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What sense would there be in buying a car so you could drive on pavement? Where there is
asphalt, there is nothing of interest, and where it’s interesting — there is no asphalt.
— Arkady and Boris Strugatsky, Russian sci-fi writers.
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Abstract

The widespread use of antibiotics and antifungal drugs has provoked an increasing number
of multi-resistant bacteria and fungi. The emergence of multiresistance to antibiotics has
been now recognized as a very serious public health issue. In order to target infections with
the appropriate antibiotics as soon as possible, there is an urgent need of rapid diagnostic
tools. Presently, the conventional antimicrobial testing techniques require between 24 h and
one month depending on the replication speed of the microorganism, which leads to the use
of broad-spectrum antibiotics treatments and further favors the development of resistant
pathogens.

This thesis proposes a rapid nanomechanical sensing-based diagnostic technique for studying
the viability of living organisms. This instrument is a nanomechanical sensor borrowed from
the Atomic Force Microscopy — based technology that uses a SU-8 lever as an optical fiber.
This combination is a promising approach for further integration and miniaturization of the
diagnostic apparatus. This thesis shows a first use of the microfabricated optomechanical
sensors for monitoring activity of living cells.

Its working principle is the following. The organism of interest is attached onto a cantilever and
its nanoscale movements induce the oscillations of the cantilever. To detect the oscillations,
a laser light is coupled into the SU-8 structure and travels to the free end of the cantilever.
The displacement of the output light spot induced by the oscillations of the cantilever is
recorded with a camera or a 4-quadrants photodiode. This allows to monitor the viability of
the microorganisms, that were previously attached to the cantilever surface.

The first part of this thesis briefly introduces the basic operating principle of the Atomic Force
Microscope, discusses the importance of the problem of the antimicrobial resistance as one
of the major health threats, and lists available alternative solutions to fight the resistance.
Then the state of the art, working principle, applications of the nanomechanical antimicrobial
sensors, and optomechanical mass sensors are discussed.

The second chapter introduces the methods for calculating the mechanical properties of the
cantilever beams, as well as discusses the fundamental sources of the noise in nanomotion
detectors, that limits their sensitivity. This chapter also includes calculations and finite-
elements simulations of the mechanical properties of SU-8 - based cantilevers, as well as
estimations of the electronic and thermal noise of the system.

Third chapter explains in details the proposed sensing devices and elaborates on its design
and different strategies for the microfabrication of SU-8 - based optomechanical sensors.
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Abstract

It also describes the developed experimental setup for optomechanical measurements, the
light-coupling procedure and data acquisition.

The fourth chapter reports the optomechanical measurements conducted by actuating a
nanomechanical motion of the cantilever chips, and describes the preparation of the yeast
cells and cantilevers for the nanomotion experiments. Subsequently, the results of the viability
test are presented, along with a discussion of the mechanical and optical origins of it.
Finally, the thesis ends with a conclusion of this work and outlook of the presented results.

Keywords: antimicrobial resistance, AMR, antimicrobial susceptibility testing, AST, nanomo-
tion, microfabrication, cantilever, SU-8, optomechanical sensing
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Résumé

Lutilisation généralisée d’antibiotiques et de médicaments antifongiques a provoqué I'appari-
tion d'un nombre croissant de bactéries et de champignons multirésistants. Cette émergence
de variants multirésistants aux antibiotiques est aujourd’hui reconnue comme un probléme
de santé publique majeur. Une des maniéres d’en limiter la propagation est I'utilisation d’ou-
tils de diagnostic rapide. Actuellement, les techniques conventionnelles de test antimicrobien
nécessitent entre 24 h et un mois selon la vitesse de réplication du micro-organisme, ce qui
conduit a I'utilisation de traitements antibiotiques a large spectre et favorise le développement
de pathogenes résistants.

Cette these décrit la fabrication et la mise en service d'un détecteur nanomécanique destiné a
I'étude de la viabilité des organismes vivants. Il s’agit d'un instrument basé sur la microscopie
a force atomique qui utilise un levier en SU-8 en guise de détecteur et de fibre optique. Cette
combinaison est une approche prometteuse pour une intégration et une miniaturisation plus
poussées de I'appareil.

Son principe de fonctionnement est le suivant. Lorganisme d’intérét est fixé sur un levier
et les mouvements de |'organisme engendrent des oscillations du levier. Pour détecter ces
oscillations, une lumiére laser est couplée dans la structure SU-8 et quitte cette derniere a
I'extrémité libre du levier. Le déplacement du spot lumineux de sortie est enregistré avec une
caméra ou une photodiode a 4 quadrants.

La premiere partie de la thése présente brievement le principe de fonctionnement de base
du microscope a force atomique, discute I'importance du probléme de la résistance aux an-
timicrobiens comme I'une des menaces majeures pour la santé, et répertorie les solutions
alternatives disponibles pour lutter contre elle. Ensuite, I'état de I'art, le principe de fonction-
nement, les applications des capteurs antimicrobiens nanomécaniques et des capteurs de
masse optomécaniques sont discutés.

Le deuxiéme chapitre présente les méthodes de calcul des propriétés mécaniques des leviers,
ainsi que les sources fondamentales du bruit dans les détecteurs de nanomouvement, qui
limitent leur sensibilité. Ce chapitre comprend également des calculs et des simulations par
éléments finis des propriétés mécaniques des leviers a base de SU-8, ainsi que des estimations
du bruit électronique et thermique du systéeme.

Le troisiéme chapitre explique en détail les dispositifs de détection et élabore différentes
stratégies pour la microfabrication de capteurs optomécaniques a base de SU-8. Il décrit éga-
lement le montage expérimental développé pour les mesures optomécaniques, la procédure
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Résumé

de couplage de la lumiére et 'acquisition de données.

Le quatrieme chapitre rapporte les mesures optomécaniques et décrit la préparation des cel-
lules de levure et des leviers pour les expériences de nanomouvement. Par la suite, les résultats
des tests de viabilité sont présentés, ainsi qu’'une discussion sur les origines mécaniques et
optiques de celui-ci.

Enfin, la thése se termine par une conclusion de ce travail et des perspectives qui en résultent.

Mots-clés : résistance aux antimicrobiens, nanomotion, microfabrication, levier, SU-8, détec-
tion optomécanique
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1§ State of art of micro-organism
nanomechanical biosensors

1.1 Introduction

1.1.1 Atomic Force Microscopy

In 1981, Binning and Rohrer developed the Scanning Tunneling Microscope (STM) at IBM
Zurich. The STM allowed the determination of the 3-dimensional topography of the surface
of conducting samples with a high lateral and vertical resolution. The principle is based on
approaching a conducting sharp tip to the conducting sample’s surface and in measuring the
tunneling current traversing the vacuum gap (of the order of few Angstrém) between tip and
sample. Due to the exponential dependence of the tunneling current upon the gap size, it was
possible to “image” atoms at the sample’s surface. Metals and semiconductors were the first
materials studied with this new technique. For scanning the surface, the tip is moved at the
same distance from the surface, while recording the tunneling current in each point of the
surface. Or by keeping a constant tunneling current in the feedback loop, the tip moved in
a way that it reproduces the topography of the sample while in vicinity to it. This technique,
however, requires conductive tips and samples.

In 1986, Binning and Rohrer received the Nobel prize for this invention. The Nobel prize
actually rewarded the consequences of this invention, namely the STM had shown that now,
matter could be studied at the atom level. Moreover, it was shown that atoms could be
manipulated with the STM. The STM and the possibility to study and manipulate matter at
the atom level has strongly influenced physics, chemistry and biology. Nowadays we talk
of nanosciences. In fact, the STM has opened a new window for the study of matter. In
1986, Binning, Gerber and Quate [Binnig et al., 1986] developed what is today known as the
Atomic Force Microscope (AFM). Already in their original work in 1986, AFM had a 30 A lateral
resolution and less than 1 A vertical resolution, with an ability to sense forces as small as 10718
N [Binnig et al., 1986]. The AFM belongs to the family of scanning probe microscopes, and is
based on the earlier invented scanning tunnel microscope (STM). Both microscopes are 'blind’
instruments, that scan the sample with a fine tip to characterize its topography (similarly to a
blind person scanning the surroundings with a cane).



Chapter 1. State of art of micro-organism nanomechanical biosensors

Atomic Force Microscopy similarly to STM is a sample scanning technique, but has the ad-
vantage that it can study non-conductive samples. Instead of a sharp conductive needle, it
uses a so-called cantilever chip, that consists of a free-standing beam and a sharp tip at its
end (see Fig. 1.1). When this flexible beam is driven into oscillation, and it is approached
very close to the sample’s surface, the van der Waals inter-atomic forces between the can-
tilever tip and sample surface become strong enough to cause a detectable frequency shift,
a change of oscillation amplitude and of phase. Essentially, these forces cause the bending
of the beam, that is detected by the optical set-up of the AFM. The optical detection of the
cantilever’s bending comprises a laser (focused on the metal-coated cantilever surface) and a
position-sensitive photodetector that senses the reflected laser beam. Therefore, a bending of
the cantilever causes the displacement of the light spot at the photodetector, which is then
detected by recording the amplified photodetector currents.

Laser Photo diode Photo diode

> (1)
(2)

()

(4)

Figure 1.1: Schematic description of the optical system to detect the cantilever’s bending
[Mironov, 2004].

The vertical displacement of the cantilever position will be proportional to the photocurrent
difference of the quadrant detector ([Mironov, 2004], Fig. 1.1):

Alz =L+ 1) = I3+ 14), (1.1)

where I; is a differential current of the i segment. Usually A, is normalized over the total
photocurrent I;4; = I) + I + I3+ I. In addition to this classical optical lever scheme, there were
proposed also other readout methods, such as piezoelectric [Lee et al., 1996] and piezoresistive
detection [Tortonese et al., 1993; Giessibl and Trafas, 1994], laser Doppler vibrometry [Nishida
et al., 2008], and optical interferometry [Rugar et al., 1989]. Also, many different modes of
scanning were developed, that allow to study not only topography, but also electrical, magnetic
and mechanical properties of the samples.

However, the application of the cantilever - based devices is not limited to imaging the samples
surface or mapping its other properties. Since behavior of the free-standing beams strongly
depends from their mechanical properties, they can be used as very sensitive mass sensors
and be employed for measurements of forces and nanoscale motion. These applications are
discussed in details in the next chapter.
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1.1.2 Antimicrobial resistance of micro-organisms and viability testing

Overuse and misuse of the antibiotic and antifungal drugs over the last years led to a dramatic
increase of the drug-resistant bacteria and yeast [Wiederhold, 2017; Livermore, 2004; The IACG
on Antimicrobial Resistance, 2019; Cassini et al., 2019; Department of Health and Human
Services CDC, 2019], including some of the organisms that are resistant to multiple drugs. The
appearance of new infectious pathogens, that can not be treated by any of the commonly used
drugs [Livermore, 2004] became one of the major health concerns. As an example, according
to the reports of CDC and ECDC 0f 2019, in USA, more than 2.8 million antibiotic-resistant
infections occur each year and more than 35,000 people die as a result [Department of Health
and Human Services CDC, 2019], and in Europe more than 670,000 infections occur, taking
lives of 33,000 people yearly [Cassini et al., 2019; European Centre for Disease Prevention and
Control, 2020]. According to the Interagency Coordination Group on Antimicrobial Resistance
report, worldwide the drug resistance causes 700,000 deaths yearly, and if no action is taken,
the number of death in the world could reach a number of 10 million per year by 2050 [The
TIACG on Antimicrobial Resistance, 2019].

It was estimated that the use of rapid diagnostic tests, together with enhanced hygiene, and
correct use of the antibiotic treatment could prevent up to 27,000 death in Europe per year
[European Centre for Disease Prevention and Control, 2020].

A big contribution to the increase of the drug-resistance is due to wide-range antibiotics use,
or wrongly selected drugs, when an appropriate antibiotic or antifungal drug could be selected.
And as a consequence, the number of the available drugs, that could be used against these
micro-organisms is reduced. The development of new drugs can take longer time than the
mutation rate of the pathogens [Bassetti et al., 2013], leading to delay between effective and
less effective drugs. This is why having a rapid and reliable diagnostic technique is extremely
important to fight the antimicrobial resistance.

Let us consider the viability tests for antibiotic screening more in detail. The clinical flow
consists of a bacterial identification step and of antibiotic susceptibility testing (AST) [Dinarelli
etal.,, 2017]. During the last 20 years, the bacterial identification has been revolutionized, and
it is now a reliable, automated, high-throughput technique. The second step of the flow is
the susceptibility test. The commonly used techniques for these tests are simple, reliable and
robust, but can be very slow. This is because the conventional techniques rely on the growth
of the micro-organisms. Depending on the considered species, it can require days or even
weeks to get a result. Meanwhile, novel rapid AST techniques could help to make a correct
diagnosis in just few hours [Dinarelli et al., 2017].

The AST techniques can be divided into several types: molecular techniques, phenotypic
growth techniques, novel photonic methods, and nanomechanical sensors. Real-time PCR
[Didelot et al., 2012] and DNA microarrays [Frye et al., 2006] are promising examples of
molecular techniques, that rely on the genetic footprints. They are fast and highly reliable, but
relatively expensive and require identification of the specific genetic fragment; also, they are
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unable to distinguish dead and alive bacteria. The molecular techniques also require that the
resistance mutation is know in advance. The phenotypic methods are the most commonly
used in the hospitals. They are based on the growth of the bacteria, and as described earlier,
they can be slow. However, there are some advances in using automated phenotypic systems
and image recognition [Cantdn et al., 2000], that allow to speed-up these tests. There is a big
variety of promising novel photonic techniques, that could be used to make miniaturized and
automated devices. Some of the examples of such techniques are tracking single bacterial cells
with plasmonic imaging with sub-nm precision [Syal et al., 2016], AST of bacterial network
on micropillars using intrinsic phase shift spectroscopy [Leonard et al., 2017], and plasmonic
nanohole array sensors [Kee et al., 2013]. And finally, nanomechanical sensors are based
on monitoring behavior of the free-standing microstructures, such as AFM cantilevers. The
bacteria are attached to the cantilever beams, and the change of various characteristics
of the cantilever beams can be detected: resonance shift, static deflection, and dynamic
oscillation. The latter mode is the most interesting for rapid AST: the observed fluctuations
can be attributed to the activity of the living micro-organisms, and the oscillations are reduced
when the specific drug is introduced in the system with cantilever (Fig. 1.2). These precise
and compact devices can be used for a large variety of the microorganisms, including bacteria
[Kasas et al., 2015], yeast [Kasas et al., 2015; Kohler et al., 2020; Longo et al., 2013; Mertens
et al., 2019; Lissandrello et al., 2014], bacteria from blood culture pellets [Stupar et al., 2017],
cancer cells [Stupar et al., 2021]. Recently a nice combination of the optical light guiding with a
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Figure 1.2: Schematics of a typical nanomotion experiment. The protocol starts from the
incubation step, left panel, and ends at the AST performed using the cantilever sensor, right
panel [Dinarelli et al., 2017].

cantilever devices in a number of works was demonstrated (Fig. 1.3), that is very promising for
having a miniaturized, integrated and multiplex devices [Alvarez and Lechuga, 2010; Estevez
etal., 2012; Zinoviev et al., 2006a; Nordstrom et al., 2007; Xu et al., 2005; Zinoviev et al., 2007; Xu
etal., 2004]. In these nanomechanical sensors, light travels through the oscillating cantilever
beam, and then is collected at the other side. Most of the works till now, however, exploit the
mass sensing and detection of the analytes attachment to the cantilever, based on resonance
shift or static deflection.
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Figure 1.3: (A) Schematics of the optical waveguide cantilever working principle, (B) Pho-
tographic image and SEM of a cantilever - waveguide array that consist from 20 cantilevers
[Alvarez and Lechuga, 2010; Estevez et al., 2012].

1.1.3 Thesis objectives

This thesis proposes a rapid diagnostic device, that is based on the optical cantilevers, working
in the dynamic mode, similar to the conventional AFM nanomotion sensors. A significant part
of the thesis is devoted to the designing and fabrication of the micromechanical SU-8 polymer
based sensors, and to developing and assembling dedicated experimental setup to make
optomechanical measurements. The overview of this setup is presented at the Fig 1.4. Laser
light is focused on the entrance of the light guiding part of SU-8, and exits it at the end of the
free-standing beam. Then light hits the sensing area of a 4-segment photodetector. Readout
signal is then amplified and recorded with a data acquisition board, and undergoes required
signal analysis and processing. A number of challenges had to be solved, to optimize the
microfabrication process flow, and to assemble a setup that allows to make optomechanical
measurements both in air and liquid.

Another important goal of this work was to characterize fabricated sensing chips, compare
their mechanical characteristics with the theoretically calculated design values, and to demon-
strate the ability of the device to sense oscillations, driven of an amplitude as low as few nm.
The final task of this work was to establish an experimental flow for performing antimicrobial
sensitivity tests, and to make nanomotion measurements with a test micro-organism. The
antimicrobial tests are most relevant for testing susceptibility of the pathogenic bacteria. How-
ever, for demonstrating the proof-of-concept of the device, in this thesis Schizosaccharomyces
pombe (S. pombe) yeast was selected as a test micro-organism. S. pombe, also called "fission
yeast’ is a well-known model organism, used in molecular and cell biology. It is easy to handle,
and it is safe to work with it in the standard (P1) biochemical laboratory. S. pombe also has a
bigger size: 3 to 4 um in diameter and 7 to 14 ym in length, in comparison to Escherichia coli
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(E. coli) bacteria whose size is 0.5 ym in diameter and 1-2 u in length. Therefore, it is easier to
image S. pombe yeast with an optical microscope, and the nanomechanical sensor response is
expected to be larger. In the future, the developed diagnostic device can be used for detecting
viability of the smaller micro-organisms too. The working principle of nanomotion sensor, its
applications and limitations are discussed in more detail further.
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Figure 1.4: Schematics of the proposed optical cantilever diagnostic device. Laser light is
focused on the entrance of SU-8 polymer, travels through the curvature and reaches the free-
standing end of the SU-8 structure. Displacement of the output light spot can be detected by
CCD camera or segment photodetector.

