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Abstract

Surface stress changes induced by specific adsorption of molecules were
investigated using a micromechanical cantilever sensor (MCS) device. 16 MCS are
grouped within four separate wells. Each well can be addressed independently by
different liquid enabling functionalization of MCS separately by flowing different
solutions through each well and performing sensing and reference experiments
simultaneously. In addition, each well contains a fixed reference mirror, which allows
measuring the absolute bending of MCS. The effect of the flow rate on the MCS bending
change was found to be dependent on the absolute bending value of MCS. In addition,
the signal from the reference mirror can be used to follow refractive index changes upon
mixing different solutions. Finite element simulation of solution exchange in wells was
compared with experiment results. Both revealed that one solution can be exchanged by
another one after a total volume of 200 pl has flown through. Using MCS, the adsorption
of thiolated deoxyribonucleic acid (DNA) molecules and 6-mercapto-1-hexanol (MCH)
on gold surfaces, and the DNA hybridization were performed. The nanomechanical
response is in agreement with data reported by Fritz et al." Thus, the multiwell device is
readily applicable for sensing of multiple chemical and biological recognition events in a
single step.

In this context controlled release and uptake of drugs are currently widely discussed.
As a model system, we have used polystyrene (PS) spheres with diameters in the order of
um. The swelling behavior of individual PS spheres in toluene vapor was studied via
mass loading by means of micromechanical cantilever sensors. For 4-8% cross-linked PS
a mass increase of 180% in saturated toluene vapor was measured. In addition, the
diameter change in saturated toluene vapor was measured and the corresponding volume
increase of 200% was calculated. The mass of the swollen PS sphere decreases with
increasing exposure time to ultraviolet (UV) light. The swelling response is significantly
different between the first and the second exposure to toluene vapor. This is attributed to
the formation of a cross-linked shell at the surface of the PS spheres. Shape persistent

parts were observed for locally UV irradiated PS spheres. These PS spheres were found



to be fluorescent and cracks occur after exposure in toluene liquid. The diffusion time of
dye molecules in PS spheres increases with increasing chemical cross-linking density.
This concept of locally dissolving non cross-linked PS from the sphere was applied to
fabricate donut structures on surfaces.

Arrays of PS spheres were fabricated using spin coating. The donut structure was
produced simply after liquid solvent rinsing. The complete cross-linking of PS spheres
was found after long exposure time to UV. We found that stabilizers play a major role in

the formation of the donut nanostructures.
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Chapter 1

Introduction

Biotechnology has gained an increasing interest in recent years. It is a technology
based on biological elements (tissues, cells, proteins, enzymes, antibodies, nucleic acids,
etc) to make products or processes used in agriculture, food science and medicine. In
particular, the application in drug production and gene testing is in great demand during
last decade. To monitor or detect the biological elements and the interactions among
these elements, sensing devices are required. Such sensing devices™* are widely used in

7-10

environment™® to detect toxic substances in air or water; in food industry’ ' to detect

chemical and microbiological contaminant; and particularly, in the pharmaceutical and

health care industry''™"

to monitor drug or living cells and to study the interaction
between a drug compound and a biocomponent.

There are several requirements for sensors: potable, miniature, high selectivity and
high sensitivity. The commonly used sensors includes: Surface Plasma Resonance (SPR),
Quartz Crystal Microbalances (QCM),14 Surface Acoustic Wave devices (SAW)," etc.
The sensor element can be operated in either liquid or gas environment.

Micromechanical Cantilever Sensor (MCS) is a new class of extremely sensitive

1,16-22

sensor devices currently developed for chemical and biological detection. There are

several advantages of MCS over other sensing mechanisms: label free detection of
molecules, high sensitivity and high reproducibility,23 and massive parallel
measurements.”* In conventional sorption experiments, the mass change can be

determined by balances with a mass sensitivity of pg. Apparatuses with a higher mass

14,1

sensitivity like QCM and SAW show a mass sensitivity of ng. > But their active sensor

area of em’ is large.”> While the mass sensitivity of MCS is in the order of picograms

26-28

(pg)- MCS’s active sensor area of umz facilitates the fabrication into multi-element

sensor array, which is capable of massive parallel measurements.



MCS can be operated at different modes to detect molecules via mass changes or
surface stress changes.”'**>' The two basic modes are usually referred to: Dynamic
frequency mode and static bending mode.

