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ABSTRACT

Single molecule study, where science and engineering met, applies the tools and
measurement techniques of nanoscale physics and chemistry to generate remarkable new insights
into how physical, chemical, and biological systems function. Among these single molecule
manipulation techniques widely applied, optical tweezers (OT), magnetic tweezers (MT) and
atomic force microscopy (AFM), AFM provides both ultrahigh resolution imaging and dynamic
force measurements. In this study, we developed and used a comprehensive AFM-based
technology to study single molecule recognitions, interactions and biomolecular processes in real
time under near natural conditions.

For single molecule recognitions and interactions studies, we first immobilized the targets
on modified Au(1,1,1) surface via gold-thiol affinities and functionalized magnetically coated
AFM tips with molecules specific to the targets, hanging at the end of heterofunctional
polyethylene glycol (PEG) string. Then both AFM single molecule recognition imaging based on
TopMAC mode and dynamic force spectroscopy (DFS) measurements were performed for the
molecule interaction systems of ricin and its antibody, EphA2 and its peptide ligands, and

specially designed dibenzocyclooctyne and azide on micelle surface by “click” reactions. This



way, single molecular interactions and reactions were visualized with a spatial resolution of
about 1nm. In addition, the pN force resolution DFS measurements revealed the kinetics and
dynamics of the interactions by fitting the experimental data with theoretical Bell model and
Jarzynski equality, which were used to translate the results in physical force unit, pN, into kinetic
and equilibrium parameters, such as dissociation rate constant (k,;), association rate constant
(kon), dissociation constant (Kp), and the unbinding free energy.

For real-time imaging of biomolecular processes under near natural conditions, we
visualized the conformation differences of fibrinogen (fg) on various surfaces, e.g., mica, HOPG
and gold surface. It was found that fg can self-assembly on gold surface in longitude and
transverse direction without any addition of clotting factors, such as thrombin, which is
essentially distinct with fg adsorption on mica and HOPG. In addition, fg clot can be induced by
gold nanoparticle (GNP). The underlying mechanisms were proposed as the disulfide bridges in
the E domain and flank parts at C-terminal and N-terminal, and extra stabilizers including ‘aC-
domain’ ‘D:D’ and ‘yxi’ intermolecular interactions.

This study enables direct observation of molecular behavior that can be obscured by
ensemble averaging and the study of important problems ranging from the fundamental
biophysics of single molecule interactions, such as the energy landscape of biomolecular
reactions, associated lifetimes, and free energy, to the study and design of high - affinity,

anti - cancer drugs.

INDEX WORDS: Scanning probe microscope (SPM), Atomic force microscope (AFM),
Single molecule force spectroscopy (SMFS), Topographical and
recognition image (TREC), Self-assembly monolayer (SAM), Organo-
silicon, Polyethylene glycol (PEG), Organosulfur, Ricin, Organomicell,
EphA, Ephrin, Fibrinogen, Gold nanoparticle, Bell’s model, Jarzynski
equality.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1 Techniques for single molecule study

The diversity and dynamical fluctuation of molecules cannot be observed by
conventional ensemble experimental techniques due to their averaging processes. In contrast,
single molecule techniques measure properties of one molecule at a time so that usually hidden
information can be uncovered. Due to their powerful capabilities, single molecule studies have
contributed a lot to different disciplines, such as: physics, chemistry, and biology." The
development of single molecule studies is highly dependent on the technological advances.’
Over the last 20 years, multiple single molecule techniques were developed. Briefly, they can be
categorized into two big classes: fluorescence and manipulation methods.! Here, the
manipulation methods will be the focus of our discussion.

Currently single molecule manipulation techniques include optical tweezers’, magnetic
tweezers’, atomic force microscopy (AFM)’, micro-needle manipulation®, bio-membrane force
probe’ and flow-induced stretching®™’. Basically, all these manipulation techniques share a
common geometry. One part of the molecule complex of interest is attached to the substrate
surface with the other fixed on force probe (beads or AFM tip). By recording the dependence
between the extension and force induced deflection, the mechanical properties of the molecule
complex are determined. In each technique, the force probe is considered as a spring except for
certain configuration of magnetic tweezers. The applied force is not measured directly but is

typically determined via Hooke’s law from probe stiffness and deflection of probe from its



equilibrium position.'"” Among these techniques, the first three are the most widely used and will
be discussed in detail (Table 1.1). The unique features and limitations of each technique are
highlighted by the wide variety of measurements. Here we will illustrate them with examples one
by one.

Table 1.1 Comparison of single-molecule manipulation techniques. Typical values of

bandwidth, stiffness, position resolution, force range, advantages, and limitations.'*"!

Optical Tweezers Magnetic Tweezers AFM
Bandwidth (Hz) 50-5000 10-1000 1000
Stiffness (pN.nm™) 0.005-1 10 1-10°
Resolution (nm) 0.1-5 2-10 0.1-1
Force range (pN) 0.1-100 10°-10* 5-10°
Advantages Low noi.se Bead rotation High-resolution imaging
Low drift
. Photo-damage . . .
Limitations S e Force hysteresis High-stiffness probe

Nonspecific Nonspecific Nonspecific

1.1.1 Optical Tweezers (OT)

Optical tweezers (Figure 1.1a) can act as a displacement or force transducer. This

capability is typified by the force and displacement measurement of optically trapped kinesin-

1214 In other applications, translocation and force

coated beads moving along fixed microtubules.
generation of individual RNA polymerase molecule were studied as they transcribe DNA,"
revealing the details of transcription including the stall force'® (=30 pN), transcriptional

718 “and backtracking of the polymerase along the DNA template’”. In addition to

pausing
applied ‘force’, torque also can be imposed on the studied subject, which is typified by the study

of birefringent particles.”>** Although all these applications embody the versatility and precision



afforded by optical tweezers, there are several limitations and drawbacks associated with the
mechanism of OT:

1. Optical perturbations could result in ghost traps, spurious position signal, and other
artifacts;

2. The high intensity of trapping laser could result in local heating;

3. The possible optical damage could be induced by the laser.

1.1.2 Magnetic Tweezers (MT)

Magneti Tweezers (Figure 1.1b) can also do the displacement as well as force
measurement. Koster and co-workers applied MT to measure the relaxation of super-coiled DNA

by topoisomerase IB as a function of load.***

It avoids the problems of sample heating and
photo-damage as OT. In addition to normal functions as force and displacement transducer, MT
offers their unique feature, noninvasive measurement in complex and heterogeneous
environments, including the interior of cells® and biopolymer networks®®. Despite unique
features of MT, the bandwidth and sensitivity of displacement are greatly limited by the video-

based feedback system. The continuing technological and theoretical developments are needed to

improve the performance.

1.1.3 Atomic Force Microscope (AFM)

AFM (Figure 1.1 ¢) was primarily an imaging tool with the resolution of sub 10 nm,
which was initially developed as a complement to the limitation of scanning tunneling
microscope (STM) in imaging non-conductive samples.”’® It can characterize soft materials in
their natural condition, such as: polymer, cell membranes and bio-molecule. Distinct image

modes of AFM can give out different information, for example: topography image shows the



surface structure® and phase image tells the composition difference’®'

. Recently, a new
imaging technique, called ‘simultaneous topography and recognition imaging’, was developed by
Hinterdorfer and his coworkers®®. This technique greatly extends AFM imaging capability,
which can detect and locate the specific interaction sites between ligands and their cognate
receptors by using a functionalized AFM probe to scan the molecule of interest on the surface.
There are tons of works published, including antibody-antigen recognition®~°, aptamer-protein
interaction’’ and so on.
a b e C .\/

Figure 1.1 The schematic configuration of single molecule techniques. a) optical tweezers; b)

magnetic tweezers and c¢) atomic force microscope.

In addition to imaging capability, it also allows measurement of inter- and intra-
molecular interaction forces with piconewton resolution. It has been applied to study the rupture
of molecule bonds, ranging from covalent bonds™ to the unfolding of proteins® and nucleic
acids™. It allows the discovery of unfolding intermediates*', different unfolding pathway*, and
effects of force on protein function®™. Although there are some limitations in AFM detectable
force stemming from the size and high stiffness of cantilever, the force resolution is enough for
most of biological processes. The major concern associated with AFM force spectroscopy is to

discriminate interaction of the molecule of interest from nonspecific interactions.



Generally speaking, atomic force microscope is the most comprehensive method among
these single manipulation techniques. It provides not only the force measurement with enough
resolution, but also the image information. Due to these advantages, it will be adopted in my

future study.

1.2 Evolution of AFM image capability

As mentioned above, the principle of AFM imaging process features that a sharp tip does
raser-scan over the sample. AFM enables the non-destructive imaging of soft bio-materials in
their close-to-natural environment with high resolution (~nm), offering a way to observe single
molecule without the need for fixation and staining. The collected imaging signal can be split to
distinct components to delineate special characteristics of sample, such as: topography, phase®!

and recognition image™. In the following, AFM image technique will be discussed in detail.

1.2.1 Technical Considerations

The acquisition time and resolution are two paramount factors for AFM imaging. They
are coupled rather than independent. The acquisition time is determined by the scan size, setting
pixels amount in one lateral direction, and scan speed, i.e., acquisition time is equal to (the scan
size *pixel amount)/ scan rate. Commonly, one image needs couple of minutes. The scan speed
of AFM is limited by the speed of the feedback loop.** Under this threshold, it is determined by
the spring constant of the cantilever K, its effective mass m, the damping constant D of the
cantilever in the surrounding medium and the stiffness of the sample. For soft biological
materials, the scan speed should not exceed 2 pm/s when imaged in water at a desired resolution
of 1 nm.*> The longer the acquisition time, the larger the possibility of influence on image

. . . . . . 4
resolution by external noises, such as mechanical vibration or acoustic wave; 6 nevertheless, the



good vibration insulation system can minimize external noise very well. In addition to external

noises, the intrinsic noises are inevitable, which also could corrupt the image resolution. There

1/él-kBT)4g
3k

. . .. . 47 . .
are two major sources for intrinsic noises ': the thermal noise (about and noise from the

cantilever deflection sensor®. As known, these noises are all related to basic characteristics of
AFM probe. A careful probe selection will be much helpful to suppress these noises.
On the other hand, the quality of AFM probe also directly influences the image

. 50,51
resolution.””

The AFM probe can be described by several parameters including spring constant,
tip radius and half cone angle. The typical values for these parameters range from 0.01 N.m™ to
100 N.m'l, 2~10 nm, and 10~35°. Theoretically, the smaller the values of these parameters, the
better the resolution of AFM image can be obtained for soft biological sample.”* The blunt tip
with large radius and half cone angle can introduce ‘profile broadening’ effect. Further, if the
spring constant of selected AFM probe is too large, the elastic deformation of studied objects by
AFM probe can introduce ‘height lowering’ effect into AFM image.”> Both of these effects are
common artifacts in AFM image. In general, the lateral resolution in AFM image is dependent
on the characteristics of tip and the resolution in normal direction Z. The vertical resolution in Z
direction is related to the feedback control system. Normally, it falls in the ranges of several
angstroms and is better than that in later direction.”’

To obtain an AFM image with high resolution, the chosen of a suitable probe is the first
and also most important step. However, image resolution is not only a matter with AFM probe.
For example, the accurate control of the interaction between the tip and sample through
electrostatically balancing the contribution of attractive and repulsive forces can improve image

. . 53,54
resolution either.””



1.2.2 High resolution image of protein

As a general rule, the harder and flatter the sample, the higher the spatial resolution
achievable.” For isolated protein on surface in aqueous solution, the best resolution is a few

nanometers to tens of nanometer. In comparison, the real high resolution image at sub-nanometer

55-57 58,59
d >

resolution can only be acquired on 2D-crystallize or densely packed protein, and native
membranes.”’ All these images were obtained in contact mode under the aqueous condition by
using soft probe with spring constant of 0.1~0.2 N/m.

In one pioneering study,’’ streptavidin two-dimensional (2D) crystal formed on biotin-
containing planar lipid layer can be imaged by AFM with sub-nanometer resolution, and its high-
affinity binding capability and good flatness make it suitable as a platform for bio-molecule
attachment in AFM studies.”®®! This platform provides an optimal attachment strategy with
controlled orientation of immobilized molecule and less perturbation to the biological function of
the sample.

The high-resolution topography images of native photosynthetic membranes from several
purple bacteria species®®* are also the milestone studies in AFM high-resolution imaging. They
provided detailed views and rationales of membrane protein assembly adaptation in response to
environmental factors, such as light intensity. It was found that photosynthetic complexes in
native membrane of Rsp. Photometricum can rearrange in response to different light intensities.
For example, the assembly of LH2 and core complexes showed up in high-light-adapted

membrane and LH2-only antenna domains in low-light-adapted membranes.®**?



1.2.3 Phase image

The topography image offers the evidences about conformation information of bio-
materials. However, it is impossible to differentiate the heterogeneous compositions of bio-
materials. Amplitude-modulation atomic force microscopy (AM-AFM), that is, one kind of
tapping mode, is widely applied in composition mapping.

Briefly, the mechanically or magnetically driven tip oscillation is used to probe and
follow the variations of sample surface through the interaction between tip and sample surface.
With the fixed excitation frequency, the amplitude and phase lag of oscillation reflect tip-surface
conservative (elastic) and dissipative interaction (inelastic), respectively. While coupling
between amplitude and the phase lag of the tip can be separated through operating the instrument
at constant amplitude, they can further be applied to construct the topography and phase image.
The correlation between phase-shift measurement and energy dissipation values can correspond
the phase-lag to materials properties, such as stiffness, elasticity, viscosity or surface-adhesion

3031 or quantitatively.®*®® Therefore, the ‘phase imaging’ empowers AFM to

energy qualitatively
map out the compositional variations of the specimen’s surface through the phase lag of the
probe in response to the force between tip and sample surface.”

Tons of applications in biological field illustrate the promising potential of phase imaging
in nano-scale characterization. In one of these interesting applications, the phase image was
applied to in-situ observe the temperature induced phase transition of lipid bilayer. The solid
supported dipalmitoylphosphatidylcholine (DPPC) bilayer shows a broad Lg-L, transition.®” In
contrast to a free-standing bilayer (FSB), whose main transition is sharp and occurs at 23.7°C*,

the transition in the supported bi-layer of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)

is much broader (8°C) and shifted to ~28°C.*"! Besides, phase images were applied to uncover



the detailed structures of the bacterial surface, including the flagella encapsulated inside the

capsular extracellular polymeric substance (EPS).”?

1.2.4 Chemical force microscope (CFM)

Although the phase image can distinguish the distinct compositions with different
mechanical properties on sample surface, phase image lacks the capability to differentiate the
compositions with similar mechanical properties but variant chemical components, such as self
assembly mono-layer of mixture components (SAM). Chemical force microscope is the
technique to achieve this aim, which extends AFM imaging with specific chemical sensitivity
through hydrophobic effect or hydrogen bond.

To take advantage of the specific chemical interaction for imaging, AFM tip needs to be

functionalized with SAM either by physically absorption”*"*

or covalent chemical bonding. The
physical adsorption is not very robust. Therefore, its application is limited.” Comparatively, the
chemical modification is widely used. Several mature procedures are already developed

76-78 .
and decoration

including SAM formed by organo-thiol compound on gold coated tip surface
of Si/Si;Ny tip surface by reactive organo-silanes.” Thus far, it was already demonstrated that
chemical modified tip can sensitively map out the spatial distribution of specific function group
through friction image.”>%#!

In these studies, the SAM in center square region terminates with COOH groups and the
SAM surrounding the square terminates with CHs groups. Topography image failed to reveal this
pattern since the regions of the two SAM have similar flatness. The tips with different chemical
groups exhibit the chemical information about the surface. Friction image collected by COOH

tips displays high friction on the COOH region and low friction on the CHj3 regions. In the

opposite way, image recorded with CHj tips shows a reversal in friction contrast.*’ In addition,
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chemical force microscopy was also accomplished to obtain chemically-sensitive image in

tapping mode through relationship between phase lag and adhesion.®

1.2.5 Recognition image

To some degree chemical force microscope offers AFM the capability to map the
distribution of specific function group on sample surface. However, its resolution, sensitivity and
specificity are still on the way to be perfect.”” The normal resolution is around 100~200 nm and
extra efforts are required to improve its chemical sensitivity by altering the solvent
characteristics, such as composition® or pH.** In addition, the intrinsic imaging mechanism
based on hydrophobic effect or hydrogen bond hinder the CFM from doing well in specificity.*
Hence, most of studies by CFM focused on simple model system and stayed in the stage of
concept proof.

Recognition imaging technique can be taken as an advanced version of CFM, which
features the specific interaction between probe and target molecule as imaging mechanism.* Tt
offers much higher resolution (usually several nanometers) and better specificity.*® Since this
technique is based on magnetic driven AM-AFM, the gentle intermittent contact between tip and
sample makes it suitable for imaging the soft biological sample, such as DNA complex***’ and
protein.’**>** In detail, the probe molecule is attached on tip surface through a polymer cross-
linker. The introduction of extra long polymer cross-linker in tip surface is helpful to improve the
flexibility and specificity of interaction. When the decorated tip scans over the sample surface,
the damp of oscillation wave in both top and bottom part can be decoupled through special
designed electronics, as shown in Figure 1.2. The variation in top and bottom part of oscillation

generates the topography image and recognition image accordingly. This technique has potency
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for nanometer-scale epitope mapping of bio-molecules and localizing receptor sites during

biological processes.
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Figure 1.2 The cantilever oscillation signal is split into minima Umin and maxima Umax for

generating topography and recognition image respectively.

After H.E. Gaub proved the concept that the specific interaction force can be applied to
map the distribution of binding partners on samples in streptavidin pattern study by biotinylated
tip,” the seminal work with formal nomenclature of ‘recognition image’ was performed by
Peter.Hinterdorfer.* In this work, Lysozyme molecules fixed on the surface were recognized by
the antibody on the scanning tip with a few nanometers lateral resolution. Later, this chromatin
on substrate was imaged by its antibody on tip surface, and series of control experiments by BSA
and ATP addition confirmed that the recognition events shown in image are speciﬁc.32 In the
follow-up work, an in-vitro selected DNA aptamer specific for histone H4 protein acetylated at
lysine 16 was used to image synthetic nucleosomal arrays with precisely controlled acetylation
by AFM recognition technique. The effect of acetylation on chromatin structure was investigated
in nanometer-scale through the precise location of these posttranslational modifications by

. . . 328
recognition 1mage. 87
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1.2.6 High speed imaging

In addition to the imaging techniques mentioned above, which derived from interaction
force manipulation and signal processing, lots of efforts were taken to decrease the normal image
acquisition time in minute scale.””’! Benefiting from the understanding of the source of noise in

the optical detection system and its effects on the probe motion,’*"

currently the fast data
acquisition time is already closed to video rate with the improved signal-to-noise ratio via
minimizing tip-surface forces.”*” Those developments, in turn, enable the study of a wide
variety of dynamical processes with unprecedented temporal and spatial resolution, in which the
concomitant assessment of structure and dynamics is unfeasible before.” Its maximum imaging

rate of 33 frames per second enables direct observing of bio-molecular processes in real time.”*"°

In the recent publication in nature,’’

myosin V molecules translocating along actin
filaments was directly visualized through high-speed atomic force microscopy. The area with
size of around 90 x 90 nm’ can be imaged with 100 x 100 pixel image in 80 ms. Previously
speculated or demonstrated molecular behaviors, including lever-arm swing, was unambiguously

proved by corroborative ‘visual evidence’. Additionally, it reveals more detailed behaviors of the

molecules, shedding light to a comprehensive understanding of the motor mechanism.

1.2.7 Summary

The high quality AFM probe ensures more chance to obtain the image with good
resolution, contrast and fidelity. Small cantilever-tip systems with sharp tip radius, high Q value
and chemical stability are greatly desirable. Small size of probe will enable high resonance
frequency and small force, while reducing hydrodynamic damping in liquid. The high resonance

frequency allows fast scanning rate’> and small forces can decrease perturbations or deformation
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of sample®® when observing dynamic processes or the structure of nano-scale molecules. Besides,
the consistence in tip quality is an important factor to ensure the reproducibility of data for
quantitative measurement.

Additionally, the resolution and contrast in AFM images is determined by the interaction
forces between the probe tip and sample surface, either specifically or nonspecifically. These
interaction forces depend on surface chemistry, morphology, mechanical properties, and the

nature of the surrounding medium.”*”

In order to improve the imaging sensitivity and specificity,
the wanted force for imaging process should be dominant over other forces, i.e., enhancing the
wanted one as far as possible while suppressing the others. To achieve this aim, enough
carefulness should be initiated from the sample preparation including sample immobilization and
its surrounding environment. Later, the fine-tuning process of imaging parameter also plays a

pivotal role in image resolution and contrast. This process is very delicate and requires strong

. 86
expertise.

1.3 Dynamic force spectroscopy (DFS)

DFS is another powerful capability of AFM for probing unfolding force in protein/DNA
or the interaction forces between receptor and its cognate ligand. It can probe the force with the
range from 10 to 10* pN,'" further providing insight into the dynamics and kinetics of interaction
process. To probe the specific interaction, the first pivotal thing is to decorate the probe and
substrate with paired molecules either physically or chemically. In most cases, the molecule of
interest is immobilized on the surface through a soft spacer, usually polyethylene glycol.”® The
measurement of rupture force is dependent on the bond formation between the molecule on
probe surface and its cognate receptor on substrate, or vice versa, during contact. Once the bond

formed, usually single bond, the probe or substrate is stretched from each other under constant
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retracting speed. The bond rupture is signaled by the deflection of transducer to its rest position.
The relation between deflection and time-dependent retracting distance is called ‘force-distance
curve’ and the maximum deflection yields the rupture force. After abundant contacts, the rupture
forces or unfolding forces are cumulated into a histogram. The peak in this histogram is the most
probable force for breakage or unfolding and builds a statistical definition for bond strength. A
well-defined peak in the force distribution reflects the limited period of survival of a bond under
loading either. Moreover, the breakage or unfolding force is reliant on how fast force is applied

to the bonds.”

1.3.1 Technical consideration

Since many reliable procedures are available for anchoring bio-molecules on AFM tips or

. 100
supporting surface,

they will be addressed in the next section. Herein, some physical
considerations in force probing and measuring process will be discussed.

Selection of AFM probe with optimized spring constant can offer good force sensitivity
and low noise level as well as less perturbations or deformation of bio-molecules. The typical
value of cantilever falls in the range of 0.01~1 N/m. As known, the magnitude of most
interaction force between bio-molecules falls in the range from tens of pN to hundreds of pN."
To detect the force with enough sensitivity, normally the spring constant should not exceed 0.1
N/m.¥ However, it cannot be too soft since the position noise is reversely proportional to the

spring constant of AFM probe. Hence, there is a compromise for probe stiffness considering

from force sensitivity and spatial resolution.



Table 1.2 Comparative summary of calibration method for cantilever sprint constant

15

101

Class of method Method Accuracy(%) Accessbility Demerit
Dynamic Resonance
Positioning and calibration of
Response frequency with ~10 Poor
load difficult; potentially destructive
Methods added mass
Thermal Temperature control essential;
10-20 Good
fluctuations only for low K
Simple scaling Depends on dimensional
from resonace 5-10 Poor accuracy and determination of
frequency effective mass
Finite
Theoretical Depends on dimensional
difference >10 Poor
Methods accuracy and Young’s modulus
calculation
Parallel beam Depends on dimensional
>10 Poor
approximation accuracy and Young’s modulus
Static Static
Positioning and determination of
Response deflection with 15 Poor
load difficult; potentially destruction
Methods added mass
Response to Complex and time-consuming
30-40 Poor
pendulum force procedure
Static
Require accurate external
deflection with 15-40 Poor

external standard

standard

Furthermore, interaction force is generally calculated from the deflection of cantilever

with certain spring constant. If cross-linkers are included in the probing system, it is also

necessary to take the stiffness of cross-linkers into consideration. In either case with or without

cross-linker, the calibration of AFM probe is requisite to obtain precise force data. Currently,

there are plenty of calibration methods available.'””'® The widely used methods can be
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categorized into four principal groups: 1) comparison with a reference cantilever of known
stiffness; 2) calibration by thermal vibration; 3) addition of particle masses; 4) combining
measurements of resonant frequency with physical dimensions and materials properties. Table
1.2 provides an overview of these methods in term of accuracy, user-friendliness and demerit.
Additionally, the acquirement of dynamics and kinetic information needs to vary the
loading rate over orders of magnitude. Since the loading rate is the product of retracting speed
and system effective stiffness, this aim is achieved by altering the retracting speed between a few
nm/s and a few pm/s.'® However, the retracting speed is limited by the force sensitivity and the
hydrodynamic effect. When AFM probe is retracted fast, the hydrodynamic effect has
considerable contribution on the measured force. The force increasement Af is determined by the
probe damping coefficient ¢ and retract speed v, i.e., Af = {v.””'” In general, the probe
damping coefficient is proportional to the viscosity of the liquid environment and hydrodynamic
profile length. Hence, normally the upper limit of retracting speed should be lower than 5 pm/s.*
Although theoretically the lower limit is determined by free dissociation time, practically it
cannot be too small since the external and internal noise will deteriorate the signal from

interaction force due to longer durations.

