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Abstract

The atomic force microscope (AFM) allows the analysis of living microorganisms in physi-
ological conditions on the nanometer scale. The observation of bacteria in physiological
aqueous medium necessitates a robust immobilization of the bacterium to the surface, in
order to withstand the lateral forces exerted by the AFM cantilever tip during scanning.
Different immobilization techniques for AFM analysis of bacteria in aqueous media have
been developed hitherto, however the immobilization techniques were dependent on the
bacterial species and/or the aqueous imaging medium.

We propose a robust bacterial immobilization method allowing bacterial species and
medium independent analysis. We demonstrate the immobilization and AFM analysis of
different bacterial species such as gram-positive and -negative, motile and non-motile,
and rod-shaped, ovococcal, and crescent bacteria. The developed bacterial traps were
used together with Escherichia coli, Bacillus subtilis, Caulobacter crescentus, Streptococcus
pneumoniae, and Acidiphilium cryptum bacteria in their corresponding physiological

aqueous medium.

The developed microfluidic device allows simultaneous fluorescence and atomic force
microscopy of bacteria. Moreover, we developed two different cleanroom microfabrica-
tion techniques for the bacterial traps. We thus fabricated nanotailored bacterial traps,
allowing the immobilization of rod-shaped bacteria along their longitudinal axis as well

as by the bacterial poles.

Furthermore, we discuss the nanomechanical analysis of suspended silicon nanowires and
hydrogels using the AFM. In the final part of the thesis, we explain the microfabrication
method for AFM cantilevers with a low quality factor and elucidate hard tip integration

into the developed multilayer AFM cantilevers.

Key words: atomic force microscope (AFM); microfabrication; microfluidics; bacterial

immobilization; correlative microscopy; nanomechanical characterization; cantilever.






Zusammenfassung

Das Rasterkraftmikroskop ermdoglicht die Analyse lebender Mikroorganismen unter phy-
siologischen Bedingungen auf der Nanometer Skala. Die Analyse der Bakterien in fliis-
sigem, physiologischem Ndhrmedium erfordert eine robuste Immobilisation auf der
Oberfldche, um den lateralen Krédften zu wiederstehen, welche durch die Messspitze
wihrend der Messung ausgeiibt werden. Bis anhin wurden verschiedene Immobilisati-
onsmethoden fiir die Rasterkraftmikroskopanalyse der Bakterien entwickelt, welche aber

abhingig der zu analysierenden Bakterienart und/oder des fliissigen Ndhrmediums sind.

Wir erldutern hier eine robuste Bakterienimmobilisierungsmethode, welche unabhén-
gig der zu analysierenden Bakterienart oder des Nahrmediums ist. Des Weiteren veran-
schaulichen wir die Immobilisation und Analyse der verschiedenen Bakterienarten wie
grampositive und gramnegative, freibewegliche und unbewegliche, sowie stabformige,
ellipsoid-formige und sichelférmige Bakterien. Wir benutzten unsere Immobilisations-
methode mit den Bakterien Escherichia coli, Bacillus subtilis, Caulobacter crescentus,
Streptococcus pneumoniae und Acidiphilium cryptum in ihren entsprechenden physiolo-
gischen Ndhrmedien.

Wir entwickelten ein mikrofluidisches Instrument, welches eine simultane Bakterienob-
servation durch ein Fluoreszenzmikroskop und ein Rasterkraftmikroskop erlaubt. Des
Weiteren haben wir zwei verschieden Rheinraummikrofabrikationstechniken entwickelt,
welche die nanoskopisch massgeschneiderte Fabrikation unserer Bakterienimmobilisie-
rungsmethode ermoglichte, dass wir anhand der Immobilisation stabférmiger Bakterien

entlang der Lingsachse, sowie auch anhand den abgerundeten Enden.

Des Weiteren erldutern wir die nanomechanische Analyse von Siliziumnanodrdhten
sowie auch von Hydrogels. Im letzten Teil der Thesis veranschaulichen wir den Rhein-
raummikrofabrikationsprozess von Rasterkfraftmikroskopmessspitzen, den sogenannten
cantilever, welche einen tiefen Qualitidtsfaktor besitzen, und erldutern die Integration

harter Messspitzen.
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Zusammenfassung
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Résumé

Le microscope a force atomique (AFM) rend possible 1'analyse des microorganismes
vivants dans des conditions physiologiques a I’échelle nanométrique. L'observation des
bactéries dans un milieu aqueux et physiologique nécessite une immobilisation robuste
des bactéries a la surface afin de résister aux forces latérales exercées par le cantilever de
I’AFM pendant I'acquisition d’'image. Jusqu'a présent, plusieurs méthodes d’'immobilisa-
tion des bactéries pour 'analyse avec I’AFM dans les milieux aqueux ont été développées.

Celles-ci sont toutefois dépendantes des souches bactériennes et/ou du milieu aqueux.

Nous proposons une méthode robuste d'immobilisation des bactéries qui permet une
analyse de celles-ci indépendemment de leur souche ou du milieu aqueux. Nous démon-
trons qu'une immobilisation et une analyse par 'AFM de bactéries avec des propriétés
différentes telles que gram-positives et —-négatives, mobiles et immobiles ainsi que des
bactéries en forme de tige, de croissant et ellipsoides est possible. Le dispositif pour I'im-
mobilisation des bactéries a été utilisé avec les bactéries Escherichia coli, Bacillus subtilis,
Caulobacter crescentus, Streptococcus pneumoniae, et Acidiphilium cryptum dans leur

milieu aqueux et physiologique correspondant.

Le dispositif microfluidique que nous avons développé permet une observation simulta-
née de bactéries a travers un microscope a fluorescence et un AFM. De plus, nous avons
développé deux techniques différentes de micro-fabrication pour les pieges bactériens.
Nous avons en outre fabriqué des pieges bactériens nanoscopiques permettant 'immobi-

lisation de bactéries en forme de tige par '’axe longitudinale ainsi que par les poles.

De plus, nous traitons de ’analyse nanoméchanique de nanofils de silicium encastrés
ainsi que d’hydrogels en utilisant '’AFM. Dans la partie finalisant la thése nous expliquons
la méthode de microfabrication des cantilevers d’AFM ayant un facteur de qualité bas
et nous concluons en abordant I'intégration des pointes dures dans les cantilevers a
multicouches d’AFM.



Zusammenfassung

Mots clefs : microscope a force atomique (AFM) ; microfabrication ; microfluidique ; im-
mobilisation des bactéries; microscopie corrélative ; caractérisation nanomécanique;

cantilever.

Vi



Contents

Abstract (English/Deutsch/Francais)

List of figures

List of tables

Abbreviations

1 Introduction to atomic force microscopy of living samples

1.1
1.2
1.3

1.4
1.5

Imaging at nanometerscale . . . . . . .

AFM imagingmodes . . ... .. .. ..

AFM imaging of bacteria in aqueous solutions . . . . . . ... .. .......

1.3.1 Immobilization by chemical surface modification. . . . . . ... ...

1.3.2 Physical immobilization . . . . .
Bacterial traps: concept and design . .

Thesis overview . ... ... .......

2 Microfabrication and assembly of the bacterial traps

2.1
2.2

2.3

2.4

2.5

Introduction . . . ... ... .......
Microfabrication based on SOI wafers .
2.2.1 Process flow based on SOI wafers

2.2.2 Fluid characterization . ... ..

Microfabrication using thermal scanning probe lithography . ... ... ..

2.3.1 Process flowbased ont-SPL. . .
2.3.2 Heat transfer analysis of t-SPL .

Assembly and implementation into laboratorysetup . . . .. ... ... ...

2.4.1 Assembly of the microfluidicdevice . . . . ... ... ... .......

2.4.2 Reusability of the microfluidicdevice . . . ... ... ... ... ....

2.4.3 Implementation into laboratorysetup . .................

Process flow discussion and conclusion

xiii

11
11
12
12
17
18
19
24
26
26
28
29
32

vii



Contents

3 Applications of the bacterial traps to microbiology

3.1 Introduction . . . . . . . . . . . . e

3.2 AFM analysis of bacteria under physiological conditions . . . . . .. ..

3.2.1 AFM imaging in liquid of physically immobilized bacteria

3.2.2 Sample preparation protocol . . . ... ... ... ... ... ...
3.2.3 Trappingandreleasing. . . ... .. ... ...... ... .....
3.2.4 Bacterial trappingreliability . . . . . .. ... ... L.,
3.3 Bacterial species independent AFM analysis . . . ... ..........
3.3.1 Bacillussubtilis . .. ... ... ... .. .. ..
3.3.2 Caulobactercrescentus . . ... .. ... ... ...,
3.3.3 Streptococcus pneumoniae . . . . . . . ... .
3.4 Imaging of extremophilesatlowpH . .. ... ... ... .. .......
3.4.1 Trappingbythepoles ... ... ... ... ... .. ... .. ...
3.5 Killing dynamics of antimicrobial peptides . . . . . ... .. ... ....
3.5.1 Antimicrobial peptides as potent antibiotics . . . . .. ... ...
3.5.2 Medium dependent action of antimicrobial peptides . . . . . . .
3.5.3 Correlated fluorescence and atomic force microscopy . . . . ..

3.6 Conclusion on AFM imaging of bacteriain liquid . .. ... .. ... ..

4 Nanomechanical measurements using atomic force microscopy

4.1 Introduction . . . . . ... .. .. e
4.2 Mechanical characterization of silicon nanowires . . . . . ... ... ..
4.3 Mechanical characterization ofhydrogels. . . . . ... ... .. .....
4.3.1 Hydrogels as scaffolds for neuronal growth . . . . .. ... ....
4.3.2 Hydrogels with mechanical fuselinks . . . ... ... .......

4.4 Discussionandconclusion . ... ... ... ... ... .. ...

5 Multilayer cantilevers for atomic force microscopy

5.1 Introduction to cantilevers for AFM . .. ... .. ... ... .......
5.1.1 Influence of the qualityfactor. . . . . .. ... .. .........
5.1.2 Fabrication techniques for cantilevers. . . . . ... ... .. ...

5.2 Microfabrication of multilayer cantilevers . ... .............
5.2.1 Process flow for multilayer cantilevers. . . . . ... ... .....
5.2.2 Discussion on fabrication yield optimization ... ..... ...
5.2.3 Fabrication and integration of hard tips . . . . . . ... ... ...
5.2.4 Characterization of multilayer hard tip cantilevers . ... .. ..

5.3 Conclusion and outlook of multilayer cantilevers . . . ... .. ... ..

viii

35
35
36
36
37
39
40
40
40
41
43
44
45
47
47
48
50
50

53
53
53
58
59
61
63



Contents

6 Conclusion and outlook

6.1 Bacterial traps as a versatile tool in microbiology . ... .. ...
6.2 Nanotailored fabrication of bacterial traps . . ... ........

6.3 Future of the bacterialtraps . . . .. ... ... ...........

A Appendix: Process flow for bacterial traps based on SOI wafers
B Appendix: Process flow for bacterial traps based on t-SPL

C Appendix: Process flow for multilayer cantilevers

D Appendix: Focus group analysis

Bibliography

Acknowledgements

Curriculum Vitae

93

97

103

115

129

131






List of Figures

1.1 Working schematicsofanAFM . . . ... ... ...
1.2 Schematic force curve of an AFM indentation . . .
1.3 Bacterial immobilization schematics . .. ... ..

1.4 Schematic of the proposed physical immobilization

method .........

1.5 Visualization of the proposed physical immobilization method . . . . . . . .

2.1 SOl microfabrication processflow . . .. ... ...

2.2 SEM images after KOH etching of the bacterial traps with a SiN hard mask .

2.3 Design and fabrication of the microfluidic chips on the wafer scale . . . . .

2.4 Optical microscope and SEM image of bacterial traps . . ... ... .....

2.5 FEA fluid flow analysis around the traps . . . . . . .

2.6 T-SPL microfabrication process flow . . . . . .. ..

2.7 Wafer-scale PPA patterning by t-SPL using the instrument NanoFrazor . . .

2.8 T-SPL patterning of PPAresiston SiO, . . . . . . ..
2.9 T-SPL patterning of PPAresiston SiN . . .. .. ..

2.10 AFM analysis of the t-SPL pattern into SiO, and pattern profiles . . . . . ..

2.11 SEM of t-SPL patterns at the end of the process flow
2.12 Heat transfer analysis during t-SPL with FEA . . . .

2.13 SiN layer temperature versus PPA decomposition temperature . . . . . . ..

2.14 Devices per SOI wafer from first to final generation
2.15 Schematic of the microfluidic chip assembly . . . .

2.16 Assembly of the microfluidicchip ... ... .. ..

2.17 Schematic of the aluminum mount embedding the microfluidic chip . . . .

2.18 Aluminum mount as used throughout experiments
2.19 Laboratory AFM and optical microscope setup . .
2.20 Schematic of the laboratory experiment setup . . .

2.21 Comparison of the SOI and t-SPL process flows . .

3.1 Immobilized E. colibacteriuminlLB . ... ... ..



List of Figures

xii

3.2 Divisionofan E. colibacterium . . . . . ....... ... ... .. . 38
3.3 Trapping and releasing bacteria during AFM imaging . . . . .. ... ... .. 39
3.4 Gram-negative and gram-positive bacterial surface . . . . ... ... ... .. 41
3.5 C. crescentus in physiological buffermedium . . . . . ... ... ... ..... 42
3.6 S. pneumoniae in physiological buffer medium . ... ... .. ... .. ... 43
3.7 A. cryptumin physiological buffermedium . . . . . .. ... ... ... ... 45
3.8 A. cryptumbacteria immobilized by thepoles . . ... ... .. ... .. ... 46
3.9 A. cryptumbacteria immobilized by the polesand dried . . . ... ... ... 47
3.10 Killing of an E. coli bacterium in milli-Q waterat MIC . . ... ... .. ... 48
3.11 Correlative AFM and fluorescence microscopy . . . . . . . . ..« ... ... 49
4.1 SEMofasiliconnanowirearray. . . . . . . ... .o vt i e 54
4.2 SEM of asingle silicon nanowires . . ... .................... 55
4.3 3D AFM images of silicon nanowire bendingin QNM mode . . . . . ... .. 56
4.4 Single force curve on asiliconnanowire . . . . . ... ... .. oL 57
4.5 Force curves on a silicon nanowire with increased force set-point . . . . . . 58
4.6 Hydrogels based on alginateandCMC . . . ... ... ... .......... 60
4.7 Hydrogels based on PEG-PDMS . . . ... ... ... ... ... ...... 62
5.1 Microfabrication process flow for multilayer cantilevers . . . ... ... ... 68
5.2 V-shaped pitafter KOHetching . . . . ... .. ... ... ... ......... 69
5.3 Close-up of the lowermost point of the V-shaped pit . ... .. ... .. ... 69
54 WaferbondingwithBCB . . . . .. ... ... ... .. .. .. .. ... ..., 70
5.5 KOH etching of the wafer bond usingachuck .. ... ............. 71
5.6 SEM of an integrated hardtiponacantilever. . . . .. ... .......... 72
5.7 Close-up SEM image ofthehardtip. . . . ... .. ... .. ... ........ 73
5.8 Bondnigresults of parylene-CversusBCB . . ... ... ............ 74
5.9 Evaluation of a wafer containing hard tip multilayer cantilevers . ... ... 78
5.10 SEM images of the evaluated cantileversand tips . . . ... .......... 79
6.1 Largebacterialtrapsarray . . . . . . . . . ... i e 87



List of Tables

5.1 BCB dry etching parameters . . .

5.2 Steps of the BCB bonding recipe

5.3 Characterization of multilayer cantilevers . ... ... .. ... .. ... ...

Xiii






Abbreviations

AFM atomic force microscope

AMP antimicrobial peptide
BCB benzocyclobutene

CMC carboxymethyl-cellulose

CMOS complementary metal oxide semiconductor
e-beam electron beam

FEA finite element analysis

FET field effect transistors
HF hydrofluoric acid
KOH potassium hydroxide

LB lysogeny broth
LPCVD low pressure chemical vapor deposition

LPS lipopolysaccharide

MEMS microelectromechanical system

MIC minimum inhibitory concentration
NIL nanoimprint lithography

PDMS polydimethylsiloxane

XV



Abbreviations

PEG polyethylene glycol
PI propidium iodide
PPA polyphthalaldehyde

PYE peptone yeast extract

QNM quantitative nanomechanical mapping

RIE reactive ion etching

SEM scanning electron microscope
SiN silicon nitride

SiNW silicon nanowire

SiO, silicon dioxide

SOI silicon on insulator

STM scanning tunneling microscope

t-SPL thermal scanning probe lithography

TEM transmission electron microscope

UV ultraviolet



|§ Introduction to atomic force

microscopy of living samples

1.1 Imaging at nanometer scale

The observation of a sample using light and a set of lenses, in order to magnify objects
barely visible by eye, is limited by the diffraction of light. Abbe formulated this lateral
resolution limitation with the wavelength of light, A, and the numerical aperture of the
imaging lens, NA, through A/2NA [1]. Therefore, in order to observe two objects as such,
the distance between the objects has to be larger than roughly half the wavelength of light.
Yet optical microscopes are an essential tool in every laboratory setup.

Continuous technical improvements allowed to surpass the diffraction limitation by
near-field techniques using surface plasmons [2], or by far-field fluorescence techniques
as demonstrated through the different super-resolution optical microscopy techniques
[3]. Most recent advances in far-field fluorescence nanoscopy resolved objects being six
nanometers apart, which allowed imaging of molecular structures inside living bacteria
(4].

Using electrons instead of photons decreases the distance to resolve two objects, since
the de Broglie wavelength of an electron is three orders of magnitude smaller than the
wavelength of visible light, thus allowing nanometer lateral resolution [5]. Electron mi-
croscopes such as the scanning electron microscope (SEM) and transmission electron
microscope (TEM) rely on a vacuum chamber for sample analysis. For this purpose,
biological samples had to be prepared following particular protocols and the observation
was limited to dead samples [6]. Only recent technical advances, in particular by using
a fluid cell inside the vacuum chamber, made it possible to use electron microscopy on

samples in liquid, allowing the observation of living bacteria [7].



Chapter 1. Introduction to atomic force microscopy of living samples

An entirely different approach for imaging at the nanometer scale is achieved by the AFM.
Invented over thirty years ago, the AFM is inherently suitable for imaging samples with

nanometer precision in vacuum, in air, as well as in aqueous environments [8].

The beginning of the AFM takes place at IBM in Ziirich and starts with the invention of the
scanning tunneling microscope (STM) [9, 10]. The STM visualized of the atomic structure
of the sample surface [11] by measuring the tunnel current between the sharp tip apex of
the STM probe and the sample surface. To enable the analysis on non-conductive sample
surfaces, Binnig et al. placed a cantilever with a sharp tip under the STM probe and thus
created the AFM [8]. The deflection of the cantilever was read out by the tunnel current,
whereas the cantilever deflection was a function of interaction forces at the sample surface.
Hence, the topography of samples, independent of the sample material was achievable at
the nanometer scale. Although the samples were analyzed in air or in vacuum, medium
independent AFM analysis was made possible by replacing the STM probe with an optical
read-out, allowing nanometer resolution even in aqueous environments [12]. Through
further technological advances of the AFM, observations of dynamic phenomena in
microbiology were enabled [13, 14].

/Iaser from diode
laser t:\

photodetector

AFM cantilever

Figure 1.1 - Simplified working schematics of an AFM. A laser diode is reflected from a bent AFM
cantilever during sample analysis and the deflection is measured by a photodiode.

Although the cantilever deflection can be read out by various methods, the most common
read-out method is a laser beam that is reflected on the cantilever surface and read out by
a photodetector, as shown in figure 1.1. The sample is imaged by moving the cantilever
in-plane, or in some AFM systems the sample stage, with a piezoelectric actuator. In
order to follow the topography during imaging, the vertical cantilever position, or in
some AFM systems the vertical sample stage position, is controlled through an additional

piezoelectric actuator. Various different modes of operation of an AFM exist, and here only
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1.2. AFM imaging modes

the most common modes are explained that is found in commercially available AFMs.

In contrast to optical and electron microscopy, the AFM is a scanning probe microscopy
technique, allowing nanometer scale observation of samples by three-dimensional recon-
struction of the sample topography. Through the repulsive or attractive interaction forces
between the sample surface and the AFM cantilever tip apex, additional information of
the sample can be obtained during scanning. Nanomechanical properties of the sample
can thus be extracted during the data acquisition of the sample topography. Furthermore,
by functionalizing the cantilever tip surface, the deflection of the cantilever can be a
function of e.g. magnetic or biomolecular forces, alongside e.g. van der Waals forces
or electrostatic forces, opening the utilization of the AFM to broad field of applications
[15, 16]. Recent advances combine the power of the AFM with super-resolution far-field
fluorescence microscopy to extract novel findings from the two complementary imaging
techniques [17].

1.2 AFM imaging modes

While various imaging modes of the AFM exist, the focus will be given on three main
imaging modes used in the experiments of this thesis. The imaging modes are contact
mode, tapping mode, and off-resonance tapping, whereas the later mode is commercially
known as PeakForce quantitative nanomechanical mapping (QNM)®, HybriD Mode™,
QI™ mode, Pulsed Force Mode™, or jumping mode, and is referred to as QNM throughout
this manuscript. These modes distinguish themselves in particular by a different feedback
and actuation, which is used to control the vertical z-position of the cantilever. In contact
mode, the deflection of the cantilever is fed back and maintained constant. In tapping
mode, the cantilever is oscillating and the amplitude of the oscillation is maintained
constant. The main benefit of this mode is that the interaction with the sample is more
gentle as compared to contact mode, where a soft sample can easily be damaged by the
cantilever tip. In QNM mode the cantilever is as well oscillating, although the feedback
is not the oscillation amplitude of the cantilever such as in tapping mode, but the main
feedback parameter is the exerted force of the cantilever tip on the sample. The tip-
sample interaction can be controlled with a higher precision and the imaging sensitivity
is therefore higher as compared to the tapping mode. Softer samples can thus be imaged

without damage.

In QNM, every data point bears not only the sample topography information, but as
well the material properties such as adhesion and elastic modulus. This information is
extracted from each force curve, schematically depicted in figure 1.2.
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Figure 1.2 - Schematic force curve of an AFM indentation during the cantilever tip and sample
interaction allowing the extraction of material properties.

From the indentation of the cantilever tip into the sample, the elastic modulus of the
sample can be extracted [18]. To have an accurate measurement, the cantilever has to be
correctly calibrated [19, 20, 21]. The calculation of the elastic modulus depends on the
tip-sample interaction and is different for hard versus soft samples. The mathematical
model established by Hertz [22] was further developed in order to include the adhesion
forces [23, 24, 25]. When the indentation depth of the cantilever tip into the sample is
higher than the cantilever tip diameter itself, which is typically the case for soft samples,
the model proposed by Sneddon gives a more accurate estimation of the elastic modulus
[26]. Nevertheless, when the sample is covered with a brush-like layer, which is typically
the case for bacteria with envelope structures such as lipopolysaccharides and pili, the

brush model allows a more accurate description of the elastic properties [27, 28, 29].

