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ABSTRACT

This thesis explores a novel nanomechanical DNA sensor that is being developed
for the detection of bladder cancer. The proposed device comprises an array of
microcantilevers, whose resonance frequencies change upon molecular adsorp-
tion. This shift in resonance frequency is the working principle of the novel
device. Laser Doppler vibrometry is used to measure the resonance frequency of
the thermally actuated cantilevers. By functionalizing the cantilever surface with
thiolated single-stranded DNA, the cantilever sensor is made sequence-specific
for the hybridization of complementary DNA strands. New devices are fabricated
and characterized by ellipsometry, scanning electron microscopy and electron
dispersive X-ray spectroscopy. Surface functionalization is studied with fluores-
cence microscopy and X-ray photoelectron spectroscopy. A DNA concentration
of TpuM in TE-buffer is readily detected and distinguished from non-specific
adsorption. The sensor performance is drastically improved by reducing non-
specific interactions via backfilling with a PEG-Silane anti-fouling agent prior
to DNA hybridization. Current theoretical models for mass, stress, and stiffness
effects on cantilever resonance frequencies are numerically evaluated but cannot
explain the large magnitude of sensor response found experimentally.
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INTRODUCTION

Bladder cancer is the fifth most common cancer in the western world [Kandimalla
et al., 2013]. For decades, extensive research on biosensors has been performed
since, in general, cancer treatment is more effective the earlier the disease is
detected. One possible route for the detection of bladder cancer, nanomechani-
cal sensing of hypermethylated DNA in urine, is investigated in this Bachelor
thesis.

Biosensors are devices that couple a biological recognition element with a phys-
ical transducer that translates the bio-recognition event into a measurable effect,
such as an electrical signal, an optical emission or a mechanical motion. Biosen-
sors based on cantilevers are a good example where nanotechnology and biotech-
nology come together as microcantilevers translate recognition of biomolecules
into nanomechanical motion.

The small size and high sensitivity of nanomechanical resonators enable the
use of arrays of uniquely functionalised cantilevers in a miniaturized sensor
device. Nanoelectromechanical systems (NEMS) allow selective, multiplexed,
label-free molecular recognition through these arrays and improved reliability
through on-chip redundancy for each analyte [Waggoner et al., 2009].

1.1 FUNDAMENTALS

1.1.1 DNA sensing

There are several differences in the DNA of cancer cells and normal cells. Scien-
tists are developing tests that identify these DNA changes in order to diagnose
cancer. Currently much research is conducted on the detection of bladder cancer
in urine [Xylinas et al., 2014]. It has been shown that DNA methylation con-
tributes to the development of various cancers including bladder cancer [Kandi-
malla et al., 2013]. Besides the medical field, detection of DNA has potential
applications in food safety, forensic science and counter-terrorism [Ferrier et al,,
2015].

DNA methylation does not alter the genomic DNA sequence itself, but cova-
lently bonds methyl (CH;) groups on cytosines of cytosine-phosphate-guanine
(CpQ) dinucleotides [Delpu et al,, 2013; Hoque et al,, 2006]. CpG rich regions
known as CpG islands, which span the 5 end region of many genes, are usu-
ally unmethylated in normal cells. These genes can be transcribed regularly.
In cancer cells, however, hypermethylation leads to transcriptional inactivation
and is a major mechanism for silencing tumor suppressor genes [Esteller, 2007].
A large number of DNA methylation-based biomarkers has been reported that
principally involve hypermethylation of tumor suppressor CpG islands. The nat-
urally occurring methyl binding domain (MBD) proteins are known to bind to
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methylated CpG dinucleotides and subsequently recruit other proteins to sup-
press transcription [Yu et al,, 2010].

1.1.2 Cantilever sensors

Due to advances in micro- and nanofabrication it is possible today to fabri-
cate nanosized mechanical transducers with vibrating parts whose resonance
frequencies are sensitive to molecular adsorption. As the sensitivity is inversely
proportional to the active mass of the resonator, a smaller sensor promises lower
detection limits. The basic principle of the nanomechanical sensor in this project
is the measurement of the resonance frequency shift, e.g. caused by the added
mass of the molecules bound to the cantilever surface. When a biomolecule
adsorbs on the suspended mechanical structure, not only the mass changes, but
also surface stress, the effective Young's modulus and viscoelasticity are influ-
enced. This type of sensor works label-free, meaning that targeted molecules
are not labeled or altered but directly detected in their natural form [Tamayo
et al., 2013].

Ramos et al. [2009] observed that the influence of an adsorbed biolayer at the
cantilever basis on nanoscale elasticity gives a stronger (positive) shift of the
resonance frequency than the classically predicted and measured mass effect at
the cantilever tip. The mass effect causes a decrease in resonance frequency,
whereas increasing stiffness highers the resonance frequency. According to Eom
et al. [2011], surface effects only play a significant role when the thickness of
the nanocantilever becomes smaller than 100 nm.

1.2 EMBEDDING OF A NOVEL DNA SENSOR

1.2.1  Background

Patients with bladder cancer are monitored for cancer recurrence or progression
by periodic cytoscopy and urine cytology every 3-12 months [Kandimalla et al.,
2013]. Urine cytology is a test to look for abnormal cells in urine by examining
cells under a microscope. Cystoscopy is a form of endoscopy, where a doctor
examines the urinary bladder via the urethra, the tube through which urine leaves
the bladder towards the outside of the human body. Studies on the efficacy of
cystoscopy reveal that tumors are missed in 10-40 % of patients [Kelly et al,
2012].

Future applications of DNA sensors require technology that enables point-of-
care treatment or on-site testing with no need for centralized laboratories and
specialized personnel. Therefore, sensors must be simple, low-cost, portable and
rapid; work with small volumes of sample material and be sufficiently sensitive
and specific with dynamic range for the intended purpose. Nanoelectromechan-
ical DNA sensors work label-free which makes their sensing mechanisms much
simpler than most electrochemical or optical techniques in terms of steps involved
and reagents required [Ferrier et al., 2015].

Ultimate goal of micro- and nano-cantilever sensors is the use of large-scale
arrays to enable biomolecular fingerprinting, a nanomechanical nose that can
detect multiple analytes simultaneously, e.g. lung cancer markers in exhaled
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breath. In the Nanopill 2.0 project at the University of Twente, a microfluidic
platform for early cancer diagnostics is being developed. Eventually, a patient
can swallow a sensor in form of a pill that can detect cancer markers while the
pill travels through the patient’s intestines and inform the physician through
wireless communication. Also within the framework of this Nanopill 2.0 project,
a nanomechanical cantilever sensor for the detection of bladder cancer via hy-
permethylated DNA in urine is being developed and that is the focus of this
thesis.

1.2.2  Market

Nanoelectromechanical systems can be integrated into lab-on-a-chip systems to
perform portable point-of-care analysis. Advantages of NEMS are robustness,
reliability, and low energy consumption [Carrascosa et al, 2006]. The use of
well-established semiconductor technology allows for the batch production of
arrays of hundreds of NEMS with consequent cost reduction of mass production.
The global market for MEMS bio- and nanosensors is estimated to be $15.8
billion in 2018. [McWilliams, 2013]

Bladder cancer has the highest lifetime treatment costs per patient of all types
of cancer. Sievert et al. [2009] conclude in their study of the economical aspects
of bladder cancer that urine-based tests have significant potential to improve
diagnosis and monitoring of patients with potential improvements in clinical out-
comes and concurrent cost-savings. Svatek et al. [2014] state that urine-based
markers are more sensitive than cytology, albeit being less specific, and can
help reducing the use of cystoscopy, which is the most sensitive but rather ex-
pensive method to detect bladder cancer. They conclude that further refinement
of urine-based markers is still necessary to achieve a truly noninvasive test for
bladder cancer.

1.2.3  Ethics

All-encompassing cancer screening is not uncontroversial. A case comparable
to bladder cancer but better discussed in literature is prostate cancer. Since
the 1990s, routine screening for prostate cancer is done by testing for prostate-
specific antigen (PSA), a biomarker associated with prostate cancer. The prob-
lem with this screening is summarized in an article published by The Wall Street
Journal that quotes Dr. Richard Ablin, the person who discovered PSA in 1970:
The PSA test cannot distinguish an indolent cancer from an aggressive one
[Beck, 2013]. According to this article, up to 80 % of man aged above 75 pos-
sess asymptomatic cancer. The problem is that too many men are unnecessarily
treated for cancers that will ultimately prove to be of little harm. While some
cancers are fast-moving and lethal, many others grow so slowly that they don't
cause any problems.

Every single person, even those who we perceive as completely healthy, has
some kind of anomaly. On the genetic level, nobody will ever be perfect [LeBlond,
2012]. The virtually ideal person, free of any disease or whatsoever, does not
exist [Xue et al,, 2012]. Yet, that doesn’t mean that we are all sick. Not knowing
about one’s imperfections might actually be a relief rather than a threat. It is
doubtful that we would be happier if we knew everything there is to measure on
and in our body. But where should we draw the line? What should the threshold
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values of future sensors be? These questions are not easy to answer and require
solid reflections by an ethic council, where medical experts, physicists, biologists,
and engineers come together.

Concluding, medical and psychological side effects might be reasonable cause
that make us hesitate to screen for cancer in the broadest, technologically feasi-
ble sense. However, despite all criticism, cancer screening and early detection
have saved thousands of lives [Fradet, 2009]. Until the nanomechanical sensor,
which this thesis is about, is ready for commercial, clinical application, there is
still a number of technical obstacles to be overcome.

1.3 AIMS AND APPROACH

Recent experiments of the Inorganic Materials Science (IMS) group on their
nanomechanical cantilever sensors have generated mixed results such as unreal-
istic magnitude and varying response of parallel experiments. A range of effects
are expected to play a role, such as humidity of the environment, concentration
of the analyte, sensor geometry, functionalization geometry, and non-specific
interactions such as the deactivation of the self-assembled monolayer (SAM)
by the non-complementary DNA control step. The purpose of this project is to
carry out a set of experiments that shed more light on the involved interactions
influencing the sensing process.