1.2 Cantilever-based nanomechanical biosensors

1.2.1 Mass detection and resonance shift

One of the popular use of cantilever sensors is a precise detection of the attached living organ-
isms, proteins, or other biological species by monitoring the frequency shift of the cantilever’s
resonance. However, the use of these methods in a liquid medium, that is necessary to keep
the living organisms viable, has some challenges. The resonance frequency of the beams
immersed into a liquid medium is shifting towards lower value, but due to the damping effects,
the quality factor is significantly reduced. During the experimental detection of living organ-
isms by nanomotion detection, the shape of resonance does not change since the properties
of the liquid such as density and viscosity are the dominant properties. But the attachment of
living organisms to the cantilever surface changes the effective mass of the beam, resulting in
a slight shift of the resonance peak. Though, the precise detection of the resonance peak in
viscous medium can be difficult due to the low quality factor, a number of authors describe
measuring the mass of the attached organisms by detecting the resonance shift of the can-
tilevers in air (after drying droplets of solutions with organisms such as bacteria or yeast cells
in it) [Ilic et al., 2001a; Ramos et al., 2007]. This approach can help to measure mass with such
high precision, that even a single E. coli bacteria can be detected [llic et al., 2001a]. However,
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Figure 1.5: Single E. coli bacteria attached tilever with a single bacteria on a beam
to the beam surface [llic et al., 2001a] [Mic et al., 2001a].

not only the added mass, but also the position, at which the attached organisms are located,
can affect the value of the resonance shift. Also the bacteria’s position relative to the nodes of
the resonance mode matters [Ramos et al., 2007].

The other relevant point is that the position of the resonance peak does not bring any in-
formation about the viability of the attached organisms. On the other hand, it can confirm
the quality of the surface functionalization, and be used, for example, to compare different
protocols of the surface treatment, as an alternative to a simple imaging of the cantilever
surface. Since the attachment might not always work in equally successful way;, it can be useful
to always have an idea of the surface coverage by monitoring the resonance frequency.

1.2.2 Nanomotion sensors

Although mass detection sensors can also give some information about the viability of the
cells, since the cell death can be correlated with a damage of the cell walls, and as consequence
detaching of the dead cells from the cantilever surface, resulting in resonance frequency
shift, the dynamic nanomotion sensors seem much more interesting for the rapid microbial
testing application. As it was described in the introduction, the main working principle of
these sensors is monitoring the oscillations of the beam, that are affected by the activity of
the microorganisms. In contrast to a conventional use of AFM microscope for scanning, or
resonance shift techniques, which are focused on higher frequencies, near to the cantilever
resonance, the dynamic nanomotion AST method is focused on studying the low frequency
noise. The possible origins of it and its contributions to this noise are discussed further.

Noise of measuring system

The main sources of low frequency 1/f noise of the measuring system can be related to 1/f
noise of electronics (operational amplifier) and noise of the light source. As it was reported
([Labuda et al., 2012]), in case of traditional AFM cantilevers, beams with metal coating show
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significant 1/f noise due to fluctuations of the laser power. Meanwhile silicon beams without
any metal coating can show a negligible 1/f noise. The readout system, used in this work is
different, though it can also introduce noise caused by the laser: either by unstable intensity
of the recorded light spot, or in the form of thermal noise. The heating effect is given by the
laser illuminating not the beam surface, but the rigid part of SU-8 light guide.

Noise due to activity of biological organisms adhered to the beam surface and possible
explanations of the effect

The noise caused by the bacteria was reported to be of the type S(f) o< 1/ f* and typically is
observed in the low frequency region: according to some works [Lissandrello et al., 2014] up to
80 Hz (see Fig. 1.7) , according to other works [Mertens et al., 2019] - up to 1 kHz (see Fig. 1.8).
Although it is difficult to untangle 1/f noise sources, subtraction of the Power Spectral Density
(PSD) of cantilever before bacteria adhesion from the one after, can remove the experimental
1/f noise related to the measuring setup. It was shown [Lissandrello et al., 2014] that this
subtracted noise grows with the increase of the number of bacteria on the beam surface.
Probably each bacteria exhibits motion with various time scales and amplitudes, resulting
in producing 1/ f* noise, where a could be given by the interplay between these timescales.
However, this is even more complicate due to the random character of positions of the bacterial
organisms on the beam surface, and each bacteria can have different contributions on the
observed fluctuations. Probably, local micro-patterning of the bacterial cells on a small part of
cantilever surface could give more explanation concerning the timescale of the process. But
such patterning procedure can be a technological challenge. Lissandrello et. al suggest that
reducing the spring constant and hence the resonance frequency that leads to overdamping,
could be beneficial for having a stronger signal [Lissandrello et al., 2014]. The scaling exponent
a in the S(f) « 1/f* spectra of the beam, coated with active bacteria, is reported to have
values 2 < a < 3 [Lissandrello et al., 2014] or 1.5 < a < 2 [Mertens et al., 2019], depending of
the used setup and experimental protocol. Since 1/ f% noise is clearly changing its slope due
to motion and activity of the attached alive organisms, one of the characterization parameters
could be the power « of this noise. It is well known that Atomic Force Microscopy can be used
for the precise measurement of mass loading of very small species, such as single cells and
proteins on the cantilever. Adsorption of the cells to the beam surface causes a resonance shift
that is proportional to the effective mass. However, the low quality factor makes it difficult to
monitor this for the cantilever beams immersed in a liquid medium in real time. Instead, the
resonance curve can be measured in air or vacuum, when the quality factor is much higher,
and comparison of the resonance frequency of bare beam and beam covered with cells, can
give precise information about amount of the cells, and also give more understanding about
the effect caused by these adsorbed species. Such, it was demonstrated, that the resonance
shift can have different sign and value, depending on the position of the attached cells [Ramos
et al., 2007; Ilic et al., 2001b]. There is an explanation for this. There are two different effects:
added mass, that shifts resonance towards lower frequencies, and change of the effective
flexural rigidity of the beam due to the bacteria stiffness, that shifts resonance towards the
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drello et al., 2014]. [Mertens et al., 2019].

higher frequencies. The interplay between these two effects gives the resulting response to
bacteria attachment [Ramos et al., 2007] .

However, there is a workaround of the low quality factor problem: to operate cantilever beam in
air, but embed a microfluidic channel inside the beam. This allows monitoring the resonance
frequency in real time. And the results of the measurements show that the resonance frequency
not only give an idea about amount of organisms in the microfluidic channel, but also helps to
distinguish viable and non-viable cells [Etayash et al., 2016]. This is an interesting approach,
but requires the application of microfabrication techniques and clean room access to produce
such chips with embedded microchannels, and a lot of care in operating the microchannels
that should stay clog-free and bubble-free. The static deflection also shows adhesion of the
organisms to the beam, if measured in real-time during the attachment step [Mertens et al.,
2019; Etayash et al., 2016].

The nanomotion signal of the beams oscillation shows clear drop of the fluctuations, when a
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drug is affecting the susceptible bacteria [Longo et al., 2013].

This change is observed mostly in the low-frequency range, up to few hundreds of Hz [Mertens
etal., 2019; Lissandrello et al., 2014] , and is explained by the surface stress. However, since in
the described experiments the whole beam is covered by bacteria cells, that are located on
different spots, have a distribution of their sizes, and act at various characteristic timescales, it
is difficult to make a model of the sensor response.

Nevertheless, there are some works that model surface stress caused by cells, using finite
elements simulation [Imamura et al., 2016]. The deflection, caused by the activity of the
attached cells, depends from the position of the cell on the beam and has higher values for
the cells, attached close to the fixed end of the beams. In general deflection increases with
the area covered with cells, if the position relatively to the fixed end is kept constant. But
the cumulative effect depends from the phase of the cells, that can have positive phase in
case of tensile stress, or negative in case of compressive stress. Therefore, some cells can
cancel out the caused stress, but other cells, that synchronize their motion, amplify the sensor
response. This simulation suggests that resulting response can be considered as a degree of
collectiveness of the cell motion. However, only situation with coverage of the top side of the
beam was considered and usually both sides are being covered with organisms during the
incubation step; it remains unclear, what is the interplay between effect that is caused by cells,
attached to the two sides of the beam.

1.3 SU-8 cantilevers: experimental characterization of the beams in
the literature

The reported [Nordstrom, 2004] resonance frequency in water is typically several times lower
than the resonance frequency in air (that is very close to the resonance in vacuum) (see
Fig. 1.10). The resonance shift of SU-8 beams with similar dimensions in the publications is in
the agreement with the ones, estimated analytically and with finite element simulations in
this thesis. (see Chapter 2)

Length | Width | Thickness k fres, vacuum | fyes, air | fpes, water
(pm) (pm) (nm) (N/m) (kHz) (kHz) (kHz)
200 20 1.6 0.013 14.5 14.4 4.3
200 20 2.4 0.043 21.8 21.7 7.8
100 20 1.6 0.101 58.1 57.7 17.3
100 20 2.4 0.342 87.2 86.8 31.0

Figure 1.9: Calculated resonance frequency for SU-8 beams of various dimensions (author
used Sader’s method in the inviscid approximation [Nordstrom, 2004]).
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Figure 1.10: Frequency spectra of SU-8 beam with dimensions / =200 ym, w =20 um, h=1.6
pmin (a) air: f; = 15.3 kHz and (b) in water: fy,4zer = 2.3 kHz [Nordstrom, 2004].

1.4 Measurement setup of the Atomic Force Microscopy-based nanomo-
tion detectors

Typically, the experimental setup for nanomotion-based antibiotic sensitivity tests consist of
Atomic Force Microscope (AFM), a microcantilever, a liquid cell, and a liquid exchange system.
The use of an automatic liquid handling system helps to automatize the measurements, but
requires additional care about the pumping rate, in order to avoid air bubbles in the tubes,
leakage prevention, and other problems. This can be simplified by using a Petri dish as liquid
cell, and manually pipetting instead of pumping liquids ([Longo et al., 2013; Stupar et al.,
2017]).

Since the working principle of the described sensors is based on measuring cantilever noise
without a need of excitation or approaching the sensor to any surface, the piezoscanner of
AFM is not required, and a custom-made devices without scanner can be used, that simplifies
the application of the technique.

The microfabrication of the custom designed cantilever sensors, instead of using the com-
mercially available, allows to have the desired shape, surface patterning, and even to embed
a microfluidic channel inside the cantilever [Etayash et al., 2016]. This interesting approach
helps to overcome the limitation of viscous damping, since the cantilever is operated in the
air, and the laminar flow with the sample is pumped inside the cantilever. Therefore such
microsensor allows to measure the resonance shift due to the absorbed bacteria precisely in a
very reproducible way. Also, this approach is a further step towards the miniaturization and
integration of the sensing device.

At the same time, one can perform by fluorescent microscopy a test of the organisms viability
in the microfluidic channel inside the cantilever [Etayash et al., 2016] , thanks to live/dead
stains, that stain with one color all cells, and with another — only the ones with damaged cell
membranes, i.e., dead cells. This also helps to estimate the coverage of the beam surface with
the bacteria and confirm the efficiency of adhesion [Lissandrello et al., 2014; Mertens et al.,
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2019]

Among an interesting additional characterization methods, there is also a combination of
nanomechanical sensing with infrared spectroscopy measurements [Etayash et al., 2016].
The infrared radiation causes an additional cantilever deflection, and allows to measure the
infrared absorption spectrum of the bacteria. This makes possible to determine different
bacteria strains, distinguish injured and intact cells [Etayash et al., 2016]

1.5 Workflow of rapid bacteria viability tests

After culturing the chosen bacteria strains on the agar plate, the bacteria are placed for
overnight growth into the liquid Luria-Bertani broth (LB) media at 37 C with shaking. In
case of the yeast strains, the cells grow in Yeast Extract-Peptone-Dextrose (YPD) medium
instead of LB. Then LB or YPD medium is replaced with Phosphate-buffered saline (PBS), that
is washed 3 times with fresh solution. In order to maintain the desired concentration of the
cells in the solution, the optical density is measured with a spectrophotometer. Meanwhile,
the cantilever’s surface is treated in order to improve the adhesion of the bacteria cells. Various
ways to improve adhesion were described in the literature, such as using a APTES linker [Longo
et al., 2013; Lissandrello et al., 2014; Stupar et al., 2017; Mertens et al., 2019]. The attachment
of the bacteria cells to the pre-treated cantilever beam surface is performed by incubating the
cantilever chip in a droplet of bacteria suspension typically for 15-30 min. Then the sensor is
gently washed in LB solution, such that droplet is removed and only the well-attached cells
remain on the surface. The cantilever is now ready for the measurement. Immediately after
the cleaning step, the chip is placed in LB medium, so that cells have enough nutrients to
stay viable. It is better to avoid having any bacteria that are loosely attached only by one side
(dangling bacteria). The washing step is repeated if such cells are observed in the optical
microscope.

The nanomechanical motion is typically recorded with an acquisition rate of 20-30 kHz, that
is higher than the resonance frequency of the soft cantilevers in liquid, and much higher than
frequency range at which there is the most prominent response of the sensor. The signal
recording is done for at least 30 min, before introducing the specific drug to kill the susceptible
organisms, and to continue the recording. Longer measurements up to few hours help to
ensure that there is no slow drift causing a drop of the signal without injection of the drug, and
also that the drug effect is complete. These measurements also allow to study if the system is
in a stable state.

The optical imaging of the cantilever surface before and after the experiment helps to con-
firm that similar amount of cells as at the beginning adhere to the surface after the end of
measurement.
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1.6 Data analysis of the typical nanomotion experiments

To improve the signal-to-noise ratio, some pre-treatment of the signal should be performed.
The linear drift can be compensated by a regression flattening. As response is expected in the
low-frequency range, the low-pass filter can be useful to suppress effect of higher frequencies,
known as aliasing effect. Also, some smoothing, such as moving averaging [Stupar et al., 2017]
or Savitzkiy-Golay [Bennett et al., 2020]filter can be applied. The variance of the fluctuation is
calculated over a time window, and allows to follow the dynamics of the organisms activity
on the cantilever [Stupar et al., 2017]. The Fourier transform of the time-domain signal and
power spectral density gives an understanding of the frequency range, at which response of
the device is the highest. Considering only that frequency range improves the signal-to-noise
ratio. Also, the resonance frequency can be determined from the power spectra and shift of it
can be used for estimating the mass load, though it is complex because of low quality factor of
the cantilever in the viscous medium.

Some single spikes can be removed from the time domain nanomotion signal, as they can be
artifacts, not related to biological activity. Also, 50 Hz and 100 Hz can be filtered out as the
ones related to electrical network. This can be important, since spikes, caused by e.g. short
acoustic noise or accident touching of the device, can affect variance, and also the power
spectra in the whole frequency range. In order to reduce noisiness of the visualization of the
power spectra, a moving average filter can be applied to the spectra curve.

To analyze the effect of bacteria activity in the low-frequency range of the cantilever power
spectra, and distinguish this from the low-frequency 1/f noise of the cantilever and measure-
ment system itself, the power spectra of the bare cantilever should be subtracted from the
power spectra of the cantilever coated with bacteria cells [Lissandrello et al., 2014]

1.7 Cantilevers with direct optical readout

1.7.1 SU-8 - based optical waveguides

SU-8 material has a good optical transmittance in a wide spectral range: higher than 90% in
arange from 400 nm to 2500 nm wavelength, low light absorbance, and refractive index of
n « 1.6. Thank to these optical properties, this material is widely used as a core of optical
waveguides. To have efficient confinement of light inside the waveguide by means of total
internal reflection effect, a cladding layer with a lower refractive index is required. For the
systems with SU-8 core material, various cladding materials can be used, such as SiO, [Koev
etal., 2009] (n = 1.46 at 630 nm [Malitson, 1965]), SU-8 resist with finely tuned refractive index
(having 1.5912 for the SU-8 core, and 1.5841 for SU-8 cladding, [Nordstrom et al., 2007]), or
using air around suspended waveguide core as a cladding material [Marinins et al., 2016;
Prokop et al., 2017, 2016].

The light coupling of light in and out of the waveguide can be facilitated by means of a
specifically designed diffraction grating [Zinoviev et al., 2006b], or using a butt-coupling

13



Chapter 1. State of art of micro-organism nanomechanical biosensors

technique [Nordstrom et al., 2007; Zinoviev et al., 2006c,a] by approaching a fiber source
close to the waveguide end or simply focusing light on the cross-section of the waveguide
end. Especially interesting for the mechanical sensing is the combination of the released
free-standing structures (cantilever made out of SU-8 for example) with the light guiding
techniques. Such, it was demonstrated that SU-8 material can serve simultaneously as a free-
standing micromechanical oscillator, and as a lightguide. In this case, instead of the reflected
laser readout scheme of AFM or piezoelectric readout, the oscillations can be monitored by
direct recording the displacement of the output light spot of the suspended SU-8 beam, or
by coupling light that exits from the cantilever with a static waveguide, and measuring the
output power (see Fig. 1.11). It was also proposed a reversed optical readout scheme, where
light is being coupled in the opposite direction: exits the static waveguide, and enters the
free-standing beam. More details about the different set-up will be given in chapter 3.

Output light
[

Input hght

Figure 1.11: SU-8 cantilever sensor with an integrated optical readout of reverse direction:
light enters the static waveguide, travel through gap, enters cantilever waveguide, and is
collected at the other side of the chip [Nordstrom et al., 2007].

1.7.2 Mechanical sensing with suspended SU-8 light guides

The so-called optical cantilevers, or cantilevers that guide light through the beam, are espe-
cially promising for the multiplexed devices. It was demonstrated, that an array of such light
guiding cantilever beam can be fabricated on the same chip [Xu et al., 2005; Hu et al., 2009;
Zinoviev et al., 2006a; Li et al., 2009; Xu et al., 2004], and simultaneous or subsequent readout
from all beams can be then recorded with a camera or photodetector. These novel readout
schemes allow to have light-emitting diode and detector of the photonic cantilever integrated
in the same device, which is very promising for creating highly integrated and miniaturized
devices [Misiakos et al., 2009].

