial cell division.

D.3. Results

Marked morphological changes occur when a microbial cell divides to form two daughter
cells®. In Escherichia coli this process involves gradual constriction of the cell envelope and
structural remodeling of the new cell poles®*9. In contrast, other microbial species build a
septum without gradual constriction of the cell envelope!?:101. Instead, the cell wall connecting
the two daughter cells remains intact and separation of daughter cells occurs only after
completion of the septum, with division scars appearing next to the new poles!02103, The final
stages of cell separation involve enzymatic digestion of peptidoglycan, which is thought to be
the main tensile stress bearing component of the cell walll%4. Spatial and temporal control of
peptidoglycan hydrolytic enzymes is indispensable in order to maintain structural integrity of

the cell wall®’.

In the past decade the atomic force microscope (AFM) has become a powerful tool for
structural and mechanical studies in microbiology, with wide-ranging applications covering
multiple magnitudes of length-scales (from single molecules to biofilms) and time-scales (from
milliseconds to days)*!. Force spectroscopy experiments have shed light on interaction forces
between bacteria and specific biomolecules or surfaces of different chemistries!%>106, while
imaging and mechanical mapping of cell wall components and live cells*2107.108 have provided
detailed insights into the structural architecture of peptidoglycan as well as growth and division

mechanisms!6109-111, Here, we use AFM to elucidate the complementary roles of peptidoglycan
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hydrolytic activity and mechanical mechanisms on cell division in Mycobacterium smegmatis, a

relative of the pathogen that causes tuberculosis in humans.

The earliest morphological feature of a nascent division event detected by AFM imaging is the
“pre-cleavage furrow” (PCF), a constriction of ~50 nm width and 5-10 nm depth
circumscribing the cell’s short axis (Figure 1a). The PCF appears 5219 minutes (n=15) before
cell cleavage and co-localizes with the FtsZ contractile ring. Subsequently, the PCF is the site
of septum formation (Figure 1b) and localization of Wag31-GFP, a marker of cytokinesis®
(Figure S 11). We investigated the nature of the PCF by performing finite element analysis on
a simplified model of the bacterial cell wall with a double septum. When this structure is under
increased turgor pressure, a PCF-like depression occurs between the two septal walls (Figure

252). However, other causes for the PCF are conceivable, such as pre-tension in the septum.

At the time of cell cleavage, hemispherical poles flanked by division scars appear abruptly
where the PCF was formerly located (Figure 25¢c-d and Extended data Movie S1). This
morphological transition (Figure 26a-d and Figure S 12) occurs within a few milliseconds
(Figure 26e, Figure S 13 and Figure S 14). Rather than gradual enzymatic reshaping of the cell
wall, millisecond cell cleavage and elastic deformation of the septal walls to hemispherical

poles, inflated by turgor pressure, indicate a circumferential mechanical fracture along the

PCF.

To elucidate the fracture mechanism of cell cleavage, we used nanoscale topographical features
on either side of the septum as fiducial markers to monitor local cell wall deformations while
continuously scanning the same line across the PCF (Figure 26f-h and Figure S 15). These
measurements revealed that just before cleavage occurs, features on opposite sides of the PCF
move apart by more than 10 nm, presumably due to stress exerted along the cell’s longitudinal

axis.
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500 nm

Figure 25. The pre-cleavage furrow (PCF) is a nanoscale cell-surface feature that
marks the future division site in M. smegmatis.

(a) 3D AFM image and COMSOL finite element model of the deformation of a cell by the PCF. (b)
Correlated AFM and fluorescence microscope imaging. The PCF co-localizes with the FtsZ-GIP
(green) ring (n=12) and the nascent septum stained with the membrane stain FM4-64 (red) at the
future division site (n=>5). White arrows indicate the PCFs. The sequence shows two cells undergoing
division, with the lower cell being slightly ahead (membrane at septum visible at 68 minutes) of the
upper cell (membrane visible at septum at 129 minutes). (c) Time lapse AFM images of the
appearance of the PCF and subsequent division. The PCF appears on the bacterial surface on average
one hour before cleavage (n=15). In the example shown, cleavage occurs between the images
acquired at 65 and 79 minutes. Stiffness channel is shown. (d) Zoom-in image of the daughter cells’
newly formed poles after cleavage. New cell poles and division scars (n>15) on the cell wall envelope

are separated by about 200 nm.
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Figure 26. Daughter cell cleavage occurs with millisecond kinetics by rupture around the
PCF.

(a-c) Consecutive 3D rendered AFM images of cleavage (b) and zoom-ins of the cleavage site. The
AFM slow-axis scan direction in (b) is from top to bottom, revealing the transition from the PCF to
cleavage. (d) Line sections through the AFM height data around the PCF during cleavage. In the
example shown, the PCF progressed to the cleaved state within one scan line (2 seconds, arrow). (e)
Constant point measurement of the height at the PCEF with a repetition rate of 1 kHz reveals an
abrupt drop in height, with 50% of the total decrease (grey area) occurring within 7 milliseconds. In

all

)

similar rapid divisions have been observed >22 times. (f-h) Tracking topographical features
(fiducial markers) on ecither side of the septum prior to cell cleavage reveals material stretching. (f)
Zoom-in on center part of a cell with a septum (grey dashed line) prior to cell cleavage. (g)
Kymograph of a continuous scan (1 line per second) over time perpendicular across the septum
(arrow in (f)) revealing nanometer-sized movement of nanoscale structures on the cell surface (top).
Immediately prior to cleavage (green dashed line (bottom)), the material stretches and surface
features move apart in opposite directions on either side of the septum (black dotted line). Color-
coding of the trajectory of surface features indicates the total lateral displacement away from the
septum. (h) 3D height representation of a representative newly cleaved cell (same area as in (f)). See

alsoFigure S 15.

We hypothesized that to initiate a mechanical fracture the ultimate material strength and/or
tensile stress should be altered locally. As a proxy to quantify the in-plane tensile stress at the
PCF we measured the out-of-plane stiffness, taking advantage of the fact that with increasing

in-plane tensile stress a membrane becomes stiffer against out-of-plane deformation by AFM

75



in quantitative nanomechanical mode (QNM). In this mode, force-distance curves are
recorded by sinusoidal oscillations of the cantilever at kHz rates in the z-direction!'2. QNM
data can serve only as an indirect and qualitative proxy for cell wall tension, because QNM
measures the stiffness of the sample rather than tension per se. Factors that contribute to the
measured stiffness are the compound Young’s modulus of the cell wall, the cell wall stress,
and the turgor pressure. These factors are thought to affect different parts of the force curve!!?
(seeFigure S 106). For the small indentation depths used in QNM, the compound Young’s
modulus and the cell wall stress dominate the overall stiffness measurements. From the first
appearance of the PCF (0 minutes in Figure 27a and Extended data Movie S2) until cleavage
(44 minutes), we observed a significant and steady increase of the stiffness at the surface area
surrounding the PCF, reaching a maximum about 10 minutes prior to cleavage followed by a
slight decrease during the final phase before cleavage (Figure 27b, see also Figure S 17a-d). We
hypothesize that the progressive stiffness increase is the result of increasing tensile stress at
the PCF, while the measured stiffness decrease during the final phase before cleavage could

result from the action of peptidoglycan hydrolytic enzymes!!!.
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Figure 27. Turgor pressure drives cell cleavage through stress concentration at the PCF.

(a) Time sequence of measured stiffness map of the cell surface from appearance of the PCF until

cleavage (n=22). (b) Changes in the local stiffness at the PCF leading up to cell cleavage (x-axis, time
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in minutes; y-axis, PCF stiffness normalized to bulk stiffness of cell sidewalls). After an initial gradual
increase of the stiffness at the septum, a small decrease occurs before cleavage (red line, average over
20 data points). (c¢) Measurement of apparent stiffness on top of the septum (black lines) and on top
of the cell bodies (blue lines, average of the two nascent sibling cells) as turgor pressure is modulated
by hyper-osmotic (green shading) and hypo-osmotic (orange shading) media. Measured stiffness on
the PCF and cell bodies is affected by the turgor pressure to a different extent. Measured stiffness
values on the cell and on the PCF are normalized to initial stiffness of the cell in normal growth
medium. (d) When varying medium osmolarity, the measured PCF stiffness is linearly dependent
with the measured cell stiffness with a slope of ~1.5 (12=0.991), suggesting a stress concentration of
50% on the PCF. Measured stiffness values on the cell and on the septum are normalized to the
initial stiffness of the cell in normal growth medium. (e) If one nascent sibling cell is deflated after
cytokinesis but before cleavage (0 minutes), rapid cleavage is replaced by gradual shedding of the

deflated sibling cell, indicating that rapid cleavage requires turgor pressure in both sibling cells.

To assess the contribution of the turgor pressure to the cell wall tensile stress!%113 as opposed
to other mechanical effects due to septum formation, we quantified the local stiffness at the
PCF and the nascent sibling cells as we modulated the turgor pressure. Following a
hyperosmotic shock by addition of D-sorbitol (0.25 M or 0.5 M) to the medium, the measured
stiffness at the PCF and the sister cells decreased to ~20% of its initial values (Figure 27c).
Conversely, the stiffness of the septum and the cells both increased upon hypoosmotic shocks
by addition of water (15% and 30%). These measurements revealed a linear relationship
between the average stiffness of the sibling cells and the stiffness at the PCF with a slope of
~1.5 (Figure 27d). From these data we conclude that the measured increase in stiffness is
indeed the result of the tensile stress in the cell wall exerted by the turgor pressure, and that
turgor-induced tensile stress is disproportionately concentrated at the PCF compared to the
stress on the sidewalls of the sibling cells. These results suggest that an increase in tensile
stress, in conjunction with a decrease of mechanical strength, determines when and where the

cell wall integrity catastrophically fails, resulting in abrupt cleavage.

We further explored how turgor pressure affects cell cleavage by piercing one nascent sibling
cell after cytokinesis but before cleavage using a sharp AFM cantilever tip (Figure 27¢ and
Figure S 19). Instead of a rapid cleavage event, the intact sibling (cell 1) gradually separated
from its sibling as it shed the sacculus of the deflated sibling (cell 2) over the course of several
hours (see also Extended data Movie S3). These results suggest that turgor pressure is

necessary to provide the energy to drive rapid cell cleavage.
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Based on these results, we hypothesize that cell cleavage occurs when tensile stress, driven by
turgor pressure, exceeds the ultimate material strength of the cell wall peptidoglycan. In this
view, artificially increasing tensile stress should cause premature cell cleavage and, conversely,
preventing a decrease in material strength should delay the timing of cell cleavage. We tested
this hypothesis by applying mechanical load on the PCF using the AFM cantilever. In cells
undergoing normal cell division, the interval between PCF formation and cell cleavage lasts
about one hour on average. We found that applying load on the PCF triggered immediate cell
cleavage and formation of two viable, growing daughter cells up to 30 minutes earlier than
normal (Figure 28a, Figure S 21, Figure S 22a and Figure S 23). Forced cleavage at eatlier time
points, often resulted in partial cleavage and formation of non-viable daughter cells (Figure

28b and Figure S 22b).
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Figure 28. AFM-applied local stress on the PCF can substitute for an essential cell division
enzyme (RipA).

(a) AFM stiffness images were recorded at low and high resolution at 18 and 23 minutes after first
appearance of the PCF, respectively. Application of a force on the PCF with the AFM cantilever at
25 minutes (force curve, see Figure S 22a) triggers premature cell cleavage (n=11). The forcibly
cleaved daughter cells survive and initiate growth from the newly formed cell poles (30 and 35
minutes; see alsoFigure S 23). (b) Same experimental procedure as in (a) but the load was applied
carlier, 18 minutes after first appearance of the PCF. Partial cleavage occurs (18 minutes; force curve,
see Figure S 22b) and both cells subsequently deflate (image recorded at 36 minutes) (n=5). (c)
Cleavage of RipA-depleted cells can be induced by repeatedly scanning the same line over the PCF

at elevated force, resulting in a sudden drop in height (27 minutes; see Figure S 22¢). The previously
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non-growing cells within the chain initiate growth from the newly liberated cell poles following

forced cleavage (144 minutes) (n=4). See also Figure S 20 for corresponding height data.

The material strength of the cell wall is modulated by enzymes that add or remove crosslinks
in the cell wall peptidoglycan*>!'4. In mycobacteria, cells depleted of the peptidoglycan
hydrolase RipA!'>, which localizes to the septum and cell poles!!¢, appear to septate normally
but fail to undergo cleavage!!”. This defect results in the formation of long chains of attached
cells in which only the two outermost cell poles at the ends of a chain continue to elongate,
while cells interior to the chain, which lack free cell poles, cease growing after septation (Figure
S 24). Loss of RipA peptidoglycan hydrolase activity likely prevents the decrease of the cell
wall strength at the septum observed in wild-type cells just prior to division. Indeed, we
observed that increased tensile stress in the sidewalls of cells within RipA-depleted chains (see
Figure S 25) occasionally results in cell lysis (Figure S 26) but not cell cleavage at the septum.
In contrast, local application of force on the PCF by the AFM cantilever was sufficient to
trigger rapid cleavage of RipA-depleted cell chains (Figure 28c and Figure S 22c¢), although the
force required was significantly higher (beyond the linear regime of our force measurements)
compared to wild-type cells. We conclude that RipA-mediated local decrease of material
strength of the cell wall at the septum is essential to allow cell cleavage driven by turgor
pressure, yet cleavage can still occur if compensatory local stresses are applied externally. These
results are consistent with our hypothesis that the timing of cell cleavage is determined by the
balance of cell wall tensile stress and the ultimate material strength of the cell wall at the

nascent division site.

We observed that the newly free cell poles generated by force-induced cleavage of chained
RipA-depleted cells are able to initiate and maintain growth once the sibling cells separate
(Figure 28c). This was true even of cells located in the center of long chains, which had
persisted in a non-growing but evidently viable state for many hours. These results
demonstrate that cleavage and physical separation of sibling cells are essential for initiation of
new-pole growth, suggesting the existence of an unknown mechanism of contact-dependent

growth inhibition.

Millisecond bacterial cell division, visualized as abrupt spatial reorientation of newborn
daughter cells, has been observed by fast optical imaging of Staphylococcus anrens®s. In their
pioneering study, Zhou ez /. %8 linked division of S. aurens to a fracture process and postulated
that it might result from stress accumulation and mechanical failure of the cell wall, thereby

laying the groundwork for viewing bacterial cell division from the perspective of physical
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forces!!8. Their observations are reminiscent of the “V-snapping” model of cell division in M.
smegmatis''®; more recently, additional bacterial species have been identified that also undergo
abrupt spatial reorientation during cell division?” (see Figure 28a). This phenomenon (V-
snapping) is consistent with a model in which rapid cleavage of sibling cells is due to
progressive circumferential rupture of the connecting cell wall starting from the weakest
section around the PCF. As the crack propagates from one side to the other (see Figure 28b),
a bending moment occurs that will spatially displace the cells. The amount of V-snapping
hence depends on the bending moment and the friction forces experienced by the bacterium,
which are higher if the cells are adhered to a surface than when suspended in solution. These
similarities suggest that mechanical forces might play an important role in evolutionarily

diverse bacterial species during the final stage of cell division (cleavage of sibling cells).

D.4. Discussion

Using time-lapse AFM to study cell division in M. smegmatis, we observed progressive stiffening
of the PCF over time, dependence of PCF stiffness on the internal turgor pressure, stress
concentration at the PCF, and rapid (millisecond) physical cleavage of sibling cells. AFM force
curves and QNM measurements have recently emerged as powerful tools for characterizing
the relative stiffness of biological samples!?. It is important to note, however, that the
measured values for stiffness are very sensitive to factors such as cantilever tip geometry,
sample topogtraphy, and other imaging parameters. Care should therefore be taken in the

interpretation to evaluate relative rather than absolute values within a time series.

Our experimental demonstration that the PCF undergoes progressive stiffening prior to rapid
cell cleavage, and that applied mechanical forces can induce premature cleavage, further
strengthens the hypothesis that localized stress accumulation and mechanical fracture play a
central role in mycobacterial cell division. The applied stress, however, is only one of the
factors in fracture mechanics; the strength of the material is another important factor
determining when and where fracture occurs. Thus, modulation of the ultimate tensile strength
of the peptidoglycan by peptidoglycan synthesizing and hydrolytic enzymes is equally

important to ensure that cell cleavage occurs at the appropriate time and place.

