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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
Heating
> 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.

13



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.
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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

25 30 35 40 45
temperature [°C]

absolute bending [um]
w

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/°C.
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Fig. 13. The average absolute bending of all MCS within the same chip upon temperature change measured

by the Veriscan3000. The slope of linear fitting is —20.32+0.01 arb.units/°C.
Together with the results from confocal microscope a conversion factor of 10.19

nm/arb.units (calculated from —207 nm/°C divided by —20.32 arb.units/°C) for the current

optical setup was obtained.
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2.2 Resonance frequency

Calculations of differential deflection signals only make sense if the mechanical
parameters of MCS in the different wells within one chip are comparable. Therefore we
determined the resonance frequencies of the sixteen MCS by recording oscillation spectra
induced by thermal noise. The resonance frequency of each MCS was then obtained by
fitting each spectrum with a Lorentzian curve.”® Resonance frequencies were determined
to be 5146 + 14 Hz, 5151 £ 18 Hz, 5154 £ 15 Hz, and 5159 £+ 7 Hz for MCS in well A, B,
C and D, respectively. The small variation of the resonance frequencies among MCS
within one chip (0.3% — 0.7%) indicates that the mechanical properties of the MCS are
quite similar and are suitable for the differential deflection measurements. In addition, we
observed that, frequency variations of MCS between different chips are very small within

few percents [Fig. 14 and Table 2].

5200 -
—_ 4 .
N i - ' 1 }
%5160-$i§§§1%§§§§£§§§
c 44 1 e
: ¢
%5120- $ 4 i'} * g %E
£ : o
5080 ¢ i

0 2 4 6 8 10 12 14 16
Cantilever Number

Fig. 14. Resonance frequencies of MCS obtained from thermal tune spectra. For comparison, all 16 MCS
of three arbitrarily chosen chips are plotted. All resonance frequencies vary between 5080 and 5200 Hz.

Squares correspond to chip 1, circles to chip 2, and triangles to chip 3, respectively.
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?VerelllgeA Average of | Average of Average of | Average of four
0 (Hez) Well B (Hz) | Well C (Hz) | Well D (Hz) wells (Hz)
. 5151+ 18
+ + + +
Chip1 | 5146+ 14 | 515118 5154 + 15 5159 £7 (0.35%)
) 5128 +34
+ + + +
Chip2 | 5128 +34 | 5124+ 10 5136 + 16 5103+ 10 (0.66%)
) 5153 +33
+ + + +
Chip3 | 5159+26 | 5157+ 14 5145+ 6 5140 £ 20 (0.64%)

Table 2. Average of the resonance frequency of MCS in each well and average of four wells of each chip.
The variation in average value is the standard deviation among MCS. The percentage of the variation is

also given for average of four wells of each chip.

2.3 Effect of different flow rates

2.3.1 Sample entry delay times

For MCS it is essential to calculate the differential deflection between
functionalized and reference sensors in analyte flow in order to compensate unspecific
adsorption. In our setup reference MCS are situated in different wells connected
independently to the fluidic delivery system. The calculation of differential signals
between wells leads to reliable data only if both wells are exposed at the same time to the
same analyte flow and analyte concentration.

There is always a time delay in the MCS response after sample injection owing to
the time the sample solution needs to pass through the tubing and fill the well. This
depends on the flow rate and on the tubing volume mainly given by the length. Although
the flow rate is the same for each well, the delay times may vary approximately 1 s due to
the time delay among the injection of each well (switching the valve from “load” to
“inject”). The delay times may also vary due to the different lengths of each tubing. In
order to estimate delays for each well, we injected air bubbles in a water flow and
monitored the PSD signal. A sudden decrease of the sum signal on the PSD indicated that

an air bubble entered the well, which induces the reflected laser beams displaced out of

PSD. The average delay volume was calculated to be 146 pl, 143 ul, 145 ul and 147 pl
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for well A, well B, well C and well D, respectively [Fig. 15]. We observed that the
bubble might be sticky for short time at the inlet of the well before it fully entered the
well, which results in the different delay volume. These small differences in delay
volumes are considered upon calculation of differential MCS response between different
wells. In case a flow rate of 5 ul/min is used in an experiment, the delay volume results in
a time offset of 36 seconds of well A relative to well B. This time offset can be subtracted

from the measurement time obtained for well B.

150 = wellA
e wellB
— 148 wellC
_3- . * wellD
= : . .
£ 146 ¢ )
= f
(]
> 1444
>
E 4
3 1421 :
t
140 T T T
1 2 3

number of experiment

Fig. 15. Three experiments conducted to estimate the volume of delay.

2.3.2 Flow rate dependence

Typical flow rates for MCS employed in biosensing are between 5 and 100
uL/min.’ To investigate the effect of different flow rates on the bending behavior of the
MCS, we performed experiments by flowing water at different flow rates, e.g. 50, 100,
200 and 300 pL/min [Fig. 16a]. The MCS immediately responded to an increase of the
flow speed by bending downwards relative to the mirror position. From these
experiments the deflection jump for each flow rate change AD 44,,, was determined [Fig.
16b]. In Fig. 16b, the deflection jump is 80 nm for the flow increase. The deflection jump

at flow decrease was calculated in the same way and 71 nm was obtained.
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Fig. 16. (a) Bending of the MCS upon water flow at different flow rates. The traces are the average traces

of 4 MCS in each well. 0 indicates no flow, I a flow of 50 uL/min, II 100 pL/min, III 200 uL/min, and IV

300 pl/min, respectively. (b) Deflection jump calculated from a. The drift was fitted by line marked with

“a”. The plateau of the deflection jump at flow increase was fitted by line b, which is parallel to the line a.

Then the deflection jump was calculated from the starting point of flow increase to the plateau.

All the jump heights AD 44,, calculated from the measurement shown in Fig. 16

were plotted as a function of flow rate [Fig. 17].

120
'S and
= 80
> |
2 |
> 40
(m) |
<
0 T T T T T

|
50 100 150 200 250 30
flow rate change [uL/min]

Fig. 17. Jump height 4D 44, calculated from the measurement shown in Fig. 16 as a function of flow rate.
Filled symbols correspond to a flow increase and open symbols to a flow decrease. Squares correspond to

well A, circles to well B, triangles to well C, and diamonds to well D.

We conclude first, that AD 44, of the MCS increases with increasing flow rates.

Second, that the effect of flow rate on AD 4, is reversible, because the jump height of
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flow increase and that of flow decrease is quite similar. Thus the flow rate effect is
attributed to forces arising from the hydrodynamic flow surrounding the MCS.
Consequently, using MCS which have different layout, shape, bending or higher order of
curvatures exhibits different flow rate effects, which is discussed in the following

paragraph.

2.3.3 Flow rate dependence on MCS with different curvatures

The flow rate experiments were repeated with additional three chips to demonstrate
the influence of the absolute bending of MCS to its bending changes. Therefore we have
selected MCS chips having a different initial absolute bending at room temperature of
5733 nm, 4742 nm and 1385 nm in average for chip 1, chip 2 and chip 3, respectively
[Fig. 18]. The absolute bending direction of all MCS is upwards (towards the gold side)
relative to the zero level of the mirror. We found that AD 44,,, is larger for the MCS of the
chip having larger absolute bending, i.e. AD sfow,chipi > AD sftow,chip2 > AD afiow,chip3. This
dependence indicates that there is a more pronounced effect of the flow change on the

MCS exhibiting a higher bending.
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Fig. 18. Average jump height AD 44,,, of four wells as a function of flow rate for three different chips.
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This effect may sound trivial, but it has consequences for in-flow experiments in
terms of differential measurements between reference and sensing MCS. The sensing and
the reference MCS are comprised usually of different surfaces. Since different surfaces
can have different surface energies, a different surface stress acts on the MCS. Thus the
initial bending of MCS is already different prior to the sensing experiment. One example
is when MCS are coated by a gold layer for thiol immobilization of molecules and
reference MCS stay uncoated. The Au coating process is known to result in a bending of
MCS.” In this case a change in the flow speed would induce a “parasitic” differential
deflection. Consequently, MCS experiments should always be performed or compared
which were recorded at a constant flow rate.

Of course, since the measurement of the MCS bending is fundamental and it is the
quantity to be measured upon exposure to an analyte, the influence of the absolute
bending in an experiment must be considered even at constant flow. Upon binding of
molecules to a MCS surface, bending of several micrometers were reported.”’ To
illustrate the influence of hydrodynamic flow induced response on MCS, an initial
absolute bending of the MCS of approx. 1400 nm is assumed (the initial absolute bending
of chip 3 is taken as an example). In addition, we assume that the binding of molecules
leads to a bending change of 3300 nm (for example, the difference of initial absolute
bending between chip 2 and chip 3). The difference in hydrodynamic flow induced
bending would be in the order of 15 nm (see gray arrow in Fig. 18) or around 0.5 % (15
nm divided by 3300 nm), which can be considered as negligible. However, the above
measurements and considerations demonstrate that measurements of the absolute bending
of MCS lead to a more detailed understanding of its sensing mechanisms and can

improve the reliability of the obtained experiment.
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2.4 Mixing of solutions during sample injection

When dealing with adsorption kinetics, it is important to know not only the delay
between sample injection and introduction into the measurement chamber, but also the
mixing behavior of the analyte and carrier fluid inside the entire fluidic system.

As a model of analyte/carrier fluid, we used deionized (DI) water and bovine serum
albumin (BSA) solution (5mg/ml, BSA in water), which is known with high refractive
index. The refractive index of pure water and BSA solution is 1.3325"* and 1.34-1.5 at

25°C, respectively.73'75

To increase the effect of refractive index changes on the
displacement of the reflected laser beams, we tilted the cartridge hosting the MCS array.
To be sensitive to changes in refractive index only, all laser spots were focused on the
rigid chip surface (instead of the free end of the cantilever). Thus, recorded deflection
signals do not correspond to a real deflection. Therefore we referred to this signal as
position offset. In the beginning, the wells were filled with DI water at a constant flow
rate of 10 puL/min. Under this condition, the position offset is attributed to a BSA
concentration of 0. Thereafter a BSA water mixture in well B and D is introduced and the
position offset is monitored [Fig. 19]. The flow rate was kept at 10 pL/min. At t= 21 min
BSA was injected in well B and D. The arrow shows at t = 36 min BSA reaching the cell
and at t = 64 min BSA completely flowing out of the cell. Three regions can be
distinguished: a first interval t; (3 min) where the BSA solution mixed with carrier fluid
flowing in the cell, a second interval t, (13 min) where only the analyte BSA solution is

present in the cell, and a third interval t; (11 min) where the analyte solution is washed

away by the water carrier fluid.
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Fig. 19. Position on PSD signal of BSA mixing with carrier fluid water.

In Fig. 19 we observed that when BSA reaching the cell, the position offset
increased, owing to an increase in refractive index upon switching from water to the BSA

solution. This phenomenon is in agreement with the theoretical expectation [Fig. 20].

PSD

Laser

—MCS
BSA or water

Fig. 20. The schematic drawing of the laser path in the solution. The red line and black line corresponds to
the laser path in BSA solution and water, respectively. The refractive index of pure water and BSA solution

is 1.3325 and 1.34-1.5 at 25°C, respectively.
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The injection of the BSA water solution resulted in a transition time of 3 minutes,
corresponding to a volume exchange of 30 uL in well B and D. After that, the position
offset reached a constant value, which is attributed to a constant concentration of the
BSA water mixture (13 minutes or a flow volume of 130 pL). Then the BSA water
mixture was exchanged by DI water again. The position offset signal returned to the
initial value after 11 minutes (corresponding to 110 pL volume exchange). In a control
experiment, the flow of water alone in well A and C produced no change in position on
PSD signal.