First and foremost, the chemical functionalization sequence is investigated. In
step one, thiol-terminated single-stranded DNA (ssDNA) probes are immobi-
lized on a gold surface, and in step two, these probes are hybridized with com-
plementary DNA target strands and non-complementary control. The goal is to
functionalize a cantilever in such a way that by only measuring the shift of its res-
onance frequency, hybridization with complementary DNA can be distinguished
from non-specific adsorption and non-complementary DNA. This, in principle,
allows for sequence specific DNA detection. Surface plasmon resonance (SPR)
is used as an established reference technique for DNA hybridization measure-
ments. Fluorescent labeling is used to verify the areal density of the DNA
molecules. Scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS) are used for imaging and elemental analysis. X-ray pho-
toelectron spectroscopy (XPS) is used as a surface sensitive characterization
technique. Cantilever resonance frequencies are measured by laser Doppler vi-
brometry (LDV). The fabrication of the new microcantilever devices is followed
as a guest in the cleanroom.

This project, detecting bladder cancer via nanomechanical sensing of hyperme-
thylated DNA, combines various disciplines such as materials science, physics,
biomedicine, chemistry, and mechanics and therefore suits a true Advanced Tech-
nology attitude. To my best knowledge, no paper has yet been published on
the detection of bladder cancer via nanomechanical sensing of hypermethylated
DNA, which makes my Bachelor assignment unique and exciting.

This thesis is structured as follows: In chapter 2, the theory is explained, fol-
lowed by a description of the device fabrication in chapter 3. In chapter 4,
techniques and experimental work are described. The results are presented
in chapter 5 and discussed in chapter 6. The conclusions are given in chap-
ter 7.



THEORY

The goal of the sensor studied in this thesis is the detection of bladder cancer
via nanomechanical sensing of hypermethylated DNA. The detection mecha-
nism used in this type of sensor relies on the shift of resonance frequency of
a microcantilever upon specific adsorption of certain biomarkers. This chapter
establishes the necessary theory to develop a model that allows for a predic-
tion of the resonance frequency shift to be expected in the experiments. First
an analytic description is given for a simplified geometry, followed by a more
sophisticated, numerical model created with the finite element method software
package COMSOL, which resembles the real design of the cantilever sensor
more closely.

21 MECHANICS

The theory of flexural vibrations of beams is derived and explained in many
textbooks on solid mechanics [Magrab, 2012; Strammen, 2014]. An excellent
review on biosensors based on nanomechanical systems is given by Tamayo et
al. [2013]. Another recommendable, but slightly older review is written by Eom
et al. [2011] on the nanomechanics principles for nanomechanical resonators and
their applications in biological and chemical detection.

Cantilevers are mechanical structures consisting of a beam anchored only at
one end and being free at the other, schematically shown in fig. 1. In the
resonant, or dynamic, mode, the cantilever beam is brought into oscillation, here
via electric actuation of a lead zirconate titanate (PZT) layer, a material with
a high piezoelectric coefficient. Thermal energy at room temperature already
causes the cantilevers to oscillate. In some experiments, this is regarded as
detrimental noise, but in other circumstances this fundamental property can
also be used deliberately for thermal actuation as shown in section 2.5.

For this thesis project, novel devices made of silicon oxide (SiO,) and silicon
nitride (SizN,) without a piezoelectric actuation layer were fabricated. Their di-
mensions and properties are summarized in table 1. This chapter focuses on the
properties of these new devices as they have been used for all functionalization
experiments. Different types of cantilevers are introduced. First their design is
explained, second their resonance frequency is computed, and third an estima-
tion for the expected frequency shift upon molecular adsorption is made.

~ // ’

L

Figure 1: Cantilever beam with a patch at the tip, fixed end on the left and free end
on the right.
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Table 1: Dimensions and properties of the cantilevers, thickness h, density p,
Young’s modulus E, and Poisson’s ratio v. Both types of cantilevers have
a length L = 200um and width b = 100 pm; the indicated thickness is the
height of the beam without the thickness of the additional gold patch.

Type h (pm) p (kgm™) E (GPa) v
5i0, 0.834 2650 70 0.17
Si;N, 0.519 3100 210 0.23

This theory chapter then continues with sections on thermal actuation and chem-
ical surface functionalization.

2.2 DESIGNS

The wafers that were fabricated comprise three essential designs: cantilevers,
paddles, and bridges. Classical cantilevers as shown on the left in fig. 2 are
of foremost importance in this thesis. Paddles differ from normal cantilevers by
having a much wider tip than base, see fig. 2 (middle). Lastly, bridges are beams
that are clamped at both ends, represented in fig. 2 on the right. In section 2.3
the resonance frequency of these devices is calculated. The fabrication of these
devices is described in chapter 3.

Side note: For the Nanopill 2.0 project multi-layered cantilevers with a built-in
piezoelectric layer for actuation and read-out were actually to be used. How-
ever, unpublished experiments by Harmen Koster, a colleague Bachelor student,
revealed major problems of this design just in the 15" week of this thesis project.
Main problems were electrostatic attraction of DNA by uncovered PZT and gold
patches pealing off the cantilever surface, a summary of the problems with the
original cantilevers is given in appendix A.6. Future wafers are produced using
improved lithography masks and different adhesion layers under the gold. Fab-
rication of these multi-layered cantilevers is a complex process and not feasible
in the given time frame. That is why simpler, alternative devices were used.

80 pm| (200 um 140 pm 40 pum

100 pm =
80 HmI \:' 160 uml |:| 400 pm
100 pm . 1 .

180 pym
O SiO, / SizNy 200 pm 100 pm
O Au

Figure 2: Schematic drawing of the cantilever, paddle, and bridge microdevice de-
signs.
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2.3 RESONANCE FREQUENCY

2.3.1  Analytic computation

The multi-layered architecture of the cantilevers used in the Nanopill 2.0 project
lacks the necessary symmetry for an exact analytical expression for its resonance
frequency. Therefore, a simplified model of a 1 dimensional cantilever beam is
used as a first approximation. For convenience, a summary of the derivation is
given in appendix A.1.

The resonant or natural frequency of the flexural modes is given by,

fur g |Eh
" 217656\ p L2

(1)

where E is the Young's modulus, p the material density, /i the beam thickness,
L the beam length, and B, the eigenvalue. Table 2 shows a comparison of the
lowest order resonant frequency, thus for an eigenvalue f; = 1.85710. The
analytical expression applies for the reference cantilevers without a gold patch.
In table 2, the resonance frequencies of cantilevers with and without gold are
compared

The cantilevers used for the experiments described in this thesis have a low
length to width aspect ratio. This raises the question whether Euler-Bernoulli
beam theory, which was derived for long, slender beams, is still applicable.
Looker and Sader [2008] derived an analytical expression for flexural resonant
frequencies of thin, rectanqular, 2-dimensional cantilever plates. Their model
allows for small, finite L/b aspect ratios, which Euler-Bernoulli beam theory
does not. For the cantilever geometry used here, the difference in resonant
frequency between the 1-dimensional Euler-Bernoulli beam model and the can-
tilever plate model derived by Looker and Sader [2008] is less than 2%. See
appendix appendix A.2 for the full calculation.

2.3.2 Finite Element Method

The finite element method software package COMSOL is used to discretize
the exact cantilever geometry with a very fine swept mesh containing 30000
quadrilateral elements. The Solid Mechanics package of COMSOL is used to
perform an Eigenfrequency analysis. The resonance frequencies obtained with

Table 2: Resonance frequencies of the cantilevers with gold patch (FEM model) and
without gold patch (analytical model).

Model Gold patch Model Resonance frequency (Hz)
Sio, no Analytical 16980
Sio, no FEM 17450
Si0o, yes FEM 13784
Si;N, no Analytical 16921
Si;N, no FEM 17507

Si;N, yes FEM 13045

7
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Eigenfrequency f = 13045 Hz
Surface: total displacement (arb. unit)

~——
200

150
100

100

0o

Figure 3: Simulation result of the eigenfrequency analysis for a Si;N, cantilever. Im-
age shows the deformation shape of the first flexural mode, dimensions in
pm and displacement in arb. unit.

this FEM model for the cantilevers with and without gold patch are shown in
table 2. Only the first, fundamental mode is given since this is the only one of
interest for the experiments later on. Higher order modes have less vibrational
amplitude and are therefore more difficult to measure. The results of this finite
element analysis show resonance frequency for the cantilevers without a gold
patch that is about 3 % higher compared to the values computed analytically
with the 1-D Euler-Bernoulli beam model. This is considered a good agreement
in the given context. As indicated in the previous section, the error of the
Euler-Bernoulli model is due to the low length to width aspect ratio of the
cantilevers used here, which the Euler-Bernoulli model was not derived for. The
2-D cantilever plate model by Looker and Sader [2008] naturally performs much
better in such a situation and is even found to be within 1 % agreement with the
FEM results.

The result of the COMSOL simulation, the deflection shape of the first flexural
mode result and the corresponding eigenfrequency are shown in fig. 3, which is
qualitatively representative for both silicon oxide and silicon nitride cantilevers.
Note that the amplitude of the deflection in the eigenfrequency analysis (fig. 3) is
intrinsically arbitrary and doesn’t carry quantitative information. In section 2.5,
however, realistic amplitudes of tip deflection are computed for thermal actuation
at room temperature.

2.4 SHIFT OF THE RESONANCE FREQUENCY PEAK

The resonance frequency of a cantilever changes upon molecular adsorption.
This effect is assigned to alterations in three main variables of the cantilever,
namely mass, surface stress, and stiffness of the cantilever. For each of these
three parameters that contribute to the total shift of the resonance frequency
there exist separate models in literature that try to predict the respective effect
on the resonance frequency. Depending on the sensor geometry and the analytes
of interest, the magnitude of the individual contributions can vary by several
orders of magnitude [Tamayo et al,, 2013]. All three analytical models, the mass,
stress, and stiffness effect, have to be used with caution. They are derived under
many assumptions and only meant to serve as a fast tool to estimate the order
of magnitude of a cantilever sensor response. There are far more experimental
variables that are not captured by these models and therefore the exact behavior
of a cantilever sensor cannot possibly be predicted by these models.
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2.4.1 Mass effect

The most prominent explanation for the frequency shift of a cantilever is based
on the added mass of the atoms adsorbing on the cantilever surface. The mass
sensitivity of a cantilever beam is highest at its tip and that is why the gold
patches of the cantilevers used are placed there. The relative change in reso-
nance frequency due to adsorbed mass on a cantilever beam can be approximated
by the following relation,

Af  1m,
Fo T am, @

Here Af denotes the absolute shift of the resonance frequency fy due to added
mass on the cantilever. m, and my are the mass of the adsorbate layer and
the beam, respectively. Making a reasonable estimate for m, and my, a relative
frequency shift of ~ —0.005% is expected from the mass effect according to this
simple model. This corresponds to an expected measurable frequency shift of
about —1Hz. The full calculation is given in appendix A.3. The well-known
quartz crystal microbalances (QCM) also use the fact that an increase in mass
causes a decrease in resonance frequency.