In the dynamic frequency mode, MCS transduce recognition events on their
receptor-coated surfaces into frequency shifts. In this way, Thundat et al. detected water’’
using cantilever coated with a thin gelatin film and Pinnaduwage et al. detected explosive
vapor using piezoresistive cantilever deposited with trinitrotoluene (TNT). In both work,
single MCS was used as platform and a mass resolution of picogram was achieved. In my
work, a piezoelectric transducer underneath the cantilever is operated at approximately
the resonant frequency of the cantilever to excite vibrations. Upon attachment of the
particle at the free end of the cantilever, the mass of the cantilever with attached particle
changes, resulting in a shift of its resonant frequency (fo—f;) [Fig. 1]. In addition, the
mass of the cantilever with attached particle changes owing to the absorption of the

solvent in the particle, resulting in an additional shift of its resonant frequency (f;—f5).

Amplitude

v

Frequency

Fig. 1. Schematic drawing of dynamic mode measurement. The resonance frequency of a bare cantilever,

the cantilever with attached sphere, and the cantilever with swollen particle is f,, f}, and f,, respectively.

In the static bending mode, MCS transduce recognition events on their receptor-
coated surfaces into nanomechanical deflections. Interactions among a wide range of
substances, including polymers, antibodies, proteins, cells and drugs, can be studied via

this mode. In this way, Fritz et al. performed hybridization of complementary



oligonucleotides using two cantilevers in an array and showed that a single base
mismatch is detectable.' In this mode, the gravitational force induced by molecular
loading is negligible. Thus, what is the origin of the MCS deflection? One origin could be
a bimetallic effect: Here thermally induced stresses are typical for metal-coated
cantilevers for which the base material (e.g., silicon, silicon dioxide, or silicon nitride)
and the metal coating (e.g., gold) have different coefficients of thermal expansion.
Therefore, a temperature change induces unequal expansion of the layers in a bi-material
cantilever and causes concomitant bending [Fig. 2a]. The temperature sensitivity of 10~
K and heat sensitivity of attojoule can be achieved in this mode.'®

Molecular adsorption is another process which leads to the deflection of the
cantilever. The deflection is attributed to the attractive force or repulsion force between
the adsorbed molecules. The surface stress change of the layer which expands is defined
as compressive surface stress change. The layer which contracts has a tensile surface

stress change, correspondingly [Fig. 2b].

mpresswe
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> F 1
(b) Tensije
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Fig. 2. Schematic drawing of static mode measurement. The cantilever bends down with a deflection AZ{

upon (a) heating and (b) adsorption.

To transduce the recognition event into nanomechanical deflections, some MCS are
coated with a layer sensitive to molecules in an analyte. These MCS are called sensing
MCS. MCS deflection responses are sensitive to undesired artifacts such as thermal
drift,**=* unspecific adsorption of molecules from the environment and slow
electrochemical processes such as silicon hydration. Unspecific adsorption is induced by

undesired molecules physically or chemically adsorbed on the MCS. It results in an



undesired response in frequency shift or deflection change. The undesired molecules may
come from the reaction mixture (analyte solution and carrier solution, water or buffer is
usually used as carrier solution to deliver the analyte molecules to the MCS) or ambient
environment. It is therefore mandatory to have a differential measurement
configuration, where the reference MCS, coated with a layer inert to the analyte of
interest, compensates all interfering interactions and thermal drift. Additionally, the
sensitivity may vary from one MCS to another because of variations in the physical (e.g.
thickness of the MCS and the deposited layers) and biochemical (e.g. density of the
bioreceptors immobilized) characteristics. These variations can arise in the fabrication
and functionalization processes of MCS. Averaging the deflection response over several
nominally identical MCS increase the reliability of measurements.”> Therefore MCS
arrays are fabricated and used for sensing. MCS arrays with two’®, four’’, and eight™
rectangular cantilevers [Fig. 3] have been reported. It has been also shown that more than

1000 cantilevers can be operated to realize a nanomechanical storage device.*

Fig. 3. Scanning electron microscope (SEM) micrograph of micromechanical cantilever sensor (MCS)
array. There are eight cantilevers (white part in the graph) within one array, each of them is 500 microns

long, 100 microns wide and less than 1 micron thick.*

Since micromechanical cantilevers are tiny, sensitive and fragile elements, special
ways to functionalize individual surfaces have to be developed. In addition, for applying
the static bending mode, selectively one side of the MCS must be coated with molecules.