To better understand the mixing dynamics, we focused on the measurement
chambers, which consisting of an inlet, outlet, and the chip well with the four MCS and
the reference mirror as depicted in Fig. 21a. Finite element method (FEM) simulations
(done by S. Lorenzoni in University of Genoa) revealed the flow profile within a well
[Fig. 21b]. The profile shows that the flow is fast in the middle of the well and slow at the
walls of the well.

The time dependence of the BSA concentration calculated at the free end of the
MCS was compared to position offset signal in our refractive index measurement [Fig.
21c]. The simulation results show good agreement with our experimental observation.
The transition time t;, t; and t; were calculated for experimental result and simulation
result [Table 3]. For the experiment result, t; was defined by the region with position
offset increasing from 0.8 to 2.0, where the position offset has an abrupt slope. The t, was
defined by the region with position offset fluctuating between 2.0 and 1.8, where the
position offset has a plateau. The t; was defined by the region with position offset
decreasing abruptly from 1.85 to 0.8. After that the position offset fluctuates between 0.8
and 0.4. For the simulation result, t; was defined by the region with normalized
concentration increasing from 0 to 0.9. The t, was defined by the region with normalized
concentration increasing from 0.9 to 1.0 and decreasing from 1.0 to 0.9. The t; was
defined by the region with normalized concentration decreasing abruptly from 0.9 to 0.
We observed that t; is larger than t;, the reason is that the volume of mixed solution in the
tail part is more than the that in the head part, which is due to the more mixing time for
the tail part of the solution when flowing through the detected position. The simulation

result shows no plateau in the t, region, which means that there is no stationary
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concentration in the solution in ideal case and all the solution is mixed. The result of the
simulation and the experiment indicates that the signal recorded from the reference mirror
within one cell can be used to monitor the concentration changes owing to mixing effects

in each well.

position offset [nm]

paZI|ewJou uoi}eljusduod

time [min]

Fig. 21. (a) View of one of the four identical flow-through measurement chambers. (b) Stationary velocity
field of the flow through chamber obtained by finite element method (FEM) simulation. The color
corresponds to the flow velocity and its scale ranges from 0 - 5 x10™ m/s. (c) Two exemplary position
offset signals upon exchange of water with BSA water solution (black curves). The blue solid curve
represents the simulated concentration dependence for the same experiment. The blue and red arrows

correspond to the regions defined for simulation result and experimental result, respectively.

t; (min) ty (min) t3 (min)
experiment 3 13 11
simulation 14 11 20

Table 3. Transition time t; t, and t; calculated from Fig. 21a for experimental result and simulation result.
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2.5 DNA hybridization experiment

To evaluate the performance of the Veriscan system, we conducted a standard DNA
hybridization experiment.%'78 It consists of three steps: probe immbolization, thiol
blocking and hybridization [Fig. 22]. In the first step a single-stranded DNA (5°-HS-
(CH2)6-GGCCATCGTTGAAGATGCCTCTGCC-3’, Sigma-Genosys, USA) was used as
probe molecules. To break the disulfide bonds present in the probe molecules, a reducing
agent TCEP- HCI (Tris 2-carboxyethyl phosphine, Pierce, Rockford, USA) was used,
which is explained in the sample preparation section in chapter 5.1.1. Immobilization
buffer (KH2PO4 1M, pH 3.8, prepared in the physiology lab of Genoa University in Italy)
was used to stabilize the probe molecules and deliver them to the MCS as a carrier fluid.
In the second step, the thiol solution MCH (6-mercapto-1-hexanol, SH-(CH,)s-CH,OH,
Mw: 134.24 g/mol, Fluka, Buchs, Switzerland) was used to enhance the recognition of
the following hybridization and prevent the unspecific adsorption (explained in detail in
the  following section). In the third step, target molecules (5°-
GGCAGAGGCATCTTCAACGATGGCC-3’, Sigma-Genosys, USA) with the base pair
sequences complementary to that of the probe molecules were used to hybridize with the
immobilized probe molecules. The non-complementary  molecules (5°-
GATTAGAGTCCCGCAATTAATCATT-3’, Sigma-Genosys, USA), which do not
hybridize with the probe molecules, were also used as a reference to compensate the
unspecific adsorption on the MCS. In this step the hybridization buffer (NaCl 150 mM,
Na,HPO4 20 mM, EDTA 0.1 mM, pH 7.4, prepared in the physiology lab of Genoa
University in Italy) was used to stabilize the target molecules and deliver them to the

MCS as a carrier fluid.
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Fig. 22. Schematic drawing of probe (ss DNA) immobilization, MCH adsorption and DNA hybridization.
2.5.1 Probe immobilization experiment

To evaluate the performance of the sensor array to the specific interactions, we
conducted a probe immobilization experiment using a thiolated DNA molecules [Fig. 23].
After the cantilevers were stabilized in the carrier fluid of immobilization buffer, 200 puL
sample solution was injected in the flow stream. The flow rate was kept at 2 uL/min. The
curves shown in the graph have already been drift subtracted. At t = 33 min sample
solution was injected in well A and D. The arrow shows probe molecules reaching the
cantilever at t = 93 min and flowing out of the cell at t = 193 min. The absolute bendings
of the cantilevers at the beginning of the experiment are 3850 nm and 3430 nm up
relative to the reference mirror for well A and well D, respectively. The flow of probe
solution in the fluid cell was kept at constant flow rate for 2 hours. After the flow of
sample solution, carrier fluid was delivered again to wash the unbound probe molecules.
When probe molecules reach the cantilevers in the cell, the deflection starts to decrease
significantly. The negative and decreasing deflection denote that the cantilever bends

down. It is attributed to a compressive surface stress change’** induced by an adsorption
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layer on the cantilever. A compressive stress means that the surface of the cantilever is
expanding relative to the cantilever substrate (Si), which will cause the cantilever to bend
away from the expanding surface layer (Au + adsorption layer). It is attributed to the
intermolecular repulsive force in the adsorption layer. The adsorption is known following
the Langmuir adsorption isotherm model:

focl—e™ (2.3)
9

where € the surface coverage, k the reaction rate, ¢ the time.’

The surface coverage @ is a ratio of the number of adsorbed molecules to the total

number of available binding sites.
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Fig. 23. Deflection of the cantilever for thiolated DNA probe molecules (50 uM) adsorption.

Immobilization buffer was delivered as a carrier fluid.

The maximum deflection obtained for probe immobilization of well A and well D is
242 nm and 216 nm, respectively. At the beginning of the adsorption, the decreases of
deflection are very similar for both wells. After immobilization buffer resumes flowing in
the cell, the deflection increases around 10 nm, which means some unspecific bonded
molecules are washed away from the cantilevers. The MCS deflections of 40 nm and 200
nm induced by ss DNA probe immobilization were also reported by Alvarez et al. and

83,84

Lechuga et al., respectively. The difference in the MCS deflections among these

reports was attributed to the different geometry (length and thickness) and properties
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(Young’s modulus and poisson’s ratio) of the MCS that were used, which result in the

different surface stress change, as depicted in Eq. (5.2).

2.5.2 Thiol adsorption experiment

To investigate the cantilever response upon different molecules adsorption, we
conducted thiol adsorption experiments using 6-mercapto-1-hexanol (MCH) [Fig. 24] in
addition to the probe molecules. The chip used was different from the one that used in the
above described probe experiment and there were no probe molecules immobilized on the
MCS. The Au coated MCS were immersed in water at a constant flow rate of 5 uL/min
until an equilibrium in the drift of the bending was reached. Then, without stopping the
flow, 200 uL MCH solution at the concentration of 1 mM were injected in well B and D
followed by water again to remove unbound MCH molecules from the MCS surfaces.
The initial absolute bending of Au coated MCS, due to residual stresses, is a few um
upward relative to the reference mirrors (i.e. towards the gold side). Upon MCH exposure
of the MCS in well B and D the deflection decreases significantly by around 600 nm

towards the reference mirrors.
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Fig. 24. Position signals of all MCS for MCH (ImM) adsorption. Deionized water was delivered as a
carrier fluid. The flow rate was kept at 5 pL/min. At t = 8 min MCH was injected in well B and D. The
arrow shows at t =31 min MCH reaching the MCS and at t =71 min MCH flowing out of the cell.
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To compare the signals which were recorded in the different wells, the average
deflection signals in each well were calculated. Then the signals recorded from reference

wells A and C were subtracted from the signals recorded for well B and D [Fig. 25].
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Fig. 25. Average deflection of four wells calculated from Fig. 24. The curves shown in the graph have

already been drift subtracted.

Hereby the initial deflection was defined to be zero for all wells. The deflection
changes indicate an increase of the compressive stress of the gold coated side”®' induced
by the self assembled monolayer on the MCS. A compressive stress means that the gold
side of the MCS is expanding relative to Si. The maximum deflection of well B and well
D are 688+5 nm, 662+5 nm, respectively. This indicates that the coverage of MCS
surfaces by MCH molecules is similar for both wells. The slight different maximum
deflection and kinetics in deflection are attributed to the different thickness and surface
roughness of the MCS, respectively. The deflection induced by MCH adsorption was
found to be dependent on the gold surface with different deposition rates.”’ After water
rinsing through the cell, the deflection signals show a slight variation, within 10 nm,
which indicates that immobilized MCH molecules mainly contribute to the observed
bending. The control experiments were performed by water flow in well A and well C.
The deflection changes in these two reference wells were observed to be < 80 nm. The
deflection of 200 nm and 1000 nm induced by MCH adsorption was also reported by

Mertens et al.”%%
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Compared to the results of probe immobilization (deflection around 200 nm), the
deflection is much larger for the MCH adsorption (more than 600 nm). The reason is that
the concentration of MCH (1mM) is much higher than that of probe solution (50 uM).
There are more MCH molecules occupying the MCS surface, which results in the more
steric repulsive force. The difference in surface stress increases with increasing repulsive

force, which results in the larger deflection [Fig. 26].

ssDNA

MCH

Fig. 26. Schematic drawing of MCS deflection induced by ss DNA or MCH adsorption. The MCH

adsorption induces larger deflection than ss DNA adsorption.
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2.5.3 Hybridization experiment

The DNA hybridization was conducted on an array where the probe and MCH
molecules were already immobilized [Fig. 27]. Hybridization buffer was delivered as a
carrier fluid. The flow rate was alternated between 6 pl/min and 120 pl/min twice in the
beginning to check whether the flow rate has an influence on the MCS deflection.
Complementary (500 nM) and non-complementary (500 nM) target solutions were
injected at t=48.5 min in well C and well B, respectively. The non-complementary target
was used to compensate the undesired signal from unspecific adsorption on the MCS.
After target injection, fast flow rate of 120 pl/min was used for 1 minute to reduce the
delivery time of sample solution from the injection loop to fluid cell (which is the sample
entry delay time described in chapter 2.3.1) and then with slow flow rate of 6 pl/min to
recognize the hybridization process between probe molecules and target molecules. At
t=85 min fast flow rate of 120 ul/min was used again to completely wash away the target
solution. The results of differential signal (red) shows that there is a pronounced
deflection due to the hybridization. The deflection is attributed to electrostatic repulsive
forces between negatively charged phosphate groups in DNA double helix strands and

steric repulsive forces among DNA double strands.'®*

Before target injection, we
observed that the drift in deflection for well B and C is different, which is attributed to
the different hydrodynamic flow induced bending due to different initial bending and

different slow electrochemical processes such as silicon hydration.
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Fig. 27. (a) Deflection signals of the MCS for hybridization. The black and green curves shown in the
graph are original average deflection curves without drift subtracted. The red curve is the differential curve.
(b) Schematic drawing of states I, II and III indicated in (a). The deflection Az is induced by the

hybridization of complementary target molecules with probe molecules.
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The inset (the blue rectangular region) in Fig. 27a was magnified in Fig. 28. We see
that after target injection, there is a significant jump within the first 1 minute due to fast
flow. When the flow returned to the slow flow rate, the deflection did not return to the
value when the fast flow rate started. It is attributed to the effect of different flow rates on
the MCS with different curvatures (described in chapter 2.3.3). It may also include the
contribution of hybridization of some target molecules with the probe. Then the
deflection starts to increase and after 3 minutes, it reaches the maximum value. The gap
between two horizontal guidelines is 15 nm, which is attributed to the DNA hybridization.
The MCS deflection of 5-20 nm induced by hybridization was also reported by

McKendry et al.,'® Fritz et al.' and Wu et al.*
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Fig. 28. Magnification of the blue region in Fig. 27a. The linear drift before target injection was already
subtracted. The gap between two horizontal lines indicates the deflection induced by the DNA
hybridization. The flow rate was 6 pL/min before target injection. Fast flow rate of 120 pL/min was used

for 1 min at t = 48.5 min. Then the flow rate was switched to 6 uL/min again.

