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Abstract

This thesis is devoted to the study of mechanochemistry of single cells and
single biomolecules. Mechanochemistry relates to the association of mechan-
ical and chemical occurrence at the molecular level. Using a combination
of microrheological measurements and Raman spectroscopy based on optical
tweezers we have shown how the molecular structures of single living cells and
biomolecules are coupled with mechanical deformations.

The basic questions to respond in this work are: (i) How does a cell or a
biomolecule detect an external force? (ii) How do the viscoelastic properties
of living cells and biomolecules depend on its environment? (iii) How does the
structure of the cell or biomolecules change because of the external force?

We use microrheology to detect the response of single cells (or biomolecules)
to an external force. Two point microrheology is applied to study these samples -
both in their relax configuration and in a stress situation when a known external
force is applied. We are able to find non-linearities in mechanical response of
RBC and DNA molecules subjected to an external load. In both the cases, an
increase in elastic stiffness of the system is observed with increase in the force.

To detect changes in the molecular structures of DNA or a cell as a result of
an applied mechanical load, Raman spectroscopy is used. Raman signals from
biomolecules are rich and complex in nature and are accompanied with several
noises. Hence processing of data is an important aspect in Raman spectroscopy.
For gaining in-depth information regarding the behavior of the molecule under
study, we used statistical techniques such as principal component analysis and
2D correlation spectroscopy.

Raman measurement of single DNA, with excitation optical beam focused by
conventional optics, is almost impossible owing to very small thickness of DNA
and inherent low efficiency of Raman scattering. To overcome this difficulty,
we used additional optical phenomena - Surface Enhanced Raman Scattering
(SERS) technique. With implementation of SERS, we were able to detect signals
from single DNA molecule. Our study presents substantial findings that describe
the structural changes of the phosphate backbone when DNA is extended in the
entropic force regime. The current belief is that such forces are balanced by
lowering DNA entropy via unfolding as the molecule is extended. While this
is accurate, we observe structural movement at the bond level when the single
biomolecule is extended at these low forces. This revelation has never been
measured directly or predicted theoretically. The result gives a different view
of DNA mechanical properties. We confirm and substantiate our experimental
results with molecular dynamics simulations.

Raman signal from RBC is collected at various stretches across the length of
the cell. Though the overall intensity of some bands remains almost constant,
we observe changes in the intensity of certain peaks. We can identify three
distinct regions for spectral changes along the varying length of RBC. Up to
15% of extension the RBC absorbs small forces without any noticeable changes
in their molecular structure as the bands remain almost unchanged. In the mid-
force region, molecular structure of RBC starts to change as is evident from an
almost linear increase (or decrease) in intensity of certain bands. At even higher
forces, the intensity saturates a bit and later on decreases (or increases). We



Abstract iv

propose that at these extensions, molecular forces reach its maximum limit and
on further extensions, rearrangement of bonds take place. We were able to relate
the spectral changes to nonlinearities observed in microrheology measurements.

Novelty of this thesis consists in combining microrheology and Raman spec-
troscopy, and hence, in the potential ability to study the viscoelastic properties
of living system in more quantitative manner, connecting them with molecular
structure.



Resumen

Esta tesis se centra en el estudio de los procesos mecanoquimicos de célu-
las y biomoléculas individuales. La mecanoquimica relaciona la interaccién
entre la mecanica y la quimica a nivel molecular. Por éste motivo, usamos
una combinacién entre medidas microrreolégicas obtenidas mediante la técnica
de la trampa optica y espectroscopia Raman. Mediante estas herramientas
mostramos coémo las estructuras de las biomoléculas o de las células estan conec-
tadas con las deformaciones mecanicas.

Las preguntas bésicas a responder en este trabajo son: (i) ;Cémo la mues-
tra (eritrocito o ADN) detecta fuerzas externas? (i) ;Como dependen las
propiedades viscoelasticas del ambiente en el que se encuentra la muestra? (iii)
., Como cambia la estructura de la muestra si se aplica una fuerza externa?

Usamos la microrreologia para estudiar la respuesta de la muestra a una
fuerza externa. La microrreologia de dos puntos es aplicada para estudiar mues-
tras individuales. Una vez aplicada una cierta tensién externa a cualquiera de
los objetos de estudio, es posible encontrar efectos no lineales en la respuesta
mecanica. Con el objeto de detectar cambios en la estructura molecular us-
aremos espectroscopia Raman. La senal Raman de compuestos biologicos es
compleja y rica en informacién. Debido a ello, un procesamiento estadistico es
un aspecto que ha siempre de acompanar a los datos experimentales. En este
aspecto, para profundizar en la informacién que nos ofrece la muestra, usaremos
técnicas como PCA y 2DCS.

La medida del espectro Raman de una molécula individual de ADN es casi
imposible si tenemos en cuenta la escasa anchura del ADN junto a la baja efi-
ciencia de Raman. Para superar esta dificultad haremos uso del efecto SERS.
Gracias a esta técnica podremos obtener medidas de Raman de una molécula
individual de ADN. Nuestro estudio describe los cambios estructurales de la
cadena de fosfatos cuando el ADN es estirado dentro del régimen de fuerza en-
tropica. La explicacién establecida es que las fuerzas simplemente se equilibran
mediante una reducciéon de la entropia del ADN cuando la molécula es estirada.
Si bien esto es correcto, nosotros observamos cambios estructurales a nivel de
enlace cuando la biomolécula es estirada aplicando fuerzas débiles. Este hecho
no habia sido medido nunca antes experimentalmente y permite obtener una
diferente vision de las propiedades mecanicas del ADN y su interaccion con las
proteinas que acaecen en este régimen de fuerzas. Estos resultados experimen-
tales estan confirmados gracias a simulaciones de la dindmica molecular.

La sefial Raman de un globulo rojo (GR) individual es obtenida para difer-
entes grados de tension celular. Es posible identificar tres diferentes regiones.
Aunque algunas bandas presentan una intensidad sin cambios significativos, ob-
servamos un aumento (o reduccion) en la intensidad de ciertos picos. Hasta un
15% de extension desde el estado en reposo, el GR no presenta ningin cam-
bio significativo en su espectro Raman. Esta primera regién nos indica que el
GR absorbe pequenas tensiones sin ningtn cambio significativo en su estruc-
tura molecular. De un 15% a un 20% de elongacion, es apreciable un aumento
(o disminucién) casi lineal de ciertas bandas. Esto nos muestra cémo en esta
region intermedia de fuerzas, la estructura molecular de la célula comienza a
cambiar. A fuerzas mayores, la intensidad muestra una pequefia saturacion,
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que a continuacion empezar a disminuir (o aumentar). Bajo nuestras hipotesis,
a éstas extensiones, las fuerzas moleculares alcanzan su limite maximo y para
mayores extensiones, los enlaces se reordenan. Los cambios en la intensidad de
algunas bandas concuerdan con la no linealidad del glébulo rojo, al igual que
en las medidas microrreologicas.

La novedad presente en esta tesis se encuentra en la combinaciéon de la mi-
crorreologia con la espectroscopia Raman, y por tanto de poder relacionen los
cambios de las propiedades viscoelédsticas de la muestra con cambios en la es-
tructura molecular.
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Introduction

Living cells and DNA are very complex systems. Cells are dynamic in nature
- they live, multiply and die. At times they contain key informations regarding
various diseases. For this reason they are called basic unit of life. They con-
stantly communicate with their surroundings and actively trace the environment
they are embedded into [1].

Deoxyribonucleic acid (DNA), on the other hand, contains genetic informa-
tion (called genes) necessary for the functioning and development of all living
organisms. DNA is also a highly active system as it goes under translation,
transcription and replication. DNA has a width of ~ 2 — 3nm and its length,
depending on the living organisms, can be tens of centimeters. At times, the
condensation of DNA inside the cell nucleus may be 100 folds, which is an in-
credibly high density. Due to this enormous packaging density of DNA in the
cell nucleus, changes in DNA topology can dictate role in many genetic reac-
tions such as transcription, replication and recombination. Other than being an
extremely interesting biomolecule, DNA is also studied as a model for polymer
studies due to its semi-flexible nature [2]. The advancement in single molecule
experiments [3] has gradually helped in a better understanding of mechanics of
single biomolecules [4].

Mechanics directly control many functions of living cells and DNA, includ-
ing the generation of forces, motion, and sensing of external forces [5]. The
cytoskeleton is a network of semi-flexible linear protein polymers (actin fila-
ment,microtubules, and intermediate filaments) that is responsible for most of
the mechanical functions of cells. They are different from common polymer ma-
terials, as they are highly complex and are not in thermal equilibrium. Chemical
non-equilibrium drives mechanoenzymes (motor proteins) that are the force gen-
erators in cells. The cytoskeleton is thus an active material that can adapt its
mechanics and perform mechanical tasks such as cell locomotion or cell divi-
sion [6].

The influence of mechanical forces on individual cells and DNA has been long
known. In a biological system, there exists a fine balance between the mechanical
forces and chemical reactions of proteins, enzymes, and other molecular struc-
tures. Some common and well known examples are the mechanism of stretching
and twisting that DN A undergoes during DNA-protein interaction and the con-
formational changes that a protein experiences during biochemical processes. At
the single cell level, force can initiate cell protrusion, alter mobility and affect
metabolic reactions, that regulate cell function, division and death. In addition
to responding to externally imposing forces, cells also exert internally generated
forces on the material to which they adhere. Some type of cells are exquisite
detectors of material stiffness, changing their structure, motility and growth, as
they interrogate the mechanical properties of their surroundings.

Just like an engineer, cells study the response of external medium by exerting
some force and in the process assessing the medium properties. Cells generate
forces through the cytoskeleton energized by motor proteins. They continuously
adapt to changing environment with the help of transport molecules and sig-
naling through intracellular regions with differing material properties, such as
variation in viscosity and elasticity. Thus probing a cell’s viscoelastic proper-
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Figure 1: Rheological techniques employed over decade to probe soft and
complex materials. Main Figure: Typical frequency and viscoelastic modulus
range of techniques. The contours represent min/max ranges of the techniques.
Schematic illustrations of A) Active microrheology using optical tweezers to force
probe particle. B) Passive two-point microrheology using image-based particle
tracking. C) Dynamic measurement using atomic force microscopy (AFM). D)
Oscillatory Macrorheology (Figure courtesy [8]).

ties is quintessential in understanding the way cells behave in different condi-
tions. Complete characterization of a polymer network, or soft matters, such as
cells, require establishing a link between its structure, its equilibrium and non-
equilibrium dynamics, and its rheology. Most of the times, these properties are
coupled together, albeit in somewhat complex configuration. The dynamics of
soft matter can be studied if we probe it mechanically. Rheology measurements
typically subject a material to shear in a particular geometry and the material’s
response is then measured from the resultant stress and strain. These response
functions are measures of a material’s intrinsic elastic properties. Microrheol-
ogy can be used for linking mechanical and structural characteristics of a cell
with its biochemical properties [7], while spectroscopic technique in combination
with mechanical measurements can give details regarding chemical changes at
molecular level.

The material’s properties, measured in terms of elastic moduli for solids
or viscosities for liquids, are calculated from the ratio of stress to strain or
stress to strain rate, respectively. To fully evaluate the viscoelastic properties
of complex soft materials and polymers, the relation of stress to strain must
be measured over a wide range of time scales. Various techniques have been
applied in the past decade to obtain the rheological property of a material,
as shown in fig. 1. Microrheology is an important experimental technique
that uses the Brownian motion of submicron sized tracer particles to study
the local viscoelastic properties of soft complex materials. The motion of the
probe particle reflects the nature of the material in which it is embedded. If
the particle is surrounded by a fluid, then its motion will be that of a diffusing
particle whose diffusion coefficient depends on the viscosity of the fluid, that is,
the motion of the particle will be diffusive in nature. If the particle is enclosed in
an elastic network, by contrast, it will still move but its motion will be restricted
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by the surrounding network, that is, the amount of motion will directly reflect
the elasticity of the network. Thus, by measuring the motion of the particle
either due to its thermal fluctuations (passive rheology) or due to its response
to a driving force (active rheology), the elastic or loss modulus of the local
environment of the particle can be probed.

Both active and passive microrheology has developed during the last ten
years, however mainly to model solutions of parts of cytoskeletons or many
living cells [9,10]. In this study we have applied the technique of passive rheology
to study real single living cells or biomolecules like DNA, both in their relax
configuration and in a stress situation when an external force, in particular, a
(known and controllable) mechanical deformation is applied to the cell. When
we apply some force to cells or biomolecules, then the basic questions to respond
are:

e How does the cytoskeleton detect an external force?

e How do the viscoelastic properties of living cells and molecules depend on
its environment?

e How does the structure of the cell or molecules change due to the external
force?

There are three requirements to perform such an experiment. First, a tool
is needed to isolate a cell and apply forces. Second, a method is necessary
to monitor response of the cell as a result of the applied force. Third, a way
to monitor the chemical changes of the cell under such a stress is necessary.
The schematic of the requirements to the experiment is as shown in fig. 2.
Several experimental techniques may satisfy the first and second requirements,
including magnetic tweezers and atomic force microscope (AFM), but the optical
trapping is the most promising and powerful tool due to its noninvasive nature
and it is practically insensitive to the choice of the probe. In addition, because
optical trapping may manipulate microscopic objects by exerting loads larger
than thermal forces, both passive and active microrheology can be approached
with a single and double probe [11,12]. Combining optical trapping with a
position detection system, one can also achieve qualitative characterization of
the mechanical force exerted on a studied living sample as well as its mechanical
reaction.

Optical tweezers and atomic force microscope (AFM) are the most eligi-
ble candidates for studying structural and mechanical changes in single cell or
biomolecules, as it is relatively easier to combine force measurements along with
spectroscopic techniques in these cases. AFM uses a metal cantilever to probe a
surface. Metal nanostructures are good source for local field enhancement and
can be used for surface enhanced Raman /fluorescence spectroscopy. In fact, sin-
gle RNA molecule was detected by combining AFM and Raman technique [13].
But one of the biggest issue in using AFM is the need of sample to be adhered
to the surface. This is not a correct configuration if we want to analyze the
biomolecules in proper physiological conditions. Another drawback of adhering
the sample to the surface is the loss in the degrees of manipulations that can be
achieved on the molecule. For example, it will be difficult to study the mech-
anism of DNA-protein interactions while observing the spectral changes using
an AFM.
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Figure 2: Schematic depicting the requirement of tools in process of studying
the mechanochemistry of a biomolecule.

Optical tweezers, on the other hand, can be used to analyze biomolecules
in physiological conditions. Combination of force measurements with spectro-
scopic techniques is straightforward in optical tweezers, as discussed in [14].
Manipulation of whole cell or DNA molecule can also be easily accomplished by
trapping them between two microsphere handles. Recently, we measured Ra-
man spectra from a single DNA molecule, trapped in dual-trap optical tweezers
with the help of polystyrene beads [15].

A connection between the viscoelastic properties of studied living samples
in the presence of external forces, along with monitoring the chemical changes
- mechanochemistry - is of great importance: it permits one to reveal the con-
tributions of different cell constituents to the overall changes in viscoelastic
properties observed experimentally. Fluorescence has been shown as a poten-
tial tool for analyzing single molecules, such as in the experiments involving
the manipulation of DNA [16]. In one of the early experiments using optical
tweezers, a DNA - tens of microns in length, was labeled with ethidium bro-
mide and stretched in two optical traps with polystyrene beads as handles. By
simply watching the movements of the fluorescently labeled DNA, relaxation
of the DNA could be followed as one bead was released. In a recently con-
ducted experiment, possibilities of combining fluorescence imaging of multiply
labeled molecules with optical tweezers force measurements was demonstrated.
The elastic properties of a single dSDNA molecule, heterogeneously coated with
filaments of Rad51 - an important component in eukaryotic homologous recom-
bination, were investigated. In this assay, fluorescently labeled Rad51 filaments
could be imaged on a piece of DNA tethered between two optically trapped
beads. The response of both the fluorescent filaments and the bare DNA to an
external force could be followed simultaneously using fluorescence microscopy
and the position detection of trapped beads, allowing the authors to extract the
rheological properties of each component from a measurement of the heteroge-
neous system [17]. This experiment was one example for the demonstration of
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potential application of combining optical tweezers with fluorescence measure-
ment, demarcating different parts of a large molecule and measure the response
of each part with respect to an externally applied force. Recently, a combination
of optical tweezers, fluorescence microscopy, and microfluidics was used to visu-
alize the structural changes of an individual DNA undergoing the overstretching
transition [18].

However, the combination of single-molecule fluorescence measurements with
optical tweezers force and displacement measurements has slowed down, owing
to various technical problems. The biggest hindrance being the lifetime of the
fluorescent dyes that decreases dramatically when a near-infrared trapping pho-
ton is absorbed by the fluorescent excited state [19]. This effect could be avoided
in the study just described, as actin’s high value of stiffness allowed the investi-
gators to use long filaments, thus the region of interest where single fluorophores
were imaged could be separated by the position of the optical traps by about 10
um. The detection of molecular motions, unfortunately, is greatly hindered by
more flexible polymers, such as dsDNA of this length because the stiffness of the
tether decreases with increased length and lower stiffness degrades resolution.
Nevertheless, at that moment it was possible to measure and apply force with
the optical trap on only long pieces of DNA. Another issue with fluorescence is
that it can be used only to observe strong topological changes [20].

Unlike the previous studies, in this thesis we follow a different technique to
detect the response of the molecular complexes of DNA or a cell to an applied
mechanical load - the Raman spectroscopy. This approach is more challeng-
ing because of inherently low efficiency of the Raman spectroscopy, however, it
provides a more detailed information regarding different parts of molecular com-
plexes that fluorescence can offer. Raman spectroscopy is a label free technique
and consequently can be used with a sample in pure state. Additionally, there
is no bleaching effect in case of Raman spectroscopy. Raman spectroscopy has
proved to be an important characterization tool for biological systems. Raman
fingerprint of a biological cell can yield a vast amount of information about
the cell’s structural makeup and chemical changes, and can even be used as a
form of cell identification or imaging. The typical powers and wavelengths for
trapping and Raman excitation of living cells are below the lower limits of cell
heating and photodegradation, as further exemplified by demonstrations of the
proliferation of a cell in an optical trap [14,21,22].

As can be seen from fig. 3, microrheology (gray color) has developed grad-
ually in the last fifteen years. Up to the year 2004, this technique was not
implemented to a great extent in the study of cells or DNA (red color). But
after 2004, a major portion of publications on microrheology involved measure-
ments of cells or DNA. The blue color shows the use of word fluorescence or
Raman along with microrheology for cells or DNA. We can see that till now
not much work has been done to combine mechanical and optical spectra to get
overall information on biomolecules.