2.4.2 Stress effect

Surface Stress is the amount of reversible work per unit area needed to elas-
tically stretch a pre-existing surface. Adsorption on a surface can generate
changes in the surface stress as a consequence of the adsorbate-surface and
adsorbate-adsorbate interactions. Electrostatic force, hydration force, viscoelas-
ticity, and conformational entropy are exemplary contributions to surface stress
[Doinguez et al,, 2014; Mertens et al, 2008; Yang, 2012]. A linear model for
the effect of changing surface stress on the resonance frequency of a cantilever
beam due to adsorption is given by Tamayo et al. [2013] as
3

% ~ 1Eh" —0.0421/% + % (0w + 03) 3)
where E is the Young's modulus of the cantilever material, L, b, h are the can-
tilever length, width, and height, respectively, v denotes the Poisson’s ratio, and
0, and oy, are the surface stress in the upper and bottom sides of the beam.
Substituting the data of the cantilevers used in the experiments of this thesis,
one obtains a relative frequency change at the order of just a few ppm, which
is far below the noise level of the measurements taken. This result agrees with
an article by Xu and Deng [2013], who state that surface effects only play a sig-
nificant role when the thickness of the beam is lower than hundred nanometers,
which is clearly not the case for the cantilevers used here.

2.4.3 Stiffness effect

Adsorption of molecules does not only increase the total effective mass of a
cantilever, but an adlayer also has a certain stiffness. The resonance frequency
shift due to homogeneous adsorption with an effective layer of thickness h,
formed on the cantilever beam is given by Tamayo et al. [2013] as

(3 gy he () (B) Ea] (),
fo 2E, 205 ) by 8 |\ pp Eyp Epop | \ hp
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where subscript a and b denote properties of the adsorbate layer and the beam,
respectively. For the cantilevers studied in this thesis, the model overestimates
the stiffness effect as it assumes homogeneous adsorption over the whole sur-
face area of the cantilever. The experiments, however, are designed such that
DNA probes - in ideal case - are only immobilized on the gold patch at the
cantilever tip by means of metal-thiolate bonding. Besides this geometric con-
finement, stiffness responsivity is known to decrease from the cantilever base to
the tip [Tamayo et al., 2013]. Despite these two limitations, the model is eval-
uated for the cantilevers used in this project. A relative resonance frequency
frequency shift of —0.5% is calculated, which contradicts with the intuitive rea-
soning that an adlayer would increase the effective stiffness of a cantilever and
thereby increase the resonance frequency. It may be noted that the effective
Young’s modulus of a DNA monolayer has to be estimated as there are no val-
ues reported in literature. The full calculation is given in appendix A.4. The
model is particularly sensitive to the Young's modulus of the adlayer, which is,
unfortunately, the hardest parameter to determine experimentally in this context.
For large values of E, approaching Ej, the calculated frequency shift can also
become +2 %. Again, not the exact number is of importance, but what matters
is the order of magnitude.

Summarizing, the surface stress effect is expected to be negligible and the stiff-
ness effect is calculated to be 100x larger than the mass effect. Therefore, the

stiffness effect is expected to be the major contributor to the frequency shift upon
DNA hybridization.

2.5 THERMAL ACTUATION AND NOISE

The silicon nitride cantilevers used do not have a built in PZT layer for piezo-
electric actuation. They have to be analyzed under thermal actuation. From the
equipartition theorem,

1 1
5 Kot = ks T (5)

it can be deduced that the root mean square tip deflection is

[kgT
5rms = BT (6)

where kg is the Boltzmann constant, T the temperature of the cantilever and K
its effective spring constant. For a cantilever beam, the spring constant is given
by

Ebh3
=1 (7)

where E is the Young's modulus and b, h, L are the width, height, and length of
the cantilever, respectively. This simple model is evaluated for the dimensions
and properties of the cantilevers used in this thesis (see table 1) and the results
are summarized in table 3. For comparison with previous generations of can-
tilevers used in the Nanopill 2.0 project, a third and thicker type of cantilever
made of pure silicon is added in that table. The tip deflection of the new devices
due to thermal actuation, sometimes also called Brownian motion in this context,
is about 200 pm. Although this is quite a low value, it is still measurable by
laser Doppler vibrometry.
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Table 3: Tip deflection due to thermal energy at room temperature (T = 295K).

Type  Thickness h (nm) Tip deflection dyms (nm)

Si;N, 519 0.21
5i0, 834 0.18
Si 4000 0.01

2.0  SURFACE FUNCTIONALIZATION

For an inorganic microcantilever to obtain biosensing properties, its surface must
be functionalized by applying a suitable surface chemistry routine. The goal
of the proposed biosensor is the sequence-specific detection of DNA strands.
Therefore, it is chosen here to capture these DNA targets with complementary
single-stranded DNA probes, which are immobilized on the gold coated can-
tilever surface with thiol groups. Gold is chemically inert, but is accessible to
chemisorption via thiolate bonding.

The performance of the functionalization strategy depends both on the surface
density of target molecules as well as the blocking strategy to limit non-specific
adsorption as much as possible. Surface coverages of ~ 0.1 molecules nm~ are
reported in literature [Alvarez et al., 2004; Herne and Tarlov, 1997; Keighley
et al., 2008; Steel et al.,, 2000]. This value corresponds to a relative monolayer
coverage of about 10 %, which means that there is sufficient space for the target
molecules to reach the immobilized ssDNA in the hybridization step. However,
this also means that there is a lot of uncovered surface area which is prone to

non-specific adsorption.

2.7 ANTI-FOULING

Fouling is the accumulation of unwanted material on solid surfaces and gener-
ally detriments the function of a device [Vidyasekar et al,, 2012]. Non-specific
adsorption on the cantilevers poses a major challenge as the sensor response is
massively degraded by the wrong molecules adsorbing on the cantilever surface
and thereby changing the resonance frequency of the cantilever uncontrolledly.
A properly working sensor must not only be sensitive, but also sufficiently spe-
cific. Specificity can, for instance, be enhanced by blocking non-specific adsorp-
tion through application of suitable surface chemistry strategies. Polyethylene
glycol (PEG) derivatives are known for their property to act as anti-fouling
agents by forming surface-grafted polymer brushes which heavily reduce non-
specific adsorption [Kosaka et al., 2013; Reimhult and Héok, 2015].

PEG-Silane has shown to function as a reliable anti-fouling agent on silicon
nitride [Cerruti et al., 2008]. Silanes (SiH,) have a low affinity to gold and pref-
erentially bind to metal oxides [Reimhult and Hook, 2015]. Kosaka et al. [2013]
presented promising the results with backfilling of PEG-Silane on silicon and
show that PEG outperforms other blocking agents such as bovine serum albumin.
Backfilling in this context means that the cantilever surface area which is not
covered by the probe molecules (here thiol-ssDNA) is filled with a dedicated
substance deliberately after probe immobilization.

1

Proper surface
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Figure 4: Skeletal formula of 11-mercaptoundecyl hexaethylene glycol, C,;H,50,5
(MUHEG).

Apart from protecting the non-gold areas from non-specific adsorption, back-
filling is also used to increase the surface density of molecules on the gold
itself. Therefore, short alkanethiols are used to fill up the space between the
immobilized thiolated ssDNA. The increased surface density ensures that the
ssDNA molecules stand in an upright position and do not hang down and stick
to the gold surface. Mercaptohexanol CcH,0S (MCH) is often used for this
purpose [Adjémian et al,, 2010; Li et al, 2014; Wernette et al., 2007]. Unpub-
lished results by Alejandro Méndez Ardoy recently showed positive results when
backfilling ssDNA layers on gold with 11-mercaptoundecyl hexaethylene glycol
Cy3H,450,S (MUHEG), a neutral and flexible thiol terminated with hexaethy-
lene glycol. MUHEG is used to resist nonspecific adsorption of biomolecules
and polymers. The skeletal formula of MUHEG is shown in fig. 4.

2.8 DISCUSSION & CONCLUSION

In this chapter, a model for the expected shift in the cantilever resonance fre-
quency was derived. Starting from basic solid mechanics, an analytical expres-
sion for the cantilever resonance frequency is given using Euler-Bernoulli beam
theory as a first estimate. A FEM model is used to capture the dimensions
and properties of the microcantilevers with gold patch more closely. Three
complementary sub-models are discussed that each describe one contribution
to the total resonance frequency shift upon molecular adsorption. These are
the mass, stress, and stiffness effect. The latter is calculated to be most dom-
inant. Furthermore, the chosen surface functionalization route, that turns an
ordinary microcantilever into a biosensor, is explained with special attention to
a chemical anti-biofouling strategy. Together, this forms the necessary theoret-
ical background for the experimental part of this thesis.



FABRICATION

This chapter describes the fabrication of silicon oxide and silicon nitride micro-
cantilever devices. The process steps described in this chapter have been per-
formed and explained by dr. Ozlem Sardan Sukas, who kindly arranged a guest
access to the cleanroom of the MESA+ Institute for Nanotechnology.

3.1 DRY ETCHING AND ISOTROPIC WET ETCHING

Starting material are four wafers (4-inch) of single-crystalline silicon (boron
doped p-type Si (100), one-side polished). On two wafers, a thin film of thermal
silicon oxide (SiO,) is created by wet oxidation at 1100 °C for 2 hours. On the
other two wafers, a low-stress Si-rich silicon nitride (SizN,) film is grown by
low pressure chemical vapor deposition (LPCVD) for 2 h 5 min. The SiO, and
Si3N, layer thicknesses are measured by ellipsometry (Woollam M-2000Ul) and
found to be 834 nm and 519 nm, respectively.

Photoresist (positive resist, Olin OIR 907-17) is spin coated at 4000 rpm and
pre-baked for 90 seconds minutes on a hotplate (90 °C). Wafers and mask are
carefully aligned and the photoresist is exposed to near UV light for 5 seconds
in contact mode (EVG 620). Photoresist is developed for 45 seconds in a rough
and fine bath of dedicated developing solution (Olin OPD 4262) and post-baked
at 120° for 5 minutes (SizN,4) and 20 minutes (SiO,). In the developing step,
photoresist is removed such that the later cantilever features remain protected.
Silicon nitride (Si;N,) wafers are dry etched in TEtske, a parallel plate reactive
ion etch (RIE) system, using trifluoromethane CHF; plasma with a power of
60 W for 12 minutes. Afterwards, photoresist is stripped with a 30 min oxygen
plasma treatment (TePla 300). Silicon oxide wafers are cleaned by a short
ozone treatment prior to wet etching in buffered hydrofluoric acid (BHF) for
about 12 minutes and then rinsed with copious amounts of demineralized water.
The ozone cleaning ensures that the etchant can efficiently reach the oxide by
rendering the photoresist surface hydrophilic. Photoresist is removed in nitric
acid (HNO;).