We propose a model in which increasing tensile stress on the PCF (due to stress concentration)
and decreasing material strength at the PCF (due to the activity of the RipA peptidoglycan
hydrolase) together create a positive feedback loop that culminates in rapid cell cleavage. Since
molecular bonds under tensile stress require a lower activation energy for hydrolysis and are

less likely to reform once broken!™, tensile stress around the PCF will locally accelerate the
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hydrolysis of peptidoglycan by RipA. As more chemical bonds are broken, the mechanical
load on each remaining bond will increase, further facilitating hydrolysis. Following a similar
reasoning, the vertical septal walls would, before cleavage, experience lower tensile stress
compared to the peptidoglycan at the PCF. This, in turn, could act as a mechanical mechanism
to protect the pre-cleavage septal walls from hydrolysis by RipA. The same mechanism could
explain the observation that chained RipA-depleted cells do not grow, yet retain the ability to
initiate growth if cleavage is induced. After cleavage, the previously flat septal wall is rapidly
inflated by turgor pressure to form two hemispherical poles that experience the same
longitudinal tension as the rest of the cell walll®4 similar to observations in fission yeast!2!.
Since hydrolysis of existing peptidoglycan bonds is necessary for insertion of new
peptidoglycan chains, this might explain why cleavage is essential for initiation of new-pole
growth. We conclude that localization of enzymes involved in cell wall biogenesis to subpolar
growth zones determines where growth occurs!?, while the balance between cell wall stress and
material strength determines when growth occurs. The overlapping and essential contributions
of RipA hydrolytic activity and mechanical forces in mycobacterial cell division illustrate the
general importance of studying molecular mechanisms and physical factors in conjunction

rather than either in isolation.
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D.7. Materials and methods

Bacterial culture conditions

Mycobacterium smegmatis mc2155 (wild-type) and derivative strains were grown in Middlebrook
7HO liquid medium (Difco) supplemented with 0.5% albumin, 0.2% glucose, 0.085% NaCl,
0.5% glycerol, and 0.05% Tween-80. Cultures were grown at 3711 C to an optical density at
600 nm (OD600) of ~ 0.5, corresponding to mid-exponential phase. Aliquots were stored in
15% glycerol at [ 80! C and thawed at room temperature before use; individual aliquots were

used once and discarded.

M. smegmatis RipA depletion strain

The RipA depletion strain was kindly provided by Eric Rubin and grown as described by Hett
et al. 31. Briefly, the strain was initially grown in growth medium supplemented with
hygromycin B (50 ug/ml), kanamycin (30 pg/ml), and anhydrotetracycline (50 ng/ml) for up
to 5 days. The culture was then washed with PBS and grown in fresh 7H9 medium lacking

anhydrotetracycline to deplete RipA expression.

Coverslips for AFM imaging

For details, refer to Eskandarian et al.15. In short, polydimethylsiloxane (PDMS) (Sylgard 184,
Dow Corning) was mixed in a ratio of 15:1 (elastomer : curing agent) and the coverslip (VWR)
was spin-coated at 8,000 rpm (SUSS MicroTec LabSpin6) for 30 seconds on a 22 mm glass

and baked at 80C for 10 minutes before use.

Attachment of bacteria on coverslips

An aliquot from an exponential-phase culture of M. smegmatis was pipetted onto a PDMS-
coated glass coverslip, mounted in a custom-made coverslip holder with a built-in heating unit
37, and incubated at 37°C without agitation for ~15 minutes to allow attachment. Unattached
bacteria were removed by rinsing the coverslip surface with 7H9 growth medium before
imaging. The samples were maintained at 37°C in 7H9 liquid medium heated by a custom-
made coverslip heating holder 37 controlled by a TC2-80-150 temperature controller

(Bioscience Tools) during imaging. For details, refer to Eskandarian et all®.
AFM imaging

AFM images were recorded using a Fast Scan head (Bruker) at 0.5 Hz line rate using ScanAsyst

Fluid cantilevers (Bruker) with a nominal spring constant of 0.7 N m-1 in PeakForce
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quantitative nanomechanical mode (QNM) at an oscillation rate of 1 kHz and a force setpoint
< 2 nN. Channels recorded include height sensor, peak force error, and DMT modulus. The
abrupt height change during cell cleavage was measured by imaging in peak force tapping node
at the same spot (0 nm scan size) on the PCF and data were recorded at a rate of 1 kHz. AFM
imaging of stiffness at the PCF was done by repeatedly scanning the same line across the PCF
at 1 line per second, at a slightly elevated force setpoint (5 nN). The highest stiffness value
from each scan line was plotted over time. Before force curves on the PCF were recorded, a
small area on the PCF was scanned to determine its center. To force cell cleavage in RipA-
depleted cells, the line along the septum was scanned repeatedly and the force setpoint was

increased gradually in order to increase the applied pressure.

Correlated AFM and fluorescence imaging

Correlated AFM and fluorescence images were acquired as described previously!’. Briefly,
fluorescence images were acquired with an EMCCD iXon Ultra 888 camera (Andor) mounted
on an IX73 inverted optical microscope (Olympus) equipped with a 100X oil immersion
objective (UAPON100XOTIRF, Olympus). Illumination was provided by an MLC
monolithic laser combiner (Agilent) coupled to an optical fiber. For combined fluorescence
imaging of FtsZ-GFP and FM4-64 the excitation filter and dichroic mirror of the EGFP filter
cube F36-526 (AHF Analysetechnik, Germany) were used. The emission light was split by an
optical system (DV2, Photometrics) equipped with a second dichroic mirror (T565Ipxr) placed
between the EMCCD camera and the microscope frame to separate the red and green
channels each to one half of the EMCCD camera chip. Cleanup filters used were F37-528
(EGFP) for the green channel and F37-624 (TxRed) for the red channel. Additionally, a neutral
density filter with OD 0.6 was placed on the red channel. Typically, 5 mW power of 488 nm
laser light at the MLLC400B output was used for illumination. Images were recorded with EM
gain set to 300 and exposure time to 500 milliseconds. The AFM was mounted on top of the
inverted microscope (IX73, Olympus) and the AFM laser was switched off before acquiring

fluorescence images. Contrast and brightness were adjusted with Image].

Membrane staining

The bacterial cell membrane was stained with FM4-64 (Life Technologies) before fluorescence
images were taken. The dye was diluted in 7H9 medium and used at a final concentration of
0.2 ug ml-1. After fluorescence images were taken the sample was washed with 2 ml 7H9

medium to remove unbound FM4-64 in order to minimize any potential effects on cell growth.
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AFM data processing

For processing AFM images, standard scanning probe software was used (Gwyddion,
Nanoscope Analysis). For Figure 27b each line scanned across the PCF at 1 Hz was smoothed
twice with a moving average at a 20-pixel window size and the peaks of each line were then
centered with Matlab. The mean of the centermost eight pixels was extracted for each line
using Image]. For each line, these values were then normalized to the mean of a feature far
away from the center peak to correct for small temporal fluctuations during the measurement.
Kymograph data in Figure 26g were smoothed two times with a moving average at a 3-pixel

window size along the fast scan axis (x-direction).

Finite-element model of a dividing cell

We made a model of a dividing cell building a septum (Figure S 27) with COMSOL
Multiphysics ® version 5.3, assuming a linear elastic structure with axial symmetry. The cell

was inflated with a uniform internal turgor pressure.

D.8. Supplementary figures
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Figure S 11. The pre-cleavage furrow (PCF) precedes the Wag31-GFP cytokinesis marker at
the future cell division site.

Time sequence of cells expressing Wag31-GFP imaged by correlated AFM and fluorescence
microscopy. In this example, the PCF appears at 19 minutes (white arrow). Wag31-GFP, a marker

of cytokinesis, appears much later and co-localizes with the PCF (arrow at 1 hour 23 minutes) (n=2).
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10 ms

50 nm

100 nm

Figure S 12. AFM scan line across the PCF during cleavage.
Cleavage of sibling cells was monitored by constantly scanning perpendicularly across the PCF with

the AFM cantilever at 10 Hz. A representative example is shown. The cleavage event corresponds

to an abrupt drop in the height profile (grey shading). Cleavage is completed within 10 milliseconds

H )
0.6

Figure S 13. Height data of millisecond cell cleavage measured at 1 kHz rate (shown in
Figure 26e).
(a) Overview of a cell initating septation. (b) Zoom-in (blue square) to the nascent PCF. The

and no gradual constriction is observed leading up to this event (flat line).
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cantilever tip was positioned exactly on the center of the PCF (blue cross x’) and the height was
recorded without scanning the tip laterally at a rate of 1 kHz. (c) Height data (upper panel) and height
profile (lower panel) at cleavage. (d) After the drop in height was observed an image was immediately
recorded at the same position to confirm that the drop in height was due to cell cleavage and that

the location of the AFM tip remained at the site of cell cleavage.

21 ms

50 nm

15 ms

100 ms
Figure S 14. Cell cleavage measured at 1 millisecond time resolution.

The time required for cell cleavage was measured at a 1 kHz rate by constantly measuring the height

of a single point on top of the PCF. Two representative examples ate shown. The cleavage event
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corresponds to an abrupt drop in the height profile (grey shading). Cleavage is completed within 21

milliseconds (upper panel) or 15 milliseconds (lower panel) and no gradual constriction is observed

leading up to this event (flat line).

Figure S 15. Overview height images of cell before (left) and after (right) cleavage shown in
Figure 26f-h.

The white square in the image on the left is the region corresponding to the 3D representation in

Figure 20f.
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Figure S 16. AFM force curves at the PCF of two representative cells over time.

(a,b) Force curves on the PCF of two individual cells over time. Compared to measurements in
QNM mode, the characteristics of acquiring force curve are significantly different: ~1,000 times
lower ramp rate, ~200 times lower indentation velocity, ~20 times higher maximal force applied, and

generally larger indentation depth.
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Figure S 17. Comparison of stiffness values obtained from QNM DMT modulus imaging
channel and analysis of the individual force-distance curves.

To compare the stiffness given by the DMT modulus imaging channel with manual analysis of the
recorded force curves, force curves were recorded leading up to a cell cleavage event using QNM
mode in peak force capture to record the individual force-distance curves at a ramp rate of 1 kHz
and a peak force of 1 nN. (a) The cantilever tip was positioned at the center of a PCF (white cross
x’). (b) Force-distance curves were recorded at the same spot on top of the PCF without laterally
moving the tip. (¢) The mean value obtained from the DMT modlus channel was ~1.6 MPa. (d) For
each line in the DMT modulus image (corresponding to 128 data points in 0.5 seconds) the average
stiffness value was calculated and plotted (black line). Every tenth force curve was then processed
manually with Nanoscope Analysis software. Each retract direction of the force curve was corrected
to set the baseline to 0 nN, then a moving average filter with a width of 5 units was applied. To
extract mechanical property values, a Hertzian fit was used in the range between 4% to 98% of the
maximal force (red dots), then 50% of the force curves with the highest r? values were plotted. The
DMT modulus values extracted from the QNM channel image are in good agreement with manual
force-distance analysis. Decrease in stiffness at the septum during the last phase of cell division was
observed in the DMT modulus channel and the force curve analysis alike (last ~20 seconds). (e)

Representative force-separation curves taken at either 30 seconds (red) or 1 second (blue) before cell
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cleavage. (f) To unveil multiple slopes that could potentially derive from different cell wall layers, the
same data as in (e) were used to plot the slope of the force-separation curves in a log-log plot as has
been done by others to discriminate between the contribution of the cell wall and the turgor pressure.
However, in these measurements there is no clear distinction that would account for two different

linear slopes. The decrease in the stiffness at 1 second (blue) before cleavage compared to the
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Figure S 18. Stiffness at the PCF measured by repeatedly scanning across the PCF.

(a) Zoomed-out view of a cell initiating septation. (b) Zoom-in on the PCF (blue box in (a)).
Stiffness evolution over time was measured by repeatedly scanning a line across the PCF at the same
location (blue arrow) in QNM mode until a drop in height was observed. (c) Kymogram of PCF
stiffness over time, proceeding from top to bottom. The abrupt decrease in stiffness at the bottom
of the kymogram cortresponds to cell cleavage. From these data the stiffness values were extracted
as described in the Methods and plotted in Figure 27b. (d) Following the abrupt decrease in PCF

stiffness recorded in (c), zoom-in on the same region of the same cell (pink square in (a)) verifed

that cleavage had occurred.
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Figure S 19. Height images of cells before and after deflation induced by piercing with a
sharp AFM cantilever tip.

88



(a,b) Height images of cells shown in Figure 3e at 0 minutes (a) and 1 hour 46 minutes (b). (c)

Height profiles of cells before (red line) and after (blue line) AFM-mediated piercing show deflation

of the cell pierced with the cantilever tip, confirming loss of turgor pressure.

Figure S 20. Height images of cells corresponding to stiffness maps shown in Figure 28.
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Figure S 21. Cell cleavage can be induced prematurely by increasing the mechanical stress

on the PCF.

Cell cleavage was induced at different time points after the first appearance of the PCF (0 minutes)

by applying a point force on the PCF with the AFM cantilever. In the majority of cases, forced

cleavage at early time points resulted in two non-viable daughter cells (red dots), while forced

cleavage at later time points resulted in two sibling cells that survived and continued to grow (black

dots). The average time of natural cleavage of non-induced cells is indicated by the vertical blue

dashed line at 52 minutes (n= 15).
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Figure S 22. Premature cleavage can be induced by AFM force curves or AFM scanning
along the PCF.

Cleavage of cells shown in Figure 4 was induced by applying force with the AFM cantilever, which
was done either by recording a force curve (wild-type cells) or by scanning along the septum at an
elevated force (RipA-depleted cells). (a) Force at the PCF was applied by recording a force curve on
the center of the PCF. A sudden drop in the force (black arrow) indicates an induced cleavage event.
Subsequent AFM images show newly cleaved poles (see Figure 28a). (b) As in (a) force was applied
at the PCF by recording a force curve. A drop in the force (black arrow) indicates a rupture event of
leading to premature partial cleavage as shown in Figure 28b. Subsequently, the increasing force on
the forming septum leads to rupture (*) and cell lysis. (c) Kymogram of the height while continuously
scanning the same line (1 line/second) along the PCF of a RipA-depleted cell at high force. A sudden
drop in the height (black arrow) indicates an induced cleavage event. AFM images prior and

subsequent to induced cleavage events are shown in Figure 28.
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Figure S 23. Cells forced to undergo premature cleavage continue to grow and divide.

(a) Time lapse AFM height images of cells that continue to grow and divide after cleavage was
prematurely induced by application of mechanical stress on the PCF using the AFM cantilever. At
50 minutes, a zoom-in shows the area outlined at 0 minutes (white box). At 1 hour 14 minutes,

premature cell cleavage was induced by AFM-mediated application of force on the PCFEF (white
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arrow). Between 1 hour 27 minutes and 3 hours 16 minutes, the prematurely cleaved new cell poles
clongated and the corresponding sibling cells grew and divided (arrowhead at 3 hours 16 minutes,
cropped and rotated to align with previous time points). (b) Force curve corresponding to forced
cell cleavage at 1 hour 14 minutes. (c) Non-cropped and non-rotated image of time-lapse image

shown in (a) at 3 hours 16 minutes.

1 h35min

Figure S 24. RipA-depleted cells form chains of cells that grow only at the free cell poles.

The two free (outermost) cell poles elongate and new septa continue to form, but failure of septated
sibling cells to undergo cleavage, due to depletion of RipA, results in a cell-chaining phenotype.
Growth occurs mainly at the free cell poles at the two extremeties of a chain and occasionally at
lateral budding locations (cf. 0 minutes and 1 hour 35 minutes). Grey dashed lines indicate the outline

of the chain of cells. White dashed lines mark the positions of the free cell poles at 0 minutes.
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Figure S 25. Height and stiffness changes of chained RipA-depleted cells.
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(a) Stiffness channel of a centrally located chained and non-elongating RipA-depleted cell over time.
While the surface structural features do not change significantly, the measured stiffness at the PCF
and the width of the non-elongating central cell increase over time, up to 1 hour 52 minutes (n=3).
Upon loss of pressure of the neighboring sibling cell (1 hour 56 minutes, white arrow) the stiffness
of the septum and the surviving sibling cell both decrease slightly. (b) Corresponding height images

of (a). As the central chained cell becomes stiffer it also becomes higher over time.

Figure S 26. Cell wall failure of centrally located cells of RipA-depleted cell chains occurs in
between the flanking PCFs.

(a) AI'M height image of a representative chained RipA-depleted cell that died (white arrow). (b)

AFM error image showing a hole in the middle part of the cell that died.

kayer

intermediate layer
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Figure S 27. Finite element modeling of the PCF in a dividing cell.