As Raman has very low efficiency, there is a need to use some enhancement
techniques combined with statistical analysis to generate meaningful informa-
tion from the experimental data. Surface enhanced Raman spectroscopy (SERS)
has proved to be an useful tool for the enhancement of Raman signal. It is a sur-
face sensitive technique that amplifies Raman signal of molecules adsorbed on
rough metal surfaces through local surface plasmons. The enhancement factor
can be as much as 10'° — 10'! and thus it can be used to resolve the structure
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Figure 3: Number of papers published in past 15 years with words - microrheol-
ogy (gray color, slanted lines), microrheology and cells or DNA (red color, ver-
tical lines), microrheology and cells or DNA and Raman or fluorescence (green
color, horizontal lines) - in abstract, title or body of a paper, as shown by ISI
web of knowledge.

even at single molecule level [15,23]. We have used this approach in order to
obtain Raman signal from single DNA molecule in physiological conditions.

Thus the main goal of this thesis is, on the basis of experimental data for
two important biological samples - Red Blood Cells and DNA - obtained by
combining force measurements with spectroscopic Raman technique, to unravel
the connection between rheological properties and molecular structure. This
sort of approach is best suited for studying single biomolecules as it gives an in-
depth understanding of how the molecular bondings change on the application
of mechanical force.

Using above methodology, we have studied the mechanical properties of DNA
and RBC and tried to relate these properties with molecular changes using Ra-
man spectroscopy. We were able to show for the first time, the Raman signal
from single DNA molecule in physiological condition in relaxed and various
stretched state in entropic regime [24]. When DNA is extended in entropic
force regime, it is a widely accepted view that entropic forces are simply bal-
anced by lowering DNA entropy via unfolding as the molecule is extended. In
addition, we also observed some molecular rearrangement for phosphate back-
bone. Our results were supported by theoretical calculations performed by our
collaborators in supercomputing center in Barcelona. These results will open a
new window in understanding the mechanism of DNA at low forces.

For getting the mechanical response, we used passive microrheology on RBC
and DNA. Frequency dependent response function and stiffness was obtained
for both of them. They showed a similar trend for real part of complex stiffness
- increase with the applied force, but the cross-correlation spectrum showed
different behavior.

We have used Raman spectroscopy to understand the stretching and relax-
ation that RBCs experience as they pass through vessels and smaller capillaries
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inside human body. The results show a strong dependence of intensity of cer-
tain bands on the deformation (stretching) applied to the cell. Furthermore, we
observed slight changes in the width and position of certain bands. Most of the
peaks showed a saturation and slight relaxation in the intensity changes. This
effect tentatively confirms the nonlinearity that we observed in the mechanical
response of RBC using passive microrheology [25]. The Raman spectra obtained
from RBC is highly complex in nature. We utilized statistical techniques to gain
an in-depth understanding of spectral changes with stretching [26].

The organization of this thesis is as follows: following this introduction, first
chapter discusses the development and working of optical tweezers technique.
Chapter two discusses the theory of Raman spectroscopy and its comparison
with other equally competitive techniques. Some of the signal enhancement
techniques are also discussed in this chapter. Chapter three discusses mi-
crorheology and the theoretical backbone behind such measurements. Chap-
ter four highlights the experimental set-ups that I developed and used during
thesis period. This chapter also contains a section regarding methods and ma-
terials, where I discuss briefly about 2D correlation and principal component
analysis (PCA) along with various biochemical protocols that were necessary for
preparing functionalized beads, various SERS substrates and proper handling
of biomolecules. Chapter five discusses results on the measurement of Raman
signal from single DNA molecule in physiological conditions. Chapter six is an
extension of chapter five and discusses the results of Raman spectra of DNA at
various forces under entropic regime. Chapter seven is about combining mi-
crorheology technique with Raman spectroscopy for RBC. Raman spectroscopy
of RBC is discussed in detail in chapter eight. This chapter also discusses in
detail the importance of multivariate analysis and 2D correlation spectroscopy
in order to understand a complex set of spectra. In chapter nine, microrheol-
ogy of single DNA molecule is presented. Finally the last chapter concludes
the essence of all the work conducted for the completion of this project. The
list of publications is given at the end of the thesis.



Optical Tweezers

Since the advent of optical trapping in 1970 by Ashkin, the study of single
molecule physics has been revolutionized. Although this technique is relatively
new, the physics behind optical trapping has been known for a long time. The
German astronomer Johannes Kepler was first to mention about radiation forces
in his manuscript De Cometis of 1619, where he mentioned that the comet’s tail
point away from the sun because of some “solar breeze’. He even proposed the
idea of exploring the galaxy in sails pushed by these solar breeze. Two centuries
later, Maxwell confirmed in his theory of electromagnetism that light can exert
an optical force (or radiation pressure) on matter. The onset of lasers in 1960
gave impetus to experimental studies of radiation forces. In ten years, from the
time of arrival of first laser, Ashkin was able to show that motion of polystyrene
microspheres can be confined using radiation forces [27].

In 1986, Ashkin and coworkers demonstrated the first stable three dimen-
sional optical trap, or optical tweezers, created using optical forces from a sin-
gle laser beam [28]. Soon after he showed the potential of this technique in
single biomolecule studies by trapping and manipulating single viruses and bac-
teria [29]. Since then, the usage of optical tweezers has grown leaps and bounds
in the experimental studies of single molecule biophysics.

1.1 Working principle

Optical tweezers are based on the basic observation that photons have a momen-
tum p = h/)\, with h being Planck’s constant and ) is the wavelength of light.
Hence, a change in momentum of the photons will result in optical force. This
force go unnoticed on macroscopic objects, but can play a vital role on micro- or
mesoscopic objects, such as polystyrene microspheres and biomolecules, when a
focused laser beam is incident on it.

Optical forces that play a decisive role in the working of optical tweezers
are the scattering force and the gradient force. Scattering force is as a result of
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B) Axial gradient force C) Lateral gradient force

==p Radiation Pressure
=) Gradient Force

Figure 1.1: Qualitative view of the origin of the trapping force. Part A: shows
the directions in which gradient force and radiation pressure acts. Part B: shows
the axial gradient force acting towards the focus of the trapping beam. Part C:
shows the lateral gradient force of a non-uniformly distributed laser beam.

photons that are absorbed or scattered by an object in its path and it is always
in the direction of the incident beam. Gradient force is in the direction of larger
light intensity. Therefore for a focused laser beam in an aqueous suspension of
particles with a higher refractive index than water, the gradient force will direct
a particle to the point with the highest intensity, i.e., the center of the focus.
For a stable trap the gradient force, which is dependent upon the numerical
aperture (NA) of the objective, should be greater than the scattering force.
The equilibrium position of the trapped particle is slightly off focus due to the
scattering force.

The optical forces are demonstrated in fig. 1.1. First image (fig. 1.1-A) gives
an idea of scattering force and gradient forces in a focused beam. The other two
figures depict forces on a transparent dielectric sphere, with refractive index
higher than the medium, near the beam focus. Refraction of light from the
dielectric sphere will cause a change in beam direction and consequently result in
the change in momentum. This change in momentum will lead to optical forces
on the sphere. In fig. 1.1-B, the optical force acting on the sphere is described
as a combination of rays a and b. If reflection from surface is considered as zero,
then the forces F, and Fj pointing in the direction of momentum change, are
entirely due to refraction. It can be seen that for small displacements of sphere
from beam focus net restoring force is always directed back to focus, hence
describing a stable gradient force in axial direction. For lateral direction, the
momentum change between bright and dim ray can be seen to cause a net force
in the direction of high intensity (fig. 1.1-C). Ashkin has discussed in details
the theory of optical tweezers in ray optics regime in [30].

The theoretical model for trapping has been developed depending on the
size of the object. Mie or ray optics regime is referred when the diameter of the
trapped object is significantly greater than the wavelength of light (d >> \).
The effect of diffraction can be neglected in this case and the optical forces can
be understood using ray optics. In cases where the diameter of a trapped particle
is much smaller than the wavelength of light (d << X), one needs a model based
on electromagnetic dipoles. This regime is called the Rayleigh regime. For
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Figure 1.2: Schematic description of force calculation in ray optics regime.

particles comparable to the wavelength of light (d = )), a complex approach is
required to describe trapping. For this case, the dimensions of the focus cannot
be neglected and the problem is usually solved by using electromagnetic theory.
To derive trapping forces, the vector character of the laser’s electromagnetic field
has to be accounted for and Maxwell’s equations for the appropriate boundary
value problem needs to be solved.

1.1.1 Ray optics approach

When the diameter of the trapped object is much larger than the wavelength of
the trapping beam (d >> \), the forces on the particle can be described using
ray optics [30]. When a beam of light traveling in a medium with refractive
index mnq, impinges on a dielectric sphere with refractive index ns, it is refracted
according to Snell’s law. The beam is again refracted as it leaves the particle.
The momentum of the light ray is changed because of the refraction by the
particle. According to the law of conservation of momentum, this change of
momentum is transferred to the particle and the particle experiences optical
forces.

A light beam can be explained as a collection of rays with varying intensities.
Total optical force on a particle is as a result of summation of forces from all
the rays. Suppose a single ray of light with power P hits a dielectric sphere at
an angle of incidence «. Its incident momentum per second can be described as
nyP/ec, where c is the velocity of light in vacuum (fig. 1.2). The total force on
the sphere is the sum of contributions due to the infinite number of refracted
rays with decreasing power PT2?, PT?R, ... PT?R"™ and the reflected ray of
power PR. R and T are the Fresnel reflection and transmission coefficients at
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angle «. The net force acting through the origin can be broken into scattering
force (F;) and gradient force (Fy) as:

ny P T? {cos(2cc — 283) + Reos 2a}
F="1 0 % — : 1.1
c [ - feos 2a 1+ R? + 2Rcos 2 (1.1a)
mP [ _ . T? {sin(2a — 23) 4+ Rsin 2a}
F,=— sin 2ar — 1.1
g c {Rbm “ 1+ R2 4+ 2Rcos2f ’ (1.1b)

where o and [ are the angles of incidence and refraction respectively. As R and
T depends the polarization of light, hence scattering force and gradient force
are polarization dependent.

The vector sum of these two force components gives the total force due to
a single optical ray of power P. The total force exerted on the object can be
found by summing over all rays passing through it [30].

1.1.2 Rayleigh regime

When the diameter of the trapped object is significantly smaller than the wave-
length of the trapping beam (d << M), the optical forces can be calculated
on the particle by treating it as an induced point dipole which scatters light
elastically.

A scattering force is exerted on the induced dipole as it absorbs and radiates
the incident light. The scattering force is proportional to the intensity of light
and is directed towards the propagation of the beam. The scattering force can
be described by the following equation [31]:

<S>
F, :nm¥, (1.2)

where,

3 m? 42
is the scattering cross section of a sphere with radius r [32]. The quantity n and
n,, are the sphere and medium refractive index respectively, m = n/n,, is the
relative index, ¥ = 2mn,, /X is the wavenumber of the light and < § > is the
average Poynting vector.

The particle experiences a force in the direction of gradient of the electromag-
netic field as it is polarized by the laser beam. The gradient force is proportional
to the gradient field intensity and is directed towards the intensity gradient [29].
The gradient force can be calculated using following equation [31]:

8 m2—1 2
Oscatt = fﬂ(Dr)‘lrQ < > , (1.3)

F, = gv < B>, (1.4)

where p is the polarizability of the particle:

o = nZ 3 (m2_1>. (1.5)

m2 + 2

Thus, a particle with a large dielectric constant within the laser beam will
exert a force, which is directed toward the focus of the beam. Thus, a particle
can be trapped and manipulated by moving the focus of the beam.
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Figure 1.3: Working principal of a quadrant photodiode. The back focal plane of
the condenser is imaged onto a QPD and the x, y and z position are determined
from the signals of the four individual segments of the QPD.

For particles with size comparable to wavelength of light (d ~ \), electro-
magnetic approach is used for theoretical calculations of trapping phenomena.
This is the region of most interest as most of the particles and molecules under
study fall into this regime. Diffraction effects become important for particles in
this case. Moreover, we cannot neglect the vector nature of the electromagnetic
field for a highly focused laser beam. Due to the above mentioned factors, it
becomes increasingly difficult to calculate forces in this regime. Mazolli et al.
outlined a detailed theory for force exerted on a dielectric sphere of arbitrary
radius and refractive index from Debye-type integral for a laser beam focused
through a high numerical aperture objective [33].

1.2 Trap calibration

If the purpose of optical tweezers is just to trap and move microscopic objects,
then the set-up need not be calibrated. But for high precision force measurement
and position tracking, it is pertinent that we calibrate the set-up. In this thesis,
single molecule force spectroscopy has been studied on biomolecules and cells,
hence accurate knowledge of position and force is very important. There are
various ways in which an optical tweezers set-up can be calibrated [34,35]. Three
of the most widely used techniques are:

e Video based particle tracking: This method involves extracting the
pixel position from successive frames of an object in course of motion [36].
The difference in pixel positions in combination with pixel to nanome-
ter conversion gives quantitative movement of the trapped object. The
pixel to nm conversion factor can be resolved by knowing precisely the
movements of an object or by using a ruled microscope slide. Though
this technique is capable of video position detection, it is not used much
because of very slow response time as compared to a quadrant photodiode

(QPD).
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Figure 1.4: An example of power spectral density of the position of a trapped
polystyrene bead in water. The measurement was done for two minutes on a 3
um bead at 20 kHz acquisition rate and the data averaged for every 26 seconds.
Solid line represents the Lorentzian fit of the PSD and is used to generate corner
frequency (f.) in order to determine the trap stiffness.

e Viscous drag method: In this technique, a trapped bead is subjected
to a constant flow and it’s displacement from the trap center is measured
with the help of a QPD. At equilibrium, trapping force and drag force will
be equal and hence the stiffness of the trap can be calculated:

kx = 6mnru, (1.6)

where, k is trap stiffness, n is viscosity of the fluid medium, r is bead’s
radius and v is fluid velocity. Flow in the chamber can be induced either
by moving the stage at a constant velocity or by injecting the sample in the
flow cell with a high precision pump. Voltage to nanometer conversion for
QPD can be obtained by immobilizing the bead on the surface and moving
it with known step and measuring the response on the QPD. Although this
method is a fast and accurate way to do calibration, it is limited by the
accurate and automated movement of the stage which can be a costly part
of system design.

e Power spectral density method: This method extracts voltage to
nanometer conversion of the QPD directly from the power spectral density
of a trapped bead [37]. This technique is relatively straightforward and
hence, we have used this method for trap calibration.

To measure the signal from the motion of trapped particle, one of the most
commonly used technique is back-focal-plane interferometry [38,39]. Accord-
ing to this technique, far-field interference of the outgoing laser light with the
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scattered light from the trapped particle can describe the intensity shifts due
to the lateral displacement of the particle. The transmitted and scattered light
is collimated by a condenser lens of focal length f. In the back focal plane of
condenser, the intensity distribution does not change when moving the optical
trap around in the sample, but it is affected by the motion of the trapped object
with respect to the trap. For this reason, the back focal plane of condenser is
imaged onto a quadrant photodiode (QPD). A QPD is a 2 x 2 array of indi-
vidual photodiode active areas integrated on a single chip. Each of these areas
behave as an independent detector whose signal, V; (i = 1,...,4), depends on
the amount of light. The QPD can be decoupled into three different signals .S,
S, and S, which are linear combinations of those four voltages (fig. 1.3):

Sy = Vo+Vi— (V1 +V3)
‘/1+V2*(V3+‘/41)
Vi+Va4+V54+Vy

SR
I

A trapped bead will feel both diffusional forces and restoring optical force
in a viscous fluid. Assuming the confining force to be linear in the displacement
with a proportionality constant k., the Langevin equation of the bead’s motion
can be written as:

B+ kat = fr(0), (1.7

where fr(t) is the random thermal force which averages to zero over time and
is the viscous drag coefficient of the medium. The power spectral density (PSD)
can be calculated by taking the Fourier transform of eq. (1.7):

kT
- BrA(f2+ 1)

where kp is Boltzmann’s constant, T is the temperature and f. = k., /270 is
called the corner frequency. The PSD of a particle under Brownian motion has
a Lorentzian profile and hence by fitting the PSD obtained by Lorentzian, one
can obtain the value of f. and consequently determine the trap stiffness (fig.
1.4). From the equipartition of energy, we can write:

Ca(f) (1.8)

1 1,

So by comparing the value of variance, (z?), from eq. (1.9) and the one obtained
from QPD, we can obtain the voltage to nanometer conversion factor.



Raman spectroscopy

When a monochromatic light of frequency vy is incident on a molecule then it can
go through absorption, transmission or scattering. Most of the scattered light
has the same frequency as that of incident light (Rayleigh scattering). However,
a small fraction of the light (approximately 1 in 107 photons) can undergo
scattering at optical frequencies lower (Stokes scattering) or higher (anti-Stokes
scattering) than the frequency of the incident photons. The process leading to
this inelastic scattering is termed as Raman effect.

The effect of Raman scattering was reported first by an Indian Physicist C.
V. Raman in 1928 [40]. By monitoring the light scattering from various crys-
talline and amorphous solids, fluids and gases with a mercury arc lamp, Raman
succeeded to distinguish elastic scattering from additional spectral bands. He
described these findings as a “spectrum of the new radiation", and deemed it
as a result of energy exchange between the incident light and the scattering
medium. Raman received the Nobel prize in 1930 for his work. The introduc-
tion of the laser in the 1960s allowed Raman spectroscopy to be more accessible
to the scientific community. In the mid 1990’s, the next generation of smaller,
more compact instruments started to evolve. They utilized newer lasers, optics
and detectors and began the micro Raman revolution [41,42].

Applications based on Raman spectroscopy offers some major advantages in
comparison with other analytical techniques. Raman is based on scattering of
light, so all that is required for obtaining a spectrum is to place the sample into
the excitation beam and collect the scattered light. There are little concerns
regarding sample thickness and negligible interference from the ambient atmo-
sphere, so there is no need for high-vacuum or desiccated sample holders. Water,
glass and plastic have weak Raman spectra, making the technique even easier
to use. Samples can be analyzed directly inside a plastic bag or glass bottle
without having to open the package and risk contamination. Aqueous samples
can be readily analyzed without a need to remove water, and as there is no
interference from ambient humidity, there is no need to cleanup the instrument.

A rationale behind the belief that vibrational spectroscopy may be useful to
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diagnose diseases or pathologies in individuals is that disease processes must,
generally speaking, be accompanied by changes in the chemistry/biochemistry
of cells, tissues, organs, or body fluids, and vibrational spectroscopy is indeed
ideally suited for sensitive detection of such changes as a diagnostic technique.
Given the fact that sample preparation and measurement are very simple and
collection times are in the range of seconds or minutes, IR and Raman spec-
troscopy should be ideal modalities to establish very rapid non-subjective and
cost-effective tools for early diagnosis of disease processes in individuals.