In the next process step, photoresist is spin coated on the wafers again. This
time a dynamic mode is chosen (up to 4000 rpm) such that the resist can spread
well around and on the cantilever features. Baking, alignment, and exposure
are performed analogue to the description above. In the developing step of this
lithography process, photoresist is removed only from the places where gold has
to be deposited in the next step, e.g. on the tips of many cantilevers.

For convenience, these first fabrication steps described so far are schematically
represented in a simplified process diagram (fig. 5).

Fabrication of silicon
oxide and silicon
nitride
microcantilever
devices was followed
in the MESA+
cleanroom

Lithography with
cantilever mask

Reactive ion etching
(RIE) for Si;N,
wafer and BHF wet
echting for SiO,
wafer

Lithography with
gold mask
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St wafer (100, one-side polished, p-type)

[ Silicon
525 + 25 um @ Silicon oxide (Si02)
@ Silicon nitride (Si3N4)
[l Photoresist
Thermal (wet) oxidation LPCVD Si3Ng

l

Lithography Lithography

BHF RIE

Figure 5: Schematic process diagram of the first 3 fabrication steps: thermal oxida-
tion / LPCVD, Lithography, and reactive ion etching (RIE) / isotropic wet
etching in buffered hydrofluoric acid (BHF).

Figure 6: Unreleased silicon oxide (left) and silicon nitride (right) cantilevers with
gold at the tip (top) and without gold (bottom) under an optical micro-
scope (5x magnification). The colors are due to layer thickness and index
of refraction. Real color images taken before anisotropic wet etching of the
channel.
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3.2 GOLD DEPOSITION

Deposition is performed with Sputterke, a single wafer sputter coater for depo-
sition of metallic layers. First a 10 nm thin layer of titanium is sputtered to
increase adhesion of the actual 100 nm gold layer, which is needed to function-
alize the devices later on by means of thiol chemistry.

After the sputtering process, the entire upper wafer surface is covered with gold.
The majority of this metallic layer lies on top of the photoresist and has to be
removed such that only the desired features at the device tips remain covered
with gold. This is done by lift-off in a beaker with acetone in an ultrasonic bath.
After 15 minutes, the wafers are rinsed with isopropanol and demineralized
water subsequently. Indeed, the sacrificial material is washed out and only the
gold that was in contact with the underlying layer, the SiO, or Si;N, wafer,
respectively, remained. Integrity of the devices was verified under an optical
microscope, see fig. 6.

The thickness of the cantilevers and the deposited layers is investigated by
surface profilometry (Bruker Dektak 8). For the silicon nitride cantilevers, a
height of 519 nm plus 115 nm titanium-gold was found, and for the silicon oxide
cantilevers a height of 834 nm plus 120 nm. One of the SiO, wafers accidentally
had double titanium deposition time (2 min instead of 1) and surface profilometry
thereby also proves that the deposition rate of titanium in Sputterke is indeed

10 nm min~".

3.3 ANISOTROPIC WET ETCHING

Structures were released by anisotropic wet etching microfluidic channels (see
fig. 7) in hot TMAH solution (tetramethylammoniumhydroxide, 85°C, 25 wt %)
for about 2 hours. TMAH etches V-grooves in silicon with an angle of 54.74° be-
tween the < 100 > and <111> facets, thereby the cantilevers are underetched
and thus released at the bottom side [Senturia, 2001].

Figure 8 shows a released Si;N, cantilever with a gold patch at the tip. Figure 9
shows a bridge that is not properly released from the bottom of the microfluidic
channel. Both chips are from the same wafer.

5474

<111>
~

l<100>

O si O3 si;N, O Au
Figure 7: Schematic cross-sectional view of a silicon nitride cantilever in an
anisotropically etched microfluidic channel.
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100 pm

Figure 8: Released silicon nitride cantilever with gold patch at the tip. Greyscale
image obtained with an optical microscope (10x magnification).

100 pm

Figure 9: Silicon nitride brigde not properly released after anisotropic etching.
Greyscale image obtained with an optical microscope (10 x magnification).

3.4 DISCUSSION & CONCLUSION

Almost the entire Summarizing, two types of chips were fabricated: two wafers with structures
fabrication process made out of silicon oxide and two wafers with structures made out of silicon
wwas observed nitride. The most important structures are sketched in fig. 2. Both types contain
many structures with gold patches, e.g. at the tip of cantilevers. The fabricated
structures made from silicon oxide and silicon nitride are in principle identical
as the same masks have been used in both cases. Figure 2 shows the three
most important device designs (cantilevers, paddles, bridges) that make out the
majority of the wafers. One wafer of each type has been diced without releasing
the structures. These chips are more robust for performing surface chemistry and
analysis as they don’t contain fragile, free standing structures. The others two
wafers comprise fully prepared chips with released microcantilevers that can be
analyzed, for instance, with a laser Doppler vibrometer (LDV).



EXPERIMENTAL WORK

To functionalize the fabricated cantilevers in such a way that they gain biosens-
ing properties, various steps have to be performed. This chapter explains how
the chosen surface chemical functionalization strategy is applied, how the key
experiments are executed and what techniques are used to perform these exper-
iments. First, the sample preparation is described. Cantilever experiments are
structured in three chronological rounds.

4.1 SAMPLE PREPARATION

All samples are cleaned by exposure to oxygen plasma (SPI Plasmaprep Il) for
10 min, followed by immersion in pure ethanol for 20 minutes. The first step
oxidizes any organic contaminants present on the surface to volatile products
such as for instance water and carbon dioxide, whereas the second step reduces
the gold oxide formed on the gold surface during the oxygen plasma treatment
back to metallic gold [Ron et al,, 1998]. In literature, the use of piranha solution
is frequently reported for this cleaning step [Kosaka et al, 2013]. However,
because of the reactivity and toxicity of piranha, this is avoided here. Besides,
it is also reported that the electrochemical characteristics for the self-assembly
of thiol-modified DNA layers hardly depend on the gold pretreatment [Li et al.,
2014]. DNA molecules are purchased from Eurofins and prepared according to
the supplier’s manual. TE-buffer is used as the recommended solvent. Directly
before all measurements, samples are rinsed with ethanol and dried in a flow of
nitrogen.

4.2 ROUND 1

Two key functionalization steps are performed in experimental round 1.
1. Immobilization of Thiol-ssDNA
2. Hybridization with complementary DNA

A silicon nitride chip is immersed in a 1 uM solution of thiolated single-stranded
DNA in TE-buffer overnight. This gives the probes sufficient time to bind to the
gold coated surface of the cantilevers. The DNA strands used for the experi-
ments in this thesis are short 21-base-pair strands. The probes with a thiol
linker at the 5" end have the base sequence: GcGTGccAACGCGCTGCAT (B — 3)
The cantilever chip is rinsed with ethanol and then immersed in the hybridiza-
tion solution for 60 h at 50°C. The complementary DNA is modified with a
fluorescence tag (Cy5) and has the base sequence: ATGCGCAGCGCGTTGGCACGC
Before and after each step, the resonance frequencies of all cantilevers is mea-
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sured by laser Doppler vibrometry. This holds for all three rounds of cantilever
experiments.

4.3 ROUND 2

The goal of round 2 is the verification of reproducibility of the results found
in round 2. Therefore, the following two functionalization steps have been per-
formed.

1. Immobilization of Thiol-ssDNA
2. Hybridization with complementary DNA and non-complementary control

The procedure is analogue to the first experimental round apart from the fact
that two chips are functionalized in parallel. While the first step is exactly
identical for both chips, in the second step one chip is immersed in complemen-
tary DNA solution and the other one in non-complementary DNA solution. The
non-complementary DNA target has the same base sequence as the thiolated
probe and can therefore not hybridize with it. The hypothesis is that there is a
difference in resonance frequency shift between the two chips. While the reso-
nance frequency of the chip immersed in complementary DNA solution should
change due to hybridization, the resonance frequency of the control chip should
ideally not shift at all. The elevated temperature is known to thermodynami-
cally lower the non-specific adsorption and thereby the temperature facilitates
the discrimination between complementary and non-complementary DNA. The
chips are immersed in the hybridization solution for 85 h.

4.4 ROUND 3

The goal of round 3 is the reduction of non-specific adsorption to further increase
the difference in cantilever response between hybridization with complementary
and non-complementary DNA. Therefore, the following three steps are performed
in experimental round 3.

1. Immobilization of Thiol-ssDNA
2. Backfilling with Silane-PEG
3. Hybridization with complementary DNA and non-complementary control

The first and third step are performed the same way as explained in round 1
and 2. The backfilling step has not been performed before. A visualization of
the functionalization strategy is given in figs. 10 to 12.

PEG-Silane has to be handled in a dry, oxygen-free environment. Therefore,
10 mg PEG-Silane is weighted on a balance in a nitrogen glove box and given
in a small flask, sealed airtight with a septum and carried to a fume hood. 10 mL
of a 95 % ethanol, 5 % H,0 mixture is degassed by bubbling nitrogen for 10 min
and then injected with a syringe through the septum into the flask containing
PEG-Silane. Dissolution is enhanced by putting the mixture in an ultrasonic
bath for 2 min. 5mL of this mixture are poured into a beaker containing the
silicon nitride chip and another 5mL are used to backfill a second chip for
the control experiment. This step is performed under a funnel through which
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nitrogen is blown. The chips are immersed in the PEG-Silane solution for 1
hour. Hybridization time is again 85 h.

Figure 10: Schematic drawing of thiol ssDNA probe (red) immobilization step. Di-
mensions not drawn to scale.

Figure 11: Schematic drawing of backfilling step with PEG-Silane after thiol ssDNA
probe immobilization step. Dimensions not drawn to scale.

D Si . Si3N4 D Au

Figure 12: Schematic drawing of hybridization step with complementary DNA tar-
get (blue). Dimensions not drawn to scale.