41



2.5.4 Deflection dependence on different thiol concentrations

To investigate the cantilever deflection response upon the adsorption of molecules
with different concentrations, MCH solutions with different concentrations were used.
The flow rate was 3 pL/min in all the experiments. The maximum MCS deflections upon

adsorption of MCH with different concentrations are summarized [Fig. 29].
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Fig. 29. Maximum deflection as a function of concentration for MCH adsorption experiments.

The results indicate that the maximum deflection increases with increasing
concentration of MCH. The reason is that the surface coverages of MCS by adsorbed
molecules are not saturated in all experiments. The duration of MCH flowing in the wells
is only 1 hour. Since the adsorption rate is low for solutions at low concentrations, 1 hour
is not enough for the molecules to fully cover the MCS surface, which can be deduced by
Eq. (2.3) (the solution with low concentration exhibits the low adsorption rate k. To
obtain the same surface coverage 6, t is longer for lower k). We expect that with solutions
flowing for enough time, the maximum deflection would be the same for all the MCH

concentrations [Fig. 30].
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Fig. 30. Schematic drawing of deflection curves of MCS induced by MCH adsorption with different MCH
concentrations. The red lines indicate the region when MCH was delivered in the cell. The solid curves are

the experimental results and the dashed curves show the tendency if MCH continues to flow in the cell.
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Chapter 3
Investigation of swelling of cross-linked

polystyrene spheres in toluene vapor

As motivated in chapter 1, the solvent vapor annealing of micron-sized PS particles
was used as a model system to study the uptake and release of solvent molecules in detail.
The recognition of uptake and release of solvent molecules can be transduced into
frequency shifts.

In this chapter the results of the swelling of cross-linked PS spheres in toluene
vapor are presented. In particular, the mass uptake/loss and volume expansion/shrinkage
of the polymer particles, the diffusion dynamics of the solvent molecules, the size
dependence and the influence of UV light irradiation are investigated using MCS
operated in the dynamic frequency mode. The influence of UV light irradiation on
particle swelling is also investigated by confocal microscopy.

For an end-loaded MCS the mass change can be calculated by Eq. (3.1)

=K. (foL] o)
p

where K is the spring constant, f, is the resonance frequency of the MCS including the

sphere, and f; is that one of the bare cantilever. To avoid an individual calibration of K

for each MCS, the relative mass increase (RMI) of the sphere is calculated by Eq. (3.2)

1_1J
RMI =AM _ (ff fo (3.2)

Am, (1_1]
R

where Am, the mass of the sphere in saturated toluene in N, carrier gas, Am, the original

mass of the sphere before swelling, and f; and f; the corresponding resonance frequencies

of the MCS.
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3.1 Investigation of swelling of PS particle in toluene

vapor using MCS

3.1.1 Mass uptake/loss of cross-linked PS particle in toluene vapor

The resonance frequency of MCS with an attached PS sphere varies as a result of
swelling upon exposure to toluene vapor [Fig. 31]. In the beginning of each experiment
the fluid cell was exposed to pure N, gas at a flow of 2 I /h for 5 min and a constant
frequency of 333.8 kHz+10 Hz was observed. From the frequency shift to the unloaded
MCS (352.8 kHz+10 Hz) a mass of 2191.9+2.3 pg for the PS sphere was calculated using
Eq. (3.1). At t=5 min the cell was flooded with saturated toluene vapor. Instantly the
resonance frequency of the MCS decreased to the frequency of 322+200 Hz within 10 s.
After 70 s, a constant frequency of 321 kHz+200 Hz was obtained. This value
corresponds to a mass of 3896+28 pg, i.e., a relative mass increase (RMI) of 1704428 pg
or 179%=+1%, owing to the swelling of the PS sphere in toluene. After 15 min the
saturated toluene vapor was replaced with pure N, resulting in a resonance frequency
increase. In the beginning, a rapid decrease of RMI (180%-120% in 2 s) was observed,
which is followed by a slow decrease (120%-109% in 10 min), both owing to the
deswelling of the PS sphere in toluene. To check the reproducibility, the exposure to
saturated toluene vapor was repeated. We recorded a similar RMI of 179%+1% for the
second and third swelling processes. The deswelling was reproduced, too. After the third
cycle we recorded the shift of the frequency in the N, flow for 24 h. The resonance
frequency returned close to its starting value of 333.6 kHz corresponding to a RMI of
102%. However, in all experiments we found that the mass always remained higher
compared to that of the PS sphere before the first exposure to toluene saturated vapor.
From this we conclude that a small fraction of toluene is remaining in the PS for a longer

time.
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Fig. 31. Frequency response and relative mass increase (RMI) of the MCS end-loaded with a PS sphere
(diameter of 161 pum) upon exposure to N, and saturated toluene in N, gas flow (hatched areas). The
spring constant of the bare MCS was 91.9 N/m calculated using Eq. (5.4). The frequency data were

recorded every 0.3 s.

The mass change of PS is calculated for each cycle by Eq. (3.1) and the swelling
part of each cycle was fitted by Eq. (3.3):

Am=a+bxe (3.3)
where Am the mass change, a, b and ¢ the three fitting parameters with the unit of pg, pg
and s, respectively, k the diffusion related coefficient with the unit of s, 7 the time [Fig.
32].

The parameter a and c is the Am at saturation of swelling and the time that swelling
starts, respectively. Therefore these two parameters can be fixed while only b and k were
variables. For first cycle, second cycle and third cycle, we obtained & is 0.068+0.002 s,
0.054+0.002 s and 0.054+0.002 s, respectively. The k of first cycle is larger than that
of second cycle and third cycle, which means the diffusion of toluene molecules into the
PS particle is faster for the first cycle. It is possibly due to the residual toluene molecules

after first cycle, which slightly hinder the diffusion of toluene molecules in the second

and third cycle.
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Fig. 32. Mass change and relative mass increase (RMI) of the first cycle in Fig. 31. The red curve is the
fitting curve using Eq. (3.3).

The resonance frequency change of the MCS without an end-loaded PS sphere upon
exposure to toluene vapor is around 80 Hz [Fig. 33]. Compared to the frequency change
of >10 kHz for MCS with end-loaded PS sphere, this small frequency shift is attributed to
damping by the exchange of environment. The corresponding mass change is 8 pg if we
assume that the spring constant does not change. But this mass change has no meaning,

because there is no specific mass loading on the free end of the MCS.
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Fig. 33. Frequency response and mass change Am of a bare MCS upon exposure to N, and saturated
toluene in N, gas flow (hatched areas). The spring constant and resonance frequency of the bare MCS was
86 N/m and 345102+10 Hz, respectively. The sharp peak at t=20 min was the noise signal due to the

transient impact of the external environment.
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3.1.2 Volume change of cross-linked PS particle in toluene vapor

During swelling, the mechanical properties of PS sphere may change, such as the
hardness and density. To investigate the density change of PS sphere during swelling, the
volume change must be measured in addition to the mass change. To measure the change
in volume during swelling, the diameter of a selected PS sphere was measured in N, [Fig.
34a], saturated toluene vapor [Fig. 34b] and N, again [Fig. 34c] using a home built
optical setup, which is described in more detail in chapter 5.1.2. In the beginning, the
fluid cell was exposed to pure N, gas for 1 minute. In N, we determined a diameter of
32.141.0 pm, which corresponds to a volume of 17310+1669 um’ [Fig. 35]. The distance
between two blue lines on the left part or that on the right part define the error of the
diameter calculation, which is determined to be 6 pixels, namely 1.01 um. The volume of
this PS sphere varies upon exposure to toluene vapor [Fig. 36]. At t=1 min the cell was
flooded with saturated toluene vapor. Instantly the volume of the PS sphere increased.
After 15s, a constant diameter of 38.7+0.7 pm was obtained, which corresponds to a
volume of 3033342413 pm® and a relative volume increase (RVI) of 175.2%%13.9%.
The swelling part was also fitted by Eq. (3.3) and k of 0.04440.004 s™ was obtained. It is
different from the k value of mass measurement (0.05-0.06 s™). It is attributed to the less
data points during swelling for volume measurement, which results in the non-perfect
fitting. At t=6 min the saturated toluene vapor was replaced with pure Ny, resulting in a
volume decrease. In the beginning, a rapid decrease of RVI (175% to 120% in 4 s) was
observed, which is followed by a slow decrease (120% to 100% in 20 s). The RVI
returned to its starting value 100%+9.6% in 20 s. The large error in the measurement is
attributed to the poor resolution of the images. Ideally, the smallest error in the image
would be 643 nm (calculated by 540 nm/2/0.42, where 540 nm the average wavelength of
the white light, 0.42 the numerical aperture of the objective). In our experiment, the error
is slightly larger than the ideal value, which is attributed to the difficulty in the
adjustment of the focal plane on the equator of the particle and the poor contrast in the

image.
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Fig. 34. Optical image of a PS sphere (a) in N, (b) in saturated toluene vapor and (c) in N, again. The

resolution of the image is 640x480 pixel. One pixel in the image corresponds to 169 nm.
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Fig. 35. Tllustration of the calculation of PS diameter. (a) A red circle was fitted to the outline of the PS
particle with a red line through the center of the circle. (b) The profile of the intensity along the red line in
(a). Two red horizontal lines at intensity of 100 and 50 define the maximum and half maximum intensity,
respectively. Two red vertical lines define the width at half maximum intensity, which is the PS diameter
(190 pixels). Two green horizontal lines at intensity of 110 and 90 define the error of the intensity. The
dashed red curve is the smooth of the intensity profile. The intersections of green lines (at intensity of 60
and 40) with smooth curve define the error of the diameter in pixel, which is indicated by vertical blue

lines. By the calibration of 0.169 nm/pixel, the PS diameter is calculated to be 32.1+1.0 um.
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Fig. 36. Volume and relative volume increase (RVI) of the MCS end-loaded with a PS sphere (diameter of
32.1£1.0 pm) upon exposure to N, and saturated toluene in N, gas flow (hatched areas). One image was

recorded every 2 s. The corresponding time interval between each calculated volume data was 2 s.