1.3 AFM imaging of bacteria in aqueous solutions

AFM analysis of living samples bares various difficulties. On one side, the living sample
has to be robustly immobilized on the substrate, and on the other hand, the living sample
has to be kept alive. Moreover, living samples such as eukaryotic cells, bacteria, and other
unicellular microorganisms can exhibit mechanisms of locomotion. While the mechanics

and biophysics of microbial locomotions have been intensively studied [30, 31], the
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1.3. AFM imaging of bacteria in aqueous solutions

routine analysis of dynamic processes on the bacterial envelope at the nanometer scale

still remains a challenge.

Many bacteria have dimensions in the range of hundreds of nanometers to a few microm-
eters. This length scale is difficult to address with optical microscopy, and resolving details
on the surface of living cells is nearly unattainable with optical or electron microscopy
methods. In contrast, the AFM is inherently well-suited for nanoscale characterization of
living cells. The analysis of the bacterial surface with nanometer precision was achieved
on a routinely basis over two decades ago with electron microscopy techniques [32]. The
main drawback was that bacteria had to be prepared through special protocols, where
the imaged bacteria were dead, thus the analysis of dynamic changes on the bacterial

envelope was not possible.

As described in section 1.1, experiments with the AFM in liquid medium were done
shortly after the invention of the AFM itself, allowing the study of live microorganisms
with nanometer precision. Pioneering AFM images of mammalian cells in physiological
buffers [33] and the isolated bacterial envelope in liquid [34, 35] showed the great poten-
tial of AFM analysis in liquid for microbiology [12]. More recent findings elucidate the
mechanical properties of type IV pili, found to play a key role in bacterial attachment to
biotic and abiotic surfaces [36]. Furthermore, the peptidoglycan architecture of Bacillus
subtilis bacteria was determined to be a coiled-coil model [37], and observations on
genetically identical Escherichia coli bacteria showed that the reaction is very different at
the nanoscale when treated with the same antibiotic [13]. The results obtained with AFM
complement findings by traditional methods and expand our knowledge of biological

systems [38, 39].

Nevertheless, the broad use of AFM in microbiology has in part been limited by difficult
sample preparation. Particularly for the observation of living bacteria under physiological
conditions, the immobilization of bacteria on the surface is challenging [40, 41]. Various
immobilization techniques were developed over the years and can be classified in two
distinct categories: chemical substrate modification [42] or physical immobilization of
bacteria [43].

1.3.1 Immobilization by chemical surface modification

For the chemical treatment of the substrate, typically a mica or glass surface, a coating
with poly-L-lysin is commonly used alongside with polyethylenimine (PEI) or gelatin. The
substrate surface is functionalized with positive charges, leading to the immobilization of

the negatively charged bacterial envelope [44]. Covalent binding of the bacterial envelope



Chapter 1. Introduction to atomic force microscopy of living samples

to the substrate can be achieved by functionalizing a surface with amine groups, carboxyl
groups, or glutaraldehyde [45]. Nevertheless, substrate modification methods often
perform poorly in physiological buffers or compromise the bacterial viability [45, 46].
Bacteria often fail to adhere strongly enough to the substrate [47] and higher forces
applied by the AFM tip can detach a bacterium [48], as depicted in figure 1.3.

bacterium
detaches

W

(a) Bacterial immobilization by chemical (b) Physical immobilization of bacteria us-
treatment of the substrate. ing a millipore filter.

Figure 1.3 — Schematics of different bacterial immobilization techniques.

Bacterial immobilization protocols for AFM using chemical surface modification are
numerous [49, 50], but the robustness of the immobilization depends on the targeted bac-
terial strain, as the following example illustrates. Specific gram positive (Staphylococcus
aureus) as well as gram negative (Escherichia coli) bacteria showed superior attachment
to gelatin coated substrates compared to poly-L-lysin substrate coatings [51]. However,
the same gelatin substrate coating did not allow adequate immobilization of Synechococ-
cus leopoliensis, a different gram negative bacterial species [52], even though the same
immobilization protocol was followed [53].

Therefore, standard immobilization protocols with chemical substrate modification often
have to be modified [54] or new protocols have to be developed [55]. The optimal coating
depends strongly on the bacterial species and strain, as well as the surrounding liquid
imaging medium. Furthermore, the bacterial envelope properties are altered when the
bacterium is attached to a chemically modified surface, which can additionally trigger

bacterial responses and compromise the analysis of the bacterial viability [45, 46, 56, 57].

1.3.2 Physical immobilization

Physical immobilization of bacteria is considered the most reliable method [58]. Pioneer-

ing results were achieved in millipore filters, enabling the study of yeast cells [43] and
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1.4. Bacterial traps: concept and design

coccoid bacteria [59]. These passive physical immobilization methods are very suitable
for round shaped microorganisms, but cannot be reliably used to immobilize microbes of

other shapes such as rod-shaped or filamentous bacteria.

The physical immobilization leaves the bacterial envelope chemically intact and allows
areliable and robust immobilization. Proven techniques using filter pores were further
improved [60] and new physical immobilization methods were developed. Pits patterned
in a substrate allow bacterial immobilization after bacteria settle into the traps through
evaporation of the liquid medium [61], or bacteria need to be centrifuged into poly-
dimethylsiloxane (PDMS) channels [62].

A reversible trapping at well-defined positions is favorable for the repeatability of the
experiment, without the need for tedious sample exchange and preparation. Moreover,
correlative AFM/optical microscopy imaging is of particular interest, to correlate surface
topography with specific intracellular components, thereby making use of the many

fluorescence probes available in microbiology.

Compared to bacterial immobilization by chemical modification of the substrate sur-
face, where a glass cover slip can act as an ideal substrate for correlative AFM/optical
microscopy imaging, the substrate for physical immobilization of bacteria has to be care-
fully chosen in order to allow simultaneous AFM and optical microscopy. A strong, robust
immobilization for correlative AFM/optical microscopy is still lacking, which is in particu-
lar compatible with AFM imaging under physiological conditions and independent of the

bacterial species.

1.4 Bacterial traps: concept and design

In order to obtain an aqueous medium independent bacterial immobilization and com-
bine the benefits of current immobilization techniques for correlative microscopy, we
propose a microfluidic device with active immobilization. Bacteria are physically immo-
bilized in V-shaped traps, where the lateral forces of the AFM tip during scanning are
counteracted by the slanted walls, as depicted in figure 1.4.

To guide bacteria towards the traps, we propose pressure-driven flow, allowing trapping
and releasing of bacteria on demand. To be fully compatible with optical microscopy, the
device must be transparent from the bottom-side. The microfluidic device would thereby
allow fluorescence microscopy from the bottom-side and AFM imaging in liquid from the

top-side. Our proposed physical immobilization method is visualized in figure 1.5
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Figure 1.4 — Schematic of the proposed physical immobilization method.

Our idea is to fabricated the assembly compounds of the microfluidic device from chem-
ically inert materials, considering that microfluidic devices made from PDMS may in-
fluence cell behavior; uncrosslinked oligomers can interact with microorganisms, and
hydrophobic molecules from the medium can be absorbed into the PDMS, which could

lead to experimental artifacts [63].

Moreover, our proposed physical immobilization method should be independent of the
envelope composition of rod-shaped bacteria, the surrounding liquid medium, and the
bacterial sample preparation. Ideally, AFM analysis could be conducted immediately
after placing a drop of the bacterial suspension on top of the assembled microfluidic chip.
This would allow a versatile application across a multitude of bacterial species and liquid

media.

1.5 Thesis overview

After a brief introduction to AFM at the beginning of this chapter, we discussed in sec-
tion 1.3 the difficulties of bacterial analysis with the AFM in aqueous media and the
state of the art in bacterial immobilization methods. Our approach for a reliable AFM
analysis of bacteria under physiological conditions is a microfluidic device using physical

immobilization, described schematically in section 1.4.

In chapter 2, we will first explain the microfabrication of the bacterial traps. We will
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1.5. Thesis overview

Figure 1.5 — Visualization of the microfluidic physical immobilization method using simultaneous
AFM and fluorescence microscopy.

discuss two different technological approaches with an in depth insight into the critical
aspects of the cleanroom microfabrication. Section 2.2.1 describes the materials and
methods of bacterial traps used for most of the experiments in the laboratory, whereas sec-
tion 2.3.1 describes a novel microfabrication approach based on thermal scanning probe
lithography, enabling various fabrication and experimental possibilities as discussed in
detail in section 2.5.

In chapter 3 thereafter, we will discuss the experimental results obtained with the fab-
ricated bacterial traps. Our proposed bacterial immobilization approach enabled not
only a species independent topographic and nanomechanical analysis of bacteria, but as
well allowed simultaneous fluorescence analysis. Using the LIVE/DEAD BacLight fluo-
rescent stain, we opened the door to a detailed analysis of the killing behavior of specific
antibiotics and their effects on the bacterial envelope with correlative observation of the
bacterial viability. Furthermore, the AFM analysis as well as fluorescent observations of
different bacterial strains were conducted in the laboratory with various aqueous media
including the physiological buffer medium for each strain. During the experimental work
done with the bacterial traps in the scope of this thesis, we have used bacteria of the
following species: Escherichia coli, Bacillus subtilis, Caulobacter crescentus, Streptococcus
pneumoniae, and Acidiphilium cryptum.

We demonstrate in chapter 4 the application of the AFM on two additional, entirely
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different classes of samples. In section 4.2, we investigated the mechanical properties
of silicon nanowires, elucidating the bending of the nanowires under different loads in
QNM mode and further investigating their stiffness and point of fracture due to the forces
applied by the AFM tip. In section 4.3, we analyzed two different types of hydrogels, which
can be referred to as soft materials as compared to nanowires, and in addition discussed

their elastic moduli.

Chapter 5 details a novel fabrication method for multi-layer AFM cantilevers consisting of
a polymer core sandwiched between two hard layers. We show the improvement of the
fabrication yield and discuss the integration of hard tips onto the multi-layer cantilevers.
The thesis is summed up by chapter 6 containing the conclusion and outlook of the future

generation of bacterial traps.

This thesis contains partially verbatim text and images that were published in a peer

reviewed journal [64].
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4 Microfabrication and assembly of

the bacterial traps

2.1 Introduction

Many bacteria have dimensions in the range of hundreds of nanometers to a few mi-
crometers. The silicon-based microfabrication technology is therefore most suitable to
fabricate the bacterial traps. We rely on standard, established cleanroom microfabrication
tools and technology such a electron beam (e-beam) lithography, photolithography, dry
and wet etching, but use as well micro- and nanofabrication methods in a novel context,

such as thermal scanning probe lithography (t-SPL).

The cleanroom microfabrication was done entirely in our microfabrication facility CMi,
whereas t-SPL was done in collaboration with in the laboratory of Prof. Jiirgen Brugger
together with Yuliya Lisunova. The implementation of the fabricated bacterial traps into a
microfluidic assembly was done by taking into account design rules in order to maintain
compatibility with our laboratory AFM/optical microscope setups.

In this chapter we first explain in detail two different microfabrication approaches in
sections 2.2 and 2.3 and describe the design of the microfluidic device embedding the
bacterial traps in section 2.4. We discuss in detail the advantages and drawbacks of the
two presented microfabrication approaches in section 2.5. The fluid flow characterization
described in section 2.2.2 was done for bacterial traps made by the silicon on insulator
(SOI) wafer based approach, but can be extended to the t-SPL technology approach for

bacterial traps with same dimensions.
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Chapter 2. Microfabrication and assembly of the bacterial traps

2.2 Microfabrication based on SOI wafers

We rely on the nanometer resolution of e-beam lithography to define the shape of the
bacterial traps and use lower resolution microfabrication techniques, such as standard
photolithography and xurography, for the microfluidic parts, including channels and
connection ports [65, 66]. We have developed a cleanroom process flow based on e-
beam lithography, involving SOI wafer technology, and have optimized the process flow
throughout multiple iterations as explained in section 2.2.1 hereafter. We discuss the
final process flow along with initial fabrication results and highlight critical points of the
microfabrication. The detailed process flow used in our microfabrication facility CMi is

given in appendix A.

2.2.1 Process flow based on SOI wafers

For the fabrication of the slanted walls of the bacterial traps, we rely on the anisotropic
etch properties of potassium hydroxide (KOH) on monocrystalline silicon. Through the
KOH wet etching of (1 0 0) silicon, we obtain a slanted edge with an angle of 54.7° for the
etched pattern, which translates directly into the shape of the bacterial traps.

In order to connect the bacteria in aqueous medium on the top side of the microfluidic
chip with the microfluidic channel underneath, the bacterial traps need to be open a the
bottom. A SOI wafer is advantageous in multiple points, assuming the thickness of the
silicon device layer on the top side of the wafer has the required value. On one hand, the
silicon device layer thickness translates directly into the depth of the bacterial trap. We
used SOI wafers with a silicon device layer thickness of 340 nm, which is just under the
radius of the rod-shaped bacteria E. coli and B. subtilis. From the microfabrication point
of view on the other hand, the oxide layer of the SOI wafer is an important advantage,
because KOH etching of the device silicon layer is significantly reduced by reaching the
oxide layer, and the oxide layer can be removed with hydrofluoric acid (HF), which does

not affect the silicon [67].

The main steps of the cleanroom process flow are depicted in figure 2.1. We used silicon
nitride (SiN) as the etch mask for KOH etching and first deposited a 100 nm thick SiN
layer through low pressure chemical vapor deposition (LPCVD) in a furnace (c.E2000,
Centrotherm) at temperatures ranging between 820° C and 850° C (figure 2.1a). The
positive e-beam resist ZEP520A (Zeon Chemicals) with a thickness of 125 nm was used as
a mask for e-beam lithography on the top-side of the SOI wafer (figure 2.1b), and standard

positive photoresist (AZ 1512, Microchemicals) with a thickness of 1.7 ym was used for
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2.2. Microfabrication based on SOI wafers

(a) Step 1: LPCVD of SiN on a SOI wafer. (b) Step 2: E-beam lithography on the top side
and consecutive dry etching.

(c) Step 3: Photolithography on the back side of (d) Step 4: First KOH wet etching.
the wafer.

(e) Step 5: Top side protection with a protective (f) Step 6: Second KOH wet etching.
polymer coating.

f A, ? [ silicon B siliconnitride [ silicon dioxide
[ protective polymer [l lithography resist

(g) Step 7: Chip by chip HF etching.

Figure 2.1 — The main microfabrication steps of the SOI process flow.

the back side patterning of the SiN layer (figure 2.1c). SiN etching was done by reactive
ion etching (RIE) using a He (175 sccm), H, (30 sccm), and C4Fg (10 sccm) based plasma
mixture (LPX, SPTS Technologies) with a total etch time of 40 s. The top-side anisotropic
etching of silicon was done in 40% KOH solution for 3 min at 60° C (figure 2.1d), until the

silicon dioxide (SiOy) layer was reached.

Initial designs of the top-side mask contained a SiN pattern as shown in figure 2.2a. This
design was chosen in order to compensate for an eventual misalignment of the e-beam
pattern in regard to the crystalline silicon axis of the SOI device silicon layer. The removal
of the SiN hard mask after KOH etching by RIE was problematic, since the fluorocarbon
plasma etched the underlying silicon layer, even though a process with high selectivity of
1:9 (Si:SiN etch rate) was applied. The SiN pattern was transferred into the silicon layer
and the slanted walls of the bacterial trap were overetched, as shown in figure 2.2b. Both
images of figure 2.2 show the SiO; layer underneath the SOI device silicon layer in the

center of the bacterial traps.

In order to not damage and overetch the silicon structures by the dry etching of SiN, we
left the SiN layer intact. By alignment the SOI wafer flat to the e-beam lithography wafer
holder using an optical microscope, we did not observe a misalignment of the patterns

13



Chapter 2. Microfabrication and assembly of the bacterial traps

(a) SEM image after KOH etching with the SiN (b) SEM image after KOH etching followed by a
hard mask containing a misalighment compensa- RIE dry etching of the SiN hard mask.
tion design.

Figure 2.2 - SEM images after KOH etching of the bacterial traps with (a) and without (b) a SiN
hard mask. The center of the bacterial traps shows the underlying SiO, layer of the SOI wafer.

written by e-beam lithography with the crystalline axis of the SOI device silicon layer. The
top-side features of the wafer were protected from the second KOH wet etching using a
6 um thick top-side protective polymer layer (ProTEK B3, Brewer Science) as shown in
figure 2.1e. In the final version of the process flow, the ProTEK layer was spin-coated on
top of the SiN after the first KOH etch step.

In detail, after an oxygen plasma surface activation for 30 s at 200 W, we first deposited the
ProTEK Primer by spin-coating with a rotation of 1500 rpm for 60 s and an acceleration
of 1000 rpm s~!. The primer was baked at 205° C for 60 s on a hotplate. Thereafter, the
ProTEK layer was dispensed directly from the beaker due to its viscosity and was spin-
coated with a rotation of 1500 rpm for 60 s and an acceleration of 1000 rpm s~'. We used
two consecutive baking steps on two different hotplates, where the first baking step was
done at 120° C for 120 s and the second baking step was done at 205° C for 60 s.

The KOH etching on the back side of the wafer was done for approximately 6 h in 23% KOH
solution at 90° C (figure 2.1f). The etching was stopped when the membrane containing
the bacterial traps was visible, indicating a through-wafer etch. The top-side protective
and supporting polymer layer stayed intact during the back side KOH etching.

In addition to protecting the top silicon layer against KOH etching, the protective polymer
layer served as a mechanical support for the microfluidic chips. Therefore, no silicon
support bridges were required to hold the chips after the KOH wafer etch through. Thus,
we were able to adapted the shape of the microfluidic chips to have a square design. In
order to obtain a square shape after KOH etching of a silicon wafer with a crystalline plane

(100), etch compensation structures on all convex corners are needed [68]. This is due to
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2.2. Microfabrication based on SOI wafers

(a) Back side design of a single mi-
crofluidic chip with edge compensa-
tion structures.

(b) Back side view of the SOI wafer containing the microfluidic
chips after the wafer-through KOH etch.

Figure 2.3 — Back side design of a single microfluidic chips with edge compensation structures for
an 740 um thick SOI wafer and the result after wafer-through KOH etching on the full wafer scale.

the fact that different crystalline silicon directions have different etch rates [69]. The etch
rate ratio of the equivalent directions (1 0 0) and (1 1 0) is one to two orders of magnitude

higher in respect to the (1 1 1) direction, as reported in the literature [70, 71, 72].

The design was done with the CleWin layout editor (PhoeniX Software) and is shown
for a single chip in figure 2.3a. We simulated the design thereafter with the Anisotropic
Crystalline Etch Simulation (ACES) [73] prior to microfabrication and we found that the
results were coherent with the simulation after the wafer-through etching.

All chip patterns for the back side photolithography of the wafer contained corner com-
pensation structures for a 740 um thick SOI wafer. We first measured the thickness of the
wafer and adapted the design of the corner compensation structures to the thickness of
the bulk silicon of the SOI wafer. The pattern of the central square hole was adapted in
order to compensate at the concave corners for an eventual misalighment during back
side photolithography, which could results after KOH etching in a membrane with larger
dimensions than foreseen, thus making the membrane more fragile. The four-inch wafer

containing 126 chips with bacterial traps is depicted from the back side in figure 2.3b.

The etching of the SiO, layer after KOH wafer-through etching was done in 50% HF on
a chip-by-chip level for 3 min with light agitation of the chip. The ProTEK layer, which
stayed intact during the over 6 h long etch in KOH at 90° C, pealed off during the etching

15



Chapter 2. Microfabrication and assembly of the bacterial traps

s o
Gmo
ol
a

|||||
|||||
.....

T 50um

C)
) Bs

(a) Bright-field optical microscope image of the (b) Close-up SEM image of a single bacterial trap
top side of a microfluidic chip. The arrows indi- showing the slanted silicon walls.
cate the placement of the bacterial traps.

(c) SEM image of a bacterial trap array. (d) SEM image of an array with a long bacterial
traps variant.

Figure 2.4 — Top side view of the microfluidic chip and SEM images of bacterial traps.

of the silicon dioxide layer in 50% HE HF is known to peal off photoresist, when a high
concentrations (higher than 1:3 volume ratio with water) are used [74] and we found
that 50% HF peals off as well the protective ProTEK polymer layer. Therefore, no further
cleaning with oxygen plasma was necessary to remove the ProTEK layer. The microfluidic

chip at the end of the process flow is depicted in figure 2.1g.

A bright-field optical microscope image is shown in figure 2.4a showing the bacterial
traps on the membrane. The arrows in the corners are patterned in order to make the
characterization with the SEM during the microfabrication process straightforward, as
well as for optical searching during AFM imaging of immobilized bacteria. Figure 2.4b
shows a SEM image of a single bacterial trap at the end of the process flow highlighting
the slanted walls and the bottom opening of the trap, whereas figures 2.4c and 2.4d depict
arrays of bacterial traps with different dimensions.
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2.2. Microfabrication based on SOI wafers

2.2.2 Fluid characterization

In order to understand the microfluidic conditions around the bacterial traps during
immobilization, we used finite element analysis (FEA), to first simulate the flow around
the traps, as shown in figure 2.5. The maximum velocity for water passing through the
bacterial traps was 75 mm s~ ! for an applied pressure across the membrane of -20 mbar, as
used during our experiments discussed throughout chapter 3. This translates to a volume
flow ranging between 18.0 - 10™* and 45.6 - 10~ ul min~! for the trap array designs used

during the experiments described in section 3.2.

75

60

A N AR, N %
v v

Velocity Magnitude [mm/s]

o

Figure 2.5 - Simulation of the flow velocity around the traps in a cross section of the membrane.
The applied pulling pressure below the membrane is -20 mbar, to match experimental conditions.

Our estimation of the force acting on a trapped bacterium due to the applied pressure
difference is approximately 6 nN, which is in the order of magnitude for lateral AFM forces
exerted on a bacterium during scanning [48]. The force approximation is based on a
bacterium modeled as a cylinder with a diameter D and a length L. The force applied on
an infinitesimal surface is F = AP -dA- 71 where AP is the difference of pressure between
the two sides of the surface, dA is an infinitesimal surface and 7 is a unit vector normal to

the surface. After integration on the whole surface of the bacterium we get equation 2.1.

F’szAP-ﬁ-dA=(Pl—Pz)D~L~L72 2.1)
>

where X is the bacterial surface, P; is the pressure underneath the traps, P, the atmo-
spheric pressure and ii, a vertical unit vector. For a bacterium with D =900 nm, L=3.5 um
and an applied pressure of | P} — P»| = 20 mbar, we obtain a force F = 6.3 nN that is acting

on the bacterium.

17



Chapter 2. Microfabrication and assembly of the bacterial traps

It is important to note that this calculation is only intended as an approximation to show
the order of magnitude of the resulting forces on a trapped bacterium. The actual forces
acting on bacteria can deviate significantly, for instance, when the exposed area of the
bacterium to the bottom part of the trap is smaller or when the bacterium only partially

populates the trap, allowing fluid to pass through.