4.5 LASER DOPPLER VIBROMETRY

A laser Doppler vibrometer (LDV) is a scientific instrument that enables optical
vibration measurements without physical contact to the sample. Based on the
Doppler effect, the vibrometer senses the frequency shift of laser light scattered
back from a moving surface. The system uses a Fast Fourier Transform (FFT)
to determine the amplitude of vibration over a selected frequency spectrum. For
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the frequencies of interest, the frequency resolution is about 1.5Hz and the
amplitude noise level is as low as a few pm (Polytec OFV-552). This impressive
sensitivity is needed in fact as the Brownian motion vibration amplitude of the
cantilevers due to thermal actuation at room temperature is experimentally found
to be only at the order of some 10 pm, thus only 1 order of magnitude above
the noise level. For the cantilevers without a piezoelectric actuation layer as
used in this thesis, electric read-out with an impedance analyzer is not possible
and therefore an optical read-out has to be used. The LDV is a fast, easy, and
highly precise tool for this task.

46 SCANNING ELECTRON MICROSCOPY AND EN-
ERGY DISPERSIVE X-RAY SPECTROSCOPY

Scanning electron microscopy uses a finely collimated beam of electrons focused
onto a small probe that scans along the surface of a sample. Interactions be-
tween the incident beam and the material result in the emission of electrons and
photons. These emitted particles are analyzed by suitable detectors and give
information about the surface topology of the sample, which is reconstructed to
an image with impressive nm resolution of the sample surface. Energy disper-
sive X-ray spectroscopy (EDS) is a useful technique for analyzing the chemical
composition of the surface of a specimen with an information depth of about
1000 nm and is often included in a scanning electron microscope. In EDS, the
atoms on the surface of a specimen are excited by an electron beam, emitting
specific wavelengths of X-rays which are characteristic for the atomic structure
of an element. An energy dispersive detector can analyze these X-rays and as-
signs the appropriate elements. SEM and EDS are usually performed in a high
vacuum [Ebnesajjad, 2014]. The SEM (Zeiss Merlin HR FEG) was operated by
Mark Smithers.

4.7 X-RAY PHOTOELECTRON SPECTROSCOPY

X-ray photoelectron spectroscopy (XPS), also called electron spectroscopy for
chemical analysis (ESCA), is an analytic technique to characterize surfaces with
an information depth of about 10nm and is able to detect all elements except
hydrogen. A sample is irradiated by X-ray beams which provide the energy
needed for inner shell electrons to escape from the sample surface. A detector
measures the kinetic energies of these photoelectrons, which is equal to the
electrons’ binding energies. This in turn allows the identification of the elements
on the surface [Ebnesajjad, 2014]. Survey scans are made to see the gross overall
atomic content of the surface layer. Element spectra scans are made with a better
energy resolution and lower noise. From these scans, the atomic concentrations
of the elements can be calculated. XPS is used in this project to characterize
the gold coated cantilever tip with the goal to detect sulfur and phosphorus as
markers for thiol-groups and DNA, respectively. The XPS (Quantera SXM) was
operated by Gerard Kip.



_}8 FLUORESCENCE MICROSCOPY |

48 FLUORESCENCE MICROSCOPY

In Fluorescence microscopy, samples are illuminated with light of a specific wave-
length that is absorbed by the fluorophores, molecules with which the species
of interest must be labeled in advance. These fluorophores emit wavelength
of longer wavelength, thus a different color than the adsorbed light, which can
be separated from the illumination light in a spectral emission filter. The fil-
ter and the dichronic have to be chosen to match with the spectral excitation
and emission characteristics of the fluorophore used to label the specimen. The
fluorescence microscope used is an Olympus IX71.

4.9 SURFACE PLASMON RESONANCE

A surface plasmon resonance sensor (SPR) is a label-free and surface sensitive
spectroscopic system which optically measures changes in the local index of
refraction on a metallic surface, typically a thin gold layer on a glass substrate.
Thereby, it is sensitive to changes in the adsorption layer. SPR is an established
technique in the field of biomolecular interaction analysis including dynamic
anlysis of DNA hybridization [Chung et al., 2012].

SPR is used in this project as a check whether the chosen chemical function-
alization sequence works on gold surfaces independently from any cantilever
mechanics. A standard, commercial gold sample, 50 nm Au on glass, is cleaned
in piranha solution (3:1 mixture of sulphuric acid H,SO, and hydrogen peroxide
H,0,) for 1 minute, subsequently rinsed with copious amounts of demineral-
ized water and afterwards immersed in ethanol for 5 minutes. The sample is
immersed in the solution of thiol-terminated single stranded DNA overnight for
probe immobilization through thiol-gold binding. Backfilling is performed by 1 h
immersion in MUHEG, a thiol-terminated oligoethylene glycol (see section 2.7).
First, non-complementary DNA solution is flushed through the system and over
the gold chip with the SAM of thiol-ssDNA. Then the system is washed with
TE buffer before the flow of complementary DNA solution is started. Eventually,
the lines are washed with TE buffer again. The SPR (Res-tec RT 2005) was
operated by Roberto Ricciardi.

410 DISCUSSION & CONCLUSION

Summarizing, three rounds of cantilever experiments have been performed, in
which silicon nitride cantilevers were subsequently functionalized by thiol-ssDNA
probe immobilization, backfilled with PEG-Silane as anti-fouling agent, and hy-
bridized with complementary DNA and non-complementary control. For charac-
terization and analysis, laser Doppler vibrometry, scanning electron microscopy
and energy dispersive X-ray spectroscopy, X-ray photoelectron spectroscopy,
fluorescence microscopy, and surface plasmon resonance are used.
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RESULTS

This chapter presents the results of three rounds of cantilever functionalization
experiments and a reference experiment by surface plasmon resonance (SPR).
Furthermore, silicon oxide devices are characterized and the time effect of im-
mersion in TE-buffer on the resonance frequency of silicon nitride cantilevers is
shown.

5.1 ROUND 1

In the first experimental round, one Si;N, chip was used. The resonance fre-
quency of five cantilevers, of which three possess a gold patch at the tip, was
measured before and after thiol-ssDNA probe immobilization. Figure 13 shows
the relative shift in resonance frequency ATf in percent. Therefore, the differ- ATf = f“ﬁ%fﬁ:fm
ence in resonance frequency has been divided by the initial frequency of the
clean cantilever before immobilization. The error bars are calculated by taking
a possible error of 5Hz into account for each LDV measurement. This value
is chosen empirically as the LDV data processing involves a semi-manual peak
fitting step. 5Hz is more than three times larger than the frequency resolution
of the LDV measurement (1.5 Hz) in the region of interest (< 20 kHz). The same
cantilevers have been used in the second step, the hybridization with comple-
mentary DNA. Surprisingly, the response of cantilevers without gold is larger
than the response of cantilevers with a gold patch at the tip (see fig. 14). The
resonance frequency shift is stable even after the chip lay in a sample box in air
for three days (blue column in fig. 14). Additional rinsing with ethanol does not
change the resonance frequency significantly (green column in fig. 14).

04 w Au (A) w/o Au (A) w Au (B) w/o Au (B) w Au (C)

Figure 13: Relative resonance frequency shift of cantilevers with and without gold
due to probe immobilization of thiol-ssDNA.
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Figure 14: Relative resonance frequency shift due to hybridization with complemen-
tary DNA. The frequency shift is given with respect to the resonance
frequency after probe immobilization. Measurements are taken directly
after hybridization step (red), 3 days later (blue), and after rinsing with
ethanol (green).

5.2 ROUND 2

In the second experimental round, two SizN, chips were functionalized simul-
taneously. After common thiol-ssDNA probe immobilization, one chip was im-
mersed in a solution of complementary DNA and the other was immersed in a
solution of non-complementary DNA. Other than that, the experimental condi-
tions were identical. The results are presented in fig. 15, where the relative
frequency shift due to the hybridization step is shown. There is a clear differ-
ence in resonance frequency shift between cantilevers on the chip that was im-
mersed in complementary DNA solution for hybridization and those cantilevers
on the other chip that was in non-complementary DNA solution as control ex-
periment. This means the applied cantilever functionalization route is specific
to the complementary DNA strand and a future sensor using these cantilevers
can distinguish between complementary and non-complementary DNA. This is
a very important result in the development of a sequence specific DNA sensor.
Agreeing with the results of the first experimental round, the response of can-
tilevers without gold patch is much larger than the response of cantilevers that
actually have a gold patch.

XPS measurements were performed on both chips of round 2. A comparison of
two representative spectra is shown in fig. 16. Six measurement points were
chosen, four on gold coated cantilever tips and two on cantilevers without gold
for control. It was intended to also scan phosphorus peaks, which would be
characteristic for the presence of DNA on the cantilevers in our experiments,
but unfortunately, the phosphorus 2p peak overlaps with a shake-up of the
silicon 2p peak and the two cannot be distinguished in XPS measurements
performed. Therefore, the sulfur 2p peak is, in fact, the only remaining marker
for DNA in the XPS analysis. The analysis reveals that there is sulfur on the
gold covered cantilever tips and no sulfur on the uncoated silicon nitride control
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Figure 15: Relative resonance frequency shift due to DNA hybridization with re-
spect to the resonance frequency after probe immobilization. Comple-
mentary on the left (red), non-complementary control on the right (blue).

cantilevers. The other four XPS spectra are given in appendix A.8 including
a table of element concentrations. In fig. 17, the fluorescence intensity of two
cantilevers that were used in round 2 is compared. The left cantilever was
immersed in complementary DNA solution for hybridization and shines brightly
on the uncoated Si;N, areas. The cantilever shown on the right, which was
immersed in non-complementary DNA solution, looks pale and shows only very
pale fluorescence intensity. The gold areas on both cantilever appear completely
black and no fluorescence intensity can be recorded there even with an increased
camera exposure time.
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Figure 16: Comparison of sulfur peaks in XPS spectra. The left spectrum is taken
on a gold patch and shows a shallow peak in the region of interest, the
right spectrum, taken on a cantilever without gold, does not.

Figure 17: Comparison of fluorescence intensity. The left cantilever was immersed
in complementary DNA solution, the right one in non-complementary
DNA solution. Camera exposure time 4.00s (l.) and 11.47s (r.).
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5.3 ROUND 3

Different from the first two experimental rounds, in round 3, backfilling with PEG-
Silane is used to reduce non-specific adsorption. Figure 18 shows the relative
frequency shift due to the backfilling step. Prior to this step, thiolated ssDNA
was immobilized on the gold coated cantilever surface. Sign and magnitude
of the frequency shift vary largely. The outlier, cantilever F (rightmost column
in fig. 18 and 19), is the same cantilever that already appears as outlier in
the first experimental round (see rightmost column in fig. 13 and 14). The
reason why this particular cantilever shows an aberrant response is analyzed
in detail and discussed in section 6.1. The fluorescence microscopy images
closely resemble the ones recorded in round 2 (see fig. 17) and are provided in
appendix A.7.