1.3.3 Tip movement in DFS

Up to date, in most of force spectroscopy measurements AFM probe was retracted from
the surface continuously. Under such circumstance, the contact time between probe molecule on
AFM probe and its receptor on substrate was so limited that the probability to form the complex
was very low, usually less than 20%. Additionally, nonspecific interaction shown in force curve
was the main drawback in the continuous retracting mode. The complexity in the interaction

between probe and support made these unwanted nonspecific interactions hard to be completely
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avoided. Various ways were taken to relief this problem, such as surface passivation by non-
ionic surfactant and double-tether method; however none of them successfully overcame it yet.
The modulated retraction is another possible solution to this difficulty. It was currently widely
used in molecule electronics study. It was first introduced by Xu in 2003 in electronics study of
octanedithiol.'” The applied small modulation in STM retraction introduced around 20% out-
phase conductance variation of the measurement without modulation. Later, this modulation
technique was extensively systematized and advanced by Chen and his coworkers.'”” In addition
to the original saw-like modulation, several new modulation modes and even user-defined mode
can be imposed on the retraction course. In the following up work, it was successfully applied in
the conductance measurement by STM, used to increase the lifetime of molecular junction,
screen out the complexity in contact part of the junction, and apply a voltage sweeping.'® It is
expected that this new retraction technique can contribute to AFM based force spectroscopy

either.

1.3.4 Kinetic and Thermodynamic Theory for Single Molecule Force Spectroscopy

Bell model
In 1978, Bell pointed out that bond rupture is a statistical process and that the lifetime of
a bond depends on the mechanical load. He also postulated that rate of unbinding increases

19 Afterwards, Evans and his colleagues refined this theory from the

exponentially with force.
underlined physics of bond strength.''® In the following, the theory of one-barrier bond rupture
was presented in detail.

A force-selected reaction path is featured by a single energy barrier, as shown in Figure

1.3. The energy landscape E(x) is mapped on a scalar coordinate x and external force is applied

with some orientation  relative to the molecular coordination. Starting from equilibrium, the
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kinetic of dissociation are treated as a stationary flux of probability density along this preferential
path from deep energy minimum outward past the barrier via a saddle point because of huge gap
between thermal impulses (10*%) and experimental force measurement (10). In overdamped
liquid environment, this transport is described by Kramers-Smoluchowski theory”''". With
consideration of force induced deformed energy landscape in the theory, the dissociation rate or

frequency is given as (Equation 1.1):

- (_D _Ep(f) ;
V= (Lths) exp [ T ] Equation 1.1

E(x) A
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Figure 1.3 Conceptual energy landscape with one-barrier
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The diffusive nature of overdamped kinetics is embodied in the term

the thermal spread in the bound state and L, is the energy-weighted width of the barrier. L, is
defined as the gradient in density of states that drives dissociation, which could be derived from
curvature of the energy landscape local to the minimum. L, is also calculated from curvature of
energy landscape at the transition state x=x,. The shapes, levels, and location of intervening
minima are altered with the force applied; however they have little impact on rate of dissociation

provided that there is no switch in location of the primary minimum. On the other hand, shifts in
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location and changes in width of barrier by external force merely introduce weak prefactor g(f)
dependent on applied force, which is insignificant for highly curved barriers because of the
approximate constant location of transition state. The major impact of force on the frequency is

from lowered barrier magnitude. It is proportional to a fixed distance xg, i.e., E,(f) = E, — f -
xp, which is thermal averaged projection xg = (x.; cos@)of the transition state along the

kBT/

direction of force. Thus, the characteristic thermal force can be attained, i.e., fp = X s

which is in the range from 40 pN to 4 pN. Hence, the kinetic rate has the following expression
(Equation 1.2):

v(f) ~ (3) 9 /fexp (f/fp) Equation 1.2

where ti = (1/tp)exp (—E,/kgT), inverse diffusion time t, = L.L:s(y/kgT), g(f) =
0
1/L,s, and y is viscous damping. As illustrated earlier, in normal probe test the force load rises at

a constant rate Af / At = ksvr as determined by the speed of separation v, and stiffness kg of

system including probe (ky) and linkage (k,,). When force rises above the thermal force scale, the
reassociation (on rate) by diffusion is negligible. Therefore, the probability density (Equation

1.3) is given as the product of dissociation rate and the likelihood of bond survival up to time ¢
t : :
(exp {~ [y VIf(E)] - d )y
p(t) = v[f(O)] - exp{— [, v[f(t)] - dt’} Equation 1.3
For constant speed separation and elastic linkage, force and time become equivalent

statistical variables correlated through the dynamic transformation df = k;v,dt. So the new

expression based on force is given as Equation 1.4:

p® =v(N-|(3)(F)]-exp (- v |(5)(5)|ar}  Equation14
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where (Ox/0f)= ki + (0x,/0f) is the total elastic compliance defined by transducer ki and
f f

polymer 0x,/0f compliances.

Since the probability density for bond breakage is the product of an off rate that increases
with time multiplied by the likelihood of bond survival that decreases with time, a maximum can
occur in the distribution at specific time. Analytically, the most likely breakage force f™* or bond

strength is derived from a maximum in the distribution, i.e., op/0f=0. (Equation 1.5)

f*=In(r;) + In {[a‘aL]fc) + "";—;“” +1] /e(F) - g(f)}fzf* Equation 1.5

Where the dimensionless loading rate 77 = kfv./(fg/t,) , the dimensionless total
. 0 . .
compliance c¢(f) = [1 + k¢ (aifp)] In the case that the cross-linker does not have any extension

(C = 1), the formula will turn into the form of Bell’s postulation and it is clear that the bond
strength depend logarithmically on the loading rate.
Jarzynski equality

In 1997, Jarzynski derived an equality which was used to attain the equilibrium free

112,113
k 5

energy difference from the irreversible wor . Its application in analyzing single molecule

pulling experiments was first done by Hummer and Szabo.'

Later, Liphardt and his
colleagues'"” compared Jarzynski’s equality with the other two estimates, the average work and
fluctuation-dissipation estimate, by carrying out RNA stretching reversibly and irreversibly. It
showed that Jarzynski’s equality can yield better results in the far-from-equilibrium regime.
Further, the Jarzynski’s equality was expressed in two more practical ways and their
corresponding free energy reconstruction procedures were detailed illustrated.''® One was called

‘histogram based analysis’, which has a prerequisite condition that a sufficient number of

properly sampled pulling traces are available. For most of dynamic force stuides on interaction
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between ligand and its cognate receptor, it was a big hurdle hampering its application in that the
unbinding length showed a big discrepancy. The other one was moment-based analysis which
practically requires less pulling traces. Thus, it was much convenient but with a larger error
comparing to the former. It was proved that the overall free energy did not change significantly
117

for N>40 and was independent on the pulling rate.

Therefore, the momentum-based approach was adopted in our future work. In detailed,

the accumulated work can be calculated by W, :J-qu+V[q(t),t]—V[q(0),O]. In that,

F= k(z(t)— q(t)) is the restoring force, where k is the cantilever spring constant, g is the
molecule extension, z(¢) = v¢ denotes the piezo movement in AFM experiment, which is the
product of pulling rate v and time. V[q(t),t] is the harmonic biasing potential of the cantilever at
the time ¢ and V[q(O),O] is the initial potential. If the cantilever is relatively stiff than the cross-
linker, most trajectories will be around z(¢) , the position of the piezo actuator.'”® In this way, the

form of weighted distribution of molecular extension by a Gaussian with mean is given as

qlc)e™ —
q, —<<—ﬂw>> and its corresponding variance o] =¢q’ —g,, Where, B = K,T . The first
e t

derivation of the potential of mean force can be calculated by taking the same approximation,

_ <F(t)e_ﬁW’>

that is, G'(q_t)= F = <_—ﬂW>. Finally, G(¢) can be obtained by the cumulative integration of
e t

the last formula.''®!"”
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1.3.5 Summary

Although AFM based DFS has widely applications in biological field, its limitations were
also exposed. The main drawbacks stem from the large size and relatively high stiffness of AFM
probe.'! The large size of AFM probe leads to high hydrodynamic effect in force measurement,
which imposes a higher bound in retracting speed and augmentation in force measurement.
Besides, the large stiffness brings about possible deformation of soft bio-molecule and low force
sensitivity.

Specificity is a second major concern in many AFM based studies. Distinguishing
between specific and nonspecific binding can be challenging.'' The interactions shown in the
force distance curve can be categorized into three classes: A) nonspecific tip-substrate interaction,
B) nonspecific tip-ligand interaction, C) specific protein-ligand interactions.''® The first class is
easy to be excluded by the control experiment and existing theory; however, there is no good
way to distinguish the second category from the third one.

Finally, the inaccurate measurement of probe stiffness and complexity of microscopic
environment make force measurement hard to be consistent from independent studies. Even for
the most studied system, streptavidin-biotin interaction, there is a very wide range of force value
under the similar loading rate, which is from tens of pN to hundreds of pN.'"*"!%°

Continuous theoretical support and ultra-small AFM probe with small stiffness, good
uniformity, reliability and chemical stability are expected to relief these dilemmas. Besides, the
advancement of instrument may be helpful to current circumstance either, including lower

detection system noise and faster piezoelectric response.
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1.4 Molecule attachment

For AFM imaging and force spectroscopy at single molecule level, the flatness of the
substrate is critical. Ultraflat substrates are necessary to ensure the success of experiment. There
are several choices available, including highly oriented pyrolytic graphite (HOPG), mica, single
crystal p (111) silicon wafer, and ultraflat gold. HOPG and mica are two natural materials, which
are cleavable to generate 2D-crystalline surfaces with sub-nm flatness and perfect cleanness. The
other two are artificial materials with comparable flatness. Although HOPG provides perfect
physical characteristics, it is relative hard to be chemically modified for molecule attachment
since the high toxic or corrosive agents, such as: HF, H,SO, and HNOs, are needed. So its
application as substrate for AFM based single bio-molecule study is rarely reported.'”
Comparatively, mica and silicon wafer can be easily functionalized for immobilization of bio-
molecules through silanization. However, the drawback of silanization is the difficulty to control
surface properties. For example, usually derivatiation through silanization deteriorates the
surface flatness very much, from original several angstoms to nanometers or even worse. The
problem can be easily solved when ultraflat gold is used as support. The gold surface offers not
only great flexibility to be functionalized in various ways without compromise in flatness, but

also its chemical stability.'**

It is an excellent candidate for AFM based single molecule imaging
and force study except for the relative high expense. On the other hand, the AFM probe is
usually made of silicon or silicon nitride. It shares the similar chemical functionalization
strategies as mica and silicon wafer. Sometimes, it can also be coated with a thin layer of gold.

Although gold coated AFM probe also have great functionalization versatility, tip radius is

possibly enlarged as a consequence of coating, resulting in the loss of image resolution.
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After the appropriate substrate with expected characteristics is chosen, the molecule of
interest and/or its cognate receptor should be attached to one or two solid surfaces, either
substrate or probe surface. Ideally, the molecule attachment should be performed through the
specific sites of the molecule, minimize the nonspecific adsorption, support infinite loads and not
affect the mechanical or biological properties of the attached molecule.!" These expectations are
approximated by a variety of immobilization schemes ranging from physical adsorption to
chemical covalent bonding. The physical adsorption is limited to certain specific molecules such
as BSA, avidin, and lysozyme and also triggers the complications in surface functionalization
scheme and force data interpretation. It is not a general method worth to be mentioned again. As
for the chemical immobilization schemes, they can be exemplified as two categories according to

the surface chemical characteristic including gold surface and silicon related surface.

1.4.1 Gold surface

Gold is the most useful one for single molecule study since it is a chemically inert surface
with ultra-flatness and easy-functionalization capability.'*' The basic mechanism of decoration
methods is the affinity between thiol related group and gold surface. The covalent bond between
sulfur and gold is very strong so that its rupture force was shown to be >InN, i.e., an order of
magnitude higher than the non-covalent interaction between the bio-molecules. Moreover, the
sulfur containing molecules can form a uniform assembly monolayer on gold without interfering
much on the flatness of the surface. All these advantages make this type of weak covalent bond a
good candidate for molecule attachment in AFM based single molecule measurement.

There were already a large number of applications in the related fields. First, many
molecules have been directly chemisorbed to bare gold surface via their endogenous thiol or

disulfide groups. Fab fragments of antibodies'>, azurin'** and fibronectin'® all bear a disulfide
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bond in their structure, which is accessible to gold surface. Besides, in these cases the way of
attachment keeps the bioactivity of these molecules. Comparatively, some manual synthetic
peptide, such as Cys-Gly-Hisg peptides were chemisorbed onto gold surface via their carried
thiols.'*® For some sample lacking accessible disulfide or thiols can be derivatized with thiol or
disulfide containing tag for chemisorption to gold surface.'?”'*® On the other hand, the molecules
have also been immobilized stepwise on formed SAM through amide or thiolester bond as well
as NTA chelating. The protein with endogenous surface lysine residues can be anchored on SAM
surface with active ester ending group through amide coupling reaction.'” For the molecule with
available thiol group, maleimide group was applied to immobilize molecules through maleimide-

130

thiol coupling.™ The well-known specific interaction of hex-histidine peptides or Hiss-tagged

proteins with NTA-Ni*" provided a strong and lasting attachment of proteins to surface.?>13!

1.4.2 Silicon related surface

Several procedures for modification of silicon related surfaces have been well established.
They can be summarized into three main categories, each one has its own pros and cons, and a
mechanistic insight is essential for selecting appropriate one for specific application.

In term of the method based on organo-silanes, it is the most versatile one, which bears
easy operation but high requirement on reagent quality. Various functional groups can be
introduced including NH,, CH;, SH, alkene, and halogen.''™!'""*>13* Different operation
conditions were used for silanization. Some relied on vapor deposition, others operated in
solution, either under rigorously dry condition or in neat water as solvent, giving rise to the
misleading impression that ‘anything goes’. The sight of behind mechanism can be helpful for
understanding these differences. The silanol groups on surface is the key to organosilane based

decoration. In the quartz, each Si atom carries one silanol group. Less regular surfaces contain
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germinal silanols (two OH groups per Si atom), such as glass and silica gel. There is a layer of
silicon dioxide covered on slilicon nitride and silicon surface. For mica, water plasma is essential
to introduce silanol groups on its surface by removing the K ion. Once there is silanol groups
available on surface, the organosilane can form the covalent siloxane bridge with silanol groups

through hydrolysis and condensation.'*'

The base catalysis is the initiator for hydrolysis of the
methoxy/ethoxy groups in organo-silane. It was found that the organosilane with
monomethoxy/ethoxy was not active enough to perform the surface modification."*>'*® and the
di-"*""*® and tri-methoxy/ethoxy'**'*’ forms were eligible for this task. The dimethoxy/ethoxy
form was the best choice to give a defined monolayer on silicon."”® Comparatively, the
trimethoxy/ethoxy can form monolayer or multilayer on surface, which was dependent on the
relative humidity. For example, at 7% relative humidity the amount of adsorbed water was
sufficient to form a stable monolayer of APTE (aminopropyl triethoxysilane) from the gas phase,
whereas above 25% relative humidity a phase transition yielded ad double layer of APTE."” In
conclusion, the surface silanol groups, trace of adsorbed water, base catalysis and specific
organosilane (tri- or di-) were requisites for success and quality of surface modification.

The ethanolamine based method was developed in 1994'*! since it was found that 100 nm
long tentacles were formed on the AFM tip when it was modified by widely used organosilane
based method'*. It also makes use of the silanol groups on surface and gives much convenient
and efficient operation, but it has two distinct drawbacks. The first one is that its chemical
mechanism 1is still vague. The other one is the discrepancy between expected and observed
unbinding length was observed in force-distance curve, that is, unbinding length was always 10-

30 nm longer than the sum of cross-linker length plus the length of paired interaction parties.

Therefore, the organosilane based method is preferred for accurate measurement of unbinding
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length and TREC imaging where the effective crosslinker length should not exceed 6 nm for
optimal imaging conditions'*.

The silicon treated by 2% HF in water resulted in hydrogen terminated group on surface,
which can be covalently coated by refluxing under nitrogen in a,m-oligo(ethylene glycol) alkene

solution in mesitylene.'*

Further, eletrooxidation was applied to selectively oxidize the chain
termini into carboxyl group. The carboxyl group can be activated with EDC/NHS to immobilize

the bio-molecule with amine group.

1.5 Objectives and Organization of this thesis

1.5.1 Objectives of this thesis

The objective of our researches is to apply both AFM based dynamic force spectroscopy
and/or its imaging capability including topography and recognition image to study interaction
and/or conformation of various biological or chemical systems at single molecule level.

Based on the discussion above, it is already known that AFM is the most comprehensive
single molecule study technique, which not only has the imaging capability, but also offers the
capability of force measurement with enough resolution. It was widely used in conformation
study through imaging'®® and molecular interaction study by force spectroscope'*®. The
conformation of bio-molecules has directly correlation with their function, such as: protein and
nucleic acid. The investigation in single-molecular level would be helpful to understand the
correlation.'*” On the other hand, the formation and dissociation of noncovalent interactions
between varieties of macromolecules play a crucial role in biological system, colloidal system

and polymeric materials.'**'*



28

Due to its versatility, the applications range from DNA image in water' ™ and single
molecule topographical and recognition image (TREC)* to protein folding and unfolding,"'
RNA folding and unfolding'>* and protein/protein or ligand receptor interaction'>. However, the
current methodology for AFM force spectroscopy and imaging is suffering several drawbacks,
including specificity of interaction and operation accessibility. To improve such circumstance, a
comprehensive methodology is greatly needed, ranging from surface functionalization to
measurement strategies, to increase the specificity of measurement and operation accessibility.
An overall methodology aims to simultaneously characterize the conformation and interaction of
interesting objects with more specificity and accessibility (Figure 1.2). The method includes
several related aspects as below:

a) To achieve the purpose of imaging and force measurement, several surface
functionalization strategies for molecule immobilization will be developed. By
delicately designing the method of molecule immobilization on solid surface, the
surface density and orientation of interested molecule can be controlled in some way,
which is helpful to increase the probability of force measurement and passivate some of
negative unspecific interactions;

b)  The topography and recognition images of interested bio-molecule are collected
simultaneously through AFM based TREC technique, which provide evidences of
molecular structure and shed light onto the discovery of binding sites;

c) By locating AFM probe referring to the image, controlling and measuring the
movement and deflection of AFM probe will provide more specific interaction force

between the ligand and receptor, that is, the bond strength of the complex;
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d)  The interaction forces from the AFM measurement are further translated into the
terms of macroscopic parameters, which are interested by biologists or chemists, such as:

dissociation rate, binding rate, and free energy.

1.5.2 Organization of this thesis

In the following chapters, several interested objects will be studied, including ricin,
EphA2, organomicelle and fibrinogen. In Chapter 2, the involved surface functionalization
methods will be listed out. Chapter 3 shows that TREC and DFS techniques can be applied to
perform ultra-sensitive detection work and investigate the fundamental interaction between ricin
and its antibody. In Chapter 4, the drug screen process based on these techniques was
demonstrated through comparing the interaction force of EphA2/Ephrin and EphA2/YSA. In the
subsequent Chapter 5, we took advantage of TREC technique to map out the distribution of
surface functional group on micelle and DFS to measure the stability of micelle with or without
loading. The following Chapter 6 will introduce the different assemble characteristics of
fibrinogen on various surfaces and fibrinogen coagulation process induced by gold nanoparticles.

The final Chapter 7 will be the summary and outlook of the overall studies.
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CHAPTER 2

SURFACE FUNCTIONALIZATION

2.1 Introduction

As mentioned previously, the functionalized AFM probe and firmly anchored molecules
on support are essential for single molecule force spectroscopy and imaging, especially the
recognition imaging. The qualities of these chemical modifications directly determine the
performance of the study, such as the lifetime of AFM probe, the resolution of image and the
accuracy of measured rupture force. The inadequate work can lead to artifacts in image and force
data, in some instance can prevent the collection of any meaningful data.

In my studies, both silicon based surfaces (MICA, silicon wafer) and metal surface (gold
surface) were adopted since all these surfaces are flat enough to sustain single molecule study. In

the following sections, their surface functionalization methods will be introduced accordingly.

2.2 Instruments and Materials

Instruments. Negative lon Matrix Assisted Laser Desorption Ionization - Time of Flight
(MALDI-TOF) measurements were obtained on VOYAGER-DE Applied Bio-systems using a-
cyano-4-hydroxycinnamic acid for PEG derivative or 2,5-dihydroxyl-benzoic acid for others as a
matrix. "H-NMR spectra were recorded in CDCIl; or DO on a Varian Merc-300 or Varian Inova-
500 spectrometers equipped with Sun workstations at 300K. TMS (65=0.00) or D,O (6y=4.67)
was used as the internal reference. *C-NMR spectra were recorded in CDCl; or D,0O at 75MHz

on Varian Merc-300 spectrometer, respectively using the central resonance of CDCls (6¢=77.0)
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as the internal reference. COSY, HSQC, HMBC and TOCSY experiments were used to assist
assignment of the products. Size exclusion chromatography (SEC) was performed in Sephadex
LH-20 filled column (40mm by 150 mm, maximum 100 mg loading per run) in serial connection
with fraction collector (Frac-920 Fraction Collector, GE).

Materials. 3-Triethoxysilylpropylamine (APTE, Sigma-Aldrich Inc.), 3-Triethoxysilyl-1-
propanethiol (MPTE, 80%, Sigma-Aldrich Inc.), N,N-diisopropylethylamine (DIPA, 99%,
redistilled, Sigma—Aldrich Inc.), (£)-a-Lipoic acid (99%, Sigma-Aldrich Inc.), N-
Hydroxysuccinimide (98%, Sigma-Aldrich Inc.), N,N’-Dicyclohexylcarbodiimide (puriss.,
99.0%, Fluka), Dithiobis-succinimidylpropionate (DTSP, Fluka), Amino-nitrilotriacetic Acid
(ANTA, Fluka), Triethylamine (99.5%, Sigma-Aldrich), 2-[2-(2-Chloroethoxy)ethoxy]ethanol
(96%, Sigma-Aldrich Inc.), Thiourea (ACS reagent, 99.0%, Sigma-Aldrich Inc.), lodine (99.99%,
Sigma-Aldrich Inc.), Potassium iodide (99.5%, Sigma-Aldrich Inc.), Biotin (99%, lyophilized
powder, Sigma-Aldrich Inc.), 4-(Dimethylamino) pyridine (DMAP, 99%, Sigma-Aldrich Inc.),
Poly(ethylene glycol) (MW=1000, Fluka), p-Toluenesulfonyl chloride (TsCl, 99%, Sigma—
Aldrich Inc.), Sodium azide (99.99%, Sigma—Aldrich Inc.), Triphenylphosphine (puriss., 98.5%,
Fluka), (+)-Biotin N-hydroxysuccinimide ester (Biotin-NHS, 98%, Sigma-Aldrich Inc.),
Bromoacetyl bromide (98%, Sigma—Aldrich Inc.), Pyridine (anhydrous, 99.8%, Sigma-Aldrich
Inc.), hexane (97%, Sigma-Aldrich), All Chemicals were used without further purification. DCM
was distilled from calcium hydride; THF from sodium; CH3OH from magnesium and iodine.
Aqueous solutions are saturated unless otherwise specified. All the reactions were performed
under anhydrous conditions under argon and monitored by TLC on Kieselgel 60 F254 (Merck).
Detection was by examination under UV light (254 nm) or by iodine vapor staining or by

charring with 10 % sulfuric acid in methanol. Silica gel (Merck, 70-230 mesh) and Iatrobeads
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6RS-8060 (Bioscan) were used for chromatographies. CS-10 silicon AFM probes were

purchased from Nanoscience Instruments.

2.3 Gold Surface

o ? (COOH
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Figure 2.1 The structure of compounds for gold surface modification

The chemical modification on gold surface is based on the Au-S bond, both substrate and
AFM tip functionalization can be achieved through this method. Because of its supreme flatness,
the thermal deposited gold surface on mica is mainly used as substrate in my future studies. After
it is annealed by hydrogen flame, it can provide sub-nanometer flatness in the area of several
um?. For AFM tip derivatization, the tip can be simply coated with thin layer of gold to facilitate
the subsequent modification work. To achieve the various requirements of samples, several
compounds were synthesized, as shown in Figure 2.1, and their corresponding immobilization

methods will be introduced either.
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Lipoic acid is activated into a more reactive form, Compound 1, which can not only
form SAM on gold surface through the disulfide moiety, but also amide bond with the surface
lysine residue on bio-molecule through the succinimide moiety. This method is pretty
straightforward and efficient. However, it doesn’t have too much control in the orientation of
bio-molecule, which will disturb the bio-activity of bio-molecule and as a result introduce
complexity in the force spectroscopy data. Compound 2 bears disulfide moiety and triacetic acid
moiety. The disulfide moiety can attach to gold surface. The resulted SAM exposes the triacetic
acid moiety outside which can chelate with Ni*" ion and further be used to immobilize the bio-
molecule with histidine tag. The chelation is strong enough to provide firmly attachment and
specific orientation of bio-molecule.*'*! As a result, the binding site will not be perturbed by the
immobilization. Besides, the one-step SAM formation will maintain the surface flatness

comparing to previous multiple surface modification®>"!