(a) Global cell geometry with a partially closed septum. The dotted line represents the axis of
symmetry. (b) Zoom-in on the septum and PCF, showing the top part of the partially closed septum.
The peptidoglycan (PG) layer on each side would become the new poles of the two respective

daughter cells. These peptidoglycan layers are connected by a soft intermediate layer.
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Similar data

as Total Out of nr. of
Experiment description

represented observations | experiments

in Figure

la PCF appearance before division 15 15

1b PCF colocalizes with FtsZ 12% 12

1b PCF site of septum formation >20* >20

S1 PCF site of localization of wag31 >10* >10

1c division scar at site of PCF >15 >15

2 rapid (millisecond) division >22 >22

3a-b significant and steady increase of stiffness 22 22

3c-d stiffness at PCF and sister cell with sorbitol/water 1 1

3e pierce one sibling cell after cytokinesis 2 2

4a induced cell division with viable cells 11 11

4b induced cell division with dead cells 5 5

S15 center RipA-depleted cells become stiffer & wider 3 3

4c Induced cleavage RipA-depleted cells 4 4

i free RipA-depleted cells grow out after induced 5 5

cleavage

Supplementary Table 1
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Part Il

Instrumentation developments for
increasing resolution, speed or
measurement modalities of combined
AFM-optical microscopes
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CbapterE openSIM: a 3D printed microscope

add-on for structured illumination microscopy

E.1. Preamble

In Part I of this thesis, the resolution of the optical images was limited by the diffraction limit.
Resolving the molecular mechanisms involved in pole growth and morphogenesis would
greatly benefit from fluorescence microscopy techniques with higher resolution. In this
chapter, we introduce an add-on for fluorescence microscopes to provide structured

illumination and obtained SIM images with superresolution.

My contribution to this project is the design of the openSIM add-on (in collaboration with
Theo Lasser) and its Labview interface, the data acquisition, in collaboration with Samuel
Leitao (SIM-SICM image), Olivier Venzin and Andrew Oates (zebrafish embryo), Chiara
Toniolo (infected macrophages), Antonius Chrisnandy (organoid) and Adrien Descloux
(florescent beads). I reconstructed the SIM images using the SimToolbox??, with support from

Jakub Popspisil and Tomas Lukes.

I would like to thank David Nguyen for useful discussion and help with the CAD design of
the openSIM 3D printed frame, and Guy Hagen for useful discussion about the optical design

and hardware implementation for the openSIM.

E.2. Introduction

Two main factors limit the performance of fluorescence microscopy: the diffraction limit!2
and the photon budget!3. The resolution limit is due to the diffraction of light in the optical
elements constituting a microscope. In practice, the resolution limit of conventional optical
microscopes is limited to 200-300nm!3. Supetresolution imaging techniques, such as
SMLM?26122 (single molecule localization microscopy) or STED?? (stimulated emission
depletion), can overcome the diffraction limit by up to two orders of magnitude, and provide
optical images with unprecedented resolution. However, increasing resolution comes at the
cost of requiring a higher photon budget (i.e. a higher sample illumination intensity) to a level

that is toxic and can induce cell death within seconds to minutes!4!>123.124, The photon budget
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depends on the number and intensity of the fluorophores in the sample, the sensitivity of the
sample to light, as well as in the goal of the experiment itself!4124: is sample damage acceptable?
does it need to be a live cell? for how long do we need to image? is z-stacking required?
Ultimately, the overall photon budget determines which technique can be used and which
resolution can be obtained'. Structured illumination microscopy?* (SIM) is a superresolution
technique gaining interest for biological imaging, in particular for live cell imaging30:125-128,
Although it provides only a moderate increase of resolution (two-fold maximum increase in
lateral resolution for linear SIM?#), it offers an increased resolution for a moderate cost in the

photon budget!>.

In addition to the two factors limiting the quality of the microscopy images — diffraction of
light and limited photon budget, other factors have a large impact on the extent to which a
microscopy technique will contribute to making scientific discoveries. The cost of the
instrument and its complexity have a large impact on the number of scientific teams with
access to the instrument for their own work!3129. Additionally, the versatility of the instrument
directly determines the range of samples for which it will be useable!®. Finally, accessible
documentation of the instrument determines the extent to which other scientific teams will be
able to build their own, tune the instrument for their own needs or improve it'30. Several
initiatives have introduced open-source microscopes, among which the light-sheet microscope
openSPIM131.132 the wide field microscopes OpenFlexure!3? and Foldscope!?4, the 3D-printed
optical toolbox UC213>, the AttoBright!? for single-molecule detection, and the miCube'3 for
single molecule localization microscopy. In addition to enabling fundamental discoveries as
well as translational application for diagnosis'3"138, these open-source microscopy initiative
have a significant impact on the dissemination of optical design and instrument building

techniques'3%:132,

Here we introduce the openSIM add-on, a structured illumination module to add SIM
capability to conventional fluorescence microscopes. The openSIM integrates directly with the
open-source SIMtoolbox3? for SIM image reconstruction with a user-friendly interface. We
demonstrate the versatility of the openSIM on a broad range of samples, from a whole
pluricellular organism (zebrafish embryo) to the cytoskeleton of single cells. Additionally, we
combined the openSIM with a scanning probe microscope, which demonstrate that the
openSIM is a versatile system, and can be coupled to complex instruments without

deteriorating their performance.

E.3. Results
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Structured illumination microscopy: principle

A structured illumination microscope illuminates the sample with a predefined pattern (usually
lines, Figure 29), instead of a constant illumination over the whole field of view (wide field
llumination, Figure 29). In mathematical terms, the resulting image is the multiplication

between the spatial distribution of fluorophores, and the excitation pattern.
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Figure 29: Principle of structured illumination

[Nustration of the principle of wide field llumination compared to structured illumination. For wide
field illumination, the while field of view is illuminated with a constant excitation intensity, in
response to which the fluorescent areas of the sample emit light. Due to the diffraction limit, a
“blurred” version of the emitted fluorescence reaches the camera. For structured illumination, the
excitation light is patterned, meaning that not all the areas of the sample are excited and emit light.
In mathematical terms, the emitted fluorescence is the product of the fluorescent area of the sample
and the excitation pattern. The emitted fluorescence image is “blurred” due to the diffraction limit

in an identical manner as for wide field microscopy.

In the Fourier domain, multiplication becomes convolution, which means that the Fourier
transform of the patterned image is the sum of the Fourier transform of the original image,

plus two translated copies (Figure 30a,b). Because of the diffraction limit, the high spatial

frequency information outside of the disk of radius R = %# are blocked. (Figure 30b).

High frequency information originally out of the disk have been translated within that disk and

can now pass through the microscope (Figure 30b).

To reconstruct a superresolution image based on the patterned image, the three overlapping
copies of the Fourier transform of the original image are identified (with a computer

algorithm3233). Each of the copies is translated back to the center in the Fourier domain (Figure
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30c). We now have high spatial frequency information at a radius higher than R = %%

This means that the reconstructed SIM image has a resolution higher than the diffraction limit
(Figure 30c). Several images with different illumination patterns are combined to build an

artificial superresolved image with a computational algorithm3233,
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Figure 30: Principle of structured illumination microscopy reconstruction

(a) Fourier transform of a simulated image, a pattern, and a simulated image with patterned
excitation. (b) Illustration of the relationship between the Fourier transform (FIFT) of the original

image, the Fourier transform of the pattern and the Fourier transform of the image with patterned
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excitation. The blue dotted circle represents the maximum spatial frequency that can be resolved by
the microscope. The Fourier transform of the patterned image corresponds to the convolution of
the Fourier transform of the original image with the Fourier transform of the pattern, i.e. the sum of
three translated copies of the Fourier transform of the original image, since the Fourier transform of
the pattern is three peaks. (c) Simplified representation of how structured illumination allows
recovering information about higher spatial frequencies, outside of the blue circle. After peak

identification, the copies of the image FI'T are translated back to the center.

openSIM design

The openSIM replaces the illumination source of a fluorescence microscope (being a lamp or
laser based) and the associated shutter. Instead of providing homogenous illumination, the

openSIM add-on projects the illumination patterns required to generate SIM images.

The openSIM add-on is based on optical designs using an LED (light emitting diode)
illumination32139.140 instead of the lasers?* used in most commercial SIM systems. It takes
advantage of the recent developments of high-power LEDs and high resolution spatial light
modulators, which are commercialized for the picoprojector!*l and virtual reality
applications'2. Three high-power LEDs provide 3-color excitation (blue, green, red) for the
openSIM (Figure 31a). The light from the LEDs is collimated to illuminate a spatial light
modulator. The spatial light modulator generates the pattern to be projected on the sample via

the openSIM tube lens and the microscope objective (Figure 31a).

The tube lens is mounted on a linear translation stage to ensure that the spatial light modulator,
the sample and the camera are in conjugated planes (Figure 31b). All other optical components
are static and their position is imposed by a custom 3D printed frame (Figure 31b, c), which
minimizes the complexity of the optical alighment procedures to assemble the openSIM.
Additionally, 3D printed structures in plastic are lightweight, can be made for minimal cost

and can be modified easily to customize or improve the microscope.

The assembled openSIM is a compact rectangular add-on that connects to the illumination
port of a fluorescence microscope (Figure 31d, ¢). The openSIM connector to the microscope
is interchangeable via a SM2 standard thread in order to be compatible with a large number of
commercial microscopes, and connectors to Nikon, Olympus and Leica microscopes are

commercially available.
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openSIM interface

For more automation, we have designed an instrument interface with Labview, which brings
together on-the-fly pattern control, illumination color control, light intensity control, camera
control (exposure time, camera gains, data saving...), and closed loop control of heat sink
temperature. An interface box containing a DAQ and connectors allows for simple cabling
between the elements of the system (openSIM add-on, camera, computer and optionally z-
stage). Several analog and digital input and output lines of the DAQ remain available for

customization by users.

The openSIM illuminates the sample with a chosen number of patterns, generally 9, 12 or 14,
as illustrated in Figure 32a. The openSIM software allows the user to tune the pattern size
optimal for the chosen microscope and sample. After acquisition of the images with patterned
illumination, the data is saved in a format directly compatible with the open source

SimToolbox?? software for SIM image reconstruction.
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Figure 31: Design and assembly of the openSIM microscope add-on
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(a) Schematic of the optical design of the openSIM add-on. LEDs are collimated to illuminate the
spatial light modulator. The spatial light modulator generates a pattern by changing the polarity of
the reflected light. The illumination pattern is transferred into the infinity space with a tube lens. (b)
3D rendering of the main optical, electrical and mechanical components of the openSIM. Only the
components associated with the blue illumination channel are represented, for simplicity. (c) 3D
printing of the openSIM body, which holds in position the components described in (b). (d) Photo
of the openSIM. (e) 3D rendering illustrating the connection between the openSIM and an inverted

optical microscope.

openSIM imaging

To evaluate the performance of the openSIM, we imaged fluorescence beads (Figure 32b).
After SIM reconstruction, the width of the point spread function was 169nm (average value
on 20 beads), compared to 294nm for wide field illumination (Figure 32c). Some of the beads
that were too close to each other to be resolved with wide field microscopy were resolved with
the openSIM (Figure 32d): while one single large peak was visible on the wide field data, two
distinct peaks were separated on the SIM image. In addition to increasing the resolution power
of the microscope, SIM provides an optical sectioning effect (i.e. it reduces the contribution
of out-of-focus light to the image). We show in Figure 32¢ a comparison between a wild field
image and an openSIM image of an organoid. Only the cells in the focus place are visible on
the SIM image, while out-of-focus cells create a blurred background and lower the contrast of

the wide field image.

We investigated the potential applications of the openSIM for a broad variety of biological
samples. Actin and tubulin were imaged on a fixed pulmonary artery endothelial cell, using
consecutively the blue and the green excitation channel of the openSIM (Figure 33a). With
lower objective magnification, we imaged a mouse intestinal organoid (Figure 33b) and a whole
zebrafish embryo (Figure 33c). We could also observe the distribution and organization of
Mycobacterium smegmatis bacteria within macrophages during infection (Figure 33¢). We also
associated the openSIM to a scanning probe microscope system (SPM) for correlated imaging

of the cell surface with SPM and the cytoskeleton with the openSIM (Figure 33e¢).
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Figure 32: Increase in resolution and optical sectioning when using the openSIM
compared to wide field illumination

(a) Patterned illumination with the openSIM on a thin fluorescent film. 4 angles are used and 14
different patterns. (b) Comparison between an image of 100nm beads with wide field blue
illumination compared to the openSIM image. (c¢) Compatison between the point spread function of
20 isolated beads from (b), with wide field illumination (top) and with the openSIM (bottom).
FWHM: full width at half maximum. Dotted line: average Gaussian fit. The picture inset is a
representative point spread function. (d) Comparison between the openSIM and wide field
illumination to resolve two individual beads placed close to each other. (e) Hlustration of the optical
sectioning effect when using the openSIM. On the wide field image, out of focus light is noticeable
in the image; on the openSIM image, only the part of the sample directly in focus is visible. Sample:

fixed mouse intestinal organoids labeled for E-cadherin.
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Figure 33: openSIM images of fluorescent biological samples

(a) Maximum intensity projection image of fixed bovine pulmonary artery endothelial cells. Left image:
a-tubulin labeled with BODIPY; right image: F-actin labeled with Texas Red-X phalloidin. Part of the
image is not processed (equivalent wide field image, top right corner), while the bottom left corner is a
SIM reconstruction.(b) Whole mount 3D color coded image of fixed mouse intestinal organoids labeled
for E-cadherin (epithelial cell junctions). The inset represents a zoom in the area highlighted with a dotted
square. Part of the image is not processed (equivalent wide field image, top right corner), while the
bottom left corner is a SIM reconstruction. (¢) 3D color coded image of a live zebrafish embryo with cell
nucleus staining. (d) 3D color-coded image of fixed macrophages infected with Mycobacterinm smegmatis
bacteria. () Combined SIM and scanning probe microscopy (SPM) image of fixed actin-stained COS-7
cells. The SIM image is a maximum intensity projection, overlaid as a skin on the topography image

obtained with a scanning ion conductance microscope.

E.4. Discussion
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The openSIM add-on is a tool to upgrade conventional fluorescence microscopes with SIM

capability, which increases resolution and optical sectioning,.

Because it relies on incoherent LED light sources, the openSIM does not match the
performance of the most advanced commercial or non-commercial SIM systems. The
achievable projected pattern modulation depth is lower than what can be achieved with
coherent laser light sources, because the pattern is projected through the diffraction-limited
microscope, while is can be generated directly on the sample by interference of two coherent
laser beams!28. The excitation intensity is lower than what can be achieved with laser excitation

because of the intensity losses associated with using a non-punctual, diverging light source!4.

However, the openSIM requires minimal alignment procedures, and costs more than one
order of magnitude less than a commercial SIM instrument. We show that replacing the wide-
tield microscope illumination with an openSIM add-on improves the quality of the obtained

images (Figure 32), particularly in terms of optical sectioning (Figure 32¢).

Studying biological organisms often requires dedicated equipment, which accommodate for
the sample’s requirements for its physiology (such as ambient temperature and CO2 control,
humidity control) and often combine several instrumentation modalities (patch clamp,
electrode microarrays, microfluidic systems,...). We demonstrated the versatility of the
openSIM by combining it with a scanning probe microscope, for correlated imaging with both
SIM and SPM modalities (Figure 33e). Because it is an add-on to pre-existing fluorescence
microscopes, the openSIM does not require acquiring a new microscope, but increases the

performance of pre-existing resources.

E.5. Materials and methods

Optical components for the openSIM

Three high power PT54 LEDs (Luminous Devices) are used to generate the illumination light.
The light emitted by the three LEDs is deflected by three mirrors (#43-875, Edmund optics),
is collimated using 50mm lenses (#66-018, Edmund optics), and combined into one optical
path with dichroic mirrors (#69-898 , #69-900, Edmund optics). A polarizer selects for the
specific polarization reflected by the polarizing beam splitter (#49-002, Edmund optics).
Then, the light reaches the spatial light modulator (QXGA-3DM-STR, ForthDimension). A
tube lens (TTL180-A, Thotlabs), of the same brand as the commercial microscope being used

(IX71 and IX81, Olympus), is placed in such a way that the SLM is in the back focal place of
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that tube lens. Commercially available connectors (SM2Y1, LCP11, Thotlabs) were used to

connect the openSIM to the illumination port of the microscope.

Mechanical components for the openSIM

The openSIM was designed with the Solidworks software. The openSIM was printed with the
makerbot print software and the Makerbot Replicator 3D printer, as well as with the Cura

software and the Ultimaker 3 Extended 3D printer. PLA was used as a printing material.