Figure 19 shows the most important finding of this thesis. While the frequency
shift of the cantilevers that were immersed in complementary DNA solution
for hybridization (red) is in agreement with the first two experimental rounds,
the frequency shift of the control cantilevers that were in non-complementary
DNA solution (blue) is completely different. Even the sign of the frequency
shift is switched. From the data presented in fig. 19, it is easy to distinquish the
hybridization of complementary DNA from non-specific adsorption in the control
experiment.

5.4 SURFACE PLASMON RESONANCE

The same chemicals as in the first round of cantilever experiments have been
used for an SPR experiment. The following steps have been performed on a
sample that was prepared by overnight DNA immobilization and backfilling with
MUHEG as explained in section 4.9. After 12 min, flushing non-complementary
DNA with a concentration of 1 pM in TE buffer was started; after 48 min, washing
with TE-buffer was initiated. At 2 h 15 min, complementary DNA 1 pmol in TE
buffer was flushed and eventually, at 3 h 5 min, the sample and lines were
washed with TE-buffer again.

- w AL‘J (A w AL‘I B) w AL‘J (€) wAu (D) wAu(E) wAu(F)

Figure 18: Relative resonance frequency shift due backfilling with PEG-Silane.
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Figure 19: Relative resonance frequency shift due to DNA hybridization with re-
spect to the resonance frequency after backfilling. Hybridization with
complementary DNA on the left (red), non-complementary control on
the right (blue).

The outcome of this experiment is shown in fig. 20 where the noisy measurement The SPR does not

data is accompanied by a guide to the eye, a line that is computed by applying show any response to
. . . . . S the DNA solution

a least squares smoothing function over 50 neighboring data points per position.

The measured change in angle A@ is only in the range of 1 x 1073 deg during

the entire experiment and there is no distinct response to any of the components

that were flushed during the experiment.
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Figure 20: SPR measurement data (red) and smoothened line as guide to the eye
(blue). Dashed vertical lines indicate when the following steps were per-
formed: Starting flow of non-comp. DNA solution, washing with TE
buffer, flowing comp. DNA solution, washing with TE buffer again.
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5.5 SILICON OXIDE DEVICES

By visual inspection under an optical microscope the gold tip of all silicon oxide
cantilevers looks dark. Out of plane bending can explain this. This hypothesis
was verified by scanning electron microscopy. Figure 22 shows a micrograph of
a silicon oxide chip with three paddle-type cantilever in a microfluidic channel.
The bottom paddle is shown in a close-up with a higher magnification in fig. 23.
All cantilevers, but particularly those with a gold coated tip, are bent out of plane.
Laser Doppler vibrometry is not possible with these devices, as the curvature
of the devices reflects the laser beam under an angle which is too large for the
detector. Multiple attempts were conducted and also slightly tilting the sample
did not help.

56 TIME EFFECT OF THE TE - BUFFER

Figure 21 shows how the resonance frequency of silicon nitride cantilevers
changes as a function of time when they are immersed in pure, DNA-free TE-
buffer at room temperature. Measurements are taken on three identical can-
tilevers with a gold patch at the tip. These cantilevers are on the same chip.
Prior to each measurement, the chip is rinsed with ethanol and dried under a
flow of nitrogen. After ~ 30 h, saturation sets in and the relative frequency
shift remains at ~ 1%. Cleaning with 10 min oxygen plasma and subsequent
immersion in ethanol for 20 min lowers the resonance frequency by 3%. All
shifts are given relative to the initial, clean state.

1_5 T T T
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0.5
0
€ -05
Z 4
_ - I After 1h :
<1 -15 Il After 6 h
2+ I After 21 h i
C—JAfter 30 h
o5l B After 45 h |
. CAfter 55 h
I After 118 h
-3r After cleaning 7
_3.5 1 1 1

Cantilever A Cantilever B Cantilever C

Figure 21: Resonance frequency shift of 3 Si;N, cantilevers with Au at tip after 1, 6,
21, 27, 60, 118 h in TE-buffer and finally cleaned again.
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Figure 22: SEM micrograph of a silicon oxide chip with three paddle-type can-
tilevers; the outer ones posses a gold patch at the tip, the center one does
not. The slanted walls of the microfluidic channel created by anistropic
wet etching appear lighter than the surrounding flat surface

20 pm EHT = 5.00 kv Signal A = HE-SE2 Date :15 Jun 2015 M ESA+
|_| WD = 8.7 mm Photo No. = 20530 Time :11:25:56
Mag= 684X | Probe = 40 pA INSTITUTE FOR NANOTECHNOLOGY

Figure 23: SEM micrograph of gold coated silicon oxide paddle-type cantilever bent
out of plane. Close-up of the bottom structure shown in fig. 22
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DISCUSSION &
RECOMMENDATIONS

Multiple experimental results have been presented on the previous pages. The
purpose of this chapter is to discuss them in depth by interpreting and comparing
them, connecting data obtained by various techniques to get a coherent picture,
and reflecting upon the initial goals of this thesis. In addition, suggestions for
further research are given.

6.1 EXPERIMENTAL ROUND 1

In the first experimental round, a silicon nitride chip is functionalized by teth-
ering thiolated single stranded DNA molecules to the gold coated cantilever
surface. This changes the mass, surface stress, and stiffness of the cantilevers
and results in a resonance frequency shift. Figure 13 shows how the latter differs
in sign and magnitude from cantilever to cantilever. The second and far more
important step, the hybridization step, where the actual biorecognition event
takes place, gives a more consistent result (see fig. 14).

Looking at fig. 13 and 14, there is one real outlier, namely the rightmost col-
umn. This cantilever is examined additionally by SEM-EDS. It is found to
be aluminum debris that disturbs the properties of this particular cantilever.
This aluminum probably originates from a piece of aluminum foil that was used
to cover a beaker of DNA solution. Optical and fluorescence microscopy im-
ages, SEM micrographs and EDS spectra of this cantilever are provided in
appendix A.D.

The SPR results presented in fig. 20 does not show any response to the compo-
nents that were flushed subsequently. The same molecules as in round 1 were
used for the SPR measurement. A possible explanation for this is that the DNA
hybridization of a 21 base pair DNA strand is below the sensitivity limit of the
SPR equipment used. This hypothesis can be tested in future experiments with
longer and thus heavier DNA strands.

6.2 EXPERIMENTAL ROUND 2

Aim of the second experimental round is the verification of the results obtained
in the first round and adding a non-complementary control. The measured fre-
quency shifts exhibit the same trends as in round 1. The magnitude of the
relative frequency shift in round 2 is about 40 % larger as compared to round 1.
This coincides with a roughly 40 % longer hybridization time of 85 h in round 2
compared to 60 h in round 1. While DNA hybridization naturally has to saturate
given only a finite number of immobilized ssDNA probes on the gold tip of the
cantilevers, this finding indicates that something else is happening. Saturation
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is reported to set in after ~ 12 h, a time span much shorter than the minimal
60 h used here [Hagan and Chakraborty, 2004; Henry et al., 1999].

In order to exclude effects of the TE-buffer solution, a clean Si;N, chip is
immersed in pure TE-buffer for a long time and it's resonance frequency is
measured repeatedly. The results shown in fig. 21 reveal that it is not the buffer
solution that causes the large magnitude of sensor response.

The goal of fluorescence microscopy in the context of this project is the verifica-
tion of the areal density of (hybridized) DNA. However, under the fluorescence
microscope, the gold coated cantilever tip areas look totally black. This agrees
with previous results of the /norganic Materials Science group and can be ex-
plained by quenching of fluorescence on gold. X-ray photoelectron spectroscopy
(XPS) is therefore used to characterize the elemental composition at the bare
and gold coated cantilever surfaces.

The XPS data shows the presence of sulfur on gold areas (see fig. 16) indicating
that the first step of the chemical cantilever functionalization, the immobilization
of thiolated single-stranded DNA probes on gold, is indeed successful. Despite
the fact that the signal is rather weak, the finding of sulfur is a proof for the
presence of thiol-ssDNA. However, the XPS cannot fully replace fluorescence
microscopy. The latter, in principle, allows a differentiation between complemen-
tary DNA hybridization and non-specific adsorption when different fluorophores
are used. XPS, which analyses the atomic concentrations at a surface, cannot
do this as all types of DNA contain phosphorus and all thiolated DNA probes
contain sulfur irrespective whether they are complementary or not.

From the fluorescence microscopy images, no information can be deduced about
the quenching gold areas. There is, however, a strong difference in fluorescence
intensity on the silicon nitride areas of the cantilevers between the chip that was
immersed in complementary DNA solution and the one that was immersed in
non-complementary DNA solution (see fig. 33). This qualitative finding suggests
that there might still be traces of thiolated ssDNA on the silicon nitride areas,
too small to be detected by the XPS, which hybridized with complementary
DNA targets. The fluorescence intensity of the cantilevers immersed in non-
complementary solution is much weaker indicating less non-specific adsorption
compared to complementary hybridization. The measured resonance frequency
shifts of the cantilevers confirm this hypothesis. The difference in relative fre-
quency shift between the complementary DNA hybridization and non-specific
adsorption is small but noticeable.

6.3 EXPERIMENTAL ROUND 3

In experimental round 3, the two step process of probe immobilization and target
recognition by DNA hybridization is supplemented by an intermediary backfill-
ing step. The goal of backfilling is a reduction of non-specific adsorption, which
can lead to false-positive sensor response. Comparing fig. 15 and 19, this goal
is clearly achieved. Due to backfilling with PEG-Silane, the difference in res-
onance frequency shift between hybridization with complementary DNA and
non-specific adsorption is much larger as in experimental round 2, where no
anti-fouling agent was used.
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The measured response of cantilevers without a gold patch is stronger than the
response of those cantilevers that actually have a gold patch. This counter-
intuitive finding is consistent in all three experimental rounds and could be ex-
plained in the following way: Silicon nitride often contains space charges. These
charges could electrostatically attract DNA, which is also charged [Ravan et al,
2014]. These electrostatic forces can also explain why the the measured sensor
response is orders of magnitude larger than predicted in the theory section. If
namely electrostatic forces are dominant, it is not self-assembled monolayer ad-
sorption which takes place, but instead a rather thick layer of DNA is attracted
to the cantilever surface. This is in agreement with the fluorescence detected
on the silicon nitride areas of the cantilevers. Yet, this leads to the conclusion
that more effects than initially expected play an important role. Most likely, the
DNA does not form self-assembled monolayers limited to the gold covered can-
tilever tips, but rather thick adlayer all around the entire cantilever. Even the
most recent theoretical model for the adsorption of biomolecules on a cantilever
surface by Ruz et al. [2014] cannot explain the large frequency shifts observed
otherwise.