Biomedical IR and Raman spectroscopy probe biological samples in a way
that the active vibrational modes of all constituents present in the mixture are
observed in a single experiment, resulting in very complex spectra with superim-
posed spectral features throughout the whole spectral range. On the other hand
techniques such as fluorescence, gas chromatography, UV-VIS spectroscopy,
HPLC analysis etc can analyze only part of the chemical composition. Fur-
thermore, these techniques usually require complex sample pretreatment steps
and are often destructive, while Raman spectroscopy is non-destructive.This
makes Raman spectroscopy ideal for investigating structural conformation of
biomolecules in physiological condition. The lack of sample preparation also
minimizes the possibility of cross-contamination.

Both Raman and IR spectroscopy are due to molecular vibrations. However,
as Raman spectra are mainly composed of narrow bands, spectral analysis is
simplified compared to infrared spectroscopy. In addition, low vibrational modes
are generally not observable through infrared spectroscopy and samples can be
mounted in a glass container during Raman spectroscopy, which is not possible
with infrared spectroscopy. Raman spectroscopy is insensitive to interference
of water, so where strong interference from water absorption occurs, Raman
spectroscopy is preferred over IR spectroscopy. The spatial resolution that can
be obtained by vibrational spectroscopy is dependent on the wavelength used:
where a spatial resolution of several micrometers can be obtained by infrared
spectroscopy, Raman spectroscopy is able to analyze a sample at sub-micrometer
resolution by choosing an appropriate laser wavelength. In this way, individual
cellular components can be analyzed, which is not possible with IR spectroscopy.
In addition, IR spectroscopy requires a tunable source of light, thus increasing
the technical complexity of the system. In comparison, Raman spectroscopy
much simpler as it needs a monochromatic source of light.

Raman spectra of no two molecules are similar and the intensity depends
upon the quantity of material present. Thus Raman spectroscopy provides
both qualitative and quantitative information about the sample, allowing for
spectral interpretation, data manipulation, library searching and the application
of chemometric methods.

Raman spectroscopy also has various additional advantages. Unlike other
vibrational techniques, its operational wavelength range is usually independent
of the vibrational modes being studied. Since Raman spectroscopy measures the
shift in frequency from that of the excitation laser, it can be performed using
any operating range from UV to NIR. It thus permits access to vibrational mode
information normally associated with wavelengths ranging from 2 - 200 um.
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Figure 2.1: Schematic diagram of Raman scattering by molecules.

2.0.1 Classical theory of Raman scattering.

Raman effect occurs when light strikes upon a molecule and interacts with the
electron cloud formed by the bonds of that molecule. The incident photon ex-
cites one of the electrons into a virtual state. For the spontaneous Raman effect,
the molecule will be excited from the ground state to a virtual energy state, and
relax into a vibrational excited state, which generates the Stokes Raman scat-
tering. If the molecule is already in an elevated vibrational energy state, the
Raman scattering is then called anti-Stokes Raman scattering. A simplified
energy diagram that illustrates these concepts is shown in fig. 2.1. Stokes radi-
ation occurs at lower energy (longer wavelength) as compared to the Rayleigh
radiation, and anti-Stokes radiation has higher energy. The energy increase
or decrease is related to the vibrational energy levels in the ground electronic
state of the molecule, and, the observed Raman shift of Stokes and anti-Stokes
features are a direct measure of the vibrational energies of the molecule.

When a molecule is introduced into an electric field E, an electric dipole
momentum P is induced in the molecule (see fig. 2.2). If « is the polarizability
of the molecule, then the induced dipole moment is given by:

—

P=aE. (2.1)

When electromagnetic radiation of frequency wq falls on the molecule, this in-
troduces a varying electric field E whose dependence on the time ¢ is given
by:
E = Ej, coswot, (2.2)
where Ej is amplitude of the electric field. Hence, from equations (2.1) and
(2.2):

P = aEj cos wot. (2.3)
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Figure 2.2: Oscillation of an induced dipole in an electric-magnetic field.

Such an oscillating dipole emits radiation of its own oscillation with a frequency
wp, giving the Rayleigh scattered beam.

For an isotropic medium, P and E are both in the same direction and polar-
izability («) of the molecule is scalar. However, for non-isotropic molecules the
application of an electric field in a fixed direction induces a dipole moment in dif-
ferent direction, and « becomes a tensor. In general, molecules are non-isotropic,
and the three equations which take account of the unequal polarizability along
different principal axes of the molecule are:

P, =0y, Ey + gy By + 05, E., (2.4a)
P,=ay,E, + oy By + oy E,, (2.4b)
P, =a.,.FE; + ayEBy + . F, (2.4c)

where P, P, and P, are the induced electric dipole moment in x, y and z direc-
tions, respectively. The tensor « is defined by nine coefficients oz, 0zy...a2.
However, agy = qyz, ay, = 0y and o, = o, hence the tensor « is really
defined by six coefficients. If any of these six polarizability coefficients changes
during a rotation or a vibration, then the theoretical criterion for a Raman spec-
trum is satisfied. If, however, the polarizability varies slightly with molecular
vibration, we can write:

Oa
o= Qg+ (8(1)0%+"" (25)

Here, q describes the molecular vibration, «y is polarizability at the equilibrium
position, and (da/0q),, is the rate of change of a with respect to the change in
q, evaluated at the equilibrium position. Equation (2.5) holds for « in each of
the six coefficients for polarizability. We can write ¢ as:

q = qo cos(wmt), (2.6)

where qg is the amplitude of the molecular vibration and w,, is molecular fre-
quency. Substituting eq. (2.2) in eq. (2.4a) we get:

Py = (042 EY + 0y Ey) + 03 EY) cos wot. (2.7)
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Taking « from eq. (2.5) and ¢ from eq. (2.6) the following expression is obtained:

P, = (angg + agyEg + angg) coswot

() (52,5 () o)
dq /, dq /), dq /),

Go COS wot COS Wit + ... . (2.8)

Eq. (2.8) can be readily transformed into:
P,

0 g0 0 0 0 70
e = (ag. By + o, By + o EY) cos wot

qo 8awz ) 0 <8awy ) 0 (aamz ) 0 }
+ B0+ (=) EO+ EY
2 {( 99 ), 9q )y " 99 /),

{cos(wo + wm )t + cos(wy — wm )t} . (2.9)

The first term of eq. (2.8) contains only one frequency factor wp, that is the
one of the incident radiation. This term is interpreted in terms of the Rayleigh
scattering. In addition to the incident frequency, the second term contains
the frequencies wy + w,,. Thus, the induced dipole moment can also oscillate
with two frequencies wg =+ w,,, interpreted as the vibrational frequencies. The
wo — Wy, and wg +wyy, frequencies correspond to the Stokes and anti-Stokes lines
respectively.

According to eq. (2.8), ag in the first term determines the properties of
Rayleigh scattering, while (Ja/dq)o in the second term determines the proper-
ties of the Raman scattering. In fact, it is clear that if (0a/9q)o equals zero,
so do the Stokes and anti-Stokes terms and there will be no Raman scattering.
This gives a selection rule for the Raman-active transitions: for a vibration
to be Raman active,the polarizability of the molecule must change with the
vibrational motion.

2.0.2 Quantum theory of Raman scattering.

The Stokes scattering generally is observed to give a stronger signal than anti-
Stokes scattering. This is in disagreement with equation (2.8) (which predicts
equal intensities for both processes) and is the most obvious indication of the
breakdown of the classical picture.

This problem can be solved by quantum-mechanical theory of Raman scat-
tering. In the quantum picture, the molecular vibrations are quantized. The
scattering process is viewed as the creation and annihilation of vibrational ex-
citations by photons. Incoming beam raises the system to an excited electronic
state (this may be a virtual state or, in the case of resonant Raman scattering,
a real electronic state) from which return to a different vibrational level of the
electronic ground state may be possible. Stokes scattering involves loss in en-
ergy of the incident photon and thus the system returns to a state with a higher
vibrational quantum number.

The expectation value of the component «a;; of the polarizability tensor is
given by:

() = / i (@)isua(a)da, (2.10)
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where the function u(q) represent the molecular eigenfunctions in the initial
level a and the final level b. The integration extends over all nuclear coordinates.
This shows that a computation of the intensities of Raman lines is based on the
knowledge of the molecular wave function of the initial and final states.

For small displacement ¢,, the molecular potential can be approximated by a
harmonic potential, where the coupling between the different vibrational modes
can be neglected. The functions u(q) are then separable into a product:

Q

U(Q) = H wn(Qna Un)7 (211)

n=1

of vibrational eigenfunction of the n'” normal mode with v,, vibrational quanta,
where Q=3N-6 (or 3N-5 for linear molecules) gives the number of normal vibra-
tional mode for N nuclei. Using the orthogonality relation:

/wnwmdq = Onm, (2.12)

of the functions w,,(gy), one obtains from eq. (2.10) and eq. (2.5):

Q
Bai-
<aij>ab = a?j + Z ( g j) /wn(Qna Ua)ann(an 'Ub)dQn~ (213)
n n/0

=1

The first term is a constant and responsible of the Rayleigh scattering. For non-
degenerate vibrations the integrals in the second term vanish unless v, = v, £ 1.
In this case its value is [2 (v, +1)]'/2 . The intensity parameter of the vibrational
Raman spectroscopy is the derivative (0c;;/0q), which can be determined from
the Raman spectra.

The intensity of a Raman line at a Stokes or anti-Stokes frequency (wo+wy,)
is determined by the population intensity N;(E;) in the initial level E;, by the
intensity I; of the incident pump laser, and by the Raman scattering cross
section or(¢ — f) for the Raman transition E; — Ey :

IRaman = NZ(E1)0R<Z — f)IL (214)

The population density, NV;(E;), follows Boltzmann distribution at thermal equi-
librium: N
Ni(E;) = igie_Ei/kT, (2.15)

where N = . N;, the partition function Z = 3 gie %/*T | and g; is the
number of degenerate microstates which have the same energy level.

In the case of the Stokes radiation, the initial state of the molecules may
be the vibrational ground state, while for the emission of anti-Stokes lines the
molecules should have initial excitation energy. Due to the lower population
density in these excited levels, the intensity of the anti-Stokes lines is lower by
a factor:

IStokes _ e(*ﬁwn/kT)' (2.16)

Tunti—Stokes
The scattering cross section depends on the matrix element of the polarizability
tensor [eq. (2.13)] and contains furthermore the w* frequency dependence, and
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it can be written as follow [80]:

2
87Tw§ T (ij) ér <ijf? és (aji) ér <04jf>' €s (2.17)
Ohet | (wij —wr — i) (wif —wr = i)

or(i— f) =

where €7, and ég are the unit vectors representing the polarization of the inci-
dent and the scattered beam respectively. The sum extends over all molecular
levels j with homogeneous width v, accessible by single-photon transitions from
the initial state i. We see from eq. (2.17) that the initial and the final states
are connected by two-photon transitions which implies that both states have
the same parity. For example, the vibrational transitions in homo-nuclear di-
atomic molecules, which are forbidden for single-photon infrared transition, are
accessible to Raman transitions.

Raman scattering is a relatively weak process (typical cross section of 10730 —
10725 ¢m? /molecule). The number of photons Raman scattered is quite small.
However there are several processes which can be used to enhance the sensitivity
of a Raman measurement.

2.0.3 Resonance Raman scattering

On inspection of eq. (2.17), we find that cross-section of Raman scattering
increases substantially as the laser frequency wy, approaches the molecular tran-
sition frequency w;;. This enhancement in Raman spectra is termed as reso-
nance Raman spectroscopy. It has shown that Resonance of laser with certain
molecular vibration can lead to an enhancement of the order 102 — 10% [43,44].

So, in resonance Raman scattering, the molecule is excited near one of the
electronic transition level as opposed to normal Raman scattering where we
need to excite the molecule to a virtual state. Raman signal from this particular
transition is enhanced as compared to other Raman bands. Hence if we want
to explore more than one transition, we need to use a tunable laser source.
The technique becomes even more complicated when the electronic transition
is UV /visible region, as is the case with most of the molecules. First problem
with UV /visible wavelength is that Raman signal might be accompanied by
huge fluorescence background which will lead to difficulty in analysis of Raman
bands. Another issue, mainly associated with biomolecules, is that the light at
these wavelengths can leads to photo-degradation of the molecules under long
period of measurements.

Nevertheless, resonance Raman technique is very helpful if we are interested
in analyzing specific molecule from a very complex material such as proteins. As
we know, more the number of atoms in an analyte, more the number of bands
that will be visible under Raman spectroscopy (given most of them are Raman
active). This may lead to a very complex spectra from which it might not be
very straightforward to extract some information. In resonance Raman we can
select and excite a particular transition and study the information contained in
that particular molecule. Thus we can reduce the complexity of spectra to a
large extent.
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Figure 2.3: Representation of surface enhanced Raman scattering.

2.0.4 Surface enhanced Raman scattering.

Although Raman is an extremely sensitive technique, it suffers from a major
drawback of very low efficiency. Biomolecules, in particular, have very low
Raman cross-section and the output signal may be accompanied by huge back-
ground or fluorescence signal, thus obscuring the visibility of Raman bands.

Resonance Raman can be helpful, but it has certain disadvantages and might
be suited for certain experiment types. I have used Surface enhanced Raman
scattering (SERS) as one of the method to enhance Raman signal. SERS is a
form of Raman spectroscopy which involves the study of samples adsorbed to
or interacting in some manner with metal surfaces, typically nanoscale featured
gold or silver surfaces, or, gold or silver colloids (fig. 2.3).

Although now a widely accepted and utilized technique, the first SERS ex-
periment was accidentally performed as recently as 1974. The initial discov-
ery by Fleischmann [45] reported very intense spectra for pyridine on a rough-
ened silver electrode. The intensity of the spectra was initially attributed to
an increase in molecular packing on the surface, which (due to successive ox-
idation and reduction cycles) had an increased surface area. Further research
showed that this increased packing density alone could not account for the
intensity increase and in 1977 two independently developed theories were pub-
lished [46,47]. They showed that the scattering intensity from the adsorbed
molecules is 10° — 10° times stronger than that of non-adsorbed molecules.
Even higher enhancement (104 — 10'%) can be achieved which allows SERS to
be sensitive enough to detect single molecules [48]. The enhancement factor
depends on the metal surface and type of the molecule.

SERS is sensitive to the surface on which the experiment is taking place.
The structural properties of the metal nanoparticles strongly affect the enhance-
ment efficiency because these influence the ratio of absorption and scattering
events.“Surface roughness" is essential for SERS. In this context 'roughness’
means that a surface must have regions with a certain curvature.
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The details of the several proposed mechanisms of enhancement remain a
matter of debate. It is considered that the “Electromagnetic Model" (EM)
operates in majority of the cases, although some contribution from “Charge
Transfer Model" (CT) is often also involved. As Raman scattering is governed by
the relationship P = oF, then SERS must involve an increase in either or both
of the terms E (amplitude of the electric field), and « (molecular polarizability).
The EM theory essentially addresses the enhancement of F, and the CT model
is concerned with the enhancement of . One common feature between these
two theories is that both require surface roughness for spectral enhancement.

Electromagnetic enhancement

The EM model deals with F, the amplitude of the electric field of light (a
molecule independent factor), and proposes that enhancement is due to the
structure of the surface, and interaction of adsorbed molecules with surface
plasmon.

Localized surface plasmons are generated when an electromagnetic wave in-
teracts with metal surface. Maximum field enhancement is achieved when the
incident beam is in resonance with plasmon frequency wy. In order for scat-
tering to occur, the plasmon oscillations must be perpendicular to the surface;
if they are in-plane with the surface, no scattering will occur. It is because of
this requirement that roughened surfaces or arrangements of nanoparticles are
typically employed in SERS experiments as these surfaces provide an area on
which these localized collective oscillations can occur [49].

Suppose light from a laser is incident on a small metallic sphere then the
field at the surface is described by:

a3

E, =FEycosf+g (7“‘) Eycosb, (2.18)

where E,. is the total electric field at a distance r from the sphere surface, a is

the radius of the sphere, 0 is the angle relative to the direction of the electric
field, and ¢ is a constant related to the dielectric constants such that,

g= (Q(VL)_%> , (2.19)

61(1/L) + 2¢g

where ¢p and ¢; are are the dielectric constants of the medium surrounding the
sphere and of the metal sphere respectively. vy, is the frequency of the incident
radiation. In general, €y is close to 1, hence g will be maximum if ¢; will be
around -2. At this frequency, the plasmon resonance frequency, the excitation of
the surface plasmon greatly increases the local field experienced by the molecule
absorbed on the metal surface. Although the light beam is linearly polarized,
we can not control the orientation of metal colloids with respect to the direction
of polarized light. Hence it is not possible to tell with surety the orientation of
electric field.

According to eq. (2.18), if surface plasmon is not generated, then there is
no enhancement in electric field and the system behaves like normal Raman
scattering.
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Chemical enhancement

The chemical enhancement (CE) mechanism provides an order or two of en-
hancement to the Raman signal intensity [50]. It is less understood than the
EME enhancement, but brings some interesting considerations to a thorough
discussion of SERS. The CE enhancement is associated with a charge transfer
process between the adsorbed molecule and the metal surface. The molecule ad-
sorbed onto the surface necessarily interacts with the surface. This interaction
is responsible for CE, which has been described in several ways. The metal ad-
sorbate proximity may allow pathways of electronic coupling from which novel
charge-transfer intermediates emerge that have higher Raman scattering cross-
sections than does the analyte when not adsorbed onto the surface. This is
very much like Resonance Raman effect. Alternatively it can be explained as
the alterations in analyte’s chemistry caused by the molecular orbitals of the
adsorbate broaden into the conducting electrons of the metal. It is interesting to
note that the CE effect may be an alteration in the scattering cross-section; the
chemical nature of the analyte changing due to its interaction with the metal,
whereas the EME effect was a change in the intensity of those analyte molecules
that did scatter, not a change in scattering cross-section.



Microrheology

Rheology relates to the viscoelastic properties of a material. Simple solids store
energy and provide elastic response, whereas simple liquids dissipate energy
through viscous flow. For more complex viscoelastic materials, rheological mea-
surements reveal both the solid and fluid-like behavior and generally depend on
the time scale at which the sample is probed [51]. The rheological behavior of
most soft materials can exhibit many regimes depending on the scale, geometry,
amplitude, and rate of the imposed deformation. To determine the effect of local
variations on these materials, the technique of rheology is exploited. Rheology
describes how materials store and dissipate mechanical energy as a function of
length scale. Complex fluids like actin solution and complex materials such
as polymers and biomolecules are viscoelastic systems so they can act both
like lossy and elastic. Rheology can describe the combined viscous and elastic
properties of these materials. Whereas in macroscopic rheology stress-strain
relationship are measured through mechanical deformation of bulk materials,
in microrheology the embedded probe motion is tracked and its relationship to
the local environment inferred. Only small amounts of sample are required for
this technique unlike conventional rheology which needs samples in bulk. Be-
fore describing in details regarding the theory of microrheology, it is pertinent
that we review the basic concepts of viscosity and elasticity. These concepts are
discussed in details in [52].