The pressure difference across the membrane is only necessary for the trapping process
and can be completely switched off during AFM analysis. A bacterium does not need to
be kept immobilized by the applied pressure difference, since the slanted walls of the
bacterial traps counteract the lateral forces exerted by the AFM tip during scanning, which

is an empowering feature of the proposed immobilization technique.

We used COMSOL Multiphysics 4.4 for the FEA of the fluid flow through the bacterial
traps. The interface between the solid (silicon) and the liquid (water) part of the model
was defined through a no-slip boundary condition. At the opening below the membrane,
defined as the outlet, and initial pressure of -20 mbar was set, as used during the exper-
iments. The liquid above the membrane had open boundary conditions, whereas the
liquid below the membrane was confined through the silicon walls of the 3D model. For
the volume flow analysis we integrated the velocity field in the direction of fluid motion,
over the surface of the traps from COMSOL, taking into account the fluid flow as function

of the no-slip boundary condition.

2.3 Microfabrication using thermal scanning probe lithography

Thermal scanning probe lithography (t-SPL) [75] enables 3D nanopatterning in a thin
film resist with a vertical resolution down to 1 nm [76]. This feature, coupled to the recent
advances in direct pattern transfer using dry etching [77], allows fabrication of complex
geometries of controlled dimension into the target material such as silicon, SiN, and SiO».

Hence, t-SPL enables rapid prototyping on the nanoscale.

We employed the t-SPL technique to fabricate bacterial traps in SiO, allowing the im-
mobilization of bacteria for AFM imaging in liquid, regardless of the bacterial shape or
size. We developed a process flow allowing the fabrication of microfluidic compatible
SiO, membranes containing 3D structures with a predefined geometrical shape and slope
profile. The developed process was demonstrated on SiO, nanostructures as well as with

low stress silicon nitride and stoichiometric silicon nitride (SigINy).

This work was achieved together with my collaborator Yuliya Lisunova from the Mi-

crosystems Laboratory LMIS1. In particular the t-SPL patterning of the resist with the
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2.3. Microfabrication using thermal scanning probe lithography

commercial tool NanoFrazor from SwissLitho and the consecutive pattern transfer into
the subjacent layer by RIE was done together with Yuliya’s developed etching parame-
ters [77]. The detailed process flow used in our microfabrication facility CMi is given in

appendix B.

2.3.1 Process flow based on t-SPL

To fabricate the bacterial traps, we followed the lithography and etch process steps
schematically illustrated in figure 2.6. We started with a four-inch, double sided polished
silicon wafer with a 500 nm SiO» layer on both sides. Using standard photolithography,
we patterned the top and back side SiO; layer of the wafer. The back side patterns contain
the outlines of the microfluidic chips with convex corner compensation structures for
KOH etching [68], as depicted in the aforementioned figure 2.3a.

Aligned to the back side, we patterned the top side SiO; layer using photolithography
with marks defining the area destined for the bacterial traps. The placement of the t-SPL
patterns is crucial, since the bacterial traps obtained at the end of the process flow are
situated on a square membrane with dimensions of roughly 50 ym, and the location of
the membrane is defined by the back side pattern.

(a) Step 1: Photolithography on the top side and (b) Step 2: Thermal scanning probe lithography
back side with consecutive dry etching of SiO2.  on the top side of the wafer.

RGN v WY

(c) Step 3: Pattern transfer through dry etching.  (d) Step 4: Top side protection with a protective
polymer coating and consecutive KOH wet etch-
ing.

' L. A— ' 1 silicon B silicon dioxide
[ protective polymer I PPA resist

(e) Step 5: Protective polymer removal through
oxygen plasma.

Figure 2.6 — The main microfabrication steps of the t-SPL process flow.

The patterned SiO, layer was removed after every photolithography step on each wafer
side using RIE with a He (175 sccm), Hy (30 sccm), and C4Fg (10 sccm) based plasma
mixture (LPX, SPTS Technologies) with a total etch time of 2 min 30 s as shown in fig-
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Chapter 2. Microfabrication and assembly of the bacterial traps

Figure 2.7 - Wafer-scale patterning of the PPA resist by t-SPL using the instrument NanoFrazor
developed by SwissLitho.

ure 2.6a. After thorough cleaning of the wafer, 4% of polyphthalaldehyde (PPA) dissolved
in cyclohexanone (=99.5%, Sigma Aldrich) was spin coated on the top side of the wafer to
a thickness of 115 nm. The wafer was prebaked on a hotplate at a temperature 90° C for
3 min, which allowed the residual solvents to evaporate. The final PPA film thickness of

100 nm was measured by a surface profilometer (Dektak XT).

T-SPL PPA patterning (figure 2.6b) and topography imaging, were carried out with the
commercially available instrument NanoFrazor Explore (SwissLitho) outside of the clean-
room, as depicted in figure 2.7. We applied a heater temperature of 800° C at a force
pulse durations of 10 us. The force load was optimized to the desired pattern depth. The
patterns were written at scan speeds of 1-3 mm s~! and a pixel size of 20 nm. The 3D
patterns of the bacterial traps were written in the prepatterned targeted area on the top
side of the wafer. In order to achieve the correct pattern depth in the PPA layer, we first
optimized the t-SPL writing parameters, such as writer voltage and write pulse duration,

in the proximity of the targeted bacterial traps pattern area.

Figure 2.8 depicts patterns of a bacterial traps showing slanted walls obtained in the PPA
resist for the longitudinal trapping of rod-shaped bacteria as well as round traps des-
tined for coccoid bacteria or trapping of rod-shaped bacteria by the poles, as performed

experimentally in our laboratory describes in section 3.4.1.

Initially we spin coated the PPA resist on a silicon wafer with a 500 nm thick low-stress
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Figure 2.8 - Patterning of the PPA resist on SiO, by t-SPL of a bacterial trap for longitudinal trapping
of rod-shaped bacteria (left) and round shaped traps (right). Both patterns have a maximal depth
of 100 nm with a defined, sloped edge.

silicon nitride layer. The t-SPL patterning was possible as shown in figure 2.9, but the
high surface roughness of the underlying SiN layer was directly transferred into the PPA
patterns. This high surface roughness, as well visible in the SEM image of figure 2.2a, is
a knows issue of the LPCVD of low-stress silicon nitride inside the Centrotherm c.E2000
furnace of our microfabrication facility, at the point when the experiments were done.
For this reason, we decided to use SiO, since the surface roughness values (arithmetical
mean deviation of all points on the topography map) were 7.1 A instead of 40.6 A as for
low-stress silicon nitride. Even though stoichiometric silicon nitride showed a surface
roughness value of 5.2 A, the 500 nm thick Si3N, layer was not suitable as a KOH etch
mask for wafer-through etching. We observed a crack formation in the SizNy layer on the
whole wafer that exposed the underlying silicon, which was as well attacked during the
KOH etch at 60° C.

The transfer of the bacterial trap patterns into the subjacent SiO, layer was done using
a He (175 sccm), H, (18 sccm), and C4Fg (15 sccm) based plasma mixture (LPX, SPTS
Technologies) with an etch selectivity between the PPA resist and the SiO, layer of 1:5.4
[77]. In order to adjust the thickness of the PPA layer according to the etch selectivity ratio,
we first thinned down the PPA layer with oxygen plasma, resulting in a PPA thickness of
93 + 3 nm prior to RIE etching. Thus, the consecutive RIE etching of 1min 45s resulted in
a complete pattern transfer into the SiO, layer. Therefore, through the RIE process, we
obtained a transfer of the 100 nm PPA resist layer into the 500 nm silicon dioxide layer, as
shown in figure 2.6c.

The surface topography of the transferred pattern was analyzed with the AFM (Bruker
Dimension, Fast scan head) as shown in figure 2.10a. The depth profile of a bacterial trap
pattern before and after the pattern transfer is shown in figure 2.10b. The profiles were
taken from the t-SPL pattern in figure 2.8 (left), compared and manually overlaid with the
depth profile of the AFM image in figure 2.10a.

For the consecutive KOH wet etching, we protected the top side of the wafer using ProTEK
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Figure 2.9 — Patterning of the PPA resist on low-stress silicon nitride by t-SPL of a bacterial trap for
longitudinal trapping of rod-shaped bacteria. All patterns have a maximal depth of 100 nm with a
defined, sloped edge. The patterns were written using different NanoFrazor heater temperatures
and force pulse durations, in order to determine the correct t-SPL patterning parameters.

(B3, Brewer Science) with the same parameters as discussed in section 2.2.1. The SiO,
that is thermally grown in water vapor, also referred to as wet oxide, can be considered as
a very poor KOH etch mask and is also being etched in the KOH bath [67]. Therefore we
modified the KOH wet etch parameters in order to obtain a wafer-through etch before the

500 nm thick SiO, mask on the back side of the wafer was fully etched away.

For the used 380 um thick wafer we used a 20% KOH solution and etched at 35° C for
roughly 77 h in a bath with continuous stirring. During this time period only ~350 nm
of SiO, would etch, which is less than the used SiO, layer thickness of 500 nm, while
the 380 um of silicon would be etched through [78]. Durning the microfabrication, we
observed that the SiO, mask remained intact after the long KOH etching.

In order to remove the native oxide and define the starting point of etching, we used an
identical KOH bath at 60° C and placed the wafer in the bath until the H, gas bubbles
were visible. Immediately thereafter we placed the wafer in the 35° C KOH bath until
the wafer-through etch was done (figure 2.6d). Finally, the protective polymer layer was
removed with O, plasma on a chip-by-chip basis as shown in figure 2.6e. The SEM images

of round and long bacterial traps on the SiO, membrane at the end of the process flow are
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(a) AFM image of the transferred t-SPL pattern (b) Depth profiles of the t-SPL pattern overlaid
into SiOy. with the transferred pattern into SiO,. The gray
area shows a close-up view of the marked area.

Figure 2.10 — AFM analysis of the t-SPL pattern after the pattern transfer into SiO, showing a
maximal depth of the pattern of 500 nm. The profile of the pattern written by t-SPL into PPA is
overlaid with the AFM profile of the transferred pattern for the comparison of the depth profiles
before and after pattern transfer into the SiO, layer.

depicted in figure 2.11. The obtained bacterial traps correspond to the patterns shown in
figure 2.8. The spacing between individual bacterial traps in the array of figure 2.11b was

performed in order to evaluate different t-SPL design parameters.

(a) SEM of round t-SPL patterns at the end of the  (b) SEM of the long t-SPL patterns variant at the
process flow. end of the process flow.

Figure 2.11 - SEM image of t-SPL patterns at the end of the process flow, transfered into the SiO»
membrane.
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2.3.2 Heat transfer analysis of t-SPL

Although patterning of PPA on full wafer scale was repeatedly feasible, we encountered
difficulties of PPA patterning on pre-fabricated silicon nitride membranes. In both cases,
we spin-coated a PPA film on the substrate with a final thickness of 100 nm, whereas
the substrate consisted of a 500 nm thick low-stress SiN layer. Although the final micro-
fabrication process flow is based on SiO, as discussed in section 2.3.1, the first approach
using t-SPL was done on a SiN layer. We switched to SiO, due to the high surface rough-
ness of low-stress silicon nitride and the failure of 500 nm thick stoichiometric silicon
nitride (SisN4) as a KOH etch mask. The study in this section was originally done for a
500 nm thick low-stress SiN layer, but can be extended to the used SiO, layer, since the
specific heat of low-stress SiN and SiO; are in the same order of magnitude [79, 80] and
their thermal conductivity is at least an order of magnitude higher than for polymers [81].

During the t-SPL patterning, in the case of a thick silicon layer underneath the patterning
spot as shown in figure 2.12a, the bulk silicon acted as an excellent thermal conduction
layer. When the SiN layer was suspended, forming a membrane as shown in figure 2.12b,
the silicon nitride layer became the predominant component for the heat dissipation
originating from the t-SPL tip. The temperature of the membrane around the patterning
spot rose within the t-SPL contact pulse time of 10 us to values above the decomposition
temperature of PPA [82, 83, 84], as illustrated in figure 2.13. Exceeding the second decom-
position temperature maximum of PPA at 194° C resulted in imminent burning of the

resist on the membrane, as we've experienced during our experiments.
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(a) SiN with bulk silicon underneath. (b) SiN as a membrane.

Figure 2.12 — Heat transfer analysis during t-SPL. Both figures show the state at 10 us after inden-
tation of the tip for pattern writing.

For the heat transfer simulation in COMSOL we modeled a contact area of 10 nm between
the heated cantilever tip and the substrate. The tip had a half-cone angle of 20 deg and a
temperature of 800° C, corresponding to average values used during our experiments. We
used standard values for all material properties as given by COMSOL or found in literature

[80, 83]. The simulated results in figure 2.12 depict the temperature state at 10 us with
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2.3. Microfabrication using thermal scanning probe lithography

a tip indented 90 nm into the PPA, a depth that we've repeatedly used during the t-SPL

patterning.
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Figure 2.13 - SiN layer temperature versus PPA decomposition temperature for three different
indentation depth. While the SiN with bulk silicon remains under the PPA decomposition tem-
perature, the SIN membrane temperature rises above the allowed maximal PPA decomposition
temperature within the 10 us contact time during t-SPL patterning.

The heat transfer between the tip and the substrate can occur through radiation or con-
duction. The effects of radiation of a heated tip in proximity of the surface are negligible
versus the effects of conduction [85, 86]. Moreover, the thermal conductivity of air and
nitrogen gas, as used during our t-SPL patterning experiments, are significantly smaller
at room temperature than the thermal conductivity of polymers or the underlying layer
of silicon nitride [80, 87, 88]. We therefore consider only the effects of heat conduction
through direct contact for the COMSOL simulations shown in figure 2.12.

Detailed heating behavior at the tip-sample interface including heat transfer by phonon
scattering [83, 89, 90] and quantized effects at the nanoscale [91] were not considered
for this heat transfer simulation. The discussed FEA simulation gives an estimation of
the heat transfer effects during t-SPL patterning and correlates with our observations
made during t-SPL patterning on SiN membranes as well as on layers of SiN layer with
bulk silicon underneath. Therefore, we suggest to use t-SPL for patterning on layers that
have a subjacent layer with good thermal conductivity, such as bulk silicon, even though
pre-patterning using standard photolithography needs to be done for advanced chip

designs.
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Chapter 2. Microfabrication and assembly of the bacterial traps

2.4 Assembly and implementation into laboratory setup

2.4.1 Assembly of the microfluidic device

During the development of the bacterial traps, we significantly modified the assembly of
the fluidic device. The first approach consisted of an assembly with only two parts: a SOI
part containing bacterial traps on the top side and a microfluidic channel with connection
holes on the back side, and a glass part that was assembled with the SOI part through
anodic bonding. One main drawback of this approach was that after the assembly, the
parts were irreversibly bonded together due to the anodic bonding, which presented
a major challenge in respect of cleaning the device after an experiment with bacteria.
Another drawback was that we could fabricate only 14 devices out of one SOI wafer as

compared to 126 devices per SOI wafer of the final generation, as shown in figure 2.14.

s

(a) First generation of SOI wafer devices. The blue (b) Final generation of SOI wafer devices. There
tape was used in order to protect the back as well are 126 device underneath the ProTEK layer on
as the front side of the wafer during wafer dicing.  the top-side of the SOI wafer.

Figure 2.14 - Comparison between the first (left) and final (right) generation of devices obtained
per SOI wafer.

The yield of the anodic bonding was around 50% as experienced during the micro-
fabrication, which by taking into account the initial cost of an SOI wafer and the micro-
fabrication processing cost, resulted in a significant investment for a single assembled
microfluidic device. The cost per experiment is even more pronounced given the poor
reusability of this first generation assembly approach. We have therefore modified the
whole assembly, baring in mind the factors reusability and devices per wafer, due to the
design constraints given by the AFM head and our laboratory experiment setup described

in section 2.4.3.

The final generation of the assembly of the fluidic device is schematically depicted in

figure 2.15. In order to obtain more devices per wafer, we fabricated the bacterial traps on
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2.4. Assembly and implementation into laboratory setup

a microfluidic chip with dimensions of 4 by 4 mm. This microfluidic chip is assembled
into a silicon holder containing a square hole in the center and an inlet and outlet hole
spaced 15 mm from the center. The holes were obtained by a wafer etch-through, whereas
the pattern was written using standard photolithography.

microfluidic chip

l

inletl

silicon holder
double sided adhesive tape

thin borosilicate glass slide

Figure 2.15 - Schematics of the parts and layers involved in the assembly of the microfluidic chip.

Dimensions of the microfluidic chip were chosen to maximize the number of devices per
wafer on one side, and still have an acceptable handling possibilities in the cleanroom.
In particular during the last processing step, which is HF etching on a chip by chip level,
the microfluidic chips need to be handled with tweezers under full chemical protection.
Therefore, the design was strongly influenced by practical cleanroom handling possibili-
ties. The chips-per-wafer amount is given by the minimal dimensions of the chip and the
dimensions of the convex corner compensation structures on the back side patter of the
SOI wafer.

Instead of anodic bonding, we used a double sided adhesive tape (FAD 100S, FLEXcon)
with a thickness of 100 ym to bind the glass slide to the silicon holder. The glass slide
was diced out of a 200 um thick borosilicate wafer (MEMPax, Schott) in the dimensions
40 by 10 mm, identical to the dimensions of the silicon holder. The double sided adhesive
tape had 1 mm smaller dimensions on all sides for practical purposes, since the assembly
is done manually by hand in our laboratory. For the patterning of the fluidic channel
into the double sided adhesive tape, connecting the inlet of the silicon holder, with the
microfluidic chip and the outlet, we used the xurography technique [92]. Xurograpy uses
a small blade in oder to pattern a thin film, which can be transferred to a substrate. We
used a cutting plotter (Craft ROBO Pro, Graphtec) to pattern the fluidic channel onto the
double sided adhesive tape, since the critical dimensions of the fabricated features are

one to two orders of magnitude higher than the resolution of the cutting plotter.
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Chapter 2. Microfabrication and assembly of the bacterial traps

Furthermore, by using an adhesive tape as the binding element between the glass slide
and the silicon holder, the assembly can be dismantled by soaking the microfluidic device
in acetone overnight. The parts can be thoroughly cleaned and reused for a consecutive
experiment. This is one main advantage as compared to the first generation device using

the anodic bonding technique.

The microfluidic chip is placed in the central square hole of the silicon holder and a water
resistant adhesive (2 Ton Epoxy, Devcon) is applied on the edges in order to seal the chip.
The microfluidic chip assembly is depicted in figure 2.16a, whereas the first generation of

the microfluidic chip with the monolithic design is shows in figure 2.16b for comparison.

(a) Assembly of the microfluidic chip shown ona (b) Microfluidic chip with the first generation
standard microscope glass slide. monolithic design.

Figure 2.16 — Microfluidic chip assembly done with the fabricated parts on a standard microscope
glass slide, in comparison with the first generation of the bacterial traps with a monolithic design.

Referring to the aforementioned clean room process flow of the SOI wafer discussed
in section 2.2.1, the microfluidic chip is by far the most expensive part of the assembly.
Nevertheless, the assembly design can be improved further. Instead of the glass slides
with custom dimensions, which need to be diced out of a thin borosilicate wafer with low
autofluorescence values, we can simply modify the design to use standardized microscope
cover glasses (e.g. 22 by 22 mm cover slips) that have a thickness of 170 ym and were
already optimized for fluorescence microscopy. For this purpose, the design of the custom
aluminum mount discussed in section 2.4.3 would need to be adjusted in order to be

compatible with the AFM cantilever holder.

2.4.2 Reusability of the microfluidic device

We developed the microfluidic chip assembly to allow a high reusability. After every
experiment, we soaked the microfluidic chip assembly in acetone overnight, in order
to dissolve the double sided sticky tape and detach the borosilicate glass slide from the
silicon holder. Moreover, the acetone weakened the bond between the silicon holder and
the epoxy glue around the microfluidic chip. All parts were thoroughly rinsed with milli-Q

water and cleaned with a piranha solution (H2SO4:H»0; in volume ratio of 3:1) at 100° C
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for 15 min. Then, all parts were rinsed twice in milli-Q water and blow-dried with nitrogen

before reassembly.

We have found that oxygen plasma is as well suitable for the cleaning of the disassembled
parts of the microfluidic chip. We used oxygen plasma at 1000 W for 15 min to 30 min in
order to clean the microfluidic chip and checked the openness of the bacterial traps with
a SEM. Best cleaning results were achieved by combining both, piranha cleaning followed
by oxygen plasma cleaning. We are able to have an immobilization of bacteria with the
microfluidic chip during every conducted experiment, assuming the correct dimensions

of the bacterial traps in respect to the diameter of the bacteria are chosen.

Overall, we have performed over 200 independent AFM immobilization experiments by re-
using the microfluidic chips on different AFM setups discussed in section 2.4.3. Between
90 and 100 experiments were conducted in order to optimize various device parameters
such as bacterial trap design, microfluidic chip assembly and design, applied pressure
values, used AFM cantilever, cleaning techniques, as well as AFM imaging parameters
together with correlated fluorescence microscopy. The reusability of the microfluidic chips
allows a significant reduction of the overall costs per experiment, since the fabrication of
new microfluidic chips from an SOI wafer is coupled with high initial cost per wafer as

explained in more detail in section 2.5.

2.4.3 Implementation into laboratory setup

The microfluidic chip assembly described in section 2.4.1 is embedded in a custom
aluminum mount that contains fluid connections. The final assembly of the microfluidic

device with all involved parts is depicted schematically figure 2.17.

The microfluidic connections were made using standardized Luer lock connectors. We
assembled two hypodermic needles with a female Luer lock on the aluminum mount as
depicted in figure 2.18a, allowing an easy to use connection with the attached pressure
controller (AF1 Dual, Elveflow). The pressure difference across the bacterial traps was
created by clogging the outlet (left or right needle in figure 2.18a) and controlling the

pressure on the inlet (complementary needle) with the pressure controller.

In order to be compatible with any physiological conditions of analyzed bacteria, such as
aqueous solution containing sulfuric acid as shown in section 3.4 , we made two distinct
versions of the top part holder for the microfluidic chip assembly. The top part, which
is in direct contact with the aqueous solution, exists therefore in aluminum as well as a

polymeric material showing excellent resistance to sulfuric acid as depicted in figure 2.18b.
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'
d e
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a b

Figure 2.17 - Schematics of the parts involved in the aluminum mount placed between the AFM
and the inverted optical microscope. The assembly consists of the bottom aluminum mount (a),
microfluidic chip assembly (b), nitrile gaskets (c), top aluminum mount (d), and M2 screws (e).

The top part made of the polymeric material Verowhite (Stratasys) was 3D printed using
the 3D printer Connex500 (Objet).

The aluminum mount was placed into a custom-built frame, between an inverted op-
tical microscope (IX73, Olympus) and an AFM head (Dimension FastScan, Bruker) on
a vibration isolation table. For optical microscopy we used a 60x air microscope objec-

(a) Aluminum mount with an assembled microflu- (b) Top part of the aluminum mount fabricated
idic device as used throughout the experiments.  out of aluminum (right) and by 3D printing of a
polymer (left).