Typically, the device consists from the waveguide with free-standing end, and another, output
waveguide (Fig. 1.11, 1.12). The static displacement and dynamic oscillation of the cantilever
determines the mismatch between two waveguides, and therefore affects the coupling effi-
ciency between the two waveguides and the output power. Alternatively, the displacement of
the output light spot can be recorded directly on a photodiode or camera.

Light guide - cantilever sensors were shown to be promising as sensors of various chemical
and biological compounds. Let us consider several interesting applications of theses sensors.
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1.7 Cantilevers with direct optical readout

The work principle of most of these sensors is based on monitoring the static deflection of the
waveguide - cantilever beam (Fig. 1.12). Highly integrated photonic sensor, that consist from
a SisN4 waveguide and stressed PMMA polymer film, was used to detect volatile compound
vapors of water and organic solvents [Misiakos et al., 2009]. Another example of the application
of static deflection technique is sensing various biological compounds, such as binding of
the streptavidin to biotin molecules [Ness et al., 2013; Calleja et al., 2006b], detection of
homocysteine amino-acid molecules [Koev et al., 2009] (see Fig. 1.13), and human growth
hormone [Farina et al., 2016]. These studies demonstrated the operation of the sensors in
liquid environment by integration the optical cantilever systems with microfluidic channels.
The work principle of the observed response of these devices can be explained by the surface
stress, that is caused by adsorption of the target molecules on the beam surface. One of the

Inpit waveguide Cantilever  Output waveguide

Au{15nm)

- SU-8 (2.21m) Maolded PDMS laver
Channel

|
i b) Waveguide Substrate

S0, {1jum)

Glass slide

- POMS I

Tether | |

s -
Capillary Cantilever chip

d) Glass slide |

Figure 1.12: SU-8 cantilever sensor with an integrated optical readout [Koev et al., 2009].
(a) Schematic of the optical cantilever. (b) Cross section of the fluidic channel along the
waveguide. (c) Top-down view of the SU-8 layer (dashed lines indicate the channel location).
(d) Cross section of the assembled package along the fluidic channel. Thin metal layer on the
top allows to functionalize the cantilever with thiol groups, and to use interferometric fringes
readout as a confirmation of the correct values of the optical waveguide readout. SiO; layer
under SU-8 is used as an optical cladding.

main sources of the variations in the baseline signal between different devices, and source
of noise during measurements is the unstable coupling of the light, due to the drift of the
mechanical stage [Koev et al., 2009]. The coupling efficiency of the two - waveguides systems
limits the signal-to-noise ratio. Coupling efficiency of these systems is low, resulting in a
typical overall losses of the order of 25 dB for some SU-8 cantilevers reported by Koev at.
al, [Koev et al., 2009] or 27 dB for hybrid devices that consist of SiO, cantilevers and SizNy
waveguides, reported by Zinoviev et al. [Zinoviev et al., 2006a]. These losses can be attributed
to propagation losses and coupling losses at the interface between two waveguides, and
interface between waveguide and input laser source [Koev et al., 2009]. In some works, the
light is transmitted through the input waveguide, that is made from another material than the
cantilever beam, and then is coupled inside the free-standing beam [Zinoviev et al., 2006a]; in
such cases, there are also some coupling losses at the interface. Hybrid integration of the light
source and detectors, good quality of the optical cladding can improve the minimal detectable
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Figure 1.13: (a) SU-8 cantilever-waveguide working principle: offset between the free-standing
cantilever and the output waveguide decreases the coupling efficiency. Therefore changes
in the output power are correlated with the beam displacement. Measured and theoretical
optical output power versus offset for an unpacked sensor in dry state [Koev et al., 2009]. (b)
Real-time response of an optical cantilever to 5-mM solution of homocysteine in DI water
[Koev et al., 2009]. Binding of the homocysteine molecules results in compressive stress, static
deflection of the beam and therefore change in the coupling efficiency of the waveguides and
output power.

deflection [Koev et al., 2009], and further miniaturize the optomechanical sensor. Another
challenge of the described waveguide coupling efficiency readout technique is the alignment
of the cantilever beam with the static waveguide, and choice of the gap size between them
[Zinoviev et al., 2006¢,a]. Therefore, stress-free single-layer material is preferable for these
kinds of devices, to avoid strong mismatch of the free-standing part of the waveguide with the
static waveguide [Zinoviev et al., 2006a] due to the stress of the used fabrication material or
bimetallic effect in case of multilayer structures.

As was described earlier, coating of cantilever surface with gold can be beneficial for function-
alizing surface with thiol groups to use the sensors for bio-recognition. A metal layer provides
the possibility of having an alternative way of signal readout using for example interference
fringes or laser reflection optical scheme. However, coating the cantilever with metal has also
drawbacks: it can cause deflection of the beam due to (a) mechanical stress, produced by
bimetallic effect; (b) become more sensitive to the temperature changes, and (c) metal layer
can absorb light, resulting in additional losses [Zinoviev et al., 2007].

In addition to the static deflection readout, also the dynamic operation of the cantilever-
waveguide devices was demonstrated. However, this latter mode was mostly implemented to
characterize the power spectra by driving cantilever chip with a piezo, and by detection of the
cantilever displacement in air, while driven into oscillation at resonance frequency [Zinoviev
et al., 2006a]. To our knowledge, the application of the waveguide-cantilevers, working in
dynamic mode, for sensing, and especially in liquid environment was never implemented.
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1.8 Conclusion

The Atomic Force Microscopy - based nanomotion technique is a promising tool for measur-
ing the viability of the living organisms. It is not limited to one particular type of organisms,
and was shown to work with a wide range of targets, including bacteria, yeast cells, bacteria
from blood pellets, and human cancer cells. In addition to using it as a tool for screen-
ing for antibiotic and antifungal drug, this technique can be also applied for screening for
bacteriofage-based drugs [Mertens et al., 2019]. The response of the nanomechanical can-
tilevers to living organisms is mostly limited to the low frequency range up to few hundreds
of Hz. The most commonly used tools for monitoring this response is the calculation of the
variance of the deflection in a given time window. But a frequency spectra analysis can be also
an interesting approach, that could provide additional information about the frequency range
of the response. The exact causes of the nanomotion sensors response is not clear, though
it is believed to be correlated with surface stress, caused by organisms that act on different
timescales. Nevertheless, this response can be affected not only by mechanical motion, but
also by the optical effects, when some microogranisms pass the laser beam [Bennett et al.,
2020].

The emerging of the cantilever - waveguides techniques is a promising development facilitat-
ing the integration and multiplexing of the nanomechanical sensor devices. Till now, their
applications were mostly focused on the static displacement and resonance shift techniques.
The typical readout scheme of these devices consists of two waveguides, from which one is
completely static and the other has a free-standing end. The coupling efficiency between
these waveguides is used as a readout signal. However, there are some challenges regarding
the choice of the gap size, and especially the unavoidable position mismatch between the
two waveguides that impairs the coupling efficiency. Also, in case of the cell viability sensor,
a very small gap could be filled with micro-organisms too, that could strongly affects the
light coupling efficiency. In chapter 3, an optical cantilever device for dynamic sensing of
cells viability will be presented, that is based on the described techniques, but has only one
waveguide-cantilever, with a readout the output light by a photo-diode or a camera.
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Y4 Estimations of the cantilever mechan-

ical properties

2.1 Introduction

In this chapter, different methods for theoretical and experimental estimation of the reso-
nance frequency and spring constant of the cantilever beams are presented. Then, resonance
frequency in air and spring constant for the SU-8 cantilevers with chosen dimensions are
calculated with a finite element simulation (FEM) and analytically, using a Euler-Bernoulli
beam model and Hooke’s law. The chapter ends with an explanation of the main noise sources,
that fundamentally limit system sensitivity, and gives some estimations of the output voltage
noise for the used in this work amplification circuits.

2.2 Estimation of resonance frequency

2.2.1 Resonance shift in vacuum and inviscid medium

The resonance frequency of a rectangular cantilever beam in vacuum can be calculated as:

1 E t
freswac)-rect = g Dboam ﬁ; (2.1)

where E is the Young’s modulus of beam material, ppeqs, is the density of beam material,

L is the length of the free-standing beam and ¢ is the thickness of the beam.
In case of small dissipative effects, the relation between the resonance frequency in a viscous
medium and vacuum, can be described as [Sader, 1998]:

2
w . T ; w
medium =1+ Pmedium Fr(wR,n))_l/z’ (2.2)

Wyac
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Chapter 2. Estimations of the cantilever mechanical properties

where w is the width of the beam, p is the mass per unit length of the beam, I'; (wg ) is the
real component of the hydrodynamical function I'(w) for resonance frequency of order n. This
hydrodynamical function is determined by the Reynolds number Re (Eq. 2.4), which defines
the relation between inertial and viscous flow. If viscosity is negligible, Re — oo, and the ratio
between the resonance frequency in the specific medium and in vacuum depends only from
the densities of the beam and the medium, as well as of the width w and the thickness ¢ of the

beam [Sader, 1998]:
Wmedium =1+ TPmediumW —1/2

Wyac 4ppeamt

(2.3)

2.2.2 Estimation of resonance frequency for fabricated SU-8 beams

The SU-8 polymer was assumed to have the density and Young’s modulus of ps;7_g = 1200 kg/m?3
and Esy_g = 4 GPa respectively.

(Note: In literature Young’s modulus of SU-8 varies from 2 GPa to 6 GPa [Wouters et al., 2011;
Robin et al., 2014; Hopcroft et al., 2005]).

Let us consider the SU-8 beams (I) that were fabricated with the following dimensions:
[ =260 um, w =20 um, ¢t = 5um. For these cantilevers, the beams resonance frequency
in vacuum can be estimated from Eq. 2.1: f;_,4¢ = 21.5 kHz.

After the optimization of the design, cantilevers (II) with width of w = 50 um, thickness of
t =5 um, and various length of /; =400 um, I, = 500 um, and I3 = 650 um have been microfab-
ricated as well. Their resonance frequency in vacuum can be estimated as fr;—1-y4c = 10.2 kHz,
fr1-2-vac =6.5kHz and fr1-3-yqc = 3.8 kHz.

Further, for the discussion of the resonance shift in air and water, let us consider cantilevers (I)
(260 ym x 20 um x 5 ym) with f;_,4c = 21.5 kHz. Their resonance frequency in air and water
in the approximation of inviscid medium can be estimated from Eq. 2.3 as fj_,;, = 21.46 kHz,
f1—warer = 11.3 kHz respectively.

device 'generation’ | thickness (¢), um | width (w), um | length (), yum | f,4c, kHz
I 5 20 260 21.5
II 5 50 400 10.2
II 5 50 500 6.5
II 5 50 650 3.8

Table 2.1: Resonance frequency of the SU-8 cantilevers of various geometrical dimensions in
vacuum (estimated from Eq. 2.1).

2.2.3 Simulation of frequency plots in various medium

The simulations were performed with the Stuctural - Acoustic Interaction module of COMSOL.
Calculations were performed in two steps: Eigenfrequency study (1), and then Frequency
Domain study (2) with frequency sweep from 0.1 to 100 kHz. To induce oscillation of the
beam, gravity and edge load were applied. Air and water medium were simulated by placing
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2.2 Estimation of resonance frequency

the cantilever beam inside a rectangular box of 100 ym x 100 ym x 500 pm, filled with a given
medium (Fig. 2.1). The calculated resonance frequencies of the beam in various medium were:
frac =21.9kHz, fy; =21.8 kHz, fiyater = 11.1 kHz, which are in agreement within 2 % with
the analytically calculated ones from Eq. 2.3. As one can see from the estimated values of

Eigenfreguency=11.102 kHz Surface: Total displacement (nm) o
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Figure 2.1: Model of SU-8 cantilever beam, immersed inside the volume filled with water
medium (COMSOL Multiphysics).

the eigenfrequencies (Fig. 2.2), the resonance shift becomes significant when the beam is
immersed in water, in comparison to air and vacuum, in which the resonance frequencies
have close values.

medium
— vacuum

103 air

water

107! 10° 10! 10?
Frequency, kHz

Figure 2.2: Frequency shift of the cantilever beam immersed in water (without taking into
account losses) (COMSOL Multiphysics).
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Chapter 2. Estimations of the cantilever mechanical properties

2.3 Resonance of the beams in viscous medium

2.3.1 Resonance frequency shift

There are various models that take into account the viscosity of the medium: models for free
liquid such as Sader’s model in the limit of small dissipative effects [Sader, 1998], Vankura’s vis-
cous method, or effective mass replacement model, while certain models consider a cantilever
in the vicinity of a surface, such as the Rankl method, and a modal analysis [Korayem et al.,
2011]. Let us consider Sader’s model in the limit of small dissipative effects as one of commonly
used ones. The angular resonance frequency shift can be described by previously introduced
Eq. 2.2. The hydrodynamical function from this equation has the following asymptotic form:

I'(w) = 1: Re — oo (negligible viscosity)

_ —4i - Do

Hw)= Reln(~iViRe)’ Re—=0

In the case of a rectangular beam of width w, oscillating at the characteristic angular fre-
quency w in the medium with density p and viscosity 7, the Reynolds number Re is given by:

pww?

4n

Re (2.4)

2.3.2 Quality factor

In the limit of small dissipative effects Sader has derived [Sader, 1998] the following expression
for the quality factor of the n mode:

4p
- 7 + 1—‘r(ﬂ)R,n)
Qn — TP medium W , (2.5)
I'i(wg,n)

where I'; (wr,,) and T';(wg,,)- the real and imaginary components of the hydrodynamical
function I'(f) for angular resonance frequency w of mode n, u is the mass per unit length of
the beam, w is the width of the beam, p,¢4;um is the density of the medium.

The quality factor in air also can be defined by the following expression [Liibbe et al., 2011]:

4Pt W fres
0= pLwj ) (2.6)

61 +3w\/N(MIRT)Z fresp

where M is the fluid molecular mass, T - the fluid temperature, R - the universal gas constant,
fres - the resonance frequency in liquids, E' and E” - the cantilever material storage and loss
(Young’s) modulus, ¢, w are the beam thickness and width, n and p is the dynamic viscosity
and pressure of the medium.
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2.3 Resonance of the beams in viscous medium

2.3.3 Simulation of frequency plots with included losses.
Estimation of the quality factor.

The previously described Structural-Acoustic Interaction study could not provide any infor-
mation on the quality factor of the cantilever beam, since the losses were neglected. One
of the methods to take this into account is the as-called Thermoviscous Acoustic study, that
uses parameters such as the thermal conductivity, the heat capacity, and the viscosity of
the medium, to give an estimation of the quality factor and to better estimate the shift of
resonance frequency.

The Thermoviscous Acoustic study gives the eigenfrequencies that are complex - due to the
damping effects. the simulation gives several eigenfrequencies with a very small real com-
ponent. However, we are interested in the eigenfrequency with non-neglectable real part in
the expected values region (some kHz). The first of these modes gives us the value of the
resonance frequency of the beam (main harmonic).

The resonance of the cantilever, immersed in water medium, was estimated to be 6.9 kHz. It is
~ 1.6 times lower than the one which was calculated without taking into account losses and
therefore, damping effects. The estimated damping ratio is 0.33, and the quality factor of the
SU-8 beam in water is Q = 1.5.

The estimated resonance frequency of the beam in air with damping effects is 21.8 kHz , with
a damping ratio of 0.009, and the quality factor Q = 54.
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Figure 2.3: Frequency shift of a cantilever beam immersed in water taking into account losses
by the Thermoviscous Acoustic study (COMSOL Multiphysics).

23
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2.3.4 Simulation of cantilever beams with known resonance frequency

In order to verify the accuracy of the finite-elements COMSOL modeling, these simulations
were repeated for cantilever beams with known resonance frequencies. For silicon can-
tilevers with dimensions L =197 ym, w =29 ym, t =2 ym (1), and L = 397 ym, w =29 pym,
t =2 um (2), known and simulated resonance frequency in kHz in water medium is shown in
the table 2.2 [Chon et al., 2000; Korayem et al., 2011]. The results of my COMSOL simulations
seem to be in a good agreement with the reported numerical calculations and the experimen-
tally measured data.

cantilever | franki | fviscous | JEMR | finviscid | fexperiment | fsimuiatea(COMSOL)
1 21.6 24.3 21.9 29.6 25.2 21.4

2 4.4 5.0 4.6 7.3 5.04 4.05

Table 2.2: Resonance frequencies in kHz of the silicon cantilevers from the literature [Chon
et al., 2000; Korayem et al., 2011], and our COMSOL simulation (in bold) of the same can-
tilevers.

2.4 Spring constant of the cantilever sensors

When a force is applied to the cantilever beam, its displacement is defined by the spring
constant, or the normal stiffness of the beam. According to the Hooke’s law,

F=kAz (2.7)

If the beam is too stiff, the microorganisms activity on the beam would not be able to induce
detectable vibrations. Too soft beam can be very fragile. However, they key consideration for
choosing spring constant of the beam is the frequency region of interest, which determines w
(which in turns depends from k and m). There are various methods for estimating the spring
constant of the free-standing rectangular beam, that include Bernoulli model, loaded mass
method, thermal calibration, Sander’s method and others.

2.4.1 Theoretical estimation of the spring constant

At first, let us consider the model of Euler-Bernoulli beam. The spring constant of the rectan-

gular beam can be described as
_Ew B
4B
where E is the Young’s modulus of the cantilever material, w, ¢, and [ is the width, the thickness

(2.8)

and the length of the beam respectively.
This equation was used to calculate the theoretical values of the spring constant of designed
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2.4 Spring constant of the cantilever sensors

cantilevers, and to choose accordingly the length of the SU-8 beams. The Young’s modulus of
SU-8 can differ (from 2 GPa to 6 GPa), depending on the process parameters, therefore, there
can be some variation between the predicted and the experimental values. However, this is a
simple and good estimate.

Let us make some estimates with Eq. 2.8 for the beams that were microfabricated (see Chap-
ter 3) in this thesis, assuming E = 5 GPa. For the SU-8 cantilever with dimensions of w = 20 ym,
t =5 um, [ =260 um spring constant k; = 0.18 N/m. For the SU-8 cantilevers with dimensions
of w =50 um, ¢t =5 um, and various length of /; =400 um, I, = 500 ym, [, = 650 ym, Eq. 2.8
gives krr—1 =0.12 N/m, kj;_» = 0.06 N/m, k;;—3 = 0.03 N/m respectively.