The functionalization processes and methods play a key role in the performance of MCS:
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Fig. 4. Schematic drawing of different functionalization methods to differentiate reference and sensing

MCS. (a) shadow masking (b) capillary (c) inkjet deposition (d) thiolated molecules immobilization (e)

“grafting from” synthesis (f) external microchannel (g) etched microchannel on MCS.



The shadow masking method*! [Fig. 4a] was used to functionalize part of the MCS
array. The process is simple and metal coating, spray coating, plasma deposition can be
achieved by this method. But it is tricky to perfectly shield the reference MCS by mask.
The metal deposition has to be performed by metal evaporation in vacuum. The coating
material is limited, liquid solutions such as DNA molecules in buffer are not feasible.

For the incubation into capillary arrays method' [Fig. 4b], individual MCS can be
easily functionalized by incubation into individual capillary with corresponding coating
solutions. But the concentration gradient in the capillary caused by the evaporation at the
open aperture might result in the inhomogeneous coating layer along the MCS.
Retraction of coated layer to capillary might happen when withdrawing the capillary.
Since both sides of the MCS are immersed in the capillary, to achieve only one side
functionalization, the other side of sensing MCS has to be inert to the coating layer.

For the inkjet deposition** method [Fig. 4c], the thickness of the coating layer can
be controlled by adjusting the size and pitch of the droplet. Coating desired local
positions is feasible simply by controlling the deposition sites using computer-driven
positioning system. Individual functionalization on individual MCS can be easily
achieved. But the coating layer on the MCS is inhomogeneous owing to the coffee stain
effect.” A positioning system precisely controlled by computer is required.

Immobilization of thiolated molecules on gold coated cantilever through gold-sulfur
bonding44 is another mostly used method to functionalize the MCS surface [Fig. 4d]. The
coating layer of immobilized molecules is homogeneous and robust. But the investigated
molecules have to be terminated with thiol group to obtain the affinity with gold surface
of the MCS. Owing to the presence of gold, the bimetallic effect is inevitable.

Bumbu et al. developed a novel technique which is based on “grafting-from”
synthesis of polymer brushes* [Fig. 4e]. The coating layer is very stable in the analyte
solutions. The density of the grafted molecules can be controlled. But this method is
complicated and time consuming owing to the multi-step chemical reaction process.

Recently, The functionalization by immersing MCS into microchannels was
reported by Berger et al. [Fig. 4f].*® This method is easy, simple and a variety of
materials can be used. But it has the same drawback as capillary method, which is

difficult to achieve one side functionalization.
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Microchannels were also developed on the MCS by Burg et al. [Fig. 4g].47 No
supplemental equipment is required in this method. But the etched microchannel on MCS
requires specific fabrication technique to produce microchannel on MCS, which is costly.
The density gradient of the coating layer along the MCS might occur.

Cross contamination could happen during above-mentioned functionalization
methods (shadow masking, capillary, inkjet deposition, external microchannel). The
coated layer on sensing MCS might flow through the chip body to the adjacent reference
MCS during or after functionalization. During the following recognition events, cross
contamination might happen on MCS functionalized by all seven above-mentioned
methods. The molecule adsorbed on the sensing MCS might hop to the adjacent reference
MCS due to environment exchange (liquid or gas flow) or disturbance. It would cause

cross talk and interference in the response of neighboring MCS [Fig. 5].

reference MCS

Fig. 5. Schematic drawing of cross contamination.

To improve the performance of the functionalization process and recognition events,
a new MCS array layout was designed [Fig. 6]. By dividing the MCS into separate
wells, an easy, independent and automated functionalization by fluidic flow is achieved.
The risk of cross contaminations among different wells caused by molecules detaching
from sensing MCS or reference coatings, diffusing to adjacent MCS is avoided anytime

during the measurement.
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flow A

Fig. 6. A MCS array layout with two separate wells. The fluid flow is independent in each well by using a
mask to prevent the mixing among different wells. The risk of cross contaminations among different wells

is avoided.