Figure 2.18 - Aluminum mount as used throughout experiments together with top parts of differ-
ent materials.
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tive (LUCPLFLN, Olympus). The custom-built frame was designed and constructed by
my colleague Pascal Odermatt [17]. Our laboratory setup is shown in figure 2.19 and
the schematic of the experiment setup is depicted in figure 2.20. For the experiments
discussed in chapter 3, we also used a second custom-built setup consisting of a Dimen-
sion Icon (Bruker) AFM head and an inverted optical microscope IX81 (Olympus) on
top of a vibration isolation table (AVI-200-XL, Table Stable). The fluorescence excitation
source originated from a mercury arc lamp (X-Cite 120, Excelitas Technologies) and the
fluorescence images were recorded with an iXon3 (Andor) camera.

Figure 2.19 - Laboratory setup consisting of an AFM head on top of an inverted optical microscope
on a custom built frame in our laboratory.

Due to the confined space between the two microscopes, the aluminum mount of the
microfluidic chip assembly needed to be as thin as possible, providing fluidic connections
as well as sufficient space to encompass the approached AFM head. We designed the
aluminum mount to be compatible with Bruker’s Dimension Icon head as well as the

Dimension FastScan head.

In oder to use the AFM and fluorescence microscopy simultaneously, certain precautions
needed to be taken. The wavelength of the AFM laser, responsible for the readout of the
cantilever deflection, is situated in the emission spectrum of particular fluorophores, thus
interfering with the fluorescent signal of the stained sample. To have an unaltered readout,

the AFM laser needs to be switched off during the acquisition of the fluorescent image.
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Figure 2.20 - Schematic of the laboratory experiment setup, placing the assembled microfluidic
chip embedded in a custom holder between an AFM and inverted optical microscope.

For this purpose, my colleague Mélanie Hannebelle built a custom LabVIEW program
to manually control the AFM laser, which was else not possible with the proprietary
Bruker NanoScope software during AFM image acquisition. In order not to damage the
AFM cantilever tip during the experiment, we changed the AFM mode to ramp mode
prior to manually switching off the AFM laser and the consecutive fluorescence image
acquisition. The thickness of the microfluidic chip assembly allows the use of 60x and

100x long working distance objectives for fluorescence microscopy.

2.5 Process flow discussion and conclusion

We first developed and optimized the process flow based on the SOI wafer technology. A
major improvement was the use of the protective polymer layer ProTEK. Prior to using
ProTEK, we relied on SiN to passivate the top side of the wafer containing the etched
bacterial traps (figure 2.1d of the process flow). This was connected with a longer waiting
period for the LPCVD of the SiN layer, usually a few days within our microfabrication

facility CMi, whereas the ProTEK can easily be spin coated within 30 min.
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Another major advantage of the ProTEK layer is its easy removal as compared to a SiN
passivation layer. The ProTEK layer can simply be removed by either using a piranha solu-
tion or oxygen plasma, whereas we observed the best cleaning results by combining both
techniques. A SiN passivation layer has to be removed by RIE and the used fluorocarbon
gases will affect the protected silicon, despite the user selectable etch selectivity between
SiN and silicon. Using wet chemistry based on HF would not affect the silicon, but the
SiO, layer of the SOI wafer will be etched at a higher rate. The optimal wet etch to remove
the SiN layer is hot phosphoric acid, requiring specific equipment, which we did not have

at our local microfabrication facility at the time of development [67, 93].

The adhesion properties of the fully cured ProTEK layer presented a significant advantage,
since the structures stayed attached to the polymer layer after wafer etch through with
KOH. Therefore, we did not require dicing in order to obtain devices with precise dimen-
sions for the microfluidic chips. Furthermore, we were able to improve the overall output
from 14 to 126 devices per four-inch wafer with a > 99 % yield through the miniaturization

of the microfluidic chips design.

Nevertheless, the SOI wafer technology presented a considerable drawback in the design
of the bacterial traps. Due to the crystalline axes of silicon and the anisotropic etch
properties of KOH, the shape of the bacterial trap is rectangular with a 54.74° inclined
edges. The bottom opening of the bacterial trap is thus directly related to the width
of the bacterial trap at the top, and the thickness of the silicon device layer of the SOI
wafer. Furthermore, the design is very sensitive to a misalignment of the pattern to the
(100) silicon crystalline axis [72]. A misalignment would result in a wider opening at
the top and the bottom of the trap, which would have a direct influence on the bacterial
immobilization. A wider opening at the bottom would allow bacteria to squeeze through
when a higher pressure difference across the bacterial traps is applied, compromising the

bacterial immobilization.

The silicon device layer of the SOI wafer translates directly into the depth of the fabricated
bacterial trap. Our microfabrication facility CMi provided SOI wafers with a 340 nm thick
device layer, which were suitable for the immobilization of the rod-shaped bacteria E. coli
having a diameter around 900 nm. The initial cost of a SOI wafer is over a tenfold higher
than the cost of a standard silicon wafer. To obtain a SOI wafer with a predefined silicon
device thickness is possible, but is involved with higher costs. Companies providing SOI
wafers such as Soitec, Shin-Etsu Handotai (SEH), and SUMCO, generally sell wafers only
in large quantities and dimensions above 100 mm (four-inch). The wafers additionally
need to be laser cut and re-worked, before we could use them in our microfabrication
facility CMi that contains cleanroom equipment mainly for four-inch wafers.
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(a) SEM image of bacterial traps obtained with the  (b) SEM image of bacterial traps obtained with
SOI process flow. the t-SPL process flow.

Figure 2.21 — Comparison of the SOI and t-SPL process flow results.

The process flow based on t-SPL is a proven alternative and the overall production costs
are significantly reduced since no SOI wafers are involved, which are at least a tenfold more
expensive than standard silicon wafers. Moreover, by using the t-SPL technology for the
fabrication of bacterial traps, we define the depth of the bacterial trap by simply choosing
the thickness of the LPCVD layer on top of a standard four-inch silicon wafer. This is
an advantage of the t-SPL technology in comparison to the SOI wafer based technology,
since it involves a significant cost reduction of the starting wafer. Furthermore, LPCVD
can be done within our microfabrication facility with the wanted thickness, directly
translating into the membrane thickness and bacterial trap depth, which reduces the
overall production time compared to ordering and re-working SOI wafers in order to
modify the bacterial traps dimensions.

Figure 2.21 compares bacterial traps at the end of the fabrication process using SOI wafer
technology (figure 2.21a) and t-SPL technology (figure 2.21b). Bacterial traps obtained
with t-SPL exhibit a shape tailored to the shape of rod-shaped bacteria. The design is
not restricted by the crystalline silicon axis, as compared to the SOI wafer technology.
Moreover, the slope of the pattern edge as well as the bottom opening of the bacterial
traps can be chosen in order to optimally suit the bacterial shape.

Even though we were able to pattern directly on a four-inch wafer using t-SPL, the speed
of patterning was significantly lower than by using e-beam lithography on SOI wafers. E-
beam lithography is a proven technique and the patterning was rapid and straightforward.
Patterning of 3D structures in PPA with t-SPL was challenging, but the benefit of nanotai-
lored bacterial traps in SiO, strongly suggest that the t-SPL technique is advantageous
for custom-made bacterial traps, in particular for bacteria such as the crescent-shaped
bacterium Caulobacter crescentus discussed in section 3.3.2.
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microbiology

3.1 Introduction

The Escherichia coli bacterium is the laboratory workhorse in microbiology, making it one
of the most thoroughly studied microorganisms and model bacterium for rod-shaped
bacteria [94]. In our laboratory as well, we used the E. coli bacterium in order to evaluate
the immobilization properties of our bacterial traps and optimize various parameters
regarding the bacterial traps dimensions and microfluidics. After successful proof of
concept results with the model rod-shaped bacterium detailed in section 3.2, we applied
our bacterial traps with different bacterial species. In particular, we focused on bacteria
that were tried to be analyzed with the AFM in our laboratory, but the applied chemical
modification of the substrate did not provide a sufficient immobilization.

Amongst bacterial species, the difference in bacterial envelope properties is large, directly
affecting the immobilization on a substrate surface as discussed in section 1.3.1. The
same substrate surface can act as a robust immobilization for one bacterial species and
failing for another species. Moreover, within a species the bacterial envelope properties
can change, in particular due to a mutation in the genome. We have evaluated our
bacterial traps with different bacterial species and strains of hard-to-immobilize bacteria,

discussing the results in section 3.3.

Furthermore, we demonstrate the technological potential with the AFM analysis of ex-
tremophiles, bacteria that grow and divide under low pH values, and by imaging bacterial
poles of rod-shaped bacteria in section 3.4. Medium independent bacterial analysis
combined with simultaneous AFM and fluorescence microscopy allowed to expand on
previous studies of the antimicrobial peptide (AMP) CM15 on E. coli [13] by applying
AMPs in physiological buffer medium and correlating AFM with fluorescence microscopy
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results, discussed with more detail in section 3.5.

We conducted all experiments with bacteria in our laboratory using custom built ex-
periment setups allowing simultaneous atomic force and fluorescence microscopy, as
described in section 2.4.3. The presented results hereafter were taken using two different
AFM heads, namely Bruker’s Dimension FastScan and Dimension Icon head together

with the proprietary software NanoScope in the versions 8.15 as well as 9.1.

3.2 AFM analysis of bacteria under physiological conditions
3.2.1 AFM imaging in liquid of physically immobilized bacteria

For the initial proof of concept experiments we used E. coli strains DH5«, BL21, and K-12
and we analyzed the bacteria in milli-Q water as well as in lysogeny broth (LB) medium.
By applying a pressure difference as low as 20 mbar across the bacterial traps, we were able
to guide the bacteria towards the traps and physically immobilize them in the bacterial
traps. Figure 3.1 shows a 3D representation of a trapped E. coli bacterium in LB medium,
where the height is represented in 3D overlaid with the phase signal taken in AFM tapping
mode with a resolution of 1024 by 1024 pixels at 2 Hz. The experiment was done using a

ScanAsyst-Fluid cantilever on the Dimension Icon AFM head.

0.46 pm

-0.18 pm

Figure 3.1 —- Immobilized E. coli bacterium in lysogeny broth medium.

E. colibacteria grow and divide in the LB physiological medium with a doubling time of 20
to 25 min at 37° C [95, 96]. The bacteria have a lower growth rate at room temperature, still

the division has to be observable, if the viability of the bacteria is intact. Therefore, a strong
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suggestion for an intact bacterial viability when a bacterium is physically immobilized in

the fabricated trap, is to see the division in LB medium during an AFM analysis.

Figure 3.2 shows the division of an E. coli K-12 bacterium in LB at room temperature,
where we focused on the division site. The bacterium was analyzed in QNM mode and
the elastic modulus is depicted next to the height image for the selected time points. The
applied force on the bacterium was 300 pN and the AFM images were taken at 2 Hz with
aresolution of 256 by 256 pixels on a 1 um scan size with the Dimension FastScan AFM
head using a ScanAsyst-Fluid cantilever. The AFM height images show a range of 200 nm
between the darkest (lowest) and brightest (highest) data point and the elastic modulus

images depict points of higher value (higher stiffness) with brighter color.

We can observe the formation of the septum at the division site, marked by a red arrow in
figure 3.2f, involving a local change in the elastic modulus of the bacterium. While the
elastic modulus over the bacterium was several hundreds of kilopascal, consistent with
reports in the literature [97, 98], we observed an increase of a factor of two for the elastic
modulus over the septum. In the described experiment we found the elastic modulus of
~400 kPa on the bulk of the bacterial envelope and ~750 kPa over the septum, although
the absolute values have to be interpreted with care, since the exact quantitative values
depend on the correct AFM cantilever calibration (cantilever stiffness and tip radius) as

well as the applied model for the calculation of the elastic modulus [99].

In figure 3.20 one daughter cell of the divided bacterium is out of the scope of the imaged
area. During our experiment we have observed that imaging a bacterium in the pole
region resulted in a displacement of the bacterium inside the traps along the longitudinal
axis of the trap (vertically for all images in figure 3.2). Therefore, after physical separation
in the division cycle of the bacterium, the applied forced exerted by the AFM cantilever

on the bacterial pole were displacing the bacterium outwards of the imaged area.

3.2.2 Sample preparation protocol

The preparation of the bacterial suspension for AFM imaging is trivial as compared to
the protocols explained in detail in section 1.3. For every experiment, we grew bacteria
overnight from a single colony in LB growth medium at 37° C. Thereafter we regrew 10 ul
in fresh LB for 3 h. Prior to an experiment, we diluted the regrown solution 10’000 times
in filtered LB, whereas the LB was filtered with a 200 nm millipore filter in order to remove

larger particles.

We did not apply any pelleting, washing, or vortexing steps, commonly found in sample
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(a) 0s; Height (c) +4min 22s; Height (d) +4min 22s; Modulus

(e) +7min 34s; Height  (f) +7min 34s; Modulus

(i) +18min 35s; Height  (j) +18min 35s; Modulus

(m) +27min 19s; Height (n) +27min 19s; Modu- (0) +32min 45s; Height  (p) +32min 45s; Modu-
lus lus

Figure 3.2 — AFM height and modulus images of the division of an E. coli bacterium in LB. The
AFM height images show a range of 200 nm between the darkest (lowest) and brightest (highest)
data point and the elastic modulus images depict points of higher value (higher elastic modulus)
with brighter color. The scan speed was 2 Hz with a resolution of 256 by 256 pixels on a 1 ym scan
size with an force set point of 300 pN.

preparation protocols. This is a major advantage compared to standard bacterial immobi-
lization protocols [45], since the bacteria can be analyzed by AFM immediately after the

incubation.
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Prior to every experiment, we flushed the microfluidic channel underneath the bacterial
traps with 200 nm filtered LB in order to check the microfluidic chip assembly for leakage.
Moreover, we could remove any residual air bubbles underneath the bacterial membrane
prior to the start of an experiment, which would otherwise perturb the fluorescence
microscopy. The sample preparation time, measured from taking the culture out of the
incubator until engaging with the AFM head, takes roughly 5 min to 15 min, as experienced

on a routinely basis.

3.2.3 Trapping and releasing

Bacteria can be trapped and released during the AFM analysis, as shown in figure 3.3. By
simply inverting the pressure difference across the bacterial traps, bacteria are trapped,
expulsed, and re-trapped. During the trapping and releasing process, we acquired AFM
images in tapping mode at 10 lines s~! with a resolution of 1024 by 256 pixels on the
Dimension FastScan AFM head using a FastScan-DX cantilever. The experiment was done

in LB medium with E. coli DH5«a bacteria.
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Figure 3.3 — Trapping and releasing of E. coli bacteria on demand during AFM imaging in LB.

For the experiment in figure 3.3, we started by imaging the bacterial traps with the AFM
in LB that did not contain bacteria. While scanning, we added 200 ul of the bacterial
suspension that was 10’000 diluted compared to the overnight culture. Thereafter we
applied a pressure between 150 mbar and —150 mbar across the bacterial traps in order to
trap and release the bacteria. The trapping and releasing process was observable within
a frame, when the pressure was switched during AFM imaging. The image sequence in
figure 3.3 shows frames where a negative or positive pressure was maintained during the

frame data acquisition time.
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3.2.4 Bacterial trapping reliability

One main drawback that we've encountered during our experiments was that particles
larger or in the size of the targeted bacteria are trapped as well, as shown by the two
rightmost sub-figures in figure 3.3, and thus perturbing the experiment. We can push
away any undesirable particles from the traps by simply inverting the pressure difference
and restart the immobilization of bacteria. Possible contaminants at the surface and in
proximity of the bacterial traps can also be eliminated by pipetting the fluid around the
traps on the top-side of the microfluidic chip.

Furthermore, applying higher scanning forces with the AFM tip, anything not fully im-
mobilized in the traps is swept away. Particles smaller than the bottom opening of the
bacterial traps will simply pass through the bottom opening. Eventual clogging of the
traps may be solved by selective delivery of bacteria towards the traps or by using a fluidic
filter to distinguish between bacteria and particles of certain size, as described by previous
studies [100, 101]. However, bacteria can also squeeze through the traps, if the pressure
difference across the membrane is at least an order of magnitude higher than for the
described experiments.

3.3 Bacterial species independent AFM analysis

The AFM experiments in section 3.2 were all conducted on gram-negative E. coli bacteria.
Nevertheless, our developed physical immobilization method is suitable for AFM analysis
independent of the bacterial species. Hereafter we present experiments with different

gram-negative and -positive bacteria immobilized by our developed bacterial traps.

3.3.1 Bacillus subtilis

Figure 3.4 shows the bacterial envelope of the gram-negative E. coli bacterium versus the
gram-positive Bacillus subtilis bacterium. While the used E. coli bacteria were non-motile,
the B. subtilisPY79 strain [102] exhibited motility. We found that the width of the B. subtilis
bacterium was roughly in the same range as the used E. coli bacteria and therefore the

fabricated bacterial traps were ideal for the physical immobilization.

The intact envelope of the E. coli bacterium shows a smooth surface in figure 3.4 (left),
while the surface of the B. subtilis bacterium elucidates the structure of the peptidoglycan
architecture as shown in figure 3.4 (right). The architectural model of the peptidoglycan

of B. subtilis was proposed to be a coiled-coil structure [37]. The bacteria in figure 3.4
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Figure 3.4 - Envelope of a gram-negative E. coli (left) and a gram-positive B. subtilis bacterium
(right).

were imaged in LB by AFM tapping mode with a scan size of 1 ym and scan speed of 10 Hz
with a resolution of 1024 by 256 pixels (left) and 4 Hz with a resolution of 256 by 256 pixels
(right) on a Dimension Icon AFM head using a ScanAsyst-Fluid cantilever.

3.3.2 Caulobacter crescentus

The morphological diversity of bacteria is vast and the shapes range from round, rod-
shaped, oval, spiral, and curved bacteria [103, 104]. An example of a bacterium with a
curved morphological shape is the Caulobacter crescentus bacterium. C. crescentus is
used as a model bacterium to study the generation and maintenance of the crescent
shape during growth and division [105]. Recent super-resolution optical microscopy
findings highlight the crescent morphology of C. crescentus and identify relations between

cytoskeletal elements and cell shape [106, 107].

AFM inherently allows the study of nanomechanical properties and analysis at the division
site of the bacterium could provide detailed insight of the division process at the septum
of the bacterium. Although pioneering results of AFM imaging in aqueous medium of C.
crescentus were accomplished, the immobilization of the bacterium appeared to be very

challenging, impacting the interpretation of the results [108].

Here, we showcase the immobilization of the C. crescentus bacterium with our developed
technique in physiological buffer medium peptone yeast extract (PYE). The experiments
were done together with my collaborators Aster Vanhecke and Ambroise Lambert on the
AFM setup in our laboratory with the Bruker Dimension FastScan head. Figure 3.5 depicts
two immobilized C. crescentus bacteria inside a trap, where the AFM height image is

represented in 3D in order to elucidate the crescent morphological shape of the bacteria.
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The image was taken in PYE medium in QNM mode at 2 Hz with a resolution of 256 by
256 pixels and a force set-point of 1 nN on a Dimension FastScan AFM head using an

AC40 cantilever.

0.75 pm

-0.22 pm

Figure 3.5 - C. crescentus analyzed in physiological buffer medium. The AFM height is represented
in 3D showing the crescent shape of the bacterium. The image was taken in QNM mode at 2 Hz
with a resolution of 256 by 256 pixels and a force set-point of 1 nN.

Although the AFM imaging in PYE medium was possible, we observed contamination by
smaller particles at the edges and around the traps. This might be due to the unfiltered
PYE medium used during this experiment. The aqueous medium M2G would be more
suitable as an alternative physiological medium providing less contamination during the

experiment.

Furthermore, the rectangular bacterial trap size was suboptimal for the crescent shape of
the C. crescentusbacterium. The ideal solution would be the fabrication method described
in section 2.3. The t-SPL fabrication method allows a shape-independent fabrication
of bacterial traps. Thus, crescent bacterial traps can be fabricated, nanotailored for the
immobilization of the curved morphological shape of C. crescentus.
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3.3.3 Streptococcus pneumoniae

The Streptococcus pneumoniae bacterium is an oval-shaped, pathogenic bacterium, which
has developed a broad-spectrum resistance against common antibiotics such as -lactam
antibiotics [109]. For the development of new antimicrobial agents, the division site of
bacteria is often targeted. At the division site, new material such as peptidoglycan is
synthesized and the inhibition of material synthesis or disruption of partially synthesized

bacterial envelope material can be a point of vulnerability [110].

The division of S. pneumoniae occurs differently than in rod-shaped bacteria such as
E. coli or B. subtilis. Experiments indicate that the Min-protein system and nucleoid
occlusion system, which is governing the division in E. coli or B. subtilis [111, 112], is not
presentin S. pneumoniae bacteria [113]. Recent discoveries suggest that the protein MapZ
is involved in the division plane selection of S. pneumoniae [114], which controls the
binding of the protein FtsZ that is responsible for the initiation of the bacterial division

assembly in most bacteria [115].

Therefore, the investigation of the division site of the ovococcal S. pneumoniae is of
particular interest. Immobilization of S. pneumoniae for AFM analysis can be done by our
developed bacterial traps and the results of successful analysis of a dividing S. pneumoniae
bacterium is depicted in figure 3.6, where the red arrow indicated the division site. The
AFM height is represented in 3D and overlaid by the stiffness map, where a darker area
represents a data-point of lower stiffness.

0.39 pm

-0.26 um

Figure 3.6 - S. pneumoniae analyzed in physiological buffer medium. The AFM height is repre-
sented in 3D and the elastic properties are overlaid. A brighter value represents a data-point with
higher stiffness. The image was taken in QNM mode at 0.4 Hz with a resolution of 512 by 256 pixels
and a force set-point of 2 nN.
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The experiment was conducted together with my colleagues Renske van Raaphorst and
Alexander Eskandarian. For the experiment we used the AFM setup in our laboratory
with the Bruker Dimension Icon AFM head. The S. pneumoniae bacterium depicted
in figure 3.6 was imaged in the physiological aqueous medium C+Y in QNM mode at
0.4 Hz with a resolution of 512 by 256 pixels and a force set-point of 2 nN. We used a
non-capsular wild-type S. pneumoniae bacterium that is virtually non-pathogenic, in

oder to be compatible for the analysis in our laboratory.

3.4 Imaging of extremophiles at low pH

Our physical immobilization method allows AFM analysis of bacteria independent of the
aqueous medium. The used materials for the fabrication of the bacterial traps are inert,
unless specific chemical compounds are used [67], and therefore we are able to study
extremophiles that grow at low pH values and in the presence of acids. The bacterium
Acidiphilium cryptum is a rod-shaped, gram-negative bacterium having physiological
conditions at a pH=3 in the presence of sulfuric acid and is sensitive to many organic
compounds [116]. We followed the cultivation protocol according to the DSMZ - Deutsche
Sammlung von Mikroorganismen und Zellkulturen (DSM No.: 9467; medium 670 with

strain-specific modifications) [117].