Initial use of microrheology was in the analysis of uniform complex fluids
and it was a challenge to investigate materials containing structural hetero-
geneity. These materials are structured on a range of length scales greater
than that of their molecular arrangement. Investigations for cellular structures
and DNA, which are far from an homogeneous mixture, are helpful to assess
and interpret the dynamic local mechanical properties. Cells continually re-
arrange their internal structure, they change shape and divide, and thereby
modify their mechanical properties. Their invariable modification requires the
transport of molecules and signaling through intracellular regions with variable
material properties, such as changes in viscosity or elasticity. It is important



Mzcrorheology 19

Figure 3.1: A typical schematic for a shear measurement is depicted, in which
two parallel bars attached to the top and bottom of the sample are moved
relative to each other (right). Measurements of the extent of deformation and
the force required to make the movements determine the viscoelastic properties
of the sample.

to understand the material properties of a cell and DNA to unfold its dynamic
and functional behavior. It has been argued that biomolecules have both elastic
and viscous characteristics. Cells and DNA are highly nonlinear in nature and
their elastic behavior depends on the properties of the environment in which
they are embedded [53]. Therefore, microrheology is an useful technique for
understanding the viscoelastic properties of biomolecules.

3.0.5 Macrorheology - Basic concepts

Consider a material sandwiched between two parallel surfaces, as shown in fig.
3.1. In this simple shear demonstration, the top surface is displaced with a force
f in the z-direction, and the force is transmitted to the bottom surface via the
sandwiched material. If the material is adhered strongly to the surfaces, then
there will not be any slippage at either surfaces. If the material is perfectly
rigid, the bottom plate must experience a force —f to prevent net translation
in the +z direction. The shear stress (o) resulting from the force exerted in the
+z direction and transmitted to a planar cross-sectional area A normal to the
y-direction is defined as: s

o= (3.1)

Shear strain (¢) can be defined as the ratio of displacement of top plate (Ax)
and the thickness of the sample (h):

€

Azx
—_ 3.2
; (32)
For a perfectly elastic material, the stress is linearly proportional to the

strain. The constant of proportionality, known as the shear modulus G, is

defined by:
o
=—. (3.3)

€
Both shear stress and shear modulus have are measured in Pascals. Given that
the deformation is uniform, the material will experience same local stress and
strain on the application of a force. This property of elastic material, where the
modulus is constant over a range of strains is known as Hooke’s law of elasticity.



Mzcrorheology 20

Depending on the material and type of deformations, shear can be volume
conserving or non-volume conserving. Some general representation of various
deformations are depicted in fig. 3.2.

For a purely liquid material, the shear stress is independent of strain. In
this case, shear stress depends linearly on the shear rate é = % . The constant
of proportionality is known as viscosity () and can be defined as:

a

n (3.4)

€
Fluids that are represented by eq. (3.4) are known as Newtonian fluids. For
such fluids, the resistance to deformation (shear stress), in contrast to solids,
is independent of amplitude of deformation, but depends only on the rate of
deformation.

Modulus Strain Deformation

Bulk (K) iv\i
Ax
Shear (G) o

; i
Extensional, AL 3 \
Young's (E) L L: i /'—‘L
. - }

Figure 3.2: Basic modulus, strain and deformation for homogeneous isotropic
materials. Figures with solid lines are the material after deformation while
dashed figure corresponds to material prior to deformation. Shaded region cor-
responds to volume-conserving deformations.

3.0.6 Viscoelasticity

In practice, most of the materials behave neither as Hookean solid nor as New-
tonian fluid, having time-dependent mechanical responses between Newtonian
fluids and Hookean solids. These are known as wiscoelastic materials.
Viscoelasticity can be understood using a time-dependent shear modulus
G(t) = o(t)/e. Suppose a constant stress, og, is applied at time ¢ = ¢y as shown
in fig. 3.1. Now for a Hookean solid with shear modulus G, the stress will
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DASH POT
(energy dissipation element)
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Figure 3.3: The spring-dashpot Maxwell model for viscoelastic materials.

remain €G till the time stress is applied and then it will almost instantly return
to zero once the stress is removed. In contrast, for a Newtonian fluid a sharp
spike will be exhibited on the application of stress and then decay rapidly to
zero. If, on the other hand, the material is viscoelastic in nature then the stress
will decay exponentially to zero with a characteristic relaxation time 7.

Most of the linear viscoelastic materials can be modeled as some combi-
nations of Hookean springs and Newtonian dampers (dashpot). The elastic
elements can be modeled as Hookean spring as:

o = Ge, (3.5)

where o is the applied stress, G is the shear modulus of the material, and e is
the strain that results from the given stress. Similarly, we can model the stress

for Newtonian dampers as:
de
. — 3.6
o= (3.6)

where 7 is viscosity and de/dt is the strain rate.

Two of the most commonly studied models for viscoelastic behavior are
the Maxwell and Voigt models. The Generalized Maxwell model, also known
as the Maxwell-Wiechert model, is most commonly used as linear model for
viscoelasticity. In this case, a viscoelastic material can be modeled by a dashpot
and a spring connected in series, as shown in the fig. 3.3. The spring represents
the elastic or storage component of the material, while the dashpot represents
the conformational or lossy component. In this configuration, stress on each
element is the same and equal to the imposed stress, while total strain is given
as the sum of the strain in each element:

7T 0T 0 (3.7)

€ = €5 T €4,
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Figure 3.4: The spring-dashpot Maxwell model for complex viscoelastic mate-
rials.

where the subscripts s and d refers respectively to spring and dashpot. Serial
combination of spring and dashpot takes into account that the relaxation does
not occur at a single time, but at a distribution of times. Most of the complex
network has molecular segments of different lengths where shorter segments
contribute less than longer ones and hence a time dependent relaxation occurs.
Thus, these network posses a critical time scale below which the response is
dominantly elastic and above which the response is dominantly viscous.

Time dependent strain for the viscous part, when a constant strain ¢g is
applied at t = ty, is given by:

Tde(t)

dt = €0 — ed(t), (38)

where 7 is the relaxation time given by 7 = 1/G. From above equation we can
obtain:
ded(t) o dt
€0 — €4(t) T’ (3.9)

In(eo — ea(t)) = _Tt el

With the initial condition as €¢4(0) = 0, we get C' = Ineg. Strain in elastic part
can be written as:
es(t) = eg — eq(t) = eoe ™7, (3.10)

As the stress across spring and dashpot is identical, hence we can write:
o(t) = Gey(t) = Gege /), (3.11)

In the Maxwell model for linear deformations, the relaxation modulus for
stress can be given by G(t) = o(t)/eo = Ge(=/7). According to this equation,
stress relaxation is independent of strain and depends only on single relaxation
time 7 in the linear regime.

This Maxwell model for two elements is overly simplified and in most prac-
tical cases can not describe the system completely. Nevertheless, more complex
systems can be modeled as multiple basic Maxwell elements of series springs and
dashpots as shown in fig. 3.4. Each of these series of springs and dashpots forms
an independent mode with their own relaxation time in the linear regime. Net-
work behavior can be obtained by linear superposition of these modes to yield
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!

Figure 3.5: The spring-dashpot Kevin model for viscoelastic materials.

a multi-timescale decay profile of stress relaxation. For example, in a polymer
network there are multiple length scales in the underlying polymer distribution.
All these length distribution will have its own relaxation time and hence they
vibrate with a characteristic frequency.

Voigt Model (also known as Kelvin-Voigt model) is another commonly used
model to represent complex networks. They are useful in studying crosslinked
polymer networks. Voigt model consists of an elastic spring and a dashpot
connected in parallel as shown in fig. 3.5. Contrary to Maxwell model, in Voigt
systems strain is uniformly distributed (eyg = €5 = €,) while total stress is the
sum of stress (09 = 05+ 04) present in each element. In such a network, as long
as strain or stress is applied, the stress will never relax in that duration. When a
step stress is imposed, the strain increases across both elements gradually until
it reaches to a saturating value.

The total stress across the system may be written as:

d
o(t) = Ge(t) + nd—; (3.12)
If a constant step stress,o(t) = o0, is applied then eq.(3.12) can be written as:
de 0o
g t) = — 1
T + €(t) ek (3.13)

where 7 = n/G. Solving eq.(3.13) with initial condition ¢(0) = 0, the time-
dependent strain for Voigt model can be found as:

e(t) = % (1 - e_t/T) . (3.14)

Although, Maxwell model is more often used for solids and the Voigt model is
predominantly used for liquids, the choice is not obvious in viscoelastic materials
such as cells and gels.
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Figure 3.6: In PMR, embedded micro-sized mechanical probes locally deform
the medium and extract information from their thermal motion.

3.1 Microrheology

Microrheology is generally classified in two groups - passive microrheology (PMR)
and active microrheology (AMR) [12,51,54]. PMR tracks the Brownian (ther-
mal) motion of the probe (fig. 3.6) and with its help studies the response
function of the medium in which it is embedded. The thermal fluctuations of
the probe (tracers) are measured optically either by microscopy, by diffusing-
wave spectroscopy or by optical trapping technique. Observing the motion of
the probe particle can tell us the nature of medium which is being probed. If
the motion of probe particle is freely diffusive then one can say that the medium
is purely viscous in nature. On the other hand if the probe has sub-diffusive
trajectory then we can deduce that the medium has viscoelastic properties.
The drawback of PMR, however, is that this technique is still limited at high
frequencies and for materials with internal fluctuations (such as cells), direct
measurement of complex shear modulus can not be computed.

AMR tracks the motion of probe that is under the influence of some external
force. This method directly measures the response of tracer particles to an
oscillating external force that can be applied using optical or magnetic tweezers.
It has been shown that through AMR one can achieve a bandwidth of 0.1 Hz
to 100 KHz [12].

Let us consider the main mathematical formulations that would be needed
for the interpretation of experimental results.

3.1.1 Fluctuation-dissipation theorem

Probes go under numerous collisions during thermal motion. Although these
collisions occur randomly, a number of the collisions produce a systematic force
on the probe proportional to the motion of the particle. Thus random impacts
of surrounding molecules leads to two kinds of effect: firstly, they act as a
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random driving force on the particle to maintain its incessant irregular motion
(Brownian motion), and, secondly, they give rise to the frictional force for a
forced motion. Hence frictional force and the random force should be related
to each other as they have the same origin. This internal relationship between
the systematic and the random parts of microscopic forces is termed as the
fluctuation-dissipation theorem [55].

This theorem links the response of a given system to an external perturbation
and the internal fluctuation of the system in the absence of the perturbation.
Such a response is characterized by a response function which has a complex
behavior in general. The internal fluctuation is characterized by a correlation
function of the probe particle fluctuating in thermal equilibrium, or by their
fluctuation spectra. The fluctuation-dissipation theorem thus provides following
information: (i) it can predict the characteristics of the fluctuation or the noise
intrinsic to the system from the known characteristics response function, or (%)
it can be used as the basic formula to derive the response function of the medium
from the analysis of thermal fluctuations of the system.

Einstein’s diffusion relation

In 1905, Einstein gave a diffusion equation for a Brownian particle in a solution
[56]. Diffusion constant (D) of a particle is given by:

kT

B )
where, = 6mnR is the friction constant. Here 7 is viscosity of the medium and
R is the radius of probe. Eq. (3.15) is known as the Stokes-Einstein relation and
forms the theoretical basis of all passive microrheology measurements. It states
that the diffusivity of a particle due to thermal excitation can be used to generate
information regarding the viscosity of the fluid, thus relating an embedded probe
particle’s dynamics with the medium’s rheology. It is also important to note
that Eq. (3.15) contains a constant (i.e. frequency/time-independent) viscosity.
However, in the preceding sections we have seen that most soft materials are
viscoelastic, and, hence, frequency-dependent moduli are necessary to describe
their rheological response. Therefore it is important to establish a generalized
Stokes-Einstein relation for materials with viscous properties.

In the presence of an external potential U(x), the particle flows with a drift
velocity of:

D (3.15)

oU/0x
v=— é ) (3.16)
which is opposite to diffusion current. In equilibrium,the particles concentrate
around the areas with lowest U, but will still be spread out to some extent

because of random diffusion. Hence, the net drift current is given by:

of(z)
or

J(x)=-D +vf(z), (3.17)
where f(x) is the concentration of particle at position z. In equilibrium, we can
infer that eq. (3.17) is equal to zero and f(x) x exp(—=U/kpT).

If a particle covers a distance x, in a given time ¢, then the probability
distribution of z is given by the solution of a diffusion equation. Therefore we
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may assume that

D= lim zi (((t) — 2(0))?). (3.18)

where the average is taken over an ensemble in thermal equilibrium. Also, we
can write

x(t)fz(()):/o v(t")dt'. (3.19)

Eq.(3.18) can thus be written as:

D - lm l/ dt1/ dts (v(t1)v(t))

t—oo 2
~ im ! /dtl/t "t (bl + 1)
/0 (o(to)olto + 1)) dt, (3.20)

where it has been assumed that
lim (v(to)v(to +¢)) = 0. (3.21)
t—o00

Therefore, eq. (3.15) can be written in term of mobility (u), which is inverse of
friction constant, as

1 D 1 [
W= TR AT ; (v(to)v(to +t)) dt. (3.22)

From Eq. (3.22) we can say that the mobility of a particle is related to the Brow-
nian motion fluctuations. This relationship is a common display of fluctuation-
dissipation theorem.

Fluctuation-dissipation theorem for Brownian motion.

Momentum (p) of a particle under Brownian motion can be given by stochastic

differential equation as:
dp

o = T+ f), (3.23)

where I' = myy is friction constant (vy is friction coefficient) and f(t) is stochastic
force. Convoluting Eq. (3.23) with Green’s function gives us:

p(t) = /Ooo at’ e T f(t — ). (3.24)

Let us assume that the stochastic force obeys the following two relations for
average and covariance:

(f(t)) =0, (3.25)
(f(t1).f(t2)) = C(t1 — ta). (3.26)

Equations (3.25) and (3.26) are valid for homogeneous stochastic processes. As
left hand side of eq. (3.26) is symmetric in ¢; and t5, so C should be an even
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function. Expectation value of momentum can be defined as:

(r*) </OOO dty e 1 f(t —ty) /OOO dtye 1t f(t — t2)>

/ dtl/ dty e P OF) O (1) — 1), (3.27)
0 0

Let us transform our time variable to new coordinate system, which can be
defined as:

t_ =t —to,
1 (3.28)
ty =5 (t+1).
From eq. (3.27) and (3.28) we can write:
1 o0
(p*) = f/ dt_C(t_)e 1=, (3.29)
L' Jo

If the Laplace transform of C' is written as C*, then we can write eq. (3.29) as:

(r*) = C}(F)- (3.30)

Equipartition theorem for d-dimensional space will give:

2
d
% = kT, (3.31)

where m is the mass of the particle. Equations (3.30) and (3.31) will lead to:

_ oo
o dkaT

(3.32)

This equation is known as “fluctuation-dissipation theorem” which relates the
correlation function of the fluctuating force to the frictional coefficient (or dis-
sipation).

3.1.2 Generalized Stokes-Einstein relation

In generalized Stokes-Einstein relation (GSRE) we assume that the mobility
adopts the same functional form at all frequencies:

1

=y (3.33)

(W)
This assumption is made on the basis of linearity found in eq. (3.15). With
this assumption and with the help of Langevin equation, relationship between

mean square displacement (MSD) and frequency dependent mobility can be
found [57]:

mV = fr(t) - /Ot Ct—=tYV()at', (3.34)

where fr(t) is a random force acting on the spherical probe particle in an
isotropic linear viscoelastic material, m is the mass and V' is the velocity of the
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probe respectively. ((t—t') is the time dependent hydrodynamic resistance given
by Fu(t) = fg C(t —t)V(t')dt’ whose Laplace transform is inverse of mobility
¢(s) = fi(s)~'. Taking the Laplace transform of eq. (3.34), we can solve for
V(s) as: .

~ V(0

V(s) = w) (3.35)

ms + ((s)

where V(s) is the Laplace transform of V(t) and s is the Laplace frequency.
Multiplying eq. (3.35) by V(¢ = 0) and taking an ensemble average gives:

m(V(0)%) + (V(0) fr(s))

V(0)V(s)) = - : 3.36
VOV () ) (3.30)
In stochastic processes, such as this, it is not inappropriate to assume (fgV = 0)
and equipartition theorem gives us $mV(0)> = 1kgT. The autocorrelation
function of eq. (3.36) for d-dimensional space can thus be written as:
~ dkgT
V(O0)V(s)) = ————. (3.37)
ms + ((s)

In most of the medium, the inertial term ({(s)) dominates the inertial term ms.
Hence the eq. (3.37) can be written as:

(V(0)V(s)) = dkpTC¢ ™ (s) = dkpTfi(s). (3.38)

The Laplace transformation of velocity autocorrelation can be related to MSD
via the equation:

. 2 2
VOV (s)) = LA (1) = 5 (AF(s)), (3.39)
where .Z denotes the Laplace transform. Comparing eq. (3.38) and eq. (3.39)

gives:
_ 2dkpT  2dkpT _

A2 (s)) ~ ——= s),
AP~ S = =g
(3.40)
. s2 (A7 (s))
§) = ———5
) = g
Here we can introduce frequency dependent shear modulus é(s), such that
~ dkpT
= 41
G) = S Rs i () (341)

where R is probe radius. Then the probe mobility can be written in terms of

G(s) as:
. S
§) = ————.
fis) 6mRG(s)
Eq. (3.41) is the backbone for all rheological measurements which involve
measurement of thermal motion of an embedded spherical probe and is known as
generalized Stokes—Finstein relation. 1t states that the Laplace transform of the
shear modulus of the medium is related to the Laplace transform of the probe’s
MSD. The continuous Fourier transform is equivalent to evaluating the bilateral
Laplace transform with imaginary argument s = iw. Hence eq. (3.41) can be
represented in terms of Fourier transform via analytic substitution s = iw.

(3.42)
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3.1.3 Passive microrheology

In passive microrheology (PMR), one studies the motion of probe due to ther-
mal fluctuations. The most straightforward and direct method for measuring
molecular motion is to track it’s trajectory directly in an optical microscope.
This technique has an advantage of measuring ~100 particles simultaneously,
hence giving a good statistics in very short time. But this technique suffers
from a low bandwidth measurement. This limitation of small bandwidth can
be overcome by combining optical tweezers with high speed position detection
system. This technique can provide higher temporal and spatial resolution.
PMR using optical tweezers can be performed using one-particle (IPMR) and
two-particles (2PMR). 1IPMR is the most simple approach to measure rheolog-
ical properties of a medium. Such measurements probe the dynamics on length
scales comparable to that of the optically trapped probe. Hence, the bulk prop-
erties of material may not be truly studied using this technique. Two-particle
microrheology (2PMR) studies the cross-correlated thermal motion of pairs of
tracer particles separated by distance r, which can be much larger than the
probe particle size and thus probe the mechanics of the medium on a length
scale comparable to the interparticle separation. This technique is independent
of probe size and the coupling between probe and the medium [9,11,54].

