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ABSTRACT

DESIGN OF A MODIFIED AFM SETUP WITH MINIATURIZED-
MAGNETIC PARTICLE ACTUATORS FOR BIOMOLECULAR
APPLICATIONS

In this thesis, design and characterization of a new atomic force microscopy (AFM)
setup having conventional piezoactuator together with an electromagnetic actuator and a
novel AFM technique using miniaturized-magnetic particles as an actuator for
biomolecular experiments are presented. Jetted-polymers have been used in the mechanical
assembly of AFM head, which allows rapid manufacturing. A PXI (Peripheral Component
Interconnect, PCI extensions for Instrumentation) embedded controller programmed in NI-
LabVIEW environment is used to drive the system. An integrated force resolution of 2 and
3 pN, respectively in air and in liquid is achieved in 1 kHz bandwidth with commercial
cantilevers. In addition, a FeCo-tipped electromagnet provides high-force cantilever
actuation with vertical magnetic fields up to 0.55 T. Temperature stabilization within 0.1°
C is achieved using a Peltier cooler (TEC) to avoid the temperature increase due to the
Joule heating of coil. Single-molecule experiments have been conducted using two
different pairs of biomolecules (i.e. biotin/streptavidin and heparin/FGF-2). Both
biomolecular pairs have been probed using conventional techniques (i.e. piezoactuation or
electromagnetic actuation) on both commercial and new custom AFM system. In addition,
a novel AFM technique is presented by manipulating functionalized magnetic microbeads
using an electromagnet against a stationary AFM cantilever for advanced single-molecule
force spectroscopy experiments. This method leads to a significant reduction of
mechanical drift in the system since the experiments are performed without a need for a
hard surface and the measured force between the cantilever and the bead is inherently
differential. In addition, shrinking the size of the actuator can minimize hydrodynamic
forces affecting the AFM cantilever. The new method reported herein allows applying
constant force on the beads to perform force-clamp experiments without any active

feedback.



OZET

BIYOMOLEKULER UYGULAMALAR iCIN KUCULTULMUS
MANYETIK PARCACIK EYLEYICILi MUADDEL ATOMIK
KUVVET MIKROSKOBU TASARIMI

Bu tezde, geleneksel piezo eyleyicisi ile birlikte elektrikli miknatissal eyleyiciye
sahip olan yeni bir atomik kuvvet mikroskobunun (AFM) tasarimi ve nitelendirmesi ve
biomolekiiler deneyler i¢in kii¢tiltiilmiis manyetik parcaciklarin eyleyici olarak kullanildigi
Ozglin bir AFM teknigi sunulmaktadir. AFM kafasinit mekanik montajinda fiskirtilmig
polimer kullanilmistir, bu da seri iiretime izin vermektedir. NI-LabView ortaminda
programlanan bir PXI gomiilii denetim birimi sistemi stirmek icin kullanilir. Ticari
manivelalar ile 1 kHz bant genisligi i¢inde 2 pN ve 3 pN biitiinlesik kuvvet ¢oziiniirliigline,
sirastyla hava ve sivi igerisinde ulagilmigtir. Ek olarak, bir FeCo uglu elektromiknatis 0.55
Tesla’ya kadar dikey manyetik alan ile yiiksek kuvvetli manivela tahrigini saglamaktadir.
Bobinin Joule 1sinmasindan dolayr olan sicaklik artisin1 6nlemek i¢in, TEC kullanilarak
sicaklik istikrar1 0.1°C iginte basarilir. iki farkli ¢ift biyomolekiil kullanilarak, tek molekiil
deneyleri ylriitiilmistiir. Her iki biyomolekiil ¢ifti geleneksel yontemler kullanilarak ticari
ve yeni 6zel AFM sistemlerinde derinlemesine incelenmistir. Ek olarak, Ileri tek molekiil
kuvvet tayf 6l¢iimii deneyleri i¢in, 6zgiin bir AFM yo6ntemi duragan bir manivelaya kars1
elektromiknatis kullanilarak yonlendirilen fonksiyonel haldeki manyetic micro-boncuklarla
sunulmustur. Bu yoOntem sistemdeki mekanik sapmada O6nemli bir azalmaya yol acar,
clinkli deneyler herhangi bir sert yiizeye gerek olmadan sergilenebilir ve manivela ile
boncuk arasinda olgiilen kuvvet tabiati geregi ayrisiktir. Ek olarak, eyleyicinin boyutunu
kiigiiltmek AFM manivelalar1 etkileyen hidrodinamik kuvvetleri kiiciiltebilir. Burada
bildirilen yeni yontem herhangi bir aktif geri besleme olmadan kuvvet kelepce deneyler

gerceklestirmek i¢in boncuklar tizerinde sabit kuvvet uygulayanmasina izin verir.
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1. INTRODUCTION

Atomic Force Microscopy (AFM) is a micro-scale cantilever based force sensing
scientific apparatus for various applications in nanotechnology. It is widely used for
surface topography imaging, material characterization, rheological measurements and
measuring the interaction between biomolecules [1]. Conventional AFM systems can be
classified in two major groups based on actuator configuration. A piezo-tube actuator
either actuates the cantilever or the sample stage as shown in Figure 1.1. Both of these
approaches have been implemented successfully by AFM researchers in academia and

industry [2].

Although AFM is best known for high-resolution imaging, it has been used for three
decades in the field of molecular biology and molecular biophysics as a versatile force
measurement tool. A force resolution of a few pico-Newtons in liquid environments can be
achieved via AFM technology at single-molecule level [2]. Application of biomolecular
force spectroscopy technique successfully demonstrated the potential of the technology for
various biomolecular measurements, such as antibody-antigen binding, receptor-ligand

interaction, and protein folding/unfolding measurements at single-molecule levels [3-6].

laser

. detector
mirror

laser

mirror detector

Figure 1.1. a) Cantilever actuated and b) sample stage actuated AFM system.



In the force spectroscopy technique, a cantilever is functionalized with a specific
type of biomolecule. As a conventional method, the cantilever is actuated using a piezo-
electric actuator over a sample surface that can also be functionalized with biomolecules.
During the actuation, the cantilever comes recurrently in and out of contact with the
sample surface. In the mean time, the deflection of the cantilever is detected using a
readout laser. As seen in Figure 1.2, cantilever first comes in contact with the surface and
applies a predetermined amount of force. Then the piezoactuator pulls the cantilever back
until it comes out of contact. Due to the biomolecular interaction the cantilever bends
negatively just before coming out of contact and the readout mechanism records a sudden
jump corresponding the single molecular unbinding event. Using AFM technology, it is
feasible to investigate the specific interactions between single pairs of biomolecules in
aqueous environments. Quantitative studies on the structure, function and energy
landscape of biomolecular interactions are applicable with the force spectroscopy

technique [2].

150
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Figure 1.2. A sample force curve and cantilever deflection schematics from a single-

molecule interactions.



It is necessary to load the biological bond between the molecular pair by actuating
the cantilever with a wide range of speeds to perform some quantitative analysis on single
biomolecular interactions. The unbinding forces between the biomolecules are related to
the loading rate (hence actuation speed of cantilever). Therefore, having both stable
actuators with minimized drift and fast actuators provides an advantage for low-speed and

high-speed actuations, respectively.

Drift in the system induces spurious deflections on the cantilever especially at low
actuation speeds, hence negatively affects the measurements. Mechanical instabilities and
thermally induced deflection of the cantilever are the main sources of drift in the system.
Deflection of the cantilever towards the substrate can harm the biological samples by
increasing the contact forces on biomolecules [7, 8]. Furthermore, deflection of the
cantilever due to drift leads to inaccurate force readings. Researchers have proposed
different methods such as, using modified cantilevers, new probes [9-11], reference
cantilevers [12, 13] and thermomechanicaly compensating microstages [7, 8] to overcome
the effects of thermal drift problem in AFM. Large piezo actuation of the cantilever
through its holder is one other main limitation for the actuation range since it disturbs the
aqueous environment and cause drift in the system. Moreover, this may introduce
additional modes into the complete mechanical system, and also limits the actuation

capabilities at high speeds measurements [14].

The cantilever geometry also has a direct role on the limitation of the actuation speed
considering the hydrodynamic drag effects [15, 16]. Actuating cantilevers directly, rather
than actuating it through the holder is a partial solution of these problems. Several methods
have been presented, such as magnetic actuation [17], photothermal actuation [18],
acoustic pressure actuation [19] and capacitive actuation [20] to actuate the cantilevers
directly. AFM head coupled with an electromagnet or a permanent magnet can be used to
actuate magnetic cantilevers [21] or conventional cantilevers attached with magnetic

particles [22].

Magnetic actuation capability can be added to a conventional AFM system by
integrating an electromagnet and applying some mechanical modifications. Rapid

prototyping techniques make it easy to construct customized AFM systems, since they



simplify the development of such setups according to user needs. A new AFM head for
force spectroscopy applications was previously developed using selective laser sintering
(SLS) [23]. The performance levels of the AFM system manufacturing with SLS was

similar as compared to traditional manufacturing methods.

In this thesis, design and characterization of a new AFM setup having conventional
piezoactuator together with an electromagnetic actuator and a novel AFM technique using
miniaturized-magnetic particles as an actuator for biomolecular force spectroscopy and

force clamp experiments are presented.

The AFM system is composed of basically two parts as AFM head and coil/sample
holder. After completing the hardware design of the system the initial prototypes were
manufactured from a rigid polymer using stereolithography technique (Rigid Opaque from
Stratasys Ltd., MN, USA) to make required mechanical modifications easy. A PXI
embedded controller (NI PXI-8102, National Instruments, TX, USA) programmed in NI-
LabVIEW environment is used to drive the system in characterization and biomolecular

experiments (see chapter 2).