In order to be compatible with the physiological conditions of the studied bacterium,
we used the 3D printed top part that is made out of a polymeric material and showing

excellent resistance to sulfuric acid, as described in section 2.4.3.

The 3D AFM height image of an A. cryptum bacterium is depicted in figure 3.7. The
bacterium was imaged in physiological buffer medium with a pH=3.06 in QNM mode.
The applied force on the bacterium was 3 nN and the bacterium was imaged with a speed
0f 9.8 Hz and a resolution of 512 by 512 pixels with a scan range of 1.5 um. We can observe
the smooth surface of the bacterial envelope, characteristic to gram-negative bacteria
discussed in the aforementioned results.

In the microfluidic channel underneath the bacterial traps we used milli-Q water, since
the physiological buffer medium containing sulfuric acid could have a reaction with the

double sided adhesive tape that is in direct contact with the aqueous medium.

For the study of A. cryptum we used a custom AFM cantilever holder for Bruker’s Dimen-
sion Icon AFM head, which did not contain any metallic structures that are in contact with
the aqueous medium. Therefore, the cantilever was attached to the holder by applying

wax between the cantilever body and the holder.
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0.30 pm

-0.35 pm

Figure 3.7 - Immobilized A. cryptum bacterium in physiological buffer medium with a pH=3
containing sulfuric acid. The AFM height is represented in 3D. The bacterium was imaged in QNM
mode with 9.8 Hz with a resolution of 512 by 512 pixels and the applied force was 3 nN.

3.4.1 Trapping by the poles

The A. cryptum bacterium is known to be motile, where the motility is given by polar
flagella [116]. In order to study the pole of a bacterium, we used the bacterial traps
fabricated with the t-SPL manufacturing method discussed in section 2.3. This allowed
us to have round traps, suitable for the physical immobilization of rod-shaped bacteria
by the poles, where the longitudinal axis of the rod is perpendicular to the membrane
containing the bacterial traps. Figure 3.8 shows an overview image of A. cryptum bacteria

trapped by the poles and a close-up image of a single bacterium.

As compared to the experiments conducted on the longitudinally immobilized bacterium
in figure 3.7, the material surrounding the bacteria trapped by the poles is SiO, instead of
silicon, however all experimental conditions are the the same. The images in figure 3.8
were taken in QNM with a force set point of 3 nN (left) and 10 nN (right) and a scan rate of
1 Hz (left) and 2 Hz (right) with a resolution of 512 by 512 pixels.

We can observe a perturbation in the image when the AFM cantilever tip is scanning
the apex of the bacterial poles. We suggest that this perturbation is due to the freely
moving pilus (or pili) on the bacterial poles. The perturbation occurs in the direction of
the cantilever tip movement and is visible in figure 3.8 (left) towards the left since the
cantilever moved from the right side of the image to the left in the retrace action. Analog

for figure 3.8 (right), the trace movement of the cantilever tip from the left to the right side
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Figure 3.8 — A. cryptum bacteria immobilized by the poles in physiological buffer medium at pH=3.
The images were taken in QNM with a force set point of 3 nN (left) and 10 nN (right) and a scan
rate of 1 Hz (left) and 2 Hz (right) with a resolution of 512 by 512 pixels (left and right). The peak
force error signal (top row) in retrace (left) and trace (right) is shown as well as the corresponding
AFM height image (bottom row).

of the image, the perturbation on the pole is visible only after the apex towards the right
side of the image. We observed this perturbation on the apex regardless of the AFM scan
angle, indicating strongly a physically present structure such as one or multiple pili at the
apex of the poles.

In order to confirm the finding, we dried the trapped bacteria in air, by first rinsing the
physiological buffer three times with milli-Q water. The drying allowed the attachment of
the structure on the pole apex to the surrounding substrate. The images in air indicate the
presence of at least one pilus per bacterium, as indicated by the red arrows in figure 3.9.
The images were taken in QNM with a force set point of 10 nN and a scan rate of 1 Hz with

aresolution of 512 by 512 pixels.

46



3.5. Killing dynamics of antimicrobial peptides

1.5

Peak Force Error Retrace [nm]
Peak Force Error Retrace [nm]

un
.

-
]

Figure 3.9 - A. cryptum bacteria immobilized by the poles and dried overnight. The images are
taken in air to confirm the presence of pili on the poles of the bacteria. Both images were taken in
QNM with a force set point of 10 nN and a scan rate of 1 Hz with a resolution of 512 by 512 pixels.

3.5 Killing dynamics of antimicrobial peptides

AFM imaging of bacteria has become a powerful tool for studying the interaction of
antimicrobial agents with bacteria [118, 119]. Pioneering results have shown that the
B-lactam antibiotic cefodizime caused morphological changes of the E. coli envelope and
can lead to lysis, depending on the concentration [120]. Staphylococcus aureus bacteria
exposed to the peptidoglycan cleaving enzyme lysostaphin show as well a roughening of
the bacterial surface and differences in the nanomechanical properties of the bacterial
envelope [121].

The AMP CM15 is known to exhibit a pore forming mechanism on the bacterial envelope
[122], which can lead to bacterial lysis [123]. Observations by Fantner et al. using CM15
on E. coli elucidated the dynamics of bacterial death on the nanoscale [13]. In this study
described hereafter, we investigate the action of CM15 on E. coli under physiological
condition, and by using simultaneous AFM and fluorescence microscopy, allowing the
monitoring of the bacterial viability through live/dead fluorescence stains.

3.5.1 Antimicrobial peptides as potent antibiotics

An AMP is an effective defensive agent of animals and plants against a wide range of
microorganisms [124, 125]. AMPs are a class of antibiotics exhibiting a broad-spectrum
capability against bacteria and are bactericidal [126]. However, AMPs are as well used by
many pathogenic bacteria and are an essential element of their virulence [127].

The resistance of bacteria to antibiotics, as a result of chromosomal mutations or exchange
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of genetic material e.g. through plasmids [128], has lead to a crisis due to the excessive
clinical use of antibiotics during the last decades [129]. Although the bacterial antibiotic
resistance is a natural evolutionary phenomenon [130], the severity of the antibiotic crisis
is being tackled on an international level through private and public collaborations [131].

AMPs remained a potent weapon against bacteria through the evolution, since they have
the possibility to not only inhibit metabolic pathways inside a living microorganism, but
create pores in the microbial envelope in order to kill the microorganism [132]. The AMP
insertion into the bacterial envelope is modeled by different pore formation mechanisms
[133, 134] and the pore formation leading to lysis is bactericidal even for multidrug-
resistant bacteria [127, 135].

3.5.2 Medium dependent action of antimicrobial peptides

Analog to the experiments done by Fantner et al. [13], we exposed E. coli bacteria to the
antimicrobial peptide CM15 at minimum inhibitory concentration (MIC) in milli-Q water.
The result is depicted in figure 3.10, where the bacterial envelope changes from a smooth
(left, before CM 15 injection) to a rough (right, after CM15 injection) surface morphology.
This roughening happened imminently after the injection of the AMP. The images were
taken in tapping mode at 2 Hz with a resolution of 256 by 256 pixel with a scan size of
1 pm.

o~
P

Phase [deg]

Figure 3.10 - Killing of an E. coli bacterium with CM15 in milli-Q water at MIC. The time between
the two images was 9 min.

When the same experiment is performed in the LB physiological buffer medium, the
roughening of the bacterial envelope showed different dynamics as compared to milli-Q

water. After we injected CM15 at MIC, only a minimal increase in surface roughness
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was observed. The bacterial envelope acquired its initial smooth surface within minutes
after the AMP injection. After the injection of five times the MIC the bacterium showed
pronounced surface features that persisted until the end of the experiment. Figure 3.11
depicts the experimental results. The bacterium was analyzed in AFM tapping mode at
2 Hz with a resolution of 256 by 256 pixel on a scan size of 1 um. The surface roughness is
indicated by R, and is the arithmetical mean deviation of all points on the height map
of the bacterial surface. The R, values were taken on the surface of the bacterium in the
corresponding AFM height image, where the AFM phase image is shown with a magnified

area in figure 3.11b for a better contrast.

The shown observations could indicate the presence of a bacterial envelope repair mech-
anism that is present and active under physiological conditions. It has been shown that
osmoprotectants present in LB growth medium give the bacterium protection against
the killing mediated by CM15 [136]. Our obtained results support the CM15 cytotoxicity

against E. coli and the reported findings regarding the influence of osmoprotectants on

bacterial killing.
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Figure 3.11 - Killing mechanics of the antimicrobial peptide CM15 on E. coli bacteria using
correlative AFM and fluorescent microscopy.
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3.5.3 Correlated fluorescence and atomic force microscopy

With the developed microfluidic chip, we have the possibility to conduct atomic force and
fluorescence microscopy simultaneously. By using bacterial viability stains, we were thus
able to monitor the alive and dead state of bacteria correlative to the AFM analysis.

For our experiments we used the LIVE/DEAD BacLight bacterial viability kit (Thermo
Fisher Scientific) consisting of the nucleic acid stains SYTO 9 and propidium iodide (PI). A
bacterium in the alive state is visible in the green fluorescence channel due to the SYTO 9
stain, whereas a dead bacterium appears in the red fluorescence channel due to the PI

stain.

As we can see in the aforementioned experiment, at the beginning of the experiment
all bacteria are visible only in the green fluorescence channel shown in figure 3.11c. At
the end of the experiment, after the bacteria have been killed by the AMBP, all bacteria
are visible in the red fluorescence channel, as depicted in figure 3.11e. This correlative

information confirms additionally our experimental results and the cytotoxicity of CM15.

The interesting additional information that we can obtain through the correlative fluores-
cence microscopy is shown in figure 3.11d. After the killing attempt with CM15 at MIC
and the initial, minimal increase of surface roughness, the analyzed E. coli bacterium is
still visible in the green fluorescence channel, suggesting its alive state. At this time point,
the PI fluorophore did not penetrate through the bacterial membrane, which suggests
an uncompromised bacterial envelope [137]. Although care must be exerted when the
SYTO 9 and particularly the PI stains are used [138, 139], the data strongly suggests that
all bacteria are dead after the injection of CM15 at five times the MIC and the appearance

of the pronounced surface features on the bacterial envelope as shown in figure 3.11e.

3.6 Conclusion on AFM imaging of bacteria in liquid

Our microfluidic chip assembly compounds are fabricated from chemically inert materials.
In contrast, microfluidic devices made from PDMS may influence cell behavior, since
uncrosslinked oligomers can interact with microorganisms, and hydrophobic molecules
from the medium can be absorbed into the PDMS, which could lead to experimental
artifacts [63]. Moreover, PDMS reacts with sulfuric acid [140], and thus extremophiles
such as the bacterium A. cryptum that grows under the presence of sulfuric acid, are only
possible to be analyzed in chemically inert compounds, such as our developed bacterial

traps.
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As discussed in this chapter, our proposed physical immobilization method is indepen-
dent of the envelope composition of bacteria, the surrounding aqueous medium, and the
bacterial sample preparation. We were thus able to demonstrate the immobilization and
AFM analysis of different bacterial species such as gram-positive and -negative, motile
and non-motile, and rod-shaped, ovococcal, and crescent bacteria. AFM analysis can
be conducted immediately after placing a drop of the bacterial suspension on top of the
assembled microfluidic chip. This allows a versatile application across a multitude of

bacterial species and liquid media.

The developed round bacterial traps used for the bacterial immobilization described in
section 3.4.1, can as well be used for coccoid bacteria. Compared to physical immobiliza-
tion techniques with millipore filters allowing serendipitous immobilization of bacteria
[59], our approach allows the precise immobilization of bacteria in the area of investiga-
tion and a custom-tailored design of the bacterial trap to the needed size of the bacterium.
Nevertheless, we demonstrated the AFM analysis of bacterial poles of rod-shaped bacteria.
This is of particular interest for the analysis of bacterial growth, since specific bacterial
species such as the Mycobacterium smegmatis synthesize new envelope material at the
poles [141] as compared to bacterial species with different growth mechanism [103]. Fur-
ther analysis of the poles could therefore provide more insight on the dynamics of polar

material synthesis using our bacterial traps.
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Nanomechanical measurements

using atomic force microscopy

4.1 Introduction

Thus far, we described the use of the AFM on living samples and presented our solution
how to overcome the difficulties. The AFM is inherently suitable for the analysis of material
properties of samples regardless of their nature e.g. living or solid matter, soft or hard [99].
With the AFM, we are able to investigate microscopic mechanical properties of samples,
which can differ by orders of magnitude compared to their macroscopic properties as

shown in this chapter.

Using the knowledge obtained during AFM measurements conducted in our laboratory;,
we present here nanomechanical measurements on samples fabricated by colleagues and
collaborators, where the intrinsic properties of the samples were a priori unknown. In
section 4.2 we discuss the fracture point of a suspended silicon nanowire (SiNW), where
we applied a novel approach in order to obtain the results. We focus in section 4.3 on
various types of hydrogels and the determination of their elastic modulus highlighting the

difference between microscopic and macroscopic material properties.

4.2 Mechanical characterization of silicon nanowires

The fabrication of nanowires can be achieved by either a bottom-up or a top-down
approach. The characteristics of the bottom-up approach is the highly anisotropic growth
of nanocrystals [142, 143]. The main growth techniques include the vapor-liquid-solid
technique using gold-silicon droplets as catalysts to grown silicon nanowires [144], laser

assisted growth [145], and thermal evaporation [146].
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SiNWs can be used as electrical components, since their piezoresistance effect differs
strongly from bulk silicon [147], and as resonators for mass detection in the subzeptogram
range [148]. Furthermore, nanowires have been used as strain sensors [149] and SINW
integrated in a field effect transistors (FET) have been used as biosensors for highly

sensitive antigen detection in the femtomolar range [150].

Nevertheless, the integration of nanowires into microelectromechanical system (MEMS)
is challenging with the bottom-up nanowire fabrication approach, due to the inadequate
control over the orientation and number of nanowires [151]. The top-down approach
for nanowire fabrication is more suitable compared to the bottom-up approach for bulk
fabrication and integration into MEMS on the wafer scale [152], by maintaining the

compatibility for complementary metal oxide semiconductor (CMOS) fabrication [153].

The microfabrication process named single-crystal reactive ething and metallization
(SCREAM), exhibits excellent integration properties of SINW into MEMS devices [154].
The SiNW arrays obtained with this process were fabricated by my collaborator Zuhal
Tasdemir in our microfabrication facility CMi [155, 156]. The determination and analysis

of the SINW mechanical properties was done together by Zuhal Tasdemir and myself.

Our goal was to determine the point of fracture of a SINW. For this reason, a nanome-
chanical three-point bending test was performed with an AFM, where the cantilever tip
was placed on the middle of the SINW. First, the AFM was engaged onto the triangularly
shaped anchor of a SINW. Figures 4.1 and 4.2 depict SEM images of the SiNWs, confined

by the triangular anchors.

Figure 4.1 —- SEM image of an array of SiNWs with different thicknesses and lengths fabricated by
the SCREAM process.
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Figure 4.2 — SEM image of a single SINW confined by the anchors.

The scan direction of the AFM cantilever was accurately aligned according to longitudinal
axis of the SINW. In order to place the cantilever tip precisely in the center of the SINW for
the bending analysis, the SINW was first scanned in QNM mode.

The bending of the SINW was observed by scanning over the SiNW along the longitudinal
axis. Raising the imaging force set-point influences directly the bending of the SiNW.
Figure 4.3 depicts the bending behavior as a function of the applied scanning force of
a 12 ym long and 80 nm wide SiNW. The interpretation of the whole image is that the
apparent, bent SINW is an assembly of states as a function of the applied force, since each
data point represents the extracted height from a force curve. This is not to be mistaken
with an image of a doubly-clamped, bent beam with an applied force at the center of the

beam.

Thereafter, the center of the SiNW is roughly chosen and consecutive zooming in on
the point of maximum deflection defined the point for the bending analysis. Thereafter,
the AFM mode was switched to ramp mode, where single force curves were taken. The
set-point force was gradually augmented for every force curve, until the breaking of the
SiNW. Figures 4.4 and 4.5 show force curves during the bending analysis experiment on
top of a SINW with a width of 30 nm and a length of 1.5 um. The used AFM cantilever
was a FastScan-A and the experiment was performed on a Bruker FastScan AFM in the
cleanroom of our microfabrication facility CMi. After the breaking of the nanowire with
the AFM cantilever tip, we confirmed with the SEM that the point of fracture was in the
center of the SINW.
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Figure 4.3 — A series of 3D AFM images of a 12 ym long and 80 nm wide SiNW taken in QNM mode.
Each image is constructed as a superposition of multiple loading steps at a constant force, where
the point of the application of load is scanned along the entire length of the SINW.

Figure 4.4 shows the elastic behavior of the SINW, where the force curves with different
force set-points overlap. The inset of figure 4.4 shows the load curve with a 500 nN force
set-point (light blue) overlapping completely with the load curve leading to fracture at
10.4 uN (dark blue). Moreover, the unload curve for the 500 nN force set-point curve (red)
is depicted, whereas the unload curve after SINW fracture was a straight line at 0 uN, and

is not shown for the purpose of clarity.

The deflection of the AFM cantilever is presented as well in the data of the height sensor
shown in figure 4.4. After subtraction of the AFM cantilever deflection effects, we obtained
the force curves depicted in figure 4.5, where all force curves are shown with a vertical
offset on the graph. All force curves were manually overlaid at the snap-in of every force

curve.

In order to compare between data taken on different days with different FastScan-A
cantilevers, we re-calibrated all cantilevers on a sapphire disk. We used the thermal tune

method for the cantilever calibration [19], taking into account the correction factors for
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Figure 4.4 — Force curve on a single nanowire from the three-point bending analysis with the AFM
cantilever tip showing loading (light blue) and unloading (red). When a high force (dark blue) is
applied, the nanowire fractures.

short cantilevers and the cantilever tilt during data acquisition [157, 158, 159]. Thereafter,
we re-adjusted all force curves using Bruker’s NanoScope Analysis software. The force
curves presented in figures 4.4 and 4.5 contain the re-calculated datasets.

The data of four different SiNWs with a width of 30 nm and a length of 1.5 ym had a
fracture point between 9 uN and 11 puN and indicated an average stiffness of at least a
four-fold higher than compared to values for bulk (110) silicon with an elastic modulus of
169 GPa [160]. Albeit the elastic modulus of crystalline silicon is direction dependent, we
suggest that the increased SiNW flexural stiffness is partially due to the tensile stress that
developed due to surface stresses on the double-clamped SiNW [161]. At the nanoscale,
effects of surface stress and non-local elasticity [162], as well as intrinsic effects [163] have
a significant influence on the mechanical properties of the SINW [164].

Although mechanical analysis with the AFM tip on nanowires were conducted prior to
our study, the nanowires were grown by the bottom-up fabrication approach and pinned
down to the substrate. Furthermore, the bending tests with the AFM tip on the nanowires
was done laterally [165, 166, 167], where the lateral force involves lateral bending as well
as the torsional spring constant of the nanowire. Pioneering experiments applying a

downward force with the AFM tip were done on nanowires, where the silicon substrate
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Figure 4.5 — Individual force curves of a single experiment vertically displaced. The maximal force
exerted is shown by the color code, whereas the vertical direction represents force units. The force
set-point was raised until the nanowire fractured.

underneath the nanowire was undercut after nanowire deposition [168] or the nanowire
was less then 20 nm distant from the substrate [169]. Our approach allows the probing of
suspended nanowires tens of micrometers distant from the substrate, whereas only the
bending mode of the cantilever is tested due to the applied downward force of the AFM

cantilever tip.

4.3 Mechanical characterization of hydrogels

Hydrogels are polymer scaffolds filled with an aqueous solution used for tissue engineer-
ing [170, 171], drug delivery apparatus [172], and 3D scaffolds for ordered cell growth
[173], among other functionalities. Their bulk macroscopic elastic modulus generally
differs from the local microscopic elastic modulus, whereas the local modulus is difficult
to determine. The AFM inherently allows nanoindentation and is suitable for the determi-
nation of local microscopic elastic moduli of hydrogels. AFM analysis of hydrogels is done

in an aqueous environment and the hydrogels need to be immobilized onto the substrate,
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making the sample preparation a challenging part of the experiments.

Hereafter we discuss different types of hydrogels based on alginate, carboxymethyl-
cellulose (CMC), polyethylene glycol (PEG), and polydimethylsiloxane (PDMS), whereas
my part in the projects involved the AFM analysis of the samples. The work on hydrogels
made from alginate and CMC was done in collaboration with Thomas Braschler and
Amélie Béduer [174], and the AFM experiments based on PEG-PDMS hydrogels were done
on samples made by Shinji Kondo [175].

4.3.1 Hydrogels as scaffolds for neuronal growth

The engineered hydrogels in this study present a realistic 3D microenvironment to neu-
rons, in particular as an attachment site and ordered growth of the neuronal networks
[176]. The hydrogel scaffold allows a high compressibility of up to 90% of the initial size, by
conserving the viability of the neuronal network [177]. Thus, the high compressibility of
the hydrogel allows an injection of the in vitro grown neuronal network into the brain by a
syringe needle allowing minimal invasiveness without additional tissue damage [178, 179].
This allows large-scale brain tissue reconstruction by a preorganized neural tissue network.
Furthermore, the hydrogels were autoclavable allowing sterility for surgical compatibility.
The hydrogels used in this study are based on alginate or CMC, and are obtained by the
cryotropic gelation process [174, 177].

In order to quantify the local mechanical properties of the hydrogel scaffold, we used AFM-
based nanoindentation. Pioneering results were obtained by placing the AFM cantilever
tip on a hydrogel strut, with the help of optical microscopy for the precise placement
[180]. Although the local elastic properties of the scaffold in an aqueous solution could be
obtained, AFM imaging and determination of local mechanical properties of a scaffold
area remained challenging, since the pores in the hydrogel are an order of magnitude
larger than the struts, which could damage the cantilever tips during the AFM tip-sample

interaction.

We synthesized the hydrogel on borosilicate glass slides, where the hydrogel scaffold was
covalently attached during the cryotropic gelation process and the bulk was brushed off
by a water jet. Thus, we obtained a hydrogel height on the glass slides ranging between
100 nm and 1 pm. We were therefore able to analyze the hydrogel walls with the AFM
on the full scan range, without damaging the AFM cantilever tip by the hydrogel pores.
The AFM images of the hydrogels based on alginate and CMC taken in milli-Q water with
QNM mode are depicted in figure 4.6.
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Figure 4.6 - AFM images of the height and elastic modulus of hydrogels based on alginate (top row)
and CMC (bottom row). The AFM images of the hydrogel based on CMC (bottom row) represent
the height data in 3D and are overlaid with the elastic properties map. A brighter color stands for a
higher value.

The AFM images of the hydrogel based on alginate show the height (figure 4.6 top left)
and elastic modulus (figure 4.6 top right) of the same area. The image was taken with a
scan speed of 0.7 Hz and a resolution of 512 by 512 pixels on scan range of 10 ym and
a set-point force of 20 nN. The AFM images of the hydrogel based on CMC (figure 4.6
bottom row) were taken in QNM mode with a scan speed of 0.5 Hz with a resolution of
1024 by 1024 pixels on a scan range of 30 um (bottom left) and 1 Hz with a resolution of
512 by 512 pixels on a scan range of 5 um (bottom right) and a set-point force of 10 nN
(both bottom images).