. Compound 3 and 4 are two
derivatives of polyethylene glycol (PEG). They also carry with disulfide moiety for attachment
on gold surface. The outward biotin moiety has strong affinity with strepavidin or avidin, which
acts as a transition layer to attach biotin carried bio-moleules. Through regulating the molar ratio
of these two compounds, the surface density of biotin moiety can be controlled and in turn the
bio-molecule of interest. Except that, Compound 3 is also helpful to prevent the nonspecific
protein adhesion. In this way, the fidelity of force spectroscopy and recognition image will be
improved. Compound 5 has molecular weight of 2000, which carries with thiol moiety in one

end and azide moiety in the other end. It was used to functionalize the gold coated AFM tip with

azide moiety through forming self-assembly monolayer.
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2.3.1 Synthesis of Compound 1

)
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1

Figure 2.2 The synthetic scheme for Compound 1.

To a solution of D,L-thioctic acid (TA, 1.00 g, 5 mmol) and N-hydroxysuccinimide (NHS,
0.67 g, 6 mmol) in tetrahydrofuran (THF) (20 mL) at 4°C was added slowly a solution of N,N-
dicyclohexylcarbodiimide (1.2 g, 6 mmol) in THF (5 mL). (Figure 2.2) The mixture was
allowed to warm to room temperature and stirring was continued for 5 h. The precipitate was
removed by filtration and the filtrate concentrated in vacuo. The residue was dissolved in ethyl
acetate (20 mL) and then filtered to remove insoluble material. The product was crystallized
from a solution of hot ethyl acetate/hexane (1:1 v/v) to give, after drying in vacuo, D,L-thioctic
acid-NHS ester a pale-yellow solid (1.0 g, 69%). 'H NMR (300 MHz, CDCls, 298 K): §=3.57
(1H, m, S-S-CH), 3.16 (2H, m, S-S-CH.,), 2.83 (4H, s, CO-CH,-CH»-CO), 2.62 (2H, t, J = 6 Hz,
CH,CO), 2.45 (1H, m), 1.93 (1H, m), 1.83-1.67 (4H, m), 1.62-1.53 (2H, m). >C NMR (75 MHz,
CDCls, 298 K): 6= 169.4, 168.6, 56.3, 40.4, 38.7, 34.6, 31.0, 28.5, 25.8, 24.6. (Figure A.1 and 2

in APPENDIX A)

2.3.2 Synthesis of Compound 2

ANTA (78.4 mg, 0.3 mmol) was dissolved in 1 ml of water. DTSP (40.3 mg, 0.1 mmol)
was dissolved in 1 ml dimethylformamide (DMF) and added into ANTA solution in water

dropwise, following by addition of trimethylamine (80 pl, 0.4 mM). (Figure 2.3) The reaction
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proceeded overnight at room temperature, the solvent was evaporated and the residue was
purified by HPLC (water : acetonitrile), with 70% yield. "H NMR (300 MHz, CD;0D, 298 K):
0=3.73(8H, m, CH,COOH), 3.54(2H, t, CHCOOH), 3.20(4H, t, NHCH,), 2.94(4H, t, SCH>),
2.59(4H, t,CH,CO), 1.76(2H, m), 1.52(4H, m). °C NMR (CD;0D): 8=173.97, 173.82, 172.57,

65.66, 54.09,53.97, 38.89, 35.36, 34.00, 29.11, 28.72, 23.53. (Figure A.3 and 4 in APPENDIX A)

o 4 S /\/\)C\OOH R.T ST
- ~ — HOOC._N N S
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J TEA
o 5 HOOC COOH o)

Figure 2.3 The synthetic scheme for Compound 2.

2.3.3 Synthesis of Compound 3 and 4

thiourea, Water

Ho O \3/\0 — » o ° ) sH
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Figure 2.4 The synthetic scheme for Compound 3 and 4.

Synthesis of 2-(2-(2-mercaptoethoxy)ethoxy)ethanol A solution of 2-[2-(2-
Chloroethoxy)ethoxy]ethanol (1.45 g, 8.6 mmol) and thiourea (2.7 g, 35mmol) in 23 mL of
water was heated under reflux for 4h. After the addition of 30 mL of 2.5 M NaOH, the heating

was resumed for an additional period of 4 h. (Figure 2.4) After the mixture was cooled at room
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temperature, the PH was adjusted to 1 with concentrated HCl. The resulting solution was
extracted seven times with 20 mL of CHCIl;. The combined extractions were dried on MgSO4
and evaporated in vacuo. The oil-like crude was further purified through silica gel column with
Hexane/Ethyl acetate (1:1). The compound was obtained as colorless oil (1 g, 70% yield). 'H
NMR (300 MHz, CDCls, 298 K): 6=3.55(10H, m), 2.62(2H, m, SCH>), 1.53(1H, t, HS). °C
NMR (CD;Cls): 6=73.02, 72.74, 70.47, 70.38, 61.81, 24.36. (Figure A.5 and 6 in APPENDIX A)
Compound 3 was obtained through oxidation of 2-(2-(2-mercaptoethoxy)ethoxy)ethanol.
In detail, potassium iodide (14 mg, 0.084 mmol) and iodine (353 mg, 1.39 mmol) were added to
a solution of mono-thiol (461mg, 2.78 mmol) in methanol (20 mL) and the solution was kept
stirred for 30 min.(Figure 2.4) The brown reaction mixture was decolored by sodium thiosulfate
and the reactant was filtered. The filtrate was concentrated under reduced pressure. The
remaining oil was re-dissolved in DCM and filtered again. The filtrated was concentrated again
and dried in vacuo. The crude was purified by silica gel column. The product was eluted with
DCM/MeOH (20: 1). Compound 3 was obtained as yellow oil (300 mg, 85 % yield). '"H NMR
(300 MHz, CDCls, 298 K): 6=3.65(8H, m), 3.58(8H, s), 3.52(4H, t), 2.84(4H, t, CH,SSCH>). "*C
NMR (CD;0D): 6=72.74, 70.55, 70.48, 69.74, 61.81, 38.57. (Figure A.7 and 8 APPENDIX A)
Compound 4 was obtained through condensation between Compound 3 and biotin. First,
biotin (458 mg, 1.876 mmol) was fully resolved in anhydrous dimethylformamide (DMF, 5 mL)
with a little heating. Biotin in DMF, N,N'-Dicyclohexylcarbodiimide (DCC, 387 mg, 1.876
mmol) and 4-Dimethylaminopyridine (DMAP, 26 mg, 0.203 mmol) were added into a solution
of Compound 3 (155 mg, 0.469 mmol) in anhydrous dichloromethane (DCM, 5 mL).(Figure
2.4) The reactant was stirred under r.t. overnight. The cloudy reactant was filtered and filtrate

was dried in vacuo. The remaining oil was re-dissolved in DCM and filtered again. The filtrated
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was concentrated again and dried in vacuo. The crude was purified by silica gel column. The
product was eluted with DCM/MeOH (20: 1). The Compound 4 was obtained as yellow oil (200
mg, 55% yield) "H NMR (300 MHz, CDCls, 298 K): 6=6.34(2H, br, NH), 5.77(2H, br, NH),
4.47(2H, m, CH), 4.28(2H, m, CH), 4.20(4H, m, OCH>), 3.73-3.60(8H, m), 3.10(2H, m, CH),
2.87(4H, m, CH,CO), 2.69(2H, d), 2.32(4H, m, CH,S), 1.66(8H, m), 1.44(4H, m). C NMR
(CDCl3): =173.91, 164.21, 70.68, 70.57, 69.80, 63.61, 62.19, 60.36, 55.84, 53.69, 40.80, 38.69,

34.04, 28.56, 28.44, 24.99. (Figure 2.5 and 2.6)
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Figure 2.6 *C-NMR spectrum of Compound 4 in Deuterochloroform (CDCls)



40

2.4 Silicon related surface

1. Silanization or self-assembly by thiol
R=NH,,SH,or Halogen

R

R ) 2. Coupling with cross-linker

R'=succinimide,maleimide, halogen or thiol
R" - - -
) 3. Conjugation with probe molecule

R"=succinimide, maleimide, or triacetic acid

Figure 2.7 The scheme for tip functionalization.
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Figure 2.8 The structures of cross-linkers for silicon related surface modification.
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The AFM tips are mainly made of Si3Njy or silicon and the extensively used substrates for
AFM experiments include MICA, glass, and silicon wafer. The chemical modifications for all
these materials are very similar and mainly based on the organo-silane without exception. Here,
the AFM tip functionalization process is used as an example to illustrate the basic scheme.
Usually the process includes three sub-steps shown in Figure 2.7: Activation of AFM probe
surface, coupling with cross-linker at one end, and conjugation with probe molecules at the other
end of cross-linker. The activation of AFM can be achieved by silanization. The silanol groups
on probe surface can react with organosilane, such as APTE, MPTE or other organo-silanes.
Next, the functional groups decorated on probe surface will couple with the moiety at one end of
cross-linker through amide, thiol ester, or others bonds. Several different cross linkers were used
in my studies, as shown in Figure 2.8. Finally, probe molecule can conjugate with the functional
group left at the other end of cross-linker. Based on the functionalization of tip and substrate, the
AFM imaging and force spectroscopy can be successfully carried out. The purposely designed

functionalization methods will be helpful to both imaging process and force measurement.

2.4.1 Synthesis of Compound 8

Figure 2.9 shows the synthesis route for Compound 8. It started from polyethylene
glycol with 1.0 K average molecular weight. First, TsCl ( 20.97 g, 110 mmol) and anhydrous
pyridine (30 mL) was added to a solution of an uncapped 1.0 K average molecular weight PEG
diol (50.0 g, 50 mmol) in anhydrous DCM (300 mL). The resulting mixture was stirred overnight
at r.t.. The precipitate was filtered and the solvent was evaporated. The residue was dissolved in
anhydrous DMF (200 mL) with addition of NaN3 (16.25 g, 250 mmol). The reactant was stirred
at 80 °C overnight. The precipitate was filtered again and the solvent was evaporated. The crude

was purified by silica gel column. The product was eluted with DCM/MeOH (20: 1). Compound
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9, the attained pale yellow solid (45 g, 90% yield) was characterized by MALDI and used for the
next selective Staudinger reaction. MALDI HRMS: m/z 1139.8, 1184.0, 1228.9 [M-N;]. 'H
NMR (300 MHz, CDCl;, 298 K): 3.63-3.58(92H, br, CH,CH,), 3.32(4H, m, N;CH;). °C NMR

(CDCls): 6=70.87, 70.85, 70.81, 70.75, 70.21, 50.86. (Figure A.9 and 10 in APPENDIX A)
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Figure 2.9 The synthesis route for Compound 8.

PPh; (2.51 g, 9.56 mmol) and H,O (3 mL) were added into Compound 9 (8.37 g, 7.97
mmol) in THF (100 mL). The reaction was monitor by check TLC plate stained by ninhydrin in
ethanol. The reactant was kept react overnight at r.t. under argon protection. The solvent was
evaporated under high vacuo. The crude was purified by silica gel column. The product was

eluted with DCM/MeOH/TEA (10: 1:0.1). Compound 10, the attained pale yellow solid (4 g, 48%
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yield), was characterized by MALDI and used for next condensation reaction. MALDI HRMS:
m/z 982.2, 1026.2, 1070.2 [M-N,]. '"H NMR (300 MHz, CDCl;, 298 K): 6=3.93(2H, m,
NH,CH,CH,0), 3.67(92H, br, CH,CH,0), 3.39(2H, m, N3;CH,), 3.18(2H, m, NH,CH,CH,0).
BC NMR (CDCl3): 8= 70.90-69.92, 66.99, 50.89, 40.68. (Figure A.11 and 12 in APPENDIX A)
Biotin-NHS (0.39 g, 1.131 mmol), TEA (0.240 mL, 1.74 mmol) and acetonitrile (5 mL)
were added into Compound 10 (0.87 g, 0.87 mmol) in anhydrous DCM (5 mL). The reactants
were stirred overnight under argon protection. The cloudy reactant was filtered and filtrate was
dried at vacuo. The crude was purified by silica gel column. The product was eluted with
DCM/MeOH (10:1). Compound 11, the attained pale yellow solid (0.6 g, 57% yield), was
characterized by MALDI and NMR. MALDI HRMS: m/z 1144.8, 1188.9, 1132.9, 1176.8
[M+Na"+H,-N,], 1164.8, 1208.8, 1252.9 [M-N,]. 'H NMR (300 MHz, CDCls;, 298 K):
0=6.84(1H, br, NH), 6.62(1H, br, NH), 5.80(1H, br, NH), 4.39(1H, m, CH), 4.19(1H, m, CH),
4.00-3.25(80H, br), 3.03(1H, m, CH), 2.79-2.64(2H, br, SCH>), 2.12(2H, m, NCOCH,), 1.59(4H,
br), 1.33(2H, br). >C NMR (CDCls): 8=173.56, 173.50, 164.30, 71.45-70.08, 61.88, 60.36, 55.81,
50.82, 50.79, 42.87, 40.64, 39.26, 36.07, 29.78, 28.40, 28.30, 25.76. (Figure 2.10 and 11)
Compound 12 (0.23 g, 89% yield) was obtained from Compound 11 (0.258 g, 0.215
mmol) by following the same procedure as Compound 10. MALDI HRMS: m/z 1123.9, 1167.9,
1212.0 [M+H'] 1145.9, 1190.0, 1234.2 [M+Na'] 1161.9, 1205.9 [M+K']. '"H NMR (300 MHz,
CDCls, 298 K): 0=6.84(1H, br, NH), 6.62(1H, br, NH), 6.18(21H, br, NH), 5.80(2H, br, NH.,),
4.39(1H, m, CH), 4.19(1H, m, CH), 4.00-3.25(80H, br), 2.20(2H, m, NCOCH.), 1.68(4H, br),
1.44(2H, br). ®C NMR (CDCls): 8=173.45, 163.94, 158.90, 70.91-70.03, 61.96, 60.38, 55.71,
53.10, 50.79, 40.74, 40.55, 39.34, 36.07, 29.88, 28.33, 25.76.(Figure A.13 and 14 APPENDIX A)

A solution of Compound 12 (100 mg, 0.083 mmol) in anhydrous CH,Cl, (10 mL) was placed
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under an atmosphere of Argon and then bromoactyl bromide (51 mg, 0.83 mmol) and pyridine
(33 mg, 0.3 mmol) were added. After stirring the reaction mixture overnight at ambient
temperature, the solvent was removed under reduced pressure and the residue was purified by
silica gel column chromatography (CH,Cl,/CH3;0H, 30/1, v/v) to afford Compound 8 (74 mg,

67%). MALDI HRMS: m/z 1188.2, 1232.2, 1276.2, 1320.2, 1364.2, 1408.3, 1452.4, 1496.5 [M].
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Figure 2.10 '"H-NMR spectrum of Compound 11 in Deuterochloroform (CDCls)
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Automation directory: /export/home/walkup/auto_2010.06.01
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Sample : guojun-biotin-PEG1000-N3
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Figure 2.11 >C-NMR spectrum of Compound 11 in Deuterochloroform (CDCls)
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2.5 Conclusions

To achieve the purpose of imaging and force measurement, several organo-sulfurs and
polyethylene glycol derivatives for molecule immobilization were synthesized to facilitate the
immobilization of biomolecule of interest. By delicately designing the method of molecule
immobilization on solid surface, the surface density and orientation of interested molecule can be
controlled in some way, which is helpful to increase the probability of force measurement and
suppress some of negative unspecific interactions in imaging and force measurement.

The designed molecule immobilization methods not only offer useful platforms for AFM
based single molecule imaging and force spectroscopy, but also benefit other techniques
requiring special surface functionalizations, such as: surface plasmon resonance (SPR), quartz

crystal microbalance (QCM), and micro-fluid.
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CHAPTER 3

RICIN DETECTION AND INTERACTION STUDY

Chen GJ, XH Ning, B. Park, GJ Boons, BQ Xu. A simple, clickable protocol for AFM tip
modification and its application for trace ricin detection by recognition imaging, Langmuir, 2009
25: 2860-2864. Reprinted here with permission of publisher. Copyright 2011 American
Chemical Society

Chen GJ, JF Zhou, B Park, BQ Xu. Single Ricin Detection by Atomic Force Microscopy
Chemomechanical Mapping, Appl. Phys. Lett., 2009 95(4): 043103/1-043103/3. Reprinted here
with permission of publisher. Copyright 2011 American Institute of Physics



49

3.1 Abstract

The authors report a study of detecting ricin molecules immobilized on chemically
modified Au (111) surface by chemomechanically mapping the molecular interactions with a
chemically modified AFM tip. AFM images resolved the different fold-up conformations of
single ricin molecule as well as their intra-molecule structure of A- and B- chains. AFM force
spectroscopy study of the interaction indicates that the unbinding force has a linear relation with
the logarithmic force loading rate, which agrees well with calculations using one-barrier bond

dissociation model.

3.2 Introduction and literature review

154

AFM with molecular recognition module is gaining increasing attention. ™ It offers a

146,155,156' Due to its

rapid and sensitive tool for molecular identification and interaction studies
high sensitivity and fast imaging process, it could be a high-resolution alternative for detection of
deadly biological warfare agents (BWA), such as ricin toxin.

Ricin toxin, which is a byproduct of castor oil production, was discovered in the seeds of
castor bean plant, Ricinis communis. It is a heterogeneous proteinaceous toxin, which consists of

many different proteins'"'*®

. The average lethal dose of ricin in humans is approximately 0.2
mg, which makes it 6000 times more toxic than cyanide and 12000 times more lethal than
rattlesnake venom by weight. There is no antidote for ricin toxin once introduced above the
lethal dosage™. In addition, ricin can be formulated in a variety of physical forms including

powder, mist, pellet, or dissolved in water or weak acids. Due to its ready availability, high

toxicity, and stability, ricin has the potential to be used in bioterrorism attacks. For this reason, a
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rapid, sensitive, and quantitative detection method for trace amounts of the toxin is greatly

159,160
needed > .

The current detection approaches for ricin are mostly based on traditional immunological

161 162

methods, such as radioimmunoassay (RIA) °°, enzyme-linked immunosorbent assay (ELISA) ™,
and enhanced colorimetric and chemi- luminescence ELISA'®. However, lengthy assay time and
limited throughput make these methods impractical for rapid responses. Numerous alternative
techniques have been developed, and examples include functionalized gold nanoparticle'®*'®,
capillary electrophoresis (CE)'®®, hybrid combination of quadrupole with time-of-flight (Qq TOF)
197 "and hydrogel-based protein microchips'®. Although the detection time is greatly decreased,

these methods still do not meet all the requirements for sensitive, rapid, and inexpensive

detection of toxins.
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Figure 3.1 Schematic representation of AFM tip modification. (1) The thiol moiety of PEGyog
formed a SAM on the gold-coated tip; (2) the anti-ricin Ab with an alkyne group attached to the

tip through click chemistry.
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To apply the AFM technique in the detection work, tip modification is a critical step'*"'®’.

As discussed previously, AFM tip functionalization process generally entails three steps, namely
modification of a tip surface, grafting of a cross-linker, and conjugation of a biomolecule®**>'",
Here, a simplified method was developed to modify AFM tip based on the powerful “click

. 171,172
chemistry”! """

, which facilitated practical and sensitive detection of toxins.(Figure 3.1) A key
feature of the approach involves the use of a polyethylene glycol derivative (compound 5,
Figure 3.3) with a thiol and azide end group. The thiol moiety of the PEG derivative enables
attachment to a gold-coated tip without the need for initial tip modification. The azide of the
immobilized PEG can then be employed in a Cu' catalyzed 1,3-dipolar cyclization with an
alkyne moiety of an appropriate biomolecule. This cycloaddition reaction, which has been coined
‘click chemistry”, is attractive because it can be performed at room temperature to provide
stereospecifically stable triazoles in high yield and compatible with a variety of solvents and

functional groups'”

. An anti-ricin antibody (anti-ricin Ab) with alkyne moiety was anchored on
AFM probe surface, which made it possible to qualitatively and quantitatively detect ricin by

AFM'® 1n addition, the interaction between these two biomolecules can be studied, which

would give extra information to confirm the binding between anti-ricin Ab and ricin.

3.3 Experiments

3.2.1 Materials

Fluorescein labeled Ricinus Communis Agglutinin II (RCA II, RCA60, ricin) (Vector
Laboratories Inc.), affinity purified goat anti-ricinus communis agglutinin I&II (Img/ml, Vector
Laboratories AS-2084), regenerated cellulose dialysis membrane (MWCO=3500) (Membrane

Filtration Products, Inc.), 1-(5-[1,2]dithiolan-3-yl-pentanoyl)-pyrrolidine-2,5-dione (LA-NHS,
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Compound 1), pentynoic acid 2,5-dioxo-pyrrolidin-1-yl ester (Alkyne-NHS), HS—PEG000y—N3,
PNS buffer (10mM phosphate, pH=7.8, 0.15M NacCl, 0.08% Sodium Azide), CS-10 silicon AFM

probe (Nanoscience Instruments).

3.2.1 Alkyne modification of Anti-Ricin Ab.

Commercial anti-ricin Ab in a PNS buffer (200 pL, 1 mg/mL) was dialyzed using a
regenerated dialysis membrane (MWCO:3500 Da, two Quick Seps) in purified water (18.2 MQ)
at 0 °C for 12 hours. Salt removal was deemed important to avoid possible inference with the
conjugation reaction. The resulting anti-ricin Ab (200 pL) was mixed with alkyne NHS (200 uL,
approx Img/mL) in dimethyl sulphoxide/CH,Cl, (1:1). The mixture was stirred at 0 °C for 1
hour. Next, the solution was extracted with ethyl acetate (3 x 400 uL) to remove the active ester
residues and the aqueous solution was placed in Quick Seps and dialyzed against water at 0 °C

for 12 hours.

3.2.2 Functionalization of AFM tip

The Functionalization steps were shown in Figure 3.1. Tips were coated with 20~30 nm
of gold using an E-beam evaporator and then immersed in HS—PEG 000y —N3 in chloroform (5
mg/mL) at 4 °C for 10~12 h to form a compact SAM '*. The PEG modified tips were washed
with dimethyl sulphoxide followed by purified water three times. The tips were placed into
alkyne modified antibody solution (200 pL, 0.1 mg/mL) and then sodium ascorbate (3 uL, 1 M)
and copper (II) sulfate (1puL, 0.3 M) in water were added to the solution ' The click reaction
was allowed to perform for 10~12 hours in the dark at 0 °C. Finally, the tips were washed by

PNS buffer three times and stored in PNS buffer at 4 °C.
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3.2.3 Ricin immobilized on the functionalized gold substrate

Figure 3.2 Schematic representation of ricin immobilization on the gold surface. (1) active ester
10 attached to the gold coated mica surface by the thioctic acid moiety; (2) ricin binds to active

ester 10 by forming amide bond with amine groups on the protein surface.

The ricin immobilization on gold surface was shown in Figure 3.2. A fresh thermal gold-
coated mica substrate was annealed by a hydrogen flame for 2 min, and then LA-NHS in
dichloromethane (200 puL, Smg/ml) was immediately added to the surface. The substrate was
kept at 4 °C for 3 hours'’®. Following rinsing by dimethyl sulphoxide and purified water, 200 pL
(24 fg/mL) of ricin solution was put on the surface. The mixture was maintained at 4 °C for 30

min.
3.2.4 AFM experimental setup

An Agilent 5500 AFM system equipped with an inverted light microscope (ILM) system
(Agilent, Chandler, AZ) was used. An Agilent multi-purpose AFM scanner was used for
scanning an area of 10 pm’. Silicon cantilever tips with a nominal spring constant of about 0.1
N/m were used throughout the experiments. All the images were taken in buffer using

recognition imaging module based on Agilent magnetic AC (MAC) mode AFM with a
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magnetically-coated lever. The detailed parameters for the image were as follows: drive was
approximately 46%, resonance gain was 2, resonance frequency was 12.95 KHz, resonance

amplitude was 1.68 v, and scan rate was 1.22 line/s.

3.4 Results and discussions

3.3.1 Tip and substrate modification

A novel approach for AFM tip modification has been developed employing bifunctional
PEG derivative, Compound 5. The thiol moiety of Compound 5 allows convenient attachment to
a Au modified tip because of the high bond energy of the Au-S bond which ranges from 20-35
kcal/mol (85-145 kJ/mol) and its ability to form compact monolayers'’. The azido moiety of the
resulting SAM can then be employed in click reactions with biomolecules modified with alkynes.

An anti-ricin Ab was modified with alkyne groups by aminolysis with NHS ester of 4-
pentynoic acid, Compound 1. The NHS ester can easily be prepared by the esterification of the
carboxylic acid with hydroxysuccinimide using EDC. Alkyne modified anti-ricin Ab was then
attached to the SAM using a Cu (I) catalyzed reaction between azide of tip and alkyne of the
toxin.

For ricin immobilization to gold-coated mica substrate surface, LA-NHS was employed
which contains a thioctic acid moiety for immobilization to the gold surface and an activated
ester for capturing of proteins. The thioctic was deemed attractive because it forms more stable

complexes with gold with two Au-S bond compared to monothiol ligands'’.
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3.3.2 Ricin detection and recognition

Figure 3.3 AFM topography and recognition of ricin molecules immobilized on Au (111)
surface. Single molecule resolution was resolved with Au (111) terraces underneath clearly seen
in large area (1300nm X 1300nm) topography image (a) but not seen in the corresponding
recognition image (b). Small area images ( ¢, d) show that the ricin protein on the surface fold up

to form different shapes, some of which even clearly show two chains (e,f).