3.1.3 Mass and volume change of cross-linked PS particle in

toluene vapor

To investigate the density change during PS swelling, the change in mass and
volume were measured simultaneously [Fig. 37]. In the beginning, the fluid cell was
exposed to pure N, gas for 5 minute. The optical measurement started at t=4 min. In N,
the mass density of PS is assumed to be 1.05 g/cm’, which is given in the datasheet
provided together with the samples by the Duke Scientific Corporation. At t=5 min the
cell was flooded with saturated toluene vapor. Instantly the mass and volume of the PS
sphere increased. After 15s, a constant relative mass increase (RMI) of 198+3% was
obtained. While the relative volume increase (RVI) was 2034+33% and fluctuated between
170%+33% and 230%+33%. The mass density of 0.98 g/cm’ is calculated (RMI of 198%
divided by RVI of 203%, the quotient multiplies 1.05 g/cm®). Since the density of toluene
is 0.87 g/em’, we expect that the mass density of the swollen PS sphere is between 0.87
and 1.05 g/cm’. The calculated density is in agreement with our expectation. At t=15 min

the saturated toluene vapor was replaced with pure N, resulting in a mass and volume
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decrease. After 5 minutes, RMI returned to 110% while RVI returned to its starting value
100%+30% and fluctuated between 90%+30% and 110%+30%. The fitted & using Eq.
(3.3) for the swelling curve of mass and volume is 0.051+0.002 s and 0.049+0.012 s™,

respectively.
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Fig. 37. Relative mass/volume increase of the MCS end-loaded with a PS sphere (diameter of 10.8+1.0 um)
upon exposure to N, and saturated toluene in N, gas flow. The data were recorded every 0.3 s for mass

measurement and 2 s for volume measurement.

3.1.4 Size dependent effects

To check potential size dependent effects, we investigated PS spheres with different
diameters of 7+1, 10£1, and 161 um. For these PS spheres, we found RMIs at the
saturation states of 179%=+1%, 188%+3%, and 178%+1%, respectively. From this we
conclude that the RMI is independent from the size of the spheres and that the PS spheres
swell homogeneously. The small discrepancy for the PS spheres with diameter around 10
um is attributed to differences in cross-link densities (4-8 mol %), even though selected

from the same batch.
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3.1.5 UV cross-linking effects

Photoirradiation in the presence of oxygen can induce degradation®” of PS, which
on the microscopic level is characterized by macromolecular chain splitting, creation of
low mass fragments, production of free radicals, oxidation, and cross-linking.”
Consequently, macroscopic properties of the polymer, such as mechanical strength, color,
electrical conductivity, and swelling are affected. Control of the latter would allow
tailoring the amount of encapsulation and release of substances. Therefore, we exposed a
selected PS sphere (diameter of 131 um) to ultraviolet (UV) light. Initially the
chemically cross-linked PS sphere was irradiated for different exposure times from all
sides by UV light under ambient conditions to induce additional cross-linking. The UV
source, a pencil-style lamp (wavelength of 254 nm, LOT-Oriel GmbH, Darmstadt,
Germany), was placed at a distance of 0.5 cm to the PS sphere resulting in a radiant
intensity of 2.1 mW/cm?. After each UV irradiation step, the sphere was exposed to
saturated toluene vapor and after that to N, to measure the RMI. The PS sphere exhibits a
significant change in response to the saturated toluene vapor. The RMI for the saturated

swollen sphere decreases with increasing exposure time to UV light [Fig. 38].
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Fig. 38. Relative mass increase at saturation of swelling depending on the total UV exposure time.

For an UV exposure time of 10 h, the swelling-deswelling cycles were repeated
twice [Fig. 39]. The RMI at the saturation state is the same for both cycles (148%+1.6%).

However, the swelling takes approximately six times longer in the first cycle compared to
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all subsequent ones. Two cycles are also fitted by Eq. (3.3). We obtained that & of the
first and second cycle is 0.0037+0.00002 s and 0.022+0.001 s, respectively.
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Fig. 39. First and second cycle of the swelling and deswelling behaviors after exposure to UV for 10 h.

The k of the first cycle is smaller than that of the second cycle, which means the
diffusion of toluene molecules into the PS particle is slower for the first cycle than the
second cycle. A possible reason is that during UV exposure, the sphere is cross-linked
and/or oxidized resulting in a less swellable shell through which the toluene molecules
must penetrate [Fig. 40]. During swelling of the PS sphere upon the first exposure to
saturated toluene vapor this shell is disrupted irreversibly. In the second swelling cycle
this leads to the observed faster swelling process. But the k of second cycle (0.02 s™) is
smaller than the value in chapter 3.1.1 (0.05-0.06 s™), which is attributed to the

increasing cross-linking induced by UV irradiation.

Fig. 40. Schematic drawing of cross-linked PS sphere and hard PS shell (blue) induced by UV exposure.

The UV exposure was conducted from top, bottom, left side and right side sequently for the same time.
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To confirm this hypothesis, we exposed a non-cross-linked sphere (diameter of 11
um, Bangs Laboratory, Fishers, IN) to UV light only from the top side for 11 h and
imaged the PS sphere after exposure to saturated toluene vapor [Fig. 41a]. An open egg-
type structure was observed: The shape of the PS sphere at its top side, which was
exposed to UV light, is shape persistent [Fig. 41a I]. Vis-a-vis a PS puddle formed by the
flow of PS out from the sphere [Fig. 41a II]. For reference, a non-UV treated PS was
exposed to saturated toluene vapor only. In this case no shape persistent structure could

be observed [Fig. 41b]. The PS becomes liquid like and spreads over the cantilever.

Fig. 41. Scanning electron micrograph of (a) a PS sphere after 11 h of UV light and 15 min of saturated
toluene vapor exposure. The circle indicates the original shape of the sphere. The arrow indicates the
boundary of the hard shell to non-cross-linked PS. (b) a non-cross-linked PS sphere on the cantilever after
exposure to toluene for 10 minutes. The black circle shows the PS becomes liquid like after toluene

exposure.

This observation directly confirms that the outer shell indeed was cross-linked by
the UV light. Based on this observation, we explored a new method to fabricate PS

nanoarrays, which will be described in the following chapter 4.
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3. 2 Investigation of swelling of PS with different cross-

linking densities using confocal microscopy

Study of swelling of PS particle by MCS technique only provides the information
of mass uptake of PS particle and diffusion dynamics of toluene molecules in the PS
particle. But there is also other information interesting to be known. For example, how
does the surface of PS particle look before and after UV irradiation? How would
absorbed molecules distribute in the PS particle? The answers can be provided by
confocal laser scanning microscopy (CLSM). In addition, fluorescence correlation
spectroscopy (FCS) can be used to measure the diffusion dynamics of dye molecules in

the PS particle, which reveals the interesting information of PS during swelling.

3.2.1 Chemical cross-linking effects

To investigate the influence of chemical cross-linking density on the diffusion
behavior of small dye molecules in the PS sphere, two PS spheres with chemical cross-
linking density of 4-8% and 20% were exposed to toluene liquid. FCS was performed and
diffusion coefficients of the dye molecules were calculated. Perylene dye (PDI) was used
as a tracer. First we measured the fluorescence intensity distribution around the PS sphere,
which is proportional to the PDI concentration. For the 4-8% chemically cross-linked PS
sphere, the average fluorescence intensity inside the sphere was similar to that outside the
sphere [Fig. 42a]. This indicates that dye molecules diffuse inside the PS sphere. The
fluorescence intensity on the surface of the sphere was larger than that inside the sphere.
It indicates that part of the dye molecules tend to stay at the surface. The diffusion time
tp of dye molecules was measured to be 25%1.3 us outside the PS particle and 490425 ps
inside the particle. Since the diffusion coefficient is inversely proportional to the
diffusion time (Eq. 5.12), the diffusion coefficient inside the sphere is calculated to be 20
smaller than that outside the particle. For the 20% chemically cross-linked PS sphere [Fig.

42b], the fluorescence intensity inside the sphere was much smaller than that outside the
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sphere. Furthermore, no correlation was observed inside the PS sphere. This indicates

that the dye molecules practically do not enter the sphere in this case.
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Fig. 42. Fluorescence intensity (arbitrary units) in PS sphere (a) diameter of 24 um, 4-8% chemically cross-
linked (b) diameter of 19 um, 20% chemically cross-linked. I;, and I, stand for the fluorescence intensity
inside the sphere and outside the sphere (i.e. in toluene liquid), respectively. Grey shadow indicates the
glass slide, where PS sphere was placed. Z is the scan direction of the objective. The red lines are the

plateau of the I;, and ..

3.2.2 UV cross-linking effects using fluorescence imaging

To study the influence of UV light irradiation on the PS particle, chemically cross-
linked and additional UV cross-linked PS particles were imaged by CLSM. At first we
exposed a 4-8% chemically cross-linked PS sphere to toluene liquid. The sphere did not
show any fluorescence and they could only be observed in transmission or reflection
mode. Then fluorescence images were obtained by using perylene dye in toluene liquid as
a tracer [Fig. 43a]. The dye molecules were detected inside the PS sphere, which
confirms the diffusion of PDI molecules inside the PS sphere. The highest intensity is
obtained around the PS-toluene interface. It indicates that part of the dye molecules tend
to stay at the surface of the PS sphere, which is possibly attributed to the oxidized shell at
the surface of the PS sphere. It is consistent with the conclusion from chapter 3.2.1.

Next, 4-8% chemically cross-linked PS spheres were exposed to UV light from top

for Sh. After UV irradiation, fluorescence image shows that PS sphere is fluorescent in
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toluene without dye molecules as a tracer [Fig. 43b]. It indicates that UV irradiation
creates fluorescent species in the PS sphere. The image also shows that cracks (dark
ribbons in the sphere) were formed on the surface of the PS sphere. It confirms that UV
exposure induces the additional cross-linked and/or oxidized shell on the PS sphere,
which can be broken by the swelling of the internal part of the PS sphere upon exposure

to toluene. The width and length of the cracks are not consistent, which is attributed to

the randomly broken surfaces.

Fig. 43. CLSM images of PS sphere in toluene. (a) diameter of 24 pum, 4%-8% chemically cross-linked.
Perylene dye (PDI) was used as a tracer. (b) diameter of 20 um, 4%-8% chemically cross-linked, additional
cross-linked by UV light from top for 5h. There is no tracer in this case.

3.2.3 UV cross-linking effects using fluorescence correlation

technique

To quantitatively study the influence of UV light irradiation on the PS particle, the
diffusion time of terylene dye molecules in chemically cross-linked and additional UV
cross-linked PS particle was measured by FCS [Fig. 44]. Here we used terylene dye
molecules as a tracer (maximal absorption wavelength Ay.x larger than 650nm) because

PS exhibits similar fluorescence as perylene dye after UV irradiation (absorption
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wavelength similar to that of the perylene dye of 300-510 nm), as shown in Fig. 43b. The
normalized auto-correlation function [G(T)— 1]/[G(0)— 1] was plotted in Fig. 44. At first
we exposed a 4-8% chemically cross-linked PS sphere to toluene liquid. The diffusion
time 1tp; of dye molecules in pure toluene was measured to be 36+1.8 ps. The diffusion
time tp, of dye molecules in the center of the chemically 4-8% cross-linked PS particle is
measured to be 1810190 ps. In addition 4-8% chemically cross-linked PS spheres were
exposed to UV light for 2h. The diffusion time tp3 of dye molecules in the center of the
PS particle is measured to be 190095 ps. This indicates that additional cross-linking
and/or oxidizing only happen on the shell on the PS sphere and irradiation induced by
UV has no influence on the diffusion of dye molecules inside the particle. We expect that
with longer UV irradiation, the cross-linked and/or oxidized shell will be thicker (i.e.

increasing cross-linking density of PS sphere).
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Fig. 44. Normalized correlation curves of diffusing terylene dye in pure toluene (black curve), in
chemically 4-8% cross-linked PS particle (green curve), and in the PS particle with further 2 hours
exposure to UV (blue curve). Three vertical lines indicate the respective diffusion times tp; of 36+1.8 ps,

Tp of 1810491 ps and tp; of 1900+95 ps.
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Chapter 4
Fabrication of PS sphere array with

donut structure

From the experiment of PS swelling, we observed that the non cross-linked PS
sphere could be locally cross-linked by the UV light [Fig. 41a]. Based on this observation,

fabrication of PS sphere arrays with bowl-like structure was anticipated and performed

[Fig. 10b].
Spin coating method was used to coat a single layer of PS spheres on the
substrate.** The parameters used in spin coating are listed in Table 4:
Concentration
Diameter (um) (weight % Spinning velocity (rpm) | Spinning time (min)
solids)
0.5 10 700 3
1 10 1000 3
2 10 300 5

Table 4. Parameters used in spin coating to fabricate a monolayer of PS spheres.