The local elastic properties of the hydrogel were obtained by the QNM imaging mode
and were confirmed by the force-volume method using the TAP150A cantilever for the
alginate based hydrogels, and ScanAsyst-Fluid cantilever for the CMC based hydrogels. We
calibrated the AFM cantilevers using the thermal tune method [19] and we used reference
samples of known elastic modulus (PFQNM-SMPKIT-12M, Bruker) in order to determine
an eventual correction factor for the obtained quantitative data of the hydrogels. We
determined the local elastic modulus of hydrogels based on CMC to be 4.2 + 1.4 MPa and
for the hydrogel based on alginate to be 117 + 14 MPa. This is in strong contrast with the
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macroscopic properties of the hydrogel scaffold, 0.7 + 0.1 kPa for the CMC based hydrogel,

which is over 5 orders of magnitude lower than the microscopic properties.

The obtained macroscopic elastic properties are comparable to the elastic properties of
the brain tissue [181]. Matching the elastic properties of the implanted material with
the surrounding tissue is important for improved biocompatibility and in order to avoid
inflammatory reactions [182]. On the other hand, the high microscopic elactic modulus
of the discussed hydrogel is favorable for an ordered, three dimensional growth of the

neural network within the hydrogel scaffold.

4.3.2 Hydrogels with mechanical fuse links

Conventional hydrogels generally exhibit brittleness when mechanical load is applied.
The polymer strands, which break under load, create local stress concentration that
lead to crack propagation. Finally, the hydrogel exhibits a sudden rupture due to the
crack propagation. Moreover, conventional hydrogels are in a swollen state, when in
aqueous solution, where the polymer strands of the hydrogel are extended, leaving limited
possibility for elastic deformation of the bulk hydrogel [183].

Although highly stretchable hydrogels have been developed, allowing reconstruction of
the internal damage [184], the reconstruction mechanism are inaccurate under physi-
ological conditions. The goal of the hydrogel development based on PEG and PDMS is
to obtain a reliable biomaterial exhibiting constant material properties under repeated

stress.

The idea behind the PEG-PDMS hydrogel is to create a mechanical fuse, which bursts
under the load exceeding the elastic regime of the bulk hydrogel. Local breaking of the
polymer strands that would lead to crack propagation and final rupture would thus be
prevented. For the developed hydrogels used in this study, linear-PDMS and linear-PEG
polymer strands were crosslinked by a tetra-PEG crosslinker [175, 185, 186]. Hydrogels
with different ratios between linear-PDMS and linear-PEG polymer strands were made,
whereas r signifies the molar ratio and is defined as r = (linear-PDMS)/ (linear-PDMS +

linear-PEG), as used in figure 4.7.

Our goal was to investigate the linear-PDMS influence on the hydrogel. Although mor-
phological differences between the hydrogels with different PDMS content is visible, the
local elastic modulus value is homogeneous for a hydrogels of a specific PDMS content.
Nevertheless, the elastic modulus between the hydrogels of different PDMS content raises

twofold between r=0.25 and r=0.5 and over a twofold for r=0.75 in respect to r=0.5.
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Figure 4.7 - AFM images of the height (top row) and elastic modulus (bottom row) of hydrogels
based on PEG-PDMS. The r value below each subfigure signifies the molar ratio between PDMS
and all linear polymers in the hydrogel. All images were taken in milli-Q water and in QNM mode

with a scan speed of 0.2 Hz and a resolution of 256 by 256 pixels on scan range of 10 um and a
set-point force of 4 nN.

r=0.5 r=0.75

The data was taken on three different spots on the same hydrogel with a specific PDMS
content. The AFM cantilevers were calibrated on a sapphire disk by using the thermal
tune method [19]. Moreover, we used reference samples in order to calibrate for the
quantitative elastic modulus values, as described in the aforementioned section 4.3.1. For
the data presented in figure 4.7, we obtained for the hydrogel with a PDMS content of
r=0.25 and elastic modulus value of 150 + 57 kPa, for r=0.5 we obtained 332 + 143 kPa,
and for r=0.75 we obtained 854 + 260 kPa. The data with AFM height values close to the
substrate was not included in the elastic modulus calculations. Nevertheless, care must
be given for the interpretation of the exact numeric values of the elastic modulus data
[99].

The data presented in figure 4.7 shows a microscopically isotropic hydrogel. We did not
observe patches of PDMS and PEG on the surface of the samples, which would be differ-
entiated by different local elastic properties. The hydrogel appeared as a consolidated
material, having microscopic elastic properties as a function of the PEG-PDMS ratio.
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4.4 Discussion and conclusion

In this chapter, we investigated nanomechanical properties of soft and hard samples with
the AFM. The applied method for SINW was not reported prior to our work, to the best of
our knowledge. During the analysis of the doubly-clamped SiNW, we had to proceed with
extreme caution prior to placing the AFM cantilever tip on top of the SINW. By precisely
adjusting the scan angle with the help of the anchors confining the SINW and using QNM
mode for AFM analysis, we were able to position the AFM cantilever tip in the middle of
the SINW for the consecutive fracture experiments. For the SINW mid-point, we took the
point of maximum deflection of the SINW as a function of the applied force during QNM
imaging, well aware that intrinsic inconsistencies of the SINW can shift the maximum

deflection from the geometric mid-point, thus alter the experiment results.

Furthermore, data was taken on multiple days using different AFM cantilevers. Although a
thorough calibration was conducted on every cantilever prior to experiments with SINWs,
we did a full calibration of all used cantilevers withing one session on the same day. This
resulted to posterior adjustments of the acquired SINW data, in order to compare data
taken on different days. We strongly suggest to first calibrate all AFM cantilevers to be
used before starting the experiments and take the sample data in one session, in order
to avoid laborious adjustments after the experiment. We followed this approach strictly

during the hydrogel experiments.

Another issue has to be solved for the analysis of hydrogels prior to an experiment and
this is the correct choice of the AFM cantilever. In particular, when the stiffness of the
sample is unknown such as for various types of hydrogels that we analyzed, first a range of
cantilevers with different spring constants has to be tested. We relied on a practical guide
for the cantilever selection [187]. Only when the elastic modulus of the sample is covered
by the AFM cantilever, a nanomechanical analysis can be conducted. For all hydrogel
experiments we relied on Bruker’s QNM mode for data acquisition, but we confirmed the
obtained absolute values with samples of known material stiffness and as well through
the established force-volume AFM mode.
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Multilayer cantilevers for atomic

force microscopy

5.1 Introduction to cantilevers for AFM

The most essential part of an AFM is the mechanical microcantilever. The properties of the
cantilever influence the AFM imaging speed (mechanical bandwidth), image resolution
(tip radius) and the analysis of specific samples (mechanical stiffness). In this chapter we
present our approach to increase the AFM imaging speed by choosing a polymer as the
main cantilever material. We discuss the encountered difficulties of the process flow and
present a way how to integrate hard tips on the multilayer cantilevers with a polymer core.

The work presented in this chapter is the direct continuation of the work done by my
colleague Jonathan Adams [188]. In particular two main aspects were the focus of my
work, described hereafter. The first part was the amelioration of the polymer material,
directly influencing the mechanical properties of the microcantilever. In particular, the
goal was to obtain a higher yield regarding the fabrication of the cantilevers from a four-
inch wafer. The second part presents the integration of a hard tip (silicon nitride) into
the developed process flow, specifically the improvement of the tip radius and the related
fabrication techniques. The fabrication was done together with my laboratory colleagues

Nahid Hosseini and Jonathan Adams in our microfabrication facility CMi.

5.1.1 Influence of the quality factor

The tapping mode is one of the most broadly used AFM acquisition modes [189]. Me-
chanical properties of the microcantilever influence directly the resonance frequency and
the quality factor, thus influencing the mechanical bandwidth of the cantilever and the
detection speed of the AFM. The mechanical bandwidth can be estimated through f,/Q,
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where fj is the first mode resonance frequency and Q the quality factor of the cantilever.
Therefore, an increase of the resonance frequency or a decrease of the quality factor will

result in a higher mechanical bandwidth.

The mechanical bandwidth of the cantilever can be understood as a measure of maximum
rate of topography change [188]. A change in topography results in a change of the
amplitude of the cantilever oscillation. Multiple cycles are required until the amplitude
reaches a new equilibrium. A higher frequency of the cantilever results in shorter cycles
of the oscillation and thus the equilibrium is reached faster. Furthermore, a cantilever
with a lower quality factor Q experiences an increased damping and the new amplitude

equilibrium is as well reached in a shorter period of time.

AFM imaging in tapping mode in liquid has an important impact on the oscillatory
behavior of the cantilever. The quality factor decreases one to two orders of magnitude as
compared to imaging in air [190, 191]. The decrease of the resonance frequency is linked
to the increased effective mass of the cantilever when in liquid medium. The increase
of effective mass, also know as the effect of fluid loading, is linked to the motion of the
microcantilever, which drags the aqueous medium around the cantilever throughout every
cycle of oscillation [192]. Furthermore, the liquid medium increases the hydrodynamic

damping of the cantilever that significantly alters the quality factor [193].

An increase of the resonant frequency can be achieved by decreasing the cantilever
dimensions. Cantilevers with a length of =10 ym, a width of 2 ym and a thickness of
~160 nm resulted in resonance frequencies of up to 650 kHz in water [194]. This enabled
extremely high-speed AFM imaging, allowing direct observation of dynamic changes in
biologically significant, functioning molecules (e.g. myosin V) in an aqueous medium
[14].

The shrinking in size of the cantilever is limited by the AFM detection method. The widely
used, optical readout method, where the deflection of the cantilever is read out by a
laser beam and a photodiode [195, 196], is limiting the cantilever dimensions due to the
diffraction limit of the laser. Although alternative detection methods have been developed
[197], a further reduction of the cantilever dimensions may not be suitable for samples

with large topography features, thus limiting their application.

5.1.2 Fabrication techniques for cantilevers

Standard AFM cantilevers are usually made out of silicon [198], SiO» [199, 200], or SiN

[201, 202]. By changing the material to a polymer, we can mimic the hydrodynamic
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damping effect in liquid, thus obtaining a low quality factor independent of the medium
[188]. Pioneering fabrication results of cantilevers implementing the polymer SU-8 have
successfully been achieved using a silicon mold to form the cantilever tip and obtain the
cantilever after unmolding [203]. My colleague Adams et al. used SU-8 in order to obtain
cantilevers with dimensions of commercially available AFM cantilevers, however with a
lower quality factor resulting in higher mechanical bandwidth and thus an increased AFM

imaging speed.

5.2 Microfabrication of multilayer cantilevers

Through various runs of the process flow and generations of cantilevers, we optimized a
multitude of parameters. My contribution in particular was focused on the maximization
of the cantilever fabrication yield from a four-inch wafer, the integration of hard tips into
the multilayer cantilever as well as the optimization of the cantilever trip radius on the

wafer scale.

Hereafter we present the process flow of the multilayer cantilevers in its final form. In
subsequent sections we explain the details of specific steps regarding development and
particular adjustments of the process flow that had an important impact. The fabrication
was entirely done in the cleanroom of the center of micronanotechnology (CMi) at EPFL

and the detailed process flow used in the CMi is given in appendix C.

5.2.1 Process flow for multilayer cantilevers

The main steps of the process flow are depicted in figure 5.1. We used a standard four-inch
silicon wafer with a thickness of 380 um and polished on both sides. The first step is
to deposit a 20-100 nm thin layer of SiN through LPCVD. Thereafter, we used e-beam
lithography to write the top side pattern into the ZEP e-beam resist and RIE to transfer
the pattern into the SiN layer.

The top side wafer pattern contained alignment marks, written by a course e-beam, and
patterns for the cantilever tip, written by a extremely fine e-beam. The patterns for the
tip consisted only of circles, which after KOH wet etching will result in V-shaped pits
(figure 5.1a). Ever since the technique was applied to obtain V-shaped pits decades ago
[69, 204, 205], we used this technique together with circular patterns to obtain a square
V-shaped pit, as depicted in figure 5.2 with a close-up of the lowermost point shown in
figure 5.3 imaged by SEM at 10 kV acceleration voltage. In contrast, a square pattern that

is slightly misaligned in respect to the crystalline axis of the (1 0 0) silicon wafer, will result
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(a) Step 1: Creation of V-shaped pits with KOH (b) Step 2: Oxidation of silicon and SiN deposi-

using SiN as a hard mask. tion.
(c) Step 3:Wafer bonding with BCB. (d) Step 4: Wafer through KOH etch.

#'—-

(e) Step 5: Aluminum deposition on both sides of  (f) Step 6: Dry etching and aluminum wet etching
the wafer. for cantilever definition.

3 silicon I silicon nitride M silicon dioxide

[ polymer HE aluminum [ titanium/gold

(g) Step 7: Deposition of the reflective layer.

Figure 5.1 — Process flow with the main microfabrication steps of the multilayer cantilevers with
hard tip integration.

in a rectangular, rather than the wanted square shape of the V-shaped pit.

After the square V-shaped pit was obtained, we used thermal oxidation to transform
the outermost silicon layer into SiO,. Oxidation of silicon results in a sharpening of the
V-shaped pit [206]. The lowermost point of the V-shaped pit translates directly into the
cantilever tip and sharpening is directly influencing the tip radius, since we use the V-
shaped pit as a mold. Thereafter we deposited low stress SiN through LPCVD (figure 5.1b).
The thickness of the deposited SiN layer will be the outermost layer of the multilayer
cantilever.

A complementary double-side polished silicon wafer with the same SiN layer thickness is
bonded with the wafer containing the cantilever tip (figure 5.1c). The bonding material
is a viscoelastic material responsible for the low quality factor of the cantilever. We used
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Figure 5.2 — V-shaped pit after KOH etching with a circular SiN etch mask.

Figure 5.3 — Close-up of the lowermost point of the V-shaped pit.

benzocyclobutene (BCB), with the commercial product named CYCLOTENE 3022 (The
Dow Chemical Company) for the wafer bonding. In particular CYCLOTENE 3022-46,
which is suitable for a polymer layer thickness of 2-11 um. BCB can be spin coated on one
or both wafers for bonding, depending of the targeting polymer thickness. For the wafer
bonding, we used the SB6 bonding machine (Siiss Microtech) as shown in figure 5.4. After
bonding, the wafer bond is hard cured under a N, atmosphere at 250° C for 60 min with
an initial ramping to 250° C for 30 min.
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Figure 5.4 - Wafer bonding with BCB. A coated wafer is place in the holder and the complementary
wafer (held by tweezers, left) is placed on top of the coated wafer using spacers.

Continuing the process flow, we patterned the bonded wafer through standard pho-
tolithography. The side of the wafer bond with the SiN-Si-SiN wafer contained a pattern
with cantilever chip bodies and convex corner compensation structures [68]. On the side
of the wafer bond with the wafer containing the hard tips, we stripped of the SiO, and
SiN layers thus exposing the silicon. Thereafter we etched the wafer bond in 40% KOH at
60° C overnight with a total etch time of ~19 h (figure 5.1d). We manually overetched the
chip bodies such as the convex corners were overetched, leading to a simple mounting
into the existing AFM cantilever chip holders. The BCB layer is covered from both sides
with a SiN layer and resists the hour-long etch. Thus no wafer chuck is needed, as shown
in figure 5.5, and a higher number of wafers can be processed simultaneously, allowing
a higher throughput. The chuck allowed an etching from both sides and was only used
in order to protect the interface at the edge from KOH. This method was developed for
parylene-C as the cantilever core material and the wafer chuck is not needed when BCB is

used as the bonding material.

Although the thermally grown oxide is attacked during the KOH etch, we completely re-
moved the oxide layer using buffered HE Thereafter, we deposited a 2 um thick aluminum
on the chip body side of the wafer, which is serving as a mechanical support layer. On the
cantilever tip side, we deposited a 300 nm thin aluminum layer, which is acting as a hard

mask during the consecutive dry etching (figure 5.1e).
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Figure 5.5 - KOH etching of the wafer bond using a chuck. The size of the chuck holder allows
etching of only a few wafer bonds simultaneously.

During our experiments, we found that a thick photoresist layer of over 20 ym is not
sufficient enough to withstand the BCB dry etch. We therefore chose aluminum as a hard

mask, which showed a vertical etch rate of 15 nm min~!

as we determined during our
experiments. For the patterning of the aluminum on the cantilever tip side of the wafer,
we used a 12 pm thick photoresist (AZ 9260, MicroChemicals) in order to cover completely
the cantilever tips. Every wafer was analyzed carefully with the SEM, in order to check
that the cantilever tip was covered with the photoresist. Only after a successful check, the
patterned aluminum was etched with an aluminum etchant consisting of H3PO4 (85%)
+ CH3COOH (100%) + HNOs3 (70%) in the ration 75:5:3. Since the thick aluminum layer
on the chip body side is as well etched during this wet etching, we precisely timed this
process step and stopped the etching as soon the aluminum on the cantilever tip side was

fully etched.

The thick aluminum layer on the chip body side of the wafer is necessary, since the BCB
dry etch defines the cantilever shape and removes the surrounding BCB layer. Without
an aluminum layer on the chip body side we would have experienced leakage at the end
of the dry etch process, which could compromise the etching process and the loosely
attached cantilever chip bodies. The BCB dry etch consisted of three main etching steps,
where the first and the last etch step consist of SiN layer removal using CHF3/SFg dry etch
chemistry. During the second etch step, we removed the BCB polymer layer using CHF3
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chemistry. The BCB dry etching was performed on the SPTS Advanced Plasma System
(LPX, SPTS Technologies) and the detailed etch parameters are highlighted in table 5.1.

etch layer gas flow [sccm]
SiN CHF; 50
SFg 10
BCB CHF;3 10
(o)) 20

Table 5.1 — Parameters for the BCB dry etching.

After BCB dry etching, we removed the aluminum layers on both sides using the aforemen-
tioned wet aluminum etchant (figure 5.1f). At this point, the cantilevers are connected to
the silicon wafer only by BCB connection bridges, which necessitates a careful handling.
The final step consists of the deposition of a thin reflective layer on the chip body side of
the wafer. We first sputtered a 5 nm layer of titanium followed by a 20 nm layer of gold
(figure 5.1g) using the DP 650 (Alliance-Concept). The titanium is used in order to have
a good adhesion between the gold layer and the SiN layer [67]. The cantilever with the
integrated hard tip at the end of the process flow is depicted in figure 5.6 and the close-up
of the tip is shown in figure 5.7.

Figure 5.6 - SEM image of the multilayer cantilever with an integrated hard tip.
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Figure 5.7 — Close-up SEM image of the fabricated hard tip.

5.2.2 Discussion on fabrication yield optimization

My work on this project started with the optimization of the fabrication yield on the
wafer scale. Pioneering results using parylene-C as bonding material suffered from a
poor quality of the bond. Moreover, in order to make the bonding possible, adjustments
had to be undertaken regarding the KOH wet etching and the photolithography of the
etched wafer bond. In order to protect the edge of the wafer bond to be attacked during
the wafer-through KOH wet etch, a wafer chuck needed to be used. This resulted in a
silicon ring at the edge of the wafer bond (figure 5.8a), which presented an additional
challenge for the consecutive photolithography step. The photolithography mask needed
to be milled outside of the cleanroom in order to accommodate the 380 ym thick wafer

ring and thus allow hard contact photolithography.

BCB as bonding material significantly improved the overall fabrication yield. We have
developed a bonding recipe that resulted repeatedly in an outcome without any gas
pockets on the full wafer scale. Gas pockets will result in loss of cantilevers after the
wafer-through KOH etch and the created holes are problematic for vacuum chucks used
for spin-coating of photoresist or dry etching. Moreover, we have found that the adhesion
of the bond between the BCB polymer and the SiN layer was sufficient to withstand the
~19 h long KOH etching at 60° C without using a chuck, as shown in figure 5.5. This
allowed the complete dissolution of the wafer without leaving a ring structure at the edge.

The comparison between a wafer bonded with parylene-C versus the BCB polymer after
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KOH wafer-through etching is shown in figure 5.8, highlighting the improvement of the
process flow. The wafer design used contained a ring structure at the edge of the wafer,
which was necessary in order to provide the clamping possibility of the KOH wafer chuck
depicted in figure 5.5.
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(a) Bonding result using parylene-C after KOH (b) Bonding result using BCB after KOH wafer-
wafer-through etch. through etch.

Figure 5.8 — Bonding results with parylene-C and BCB after wafer through etch.

The lack of the ring structure at the edge of the wafer bond after KOH etching improves
the process flow in two ways. On one hand, the ring does not need to be patterned on
one side of the wafer bond. The hard mask material on the tip side of the wafer bond can
be removed entirely by dry etching, removing one photolithography step. Moreover, the
fabrication does not necessitate a wafer chuck, allowing more wafers to be processed at
once during the overnight KOH wet etching. On the other hand, the photolithography
masks containing the cantilever structure used after the KOH etching, do not necessitate
physical modification outside the cleanroom to accommodate the ring structure. Changes
can therefore be implemented faster into the cantilever design. In conclusion, BCB as
bonding material improved significantly the overall cleanroom processing time for the

multilayer cantilever fabrication.

Prior to bonding, we spin-coated the adhesion promoter AP3000 (The Dow Chemical
Company) with a rotation of 500 rpm for 10 s and 3000 rpm for 30 s with nitrogen gas flow
only after 3000 rpm are were reached. The BCB polymer was spin-coated with a rotation of
700 rpm for 9 s followed by 4000 rpm for 30 s in order to have a final thickness of 4 um. The
first pre-baking step occurred at 80° C for 80 s and the second pre-baking step occurred
at 150° C for 20 min on hot plates. The pre-baking steps are mandatory in order to avoid
degassing of the solvents during the bonding, which can lead to gas pockets formation
[207]. Furthermore, for the separation of the two wafers prior to bonging, we used spacer

between the wafer that are automatically removed once the vacuum of 3 mbar is achieved
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inside the bonding chamber. Our developed bonding recipe is detailed in table 5.2.

process step tool action parameter set point

Step 1 top and bottom plate 30°C
chamber pressure 1000 mbar (purged)
tool pressure 0 mbar

Step 2 chamber pressure 3 mbar (pump down)

Step 3 top and bottom plate 160° C (heat)

Step 4 contact with central pin

Step 5 clamps out

Step 6 spacers out

Step 7 tool down

Step 8 tool pressure 2500 mbar

Step 9 remain for 3 min

Step 10 tool pressure 0 mbar (tool release)

Step 11 chamber pressure 1000 mbar (purge)

Step 12 tool up

Table 5.2 — Main steps in the BCB bonding recipe.