The spring constant of the SU-8 beams can be also predicted by using finite elements simu-
lation (FEM). This simulation is performed by applying a force load on the end of the beam,
and then using a Hooke’s law (Eq. 2.7) to determine a spring constant from the simulated
displacement of the beam (COMSOL Multiphysics, Stationary Study). This simulation is also
a subject to the uncertainty of the SU-8 material properties, such as Young’s modulus and
Poisson ratio. FEM gives the following estimates of the spring constants of the SU-8 cantilevers:
kI—FEM =0.14 N/m, kH—l—FEM =0.1 N/m, kII—Z—FEM =0.05N/m, kII—3—FEM =0.02 N/m.

2.4.2 Thermal calibration method (experimental)

The thermal method is one of the most commonly used methods for the calibration of the
cantilever spring constant in the commercial atomic force microscopes (AFM). The physical
principle of this method is based on measuring the thermal noise of the cantilever and on the
use of the equipartition theorem[Hutter and Bechhoefer, 1993]:

1 1
<§mw2 2y = EkBT (2.9)
k

m
displacement, kp is the Boltzmann constant, and T is the absolute temperature. Here the

where m is the oscillating mass, w = -- is the resonance angular frequency, z is the beam

cantilever is modelled as an 1-dimensional spring with an attached mass. Therefore
k(z*) =kgT (2.10)

This equation (2.10) can be used to determine the spring constant k from the experimentally
measured signal. To suppress all other noise sources, the signal is typically studied in the
frequency domain. In such case, background that is created by other sources of noise, can be
simply subtracted. The observed resonance peak in the limit of small damping can be fitted to
a Lorentz function, and the area under this curve gives the power of the fluctuations[Hutter
and Bechhoefer, 1993]. We can use the Parseval’s theorem, which states the equality between
the total energy calculated in the time domain and the spectral power. From this, and from
Eq. (2.10) we obtain:

k=-BL 2.11)
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Chapter 2. Estimations of the cantilever mechanical properties

where P is the area under the spectral power curve.

The spring constant measurement with the thermal noise method does not require any prior
knowledge about the cantilever beam material and dimensions; it is easy and straightforward
to perform, as long as there is an available calibration of the power spectra to nanometer-
scaled amplitude. This calibration is normally done with use of the dedicated test sample,
such as an array of steps with known height. Also, the resonance peak should be clearly
distinguishable from the background noise, and not have any artifact peaks near to it.

2.4.3 Sader’s method for calculating the spring constant (experimental)

Sader’s method considers the behavior of cantilever beams in a viscous medium. This method
is based on the computation of the so-called hydrodynamical function of the cantilever, that
depends from the geometry of the beam and from the medium properties, such as density
and viscosity. This method was originally developed for the cantilevers of rectangular shape,
but later was generalized for arbitrary shapes.

The main advantage of the method is its independence of the beam thickness, density and
Young’s modulus of the cantilever material, which are the sources of uncertainties for the other
methods. Instead, the Sader’s method requires the resonance frequency and the quality factor
of the resonance peak in the medium, as well as the properties of the medium.

k =0.1906 5, w? LQ L (0 ) w?,, (2.12)

where p,, is the density of the medium, w and L is the width and length of the beam, Q,, is
the quality factor of the resonance peak in the medium, w;, is the resonance frequency in the
medium, and I'; is the imaginary component of the hydrodynamical function.

Although the calculation of the imaginary hydrodynamical function can be complex, the
authors provided online tool [Sader et al., 2016], where this function is calculated, based on
the selected geometrical dimensions of the beam (width and length), as well as medium
properties. This simplifies use of the method for the cantilever spring constant calibration.
Another limitation of the model is given by the condition that the damping of the resonance
in the viscous medium has to fulfill: the Eq. (2.12) is valid when the quality factor of the
resonance of the fundamental mode is Q7 > 1.

2.4.4 Added mass (Cleveland) method (experimental)

The spring constant calibration method, proposed by Cleveland et al. [Cleveland et al., 1993],
is based on measuring the resonance shift, when a sphere with known mass is placed on
the cantilever free end. Its advantage is independence not only from Young’s modulus, but
also from the geometrical dimensions of the beam. However, the experimental procedure
of placing the spheres on the free end of the beam, can be complex and time consuming.
Moreover, there is a danger to damage the beam during this procedure, and it is difficult
to remove the attached spheres for the further use of the beam with unmodified properties.
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2.5 Fundamental source of noise

However, this method is also interesting in conjunction with cantilever beams of known spring
constant as precise mass sensors.

k= (271)21—M1 [Cleveland et al., 1993], (2.13)
ho fo
where M is the added mass, fj and f; are the resonance frequencies of the beam before and
after the adding sphere with known mass.
Cleveland et al. has also proposed a modification of his method, that allows to estimate the
resonance frequency of the unloaded beam. For this calculation, no additional manipulations
with the beam are needed, except for measuring the power spectra of it. However, this
computation relies on the Young’s modulus of the beam material, which can be a source of the

uncertainty.
3
k=2m3%w Efof‘, (2.14)

where L and w are the the length and the width of the beam, p and E are the density and the
Young’s modulus of the cantilever material, fj is the free resonance of the cantilever beam.
In addition to the local deposition of sphere, a deposited gold layer on the cantilever surface
can serve as an added mass [Gibson et al., 2001]. This can be easier from the practical point of
view, than local attaching the spheres to the surface. However, the metal layer should be thin
enough, to induce the resonance shift without a significant change of the spring constant.

2.4.5 Indentation method (experimental)

Nanoindentation method is based on the application of load on the studied cantilever beam
with an so-called indenter tip. This non-destructive technique allows to measure the spring
constant without any prior knowledge about the geometrical dimensions or material proper-
ties of the beams [Cumpson et al., 2008; Ying et al., 2007]. To do so, the displacement of the
indenter tip is recorded. According to the Hooke’s law, the spring constant is extracted from
the relation between the applied force and displacement of the calibrated indenter.

_AF

k="
Az

(2.15)

The main disadvantage of this technique is a complexity of placing an indenter tip in the
correct position [Cumpson et al., 2008].

2.5 Fundamental source of noise

2.5.1 Types of the noise in the cantilever sensor measurement system

There are the following types of fundamental noises in the cantilever-based sensing system:
flicker noise, shot noise, and Johnson—-Nyquist thermal noise. Let us briefly describe each of
them.

The flicker noise is an electronic noise that has typically a 1/f behavior, and hence is also
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Chapter 2. Estimations of the cantilever mechanical properties

called 1/fnoise. Its physically nature is not exactly understood. This noise is present in the low
frequency range of the power spectra, and is often filtered out in the scientific instruments by
using high-pass filters. However, in the case when the relevant signal is also located in the low
frequency range not much can be done a posteriori to suppress this noise. This phenomenon
is observed not only in electronics devices, but also in biology. The low-frequency response of
the cantilever beam to the activity of the attached micro-organisms, can be also related to the
flicker noise.

The 1/f voltage (in V/v/Hz) or current noise (in A/vHz) spectral density can be described by

the following equation [Jung, 2004]:
F,
Vn,In=k\/70, (2.16)

where k is the level of the white current or voltage noise (at the higher frequencies), and F, is
so-called corner frequency, below which the noise starts to rise (see Fig. 2.4a).
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Figure 2.4: (a) Typical (theoretical) 1/f noise of the operational amplifier, and definition
of the corner frequency F, [Jung, 2004]. (b) Voltage noise spectral density, nV/y/(Hz) vs
frequency, Hz of the operational amplifier (datasheet), that was used in the photodetector
signal amplification board [Instruments, 2021].

The shot noise originates from the particle (discrete) nature of electric charge and of light,
and present in electronic and optical devices. The electrons, or photons, come in quantized
packets, and amount of the emitted particles is not constant. This variation causes some
fluctuation of the brightness (or current), called a shot noise. This type of noise can be
dominant, when the total amount of the particles is small. Random amount of the emitted
particles per second is described by the Poisson distribution, and the root mean square of the
current fluctuations can be described as:

oi=1\/2qIAf, 2.17)

where ¢ is the electron charge, I is the average flowing current, and A f is the measurement
bandwidth.
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2.5 Fundamental source of noise

The photodetector is mounted on the amplification board, whose gain is defined by the
feedback resistors. Each of the resistors has a Johnson thermal noise in the whole frequency
range. It is considered to be a 'white noise), i.e., noise that has equal amplitude at different
frequencies. According to the equipartition theorem,

N=kgTAS, (2.18)

where N is the noise power, kg is the Boltzmann constant, T is an absolute temperature, and
Af is the measurement bandwidth.
An electric circuit with resistance R generates the root mean squared (RMS) voltage noise of

v=1/4kpTRAS, (2.19)

i= \/ M. (2.20)
R

In addition to resistors, operational amplifiers, that are used for amplification of the photode-

or a current RMS noise of

tector current, as well as exhibit a combination of the 1/f and white noise.

2.5.2 Estimations of the noise

Let us estimate the approximate values of the noise in the experimental system that was
developed in this work.

Noise of the resistors and operational amplifiers in the printed circuit board (PCB)

First of all, let us consider the thermal noise of the amplification board. Since the light coupling
efficiency was low, and a high amplification gain was used, hence a high feedback resistance,
this thermal noise can be dominant. There were two amplification boards that were used for
the cantilever readout, with a total gain of 102 and 107. The amplification was performed using
two stages: a transimpedance amplifier with a feedback resistor of R¢; = 1 MQ (Fig. 2.5a) that
defines a gain of G; = 10° V/A, and second, voltage amplifying stage (Fig. 2.5b) with feedback
resistor Ry» = 120 kQ and input resistor R3 = 1.2k, or Ry = 12kQ and R3 = 1.2 kQ, for having
gain G, equal to 100 and 10 on the second stage of amplification respectively. Other resistors in
the circuits have resistance that is of order of just ~ 1 kQ. Eventually, we can consider thermal
noise that is generated just by the 1 MQ resistor of the first amplification stage, as noise that is
generated by all other resistors in the circuit is negligible in comparison to it.
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Figure 2.5: (a) Schematics of the transimpedance amplifier (first amplification stage) with a
gainof G = 108 V/A, defined by the resistor R r1=1MQ. (b) Schematics of the voltage amplifier

(second amplification stage) with a gain of G =100 V/V, defined by 1 + RR—ZZ =101 = 100.

The source of the signal in the circuit is the photocurrent, which is generated by the photons,
hitting the photodetector sensing area. Therefore, it makes sense to talk about current noise
density, that is generated by the first amplification stage.

4kgT
Rp

In_1 = =127 fA/\/(Hz) (2.21)
, which result in RMS current of 22 pA for the bandwidth A f = 30 kHz. Then this current is
amplified twice and gives the following voltage noise per frequency (spectral density):

an = \/4kBTRf1G1G2 = \/4](?3 TRflG, (222)

V-1 =12.7 uV/vHz for G=10% and V,1_, =1.27 uV/vVHz for G=10".

In principle, Vy,—jonnson = V Vn12 + V22, where V,,; and V,,, is the voltage noise, generated
by the first and second amplification stage of the circuit. But as the resistance of the second
stage is much smaller than the one of the first stage, V,;» < V};1, so we can neglect the noise
produced by the second amplification stage. We conclude that the Johnson noise of the circuit
is equal to V.

The operational amplifiers that were used in the circuit (Quad JFET TL074CDT, Texas In-
struments), have an input voltage density equal to V;pys—n-op =37 nV/ v/(Hz) at f =1 kHz,
21 nV/y/(Hz) at f = 10 kHz (Fig. 2.4b), and input current density of Iinput-n-op = 80fA/ V(Hz).
Let us estimate the current noise power density that is produced by the amplifier in the first
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amplification stage in the absence of other sources:

2 (Vinput—n—OP

2
R; )5 (2.23)

2
Li-or” = linput-n-op

resulting in the output voltage noise power density of

2
Vinput—n—OP

VE op = (| Tinput—n—op® + ( 7, ) GG, (2.24)

where Ry is the feedback resistance, Vinpur-n-op and Vippur—n-op is the current and voltage
input noise density of the operational amplifier, G; and Gy is the gain of the first and second
amplification stages. Since most of the amplification happens on the first stage, we neglect
the noise that is generated by the operational amplifier of the second stage. Using Eq. 2.24,
an output voltage noise density, that is generated by the operational amplifier in absence of
other noise sources would be Vpp_gg = 8.8 uV/Hz for the board with G = 108, and Vop_gg =
0.88 uV/Hz for the board with G = 107.

If we consider 1 kHz as a frequency after which operational amplifier has close to the white
noise behaviour (Fig. 2.4b), then flicker noise power at lower frequencies can be defined as

Vi—op-1/1= (\/(IOP 117)? + (Vop-1/f/Rp)* G1G2) =( (10\/ =) +(V0\/ /Rf) G1Gy)

(2.25)
where F, is the corner frequency. F, and V(fp) can be determined from the power spectra of
the operational amplifier (Fig. 2.4b).

Shot noise of the photocurrent

Unlike the estimations of the resistor thermal noise, the shot noise cannot be calculated based
on only theoretical values, as it depends from the photodiode current, that is defined by the
experimental conditions and light coupling efficiency. Let us consider the amplification board
with a total gain of G = 10%. The typical signal level of the single photodiode could be in the
range from few hundreds mV to few V, having approximate minimum and maximum values
of the order of V,;;; = 0.1V, and V};,4x = 10 V, corresponding to current of 1 nA to 100 nA.
Therefore, according to the Eq. (2.17), the shot noise density can be estimated to be in the
range from 17.9 fA/vHz to 179 fA/v/Hz. After two stages of amplification, the shot noise
results in the voltage noise density in a range 1.79 uV/v/Hz to 17.9 uV/+/Hz for total gain of
G = 108.After comparing these values with the resistor and operational amplifier noise, we
can conclude, that at the lower limit of the light coupling efficiency the thermal noise of the
resistor is dominating, while at the higher limit, which is a saturation level of V};,,, = 10V, the
shot noise of photocurrent exceeds the Johnson noise of the resistors.
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Total noise

The output voltage noise that is given by the main fundamental sources: Johnson noise of the
feedback resistor, noise of the operational amplifier and shot noise, and can be estimated by
the following expression:

Vtot—rms = Vtot—density \/ Af = \/Vn—]ohnson—sz + Vn—OP2 + Vn—shot2 \/ Af (2.26)

then

4kpTA Vinput-n-op * =
Vtot—rms: BTf‘Flinput—n—OPz"‘(%) +2611 GIGZ Af (2-27)

Let us estimate the total voltage noise for the board with am amplification gain of G = 108
for two situations: high light intensity (V0 = 17.9 uV/vHz) and low light intensity (V0 =
1.79 uV/vHz). In the first situation, voltage noise density becomes

Viot—density—high-1 = \/(12.7-10‘6)2+(8.8-10‘6)2+(17.9-10‘6)2 -10% = 23.7 uV/vHz, and
for bandwidth of A f = 30 kHz gives a RMS voltage noise of Viot—rms—nigh-1 = 4.1 mV. In
the second situation, resistor and operational amplifier noise dominate over shot noise,
Viot—density—low—1 = \/(12.7- 1076)% + (8.8-1076)% + (1.79-10-6)2- 108 = 15.6 uV/v/Hz, and for
bandwidth of A f = 30 kHz results in a RMS voltage noise of Viot—rms—10w-1 = 2.7 mV.

2.6 Conclusion

Resonance frequency of the SU-8 cantilever beams with a given dimensions was calculated
analytically in vacuum, and estimated using a finite elements simulations in vacuum, air,
and water. Different methods for estimating spring constant were considered, including the
Euler-Bernoulli model, the finite elements simulation of the beam with applied static force,
the thermal calibration, Sader’s method, the added mass method, and finally the indentation
method. These techniques have the following advantages and limitations. Euler-Bernoulli
model allows to estimate cantilever spring constant (k) theoretically, and was used to calculate
the theoretical value of k of the designed levers. Sader’s and added mass methods allow to avoid
use of uncertain material properties, such as Young’s modulus and thickness of cantilevers.
Sader’s method allows to calculate the spring constant using the power spectra that is recorded
in the viscous medium, and can be extended for a beam of arbitrary shape. However, the
damping effects should not be too strong. The computation is rather complex. The added
mass method requires a time-consuming experimental procedures of placing a load on the
cantilever. Though there is a modification of the method for computing the spring constant of
the unloaded beam, it suffers from use of the cantilever material properties. the indentation
method also helps to avoid the use of uncertain parameters of the beam, and completely
relies on the experiment. It has to be performed with care in order to prevent damage of
the cantilever beam. And finally, the thermal method requires a reliable nanometer-scaled
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calibration of the power spectra, and a well-defined resonant peak above the background
noise.

There are several fundamental sources of the noise in the system: thermal noise, flicker
or 1/f noise, and shot noise. Contribution of each of the noise types was estimated, using
the parameters of the amplification board, and test results of the system. Depending on
the coupling efficiency, the shot noise can exceed the thermal noise of the resistors in the
amplification board, or be lower than thermal noise. In the low frequency region of the power
spectra, that is a region of interest for biosensing of micro-ogranism activity, the 1/f noise
dominates over other types of noise.

33






Microfabricating of the device and
developing measuring setup

3.1 Introduction

This chapter describes in details the proposed sensing devices and elaborates on its design,
different strategies for the microfabrication of SU-8 - based optomechanical sensors, as well
as challenges in the processing of SU-8 polymer. It also describes the developed experimental
setup for optomechanical measurements, the light-coupling procedure and data acquisition.

3.2 Device design and working principle

The concept of the sensing device is a chip with a polymer structure, that has a free-standing
beam, and a part that is responsible for guiding light towards the beam. The beam is suspended
above etched cavity. In principle, the most simple patterning structure would be a straight
light guide with a released part at its end. However, to avoid detecting light from the source as
part of the readout signal, a structure with curved light guide was implemented.