The forces driving the particles gathering into two-dimensional (2D) array are
mainly the hydrodynamic force due to water influx and lateral capillary force. The faster
spinning velocity was used for PS spheres with diameter of 1 um than for that of 0.5 um.
The possible reason is that for the larger particle, the higher friction force is required to
roll the particle into close packed formation. Therefore the faster spinning velocity is
used to produce the higher friction force. While the spinning velocity is lower for the PS
spheres with diameter of 2 pm. This is attributed to the larger particle having higher mass.

Because all the three solutions have the same weight percentage of particles, the higher
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the mass, the less the particle numbers. Therefore the coverage density of spheres on the
substrate is lower for the larger particles. To form a close packed monolayer, the larger
particles need to migrate long distance to gather together with the help of water influx.
Using slower spinning velocity, the water evaporates slower, which provides more
contribution to the assembling of the spheres. As a consequence, the spinning time is
longer to achieve complete evaporation of water using slow spinning time.

The fabricated film might rupture using too fast spinning velocity, which is caused
by high hydrodynamic friction force of water influx during fast evaporation.”’ While
using too slow spinning velocity, the film might comprise multilayers, which is attributed
to low friction and centrifugal force to spread the aggregation of the spheres.

The centimeter-sized monolayer PS arrays obtained from PS particles exhibit
iridescent coloring when the sample was slowly tilted under the bright light. The
boundaries between differently oriented domains and the defects in the film were
observed [Fig. 45].

Fig. 45. Differential interference contrast (DIC) images of close-packed PS particles with diameter of 2 um
(200x200 pm?). The blue circles indicate the defects and the red circles indicate the particles of different

sizes which result in the differently oriented domains.
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4.1 Monolayer of PS spheres

PS particles with diameter of 1 um were spin coated to form a monolayer on the
quartz glass substrate [Fig. 46a]. In this monolayer, some small particles (in the red circle)
were observed, which is attributed to the non perfect monodispersity of the commercial
solution. Most of the particles are close packed with hexagonal configuration, but some
defects (in the blue circle) were also observed. It is attributed to the locally fast
evaporation of water, which leads to the rupturing of the film during the spin coating. The
array of PS particles with diameter of 500 nm was produced in the same way as
mentioned above [Fig. 46b] and most of the particles were perfectly close packed with a

hexagonal configuration.

500nm

Fig. 46. AFM height images of the array of PS particles (10x10 um?). (a) diameter of 1 pm and Z range of
1 pm. (b) diameter of 500 nm and Z range of 500 nm.
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4.2 Arrays of PS spheres with donut structure

4.2.1 The effect of UV i1rradiation on PS films

To verify the cross-linking effect on PS by UV irradiation, the UV absorption
measurements were performed on a PS film [Fig. 47a]. The film was produced by
dissolving PS (Mw: 97619.90 g/mol) in toluene and a drop of this solution was spin
coated to form a homogeneous layer with the thickness of 120 nm. The spin coated PS
film exhibits UV absorption at wavelength of 254 nm.”" The absorbance at wavelength of
254 nm was plotted versus accumulative UV exposure time [Fig. 47b]. The curve shows
that for longer UV exposure time, the absorbance of the film is increased. The
dependence is not linear. After Sh exposure, the absorbance reaches a plateau. The results

verify that UV light is absorbed by PS and the absorbance reaches the saturation after Sh

exposure.
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Fig. 47. (a) UV absorption spectra of the PS film. After each UV exposure time, the absorbance of UV on
the PS film was measured. (b) The absorbance at wavelength of 254 nm versus accumulative UV exposure

time.
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4.2.2 Arrays of PS spheres upon UV and toluene treatment

PS particles with diameter of 2 um were spin coated to form a monolayer on the
quartz glass substrate. Then the sample was irradiated by the UV light (wavelength of
254 nm, intensity of 0.658 mW/mm?) from bottom for 1h. After that, it was exposed to
toluene liquid. A bowl-like structure with dent in the middle was observed [Fig. 48a].
The calculation of half width w at half maximum height was illustrated in Fig. 48a. The
wall width w/2 of each structure was calculated. The average w/2 is 355482 nm, which is
approximately one third of the radius of the original sphere.

To investigate whether the direction of UV irradiation has an effect on the
fabrication of donut structure, arrays of PS spheres with diameter of 2 um was exposed to
UV from top for 20 min and then toluene liquid was performed. The structure with dent
in the middle of each sphere was also formed [Fig. 48b]. It indicates that the direction of
UV exposure does not play a role on the structure that formed. The average w/2 is
calculated to be 271439 nm.

To check whether UV irradiation plays a role on the fabricated structure, arrays of
PS was directly washed by toluene liquid without UV exposure [Fig. 48c]. The donut
structure was also observed. This indicates that UV irradiation from bottom for 1h or
from top for 20 minutes has no influence in the fabrication of such structure. The average
w/2 is calculated to be 32638 nm. The collapse of the structure at the right boundary on
the substrate was observed (red circles). It is attributed to the toluene liquid wash, while
the structure far from the boundary is supported each other by adjacent ones.

The wall widths w/2 of three samples are similar (355482, 271439, 326+38 nm),
which verifies that UV irradiation for short time has no influence in the fabricated
structure.

The home synthesized PS spheres (diameter of 1 um, synthesized by Maria D’
Acunzi in my group) without UV irradiation were completely dissolved after toluene

treatment. Donut structure was not observed in this case.
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Fig. 48. (Left) Schematic drawing of the experimental procedure and corresponding AFM height images of

PS particles with diameter of 2 pm after UV and toluene treatment (20x20 pm?).

(a) UV from bottom for

1h and then toluene liquid (b) UV from top for 20 min and then toluene liquid (c) toluene liquid without

UV irradiation (Right) Cross section analysis along the white line in the corresponding left AFM image.
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4.2.3 The effect of UV irradiation time on arrays of PS spheres

Since the above measurements were performed with UV exposure no longer than
1h, it may not be sufficient to cross-link PS. Therefore arrays of PS spheres with diameter
of 1 um was exposed to UV from bottom for Sh. Then it was washed by toluene liquid.
The results show that the PS spheres remain spherical shape even after toluene treatment
[Fig. 49a]. It means that the entire PS spheres were completely cross-linked by UV
irradiation. The three red horizontal lines in the cross section analysis (indicated by blue
line) represent three positions. The lowest line indicates the height of the substrate. The
line in the middle indicates the height of the junctures of the contiguous PS spheres. The
highest line indicates the height of the top of the PS spheres. The distance between the
lowest line and middle line (550 nm) is larger than that between the middle line and the
highest line (400 nm) and the distance between the substrate and the top of the spheres
(950 nm) is 50 nm smaller than the diameter of the sphere (1 um), which means the top
hemisphere (which is not directly exposed to UV) slightly melts after toluene treatment
[Fig. 50]. There are gaps between contiguous PS spheres (cross section analysis indicated
by green line in Fig. 49), which is attributed to the shrink of the swollen PS sphere after
drying in air [Fig. 50]. To verify the effect of long time UV irradiation on PS spheres
with different diameters, arrays of PS spheres with diameter of 2 um was exposed to UV
from bottom for 12h. Then it was washed by toluene liquid. The results also verify that
PS spheres were completely cross-linked by UV irradiation [Fig. 49b]. The slightly
melting of the top hemisphere and gaps between contiguous PS spheres were also

observed.
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Fig. 49. AFM height image of PS particles (20x20 um?) and cross section analysis along the blue and green
lines in the top AFM image, respectively. (a) diameter of 1 pm and Z range of 800 nm (b) diameter of 2 pm
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Substrate Substrate
Fig. 50. Schematic drawing of toluene treatment of PS spheres cross-linked by UV for long time.

But why did we observe the donut structure when the UV irradiation is not long
enough or absent? The possible reason is that there are some poly (styrene sulfonate)
(PSS) or poly (acrylic acid) (PAA) chains on the outshell of PS sphere, which are used as
stabilizer during the synthesis and physically adsorbed on the PS spheres. After toluene
treatment, non completely cross-linked PS spheres were dissolved and washed away.
Only the PSS or PAA, which is attached on the substrate and not soluble in toluene,

remains on the substrate [Fig. 51].
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Fig. 51. (Top) Chemical structures of poly (styrene sulfonate) (PSS) and poly (acrylic acid) (PAA).
(Bottom) The mechanism of fabrication of PS arrays with donut structure. The red curve is the guide

topography of the structure.
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Chapter 5
Materials and Methods

In this chapter several methods used in my experiments are introduced:
Micromechanical Cantilever Sensor (MCS), Atomic Force Microscopy (AFM),
Fluorescence Correlation Spectroscopy (FCS) and white light confocal microscopy. The
samples used in the experiments are described in detail. In addition, the sample

preparation procedures are summarized.

5.1 Micromechanical cantilever sensor (MCS)

In this section two commercial systems based on MCS are introduced: Veriscan
3000™ and Scentris™. The Veriscan is developed to perform static bending
measurements (results in chapter 2) and the Scentris facilitates the dynamic frequency

measurements (results in chapter 3).

5.1.1 Veriscan 3000™

Veriscan is a sensor system based on MCS. It transduces the recognition of
interactions on molecular level into nanomechanical deflections.

The MCS array used in these experiments comprises sixteen identical rectangular
silicon micromechanical cantilevers and four reference mirrors grouped into four separate
wells [Fig. 52]. The MCS are fabricated from single crystal silicon and are 500 um long,
150 pm wide, and 1 pum thick (Silex Microsystems, Bruttovagen, Sweden). The upper
side of each MCS is coated with a 5 nm Ti/W adhesion layer and 30 nm Au layer. The
MCS in each well have a pitch of 250 um, respectively. The supporting chip is 22 mm
long, 5 mm wide and 500 pm thick.
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Fig. 52. (a) Optical picture of a MCS array with four wells. (b) Top view and (c) Side view of the scanning

electron microscope (SEM) micrograph of a well with four cantilevers and one reference mirror.

The different wells allow an easy, independent and automated functionalization by
fluidic flow (detail in chapter 1) without the risk of cross contaminations among different
wells. The reference mirror in each well can be used to measure the absolute MCS
bending by calculating the difference in the output signals of MCS and reference mirror

on position sensitive detector (PSD) [Fig. 53].

target
reference ¢y vy molecules

mirror — ,

Fig. 53. A schematic drawing of MCS bending induced by the interactions of probe molecules with the
sensor coating of MCS. AZ is the value of absolute bending between the reference mirror and the MCs

within the well. A positive deflection corresponds to an upward bending.