The dry etching of the BCB polymer requires fluorine chemistry, such as SFg, CF4 or CHF3
(208, 209]. We have obtained the best experimental results by using a CHF3/0, gas as
shown in table 5.1. Moreover, we relied on a aluminum hard mask instead of a photoresist
soft mask for the BCB dry etch. We have observed that the photoresist initially covering the
cantilever tip is thinned down during the etching, thus exposing the apex of the cantilever
tip and the tip is attacked by the CHF3 etch chemistry. The vertical etch rate of aluminum
for the used CHF;3 etch chemistry is only 15 nm min~! and therefore an aluminum layer

with a thickness of over 150 nm should be used.

The initial design of the multilayer cantilevers contained a 100 nm thick SiN layer sur-
rounding the BCB polymer. In order to improve the quality factor, we fabricated cantilevers
with only a 20 nm thick SiN layer. Although the 20 nm SiN layer can be used as a KOH
wet etch mask, the SiN layer will be attacked during the consecutive BHF etch used to
remove the thermal oxide layer around the cantilever tip. The etch rate of thermally grown
oxide is two orders of magnitude higher than for low stress silicon nitride (100 nm min ™!
for SiO, versus 1.3 nm min~! for SiN) [93]. During the time required to remove the SiO;
layer under the etch conditions in the CMi cleanroom, the exposed SiN layer is etched for
roughly 10 nm. While this change of thickness only represents a 10% change for a 100 nm

thick SiN layer, the 20 nm SiN layer is significantly affected by this change.

Moreover, once the thermal oxide is removed, the BHF attacks the apex of the SiN can-
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tilever tip in both cases, which can have a negative influence on the tip sharpness. We
therefore propose, to etch the thermally grown oxide during the KOH wet etch, since the
SiO; layer is as well attacked by the KOH etch [93]. In order to compensate for the slow
etch speed of SiO; in KOH, the convex corner compensation structures would need to be
adjusted [68]. This modification of the process flow would result in the conservation of
SiN layer symmetry that can influence the final bending of the cantilever and preserve the
apex of the SiN tip, since KOH does not etch the SiN layer [67].

5.2.3 Fabrication and integration of hard tips

In order to obtain sharp tips on AFM cantilevers, various techniques exist. Thermal
oxidation of silicon tips is a common technique, where first a SiO, mask was patterned
with round shapes. The silicon underneath the round SiO, patterns were then wet-etched
anisotropically [201] or isotropically [210] until the tip mask fell off. The obtained silicon
tips underwent a thermal oxidation in order to sharpen the apex region of the silicon tip.
Although the thermal oxidation allows an atomically sharp silicon tip, the final tip after
SiO, removal and consecutive native oxidation in air was found to be around 10 nm for
this technique [201].

Different techniques used oxidation of silicon-rich SiN layer in order to sharpen the
apex of the cantilever tip down to a radius of 17 nm [211]. Furthermore, a fracture
technique was applied using a rather exotic method in order to obtain sharp silicon tips,
although the silicon apex oxidizes in air to naturally form SiO,, thus blunting the tip radius
[212]. Tips were as well deposited using an electron beam and growing a spike of organic
material allowing a tip radius of less than 10 nm [159, 213, 214]. Recent techniques using
nanostencil lithography deposited SINW and carbon nanotube tips on AFM cantilevers
allowing a radius of less than 5 nm and a very high aspect ratio of over 90:1 (tip height to
radius) [215].

Our approach to hard tip fabrication was to first fabricate the sharp cantilever tip on the
wafer, which we then bond to a complementary wafer. The wafer bond is then further
processed to obtain the final cantilever. Our approach allows batch fabrication and a hard

tip integration on the full wafer scale.

Our first results were achieved by using standard photolithography to pattern a SiO, layer.
Circular patterns were written directly onto the photoresist with a ultraviolet (UV) light
source at A = 355 nm (VPG200, Heidelberg Instruments Mikrotechnik). The obtained
results showed that the circular pattern suffered from a non-uniformity in respect to the

symmetry of the circular patterns with a diameter of up to 10um. The resulted V-shaped

76



5.2. Microfabrication of multilayer cantilevers

pit after KOH etch had a rectangular shape unlike the results showed in figure 5.3. To
counteract this issue, we switched to e-beam lithography in order to pattern the circular

shape with a high degree of uniformity regarding the symmetry of the circular patterns.

Even though we used e-beam lithography for the patterning of the circular shapes, we did
not obtain a square V-shaped pit throughout all patterns on the wafer by using SiO, as
a KOH etch mask. The obtained cantilever tips after the whole process flow showed tip
radii of up to 100 nm. An explanation would be that the 400 nm thick SiO, layer is non-
uniformly etched around the circular patterns throughout the wafer during the 25 min
KOH etch at 60° C. The resulting non-symmetry would result in a slightly rectangular
V-shaped pit, affecting the final tip shape as shown in figure 5.10e.

By choosing low stress SiN as a KOH etch material, we did not observe the aforementioned
etching effect of the mask and obtained a square shape of the V-shaped pits after KOH
etching repeatably on the full wafer size. The results were confirmed on three different
wafers with two independent KOH and HF wet etching steps. Moreover, SiO» is known
to be etched in the range of a few nanometers per second in KOH, whereas SiN was not
observed to be etched in KOH [216].

In order to not alter the lowermost point of the V-shaped pit after KOH etching, we relied
on wet etching of the mask material instead of RIE. Although SiO» can easily be removed
through HF or BHF and not affecting the silicon, we used HF as well in oder to remove the
SiN layer used in the later generation as the KOH etch mask. An alternative choice would
be, if the equipment is present, hot phosphoric acid at 160° C [67].

Figure 5.9 represents a full wafer evaluation of cantilever states after a process flow run
during the microfabrication. The cantilever shape was evaluated together with the tip
placement and tip radius. Figure 5.10 represents different cases encountered during the
evaluation and shows the nomenclature used in figure 5.9. The loss of cantilever tips,
and as well cantilevers, is depicted by black cells. The concentration on one side of the
wafer could be explained by fabrication defects during the processing, since other areas
of the wafer having cantilevers with the same dimensions, contain usable cantilevers with
acceptable tip radii of <25 nm. Note that through the vertical SEM analysis of cantilever
tip shown in figures 5.10e and 5.10f, we evaluate the tip diameter as applied in figure 5.9,
and not directly the commonly used tip radius. The SEM analysis represents only a rough
estimation of the tip radius, which is determined more precisely later on in the laboratory
by AFM. For this wafer, we have a total of 42% of all chip bodies that contain a usable
cantilever with a tip radius of less than 25 nm. 22% of cantilevers contain a tip radius
between roughly 25 nm and 50 nm. The remaining 36% of cantilever chip bodies are
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| Wafer #5709 |
Cantilever O=broke; 1=bad; 2=usable; 3=good; 4=perfect
Tip O=not present/fully etched; 1=under-etched; 2=whole present
Tip Diameter O=too large >100nm; 1=<100nm; 2=<50nm
3 3 3 3 3 3
2 2 2 1 1 2
1 2 2 1 2 1
3 3 3 3 3 2 3 3 3 3 3
1 0 1 2 2 2 1 1 2 2 2 2
2 2 1 1 2 1 2 1 2 2 2
0 3 3 3 3 2 3 3 3 3 3
0 1 2 2 2 1 1 2 2 2 2
2 1 2 2 1 2 2 1 2 2
3 3 2 3 3 3 3 3 3 3 3 2 2
0 1 2 1 2 0 1 2 2 2 1 1 2 2 2
1 2 2 2 2 1 1 1 2 2 2 2 2
3 3 0 0 2 3 3 3
0 2 1 1 2 2 2
1 1 2 1 2 1
3 3 3 3 3 3 2 3 3 3 3
0 1 2 2 1 2 2 1 2 2 2 2
2 2 1 0 1 2 1 2 1 2 2
3 4 0 3 3 4 3
0 1 2 1 2 2 2
1 1 2 0 1 2 1
3 3 2 3 3 3 4 3 3 4 4
1 2 1 0 1 2 2 2 2 2 2 2
2 1 2 1 2 2 2 0 2 1 1 2
3 3 2 3 3
0 0 0 2 2 0 1 2 2
2 2 2 0 0 2 0 2 0
0 2 3 3 3 3 3 3 3 3
0 1 2 2 2 1 2 2 2 2
2 2 2 1 0 1 1 2 2 1
0 3 3 3 3 3 3
0 0 2 2 2 0 2 2 2
2 2 2 0 1 2 2
2 3
2 0 2
1 0 0 1

Figure 5.9 — Evaluation of a wafer at the end of the process flow. A cell consisting of three vertical
values from white to dark gray represents a placement of a cantilever chip body on the wafer. Each
cantilever is evaluated by three values regarding the cantilever shape (top, white), tip placement
(middle, gray), and tip diameter (bottom, dark gray). Black and very dark gray cells indicate a chip

body without a cantilever/tip or a defect cantilever/tip respectively.

not usable due to a too large tip radius (>50 nm), or an etched tip that can be caused by
misalignment during the photolithography step defining the cantilever outline. Only a

small amount of cantilevers are broken at the end of the processing, and a few cantilevers
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(a) Cantilever shape: 1 = bad.

(c) Tip state: 1 = partially under-etched. (d) Tip state: 2 = whole present.

(e) Tip diameter: 0 = too large >100 nm. (f) Tip diameter: 2 = <50 nm.

Figure 5.10 - SEM images of the evaluated cantilevers and tips with their corresponding nomen-
clature used in figure 5.9.

contain different inconsistencies marked by the x next to the cantilever state number in
figure 5.9, making them suboptimal for further evaluation with the AFM.

The cantilever shape depicted in figure 5.10a could be improved by a better adhesion of
the photoresist to the aluminum mask during the wet aluminum etching step. The bad
shape of the final cantilevers is due to the same shape of the aluminum hard mask during
BCB dry etching. The aluminum mask on the other hand is defined by photolithography
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and wet etching of the aluminum. We suggest that the photoresist is under-etched during
the wet etching and attacking the underlaying aluminum on particular areas of the wafer,
thus resulting in the non-uniform shape of some cantilevers. Although the fabrication
yield of the cantilever chip bodies is optimized, the output of usable cantilever tips on the

full wafer scale can still be improved at this point of development.

5.2.4 Characterization of multilayer hard tip cantilevers

The characterization results of the fabricated cantilevers are listed in table 5.3. The results
correspond to cantilevers with a BCB polymer thickness of 4 pm and SiN layer thicknesses
of 20 nm. We performed the tests on our laboratory setup using the Bruker Dimension
FastScan AFM head. We tested the cantilever by first determining the deflection sensi-
tivity by engaging on a standard calibration sample. Thereafter we measured the quality
factor Q, the resonance frequency in air f and the cantilever stiffness k using the thermal
tune method [19]. The values in table 5.3 represent average values of three consecutive
measurements that were taken for the measured parameter on at least one cantilever
of the denoted dimensions. For comparison, we listed three commonly used AFM can-
tilevers at the bottom of table 5.3, whereas the width and the length (and stiffness for
FastScan-A) were taken from the datasheet of the manufacturer Bruker, since ScanAsyst-
Air and FastScan-A have a triangular shape. The values for Q, f, and k of the commercial

cantilevers were determined in the same way as for our fabricated cantilevers.

The listed results in table 5.3 are an improvement of previously obtained data from
multilayer cantilevers with a SiN thickness of 40 nm on both sides, having Q values
above 100. Nevertheless, the quality factor is still slightly higher as compared to the
commercially available cantilevers (30 by 120 um cantilever with Q= 61 versus ScanAsyst-
Air with Q=55.5). There is still room for improvement and the quality factor could further
be lowered by adjusting the degree of BCB polymerization during the curing after wafer
bonding. Instead of a hard cure that occurs at 250° C in 60 min after bonding, a soft
cure (e.g. 210° C for 30 min or 180° C in 9 h, data supplied by the manufacturer The
Dow Chemical Company) will lead to a different degree of polymerization, thus different

material properties of the BCB polymer.

For the determination of tip radii of the fabricated hard tip cantilevers we used a titanium
roughness tip-check sample that we scanned with 0.5 Hz with a resolution of 512 by
512 pixels on a 1.5 pm scan size. The value for the radius of the tip is taken at 10 nm from
the tip apex, whereas the tip estimation is done with the software Gwyddion [217]. We
obtained radii values of 12 + 4 nm for the latest generation of our fabricated multilayer
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width [um]  length [um] quality factor Q freq. f [kHz] stiffness k [N m™!]

50 200 49.7 30 0.5

150 57.5 58 1.1

100 65.5 118 3.5

40 160 52.5 50 0.8

120 68 82 24

80 76.8 175 4

30 120 61 89 1.6

90 69.2 138 3

60 70.8 253 8.9

20 80 69.3 179 2

40 75.8 527 2.3

ScanAsyst-Air
25 115 55.5 78 0.5
FastScan-A
33 27 201 1800 18
AC40
16 38 29 97 0.09

Table 5.3 — Characterization of multilayer cantilevers with a 4 ym thick BCB in between 20 nm
thick SiN layers.

hard tip cantilevers. This compares to values of commercially available cantilevers such
as the ScanAsyst-Fluid with a tip radius of 20 nm as given by the manufacturer Bruker.
Nevertheless, the obtained tip radii are higher than e.g. for the ScanAsyst-Air with a
nominal tip radius of 2 nm or the FastScan-A cantilever with a nominal tip radius of 5 nm,
as given by the manufacturer Bruker.

5.3 Conclusion and outlook of multilayer cantilevers

We have demonstrated the fabrication and full wafer-scale integration of hard tips in
the multilayer cantilevers. Specifically with my work done in the scope of this project,
the fabrication yield on the full wafer scale was significantly increased. Over 99% of the
cantilever chip bodies survived the processing and the sparse failures can be lead back to
inconsistencies in the BCB layer during coating and curing. Moreover, a wafer chuck is
not needed during the overnight KOH etching, enabling mass production on the full wafer
scale. Nevertheless, optimization can still be achieved on the output of usable cantilevers

per wafer regarding the cantilever shape as well as the tip radius.
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Furthermore, the presented microfabrication of multilayer cantilever allows an encapsu-
lation possibility for self-sensing components. Self-sensing components allow a readout
without the AFM laser for the detection of the cantilever deflection, thus lowering the AFM
imaging noise [218, 219]. Our microfabrication technique allows the protection of the
self-sensing components against surrounding aqueous solutions, enabling AFM analysis
in liquid. The developed process flow for the integration of the self-sensing elements
into the multilayer cantilever with hard tips is currently being applied in the laboratory.
By coating the self-sensing cantilever tips with material of specific properties, e.g. for
magnetic or biomolecular recognition, we enable a variety of investigation possibilities
with the AFM.
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6.1 Bacterial traps as a versatile tool in microbiology

With this thesis, we present a novel bacterial immobilization technique for AFM analysis
that is based on physical immobilization and active microfluidics. As detailed in chapter 3,
de demonstrated that our approach is independent of bacterial species and the imaging
medium. Each strain was analyzed with the AFM in the corresponding physiological
medium, whereas the physiological conditions can as well contain sulfuric acid an a
pH = 3 in specific cases. Sulfuric acid attacks materials such as PDMS and millipore filters
not made out of PTFE (Teflon), thus the immobilization and the physiological conditions
around the bacterium when the chemical etching reactions start, can be compromised.
Therefore, we consider our medium independent imaging possibility as a major advantage
compared to other physical immobilization methods.

Immobilization methods using a chemical treatment of the substrate, as described in
section 1.3, necessitate a protocol for each specific bacterial strain. A well established
chemical modification of the substrate may or may not work for a different bacterial
species and even strain. For example, when the envelope properties of a genetically modi-
fied gram-negative bacterium lack specific features such as the lipopolysaccharide (LPS)
layer or pili as compared to the wild type, the the bacterium presents modified attachment
sites on the bacterial envelope. Thus, the immobilization method is compromised, which
was relying on e.g. chemical bonding with the attachment sites of the wild type. With
our bacterial traps we demonstrated that not only strain independent, but as well species
independent bacterial immobilization and AFM analysis is possible. Gram-positive and
-negative bacterial species with entirely different envelope compositions were successfully
immobilized and scanned, stating the advantage of physical immobilization and our
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approach. Furthermore, the bacterial traps are spatially well localized, making the search
for immobilized bacteria on the substrate prior to AFM analysis futile. The AFM scanning
can be done immediately after the bacterial suspension is placed on top of the bacterial
traps. The bacterial suspension can be added even while the AFM is scanning the area
of interest, containing the bacterial traps, due to the active microfluidic trapping and

release.

Throughout the years the experiment setups change and during my time in the laboratory,
three different combined AFM and optical microscope setups were present. In spite of the
similarities, an AFM head on top of an inverted microscope, the setup of the bacterial traps
had to be maintained compatible. Overall, we have conducted over 200 independent AFM
immobilization experiments with the bacterial traps on the three different AFM/optical
microscope setups. Two setups were used for the experiments discussed in chapter 3
and one setup was used as an proof-of-concept. The initial 90 to 100 experiments were
conducted in order to optimize various device parameters as mentioned in section 2.4. At
the reported development stage, we are able to immobilize and analyze bacteria during
every experiment regardless of the medium and bacterial species for fluorescence and
AFM analysis.

6.2 Nanotailored fabrication of bacterial traps

This thesis describes two entirely different cleanroom microfabrication methods of the
bacterial traps. The first developed method is based on SOI wafers and relies on the
anisotropic etch properties of KOH in order to obtain the slanted walls of the bacterial
traps. The process flow steps of the SOI wafer based technique were optimized over multi-
ple iteration and the device outcome per wafer were significantly improved as compared
to the first iteration: 126 devices on a four-inch wafer of the latest iteration versus 14
devices of the first iteration. Regarding commercial industrialization, the process flow
can easily be extended to six-inch wafers and larger, assuming the cleanroom processing
machines are equipped with the corresponding holders for the wafer size.

With the SOI wafer based technique detailed in section 2.2, we can produce only rectan-
gular shaped bacterial traps, being suboptimal for cylindrically shaped bacteria. Parts of a
single bacterial trap that are void, namely the corners of the rectangular traps immobi-
lizing a bacterium, allow the surrounding aqueous medium to pass through. Thus, any
particles in the medium will be attracted to the void part during the experiment and can
alter the data acquisition. This parasitic flow is because a pressure difference across the
membrane containing bacterial traps is always present. Even though we used a pressure
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controller, a pressure difference of exactly zero across the membrane, which would halt
such a parasitic flow, is experimentally almost unattainable with the current microfluidic
design of the device. We overcame this limitation by thoroughly filtering all aqueous
media, except the bacterial suspension, which allowed an unaltered data acquisition with
the AFM during a couple of hours. For experiments stretching over multiple days or weeks,
a new microfluidic setup would have to be engineered. Although an alternative would be

to tailor the design of the bacterial trap to fit the dimensions of the analyzed bacteria.

Nanotailored bacterial traps are enabled by the t-SPL technique. We developed a novel
process flows detailed in section 2.3 and demonstrated the proof of concept results in
section 3.4.1. Having no voids for parasitic flow since the bacterial traps takes the shape
to encompass a bacterium results in unaltered AFM data acquisition throughout the
duration of the experiment. Moreover, the bacterial immobilization is independent of
the bacterial shape: round traps can immobilize cylindrically shaped bacteria by the
poles and crescent shaped traps can be made for the immobilization of specific bacterial
species. From the microfabrication perspective, rapid prototyping of the nanometer
scale is possible with the t-SPL technique on the wafer as well as chip size. Although a
different selectivity during the pattern transfer with RIE between wafer and chips exist,
the selectivity can be adjusted for membranes of different materials and thicknesses.
The t-SPL technique allows the immobilization of bacteria regardless of the shape and
dimensions of the bacterium itself. To expand this possibility, helically coiled bacteria,
namely spirochaete, could be immobilized by e.g. creating traps in the periodicity of the

helical coil.

The t-SPL process flow can be optimized in at different steps. In order to overcome the
long etching time when a SiO, membrane is used as a hard mask for KOH etching, the
processing steps can be decomposed into two steps: an initial dry etch step removing
the bulk silicon to the proximity of the layer containing the transferred bacterial traps,
followed by a smooth KOH wet etch removing the remaining silicon up to the bacterial
traps. This modification would save processing time compared to the extensively long
KOH etch at low temperatures. Furthermore, we used SiO, due to the smooth intrinsic
structure of the layer, since we had issues with low stress silicon nitride deposition at the
CMi. Various wafer suppliers ship silicon wafers with SiN layers that do not show the
encountered issues. Therefore, by switching back to SiN layers as the bacterial membrane
material, the KOH etch time can drastically be reduced using SiN as the hard mask,

compared to the current process flow.

Furthermore, the t-SPL technique is at the moment a rapid nanoscale prototyping tech-
nique. For the industrialization of the t-SPL process flow for bacterial traps, significant
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changes would have to be applied. Given here is an examples encountered during the
microfabrication following the SOI wafer based and t-SPL process flow: The e-beam
lithography step creating the patterns of the bacterial traps takes per four-inch wafer
roughly 30 min, whereas excluding the vacuum pumping and wafer handling time, less
than 5 min are dedicated directly to the e-beam writing; using t-SPL, we needed 30 min
to pattern roughly 50 individual bacterial traps. By extending both techniques to larger
wafers or mass production, the SOI wafer based technology is advantageous in respect to
the patterning time. An idea to overcome this hurdle for the t-SPL technique it to create
a master wafer that is used as a stamp during nanoimprint lithography (NIL) [220, 221].
Even though the patterning of the master wafer would take the corresponding amount
of time, the master wafer as a stamp for NIL would allow a significant improvement in
respect to processing time. Albeit the NIL technology being applied to various materials
[222, 223], a feasibility study of this idea would first need to be performed for the used

materials and dimensions.

6.3 Future of the bacterial traps

In order to evaluate the potential as well as state current drawbacks of the bacterial traps
as a tool in microbiology, we relied on a focus group analysis [224, 225]. The participants
of the focus group knowledgeable in microbiology and familiar with the AFM technology
and data acquisition. This section contains topics and cases discussed in the focus group,

whereas the focus group outline and detailed focus group analysis is given in annexe D.

Bacterial traps formed an array of four by five for the initial design itterations. The mem-
brane containing the bacterial traps, had a square design with dimensions over 100 um.
The array design was initially chosen in order to fit all bacterial traps into the scan range
of the AFM, which is roughly 30 um by 30 um for the Bruker’s FastScan AFM head. As
stated by the participants of the focus group, a bacterial traps array spanning across the
whole membrane would be favorable. The immobilization of bacteria would be tracked
by fluorescence microscopy at first, in order to select for a well immobilized bacterium,
followed by engaging and scanning with the AFM at the selected area. The latest iteration
of the bacterial traps design, done after the focus group discussion, implemented such
wide arrays of up to 15 by 20 traps. We did not find any difficulties during the micro-
fabrication following the well established process flow and the integrity of the membrane

was maintained.