After prototyping, characterization experiments are performed for AFM head and the
electromagnetic actuator system both separate and together to demonstrate the
performance levels (see chapter 3). Using a commercial AFM cantilever (SNL10-D
triangular, Bruker probes), integrated noise level for AFM head is characterized as 2 pN in
air, and 3 pN in water with a detection bandwidth of 1 kHz, which is adequate to measure
the unbinding events between biomolecules. Performed Eigenfrequency analysis (using
Comsol Multiphysics 4.3b) has a good agreement with the power spectral density
measurements. On the electromagnetic actuator side, with a FeCo core, a flux density of
over 0.55 Tesla is achieved at a working distance of 100 pm from the pole-piece, which is

adequate to actuate the magnetic particles during the biomolecular experiments.

The temperature stabilization is extremely important for biomolecular experiments
since temperature induced deflections on cantilever result in drift during the experiments.

Experimental measurements shows with the water-cooling system and a Peltier cooler



(TEC), the temperature inside the experimental meniscus can be stabilized within 0.1° C

after manufacturing the coil/sample holder from aluminum.

Single-molecule experiments have been conducted using the new AFM system.
Different pairs of biomolecules are used to perform the force spectroscopy experiment
using different techniques (see chapter 4). On one hand, the biomolecular interaction
between biotin and streptavidin is investigated. These two proteins are a well-known
ligand-receptor pair and have a wide literature background from the previous studies [24,
25]. Choosing biotin/streptavidin as a candidate pair is important for determination of the
performance metrics and reliability of the new AFM setup and the novel methodology for
single-force spectroscopy since the results of the experiment performed with
biotin/streptavidin pair can be compared with the literature and improvements can be
investigated. On the other hand, the heparin/fibroblast growth factor-2 (FGF-2) interaction
is investigated. Heparin has been shown to interact with a large number of important
proteins thereby regulating a range of biological activities including cell proliferation,
inflammation, angiogenesis, viral infectivity and development. One of the most prominent
examples of the Heparin-protein is that with the fibroblast growth factors, especially
FGF-1 and FGF-2. FGF proteins are a kind of protein, which has a several effects on
growth, differentiation, migration and survival of wide variety of cells [26, 27]. Both
biomolecular pairs are probed using conventional techniques (i.e. piezoactuation or
electromagnetic actuation) with both commercial and new custom AFM system. The

results are in good agreement with each other and the literature.

After proving the results, a novel AFM technique with dual actuation capability is
presented. In this new approach, the magnetic particles (i.e. microbeads, micropillars) are
used as a secondary actuator together with the conventional piezoactuator. Using magnetic
particles (i.e. magnetic beads) minimizes the size of the actuator down to a size
comparable to that of a single molecule. Schematic representation of this new methodology
with custom AFM system is shown in Figure 1.3. In this methodology cantilever used as a
stationary force sensor is decorated with a specific type of biomolecule and probed with a

counter-interacting molecule labelled to a magnetic particle.
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Figure 1.3. Schematic design of novel AFM system with bead actuation methodology.

It is possible to manipulate the magnetic bead without a substrate surface under the
externally controlled magnetic field and field gradient. Manipulation tasks with objects
varying in dimensions from nanometres to centimetres with five degrees-of-freedom with
high resolution that is limited by imaging technology have already been demonstrated with
electromagnetic manipulation setups [28]. The footprint of the magnetic actuator with a
diameter of a few microns is orders of magnitude smaller than the commonly used
piezotubes. The system dynamics is improved with miniaturized actuators, because the
cantilever is kept stationary and the hydrodynamic drag forces on a magnetic bead actuated
in viscous fluid is drastically smaller as compared to a conventional cantilever structure.
The drag on a mechanical system is associated with damping and determines its thermal
noise according to the fluctuation dissipation theorem. Reduced hydrodynamic drag
improves force resolution and the stability of the system significantly. In addition, bead
actuation technique substantially decreases the drift in the AFM measurements and also

provides biomolecules from crushing, since the large mechanical loop between the



cantilever and the substrate is broken. Therefore, the introduced biomolecular
measurement technique results in an increase of at least two orders of magnitude in loading
rates and enlarges the bandwidth of the force spectroscopy applications. This is important

to understand the dynamical behavior of biomolecules from a larger perspective.

In addition, magnetic particle actuation technique provides an inherited advantage on
force clamp measurements. In conventional force clamp experiments a feedback loop is
needed to keep the clamping force constant, since drift in the system cause the fluctuations
in the clamping force due to the mechanical loop between the cantilever and the substrate.
On the other hand, the force applied on magnetic beads is constant when the electromagnet
is driven with a constant current signal. The current applied to the electromagnet
determines the strength of the magnetic field, hence the force applied to the beads. Right
after the functionalized cantilever grabs a magnetic bead, a constant clamping force is
applied on the bead until a rupture event is observed. The duration of time between the

instance when the force is applied and the instance of rupture, i.e. lifetime, is recorded.



2. DESIGN AND PROTOTYPE OF THE AFM SYSTEM

In this chapter the design and prototype of the new AFM system will be introduced.
The AFM system was designed with a focus on increased hardware and software
modularity especially for biomolecular applications. The modular design consists of an
AFM head with a piezoactuator to actuate the cantilever through its holder, the
electromagnetic actuation system including the coil and sample holder, and the control
software to operate the system while recording input and output signals. Hardware design
of the AFM system was built using a 3D CAD design software program (SolidWorks). A
schematic of the AFM system with dual actuation capability both piezoelectric and
electromagnetic together with the block diagram of the electronics and software is shown

in Figure 2.1.

AFM Head

Photodetector
Signals

>

Software-Based

. . Controller
Piezo Drive

Signal

Coil and Sample
Holder

Coil Drive
Signal

Figure 2.1. Schematic of the AFM system with dual actuation capability.



The prototypes for head and the sample/electromagnet holder are portable and were
manufactured using low-cost jetting of a rigid polymer (Rigid Opaque from Stratasys Ltd.,
MN, USA). The electromagnet enables high-force DC and AC actuation of soft and hard
magnetic cantilevers. The flexible software-based controller and the user interface were
implemented in National Instrument’s software environment, LabView, which runs on a
Windows-based operation system. The software module can operate the AFM in force
spectroscopy mode by driving the cantilever and monitoring the laser photodiode signals.
It also provides the actuation signal for both the piezoactuator and the electromagnet. The
dual actuation capabilities of the AFM allow for a wide range of biomolecular

experiments.

2.1. Hardware Design and Prototype of the AFM Head

Hardware design of the AFM head was built using a 3D CAD design software
program (SolidWorks). While designing the AFM head, it was very crucial to manage the
design within the specifications, since one single head is wanted to be used for various
kinds of single biomolecular applications. Front and side views of the AFM head are
shown in Figure 2.2. The head is a compact design that fits in a space of 66.6 x 117 x 40
mm. The laser light source is mounted on top of the head using a kinematic rotational
mount. This mount is connected to the head case by custom designed posts via M3 sized
screws. The piezoactuator is mounted to the head case via a M5 screw. The free end of the
piezoactuator carries to a customized cantilever holder that is specifically designed for
force spectroscopy experiments allowing translational and rotational loading on the
biomolecules. The cantilever is placed 60 mm away from the laser source. The reflected
laser light from the cantilever is steered to the photodetector using a mirror with a diameter
of 12 mm. The mirror is attached to an adjustment rotational knob. The distance from the
mirror and the cantilever is 45 mm. The reflected light from the mirror falls on a quadrant
photodetector. The position of the photodetector can be adjusted by a two-dimensional

translational stage for the laser alignment on the detector.
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Figure 2.2. a) Front and b) side views of the AFM head.

Holder adapters were also designed to accommodate commercially available
cantilever holders (air and liquid holders, Bruker Probes, CA, USA). Figure 2.3a shows the
adapter for a liquid cell (DECAFMCH). The liquid cell is attached to the adapter via a
custom clamp that is attached to the adapter via two M1 screws. The adapter dimensions
are 22.95 x 25.75 x 6 mm. Figure 2.3b shows the other adapter for an in-air holder
(DCHNM non-magnetic). The adapter has four nibs that register to the pins the holder. The

designed adapter has dimensions of 19.5 x 15.75 x 3.8 mm and the length of a nib is 3 mm.

air holder

liquid holder adaptor

adaptor

_con_1merCIaI commercial
liquid holder air holder

(@) (b)

Figure 2.3. Custom adapters for commercially available a) in-liquid, b) in-air cantilever

holders.
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After completing the CAD design, a prototype was manufactured using a
stereolithography process (Stratasys Objet Eden260V, MN, USA). The prototype was
made of a general-purpose rigid resin material (Objet VeroWhitePlus, RGD835). The
components of the head were assembled together as shown in Figure 2.4. Optical readout
is realized using a red laser source (LPF-03, OzOptics, Ontario, Canada) at a wavelength
of 633 nm. The fiber-coupled laser is connected to an aspheric focusing lens with a focal
length of 13.9 mm. The predicted diameter of the laser spot at the cantilever is
approximately 20 um at a working distance of 60 mm. The laser is aligned on the
cantilever using a rotational kinematic mount (SN100-F3K, Newport, CA, USA) that can
be tilted up to 7°. Cantilever is actuated using a piezotube actuator (P-840.1, Physik
Instrumente, Karlsruhe, Germany). The actuator is relatively short (32 mm in length, 12
mm in diameter) and covers a travel distance of 15 um. This range is more than adequate
for the force spectroscopy experiments and will be useful for the fine positioning the
cantilever over the sample stage. The free end of the actuator will house commercially
available cantilevers. Two adapters for commercially available holders (see Figure 2.3)

were also manufactured for biomolecular force spectroscopy experiments.

~ piez ] Md‘etﬁéé‘tor“
. “cantilever ey :

Figure 2.4. The assembled AFM head. Laser path is drawn for illustrative purposes.

A quadrant detector with integrated transimpedance amplifiers (QP50-6-18u-SD2,
Pacific Sensor, CA, USA) is selected to measure the deflection of the cantilever. The

amplifiers of the detector provide the vertical and horizontal difference signals together
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with the sum signal. The responsivity of the photodetector cells is 0.4 A/W at 633 nm
wavelength. A 2D translational stage with a travel range of 12.5 mm (T12XY miniature,
Thorlabs, NJ, USA) is used to position the quadrant detector so that the returned laser

beam will be aligned correctly.