MCS deflections are monitored using a new device (Veriscan3000 by Protiveris Inc.
Rockville, MD, USA) that utilizes an optical beam deflection readout employing a linear
array of Vertical Cavity Surface Emitting Lasers (VCSELs, wavelength of 760 nm) and
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an array of microfocusing lenses [Fig. 54]. The laser spots focused on the cantilever free
ends are reflected by the gold surface to a linear PSD. The laser power can be adjusted
individually for each VCSEL to obtain a sufficient intensity signal at the PSD. It is
necessary for obtaining the output signal from PSD without noise and interference caused
by other lights. The PSD (20x20mm” sensing area) position can be adjusted in X-Y with
two micrometer screws to achieve an alignment relative to the reflected laser spots. With
this design, MCS bending can be measured down to 0.1 nm. The interference on the PSD

from the external light can be minimized by housing the whole setup in a closed chamber.

96066 99669 66966 6666

PSD

Fig. 54. A schematic drawing of the optical laser beam deflection readout system of the MCS array. Shown
are the 4 MCS and the fixed mirror within the 4 wells, respectively. The lasers are time multiplexed and the

5™ Jaser in well A is highlighted exemplarily which means it is switched on.

The MCS deflection Az is given by Eq. (5.1)
'D
4yx

Az =

(5.1)

where L the cantilever length (500 um), D the displacement of laser spot on PSD, y the
distance between MCS and PSD (110.8 mm), x the distance between the position of
focused laser on MCS and fixed end of MCS (410 um). The Veriscan system monitors D

during the measurement [Fig. 55].
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Fig. 55. A sketch of the optical laser beam deflection principle of Veriscan. The red line indicates the laser

path.

The cantilever bending is in response to an interaction between molecules in the
environment and the cantilever surface (usually either Si or Au). The interactions
between probe molecules immobilized onto one side of the cantilever and target
molecules present in the environment also result in the cantilever bending. For a
rectangular cantilever of length L and thickness ¢, the deflection Az can be related to the

differential surface stress change between the upper and lower cantilever side (4o,

Ao,,,,) via the approximate relation’:

Az =

3(1-v)
7

Ao, ~a0,,) (52)

where £ and v are mechanical parameters of the cantilever material, respectively Young’s
modulus and Poisson’s ratio. The above equation is valid only when the surface stress
changes uniformly along the length of the cantilever and the absorbed films or coatings
are very thin compared with the cantilever thickness.

To deliver the carrier fluid and different sample solutions to the MCS array syringe
pump fluidic system are used. Each well is connected to one syringe, respectively which
can then be operated in parallel. The system consists of four valves for the carrier fluid,

four syringes, four sample valve loops, four injection valves for sample solution and one
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cartridge containing the fluid cell with the four wells. When the MCS array is mounted in
the fluid cell [Fig. 56a], each well is isolated by a Teflon gasket under the chip and a
Teflon mask on top of the chip to prevent the leakage. This enables the introduction of
different carrier fluids and sample solutions into the different wells, thus allowing the
parallel analysis of various recognition assays. The volume of each well in the fluid cell

is 3 uL. The whole cartridge containing the flow-through cell can be heated up to 70 °C.

Sample valve&Loop

(b)

Multi syringe pump

Mask

Carrier fluid reservior Fluid cell

A B C

To waste

Fig. 56. (a) Optical picture of fluid cell with connecting tubings. (b) A schematic drawing of the fluidic
delivery system for the MCS array.
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A manual valve allows the interchange between two carrier fluids for each of the
four fluidic channels [Fig. 56b]. The reservoirs of the syringes have a volume of 2.5 mL.
All the syringes are driven by a single stepper motor controlled via software in order to
aspirate and dispense carrier fluid to the four wells simultaneously and at the same speed
in the range of 0.5-200 puL/min. Between each syringe and the corresponding well there is
a standard sample injection loop made of polyethylether ketone (PEEK). The volume of
the sample loop can be selected in a range between 20 to 2000 pL. The loop is connected
to a six-port injection valve which is used to interchange the flow stream. With the
injection valve at “load” position, sample solution can be loaded into the loop without
flowing to the fluid cell and disturbing the carrier fluid flow. After switching the injection
valve to “inject” position, the carrier fluid flows through the loaded loop and sample
solution is delivered to the fluid cell. Other than the injection loops, all tubing is

fluorinated ethylene propylene (FEP).

Samples and sample preparation

DNA molecules were used as a model system for bio-sensing experiment. The
specific interaction between two complementary DNA strands, which is called
hybridization [Fig. 57], induces the cantilever bending. A double-stranded (ds) DNA
having double helix structure is formed through the hybridization of two ss DNA that
have complementary base sequences. Each DNA strand has a phosphate group in one end
and a hydroxyl group in the other end. The end with a phosphate group is named 5’ end
because the phosphate group is bonded to the fifth carbon of the sugar ring. The end with
a hydroxyl group is named 3’ end because the hydroxyl group is bonded to the third
carbon of the sugar ring. One of the single-stranded DNA has a spacer with thiol group
(HS-(CHy)6-) at the 5’ end, which is used to bond to the gold surface of the cantilever
through the sulfur gold bond.
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Fig. 57. Schematic drawing of DNA hybridization.

Prior to use each MCS chip was cleaned by highly reactive Ozone generated with a
UV lamp (PSD-UV, Novascan Technologies, Inc., IA) for 20 minutes.” It operates using
a UV light emitting grid (mercury vapor lamp) with the power of 100-120 W. The UV
light excites organic molecules and produces highly reactive ozone gas from oxygen that
is present within cleaning chamber. The reactive ozone interacts at the molecule level
with surface contaminations causing them to degrade. After placing in the fluid cell, the
frequency of each cantilever was measured by thermal tuning. The carrier solution was
degassed by a vacuum pump to remove the dissolved gas in the solution prior to use.
Because the gas in the solution forms the bubbles during the fluid delivery to MCS. The
bubbles tend to stay on the MCS, which results in the reflected laser out of PSD and
hinders the analyte molecule adsorbed to the MCS. Degassed carrier solution was
pumped through the fluid cell until a stable baseline was obtained. Cantilever deflection
was measured before, during, and after injection of 200 uL of sample solutions into the
flowing stream.

The general DNA hybridization experiments consist of three steps: probe
immobilization, thiol blocking and hybridization.

In the immobilization step, ss DNA probes with thiol group (-SH) at the end can be
attached to the gold-coated cantilever surface through a sulfur-gold linkage.44 Such
molecules consist of a sulfur group that covalently binds to the Au, and an alkyl spacer

with a functional head group. But the thiol group is easily oxidized to form disulfide bond
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(S-S), which loses the possibility to bond to gold. In order to ensure the self-assembly of
thiolated DNA probes on the gold layer, reducing agent TCEP was added in DNA probe
solution for 10 minutes to break the disulfide bond. TCEP reduces disulfide bonds as
effectively as dithiothreitol (DTT). But unlike DTT and other thiol containing reducing
agents, TCEP does not contain thiols, so it does not have to be removed from solutions.
After the probe molecules were immobilized on the MCS, the main chains of these
probe molecules are lying down on the cantilever surface due to the low coverage density
in the immobilization step.”* Because MCH molecules (length of 1.2 nm) are much
shorter than probe molecules (length of 10 nm), they can penetrate the probe molecules
and settle down on the unoccupied sites, which block the sites for additional adsorption
on the cantilever. During this process, the probe molecules were compressed to a
standing up phase, which enhances the following hybridization between the probe
molecules and the target molecules. It also avoids the following unspecific adsorption of

target molecules on gold surface.
5.1.2 Scentris ™

Scentris is a versatile system based on MCS. It transduces the recognition of
interactions on molecular level into frequency shifts or nanomechanical deflections.
In our experiments, silicon cantilevers (OMCL-AC160TS, Olympus, Japan) were

used with a length of 160 um, a width of 50 um, and a thickness of 4.6 um [Fig. 58].

Fig. 58. Scanning electron microscope (SEM) micrograph of a silicon cantilever.”
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The sharp tip at the end of the cantilever, usually used for imaging of the sample, is
not required in our experiments of MCS. The theoretical resonance frequency f; of the

cantilever is 342 kHz. It is calculated by Eq. (5.3)

t E t |E
Jo="—3 RAYTIRY (5.3)
A7l° N 0.24p 247\ p

with the length / of 132.5 um (considered as a rectangular cantilever), thickness ¢ of 4.6

um, material density p of 2330 kg/m3 and the elastic modulus E of 1.5x10"" Nm™.

Nominal spring constant and resonance frequency of the cantilevers are 42 N/m and
300 kHz, respectively. The measured values of the resonance frequency fy for the
cantilevers we used are in the range of 200-400 kHz. Such large variations are due to the
variations in the cantilever geometry.

The spring constant K of the cantilever is calculated by Eq. (5.4)

K =27 Pw %3 1) (5.4)

With a measured resonance frequency f, in the range of 200-400 Hz and the width
w of 50 pm, calculated K is in the range of 16.7-133.9 N/m.

The advantage of using this kind of cantilevers with high frequency on the order of
hundred kHz is higher the resonance frequency, larger the frequency shift owing to mass
change.

Scentris™ (Veeco, Santa Barbara, CA) is a commercial sensor system based on
MCS. In our work, the MCS were operated at dynamic mode to detect the mass changes
via frequency shifts. In this way, adsorbed molecules were sensed by measuring the
change in the resonance frequency of an oscillating cantilever. The cantilever deflection
was determined by the beam deflection principle used in Scanning Probe Microscopy
(SPM): a collimated light beam (light emitting diode LED) is focused through a glass
window onto the cantilever free end from where it is routed to a position sensitive
photodetector (PSD) [Fig. 59a].

The cantilever chip is mounted on a piezoelectric actuator, which is driven by a
frequency generator to detect the resonance frequency of the cantilever. The fluid cell
[Fig. 59b] contains a ceramic holder and a wire clip to mount and fix the cantilever. The

fluid cell also provides inlet and outlet ports to allow exposure of a variety of liquids or
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gases to the MCS. The volume of the cell is 30 pL (with cantilever chip inside) — 80 pL.

(without cantilever chip inside).

(a) Video Optic

System

Mirrors I
LED ! PSD
|
I
Window,
Sample Fluid (in Sample Fluid (out)
Fluid Cell
|
Piezo Cantilever
(b)
chip with
cantilever
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wire clip

Fig. 59. (a) Schematic drawing of optical path of Scentris™. (b) Top view of the fluid cell of Scentris.

The light source consists of eight light beams from eight superluminous diodes. It
can be used for sensing a cantilever array, which contains eight cantilevers on a single
chip. In our experiment, we only use one cantilever for each experiment. One light beam
is switched on and focused on the cantilever correspondingly.

A video optic system was used for alignment of the light beam to the cantilever. It
creates a real-time view that can be observed at any time on the computer monitor. To

record the real images of the sample at high magnification, we constructed a 20x
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objective (working distance of 20 mm, numerical aperture of 0.42, Plan APO series,
Motic, China) connected with a zoom tube (OPTEM zoom 70XL, Qioptiq Imaging
Solutions, USA) of magnification from 0.75 x to 5.25 x. A digital camera (Evolution MP
5.1, Media Cybernetics, MD, USA) with a fast recording rate down to 0.2 s/frame is
connected to the objective. An external light source (KL2500 LCD, Schott, Germany) is
applied to the optical system to provide sufficient light intensity.

To measure the resonance frequency of a cantilever, a homemade program based on
LABVIEW™ was used. The measured resonance frequency peak of a cantilever is
shown in Fig. 60. Start frequency, intervals per sweep and frequency increment are three
parameters, which can be defined by the user. The frequency range is given by the
product of intervals per sweep and frequency increment. In Fig. 60, the frequency range
i1s 20000 Hz given by the product of 100 (intervals per sweep) and 200 Hz (frequency
increment). After setting the value of start frequency (315000 Hz) and frequency range
(20000 Hz), the end frequency (335000 Hz) is shown in the panel. The resonance
frequency (332200 Hz) in the range between 315000 Hz and 335000 Hz is the frequency
with maximum amplitude.