The advantage of using separate wells and requirements for successful MCS
measurements will be discussed in chapter 2. In particular the variations in mechanical
properties from well to well, sample entry delay times, flow rate dependence, and mixing
of solutions during sample injection are investigated. To outline an application, DNA
hybridization measurements are performed.

Since most MCS measurements involve fluid flow, the effect of flow on the MCS
deflection is different, depending on the curvature of MCS [Fig. 7]. Therefore the
curvature and absolute bending (the value of AZ in Fig. 2, which is the deflection of the
cantilever’s free end relative to its straight position) of MCS is important to be addressed

during the measurements.

force

(a) (b) (c) l
fluid flow — fluid flow —> fluid flow —»
—> —_— —_—

m::

Fig. 7. The effect of fluid flow on the MCS. (a) No force is applied on the MCS when the MCS does not

bend. (b) The force applied on the MCS is upward when the MCS bends down relative to its straight
position as (a). (c) The force applied on the MCS is downward when the MCS bends up relative to its

straight position as (a).
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In order to measure the absolute bending of MCS, a fixed reference mirror is
supplemented in each well. The presence of a reference mirror in each well allows
measuring of the absolute MCS bending. In addition, the reference mirror can be used to
monitor potential optical artifacts like refractive index changes due to the exchange of
solutions in the wells. The calibration of optical readout of MCS systems and the study of
flow rate dependence on MCS with different curvatures using reference mirror will be

discussed in chapter 2.

As introduced in the beginning of this chapter, biotechnology has gained a great
interest in the application in drug production. Lipid vesicles or liposomes were

introduced as transport vesicles for drug since 1980s.***

But their inherent instability
and short lifetimes limit the applications in drug delivery. In the past few years polymer
has been taken as a promising vesicle to transport drug due to their great stability and
tunable properties.””>> Dendrimers, block copolymers, polyelectrolytes etc are commonly
used as the transport system for drugs. Chen and Hoffman synthesized graft copolymers
composed of temperature-sensitive poly-N-isopropyl acrylamide (PNIPAAm) side chains
and pH-sensitive poly-acrylic acid (PAAc) backbones. These gels were able to respond to
both temperature and pH changes. When the temperature increases at constant pH,
PNIPAAm side chains precipitate, owing to the release of bound water. When the pH of
the solution decreases at constant temperature, the PAAc backbone shrinks, which can be
used for the release of encapsuled drug molecules.”

The mechanism and dynamics of encapsulation and release of drug in these systems
are the key issue in the applications for therapy [Fig. 8]. Since the systems are used in
human body, their material properties (enthalpy, volume, mass, interfacial tension,
thermo-property, adhesion etc) are required to be characterized to achieve better

performance.
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polymer

Fig. 8. Schematic illustration of drug release principle. The drug molecules inside the polymer particle are

released upon stimuli such as change in temperature and PH in the environment.

In my work, I focused on solvent vapor annealing of micron-sized PS particles,
which was used as a model system to study the uptake and release of solvent molecules in
the polymer particle in detail [Fig. 9]. In particular, the mass uptake/loss of the polymer
particles, the diffusion dynamics of the solvent molecules and the size dependence are
investigated using MCS technique operated at dynamic frequency mode. The results

will be discussed in chapter 3.

toluene

Fig. 9. Schematic illustration of toluene vapor annealing of micron-sized PS particles. The PS particle is
attached on the free end of the MCS. The mass uptake/loss of the polymer particles can be studied using
MCS operated at dynamic frequency mode.

Recently, irreversible annealing of locally UV light irradiated PS samples in a
solvent vapor was used to fabricate microvessels [Fig. 10a].”> The non cross-linked PS
plate locally covered by mask was exposed to plasma or ultra violet (UV) light. The UV
light irradiation under ambient conditions induces cross-linking and oxidation of the PS
chains in the uncovered part.”® Upon exposure to solvent, the non cross-linked PS swells

and protrusions occur. Cross-linking and oxidation both alter the swelling properties of

14



the PS samples resulting in permanent microvessels after the solvent vapor annealing.
Hence there must be a different swelling behavior of the PS before and after UV light
irradiation.

The MCS technique allows to follow swelling of a selected PS particle. This
particle can be exposed to UV light and characterized afterwards again. Hereby the
dynamics of solvent diffusion and the influence of cross-linking density induced by
chemical cross-linking agent or UV light can be studied. Furthermore fluorescence
correlation spectroscopy (FCS) technique is performed to study the distribution of dye
molecules inside the PS. All these results will be discussed in chapter 3.