During scanning, the anti-ricin antibody functionalized tip interacted stronger with ricin
immobilized to gold modified mica than with other parts of the surface. Therefore, in the
recognition image, the ricin molecules are visualized as black dots. The scanned topography
image was simultaneously recorded to provide further proof of detection. By using this method,
one can not only detect the presence of the ricin, but also estimate the quantity of the ricin. Thus,
200 uL of a ricin solution (24 fg/mL) was kept on the modified gold surface for 30 min; then the
chip was placed into the AFM system for scanning. Clear topography and recognition images
were obtained (Figure 3.3 a-b, respectively). As can be seen in Figure 3.3 a, each ricin molecule
has a spherical shape (dimensions 20~30nm). By comparing the topographical and recognition

images, we can easily identify which feature belonged to a ricin molecule: each bright spot in the
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topographic image, if represents a ricin molecule, will result in a dark spot in the recognition
image at the same location. Based on the obtained results, it was concluded that the detection
method based on AFM can easily be achieved in the femto- or sub femto-level. Compared with
other detection methods, this method is much easy and faster, and offers a significant advantage
in both sensitivity and resolution.

In addition, ricin molecules were found to be approximately uniformly distributed on the
surface, which was expected because of the uniformly close-packed NHS ester (succinimidyl
active esters) layer on the Au (111) surface. Besides, the underneath Au (111) terraces were also
clearly shown in the topographic image (Figure 3.3 a), suggesting a better immobilization
method. On the other hand, the lacking of Au (111) terraces in the recognition image (Figure 3.3
b) unambiguously indicates that the recognition is specific. Molecular modeling'”’ yielded a
three-dimensional model that shows the overall folding of the ricin A-chain is fully conserved
despite a few discrepancies due to the deletions and insertions between the secondary structures.

However, a recent study178

revealed that ligand binding will cause the ricin A-chain
conformational change. We do found several different folded-up conformations of ricin
molecules in our small area topographic image (Figure 3.3 c¢). Figure 3.3 d is the recognition
image corresponding to the Figure 3.3 ¢, which is used to decide if the white dot in Figure 3.3 ¢
is indeed a ricin molecule. Among these different conformations, we focused on one single ricin
molecule that has a ‘native’ conformation, with the A chain and B chain clearly resolved in the
topographic image (Figure 3.3 e, recognition image in Figure 3.3 f), matching the molecule
structure (The A chain is shown in blue and the B chain in orange) very well. Therefore, we

demonstrated that using the delicate AFM chemomechanical mapping with the tip modification

and surface modification protocols, we are able to resolve not only single molecules but also
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intra-molecule structures. However, the sizes (~20nm in diameter) measured by AFM, is about

twice the size of about 10x10x10 nm crystal structure determined by X-ray crystallography'”.

180

This can be explained by tip broadening effect ~ and compression of the molecules due to the

applied force™.

Figure 3.4 The blocking experiment. Topographic image before (a) and after (c) the blocking of
antibodies on AFM tip and the corresponding recognition image before (b) and after (d) the

blocking.

To further confirm the detection and recognition results, a control experiment was carried

3% When the AFM system was stable, 200 uL of ricin protein

out adopting a flow-cell technique
(24 pg/mL) was injected into the liquid cell using an inlet syringe. Meanwhile, 200 pL of water
in the liquid cell was drawn out by the outlet syringe to prevent the liquid in the cell from
overflowing. The real time changes in the recognition image were monitored at the same location.
It was observed that features were still clear in the topography image (Figure 3.4, a, ¢). However,
the corresponding black dots fully disappeared in the recognition image (Figure 3.4 b, d). This

observation can be explained by the binding of the injected ricin molecules to the anti-ricin Ab

on the tip and blocking the interaction between the anti-ricine Ab and the ricin on the surface.



58

These results strongly support that the detection results (Figure 3.3 a and b) were reliable and
indicate that AFM with recognition module is a powerful technique for toxin detection and bio-

molecular interaction study.

3.3.3 Force Spectroscopy

Up to now, the main source of error in single molecule force microscopy came from the
nonlinear elasticity during the stretching of the polymer crosslinker.'®' People tried to reduce it
by adopting the different expression of force loading rate.'®* Currently, there were two main
approaches widely adopted, nominal loading rate and instantaneous loading rate. '*'** Since the
later method can give out more accurate results, it was adopted here to carry out the force
analysis. Some typical force curves were shown in Figure 3.5 a. Further, we constructed the
force histograms from about 3000 force-distance curves for each loading rate (as shown in
Figure 3.5 b) and applied Gaussian-fitting to identify the peak values, the most probable
unbinding force (Figure 3.5 b). The corresponding instantaneous loading rates from the
statistical analysis (Figure 3.5 d) were used for drawing the correct kinetic information for the
force studies. The corresponding disruptive forces were measured to range from 25 pN to 80 pN,
which is quite reasonable for the unbinding force between antibody and antigen.'*® The
unbinding forces were in linear relation with the loading rates in the logarithmic scale (Figure
3.5 ¢), which indicates that the binding complex only went through one high-energy transition

state before dissociation.'”
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Figure 3.5 The dynamic force measurement. a) Typical AFM retraction curves at instantancous
loading rate of 15.37 nN/s, 38.02 nN/s, and 51.64 nN/s. b) Most probable unbinding force
histogram and their Gaussian fitting curves for 5 different force loading rates. ¢) Most probable
unbinding force at different instantaneous loading rate. The linearity fits the one-barrier
dissociation model well. d) The corresponding instantaneous loading rate histogram and their

Gaussian fitting curves.

To get barrier length, the relation between the unbinding force and logarithmic loading

rate was fit by a line according to Equation 3.1 ', shown in Figure 3.5 c.
F’ :k—Tlnr—k—Tln(kd (O)k—T) Equation 3.1
X X X

where x is the barrier length, kT is the thermal energy, F~ is the most probable rupture force,
and r is the force loading rate. The slope of the fit line was determined to be around 8.54 pN.

Therefore the barrier length x was calculated from this slope to be 0.46 nm according to

X = k% where s is the slope of the best-fit line. This is a bit bigger than most of the reported
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barrier length of 1.5~3 A."'% This could due to several reasons: Firstly, because of the
nonlinear elasticity and limited force sensitivity, the value could have about 10% error.'
Secondly, the barrier length would vary with the size of hydrophobic ricin molecule (10~20 nm).

The dissociation rate at zero force k,(0) estimated from the intercept of the fit line in Figure 3.5

¢, k,(0)=1.43x10" s, was quite reasonable for antibody-antigen complex. However, it would

also carry with errors originating from the slope fitting process, nonlinear character of the cross-
linker and so on."®"'® According to the simulation studies, the error could be several folds.'*®
Following these previous work,''® the momentum-based approach of Jarzynski equality
was adopted to calculate the unbinding free energy. Since the free energy calculation is
independent on the force loading rate, only 20 force curves at nominal force loading rate of 450
nN/s were used for free energy analysis shown in Figure 3.6 a. Certainly, the quantity is far
away from the request for the high accuracy analysis. And the quantity is more, the results of
free analysis would be better. The amount of force-distance curves used to do free-energy
analysis is always around 50 in experimental reports ''>''7'¥1% However, most of these
reported data are focused in the DNA or protein folding experiment'''®'%2, Comparing to these
folding experiments, the system in our experiment is a little bit complex because of the included
cross-linker, PEG, which increase not only the event probability, but also the heterogeneity of F-
D curves. Hence, the amount of F-D curves in energy analysis is less than that reported in the
folding-unfolding experiment. Although the amount of curve is limited, the accuracy of the free

15 it was showed that the deviation

energy analysis is still acceptable. As stated by Ritor,
between the results from 20 and 50 force curves is only about 5 KBT.193

After the F-D curves were smoothed and aligned'!”, the section was abstract out from 538

nm to 517 nm for the pulling rate of 450 nN/s. Whereafter, the free energy was analyzed by the
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momentum-based method, shown in Figure 3.6. The average force in Figure 3.6 b is very close
to the value estimated by the histogram at the same loading rate. After the free energy profile
sharply increased, there was still somehow increment, around 8 KgT and 15 KgT, which is
mainly due to the noise of the whole system. It was shown that the unbinding free energy value

Gyr from Jarzynski equality was 86 KgT.
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Figure 3.6 Free energy calculation. a) Alignment of 25 pieces of force distance curves at

nominal force loading rate of 450 nN/s. b) Mean unbinding force and free energy calculated from

Jarzynski’s equality.

3.5 Conclusions

A new and efficient protocol for tip functionalization for AFM has been developed using
a PEG derivative containing a thiol and azide end group. This heterofunctional linker can be
employed for SAM formation on a gold modified tip and the azides of the resulting SAM can be
applied for the immobilization of an anti-ricin Ab modified by alkynes using a click reaction.
The high efficiency, mild reaction condition, and simple operation of the click reaction greatly

simplified the tip modification process. Furthermore, ricin can be immobilized on a gold-coated
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mica substrate by employing another novel bifuntional compound composed of an N-
hydroxysuccinimidyl ester and a thioctic acid moiety. The thiotic acid moiety of this reagent
binds strongly with a gold-coated mica substrate and the active esters of the resulting surface can
then be reacted with amines of the protein. Using the recognition approach, qualitative and
quantitative information can be easily obtained from the images attained by the AFM system.
Compared with other detection methods, this approach has significantly higher sensitivity (sub-
femtogram level), a faster responses, and easier operation protocol. The detection results were
further confirmed by blocking experiment. Therefore, it was expected this AFM based technique
to be an attractive method for single molecule toxin detection as well as for studies of molecular
recognition events.

On the other hand, nanoscale variations of single molecule structure and intra-molecular
structure of the different fold-up conformations as well as A- and B- chains of ricin protein
molecule have been resolved. Further, AFM force spectroscopy study shows that the binding
dissociation process agrees with the prediction of one-barrier dissociation model and free energy

from Jarzynski equality was about 86 KgT.
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CHAPTER 4
SINGLE MOLEULE INTERACTION STUDY BETWEEN CANCER TARGET EPHA2 AND

ITS LIGANDS

4.1 Introduction

Both single molecule force spectroscopy and recognition imaging were applied to
understand the interactions and binding kinetics between the candidate anti-cancer peptide and
the EphA2 receptor, a novel target in cancer therapies. The membrane receptor EphA2, a
member of the Eph (erythropoietin-producing hepatocellular) family of receptor tyrosine kinases,
is known to regulate multiple cellular signaling pathways and to influence cell attachment,
motility and survival'”*'”’. Recent data indicate overexpression of Eph2 in many cancers

194197 and associate elevated levels of this

including ovarian, breast, colon, brain, and pancreatic
protein with cancer metastatic potential. Therefore, EphA2 signaling is a promising novel target
for cancer treatment.'”*'*® However, there is no highly selective inhibitor of EphA2 in clinical
applications. This work is an initial step to develop a specific, peptide-drug inhibitor for EphA2.
It was shown earlier that previously identified 12-amino acid peptide,””® termed YSA
(YSAYPDSVPMMS), targets nanoparticles directly to cancer cells expressing the EphA2
receptor, indicating that YSA may be used to specifically deliver anticancer drugs in order to
increased drug efficacy.'”?" Recently, it was demonstrated that the YSA peptide is useful in
targeted delivery of the therapeutic, gene-specific siRNA to cancer cells by using peptide-

functionalized nanogels, and subsequent sensitization of cancer cells to taxane chemotherapy.””!

It was also shown that YSA alone partially inhibits tumor growth in a xenograft tumor model.
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Thus, YSA presents itself as a very promising candidate for anticancer therapy. However, the
molecular basis of YSA and EphA2 receptor interactions, and the YSA anticancer mechanism
are largely unknown. While the initial characterization of YSA indicated that it mimics the
activity of ephrinA1'”® the natural ligand of EphA2, it was determined that YSA exerts
downstream signaling effects different from the natural ephrinA1 ligand. These results prompted
to further investigate differences between binding of YSA and ephrinAl to EphA2, in order to
develop an YSA-based anticancer drug specifically targeting EphA2.

Here, the following aspects of their interactions were analyzed: 1) competitiveness of
YSA and ephrinAl in binding to EphA2; 2) binding kinetics of YSA and ephrinAl to EphA2; 3)
importance of the N- and C-terminal parts of YSA peptide for its binding to EphA2; and 4)
differences in binding of monomeric and dimeric forms of ephrinA1 to the EphA2 receptor. The
data obtained in this study can improve the understanding of similarities and differences of
interactions in ephrinA1-EphA2 and YSA-EphA2 complexes, and provide a basis for future

work on rational design of high-affinity peptide ligand for EphA2 in anti-cancer therapies.

4.2 Experiments

4.2.1 Materials

Receptor. EphA2 (R&D Systems, Inc.). The protein is consisted of the entire
extracellular domain of human EphA2 (residues 25-534), and C-terminal six-residue His tag.

Ligands. EphrinAl-Fc dimer (R&D Systems, Inc.). Since two units of EphrinAl-Fc is
connected by disulfide bonds between the two Fc fragments, EphrinAl-Fc monomer was

prepared by reducing the disulfide bonds between the two Fc fragments of the EphrinAl-Fc
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dimer. YSA (Biomatik Corporation, Sequence: YSAYPDSVPMMS), YSA with cysteine residue
at C-terminus (Biomatik Corporation, Sequence: YSAYPDSVPMMS-Cys).

Other reagents. FITC (fluorescein isothiocyanate, Sigma-Aldrich Inc.); Regenerated
cellulose dialysis membrane (MWCO=3500) (Membrane Filtration Products, Inc.); Crosslinkers:
NHS-(PEG);>-Maleimide (Thermo Fisher Scientific Inc.); 3-Triethoxysilylpropylamine (APTE,
Sigma-Aldrich Inc.); 3-Triethoxysilyl-1-propanethiol (MPTE, Sigma-Aldrich Inc.); Dithiobis-
succinimidylpropionate (DTSP, Fluka); Amino-nitrilotriacetic Acid (ANTA, Fluka); CS-10
silicon AFM probe (Nanoscience Instruments); Gold (99.999%, Kurt J. Lesker Company);
Phosphate Buffer Saline (PBS, pH 7.4, w/o Mg™ or Ca’, Cellgro by Mediatech Inc.), DTT
(Dithiothreitol) (Acros Organics, Morris Plains, NJ, USA), lodoacetamide (Sigma-Aldrich Inc.).
Chemicals were used without further purification.

6histidine tag

|
Au

Figure 4.1 Optimized attachment of His-tagged Epha2 with specific orientation on gold surface.

4.2.2 Methods

Preparation of the ephrinAl-Fc monomer. To generate a monomeric form of ephrinAl

previous procedure was followed,”® in which an ephrinAl-Fc homodimer (ephrinAl-Fc-Fc-
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ephrinA1) was transformed to a monomer (ephrinAl-Fc) by using DTT and lodoacetamide to
reduce the disulfide bonds between the two Fc fragments.

Immobilization of the EphA2 protein on the Au substrate. Through C-terminal His-tag
(six histidine residues) and Ni>-NTA (nitrylo-triacetic acid) shown in Figure 4.1, the procedure
for site-specific immobilization of EphA2 receptor was optimized on the Au surface. DTSP-
ANTA linker was synthesized to conjugate with the EphA2 molecules so that the carried
disulfide moiety of EphA2 can attach to the annealed Au surface. In detail, DSP-ANTA (1mg/ml,
10ul) and Ni** solution (40 mM, 1pl) were mixed first for 1~2 hour, then 200 pl of EphA2 in
PBS solution (100 pg/ml) was added into the mixture and kept for 4~5 hours at 4 °C. Next, the
mixture was transferred into the dialysis vial with a regenerated cellulose membrane
(MSCO=3500) against the PBS buffer with | mM Ni** for 24 h at 4 °C. The obtained conjugated
EphA2 was aliquot and stored at -20 °C. The conjugated EphA2 was immobilized on the
annealed (hydrogen flame) Au surface through the disulfide group of the DTSP-ANTA linker.
After incubation for 4 hours at 4 °C (200 pL of conjugated EphA2 in PBS solution, 10 pug/mL),
the modified surface was rinsed several times with PBS buffer. This method allowed us to obtain
a stable monolayer of the protein on the surface and a site-specific protein attachment, which
increases the chance of binding since the binding site of the receptor will remain exposed to the
ligand during the AFM scanning. The sizes of molecules of about 20 nm on the topography
image (Figure 4.2 c¢) were consistent with the approximate size of the ectodomain of EphA2 that
we estimated from the structural modeling. This method resulted in much better protein
monolayer compared to the one obtained by using the immobilization protocol applied earlier, in
which first the DTSP-ANTA was deposited on the annealed Au surface and next the EphA2

protein was immobilized on the DTSP-ANTA monolayer (Figure 4.2 a and b). This approach
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also decreased the possibility of interfering interactions between the tip and the DTSP-ANTA

molecules on the surface that remained not conjugated to EphA2.

f'r!é!.
% l
LI L )

z & 7

Figure 4.2 The profile of several functionalized surface. (a) Topographical image of the gold
surface modified with DTSP-ANTA; (b) Topographical image after addition of EphA2 to the
previously DTSP-ANTA functionalized surface; (c¢) Topographical image of the DTSP-ANTA-

EphA2 complex attached the gold surface.

Functionalization of the AFM tip with ligands. The scheme of the AFM cantilevers
functionalization was shown in Figure 4.3 a. First the magnetically coated tips were modified
with -NH, or -SH groups by using APTES or MPTE organosilanes, respectively, under the vapor
phase for 20 min at 1 torr. After sonic cleaning in hexane, the modified tips were immersed in
NHS-(PEG);>-Maleimide in DMSO solution (concentration 20 mM) for 2 hours at r.t., following
by rinsing with DI water. Finally, the tips were transferred into biological sample solution (YSA,
YSA-Cys, ephrinAl dimer, or ephrinA1 monomer, concentration 1 mM) for another 12 h at 4 °C.
After rinsing with DI water several times the functionalized tips were stored in PBS solution, at 4

°C. The use of bi-functionalized NHS-(PEG);,-Maleimide linker allowed us for the site-specific
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attachment of the YSA peptide to an AFM tip, either by the N-terminus of YSA or the C-
terminal cysteine residue of YSA-Cys. For the connection of YSA through its N-terminus, the
AFM tip was functionalized with -SH group, coupled with maleimide group of linker, and the
remaining succinic acid group of linker (NHS) can react with -NH, group in the peptide’s N-
terminus (there is only one amino group available at N-terminus of YSA). For connection of
YSA by the C-terminal cysteine (-SH) the tip was functionalized with -NH, group which reacted
with succinic acid group of the linker, and linker’s maleimide group reacted with the -SH group
of the C-terminal cysteine of YSA (there is no other —SH group in the peptide sequence). The
attachment of the ephrinAl-Fc¢ dimer and monomer was performed through protein surface

lysine residue and was not site-specific.

a b

i1
Vo SMPTE(SH) APTE(NH,)

i2)
= “Maleimide-PEG-NHS

"
L]

~—YSA, YSA-Cys, Ephrin
Figure 4.3 The tip modification procedure and its proof. a) Tip functionalization scheme for

YSA, YSA-Cys, or Ephrin. b) Fluorescence image of the AFM tip functionalized with YSA-Cys

peptide and stained with FITC demonstrating that the peptide was attached to the AFM tip.

To verify attachment of a ligand to the AFM tip, the FITC (fluorescein isothiocyanate)
was applied to stain the YSA-Cys functionalized tip. The FITC dye can react with the -NH,
group of the YSA peptide resulting in tip fluorescence if the YSA was attached to the tip. The
YSA-Cys modified tips were immersed in the FITC solution in DMF (1 mg/mL) for 12 h at 4 °C.

After rinsing with water to remove a physically adsorbed FITC dye, the tips were imaged under
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water by confocal microscopy (488 nm Green Argon laser (Eclipse, TE 3000, Nikon). As shown
in Figure 4.3 b, green fluorescence of FITC indicates that the ligand is attached to the AFM tip.

AFM experimental setup. (the same apparatus and similar operation method as Chapter 3)

L ]

100 v
e,

Figure 4.4 The AFM recognition imaging of the YSA-EphA?2 interaction. The YSA peptide was
tethered by the PEG linker to the AFM tip. The EphA2 receptor was immobilized on the surface
through a C-terminal His-tag. a) topography and b) recognition images obtained with the YSA-

modified tip, c¢) topography and d) recognition images obtained with the bare tip.

Control test for non-specific interactions of the AFM tip. For an accurate recognition
imaging, the non-specific interactions between the bare, unmodified AFM tip and the receptor
molecules on the substrate should be minimal. To check whether the nonspecific interaction of
the unmodified tip with the receptor are negligible, the topography and recognition images of
EphA2 immobilized on the surface were collected, using the AFM tip functionalized with YSA-
Cys (Figure 4.4 a, b) and compared them with images obtained by using the unmodified tip

(Figure 4.4 ¢, d). As shown in Figure 4.4 ¢ and d, the bare tip differentiated shapes of the
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EphA2 molecules in topography images (Figure 4.4 c, white spots) but it didn’t interact with the
receptor (Figure 4.4 d, lack of dark interaction spots). In contrast, the tip modified with YSA-
Cys not only differentiated the topography of the receptors (Figure 4.4 a, white spots), but also

interacted with the EphA2 molecules (Figure 4.4 b, dark interaction spots).

4.2.3 Data collection and analysis

Force spectroscopy - evaluation of a dissociation rate constant k.. The dynamic
force spectroscopy was applied to determine the dissociation rate constant koﬁf.203 The force
spectroscopy data were collected under several different nominal force loading rates (three
loading rates for each ligand, at 4000, 400, and 40 nN/s). For each loading rate, 1000 force-
displacement curves were recorded at room temperature, at different positions on a sample that
corresponded to receptor molecules of the topography images. The same force spectroscopy
experiments were carried out for all four ligands attached to the AFM tips: YSA, YSA-Cys,
ephrinAl-Fc monomer, and ephrinAl-Fc dimer. For each force-distance curve, the apparent
loading rate was determined by calculating the slope of the curve just before rupture of the

188
complex

. We applied linear fit of the rupture force, Fy, versus apparent loading rates, r,
according to the Bell model'®?*, Equation 4.1, to obtain the rupture force at zero loading rate
(an intercept of the linear fit to Equation 4.1), Fy, and the width of the interaction well, x (a slope
of the linear fit to Equation 4.1). The dissociation rate constant, k,; was calculated from

Equation 4.2, where £ is the Boltzmann constant and 7 is temperature.

kT

X

Fp= al

In(r) +k—Tln( ) Equation 4.1
X

kT

ln(r)—)O:F0=k—Tln(k ¥ ) g = exp(ofoX
X

kT oo kT kT

) Equation 4.2
off
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Figure 4.5 Histograms of rupture forces (left) and corresponding apparent loading rates (right)
for EphA2-ligand complexes. For ligands: (a) ephrinA1-Fc-monomer, (b) ephrinAl-Fc-dimer, (¢
YSA-Cys, and d) YSA. For each ligand (a, b, c, d), there are three subpanels, corresponding to
three different nominal loading rates (nN/s) 400 (top), 40 (middle), 4 (bottom). Histograms were
fitted with Gaussian function and the most possible values of these fitting were labeled on the

figures.

The average life-time of a receptor-ligand bond was calculated as 7y = koﬁ:l. Because of
deviations of the data from linearity, the most probable apparent loading rates and the
corresponding most probable rupture forces were selected. In detail, the histograms of each
apparent loading rate were built (Figure 4.5). Each of the three histograms was fitted with the
Gaussian function and the loading rates within +/-c value of each Gaussian were selected

(approximately half of the Gaussian width, centered at the Gaussian’s mean). Next, for each of
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the selected loading rates, the histograms of rupture forces were obtained and applied by the
same selection procedure as for the loading rates to choose the final sets of the force versus
loading rate data that were then used for the linear fit to Bell model. The histograms for loading
rates and rupture forces for all the ligands can be found in Figure 4.5 and the linear fitting curves

of the rupture force versus apparent loading rates were shown in Figure 4.6.

140
120+ ~1.3
e 9.3
%_ 1004 F,=607
% slope
ﬁ 80
& 60l-Frt98
o slope=
2 40 - —— ephrinA1 monomer
g— —— ephrinA1 dimer
o 20 —— YSA-Cys
YSA
0

0 2 4 6 8 10 12 14
In(r), pN/sec

Figure 4.6 Results of dynamic force spectroscopy for EphA2-ligand complexes. Linear fit of the
rupture forces versus natural logarithm of force loading rates for EphA2-ligand complexes;

ligands: ephrinA1-Fc monomer, black; ephrinA1-Fc dimer, red; YSA-Cys, blue; YSA, cyan.

Evaluation of the association rate constant kon. To calculate the receptor-ligand

association rate constant k,,, the reported method by Lee et al. 178

was used, which is based on a
competitive inhibition of the receptor’s binding site by the ligand attached to the tip and the same
ligand in the solution surrounding the immobilized receptor. In these experiments, the time-
lapsed AFM topography and recognition images of the interactions were recorded between the
immobilized receptor and the ligand on a tip, before and after addition of the same ligands to the

solution in fluid cell. These images were used to calculate time-dependent changes of the number

of bound receptor-ligand molecules after addition of the ligand to the solution, for a chosen
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500x500 nm area of the receptor sample. The k,, was then calculated from a kinetic differential

equation, Equation 4.3, describing the process:

kon
Ligand (L) + Receptor(R) <W > Complex (C)
dac _ k,, R-L-k,C Equation 4.3

Where R, L, and C were concentrations of the unbound receptor, unbound ligand, and receptor-
ligand complex respectively. Because of excess of the ligands in solution compared to the
amount of the receptor, it was assumed that L is constant and equal the known initial
concentration of the ligand added to the solution, Ly. By replacing R = Rr— C, where Ry is a
known total concentration of receptors (bound and unbound) on the surface we obtain Equation
4.4.