The position of the tube lens is adjusted using a linear translation stage. The translation stage
was built with two linear shafts (SSFJ6-100, Misumi), a precision feed screw (XBRF6, Misumi)
and two wire springs (WE8-40).

Electronic components for the openSIM

The LEDs are powered and controlled using the boards and connectors supplied in the
DK114N3 development kit (Luminous devices). A custom interconnect board was designed

to facilitate the connection between the elements of the openSIM.

An interface box containing a DAQ (USB-6000, National Instruments) and connectors allow
for simple cabling between the elements of the system (openSIM add-on, camera, computer
and optionally z-stage). Several analog and digital input and output lines of the DAQ remain

available for customization by users.

Labview interface and openSIM control

We have designed a complete instrument interface with Labview, which brings together on-
the-fly pattern control, illumination color control, light intensity control, camera control
(exposure time, camera gains, data saving...), closed loop control of heat sink temperature. It
also saves the detailed acquisition parameters and pre-formats the data to be compatible

directly with the open source SimToolbox SIM processing algorithm.

Sample preparation

The organoids were derived from Lgr5—eGFP-ires—CreERT2 mouse intestinal crypts and
grown in 3D Matrigel culture under expansion conditions (ENRCV)!% which was adapted
from Gjorevski ¢ a/'*.. The preparation of imaging sample was adapted from Gjorevski ez
al®.. In short, the organoids were fixed with 4% paraformaldehyde (PFA) in PBS 1X. The
fixed samples were permeabilized with 0.2% Triton X-100 in PBS 1X (1 h, room temperature)
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and were blocked with 0.01% Triton X-100 in PBS 1X containing 10% goat serum (3 h, room
temperature). The organoids were then stained using a monoclonal anti-E cadherin antibody
(ab 11512; Abcam) followed by secondary antibody Goat-a-Rat Alexa Fluor 568 (A-11077;
ThermoFisher Scientific). Extensive washing steps were performed subsequent to each
antibody incubation step. The imaging slide was prepared by mounting the stained organoids
on glass coverslips (#1) with addition of mounting medium Fluoromount-G® (0100-01;

SouthernBiotech).

Bovine pulmonary artery endothelial (BPAE) cells with stained F-actin and tubulin were
acquired from Thermofisher (FluoCells prepared slide #2). F-Active is labeled with Texas
RED-X phalloidid, and tubulin is labeled with anti-bovine a-tubulin mouse monoclonal 236-

10501 conjugated with BODIPY FL goat anti-mouse IgG antibody.

Bone marrow derived macrophages (BMDMs) were differentiated by seeding 10° bone
marrow cells from C57BL/6 mice in petri dishes and maintaining them in DMEM
supplemented with 10% heat-inactivated fetal bovine serum (HI-FBS), 1% sodium-pyruvate,
1%  GlutaMax and 20%  L929-cell-conditioned medium as a source of
granulocyte/macrophage colony stimulating factor. After 1 week of cultivation at 37°C with
5% COs, the adherent differentiated macrophages were gently detached from the plate using
a cell lifter and resuspended in DMEM supplemented with 5% HI-FBS, 1% sodium-pyruvate,
1% GlutaMax and 5% 1.929-cell-conditioned medium. 10* cells were seeded in a 35 mm cell
culture micro-dish with a coverslip bottom (IBIDI) and allowed to adhere for 24 h before
infection. A GFP expressing Mycobacterium smegmatis (Msm) strain was cultured at 37°C in
Middlebrook 7H9 (Difco) supplemented with 10% ABS, 0.5% glycerol, and 0.02% tyloxpol.
1 ml of culture at ODgo0 0.5 was pelleted, concentrated 5 times in the medium of the BMDMs
and filtered with a 5 um filter to obtain a single cell suspension. BMDMs were infected with
the single cell suspension with MOI 1:1 and incubated at 37°C with 5% CO,. After 4 h the
cells were washed extensively with DMEM to eliminate extracellular bacteria and incubated
incubated at 37°C with 5% COs for 48 h to allow the infection to proceed. Before imaging,
the cells were stained with CellMask™ Orange (Invitrogen) according to the manufacturer’s

protocol and fixed with 4% formaldehyde in PBS for 30 minutes at room temperature.

African green monkey kidney fibroblast-like cells (COS-7), purchased from ATCC were grown
in DMEM without phenol red medium (Sigma Aldrich), containing 10% fetal bovine serum.
The #1.5 cover glass coverslips were cleaned with piranha solution and coated with

fibronectin from bovine plasma (0.5uM/ml). Then the cells were fixed with 4% PFA in
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1xPBS(pH=7.4) for 10min at room temperature and washed twice for 5min with PBS
(pH=7.4). Prior to staining, the fixed cells were incubated with PBS containing 1% BSA for
30min to reduce nonspecific background. To visualize F-actin, the phalloidin staining solution
(Fluor 488 phalloidin Thermofisher) was placed on the coverslip for 20 minutes at room

temperature.

Zebrafish were maintained according to standard procedures and embryos were staged

according to Kimmel et al'4. Embryos were obtained from outcrosses of Tg(Xla.Eeflal:H2B-
mCherry) to WT fish by natural spawning and raised in fish water (pH 7.8 £ 0.1, conductivity
500 uS £ 50 uS). For imaging, embryos were de-chorionated and laterally aligned in conical
depressions in a pad of 2% low-melting agarose (Sigma) that was cast in a glass-bottom dish

(Matek, 35 mm), as in Herrgen et all47.

Combined SIM/SICM microscopy

Scanning probe microscopy was performed with a custom made scanning ion conductance
microscope (SICM). The sample was actuated in X and Y by a piezo-stage (Piezosystemjena
TRITOR102SG). The capillary was moved in Z by a home built actuator, operated in hopping
mode. The hopping height was 1um at 100Hz rate. The current setpoint used in the hopping
actuation was 99% of the normalized current recorded. Images with 256x256 pixels were

generated.
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Cbélptel'F Photothermal Actuation for Tip-

Scanning Atomic Force Microscopy

F.1. Preamble

Conventional optical microscopy techniques tend to have low resolution and high speed,
while conventional AFM tends to have comparatively high resolution and low speed. In
the previous chapter, we introduced the openSIM, as a mean to increase the optical
resolution. In this chapter, we explore how photothermal actuation could increase the

AFM imaging speed.

For this study, I designed and built a photothermal actuation module with input from
Adrian Nievergelt and Jonathan Adams, integrated the photothermal actuation module in
a commercial AFM setup, acquired the data and made the numerical simulation of PORT

to quantify the impact of the tracking error.

F.2. Introduction

Atomic force microscopy (AFM) is a unique tool for quantitative imaging at the micro-
and nano- scale. AFM imaging can reach sub-nanometer resolution, but it is generally a
slow process; acquiring a single image can take several minutes!'’.!45, although several
groups have proposed novel techniques to increase the AFM imaging speed*7#8.149, Several
imaging modes have been successively developed, such as contact mode!'™, tapping
mode!®-153 and off-resonance tapping*’ (ORT, also called Pulsed Force mode?,
PeakForce QNM?2!, HybriD mode, etc.) . Contact mode has been used to obtain high
resolution images of proteins such as bacteriorhodopsin!®*. But contact mode often
damages both the cantilever tip and the sample surface, due to the high normal and friction
forces applied!. Tapping mode has been introduced to lower the forces applied to the
sample, and minimize sample damage!>'-153. ORT lowers further the applied forces, and
allows for direct measurement of the mechanical properties of the sample#7:8215. In both
tapping mode and ORT, the cantilever is actuated in a sinusoidal fashion, generally using
a piezoelectric actuator.!#8 A feedback loop controls the vertical position of the cantilever
in order to keep constant the cantilever deflection (for contact mode)!V, the cantilever
oscillation amplitude (for tapping mode)'5-153 or the applied maximum force (for
ORT)#7:82.155 while raster scanning the sample. Both in tapping mode and in ORT, high-

speed AFM imaging requires a high actuation bandwidth to excite the cantilever.
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Several techniques have been developed for high frequency actuation of AFM
cantilevers!30:156-159 Tn most systems, inertial piezoelectric actuation induces a motion of a
cantilever holder, which in turn induces a motion of the cantilever!52, The actuation
bandwidth of a mechanical system is inversely proportional to the mass of the object in
motion, and the sum of the masses of the cantilever holder, the cantilever body and the
cantilever itself is significantly higher than the mass of the cantilever alone, which tends to
lower the bandwidth. To move only the cantilever and therefore reduce the actuated mass,
actuation systems have been directly integrated into so-called self-actuated cantilevers,
using microfabrication techniques!>6:15-163 Additionally, self-actuation provides a stable
actuation amplitude over a broad range of frequencies, whereas the amplitude response of
inertial piezoelectric actuation is low at a low frequencies!¢:164, and, at higher frequencies,
shows shatp peaks due to the resonances of the coupling between the inertial piezoelectric

actuator and the cantilever itself (sometimes referred to as a “forest of peaks”)!52.

Photothermal actuation is an alternative technique to self-actuation, and consists in
focalizing a laser at the base of a bimorph cantilever to locally increase the temperature
and induce a thermal bending moment!'57.16, Like self-actuation, photothermal actuation
moves the cantilever only!57-16% unlike self-actuation, photothermal actuation does not rely
on specific cantilevers and is compatible with most commercially available cantilevers.
Photothermal actuation has recently been combined with ORT (Photothermal Off-
Resonance Tapping, PORT) for gentle high-speed imaging and was used to image the

SAS-6 centriole protein assembly with unprecedented resolution and imaging speed*’.

Until now, photothermal actuation has only been implemented in XY or XYZ sample
scanning systems, in which the sample is attached to a scanner and translated with a raster
motion under the cantilever tip. Sample-scanning AFM configuration is limited to low-
weight samples to keep the actuated mass low, and the actuation bandwidth high. In
contrast, in a tip-scanning AFM configuration, the sample is immobile and the cantilever
is in motion during the scan. In addition to being compatible with higher-weight samples,
the tip-scanning configuration allows for a high versatility: in-situ imaging of large samples
is possible, biological samples can be placed in an incubation chamber to keep them in
physiological conditions'!8, and tip-scanning AFMs can be combined with other
microscopy techniques such as optical microscopy for simultaneous imaging in both
modalities'”-1%6, and scanning electron microscopy'¢”168, Here we investigate the design
challenges for photothermal actuation in a XYZ tip-scanning AFM and propose a simple

design modification to a widely used commercial tip scanning AFM.

F.3. Results
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Photothermal actuation consists in using a laser to heat locally at the base of a bimorph
cantilever (Figure 34a, bottom panel). If the coefficient of thermal expansion of the two
layers is different, a bending moment is induced!>%.1%. The deflection of the cantilever is
controlled in real time by vatying the power of the laser!>165. With photothermal
actuation, only the cantilever itself is in motion, contrary to piezoacoustic actuation (Figure

34a, top panel).

We modified a commercial tip-scanning AFM with built-in photoacoustic cantilever
actuation (Dimension Icon AFM head, Bruker), and added a custom photothermal
actuation module (Figure 34b). The photothermal actuation module was inserted in place
of the original readout laser of the commercial tip-scanning AFM head (Figure 34b). The
photothermal actuation module collimates the readout laser and the photothermal
actuation laser and combines them using a dichroic mirror (Figure 34c). The ball joint
placed under the photothermal actuation module controls the position on the cantilever
of both the readout and the photothermal excitation laser (Figure 34b). The ball joint
placed on the photothermal actuation module controls the position of the drive laser
relative to the readout laser (Figure 34c¢). Two micrometer screws and a ball joint allow the
user to position the readout laser at the free end of the cantilever. Two other micrometer
screws and another ball joint allow the user to adjust the relative position of the
photothermal laser compared to the readout laser, and place the photothermal actuation

laser at the base of the cantilever.
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Figure 34: Implementation of photothermal actuation in a tip-scanning AFM

(a) Schematic representation of inertial piezoelectric and photothermal actuation. The readout laser
is not represented for both cases. For photothermal actuation, a bending moment is induced by
locally increasing the temperature of the cantilever using a focused laser beam (excitation laser, pink).
(b) 3D representation of a commercial tip-scanning AFM, fitted with a custom photothermal
excitation module. The elements added to the commercial AFM are indicated in bold letters. (c) 3D
representation of the photothermal actuation module. Left: cutout view, highlighting the position of
the optical components. Bottom right: ball-joint for adjusting the position of the photothermal laser

with the two micrometer screws.
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In a tip-scanning AFM, the cantilever is translated in the three dimensions to track the
surface of a static sample. The readout laser and the photothermal excitation laser have to
remain positioned on the cantilever during the scan motion; this constitutes the main
challenge for implementing laser readout or excitation in a tip-scanning AFM. In the
original Dimension Icon AFM scanner, the laser tracking is achieved using two lenses

(number 4 and 5 in Figure 35a). The focusing lens creates an image of the readout laser
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Figure 35: Photothermal cantilever actuation
(a) Optical path of the readout (orange) and excitation (pink) lasers through the AFM tip-

scanning head fitted with a photothermal actuation module. Left: the cantilever is in the center
of the scan. Right: cantilever is away from the center. (b) Variation (in %) of the measured
deflection amplitude, while using a constant photothermal amplitude and far away from the
sample surface. Left: XY scan area of 100x100um and constant Z position. Right: Vertical scan
of 12um and constant XY position. (¢) Evolution of the measured deflection amplitude as a
function of the actuation frequency, with no actuation (thermal tune, blue) and photothermal

actuation (orange). Cantilever: Fastscan C, in air.

light source and the excitation laser light source at the junction between the XY piezo tube
and the Z piezo tube (I'igure 34b, Figure 35a). The tracking lens generates an image of
this virtual point source on the cantilever. The tracking lens is rigidly connected to the XY
piezo tube Figure 34b), which ensures that the optical axis of the tracking lens remains
aligned with the cantilever during the scan motion (Figutre 35b). We made use of the same
two lenses for cantilever tracking with both the readout laser and the excitation laser

(Figure 35b).
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We quantified how well the two-lens tracking system keeps the readout laser and the
excitation laser positioned on the cantilever during the scan motion. In photothermal
tapping mode, two effects will change the measured deflection amplitude. One is the
change in measured deflection amplitude due to non-perfect readout laser tracking. The
second is the change in actual deflection amplitude due to less effective photothermal
actuation when the drive laser does not perfectly track the cantilever. In order to quantify
these two effects individually, we compared the frequency response of a Fastscan C
cantilever in air actuated with the inertial piezoelectric and the photothermal method

(Figure 35c¢) at different XY positions.

To do so, we modulated the current of the drive laser with a sine wave of constant
amplitude, and read the corresponding deflection amplitude of the cantilever using the
readout laser. We subsequently measured the variations of the measured deflection
amplitude, while translating the cantilever over the whole range of the piezo tube actuator.
The cantilever tracking error of the deflection amplitude was less than 7% of the nominal
value over the horizontal XY range of our AFM head (100pm), and less than £0.8% over
the vertical Z range (8um) (Figure 35b).

We imaged a calibration grating with our modified AFM head, with photothermal
actuation both in tapping mode (Figure 30).

height amplitude error phase

1 (um)
10 (nm)
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Figure 36: Imaging in air with photothermal actuation in tapping mode

AFM height, amplitude error and phase images of a calibration grating. Tapping mode with

photothermal actuation. Image size: 34x34 um

For PORT, the local interaction curve is calculated at every point of the sample surface by
subtracting the cantilever dynamics (free deflection). The applied peak force is deduced
(Figure 37c¢), as well as the local mechanical properties. The applied force is compared to
the force setpoint. The difference is the input of a proportional integral controller (PI
controller), and the controller calculates the voltage to be sent to the piezoelectric actuator
to reduce the error. This feedback loop ensures that the applied force remains close to the

setpoint while scanning (Figure 37d).
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Figure 37: Measuring topography and mechanical properties with AFM in off-
resonance tapping (PORT) mode

(a) Hlustration of the cantilever (black) being deflected when it is in contact with the sample
surface (light blue). (b-d) are numerical simulations made with a custom Matlab script, based on
Newton’s law , assuming linear interaction forces, and transferred in the discrete temporal
domain with Euler approximation. (b) Simulated force curve, from which sample mechanical
properties (stiffness, adhesion) are deduced. In PORT, interaction cutves are obtained by
plotting the cantilever deflection (multiplied by the cantilever spring constant) as a function of
the background (i.e. free deflection). As long as the cantilever is away from the surface, no force
is applied. When the cantilever touches the surface, the force applied increases with the
indentation, proportionally to the sample stiffness. (c) Simulated PORT measurement of the
sample mechanical properties without scanning. During PORT, the cantilever is actuated with a
sine wave signal. When the cantilever is away from the surface, the cantilever motion is therefore
a sine wave (dotted blue line, background). When the cantilever is brought closer to the surface,
the cantilever motion deviates from a sine wave (green line). The difference between the free
deflection and the deflection signal in contact gives the background corrected deflection signal
(orange), from which interaction curves are calculated (blue). k:cantilever stiffness. (d) Simulated
ORT measurement of the sample topography and mechanical properties while scanning a line
of a sample. The topography of the simulated sample is a step represented by a green dotted
line. The background corrected deflection is calculated in real time to determine the peak force
applied. The peak force is compared to the force setpoint (InN here, indicated by the red dotted
line). The controller adapts the voltage sent to the piezoelectric actuator to keep applying a
constant force. The position of the piezoelectric actuator (“z piezo pos.”) reflects the topography

of the sample and is our output, i.e. one line of the AFM image.