Summarizing, if it is indeed the case that electrostatic forces from space charges
cause the attraction of thick DNA layers, it is questionable whether the silicon
nitride chips fabricated for this thesis are reliable biosensors for DNA sensing
applications. Cautious optimism is justified by the fact that there is a clear
and consistent difference in cantilever response between chips that were im-
mersed in complementary DNA solution and those that were immersed in non-
complementary DNA solution (see fig. 15 and 19). From this it is possible to
differentiate the hybridization of complementary DNA strands from non-specific
adsorption, which is the goal of the proposed sensor device. However, the num-
ber of chips analyzed is very small. In total, only four silicon nitride chips were
used. Kosaka et al. [2013] rightly argue that it needs large arrays of microcan-
tilevers for a statistical approach to tackle reproducibility problems.

The stress effect might be underestimated by the model given in section 2.4.2.
Most prominently, there must be very large stresses that cause the out-of-plane
bending of the silicon oxide devices (see fig. 23). Furthermore, a cantilever
with a low aspect ratio inherently has a surface stress gradient due to clamping
effects [Tamayo et al, 2013]. Substituting the dimensions and properties of
the cantilevers used into Tamayo’s correction to Stoney’s equation, a difference
of 25% in surface stress along the cantilever beam is obtained. However, the
frequency shift due to surface stress of the DNA adlayer is predicted to be at
the order of a few ppm only. Even a variation of 25% does obviously not increase
this value by orders of magnitude and therefore this surface stress effect of the
adlayer is still expected to be negligible. This conclusion is in agreement with
the results found by Ramos et al. [2009].

The vast amount of physical, mechanical, and chemical parameters that have an
influence on the functioning of a cantilever sensor makes it so hard to develop
an all-encompassing, precise model for the transduction process of a cantilever
biosensor. At the moment, we do not fully understand all the involved processes
yet. However, the experimental results presented in this thesis are very promis-
ing when looking back on the ultimate goal of the project: a sensor that can
detect (hypermethylated) DNA sequence specific.
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65 RECOMMENDATIONS FOR FURTHER RESEARCH

Future sensors have to tackle even more issues. In fact, the concentration of free
DNA in urine is low. The DNA that is actually hypermethylated and can act as
a biomarker for bladder cancer as described in the introduction, is again only a
small fraction of the already low concentration of free DNA in urine.

Future work should examine the effect of temperature and humidity on a micro-
cantilever sensor. Unpublished calculations by dr. Evert Houtman, a colleague
researcher of the IMS group, predict a frequency shift of —31.2 ppm / K for a
bare silicon cantilever. Besides, many material properties are known to change
with temperature. Thermal mismatch between different materials in a multilay-
ered cantilever can affect the resonance frequency [Shen et al., 2001]. Hydration
induced tension forces in nucleic acid SAMs are reported to be strong enough to
bend microcantilevers. Therein, a clear difference between monolayers that inter-
act with either complementary DNA or non-complementary DNA targets can be
observed with sensitivity in the femtomolar range [Mertens et al., 2008].

Figure 21, the time effect of TE-buffer, raises the question whether the cleaning
procedure used (oxygen plasma and immersion in ethanol) alters the nature of
the chip. Future work should test the effect of multiple repeated cleaning cyles
on the resonance frequency of silicon nitride microcantilevers. Due to the limited
time frame, it was not possible to repeat multiple cleaning and saturation cycles
with TE-buffer.

To increase sensitivity of a cantilever sensor, the ratio of adsorbate mass to
beam mass has to be decreased according to the mass and stiffness models.
Therefore, smaller cantilevers are more sensitive. Apart from fabrication chal-
lenges, there is no obvious physical reason why smaller cantilevers would have
disadvantages. Leading publications in this field report the use of substantially
smaller cantilevers [Ramos et al,, 2009; Ruz et al,, 2014].

For the SPR measurement, the thiol-ssDNA probe layer on gold was backfilled
with MUHEG, a thiol-terminanted oligoethylene glycol (OEG). In cantilever ex-
perimental round 3, backfilling was performed with PEG-Silane. To further sup-
press non-specific adsorption, both strategies could be combined. Lokanathan
et al. [2011] report that backfilling a PEG layer with OEG forms an underbrush
structure enhancing the ability of the resulting layer to resist fouling. Ideally,
MUHEQG fills the voids between ssDNA on the gold and PEG-Silane forms an
anti-fouling layer on the silicon oxide or nitride.

All doubly clamped beams, the bridges, were not released from the underside
as can be easily seen under an optical microscope (see fig. 9). An attempt
to characterize them with the LDV naturally has to fail. A longer anisotropic
etch time is suggested for future wafers to deepen the microfluidic channel and
thereby releasing the bridges eventually.

Unfortunately, none of the silicon oxide devices could be used for experiments
with DNA simply because characterization with the laser Doppler vibrometer
was not possible due to the strong out-of plane bending of the cantilevers. There-
fore, the core experiments were, in fact, limited to cantilevers on four silicon ni-
tride chips. Future silicon oxide cantilever devices must be fabricated differently
such that there is less stress causing the undesired static out of plane bending.
Otherwise the chips are not useful for this project.



CONCLUSION

This thesis started with a comprehensive literature study in chapter 1 exploring
the embedding of a nanomechanical cancer sensor. The theoretical framework
was provided in chapter 2. In chapter 3, the fabrication of novel silicon nitride
and oxide microcantilever devices was described. Chapter 4 introduced the
techniques and methods used for the experimental work in this thesis. The
results were shown in chapter 5 and discussed in chapter 6. The purpose of
this chapter is to summarize the conclusions from the theoretical and practical
work.

The cantilever resonance frequency shift is consistently found to be much larger
than any of the theoretical models published in literature can explain. The
large magnitude of the sensor response and the fluorescence intensity on silicon
nitride areas lead to the conclusion that a layer of DNA, much thicker than a
monolayer, is electrostatically attracted to the cantilevers. This thick layer
causes an increase in stiffness that raises the cantilever resonance frequency.
This explains why the response of silicon nitride cantilevers without a gold patch
is consistently higher than the response of those without gold.

Nevertheless, the results found and presented in this thesis allow cautious op-
timism. The hybridization of complementary DNA is successfully distinguished
from non-specific adsorption. Without a dedicated anti-fouling strategy, how-
ever, the difference in sensor response is low, as experimental round 2 shows.
Backfilling with PEG-Silane enormously improves the sensor performance. This
is the core finding of experimental round 3. It is recommended that future work
focuses on strategies to further enhance the blocking of non-specific adsorption
and thereby improves the specificity of the proposed biosensor. The theoretical
work suggests that sensitivity has to be increased by further downscaling of the
cantilevers.

Due to quenching, fluorescence microscopy is found to be an unsuitable tool to
verify the presence of DNA on gold coated cantilevers. XPS has shown to have
intrinsic difficulties with the detection of sulfur and phosphorus in the presence
of silicon.

Eventually, the DNA strands used in the functionalization experiments were
short 21-base-pair strands, although the title of this thesis might readily suggest
the use of hypermethylated DNA. The title is kept to embed the work of this
thesis project in the bigger picture of the Nanopill 2.0 project. The results
presented in this thesis are small, but essential steps towards the final goal
of a nanomechanical, cantilever-based DNA sensor for the detection of bladder
cancer.

35

Silicon nitride
electrostatically
attracts a thick layer
of DNA

PEG-Silane
anti-fouling layer
greatly improves
sensor performance






A APPENDIX

This appendix supplies additional material to various sections of the thesis. It is
structured as follows: In appendix A.1, the derivation of an analytical expression
for the resonance frequency of a cantilever beam is given, followed by a correc-
tion term for cantilevers with a low aspect ratio in appendix A.2. In appendix A.3
and A.4, the mass and stiffness effects on the resonance frequency of the silicon
nitride cantilevers used are computed. These four appendices complement the
theory chapter (2). Appendix A.5 shows the detailed analysis of a cantilever that
appeared as outlier in the experiments, which complements results from round
1 and 3. Appendix A.6 illustrates why the old generation of microcantilevers in
the Nanopill 2.0 project was unreliable and new devices had to be fabricated.
Appendix A.7 shows additional fluorescence microscopy images taken in experi-
mental round 3, and finally, appendix A.8 provides additional XPS data.

A1 FLEXURAL VIBRATIONS OF A CANTILEVER

In the following, the partial differential equation describing free, transverse vi-
brations of a beam is derived via the energy approach and solved for cantilever
boundary conditions.

Let the Lagrangian £ denote the difference between the kinetic energy T and
the potential, strain energy U.

1] 90\ 2
0
T—ZO/pA (at) dx (8)
L 2
1 920
LI:E/EI (8x2> dx ©)
0
2 2 2
B B pA [ dv EI (0°v
L=T-U= z(at> 7 a) | (10)

where E is the Young's modulus, p the material density, /i the beam thickness,
L the beam length, and A = bh the cross-sectional area of the beam.
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Figure 24: Cantilever beam with fixed end on the left and free end on the right
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Applying the Euler-Lagrange principle yields the following differential equation
for an Euler Bernoulli beam.

0%v oty
Boundary conditions: At the clamped end (x = 0), displacement and rotation
are zero, whereas at the free end (x = L), shear force and internal bending
moment are zero.

0v(0) 9%v(L) d3v(L)

U(O) = O, 7 = O, v - 0, ? - 0 (12)

Using separation of variables to mathematically split the function v(x,t) that
depends on space and time into a function Y(x) that is only space-dependent
and a function T(t) that is only time dependent

v(x,t) =Y(x)T(t) (13)

when substituted in equation (11) yields

YT +2Y"T =0 (14)
EI
2_ B2
C_pA
Yl/// T
2 __+t_ 2
o i w (15)

Superscript prime and dot denote a spacial and temporal derivative, respec-
tively. Thus a set of two ordinary differential equations that have to be solved
simultaneously is found

2
w
Y””(x)—c—zY:O (16)
T(t) +w?T =0
2
M=
c
with general solution
Y (x) = ¢1 cosh(Ax) + ¢p sinh(Ax) + c3 cos(Ax) + ¢4 sin(Ax) (17)

T(t) = c5cos(wt) + cg sin(wt)

The boundary conditions of the clamped end (equation (12)) imply that
€1 = —C3, (2= —C4 (18)
and the boundary conditions for the free end yield

cosh(AL) cos(AL) = —1 (19)

which is, for instance, true for
B1 =1.87510, B2 =4.69409, B3 =7.85476, P4 =10.9955,... (20)

where B, = A,L denotes an eigenvalue. The first four numerical eigenvalues
are given here.
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Figure 25: Cantilever deflection shapes Y (x) for the first four transverse modes of a
beam with normalized length, amplitude in arb. unit

Figure 25 shows the shape of the first four deflection functions for a cantilever
beam with a length normalized to unity.