The motion of an optically trapped probe in a purely viscous medium is
described by the Langevin equation,

du(t)
dt

kiu(t) + B = fr(?), (3.43)
where k; is the stiffness of the trap, 3 is the viscous drag coefficient and fg(t) is
the random thermal force. In system with low Reynold’s number, viscous drag
dominate and hence we have neglected the inertial term in above equation.

Thermal (Brownian) motions of probes are exactly described by linear re-
sponse theory [58]. We can relate the Fourier transform of the displacement
ul,(w) of particle j (1 or 2) in direction a (z or y) to the Fourier transform of
the applied force Fg(w) applied to particle k in direction 8 via the response
function Xjalg(w) as: ul (w) = Xfyg(w)Fg(w) Here, w = 27 f is the radial fre-
quency. We have employed the Einstein summation convention in which both
coordinate directions (Greek indices) 5 and particle numbers (Latin indices) k&
are summed over. The single-particle response functions X;g (w) and Xi; (w)
refer to the displacement responses of particles 1 and 2 to forces applied to the
same particle. The Xig (w) for j # k refer to the inter-particle response func-
tions, e.g., describing how particle 1 responds to forces on particle 2, while for
j = k refers to single particle response function. The complex response func-
tion can be separated in real part (in-phase) and imaginary part (out of phase)
component in the following way: Xig (W) = xg,’gk (w) + x;/fﬂk(w)

The correlation function of both probes for the x and y direction can be
given by:

SO (w) = / (ud (t)uk(0)) eV dt, (3.44)
which is the Fourier transform of time series data of trapped probe. For j # k,

we get cross-correlation function, while for j = k we get autocorrelation spectra
of the trapped probe. Now from fluctuation-dissipation theorem, we can relate
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the imaginary part of response function to S(w) by,

jk 2k'BT 15,k
SE W) = =20 (w). (3.45)
For getting the real part we can make use of Kramers—Kronig relation, which are
bidirectional mathematical relations connecting the real and imaginary parts of
any analytical complex function, such that

0o 1G5k
KM (w) = 2P / Xap” ) (3.46)
™ Jo
where P denotes the principal value integral. Care must be taken while calculat-
ing x’'(w) in eq. (3.46) because the cosine and sine transforms of finite samples
can lead to discontinuities or nonsensical data corresponding to the smallest and
largest frequencies studied. x”(w) can be faithfully calculated only when x'(w)
is known over a large enough range of frequency [12,59].

Optical trapping generates an external potential on the probes that is in-
dependent of inherent mechanical properties of the medium and depends solely
on optical trapping power. This will influence the thermal motions and conse-
quently must be corrected for getting medium response function. If this is not
taken into account, the trapping potential will introduce an error in the mag-
nitude of the storage modulus derived from the particle fluctuations, which can
be dominant at low frequencies. In the absence of optical traps, the complex
shear modulus G of isotropic, inhomogeneous and incompressible medium for an
isolated particle can be related to the complex response function y(w) through
a generalized Stokes-Einstein relation [54,57,59],

1

= TRC) (3.47)

X(w) = a(w)
where, a(w) is the response function of the medium in absence of trap. It is the
response of the medium that we are interested in, that is why it is important
that we evaluate a(w) from x(w) for a trapped probe. The measured response
function x(w) equals the actual response of the medium only in the absence of
the trapping potentials.

Similarly, in the absence of optical trap, the inter-particle response function
between two probe separated by a distance r can be given generalization of the
Oseen tensors [54]:

1
x| (w) = oy (w) = TG (3.48a)
1
= 4
X1l) 0 () = s, (3.43b)
where x| = Xz« and X1 = Xy, Above equations have been deduced by

assuming that the contribution of inertia is negligible. Both these equations can
be used to find the value of G(w), but in experiments perpendicular channels
are noisier than parallel channels.

In the presence of optical traps, the probes feel an additional force generated
by optical potential, modifying the motion of trapped beads, u/,(w). For small
motion, we can model the optical traps as Hookean spring of characteristic trap
stiffness. Hence, force applied on the j probe due to trap in o' direction can
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be given as —k’/ul, (w), where k7 is the stiffness of the trap holding probe j in
the beam focus. Thus, if an external force F? (w) is applied to the probe j, then
the total force acting on the probe in the direction a will be FJ(w) — k/ul, (w).

Displacement u/,(w), in terms of medium response function can be written as
[54]:

up(w) = ol (W) X [Fy (w) = klug (w)] + oy (w) x [F7 (W) — Fuz ()], (3.492)

() = ay (W) x [FAw) - Kub(@)] + 02(@) x [F2(w) - Ku2(w)],  (3.49b)

where k' and k? are the trap stiffness of the two traps. Similarly we can write
a pair of equation for movement in y-direction by simply substituting x by y in
above equations.

The measured response function y can be written as a function of a by
solving the above equation for u/,(w) [54]:

&Y= )
al +k2ata® — k?(o))?
= () . (3.50)
1+ klat + k202 + k'k2ata? — k1E2(oy))?
Xt o= XL
1420102 — k2 2
_ o tRaa (o) . (3.50D)

14 klal + k2a? + klk2ala? — B k2 (o )?

From above equations we can see that the presence of two traps breaks
the rotational symmetry of the single particle response since they differ from
interparticle response. The response function for other particle can be obtained
just by replacing the indices 1 by 2. As long as the particles used have same
diameter and trapping potential is comparable, we should get same response
function for both probes.

The interparticle response function can be given by [54]:

(1,2)

- il . (351a)
1+ klal + k202 + k'k2ala® — k1 k2(ay))?
X:(E/1y72) = XL
- oL . (3.51b)

14+ klal + k2a? + Elk2ala? — kL k2 (o )?

From the above equations of single particle response function and interparti-
cle response function it can be observed that as stiffness of the traps approaches
zero, the measured response function x approaches the medium response func-
tion a. However, it is x that we can measure and we are interested in knowing
the value of a. Hence it is important that we rewrite eq. (3.50a), (3.50b),
(3.51a) and (3.51b) so that « is a function of x. This can be achieved by the
inversion of above equations [54]:

. Xj R0 = k2 xg(x))?

= 1— k1X|1| _ k2X|2| _ kle(XH)Q + kleXthQla

@ (3.52a)
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2 Xj R O)? = B () (3.52b)
1=Ky — k2 — kR2 ()2 + RHR2x X

X
1— leﬁ _ k2Xﬁ _ kle(XH)2 + klkgxlllxﬁ .

aH = (3.526)
Corresponding equations for perpendicular motion for one particle and two par-
ticle response function can be obtained by substituting x| with x, in above
equations. The value of a; and as should be same for z and y motion for an
isotropic and homogeneous medium.

We can extract the viscoelastic properties of the medium from the response
function «, as measured with one and two particle microrheology, using eqs.
(3.47) and (3.48a) after correcting for the trapping effect on the measured re-
sponse function y using eqgs. (3.52a)-(3.52c). This pre-processing of the raw
data can thus prevent systematic error that can be introduced by optical traps.

One-particle microrheology is a simple and powerful technique to study the
rheological properties of extremely small sample volumes at frequencies inacces-
sible to bulk measurements. But this technique has certain limitations. First of
all, IPMR assumes that the local fluctuations of the particle reflects the prop-
erty of the bulk. In many cases, this may not be true. For example, if the
embedded bead modifies the local material configuration, then the one-particle
response will be a reflection of the local microenvironment rather than bulk rhe-
ology. One particle response may not address the complete picture in complex
soft matters such as cells and polymers which have time dependent response.
One-particle microrheology is also dependent on the size of probe, such that
the bulk properties are measured only if the probe size is larger than the length
scale of heterogeneity in the sample. These length scales are often unknown
prior to a microrheology experiment. When the probe diameter is comparable
to or smaller than the length scale of structures in the medium, their motions
does not only represent the viscoelastic response, but also of the effect of steric
hindrances caused by the cavity walls [60].

These limitations of one particle microrheology can be overcome by using
two particle microrheology developed by Crocker et al. [11]. This technique
eliminates the response due to purely local structure by measuring a cross-
correlated motion of a pair of probe particles in the sample. The correlated
motion of the tracers is not affected by the size (or even shape) of the probe
particles. The results are also not affected by coupling between probe and the
medium. Furthermore, the length scale being probed is is the distance between
two beads, which can be much larger than the radius of probe, the length scale
probed in 1IPMR. This increase in length scale means that the technique can be
used to measure overall rheological properties of the medium.
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4.1 Experimental set-up

Depending on the requirements of measurements, three different optical tweezers
set-up are used. All these are dual-trap optical tweezers set-up. List of compo-
nents used in all the set-ups have been summarized at the end of the thesis in
Annex 3. Out of these three systems, two are used for Raman spectroscopy in
combination with force measurements (Raman tweezers). These two set-ups are
very similar in working except for the difference in the wavelengths of trapping
beam and excitation beam and use of different spectrometers. The Raman ex-
citation beam used for measurements were 785 nm and 532 nm for two systems.
The 785 nm beam is used as there is less absorption in biomolecules for this
wavelength and fluorescence background is also negligible, hence giving a better
signal without damaging the sample. The reason for using 532 nm is to enhance
the Raman signal through SERS effect in presence of silver nano-colloids.

4.1.1 Raman tweezers set-ups

Fig. 4.1 shows a schematic of Raman system, in combination with optical tweez-
ers, used for our measurements. The system is divided into two parts - the first
part being the optical tweezers setup and the second part is Raman setup. The
tweezers part is made with the help of a 1064 nm diode laser beam (Laser Quan-
tum Limited, Manchester, England), coaxially aligned with a 633 nm detection
beam (He-Ne laser, Research Electro-optics Inc.; Model no. LHRP-0501). The
1064 nm beam is expanded and collimated with the help of lenses L; and Lo
before dividing into two parts by polarizing beam splitter BS;. The beam is
expanded in order to overfill the objective (Nikon, oil immersion, 100X, 1.3NA)
- an essential requirement for trapping. Both the beams are again combined us-
ing another beam splitter B.S; after getting reflected from the mirrors M; and
M. These mirrors are in a plane conjugate to the back focal plane of the ob-
jective. The conjugation is achieved with the help of another collimator formed
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Figure 4.1: A schematic of Raman tweezers set-up with 785 nm beam used for
Raman excitation.

by a set of lenses L3 and L4 using procedure suggested in [61]. Movement of
one of the lenses, L3 or L4, can control the movement of trap in the direction
of beam propagation. The movement of either mirrors (M; or Ms) will then
result in  —y movement of the trap without changes in its intensity and shape,
thus keeping the trapping potential of the traps the same. One of the mirrors
is connected to a motorized optical mount (Picomotor, New Focus, 8807).

BS; and BS, also polarize the beams passing through them such that after
coming out of B.Ss, both the beams are orthogonally polarized. Hence, the
two beams do not have any crosstalk at the focus of the microscope objective,
giving us a stable dual trap. The red beam coaxial to one of the trapping beam
is used for position detection and force measurement. The forward scattered
beam is incident on a QPD (New Focus, model 2991) and gives a high precision
information regarding the displacement of the trapped object from the focus.

The second step is construction of confocal Raman microspectroscopy set-
up and couple it with optical tweezers in the same microscope as described
above. A diode laser (Micro Laser systems Inc.) operating at 785 nm is used
for Raman excitation. Depending on the type of measurements, the power of
laser is tuned to get high signal to noise ratio without affecting the sample.
The Raman section of set-up is shown in fig. 4.2. The beam is filtered using a
780 nm bandpass filter to exclude the broad fluorescence from the diode laser
and narrow down its bandwidth. The filtered beam is collimated before it falls
on a holographic notch filter NF (Kaiser Optical Systems) at a small angle.
The reflected light from NF goes inside an Olympus-1X51 inverse microscope
where the object under study is trapped.

The back scattered light is collected from the same objective. This light
consists of Rayleigh photons and Raman photons. The beam is passed through
the notch filter and a confocal pinhole of 100 pm (P) dimension. The confocal
system discards most of the signal coming from out-of-focus region of the objec-
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Figure 4.2: A schematic of the confocal Raman microspectroscopy set-up.

tive. The beam is then focused on to the slit of the spectrometer with the help of
a lens. The spectrometer is a SpectraPro 25001, 500 mm focal length monochro-
mator, with a resolution of 0.05nm at 435.8 nm, containing a 600 lines/mm
grating (blazed to 750nm) and fitted with a Spec-10:100B back-illuminated
CCD, cooled down to —80°C. CCDs amplify any noise or signal that comes
from the active area of the CCD. Thermal noise is generated by thermally ex-
cited carriers in the detector and hence it is required to cool the camera to a
sufficiently low temperature to suppress these noise effects. The data from the
CCD are recorded using WinSpec software (Princeton Instruments). As we are
using an oil-immersion objective, we have to be careful that the oil does not have
any fluorescence signal at the wavelength of interest. During our measurements
we used cargille immersion oil (type 37).

An additional CCD color camera (JAI) is attached to the microscope in
order to take images before, during and after the measurements of single cell
and single DNA manipulations. It was also used to capture movies during the
experiments.

The other Raman tweezers set-up that utilizes 532 nm wavelength of light for
Raman excitation is almost similar in working as the set-up described above,
except for certain differences in the components, as shown in fig. 4.3. The
trapping is achieved by a diode laser emitting at 985 nm wavelength (Arroyo
Instruments). The Raman excitation is done using a 532 nm beam from fiber
coupled laser. For Raman spectroscopy it is often better to use near infrared
(NIR) wavelength for two reasons. Firstly, NIR reduces the fluorescence signal
and secondly, the photodamage to the biosamples is usually less in the NIR
wavelength region. But NIR is generally not a suitable candidate for surface
enhanced Raman spectroscopy as it is usually far from the surface plasmon
resonance of silver nanoparticles of size ~ 75nm, used widely in experiments.
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Figure 4.3: A schematic of Raman tweezers set-up used with 532 nm beam used
for Raman excitation.

For this reason we make use of green light. The signal is collected from an
Andor Shamrock 163 imaging spectrograph and Andor iDus camera.

As this set-up is mainly used for SERS measurements, it is necessary that
we synthesize nanostructured substrate for this purpose. For getting this en-
hancement, we use silver nano-colloids of size ~ 70 nm attached directly to the
biomolecules. Another more stable and robust approach is to use a silica bead
covered with these nano-colloids and immobilized on the coverslip, to act as a
fixed SERS substrate.

4.1.2 Microrheology set-up

The microrheology set-up has been designed in order to measure the effect of
mechanical forces of single biomolecules and living cells. The fully steerable
dual trap optical tweezers setup consists of two high power, fiber coupled lasers
(Manlight : A\ = 1064nm,P; = 3W and Arroyo instruments diode laser:
Ay = 850mm, Py = 200mW) used for trapping and manipulation fig. 4.4. Both
beams are expanded by a factor of 4 for overfilling the back aperture of an
oil immersion objective (Nikon 100X/1.30 NA) for the same reason described
above. The 1064nm beam passes through an acousto-optic detector (AOD,
ISOMET LS55) conjugated to the back focal plane of the objective. This allows
us to modulate the trap in position without any noticeable change in stiffness.
Two trapping beams are coupled using a dichroic mirror before they reach the
objective.

Two additional beams of wavelengths 532 nm and 635nm propagate coax-
ially with the trapping beams and are used to detect the motion of optically
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Figure 4.4: A schematic of dual trap optical tweezers set-up used for microrhe-
ological measurements.

trapped beads. Fluctuations in positions of optically trapped objects are de-
termined by measuring the detection of the forward-scattered light transmitted
through the beads. The forward scattered beams are detected by two identical
quadrant photodetectors (New Focus, model 2991). Signals from the detectors
are digitized by ADC converter (National Instruments, BNC 2110) and data
streaming of time series is performed with LABVIEW. This way we can per-
form force measurements with very high sensitivity.

A CCD camera (JAT) is installed in order to collect the light used for illumi-
nation. This gives the real-time monitoring of particle in the trap. We also use
this camera for recording the video of our experiment as well as taking images
for image analysis.

4.2 Fluid chamber

For inhibited progress of the experiments, it was important to design a fluid
chamber where there can be a constant inflow of the sample. For my experi-
ments, I used an indigenously developed fluid chamber. The design is as shown
in fig. 4.5. The basic idea is to sandwich a thin layer of parafilm (Nescofilm,
Nesco), with intended channel design, between two coverslips of size zero (Knit-
tel Deckglédser). One of the coverslips has holes of 0.8 mm in diameter, overlap-
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Figure 4.5: One of the various designs of fluid chamber used during the experi-
ments. The basic idea is to draw the desired design over parafilm with help of
COs, laser and sandwich it between two coverslips.

ping with the holes of parafilm. Depending on the need of experiments we used
single channel or double channel chamber. The channels in the parafilm and
the holes on the coverslip is made with the help of a CO4 laser (Epilog mini,
25W). This assembly of coverslip-parafilm-coverslip is then mounted on a cus-
tom designed metallic holder. This holder is designed by us and the realization
was made with the help of mechanical workshop at ICFO.

The samples are inserted inside the fluid chamber through a standard silicon
tube with the help of ordinary 2.5 ml syringes. To manually control the flow,
we used a microscrew controlled stage to push the sample inside the flow cell.

As can be seen from fig. 4.5, two different kind of samples are injected
through two channels and these two samples mix at the center of the chamber
where bead-RBC-bead or bead-DNA-bead construct can be formed in situ.

4.3 Sample preparations

For trapping of DNA and RBC with polystyrene bead as handles, I needed to
develop an understanding of biochemistry of cells and different beads and learn
several protocols for making the construct of beads with biosamples possible.
The protocol for DNA is very big and I have put it in appendix. In this section
I will discuss protocols regarding preparation of beads for attaching them to
RBC and DNA, preparing silver colloids and silver coated silica beads for SERS
measurements and RBC sample preparation.

4.3.1 Bead-DNA construct

For making a bead-DNA-bead construct, DNA was incubated with streptavidin
(strep) coated polystyrene bead for half an hour and then injected inside the
fluid chamber along with anti-digoxigenin (AD) coated polystyrene beads. We
use two different type of bead chemistry as we wanted to avoid attachment of
both ends of DNA to the same bead during incubation.
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Streptavidin coated beads of 1.87 um size are purchased from Kisker (PC-
S-1.5). 20 wul of beads from stock is washed three times in phosphate buffer
saline (PBS, Sigma-Aldrich, P4417), pH 7.4 and 140mM salt concentration, at
a speed of 13,400 rpm. Finally, the beads are diluted in 200 ul of PBS. We take
5 pl of diluted bead and mix it with 30 ul of PBS and 5 ul of DNA to make
a total volume of 40 pl. This mixture was incubated at room temperature for
30 minutes while putting it on a shaker. At last, 960 ul of PBS is added to the
mixture to make a total volume of 1000 pul.