2.2. Electromagnetic Actuator System Design and Prototype

Hardware design of the AFM body was built using a 3D CAD design software
program (SolidWorks). The electromagnetic actuator system houses both the sample
holder and the coil, and composes the AFM body. The AFM body is for pulling magnetic
particles perpendicular to the cantilever plane. This configuration allows the pulling and
force-clamp experiments with applied unidirectional force. A single coil is attached to the
system with a holder as shown in Figure 2.5a. The holder and the coil are mounted on a
movable stage that provides vertical position adjustment. Sample holder is a 0.2 mm-thick
cover slip, mounted on a Peltier cooler (TEC) to control the temperature of the liquid
during the bioexperiments. The TEC is a custom made one with a hole in the center so that
the core of the coil gets through the TEC to make the tip to core distance minimum. In
Figure 2.5b, there is a cross-sectional view of the coil holder. As it is seen there are a heat

sink cup to circulate the cool water and an o-ring channel to seal the cooling system.

o-ring coil core

TEC channel

heat sink

coil holder cover slip

coil

adaptor
for tubing

heat sink base

(a) (b)

Figure 2.5. Designed AFM coil and sample holder for AFM body that allows applying

translational force on magnetic micro-particles a) isometric view, b) Cross-sectional view.
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After designing of coil and sample holder, a prototype was manufactured using a
stereolithography process (Strasys Objet Eden260V, MN, USA). The prototype was made
of a general-purpose rigid resin material (RGD525, yellow). The components of the AFM
body were assembled together as shown in Figure 2.6. Around the coil there is a gap with
water-cooling purpose. After manufacturing the holder from a nonmagnetic material, the

water-cooling system and TEC can be used for temperature sensitive experiments.

micro-manipulator

Figure 2.6. Assembled AFM body with sample holder surface and electromagnet.

2.3. Software-Electronic Design and User Interface

Block diagram of the electronics required for the AFM system is shown in
Figure 2.7. The AFM system is controlled using a PXI embedded controller (NI PXI-8102,
National Instruments, TX, USA) via The card has 8 analog inputs, 2 analog outputs and 24
digital inputs/outputs. The sampling rate of the card is 1.25MS/s, which is adequate for the
biomolecular experiments. The controller is software programmed in NI-LabVIEW

environment.
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Figure 2.7. Block diagram of the electronics for the AFM system.

The left-right, bottom-top and sum voltage signals generated by the quadrant
photodetector are fed to the DAQ card. Deflection of the cantilever is detected using these
signals. The magnetic field generated by the coils is measured using proximity, i.e. Hall
effect sensor (Melexis MLX90360, Belgium). The controller processes this information

together with the cantilever position according to the needs of the experiment.

During operation, temperature of the coil may increase substantially. The
temperature will be monitored continuously using a thermistor or an IC-based temperature
sensor. The sensor is connected to a Peltier cooler (TEC) controller (TED200C, Thorlabs,
NJ, USA) that keeps the temperature constant. The readout of the temperature sensor is

also fed to the DAQ card.
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A power amplifier (AE Techron 7224, IN, USA) is needed to drive the coil with
large current and voltage drive signals. The power amplifier is connected to one of the
analog outputs of the DAQ card. DAQ card will generate an arbitrary drive signal set by

the software-based controller.

A piezo driver (Physik Instrumente E-610.0, Karlsruhe, Germany) is needed to
operate the piezotube actuator. The piezo driver is connected to one of the analog outputs
of the DAQ card. The sensor output of the piezo actuator can also be connected to an input
channel of the DAQ card to monitor the position of the piezo actuator. DAQ card will also
generate a digital control signal for the motorized stage. The position of the stage can also

be monitored using the software.

The variable conversion requires a calibration routine implemented in the software.
Deflection sensitivity of the cantilever, DS (um/V), is obtained by pressing the cantilever
on a hard surface using a triangular signal applied to the piezo amplifier. The user interface

for the force spectroscopy and calibration sub-program is shown in Figure 2.8.
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Figure 2.8. User interface VI for AFM system.
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The spring constant of the cantilever, k (N/m), is obtained using thermal fluctuation
method. In addition, the piezoelectric constant, D (um/V), is provided by the manufacturer.
Similar conversions are performed automatically. The interface is also capable of driving
the piezo and coil amplifier at the same time for biomolecular pulling experiments both

using piezo and magnetic actuations.
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3. CHARACTERIZATION AND SYSTEM INTEGRATION

In this chapter characterization experiments and finite element model (FEM) analysis
are presented for both custom design AFM head and the electromagnetic actuation system
to investigate the performance levels of the new AFM setup. Moreover, the system
integration phase of the custom AFM are demonstrated by coupling custom design AFM
head manufacturing using stereolithography with the coil/sample holder machined from
non-magnetic material. At the end of the phase, the integrated AFM system is ready for
performing biomolecular experiments with temperature stabilization capability and

minimized effects of drift.

3.1. Characterization of the AFM Head

Characterization of the AFM head basically involves the noise measurement of the
AFM head both in air and liquid applications using commercially available AFM
cantilevers. In addition to the experimental measurements, Eigenfrequency analysis of the
AFM head is performed using a commercial FEM tool (Comsol Multiphysic 4.3b) to

obtain a better understanding on the noise characteristic of the AFM head.

3.1.1. Noise Measurement of the AFM Head

A commercial cantilever (SNL10-D type triangular, Bruker Probes) was actuated
with a constant speed against a silicon substrate using the piezo actuator in air during an
experiment. By calculating the inverse slope of the contact portion of displacement (um)
versus deflection (V) graph, the deflection sensitivity was measured as 0.3678 um/V for
this specific experiment. The spring constant of the cantilever was calibrated using thermal
fluctuation method. This method applies the energy equipartition theorem to find a relation

between the Brownian motion of the cantilever and its spring constant. According to this
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method, the kinetic energy of the cantilever due to the thermal vibrations is equated its

potential energy by modeling the cantilever as an ideal spring [29, 30].

In Figure 3.1, Force time trace and the piezo actuation signal with respect to time are
shown. The adhesion force was measured about 10 nN between the cantilever tip and
silicon sample, in air. Minimum detectable force was calculated as 7 pN, by measuring the

root mean square (RMS) value of deflection signal when the cantilever was out off contact

with the surface.
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Figure 3.1. Force curve taken by actuating a silicon tip commercial cantilever (SNL10-D

triangular, Bruker probes) using triangular piezo actuation over a silicon chip.

Figure 3.2 shows the power spectral density (PSD) of the same cantilever when it
was out of contact with the substrate. Power spectral density can be obtained using the
controller software described in chapter 2.3. The black curve corresponds to the PSD in air.
As shown in the figure, the thermal peak of the cantilever is at 18 kHz due to the Brownian
motion of the cantilever. The measured frequency is in agreement with the nominal
resonance frequency of the cantilever (reported by the manufacturer between 12 and 24

kHz, SNL10-D, Bruker Probes). Integrated noise level in air applications is calculated as
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1.8 pN, and in water 2.98 pN for 1 kHz bandwidth, which is adequate to measure the
unbinding events between biomolecules. After immersing the cantilever in DI-water, the
red curve was obtained. As it is expected, the thermal peak of the cantilever shifted
towards the smaller frequencies due to the increased thermal mass and damping effect in

DI-water.

There are several noise components in the AFM force spectroscopy applications:
first, optical noise in the laser source due to the intensity fluctuations; second, electronic
noise in the deflection sensor like photodiode shot noise and the Johnson noise of the
preamplifiers; third, cantilever’s mechanical noise coming from Brownian motion and the
thermal drift; and forth noise induced by mechanical component and the acoustic ambient

noise [31].

As a result of the noise measurement experiments, it is seen the noise level of the
new AFM head is limited with the thermal noise of the cantilever, in liquid operations.
Therefore, cantilever selection is very important for the force spectroscopy applications.
By choosing the AFM cantilevers with different stiffness or geometry makes it possible to

change the noise level limitation for this specific experiment in liquid.
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Figure 3.2. Power spectral density of a commercial cantilever (SNL10-D triangular, Bruker

probes) in air (black curve) and in liquid (red curve).
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3.1.2. Eigenfrequency Analysis with FEM

In this section, Eigenfrequency analysis of the modified AFM head is explained. The
analysis was performed using Comsol Multiphysic 4.3b software for the assembled to
demonstrate the Eigenfrequencies of the custom designed parts, which were manufactured
using stereolithography. The commercial parts of the AFM head, such as microstages and

kinematic mounts, were modeled as representative blocks on the FEM simulations.

In Figure 3.3, meshed 3D FEM model of assembled AFM head is shown. As it is
seen, the kinematic mount for laser and the microstage for photodetector were modeled as
representative blocks to introduce corresponding load and mass in the model. Apart from
the commercial parts such as, representative blocks for micro-positioners, piezo, liquid cell
and the photodetector, all other parts are manufactured using a rigid polymer using
stereolithography. By introducing specific joint conditions between the parts in the
assembly and assigning the material properties to the parts, the final FEM analysis was
simulated. Since there are infinitely many mode shapes for the modified AFM head

assembly, the frequency range of detection was considered for the solution.
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Figure 3.3. Meshed AFM head assembly using Comsol Multiphysic 4.3b
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To begin with, in order to compare the result of FEM simulation with the realistic
case, a power density spectrum (PDS) measurement was made on a commercial cantilever
(SNL10-D triangular, Bruker Probes). As seen in Figure 3.2, the cantilever has a thermal
peak around 18 kHz due to the Brownian motions in air. However, there is another

mechanical peak around 3 kHz.

The result of FEM simulations performed to identify that unknown peak in the power
spectrum of the cantilever indicates a peak around 3 kHz. Figure 3.4 shows the result of
the FEM simulations for one specific Eigenmode around interested frequency. As it is
seen, there is a mode shape at the 3.3 kHz for the custom adaptor part, which combines the
commercial liquid cell to the piezoactuator. As a result of the FEM simulation, the source
of the unknown peak in PDS is found that as an Eigen mode of the liquid holder adaptor,
which is manufactured from a rigid polymer using sterolithography. By comparing the
PDS results with FEM analysis, the source of the mechanical peak in air around 3 kHz

came to light.