To have the end of the free-standing beam as close to the chip border as possible, avoid
reflections and absorption of light by the substrate surface, the patterned structure was made
with the following shape: coupling-in side is located in the middle of long side of the chip,
then has curvature, and continued to the end of the chip, such that free standing beams end
near the middle of the short side of the chip (see Fig. 3.1). Large length of the light guiding
part increases propagation losses, but simplifies the alignment procedure and minimizes the
background light illumination.

SU-8 polymer was chosen for patterning the light guiding and free-standing parts of the sensor
because SU-8 is a bio-compatible [Chen and Lee, 2021; Nordstrom et al., 2008], well-known
use for fabricating both cantilever beams and lightguides Abgrall et al. [2007]; Nordstrom et al.
[2008]. Its photoresist properties allow microfabrication using a direct UV patterning.
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Figure 3.1: Schematics of the measurement setup (not to scale)

3.2.1 Design of the optical part of polymer structure

In the proposed readout scheme, the cantilever does not require any metal coating. Indeed,
SU-8 coating with metal represents a challenge due to the weak adhesion and high thermal
sensitivity induced by the double layer stress. It is a challenging task to have a good quality
cladding in the light guiding part of the device, while not affecting the mechanical properties
of the free-standing part of the SU-8 structure. In the final design of the presented device, 2 ym
layer of silicon dioxide was proposed as a cladding for the light guiding part of the structure,
while free-standing part of the beam has air or liquid medium around, that has lower refractive
index than SU-8, and therefore also helps to confine light in the beam. Variation of the process
flow without oxide under the SU-8, was tested as well. In future modification of the system,
the optical properties of the device could be improved by using a better quality and higher
thickness cladding layer, or silica substrate, that posses better light coupling efficiency.

At the beginning of the project, several light coupling schemes were considered. In addition
to the direct readout scheme, depicted in Fig. 3.2 A, B, the readout could be performed by
coupling cantilever with an output waveguide (Fig. 3.2 C, D). However, the latter approach
has challenges of the offset between the cantilever beam (due to its possible bending) and the
light guide. In addition the light coupling efficiency could be compromised by a change in
the refractive index of the medium or presence of particles in the liquid medium. Therefore, a
choice was made in a favor of the direct light readout scheme. In the future implementations,
the device could have an array of the microsensors (Fig. 3.2 A, C) on one chip. However, to
show proof of concept of this novel device, and simplify the process flow, only chips with a
single sensor were implemented.
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Figure 3.2: Schematics of the direct optical readout (A, B) and light coupling efficiency readout
(C, D). 1 - laser light source, 2 - light guiding part of SU-8 polymer, 3 - suspended beam, 4 -
cavity under the beam, 5 - readout optics with CCD camera and photodetector, 6 - output light
guide for the coupling efficiency readout.

In the first design, the SU-8 thickness was set to 2 ym. Later this thickness was increased up
to 5 um, to enhance the portion of the light hitting the SU-8 structure, since it is particularly
difficult to focus light to a spot with a diameter smaller than 5 pm. During the process flow
optimization, sides of the SU-8 light guiding structure that were used for coupling light -in
and -out of the structure, were placed as close as possible to the edge of the chip.

3.2.2 Design of the etching pattern

The free-standing beam geometry was designed to reach a spring constant close to 0.05 N/m -
0.1 N/m. This choice was motivated by the fact that beams with such a stiffness are typically
used for the AFM - based nanomotion viability tests. However, for test purposes, beams with
with a design spring constant from 0.02 to 0.25 N/m were fabricated. The thickness of the
SU-8 was set to 5 um, to match the minimum possible diameter of the focused light spot. The
width of the beam was set to 20 um in the first generation of the fabricated devices, and was
increased to 50 um during the optimization process.

In the first generation of the fabricated devices, the etching cavity had a rectangular shape,
with beam end at a few hundred of um from the border of the chip (Fig. 3.8, Fig. 3.7a). In
the next generation, the width of the etching cavity was increased to whole width of the chip,
and located in such a way that cantilever beam would end approximately just 50 pm from
the edge of the chip (Fig. 3.7b). Additionally, or small etching window was designed at the
light guide entrance, to facilitate access of the light. For testing purposes, in some of the
samples two mirrored structures were patterned on the same chip (Fig. 3.7). This allows to
use the same sensor several times. Because the beams release was performed in the isotropic
etching process, there was an underetch of the mask. The deigned patterning was corrected
accordingly, to have the free-standing beams of the following length: 290 pm, 400 ym, 500 um,
650 um. These dimensions correspond to the theoretical spring constant values of 0.25 N/m,
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0.1 N/m, 0.06 N/m, and 0.02 N/m, respectively. Cantilevers with a spring constant in a range
0f 0.02-0.1 N/m were then mechanically characterized, and devices with a beam length of
500 um were used for the presented biological experiments.

SU-8 polymer structure had the same shape and dimensions on all chips on the wafer, and
only the layout of the etching mask was different. It permitted to manufacture chips with
various stiffnesses.

3.3 Microfabrication of SU-8 cantilever chips

One of the approaches to fabricate SU-8 cantilever chips is to use multi-layer SU-8 structures,
from which one layer is used as a beam, and other(s) layers - as base of the cantilever chip
([Hopcroft et al., 2005; Nordstrom et al., 2008; Abgrall et al., 2007; Martinez et al., 2016a]). In
such an approach, each layer is exposed and developed separately. Eventually, the chip made
entirely from SU-8 is released from the silicon wafer either by removing a sacrificial layer
between the SU-8 and the Si wafer, or by wet etching of Si wafer, that leads to delamination of
the multi-layered SU-8. This approach looks straightforward, but is not ideal for the lightguide
application, since in this case the whole chip is made out of SU-8. Besides this, it requires a
mechanical detachment of the chips from the wafer, that may damage the cantilevers.
However, alternative approaches exist, that allow to avoid any mechanical detaching steps,
and to keep SU-8 on the substrate surface. It includes using double-layer (see section 3.3.2) of
SU-8 with a buried exposure (without detaching from the surface), wet (section 3.3.3 ) and dry
etch (section 3.3.4). As shown further in this chapter, the dry etch approach was found to be
the most suitable for the manufacturing proposed SU-8 optomechanical sensing device.

3.3.1 Processing of SU-8 photoresist

SU-8 photoresist has a broad range of applications, that includes electrical passivation, use as
structural material for micro-electromechanical devices (MEMS), microfluidics, biological
applications, cantilevers and optical waveguides. Thanks to the photoresist properties of this
polymer, direct patterning of the structures by UV photolithography becomes possible. In
this work, we used the mask-less lithography technique (Heidelberg MLA 150), that scans the
wafer surface, and exposes resist to UV light irradiation according to a pattern design. The
same technique was used for exposing general purpose photoresists.

One of the challenges of the SU-8 processing is its adhesion to the surface of Si wafer and
SiO, oxide layer. To improve the adhesion, the wafers were pre-treated with O, plasma for
7 minutes, using a 500 W plasma power. During the optimization of the process, a step of
HMDS (hexamethyldisilazane, chemical formula CgH;2NSi») vapour treatment was added to
further improve the adhesion between the wafer surface and the SU-8. Then, the SU-8 resist
was gently poured on the wafer surface, avoiding formation of bubbles, and spin-coated with
a dedicated ramping speed to get a required SU-8 thickness. Later the SU-8 thickness was
assessed by means of various characterization methods, such as optical microscopy, scanning
electron microscopy (SEM)(Fig.3.12), mechanical (Fig. 3.3a) and optical profilometry (Fig.
3.3b).
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Figure 3.3: (a) Mechanical profilometer (Bruker Dektak XT surface profiler) measurement
of a test SU-8 layer with a target 25 um thickness, and (b) white light interferometry (Bruker
Contour X) measurement of a profile of 5 ym - thick SU-8 structure.

The next steps of SU-8 processing included several thermal baking steps and UV exposure.
All these steps affect the SU-8 adhesion, its uniformity, and define the stress in the polymer
structure [Keller et al., 2010, 2008]. These processing parameters also affect the mechanical
properties of the SU-8, such as its Young’s modulus, Poison’s ratio [Chung and Park, 2013a;
Keller et al., 2008] and its optical parameters, in particular its refractive index [Martham et al.,
2014].

The thermal processing includes 3 types of baking: softbake, post-exposure bake (PEB) and
hardbake (optional). Softbake is performed after spin-coating the resist film and the relaxation
delay. This time delay allows the film to distribute uniformly over the wafer surface, but is
more important for thicker SU-8 films; for thin films of few ym, that were used to fabricate
SU-8 cantilevers, a relaxation delay of just few minutes is enough. The purpose of softbake
is the removal of all the solvent from the resist layer which affects lithography performance,
such as: subsequent polymerization, cracks formation and material stiffness [Anhoj et al.,
2006]. The SU-8 is sensitive to thermal stress, and it is important to avoid any rapid changes
of temperature. Therefore, in all the baking steps heating and cooling was performed with a
ramp slope of 2 C/min or slower. In addition, the wafer was left to relax overnight after each
thermal baking step, before any next step of the process flow was performed.

The purpose of the post-exposure bake is to accelerate the cross-linking of the exposed parts
of the polymer, so that they become insoluble in the developer solution. Finally, the hardbake
was an optional baking steps, that was conducted after the SU-8 structures are developed. It
helps to improve adhesion, remove cracks in the SU-8 structures thanks to resist reflow during
baking, reduce stress. It was also shown that hardbake allows to use fabricated devices at
temperatures below the temperature of hardbake ([Chung and Park, 2013b]). The hardbake
can also minimize chance of the damage of the SU-8 structures during the further steps of
process flow, such as baking of other resist and plasma etching.

The UV exposure dose is an important parameter to guarantee a proper cross-linking of the
structures, prevent the delamination of the SU-8 during the development process, and mini-
mize the amount of stress, received during irradiation. The calibration array of the structures
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with different exposure doses was performed, to determine the correct dose. The develop-
ment was performed in a PGMEA (propylene glycol monomethyl ether acetate) solution, for
the shortest possible time, since a long development could lead to the delamination of the
structures.

3.3.2 Double-layer SU-8 structure for free-standing beams release

Some works describe the fabrication of SU-8 cantilevers using a thin SU-8 layer for creating
the beam, and a thicker SU-8 layer, as a base (body) of the cantilever chips [Hopcroft et al.,
2005; Nordstrom et al., 2008; Martinez et al., 2016a]. However, typically the second layer is
exposed and developed after the first layer is already patterned, and then both structures are
detached from the substrate, using sacrificial layers and simple mechanical detachment.

An alternative approach, that does not require a mechanical detachment of the cantilever chip
from the silicon (Si) surface, can be proposed (see Fig. 3.5). A thicker, 'body’ SU-8 layer can be
exposed without being developed, and then work as a sacrificial layer for the subsequently
coated thinner SU-8 layer ([Ceyssens and Puers, 2006; Moser et al., 2011]). However, SU-8
photoresist has a very low light absorbance of UV irradiation at a wavelength of 375 nm, that
was used for mask-less exposure. Several dose calibration test were performed, but it was not
possible to expose only top part of SU-8, without penetration of irradiation in the bottom part
of SU-8. There are several solutions for preventing UV irradiation from reaching the bottom
SU-8 layer, while exposing the top layer: enhancing absorption properties of the top layer
[Moser et al., 2011] and adding a metal layer that blocks UV irradiation[Ceyssens and Puers,
2006].

Sl

3 5

(@) (b)

(©)

Figure 3.4: Design of the double-layer SU-8 structure: single cantilever device with a direct
light readout (a), multi-sensor device with a direct light readout (b), and multi-sensor device
with a coupling-efficiency readout (c). 1 - free-standing beam, 2 - spot for coupling light in, 3 -
SU-8 body (25 um thick), 4 - output light guides.
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Let us consider the approach with two SU-8 layers and a protective metal film in detail (Fig. 3.5,
Fig. 3.4).
A 25 pm-thick SU-8 (GM 1070) layer is spin-coated with a speed of 3000 rpm on the Si surface
(Fig. 3.5, step 1), to function as a base of cantilever, and as a sacrificial layer for releasing the
free-standing beam. This layer is exposed to UV irradiation, but not developed (Fig. 3.5, step 2),
so that film is covering the whole wafer with an equal thickness. Then, a UV-blocking 100
nm - thick aluminium (Al) film is evaporated (Leybold Optics LAB 600H, deposition at room
temperature with a rate of 4 A/s) on the top of first SU-8 layer (Fig. 3.5, step 3). Subsequently, a
1 um-thick SU-8 layer is spin-coated on the top (Fig. 3.5, step 4), to act as a free-standing beam.
Then the top layer is exposed, and both layers are developed in PGMEA, and aluminium film
is etched in a standard AZ developer (Fig. 3.5, step 6). As a result, in the area where bottom
part of SU-8 was unexposed, upon dissolving in the developing solvent it should act as a a
sacrificial layer, and define the dimensions of the free-standing beam.

However, this resulted in wrinkle-like structure of the pattern (see Fig. 3.6). This probably

1 2 3
4 5 6

Figure 3.5: Schematics of the process flow of the double SU-8 layer approach. 1 - spin-coating
25 pm - thick SU-8, 2 - UV exposure of SU-8 (without development), 3 - evaporating 100
nm of Al, 4 - spin-coating 5 ym SU-8 - thick SU-8, 5 - UV exposure of the top SU-8 layer, 6 -
development of both layers in PGMEA and wet etch of the Al film.

— Sisubstrate

—— Evaporated Al (100 nm)
—— unexposed SU-8

— exposed SU-8

happened because the bottom SU-8 layer can be damaged by process of aluminum evapora-
tion, that causes some heating of the substrate, and by the baking steps of the top SU-8 layer.
It is complicated to work with not cross-linked (not yet developed) photoresist, since any
heating can induce solvent evaporation. And indeed, it was reported that even evaporation
of a very small metal quantity can trigger photoinitiation, cause unwanted cross-linking of
the undeveloped bottom SU-8 layer, and wrinkle artifacts on the surface [Ceyssens and Puers,
2006].

This approach still could be interesting, because it does not need etching, but just a release
by the developing the photoresist. However, further optimization of the process is required
to get reproducible, good quality released SU-8 structures. In addition to that, light coupling
is easier to do, when base is made from other material, otherwise coupled light can travel
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(a) (b)

Figure 3.6: Optical microscopy images of the double-layer SU-8 structures. (a) Single SU-8
structure: 1 - base of SU-8, 2 - wrinkle-like structure of protective aluminium layer, 3 - SU-8.
(b) Array of the SU-8 structures for the efficiency coupling readout: 1 - polymer base (bottom
layer of SU-8), 2 - gap between two parts of SU-8: the free-standing and non-free standing for
coupling efficiency readout, 3 - part of SU-8 for guiding light towards the free-standing beams,
4 - the beams parts, that is to be released, 5 - output light guiding part.

inside SU-8 material in all directions, unless base is made from modified SU-8 with another
refractive index. Therefore, the use of just one single SU-8 layer, and etching of the substrate,
turned out to be a better solution, though it also has a number of challenges, such as adhesion
of SU-8 to the surface, and stress that can be induced in the SU-8 during the etching process.

3.3.3 Wet etching for SU-8 beams release

Wet etching technique requires the use of aggressive solutions such as potassium hydroxide
(KOH), and hydrogen chloride (HC]) for its neutralization. It requires a special care and the
use of dedicated protective equipment. Similarly, wet processing might delaminate the SU-8
layer, in case of bad adhesion to the silicon and the silicon oxide surface. However, wet etching
could allow to produce truly free-standing beams, that is harder to achieve with dry etching
techniques. Also, in comparison with plasma etching, the SU-8 polymer should receive less
stress.

Although free-standing beam is more fragile, it has a number of advantages: for example,
both top and bottom surface can be observed with inverted optical microscope. Also, local
attachment of the living organisms onto the free-standing lever is facilitated.

The KOH wet etch procedure is commonly used for the micro-fabrication of SiO, cantilever
beams, but it also was demonstrated to be a convenient technique for fabricating polymer
cantilevers. Normally, SU-8 cantilevers are made fully made from the same resist material.
The base (body) and beam part are completely released from the silicon wafer during the KOH
wet etch process. In this project, the goal was to fabricate cantilever beams located on the top
of oxidized wafer without removing the SU-8 layer from the surface, where the oxidized silicon
chip serves as a base for the cantilever.
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3.3 Microfabrication of SU-8 cantilever chips

The process flow includes steps of patterning SU-8 structure on the top of the double-sided
oxidized wafer, and patterning an etching mask on the backside. Oxide on the topside should
work as a cladding material, thanks to its refractive index, that is lower than refractive index
of SU-8, and oxide on the backside of the wafer that works as a mask for the wet etching.
To prevent the detachment of the SU-8 from the top side of the wafer, that is due to the
underetch of silicon, the top side of the wafer was protected with PMMA chuck. However,
the SU-8 does not adhere very well to silicon and silicon oxide surfaces, and therefore wet
etching was a not feasible process, since SU-8 was swept during the KOH etching. To overcome
these problems, some modifications of the process flow were implemented. One of these
modifications consisted in the addition of a sputtered 500 nm - thick SiO, layer on the top
of SU-8 as a protection. The duration of the wet etch was minimized by developing a hybrid
etching strategy, that included both dry and wet etching techniques. At first, vertical dry etch
from the backside, using Bosch process was conducted. After this process, only a depth of 50
pm of Si was remaining under the SU-8 beams. Then, these remaining 50 ym of silicon were
etched using KOH etch.

Alonghardbake of SU-8 prior to all the etching steps as included in the process flow to improve
adhesion of the SU-8 to the wafer. Unfortunately, all these changes did not help to solve the
adhesion problem of SU-8. Therefore, dry isotropic etch process was considered instead,
without use of a wet etch.

3.3.4 Dry etching for the SU-8 beams release

The operating principle of nanomotion sensor devices consist in monitoring the oscillations
of a beam with adsorbed living organism. Since there is no need to approach these beams to
other surfaces as in traditional Atomic Force Microscopy (AFM), the beams can be suspended
above an etched cavity, instead of being completely released. This can partially protect chips
from accidental breakage, and also opens the possibility of placing the microfluidic channel on
top of the substrate. Etch of the cavities can be conducted by isotropic SF6 (sulfur hexafluoride)
inductive-coupled plasma (ICP) etch (Alcatel AMS 200 SE etching machine).