& b (R -C) L,k

Ll e Equation 4.4

with a boundary condition of C(#=0) = 0 (due to the initial lack of the ligand in solution) and the
solution, Equation 4.5:

kon LORT

1-exp((—k, L, +k,,) -t Equation 4.5
%A+%{ Pk, Ly + k) 0)] g

Cn=

At the saturation state (t— o), Equation 4.6 and Equation 4.7 were obtained:

k L,R .
C(o0)=——20 T Equation 4.6
kLo +k,;
C(o)k
@)y Equation 4.7

" Ly(R = C()
The concentration of a bound receptor-ligand at equilibrium (time— o), C(co), was

determined by the exponential fit of the dependence of the bound receptor-ligand concentration,
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C(?), versus time, Equation 4.5. For the £, the values was obtained from force spectroscopy
(Table 4.1). The detailed data for the k,, calculation for each ligand can be found in Table 4.2.
The exponentially fitted curves of C(¢) versus time are shown in Figure 4.7. The equilibrium
dissociation constant, Kp, is calculated as k,yk,,. The binding energy is calculated as E =
RTIn(Kp), where R and T are the gas constant and temperature, respectively.

Table 4.1 Kinetic and thermodynamic data. They were obtained from the AFM recognition
imaging and force measurements for binding of the EphA2 receptor with its ligands, ephrinAl-

Fc dimer, ephrinA1-Fc monomer, YSA-Cys, and YSA.

ephrinAl-Fc ephrinAl-Fc YSA-CYS YSA
Dimer Monomer
Kogr *(s7) 1.7%107 (1.0-2.9)2 3.6*10™ 1.5%107 (0.8-2.7)% 5.8%107 (4.0-8.6)¢
Kon ° (s'M™) 6.0¥10% (1.3)8 2.6%10*(1.5-6.4)¢ 1.9%10% (1.6-2.3)¢ 1.9%10°
x°(A) 5.7 (0.2)" 5.9 (0.2)" 43 (0.2)" 4.9 (0.2)"
70" (S) 5882 2778 67 17
Kp© (M) 2.8%107° 1.4*%10® 7.9%10° 3.1*¥107
E f (kcal/mol) 11.6 10.8 7.0 6.2

* koif — dissociation rate constant, b ko— association rate constant, © x — width of the interaction well, d
7p_average life-time of a receptor-ligand complex, © Kp — equilibrium dissociation constant , "E - ligand-
receptor binding energy. In parentheses are experimental errors: " standard deviation, ® minimal and maximal

value.

Estimation of the sizes of the EphA2 ectodomain and the ephrinAl-Fc dimer. The
extracellular domain of the EphA2 protein used in this study consists of the ligand binding
domain, the cysteine-rich fragment, and two fibronectin III repeats. The experimental structure
of the ligand binding domain is known.”* For the remaining domains threading-based structure
prediction was applied using the I-TASSER*™ method and the LOMETS server. The
approximate size of the ectodomain was obtained by adding up the sizes of all four subdomains
(from N- to C-terminus) and was evaluated to be about 20 nm. To estimate the maximum

separation of the two binding loops (one loop in each ephrinAl monomer) of the ephrinAl-Fc
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dimer (ephrinAl-Fc-Fc-ephrinAl), the sizes of experimental structure of the two Fc domains
(about 5.5 nm from N- to C-terminus per domain), and the distance from C-terminus to the
binding loop in the experimental structure of ephrinAl for each of two fragments (about 2.2 nm
per protein) were summed with the size of about 15 nm. This gives us an approximate maximum
distance between the two receptor molecules that could be bound simultaneously by two subunits
of ephrinA1-Fc dimer.

Table 4.2 Experimental data used for the calculation of association binding constant, k,,, for

binding between EphA2 and the ligands.

ephrinAl-Fc ephrinAl-Fc YSA-CYS
Dimer Monomer
Time-lapse t* Cc? t* c t* cl
Blocking
Data sec sec sec
0 0 0 0 0 0
720 26 600 15 524 52
2520 36 1200 26 1093 59
2880 46 1800 30 1675 72
3240 51 3600 40 2239 78
4680 56 5400 56 2920 78
7800 61
R;°© 60" 72! 86!
17.65%10 M8 21.16*10°' Mm# 25.28*101 M®
C.! 56.97° 63.60° 76.88"
16.75%107' M 18.69*10°' M® 22.60%1071 M®
| 53.4%10° M# 106.8%10° M# 6.9%10° M2

® Time after adding of the blocking ligand to the EphA2 receptor immobilized on the surface, sec, ° C; —
number of EphA2 molecules blocked with the ligand after time ¢,

¢ Rt — total number of EphA2 molecules in the analyzed AFM image,

4 C,- number of EphA2 molecules blocked with the ligand at equilibrium, after time #->oo,

¢ Lo — initial concentration of ligand, mol/liter , famounts of reagents expressed in number of molecules in the

analyzed AFM image,  amounts expressed in molar concentration, mol/liter.
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Figure 4.7 Results of EphA2 blocking with ligands. Exponential fit of the dependence of the

concentration of blocked EphA2 (bound EphA2-ligand complexes), C(¢), versus time after

addition of ligand to the fluid cell; ligands: YSA-Cys, blue; ephrinAl-Fc monomer, red,;

ephrinA1-Fc dimer, black. C, denotes the concentration of blocked receptor at equilibrium (time

-> 0).

4.3 Results and discussions

YSA and ephrinAl bind competitively to EphA2. It has been suggested, based on a

macroscopic competitive binding experiment that the YSA peptide mimics binding of ephrinAl

to EphA2, the receptor’s natural ligand'*®, i.e. both ligands bind to a similar binding region of the

receptor. To verify these earlier results at the single-molecule level the AFM blocking

experiments were performed, using ephrinAl-Fc dimer as blocking ligand. In this experiment

first the topography and recognition images of the unblocked EphA2 were collected, by using the

YSA-Cys modified AFM tip. Next, the ephrinAl-Fc dimer solution (concentration 10 pg/mL)

was added to the liquid cell which can bind to EphA2. Time-lapsed topography and recognition
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images of the same surface fragment were collected with the YSA-Cys-modified tip. If ephrinAl
and YSA bind competitively to EphA2, it was supposed to observe a decreasing with time
number of interaction sites of YSA with EphA2, as a result of an increasing number of EphA2
binding sites being occupied by ephrinAl from the solution. It is evident from the recognition
images in Figure 4.8 c, d that the number on YSA and EphA2 interactions (dark spots on the
recognition images, Figure 4.8 c, d) decreases with post-blocking time, indicating that ephrinA1
and YSA compete for the binding site on EphA2. The simultaneously recorded topography
images show that number of the receptor molecules remains almost unchanged during the
experiment (Figure 4.8 a, ¢, white spots). In the contrary, it can be noticed that second bright
spot is next to the marked EphA2 receptor that likely corresponds to the ephrinAl molecule
bound to the EphA2 receptor after ephrinAl is added.

A quantitative representation of these results was shown in Figure 4.8 e, where white
bars represent a histogram of YSA and EphA2 interactions forces before blocking and the grey
bars represent a histogram of YSA and EphA2 interaction forces 3 hours after blocking of
EphA2 with ephrinAl. The histograms were obtained by measuring the rupture forces between
the interacting YSA-Cys (on a tip) and EphA2 (on the surface) before and after blocking of the
receptor with ephrinAl. It is evident from these histograms that after blocking of EphA2 with
ephrinAl, number of interactions between YSA and EphA2 decreases indicating that YSA binds
in a similar region of the EphA2 molecule as ephrinA1. This result confirms at a single-molecule
level observations of Koolpe and his coworkers that indicated competitive binding of YSA and
ephrinAl to Epha2 in macroscopic studies'’®. This finding is important in terms of further

improvement of peptide inhibitor of EphA2, as the crystal structure of EphA2 and ephrinAl is



78

known®” and the binding interface of this complex could be used as a source of structural data

for the peptide re-design to improve its binding and specificity to EphA2.
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Figure 4.8 The AFM demonstration of the competitive binding of the YSA and ephrinAl
ligands to EphA2. a) topography and b) recognition images obtained with the YSA-modified tip
before blocking of EphA2 with the soluble ephrinA1l, ¢) topography and d) recognition images
obtained with the YSA-modified tip after 3h post blocking of EphA2 with the soluble ephrinAl.
The yellow circle shows an example of competitive binding the YSA and ephrinAl ligands to
EphA2. e) A histogram of rupture (unbinding) forces obtained from AFM force-distance curves
(f) of the YSA-EphA2 interactions before and after blocking of EphA2 with the soluble

ephrinAl.
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Identification of the force peak representing the specific ligand-protein binding.
Differentiation between the nonspecific tip-ligand and specific protein-ligand interaction is often
difficult. Given the length of the PEG cross-linker applied in our study (about 6 nm) and the size
of the EphA2 ectodomain estimated to be at the maximum ~20 nm, it was supposed that the
rupture events with stretching distance in the range of 6 to 26 nm (the distances between the
length of the PEG linker and the sum of lengths of the PEG linker and the EphA2 receptor)
would be counted here as specific interactions. This rule was used to select the relevant force
curves in all the force spectroscopy experiments probing the ligand-EphA2 binding. Additional
identification of the position of the specific interaction force peak on the force-distance curves
was done based on the previously described blocking experiment. Figure 4.8 f showed the
typical force-distance curves of YSA-Cys (on a tip) and EphA2 (on the surface) interactions
measured before and after blocking of EphA2 with ephrinA1l in solution. The force peak present
on force-distance curves before blocking (Figure 4.8 e, blue curves) disappeared after ephrinA1l
inhibits binding between YSA and EphA2 (Figure 4.8 e, red curves), indicating that this force
peak represents specific interactions of YSA with EphA2.

Binding force and kinetics of the ligands with the EphA2 receptor. The strength and
kinetics of binding between various ligands and EphA2 were analyzed, including a) YSA-Cys, b)
YSA, c) ephrinA1-Fc monomer, and d) ephrinA1-Fc dimer. A pair of peptide ligands (YSA-Cys
and YSA) was used to investigate which part of the peptide is more essential for its binding to
EphA2. The ephrinA1-Fc monomer and ephrinA1-Fc dimer were used to compare binding of the
mono- and bivalent ephrinAl ligands to EphA2. In the following sections the binding affinities
and kinetics of these ligands to EphA2 were compared. The kinetic rate constants, k,yand &, the

equilibrium dissociation constant, Kp, and the binding affinities were calculated based on the
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AFM force spectroscopy and imaging experiments, as described in Materials and Methods, Data
collection and analysis.

Evaluation of the binding strength between different parts of the YSA peptide and
EphA2. The molecular basis of the YSA and EphA2 binding are largely unknown. Our and

other’s'”®

results suggest that the YSA binds in the similar binding site as the ephrinA1 ligand. In
another study, the known crystal structure of EphA2-ephrinAl complex was used to build the
homology model of the EphA2-YSA complex assuming the same binding sites for ephrinA1l and
YSA, and simulated the interactions between the receptor and the peptide by using all-atom
molecular dynamics. These simulations indicated that the N-terminal tyrosine residues in the
positions 1 and 4 in the YSA peptide sequence (YSAYPDSVPMMS) play important role in
binding to the EphA2 receptor. a simple approach was used to test which end of the peptide is
more essential for its binding to EphA2, by measuring the peptide-receptor interaction for the
YSA peptide attached in two different ways to the AFM tip, 1) by the N-terminus, limiting
accessibility of the N-terminal end of the peptide during its binding to EphA2-this type of
connection we called here YSA, and 2) by C-terminal cysteine added to the peptide sequence to
enable site-specific attachment of the peptide to the tip by its C-terminal end; this attachment
limits accessibility of the C-terminal end of the peptide to the binding site of EphA2 and it was
called here YSA-Cys. The determined value of k,;for YSA-Cys peptide (1.5%10* s™') is smaller
than that for the YSA peptide (5.8*107 s™') indicating a longer average lifetime of peptide-ligand
complex for YSA-Cys than for YSA (67 seconds for YSA-Cys compared to 17 seconds for YSA)
(Table 4.1). This suggests that the residues closer to the N-terminus of the YSA peptide are

stronger involved in the YSA-EphA2 interactions. This observation is consistent with

conclusions from the previous simulation studies, indicating importance of N-terminal tyrosine
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residues. The value of k,, was calculated for YSA-Cys as 1.9%10° st M (Table 4.1,
concentration of 100 pg/mL of blocking YSA-Cys peptide) and was assumed to be the same for
both the YSA-Cys and YSA peptides, based on their very similar sizes and sequence, and in
consequence similar dynamics in solution and during binding to the receptor. The dissociation
constants, Kp, obtained as k,z/k,, were 7.9%10° M and 3.1*10° M, giving binding affinities of
7.0 and 6.2 kcal/mol, for YSA-Cys and YSA, respectively. For comparison, the reported Kp
value obtained from the Surface Plasmon Resonance (SPR) experiment was 1.9%107 M"®. Based
on these data it was concluded that the N-terminal part of the YSA peptide is more essential for
the peptide’s binding to the EphA2 receptor. This agrees with the simulation data supporting the
importance of N-terminal tyrosine residues in peptide’s binding to EphA2.

Comparison of binding of monomeric and dimeric ephrinAl forms. Himanen et al.*®®
demonstrated existence of two binding sites for ephrin ligands on the EphB2 receptor, the higher
affinity binding site allowing for formation of the receptor-ligand dimers, and the lower affinity
binding site allowing for tetramerization of the receptor-ligand units. The high affinity binding
interface for EphA2/ephrinA1 dimer was recently characterized by Himanen et al.>*. There is a
strong indication that a lower affinity binding interface also exists for interaction of EphA2 with
ephrinA17?%. Here, both binding kinetics and strengths between single molecules of EphA2
receptor and monomeric (ephrinAl-Fc) and dimeric (ephrinA1-Fc-Fc-ephrinAl) molecules are
compared. There is a possibility that the dimeric form of the ligand could bind simultaneously to
both binding sites on the receptor, which should be reflected in the larger binding force for the
ephrinAl-dimer compared to the monomeric ligand, which can only bind to one binding site,
presumably the higher affinity one. The estimated distance between the ephrinA1l subunits in the

dimer is ~15 nm, which is sufficient to reach both binding pockets on EphA2**. In contrast, in
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our experiment there is only a small possibility that the ephrinA1 subunits of a dimer could bind
at the same time to two high affinity binding sites on two different EphA2 molecules because the
average distance between the centers of receptor molecules immobilized on Au surface is larger
than 15 nm (~50 nm). The calculated k,; values of 3.6*¥10* and 1.7%10™* s™" for monomeric and
dimeric ephrinA1l (Table 4.1) respectively, indicate slightly stronger interaction for the dimer,
which can be explained by binding to both binding sites in some fraction of binding events.
Occurrence of double rupture peak on force-distance curves was rarely observed (only
sporadically two peaks were observed). However, given close localization of two binding sites
on EphA2 (~4 nm)*” it is possible that rupture of both interaction interfaces occurs at a very
similar tip extension distance. The k,, values of 6.0¥10% and 2.6*10* s M indicate slightly
faster binding of the dimer (Table 4.1), which can be explained by availability of two ephrinA1l
ligands in the dimer as compared to one ligand unit in the monomer, resulting in higher
probability of binding to the receptor. The K values of 2.8%10™ and 1.4*10™® M, were obtained
for the dimeric and monomeric ephrinAl, respectively (Table 4.1), indicating slightly higher
binding affinity for the dimeric ephrinAl. These values are consistent with the dissociation
constant obtained in the SPR experiments for EphA2 and ephrinAl monomer *”’, which are in
the range 0.3-25*10” M. For comparison, the reported value of K, from SPR experiment for a

dimeric ephrinA5 interacting with a dimeric EphA3*'°

, a pair of homological receptor and ligand
from the same protein families, was 1.3*10™'* M, which supports our assumption that in our
experiment the dimeric ephrinAl rather do not interact with two high affinity binding sites on
two different EphA2 receptors in our sample. Based on these data, it was concluded that the

dimeric form of ephrinA1 used in our experiment bound in some binding events to two binding

sites on single EphA2 receptor that was reflected in smaller dissociation constant compared to
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the monomeric ephrinAl. This result indicated that for therapeutic targeting of the EphA2
receptor it may be beneficial to use dimeric forms of a ligand, connected by a sufficiently long
spacer, so that the dimer is able to bind to two binding pockets on the receptor. This could
improve lifetime of the ligand-receptor complex and the efficiency of therapeutic targeting.
Given the fact that EphA2 in cell membrane is often clustered, another way of increasing ligand-
receptor lifetime would be preparing dimeric form of a ligand with spacing sufficient to bind
simultaneously two molecules of the receptor.

Comparison of binding of the YSA peptide and ephrinAl to EphA2. The blocking
experiment demonstrated that YSA and ephrinA1 bind competitively to EphA2. Here the binding
strength and kinetics of these two ligands were compared (we focus on YSA-Cys and ephrinAl-
monomer). The smaller k,;value for ephrinA1 than for YSA-Cys (3.6%10* s™' versus 1.5%107 5™,
respectively) indicate that binding interactions between EphA2 and ephrinAl are stronger than
interactions for the YSA peptide. This result is consistent with a larger binding interface for
ephrinA1l that besides the major interaction G-H loop also involves residues in the C and E’-K
fragments®”>. In contrast, much shorter (13 residues) YSA-Cys is thought to mimic only the G-H
of ephrinAl. Smaller range of the YSA-EphA2 interactions compared to ephrinAl is also
reflected in the smaller width of binding well x (4.3 versus 5.9 A, for YSA and ephrinAl,
respectively, Table 4.1). The association rate constant k,,, is larger for ephrinAl, indicating
faster adjustment of this ligand in the receptor’s binding site (2.6¥10* versus 1.9%10° s M, for

ephrinA1 and YSA, respectively). Recent crystallographic data of Himanen et al**

suggested
the lock-and-key binding mechanism for EphA2 and ephrinAl, in which the structure of the

unbound receptor is almost retained comparing to the bound form and it is pre-shaped to

accommodate ligand binding. In such case the association rate will depend on how fast ligand
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can adjust to the receptor’s binding site. Because the G-H binding loop in ephrinAl is enclosed
in the remaining protein structure and has limited flexibility compared to a very flexible YSA
peptide, it is expected that the association rate for ephrinAl will be faster than for YSA. The
dissociation constants, Kp, 1.4¥10™ versus 7.9%10° M (Table 4.1), for ephrinAl and YSA
respectively, indicate stronger binding affinity of ephrinAl (10.8 kcal/mol), compared to the

YSA peptide (7.0 kcal/mol).

4.4 Conclusions

In this work, single-molecule AFM recognition imaging was applied to obtain
quantitative data of binding thermodynamics and kinetics of YSA, a potential anti-cancer peptide,
to the new cancer target, receptor tyrosine kinase, EphA2. This data comprise basis for further
re-redesign of the YSA peptide towards its improved inhibitory properties against EphA2 and
anti-cancer function. Binding of this peptide was compared with binding of ephrinA1l, the natural
ligand for EphA2. It was demonstrated at the level of individual receptor-ligand interactions that
YSA and ephrinA1 bind competitively to EphA2, which suggest that YSA may bind in the same
binding pocket of EphA2 as ephrinAl. These single-molecule resolution results agree with
macroscopic studies of Koolpe et al. that also suggested competitive binding of YSA and
ephrinAl to EphA2'®. This finding indicates that the known crystal structure®® of the binding
interface of the EphA2 and ephrinA1l complex could be used as a template for the re-design of
the peptide to improve its inhibitory properties and specificity to EphA2. Based on interactions
of individual YSA molecules and EphA2 receptors, it was also determined that the limitation of
the access of the YSA’s N-terminus to the EphA2 binding pocket weakens its interactions with
the receptor more than when the C-terminus is blocked from contact with the receptor. This

indicates that the N-terminal residues of the YSA peptide are essential for its binding to EphA2.
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This result is consistent with simulation result supporting the importance of the N-terminal
tyrosine residues for peptide’s binding to EphA2. It provides further guidance about interactions
and residues of the peptide that could be manipulated to improve its binding and specificity for
EphA2. It was also determined that the monomeric ephrinAl has larger affinity for EphA2 than
the YSA peptide. Both components of equilibrium dissociation constant, the association rate
constants k,,, and dissociation rate constants ks contribute to this larger affinity of ephrinAl.
The dissociation rate constant is slightly smaller for ephrinA1, which is not surprising given the
larger binding interface on EphA2-ephrinAl complex resulting in its longer lifetime. The
association rate constant is larger for ephrinA 1, which can be attributed to the pre-defined, more
rigid geometry of the binding loop in the full length protein than in the flexible short YSA
peptide. This result is consistent with suggestion of Himanen et al. of lock-and-key binding

mechanism for EphA2 and its ephrin ligands®”

. It was also tested whether using a dimeric form
of ephrinA1l (ephrinAl-Fc-Fc-ephrinAl) could result in its stronger binding to EphA2 compared
to a monomeric form of the ligand. In our experimental setup, dimeric ligand could only bind to
two binding sites on a single receptor molecule (a known high affinity binding site and a
suspected lower affinity binding site) rather than two different receptor molecules
simultaneously, because of too large distances between immobilized receptor molecules. A
smaller dissociation rate constant and lager association rate constant for a dimeric ephrinAl were
obtained compared to a monomeric form, resulting in larger affinity of a dimer to EphA2 and
indicating that the two ephrin subunits could bind to two binding sites of the receptor molecule.
This result supports the existence of second binding site on EphA2 receptor and suggests that

useful strategy for improving affinity of a peptide inhibitor to EphA2 could be synthesis of its

dimeric form connected by a linker. This work improves our understanding of previously
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unknown interactions of the promising anti-cancer peptide candidate and the emerging cancer
target, EphA2. Using the AFM recognition imaging offered capabilities to measure dynamic
interactions between single molecules of receptor and ligand and obtain quantitative energetic
and kinetic binding data. This data can be further used as a basis to improve therapeutic
properties of the YSA peptide and develop a small-molecule anti-cancer drug targeting EphA2

receptor.
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CHAPTER 5
VISUALIZING SURFACE FUNCTIONAL GROUPS OF MULTIFUNCTIONAL

MACROMOLECULAR ASSEMBLIES

5.1 Introduction

Nanocarriers, such as liposomes, micelles, and self-assembled polymers, are emerging as
attractive vehicles for drug delivery®'''*. Such carriers may increase longevity of a drug in the
blood stream, solubilize a lipophilic drug, offer controlled release by environmental sensitive or
external stimuli, and accumulate in solid tumors by enhanced permeability and retention effect.
The therapeutic efficiency of nanoparticle drug delivery systems can be further improved by

surface functionalization by for example a tissue targeting ligand such as folic acid*", a cell-

216

penetrating molecule such as TAT or arginine rich peptides” ", or by an appropriate signaling

peptide for targeting an organelle such as the nucleus®' 2'®.

The copper (I)-catalyzed azide-alkyne 1,3-dipolar Huisgen cycloaddition (CuAAC)*'***°

to give stable triazoles is emerging as an attractive tool for the functionalization of polymeric
materials and organomicelles™'*. This reaction is highly efficient at ambient temperature, and
tolerates a wide range of functional groups and solvents including water. Furthermore, problems

arising for the cellular toxicity of Cu(l) catalysts have been addressed by employing

cyclooctynes, which react with azides at room temperature without the need of a catalyst®****.

Although bulk compositions of functionalized organomicelles can easily be determined

by conventional analytical techniques such as X-ray photoelectron spectroscopy (XPS)****,

228 229,230

transmission electron microscopy (TEM)™", and small angle X-ray scattering , it has been
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difficult to examine chemo-physical properties of individual micelle such as ultrahigh resolution
images in a native environment, spatial arrangements of functional groups for the attachment of
targeting devices, and mechanical properties of individual macromolecules in macromolecular
assemblies. To address these pertinent problems in nanotechnology, here a convenient approach
was described for the synthesis of multifunctional organomicelles that have at their surface azide
moieties for attachment of targeting devices, and thioctic acids for immobilization to a gold
surface. The latter type of attachment made it possible to obtain high-resolution images of the
micelles by magnetic AC mode (MAC mode) AFM.>' The distribution of azido molecules at the
organomicelle surface was probed by a novel type of AFM recognition imaging that used an

AFM tip functionalized with 4-dibenzocyclooctynol (DIBO)*

(Figure 5.1). This functionality
can react with an azide to reveal its presence and measure the force required to remove an azido-

containing polymer from the macromolecular assembly.

5.2 Experiments

Materials.  (3-Mercaptopropyl)triethoxysilane ~ (80%, Sigma  Aldrich); N,N-
diisopropylethylamine (99%, redistillation, Sigma—Aldrich); Triethylamine (99.5%, Sigma-
Aldrich); Hexane (97%, Sigma-Aldrich); CS-10 silicon AFM probe (Nanoscience Instruments);
Alexa Fluor® 488 azide (Invitrogen); Doxorubicin (Bridge Bioservice); Rhodamine B (Sigma).