Eigenfrequency=3315.580403 Surface Deformation: Displacement field (Material)
A 3.0065

S
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Figure 3.4. Result of FEM simulations for specific Eigenmode in the AFM head.
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Figure 3.5. FEM Eigen frequency analysis for a glass ceramic adaptor.

Since the FEM analysis and the PSD measurements results were consistent, the FEM
model was justified. After this step, the material dependence of this mode shape is
investigated. In a new FEM model the material of the adaptor is switched to glass ceramic,
which is a machinable ceramic type. Since the stiffness of the glass ceramic is bigger than
the stiffness of the polymer that was used in prototyping of custom designed AFM parts, it
is expected that the mode shape of the liquid holder adaptor shifts towards the higher

frequencies.

The result of the FEM analysis can be seen in Figure 3.5. As it is expected using a
more stiff material like glass ceramic we can push the mechanical peak coming from the
liquid holder adaptor to higher frequencies. For the case of the glass ceramic the
Eigenfrequency of this mode will be around 15 kHz, which is five times larger than the

present case.
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Figure 3.6. FEM Eigen Frequency Analysis for a structural steel adaptor.

If same analysis is performed for a structural steel, which has a higher elastic
modulus we can push the peak even further. Figure 3.6, FEM simulation shows an
Eigenmode around the 25 kHz. According to this FEM simulation even the commercial

piezoactuator has a mode shape and deformation around that point.
3.2. Characterization of the Electromagnetic Actuator System

Characterization of the electromagnetic actuator system involves the magnetic
characterization measurements for both AFM head and electromagnetic actuator. In this
section performance levels of the coil and the behavior of the AFM head under magnetic
field are demonstrated. First the electromagnet is characterized using Hall effect sensor.
Then, AFM head is characterized under the magnetic field using commercial magnetic

force spectroscopy (MFM) cantilevers and soft magnetic particle attached cantilevers.
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3.2.1. Magnetic Characterization of the AFM Head and the Electromagnatic

Actuator System

The DC magnetic field generation capability of the electromagnet was quantitatively
characterized with a micro-hall sensor (Nanomagnetics Ltd, Ankara, Turkey) having an
active sensing area of 1x1 pm® as seen in Figure 3.7a. The magnetic flux density was
measured at various input current densities. The axial decay of the flux density from the tip
of the electromagnet was found to be an excellent match with the FEM design simulations
performed to investigate the change in the magnetic flux density with the distance from the
tip, shown in Figure 3.7b. A flux density of over 0.55 Tesla is achieved at a working
distance of 100 um from the pole-piece. Which is adequate to perform experiments using

electromagnetic actuations.
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Figure 3.7. a) The electromagnet is shown along with the micro-hall sensor which was
used for characterizing the magnetic flux density. b) The experimentally measured vertical

magnetic flux density is compared with FEM simulations at various current densities.
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Figure 3.8. a) An electromagnet is placed under the AFM to see the magnetic actuation
effects. b) Magnetic actuation of a commercial MFM cantilever (MESP, rectangular,

Bruker Probes) in air with a square signal, having an amplitude of 300 mA at 1 kHz.

After the characterization with micro-hall sensor, this electromagnet was placed
under the custom AFM head as shown in Figure 3.8a. To be able to actuate the cantilever
with magnetic force, a commercial MFM cantilever (MESP, rectangular, Bruker Probes)
was placed on the cantilever holder. The cantilever is made from a hard magnetic material
and its nominal stiffness value is 2.8 N/m. The electromagnet was driven with square
signal up to 5 kHz. In Figure 3.8b, 1 kHz magnetic actuation of a commercial MFM
cantilever in air is shown. At 1 kHz, a square signal with 300 mA amplitude results almost

7.5 nN magnetic force over the MFM cantilever.

After the hard magnetic material MFM cantilever actuation, the result of a soft
magnetic material actuation was tested with a magnetic cobalt-nickel alloy micropillar,
having a diameter of 1.5 um and a length of 10 um. The micropillar was attached to a
tipless cantilever (CSC38, tipless rectangular, Bruker Probes) as shown in Figure 3.9a. The
electromagnet was actuated with a sinusoidal signal at 500 Hz. In Figure 3.9b, the current
input does not have any offset. The mean of the sine input is zero. As a result, the output

force signal has twice the frequency as compared with the input signal. On the other hand,
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the force on the cantilever has the same frequency with the actuation signal when the offset
of the signal is a nonzero, as seen in Figure 3.9c. Due to the soft magnetic property of the

micropillar, the mechanical actuation frequency doubles for a periodic actuation signal

having zero mean value.
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Figure 3.9. a) The picture of a soft magnetic micropillar, attached to a tipless AFM
cantilever (CSC38-Tipless, Bruker Probes). Magnetic actuation of the micropillar attached

cantilever b) with a zero mean sinusoidal input ¢) with a positive mean sinusoidal input.

The following equations show that an AC signal without a proper DC level results in
a mechanical actuation at twice the actuation frequency [32]. The net torque, T, On a
magnetic material resulted from a sinusoid driving current can be written as in Eq.3.1
where V is the volume of material, My, and M, are magnitudes of magnetization,
respectively DC and AC components, Hp and Hy are magnitudes of magnetic field,
respectively DC and AC components, w is the angular frequency and t is time. Assuming

there is not any net torque from the dc component, Eq. 3.1 simplifies to Eq. 3.2, which is
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equivalent to Eq. 3.3. In addition changing the direction of current has no effect on the

direction of net torque, since the sign of M,.H,- product is always positive.

Tnet == V(MDC + MAC Sin(a)t))(HDC + HAC Sln(a)t)) (31)
Ther = V(Myc sin(wt)) (Hyc sin(wt)) (3.2)
Thet = V/Z MycHye (1 — cosRwt)) (3.3)

The AC actuation forces of the electromagnet with FeCo core were characterized
using a commercial MFM cantilever (MESP, rectangular, Bruker Probes). The cantilever
was placed on the cantilever holder in air medium. Furthermore, the electromagnet was
located under the AFM head as shown in Figure 3.8a. The Si cantilever has a hard
magnetic CoCr coating and its stiffness was calibrated as 1.12 N/m using thermal
fluctuation method as explained in chapter 3.1.1. To begin with, the electromagnet was
driven with a square wave up to 10 kHz. In Figure 3.10a and Figure 3.10b, 10 Hz and 1
kHz magnetic actuation of a commercial MFM cantilever in air using square actuation
signals are shown, respectively. At 1 kHz, a square wave with 300 mA amplitude results

in a magnetic force of 7.5 nN on the commercial MFM cantilever.

The frequency response for the measured current on the coil and the force measured
on the cantilever is plotted in Figure 3.10c. In order to obtain these frequency responses,
coil was driven using sinusoidal input signals having same amplitudes but various
frequencies ranging from 1 Hz to 10 kHz. The current was measured by reading the
voltage drop over a small resistance (68 ohm) placed at the input of the coil. Moreover, the
force response was measured directly from the photodetector output using the same
commercial MFM cantilever as in the square magnetic actuation measurements. According
to the results of these measurements, the force response, which has a cutoff frequency
around 1 kHz, decays faster than the current response with a cutoff frequency around 3

kHz. The reason behind that situation is the lowering of effective permeability due to
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hysteretic and eddy current losses in the core material. The bandwidth of the force
response can be significantly increased using the ferrite core, which has lower hysteretic
and eddy current losses, albeit at the cost of overall reduced force, because of its lower

saturation induction (Ms ~ 0.4T).
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Figure 3.10. Magnetic actuation of a commercial MFM cantilever (MESP, Bruker Probes)
in air a) at 10 Hz and b) at 1 kHz using rectangular voltage drive signals. ¢) Force and

current response graph with respect to frequency.
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3.3. System Integration

After the characterization experiments and simulations for the AFM head and
electromagnets, the AFM head was integrated with the pulling electromagnet to carry out
the system integration characterizations and the magnetic actuation experiments. The AFM
hardware assembly is placed on a vibration isolation table and an acoustic enclosure for
minimal noise operation, as shown in Figure 3.11a. The dual actuation capabilities of the

AFM allow for a wide range of biomolecular experiments.
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Figure 3.11. a) Integrated AFM head with coil-sample holder, b) the manufactured AFM

head with commercial elements, c¢) coil-sample holder.
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The 3D-printed AFM head shown in Figure 3.11b comprises of a fiber-pigtailed laser
diode (A=650nm, Oz Optics Ltd. Ottowa, Canada), which focuses the light beam onto the
cantilever mounted on a piezoactuator (P-841.1, Physik Instrumente GmbH). The reflected
light is directed by a mirror into a quad-photodiode array (Pacific Silicon Sensor, CA,
USA). The cantilever is mounted to a commercially available liquid cell (DECAFMCH-
PFT, Bruker, USA), which is attached to the piezoactuator via a 3D-printed custom
adaptor. The piezoactuator has a vertical range of 15 microns. A kinematic optical mount
(Newport Corporation, CA, USA) embeds the laser fiber and is used to orient and focus the
laser beam onto the cantilever. The mirror directing the laser beam has a rotational degree
of freedom and the photodetector is mounted on a miniature two-axis translator (Thorlabs
Inc. NJ, USA). The AFM head has been designed to allow easy integration onto an
electromagnetic coil system for direct cantilever actuation, in addition to other magnetic

applications.

Figure 3.11c shows the coil-sample holder. The electromagnet consists of an
optimized ferromagnetic core geometry and copper winding. The design objective was to
maximize the force on a magnetic film-coated or magnetic particle-attached cantilever at a
working distance of 100-150 um from the pole-piece of the electromagnet. The
exchangeable core-piece is made of FeCo alloy (Vacoflux50™) because of its high
magnetization saturation (Mg = 2.35T), which corresponds to higher actuation force. Since
biomolecular experiments have strict requirements on temperature control and stability, we
implemented a dual cooling stage comprising a thermoelectric cooler (UEPT-440-127-
079E120 — Uwe Electronic GmbH) for fine-regulation of temperature on top of a water-

based cooling system.