The frequency increment gives the frequency resolution of the measurement. In Fig.
60, the frequency resolution is 200 Hz.

The resonance frequency of the cantilever can be recorded continuously at the rate
ranging from 0.003 second per data point to 30 seconds per data point with this sensor
system. The data-recording rate is inversely proportional to the parameter of intervals per
sweep. With intervals per sweep set to 100 the resonance frequency can be determined

every 0.3 s.
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Fig. 60. Resonance frequency peak of a cantilever.

To measure the mass change of a polystyrene sphere upon swelling-deswelling we
connected a gas exchange apparatus to the fluid cell (FC) of the MCS setup. The gas flow
was controlled with a gas flow meter (FM) (0.5-5 1/h, DK46, KROHNE, Germany), two
3-way valves and a wash bottle containing toluene liquid (99.97%, Fisher Scientific, UK)
[Fig. 61]. Nitrogen gas N» (99.9997%) served as a carrier gas. It was passed through the
gas flow meter, teflon tubings (Outer diameter 1/16 inch, inner diameter 1 mm, Duratec,
Germany), wash bottle (selectively) and finally into the fluid cell. The 3-way valves
allow switching the gas flow between two different gas compositions. In this work we
applied a N, flow through path (pl) to control humidity or to remove residue solvent
molecules surrounding the cantilever. A saturated solvent gas flow (N, + toluene) can
also be applied by passing N, through path p2. At room temperature (22 °C) we

estimated a saturation concentration of 32000 ppm for toluene in Ny. It is calculated by
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vapor pressure(mmH g)

saturation concentration\ppm )= x10° 5.5
(ppm) 760(mmEg) (5.5)
The vapor pressure p (bar) is calculated by Antoine equation”®”:
B
lo =A- 5.6
Eio P C+T (5.6)
where T the absolute temperature, 4, B, and C Antoine coefficients that vary from

substance to substance”>’.

For toluene liquid at room temperature of 295 K, the value of 4, B and C is 4.23679,
1426.44 and -45.957. Therefore the vapor pressure p is 0.0322927 bar calculated by Eq.
(5.6). With 1 bar = 750 mmHg, the saturation concentration of toluene is 31869 ppm
calculated by Eq. (5.5).

For a flow rate of 2 1/h, the vapor in the fluid cell and the headspace in the tubing
(total volume: 150 pl) was diluted three times within 1 s. It is calculated below:

150 x107%/

=75%x10"h=0.27s
2h

It means that the total volume of 150 pl is flushed once in 0.27 s. Within 1 s, the total

volume was diluted three times.
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Fig. 61. Schematic drawing of the gas flow apparatus connected to a Scentris MCS setup. The scanning

electron micrograph shows a PS sphere with diameter of 11um sintered on the apex of a cantilever.
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Samples and sample preparation

Dry powder, chemically cross-linked PS spheres (4-8 mol % divinylbenzene, density
=1.05 g/cm3 ; Duke Scientific Corporation, Palo Alto, CA) with diameters ranging from 1
to 50 um were used in this experiment.

To attach the polystyrene sphere to the end of the cantilever, two methods have
been applied: Gluing and sintering.

In conventional experiments, gluing method is used to provide the chemical and
mechanical stability of the sphere on the cantilever. But the glue drop has an additional
mass and can not be removed after preparation. Therefore the sintering method was used
in our experiments. First of all the PS spheres were poured on a glass slide (length of 76
mm, width of 26mm, thickness of 1 mm, Menzel, Braunschweig, Germangy) with a
spatula and distributed evenly by knocking the backside of the slide slightly with a finger.
The microspheres adhere on the glass even if the slide was put upside down, due to the
capillary force. The chip with the cantilever was fixed on a micromanipulator arm (three
dimensional oil-hydraulic manipulator MMO-203, Narishige Group, Japan), which
allows approaching a single sphere with high precision. The cantilever was moved to the
PS spheres and then one sphere was picked up from the glass slide. The capillary force
between the sphere and the cantilever kept the sphere fixed during the withdrawal of the
cantilever from the glass slide. The cantilever with attached PS sphere was then put into

an oven (Furnace 47900, Thermolyne, Dubuque 1A). It was heated up to 100£2 °C within

10 minutes and kept at 1002 °C for 2 hours (general glass transition temperature of

pOlyStyrene: 100 OC),IOO’IOI

established [Fig. 62].

Finally a sintering of the particle onto the cantilever could be

Fig. 62. The scanning electron micrograph shows a PS sphere with diameter of 11 pm sintered on the apex

of a cantilever.
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5.2 Atomic force microscopy

Optical microscope is usually used to obtain a magnified image of an object by
focusing photons on the sample surface. It can easily generate 2D magnified images of an
object’s surface with a magnification as great as 1000x. Although it is a powerful tool for
imaging, the images obtained are typically in the plane horizontal to the surface of the
object. The vertical dimensions of an object’s surface such as the height and depth of the
surface features can not be achieved using normal optical microscope. The confocal
microscope, which is a special optical microscope that creates a three-dimensional (3D)
image, has a relatively low spatial resolution (several hundred nm, limited by the
diffraction) compared with AFM. While other microscopes such as scanning electron
microscopy (SEM), electromagnetic radiation is required to create a 3D image. Having an
advantage of non-radiation, atomic force microscope (AFM) is a mechanical imaging
technique using a sharpened probe that can measure the 3D topography as well as
physical properties of a sample.

In our work, the 3D structure of PS nanoparticle arrays fabricated by solvent
annealing was investigated using AFM.

A general atomic force microscope (AFM) consists of laser, a cantilever with tip, the
scanner, position sensitive photodetector (PSD), the feedback loop and the computer [Fig.
63]. A laser beam is focused on the end of the cantilever and reflected to PSD. In this
configuration, a piezoceramic scanner carries the cantilever over the sample. The scanner
includes two cylinders, one assigned for lateral X-Y motion and the other for vertical z-
motion. The cantilever deflection due to tip-sample interactions is monitored by the
reflected laser spot on PSD. The feedback loop is assigned to maintain a constant
deflection of the cantilever while scanning. The computer is used for setting the scanning
parameters such as scan size, scan speed, feedback control response and visualizing
images captured with the microscope. It controls the movement of the cantilever over the
sample. Measurements of lateral dimensions can be performed with the resolution of
angstrom and measurements of vertical dimensions can even achieve the resolution of
subangstrom. The maximal measuring area, which is commonly covered by piezoceramic

scanners, is about 100 pmx100 pm (Dimension 3100TM, Veeco Instruments, Santa
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Barbara, CA). Surface corrugations up to 5 um in height can be profiled. Samples are
placed on a movable X-Y stage, which is employed for positioning surface regions of

interest under the cantilever.

Feedback
loop
Position Sensitive L - )
Photodetector ) omputet
Scanner | |
X,Y

¢Z

Cantilever

Sample

Fig. 63. Schematic drawing of the setup of atomic force microscopy (AFM).

The size of the sample can be in the range of several mm to several cm. The
cantilever is operated in tapping mode. In this mode, the tip comes into contact with the
sample once in every cycle of its oscillatory motion at the resonant frequency of the
cantilever. During scanning in tapping mode, the tip comes only into intermittent contact
with the sample surface. Therefore, soft samples can be measured while the tip-sample
interaction force did not lead to the damage of this sample. As the probe lightly taps the
surface, the amplitude of oscillation is reduced and the AFM uses this change in
amplitude in order to track the surface topography. The digital feedback loop then adjusts
the tip-sample separation to maintain a constant oscillation amplitude and force on the
sample. The variations in the tip-sample separation are converted into a height image

with bright (dark) contrast assigned to high (low) surface locations. In addition to its
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oscillation amplitude, the cantilever motion can be characterized by its phase relative to a
driving oscillator. The phase signal changes when the cantilever encounters regions of
different composition. When the probe encounters the soft or viscous region, the adhesion
between probe and the sample is more pronounced, which results in the retardance of the
response signal relative to the drive signal. Phase shifts are indicated as bright and dark
regions assigned to large (small) phase shifts in phase images, comparable to the way of
height changes indicated in height images. Phase imaging has been found to be
particularly useful to map the various components of composite materials. It can also be

used to measure adhesion, surface hardness and elasticity.

Samples and sample preparation

Non-cross-linked PS particles in suspension (10 wt.% solids) with diameter of 1.98,
0.99 um (Bangs Laboratories, Fishers, IN) and 0.5 um (Duke Scientific Corporation,
Palo Alto, CA) were used. The density of these PS particles is 1.05 g/cm’.

The substrate was cleaned by RCA method to remove the organic contaminants and

the PS particles were self-assembled on the substrate by spin coating.

RCA method

This standard method is used to clean the substrate surface. After the cleaning, a
hydrophilic surface of the substrate is produced. It is conducted in the following steps:
1) Ultraclean water (Millipore, p=18.2 MW-cm), ammonium hydroxide and hydrogen
peroxide (vol 5:1:1) are mixed in a quartz beaker. The quartz glass substrates are put
inside the mixture and the beaker is heated up in a water bath. After the temperature has
reached 80°C inside the solution, the system is kept 10 minutes at this temperature. After
10 minutes the system is cooled down.
2) When the temperature reaches about 50°C, the mixture is diluted by pouring ultrapure
water into the beaker to the rim. Half of it is spilled. The solution is again half diluted in
the same way. This step is repeated eight times. The substrate is kept all the time under

water to avoid the contamination from the ambient environment.
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3) The beaker is emptied completely and filled with ultrapure water to the rim. This step
is repeated twice.

4) The beaker is again half filled with water and put in an ultrasonic bath for 5 minutes.
Then it is rinsed with water again once. The substrates are always kept in the water

before use.

Spin coating

A droplet of PS solution (PS spheres in de-ionized water used for nanostructuring
experiment and PS dissolved in toluene used for UV absorption experiment) with volume
of 2-5 pl is deposited onto the quartz glass substrate by the pipette. When the substrate
starts to rotate, the solution spreads over the substrate surface. Due to the spinning, the
solvent evaporates and finally only a residual PS film remains. The thickness and
homogeneity of the residual film mainly depend on the spinning velocity @ and the
concentration of the polymer solution c. The spinning time is adjusted until all the solvent

evaporates.
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5.3 Fluorescence Correlation Spectroscopy

Fluorescence correlation spectroscopy (FCS) is one of the techniques that facilitates
high-resolution spatial and temporal analysis of extremely low concentrated molecules
(in naonomolar range). The main principle is a correlation analysis of fluctuation of the
fluorescence intensity. The fluorescence intensity is emitted by the fluorophore, which is
a component of dye molecules present in the solution. When a particle diffuses in the
focused spot in the solution, chemical or photophysical reactions or conformational
changes may alter the emission characteristics of the fluorophore. It gives rise to
additional fluctuations of the excited fluorescence intensity, which is detected by the
detector. The fluctuation signal is higher with lower number of molecules. Therefore, to
record the signals of these single molecules in the solution, it is necessary that the
detection volume is correspondingly low. In fact, an extremely small measuring volume,
smaller than femto (10™°) liter, is produced. Compared with other fluorescence
techniques, the parameter in FCS is not the emission intensity itself, but also spontaneous
intensity of fluctuations caused by the minute deviations of the small system from
thermal equilibrium. In general, all physical parameters that give rise to fluctuations in
the fluorescence signal are accessible by FCS. For example, rather straightforward to
determine local concentrations, diffusion coefficients of fluorescent labeled biomolecules
can be determined. The diffusion coefficient is an important parameter to characterize the
chemical property of the material.