General procedure for the preparation organomicelles without loading (A, D, E and
F): A mixture block copolymers (10 mg) in THF (1.0 ml) was slowly added to water (15 ml)
under sonication. The final mixture was opened to air overnight, allowing slow evaporation of
THF and formation of micelles, then dialyzed against 2.0 L of nanopure water (pre-swollen
semi-permeable membrane: cutoff 12,000 — 14,000 Da) for 4 h, the water was replaced every

hour.
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Figure 5.1 Schematic illustrations of the functionalized tip and its use in AFM recognition
imaging and force microscopy for the micelles. 1. The AFM tip was first modified by (3-
mercaptopropyl) triethoxysilane to cover its surface with thiol groups which were further reacted
with Compound 7 to obtain cycloalkyne functionalized surface; 2. The recognition between the
functionalized tip and micelle with azido moiety was accomplished through catalyst-free
Huisgen cycloaddition; 3. The cycloadditioned polymer was pulled out from the micelle
assembly; 4. The micelle with thiol moiety was immobilized on gold substrate through Au-S

bond.

General procedure for the preparation of loaded organomicelles (B and C): DOX or
rhodamine B (1 mg) was added to a solution of block copolymer (10 mg) in THF (1.0 ml). The
mixture was slowly added to water (15 ml) under sonication. The final mixture was opened to air

overnight, allowing slow evaporation of THF and formation of micelles, then dialyzed against
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2.0 L of nanopure water (pre-swollen semi-permeable membrane: cutoff 12,000 — 14,000 Da) for
4 h, the water was replaced every hour. The micelle solution was passed through a syringe filter
(pore size 0.45 p m; Millipore, Billerica, MA) to remove drug or dye aggregates.

AFM tip modification: Tips were cleaned by UV for 30 min and then coated with a
magnetic film by the e-beam deposition. The tips were immediately placed in a glass desiccator
filled with argon. Next, (3-mercaptopropyl)triethoxysilane (20 pL) and of N,N-
diisopropylethylamine (10 pL) was added into the small containers in the desiccator; then the
desiccator was vacuumed until the pressure inside was about 1 torr and the tips were kept in the

environment for 60 min.’>!*

The organo-silicon coated tips were washed with hexane for 15
min using sonication and then immersed in the solution of Compound 7 (4 mg/mL) in DMF (400
ul) and triethylamine (5 pL) for 5 h. Finally, the tips were rinsed with water for several times and
kept in the pure water at 4 °C.

AFM sample preparation: A fresh thermal evaporated gold surface was annealed by
hydrogen flame, then immediately covered with nanoparticle solution (1 mg/mL) for 2 h at 4 °C.
The surface was rinsed three times with 18 MQ DI water and then examined by the AFM. For
recognition experiment, a ten-fold diluted solution of nano-particles was employed.

AFM experimental procedures: For the force microscopy study, the AFM cantilevers
were stretched under several different pulling rates, range from 300~4000 nm/s. For each pulling
rate, 1000 pulling trajectories (i.e. force-distance curves) were recorded at room temperature.
The statistical histograms of force-distance curves were obtained from a subset of the pulling

traces that represented the successful binding events. In the statistical study, the apparent loading

rate was applied to attain the loading rate dependence of force and stretching distance.
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Experiment procedure for force spectroscopy with retention time: The fresh annealed
gold surface was incubated with Micelle A solution (0.1 mg/mL) for 1~2 hour. After incubation,
the sample was gently rinsed with water and kept under water. Before doing force spectroscopy,
few images for an area of 2000 nm by 2000 nm were scanned. After a suitable area was found,
AFM probe was directly located above the micelles, thereafter only 200 force curves was
collected for each retention time at loading rate of about 10 nN/s under force spectroscopy
controlled by home-built Labview program since our previous experience in force spectroscopy
showed one modified tip only had limited lifetime of about 1000 fore curves. During force curve
collection, tip was relocated on couple of micelle surfaces to ensure there are enough azide
moieties available on micelle surface. Comparing to commercial force spectroscopy including
two sections (approach and retraction), force spectroscopy used in our study provides extra
accessibility in retention time and stretch mode including the continuous and modulated. Several

retention times were measured here, 0 ms, 200 ms, 400 ms, 600 ms, 800 ms and 1000 ms.

5.3 Results and discussions

5.3.1 Micelle preparation

Various compounds have been designed for this study (Figure 5.2). Dibenzocyclooctynes
(Compounds 7) and azides (Compound 15) were selected for tip and macromolecule
modification respectively. These groups, which individually exhibit excellent stability, have been
shown to undergo a fast strained promoted cycloaddition to give a stable triazole. Block
copolymer 15 was synthesized, which in an aqueous environment will assemble into micelles
carrying azido functions at its surface. The additional use of block copolymer 16, which carries a

thioctic moiety at the polar terminus, was expected to offer an opportunity to attach the resulting
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particles to a gold surface. Block copolymer 17, having the polyethylene glycol moiety modified
as methyl ether, would allow controlling the density of the functionalities at the micelle surface.
Copolymer 18 has a similar structure as 17, however, it contains an azido function at the apolor
B-poly(e-carprolactone) moiety and it was expected to reside at the internal environment of
micelles. To synthesise the macromolecular assembly micelles with different compositions,
chemical and physical properties, various combinations of block copolymers (15-18) in THF
were added to nanopure water followed by dialysis to give a range of micelles expressing

different sets of functional groups (Table 5.1).
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Figure 5.2 Components for the assembly of multi-functional organomicelle.

Table 5.1 Copolymer Composition of Organo-micelles®

Micelle Polymer 15 Polymer 16 Polymer 17 Polymer 18 loading
A 10% 10% 80% -
B 10% 10% 80% Doxorubicin 3wt%
C 10% 10% 80% Rhodamine B 9wt%
D 10% 90%
E 10% 80% 10%
F 10% 90%

*The composition of the micelles is expressed as weight percent
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5.3.2 High resolution image

Figure 5.3 The topographical (a), phase (b) and amplitude (c) images of micelles A using
Magnetic AC mode (MAC mode) AFM imaging. The nanometer features of the micelle surface
are clearly resolved. The topographic images of Micelles F at the beginning (d) and after 8

minutes of scanning (e). The positional change of the micelles (f).

To obtain high-resolution MAC mode images, the various multifunctional micelles were
attached to an Au(1,1,1) surface via thiol-gold linkages (Figure 5.1) and unbound material was
removed by washing with water. AFM tips, which were cleaned by UV exposure and coated
with a magnetic film by ion-beam deposition, were employed for scanning a maxium area of 10
um’ using an Agilent multi-purpose AFM scanner. Silicon cantilever tips (Nanoscience
Instruments) with a nominal spring constant of approximately 0.1 N/m were used throughout the

experiments.
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Ultrahigh resolution images of micelles A using MAC mode scanning are shown in
Figure 5.3. The organomicells are uniformly distributed and have a diameter in the range of 20
to 50 nm. The topographic (a), phase (b) and amplitude (c) images show fine structural details of
the micelle surface, and in particular the phase and amplitude images reveal molecular details. In
this respect, the spots and strings represent the chemical groups and polymers that make up the
micelle surface. As expected, organomicelles B, C, D and E gave similar high-resolution images
(see APPENDIX B). Loaded organomicelles B and C had similar diameter as that of unloaded
micelles (Micelles A, D, E), indicating that loading did not change the size and morphology.
Importantly, micelles F, which did not contain surface thiol moieties for immobilization, had a
similar size as the other micelles, but did not show molecular details of the micelle surface
(Figure 5.3 d, e, f). Furthermore, these micelles appear to move randomly over the surface as

shown in a topographic image measured after a lapse period of 8 minutes.

5.3.3 Map micelle surface functional group by recognition image

To examine the chemical composition of the surface of the micelles, AFM recognition
images were obtained using tips modified by 4-dibenzocyclooctynol 7. These tips were prepared
by subsequent coating with a magnetic film and a gold layer followed by reaction with (3-
mercaptopropyl) triethoxysilane in the presence of N,N-diisopropylethylamine. Next, the
organosilicon covered tips were immersed in a solution of compound 7 in the presence of
triethylamine in DMF resulting in modification with 4-dibenzocyclooctynols™.

To wvalidate recognition specificities, AFM recognition imaging experiments were
conducted employing immobilized organomicelles A, D and E. First, micelles A were examined

by employing an unfunctionalized tip, and the topographic image (bright spots, Figure 5.4 a, top)

clearly demonstrated the presence of micelles. As expected, the recognition image did not reveal
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reaction events (Figure 5.4 a, bottom). However, imaging of micelles A with the 4-
dibenzocyclooctynol functionalized tip revealed specific reaction events as represented by the
dark spots in the recognition image (Figure 5.4 b, bottom). As expected, no recognition was
observed when a similar experiment was performed with organomicelles D and E, which do not

contain azido moieties or have azido groups at the interior of the micelle, respectively.

s 100 nm
ARONTITEAS I | S—

Figures 5.4 Topographic (top) and recognition (bottom) images. a) Micelles A examined by an
unmodified tip, showing no recognition events; b) micelles A scanned by a 4-
dibenzocyclooctynol-modified tip, showing recognition events (dark spots); ¢) a mixture of
micelles A and D, which contain azido moiety or do not have azido in micelle composition
respectively, was imaged by cyclooctyne-modified tip, showing recognition events in some of
micelles and others that do not exhibit recognition events are indicated by blue arrows in the

corresponding topographic image

To further verify the recognition specificity, a mixture of organomicelles A and D was

investigated. As expected, in the topographic image (Figure 5.4 ¢ top), the two types of micelles
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were indistinguishable, however, the recognition image (Figure 5.4 c¢ bottom), clearly
demonstrated recognition in some but not all of the micelles. These results unambiguously
demonstrate that recognition events only occur when the 4-dibenzocyclooctynols attached to the
tip chemically reacts with azide moiety at the surface of organomicelles.

Previously, AFM recognition imaging has been used to examine compositions of target

32232235 1 this approach, a magnetically

structures by employing receptor-ligand interactions.
driven AFM tip modified with a ligand or receptor is oscillated while scanning across the surface.
The surface topography and recognition events can be delineated in a temporal and spatial
manner as they affect different part of the sinusoidal cantilever oscillation. The recognition
images described here are obtained by a fundamentally different approach that is based on a
chemical reaction between two functional groups. As a consequence, a functional group attached
to a tip can only be employed once to detect its counterpart, and hence it was important to
examine the number of recognition events that can be measured by a single tip. In order to
examine the number of recognition events that can be measured by a single tip until the
functional groups were totally consumed, in-situ time-laps recognition imaging of micelles A
was performed using a tip functionalized with compound 7 (22 mer, about 9 nm long) and (4 mer,
about 2 nm long) in Figure 5.5. 300~500 (compound 7, 22 mer) and 50-60 (compound 7, 4 mer)
recognition events were realized by assuming that each black spot corresponds to a single
reaction between azide and cyclostyle. The multiplicity of 4-dibenzocyclooctynol 7 on the AFM
tips was confirmed by fluorescence images of tips labeled with Alexa Fluor® 488 azide and

rhodamine B included micells C in Figure 5.6, showing evenly distributed 4-

dibenzocyclooctynol 7 on the tip surface.
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Figure 55 Time-laps recognition imaging of micelles A by the tip modified with 4-
dibenzocyclooctynol containing linkers Compound 7 (22 mer, approximately 9 nm, a) and (4
mer, 2 nm, b). Images at 0, 30, 60, 90, 120, 150 min (from left to right, a) and at 0, 15, 30 min

(from left to right, b) show fading and eventually vanishing of the recognition events as the 4-

dibenzocyclooctynol groups of the tip are being consumed by reaction with azides.

Figure 5.6 Confocal images of tips labeled with Alexa Fluor® 488 azide and Rhodamine B

TAG-loaded micelles C.



a Time (s) b
- 0.0 05 1.0 1.5 20 25
E . T T T 40
= o ' roachi Rehefm: R J N single event
S : w H H w I Couble event
g 200 _E a0k I Triple event
o } ‘Snap’
f a0l ¥ g
@ N ‘ £ 20}
a B
=3
) ae
o
—— Piezo Movement " g 0f
—— Forco i
i i u
0.0 05 1.0 15 20 25 0 200 400 600
Time (s) Retention time (ms)
C 1o = d 100 -
Micelle-A § | Micelle-B §
80l 10 nm 80 b 9nm
60 49.77+ 1.86 pN 60 |
£ @8
5 5 65.01+3.26 pN
S a0t S 40
Q &) i
i | m
0 i 0
0 50 100 150 0 50 100 150
'Pull out' force (pN) 'Pull out' force (pN)
€ 1o f 100
= z
L Micelle-C 8“' Micelle-D é‘
80 | 10 nm 80 | 10 nm
60 | 60 |
g :
3 3
s} 40 O 40
| 67.84:0.76 pN
20+ 20
14.54:0.53 pN
0 0 (‘{E L
0 50 100 150 0 50 100 150
'Pull out' force (pN) 'Pull out’ force (pN)
g 100 h 20
= Micelle-C = Micelle-C
* Micelle-B *  Micelle-B
+  Micelle-A * Micelle-A
ESD- [ 3 ?15- 2 e -t :'.
& [] [ ™ = 1 z : gt
- -
g - = nt g e ? R L
2 60p ‘. . * . . 510- --.- .
"':';' - .e E‘. - B - - " ] ] LI
-] . w : * - - L]
3 ey’ ol 5 $ e S
o e o . 4 5f - v -
7]
20 L L 0 L L
1 10 1 10

Loading rate (nN/s)

Loading rate (nN/s)

98



99

Figure 5.7 Relationship between the contact time and number of polymers removed. a) The
active control of the AFM tip movement in which a whole process is divided into approaching,
retention, and retracting. The retention process is used to control the number of the 4-
dibenzocyclooctynol-azide click reactions. b) Probability of curves with single, double and triple
recognition event. Histograms used to determine the most probably force to remove a “clicked
polymer” from micelles A (c), B (d) , C (e) and D (f) from the force-distance curves at apparent
loading rate of around 15 nN/s (inserts). g) Typical distribution of the “pulling-out” force
depending on the apparent (force) loading rate for micelles C (blue, square), micelles B (black,
circle) and micelle A (Red, pentagon), the line indicates the most possible magnitude at different
force loading rate. (h) The typical distribution of stretch distance depending on apparent loading
rate for micelles C (blue, square), micelles B (black circle) and micelles A (Red, pentagon), the

line indicates the most possible magnitude at different loading rate.

5.3.4 Force spectroscopy

As the recognition is based on a chemical reaction between two functional groups
followed by removal of a polymer, the number of the recognition events should also depend on
the contact time of the functionalised AFM tip to the micelle surfaces. Figure 5.7 a shows the
experiment design to precisely control the movements of the AFM tip so as to control the
retention time. It was found that the probability for the curves with single recognition event
increases from about 14% with O retention time to about 30% with 600 ms retention time.
Accordingly, the probability for the force curves with the double and triple events follow the
same trend. The total recognition events add up to about 300, agrees with the previous estimation

from the time-laps recognition imaging data.
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The recognition images can reveal the presence of azide moieties at the surface of the
micelles; however, it cannot distinguish between micelles A and B or C, which are composed of
the same block copolymers but differ in the absence or presence of a load. Hydrophobic forces
are important determinants of the assembly of organomicelles in water and therefore, it was
expected that loading would influence the force required for removal of a block copolymer
molecule from a micelle. Indeed, two important differences were observed in the force-distance
curves of micelles A (Figure 5.7 ¢), B, C and D (Figure 5.7 d, e), including ‘pull out’
force(Figure 5.7 g) and stretch distance (Figure 5.7 h). In particular, the ‘pull out’ forces were
significantly larger for micelle B (63.17£1.84 pN) and C (69.57£1.56 pN), which were loaded
with doxorubicin and rhodamine respectively compared to micelle A without loading
(48.16x1.81 pN). Also, the stretching distances were much longer for B (13.58+0.40 nm) and C
(9.32+0.28 nm) compared to A (5.55+0.23 nm). The critical micelle concentration”®*7 for A
was higher than that for B and C, supporting differences in stability of the two preparations. The
increased stability of the micelles is probably due to hydrophobic interactions between the apolar
loading material and the PCL component of the micelles. The difference in breaking forces and
stretching distance for B and C are probably due to differences in loading content and molecular

characteristics of the load.

5.4 Conclusion

Multifunctional nanocarriers such as micelles, liposomes and polymeric nanoparticles are
emerging at smart materials for drug delivery. Although bulk compositions of such assemblies
can easily be determined by conventional analytical techniques, it has been difficult to examine
chemo-physical properties of individual micelles. Here, a novel Atomic Force Microscopy (AFM)

approach was described that makes it possible to provide ultrahigh resolution images of
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organomicelles, map spatial arrangements of surface functional groups, and measure forces
required for removal of a block copolymer molecule from the macromolecular structure. Key
features of the technology include immobilization of thioctic acid containing organmicelles to a
gold surface and the use of a tip functionalized with 4-dibenzocyclooctynol. The latter
functionality can react with an azido-containing polymer to reveal its presence and measure the
force required for its detachment from the macromolecular assembly. It has been shown that the
AFM tip can be modified with sufficient 4-dibenzocyclooctynols to detect a large number of
azido moieties. The methodology made it possible to distinguish a range of different

nanostructures that differ in chemical and mechanical properties.
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CHAPTER 6
FIBRINOGEN ASSEMBLY ON GOLD AND ITS CLOTTING INDUCED BY GOLD

NANOPARTICLE

Chen, G. J; Ni, N. T.; Wang, B. H.; Xu, B. Q., Fibrinogen Nanofibril Growth and Self-
Assembly on Au (1,1,1) Surface in the Absence of Thrombin. Chemphyschem 2010, 11 (3), 565-
568. Reprinted with permission of publisher. Copyright 2011 Wiley-VCH

Chen, G. J.; Ni, N. T.; Zhou, J. F.; Chuang, Y. J.; Wang, B. H.; Pan, Z. W.; Xu, B. Q.,
Fibrinogen Clot Induced by Gold-Nanoparticle In Vitro. J. Nanosci. Nanotechnol. 2011, 11 (1),
74-81. Reprinted with permission of publisher. Copyright 2011 American Scientific Publishers
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6.1 Fibrinogen assembly on gold

6.1.1 Abstract

Understanding protein adsorption on gold surface bears increasing importance because of
surface-induced changes in conformation and bioactivity. Nanofibril structures of protein
fibrinogen (fg) molecules, playing paramount role in blood coagulation, are found self-
assembled on Au(1,1,1) surface without any addition of thrombin, growing in two orientations

(longitude and transverse).

6.1.2 Introduction and literature review

Fibrinogen (Fg), an abundant plasma protein, is particularly paramount in the intrinsic
and extrinsic coagulation cascades.”® It is the scaffold of thrombus which is the leading cause of
death in industrialized nations. The thrombosis process could also bring severe consequence to
the implanted biomaterial, such as cardiovascular biomaterial, stents and catheters, if undesirable
blood clot is formed.* In this process, the adsorption and activity of fibrinogen on biomaterial

surfaces represents a key variable. Due to these considerations, extensive researches have been

239-242

. . . . 239-242
carried out. The studied surfaces include mica

243,244

, graphite , silicon&silica , chemical

247 248
d

modified silicon245, polymer coated surface246, gold™’, titanium oxide™, and self-assembled
monolayers*****. Among them, the mica and graphite are intensely studied since they are the
typical models of two classes of surface: hydrophilic and hydrophobic. In addition, different
characterization methods were adopted in these works, such as total internal reflectance

fluorescence (TIRF)**, surface plasma resonance (SPR)*, Ellipsometerzso, and atomic force

microscope (AFM)*****!. Comparing to these optical measurement, AFM can provide the vivid
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and high resolution image of single protein, which indicates the dynamic adsorption
information.”"

To date, the study based on the gold surface is very limited. This circumstance doesn’t
match the pace of the study on gold nano-particle, which has a promising biomedical application
in drug-delivery, medical imaging or direct injection, since the safety of gold nano-particles is
increasingly concerned”.

Here, we focus on the special assembly process of fibrinogen on the gold surface. Control
experiments were also carried out on the two typical model surfaces, hydrophobic highly ordered
pyrolitic graphite (HOPG) and hydrophilic muscovite mica. A novel phenomenon was found that
the ordered self-assembly of fibrinogen without any addition is proper to gold surface. This

finding can benefit basic understanding of fibrinogen coagulation on implanted materials and

provide some clues for other possible adverse effect of gold nano-particles.

6.1.3 Materials and Methods

Materials. Human fibrinogen was purchased from sigma-aldrich as lyophilized powder
containing 68% protein and salts (~15% sodium citrate and ~25% sodium chloride). Stock
solution at a concentration of 1 mg/ml were prepared in the tris buffer (20 mM Tris HC1 , NaCl
300 mM, MgCl, 5 mM and pH 7.6) and stored at -20 °C in 100 pL aliquots. To ensure the
biological activity of protein, the stock solution was only kept for one week. Before using, the
stock solution was thawed at r.t. for 15 min and diluted to the final concentration by the same
buffer.

Sample Preparation. The fresh thermal coated gold chip®® on mica was annealed for 2
min by hydrogen flame to remove the possible contamination and attain the Au (111) structure.

Then the chip was immediately incubated with 400 pL desired concentration of fibrinogen



105

solution for 30~60 min. Before imaging, the sample was gently rinsed with the buffer several
times.

Fibrinogen clotting test by microreader. Fresh prepared fibrinogen (1 mg/mL) solution
in the buffer (20 mM Tris HCIL, pH=7.6, NaCl 300 mM and MgCl, 5 mM) was diluted to final
concentration (10 pg/mL, 5 pg/mL, 2 pg/mL and 1 pg/mL). The solutions were added to 96-well
plate respectively. All of the mixtures were votexed by Vortex-1 Genie Touch Mixer to make the
homogeneous solutions. Control solution (no fibrinogen) was also added. The UV4s of each well
was detected by using a Perkin-Elmer microplate reader every 5 minutes.

Surface plasma resonance. The adsorption experiment (4 pg/mL fibrinogen solution,
500 pL) was performed by using surface plasma resonance (SPR) machine (Reichert SR7000C).
The fibrinogen solution was prepared freshly in the buffer. The fibrinogen solution was injected
at the velocity of 0.008 mL/min for around 1h, followed by several hours rinsing. The

immobilization can be read out by the increasing of the signal (uRIU).

Figure 6.1 The stereo depiction of disulfide bonds (yellow colored ball) in the central E domain

of fibrinogen.

Protein structure. The recent released protein crystal structure of human fibrinogen ***,

denoted as ‘3GHG’, was adopted here to obtain the three dimensional structure of E domain in
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Figure 6.1. The protein sequence was edit by Swiss-pdbviewer”” and then visualized by VMD
(Visual molecular dynamics).

As known, the two halves are joined by 5 disulfide bonds, which include 3 symmetrical
between adjacent AaCys>, yCys® and Cys’ #*#°*%7 and the disulfide link between BB Cys® of
one half and AaCys*® of the other ***. To explicitly illustrate the availability of disulfide bond to
the gold surface, the side-chains of these residues were presented in Figure 6.1 and the disulfide
bonds were denoted as yellow-colored ball and stick. Since yCys® and Cys® were not found in the
sequence of protein crystal structure, it would not show in the Figure 6.1 either. It was clear that
all these disulfide bonds were exposed outside, which made them accessible to gold surface and
finally formed Au-S bonds'”.

AFM Imaging. (The same apparatus and similar operation setting up as Chapter 2)

6.1.4 Results and discussion

Conformation variation on different surface

Figure 6.2 The topographical images of fibrinogen on three different surfaces. (a) mica, (b)
HOPG, and (c) gold. All the surfaces were prepared under the same condition (fibrinogen

solution (4 pg/mL) and 50 min incubation time).
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The fibrinogen samples on three different surfaces were prepared and performed under
the same condition (4 pg/mL fibrinogen and 50 min incubation). As shown in Figure 6.2 (a),
most of fibrinogen molecules on the mica surface keep their native trinodules structures, which

259
9

was first proposed by Hall and Slayter in 195 and the length of which is about 50 nm

consistent with the reported data.**

By contrast to the mica surface, the HOPG surface was
covered a more condensed protein layer, which illustrates that the hydrophobic HOPG surface
has stronger adhesion to fibrinogen than hydrophilic mica surface. The similar conclusion was

260

also attained by Agnihotri*® and Geer®®. Although the isoelectric point of gold surface is found

at around pH=4.5%"!

, which indicate that the gold surface is also hydrophilic and negative
charged in the presence of buffer, there is more compact ordered fibrinogen on the gold surface
than the mica surface, as shown in Figure 6.2(c). It either shows the totally different
organization features compared to the HOPG surface. The fibrinogen patches on gold surface
have specific ordered structure, to the contrary there is only messy and unordered Fg layer piled
up on HOPG surface. Since the UV405 nm data in Figure 6.3 already excluded the possibility of
fibrinogen coagulation in the solution, it was certain that this new finding is due to the

interaction between the surface and protein molecules. And a kinetic adsorption measurement

was carried out below to explore the instinct causes.
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Figure 6.3 UV 405nm absorption of different concentration fibrinogen solution.
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Two growing pathway

The flow-cell technique was adopted here to monitor the developing process of
fibrinogen patches on the gold surface. In the stable condition of AFM, 400 pL fibrinogen
solution (4 pg/mL) was slowly injected into the liquid cell while AFM probe was scanning. From
the time-line data, Figure 6.4 (a), it was clear that the fibrinogen can grow into fibril at two
orientations (longitude and transverse) without any addition, step by step once the initial
fibrinogen molecules attached on the surface. The quantitative kinetic information can also be
estimated from the image by measuring the dimension of fibrinogen patches. To present the
patches in detail, a snapshot in the process was taken out as Figure 6.4 (b) and (c), which
showed the delicate structural features of the fibrinogen patches grown in two different
directions. It was further schematically illustrated in Figure 6.4 (d). The single fibrinogen strand
can be distinguished clearly from both the topographical and amplitude images, with around 5
nm in width, which is pretty close to the diameter of nodule of D domain and E domain®®.