Figure 3.11 shows the final version of the integrated AFM head. In order to use the
TEC and water-cooling system effectively, the coil holder machined from non-magnetic
aluminum. All the magnetic actuation based biomolecular experiments (see chapter 4)

were performed on this final system.



31

3.3.1. Temperature Control in Liquid Operation

Biomolecular interactions are extremely sensitive to environmental temperature and
fluctuations. Thermal drift induces cantilever deflection and changes the zero-force level,
which are detrimental for force spectroscopy. Joule heating due to the current running
through the electromagnet can perturb the experiments. A temperature control system,
which can regulate the temperature fluctuations from the electromagnet operation in the
fluid environment to within 0.1° C, was developed. The control was achieved using sub-
mm sized thermistor (Pt-100, with accuracy 0.03° C [33]) placed in the liquid meniscus
along with a thermoelectric cooler and a closed-loop temperature controller (12 mW
temperature controller, ThorLabs). With the adjustment of P, I and D share of the control
loop, settling time and over-shooting are minimized to have a fast and stable temperature

control.

Figure 3.12 shows how the temperature of a cantilever rises when the electromagnet
is turned on with the initial temperature of the cantilever was 25.9 °C. The electromagnet
was driven with a square wave with a frequency of 0.2 Hz and peak current of 1.8 A for
100 min. The temperature increased to a temperature of 32.5 °C when the temperature

controller was turned on at t=53 min.

—— with Temperature control
—— without Temperature control

Temperature in Meniscus(°C)

0 20 40 60 80 100
Time (min)

Figure 3.12. Temperature trace of an immersed cantilever actuated using the
electromagnet. The temperature starts rising when the electromagnet is turned on at t=5

min. The temperature controller is turned on at t=53 min to stabilize the temperature.
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3.3.2. Improvement in Drift Problem in AFM Measurements

The new system and the magnetic actuation methodology together eliminate the need
of the interaction between the cantilever and a sample surface during the experiments (see
chapter 4.3 and chapter 4.4). The capability of performing experiments away from the
sample surface is advantageous since the large mechanical loop between the cantilever and
the sample surface is broken. The mechanical loop is a significant source of drift in
conventional AFM setups. In addition, keeping the cantilever away from the sample

surface improves its dynamics by eliminating the hydrodynamic wall effect.

A long time scale drift experiments were performed using new AFM system in
comparison with a commercial AFM system (Dimension Edge, Bruker). A commercial
cantilever (MLCT-C type, V-shaped Silicon Nitride cantilever, Bruker) was actuated in
and out off contact with a coverslip using the piezoactuator of the commercial system to
characterize drift in the setup. For this purpose, a square wave signal with constant
amplitude was applied to the piezoactuator and monitored the deflection of the cantilever.
Figure 3.13 (black line) shows the contact force on the cantilever was doubled during
duration of 500 s. Apparently, the distance between the base of the cantilever and the
sample surface decreased due to the drift in the system. This resulted in an increase in the
contact force. Increase in the contact force is detrimental especially when the tip of the

cantilever is functionalized with biomolecules as they can be harmed.

A similar experiment was repeated with the new AFM setup. A ferromagnetic
magnetic bead with a diameter of 30 um was glued on a same type of cantilever. The bead-
attached cantilever was actuated by applying a square wave signal with constant amplitude
to the electromagnet while observing the deflection. The red line in Figure 3.13 shows the
deflection of the cantilever due to the magnetic actuation. The amplitude of deflection
signal keeps constant during the entire experiment. The mean value of the deflection signal

decreases with respect to time due to the temperature response of the cantilever.

As it is seen, the differential amplitude of the force on the cantilever is quite stable.

This new AFM technique not only eliminates the drift effects from the measurements but
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also prevent the biomolecules from crashing due to the thermally induced forces on
cantilever, by avoiding a rigid mechanical loop between the cantilever and the substrate,

which are magnetic particles (see chapter 4.3 and chapter 4.4).

force

Figure 3.13. Time traces for the characterization of long time scale drift obtained using a

commercial AFM (black) and magnetic actuation of a bead-attached cantilever (red).
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4. BIOMOLECULAR EXPERIMENTS

To fully understand the role of biomolecular interactions and to explore its energy
landscape, it is necessary to investigate the dynamic response of individual biomolecular
pairs under external mechanical forces. According to the Bell model, the application of
pulling force reduces the activation energy barrier of biomolecular interaction toward
dissociation. Therefore, the lifetime of the complex reduces [34, 35]. Moreover, the rupture
force between the biomolecular pairs should increase with the increasing rate of force

application [25].

The Bell model predicts a linear relationship between the most probable rupture
force, f* and logarithm of the loading rate, rr. The loading rate is the rate of fore
application while the bond between the biomolecules is loaded and depends on cantilever
stiffness, actuation speeds and also the extension of the biomolecular bond. The nominal
loading rate can be calculated by multiplying the cantilever stiffness with actuation speeds,
whereas the actual loading rate is the slope of the force curve before the rupture occurs
(see Figure 4.1). According to Bell, the dissociation rate of a bond is amplified by the
application of an external force. Bell’s parameters, i.e. the dissociation rate constant, k°
which corresponds the dissociation rate at the absence of external force and width
parameters of energy landscape, xz which is a parameter that characterizes the relationship
between the external force and dissociation rate are extracted from the loading rate versus
most probable rupture force information using Eq. 4.1, where kg is the Boltzmann’s

constant and T is the absolute temperature [25].

f*=kgT/xgIn(xp/k k5T) + kT /xg In (1) (4.1)

In this chapter, the various methodologies for single molecular experiments using
AFM systems and single molecular force spectroscopy results are presented. Two various

biomolecule pairs were selected as a candidate to perform the force spectroscopy
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experiment using different techniques. As a first candidate, the biomolecular interaction
between biotin and streptavidin pair was investigated. Biotin and streptavidin are two

proteins, which have the strongest protein-protein bond in the literature [25].

Heparin/fibroblast growth factor-2 (FGF-2) interaction was selected as a second
candidate. Heparin is a sulfated polysaccharides belonging to glycosaminoglycan (GAG)
family. Heparin is only product by mast cells. It functions as an anticoagulant, and
extensively used in medical practice. It plays an important role in fundamental biological
process by binding to proteins. Over the last 20 years, Heparin has been shown to interact
with a large number of important proteins thereby regulating a range of biological
activities including cell proliferation, inflammation, angiogenesis, viral infectivity and
development. One of the most prominent examples of the Heparin-protein is that with the
fibroblast growth factors, especially FGF-1 and FGF-2. FGF proteins are a kind of protein,
which has a several effects on growth, differentiation, migration and survival of wide

variety of cells [26, 27].
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Figure 4.1. Schematics of biomolecular pulling experiment with AFM.
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Both biomolecular pairs are experimented using conventional techniques (i.e.
piezoactuation or electromagnetic actuation) with both commercial and new custom AFM
system (see chapter 4.1 and chapter 4.2). Figure 4.1 shows the schematic of the single
molecular force spectroscopy experiments using traditional piezo actuation method. Due to

the actuation of the piezo, the bond between the biomolecules is loaded and finally breaks

[2].

In this chapter, also a novel force spectroscopy technique by using the micro-
particles as an actuator and the results of unbinding experiments are presented. The
advantages of this novel technique over the conventional force spectroscopy methodology
are demonstrated. This new technique involves magnetic particles decorated with
biomolecules as actuators and a stationary cantilever functionalized with the corresponding

pair as a force sensor.

4.1. Biomolecular Pulling Experiments Using Piezoactuator

Biomolecular force spectroscopy experiments were performed for both candidate
pairs using conventional piezo actuation methods. Figure 4.2 shows the schematic
representation of the cantilever motion along with its deflection and a sample force curve
for piezo actuated force spectroscopy experiment. First, the piezo actuates the
functionalized cantilever towards the sample surface covered with biomolecules until the
cantilever becomes in contact with the surface (I). As it is seen the deflection signal
remains constant at this phase. Then, the cantilever is pushed into the surface and deflects
positively until reaching a desired contact force value in order to achieve the bond
formation between the biomolecules (II). After that, the cantilever is pulled back away
from the surface by the piezoactuator. If there is a bond formation between the
biomolecules, cantilever bends negatively just before it comes instantaneously out off
contact with the surface (III). This sudden jump on the deflection signal corresponds to the
unbinding force between the biomolecular pair. After rupture occurs the cantilever returns

back to its rest position (IV).
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Figure 4.2. Schematic of force spectroscopy experiment using piezoactuator and obtained

sample curve.

4.1.1. Biotin/Streptavidin Force Spectroscopy Using Piezoactuator

Interactions between biotin and streptavidin were probed using the new AFM
system. An AFM cantilever coated with biotin (CT.BIO, Novascan, Ames, IA USA) was
used during the experiments. The nominal spring constant of the cantilever is 0.01 N/m
and the cantilever was calibrated for its spring constant before the experiments using
thermal noise method. The calibrated spring constant was 0.0112 N/m. Biotin is covalently
bonded to the tip of the commercial cantilever. Biotin coated cantilevers were then brought

into contact with a substrate covered with immobilized Streptavidin (VXP0010,
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Xenoprobe). Streptavidin is uniformly coated over the surface of the substrate and the
molecules are covalently bonded. The measurements were performed in 100 pL-phosphate
buffered saline (PBS) at room temperature. The cantilever was repeatedly actuated using
the piezo in and out of contact with the substrate during the experiment. The loading rate
was controlled between 10> and 10° pN/s and hundreds of approach-withdrawal cycles
were obtained for each loading rate. Figure 4.3a shows a sample force curve where a
specific unbinding force of 80 pN was recorded. The offset in y-axis between the approach
and the retract curve is due to the hydrodynamic drag on the cantilever. Figure 4.3b shows
a force curve where there is no binding/unbinding event before the cantilever was out of

contact with the surface.

approach retract

force (pN) force (pN)
400 400
300 300
200 200
100 100
0 0
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0 50 100 150 200 0 50 100 150 200
displacement (nm) displacement (nm)
(a) (b)

Figure 4.3. A sample force curve a) showing a biotin/streptavidin interaction unbinding

force about 80 pN with a loading rate of 3.3x10* pN/s b) having no unbinding event.