We sought to quantify the effect of the cantilever tracking error on the
measurement of the peak force applied. Because of the tracking error, the
measured free amplitude is not constant in XY (Figure 35c). In PORT, the free

amplitude is measured only once, at the center position of the scan. This is
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equivalent to doing the background subtraction with a sine wave of amplitude too
low ot too high for points that are away from the center of the scan. With a numeric
simulation, we show that the tracking error has a significant impact on the
measured peak force (Figure 38, about 20% error on the peak force for an
amplitude error of 7%, while imaging an infinitely stiff sample with PORT at 1kHz,
50nm amplitude, and 1nN setpoint). While the error is large for large scans, it will
be much smaller for smaller scans (tracking error of less than 1% for scans of less
than 10pum, which corresponds to an error on the measured peak force of 1.8%

with the same simulation parameters as for Figure 38).
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Figure 38: Impact of the tracking error for PORT

When there is a mismatch between the recorded background and the real background (for
example because of the tracking error), the background corrected deflection (BCD) is no longer
a flat line when the cantilever is away from the surface. Additionally, there is an error in the
measured peak force (1nN setpoint here). Numerical simulations made with a custom Matlab

script, based on Newton’s law, assuming linear interaction forces.

We imaged a calibration grating with our modified AFM head, with photothermal
actuation in PORT mode (Figure 39a). Collagen fibers were also imaged in PORT mode,
and the collagen sub-structures (fibrils) were resolved (Figure 39¢). We compared inertial
piezoelectric actuation in ORT with photothermal actuation in PORT for high-speed
imaging. In both ORT (inertial piezoelectric actuation) and in PORT (photothermal

actuation) modes, an interaction curve is recorded at each point of the sample (Figure
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39b). The sample is tracked accurately for a scan speed of 2Hz, in both ORT (2kHz
excitation, maximum value set by the manufacturer; Figure 39d, top-left panel) and PORT
(16kHz excitation; Figure 39d, top-right panel). When the scan speed is increased from
2Hz to 10Hz, the quality of the sample tracking is low in ORT, and a significant amount

of parachuting is visible compared to the image acquired in PORT mode.
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Figure 39: Imaging in air in photothermal off-resonance tapping (PORT) mode

(a) AFM height and peak force error images of a calibration grating. Photothermal off-resonance
tapping. Image size: 11.1x11.1 um (b) Example of an interaction curve obtained while scanning
in PORT. (c) PORT height and error image of a mouse collagen fiber. Excitation frequency:
8kHz. Scan rate: 1Hz. Image size: 3x1.5 um. (d) AFM height images of a mouse collagen fiber
in ORT with inertial piezoelectric actuation at 2kHz (left) and in PORT with photothermal

actuation at 16kHz (right). Image size: 20x10 um

F.4. Discussion

Several groups, including ourselves, have shared designs to add photothermal actuation to
sample-scanning AFM microscopes!®-171 because photothermal actuation generates a
clean cantilever response in low-Q environments!”; and can actuate cantilevers at high
speed!'”!. Here, we report the first implementation of photothermal actuation in a XYZ
tip-scanning AFM. We modified a commercial tip-scanning AFM head with inertial
piezoelectric actuation (Dimension Icon head, Bruker), and added to it a custom

photothermal actuation module. Our design therefore does not require major modification
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to add photothermal actuation to an AFM head with optical readout!'7?, and photothermal
actuation could be added to other commercial or non-commercial AFM microscopes

using our method.

The tracking error of the readout and drive lasers affects significantly the peak force
measurement in PORT. This is particularly true for large scan sizes (>10um). The error
on the peak force measurement could be reduced either by adjusting the position of the
focusing lens and the tracking lens to minimize the tracking error. We could also
compensate for the tracking error via a simple calibration step. One would record the
amplitude of the measured free deflection of the cantilever covering the XY scan area, for
a constant photothermal excitation amplitude. The inverse of the ratio between the
measured amplitude and the amplitude setpoint would be used as a multiplication factor
to correct for the tracking error for each XY position. Ideally, these two methods would

be combined to minimize the peak force measurement error.

Thanks to photothermal actuation, the actuation bandwidth for PORT is decoupled from
the bandwidth of the piezoelectric Z actuator used for tracking the sample topography.
We therefore benefit from an extra degree of freedom to improve the AFM imaging speed.
During PORT (and ORT in general), the applied force is measured every period of the
excitation. If the excitation frequency is f, the delay between each measurement of the
applied force is T=7/f A delay in a feedback loop (or a phase lag) is known to cause
instability, therefore limiting the achievable scan speed!”. Increasing the excitation
frequency with PORT reduces the delay in the feedback loop, which results in an

improvement in the scanning speed (Figure 39).

The efficiency of photothermal excitation depends on several main factors'’*: the
cantilever bimorph effect, the value of the excitation frequency compared to the
photothermal actuation cutoff frequency, and the width of the cantilever compared to the

size of the photothermal laser spot.

As shown in Figure 35a, the efficiency of photothermal actuation efficiency drops as the
excitation frequency increases. More precisely, the photothermal actuation efficiency stays
relatively constant up to the photothermal cutoff frequency, and drop for higher
frequencies. We calculated the cutoff frequency for several commercial cantilevers (Figure
40). It shows that it will be possible to have high photothermal excitation frequencies for
cantilever with a small length (9 um length for an AC10) and made out of a material high
thermal conductivity (such as silicon). Such cantilever should therefore be preferred for

high-speed photothermal actuation.
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Figure 40: Estimated photothermal actuation bandwidth for several commercial
cantilevers

The cutoff frequency of cantilevers depends mainly on the cantilever length and the cantilever
material. The cutoff frequency was calculated using the following equations and assuming that
kin 12

the cutoff frequency is mainly limited by thermal diffusivity: Dy, = —=, T = D feutorr =
: ’ ’ ’ pcy Dth

1 . e . . . . . .
p where Dy, is the thermal diffusivity, p is the cantilever material density, ¢, is the specific heat
T : -

capacity of the cantilever material, and [ is the cantilever length.

However, if the cantilever is smaller than the focus spot of the photothermal actuation
laser, the efficiency will drop. It is therefore important to focus the photothermal laser
with a high numerical aperture optical system, which minimizes the size of the laser spot.

For an AC10 cantilever, the cantilever width is 2 um, which means that a spot size lower

that 2 um is needed. This can be achieved for a numerical aperture of NA = % =
g:z—tl; = 0.15, where A is the wavelength of the light used, w is the width of the cantilever,

and NA is the numerical aperture of the system constituted by the focusing lens and the

tracking lens.

Overall, this means that photothermal actuation will be most beneficial for high excitation
frequencies, which requires small cantilevers made out of a thermally conductive material.
This will required optimizing the optical design of the AFM head to increase the numerical

aperture and reduce the spot size.

High-speed PORT AFM microscopy is a powerful tool to image the molecular dynamics
of protein assembly*’. However, it is sometimes challenging to link the AFM topography
data to biological function. Because the sample remains static during tip scanning PORT
imaging (TS-PORT), it is possible to combine high-speed TS-PORT AFM and optical
superresolution microscopy. Optical fluorescence microscopy can be used to determine

the biological function using fluorescence labels to tag specific proteins, and optical
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superresolution techniques can now reach a precision in the nanometer range!726175,
Combining high-speed TS-PORT and superresolution optical microscopy will enable the
observation of protein assembly in real time, with both high spatiotemporal resolution

(AFM) and high specificity (fluorescence microscopy).

F.5. Materials and methods

AFM

We used a Bioscope head with a Nanoscope 111 controller (Bruker) as well as an Icon head
with a Nanoscope V controller (Bruker for this study). The signal access module (Bruker)
was used to access the photothermal excitation signal and send it to a laser driver (Newport
505B) controlling the photothermal excitation laser diode. The wavelength of the readout
laser diode was 645nm, and the wavelength of the excitation laser 686nm. Each laser diode
was collimated with a 4.6mm aspheric lens (A390-A). The lasers were combined using a
short-pass dichroic mirror (HL6750MG, Thorlabs). A bandpass filter prevents the
excitation light from reaching the photodiode (86-941, Edmund Optics).

AFM data was processed using Gwyddion® and Nanoscope Analysis (Bruker).

Collagen sample

A freshly cleaved mica disk was glued on a metal disk. Collagen fibers were extracted from
a rat tail tendon. The tendon was gently pulled apart using sharp tweezers to expose the
individual collagen fibers, and the collagen fibers were spread on the mica disk. The sample

was then catrefully dried with compressed air.

PORT simulation

The PORT simulation was done with a custom MATLAB program. The model relied on
the application of Newton’s law and the assumption of linear interaction between the
cantilever tip and the sample surface. Given that the system is approximated as being
linear, the superposition principle applies: Xior(t) = Xg - sin(2nft) + X(t) where
Xiot(t) is the position of the tip of the cantilever over time, Xj - sin(2mft) is the
sinusoidal motion of the tip imposed by photothermal actuation alone, and X (t) is the
contribution of the surface interaction to the cantilever tip position. The cantilever is
modeled as a simple resonant system: mX + aX + kX + u(Xs — X) - ks(X — X;) = 0
where m is the equivalent mass of the cantilever, a is the damping coefficient, k it the
spring constant of the cantilever, X; is the position of the sutface, K is the stiffness of the

surface and u(Xg — X) is a step function, equal to 1 when Xy — X > 0 and else equal to
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0. These differential equations are resolved iteratively after being transferred in the discrete

. L e XX 5 Xi—2Xi_ g+ Xi—
time domain using Euler approximation: X — ld—tll and X = #;lz
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Cbélpté‘l’ G Volcano-shaped SPM probe for
combined force-electrogram recordings from

excitable cells

G.1. Preamble

AFM is most often used to scan and acquire images of a sample. Its nanometer precision
make is a convenient tool for other applications, such as single cell micromanipulation or
killing (Chapter B). Here, we combine an AFM head with a volcano-shaped probe for

electrogram measurements.

This is a verbatim copy of an article that has been published in a peer reviewed journal!7c,
Permission was granted by the publisher to reproduce the article in this thesis dissertation.

Further permissions related to the material excerpted should be directed to the ACS.

Desbiolles, B. X. E., Hannebelle, M. T. M., Coulon, E. De, Bertsch, A., Roht, S., Fantner,
G. E. & Renaud, P. Volcano-Shaped Scanning Probe Microscopy Probe for Combined
Force-Electrogram Recordings from Excitable Cells. (2020).

https://pubs.acs.org/doi/10.1021 /acs.nanolett.0c01319

For this study, I participated in the design of the cantilever and cantilever holder for
electronic interfacing. I also used the cantilevers with nanovolcanoes fabricated by Benoit
Desbiolles to measure the displacement of beating cardiomyocytes, while Benoit
Desbiolles was recording simultaneous extracellular electrograms. Both of us analyzed the

data.

G.2. Abstract

AFM based approaches have led to remarkable advances in the field of mechanobiology.
However, linking the mechanical cues to biological responses requires complementary
techniques capable of recording these physiological characteristics. In this study, we
present an instrument for combined optical, force, and electrical measurements based on
a novel type of scanning probe microscopy cantilever composed of a protruding volcano-
shaped nanopatterned microelectrode (nanovolcano probe) at the tip of a suspended
microcantilever. This probe enables simultaneous force and electrical recordings from
single cells. The complex three-dimensional microelectrode was manufactured at the

wafer-scale following a straightforward non-conventional nanofabrication process based
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on ion beam etching redeposition. Successful impedance measurements on mechanically
stimulated neonatal rat cardiomyocytes in-situ were achieved using these nanovolcano
probes. Furthermore, proof of concept experiments demonstrated that extracellular field
potentials  (electrogram) together with contraction displacement curves could
simultaneously be recorded. These features render the nanovolcano probe especially suited
for mechanobiological studies aiming at linking mechanical stimuli to electrophysiological

responses of single cells.

G.3. Introduction

Mechanobiology is an emerging field at the frontiers between biology and engineering that
focuses on studying the role of mechanical properties of biological specimens and the
effect of forces acting on those specimens in physiology.1”7-180 Over the last three decades,
atomic force microscopy (AFM)!8! has been widely used to map mechanical properties
and responses of biological systems to mechanical cues.83182-185 AFM exhibits force
sensitivities in the picoNewton range!8¢ with nanometer-scale lateral resolutions.'s” It is
compatible with a broad range of biological samples ranging from single molecules to cells
and tissues. The mechanical properties of mammalian cells were extensively studied using

196,197 ot fibrosis!? was

AFM based approaches!®$-195. For instance, cell differentiation
shown to be dependent of the substrate stiffness. AFM was also used to study mechanical

stresses during bacterial division'8, turgor pressure!® and adhesion!?.

The key challenge in mechanobiology consists of linking functional responses of complex
biological systems to mechanical stimuli.??0 AFM based approaches alone are essentially
blind to mechanically triggered biological responses such as changes in cellular
electrophysiology and, accordingly, complementary techniques need to be developed to
convey multimodal capabilities to the AFM. Presently, this is achieved by combining AFM
with optical microscopy of cells expressing or being loaded with fluorescent indicators of
physiological parameters like transmembrane potentials 20! (e.g., voltage-sensitive dye,
voltage-sensitive fluorescent proteins) or ion concentrations?? (e.g., calcium indicators).
As an example, cells expressing mechanosensitive ion channels can be mechanically
stimulated by AFM and their electrophysiological response be monitored in real time using
fluorescent calcium imaging.?® Disadvantages of optical techniques include, apart from
the requirement of cell manipulation and the introduction of indicators that themselves
may adversely affect cellular function, phototoxicity that limits the duration of
experiments.2%* Other studies combined AFM recordings of contraction displacement of
cardiomyocytes with extracellular field potential (electrograms) measurements provided
by multielectrode arrays (MEA).205206 Similarly, planar patch-clamp devices were used to

record transmembrane potentials of mechanically stimulated cells.27:28 Even though
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direct recordings of electrical activities were achieved, the limitation of these techniques
mainly consist in their complexity and the lack of freedom when selecting a specific cell,
because that cell has to be located exactly on top of a given microelectrode. To overcome
these challenges, Ossola e al used the FluidFM probe2?210 as a force-controlled
nanopipette to simultaneously record force and ion channel activities in a whole-cell
configuration, therefore pioneering the field of AFM-based force-controlled
electrophysiology.?!! In this study, the electrical access to the cell was granted via an
embedded microfluidic channel filled with saline solution that connected the tip opening
to the recording system. Depending on the experimental question asked, this methodology
has the disadvantage of wash-out of intracellular small molecules thereby compromising,
e.g., the integrity of the second messenger signaling cascade.?!2 Moreover, a fluidic access
to the cell significantly complicates the experimental setup as fluidic connections and
pressute controllers are needed. Additionally, the embedded microchannel significantly
limits the minimal cantilever thickness achievable; therefore limiting the bandwidth and

the sensitivity during force measurements.

Cells are constantly interacting with each other and with their environment through
chemical, mechanical, and electrical factors. The latter include mechanical forces, cellular
stiffness, electrical potentials, and ion currents that determine the cell behavior. Here we
propose a new fluidic-free instrument that combines, within a single probe, measurement
capabilities for optical, electrical, and mechanical factors determining cell functions.
Central to the device is a novel type of probe for scanning probe microscopy (SPM)
consisting of a protruding three-dimensional (3D) volcano-shaped microelectrode at its
apex that enables fluidic-free combined force and electrophysiological recordings from
single cells or tissues. The device is termed ‘nanovolcano probe’ as it integrates our recently

developed nanovolcano electrode*2!3 at the tip of an AFM cantilever.