For anti-digoxigenin coated beads, 15 ul of protein G coated polystyrene
beads (Kisker, PC-PG-3.0) of diameter 3 um is taken from stock. These beads
are washed 3 times, as described above and then resuspended in 30 ul of PBS.
To the resuspended beads, we add 5 ul of anti-digoxigenin (Polyclonal sheep,
Roche 1333089). This mixture is again incubated as described above and finally
resuspended in 950 ul of PBS to make a total volume of 1000 ul.

To form the bead-DNA construct, we inject 500 ul each of AD-beads and
strep-beads into the chamber. Both the beads are trapped in the two traps and
brought to the touching distance of each other. One of the end (biotin end) of
DNA is already attached to strep-bead, the other end (digoxigenin end) gets
attached to AD-bead in few seconds as soon as the the beads are brought close
to each other. The construct can be tested by moving one of the beads away.
If the construct formation is successful, the other trapped beads will also move
away from the trap as soon as DNA approaches it’s contour length. If the other
bead does not move then the construct formation is unsuccessful and the same
process should be repeated with the other pair of beads.

4.3.2 RBC and bead preparation

Fresh blood sample (30 pl) from a healthy adult is diluted in Alsever’s solution
(Sigma Aldrich A3551). It is an isotonic balanced salt solution routinely used
as an anticoagulant or blood preservation. The red blood cells are then isolated
from the blood plasma via a centrifugation process at 2000 rpm and resuspended
in 600 wl of Alsever’s solution.

100 pul COOH (carboxyl) coated 3 pm polystyrene beads (Spherotech, CPX-
30-10) is taken from stock and washed 4 times at 4,500 rpm in 400 pl of 100
mM MES buffer (Sigma Aldrich M1317). The beads are then resuspended in
700 ul of MES buffer and sonicated for 15 minutes. To the resuspended beads 4
mg of N-(8-Dimethylaminopropyl)-N -ethylcarbodiimide hydrochloride (EDC,
Sigma-Aldrich, 03450) is added. The mixture is allowed to react for 15 minutes
at room temperature with continuous mixing. Then 100 pl of lectin (Lectin
from Triticum vulgaris, Sigma-Aldrich, L9640), with a concentration of 2mg/ml
is added to the the mixture and incubated at 37 °C for 6 hours with continuous
mixing. Lectin solution should be made just before putting it into bead-EDC
mixture as it becomes very unstable in liquid form at this concentration. After
incubation is over, 30 ul of beads is taken from the mixture and washed two
times in 200 pl of Alsever’s solution at 4500 rpm and resuspended in 1000
ul of Alsever’s solution. The beads are ready to be used for RBC binding.
Store rest of the beads at 4 °C. It should be noted that the beads obtained
finally after chemical treatment is very sticky in nature and tend to form clumps
with themselves. Hence, it is recommended that before using the beads for
experiments, it should be sonicated for 15-20 minutes.
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4.3.3 Silver colloids

Two methods are used for the preparation of silver colloids for SERS measure-
ments in this thesis. Lee Meisel method, also known as citrate reduction method,
and Leopold a Lendl method, also known as hydroxylamine reduction method,
are used. Both these methods employ reduction of silver nitrate.

Lee and Meisel method

Silver colloids in this method are prepared by reducing silver nitrate (AgNOs,
Sigma-Aldrich, S8157) with the help of trisodium citrate (CgH;O7Nag, Sigma-
Aldrich, C3434), according to protocol described by Lee and Meisel [62], with
some modifications. 100 ml of 10~ M silver nitrate aqueous solution is heated
to boiling (~90 °C) and then 2 ml of a 1% (w/v) trisodium citrate solution is
added slowly and steadily, while continuously stirring the mixture. The mixture
is kept boiling for 1 hour (with stirring on) and then is allowed to cool down.
The resultant colloidal mixture is of dark grey color.

Leopold and Lendl method

In this technique, silver colloids are prepared by reduction of silver nitrate by
hydroxylamine hydrochloride (NHoOH.HCI, Sigma-Aldrich, 55460), according
to protocol described by Leopold a Lendl [63], with some modifications. 90 ml
of 1.67 x 1073 M hydroxylamine hydrochloride solution is obtained in double
distilled water. To this solution, 300 ul of 1 M sodium hydroxide is added
and the final solution is mixed rapidly. While keeping the stirring on, 10 ml
of 1072 M silver nitrate aqueous solution is added very slowly to the above
mixture. The mixture is stirred for approximately 20 minutes and taken off.
The final result is a solution of silver colloids with dark grey color.

4.3.4 Silver coated silica bead

One of the SERS substrate used during my experiments was obtained by chem-
ically covering a 5 pum silica bead (Micro Particles, GmbH) with silver colloids
obtained from hydroxylamine method [64]. To start with, 1000 ul of silica beads
is taken from stock and all the liquid in which it is suspended is removed by
centrifugation at 3500 rpm for 4 minutes. The beads are then dried overnight at
60 °C. Now a solution of 1% APTMS (3-aminopropyl trimethoxysilane) is made
in pure ethanol. Then 100 pul of APTMS is added to the dried beads in 900 ul
of absolute ethanol. The whole mixture is incubated for 24 hours while stirring
it continuously. The beads obtained from above process is then washed three
times in 500 wl of absolute ethanol at 3500 rpm for 4 minutes. The supernatant
from all three washes is discarded and the remaining beads are dried again at
60 °C.

One-tenth of the beads from the dried sample obtained above is redispersed
in 1000 p! double-distilled water. Rest of the dried beads can be kept at a cool
and dry place for future use. From the redispersed sample, 10 pl beads is taken
and is mixed in 940 ul of double-distilled water along with 50 ul of silver colloids
obtained from above methodologies. The whole mixture is then incubated at
a speed of 300 rpm for 30 minutes. What we obtain as final product is silica
beads with a layer of silver nanoparticles over it (fig. 4.6).
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Figure 4.6: SEM images depicting the packing density and homogeneity of silver
colloid bound to silane monolayer (APTMS) coated silica beads.

Amount of beads and amount of silver coating can be varied according to the
need of experiment. But it should be remembered not to put too much beads
at once for the silver coating, as it will hinder the uniform metal coating due
to high bead density. To get rid of free colloids in suspension or to change the
suspension from DI water to the buffer in which experiments have to be carried
out, we can centrifuge the final sample at 3500 rpm for 4 minutes and discard
the supernatant. This will remove most of the freely suspended silver colloids.
Finally, a solution in which we want the metal coated beads to be suspended is
added.

4.4 Statistical techniques used for processing ex-
perimental data

The data obtained from spectrometer and QPDs are usually suppressed with
various noise and most of the time no proper information can be extracted from
these raw signals alone. Hence it is important that we analyze our data properly
to reach a certain conclusion. In this section I will describe the techniques that
I have used for data analysis.

4.4.1 Processing of Raman signals

Raman signals are weak in nature and are generally accompanied with several
noises and background spectra. Hence, it becomes very important that the data
are processed properly to generate any discerning information from the signal.
The data processing may include some or all steps from following: background
subtraction, cosmic ray removal, normalization, smoothing and statistical anal-
ysis.



Materials and methods 42

Background subtraction

A major hindrance in most of the spectroscopic studies is a background signal.
Whether it is fluorescence, absorption or Raman scattering, the background sig-
nal from solvents needs to be subtracted or taken into account. Some of the
technical steps that are usually taken in order to reduce background signals are:
(i) Reducing the size of entrance slit of spectrometer. But there is a limit up
to which we can reduce the slit width as after a certain width we will start
to loose Raman signal as well. (i) By moving the excitation to longer wave-
lengths and consequently avoiding absorption and fluorescence background in
the sample. But going towards longer wavelength region decreases the scatter-
ing cross-section and in turn we have lower efficiency of Raman signal. Hence
we need to employ some mathematical tools to get rid of back ground signal.
The background subtraction technique used in this thesis is based on the
work done be Mikhailyuk et al. [65]. Briefly, the experimental graph is recon-
structed in to a geometric curve. The geometric curve has the same unit (for
example, pixels) along the coordinate axes, as opposed to experimental graphs
which have different units for its axes, for example in Raman spectroscopy its
intensity vs. wavenumber. Next step is to choose a circle along the curve with
a radius that is determined via optimization criteria based on the curvature of
the background and the widths of the signal bands. The circle is moved tan-
gentially along the curve and difference values between the curve and the circle
are collected via an algorithm. Finally, the algorithm rolls the circle under the
curve, erasing the region it overlaps along the way. Since the Raman peaks are
usually much narrow than the curvature of the scattering background, a large
circle can subtract the background without significantly affecting the peaks.

2D correlation spectroscopy

In the 1980s, Noda did elaborate work on the concepts of 2D correlation spec-
troscopy [66]. This technique first originated in NMR spectroscopy, but now it
finds wide use in various spectroscopic studies. A general scheme employed for
implementing 2D correlation spectroscopy is shown in fig. 4.7. In this technique,
a sample is subjected to an external perturbation while all other parameters of
the system remain unchanged. This perturbation can be a systematic and con-
trolled change in any or all of the following: pressure, temperature, force, pH,
chemical composition of the system with time. As a result of the controlled
perturbation, the system will undergo variations which can be measured by
a chemical or physical detection method, for example Raman spectroscopy in
our case. This variation of the system measured as signals or spectra can be
processed with 2D correlation analysis for interpretation.

When a spectra consists only of a few bands, it might not be very difficult
to determine which bands are undergoing changes. Changes in the band can be
caused, for example, by external force. However, for a complex spectra where
changes are not so obvious and may contain overlapping bands, the interpreta-
tion of the measured signal becomes more tricky. 2D correlation spectroscopy
allows one to determine a systematic change in bands, whether it is increase or
drop in intensity or changes in the band width or position. The dynamic 2D
correlation spectra can be given as:

X(l/l,l/g) = @(Vl,yg)+i\P(V1,V2), (41)
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Figure 4.7: Schematic for obtaining perturbation based 2D correlation spectra.

which comprises of real and imaginary part representing synchronous (®(v1, v2))
and asynchronous (¥(vq,vs)) part of the signal. X (vq,1») represents the 2D
correlation spectra of the signal. A 2D synchronous map demonstrates the sim-
ilarity between two separate intensity variations measured at different spectral
variables in the original dataset. It can be mathematically expressed as covari-
ance (or correlation):

T
(D(Vl,l/g) = % /0 f(Vl,t).f(VQ,t)dt, (42)

where T (v, 1) is mean-centered dynamic spectral intensity variations:

Iw,t) = I(v,t) — I(v), (4.3)

with I(v,t) being the measured spectra while I(v) being the mean-centered
dynamic spectral intensity variations given as:

_ 1 /7
I(v) = —/ I(v,t)dt. (4.4)
T Jo

Asynchronous map represent sequential or successive changes in the mea-
sured spectral series. It is anti-symmetrical along the diagonal and there are no
autopeaks on the diagonal. Positive cross-peak indicates that a band from the
first spectra grows earlier or is more intensive than a band from second spectra
and vice versa. It is given as:

1T .
\I/(I/l,llz) = T / I(Vl,t).J(VQ,t)dt, (45)
0
where J(vy,t) is time-domain Hilbert transform of (v, 1), given as:

. 1 T Iy, !
J(VQ,t) = ;p’l}‘/o %dt/7 (46)

Synchronous 2D map is symmetric with respect to the diagonal (v; = vy).
Mathematically, the intensity of peaks located at diagonal positions corresponds
to the autocorrelation function and are called autopeaks. They indicate the
susceptibility of corresponding bands to the external perturbation.

The off-diagonal peaks are called cross-peaks. Cross-peaks represent how
the intensities at two different wavenumbers change with respect to each other.
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While the sign of autopeaks is always positive, the sign of cross peaks can be
either positive or negative. The sign of synchronous cross-peak is positive if the
band intensities at the two spectral variables corresponding to the coordinates
of the cross-peak are either increasing or decreasing together as functions of the
external variable. On the other hand, a negative sign of the cross-peak intensity
indicates that one of the spectral intensities is increasing while the other is
decreasing.

Asynchronous 2D correlation spectra along with synchronous spectra gives
the complete information regarding the changes. The cross-peaks appear in
asynchronous spectra if the fluctuations of signal brought about by a common
external stimulus are not completely synchronized. In case of asynchronous, the
spectrum is antisymmetric with respect to the diagonal line. The asynchronous
spectrum has no autopeaks, and consists exclusively of cross-peaks located at off-
diagonal positions. An asynchronous cross-peak develops only if the intensities
of two spectral features change out of phase with each other. This feature is
especially useful in differentiating overlapped bands arising from spectral signals
of different origins.

Principal component analysis

Principal component analysis (PCA) is a multivariate technique used for reduc-
ing the dimensionality of a complex spectra and thus present the spectra in a
form that can be analyzed in a comparatively easier way. The mathematics
behind this technique has been described in detail in [67]. In this technique, a
set of observations of correlated variables are decomposed using an orthogonal
transformation to obtain a set of values of linearly uncorrelated variables called
principal components (PCs). The number of PCs can be less than or equal to
the number of original variables. This transformation is formalized in such a
way that the first PC accounts for the highest possible variance (i.e. contains
maximum information) in the dataset, and each succeeding component in turn
accounts for as much of the remaining variability as possible with the constraint
that it be orthogonal to (i.e., uncorrelated with) the other components.

Suppose we have a data set of p variables and n samples. The data for each
variables are centered around the means. This step make sure that the data is
clustered around the origin of our principal components, but does not influence
the spatial relationships of the data or the variances along the variables. The
first principal components (Y7) can be written as the linear combination of the
variables X1, X», ..., X},

Y1 =a11 X1 + a1 X0+ ...+ (llep, (47)

or, in the form of matrix as,
Y; =al' X. (4.8)

The weights, a11, a12..., a1p, are calculated in a way that the sum of their squares
is equal to one:
a3, +al, + ..+ a%p. (4.9)

Similarly, the second PC can be obtained with the condition that it is orthogonal
to first PC and contains the next highest variance,

}/2 = a21X2 + CLQQXQ + ...+ angp. (410)
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Rest of the PCs can be calculated in similar fashion. All the variables, in terms
of their PCs, can be written as:

Y = AX. (4.11)

A consists of rows of eigenvectors of the variance-covariance matrix of the orig-
inal data. The elements of these eigenvector are the weights a;;, and are also
known as loadings. Loadings plot gives us a summary of variable properties and
it is a mean to see a pattern in the data set. The elements in the diagonal of
the variance-covariance matrix of the principal components gives us the eigen-
values. Eigenvalues are the variance explained by each principal component,
and as explained before, are obliged to decrease from the first PC to the last in
monotonous way.

The positions of each observation in this new coordinate system of PCs are
called scores and are calculated as linear combinations of the original variables
and the weights a;; . Scores plot gives us a summary of the relationship among
the observations (or samples).

As reduction of dimensionality is main goal of principal components analysis,
several paradigms have been proposed for figuring out how many PCs, of all the
PCs present, should be investigated to give a complete representation of data
without loss in any information. One common rule is to ignore PCs at the
point at which the next PC offers little increase in the total variance explained.
Secondly, to include all those PCs which can determine the variance up to 90%.
There are other different criteria, but in most cases first three PCs usually are
enough to interpret the data set.

4.4.2 Signal from position detector - PSD and CSD

While taking the measurements from a position detector (QPD), we obtain
the Brownian fluctuations of the trapped bead. Signals from the detectors are
digitized by ADC (National Instruments, BNC 2110) and data streaming of
time series is performed with LABVIEW. These signals are in volts and they
are converted to nanometer by the methodology described in calibration section
of chapter 1. If the trapped bead is embedded in some highly dynamic medium
then some information can be found even from the raw data obtained from
Brownian motion [68]. But for media with no or less dynamic activity, almost
no information can be generated from raw data alone and hence there is a need
for processing of this signal to extract some information regarding the medium
properties.

One of the simplest and straightforward way to obtain meaningful infor-
mation is to take the spectral density of the signal. Spectral density function
shows the strength of the variations in the signal as a function of frequency.
It gives an idea about which frequencies have strong variations and at which
frequencies variations are weak. For a single trapped bead, the spectra density
is calculated by taking the Fourier transform of autocorrelation function and
is known as power spectral density (PSD). It gives the local response of the
medium in which bead is embedded. To understand the response of medium at
larger length scale, cross spectral density (CSD) is calculated, which is Fourier
transform of cross-correlation function. Details regarding calculations of PSD
and CSD is given in section 2.3 of chapter 3.



Detection of single DNA molecule in
optical trap using SERS

Raman scattering is a powerful tool for gaining information on the chemical
structure of a studied sample. Recently, Raman scattering has even been ob-
tained from single molecules [48,69,70]. The key element of these measurements
is the surface-enhanced Raman scattering (SERS) process where a considerable
enhancement of the emitted signal occurs due to coupling of electromagnetic
fields with optically excited local surface plasmons in nano-sized metal struc-
tures [71].

DNA molecules or their basic constituents in bulk solutions have already
been the subject of SERS measurements [72-77]. These works have produced
a library of peaks that lead to a well characterized Raman spectrum for DNA.
Silver colloids have proven to be effective in detecting single DNA strands as
well, however with the DNA immobilized on the surface, which allows for a
higher number of metal nanostructures to be in contact with the molecule and
easier positioning of the excitation light field [13,78].

Here, we believe we demonstrate for the first time the use of SERS in the
spectroscopic detection of a single DNA molecule that is optically trapped in
a natural aqueuous environment [15]. Two optically trapped dielectric beads
are used as anchors while the DNA is suspended in a solution with nanosized
silver colloid particles. The colloidal particles non-specifically bind to the DNA
and enhance the Raman scattering that is excited by a near-infrared beam.
Raman spectra show the presence of known vibrational bands of DNA and a
force-extension curve verifies the single DNA molecule.

5.1 Experimental method

The molecule used was double-stranded A-DNA amplified at 12 kbp from FE.
Coli using standard polymerase chain reaction (PCR) techniques with sam-
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ple concentrations of 40 ng/uL. The DNA molecules were tagged with biotin
and digoxigenin (DIG) at each end in order to attach to streptavidin and ant-
digoxigenin (anti-DIG) coated polystyrene beads, respectively. DNA molecules
were first incubated with the streptavidin coated beads (1.87 pym diameter) for
30 minutes in phosphate buffer solution (PBS) at pH 7.4. The sample was then
washed before being injected along with the anti-DIG coated beads (3.15 pm
diameter) into a home built fluid chamber with separate channels for the in-
jection of the beads leading in to a center channel through which passed the
optical beams. The final DNA-bead constructs were realized in situ. Silver
colloids with an average size of 70 nm were produced by the citrate reduction
method [62] at a concentration of 5 x 10! particles/uL, as described in chapter
4. A minute quantity of NaCl was also added which provides the salt-induced
activation of the colloids and neutralization of the surface charge of the metal
particles thus promoting non-specific binding to the negatively charged DNA
molecules. Silver colloids diluted in PBS were injected in to the chamber at a
concentration in order to achieve an Ag particle:DNA molecule ratio of approx-
imately 5:1. Measurements were conducted after a few minutes wait time in
order to allow the diffusing and binding of the metal particles to the DNA.