We can expand the idea of multiple immobilization sites for bacteria even further. Instead

of only one single membrane containing bacterial traps on a microfluidic chip, we can
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Figure 6.1 —- SEM image of the latest design iteration containing a large array of the bacterial
trap spanning across the entire membrane. The fabrication method is based on the SOI wafer
fabrication technology.

implement multiple membranes on one single microfluidic chip. In order to maintain
the established process flows and only changing the design, the distance between the
membranes on a single microfluidic chip is a function of the wafer thickness: the cav-
ity underneath the membrane has walls with an inclination angle of 54.7° due to the
anisotropic etch properties of the KOH. Therefore, the thinner the wafer, the closer the
membranes resulting from the KOH etch can be obtained. Although from personal ex-
perience, the thickness of a four-inch wafer allowing safe handling and manipulation is
200 um and above. Both presented techniques, the SOI wafer based as well as the t-SPL

based technique can benefit from this approach.

The bacterial traps do not need to be solely applied to immobilize bacteria. Any samples,
living or solid state, having dimensions in the lower micron and submicron range can
be immobilized and scanned by the AFM using the active microfluidic trapping mech-
anism. To give an example, by mimicking the physiological buffer inside an eukaryotic
cell, organelles such as mitochondria could be immobilized and analyzed by the AFM.
Furthermore, despite the explicit design for AFM analysis, any type of analysis tool can
be placed on top of the microfluidic chip. On of the major benefits of the bacterial traps
is that the immobilization of bacteria is ordered and spatially confined in one plane on

the membrane. This allows imminent analysis with e.g. the fluorescence microscope,
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instead of searching for a suitable analysis site. Since the bacterial traps allow as well the
immobilization of motile bacteria, we suggest that experiments that necessitated tracking

of the motile bacteria could benefit from our technological approach.

Nevertheless, a strong need as well stated during the focus group discussion, is the
implementation of a temperature control. Experiments with bacteria often need to be
done above room temperature in order to better mimic the physiological conditions
of a specific bacterial species. Together with this amelioration, we suggest as well to
implement a robust microfluidic delivery system. Bacteria as well as the analytical buffer
containing different physiological conditions, such as antibiotics, could be exchanged on
demand and thus facilitating the overall user handling. To conclude, we are confident that
the bacterial traps and our presented approach bare the potential to make a significant
impact in the field of nanoscopic analysis of bacteria.
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L\Appendix: Process flow for bacterial

traps based on SOI wafers

Hereafter is the cleanroom process flow for the microfabrication of bacterial traps based
on the SOI wafer technology, as described in section 2.2.1. The fabrication was entirely

done in our microfabrication facility CMi.
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Appendix: Process flow for bacterial
traps based on t-SPL

Hereafter is the cleanroom process flow for the microfabrication of bacterial traps based
on thermal scanning probe lithography, as described in section 2.3.1. The fabrication
was entirely done in our microfabrication facility CMi with the exception of the thermal
scanning probe lithography, which was done outside the cleanroom in the microsystems
laboratory LMISI.
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8] Appendix: Process flow for multi-

layer cantilevers

Hereafter is the cleanroom process flow for the microfabrication of multilayer cantilevers,
as described in section 5.2.1. The fabrication was entirely done in our microfabrication
facility CMi.
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Appendix: Focus group analysis

The focus group was done in the scope of the PhD course entitled Qualitative Research
Methods given by Prof. Matthias Finger. The names of the participants of the focus group
are not given in the text hereafter, in order to maintain their anonymity.

D.1 Focus group selection process and criteria

D.1.1 Criteria for participants

The participants for the focus group were carefully chosen according to their skills and
knowledge in the desired research field [226]. The following three criteria were applied to

the participants during the selection process:

1. The participant should use the atomic force microscope (AFM) in his research or

should have a thorough knowledge about the technology

2. The participant should be knowledgeable in microbiology and conduct experiments

on bacteria, or eukaryotic cells as a function of interaction with bacteria.

3. The participants would ideally use a microfluidic device for the experiments

The last requirement is usually automatically fulfilled when the participant fits the first
two requirements and does research in an aqueous environment, which is mandatory in

order to conduct experiments on living cells.

The participants present in this focus group study originate from three different laborato-

ries at EPFL. All laboratories focus partially on AFM research in combination with bacteria,
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albeit different bacteria are examined and different approaches towards the analysis are

made. All participants were thoroughly examined to meet the set criteria for the focus

group.

D.1.2 Incentives

In order to compensate the participants for their contribution to the focus group, food
and drinks were provided. This approach was chosen in order to accommodate the
participants in the best way, as well as to set a friendly atmosphere for the discussion.

D.2 Focus group outline and discussion topics

D.2.1 Introduction and visual presentation

At the beginning of the focus group, the participants were averted that the whole discus-
sion was recorded. Total anonymity was confirmed and the goal of the focus group was

explained to the participants.

The introduction of the focus group continued by every participant presenting him-
/herself to the group. Thereafter, a visual presentation of the project was given consisting
of three technical slides explaining the purpose, device design, and experiment setup.

D.2.2 Needs and requirements for the microfluidic device and setup

In the beginning, the goal is to get familiar with the participants approach to experiments
with AFM and microfluidic devices for analysis of bacteria. The opening question was
therefore:

e “First, I'd like to hear in which way you've been involved with AFM experiments
and/or experiment with microfluidic devices handling bacteria. In what way were

these analysis methods and tools helpful to you?”

The follow up questions was made to understand the participant’s behavior during experi-
ment preparations and the analysis with the used tools. We anticipate from our knowledge
already that the AFM tip choice or AFM tip functionalization and in particular sample
preparation are known to be the most critical parts for AFM users, as reported extensively

in literature.

* “What was the most critical part in the experiment setup?”
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D.2. Focus group outline and discussion topics

Once the participants were accustomed amongst each other to the different point of
views and approaches to experiments, the following set of questions were prepared in
order to get an analysis of the requirements for a newly developed microfluidic device.
The participants are meant to take the role of potential customers and share their needs
towards new technology, which some of them develop as well by themselves. The goal
is to understand the participants weighing of the different aspects, such as ease-of-use,
complexity, robustness, and reusability of the device, as well as their safety concerns,
when the device is used in combination with experiments on pathogens.

e “For you, what are the critical aspects for handling a newly developed microfluidic

device?”

* “When analyzing bacteria with a microfluidic device, what would be the main

requirements?”
* “How important is the reusability of a microfluidic device to you?”

e “Of all the things discussed, what to you is the most important?”

This concludes the analysis of the participant regarding a novel microfluidic device. The
participants, each one of them an expert in their field, should give valuable insight from
their point of view as a researcher and give specific requirements to the developed device.
The first part of the focus group is thus a market analysis of the developed microfluidic

device.

Research topics on single cell level

This topic is intended to get the perception from the point of view of the participants, in
what way the presented device can be used. Hot topics, such as the morphological changes
on the bacterial envelope, are expected to be mentioned. Nevertheless, more interesting
research topics should be mentioned, since the participants do know the possibilities,
but as well the limitations of the presented techniques and the used equipment. The
following two questions will be discussed for this intent:

* “Which phenomena would you investigate if provided with technology?”

* “Would you see another domain, where the presented device would be helpful?”
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No clues on already concluded research with the developed device was given to the
participant prior to the discussion; only a brief mentioning that trapping and analysis of

bacteria is possible on a repeatable basis.

AFM in microbiology and microfluidic devices

The focus group study is concluded with the following two questions:

¢ “How useful would you judge the atomic force microscope?”

¢ “What needs improvement?”

The participants are expected to give their honest opinion about the AFM technology
in general. Since some participants have a strong biology background and others an
engineering background, the opinions and views in this particular discussion topic are

expected to differ the most amongst the participants.

D.3 Outcome and analysis

D.3.1 Needs and requirements for the microfluidic device and setup

From the points of view of the present participants, each an expert in his field, multiple
requirements towards the presented microfluidic device were established. First, the needs
of the participants according to their own projects were analyzed and thereafter, the

participants were questioned as potential customers for the presented device.

The general requirement for bacterial or mammalian cell analysis is the confinement
of the cell. The fluidic device is either closed or open, according to the needs of the
experiment. For AFM analysis, an open fluidic setup eases the sample preparation and
experiment setup time. Nevertheless, participants reported closed microfluidic setups,
where the AFM cantilever is enclosed with bacteria. For this, bacteria were attached to the
cantilever and assembled within the microfluidic device. The fluidic device was closed
and sealed thereafter and the cantilever deflections were read out by a laser through a

transparent layer.

For another microfluidic setup, cells were put through a droplet into a microfluidic cham-
ber that was closed thereafter. Through a semi-permeable layer, nutrients could be
delivered to the chamber. Other participant use simple glass slides coated with poly-

dimethysiloxane (PDMS), a commonly used material in bioengineering. The PDMS allows
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the sticking of the bacterium Mycobacterium smegmatis onto the surface and provides
enough stability for AFM measurements; this technique is mostly limited to this bacterial

species thought.

With our presented fluidic device, bacteria are as well in a physiological medium. Below
the bacteria, underneath the membrane with the traps, a physiological buffer is as well
present; the delivery of nutrients or other aqueous media is possible from the bottom side.
From the top side, the buffer needs to be exchanged manually through pipettes. This can
be achieved as well during an experiment, while bacteria are being analyzed, supposing a

careful handling of the user.

Nutrients can be delivered to the cells through a semi-transparent membrane, which is
assembled with the microfluidic device, as aforementioned. Other methods use fluid
exchange through channels assembled with the fluidic device, in a continuous way or

when the experiment is paused.

One principal demand for fluidic devices is the transparency of the device. If the fluidic
device is a closed environment, at least one side of the device needs to be fully transparent,
in order to allow phase microscopy, fluorescence microscopy, or cantilever deflection
read-out through a laser beam. A fluidic device used by participant that is intended for
simultaneous fluorescence and atomic force microscopy, is exposed to the environment
from the top side and transparent on the bottom side. Since our presented device contains
both, an enclosed part underneath the membrane, and as well the top part that is open
to the environment, both requirements apply. Therefore, the actual concept is judged as
promising by the participants, since the bacteria can be analyzed by the AFM from the
top side, and from the bottom side, fluorescence microscopy can be done simultaneously.

Participants interested in cell growth and antibiotic resistance analysis of the cell express
the desire to be able to analyze the bacterium during multiple buffer exchanges, in order
to test various antibiotics and the response of the bacterium. Moreover, physical space
must be present, not only for the growth of the cell, but as well for eventual bulging of the
bacterium as a result of increase in turgor pressure due to antibiotic treatment. Neverthe-
less, the experiments should allow the extraction of the stiffness of the bacterium. This
is possible through various techniques and is routinely done in our laboratory [227] and
by others [228, 229]; direct extraction of the data can nowadays be done by Bruker’s Peak-
Force Qantitative Mechanical Mapping (PF-QNM) [187] supposing a correct calibration
of the AFM tip [19, 99, 187].

A requirement discovered as a strong need by the participants is the ability to heat and
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maintain the fluidic device at a certain temperature, at which the bacteria can optimally
grow. Such a temperature control has temporarily been implemented into the current
device, but discarded after several experiments. The strong need for this feature expressed
by the participants concluded that the future models of the fluidic device and its holding
frame should have the ability to heat up the aqueous environment and monitor the

temperature of the present liquid medium.

A topic vividly discussed is the ease-of-use of fluidic devices. Every participant has its
own approach to sample preparation. Moreover, due to the diversity of the experiments,
no common technique can be established. The ease-of-use for a novel device was well
described by one of the participants: “The final user should not spend a huge amount of
time figuring out how the device works. If it’s not an intuitive way, a how-to guide should
be provided. Also, no specific laboratory equipment should be needed, but the operation
should work with standard laboratory tools.” For now, the device assembly is quite specific
and necessitates skilled craftsmanship in order to have a correct assembly of the fluidic
chip. The assembly embedding into the holder frame is a straight forward approach.
Standard connectors allow for simple connections to fluid or pressure controllers. On the
other hand, AFM analysis necessitates a skilled operator with experience in imaging of

soft samples or optimally, bacteria.

Temporal stability of a used microfluidic device is perceived differently by participants.
Where some experiments last roughly two hours, others can last for several days. Partic-
ipants were conducting experiments even over two to three weeks in a regular manner.
The stability of the device must be provided over the period of the user’s experiments. The
current experiments on the device were up to 24 hours, whereas the continuous imaging
on one trapped bacterium was done over 6 hours in a stable and robust manner. The
trapped bacterium remained confined and the AFM imaging was stable over the whole
experiment time. Further investigations with experiments over several days or weeks
should be conducted in order to determine the long-term stability of our presented fluidic

device.

From the point of view as a final product, the participants judge that the microfluidic
assembly should definitely not be provided in parts, but already as a final device assembly,
even if the price tag is higher. The discussion didn’t result in a consensus for this topic,
but there were rather two distinct opinions. The price should be seen as a function of
reusability. A high price indicates the participants that they should reuse the device, where
for a low price they are willing to dispose it. As a participant stated: “The best would be
something very cheap and disposable. The second best would be something expensive,

but that you can wash easily. Afterwards it's a compromise.”
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Nevertheless, some participants issued concerns about the reusability, since the microflu-
idic device is used together with bacteria and for thorough cleaning, the device must be
sterilized by autoclaving for any further use. At this point of development, the device
needs to be disassembled and washed, which alone takes a certain amount of time, since
hazardous chemistry is used for the thorough cleaning of the chip. The fluidic chip as-
sembly is immersed overnight in acetone and all the reusable parts are cleaned with a
piranha solution, consisting of a mixture of sulfuric acid and hydrogen peroxide. Only
thereafter a re-assembly can be done. Participants issued that the proposed fluidic device
should be autoclaved before use, but other participants argue that when they fabricate
and assemble their fluidic devices in the cleanroom, they skip the autoclave step and

never had any issues with contamination in the past years of their experiments.

As for the design of the traps, the participants expressed a desire to have more traps on a
membrane. Currently a fluidic chip contains up to 15 traps for a specific width of bacteria.
By adding more traps per chip, the users would be able to detect and select a bacterium of
interest with fluorescence microscopy and analyze it thereafter with AFM. Furthermore,
on a chip there should be tarps with various widths and lengths for bacteria; even though
the analyzed bacteria originate from one single colony, the overall dimensions can differ.
The length of the bacterium is a function of the state of growth of a bacterium and even
widths of bacteria can vary slightly from one colony to the other of the exact same species
of a bacterium, as seen throughout the conducted experiments with the presented device.

One critical aspect about the presented device is that once a bacterium is immobilized
inside the trap, the correct height cannot be determined. Moreover, due to the design of
the microfluidic device, the traps are not in proximity to the objective and a microscope
objective with a high working distance must be used. Furthermore, some participants
express their desire to add continuous flow to the microfluidic device setup, to not be

dependent to the user’s pipetting skills.

To sum up, through the focus group, various requirements for the next iteration in the
development of the microfluidic device were established. Amongst the requirements that
the current microfluidic device fulfills are reliable confinement of cells in an aqueous
environment and the possibility of fluid exchange by adding nutrients or other user-
selected buffers. Moreover, the device allows fluorescence microscopy from the back side,
while AFM analysis can be done simultaneously. By modifying the dimensions of the traps,
bacteria with various dimensions could be analyzed. The ease-of-use should be optimized
for a smooth end-user experience, or the assembly method should be changed in order to
allow an easy user-based assembly of the microfluidic device. Furthermore, a temperature
control should be implemented in the fluidic chip holder frame, as expressed by the focus
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group participants. More investigations should be focused into the robustness over longer

periods of time for experiments lasting several days up to several weeks.
D.3.2 Research topics on single cell level

The presented device can as well be used for other promising experiments. The focus

group elucidated possible future experiment in areas beyond the initially intended aim.

Based on current project of some participants, first suggestions were the observation of
bacterial growth inside the traps and the DNA distribution inside the cell. The growth
would be observed by AFM from the top side of the microfluidic device and using fluo-
rescence microscopy from the bottom side of the device, the DNA distribution would be

visible as a function of local fluorescent intensity inside the bacterium.

Participants would as well use the fluidic device in order to confirm their initial exper-
iment. In particular, when they use a coated substrate like a PDMS coated cover slip,
the exact interaction between the coating and the bacterium remains obscure and the
exact influence of the coating remains unknown. By using a chemically inert surface,
all chemical interactions between the substrate and the bacterium can be excluded. By
repeating the experiments, their recent findings could therefore be confirmed.

Without having mentioned any conducted experiments with the device, one focus group
participant proposed that antibiotic effects could be observed on the bacterial envelope in
combination with the fluorescence signal, by notably mentioning beta-lactam antibiotics.
Beta-lactam antibiotics are responsible for a malfunctioning of the bacterial envelope
synthesis during the growth of the bacterium, which leads to the death of the bacterium
[230]. Nevertheless, up to that moment, experiments were conducted using a specific
antibiotic compound named CM15 belonging to the class of antimicrobial peptides, which
was used to induce the killing of bacteria. This antimicrobial peptide is knows to create
pores in the bacterial envelope and thus induce an imminent roughening of the bacterial
envelope [13, 132]. Experiments were made with the microfluidic device in order to
observe simultaneously the killing of the bacterium by AFM and fluorescence microscopy
using fluorescent dies indicating the bacterial vitality. Moreover, these experiments were

conducted in physiological buffer solution.

These experiments could be extended to test antibiotics in a sequential manner. The pos-
sibility to trap, release, and to trap the bacteria again, opens the opportunity to examine a
multitude of bacteria in one experiment. Furthermore, a trapped bacterium could as well
be exposed to various buffers containing different antibiotics or different concentrations

of one antibiotic.
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A very interesting suggestion by a participant would be the analysis of bacterial killing
behavior during bacterial cell-cell interaction. Using the bacterial secretion system, the
bacterium Pseudomonas aeruginosa is able to inject through an organelle an effector
protein into an adjacent bacterium, thus killing the bacterium [231]. By trapping two cells
in predefined places, this mechanism could be elucidated in detail by the AFM with a
higher special resolution, and the process could be monitored simultaneously through

fluorescent microscopy.

The use of the microfluidic device must not be confined to only bacterial analysis. Par-
ticipants suggested to observe neurons, in particular the synaptic contact formation.
Pioneering work was done on neurons by using AFM for imaging of the topography and
as well the stiffness mapping [232], but with our presented device, the sample preparation
would be facilitated and no chemical modification of the surface would influence the mea-
surements. We could elucidate with a high special and temporal resolution the process of

formation of synapses and investigate thoroughly which phenomena are involved.

Another very interesting investigative pathway could be to include the potential of optical
tweezers into the whole system [233]. This would include another degree of complexity
and the experiment setup would have to be modified. Nevertheless, this method would
allow the exact selection of a bacterium of particular interest, which would have been
previously identified by the already implemented methods, followed by a cultivation of
the identified bacterium of interest.

During the focus group discussion concerning this topic, more interesting ideas were
given. Amongst them would be the analysis of molecular motors and their specific binding
process, as it has been shown in recent publications [14]. Or the confinement of DNA or
nanoparticles for analysis without any chemical modification of the substrate. For these
experiments, the trap dimensions would have to be significantly altered and a thorough

microfluidic analysis would have to be done prior to any microfabrication processing.

In summary, the principal intended use can be extended to a large range of application.
Focusing on its primary use though, a myriad of experiments can be conducted by only
studying microbial or mammalian cells, which do not adhere to a chemically inert sub-
strate. Mobile bacteria or cancerous blood cells could for example be immobilized in the

traps and their envelope morphology or mechanical properties could be elucidated.
D.3.3 AFM in microbiology and microfluidic devices

“The AFM for biology is great”, citing a member of the focus group. It would be the only tool
to their knowledge that allows accurate measurements of the bacterial cell size, volume
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and stiffness. Different data can be obtain in respect to fluorescence microscopy, and by
combining an AFM with a fluorescence microscope, even more microbial phenomena

can be investigated by correlating the obtained datasets.

With the AFM, the bacterial envelope can be accurately analyzed. The envelope is the
boundary between the cell and the environment, and at this boundary the interactions
happen. To elucidate phenomena at the bacterial envelope could provide us with more
insights when we correlate the data with cell internal events by using specific fluorescent
tags. Hitherto, studies are based only on bacterial size and how they grow. By adding
topography and mechanical property datasets, the participants are certain that more

information will be extractable.

Nevertheless, the AFM is perceived as a complementary tool by the present experts in
microbiology. This is mainly due to the difficulty for using it. As a participant stated:
“If the AFM would be easier to use, it would have much more impact in biology.” The
principal investigation tool remains the optical microscopy in combination with either

fluorescence or various other extension modes, such as phase microscopy.

Specialized laboratories for AFM exist in order to train experienced users, whereas bi-
ological investigations with the AFM remain a coproduct. A perceived disadvantage is
that compared to other techniques, the AFM only allows accurate measurements of one
cell or frame at a time, on a timescale perceived as very long. Moreover, the participants
judge that the AFM is still a tool, where it’s considered as normal to stay and monitor the

experiment overnight.

Sample preparation remains still one of the most important parts in AFM analysis, where
the user is obliged to be knowledgeable about the AFM technique and know its limitations,
in order to maximize the usable experiment data output. All participants of the focus
group have their own microfluidic devices and modified components for the AFM analysis;
a critique is that the lack of standardization between the atomic force microscopes of
different manufacturers. It is common to manufacture a custom fluidic cell in order to be

compatible between different AFMs or the laboratory focuses only on one brand of AFMs.

After all, participants agree that the most enjoyable memories regarding their past research
moments are experiments that could be concluded as planned. Even though no further
insights in respect to biological know-how could be generated, the experiment is a success
when all components of the setup didn’t break down and functioned as planned. This
shows the state of development: single investigative tool can work flawlessly on their own,

but today researchers combine multiple techniques together for simultaneous analysis.
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The flawless functioning of all parts of the setup is important in order to gain further
insight into unanswered questions in microbiology. Moreover, sample preparation will
remain specific for each research subject, and robust and reproducible sample preparation
is essential for every AFM analysis.

D.3.4 General observations during focus group discussion

Through the analysis of the focus group, valuable insight into user experience with the
manipulation of microfluidic devices was gained. Moreover, due to the presence of AFM
users with experiences regarding daily routines and weak points of the used technology,

different aspects were elucidated from multiples points of views.

The focus group participants shared their needs for microfluidic devices and elucidated
the critical aspect, when AFM, microfluidic, and optical microscopy is combined in
order to investigate microbiological phenomena. Moreover, potential future topics of

investigation were discussed by using the presented microfluidic device.

D.4 Conclusion on the focus group analysis

The focus group was the ideal solution to get insight from participants, each one being
an expert in their domain. The focus group was also used as a market analysis tool;
participants were asked, what their requirements towards a novel microfluidic device
with the indicated purpose would be. Moreover, valuable insight was gained in respect to
potential areas of application of the device, which were initially never planned.

During the focus group, a lot of question were asked to the facilitator. The questions were
typically very specific and the participants were eager to know more about the technology.
The questions could have been answered at the very beginning during the presentation
of the device, but the presentation was intended to be as brief as possible in order to
not overwhelm the participants at the beginning with technical details. Therefore the
facilitator was obliged to answer the open questions, but as brief as possible in order to
keep the conversation between the participants. Moreover, an equal sharing of insights
requires an equal speaking time for the participants; the facilitator specifically targeted
people, who remained quiet for a longer period, with direct questions. Overall, the focus
group remained a vivid discussion about the given topics and all intended topics were

discussed.
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