Figure 4.4 shows the force histograms for the data collected. Rupture forces, as a
function of loading rate is presented along with the probability of specific events. The most
probable rupture forces are obtained from the Gaussian fits to the force histograms at
corresponding loading rates. The minimum detectable force level in this experiment was
determined to be 6.8 pN in PBS by calculating the root mean square (RMS) noise in the

out off contact portion of the sample force curves.
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Figure 4.4. Force histograms for the unbinding force levels of single biotin/streptavidin

pairs obtained using custom AFM experiment.

Biomolecular pulling experiment using biotin/streptavidin pair was also performed
using a commercial AFM system (Dimension Edge, Bruker Nano, Santa Barbara, CA
USA) for comparison. Same type of cantilevers (CT.BIO, Novascan, Ames, IA USA) was
used for the experiment. The cantilever was actuated against a cover slip coated with
streptavidin molecules. For the incubation process of the cover slip, 20 pl of streptavidin
solution which has a original concentration of 10 mg/100 pl was diluted with 50 pl of
buffer solution (PBS) for three times. The cover slips were incubated for 13 minutes at
room temperature in the diluted streptavidin solution. Figure 4.5a shows a typical force
curve indicating an unbinding event between a single pair of biotin and streptavidin
molecules with a force strength of 75 pN. The probability of observing an unbinding event
was approximately 40-50%. On the other hand,Figure 4.5b shows a force curve with no
adhesion/rupture event. Since the biomolecular binding is a stochastic process, having a
considerable percentage of force curves indicated neither adhesion nor rupture events is a
justification of that the observed events are actually arising from the specific single

molecular interactions.
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Figure 4.5. a) A typical force curve exhibiting an unbinding event with a force strength

(Funbinding) 0of 75 pN. b) Another force curve indicating no adhesion/rupture events.

The piezotube of the commercial AFM system was actuated at seven different speeds

for the experiment. At each speed, approximately 100 force curves showing a specific

interaction were recorded to obtain statistically significant data. Figure 4.6 shows the force

histograms of the biotin/streptavidin bond strength at different loading rates resulting from

the commercial AFM setup experiments.

Figure 4.6. Force histograms for the unbinding force levels of single biotin/streptavidin

pairs obtained using commercial AFM experiment.
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Figure 4.7. Most probable rupture force versus loading rate graph, red scatter and black
scatter correspond the custom AFM measurement and Commercial AFM measurements,

respectively.

Finally, the data generated using the customized AFM setup and the commercial
AFM setup were combined together as shown in Figure 4.7. The most probable rupture
forces corresponding to each loading rate for both experiments are calculated by fitting a
Gaussian distribution curve to each data set. There is a very good agreement between the

data to validate the functionality of the developed AFM setup.

Bell’s parameters, i.e. the dissociation rates and width parameters of energy
landscape, are extracted from the loading rate versus most probable rupture force
information. The calculated parameters can be seen in Table 4.1. One can clearly see the
existence of two different strength regimes of the bond rupture dependence on the
logarithm of the force loading which are ranging from 10°to 10°pN/s. For small loading

rates, the barrier width xg, and off rate, k°are calculated as 0.849 nm and 6.41x10™* s
respectively. For higher loading rates, xz and k° are 0.0721 nm and 7.14x10° 57,
respectively. The results are consistent with the experimental results performed with
commercial AFM (Bruker Dimension Egde results: for small loading rates: xgand k° are

0.484 nm and 6.04x10™* s, for higher loading rates: xg and k° are 0.0507 nm and
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5.25x10* s™). Both sets of parameters are also in good agreement with previously

published results (Yuan et. al., 2000 presented as: for small loading rates: xgand k° are
0.49 nm and 1.67x10” s™', for higher loading rates: xg and k° are 0.05 nm and 2.09 s [8,

25]. These results are very important to validate the performance of the new developed

AFM setup in biomolecular force spectroscopy.

Table 4.1. Bell's parameters for biotin/streptavidin interaction.

Small loading rates (pN/s) | High loading rates (pN/s)
Barrier Dissociation | Barrier Dissociation
width, constant, width, constant,
Xp (nm) k° (1/s) Xp (nm) k° (1/s)
Custom | 8.49x10™ 6.41x10" | 7.20x107 7.14x10”
AFM
Commercial | 4.84x10" | 6.04x10” | 5.10x107 | 5.25x10°
AFM

4.1.2. Heparin/FGF-2 Force Spectroscopy Using Piezoactuator

Different experimental protocols were used for these experiments. In one case, the
cantilever was incubated with FGF-2, whereas the substrate was coated with heparin. The
concentrations of FGF-2 and heparin were 112.5 pg/mL and 20 pg/mL, respectively. After
an incubation time of 30 minutes at room temperature, the surface of the substrate was
further incubated with bovine serum albumin (BSA) to avoid non-specific adhesion
between the tip and the substrate. A V-shape silicon nitrate cantilever (PNP-TR,
Triangular, Novascan) was used during the experiment. The nominal spring constant of the
cantilever is 0.035 N/m. The cantilever was calibrated for its spring constant before
biomolecular experiments. Then, force distance curves were recorded in PBS at a loading

rate range from 10> to 107 pN/s.
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The representative AFM force spectroscopy measurements carried out with the
functionalized surfaces is shown in Figure 4.8. During the approach phase of the recording
cycle (red), the AFM tip is lowered onto the cover slip with the help of piezo. No
interaction is detected between the tip and the surface until they are in contact. After the
cantilever and the surface are in contact, the cantilever is retracted back to its initial
position (black). Figure 4.8a shows clearly when a specific event is observed. Figure 4.8b
shows a force curve when the molecules are not bound to each other. The probability of

adhesion was measured to be 30-40%.
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Figure 4.8. A sample force curve, a) showing a specific heparin/FGF-2 unbinding event, b)

having no adhesion/rupture event.

The experiments were performed using both the customized AFM setup and the
commercial AFM setup. Figure 4.9 reveals the most probable rupture forces at each
loading rate. As it is seen, the commercial AFM and the custom designed AFM results are
in a good agreement. This proves that the performance of the custom AFM with the
conventional methods is similar to a commercial AFM. Moreover, control experiments
were performed by flooding the substrate with excess FGF-2 to block heparin molecules.
The probability of adhesion was reduced significantly (approximately 3%) while the force
levels were similar. As a result of the control experiments, it is clear that the measured

events during the experiments are specific single molecular interactions between heparin

and FGF-2.
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Figure 4.9. The resulting most probable rupture force versus loading rate graph of the

heparin/FGF-2 unbinding experiments, performed both in custom and commercial AFM.

4.2. Biomolecular Pulling Experiments Using Magnetically Actuated Cantilevers

After completing the piezo pulling experiments, the biotin/streptavidin interaction
was measured using magnetically actuated cantilever with new AFM system. To perform
this experiment, a ferromagnetic bead with a diameter of 30 um was attached to a
cantilever (MLCT-C, Bruker Probes) to probe the interactions between streptavidin and
biotin via magnetic actuation. The cantilever was functionalized with biotin and tested
against the substrate covered with immobilized streptavidin (VXP0010, Xenoprobe) in
PBS. During magnetic actuation experiments, the cantilever is brought within the vicinity
of the substrate and actuated using a triangular current wave applied to the electromagnet.
The schematic of the experimental methodology and sample force curves for both specific
interaction and no adhesion/rupture events are shown in Figure 4.10. First, the
electromagnet attracts the cantilever and the cantilever comes into contact with the
substrate to allow the formation of molecular bonds. The displacement of the cantilever
does not change when it is in contact with the substrate. Then the electromagnet repels the

cantilever away from the substrate. Figure 4.10a shows a typical force trace where an
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unbinding force of 285 pN was measured before the cantilever lost contact with the
substrate. Figure 4.10b shows another force trace where no adhesion/rupture event was

observed.
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Figure 4.10. Schematic of the experimental methodology for magnetically actuated bead
attached cantilever and sample force curves for both a) specific interaction between

streptavidin and biotin showing 285 pN rupture force, b) no adhesion/rupture event.
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Figure 4.11. Loading rate vs. most probable rupture force obtained using piezo and
magnetic cantilever actuation compared with the results of experiments obtained using a

commercial AFM system.

The results of the experiments using the customized AFM setup with piezo and
magnetic actuation and using the commercial AFM setup are compared, as shown in
Figure 4.11. The most probable rupture forces corresponding to each loading rate for both
experiments was calculated by fitting a Gaussian distribution curve to each data set. The
results are in good agreement, validating the functionality of the new AFM setup using

both the conventional piezoactuators and electromagnetic actuators.

4.3. Biomolecular Pulling Experiment Using Functionalized Magnetic Micropillars

The interactions between heparin and FGF-2 molecules were investigated using two
different types of magnetic micropillars, having a length of 15 pm or 25 pm and a diameter
of 2 um. Both types of micropillars are composed of cobalt-nickel alloy with a gold cap to
functionalize the molecules on the gold segment. Figure 4.12 schematically describes the

magnetic actuation of the micropillars in sequence. First the FGF-2 functionalized
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cantilever is approached to the surface, which is covered with heparin coated magnetic
micropillars via piezo actuation (I-II). The micropillars have 15 pm and 25 pm length and
are stand on a template with a distance. While pressing on to the surface, a micropillar may
be broken (III), and Heparin on pillar may covalently bond to FGF-2 on the cantilever.
After the cantilever is called back (IV), the coil is driven and pulls back the micropillar
onto the surface. Electromagnetic actuation may lead to unbinding of the molecules located
at the cantilever and the magnetic pillars, showing molecular rupture events, R1 and R2

(V) clearly.
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Figure 4.12. Schematic representation of the dual actuation capability of the system and a
sample force curve using heparin coated magnetic micropillars against FGF-2 coated

cantilever (I-VI). Multiple single molecular events (R1-R2) are resolved clearly.
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Figure 4.13. Most Probable rupture force versus loading rate graph for heparin/FGF-2
interaction performed in different days using new magnetic particle pulling technique with

different size heparin labeled micropillars.