The experimental setup is a combined optical trapping system with confocal
Raman spectroscopy and has been discussed in details in chapter 4. Brielfy,
a 785 nm beam was used for the Raman excitation with an average power of
5 mW at the sample. The solution with DNA molecules and functionalized
beads were placed inside the flow chamber. The chamber was placed on an
inverse microscope equipped with a 100 x 1.3 NA oil immersion objective. The
backscattered light was collected by the same microscope objective and passed
through a holographic notch filter before entering the confocal system with a
100 pum pinhole. Raman spectra were recorded with a spectral resolution of 3
em™ L.

1064 nm optical beams were used for the dual trap with an average power of
10 mW at the each bead. For the measurement, we held the beads attached to
the DNA and aligned it such that the Raman excitation beam passed between
the beads (see Fig. 5.1). An additional 633 nm optical beam was coaxial to
the propagation direction of one of the trapping beams. Its forward scattering
intensity was characterized with a pinhole and a quadrant position detector in
order to calibrate the optical traps using well established procedures [37] and
measure the extension curve of the DNA molecule.

5.2 Results and discussions

For the experiment, live Raman spectra were recorded successively at 1 s acqui-
sition time in order to adjust the position of the molecule based on the intensity
of the Raman peaks. A 10 s acquisition was then performed, and once the DNA
Raman peaks were observed, an extension curve was measured by stretching the
DNA and recording the position of one of the trapped beads. Fig. 5.1 presents
a Raman spectrum that is typical of the successful measurements from the sam-
ple set. The spectrum shown in grey is plotted directly from the spectrometer,
without any smoothing or background removal. A background curve was also
measured in the same conditions, with the DNA moved away from the trap
until the signal disappeared from the short time live scans. The background is
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Figure 5.1: A spectrum (top plot) from a typical SERS measurement of a single
DNA molecule plotted against a background spectrum (bottom plot). The raw data
(gray line) are plotted with their smoothed counterparts (Savitzky-Goley, 30 points)
for both the DNA (red line) and background (blue line) spectra and are shifted for
clarity. Inset: an illustration (not drawn to scale) of the DNA-bead construct in the
optical trap.

not quite as smooth as one would expect from water at near-infrared excitation.
During a 10 s acquisition it is possible that loose DNA and other particles along
with colloids could diffuse in and out of the excitation volume leading to the
nosier background. However, distinct bands emerge when the trapped DNA is
brought in to the confocal volume. We consistently observe three bands. The
first, at 1265 cm ™!, is assigned to the C-C and C-N stretching vibrations (out
of phase) of the base residues, in particular to the aromatic skeletal vibrations
of cytosine. The peak at 1140 cm™~! is attributed to the deoxyribose-phosphate
backbone and the C-O stretching in the deoxyribose gives the Raman peak at
1000 cm~! [79,80]. These peaks have previously been observed to be strongly
enhanced through interaction with Ag colloids [78,81]. We must point out the
absence of the highly SERS active adenine modes which have been observed in
single stranded DNA [77] and at single molecule concentrations in solution [76]
with silver particles. Initially, one can consider that the double stranded DNA
does not allow direct contact of the bases to the metal, however a strong ade-
nine SERS peak was also observed for dsDNA adsorbed on to gold [75]. Further
studies must be performed that consider the DNA-metal interaction in order to
shed more light on the specific conformations of DNA structure at the metal
surface. The non-specific binding of the Ag particles means that the distribu-
tion of the particles on the DNA is random. This was most likely the major
cause for the lack of Raman signal from some of the molecules: at times there
were no metal particles in the confocal volume. The fluctuating DNA molecule
in the optical trap moves the excited colloids. However, the micron cubed focal
volume, which is much bigger than the width of the DNA and metal particle,
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and our setting of the DNA at about 70 % extension before measuring Raman
signal combined to minimize this fluctuation, as could be seen in the live 1 s
acquisition scans.

To verify that the Raman signals originate from a single DNA molecule,
force-extension curves [82] were measured of the DNA molecules that produced
a Raman signal. Fitting the curves in Fig. 5.2 to the well established worm-
like chain (WLC) model [83] allows two basic parameters to be extracted: the
contour length (L) and persistence length (P) (formula given in Fig. 5.2a inset).
In all measurements, the measured contour length, at 4.1 ym, was consistent and
verified our amplification protocol for this length and the rough length estimate
found with electrophoresis.

The final confirmation of a single DNA molecule between the beads should
be the extension curve fitting to the DNA natural persistence length of 53
nm [82,84]. This value would change proportionally to the number of molecules
being extended. In the sample set, the persistence length values ranged be-
tween 47-57 nm which is within reasonable error of the well-established value
for a single DNA molecule. Most likely due to the metal particles, the fits are
not as good as what is typically seen for these types of measurements. Thus,
in order to ensure that the curves are beyond a reasonable error range from a
multi-molecule ensemble, theoretical force-extensions curves for two persistence
lengths, 53 nm and 26 nm, are included in Fig. 5.2 with the experimental data
and original fit (where all parameters were allowed to vary). The lower persis-
tence length estimates the effective rigidity of two DNA molecules which forces a
large deviation of the WLC model from the experimental data. However, the 53
nm value for a single DNA molecule is extremely consistent, not even changing
more than 5% at different pH conditions [82]. This leads to our conclusion that
although our measured values indicate a single DNA molecule, the mechanics
of the DNA are being affected by the attached metal particles.

The WLC fits are weakened by the higher force values in the region between
80% (3.3 um) and 88% (3.6 um) extension or 0.5 - 1.5 pN. The region is rep-
resentative of the DNA transitioning from entropic dominated forces to acting
like a structure with an intrinsic elasticity [85]. The attached metal particles
do not seem to affect the entropic forces that are necessary to straighten the
DNA nor the linear elastic region at higher forces. The average diameter of the
silver particles is larger than the persistence length of DNA. Thus, if there are
clusters of few Ag particles, the DNA could tend to coil around the metal rather
than taking on a rod-like behavior with just one particle. The force needed to
uncoil these segments would certainly occur at low values, because of the non-
specific binding, but should be greater than what is needed to straighten the
DNA to a rod at normal aqueous and thermal conditions. The absence of an
effect at longer extension, or larger forces, is also due to the size of the metal
particles, but this time in an opposite way. The nanometer sized diameters of
the metal particle or clusters are much less than the microns length scale of
the DNA, leaving stretching forces in the length direction unaffected when the
DNA is acting as a rod with a finite stretch modulus. This is also dependent
on the low density of metal on the DNA molecule, which is confirmed from the
concentrations used.

This technique of the single molecule DNA detection offers distinct advan-
tages over the current methods of studying single DNA spectroscopically that
require the DNA to be stuck to a surface in order to realize the reproducibility
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Figure 5.2: A sample of two extension curves from the data set of DNA molecules
that gave a Raman signal at the conditions of Fig. 5.1. The curves are fit to the
WLC model (red line) (formula in (a) inset) and all curves give the expected contour
length (Lo) of 4.1 pm and persistence lengths (P) that vary between 47 - 57 nm. In
the two examples given here, persistence values of (a) 55 nm and (b) 48 nm were
found. Error bars are calculated to be far less than the size of the plotting symbols
and are therefore not shown. Theoretical force-extension curves are included using the
expected contour length and persistence lengths of 53 nm (blue line-square) and 26
nm (green line-triangle) in order to further demonstrate the presence of a single DNA
molecule. A camera image of the suspended DNA-bead construct is included in (b)

inset.
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of the metal coverage [78] or laser excitation in a TERS configuration [13]. Of
course, this leaves the DNA in a static unnatural state which is sufficient for
DNA sequence studies, however, one can envision with the current configuration
correlating DNA Raman signal with the force sensing and manipulation aspects
of the optical trap. This could add a new dimension to dynamical studies of
structural conformation, such as extension or twisting, or even protein diffusion
along the DNA.



Structural rearrangement of DNA at low
forces revealed by SERS

The DNA molecule acts as a platform for a host of critical functions such as
transcription, replication, and other molecular motor driven processes, where
the DNA strand undergoes numerous mechanical events that are primarily sup-
ported by the polymer-like phosphate backbone. As a passive substrate, DNA
maintains mechanical compliance to allow interactions with proteins. Some of
these interactions occur at low forces where the mechanical load on DNA is bal-
anced by lowered entropy via unfolding. Thus, understanding DNA structural
responses in this entropic regime is essential to elucidate overall DNA function.

The advancement of single molecule force spectroscopy (SMFS) has con-
nected physiological function to molecular level processes, for example, with
DNA [4,86]. A typical SMFS experiment provides force measurements which
are related to models that idealize the molecule mechanically [87]. Advance-
ments in instrumentation have pushed length scale resolution limits leading
to dynamical studies of active processes [88]. However, these experiments are
either limited to measuring a few averaged parameters or require advanced par-
ticle tracking with fluorescence probes [18]. The use of fluorescence imaging is
generally applicable to strong topological changes [20] occurring in higher force
regimes. More importantly, light interacting directly with chemical bonds would
provide a more ideal measure of the DNA structure.

Raman spectroscopy is well suited to be a radical compliment to SMFS,
as it provides the highest level of chemical structure information with minimal
external interference due to its fundamental scattering process at all optical
wavelengths. Raman studies of DNA have been conducted for two decades
and have produced a database of Raman peaks that characterize the various
components of the DNA structure [72,79]. Raman signal can be amplified by
metal nanostructures through plasmonic effects [71] which makes possible sin-
gle DNA molecule detection [13,48,76]. The drawback is that the DNA or
its constituent samples are measured as an ensemble or anchored to hard sur-
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faces; far from an ideal physiological state. We have previously demonstrated a
methodology to overcome some of these issues by optically trapping single DNA
molecules [15] with silver nanoparticles nonspecifically bound to the phosphate
backbone, which made possible the Raman detection of single molecule DNA in
its natural aqueous environment.

In the previous chapter we have shown Raman spectra from single DNA
molecule in physiological conditions [15]. But it had two main drawbacks -
firstly,both DNA and silver colloids have negative charge and hence colloids are
not so easy to get attached to DNA. Secondly, if we stretch DNA, colloids stuck
to its surface will also move, hence denying us the signal. In this work, we
demonstrate a novel combination of optical tweezers and SERS to study DNA
structural responses from an applied load in the low force, entropic regime. A
single DNA molecule is optically stretched close to an external SERS substrate
while its Raman spectrum is simultaneously measured. We identify a correlation
between the phosphate backbone structure and molecular extension. The results
of this novel experimental technique are confirmed with state of the art theoret-
ical modeling, which combines molecular dynamics (MD) with mixed quantum
mechanics/molecular mechanics (QM/MM), to compute Raman modes for DNA
structures modeled at different extensions. The overall result demonstrates a
structural response in a regime where mechanical load is thought to only be
countered by entropy changes. We also highlight an innovative methodology
for directly observing single molecule chemical structure changes in response to
controllable forces.

6.1 Experimental methods

The experiment (see inset Fig. 6.1) consisted of DNA-bead constructs, double-
stranded A-phage 12 kbp DNA (4.25 pm contour length) molecules anchored
to silica microspheres, manipulated in solution with a dual optical trap. The
molecule was brought close to a SERS substrate, 5 ym silica beads with silver
nanoparticles (70 nm) [62] attached to their surface [64], that had been pre-
viously deposited on the glass surface. Additional beams passed through the
system for bead position tracking and Raman excitation. For the experiment,
the DNA molecule is extended in increments while the Raman signal is detected
at each step.

6.2 Results and discussion

Figure 6.1 shows a typical series of Raman spectra from a single DNA molecule
at three different extensions where a difference in some peak positions between
spectra is immediately clear. The plotted region contains stretch vibrational
modes of the phosphodiester network (C-O-P-O-C) and C-N bonds in the cy-
tosine base [79], with bands at lower and higher frequencies containing bending
and scissor modes, respectively, that are not typically SERS active. We note,
as in our previous studies [15], the absence of the adenine SERS peak that has
been observed in single stranded DNA [77] and from single adenine molecules in
silver colloid solutions [76]. This may be due to the less understood interaction
between silver and the double strand which may cause shielding of the other



Structural rearrangement of DNA at low forces revealed by SERS 54

1800F

©'1600}

c

=}

2 1400}

= /

2

% 1200

(]

: \
1000 L o

| | |
800 900 1000 1100 1200 1300
Raman shift (cm’l)

Figure 6.1: Raw Raman spectra from a single DNA molecule at three different
extensions: 3700 (blue), 3800 (red), and 3900 (green). The O-P-O Raman
band in the 800 - 900 cm ™! range undergoes an upward shift in position while
the C-N vibration (1280 cm™!) remains constant as the molecule is extended.
Inset: Depiction of the experiment where Raman scattering and mechanical
extension are simultaneously measured utilizing a dual optical trap and Raman
excitation of the molecule close to the SERS bead.

bases from the silver nanoparticle plasmonic fields.

Raman spectra from measurements of 5 DNA molecules at all extensions
are grouped together and cross-correlated via a 2D correlation analysis [66] to
identify peak movement in the sample set. Peak position trends will emerge as
hotspots in both the in-phase (synchronous) and out-of-phase (asynchronous)
maps. Features between 800 - 900 cm ™! band, where stretch modes of the O-P-
O unit lie, are present in both maps, signifying a displacement of this band with
extension (Fig. 6.2). The doublet spot is due to a shift greater than the width of
the peaks. The C-N stretch mode of the cytosine ring, 1280 cm™!, only has an
in-phase feature due to an intensity change with no position shift in the peak.
Generally, intensity changes of SERS spectra are difficult to interpret because
the enhancement level can vary due to differences in the relative positions of
the SERS substrate, molecule, and incoming excitation light [89]. This also led
to a few occurrences of a large peak at 1200 cm™' that cause lines of spots
in the maps at this position which we deem to have no physical significance.
While intensities are solely dependent on the interaction of the chemical bond
with light, band positions also depend on bond symmetry and polarizability
which is a direct consequence of the conformation of the bond. Thus, Raman
band position changes are expected to correlate with mechanical alteration of
the local structure [90]. We conclude that the 800 cm~! phosphodiester stretch
mode is sensitive to molecule extension while the cytosine mode is unaffected.
A similar sensitivity of the O-P-O stretch mode was previously observed, where
an upward shift of the band is present between looser wound A-form DNA and
tighter wound B-form structures [79].

Figure 6.3a is a plot of Raman peak position versus extension for all mea-
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Figure 6.2: 2D correlation maps (synchronous (a) and asynchronous (b)) from
Raman spectra of 5 different molecules that were extended. The signatures
in both maps (boxes) together indicate a shift in peak position of the O-P-O
Raman band (800 - 900 cm~!) while the C-N cytosine base vibration (1280
cm~1) remains constant during the molecule extensions. The large spots along
the 1200 cm™! axes are due to a large random peak that appeared at this
position in two of the spectra which is common with SERS.

surements. The plots contain the phosphodiester and cytosine base stretch
modes that had distinct spots in the correlation plots. Owing to the known
high mechanical uniformity between DNA molecules, the majority of error will
lie in the Raman peak positions. A small spread in the extension points is
due to uncertainty in the starting extension, because each molecule must be
stretched to a finite initial length in order to be approached to the micron sized
SERS substrate. The effect is immediately clear: the phosphodiester mode
shifts while the cytosine mode remains unaffected during the DNA extension.
Assuming a linear relationship, the most striking parameter is the sensitivity of
the phosphodiester Raman band to the force-extension, 0.11 cm™!/nm. Given
a spectroscopic resolution of our system to be 3 em™!, this demonstrates that
our combined SERS-optical trapping technique is sensitive enough to measure
DNA structural changes at sub-pN forces, translating to a minimum unfolding
of approximately 10 base pairs to give a detectable phosphodiester Raman peak
position shift.

We performed simulations with density functional theory (DFT) normal
mode frequencies to confirm the modes above and their sensitivity to extension.
The modeled structures [91] were 30 base pairs long with only cytosine-guanine
base pairs, which minimized the number of theoretical modes that are not mea-
surable in the experiment. Four lengths were tested: 97 (unextended), 120 ,
135 and 155 . The theoretical structure extensions were higher than in experi-
ment due to the long computational time necessary to resolve smaller extensions
(forces). For each modeled structure, normal mode frequencies were calculated
for three adjacent segments on each chain, with each region containing two
base-pairs and surrounding sugars for a total of 134 atoms.

Raman active modes were determined by computing the frequencies and Ra-



Structural rearrangement of DNA at low forces revealed by SERS 56

(a) (b)

lope=7.010 "cm /nm -~ 1320
1300 'E [ 4
_ A A, AAA D, A9 S 1300
e 12501 -2 BA4AFS £ i
§ A £ 1280f 4
£ 1200 § 1260l
§ 920, 5 920~
b slope=0.1 em /nm - -
§ 880 ’ B ul
- L
840 5
§ 840
800} [ I
3600 3700 3800 3900 4000 4100 800 d A

1 I I
9 10 N 12 13 1% 18 96

S Theoretical extension (nm)

Figure 6.3: Experimental (a) and theoretical (b) plots of Raman peak position
versus DNA extension for the O-P-O phosphate backbone and C-N cytosine base
stretch modes. The points from all 5 molecules and all 6 calculated regions are
plotted together for the experimental and theoretical plots, respectively. The
data sets are fit to a straight line and the slopes are included for the experimental
data.

man activities of a reduced structure, which consisted of a single phosphodiester
network between a guanine and cytosine base. The phosphate vibration with
the highest Raman activity in the vicinity of 800 cm™! prominently involves a
single O-P vibration but includes motion throughout the phosphodiester chain
(C-O-P-0-C), while the 1280 cm~! cytosine peak comes from a C-N vibration
in the cytosine ring. Figure 6.4a depicts the identified motion of the phosphate
mode. Identifying the motion in the reduced system allowed us to locate the
corresponding band in the full DNA structure computation and track it through
the different extensions. The computed modes for each region are plotted ver-
sus extension in Fig. 6.3b. Once again, the phosphate stretch mode shows
sensitivity to DNA extension while the cytosine base remains unaffected.

Figure 6.4: Theoretical snapshots (a) of the O-P-O vibrational mode responsible
for the 800 cm~! Raman peak taken from the reduced structure calculation
used to determine the Raman activities. An overlay (b) of the calculated DNA
structures focused at a single region, with the phosphorus atom (arrow) as the
common origin: 97 (blue), 120 (red), 135 (green), 155 (purple).

The Raman frequency of a vibration can change due to an alteration of
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the mechanical and electromagnetic components of the bond. The increase
in the phosphate mode frequency is a result of an alteration in geometry and
energetics of the system as the molecule is extended. Figure 6.4b is an overlay
of the modeled structures with a single calculated region of the DNA chain
isolated and the phosphorus atom as the common origin. The orientation of the
O-P-0O unit remains constant and the O-P-O bond angle shows no correlation
with extension (data not shown). The orientations of the carbons and adjacent
sugars relative to the O-P-O unit change drastically, however. Nearest neighbors
reconfigurations can affect the bond’s polarizability and its interaction with light
via Raman scattering by changing the symmetry of the local region. From an
energetics standpoint, the region experiences a mechanical perturbation as the
structure is extended. The total end effect of the above is a shift in the bond’s
Raman peak position.