Force and impedance were concurrently measured when engaging onto neonatal rat
cardiomyocytes to confirm the proper functioning of the probe in a conventional AFM
setup. Thereafter, the nanovolcano probe was used to investigate whether it could be used
to record simultaneously mechanical and electrophysiological activity from single cells.
Successful recording of electrograms together with cardiomyocyte contraction
displacements demonstrated that the nanovolcano probe enables combined force-
electrogram recordings. These findings render the nanovolcano probe particularly suitable
for mechanobiological studies aiming at linking electrophysiological responses with

mechanical stimuli at the single-cell level.

G.4. Results
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Microfabrication

The nanovolcano probe concept and design are summarized in Figure 41-A. The inner
surface of the 8 Um-wide nanovolcano consists of a large electrodeposited platinum-black

electrode that minimizes the access impedance to the cell. The outside of the 6 tm-high
structure is covered with a 20 nm-thick insulating SiO, layer that prevents current leaks
from the electrode. Furthermore, a 5 to 10 nm-thick gold nanoring stacked in-between
two Ti layers and functionalized with self-assembled monolayers of alkanethiols forms the
site of contact with the cell membrane and is thought to optimize the cell-electrode
interface?!+218, The microelectrode is attached to a 2.2 um thick SiO; cantilever, that is
coated on the backside with a 50 nm-thick Cr-Au reflective layer allowing for conventional

optical beam deflection measurement in an AFM.21?

As illustrated in Figure 41-B, conventional ion beam etching was used to pattern 3 \m-

wide conductive tracks on a Si substrate covered with a 2 Wm thick layer of thermally
grown SiO, that was subsequently insulated with 200 nm of sputtered SiO». The
nanovolcano was then manufactured at the tip of the Ti-Pt-Ti-Au-Ti-SiOz pattern by ion

beam etching redeposition®220. To this end, openings with a diameter of 8 Wm were

patterned into a 6 Wm-thick negative photoresist layer. During ion beam etching, a part of
the etched material from the substrate was redeposited onto the photoresist sidewalls,
thereby creating the multilayered nanovolcano wall after resist stripping by Oz plasma. The
SiO; cantilever was then defined, with a wider circular shape close to the tip to maximize
the laser reflection, and released by reactive ion etching (RIE). Due to the compressive
stress accumulated in the SiO; layer during thermal growth, the released cantilever bent in
the opposite direction from the substrate. In a final fabrication step, stressed layers of Ct-
Au (50-50 nm) were evaporated onto the backside of the cantilever to compensate for

their bending and to render them reflective.

Scanning electron microscope (SEM) images of the finalized nanovolcano probe are
shown in Figure 41-C-E. As illustrated by Figure 41-C and D, the SiO: cantilever
dimensions were chosen such as to ensure a stiffness comparable to cells (for the
nanovolcano probe: 0.45 N/m). The nanovolcano electrode placed at the dp of the
cantilever was fabricated with a relatively large diameter to ensure a low electrode-
clectrolyte impedance while permitting a sufficient lateral resolution to perform
experiments at the single-cell level. The height of the nanovolcano guaranteed that the
nanovolcano touched the sample first during AFM manipulation. The inset in Figure 41-
E shows the 7 nm-thick gold nanoring flanked by two titanium layers in the middle of the

70 nm-thick multilayered nanovolcano wall. A complete characterization of the
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nanovolcano wall cross-section by transmission electron microscopy combined with

energy dispersive X-ray spectroscopy can be found in our previous work.>

The nanovolcano probe was interfaced to a custom-made AFM holder (see Supplementary
Information, section 1) and platinum-black was locally electrodeposited into the
nanovolcano to decrease its electrode-electrolyte impedance. A complete electrochemical
characterization of the nanovolcano probe is provided in Supplementary Information,

section 2.
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Figure 41: Concept and microfabrication of the nanovolcano probe.

A) Schematic drawing showing the nanovolcano probe in contact with a cell. The cantilever
deflection as well as the electrical signal from the nanovolcano are measured simultaneously. The
insert shows the cell-clectrode interface in detail. B) Microfabrication process used to
manufacture the nanovolcano probe. Insulated metallic tracks are patterned onto a 2 m thick
SiO; layer covering the Si substrate. During ion beam etching, the material etched from the
substrate is redeposited on the photoresist sidewalls therefore forming the nanovolcano after
resist stripping. The SiO; cantilever is subsequently defined and released by reactive ion etching.
C-E) SEM images showing top view, side view, and tilted view (angle of 30°) of the nanovolcano

probe. The volcano electrode structure and the conductive tracks are colored in blue.
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Force and electrical measurements on neonatal rat cardiomyocytes

The nanovolcano probe was mounted on a custom-made setup composed of a tip-
scanning AFM mounted above an optical inverted microscope and a custom sample
holder to keep the biological sample in physiological conditions (see Materials and
Methods section). Experiments with neonatal rat cardiomyocytes were performed to
validate that both force and impedance signals can be recorded simultaneously by the

nanovolcano probe.

Cardiomyocytes were cultured at low density for 48 hours prior to the experiment. During
experiments, the cantilever position and deflection were recorded while the nanovolcano
probe was repeatedly brought in contact with a cell of interest followed by pulling away
using the AFM piezoelectric actuator. A typical result of such an experiment is shown in
Figure 42-A: the probe was initially lowered towards the cell by ~ 11 um while applying a
maximal force of 772 nN before being withdrawn again at t = 0.25 s. The maximally
applied force is three orders of magnitude larger than the force usually used as a setpoint
for non-destructive AFM imaging (a few hundred pN). However, because the contact area
between the nanovolcano rim and the cell under investigation is about three orders of
magnitude larger than the contact area of a pyramidal cantilever tip, local strain and stress
applied to the cell are below the cell damage threshold for the nanovolcano measurements
as well. The ramp curve depicting the force-position relation (Figure 42-B) shows a typical
smooth increase of the force between 7 m and 11 Um indicating indentation of the cell
by the nanovolcano. The hysteresis visible in the force curve is due to mechanical energy
dissipated by the cell, whereas the step during withdrawing highlights the detachment of

the cantilever from the cell.

Simultaneous with the force measurements, square wave amperometry was performed
through the nanovolcano probe to observe the impedance variation when engaging onto
a cell. A 5 mV square wave oscillating at 20 Hz was applied between the nanovolcano and
a counter electrode located in the bath while measuring the resulting current. Capacitive
current peak amplitudes and current pulse time constants were extracted and plotted in
Figure 42-C as the tip approached the cell and then was withdrawn again. Both the ‘high
frequency impedance’ and the time constants significantly increased when the probe came
close to the cell. Impedance increased to 189 % and time constants to 160 %. No vatiations
of the resistive current at low frequency was observed. In Supplementary Information,
section 2, an electrical equivalent circuit of the cell-electrode interface is presented that
illustrates the increase of the impedance and time constant as the probe approached the

cell. Figure 42-D shows the variation of impedance with respect to the cantilever position.
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A significant increase of high frequency impedance can be noted for cantilever

displacements larger than 3 Um that saturates at 10.5 Wm. Force-controlled impedance
measurements conducted on non-beating human embryonic kidney (HEK) cells showed
similar behaviors compared to cardiomyocytes, therefore suggesting that spontaneous
contractions did not significantly influence the impedance measurements. Amperometric
measurements allow for an earlier cell detection compared to force recording. Forces in
the nN range were applied and currents with <10 pA amplitude were measured. This
experiment was successfully repeated on seven different HEK cells and seven primary rat
cardiomyocytes with two different cantilevers. Experimental results are summarized in

Supplementary Information, sub-section 3.1.
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Figure 42: Force and electrical measurements on neonatal rat cardiomyocytes.

A) Evolution of the nanovolcano cantilever position along the z-axis (left axis, light blue) and the
resulting force applied to the cell (right axis, purple) with time. The first contact with the cell was
initiated at t = ~ 0.15 s and position ~ 7 Um (maximum force = 772 nN). B) Ramp curve showing
the force — position relationship. C) Evolution of the nanovolcano probe impedance (left axis, dark
blue) and time constant (right axis, magenta) with time, measured by pulsed amperometry. D) Ramp

curve showing the impedance — position relationship.
Recording of cardiomyocyte contraction displacements using the nanovolcano
probe.

Following the basic characterization of the nanovolcano probe, we tested its suitability for
performing measurements of contraction displacements from spontaneously active

primary neonatal rat ventricular cardiomyocytes. Cardiomyocytes were cultured at low
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density for 48 to 72 hours prior to the electrophysiological recordings. The time-lapse
images in Figure 43-A show one contraction of a spontaneously active cell studied with
the nanovolcano probe maintained at a constant height. The blue pixels illustrate variation
of intensity compared to the previous frame and therefore highlight the contraction-
related movement of the cell. At ty, the cardiomyocyte is quiescent. It initiates its
contraction at t 2, stays contracted during ts 4 before relaxing again attsg. The bottom panel
in Figure 43-A represents the sum of the derivative for every pixels from the video in the
region of interest presented in the top panel. This measure is conventionally used to
quantify cardiomyocyte contractions??:222 and serves as visual control for the nanovolcano

measurements.

Cantilever displacements recorded in parallel are shown in Figure 43-B (top panel). The
first contraction (corresponding to the time-lapse data) has an amplitude of 367 nm and a
duration (at 10 % of the amplitude) of 646 ms. Similarly, the second contraction had an
amplitude of 422 nm and displayed a duration of 614 ms. The panel below depicts the
corresponding derivatives (absolute values). For both activations, contraction rates

amounted to 2.9 im/s and 3.5 m/s, respectively. Relaxation was slower and amounted

to 1.5 um/s and 1.7 um/s, respectively. The absolute detivatives of the cantilever
displacement and those derived from the video data reliably matched. Additional
contraction displacement characteristics measured from five different primary rat
cardiomyocytes using the nanovolcano probe are presented in Supplementary

Information, sub-section 3.2.
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Figure 43: Recording of contraction displacements from primary rat cardiomyocytes.
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A) Upper panel: Schematic drawing (left) and series of time lapse images showing the
nanovolcano probe engaged on a beating cardiomyocyte (right). Pixels showing intensity
variations compared to the previous frame are highlighted in blue and indicate cardiomyocyte
contraction.??!2?2 Lower panel: Temporal evolution of the sum of the derivatives of every pixels
for the entire area depicted in the upper panel. B) Cantilever displacement (top panel) and its
absolute derivative (bottom panel) from the same cardiomyocyte. The first contraction starts at
to and corresponds to the time-lapse images presented in A). The cantilever displacement

absolute derivative matches the absolute derivative of the video signal.

Simultaneous recording of contraction displacements and electrogram from

cardiomyocytes using the nanovolcano probe.

Neonatal rat ventricular cardiomyocytes were also used to investigate the possibility of
recording contraction displacement together with electrophysiological activity using the
nanovolcano probe. As demonstrated in Figure 44, both contraction displacements (cf.
Figure 44-A) and electrograms (cf. Figure 44-B) could simultaneously be recorded by the
nanovolcano probe. Electrograms showed typical biphasic shapes and displayed
amplitudes ranging from -38 LV to -75 UV that slightly preceded contraction. During a 25
s long recording session, contraction amplitudes of 250 + 35 nm with a duration at 50 %
amplitudes of 225 * 35 ms (average * standard deviation) were observed together with
electrograms showing downstroke amplitudes of 47 £ 9 UV (N = 49). Electrograms
recorded from a second cell with the same probe produced similar results (cf.
Supplementary Information, sub-section 3.3). This demonstrates the possibility to

perform successive electrogram recordings at different location using a single probe.
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Figure 44: Simultaneous recording of cardiomyocyte contraction displacements
electrograms.
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A) Cantilever displacement simultancously recorded with B) electrograms from a spontaneously
active cardiomyocyte using the nanovolcano probe. The insert presents an expanded view of the

region of the electrogram framed with dashed lines.

G.5. Discussion

The novel SPM probe presented in this study enables direct combined force and electrical
signal recordings by placing a 3D microelectrode at the tip of an AFM cantilever. The
protruding electrode at the cantilever tip combines several technological advances in a
single structure: (1) the platinum-black coated nanovolcano interior ensures a relatively
low electrode impedance and, hence, optimizes signal-to-noise ratios (see Supplementary
Information, section 2.1); (2) the electrically insulating nanovolcano walls prevent current
leakage from the electrode which contribute to the robustness of the cell-electrode

interface robustness.

The 3D multimaterial nanopatterned microelectrode was manufactured following a
reliable and scalable non-conventional four-step fabrication process based on ion beam
etching redeposition that was completed with the patterning and release of the cantilever
by conventional reactive ion etching techniques. All manufacturing steps used to produce
both the nanopatterned electrode and the cantilever are compatible with complementary
metal oxide semiconductor (CMOS) technologies. Accordingly, it is feasible to integrate
CMOS amplifiers on the nanovolcano probes in the future to minimize electrical signal
attenuation and noise. In contrast to previous technologies using FIB milling 211223 the
fabrication process is simple, scalable, and leads to homogeneous structures at the wafer
scale (> 250 chips per wafer). Compared to regular nanovolcano arrays,>* the photoresist
layer used to manufacture the 3D microelectrode presented in this study is thicker which
results in a wider undercut after development. As a consequence, the redeposited materials
composing the nanovolcano wall are electrically insulated from the electrode area (cf.
Figure 41-B) thereby preventing the gold nanoring to be coated during platinum-black

electrodeposition.

Compared to conventional conductive AFM tips, nanovolcano probes show the distinct
advantage of being insulated up to the very end of the tip, allowing for a confined
measurement with minimal current leaks. Furthermore, the volcano geometry enables low
access impedance in physiological saline solutions compared to conductive AFM tips and

therefore permits electrophysiological recordings.

Simultaneous force and impedance recordings on neonatal rat cardiomyocytes confirmed

that pulsed amperometry could be used to gauge the engaging process and allows for
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gentle engaging on soft biological samples. As already reported in the literature, the
probing depth of a microelectrode is mainly influenced by its spreading resistance and
proportional to its radius.??* For this reason, cells were detected by impedance
measurements ~4 um (~ microelectrode radius) prior to mechanical contact. Presently,
the lateral resolution achievable with the nanovolcano probe is limited by the 8 um in
diameter protruding electrode. The relatively large electrode area is necessary to decrease
the electrode impedance at the electrode-electrolyte interface and therefore to permit
electrical measurements. Prospectively, platinum black could be substituted by lower
impedance materials (e.g., PEDOT:PSS) to potentially achieve similar access resistances

for smaller electrode diameters, thus improving the lateral resolution.

These experiments demonstrated that the nanovolcano probe was suited to map the
impedance properties of mechanically stimulated cells at the single-cell level, hence

providing opportunities in the field of mechanobiology.

When performing experiments with primary neonatal rat ventricular cardiomyocytes, their
morphology and contractility did not change during the duration of the experiments. For
the first time, electrograms together with contraction displacements were successfully
recorded using a single probe and were confirmed by simultaneous optical recordings.
Positive monophasic cantilever displacements with an amplitude and duration similar to
the ones observed with conventional probes were reported.?’> Simultaneously, biphasic
voltage pulses corresponding to electrograms showed shapes, durations, and amplitudes
consistent with extracellular activities recorded with standard MEAs.??> Even though,
amplitudes close to 1 mV are commonly reported in the literature for cardiomyocyte
monolayers, recording performed on single cardiomyocyte with conventional MEAs

showed similatly low amplitudes (< 100 p.V).220

The nanovolcano probe permits combined force-electrogram measurements within a
single probe and therefore is an alternative to the AFM-MEA system that has, besides a
reduction of system complexity, the added advantage of permitting the free selection of
cells of interest. In comparison to FluidFM technology, no microfluidic channels were
needed to transmit the electrical signal from the tip to the recording system, therefore
bypassing the high fluid resistance and simplifying the experimental system.?!! Compared
to the recently developed ultrasmall nanowire transistor probes (U-NWFET) enabling
intracellular recording of action potentials from individual cells,??” the nanovolcano system
is limited to recording electrograms only but has the advantage of permitting simultaneous

force recording.
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Future developments of the nanovolcano probe should focus on permitting combined
force and intracellular electrophysiological recordings such as action potentials or ion-
channel activity. This might be challenging as, compared to extracellular recording, a high
seal resistance is essential in intracellular electrophysiology to maintain the punctured cell
activity and enable high quality recordings. In this study, the seal resistance was estimated
to be much lower than the nanovolcano probe access resistance (Rseal < 309 ML, see
Supplementary Information, section 2.2). The nanometer-wide alkanethiols nanopattern
hypothesized to strengthen the cell-electrode interface was seemingly not sufficient to
provide the gigaseal requited to perform decent intracellular electrophysiology.
Nevertheless, a systematic investigation of the nanopattern contribution to the seal
formation could be performed with diverse types of self-assembled monolayers, not only
based on alkane chains but also on positively charged molecules (e.g., poly-amine) or
proteins (glutaraldehyde). On the other hand, a chemical-mechanical polishing step of the
nanovolcano tip could be added in the microfabrication process to significantly reduce its
roughness; therefore potentially improving the interface strength. In this context, the
nanovolcano probe is certainly of interest to characterize the cell-electrode interface

electrical properties by in-situ impedance spectroscopy.