Using the the definition for A we find for the resonance frequency

and consequently

o | EI _ , | ER?
Wn = ﬁn pAL4 - ﬁn 12PL4 (22)

_ B |Eh
fn*zn\/ﬁ ;ﬁ (23)

which is equal to the result given by Tamayo et al. [2013]. I = % denotes the
second moment of area and A = bh the cross-sectional area of the cantilever
beam.

A.2 LOW ASPECT RATIO OF THE CANTILEVER

In Looker and Sader’'s model, the angular resonant frequency of the Euler-
Bernoulli model is multiplied with a correction term that depends on the width
and length of the cantilever as well as on the Poisson’s ratio of the cantilever
material [Looker and Sader, 2008].

o[ 1rzwe/n
W T YA T (1—-v2)Z(v)(b/L)

(24)

B 4(\f5(1—v) +\/1—v2>
C VBAVI—2 <5—5v—m\/2—5v—|—3v2—|—\/5—51/—0—@\/2—51/4—31/2)

Z(v)

where w? is the angular resonant frequency as derived in equation (22) and v
denotes the Poisson’s ratio.
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The following values have been used in the computation

L=200pm, b=100pum, h =0.519um, (25)
v=0.17, E=210GPa, p=3100kgm 3

Consequently, one obtains

fis = 17140 Hz (26)
feg = 16921 Hz

where subscript LS represents the model of Looker and Sader, and EB denoets
the Euler-Bernoulli model. The difference between the two values is less than
2%, which largely explains the difference between the FEM model and the 1-
dimensional Euler-Bernoulli model.

A.3 MASS EFFECT

The parameters given in table 4 are substituded in equation (2) to calculate
the mass effect on the relative resonance frequency shift of a cantilever upon
molecular adsorption. Here the calculation is summarized.

Total mass of the bare cantilever: 4.616 x 10~ kg,

Au area: 6.400 x 10% nm?,

DNA monolayer density: 0.1 molecules /nm?,

Weight of one attached molecule (21-bp DNA + spacer + thiol): 7000 Da,
Total mass of adsorbed DNA monolayer: 4.480 x 1072 kg,

Relative change in mass AW’” =9.705 x 1075,
Relative resonance frequency shift: ATf = —0.004 85 %,

Resonance frequency: 13045 Hz,
Absolute resonance frequency shift: Af = —0.633 Hz.

A4 STIFFNESS EFFECT

The evaluation of the equation for the stiffness effect (equation (4)) is challenging
because of the fact that E,, the Young's modulus of the adsorbate layer, pg, its
density, and h,, its thickness, are unknown a priori. Even the properties of the

Table 4: Dimensions and properties of the silicon nitride cantilever needed for the
calculation of the resonance frequency shift due to the mass effect of ad-
sorbing molecules

Layer L(um) b(um) Ji(um) p(kgm?)  m (kg)
Si;N, 200 100 0.519 3100 3.218 X 10!

Au 8o 80 0.115 19000 1.398 X 107!




thin microbeams (subscript b) can differ from bulk values for silicon nitride. The
following values are estimations and used in the computation.

E, =1GPa, p, =1700kg m~3, h,=10nm (27)
E, =1GPa, p, =3100kgm~3, h, =519nm

Relative resonance frequency change ATf = —0.510%

A.5 ALUMINUM DEBRIS

From the fluorescence microscopy images it is deducted that fluorescence is
quenched on the gold areas of the cantilevers. One outlier is found that - unlike
all other cantilevers - shows a high fluorescence intensity on parts of the gold
coated area (fig. 26). This cantilever is also an outlier in experimental round 3
(called w Au (F) in fig. 15). This cantilever is additionally analyzed by energy
dispersive X-ray spectroscopy in a scanning electron microscope (SEM-EDS).
Figure 27 shows an image taken with an optical microscope, fig. 28 a SEM
micrograph. Figures 29 and 30 show EDS spectra of the debris. Au, Si, O, and
C are elements expected to be found. Tiis used as adhesion layer between Si;N,
and Au. As the penetration depth of EDS is around 1pum, it is no surprise that
a low percentage of Ti is recorded. The peak of P is very weak and not reliable.
However, in this context, phosphorus is a marker for DNA. As the fluorescence
image clearly, shows there is definitely DNA on the debris. The debris itself is
predominantly Al. A logical explanation for the origin of Al comes from the fact
that the beaker of complementary DNA solution, where this chip was immersed
in for the hybridization step, was covered with aluminum foil for some hours.
Aluminum foil is not used anymore for covering beakers in experimental rounds
2 and 3.

Figure 26: Fluorescence microsopy image of a Si;N, cantilever after complementary
DNA hybridization.

4

The aluminum foil
covering the beaker of
complementary DNA
solution caused Al
debris on one of the
cantilevers
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Figure 27: Debris on a Si;N, cantilever. Greyscale image obtained with an optical
microscope (10x magnification).

'Spectru m 3

10 um EHT =10.00 kV Signal A = HE-SE2 Date :15 Jun 2015 M ESA+
I_l WD = 9.6 mm Photo No. = 20527 Time :10:52:03
Mag= 2.01KX | Probe = 120 pA INSTITUTE FOR NANDTECHNOLOGY

Figure 28: SEM micrograph of a Si;N, cantilever after complementary DNA hy-
bridization. White boxes indicate the positions on which EDS spectra are
recorded (see figs. 29 and 30).
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Figure 29: EDS spectrum (2) of debris on a Si;N, cantilever after complementary
DNA hybridization. The position where this spectrum is taken is indi-
cated in fig. 28.
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Figure 30: EDS spectrum (3) micrograph of a Si;N, cantilever after complementary
DNA hybridization. The position where this spectrum is taken is indi-
cated in fig. 28.
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A6 CHALLENGES

Unpublished work by Harmen Koster recently showed fluorescence microscopy
images which indicate that the PZT layer of the previous generation of micro-
cantilevers in the Nanopill 2.0 project is not fully covered by silicon oxide. The
uncovered PZT attracts DNA, probably due to electrostatic forces. SEM-EDX
confirms the presence of uncovered PZT surfaces (fig. 31). No fluorescence is
observed on the gold patches at the tip, which is consistent with the findings in
this thesis, see e.g. fig. 33. Furthermore, the gold tips don’t look shiny under
an optical microscope as they should. Scanning electron microscopy reveals
that the gold layer peels off from many cantilevers as shown in fig. 32. These
challenges motivated the fabrication of the new devices which are studied in this
thesis.

EHT = 10.00 KV ‘Signal A = HE-SE2 Date :27 May 2015
WD =208 mm Photo No. = 20602 Time :17:00:17
Mag=_ 145KX IProbe= 120 pA

Figure 31: SEM micrographs of a silicon cantilever with partially uncovered PZT.
Tilted view on cantilever and its associated bond pad (left) and close-up
on platinum-PZT interface (right)

20 urn EHT = 140 kV Signal A = HE-SE2 Date :27 May 2015 M Es
— WD = 24mm Photo No. = 20590 Time :16:26:06
Mag= 165KX | Probe = 80 pA INSTITUTE FOR KANDTECHNOLOGY

Figure 32: SEM micrograph of a cantilever where the gold is peeling off from the tip
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A.7 ADDITIONAL FLUORESCENCE MICROSCOPY IM-
AGES

Figure 33 presents a comparison of two representative fluorescence microscopy
images obtained in experimental round 3. For the control chip that was immersed
in non-complementary DNA solution to be visable at all, the exposure time had
to be chosen much larger as for the chip with complementary DNA.

100 pm

Figure 33: Comparison of fluorescence intensity in experimental round 3 between
chip that was immersed in complementary DNA solution (left) for hy-
bridization and non-complementary control (right). Camera exposure
time 4.00s (left) and 11.47s (right).

A.8 ADDITIONAL XPS DATA

Figure 34 shows four additional XPS spectra with weak or no sulfur peaks.
While the top left spectrum definitely exhibits a faint sulfur peak, the top right
and bottom left spectra are more difficult to interpret but might still indicate the
presence of a small amount of sulfur. These three spectra are recorded on gold
coated cantilever tips and sulfur from the thiol-ssDNA is expected to be found
there. The bottom right spectrum is taken on bare silicon nitride and therefore
the absence of a sulphur peak is also expected. Table 5 shows the atomic
concentration of carbon (C), nitrogen (N), oxygen (O), silicon (Si), phosphorus
(P), sulfur (S), and gold (Au) at thee different positions on each of the two
cantilever chips analyzed by XPS.

Even at very long
exposure times, there
is no fluorescence
intensity on the gold
area on any of the
cantilevers.

This XPS data
complements the
results of
experimental round 2
(see section 5.2)
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Table 5: Overview of element concentration on the cantilevers used in round 2. Mea-
surements are taken with XPS, the concentrations are given in at %. Sample
names correspond with fig. 15, ¢ and nc stand for cantilevers that were im-
mersed in solution of complementary and non-complementary DNA dur-
ing the hybridization step, respectively. Phosphorus (P) data seams reason-
able but is not reliable in this experiment

Sample C N @) Si P S Au
c-wAu(A) 22.93 10.99 30.54 23.75 1.27 0.34 10.38
c-w/o0Au(A) 18.21 2541 2246 33.07 0.65 0.00 0.21
c-w Au (B) 28.28 11.64 25.00 21.69 1.07 0.46 11.65
nc-w Au (A) 26.79 10.89 28.21 14.88 1.44 o0.20 17.59
nc - w Au (B) 27.10 9.23 25.79 22.14 0.92 0.64 14.18
nc-w/oAu (D) 14.91 26.64 2644 3101 078 0.00 0.22
x10% x 104
1.56 N/‘\\ 1.24
A AW
152 A/ 4 122
5 M \ 5
148 ./ \f\ -
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Figure 34: Additional XPS data: Upper spectra and bottom left are recorded on gold
areas and interpreted to show faint indications for sulfur, bottom right
spectrum is taken on bare silicon nitride for control and has no sulfur
peak
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