The use of the dry etch processing is safe as does not require handling dangerous acid and
base solutions, and minimizes the chances of SU-8 delamination from the surface, that could
happen when wet etch process is used. However, it has also disadvantages: cavity geometry
does not allow to observe the bottom surface of the beam, there is a risk of having air bubbles
in the cavity, if it is not deep enough. Also, the use of the plasma etch inevitably induces stress
to the SU-8, that can lead to the bending of the beams, or even their breakage, if the etching is
performed for too long time, or with a too high power. This effect can be reduced by using
hardbake of the SU-8, prior the etching process, by using a lower power and limited etching
time. In particular, in this work the following parameters of the inductive-coupled plasma
(ICP) etch process were used : SF6 flow rate of 50 sccm, and ICP source power of 1000 W, that
give less aggressive etching than parameters of the standard isotropic etch recipe (SF6 flow
rate of 300 sccm, and ICP power of 2000 W). SU-8 beam can be protected by additional SiO,
layer. However, bending can not be completely avoided, since SU-8 is a material with a very
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Chapter 3. Microfabricating of the device and developing measuring setup

low thermal conductivity, and is sensitive to the thermal stress. The optimized process flow,
that was used for fabricating the final version of the devices, is presented at Fig. 3.10.
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Figure 3.7: Designs of the optical cantilever devices for the dry etch approach: (a) with a
rectangular etching window for cantilever beam release, and (b) an optimized version of the
device design with an etching window of whole chip width for cantilever beam release, and
additional, 500 ym wide etch window to facilitate light coupling. 1 - etching window for
cantilever release, 2 - end of the beam to be released, 3 - light entrance.

Cantilever sensors were fabricated on a 4-inch 525 pym - thick Si wafer with a wet grown 2 ym -
thick oxide. To improve the adhesion of the SU-8 layer, we carried out oxide plasma treatment
(Tepla 300) for 7 minutes at power 500 W, O, flow 400 ml/min and HMDS (hexamethyldis-
ilazane) vapour treatment before the spin-coating step. SU-8 polymer was spin-coated on
the pre-treated Si wafer at 1307 rpm for 40 seconds (Sawatec LSM 250), to have 5 pym-thick
film of SU-8 (SU-8 GM 1050 photoresist, Gersteltec Engineering Solutions, Pully, Switzerland)
on the wafer surface (Figure 3.10, step 2). The SU-8 layer thickness was later confirmed by
optical microscopy and white light interferometry (Bruker Contour X) (Fig. 3.3b). After the
spin-coating step, the SU-8 was softbaked at 90 C°, and eventually exposed to UV using mask-
less lithography (Heidelberg MLA-150). All patterning masks were designed with KLayout
Editor open source software. SU-8 was exposed with UV light of wavelength 375 nm, dose 390
mJ/cm?. After exposure, it was baked at 120 C°, and developed in propylene glycol methyl
ether acetate (PGMEA) solvent, then hardbaked at 150 C° (Figure 3.10, step 3) to reduce stress
in the SU-8 material, improve adhesion and uniformity of the SU-8 layer [Li, 2018; Keller et al.,
2010]. All baking steps were done with a ramp slower than 2 C°/min to minimize the thermal
stress, and followed by at least an overnight relaxation before the subsequent exposure or
development steps.

An 500 nm thick SiO, layer was sputtered on the wafer using a deposition tool (Pfeiffer SPYDER
600) with a source power of 1000 W, at a deposition rate of 58 nm/min (Figure 3.10, step 4).
This oxide layer was used as a mask for the dry etching step of Si. To pattern this etching
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3.3 Microfabrication of SU-8 cantilever chips

mask, 1 um - thick resist layer was spin-coated (AZ ECI 3007, Merck) at automatic coater Siiss
Microtech ACS200 Gen3 with ramp speed 850 rpm, and 2 min softbake at 100 C° on top of
the SiO, (Figure 3.10, step 5). The resist layer was then exposed to UV light using a mask-less
lithography aligner (Heidelberg MLA 150) at a dose of 210 mJ/cm;, and a wavelength of 405
nm (h-line), and developed in ACS 200 machine, with a post-exposure bake at 110 C° (Figure
3.10, step 6).

The SiO, was etched using inductively coupled plasma (ICP) -based etching machine (SPTS
APS), that permitted to open windows for isotropic dry etching of the Si surface (Figure 3.10,
step 7). After the AZ EClI resist stripping (Figure 3.10, step 8), the wafer was coated with a thick

1
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Figure 3.8: Optical microscopy images of the SU-8 structure on the Si substrate and SiO; etch
mask, that determines the length of the free-standing beams. 1 - etch mask window, 2 - part of
the SU-8 structure to be released, 3 - light guiding part of SU-8. Position of the subsequent
dicing cut is shown as a blue dotted line.

protective resist (AZ 40XT, Merck) layer (Figure 3.10, step 9) and diced with a 50 ym - wide
cut (Disco DAD321 dicing saw machine). The dimensions of the obtained chips were 3.4 x 1.6
mm. Eventually, the chips were mounted on a dummy oxidized wafer ((Figure 3.10, step 10a)
and loaded inside an Inductive Coupling Plasma dry etching machine (Alcatel AMS 200 SE).
Isotropic fluorine plasma etch was performed with the following parameters: SFg gas flow of
50 sccm and ICP power of 1000 W. During this process, the two free-standing SU 8 beams were
released (the mechano-sensor (see Fig. 3.9) and the light-coupling end) by etching two 100
pm deep cavities underneath the SU 8 layer (Figure 3.10, step 11).

The single chips were dismounted from the wafer and cleaned in acetone, 2-propanol, and DI
water. Finally, to remove the residues of SiO, under the free-standing beam, the chips were
loaded in the HF vapor isotropic etch machine (SPTS pEtch, used pressure of 125 Torr).

To confirm the release of the SU-8 cantilevers from the chip, as well as to confirm quality of
the beam surface, chips were studies with Scanning Electron Microscopy (SEM). To avoid
charging effects, chips were coated with a 5 nm/ 20 nm of Cr/Au, prior to the loading in the
SEM. The 30 ° tilt of the stage permitted to confirm that the beam was successfully released
from the surface (see Fig. 3.12). Study of the SEM images showed that SU-8 beams had vertical
walls. Small artifacts, that were observed in the some spots on the beam surface (Fig. 3.12b),
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(a)

(b)

Figure 3.9: (a) Chip with SU-8 light guiding structure and (b) released beam after dry etch
(optical microscopy). 1: suspended beam (partially out of focus due to the bending), 2: light
guiding part of SU-8 (not released), 3: SiO, mask, 4: etched Si cavity, 5: spot for coupling light
in.

Si substrate
Sputtered SiO, (500 nm)

Wet oxide SiO, (2 um)
SU-8 (5 um)
AZ ECI 3007 resist (1.5 um)
AZ 40XT resist (20 um)
2 3 4

1
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Figure 3.10: Process flow for fabricating suspended SU-8 levers: 1. Si wafer with 2 ym SiO»
Wet oxide, 2. spin-coating of 5 um-thick SU-8 layer, 3. Exposure and development of SU-8
structures, 4. Sputtering 500 nm thick SiO», 5. Spin-coating 1.5 ym thick AZ ECI3007 resist, 6.
Exposure and development of resist, 7. Plasma Etch of SiO», 8. Removing resist, 9. Spin-coating
protective resist for dicing, 10. Dicing, removing protective resist, and attachment of diced
chips to the dummy oxidized wafer (a: top view of the chips attached to the dummy wafer, b:
side view of single chip), 11. Dry isotropic etch of the Si substrate, 12. HF vapour isotropic
etch of silicon dioxide.

were most likely caused by the bubbles during resist coating.
One of the drawback of the proposed process flow is the bending of the beam, that can have
positive (upwards) or negative (downwards) sign, depending on some steps of the process flow:
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3.3 Microfabrication of SU-8 cantilever chips

we have observed a downwards bending for the chips with 2 um thermal oxide (see Fig. 3.11a),
and an upwards bending (see Fig. 3.11b, Fig. 3.12) for the similar process flow, in which the
silicon wafer did not have a thermal oxide. This bending is likely related to the intrinsic stress
in SU-8 polymer, and is affected by the following heating steps: softbake, post-exposure bake
(PEB), hardbake, as well as by the UV exposure dose [Li, 2018; Keller et al., 2010] and the
plasma etching of the SiO; film and the Si substrate. Difference in the bending between two
process flows can be explained by a bi-material effect of the SU-8 and the SiO; that exists in
case of the wafer with a thermal oxide: in this process SU-8 beam is being release with an oxide
layer under it (Fig. 3.10 (11)). Another phenomenon that can induce a stress in the structure is
a duration of the SiO; etch: in case of the process flow with Si wafer without an oxide, only a
500 nm - thick mask has to be etched to open the mask windows, but in case of the process
flow with 2 um thick oxide, the total thickness of oxide is bigger, and therefore there is a higher
amount of energy that is received by SU-8. This bending can be reduced by further optimizing
the process flow, for example, by protecting beam with an additional oxide layer from the
plasma ions during etch. However, in spite of these bending effects, cell attachment, light
coupling and optomechanical measurements were performed successfully (see Chapter 4).

(a)
(b)

Figure 3.11: Bending of the released cantilevers beam (optical microscopy, imaged from the
side).
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(b)

Figure 3.12: Scanning electron microscopy (SEM) image of the released SU-8 beam, patterned
on the Si chip. Image was obtained using 3 kV voltage, with a tilt of the stage 30 °.

3.4 Developing the measurement setup. Light coupling and signal
recording

3.4.1 Setup for optomechanical measurements and tests

An experimental optomechanical setup was assembled on an optical table. It consists in
vertical and horizontal optical microscopes, micromechanical manual stages, a laser source
and a measurement chamber (liquid cell) (Fig. 3.16). Two micromechanical stages move the
measurement chamber and the laser source together, without de-coupling light from the
setup. They also allow to focus vertical observational microscope, move horizontal readout
optical microscope (Fig. 3.13b) in XYZ directions, and perform alignment and focusing of the
laser source (Fig. 3.16). The vertical microscope serves for the observation of the surface of
the chips, alignment, and to confirm the presence of the living organisms on the cantilever.

48



3.4 Developing the measurement setup. Light coupling and signal recording

The horizontal readout microscope records output signal, and permits to further verify light
coupling and alignment. Both microscopes are equipped with high-speed CCD camera. In
addition to that, the readout optics consists in a beam-splitter, and an attached 4-segment
photodetector with an amplification board (Fig. 3.13a, Fig. 3.13b). This allows to control the
coupling and to record the signal with the CCD camera and the photodetector simultaneously.
The use of the CCD camera is opening the opportunity for using multi-sensor array devices
in the future. However, the camera was mostly used for alignment purposes, and all the
recordings were made with the photodetector, since it allows the recording of the signal at a
much higher frequency.

Figure 3.13: (a) Photodetector on the amplification board: 1 - 4-segments photodetector, 2 -
mounting ring for the attachment to the optical tube, 3 - shielding metal plates, attached from
both sides to the amplification board, 4 - amplification board. (b) Readout optics: 1 - Optical
tube with the beam splitter, 2 - CCD camera, 3 - photodetector board in the shielding metal
cage.

To permit an easy alignment of the light source onto the chip, and perform reliable recordings,
it is important to mechanically stabilize the chip in the system. For this purpose, a special
measurement chamber was designed. This chamber was made from the stainless steel with
thin glass windows to couple the light from the laser source to the SU-8 structure, and record
the output light spot with the readout optics. The metal holder for the cantilever chip (Fig.
3.14) is magnetically attached inside this metal chamber (Fig. 3.17), and centered using
special alignment balls. This ensures that both light entering and exiting ends of SU-8 are
located approximately in the middle of the glass windows. The measurement chamber is
also magnetically attached, on the top of a rigid fixture with an integrated piezo-actuator.
These magnetic attachments help to position the chip in almost the same place, and there-
fore only slight adjustments of the micromechanical stages are required for the light alignment.

A piezo-actuator, that is located under the measurement chamber, helps to drive the whole
chamber in oscillation with a chosen amplitude and frequency, in order to assess the cantilever
displacement. The piezo-actuator was used at the low amplitudes of its working range, a
domain where its response is approximately linear. Its calibration was performed using an

49



Chapter 3. Microfabricating of the device and developing measuring setup

Figure 3.14: The cantilever chip, manually glued to the metal holder, that can be magnetically
attached to the measurement chamber. 1: etched cavity with suspended beam, 2: spot for
coupling the light in the chip (in the middle of the right side of the chip), 3:holes that are later
placed on the alignment balls for centering the position of the holder in the chamber.

Atomic Force Microscope (AFM). For this calibration, the AFM cantilever was approached
to the piezo-actuator, that was excited using a wave generator. Scans were recorded without
moving the AFM cantilever beam in the lateral direction, but by just following the vertical
oscillations of the piezo, so that the XY directions of the scan represented oscillation in time
(see Fig. 3.15). This test was later confirmed by alternative calibration, that was made using
a laser Doppler vibrometer device. The piezo-actuator was used to test sensitivity of the
developed setup to nanometer-scaled oscillations at low frequencies, and to calibrate its
response.
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Figure 3.15: Calibration of piezo with AFM: (a) AFM image that is performed by keeping the
AFM cantilever in the same spot. Periodic stripes represent oscillations of the piezo-actuator.
(b) Profile of the cantilever motion that follows low-frequency oscillations of the piezo, and (c)
Histogram of the height distributions of the AFM scan. Positions of the peaks can be used to
determine amplitude of the oscillations: here ~ 5 nm.

One also have to keep in mind, that since the whole chip is driven into oscillations, there is an
effect of changing the light coupling efficiency, in addition to displacement of the light spot.
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But this effect can be taken into account by normalizing differential signal of the photodetector
over the total signal, defined by the intensity of the light spot.

Figure 3.17: Measurement chamber
with cantilever chip fixed on magneti-
cally attached holder. Thin glass win-
dows allow to couple light -in and -
outside of the chip. Metal tubes can
allow automatic liquid handling.

Figure 3.16: Measurement setup for the op-
tomechanical measurement, assembled on the
optical table: 1 - Laser fiber-coupled low coher-
ence beam source of 636 nm wavelength and
2.5 mW power, 2 - micromechanical stages for
the light alignment, 3 - photodetector with am-
plification board, 4 - readout optics with beam
splitter, CCD camera (behind), 5 - observation
optics with CCD camera.

3.4.2 Light coupling procedure

The light coupling procedure consists in observing the chip with a microscope, and in moving
the light spot in a position where it hits the end of the SU-8 structure (Fig. 3.18a), and focusing
light into smaller possible spot. The fiber-coupled low coherence beam source of 636 nm
wavelength and 2.5 mW power (51nanoFCM, Schéfter + Kirchhoff GmbH, Germany) had
an integrated micro-focus generator with working distance of 54 mm. An alignment and
focusing of the light were performed by using the XYZ micromechanical stage, on which the
laser source with a focusing optic was firmly attached (Fig. 3.16, 1).

The readout optics is aligned to focus on the edge of the cantilever beam that is suspended in
the middle of the etched cavity. When the laser light is on, the light is coming out the end of
the cantilever (Fig. 3.18c, Fig. 3.18b). The position of the laser source can again be slightly
adjusted, until the light spot, coming from the beam reaches its highest intensity. This is
assessed by maximizing the SUM signal of the 4-segment photodetector.
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Finally, the position of the readout optics has to be slightly re-adjusted in order to obtain a
laser light spot, that is centered between the 4 photodetector segments. Because the CCD
camera field of view, and photodetector have some offset, and also do not have the same
sensitive area, this readjustment is crucial to position the light beam in the middle of the
photodetector, in a way that each segment has an equal signal. However, because the plane of
the photodetector is not perfectly vertical, and the chip is also not perfectly aligned relatively
to the optical path of the readout microscope, there is some slight variation between the
single segment signals.

Alignment stages have some mechanical drift, that can be visible during long lasting
recordings. Therefore, it is important to control the level of the signals, and to correct the
alignment in between the recordings, if necessary.
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Figure 3.18: Optical microscopy images of the light that travels through the SU-8 microstruc-
ture. (a) Coupling the light into the chip: the laser spot is focused at the inlet of the light guide
(top view), (b) light spot that comes out of the free-standing beam (side view), and (c) light
that travels through the free-standing beam (top view).