To the knowledge of the authors, it has not been reported so far that fibrinogen can
polymerized into the fibril in the absence of thrombin and Ca>" in the aqueous condition and its
two growing pathways. There is no exact model to follow; and the mechanism for these

assemblies on gold surface is still unknown. Sit*"!

et al reported the fibrinogen monomers can
assemble into an extensive fibrin network from initial short linear strands on HOPG with the
addition of thrombin; However, all the proteins including the added thrombin would keep their

. . . 262
monomeric states on mica. Reichert

et al recently discovered that the formation of fibrinogen
fibril can be induced by the surface steps of the HOPG without addition under ambient condition;

However, fibrinogen fibril cannot be found in the liquid condition. They thought the fibrils were

formed during sample rinsing and drying steps. It was proposed that the coupling of ‘aC domains’
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242,262 .
17", However, this

on adjacent molecules contributes to the formation of fibrinogen fibri
explanation isn’t fully fit with our observation since the electrostatic interaction between the
negative charged gold surface and positive charged ‘aC domains’ would make these domains
unavailable to form the lateral intermolecular interactions®*>. By contrast, fibrinogen on gold
surface can automatically assemble into an ordered fibrin network without the addition of
catalyst, ‘thrombin’. The possible reason to promote the assembly of fibrinogen could be the

strong interaction between Au and sulfide, since there are plenty of disulfide bridges in the

structure of fibrinogen, which play a pivotal role in the inter-chain and intra-chain linkages®.

s branch

Figure 6.4 The fibrinogen growing process on gold surface. (a) The time-laps images of the
fibrinogen assembly process on the gold surface. The interval between each image is about 7~8
min. The high resolution images of fibrinogen patches on the gold surface. (b) topography image,
(c) amplitude image, (d) the schematic description of fibril grown in two orientations: transverse

and longitude.
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Possible mechanism

10/00:070010

Figure 6.5 The high resolution image of fibrinogen transverse assembly (a) and longitude

assembly (b). The schematic representation of the possible mechanism for the assembly: (c) for
patch B in transverse case; (d) for patch A in transverse case; (e) for patch C in transverse case;
(f) for the longitude case. (Curve with arrow: ‘aC-domain’ interaction; blue fragment: ‘D:D’

interaction; red curve: ‘yx;’ interaction)

Human fibrinogen is a dimeric molecule, the paramount disulfide bonds can act as
connectors and organizers’”. The study indicated that the disruption of disulfide bonds in E
domain can result in the appearance of half-molecules®®. In our study, fibrinogen patches with
different length were observed in the transverse growing fibrils as shown in Figure 6.5 (a), and
were labeled as A, B, C, respectively. The length of A part is around 22 nm, which is almost
exact half of the dimeric molecule. Nevertheless, B part could be assembly of intact fibrinogen
molecule according to its length (about 41 nm). The length of c) part could be longitudinal sum

of intact and half fibrinogen with 65 nm in length. These data demonstrated that the interaction
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between Au and disulfide bonds in E domain could cleave the dimeric fibrinogen into halves and
also facilitate the coagulation process. The Figure 6.5 (b) presented case of longitude growing
fibrils. To further prove our hypothesis, a surface plasma resonance (SPR) experiment was done,
which was shown in Figure 6.6. The data clearly indicated that the adsorption process was not
pure physical process and there was strong binding between the protein and gold surface which
only could be Au-S bonding. Additionally, the three dimension protein structure also provided

very strong evidences to our hypothesis shown in Figure 6.1.
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Figure 6.6 The adsorption curve of fibrinogen on the bare gold surface which collected by SPR

Although it was certain that the proteins can attach to the surface through the Au-S bond,
the impetus to align them orderly was still unclear. There are three possible non-covalent
interaction participating in fibrinogen assembly and cross-linking, namely ‘aC-domain’ in o
chain of D domain®®, ‘vx.” and ‘D:D’ in y chain of D domain?%®2%7, Among them, the ‘aC-
domain’ is an important factor in lateral fibril association and extensive network assembly. As
discussed previously, the negative charge of gold surface could be impedance to activate the
‘aC-domain’. However, the strong interaction of Au-S between surface and E domain would

overcome the hindrance to make the the ‘aC-domain’ separate from E domain since the
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interaction between C-terminal of the a-chains and E domain highly depends on the formation of
disulfide bonds ***. And ‘aC-domain’ interaction already was thought to be a vital factor in the

formation of fibril on the surface*****

. For the later two interactions, they are self-association
processes, so they would be available when the binding sites happen to each other. Certainly, the
most important Au-S interaction cannot be ignored.

The intact fibrinogen assembly (patch B, Figure 6.5(a)) may be the simplest case. The
released ‘aC-domain’ by Au-S interaction could be main reason for the patterned structure, as
shown in Figure 6.5 (c). For the patch A in Figure 6.5 (a), the half molecule assembly, it could
possibly attribute to the same reason but in different connection way illustrated in Figure 6.5 (d).
While the length was getting longer, such as patch C in Figure 6.5 (a), the possible interactions
inside the assembly would be more complicated; however, ‘aC-domain’ interaction undoubtedly
would be still the main cause. Besides, the ‘D:D’ interaction would be helpful for the elongation,
as shown in Figure 6.5 (e). The Figure 6.5 (f) illustrated the most complicated case, the

longitude growing fibril. All the three interaction could possibly contribute to the formation of

the longitude assembly.

6.1.5 Conclusion

It has been known that thrombin plays an important role in the fibrinogen coagulation;
however, fibrinogen on gold surface can self-assemble into fibrin network surface without any
addition. This circumstance is special for gold surface comparing with mica and HOPG. The
fibrinogen patches can grow in two orientation, longitude and transverse. According to the
experimental results, it was kindly safe to make the deduction about assembly mechanism: Au-S
interaction and its activated interaction in ‘aC-domain’ are two main causes for the patterned

assembly. Besides, ‘D:D’ and ‘yx;’ interactions do help to the elongation and strengthen of fibril
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assembly. Comprehensively, for all the cases, longitude and transverse, the previous two factors
were believed to be very important. The phenomena also provide some clues about bio-safety

study of gold nano-particles.

6.2 Fibrinogen Clot Induced by Gold-nanoparticle?6®

6.2.1 Abstract

Protein-gold nanoparticle (GNP) interactions and their biological consequences are one
of the most fundamental issues that are exigent for GNP biomedical applications. Wee report on
our findings here that the interaction of GNP and fibrinogen (fg) could induce blood clot, one
important blood protein, under near-physiological conditions (see Figure). Firstly, through
different characterization methods, namely, UV spectrum, dynamic lighter scattering and atomic
force microscopy, fg-GNP clots with the um size were found to be formed and their average size
is time- and concentration dependent. Besides, the dissociation constant was calculated to be
1.36~2.05 pg/mL (nM level), suggesting that the interaction between fg and GNP is very strong.
Finally, by scrutinizing the fg sequences, this strong binding was found to originate from many
Cys residues distributed in o, B, and y chains of fg through Au-S bond. Most of these Cys
residues are in the form of disulfide bonds, which locate at the central E domain and flank parts

of C-terminal and N-terminal in the coil-coil region.

6.2.2 Introduction and literature review

The unique and tunable optical properties of gold nanoparticle (GNP) as a result of
surface plasmon resonance offer many promising applications in biomedicine, such as chemical

sensing, imaging and photo-thermal therapy.*’**’® Currently, the huge challenge associated with
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these applications to real clinical test is to fully understand, at the single molecular level, of the

277,278

physiological interactions of gold nanoparticles. Therefore, the effort to study the potential

effects of GNP and other types of nanoparticles in biological systems is urgently needed.?”***

281-284 Most of work has

There have been intensive studies of the cytotoxicity of GNP.
focused on the nuclear transfection and targeting.”>* It was reported that GNP can easily enter the
cell through endocytosis®™’ or diffusion®®'. However, in most cases the GNP was rejected out of
the nucleus.”® Beside these two aspects, the influence on the immunological response of cells

286 A1l these studies were carried out at the cell

was also found to be a possible adverse effect.
level. To better understand how particles will interact with cell and tissues, the studies of protein-
nanoparticle interactions and their biological consequences is necessary and helpful since the
interaction can alter conformations, expose novel epitopes and disturb the function of the same
protein.”’

Fibrinogen is the scaffold of thrombus which is the direct cause of many diseases, such as

heart attack, stroke and pulmonary embolism.**®

As is known, nanoparticles can easily enter
human blood circulation system through different uptake routes, such as intravenous injection,

inhale, and oral administration.””’** Reported studies showed that nanoparticles can affect

290,291 92

pulmonary function and induce its inflammation,”> maybe further alter cardiovascular
parameter for particulate pollution after translocation into the blood.*”

Last section already discussed that fibrinogen self-assembled by firmly anchoring on gold
surface through the Au-S bond,”* and therefore GNP can possibly activate Fg to form the clot
through a similar mechanism. To test our hypothesis in different perspectives, several

characterization methods were applied to study the clot formation of Fg and GNP in vitro. From

the SPR (surface Plasmon resonance) shift of GNP, the dissociation constant was deduced by
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one bond-site model to illustrate how strong the complexes are. The measurement by DLS
(Dynamic light scattering) intuitively gave out the size dependence on the concentration and time.
AFM static and kinetic imagings were used to visualize the clot formation and thus confirmed
the results from UV spectrum and DLS. Furthermore, the mechanism of the complex formation
was attributed to the binding of the NPs and the distributed disulfide bonds in the Fg structure

through Au-S interaction.

6.2.3 Experiment

Materials. Human fibrinogen was purchased from Sigma-Aldrich as lyophilized powder
containing 68% protein and salts (~15% sodium citrate and ~25% sodium chloride). Over 96%
protein is clottable. Stock solutions at a concentration of 0.8 mg/ml were prepared in pure water
and incubated at 37 °C for 30 min to fully dissolve the protein powder. All the protein solution
was freshly prepared and used to ensure the biological activity. HAuCl4.xH20 (Alfa Aesar),
Trisodium citrate (J. T. Baker), and all other reagents were used as received without further
purification. The water used was ultra-pure water with conductivity of 18 MQ/cm. 0.45 pm
nylon syringe filter (Micron Separations Inc.), regenerated cellulose tubular membranes with
nominal MWCO=3500 (Membrane Filtration Products, Inc.).

GNP synthesis. All glasswares used for preparation of colloids were thoroughly washed
by aqua regia (volume ratio of HCl/ HNO3=3:1), rinsed extensively with water, and then dried in
oven prior to use. Gold colloids were prepared by sodium citrate reduction of gold salt as
reported earlier.”>**® Firstly, 200 mL of 1mM HAuCls was heated to vigorous boiled under
stirring in a round-bottomed flask fitted with a reflux condenser, and 20mL of 38.8mM sodium
citrate solution was rapidly added to the solution. The solution was kept boiling for another 15

min and the color of the solution changed from pale yellow to deep red during the reaction. Then,
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the solution was cooled to room temperature with continuing stirring and then filtered through
0.45 um nylon filter. Finally, dialysis was used to remove the possible reactant residues in
solution by regenerated cellulose membrane with nominal MWCO=3500 at 4 °C for 48 h. The
product was then stored at 4 °C until further use.

Sample preparation. The concentration of GNP stock solution is 24.8 nM and its size is
around 10 nm. Two different concentrations of GNP solution were used here. One is 10 fold
diluted GNP solution with concentration of 2.48 nM, the other is the 32 fold diluted GNP
solution with concentration of 0.775 nM. According to different volume ratio, GNP solutions are
mixed with fg solution in water, with a series of fg concentrations of 0, 1.25, 2.5, 5, 10, 20, and
40 pg/ml in two GNP solutions (1 pg/mL is equal to 2.94 nM, concentration of stock solution is
calculated from absorbance at 280 nm). In the static experiment, new cleaved MICA surface was
incubated in the fg and GNP mixture for 30 min and directly imaged in water after rinsed by
water for several times. For the dynamic experiment, the flow-cell technique was adopted here.
Once the AFM was stable, several hundred micro liter of the fg and GNP mixture was injected

into the liquid cell to observe the time-line change of the complexes on surface.

X =10.47+0.07 nm

o
8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Gold nanoparticle size /nm

Figure 6.7 TEM images and statistical size analysis of gold nanoparticles. a) TEM image of gold
nanoparticles (scale bar: 10 nm). b) Size distribution of the diameter of gold nanoparticles with

the center value X.=10.47+0.07 nm.
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Figure 6.8 UV absorbance spectra of the mixture solutions and the dependence of its related

SPR shift on the fg concentration. a) Absorbance curves of series of fg concentrations in 10 fold

diluted GNP solutions, b) absorbance curves of series of fg concentrations in 32 fold diluted

GNP solutions, ¢) The correlation curve between absorbance alteration at 620 nm and fg

concentration in 10 fold diluted GNP solution. (The red line is the fitted curve) The calculated

value of Kp is 1.96£0.21 pg/mL with R’=0.994. d) The correlation curve between absorbance

alteration at 620 nm and fg concentration in 32 fold diluted GNP solution. (The red line is the

fitted curve) The calculated value of Kp is 1.57+0.25 pg/mL with R=0.987.
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Characterization by TEM, UV, DLS, and AFM. The TEM images were obtained for
evaporated drops of GNP solution on a carbon covered copper grid by (FEI Technai 20)
operating at 200 kV. The absorption measurements were carried out at r.t. using UV-1700
Spectrophotometer from Shimadzu Scientific Instruments. ZetaPALS (zeta potential analyzer)
from Brookhaven Instrument Corporation was applied to measure the hydration mean diameter
of the complex in ambient condition at a scattering angle (6) of 90°. The topography images were

collected by AFM.

6.2.4 Results and discussions

TEM (Transmission Electron Microscopy) imaging

The size distribution of the GNP was determined by counting about 100 particles in TEM
images. The typical TEM image of GNP and its size distribution are shown in Figure 6.7. The
most probable diameter of GNP is determined by the size distribution histogram to be 10.47 nm.

The particles in this size were found to be able to transfer freely through multiple biological

29 299

barrier,””’ such as blood—brain barrier’”® and blood-retinal barrier™”.

UV absorbance spectrum

The absorption properties of the mixture were measured immediately after vortex. Once
Fg was added into GNP solution, the color of GNP solution immediately changed from light red
to crimson, indicating a shift of the SPR (surface Plasmon resonance) peak. The SPR peak shift
can be caused by many factors, such as medium, shape and size.””® However, it is clear that the
interaction between GNP and Fg is a spontaneous process based on the observations.

It can be shown by UV absorbance spectra experiments and through calculations

300

according to its UV-vis absorption™" that GNP induced particle size alteration is the dominant

factor for SPR shift. Firstly, bonding between Fg molecules and GNPs would cause the size
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changing and indeed obvious SPR shifts were observed from the UV absorption properties when
GNP solution was mixed with different Fg concentrations (Figure 6.8 a and b). This indicates
that the introduction of Fg caused the formation of the complex particle with larger size even for
highly diluted GNP solution (the concentration of pM level). Furthermore increasing Fg
concentration brought about larger SPR peak shift (Figure 6.8 a and b). In order to find out how

strong the bonding between GNP and Fg is, the dissociation constant was estimated from the

relation between SPR shift and Fg concentration based on a one-site bonding model:**'*"
A €] . . .

AA = []a—K Where A4 is the absorbance change at 620nm, A,,, is the maximum absorbance
c|+K,

change at 620nm, /c/ is the fg concentration, and K is the equilibrium dissociation constant for
GNP and fg. Both fitting curves produced the dissociation constant at nM level: 1.96+0.21
ug/mL with R’=0.994 for 10 fold diluted GNP solution and 1.57+0.25 pg/mL with R’=0.987 for
32 fold diluted GNP solution (shown in Figure 6.8 ¢ and d). The small dissociation constant
indicates strong interaction between Fg and GNP, which is consistent with the origin of the
binding. Besides the two GNP solution used here, more diluted GNP solution (128 fold diluted,
0.194nM) were tested, which also showed obvious SPR shift. However, due to the very low
absorbance of GNP solution (<0.02) and sensitivity limitation of UV photospectrometer, the SPR
shifts didn’t show good exponential relation with fg concentration (data not reported). Higher
concentrations of Fg (up to several hundred micro-gram per milliliter) in the mixture were also
tested and visible red color precipitations were observed in the solution. Hence, the absorbance
would not be accurate at high concentrations of over hundred micro-gram per milliliter and

therefore the data were not shown here.
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DLS (Dynamic Light Scattering)
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Figure 6.9 Mean diameters from DLS measurement. a) 10 fold diluted GNP solution and b) 32
fold diluted GNP solution with series of fg concentration from the range of 0 to 40 pg/mL. For
each sample, it was measured twice. One is done right after the mixture (the square dotted line)
and the other is measured after 1 h (the circle dotted line). The time dependent measurement for
c) the 10 fold diluted GNP solution and d) 32 diluted GNP solution with fg concentration of 40

ug/mL.

The purpose of DLS experiments was to confirm that the SPR peak shift is mainly caused
by the size effect and the formation of the larger size complexes with GNP was due to the
introduction of Fg in solution. It is known that the decay time of photon intensity fluctuation in
DLS measurement is related to the diffusion constants and therefore, the sizes of the particles.
The solutions of Fg and GNP mixture were freshly prepared and measured immediately at 0 min

and 60 min by DLS. The measured diameters for the pure GNP solutions are in the range of
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25~35 nm, larger than those measured from TEM. This is expected because the measured
diameter in photon correlation spectroscopy (PCS) is the hydrodynamic diameter (the particle
diameter plus the double layer thickness). As shown in Figure 6.9 a) and b), the size increases of
the complex are getting much bigger with the increasing of Fg concentration in both GNP
concentrations. The mean diameter here is the average diameter which is measured by the
intensity of light scattered by each particle. For the concentrations of Fg over 5 pg/mL, the
increase of diameter is more obvious compared to that at lower concentrations. When Fg
concentration is around 40 pg/mL, the size reached micro-meter level. The measurements taken
at 60 min shows tremendous size enlargement compared to those at 0 min. The time-dependent
size changes were shown in Figure 6.9 c) and d), which indicates that the size of GNP and Fg
complex was developed with time. Depending on the concentration of GNP solution, the curve
of time-dependent mean diameter finally reached a plateau in 30~40 min as shown in Figure 6.9
¢) and d), meaning most free GNPs in solution were consumed up and the clot formation process
was thus stopped. Based on the experimental observations, a conclusion can be drawn that the
size change is the dominant reason for the SPR peak shift and the larger concentration of the
GNP solution, the bigger the size of the complexes and the faster the growing rate of the size.
This might be a danger signal for the GNP clinical application since the normal Fg concentration
in blood is 20 ~45 mg/mL. If GNP accidentally goes into the blood circulation, it might lead to
the clot formation, which is the cause of thromboembolic disease.

In-situ AFM imaging

AFM experiments were performed to visualize the formation of GNP induced fg
coagulation in situ. In the static experiment, several concentrations of fg in the GNP solutions

were investigated. When the concentration of Fg exceeded 10 pg/mL, the Fg covered the whole
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surface thus making it impossible to distinguish single complex of fg with GNP (The data was
not shown here). For all the cases shown in the first row of Figure 6.10, there were many small
pieces of complexes observed on MICA. These small pieces were the most popular distribution
on the MICA surface. The sizes of small pieces were measured to be about 100~200 nm for 2.5
and 5 pg/mL and 200~500 nm for 10 pg/mL. The conformations and sizes of these complexes
are totally different with the pure Fg and GNP on MICA surface respectively shown in Figure
6.2 a and 6.11, indicating surface induced differences of Fg adsorptions. Besides the small pieces,
the much bigger coagulations of fg and GNP were formed for all the concentrations shown in the
second row of Figure 6.10. The only difference among them lies in the sizes of these

coagulations.

Figure 6.10 The AFM topographical images of the fg and GNP complexes in the 10 fold diluted
GNP solution. The images in the first pane show the most popular complexes of fg and GNP and
some large size complexes of fg and GNP were shown in the second pane. a) 2.5 ng/mL fg, b) 5

ug/mL fg, and ¢) 10 pg/mL fg. (Scale bar: 200 nm)
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Figure 6.11 The topographical image of GNP on MICA surface (scale bar :50 nm)

To further confirm the time dependent growing process of the coagulation, a time-line
imaging was carried out for the 10 fold GNP solution with 2.5 pg/mL fg. Once the AFM was
stable, around three hundreds of micro liter of the fg and GNP mixture was injected into the
liquid cell while imaging. In the process, there were more small pieces anchored on MICA
surface and a big piece gradually formed with the size of 400~500 nm in length, shown in
Figure 6.12. This result agrees with those from UV, DLS measurements and therefore confirmed
that the mean diameter of the fg and GNP complex grows with time to assemble into the bigger

coagulation.

Figure 6.12 The time-laps images of the complexes formation in the 10 fold GNP diluted
solution with 2.5 pg/mL fg. The interval between the two is about 6 min. a) 0 min, b) 6 min, c)

12 min, and d) 18 min. (scale bar: 200 nm)
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Fg Clotting Mechanism
It has been shown that fg can interact with gold through the Au-S bond because of the

303,304 L 254 .
294303304 Through scrutinization of fg sequence,” it was found

widely distributed Cys residues.
that there were 5 Cys residues in the o chain of fg, 11 Cys residues in the f chain and 10 Cys
residues in the y chain. Most of them form disulfide bonds to keep the protein structure intact,
only a few of free Cys residues exist in the B and y chain of D domain. Several disulfide bonds
locate at the amino-terminal of the chains in E domain, such as: symmetrical disulfide bonds of y
Cys® and Cys’. Some of them flank the N-terminal of coil-coil region, for example: the
unsymmetrical one between o Cys* and y Cys®™. The others flank the C-terminal of coil-coil

. . - 165 257,264
region, for instance: the unsymmetrical one between p Cys and o Cys'®.>"

GNP Complex of GNP and fg

Figure 6.13 The configuration of the complexes formation of the GNP and fg. Yellow denotes

the available disulfide bonds in Fg structure.

Through visually investigating the fg crystal structure, it was found that most of free Cys

residues in D domain hide in the loop, hence not unavailable for the formation of Au-S bonds.



125

Comparatively, most of these disulfide bonds are exposed outside, which makes them accessible
to GNPs.”** Moreover, for GNP with 10 nm in diameter the disulfide bonds in E domain and
flank part at N-terminal only can be taken as one interaction site since the size of E domain is
about 5 nm. Besides, the flank part at C-terminal with disulfide bonds is the other possible
interaction sites. Hence, Figure 6.13 schematically denotes the possible binding sites as the
yellow stripes in fg molecules, and it also shows some of the configurations of the complexes
formed through the interaction between the binding sites and GNP. Finally, it is believed that the
originality of the complex formation process is from the interactions between GNP and disulfide

bonds in the E domain and flank part at C-terminal and N-terminal.

6.2.5 Conclusion

Through UV, DLS and AFM, it was demonstrated that the adsorption of fg on GNP
induces the coagulation of fg and the SPR shift of GNP. The change of absorption was mainly
attributed to the size change, which is still prominent even for concentrations down to sub-nM.
Furthermore, this coagulation process occurs spontaneously and rapidly when fg meets GNP.
From the fitting of SPR shift, it was also found that the dissociation constant is at nM level,
which indicates the strong bonding between fg and GNP. The strong binding may indicate that
the clot formed by Fg and GNP could stand shear force of blood circulation, which need further
studies in vivo. In addition, the size of clot was time- and concentration- dependent. It was
observed from DLS measurement that the size of clot can be um level when Fg concentration is
over 10 pg/mL. The growing size of the clot by the time would be an important aspect worthy of
consideration in the possible GNP clinical application, which may induce the blockage of blood

circulation. The possible mechanism of the clot formation lies in the disulfide bonds in the E
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domain and flank part at C-terminal and N-terminal which could bond with GNP through Au-S

bonds. This mechanism is also consistent with the nM-level dissociation constant.
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CHAPTER 7

SUMMARY AND OUTLOOK

7.1 Summary

For AFM based single molecule study, there are three pivotal points: how to attach the
molecule of interest to one or two surfaces; how to control tip movement; and how to translate
the obtained force information into common used kinetic and thermodynamic terms. In all my
studies, this logic way is followed.

To achieve the purposes of imaging and force spectroscopy, several organosulfur
compounds and heterofunctional polyethylene glycol (PEG) derivatives were synthesized for
gold substrate and AFM probe functionalization. The organosulfur compounds carry with thiol
or disulfide moiety in one end for gold attachment and active modules for molecule coupling in
the other end including active ester, triacetic acid or biotin. The heterofunctional PEG derivative
for tip functionalization bears bromoacetyl ending group, which is reactive with thiol group on
organosilane decorated tip surface, and biotin in the other end.

Based on these chemical derivatization strategies, both AFM magnetic AC imaging and
force spectroscopy techniques were applied simultaneously to study several interesting systems,
such as: ricin and its antibody, EphA2 and its peptide ligands, organomicelle, and fibrinogen.

1) In the ricin study, the anti-ricin decorated AFM probe was applied to perform the
detection and fundamental interaction for the ricin immobilized on gold surface. The
detection sensitivity of fg/mL level can be easily achieved by AFM recognition imaging

and the linear relationship between unbinding force and force loading rate revealed that
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the interaction between ricin and anti-ricin follows Bell’s one-barrier model for the force
loading rate from 0.2 to 100 nN/s. From Jarzynski equality, it was estimated that
unbinding free energy for ricin pair is around 86 k7.