G.6. Conclusion

In this work, we present an instrument for combined optical, force and electrical
measurements using a novel type of SPM probe composed of a nanopatterned volcano-
shaped protruding electrode. Parallel mechanical, optical and electrical measurements of
single cells were acquired thereby presenting a new approach for integrated mechano-

electrical investigations.

The protruding microelectrode is electrically insulated to prevent current leaks at the cell-
electrode interface. Additionally, a platinum-black coating of the large electrode area
results in a relatively low impedance at the electrode-electrolyte interface. The complex
3D multimaterial microstructure was successfully manufactured at the tip of a suspended
cantilever, exploiting a straightforward process that is reliable at the wafer scale. It
combines a non-conventional redeposition processes occurring during ion beam etching

with standard microfabrication techniques.

Experiments with neonatal rat cardiomyocytes demonstrate that the nanovolcano probe
enables 7#-sitn impedance recordings of mechanically stimulated cells with conventional
liquid AFM setups. Proof of principle experiments confirm that combined measurement

of force and electrical signals can be achieved with the presented probe. Electrograms and
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contraction displacements from spontaneously active cardiomyocyte were simultaneously

recorded with similar characteristics to the one measured with conventional methods.

These features render the nanovolcano probe particularly suitable for mechanobiological
studies aimed at linking functional electrophysiological single-cell responses with

mechanical stimuli.

G.7. Materials and methods

Microfabrication

A 380 wm-thick double-side polished silicon water (100 mm in diameter) coated with 2

Wm of SiO; obtained by wet thermal oxidation was covered by successive evaporations of
Ti-Pt-Ti-Au-Ti (10-250-100-100-100 nm) using an EVA 760 e-beam evaporator (Alliance
Concept, France). Electrically conductive tracks were patterned in a 750 nm-thick layer of
AZ ECI 3007 positive photoresist layer (MicroChemicals, Germany) spin coated with a
Rite Track 88 series automatic coater (Rite Track, USA), exposed with an i-line VPG 200
direct laser writer (Heidelberg, Germany) at a dose of 93 m]/cm? and developed for 36 s
in an AZ 726 MIF commercial developer (MicroChemicals) using a Rite Track 88 series
automatic developer (Rite Track). Thereafter, a 2 min reflow at 120°C was performed on
a Sawatec HP200 hotplate (Sawatec, Switzerland) prior to etching the substrate positioned
at an angle of incidence of -35° with respect to the ion beam generated in an IBE 350 ion
beam etcher (Veeco, USA) for 9 min 30 s. The photoresist was stripped in a 500 W O»
plasma (O flow 400 mL/min) for 7 min created by a TePla 300 microwave plasma system
(PVA TePla, Germany). The conductive tracks were subsequently insulated by 200 nm of

SiO; sputtered with a Spider 600 sputter-coater (Pfeiffer Vacuum, France).

A monolayer of hexamethyldisilazane (HMDS) was deposited on the top-most SiO; layer
using a primer hotplate VB20 (ATMsse, Germany) before spin coating a 6 Wm-thick layer
of negative photoresist AZ nlLof 2070 (MicroChemicals) using an OPTIspin SB20 manual
coater (ATMsse) rotating at 3500 rpm. 8 [m-diameter openings were patterned in the
photoresist layer using an i-line VPG200 direct laser writer (Heidelberg) operating at a
dose of 105 m]/cm2. After a postexposute bake at 110°C with a 50 Wm proximity gap for
75 s, the wafer was developed for 91 s using an AZ 726 MIF developer (MictoChemicals)
dispensed using an EVG150 automatic coater/developer (EVG, Austria). The sample was
then bombarded with Ar* ions for 15 min at an angle of incidence of 0° using an IBE350
ion beam etcher (Veeco). During this step, materials from the substrate were etched and

redeposited on the photoresist sidewalls. The photoresist was finally stripped by O plasma
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(10 min, 500 W, O; flow 400 mL/min) in a Tepla 300 mictowave plasma system (PVA

TePla), letting the nanovolcanoes protrude from the insulated tracks.

Both the cantilever and chip body were then patterned into a 15 Um-thick AZ 40xT
photoresist layer (MicroChemicals) coated with an ACS200 gen 3 automatic coater-
developer (Siiss, Germany), exposed with an i-line VPG200 direct laser writer (Heidelberg)
at a dose of 93mJ/cm?, and developed in an AZ 726 MIF developer (MictoChemicals) for
80 s using an ACS200 gen 3 automatic coater-developer (Siss). Following an overnight
bake at 85°C in a Heraeus T6060 oven (Heraeus, Germany), the cantilever shape was
transferred into the 2.2 Wm-thick SiO; layer by a 7 min long reactive ion etching process
(He/Hz/C4Fs based chemistry) performed using a SPTS APS dielectric etcher (SPTS,
United Kingdom). The cantilever and chip body outlines were subsequently etched
throughout the 380 um-thick Si wafer by Bosch processing in an AMS 200 dry etcher

(AMS, Austria), until reaching the 2 Wm-thick backside Al etching stop layer deposited
beforehand with an EVA760 e-beam evaporator (Alliance Concept). Finally, the SiO»
cantilever was released by Si isotropic dry etching performed in an AMS 200 reactive ion
etcher (AMS). The photoresist was then removed by O2 plasma (10 min, 500 W, O flow
400 mI/min) performed in a TePla 300 microwave plasma system (TePla), followed by a
15 min long piranha etch (H2SO4:H>Ox, 3:1) to remove both dry etching residues as well

as the backside Al membrane.

The 2.2 Wwm-thick SiO; handlers connecting the chips to the substrate were manually
removed to place the cantilevers upside down in an EVA760 e-beam evaporator (Alliance

Concept) and coat their backside with 50 nm-thick layers of Cr and Au.

Interfacing

The nanovolcano probe was mechanically assembled on a custom-made PCB using a
H20E epoxy cured for 3 hours at 80°C (Epoxy Technology, USA). The PCB was then
mounted onto a custom-made AFM holder prior to wire-bonding the chip contact pad
(electrically connected to the nanovolcano) with the PCB gold coated pad (linked to a
standard U. FL coaxial cable) using a HB05 wedge and ball bonder (TPT, Germany). The
chip-PCB interface was electrically insulated using a H70E-2 glob top epoxy (Epoxy
Technology) that was dispensed manually and cured at 80°C for 1 h 30 min. Optical images

of the interface are presented in Supplementary Information, section 1.

138



Electrodeposition of platinum-black

Platinum-black was locally deposited into nanovolcanoes by pulsed potentiostatic
deposition as described before.2?8 Briefly, the nanovolcanoes were electrochemically
treated by varying the electrode potential from -0.2 V to +1.2 V vs. Ag/AgCl (scan rate
of 100 mV/s) for 20 cycles in a 0.5 M HzSOy4 solution. Subsequently, the microelectrodes
wete immersed into a solution of hexachloroplatinic acid (17.5 mmol/L, 262587, Sigma)
and lead(IT) acetate trihydrate (0.03 mmol/L, 467863-50G, Sigma) ptior to applying -700
mV voltage pulses with respect to the open circuit potential (Vocp) for an overall duration

of 45 s (ton = 0.2 s, torr = 0.4 s, number of pulses = 225).

Isolation and culture of primary rat cardiomyocytes

Primary neonatal rat (Wistar, 1 day old) ventricular cardiomyocytes were isolated using
established procedures in compliance with federal guidelines for animal experimentation
under license BE27/17 of the Bernese Veterinary Department. The resulting cell
suspension was centrifuged at 1000 rpm for 5 min, resuspended in in DMEM (41965-039,
Gibco) containing 10% fetal bovine serum (16140071, ThermoFisher Scientific) and 1%
penicillin/streptomycin and seeded in 6 cm diameter petri dishes at a density of ~ 350
cells/mm?. Cells were incubated at 37 °C in an atmosphere containing 5% COz. The cell
medium was renewed every 24 hours. Experiments were conducted 48 to 72 h post-
seeding. At this time, the cellular electrophysiology of cardiomyocytes has recovered from
the isolation process and overgrowth with non-cardiomyocytes such as myofibroblasts is

still moderate.

Device functionalization

The nanovolcano probes were sterilized for 30 s with O, plasma (100 W, 650 mTorr;
Diener Electronic, Germany) prior to being immersed for 1 hour in a 20 mM hexanethiol
solution in pure ethanol for self-assembled monolayer formation. After ethanol rinsing,

the probes were thoroughly rinsed in sterile deionized water.

Combined AFM-optical-electrical setup and recordings

A detailed description of the system combining AFM, optical and electrical recordings is

presented in Supplementary Information, section 1.

In short, the combined AFM-optical setup is a custom system!” associating a tip-scanning
AFM (Dimension Icon, Bruker, Germany) and an optical microscope (IX73 or IX81,
Olympus, Japan) equipped with a 20x objective and a camera (ixon Ultra 897, Oxford

Instruments, United Kingdom). The camera was used in frame transfer mode with a 20Hz
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acquisition rate. The AFM was used in contact mode without (constant height mode) or
with feedback enabled (constant deflection mode). Contraction displacement curves were
established by converting image data into height and deflection as a function of time. Data
were recorded while imaging with a scan size of 0 nm, a scan rate of about 40 Hz and 1024
samples per line, which corresponds to a sampling rate of about 80 kHz. The images were
pre-processed using gwyddion,% before further processing with a custom Matlab script to
convert the “trace” and “retrace” AFM images into height and deflection as a function of

time.

Two different nanovolcano probes were used to collect the data presented in this study.
Impedance measurements were performed with probes 1 and 2. Probe 2 was subsequently
cleaned by Oz plasma (100W, 650 mTorr, 30 s; Diener Electronic), inspected by SEM,

functionalized, and re-used to record electrophysiological signals from cardiomyocytes.

Electrophysiology

Electrophysiological recordings were performed at room temperatute on preparations
kept in Hank's balanced salt solution supplemented with 10 mmol/L Hepes (pH 7.2). An
Axopatch 200B microelectrode amplifier together with a CV 203 BU headstage (Molecular
Devices, USA) were used to perform pulsed amperometry and to record electrograms
from cardiomyocytes (bandwidth: 0 — 100 kHz). The analog to digital conversion was
petformed by a Powerlab 4/25 acquisition card (AD Instruments, Australia) at a sampling
frequency of 200 kS/s. Extracellular signals were post processed with a Butterworth

bandpass filter (100 Hz - 500 Hz).
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G.10. Supplementary information

Custom cantilever holder

A custom interface was necessary to connect the nanovolcano probe to both the AFM
and the electronic measurement system. A custom-made shielded PCB connected to a 800
Wwm-diameter U. FL coaxial cable was screwed to a custom-made AFM cantilever holder
as illustrated in Figure S 28-A. Figure S 28-B shows the nanovolcano probe glued to the
PCB and wire-bonded to the gold coated pad of the PCB. The PCB directly connects the
gold coated pad to the inner wire of the coaxial output, therefore guaranteeing an standard
electrical connection to the nanovolcano. A glob top was used to electrically insulate the
chip-PCB interface when the system is immersed in liquid (cf. Figure S 28-C). Overall, this
interface prevents any electrical shortcut when working in a liquid environment, and
shields the recorded electrical signals from external electromagnetic noises, therefore

allowing for low-noise recordings.

The cantilever holder keeps the nanovolcano probe tlted at an angle of 11° with respect

to the horizontal, as required for the optical deflection measurement with AFM.

Figure S 28: Mechanical and electrical interfacing of the nanovolcano probe.

A) Picture of the custom-made AFM holder without the nanovolcano probe assembled. B) Top-
view image of the nanovolcano probe mechanically assembled and wire-bonded to the custom-
made holder. C) Top-view image of the interface with the glob top used to insulate the chip-PCB

electrical contact.

Setup for simultaneous optical imaging, force, and electrical recordings

A custom setup was necessaty to obtain simultaneously optical images as well as

mechanical forces and electrical recordings (Figure S 29-A). The cells were seeded to 6 cm
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in diameter petri dish, which was mounted in a custom sample holder. The cells were then
covered with liquid medium (Figure S 29-A). The sample holder rests on a large aluminum
structure placed on a noise cancelling table (not represented in the figure) to ensure
minimal mechanical noise. The nanovolcano probe was placed on top of the sample using
the custom cantilever holder described above (Figure S 28), connected to a commercial
tip-scanning AFM head (Figure S 29). The cantilever deflection is measured using an
optical laser readout. The force applied by the cell to the cantilever is calculated based the
cantilever deflection signal, knowing the cantilever stiffness and deflection sensitivity. The
nanovolcano cantilever electrode is connected through a coaxial cable to a microelectrode
amplifier and a digital acquisition system to record the electrical signal. An inverted

microscope was placed under the sample holder to allow for simultaneous optical imaging.

B Coaxial
cable

Connection to

,» amplifier
Interfacing
Counter-electrode PCB

Nanovolcano
probe Glob top

Splash guard

Cell medium§]~1
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covered with cells
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Figure S 29: Description of the custom AFM-optical system.

A) Schematic drawing showing a cross-section view of the custom-made AFM-optical system. B)

Expanded cross-section view of the custom-made cantilever holder mounted on the AFM head.

Electrode-electrolyte interface

Figure S 30-A shows the electrical equivalent model of the electrode-electrolyte interface.
As previously described in the literature,>* it is composed of a non-linear resistance, Rer,
that represents faradaic charge transfer secondary to redox reactions, in parallel with a
constant phase element Zcpe,pr representing the double layer capacitance undetlying the
capacitive charge transfer. Rspread represents the resistance induced the confinement of the
electric field lines near the microelectrode. The stray capacitance, Cguy, denotes the

capacitive current leaks along the insulated tracks.

The electrode-electrolyte interface properties have been experimentally measured using

electrochemical impedance spectroscopy (EIS) based on a 100 mV sinusoidal signal
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applied to the nanovolcano probe in presence of phosphate buffer saline (PBS) at room
temperature. The EIS data are shown in Figure S 30-B and show a typical electrode-
electrolyte behavior.??* Values for each element composing the electrical equivalent circuit

have been extracted and are summarized in Table S1.
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Figure S 30: Electrochemical characterization of the nanovolcano probe.

A) Equivalent electrical model of the electrode-electrolyte interface. B) Electrochemical impedance
spectroscopy of a single nanovolcano probe in PBS. C) Equivalent electrical model of the cell-
electrode interface. D) Cyclic voltammogram of the nanovolcano probe right after immersion in a
solution of 5 mM hexaamine ruthenium chloride and 100 mM potassium nitrate in deionized water
(dark blue) and after 34 hours of continuous chronoamperometry at a fixed potential of -0.35 V

(light blue).

Element Value

Rer 315 MQ

Cou, 4.15 nF, 0.82

Rspread 74.4 kQ

CStray 30 pF

Table S1: Experimental values of every element composing the electrical equivalent
circuit of the electrode-electrolyte interface.
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Cell-electrode interface

Figure S 30-C represents the electrical equivalent circuit once the nanovolcano probe is
engaged onto a cell. In this situation, the junctional membrane resistance R;j and
capacitance Cj are added in parallel with the seal resistance Rgca, representing the leaks at
the cell-electrode interface, at the tip of the nanovolcano probe. Vi is the cell
transmembrane potential whereas Ry and C,j respectively represent the non-junctional cell

membrane resistance and capacitance.

During engaging, no variation of the resistance is observed at low frequency; therefore
suggesting that the seal resistance Rsea s much lower compared to the charge transfer
resistance Rer. However, at higher frequency, the impedance of the electrode-electrolyte
interface (ZceepL | | Rer) becomes negligible as most of the current passes through the
low double layer impedance. At this frequency, impedance measurements (as reported in
Figure 42, main manuscript) directly represent the spreading resistance in serial with the
other components of the cell-electrode interface (Rsea | | Rj || Cj). For this reason, the
impedance and time constant seen by the nanovolcano probe increases when approaching

the cell surface.