The unbinding rupture forces are obtained from 50 pN to 100 pN for the
corresponding loading rates ranging from 0.5x10* to 0.5x10° pN/s, in Figure 4.13. The
results of heparin/FGF-2 unbinding using magnetic particles are consistent for each trial
using 15 pum and 25 pm of length micropillars and also in an aggrement with the piezo
pulling experiments. This shows the miniaturized-magnetic particles method for force

spectroscopy experiment is promising as a novel methodology.

Using the micropillar may reduce the hydrodynamic effects on the measurement via
the aspect ratio of the pillar. This may provide us an advantage to reduce the loading rates
lower than 10’ pN/s and higher than 10° pN/s which are beyond the bandwidth of the
single-molecular force spectroscopy using conventional piezoactuators. On the other hand,
clustering of micropillar due to their geometric features and magnetic properties becomes a
drawback for the methodology. To overcome this problem, a similar methodology is
developed using magnetic micro-beads. Due to their super-paramagnetic properties and
symmetrical geometries the clustering problem is minimized during the single-molecule

pulling experiments. (see chapter 4.4).
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4.4. Biomolecular Pulling Experiment Using Functionalized Magnetic Micro-Beads

The interactions between the both biomolecular pairs were also measured using

functionalized magnetic beads and functionalized cantilevers via a new methodology with

dual actuation of electromagnet and piezo. This new experimental methodology is

schematically shown in Figure 4.14.
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Figure 4.14. Schematic representation of the dual actuation capability of the system (0-V)

and a sample force curve obtained during a biomolecular experiment. Multiple single

molecular events (R1-R5) during phase 4 are resolved clearly.
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First, the functionalized cantilever is brought down using the piezo actuator to the
substrate, which is covered with labeled magnetic beads (0). The cantilever is first pressed
into the substrate to allow molecules to form bonds. Then, the cantilever is pulled away
from the substrate using the piezoactuator (I). As the cantilever goes out of contact with
the substrate, non-specific adhesions can be observed (II). Finally, the cantilever goes
completely out of contact and then the piezo actuator stops (III). After the piezo actuator is
turned off, the electromagnet is driven to pull the magnetic beads back to the substrate
(IV). Electromagnetic actuation may lead to unbinding of the molecules located at the
cantilever and the magnetic beads, showing molecular rupture events. (IV). Multiple single
molecular rupture events labeled as R1-R5 are observed in region IV while the coil is on.
The unbinding forces of the rupture events are ranging from 100 pN to 500 pN on the
specific force curve. One of the main advantages of this novel method is the capability to
resolve multiple events using magnetic bead actuation. This is due the following fact that
the surface of the cantilever tip can accommodate multiple beads. The last phase (V) on the

force curve indicates all the beads are detached from the cantilever.

4.4.1. Biotin/Streptavidin Force Spectroscopy Using Streptavidin Labeled Magnetic
Beads

The interactions between the biotin and streptavidin pairs were also measured using
functionalized magnetic beads (Streptavidin coated, 2.8 um of diameter, Dyna Beads) and
the biotin-coated cantilever (CT.BIO, Novascan, Ames, IA USA) using a new
methodology with dual actuation of electromagnet and piezo. This new experimental
methodology is schematically shown in Figure 4.14. The surface was covered with 5 pl
diluted Dyna Beads solution and the experiment was performed inside 100 pl PBS

solution.

Figure 4.15a shows the force histogram results of streptavidin labeled magnetic bead
pulling experiments. The histograms contain more than a hundred curves for each specific
loading rate. As seen in Figure 4.15b, the most probable rupture forces versus loading rate
graph was obtained from the Gaussian fits to the force histograms at corresponding loading

rates. After presenting the result of the specific interactions between biotin and
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streptavidin, the same experiment was performed as a control experiment by saturating
biotin on cantilever with excess streptavidin. As a result of the control experiment, the
probability of specific interaction fall down to a value of less than 1%. With the performed
control experiment, it was validated that measured unbinding forces are specific
interactions. In addition, the new method is validated with the results obtained using the

conventional methods. (see chapter 4.1.1)
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Figure 4.15. a) Force histograms for biotin/streptavidin from magnetic bead pulling
experiments b) Most probable rupture force versus loading rates for biotin/streptavidin

interaction.

4.4.2. Heparin/FGF-2 Force Spectroscopy Using Heparin Labeled Magnetic Beads

In addition to magnetic micropillar pulling experiments, interaction between the
heparin/FGF-2 pair was measured using dual actuation technique with labeled magnetic
beads. The experimental methodology is similar with one explained in Figure 4.14. An
AFM cantilever made of silicon nitride with nominal spring constant of 0.01 N/m (MLCT-

C type, V shaped Silicon Nitride cantilever, Bruker) was used for the experiment.
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Figure 4.16. A sample force curve with 70 pN/s loading rate and showing 50 pN rupture
force, from the biomolecular interaction between the heparin labeled magnetic bead and

FGF-2 labeled cantilever.

Cantilever was incubated in FGF-2 (Fibroblast Growth Factor 2) with a
concentration of 112.5 pug/ml for 30 minutes at room temperature, and tested against
heparin coated magnetic beads with a diameter of 3.0 um (with the surface coating of
PEG-NH2, micromer®-M, Micromod). The commercial beads were functionalized with
heparin. Then the heparin-coated beads were injected into a 100-uL droplet of PBS
(Phosphate Buffered Saline) on the sample surface of the AFM, which was covered with
50- ul of BSA solution (Bovin Serum Albumin) for 30 minutes and then washed removing
excess BSA to avoid non-specific adhesions. Several hundreds of force curves were
collected at different loading rates using the magnetic actuator. A typical force-distance
curve resulting in a rupture force of 50 pN at a loading rate of 70 pN/s is depicted in

Figure 4.16.

With the new miniaturized-magnetic particle actuation method it becomes possible to
reach the loading rate around 10' pN/s, since the negative effects of drift due to large the
mechanical loop and large actuators are minimized. Data points labeled with black circles
of Figure 4.17 shows the most probable rupture forces collected for various loading rates

(50 pN/s - 7000 pN/s) using magnetic actuation method.

Another single molecule experiment was also performed using the piezo actuator of

our custom AFM setup to actuate the cantilever. Cantilevers (Nanoworld PNP-TR, with
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nominal stiffness 0.08 N/m) were incubated in an identical FGF-2 solution for 30 minutes
at room temperature. These cantilevers were tested against cover slip, which was incubated
with heparin with a concentration of 20-ug/ml at room temperature. Then, the excess
heparin was washed from the cover slips and the coverslip was incubated for 30 minutes
with 50-ul of BSA, which was washed away after incubation to avoid non-specific
interactions. Finally, the experiment was performed in 100-uL droplet of PBS. During the
experiments, the piezo was actuated using a triangular wave at various speeds to induce
different loading rates. Data points labeled with red stars of Figure 4.17 represents the
most probable rupture forces between heparin and FGF-2 at different loading rates

obtained using the piezo actuator of our custom AFM.

Finally, another single molecular pulling experiment between these two molecules
was performed using a commercial AFM system (Dimension Edge, Bruker). Again a
cantilever (Nanoworld PNP-TR, with nominal stiffness 0.08 N/m) was incubated using the
identical FGF-2 solution and actuated over a cover slip, which was incubated with heparin
and BSA using the same methodology with the previous experiments. The resulted most
probable rupture forces between heparin and FGF-2 at different loading rates are presented

with blue triangles in Figure 4.17.

All the results of these three experiments are in a good agreement with each other as
shown in the fitted lines to the data points. Comparing the novel method with conventional
methods proves the functionality of the custom system and new technique for the single
molecular force spectroscopy experiments. According to combined results, the method of
magnetic bead actuation is advantageous at lower loading rates as the drift in the system
can be minimized by shrinking the size of the actuators and breaking the mechanical loop
between the cantilever and a rigid substrate surface (see chapter 3.3.2). At least two order
smaller loading rates were achieved using miniaturized-magnetic particle actuation method
compared to the results with traditional piezo actuation using both custom and commercial
AFM. That is very important to understand the dynamical behavior of the molecules
around physiological loading rates, which are lower than the loading rates measured with

the conventional AFM techniques.
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Figure 4.17. Rupture force vs. loading rates graph for heparin and FGF-2 pulling
experiments using magnetic bead actuation (black circles), piezo actuation (red stars) on

the custom AFM setup and on a commercial AFM system (Dimension Edge, Bruker).

4.4.3. Heparin Labeled Magnetic Beads Control Experiments

The probability of the specific ruptures between heparin and FGF-2 was found
29.1% for the repeated experiments, using magnetic bead actuation technique (Figure
4.18). The following control experiments were also carried out to specify the activity of
heparin molecule. For the first control experiment, the same experimental procedure was
followed except the increase of the salt concentration of the buffer solution with addition
of NaCl. Under these circumstances, it is expected FGF-2 molecules, which is not binding
anymore to Heparin ones. It is seen the probability of the ruptures lowered to 6.8% with
the addition of the NaCl into the buffer solution. For the second control experiment, the
functionalized cantilever was kept inside the heparin solution for a long time in order to
saturate the FGF-2 molecules with heparin ones. As it is expected, the probability of the
binding activity has reduced to the 1.9% for the corresponding control experiment. For the

last control measurement, the blank beads were used instead of heparin coated ones. As we
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have discussed before, heparin molecules are embedded onto the magnetic beads in
realistic measurement protocol. The following control experiment was performed with
blank beads in order to discriminate the non-specific adhesion, which is found about 1.6%
after calculations. As a result of all of these control experiments, it is demonstrated that
this novel magnetic particle actuation technique is adequate to measure single molecular

interactions between the biomolecular pairs, like heparin/FGF-2.
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Figure 4.18. Probability of Rupture force for heparin and FGF-2 single molecular

interaction and control experiments using magnetic bead pulling technique.