In the EphA2 related study, AFM recognition image and force spectroscopy were applied
to study the competitive bindings between its natural ligand, Ephrin, and artificial
ligands, polypeptides, for preliminary ligand screening. Through employing the Bell’s
model and recognition event counting, the kinetic and equilibrium parameters can be
inferred, such as: dissociation rate constant (k,;), association rate constant (k,,) and
dissociation constant (Kp). The parameters indicate that peptide has weaker binding
affinity (uM) with EphA2 comparing to Ephrin (nM). Besides, peptides share the similar
binding sites with Ephrin and tyrosine residue in the N-terminal of peptide is paramount
for the binding.

A fundamental new concept of AFM recognition technique was accomplished, which is
based on the metal free ‘click chemistry’ between dibenzocyclooctynol (DIBO) and
azide. Based on this method, the surface functional groups and assembly strengths can be
investigated for the organomicelles with different compositions and loadings through
pulling out polymer strands from the assembly. It was discovered that the chemical
modification by organosilane can offer enough DIBO moiety on tip surface and the
stabilities of organomicelles loaded with Doxorubicin or Rhodamine B are stronger than
the micelles without loading, telling from the ‘pull-out’ force and stretch distance.

The conformation differences of fibrinogen (fg) on various surfaces, e.g., mica, HOPG
and gold surface were studied. It was found that fg can self-assembly on gold surface in

longitude and transverse direction without any addition of clotting factors, such as
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thrombin, which is essentially distinct with fg adsorption on mica and HOPG. Through
scrutinize the fg structure, it was believed that the disulfide bridges inside the fg is the
main impetus for the assembly process and its triggered intermolecular interactions, such
as: ‘aC-domain’ ‘D:D’ and ‘yx.’, are helpful to stabilize the assembly structure. Under
the enlightenment of this observation, the fg clot induced by gold nanoparticle (GNP)
was further investigated by several methods including UV spectrum, dynamic light
scattering (DLS) and AFM. The dissociation constant of fg-GNP complex at nM level
indicated the strong binding between fg and GNP and the size of clot can quickly
increase to pm level when fg concentration is over 10 pg/mL. The behind mechanism of
the clot formation lies in the disulfide bonds in the E domain and flank part at C-terminal
and N-terminal which could bond with GNP through Au-S bonds.

In a word, the properly designed chemical modifications are a prerequisite for reliable
imaging and force spectroscopy. The recorded topography images can visualize the shape, size,
distribution and organization of the studied objects on surface; the collected recognition images
provide directly evidences and localizations for noncovalent interactions between varieties of
macromolecules. The results from force spectroscopy further quantitively characterized the
strength of these noncovalent interactions, termed as ‘rupture force’ with the unit of pN. Through
employing the Bell’s model and Jarzynski equality, the force information can be translated into
kinetic and thermodynamic parameters, such as: dissociation rate constant (k,;), association rate
constant (k,,) and dissociation constant (Kp), in which the biologists and chemists are mostly

interested.
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7.2 Outlook

Single molecule studies have opened up new avenues of chemistry, material and
especially biological research. The rapidly growing number of applications illustrates the power
and success of single molecule studies. Meanwhile, great challenges need to be addressed. One
of the primary difficulties is the want of feasible ways to characterize the biological molecules
and processes in their natural conditions, such as discrete cells or cells on tissues and organs.
With only a few notable exceptions™*, single molecule studies have mainly focused on in-vitro
measurements of purified proteins on solid-supported surfaces. Performing the same or similar
experiments in vivo will offer an unparalleled view of how the conformation of individual
protein changes on the cell membrane by the applied perturbations, and how the interaction
between the ligand and receptor triggers the cascaded cell response at the molecular level.

On one hand, the cell surface is crowded with many kinds of proteins, polysaccharides,
and lipids. The specific molecules or interactions are required to be differentiated from others.
The combination of AFM based techniques with other single molecule methods, in particular
single molecule fluorescence spectroscopy, is a possible solution for this problem. However, the
labeling of fluorescent tag will inevitably modify the original status of molecules structurally
and/or functionally. Alternatively, the characterization of bio-molecules embedded in the
artificial lipid membrane will provide more meaningful data than on solid supporter. Based on
the knowledge of lipid membranes, the measurements on cell with some gene knock-outs or
overexpression would be a viable way to simplify the inhomogeneous condition of the cell
surface. The density of molecules under investigation can be greatly increased on the mutated

cell surface in order to facilitate the measurements.
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On the other hand, the specific, non-invasive and fast single molecule measurements also
depend on the advances in instrumentation. Current AFM based image and force spectroscopy
techniques are suffering from noisy feedbacks and large cantilever with high stiffness. To
perform the fast measurements with high specificity and less perturbation, smaller cantilevers
with sharp tip radius, high Q value (Q value describes how under-damped an oscillator or
resonator is) and chemical stability are greatly desirable. The small size of the probe will enable
high resonance frequency and small forces, while reducing hydrodynamic damping in liquid. The
high resonance frequency allows fast scanning rates and small forces can decrease the
perturbations or deformation of sample when observing the dynamic processes or the structures
of bio-molecules. The high speed AFM system equipped with small cantilever-tip was
successfully applied to observe the movement of single myosin molecule along the actin filament
at certain video rate.”” The feedback systems with high sensitivity and low inherent noise, such

as magnetic’” and optical feedback®”®

, will support the fast and specific scan properly. Further,
versatile tip movement modes could be powerful modules to screen out the nonspecific
interactions.'” In addition, further development of a new type of AFM tip, FIRAT (Force
sensing Integrated Readout and Active Tip)*”’, can improve the imaging speed to chase the
bioprocesses and record movies of such processes.

Through all these improvements, it is anticipated that more applications of AFM based
image and force spectroscopy techniques will come out, especially in biological fields. They

definitely will deepen our understanding in the mechanics of biological systems, colloid systems,

and polymeric materials.
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APPENDIX A
SUPPLEMENTS TO CHAPTER 2

In Appendix A, there is some supplement information for Chapter 2.
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Figure A.1 "H-NMR spectrum of Compound 1 in Deuterochloroform (CDCl;)
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Automation directory: fexport/home/wallkup/auto_2009.09.02
Sample id : s_20090314_09
Sample @: Thiotic-NHE

FPulse Seguence: sipul

Solvent: cdeoll
Temp. 25.0 ¢ J 298.1 K

= K (3] n

Oparator: jguo 58 3 =2 b=

. . ” .
File: Thiotie-HWHS_ Carbon 20095epld 01 I ™ w o ﬂ " M
_ y P~ i~ - + M l"
Mercury-300BE “merc300® P/ =] @ 3
L= | ™

s
Relax. delay 1.000 sec _ -
Pulse 45.0 degrees |

Acg. time 1.301 sec,

width 18115.% Hz 9

16000 repetitions o
OBSERVE cC13, 75.4588005 mmz
DECOUPLE H1, 300.0730883 Mz
Power 37 4dB
continuously on
WALTZE-16 modulated
DATAR PROCESSING
Line broadening 0.5 Hz
PT size 65536
Total time 10 hr, 34 min, 19 sac

—38.740

40.374
i~

56.318

—158.636

r_ s llF - ;_.r

gy ———

Figure A.2 >C-NMR spectrum of Compound 1 in Deuterochloroform (CDCl5)
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Autcmation directory: /export/home walkup/autse 2008.11.21 (wt
sample fd @ B_20981121 UZ 2
Bample @1 DEP-NTA

-
VY
< M
E{
< \
J) -
=
-{r
2

Pules Sequascsar sdpul
Bolvent: odlod

Temp. i5.0 C / 298.1 K .m.uJ_
nparatar: ning . “ , T nv
File: DEP-MTA_Froton 2008NMevil 01 ! t L 1] —. w

Harcury-300BEE ‘“mazc3iD=

Ralax. dalsy 1.000 sas
Fulge 45.0 degreas
Acqg. time 1.558 sec

3.074
—
3.713
3.652
3.595
547

3.7%
3.736

wWidth 4800.8 Ez

12 rapatitione -
OBSERVE W1, 300.0718067 MHz ;/f
DATE FPROCESSTING e

FT size 32768
Total time 1 min, 19 sec

571

/m
4—1.
z}:na

1.342

.31%
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Figure A.3 "H-NMR spectrum of Compound 2 in Deuteromethanol (CD;0D)
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File: DSP-NTA-20081125_Carbon_2008Nov25_01 B oaao
IR

@ o~

-

Pulse Sequence: s2pul -

Solvent: cd3ed

Temp. 25.0 C / 298.1 K

Operator: ning

File: DSP-NTA-20081125_carbon_2008Nov25_01
INOVA-500 "nmrl"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acg. time 1.300 sec

width 18083.2 Hz

2000 repetitions

OBSERVE C13, 75.3810240 MHz
DECOUPLE H1, 299.7866200 MHz
Power 34 dB

continucusly on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 65536

Total time 1 hr, 17 min, 3 sec

54.076
3.966

-173.055
/[5

N -172.594
—65.841
/

—173.370

—— .___i. -

40

=\
-
28.797
- 28.724
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—23.511
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Figure A.4 >C-NMR spectrum of Compound 2 in Deuteromethanol (CD;OD)
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Autemation directory: Jexport/home/wal

Sample id : =_20100617_24
Sample : GUOJUN-HO-PEG3-SH

Pulse Sequence: sapul

Bolvent: edclld
Temp. 253.0 ¢ / 228.1 K
operator: jguo

File: GUOJUN-HO-PEG3-SH_FProton_32010Jun$?_01
n

Mercury-30088 "mercifd=

Relax. delay 1.000 sec

Pulse 45.0 degreas

Aog. £ime 1.598 sec

Width 4800.8 Hz

16 repetiticns
OBSERVE  H1, 300.0706234 MH=
DATA PROCESSING

FT size 32768
Total time 0 min, 49 sec

sa"n

= !nﬁ -
Eedfogeagoosis
K]

3

L

,—1.531
T —2.607

n

w

spectrum of 2-(2-(2-mercaptoethoxy)ethoxy)ethanol

'"H-.NMR

0
<
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_|—|_ |—|- -a|—| _|-|_ -m
73.18 14:35 LL

7.02 5.45

Deuterochloroform (CDCls)
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AUCTRRACLION JIFSTUSEVI JENDOET/hGEe /WA LKID/EUES_2ULy

Sample id : s_20100817_24
Sample : GUOJUN-HO-PEG3-SH

Pulse Seguence: sipul

Solvent: cdold
Temp. 25.0 C / 258.1 K
Qﬂ.ﬂbﬂﬂﬂu uﬂﬁﬂ

File: GUOJUN-HO-PEGI-SH_Carbon 2010Junl? 01

Mercury-100BB "merc3io”

Relax. delay 1.000 sec

Fulse 45.0 degreess

Acg. time 1.301 sec

wWidth 18115.9 Hz

14400 repetiticns
OBSEEVE Cl3, 75.4528005 MHz
DECOUPLE H1, 300.0720883 MHz
Bowar 37 4B

continuously on

WALTZ-16 modulated

DATA PROCESSTING

Line broademing 0.5 Hz

PT aize 65536

Total time 9 hr, 30 min, 53 sec

o

72,746 °

73.024

I

K

<UB.15

S -
~

T0.467
T0.379

El.814

24.357

10

ppm

in

spectrum of 2-(2-(2-mercaptoethoxy)ethoxy)ethanol

BC.NMR

Figure A.6

Deuterochloroform (CDCls)
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Automation directery: fexport/home/walkup/fautc 2010.06.15
Sample id : =_20100625_07
Sample : GUOJUM-PEG3-Disulfide

3,651
3. 584

Pulse Seguence: aipul

Salvent: cdcll

Temp. 25.0 © / 258.1 K

Operator: jguo

File: GUOJUN-PEG}-Disulfide_Proton_2010Juni5_01
Marcury-3008BE "mercidd™

Relax. delay 1.000 sac
Fulse 45.0 degrees

Acg. time 1.998 sec

Width 46800.8 Hz

16 repetitions

OBSEBRVE Hl, 300.0706244 MHz
DATA PROCESESING

FT size 32768

Total time 0 min, 45 sac

'S
!
¥ 3673

2.837
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b pe
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Figure A.7 'H-NMR spectrum of Compound 3 in Deuterochloroform (CDCls)
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Matomation #wﬂnunnﬁlk... Fospork hoame/vallup/avte _J010.08.15

Sample id : s_201006.7_24
Sample ; GUOIUH-NI-EEG3-5H

Pulse Seguence: sipul

Solvents wdcld
Temp. 25.0 C / 298.1 K
Uperator: jguo

Fils: GUOJUN-HO-FEGI-SH_Carbon_2010Jusl? ol

Mercury-300BE “marci0o"

Relasx. delay 1.000 sac

Pulsa 45.0 degraas

Acyg. time 1.301 sec

Width 18115.9 H=z

14400 reapeeledians
OBSERVE C13, 75.4528005 MHz
DECOUFLE El, I0D.0TZ03E3 Mmx
Powar 317 dB

coatinuously om

WALTEZ-16 modulated

DATR PROCEESING

Line hroadening 0.5 Hec

PT sizea 65536

Tearal tima 9 hr, %0 min, 51 sec

som &
T2.746 17

—T

_/

l‘-l!—.
~

0.4487
T0.379

El.8314

24,357

A

Figure A.8 *C-NMR spectrum of Compound 3 in Deuterochloroform (CDCls)
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Automation directory: /export/home/walkup/auto_2011.03.08

Sample id : s_20110308_12
Sample : guojun-N3-PEG1000-N3

Pulse Sequence: s2pul

Solvent: cdcl3

Temp. 25.0 C / 298.1 K
Operator: jguo
File: guojun-N3-PEG1000-N3_Proton_2011Mar(08_01
Mercury-300BE "merc3Q0"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acqg. time 1.998 sec

wWidth 4800.8 Hz

32 repetitions

OBSERVE H1, 300.0706244 MHz
DATA PROCESSING

FT size 32768

Total time 1 min, 39 sec

3.617

/-3.635

3.597
3.583

344
3.327

\
3.311

Figure A.9 '"H-NMR spectrum of Compound 9 in Deuterochloroform (CDCls)
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Automation directory: /export/home/walkup/auto_2011.03.08

Sample id : s_20110308_12
Sample : guojun-N3-PEGL000-N3

Pulse Sequence: s2pul

Solvent: cdcli

Temp. 25.0 C / 298.1 K
Operatoxr: jgue
File: guojun-N3-PEG1000-N3_Carbon_2011Mar08_01
Mercury-300BE "merc300"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acg. time 1.301 sec

width 18115.9 Hz

14400 repetitions

OBSERVE €13, 75.4528005 MH=z
DECOUPLE H1, 300.0720883 MHz
Power 37 dB

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 65536

Total time 9 hr, 30 min, 53 sec

77.794
77.369
76.944

\——70.?45

70.870
0.848
70.811

fon
\ o2

.860

Figure A.10 *C-NMR spectrum of Compound 9 in Deuterochloroform (CDCls)
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Autcmation directery: /export/home/walkup/aute_2011.03. =m

Sample id : & 20110314 06 i
Sample : guojun-N3-PEGLO00-NHI |

. ":\_\' 31.68
YN —3.667
\\:3-55!

3.645

Fulse Seguence: s2pul

Solvent: cdell

Temp. 25.0 C 7 298.1 K

Operater: jgue

File: guojun-K3I-PEGL000-KE2Z Proton 2011Marld 01
Marcury-3008BB "mercl0i0”

Relax. dalay 1.000 sec 1 7 m\
Pulse 45.0 degrees _q [ h__

Acq. time 1.998 sec |

Width 4800.8 Hz 1 | _
64 repetitions |
OBSERVE Hl, 300.0705125 MHz _
DATA PROCESSING |
FT size 32768

Total time 3 min, 19 sec
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|
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Figure A.11 "H-NMR spectrum of Compound 10 in Deuterochloroform (CDCls)
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ion di tory: /export/home/walkupl/auto_2011.03.08

Sample id : s_20110314_06
Sample : guojun-N3-PEG1000-NH2
Pulse Sequence: s2pul

Solvent: cdecl3
Temp. 25.0 C 428841

SEEReapasen
o
Operator: jguSr m @ © @ ™ ~ ~ B B 8

Mercury-300BB

Width 18115.9 Hz
12400 repetitions

OBSERVE C13, 75.4528005 MHz
DECOUPLE H1, 300.0720883 Mz
Power 37 dB

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 65536

Total time 8 hr, 11 min, 36 sec

—70.335
70.299
70.255

70.07%
69.918

66.987

50.889

—40.682

pPpm

Figure A.12 *C-NMR spectrum of Compound 10 in Deuterochloroform (CDCl;)
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File: 0=ou=um"_.ma m-gaﬁu i

]
)
Pulse woa_.—ounh." s2pul

Solvent: cdecl3d ;
Temp. 25.0 C / 298.1 K
Operator: jguo

File: OﬂOuﬂﬂlﬂhOﬂ»ﬂl%ﬂﬂHona|Hﬁhlun6nnﬁ Moﬂonﬁﬂﬂw cH y:

INOVA-500 "nmrl"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acg. time 1.998 sec

width 4800.8 Hz

128 repetitions
OBSERVE H1l, 300.0706237 MH=z
DATA PROCESSING
FT size 32768
Total time 6 min, 24 sec

saﬂr—..r
g S

oﬂﬂuﬁa?ﬁm@h

3.521
3.509
3.491
3.425
3.406
3.383
3.376
3.359
3.352
3.335
3.317
3.149
3.131
3.106
~3.091
3.082
3.066
3.058
~3.042
2.865
2.849
2.755
2.713
2.413
2.228
2.204
2.180
1.466
1.441
1.411
1.387
1.362
1.225
0.039

#

—

1.18 0.41 0.78 65.36 5.33 0.77 1.79 7.16 0.32
1.38 1.34 0.78 1.15 3.24 0.83 2.06 3.41 1.60

Figure A.13 'H-NMR spectrum of Compound 12 in Deuterochloroform (CDCls)
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File: Guojun-Biotin-PEG1l000-NH2_ Carbon_2010Junl5_01

Pulse Sequence: s2pul

Solvent: cdcl3

Temp. 25.0 C / 298.1 K

Operator: jguo

File: Guojun-Biotin-PEG1000-NH2 Carbon_2010Junl5_01
INOVA-500 "nmrl"

Relax. delay 1.000 sec

Pulse 45.0 degrees

Acg. time 1.301 sec

Width 18115.9 Hz

15200 repetitions

OBSERVE C13, 75.4528005 MH=z
DECOUPLE H1, 300.0720883 MHz
Power 37 4B

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 65536

Total time 9 hr, 45 min, 2 sec

{173,450
163.940
158.899

120

77.714
77.486
77.289
76.864
70.914
70.760
70.658
70.621
70.526
70.379
70.350
70.299
70.181
70.130
70.035
67.031
61.960
60.385
55.710
53.102
46.016
40.741
40.558
40.257
39.349
36.073
29.889
28.336
25.764
25.522

80

B.838

- 8.303
1.211

ppm

Figure A.14 C-NMR spectrum of Compound 12 in Deuterochloroform (CDCl;)
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APPENDIX B
SUPPLEMENTS TO CHAPTER 5

In Appendix B, there is some supplement information for Chapter 5.

B-1: Determination of shape and size of the organomicelle

S0nm
o

Figure B.1 The topographical (left column), phase (middle column) and amplitude (right
column) images of a) micelles B, b) micelles C, c¢) micelles D, and d) micelles E using

magnetic AC mode (MAC mode) AFM imaging. Nanometer features of the micelle surface are

clearly resolved.
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High Resolution Images: Ultrahigh resolution imaging obtained by TOPMAC mode
AFM for micelles B (Figure B.1 a), Rd-loaded micelles C (Figure B.1 b), micelles D (Figure

B.1 ¢) and micelles E (Figure B.1 d). The micelles are uniformly distributed throughout the

underlying gold surface and have diameters ranging from 20~50 nm.

B-2: Estimation of functional group on AFM tip

9 nm

> -

z o £
.g'g E &
B =4 -1 -
s IR
- o - - ¥
e 2322 3 L T
5 e = \ \ /
- Qs e I /
233 | h3ke S N | A
-
- ‘._....’:;_:T:j
" /) "
i orpm

Figure B.2 The schematics used to estimate the available functional groups of

dibenzylcyclooctyne for the chemical click reaction with the azide groups of macromolecules of

a micelle.

To estimate the number of functional groups available on the AFM tip for reaction with
azido groups on the micellar surface, we first determined the grafting density of compounds 7
(cross-linker), and multiply this data with the available area of the AFM tip (estimated from
geometry data provided by the vendor).

Determination of the cross-linker (Compounds 7) grafting density using measured

thickness data: First, a silicon wafer was cut into 5 mm® small pieces which were cleaned by
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piranha solution (H,SO4/H,0,, 3:1, v/v) for 30 min. Next, the silicon wafer pieces were rinsed
thoroughly with deionized water, dried under a flow of argon, following by activation and
cleaning by UV for 30 min. Finally, the silicon wafer pieces were modified with

dibenzylcyclooctynol following the procedure described for tip modification.

After the chemical functionalization with 7 (22 mer and 4 mer), the thickness of the cross-linker
layer was measured by ellipsometer module of OPTREL multiskop. The average measured

thickness /4 is 5.5£0.6 nm or 2.3+0.1 nm respectively for compound 7 (22 mer and 4 mer).

The cross-linker grafting density can be calculated by using o =(hpN,)/M,. Where o is
polymer grafting density, 4 is the polymer thickness, p is bulk density of the polymer (1.1~1.2
g/em™), N , 18 Avogadro’s number and M is the molecule weight (M ,=1307 Da for compound
7 (22 mer) and 559 for compound 7 (4 mer)). The cross-linker grafting density o was

determined to be 2.78 molecules/nm? or 2.71 molecules/nm?>.

Estimation of the available area of the AFM tip: The geometry parameters of AFM tip
(CS-10 silicon AFM probe, Nanoscience Instruments) are shown in Figure SI-5. The tip radius 7,
is smaller than 10 nm and thus for the calculation we have employed two extremes in which the

radius is 2 or 10 nm. The area available for wuseful functionalization is:
S = +r)\(r—n) +h* +m,", where 7(r, +1,)/(r, —r,)* + h* is the area of the body side
Shoay (cone of the tip) and 72722 is the area of the top of the tip §,..

Estimation of available functional groups on AFM tip: Based on the available area of a
functionalized AFM tip (S) and the cross-linker grafting density (o ), the number of available
functional groups on the tip is the product of o S. The resulting calculations are summarized in

Table SI-5. For a tip that has a radius of 2 and 10 nm, approximately 32 and 848 functional
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groups, respectively will be present at the top of a tip. Due to the spacer of compounds 7 (22 mer
or 4 mer), part of the body surface (cone of the tip) is also available for reaction. The estimated
spacer length of the compounds is estimated to be 9 or 2 nm, respectively. Therefore, the total
number of available functional groups for reaction ranges from 200 to 3,000 depending on tip

size and length of the spacer.

Table B.1 Estimation of available functional groups on AFM tips with different sizes.

rr(m) 7 (nm) A (nm)  Spgy (M) S, (nm?)° S (m®)°  number of molecules®
5.64 2 5 148 12 161 435 (8)/32 (S)2)
13.64 10 5 459 314 774 2090 (S)/848 (S,2)
3.46 2 2 42 12 54 146 (8)/32 (S,2)
11.46 10 2 167 314 481 1299 (5)/848 (S,2)

a. Spoqy 15 the area of the body side;
b. S,, is the area of the top of the tip;
c. S'is equal to Speqy plus S,», e.g. the sum of the area of the body side and the area of the top of the tip.

d. Amount of molecules is the product of ¢ and S for the place of the body side and the tip top (left number), or the
product of ¢ and S,, for the place of the tip top (right number).
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B-3: Histograms for micelle-A, micelle-B, micelle-C under three force

loading rate
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The average stretch distance and “pull out’ force for micelle-A, micelle-B, and micelle-C
over the measured force loading rate range were calculated by averaging three most probable
values under three different force loading rate, as shown in Figure B.3. For example: The
averaged stretch distance of micelle A was calculated by (5.38+5.46+5.81)/3=5.55 nm and its
corresponding error was (0.31+0.18+0.19)/3=0.23 nm. The averaged ‘pull out’ force of micelle
A was calculated by (45.06+49.65+49.77)/3=48.16 and its corresponding error was

(1.96+1.61+1.86)/3=1.81.

B-4: Dynamic light scattering (DLS) measurements

Dynamic light scattering (DLS) measurement were performed on a Zeta Potential and
Particle Size Analyzer (ZetaPALS, Brookhaven Instruments Corp., US). Dust-free vials were
used for the aqueous solutions, and measurements were made at 25 °C at an angle 90 °C. Critical
micelle concentrations (CMC) were determined by diluting the micelle solutions (two fold
dilutions) until no particles were observed by DLS measurements, listed out in Table B.2.

Table B.2 The size, polydispersity index and CMC of micelles.

Micelle Mean diameter (nm) Polydispersity (CMC, mg/L)
A 42.1 0.129 1.2
B 57.3 0.197 0.2
C 479 0.281 0.2
D 46.1 0.113 1.2
E 41.4 0.335 1.2
F 40.2 0.311 1.2