During the UV irradiation on non-cross-linked PS particles, we found that the outer
shell of a PS sphere was cross-linked. Based on this observation, a nanosphere
structuring method was anticipated and performed. It is based on directed UV
irradiation and consequent exposure to solvent [Fig. 10b]. At first a monolayer of PS
spheres was formed on the quartz glass substrate using spin coating method. Then the
sample was exposed to UV light (wavelength of 254 nm) for a certain time. UV
irradiation was routed from the bottom of the sample. The bottom half shell was
supposed to be cross-linked by the UV irradiation. After that, the sample was washed by
the toluene liquid to remove the non-cross-linked PS. Finally the cross-linked PS array
with bowl-like structure was formed. The fabricated PS structures will be presented in
chapter 4. Hereby the role of surface modification by stabilizer in the nanostructuring of
PS sphere will be discussed. The produced PS sphere arrays with donut structure can be
used as nanocontainers due to their high stability and tunable properties. It has a high

potential applications in biotechnology, such as confined reaction vessels.”
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Fig. 10. Schematic drawing of the process of fabricating (a) PS array of microvessels (b) PS sphere array

with donut structure.

16



Chapter 2
A multiwell microcantilever array sensor

device for biotechnology

Sensor devices based on MCS arrays are used for chemical and biological detection.
MCS transduce recognition events on their receptor-coated surface into mechanical
deflections. The advantage of MCS situated in different wells is that the functionalization
of surface is simplified and that standard immobilization procedures can be used.
Furthermore it is capable of monitoring the deflection response of up to 16 cantilevers in
parallel. In addition, a fixed mirror within each well allows to determine the absolute
bending of MCS. This allows us to study hydrodynamic induced deflections in MCS. The
effect of different flow rates on the cantilever deflection and mixing of the solution in the

fluidic delivery system were investigated.
2.1 Calibration

The optical readout system of the MCS device is based on the beam deflection
technique similar to the one used in atomic force microscopy (AFM). Therefore the
measurement of cantilever deflection is related to several parameters such as the distance
between cantilever and PSD, the angle of the incident laser beam and the angle of PSD.®'
Since the MCS were coated on top with a gold layer, they behave like a bimetallic
actuator.”> To verify the value of the cantilever deflection without measuring the
parameters such as the distance between cantilever and PSD, the angle of PSD, we
calibrated the MCS setup by measuring the absolute bending of the MCS with a white-
light confocal microscope at different temperatures. A relative calibration based on
heating was also reported by Yue et al.®

Fig. 11a shows a confocal microscope image of the gold coated side of four MCS in

one well. From the image, we observe that the free end of each MCS is brighter than the
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chip, which means that MCS 1 — MCS 4 are bent upward with respect to the reference
mirror at room temperature. This bending is attributed to the residual stress of the
deposited Ti/W/Au layers. One can see clearly that the reference mirror has the same
level than the surrounding chip surface. This position is defined as zero nanometers in a
profile along the free end of the MCS (indicated by a red horizontal line in Fig. 11a).

The blue spots in Fig. 11b indicate the position where the displacement of each
MCS was calculated. For the four MCS of Fig. 11a we measured a displacement of the
free end of 5312+1 nm (MCS1), 5425£1 nm (MCS2), 5471£1 nm (MCS3), and 5008+1
nm (MCS4) relative to the mirror level (defined as 0 nm) at room temperature of 25.2°C,
respectively. The average deflection within this well was 53044208 nm. Upon heating the
chip to higher temperatures we observed, as expected, that all MCS bent away from the
gold coated side towards the reference mirror. The displacement of the free end of each
MCS is 10251 nm (MCS1), 1290£1 nm (MCS2), 1368+1 nm (MCS3), and 1212+1 nm
(MCS4) relative to the mirror level at temperature of 45.5°C, respectively. The average
deflection within this well was 1224£147 nm.