4.44. Effect of pH on Heparin/FGF-2 Unbinding Forces

In order to investigate the electrostatic interaction of heparin/FGF-2, the
measurements were repeated at three different pH values of PBS solution. A significant
number of force-curves were collected at enough range of loading rates (50 pN/s-7000
pN/s). The most probable rupture forces are depicted in Figure 4.19 at pH 5.5, pH 7.5, and
pH 8.5, respectively. An increase in the rupture force is seen in the measurement, which is
performed at pH 5.5. The trend of the rupture forces on the measurement done at pH 8.5 is
slightly smaller than ones measured in pH 7.5. It is a very important result since the pH

value of cells with cancer is smaller than the pH value of healthy cells.
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Figure 4.19. The most probable rupture force vs. loading rates graph for heparin and
FGF-2 single molecular interaction. Each labels represents the experiments, which are

carried out in different pH values of PBS solution using magnetic bead pulling technique.

4.4.5. Biomolecular Force Clamp Experiment without any Feedback Mechanism

Force clamp measurements are another type of single molecular experiment to
understand the dynamics of molecular interactions between the biomolecules. In
conventional force clamp methods, after forming the bond between the biomolecule on the
cantilever and the counter interacting biomolecule on the substrate by pressing cantilever
over the surface, the cantilever is pulled back using the piezoactuator to apply a specific
constant force, i.e. clamping force, on the biomolecular bond between the pair. However,
the drift on the cantilever results fluctuations on clamping force due mechanical loop.
Therefore, a feedback loop is needed to keep the deflection signal, hence clamping force,
constant. To accomplish that, the piezoactuator changes the displacement of the cantilever
according to the feedback from the deflection signal until the rupture between

biomolecules occurs.
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This method is used for measuring the clamping time from the application of force
until the rupture of the biomolecular interaction, i.e. lifetime, under the effect of a constant
clamping force. With the application of this methodology, the most probable lifetime for a
specific clamping force is measured. Since the lifetime is decreasing with increasing
clamping force it is important to use different amount of clamping force in order to

investigate the relation.

As an inherent advantage, performing force clamp experiments without any need
for feedback is possible using the magnetic bead actuation method. The force applied on
magnetic beads is constant when the electromagnet is driven with a constant current signal.
The current applied to the electromagnet determines the strength of the magnetic field that
determined the force applied to the beads. Right after the functionalized cantilever grabs a
magnetic bead, a constant force is applied on the bead until a rupture event is observed.
The duration of time between the instance when the force is applied and the instance of
rupture, i.e. lifetime, is recorded. Force-clamp experiments were performed between

heparin on magnetic beads and FGF-2 on the cantilever using this method.

A typical heparin-FGF-2 force clamped data in is shown in Figure 4.20. We set a
clamping force of 60 pN and measured a life-time of 600 ms. The reason behind that
having a force level different that the zero after rupture occurs is the existence of a second
bead on the cantilever tip. The RMS noise for the clamping portion of this specific
experiment is 3.13 pN, showing that the force clamp experiment with the magnetic particle

actuators has a considerably stable clamping force.

Force clamp experiments are also important to understand the single molecular
dynamics. In a conventional AFM methodology force clamp experiment are performed
using piezoactuator with an active feedback to compensate the drift in the cantilever during
the clamping time, since drift on the cantilever results the fluctuations on clamping force
due to the mechanical loop. However, magnetic particle actuation methods eliminates the
drift problem by breaking the mechanical loop and achieves constant clamping force by
applying constant current to the electromagnet. Therefore, this technique offers improved

force clamp measurements.
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Figure 4.20. A sample force clamp curve for heparin vs. FGF-2 interaction, obtained by

applying a step magnetic force to the heparin labeled magnetic beads, without any

feedback loop requirements.
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5. CONCLUSION

In this thesis, design and characterization of a new AFM setup having conventional
piezoactuator together with an electromagnetic actuator and a novel AFM technique with
dual actuation capability for biomolecular force spectroscopy and force clamp experiments

are presented.

The custom AFM system composed of basically two parts as AFM head and
coil/sample holder is manufactured from a rigid polymer using stereolithography technique
(Rigid Opaque from Stratasys Ltd., MN, USA) to make required mechanical modifications
easy. A PXI embedded controller (NI PXI-8102, National Instruments, TX, USA) having
8 analog input and 2 analog output channels and 1.25 MS/s sampling rate is programmed
in NI-LabVIEW environment and used to drive the system in characterization and

biomolecular experiments.

Characterization experiments are performed for AFM head and the electromagnetic
actuator system both separate and together to demonstrate the performance levels. Using a
commercial AFM cantilever (SNL10-D triangular, Bruker probes), integrated noise levels
for AFM head are measured as 2 pN in air, and 3 pN in water within 1 kHz detection
bandwidth, which is adequate to measure the unbinding events between biomolecules.
Performed Eigenfrequency analysis (using Comsol Multiphysic 4.3b) to distinguish the
mode shapes of the AFM head predicts the Eigenfrequency of the adaptor part with 10.5 %

error compared to the experimental results.

In addition on the electromagnetic actuator side, a flux density of over 0.55 Tesla is
achieved at a working distance of 100 um from the pole-piece with a FeCo core. This
amount of flux density is adequate to actuate the magnetic particles during the
biomolecular experiments. Driving the electromagnet at 1 kHz with a square signal having
300 mA amplitude, results 7.5 nN force on the commercial MFM cantilevers (MESP,
rectangular, Bruker probes). The electromagnetic force response for the same cantilever

has a cutoff frequency around 1 kHz whereas the cutoff frequency for current response of
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the coil is around 3 kHz. The force response decays faster than the current response
because of the lowering of effective permeability due to hysteretic and eddy current losses
in the core material. The bandwidth of the force response can be significantly increased
using the ferrite core, which has lower hysteretic and eddy current losses, albeit at the cost

of overall reduced force, because of its lower saturation induction (Ms ~ 0.4T)

The temperature stabilization is extremely important for biomolecular experiments
since temperature induced deflections on cantilever result in drift during the experiments.
After manufacturing the coil/sample holder from aluminum, experimental measurements
shows the temperature inside the experimental meniscus can be stabilized within 0.1° C

with the use of the water-cooling system and a Peltier cooler (TEC).

Single-molecule experiments have been performed using the new AFM system.
Different pairs of biomolecules are selected as a candidate to conduct experiments using
different force spectroscopy techniques. As the first candidate, the biomolecular interaction
between biotin and streptavidin, which is a well-known pair in the literature, is
investigated. As second candidate, heparin/fibroblast growth factor-2 (FGF-2) interaction
is investigated. Both biomolecular pairs are experimented in a range of loading rate
between 10° pN/s and 10° pN/s using conventional force spectroscopy techniques (i.e.
piezoactuation or electromagnetic actuation) with both commercial and custom AFM

system. The results are in good agreement with each other and the literature.

After proving the results using commercial AFM and conventional methods, a novel
AFM technique with dual actuation capability is presented in this thesis. In this new
approach, magnetic particles (i.e. microbeads, micropillars) are used as a secondary
actuator together with the conventional piezoactuator. Using magnetic beads minimizes the
size of the actuator down to a size comparable to that of a single molecule. Using
miniaturized actuators improves the system dynamics by reducing the hydrodynamic drag
forces drastically. Reduced hydrodynamic drag improves force resolution and the stability

of the system significantly.

In addition, bead actuation technique substantially decreases the drift in the AFM

measurements and also provides biomolecules from crushing, since the large mechanical
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loop between the cantilever and the substrate is broken. As a result of these improvements,
a loading rate as order 10' pN/s is achieved in single molecular force spectroscopy with the
new AFM system and the novel methodology. Use of this novel biomolecular
measurement technique increased the bandwidth of force spectroscopy application at least
two order of magnitude according the loading rate as compared the conventional AFM
methods. Moreover, resolution of multiple-single molecular event is increased since each

magnetic particle inside the meniscus can be act as a free actuator.

In this thesis also the pH dependence on unbinding forces is demonstrated for
heparin/FGF-2 pair. As a result of this experiment, it is seen that a decrease in the value of
pH results an increase in the unbinding forces. It is a very important result since the pH

value of cells with cancer is smaller than the pH value of healthy cells.

In addition to that, magnetic particle actuation technique provides an inherited
advantage on force clamp measurements. Since applying constant current to the
electromagnets results constant clamp force, force clamp experiments can perform with out
any need for feedback. In the force clamp experiment between the heparin and FGF-2, the
RMS noise level is calculated as 3.13 pN considering the clamping portion for 60 pN

clamping force.

As recommendation:

e Considering design of AFM head, integration with an optical microscope is
important to see inside the experimental meniscus during the sample preparation and
experiments. Although the performance level of AFM head manufactured using
stereolithography is adequate to conduct the single molecular experiments, an

optimized AFM head can be machined from a non-magnetic material.

e Electromagnetic actuator can be modified using litz wire to improve the frequency
response of the coil. With this improvement, it is possible to reach much higher
loading rates in single-molecule force spectroscopy experiments. Moreover the
sample holder can be separated from the coil holder and integrated with the AFM

head. As a result of this, the coil becomes independent from the sample and changing
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the alignment of coil changes direction of applied force. In addition, integrating the
system with a multiple degree electromagnetic manipulator is convenient to apply

torque on biomolecules by twisting the magnetic particles under magnetic field.

The software design can be modified for high-speed applications using realtime

controller.

In the experimental methodology side, magnetic particle actuation technique can be
performed with different types of magnetic particles according to the needs of
experiments. For illustration, particles with high aspect ratio can be used to high-
speed applications since increasing aspect ratio decreases the hydrodynamic drag on
the particle. Moreover, a template including grids for micro-particles can be designed
for the experiments to specify the exact location of the particles and avoid clustering

of them.
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