3.5 Signal amplification and data acquisition system

The photodetector amplification board consists in a transimpendance amplification, and a
voltage amplification stage (see details in section 2.5.2 and Fig. 2.5a, Fig. 2.5b). To minimize
the noise, that depends on the feedback resistors of the amplification scheme, most of the gain
is given by the transimpendance amplification stage, that has a noise ~ /Ry, where Ry is the
value of the feedback resistor. An amplification board that was used for initial optomechanical
measurements and resonance frequency measurement, had gains of G, = 10°V/A, and G, = 10
on its amplification stages, resulting in total gain of G = 107, and bandwidth of 100 kHz. This
frequency bandwidth was enough to cover the resonance frequency range of the fabricated
SU-8 beams. Second board had gains of G; = 10% V/A and G; = 100, resulting in total gain of
G =108, and bandwidth of f = 5 kHz respectively, and was used to perform viability cell tests.
The signal that is relevant in the biological experiments, is confined to the low-frequency
region, below few hundreds of Hz. Therefore, to improve the signal-to-noise ratio and avoid
aliasing effects (effect of the higher frequency region on the frequencies inside the acquisition
frequency band), a low-pass RC filter, that cuts the signal at a frequency above 5 kHz, was

52
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included in the board with G = 108. The gains were chosen to have high enough signal without
saturation. The amplifiers gain is defined by the values of the feedback resistors. Their value is
a compromise between the desired gain and the value of the Johnson-Nyquist noise. There
was no DC (high-pass) filter used, to avoid cutting relevant low-frequency signal. In addition
to this, DC level of the signal was required to perform light alignment, that was achieved by
maximizing the DC signal of the photodiodes.
The amplification board and the data acquisition system were developed to permit an access
to the signal of each photodetector segment, called as A, B, C and D (see Fig. 3.1). These signals
were recorded by the NI acquisition board, with the use of NI Labview software, with a 30 kHz
acquisition frequency. The acquisition board allows recordings up to 102.5 kHz, but a lower
rate was chosen for the sake of data storing and analysis , since the relevant biological signal
lies in the frequency region below 1 kHz.
The photodetector board is covered with a metal shield (see Fig. 3.13a), to minimize the effects
of electromagnetic fields. To minimize the ground loop, as well as for safety reasons, the shield
of the amplifier board, as well as the vibration isolation table, are connected to the ground of a
power supply. A DC voltage of 15 V is supplied to the amplifier board as power supply and as a
reverse bias voltage of the photodiodes. Applying reverse bias voltage allows to decrease the
photodetector the photodetector capacitance and hence to increase the photodiode frequency
width. However, this was crucial mostly for the measurement of the resonance frequency in
air, when a high acquisition bandwidth was required.
As in conventional AFM detectors, the vertical oscillations of the cantilever was extracted from
the difference between signals, provided by the top and bottom part of the photodetector,
normalized over the total signal:

(Vg + V) —(Va+ Vp)

Vairs- = (V; -V A% = 3.1
dif f-norm = (Vrop —Veorrom)/Vsum VAt Vet Vot Vp 3.1

A dedicated data acquisition Labview software records independently the signal of each
photodetector segment, with a chosen data acquisition rate, and plots each signal in real
time, as well as the SUM, TOP-BOTTOM, and LEFT-RIGHT signals, and the spectra curve of
the TOP-BOTTOM signal. At the beginning of each measurement, the signal that is recorded
in the 'dark state’, when laser is off, is subtracted from the signal. This permits to asses the
correct level of the signals. It is especially important when signal level is low. In addition to
this subtraction, that is made before starting the measurement with turned on light, a short
recording is also carried on upon switching the laser light off and on (see Fig. 3.19). This
is an additional check, that permits to asses that dark state offset is corrected, the received
laser light is stable, and the light spot is located approximately in the center of the 4-quadrant
photodetector .

After two stages of amplification, the photocurrents of the diodes result in negative voltages
(Fig. 3.19). The higher light intensity results in a higher absolute value of voltage signal (i.e.,
more negative voltage).

For a given displacement, the response of the sensor Vrop — Vgorron is proportional not
only to the value of displacement, but also to the total light intensity. The goal of the signal
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normalization over its sum (Eq. 3.1) is to take into account the variation of the total light
intensity. Most of the data analysis and visualization was conducted with help of the Python
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Figure 3.19: Typical photodiode signals and their sum, when light source is switched -off and
-on. Dark photodetector represents 0 level of the signal, and laser illumination gives a negative
voltage for each of the segments. The total gain is 108 V/A (10° V/A - 10 V/V).

scripts that were developed by me during the work on this thesis. The data processing and
interpretation of the results will be discussed in details in the Chapter 4

3.6 Conclusion

In this chapter, the design of the optomechanical diagnostic device for the live cell viability test
was presented. It consists of a SU-8 light guide that has a free-standing end, a light coupling
system, a 4-quadrant photodiode with an amplification board, and a data acquisition system.
Three approaches for the release of the SU-8 cantilever beam have been considered: using a
second layer of SU-8 as a sacrificial layer, wet etching, and dry etching. Among all of them,
the dry etching approach was the easiest to implement. The assembled experimental setup
allows to couple light in the chip, and perform optomechanical measurement in air and liquid
medium. Further characterization of the microfabricated sensors and their use for live cells
viability tests will be presented in the chapter 4.
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Experimental results

4.1 Introduction

This chapter starts with the description of the light coupling procedure, and initial tests of the
fabricated chips, the readout of the oscillation driven with piezo-actuator, the measurement
of the power spectra and resonance peak of the cantilever beams in air, and the comparison
of the experimentally measured and design values. The spring constant of the cantilever is
estimated using experimentally measured spectra.

Next, the cultivation of the S. pombe yeast cells, that were used as a test organism for the
viability test is described. After the explanation of the cells attachment to the cantilever surface,
the results of the nanomotion measurements are presented. Finally, the processing of the data,
and various effects that contribute to the sensor response are discussed.

4.2 Light coupling and beam response tests

A good light coupling is a crucial step to obtain a stable and reliable signal readout. Since
the coupling efficiency of the fabricated SU-8 structures was low (having total losses of about
30 dB to 50 dB with respect to the power of light source) it was important to optimize the
light coupling procedure. However, the light coupling is also affected by the slow drift of the
micromechanical stages, and the acoustic noise that can not be completely suppressed by the
vibration isolation table. Those effects can be visible in the raw signal, such as the slow drift of
the signals and spikes. Both effects can be partially corrected during the post-processing step.
In addition, the levels of the signals are checked in between of the recordings, and if needed, a
slight correction of the alignment is performed.

After assessing a good light coupling in air, water, and YPD medium for yeast cell measure-
ments, the cantilever chip was driven into oscillations. The main goal of these actuation tests
was to demonstrate the ability of the system to detect nm-scale displacement. The results of
these tests were as well used for the conversion of the photodetector’s signals to nm, which is
about 0.1 mV/nm per 1V of total signal at the amplification gain of 108 V/A.

During this procedure the whole chamber was driven to oscillations with amplitudes from few
nm to few tens of nm and frequencies from few Hz to few hundreds of Hz. The oscillations
were assessed by the photodetector signal in time domain (see Fig. 4.1), as well as by the
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power spectral density (PSD) curve (see Fig. 4.2). The described method to drive the cantilever
into oscillations, has to be used with care, because it causes whole chip to oscillate, and this
might cause a change in the coupling efficiency. A possible change in the coupling efficiency
is taken into account by scaling the differential signal over the sum of. The piezo actuator was
operated up to few tens of nm (i. e., well within its linear region) and at frequency up to 300
Hz (i. e., well within its flat frequency response).
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Figure 4.1: Displacement signal (green) of the cantilever chip immersed in the YPD medium,
driven into oscillations with a piezo-actuator at amplitude of 25 nm, 2 Hz frequency, and the
sine fit (violet) of this signal.

In addition to driving oscillations of the chip, displacement tests were performed by moving the
readout optics (see Fig. 4.3). These tests have the advantage of not influencing the coupling
at all, and confirming that in such case the sum of the segments signal remains constant.
However, since the readout optics was bulky, there was no automatic driver implemented, and
this displacement test was made by simply moving the optical tube with the micromechanical
stage. Because of this, the value of displacement is few micrometers, as the stages hardly
allow to have smaller displacement than 1 ym. This motion is a simple displacement, i.e.,
linear translation, instead of periodic oscillation that was made in case of the use of the
piezo-actuator.

The noise provided by a system with a free-standing beam in air and immersed in YPD medium,
was well recorded, and scaled to nm using a previously obtained calibration of the measuring
system (Fig. 4.4). This scaling is permits to estimate a change in the oscillation amplitude
during nanomotion viability tests that are described in the section 4.6. However, the noise
that is measured for the non-actuated beams represents not only mechanical fluctuation of
the beam, but is also an electronic noise coming from the amplification circuit. According
to the previously made estimates (see section 2.5.2 and Eq. 2.27) and conversion factor of
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Power Spectral Density, nm?/Hz

Figure 4.2: Power spectral density of the cantilever, driven into oscillations with a piezo-
actuator at amplitude of 5 nm, 20 Hz frequency. The peak position that corresponds to this
oscillation is highlighted in gray. The white noise region corresponds to a power spectral
density of about 0.03 nm?/Hz (blue dotted line).
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Figure 4.3: Response of photodetector segments signal to manual vertical translation of the
readout optics of 3.5 um (a) and 6 ym (b). Translation is made with graduated micromechani-
cal stage.
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with recorded signal (Fig. 4.4).
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Figure 4.4: Noise that comes from the non-actuated cantilever beam, scaled to nm displace-
ment.

4.3 Resonance spectra of the fabricated beams in air

The theoretical spring constant and resonance frequency of the SU-8 cantilevers was calcu-
lated and presented earlier (see Chapter 2). Although the application of the fabricated beams
is based on the activity of the beams at low frequencies (i. e. well below their resonance), it
was important to verify that the stiffness of the beams corresponds to the expected values.
To maximize the signal that is received by the readout optics, a 40x objective with a 0.6 mm
working distance was used. As in all other experiments, the light spot was aligned in a way to
receive a similar response on all the 4 photodetector segments, and to maximize their sum.
The recording was done at a 50 kHz acquisition rate, to cover the range of predicted resonance
frequencies of the SU-8 beams.

A 5 minute long recording was then split into 1 second long chunks, the Power Spectra Density
estimate was calculated and averaged for each of them. The position of the resonance peaks,
that was measured using NI data acquisition board (Fig. 4.5a), was as well validated (Fig. 4.5b)
with analog FFT spectrum analyzer (SR760).

The experimentally estimated position of the resonance peaks (Fig. 4.5a, Fig. 4.6) is in good
agreement with the theoretical values (Fig. 4.7), calculated assuming a Young’s modulus of 5
GPa for SU-8.

To determine the position of the resonance peak and its quality factor, the observed resonance
peak was fitted (Fig. 4.6) with a Lorentz curve (Origin Pro, OriginLab). For the 400 um , 500 ym
and 650 pym - long beams of 5 ym thickness and 50 ym width this fitting gives a resonance
peak at fres—exp-air-400 = 11.2KHz, fres—exp-air-500 = 6.4 kHz and fres—exp-air-600 = 3.5 kHz
respectively, and similar quality factor of Q = f’e%"}”“” ~ 18. The experimentally measured
power spectra can be used to verify the spring constant of the fabricated cantilever beams.
The most common methods to do so include the thermal calibration method, the Sander’s
method, and using the Hook’s law. Let’s us consider at first the latter one.

W= \/%, and w = 27 f, so the spring constant is k = 472 f?m, rf» where m, ¢ is the effective
mass of the beam that can be defined as m,fr = 0.24twLp, [ is the length of the beam, w is
its width, ¢ is its thickness, and p = 1200 kg/m? is the density of SU-8. The experimentally
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Figure 4.5: (a) Power spectral density (PSD) of the 5 um thick, 50 ym wide SU-8 beams with
lengths of 400 pym, 500 pm and 650 um, and (b) spectra of the 400 ym long beam, measured
with FFT analyzer with resonance peak at 11.1 kHz.
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Figure 4.6: Resonance peak and Lorentz fit of it for beams with a length of 400 ym, 500 um
and 650 ym.

measured resonance frequencies gives the following spring constants: kaooum = 0.14, ksooum =
0.06, kesoum = 0.02. These values fit well with the theoretically calculated ones (Fig. 4.7). The
thermal calibration method needs an accurate calibration of the power spectra in nanometers,
using an experimentally measured conversion factor. In the commercial AFM this procedure is
typically performed by scanning the calibration microarray sample.In this work, the calibration
of the system was conducted by exciting the cantilever with a piezo linear actuator (PL 088.3, PI
Ceramic, Germany) at low frequency (far from resonance). Although it is not as precise as the
calibration of the AFM system, due tothe mechanical coupling between piezo and cantilever
chip and the high electronic noise in the low frequency range, this calibration nevertheless
gives a good estimation of order of magnitude of the measured oscillations. The performed
scaling allowed to confirm, that the measured oscillation indeed are excited by thermal noise,
and not by some external noise of the system that could have contributed to the oscillation
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Figure 4.7: (a) Comparison of the resonance frequency that was calculated theoretically
(Eq. 2.1), finite element method simulations (FEM), and experimentally measured. (b) Com-
parison of the spring constant that was calculated theoretically with Hook’s law, using a Euler -
Bernoulli theory fes—theor and using the experimental fre5—cxp, as well as FEM and thermal
calibration.

of the system in the whole frequency range. This confirmation follows from the estimation
kgT

of the spring constant (see comparison with other methods at Fig. 4.7b) with k = Eat where
(z) was calculated as the area under the peak. The spectrum was scaled using the empirically
determined factor to nm?/Hz, and the power baseline was subtracted from the plot, prior to
this calculation (Fig. 4.6).

The Sader’s method allows to estimate the spring constant without using properties of the
cantilever material and instead, uses the properties of the medium such as density and
viscosity. It has a number of other advantages, it can be used in various media, and applied
for arbitrary shaped beams. However this method requires the calculation of the imaginary
hydrodynamic function, which is a complex computational task. However, an available online
calculator, provided by the author [Sader et al., 2016], allows to estimate the spring constant

for the desired cantilever dimensions.

4.4 Cultivation of the yeast

4.4.1 Preparation of the medium solutions and agar plates

Yeast Extract-Peptone-Dextrose (YPD) medium was used for cultivating yeast cells in a Petri
dish with agar and to grow cells in the liquid medium. A phosphate-buffered saline (PBS)
buffer was used to attach the cells to the cantilever surface, as is described further. These
mediums were prepared using the following protocols.

The YPD medium solution consist of 950 ml of ultra-pure water (UPW), 20 g of peptone, 20 g of
yeast extract 10 g. For the preparation of the agar plates, 24 g of agar was added to this solution.
After mixing, the solution was sterilized by autoclaving. 50 mL of sterile 40% weight/volume
d-glucose (dextrose) was added to obtain 20 g/L concentration the d-glucose.

Empty Petri dish plates were filled with the mixture of the YPD medium with agar. The YPD
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4.5 Attachment of the living organisms to the cantilever beam

medium solution was filtered with a sterile syringe membrane filter with 0.2 ym pores.

The PBS buffer was prepared using 800 ml of UPW, 8 g of NaCl (0.137 M), 200 mg of KCl (0.0027
M), 1.44 g of Na;HPO, (0.01 M), 245 mg of KH,PO,4 (0.0018 M). The pH of the PBS solution
was adjusted to a value of 7.4, and the mixture was completed with UPW to 1 L of total volume
and sterilized in an autoclave.

4.4.2 8. pombe cultivation

S. pombe yeast colonies were aliquoted with glycerol, and were frozen at -80 °C. To cultivate
the yeast cells on an agar plate, the frozen colonies were placed on a plate of agar with YPD
medium, and left in the incubator at 30 °C for 48 hours. Then several colonies were picked up
from the plate (Fig. 4.8a), and placed inside a falcon tube with 5 ml of YPD medium (Fig. 4.8b).
All operations with the microorganisms and medium were performed in the biosafety cabinet.
The S. pombe cells were grown then overnight at 30 °C with shaking the falcon tube at 160
rpm.

(b)

Figure 4.8: Culturing S. pombe yeast: (a) on an agar plate, (b) in the falcon tube with liquid
YPD medium.

4.5 Attachment of the living organisms to the cantilever beam

Before any surface treatment, SU-8 chips were cleaned with ethanol. In principle, the at-
tachment of the cell could be performed even without additional treatment, as some of the
cells could always adsorb to the surface. However, the SU-8 hydrophobicity can result in a
poor attachment of the cells on its surface [Wang et al., 2007; Xue et al., 2014]. The surface
functionalization can improve the cells adhesion. For example, the surface functionalization
of SU-8 with gluteraldehyde (GA) and various proteins such as fibronectine and collagen is
known to make surface of the SU-8 resist hydrophilic [Xue et al., 2014]. Gluteraladehyde is
widely used as cells fixative, however it is known that when used at low concentrations, it is
harmless for the cells. It also makes SU-8 surface more hydrophilic. Concanavaline A is a
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protein, that is commonly used for attaching various yeast cells [Fung et al., 2004; Kohler et al.,
2020]. A combination of these two surface treatments was used to improve the adhesion of
the S. pombe cells, using the following protocol.

Before the attachment of the S. pombe yeast cells, the cantilever beams were functionalized
with gluteraldehyde (GA) for 10 min, and then with concanavalineA (conA) for 20 min. GA
was used at a concentration of 0.5 %, and conA at concentration 2.5 mg/ml. Each of these
treatments was followed by a wash of the excess of the solution in the ultra-pure water. S.
pombe grown in the YPD medium was centrifuged at 5.6 krpm, and transferred to PBS medium.
After repeating this procedure, and replacing the medium with fresh PBS at least 3 times, the
cantilever beam was incubated with the suspension of S. pombe cells for 35 min (Fig. 4.9a).
Then the chip was gently washed in YPD medium, transferred to the measurement chamber
and filled with YPD. From the optical images of the cantilever (Fig. 4.9b) we estimate that the
total number of attached yeast cells is about 200 (assuming that similar amount of the cells is
attached at the backside of the cantilever).

To monitor the change in the cells viability, caspofungin drug was used with concentration of
100 pug/ml.

@ ‘ ' b)

Figure 4.9: (a) 3D printed incubation cell designed with a slope to attach yeast cells only onto
the cantilever. (b) Optical microscopy image of the yeast cells attached to the cantilever.

4.6 Nanomotion of the beams with attached S. pombe yeast

4.6.1 Cell viability test

The viability test was performed by the following procedure: the chips were fixed on the
metal holder and placed inside the liquid cell that was filled with YPD medium (Fig. 4.10).
The successful attachment of cells on the beam surface was confirmed with an optical mi-
croscope (Fig. 4.9 (b)). The laser light alignment was assessed with the CCD camera and
the photodetector. After the photodetector alignment, the recordings of the oscillations of
the beam with attached viable organism is performed. Each recording was made with an
acquisition frequency of 30 kHz and had a duration of 20 min, to avoid storage of very large
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(@ (b)

Figure 4.10: (a) The chip with attached S. pombe cells is placed into the metallic chamber
that is filled with YPD medium, and (b) placed in the measurement setup: 1 - mounted laser
source, 2 - readout optics, 3 - observation optics, 4 - stage with an integrated piezo-actuator
and strong magnet for fixing the chamber, 5 - measurement chamber with the cantilever chip.

files and performance issues during data analysis. Typically, the signal was recorded for 40
min, then drug was gently introduced with a micro-pipette into the liquid cell, and the signal
was recorded for 40 more min. However, also control experiments have been conducted, and
some of them lasted longer (see section 4.6.2 and Fig. 4.16a).