The vertical red dashed lines in Fig. 11a indicate the positions where the bending
along the length of each MCS was measured [Fig. 11c]. Each bending of the MCS was
fitted by a constant radius of curvature R with a center of circle at (yo, zo). The red dashed
curve indicates the fitted curve. The radius of curvature for each MCS was calculated by

fitting the profile with

(z=z) +(y=») =F° @.1)
where zy, yo and R are three variables with R the radius of curvature, (yo, zo) the center of
the circle.* The point (3o, 0) of transition from chip support to MCS is on the fitted

circular arc and zy=R, yo=R are given. Because only R is the variable, the fitted curve has

a more precise radius of curvature.
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Fig. 11. (a) The shape of MCS recorded by white-light confocal microscopy at room temperature (25.2°C).
(b) The profile corresponding to the bendings of the 4 MCS’ ends. The black and red data correspond to the
profiles at room temperature of 25.2°C and temperature of 45.5°C, respectively. (c¢) The profile

corresponding to the bendings of the 4 MCS and reference mirror indicated by red dashed lines in (a).
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The radius of curvature along the MCS length for MCS1, MCS2, MCS3 and MCS4
at room temperature of 25.2°C was calculated to be 25554426 pm, 25275423 pm,
24941429 pm and 25867155 um, respectively. The reference mirror has an infinite
radius of curvature because it is stiff. From Fig. 11b, we observed that the end of each
MCS also has a curvature at room temperature. The radius of curvature of each MCS’s
end was measured to be 17433+£8 pum, 2019318 um, 22363+8 pum and 14497+8 pm,
respectively. It is smaller than that along the MCS length, which is contrary to the
expectation. The radius of curvature of each MCS’s end is expected to be larger than that
along the MCS length because both edges of the MCS’s end are not free, while one edge
of the MCS length is free.

Since the cantilever deflection is linearly dependent on the differences in thermal
expansion coefficients of silicon and gold (Eq. (2.2)), which are the two components of a
gold-coated cantilever, we expect a linear dependence of cantilever deflection on the
temperature change.®
3/° 1+(t,,/ts)

Az =
(tAu + tSi) 3(1 + tAu /tSi )2 + (1 + EAutAu /ESitSi )(t/luz/t&'2 + ESitSi/EAutAu)

(aAu — Uy )AT

(2.2)

where Az is the cantilever deflection, / (500 pm) is the cantilever length, ¢4, and zs; are the
thickness of gold coating and silicon substrate, respectively, E4, and Es; are the Young’s
modulus of gold coating and silicon substrate, respectively, a4, and as; are the thermal

expansion coefficient of gold and silicon, respectively, AT is the temperature change

[Table 1].

Au Silicon
Thickness ¢ (nm) 3045 1000+£200
Young’s modulus E (GPa) 69.1+2.06% 166+1%
Thermal expansion coefficient o (°C™)"’ 14x10°° 3x10°

Table 1. Thickness, Young’s modulus and thermal expansion coefficient of gold coating and silicon

substrate of the MCS.
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With the values in Table 1, we calculated Az=(111.84+55.43)x10” m/°C x AT
using Eq. (2.2).

By fitting the average deflections of all MCS within one chip measured at 5
different temperatures (fitting by y=a+bx, obtained a of 10.68+0.24 nm, b of
—0.207£0.0067 nm/°C), in the range 25 °C to 45 °C we found a linear dependence of
bending with temperature having a slope of —207+7 nm/°C [Fig. 12]. The difference
between theoretical calculation and experimental results is attributed to the Ti/W layer
between the gold layer and silicon substrate, which is not considered in the theoretical

calculation.

e
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Fig. 12. The theoretical calculation (red hatched region) and experimental results (black solid line) of the
average absolute bending of all Au coated MCS within one chip upon temperature change. The
experimental results were measured by the white-light confocal microscopy. The slope of theoretical
calculation and the linear fitting for the experimental results is —111.84+55.43 nm/°C and —207+7 nm/°C,

respectively.

The MCS deflection Az was calculated by Eq. (5.1), which is proportional to the
displacement of the laser spot on the PSD. The software only records the PSD position
signal (here given in arb.units), which means only the displacement of laser spot on PSD
was measured. Therefore, the calibration of the system is necessary to obtain the MCS
deflection value. To calibrate the optical setup, the same chip was then mounted in the
device with lasers aligned on the end of reference mirrors and free ends of all MCS. The
temperature of the chip was ramped from room temperature to 45.5 °C [Fig. 13]. The

bending follows a linear dependence having a slope of —20.32+0.01 arb.units/°