In my work, the diffusion coefficient and distribution of dye molecules in the cross-
linked PS spheres can be determined and observed using fluorescence imaging.

In confocal FCS (Carl Zeiss, Jena, Germany) a parallel laser beam (HeNe laser,
wavelength of 543 nm) is reflected by a dichroic mirror and focused on a focal point
through a microscope lens of high aperture [Fig. 64]. The volume of the focal point is less
than 10" liter. This focal point forms the open measuring volume in the highly
diluted solution in which the molecule diffuses in and out. A dye molecule present in the
solution emits up to 20 million photons when it is in focus. The fluorescence light excited
by the radiation of the laser beam is collected by the same objective and passes through

the dichroic mirror. The pinhole blocks any fluorescence light not originating from the
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focal region. Afterwards, the light is focused on a single photon detector. Although the
route of the molecule through the focal point is random, the mean diffusion time and the
size of the molecule can be calculated. It is based on a temporal correlation of the signal

of many single molecules.

Sample ~ O D'.. . — -
Cover slide | N 3
2r,

Objective

Lens

Laser

Dichroic mirror

= - Pinhole

(Y7 ) betector

Fig. 64. Principle of fluorescence correlation spectroscopy. A laser beam (blue beam in the figure) passing

through the lens is reflected by a dichroic mirror and focused on a focal point through objective. The focal
point is the measuring volume which has a diameter of 0.34 um (2 r,) and height of 2 um (2 z)). The
fluorescence light (green beam in the figure) excited by the radiation of the laser beam is passed through

the objective, dichroic mirror and collected on the detector by a pinhole.

The measured fluorescence intensity is defined as a mean intensity plus fluctuations
1(t)=(1)+l(t) (5.7)
where <I > is the mean intensity and &7(¢) is the fluctuations.

The auto-correlation function is given by Eq. (5.8)
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G(r)=(1(0)I(t+ 7)) (5.8)
where 7 is the correlation time.
Taking into account Eq. (5.7) and with <5[ (t)> =0, the auto-correlation function can
be described as Eq. (5.9)
G(z)={(s1(t)sl (¢ + 7))+ (1) (5.9)
The normalized auto-correlation function is given by Eq. (5.10)

Glo)=1+ (SI(t)or(t+ 7))
()

For an ellipsoid-shaped detection volume with Gaussian intensity distribution, the

(5.10)

auto-correlation function is:

G(r)=1+i 1 1 (5.11)

N
(1+Tj I+
T ST,

where N is the average number of molecules in the detection volume, tp is the

characteristic diffusion time and S =z / 1.
The diffusion time required by a molecule to cross the measuring volume is

determined from the inversion point of the auto-correlation curve [Fig. 65].

2.2

[G(9)]

1E-5 1E-4 1E-3 0.01 0.1 1

t[s]

Fig. 65. The auto-correlation curve of a FCS measurement. The diffusion time tp is 1.8 ms.
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The diffusion coefficient D can be calculated by Eq. (5.12)

2
;
D=0
4z, (5.12)

where ry is the radius of measuring volume and 7p is the diffusing time of the molecules

through the measuring volume.
Samples and sample preparation
The PS spheres were distributed on a glass slide (diameter of 25 mm, thickness of

0.13-0.16 mm, Menzel, Braunschweig, Germany). Then the sample was placed above the

microscope [Fig. 66]. Toluene liquid was added to the sample as a solvent.

~_toluene
o @ PS
e’ o o Y « ° o .;Perylene dye

glass slide

)

objective

——/

Fig. 66. Schematic drawing of PS sphere placed on glass slide above the objective of FCS. Z is the scan

direction of the objective.
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5.4 White light confocal microscopy

Confocal microscopy is an imaging technique used in the field of biology and
material science to study morphology and surface roughness of the materials. Compared
with conventional optical microscopy, confocal microscopy has a better contrast and
better depth resolution in a few nm, which can construct three-dimensional images.
Compared with AFM technique, imaging using confocal microscopy is fast (less than 10
minutes for one image while AFM takes more than 10 minutes) and non-contact of the
specimen. The light source used in the setup is white light, so called the white light
confocal microscopy.

In our work, the topography of MCS array of Veriscan was characterized using
white light confocal microscopy to calibrate the optical readout of Veriscan.

The NanoFocus®puSurf® (uSurf®, NanoFocus AG, Oberhausen, Germany)
measurement principle [Fig. 67], as a 3D video measurement system, is based on the
white light confocal technique.

It consists of a compact confocal measurement head which is mounted on a stable
stand and is driven in the vertical direction (z-axis) by a motor. The sample is placed on a
movable x-y stage under the measurement head. The confocal unit is moved stepwise in
the z-direction and scans various height levels of the surface. The surface to be measured
is illuminated through the microscope by an external xenon light source. Only those light
beams, which are focused on the sample surface, can be detected by the detector. All
unfocused light beams, i.e. all that are not focused at the same height of sample surface,
are blocked by a detector pinhole. In such a way, a single point can be measured. Surface
areas which are at the same height level are mapped on the charge-coupled device (CCD)
chip. These height level records can then be integrated to form a 2 or 3 dimensional
image. The magnification of the objective we used is 20x. The corresponding maximum

. 2 . . .
measurement area 1s 46 mm~ and the vertical resolution is 5 nm.
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Fig. 67. Basic principle of white light confocal microscope. Light emitted from the white light source
passes through the lens, illumination pinhole, the beam splitter and finally is focused on the speciment by
the lens. The reflected light passes through the lens and hits on the beam splitter. After reflected from the
beam splitter, the light is collected on the detector by a detector pinhole. Only the light reflected from the
focus plane (red beam) reaches the detector, other lights from the speciment out of focus (blue beam) are

blocked by the detector pinhole.

Samples and sample preparation

The MCS array of Veriscan was placed on a heating stage composed of aluminum.
It is connected by a heater and a digital thermometer (GTH 175/MO, Greisinger
electronic, Regenstauf, Germany). Then they were placed on the sample stage of
Nanofocus. The heating rate can be adjusted manually and the temperature resolution is
0.1°C. The temperature is kept at a certain degree (error 1 °C) by manually switching

on/off the heater.
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Chapter 6

Summary, conclusions and outlook

Functionalization of individual MCS is achieved simply by flowing individual
fluids or gases through separate wells. For the detection of molecules adsorbed on
surfaces we found that the absolute bending of MCS must be considered in experiments
involving fluid flow. This issue is solved by calculation of the absolute bending relative
to a fixed mirror. The absolute bending of MCS can be measured with accuracy of 0.1 nm.
A reversible, linear dependence of MCS bending with fluid flow rate was observed. The
difference in MCS bending induced by hydrodynamic flow was found to be negligible.
MCS were functionalized in four different wells and upon considering the delay time of
the fluid entering each well, differential deflections can be calculated. The signal
recorded from the reference mirror was proved to be useful to monitor the concentration
changes owing to mixing effects during the flow. The MCS deflection of 200 nm, 600 nm
and 15 nm was detected for thiolated DNA probe immobilization, MCH adsorption and
DNA hybridization, respectively. Thus, single base mismatch detection based on MCS is
feasible. The MCS deflection increases with increasing MCH concentration, which shows
a good performance of the MCS array. In particular, the functionalization of MCS
situated in each well is simplified and cross contamination is avoided. Therefore standard
protocols for surface functionalization can be applied and no further equipment is
required. The latter compatibility to standard protocols is highly required in the field of
biotechnology. The recognition independently but simultaneously in separate wells offers
the potential advantages to measure multiple analytes in a single step. The prize for this
advantage is that the chip size becomes larger and therefore more expensive. However,
mass production of Si chips is possible and price < 10 cents per chip would be realistic in
the future.

A mass sensitivity of pg can be achieved by end loading of MCS. Thus, the
swelling behavior of individual micron-sized PS spheres in toluene vapor was studied by

a sensor system based on MCS. For 4-8% chemically cross-linked PS a relative mass

92



increase of 180% in saturated toluene vapor was measured. Those PS particles were
found to be completely swollen after 10 s of exposure to toluene vapor. Optical
microscopy with higher magnification and fast recording rate was taken to measure the
diameter change of PS spheres during swelling. From optical images a relative volume
increase of 200% in saturated toluene vapor was calculated. From the data of mass or
volume change, the diffusion coefficient of toluene in PS is modeled (in cooperation with
Torsten et al. from university of Siegen). The mass of the swollen PS sphere decreases
with increasing exposure to UV light. It shows that UV light irradiation can be used for
controlling the solvent uptake and release on PS spheres by a factor of 2. In addition, the
swelling response is significantly slowed down (6 times slower) upon the first exposure
to toluene vapor than the second one. This is attributed to the formation of a cross-linked
shell at the surface of the PS spheres. We found that chemically and additional UV cross-
linked PS spheres keep the shape even after numerous swelling cycles in saturated
toluene vapor. Local UV exposure of selected areas could allow fine-tuning of the shape
of polymer components. Such elements might be used in biotechnology as

microreactors. '

UV cross-linked PS particle was found to be fluorescent and cracks
were observed after exposure in toluene liquid. FCS measurements have revealed that the
diffusion coefficient of dye molecules decreases with increasing cross-linking density.
One of the next steps would be to immobilize polymers on MCS and study mass uptake
and release in solvent liquids depending on the solvent quality. The detachment of
physically adsorbed PS sphere from MCS surface allows to study the adhesion between
polymer and the substrate.'® In this case, the oscillation amplitude of MCS with attached
PS sphere was increased by sequentially increasing the drive amplitude. At a certain
oscillation amplitude, the PS sphere was detached from the MCS surface [Fig. 68]. Using

PS spheres with different sizes and different functionalized MCS surface, the adhesion of

polymer and substrate can be studied by analyzing the detachment situations.
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Fig. 68. Schematic illustration of detachment of PS sphere from the MCS surface.

Donut PS structures were fabricated by exposing hexagonally close-packed PS
spheres to toluene liquid. The stabilizer poly (styrene sulfonate) (PSS) or poly (acrylic
acid) (PAA) was suggested to play a role in structure formation. Additional longer UV
irradiation leads to the complete cross-linking of PS spheres. The experiments showed
that the donut structure is stable after liquid solvent rinsing. Thus, a free standing film
removed from the substrate is expected to be possible. Based on this expectation, a film
of donut structure with variant sizes can be fabricated simply by varying the diameter of
PS spheres. Furthermore, similar than before washing with toluene, the adsorption of
different stabilizers might allow to control the structure of donut meshes. The potential

application is nanocontainers such as confined reaction vessels in biotechnology.
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Abbreviations

2D two-dimensional

3D three-dimensional

AFM atomic force microscopy

CCD charge coupled device

CLSM confocal laser scanning microscopy
DI deionised

DIC differential interference contrast
DNA deoxyribonucleic acid

ds double-stranded

DTT dithiothreitol

FC fluid cell

FCS fluorescence correlation spectroscopy
FEM Finite element method

FEP fluorinated ethylene propylene
FM flow meter

LED light emitting diode

MCH 6-mercapto-1-hexanol

MCS micromechanical cantilever sensor
OTS octadecyltrichlorosilane

PAA poly (acrylic acid)

PDI Perylene dye

PEEK polyethylether ketone

ppm parts per million

PS polystyrene

PSD position sensitive photodetector
PSS poly (styrene sulfonate)

QCM quartz crystal microbalances

SAW surface acoustic wave

SEM scanning electron microscopy
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SPR

SS

TCEP
Teflon
TNT
uv
VCSELs

Surface Plasma Resonance
single-stranded

glass transition temperature
tris 2-carboxyethyl phosphine
polytetrafluoroethylene
trinitrotoluene

ultra violet

vertical cavity surface emitting lasers
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