Long-term characterization

The long-term stability of the nanovolcano probe was characterized by Scuba Probe
Technologies LLC. The nanovolcano probe was immersed into a solution of 5 mM
hexaamine ruthenium chloride and 100 mM potassium nitrate in deionized water. As
shown in Figure S 30-D, a first cyclic voltammogram was acquired between -0.35 V to 0.1
V vs. Ag/AgCl at a scan rate of 50 mV/s using a 3 electrodes setup (dark blue curve). For
the next 34 hours, the nanovolcano potential was hold at -0.35 V while similar cyclic
voltammograms were registered every 20 minutes as control. The light blue cyclic
voltammogram in Figure S 30-D shows nearly no significant differences compared to the

initial one, thereby demonstrating that the nanovolcano probe was functional for 34 hours.

Force-controlled impedance measurements

Overall, force-controlled impedance measurements were performed on seven human
embryonic kidney (HEK) cells and seven primary rat cardiomyocytes (CMCs) using two

different nanovolcano probes. Experimental results are summarized in Table S2.

Impedance Z [kQ] Time constant [us]
Cell Cell Peak R
IeD ty‘;e probe | off | on | Az | off | on | A forc:a[nN] ratZT:z]
cell cell [%] cell cell [%]
1 HEK 1 458 502 109 30 40 133 15 0.25
2 HEK 2 361 485 131 25 35 140 400 0.1
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3 HEK 2 358 640 | 178 25 45 180 22.1 0.1
4 HEK 2 400 850 | 212 25 40 160 60 0.1
5 HEK 2 426 594 | 139 25 30 120 12
6 HEK 2 440 820 | 186 25 35 140 115 1
7 HEK 2 441 718 | 163 25 35 140 19.5 0.1
8 CMC 2 493 993 | 201 85 65 186 470 2
9 CMC 2 458 601 | 131 30 45 150 36 3
10 CMC 2 467 496 | 106 30 35 117 15.5 3
11 CcMC 2 498 941 | 195 35 56 160 772 2
12 CMC 2 507 561 | 111 85, 40 114 46 3
13 CMC 2 494 560 | 113 30 35 117 12.5 3
14 CMC 2 432 625 | 145 30 40 133 43 3
Table S2: Summary of the force-controlled impedance measurements performed on

human embryonic kidney cells and primary rat cardiomyocytes.

Contraction displacement measurements

Contraction characteristics recorded from five different primary rat cardiomyocytes are
summatized in Table S3. Parameters include the contraction amplitude, duration at 50%
of the amplitude, contraction number, as well as the overall recording duration for each

cell tested.

Contraction Contraction Number of Recording
Cell ID . . . .

amplitude [nm] duration [s] contractions duration [s]

1 382+ 95 415+ 117 11 50

2 262 + 88 436+ 26 12 25

3 207 £ 28 545 +78 6 7

4 26+3 231+124 3 3

5 121+ 44 297 £18.1 19 50

Table S3: Summary of the primary rat cardiomyocyte contraction characteristics
recorded from different cells with a single nanovolcano probe (mean * SD).

Electrogram measurements

Overall, two electrograms were successively recorded from two different cells using a
single nanovolcano probe, therefore demonstrating the capability of successive recordings
at different location with a single probe. The signals of the first recording are presented in
main manuscript Figure 44, those of the second recording are shown in Figure S 31.
Electrograms displayed downstroke amplitudes of 64 + 17 uV (N = 42) for an overall

recording duration of 25 s.
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Figure S 31: Recording of a cardiomyocyte electrogram using the nanovolcano probe.

The insert presents an expanded view of the region of the electrogram framed with dashed lines.
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Cbapt er H Conclusion

H.1. Main contributions of the thesis

How do mycobacteria grow?

I proposed a new biphasic model for the growth dynamics of mycobacteria'l, which has
resolved a controversy in the field regarding mycobacterial growth modes being either unipolar
of bipolar®’. This work uncovered that mycobacteria growth is not unipolar or bipolar.
Instead, mycobacteria adopt a biphasic growth dynamics, similar to the “new end take off”

(INETO) dynamics of fission yeast, which is very surprising considering the billion years of

evolutionary distance between them!!. This work constitutes the Chapter B of this document.

oprical microscopy

AFM
combined AFM-fluorescence (3D,

Figure 45: Combined AFM-fluorescence imaging of live M. smegmatis bacteria

(a,b) Comparison between time-lapse phase contrast and AFM images of a live bacterium (division
happens between the second and the third image). Time between two consecutive images is about
10 minutes. Scale bar, Tpm. (c) Combined 3D AFM (grey) and fluorescence (red: cytoplasm, green:

Wag31 protein) images.

Measuring the topography and local mechanical properties of a growing pole with

atomic force microscopy

Because of this intriguing analogous dynamics of pole growth between yeast and mycobacteria,
I then chose to study the pole growth and morphogenesis of fission yeast cells. To do so, 1
developed a protocol to hold fission yeast cells vertically in order to image the pole of the
growing cell. We observed the formation of a stiff fibril mesh on the pole of fission yeast cell
and showed that this mesh is stretched as it translates radially away from the top of the cell.

This work constitutes the Chapter C of this document.
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How do mycobacteria divide?

Willing to elucidate the physical route of mycobacterial division, I showed that there is a
concentration of mechanical stress at the future division site, using a combination of
COMSOL finite element modeling and AFM measurements while controlling the cell turgor
pressure's. This work was integrated into a broader study led by Pascal Odermatt, showing
that the accumulation of mechanical stress, in combination of enzymatic activity, ultimately
leads to mechanical fracture and separation of the sibling bacteria'8. This work is the Chapter

D of this document.

Designing a SIM add-on for fluorescence microscopes

I also sought to improve the performance of the instruments available for live-cell imaging.
To improve the resolution of fluorescence microscopes, I designed and built a 3D-printed
structured illumination (SIM) module that can be easily added to commercial fluorescence
microscopes, which enables a larger community of scientists to access such imaging
performances with their already existing microscopes. The openSIM module has been used to
image a broad range of biological samples (zebrafish embryo, host-pathogen interaction,
organoid), in collaboration with four other EPFL laboratories. This work constitutes the

Chapter E of this document.

Adding photothermal actuation capability to a tip-scanning AFM head

Opposite to conventional fluorescence microscopy, for which spatial resolution is above 200
nm but temporal resolution can often be below a few tens of milliseconds per image, AFM
reaches nanometer resolution but is a relatively slow technique to image bacteria (typically 10
minutes per image). AFM reaches nanometer resolution, but it is a relatively slow technique
to image bacteria (typically 10 minutes per image). Thus, I sought to explore the potential
benefit of photothermal actuation for increasing the AFM imaging speed. After building a
photothermal actuation module, I obtained the first XYZ tip-scanning head with
photothermal actuation, and demonstrated its use for imaging collagen fibers at high speed in
PORT mode. Additionally, I determined which factors affects the imaging performance of
and XYZ tip-scanning photothermal AFM head for high-speed PORT, such as the impact of
cantilever tracking error, the importance of the cantilever size and material, and the numerical

aperture of the AFM head. This work constitutes the Chapter F of this document.
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Adding live-cell electrical measurement capability to an AFM

In collaboration with Benoit Desbiolles, we developed a new kind of AFM cantilever and
demonstrated the simultaneous measurement of the electric potential and contraction of live

cardiac cells. This work constitutes the Chapter G of this document.

H.2. Possibilities for future development of the work presented in the thesis

Is there a link between NETO and the other events of the cell cycles in mycobacteria?

In fission yeast, two main factors control when NETO occurs: the cell needs to have reached
the G2 phase of DNA replication, and the cell must have reached a size of at least 9-9.5um51.0.
Several proteins have been identified and form a complex acting at the fission yeast cell poles
to promote growth?? (Mod5, Teal-4, Tipl, Pom1, Bud6). It remains unclear how these
molecular players are regulated as a function of the events of the cell cycle (such as reaching
the G2 phase or a minimal cell size), with the exception of the existing link between DNA
replication and NETO mediated by calcineurin?. If DNA replication is perturbed, calcineurin

dephosphorylates Tip1, which in turn prevents NETO from occuring?.

In Chapter B, we showed that the pole growth dynamics of mycobacteria follows a biphasic
pattern, like fission yeast cells. This work therefore introduces a new event in the mycobacterial
cell cycle, the initiation of new pole growth (NETO). Is NETO linked to other cell cycle
events? NETO corresponds correspond to a rapid two-fold increase of the cell growth rate,
which requires rapid a doubling of the amount of proteins and enzymes. Cells need to precisely
coordinate DNA replication, growth and division to ensure viability of the cells. An extra copy
of the genes involved in growth could be the template used to double the production of the
proteins and enzymes involved in growth. Thus, it is not unlikely that NETO is liked to DNA
replication, similarly to the observations for fission yeast cells. In the future, it would be
interesting to determine if there is a correlation between the initiation of DNA replication (C-
period, visible using a fluorescently tagged the DnaN protein®) and NETO: does NETO

always occur after the initiation of DNA replication?

Tip-growth motphogenesis: surprising similarities between evolutionarily distant
organisms and potential insights on mycobacteria to be gained from analogous tip-

growing organisms

Beside Mycobacteria, numerous living organisms form elongated structures by growing from

their tip, such as root hairs and pollen tubes in plants, axons of neuron in animals, fission yeast
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cells. Some of the tip-growing genus are highly medically relevant, such as Mycobacteria or

Streptomyces, from which a large portion of the current antibiotics comes™.

It is striking to see the similarity of the morphogenesis in such a broad variety of species,
including unicellular and multicellular organisms, eukaryotes and prokaryotes. Pollen tubes
and root hairs both show maximum cell wall extension in the subpolar region, in an annular
ring centered at the tip?31232. Similatly, it has been discovered independently that addition of
new cell wall material is concentrated in the sub-polar region in mycobacterial®. We have
shown that Mycobacteria (a prokaryote) and the fission yeast Schizosaccharomyces pombe (an
eukaryote) share the same biphasic pole growth dynamics, called “new end take off”
(INETO)!151, This hints at a convergent evolution, during which the physical constraints
associated with tip growth morphogenesis selected for analogous mechanisms (Figure 46), in
a similar manner as birds, bats, butterflies evolved wings independently as an answer to the

biophysical constraints of flight.

But tip growth is referred to by various names, depending on the fields: the terms “apical
growth”, “hyphal growth”, “pole growth”, “tip growth” all refer to the morphogenesis of an
elongated cylindrical structure from a growing tip and driven by turgor pressure. Because of
the diversity of appellations, it seems that the observations and physical modeling of pole

growth in some species are sometimes not mentioned in the literature about other organisms.

evolutionary distant organisms simple artificial
with analog traits analog

wings for flight % x &

bird bat butterfly paper plane
growth from the
tip of an elongated
structure

mycobacteria fission yeast root hair rubber balloon

Figure 46: Convergent evolution of analog traits between evolutionary distant organisms

(top) Example of convergent evolution between evolutionary distant organisms: birds, bats
and butterflies evolved wings separately, to address the environmental and physical

constraints associated with flight. A simple paper plane could potentially be also a good
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model to gain some insights into the biophysics of flight. (bottom) Proposed analogy
between mycobacteria, fission yeast, root hairs and other tip-growing organisms. Rubber

balloons have been proposed as a model for tip growth morphogenesis?33

Many questions remain for tip growing microorganisms, because of the challenges associated
with microscopy at sub-micron scale. How do the organisms regulate the time and place for
insertion of new material while preserving cell integrity? What controls the NETO transition
from slow to fast pole growth in mycobacteria? Fission yeast cells, pollen tubes or root hairs
might bring more insight about pole growth of mycobacteria than the traditional bacterial
model E. co/z, which is not pole growing. Additionally, larger pole-growing organisms such as
fission yeast cells are easier to observe, resulting in a broad range of experimental

results®7:88:232.234-236 and detailed biophysical models?33.237.

Building on Chapter C and on the large amount of experimental and theoretical results
obtained on non-mycobacteria pole growing organisms, it could be highly beneficial to explore
which of the observations on pole-growing organisms also apply to M. tuberculosis. A first step
in this direction could be the adaptation of the vertical traps proposed in Chapter C for
mycobacteria, and observing mycobacterial pole growth over time with AFM, while changing

the turgor pressure inside the cells by changing the osmolarity of the growth medium.

What is the relationship between tip-growth and infection?

Several examples indicate that tip growing species share the property of applying forces to
invade their environment?3-238. For instance, Candida species can pierce through keratinized
skin to infect a host, and root hairs make their way into the ground using turgor pressure as a
driving force?3!. Overall, restricting growth to the tip may make the cells able to apply high
forces to pietce through an obstacle??, or reorient their direction?3!, and reduce friction during

growth?3!,

Our group has been studying M. tuberculosis infection of a lung-on-a-chip?¥. The M. tuberculosis
bacteria form complex cord structures and grow at the junction between neighboring epithelial
cells (Figure 47 a-c). This behavior may potentially hide them from the macrophages patrolling
at the surface of the alveoli. Coherently with the idea of tip-growing cells applying forces, we
found that M. fuberculosis bacteria could deform lung alveolar cells significantly during infection

(Figure 47 d,e).
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Studying how the cord structure formed by the mycobacteria might allow them to apply forces
and infect lung tissue more efficiently could give us a better understanding of the biophysics
involved in tuberculosis infection. An assay measuring the forces that cord structures apply
could be the basis for a biophysical screening for new drugs inhibiting the mechanical
mechanisms through which tuberculosis bacteria infect their host. The openSIM could be used
to resolve the bacteria within a cord structure (Figure 47 ¢) grown in a soft agarose trap with
the drugs to be screened. This would allow us to determine which compounds perturb the
cord morphology and its ability to apply forces and deform the agarose trap. The compounds
preventing cords to form or deform their environment could have interesting therapeutic

applications against tuberculosis.
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Figure 47: M. tuberculosis bacteria form intercellular cord structures and deform their
environment during infection

(a) AFM image of fixed alveolar epithelial cells, cultured on a lung on a chip?®’, and infected with M.
tuberculosis bacteria. (b) Correlated AFM and fluorescence image of infected cell. The image is an
overlay of the 3D rendering of the AFM image from (a), in grey, and the color-coded z-projection
of the fluorescence image of green-fluorescent M. tuberculosis bacteria (in color). The bacteria are
visible in the fluorescence channel, but not on the AFM image of the surface of the epithelial cells,
indicating that the bacterial cord sits in the junction between epithelial cells. (¢) Maximum intensity
projection of a M. tuberculosis cord (green) imaged with the openSIM (see Chapter E). The nucleus of
the infected cells is stained with DAPI (blue). (d) 3D rendering of an electron microscopy
tomography dataset, showing indentation (black arrows) of a bacterial cord (yellow) in alveolar
epithelial cells (light green). () Mechanical model linking force and indentation profile for a rod-

shaped indenter?!!, applied to a M. fuberculosis bacterium indenting an alveolar epithelial cell (stiffness
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of the alveolar cell: 0.32 kPa?*?). This kind of model is usually used to calculate the stiffness of a
sample based on the force applied by AFM cantilever while indenting into the sample, but we use it
here to calculate the force applied by bacterium based on its indentation into a tissue of known

stiffness. (a-¢) Sample from 1. Thacker. (d) Sample and image from V. Thacker.

Future developments for the openSIM

In Chapter E, we have introduced a new design for an add-on to upgrade conventional
fluorescence microscopes with structured illumination. We have also shown, in collaboration
with other EPFL laboratories, that the openSIM is suitable for a broad range of biological
samples, from single cells to whole organisms. How are we going to share the openSIM in

such a way that it benefits a larger number of laboratories?

The traditional approach would consist in patenting our design and collaborating with a
company to produce and distribute the instrument. The company would take charge of doing
further development to minimize the manufacturing costs, ensure that there is a sufficient
supply of the parts needed, and ensure compliance with the norms. It would also organize the
production, distribution and sales of the SIM microscopes, as well as offer a warranty and

customer suppott.

Inspired by pioneering work in open instrumentation!30:132-136243 e chose to adopt a different
approach and share openly the openSIM design. This approach has been shown to shorten
the time for other labs to get access to the instrument, compared to a traditional commercial
approach, increase the accessibility, as well as act as a strong vector for education and
knowledge transfer!30. Based on our own past experience in LBNI with sharing an open AFM
head'” and the experience of other actors in open hardware!30.132-136243 e have identified
two key steps for the future of the openSIM: providing a detailed documentation for the
instrument assembly (for example, on a public website as well as in person, through

workshops), and establishing a community of long term builders and users of the openSIM.
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