The first step of the data processing consists in as-called flattening of the signal. It is aimed
to correct for any slow and long lasting drift of the raw signal, that could be caused by a
mechanical drift of the stages, a temperature change, or an electronic drift. This correction
is made by splitting the raw data to 200 s long chunks, by performing a linear regression
on each of the chunks, and by subtracting it from the raw data (Fig. 4.11). The flattening
window size was chosen empirically, to obtain a flat signal after this treatment, but at the same
time to avoid to affect the sensor response at frequencies higher than 0.005 Hz. The simplest
way to analyse the oscillations consists to look at the evolution of the differential signal (see
Fig. 4.12b). However, as it was shown, calculating the cantilever displacement variance with 10
s long windows can give a better representation of the response of the nanomechanical sensor
in the viability tests [Longo et al., 2013; Stupar et al., 2017; Kohler et al., 2020]. In these tests, it
is expected to observe a reduction of the oscillations after the cells on the cantilever loose their
viability. This change in the cantilever oscillation is detected by a decrease of the amplitude of
the differential signal (Fig. 4.12b), and by a decrease in the variance (Fig 4.14). Further in this
work the scaled variance is used as a main estimate of the changes in the photodetector signal
(Fig. 4.14, Fig. 4.16, Fig. 4.17).

Let us consider the variance of the flattened signal.In the typical cell viability tests two effects
can be observed: a decrease of the peaks of variance plot, and a decrease of the level of its
baseline. Some of the peaks can be attributed to the non biologically relevant phenomena
(such as external acoustic noise), since they also can be observed after killing organisms
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Figure 4.11: Typical evolution of the differential normalized photodetector signal during a
single recording: raw signal (left) and after flattening within 200 s - long windows (right). This
pre-processing subtracts the long-lasting drifts, and centers the signal.

(Fig. 4.12b), as well as on signals recorded with empty cantilevers (i. e., without cells) (Fig. 4.17).
However, other peaks are presumed to be related to the cells activity, since their number is
much higher for the signal of the cantilever with viable organisms, than for cantilever without.
The reduction of the variance and the appearance of the peaks can be partially explained by
nanomechanical motion of the cantilever, but also by the events such as cells passing in front
of the light beam [Bennett et al., 2020].
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Figure 4.12: Oscillation signal of the photodetector: (a) typical recording of the signal of a
cantilever immersed into the YPD medium without cells, as compared with a typical signal
recorded during a viability test and (b) with attached S. pombe cells before (blue), and after
(red) injection of caspofungine drug at a concentration of 100 ug/ml.

Figure 4.13 depicts at a higher magnification the changes of the oscillation signal before and
after the attachment of S. pombe onto the cantilever, as well as the drop in the signal amplitude
following the injection of the antifungal drug caspofungin, a drug capable to kill S. pombe
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[Formosa et al., 2013; Perez-Cantero et al., 2019].
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Figure 4.13: Oscillation signal of the cantilever (scaled to nm) (a) before (green) and (b)
after (blue) attachment of S. pombe onto the cantilever. Right panel (b): effect of 100 ug/ml
concentration antifungal drug (caspofungin) on the oscillation pattern: before (blue) and after
(red) the injection. All the recordings were made in YPD.

The calculation of the windowed variance of the signal is a commonly used procedure ([Kasas
et al., 2015; Kohler et al., 2020; Longo et al., 2013; Lissandrello et al., 2014; Stupar et al., 2017,
2021]) to asses the results of antimicrobial test. Such a processing of our data sets shows a
clear reduction of the oscillations of the cantilever after the injection of the antifungal drug in
the measurement system as depicted in Fig. 4.14. The mechanism that defines the change of
the variance is complex, and includes not only the nanomechanical motion of the beam, but
can also be a result of some optical effects, as was discussed above.Scaling the variance over
the median of the recording with viable organisms is used to highlight the relative change of
the variance values.[Kohler et al., 2020].

4.6.2 Further tests and control experiments

Figure 4.15a shows a boxplot representation of the viability test to display the response of the
mechanical sensors. It shows the difference in the median of the variance signal, as well as the
spread of the values. This statistical metrics was chosen as more appropriate estimate, than
the mean with standard deviation error bar, since those estimates can be heavily influenced by
the spikes present in the original datasets. The boxplot that is represented below (Fig. 4.15a), is
calculated using data of 5 independent nanomotion experiments, each of which was scaled to
estimate a relative response of the sensor with respect to the oscillations of the cantilever with
living cells. Non-parametric Mann-Whitney U test has been performed for these 5 replicates,
and resulted in p-value p <« 0.01. The result of the statistical test therefore confirmed the
significant difference between median of the signal variance before and after drug exposure.
Another way to represent the results of multiple replicate experiments of this type is to plot
barplot of the median with a median absolute deviation (MAD) as an error bar (Fig. 4.15b).
The latter estimate is a robust statistic estimate, that is similar to standard deviation deviation,
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Figure 4.14: Typical viability test. Variance of the recorded signal, calculated within 10 s - long
windows. In this experiment S. pombe cells were attached onto the cantilever and exposed to
caspofungin at a concentration of 100 ug/ml (red). The moment when drug was introduced
into the chamber is shown as red dotted line.
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Figure 4.15: (a) Boxplot representation of the variance of the normalized oscillation signal
during the viability test of S. pombe, based on 5 independent replicates. Statistical analysis
was performed using Mann-Whitney U test, resulting in p <« 0.01. (b) Normalized median of
the 10 s windowed variance of oscillation signal measured during the viability test S. pombe,
based on 5 independent replicates. Median absolute deviation is used as an estimate for error
bar.

but is less sensitive to extremely high peaks and data outliers [Gorard, 2005].

In order to confirm the observed response of the sensors, in addition to standard viability
tests that were described in the section 4.6.1, several other types of control experiments were
conducted. In one type of these tests, the signal was recorded for 80 min, without any action,
and then caspofungin drug was introduced into the chamber (Fig. 4.16a). In another type of
control experiment, YPD medium (instead of the drug) was added in the chamber during the
data acquisition and followed by the injection of the drug solution (Fig. 4.16b). Finally, the third
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4.6 Nanomotion of the beams with attached S. pombe yeast

type of control experiments consisted in following a standard sensitivity test procedure but
with no cells attached onto the cantilever. These tests confirmed that the observed response
of the beam is neither related to the detachment of the cells from it (Fig. 4.16a) nor related to
liquid perturbation, that can be induced by pipetting (Fig. 4.16b), and finally that the drug
does not influence the oscillations of the empty cantilevers (Fig. 4.17).
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Figure 4.16: Control experiments: (a) - 80 min long recording of the oscillations of the beam
with living yeast cells, and introduction of caspofongine into the analysis chamber (red line)
at 80 min, (b) - introducing into the analysis chamber of YPD medium (blue dotted line),
followed by the injection of the drug (red dotted line). Time evolution of the variance of the
normalized differential photodetector signal, calculated in 10 s windows.
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Figure 4.17: Control experiment: recording oscillations of the empty cantilever (with no
cells attached onto its surface) and introduction of the drug (caspofungin) in the chamber
after 40 min. (a) Time evolution of the variance of the normalized differential photodetector
signal, calculated with 10 s large windows. (b) Median of the normalized variance before
(blue) and after (red) introducing the caspofungin drug. Statistical analysis was performed
using Mann-Whitney U test. It resulted in p > 0.01, which indicated no significant difference
between variance of the signal before and after drug exposure.
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4.6.3 Alternative readout method: power spectral density

In the previous sections of this chapter, the windowed variance analysis was used to process
viability tests. However, in other works ([Lissandrello et al., 2014; Mertens et al., 2019]) it was
shown, that looking not only at the variance of the signal in the time domain, but also at the
power spectra of the signal can also provide valuable information about the life/dead state
of the organism. Essentially, both types of analysis should be equivalent according to the
Parseval-Plancherel identity. The energy in the time domain should correspond to the energy
in the frequency domain, i.e. the area under the power spectra. The same property is used
in the thermal calibration of the beam, in which the rms value of the thermal fluctuation is
estimated by calculating an area under the peak in the frequency spectra.

I also applied this approach to process viability test data obtained with my prototype. The
Power Spectral Density (PSD) was calculated by performing Fast Fourier Transform (FFT) for
each of the 10 s long chunks of the differential photodetector signal for the cantilever with
living, and antifungal treated cells. The resulting PSD estimate for a single recording was
calculated by averaging the PSD of all these chunks. Its 0.1 Hz spectral resolution is defined by
the choice of the chunk length. This alternative data processing method also demonstrated a
clear difference between living and dead cells as depicted in Figure 4.18. Similarly to other
previously published results, my data also highlight a dramatic drop of the power spectra
magnitude in the low frequency range in dead cells ([Lissandrello et al., 2014; Mertens et al.,
2019]). The rms value of the oscillations in frequency range from 0.1 Hz till 100 Hz, calculated
as an area under the curve, or the slope of this low-frequency noise can be as well used as an
alternative readout method for making a conclusion about a behaviour of the oscillating beam
with attached microorganisms [Mertens et al., 2019].
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Figure 4.18: Power spectral density of a SU-8 cantilever beam with attached S. pombe yeast
viable cells (blue), and after introducing caspofungin drug (red) at a concentration of 100
ug/ml.
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4,7 Conclusion

Successful light coupling in and out of the cantilever beam was demonstrated. Because of very
low light coupling efficiency (total optical losses of order of 30 dB to 50 dB), an amplification
board with high gain had to be used, and level of the signal had to be carefully controlled.
Optimization of the fabrication process flow, for obtaining the better cladding that would
minimize light loss, can help to solve these problems.

The ability of the system to sense the displacement of the light output, was demonstrated by
periodic actuation of the measurement chamber with a piezoelectric actuator, as well as by
moving the readout system.

Both timeseries signal and Power Spectral Density characteristics were used for the peri-
odic oscillation tests and for biological experiments. The ability to sense cantilever oscilla-
tions with amplitudes of order of few tens of nm, at frequencies below 300 Hz, was demon-
strated. The measurement displacement resolution is about v/0.03 nm2/Hz = 0.17 nm/vHz =
0.2 nm/+/Hz above the 1/f corner frequency of 5 Hz.Sensing of the changing in the viability of
the S. pombe cell, attached to the beam, was demonstrated by monitoring oscillations of the
beam in the YPD medium, and upon the action of the caspofungin. This effect was confirmed
by tests on 5 independent replicates. Negative control experiments were also performed,
showing no significant reaction upon introducing more YPD medium in the chamber, or
performing no action at all, and as well no significant response to the drug of the clean beam
(without cells).

Median of variance of photodetector signal was used as a main estimate of the signal response
for the performed viability test. Results, based on 5 independent replicates are presented
a boxplot, and as a median with absolute median deviation error estimate. Power Spectral
Density estimate showed that observed nanomotion sensor response is mainly the frequency
range below 100 Hz.

Optomechnical SU-8 cantilever - based sensors have demonstrated results that are compatible
with those obtained with “traditional” AFM based devices [Longo et al., 2013; Kohler et al.,
2020; Lissandrello et al., 2014]. The proof-of-principle was demonstrated using S. pombe yeast
cells as test microorganism, that is nonpathogenic. However, similarly to the AFM-based
nanomotion detectors, application of the developed optomechanical sensors can be easily
extrapolated to the pathogenic yeast microorganisms, such as Candida albicans [Kohler et al.,
2020], and to smaller microorganisms, such as E. coli bacteria [Stupar et al., 2017]. The experi-
mental protocols require only slight modification. Nevertheless, additional tests are needed to
confirm whether developed optomechanical device is sensitive enough to detect oscillations
of bacteria.

The proposed readout scheme permits a simple readout set up and opens the possibility
to create miniaturized and integrated sensing systems [Li et al., 2009; Xu et al., 2004], with
all elements embedded on a single chip. Importantly, in the future, such sensing platforms
can be designed with several cantilevers on the same chip, and the displacement of each of
them could be recorded simultaneously with a CCD camera or a photodetector array. Imple-
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Chapter 4. Experimental results

mentation of the multi-sensor devices would allow to have more statistics of the cantilevers
response to the same drug, test effect of the cantilever spring constant on the magnitude of the
response (if cantilevers on the same chip would be fabricated with different stiffness), or have
antimicrobial testing to several different drug on the same time. For the latter application, an
integrated microfluidic system would be required.

However, similarly to the AFM-based nanomotion detectors, a reliable and consistent attach-
ment of the cells on the cantilever surface is needed. Unlike optical nanomotion techniques
that detect displacement and oscillation of the cells by imaging the single cells and performing
image analysis [Syal et al., 2017; Willaert et al., 2020], cantilever-based nanomotion detectors
response can not be directly attributed to the oscillation of single cells. Instead, it is a cumula-
tive effect of the change in the activity of multiple cells attached to the cantilever . This effect
is complex, and could have various causes, such as optical effect (when some cells are crossing
the laser path), vertical motion of the attached cells, local change of pH and of temperature
[Chomicki, 2019].

In order to implement sensor in the device that could be used in the clinic, the measurement
setup should be further optimized and miniaturized, the light coupling procedures have to be
automatized with some motorized micromechanical stages. This would allow simplified use
of the device by the medical personnel.

70



5] Conclusion and outlook

Bacterial and fungal resistance to existing antibiotics and antifungals is one of the major public
health problems nowadays. To prevent the spread of resistant strains, rapid ASTs seems a
very promising solution. In the introduction of this thesis it was demonstrated, that there
are various techniques that propose fast antimicrobial tests that are based on - molecular,
optical or nanomechanical principles. The last one was successfully applied to a very broad
range of species such as bacteria, yeast, vegetal and human cells. In this thesis, this technique
was modified by integrating in the mechanical sensor a light guide and by detecting the lever
displacements by monitoring the output of the light spot. More precisely, the sensing chip
consist of a light guiding structure and a suspended beam at its end. The output light is
focused on the sensing area of a photodetector, without the need to couple it to another
waveguide. It avoids technical difficulties, related to the mismatch between two waveguides,
and the accumulation of the microorganisms in the small gap between the two waveguides.
The detection is made in the so-called dynamic mode that allows to attribute the readout
signal to changes in the viability of the attached cells.

The functional part of the sensing devices is an SU-8 polymer beam, that was designed with the
following dimensions: 5 um - thick, 50 ym - wide, and a length varying from 400 pm to 650 ym.
It resulted in cantilevers with spring constants ranging from 0.1 to 0.02 N/m. The spring
constant was estimated using the Euler-Bernoulli beam model, the Hooke’s law, and finite
element method (FEM). It was also measured experimentally by using a thermal fluctuations
based calibration. The measurements were in good agreement with the mathematical models.

The main noise sources of the system were found to be thermal, flicker or 1/f, and shot noises.
The contribution of each of the noise types was quantified. It has been found that in the low
frequency region of the power spectra the 1/f noise dominates over other types. This frequency
domain corresponds to the where the nanomechanical motion of the cantilever is affected by
the attached yeast cells studied in this work.

Several strategies to micro-fabricate SU-8 light guiding structures with a free-standing beam
were explored. They consisted in setting up an SU-8 double-layer (in which the bottom one
works as a sacrificial layer for the beam release), in wet etching, and in isotropic dry etching
techniques.
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Chapter 5. Conclusion and outlook

The dry etch process flow gave good results: the fabricated SU-8 devices were successfully
used as optomechanical sensors, and had the mechanical parameters that were very close to
the designed values. However, two main disadvantages in the microfabrication flow have been
observed. The total optical losses were high, order of 30 dB to 50 dB (improved optical cladding
layer probably could reduce propagation losses, and optimization of the experimental set-
up - reduce coupling losses). The second problem is related to the bending of the SU-8
cantilevers. It is probably caused by the dry plasma etching and hotplate baking steps. This
could be further optimized by, for example, protecting the SU-8 from plasma ions with an
additional oxide layer, that could be removed afterwards. However, both of these issues were
not critical. In spite of these problems, the light was successfully coupled in- and -out of the
SU-8 structures, and these chips were used for optomechanical sensing.

The experimental setup for performing optomechanical measurements was assembled onto a
vibration isolating table. It consists of micromechanical stages, a laser source with an inte-
grated optics, a stage with an integrated piezo-actuator, and optical microscopes to observe
the surface of the chip, to control the laser alignment, and to record the output signal. A
dedicated measurement cell was built, to hold the microfabricated chip, to couple the light
through glass windows and to perform measurements, both in air and in liquids. This setup
also permitted to drive the whole chamber into oscillations, with a chosen amplitude and
frequency.

The final setup was sensitive enough to detect cantilever oscillations in the nanometer-scaled
displacement range (the equivalent displacement resolution is about 0.2 nm/v/Hz).

Finally, the capacity of the device to monitor life — dead transitions was assessed with the yeast
S. pombe. The effect of caspofongin on S. pombe, attached to the beam, was demonstrated
by monitoring the oscillations of the beam in the YPD medium, before and after addition of
the drug in the analysis chamber. This effect was confirmed by tests on several independent
replicates.

The cantilever oscillations variance signal as well its power spectral density (PSD) were used to
estimate the attached organism viability. The measurements demonstrated that the nanomo-
tion sensor response is mainly in the frequency range below 100 Hz.

This work is a contribution into the development of rapid antimicrobial testing tools to fight
the microorganism resistance problem. Additional research efforts should be done to unveil
the nature the physiological phenomena that result in cellular nanomotion.

Further efforts should also be focused on the improvement of the microfabrication process,
as well of the measurement setup, to obtain more sensitive and stable sensing devices which
could be used to measure biological entities producing smaller forces on the cantilever. The
concept of the device seems promising since it permits further miniaturization, and inte-
gration of all the elements, i.e. the light source, the detector, the sensing device, and the
microfluidic channels on the same chip. Finally, multiplexing several sensors should permit
test multiple species or drugs simultaneously. The readout of multiplexed signals could be
performed by means of fast CCD cameras or by array photodetector.
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LY An appendix

This section contains 3D image of the measurement chamber, and whole schematics of the
amplification board that was used for amplifying photodetector currents.

glass window @7.5mm
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Figure A.1: Design of the measurement chamber (gray) with a cantilever holder (light violet),
piezo-actuator (orange), and rigid metal stage (red).
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Figure A.2: Implementation of the amplification board with all elements on the board.
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Figure A.3: Schematics of the amplification board with gains of the stages G; = 10° V/A, and
G, =102 VIV, resulting in a total gain of G = G; - G = 108 V/A.
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