The DNA structural alterations observed here at small forces should aide
in understanding DNA-protein interactions in the entropic regime. Although
DNA can be modeled as a semi-flexible polymer, the result shows that chemical
bond orientations are involved and can be sensitive to mechanical loading at
all scales. The technique is a novel combination of known methodologies that
provides a new addition to the SMFS field. By directly measuring at the bond
level with Raman scattering, these structural shifts can be observed at low
forces without the need for complex particle tracking. Most importantly, with
the constant advancement of SERS substrates, the stability and amplification
level will continue to improve while maintaining the DNA strands free of optical
probes and leaving them in a more ideal physiological condition.



Single red blood cell under tunable
external force studied by combining
passive microrheology and Raman
spectroscopy

Nowadays human blood and urine are probably the most common samples sub-
mitted for medical diagnosis because they are easily accessible and provide a lot
of useful information about donor’s health conditions. Red blood cells have rel-
atively simple architecture (a composite of lipid bilayer with embedded proteins
and an underlying cytoskeleton without nucleus and intra-membrane organelles)
and is usually considered as an ideal system for modeling single living cells [92].
One of the most important properties of RBC is its deformability which de-
scribes the mechanical response of the cell to a deforming force. Deformability
of RBC is known to be extremely high which is essential in gas transport be-
tween blood and tissues in microcirculation [93]. In particular it allows RBCs
to flow through microcapillaries with inner diameter typically less than half the
diameter of the cells. This extraordinary property has been attributed to several
factors: cell shape, viscosity of intracellular fluid, and rheological properties of
the membrane [94]. The latter, as previously demonstrated by Suresh et al.,
can also be affected by some human diseases such as malaria, spherocytosis,
elliptocytosis or sickle cell anemia [95]. In human body, RBC adopts different
stretching states caused mainly by blood flow and associated cell squeezing.
Full understanding of RBC’s mechanical behavior requires that we inves-
tigate response of cell to externally applied forces. Despite experimental dif-
ficulties, this problem has been partially addressed earlier by deformability
measurements using pipette aspiration [96,97]. In recent years the interest
in this area has grown significantly mainly because of huge development in mi-
croscopic manipulation techniques such as optical or magnetic tweezers which
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can monitor/impose force (displacement) to a resolution of the order of tens
of femtoNewton (nanometer) [98]. They provide excellent methods for probing
single living cells at different conditions giving potentially powerful tools for
diagnosis and treatment of disease [92]. So far most of the rheological studies
have been carried out by measuring the static changes of cell length [99-102] or
area expansion [103] in response to a deforming force. On the other hand RBC
in normal conditions (in human body) experience a wide spectrum of dynamic
forces associated with thermal fluctuations, blood circulation or materials trans-
port through the membrane. In particular, specific chemical reactions, such as
oxygenation and deoxygenation, can be induced by stretching [104].

It is well known that in addition to static rheology, dynamic viscoelastic
properties of different materials can be probed using one or two particle passive
(or active) microrheology approach which differs from each other in experimental
and theoretical points of view [105]. These methods are particularly valuable
because, for example, in homogeneous, isotropic medium they allow for direct
detection of both real and imaginary part of complex shear modulus at different
frequencies. The main advantage of passive rheology (used in this work) in
comparison to active is relatively short time required to record fluctuations
simultaneously at wide range of frequencies. In contrast, in active rheology
the response function is obtained straightforward but the scan over all required
frequencies has to be performed. This time consuming measurement might lead
to mechanical cell degradation depending on applied amplitude of modulation.
Also heating via particles can not be excluded and special care has to be taken to
reduce time of experiment. Single particle passive microrheology is the simplest
form where the viscoelastic properties are extracted from the power spectral
density (PSD) of thermally fluctuating probe position. Main limitation of this
approach is significantly shorter probe length scale which is similar to the probe
size [12]. On the other hand interaction between two probes at some separation
(which can be much longer than probe size) opens up the possibility to examine
a medium on length scale comparable to the distance between the probes. If
a medium with defined geometry (like RBC) is placed between two fluctuating
probes, their correlated motions are supposed to be mainly determined by the
properties of this medium.

Although elasticity of human red blood cells has been of scientific interest
for a long time, little is known about the dynamic response of cell (particu-
larly at higher frequencies). Complete understanding of RBC’s mechanics and
functioning also requires that we consider molecular changes induced by defor-
mation in cell. A link between viscoelastic response and changes in molecular
structure is obvious, however there are no such studies till now. Fluorescence
and/or Raman spectroscopies are the best candidates to demonstrate correla-
tions between rheological behavior and changes in molecular structure. Raman
spectroscopy provides the highest level of chemical structural details with mini-
mal interference from outside sources, due to its fundamental scattering process
that functions at all optical wavelengths. Raman studies of RBC or their ba-
sic constituents have been presented for several decades ( [106-110]) and have
produced a database of Raman peaks that characterize the various constituents.

The combination of two measurements: microrheology and Raman spec-
troscopy performed at different forces is a potential tool to establish crucial
linkages between structure, mechanical properties and functions of the cell. To
the best of our knowledge, reports regarding frequency dependent behavior of
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RBC with only one end attached to the bead and the other end stuck to the
surface of a cover-slip have been shown earlier [111,112]. More recently Yoon et
al. [113] reported two probes rheology of single RBC but in limited frequency
range, mainly due to the applied detection method, where particle fluctuations
were recorded by a CMOS camera at frame frequency rate of 470 Hz. So far
however, the comparative study of one and two probes microrheology of single
RBC, supplemented by Raman spectroscopy, has not been presented yet.

Main aim of this work is to explore viscoelastic properties of the cell mea-
sured in the extended frequency range via single and two particle microrheology,
providing comparison between local and overall properties of RBC. The second
purpose is to associate mechanical properties of single cell with the changes
observed on molecular level measured via Raman spectroscopy.

7.1 Materials and methods

Section 4.1.1 and section 4.1.2 of chapter 4 describes in details the set-ups for
Raman spectroscopy and microrheology respectively. The RBC sample and
beads were prepared as described in section 4.3.2 of chapter 4. Samples were
injected into a homebuilt two-channel fluid cell whose position was fully con-
trolled by a piezostage (PiezosystemJena NV40). The flow in the chamber was
precisely dosed by a syringe coupled with a picomotor (New Focus).

The measurements were made in similar fashion as in [104], with three main
differences. Firstly, we attached polystyrene beads at two opposite ends of the
cell, as described below. This allowed us to use higher power of trapping beams
with lower photodamage to the cells. Hence we could stretch the cells more
compared to [104]. Secondly, as changes in the membrane is the main focus
of this study, Raman beam was aligned to preferentially excite the edge of the
trapped cells. Finally, unlike [104] where only cells that initially gave oxy Raman
peaks were considered, we did not select the cell using this criteria. A Raman
signal was collected for 30 seconds at relaxed and about 10-15 different stretched
states (till one of the beads came out of the trap). Whole process was repeated
on about 15 different cells. We observed similar patterns of Raman spectra in
majority of the cells. Measured Raman spectra were background subtracted,
normalized using Multiplicative Scatter Correction (MSC) and smoothed using
smoothing spline technique [114].

7.1.1 Bead-RBC-Bead construct

Passive microrheology and Raman experiments were performed using bead-
RBC-bead construct which was floated well above the glass slide surface like
in [115]. This construction minimizes hydrodynamic drag from the glass sur-
face of the fluid chamber and isolates samples from mechanical vibrations of
the chamber. The construct was made according to following procedure. Both,
beads and RBC solutions, were separately injected to different channels of the
fluid chamber. This way we can avoid uncontrolled pairing of RBC with beads.
Firstly, two beads were optically trapped at a known separation between them.
The thermal fluctuations of these two beads were recorded simultaneously by
the position detection systems. These data were then used for the trap calibra-
tion and also for calculations of rheological properties of solvent as a control and
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for comparison. Next the RBC solution was slowly injected (so that to avoid
removing the beads from their traps) and cell was trapped in a third trap lo-
cated between two beads. This additional trap was made using the AOD in time
sharing (10 kHz) regime. The power of additional (third) trap was significantly
reduced to minimize the heating of RBC. The stiffness and position of this trap
were controlled by modifying electrical signal (amplitude, frequency and width
of rectangular pulses) driving the AOD. The RBC, which was already placed
between two beads, was first connected to one of the bead by changing the mod-
ulation amplitude of time shared trap. Second bead was attached by changing
deflection of the beam using AOD. The relatively larger size of beads (3 um)
was chosen to reduce possible heating of RBC [116]. Once the bead-RBC-bead
construct was achieved, the time-sharing regime was switched off and hence the
RBC was not under direct influence of trapping laser for the whole experiment.

7.1.2 Data analysis method

Detailed theoretical description of one and two probe microrhelogy including
trap correction has been mentioned in section 3.1.3 of chapter 3.

Since the system is inhomogeneous and anisotropic, the shear modulus G
cannot be simply derived from the response function using the Stokes-Einstein
relation. Instead, the effective stiffness of the system describing viscoelastic
properties was calculated by simple inversion of trap corrected, medium response

function [113]:

K= é (7.1)

Fluid and particle’s inertia in these equations have been neglected, which is a
good approximation at low frequencies and relatively small distances between
the particles studied here, particularly if only the parallel case is taken into
account [10,105].

Fluctuations of two particles (in the absence and presence of RBC) were
recorded simultaneously with sampling frequency of 20 kHz for 2 minutes.
Next the DC component was removed and noise-reduced PSD and CSD were
computed by averaging together the power spectra of short segments of the
data [117]. In order to further reduce the noise, randomly distributed points
were obtained in log scale and to speed up the above mentioned calculations
both PSD and CSD were log-binned [118] before the response functions were
obtained according to eq. (3.45). Data were processed using Igor 6.2 program
(Wavemetrics).

The distance between trapped beads was estimated from the microscope
images based on the knowledge of beads diameter. The center of beads was
found by fitting the ellipse to the boundary of each particle using “Imageana-
lyzeparticles” function implemented in Igor 6.2. The distance between centers
was converted from pixels to micrometers using an average calibration factor
calculated based on a priori known beads diameter. The initial diameter of all
the cells was found to be in the range of 6 - 7 um.

Trap stiffness measurement and calibration of both traps were achieved using
the method described in section 1.2 of chapter 1. Lorentzian fitted PSD data
for both the traps are shown in Fig. 7.1. Although the detection beams were
readjusted to pass through the center of the trapped bead, sometimes a small
but definite change in the overall intensity of the forward scattered light was
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observed. The calibration factor used for each stretch was normalized with
respect to the intensity of the forward scattered light when the bead was not
attached to the RBC.
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Figure 7.1: Power spectral density of the single particle fluctuations for left (a)
and right (b) trap in the absence ((1) black) and presence of RBC and different
forces applied to the cell (red (2) - the cell at rest, green (3) - the cell stretched
by 12 %, and blue (4) - the cell stretched by 16 %). Spectrum obtained in the
absence of RBC is fitted with Lorentzian function (pink solid line) and used for
calibration purposes as described in the text. Inset shows the images of bead-
RBC-bead construct for relaxed and stretched state taken by the microscope
camera.

Knowing stiffness of the traps, the force can be determined by multiplying
it by particle displacement. In this work the force was calculated based on
displacement of the bead in the unmovable right trap (see inset in Fig. 7.1a).

7.1.3 Drag correction

Hydrodynamic drag v strongly depends on the distance of particle from the
surface. This effect becomes important when the distance from the surface is
comparable to the particle radius and then drag dramatically increases near
the surface. Although all the measurements were done well above the coverslip
surface, nevertheless, the drag was corrected for surface proximity using Faxen
law [31]:

Yeorrected = 9 R 1 R 3’7 15 R4 T R\5’ (72)
1- 53 +5(5)° — 2363 — 6(%)

R R
where h is the distance from the surface to the center of the bead.
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Distance of trapped beads from the surface was estimated based on the
readout from the piezostage. The data were recorded at about 20 um above the
surface.

7.1.4 Viscosity of Alsever’s solution

Due to viscosity effect we found small but systematic differences between the
power spectra of pure water and Alsever’s solution at the same experimental
conditions. Knowing (a priori) viscosity of water, it is possible to determine
viscosity of purely viscous solvents as soon as viscosity dependent parameter
A = kpT /27?7 is extracted from the Lorentzian fitting (see equation (1.8)) and
the calibration factor is known [119]:

kT

~ 12m3RAB2 (7.3)

n

Therefore the viscosity of Alsever’s solution was estimated by extracting
an average A parameter from Lorentzian fitted to 40 PSD (z and y channels)
of fluctuations of 3 um particles. Calibration factor g for viscosity measure-
ments was determined as described above (see paragraph “Calibration and force
measurement”) in water at the same experimental conditions like for Alsever’s
solution using beads from the same batch. Again an average from 40 PSD was
taken to reduce the particle size distribution effect. Calibration factor 8 was
assumed to be the same in Alsever’s solution and in water. Finally the viscosity
of Alsever’s solution was found to be (9.3 £0.6) x 107 Pa - s (25°C).

7.2 Results and discussion

7.2.1 One-particle microrheology

Measurements with RBC were preceded by calibration of the system, which was
done using the beads, later attached to RBC. Single and inter-particle response
functions were measured simultaneously. The trap stiffness for both the traps
were adjusted to be approximately the same. Excluding possible polydispersity
of attached beads, our system is quite symmetric (see inset of Fig. 7.1a) so we are
expecting to get similar results from the analysis of displacement autocorrelation
of both beads separately. We are going to refer these two traps as the left and
right trap.

PSD of the bead fluctuation in both traps in the presence and absence of
RBC are shown in Fig. 7.1. Spectra recorded in the absence of RBC were
satisfactory fitted using the Lorentzian formula (eq. (1.8)), yielding corner
frequencies equal to 119 Hz and 127 Hz corresponding to trap stiffnesses 21
pN/um and 22 pN/um, for left and right traps, respectively. As the system is
quite symmetric and the stiffness of both trap is also comparable, therefore we
expect single particle response of left and right trap to be the similar. Hence
we have discussed only the results corresponding to left trap for one particle
microrheology.

Passive microrheology measurements of single RBC were done at three dif-
ferent states of the cell, namely: RBC at rest (without external force) and the
cell stretched by applying external force of 6 p/N and 10 pN, corresponding to
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stretching ( AL/L x 100 % ) of about 12 % and 16 % respectively. Average
variance of the trapped bead position (in left trap) was found to be 11.4 nm
for unattached bead and 9.6 nm, 9.1 nm and 8.4 nm for cell at rest, stretched
by 12 % and 16 % , respectively. It is clearly visible in Fig. 7.1 that the shape
of PSD in the presence of RBC is no longer Lorentzian. The power density
gradually increases below the corner frequency which is in contrast to the flat
PSD measured without RBC for (f <« f.). As expected, the power density
decreases almost over the whole frequency range with cell stretching. This in-
dicates a nonzero contribution of elastic component which presumably grows
with stretching. Measured PSD spectra are expected to exhibit “power law”
like behavior at higher frequency range f > f.. The power law exponents were
determined by fitting a power law (PSD ~ f~7) for all presented PSD with ~
as an adjustable parameter. Data were fitted in the range from 400 Hz (above
the corner frequency) to 5 kHz (half the Nyquist frequency) yielding exponent
v equal 2.0, 1.9, 1.8 and 1.8 for PSD of one particle fluctuations without RBC,
cell at rest, stretched by 12 % and 16 %, respectively. The 1/f? decay obtained
for solvent is consistent with free Brownian motions in a purely viscous solution.

Interestingly, at low frequencies (below 10 Hz) PSD approaches higher val-
ues in the presence of RBC than for as compared to the free bead. There are at
least two possible explanations of this behavior. Low frequency signal indicates
the contribution of non-thermal (probably ATP driven) motions previously ob-
served in [118] or is attributed to possible translational motions of the whole
RBC-Beads system. The contribution from possible trapping beam pointing
fluctuations which usually become relevant at higher forces and low frequencies
can be rather excluded because for the unattached bead the spectrum remains
flat up to 1.8 Hz. Since RBC is a living cell it might not be completely ther-
mally equilibrated leading to the softening of RBC [118,120]. Despite many
debates, non-thermal contribution to the RBC membrane motions still remains
controversial. According to [118], fluctuations might be partially non-thermal
in the low frequency domain (f < 10 Hz). In contrast, no direct evidences for
such motions were observed from 1.6 Hz to 32 Hz by Yoon et al [113]. We are
aware that in case where non-thermal motions are significant the fluctuation
dissipation theorem should be used carefully [12,121]. This is particularly true
when the cell is exerting strong forces on the probe in relation to Brownian
motions. In contrast, mechanical activity of RBC is much smaller than, for
example, actin networks driven by myosin motor proteins [12,121]. In fact,
non-equilibrium cellular forces of RBC are definitely too small to be directly
observed in bead fluctuations plotted as a function of time like it was seen for
osteocyte-like MLO-Y4 cells in ref. [68]. Fluctuations in time of beads attached
to RBC (data not shown) are dominated by random Brownian motions and we
believe that the fluctuation dissipation theorem remains reliable approximation.

In order to explore second possible explanation of low frequency contribu-
tion and also to compare with [113], PSD of the fluctuations of the cell length
PSDg, at different stretching states were obtained as a Fourier transform of
the relative fluctuations between beads (Fig. 7.2). At higher frequencies the
behavior of difference spectra is quite similar to single particle PSD, though the
fluctuations of RBC length seems to be less affected by stretching. In partic-
ular, the power density growth at low frequencies is much smaller and almost
negligible. It is therefore more likely that the low frequency contribution ob-
served in single particle PSD is because of translational motions rather than due
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Figure 7.2: Power spectral density of the relative fluctuations between beads
in the absence (black), r = 9.2um and presence of RBC and different forces
applied to the cell (red - the cell at rest, ro = 9.8um, green - the cell stretched
by 12 %, 1 = 10.6um, blue - the cell stretched by 16% , ro = 10.8um). In the
presence of RBC PSDyg, represents power spectrum density corresponding to
fluctuations of the cell length; 7 is center to center distance between the beads.

to non-thermal contribution unless the latter occurs without noticeable change
of RBC’s length. However, this probably is not the case. Since non-thermal
noise still can not be completely excluded the combination of active and pas-
sive microrheology is required to ultimately distinguish between thermal and
non-thermal motions [12]. Nevertheless the optical trapping beams pointing
fluctuations usually occur at low frequencies depending on trap stiffness, where
non-thermal contribution is expected, so the unambiguous extraction of these
extra motions is quite challenging.

Difference data were analyzed in similar way (like single bead PSD) yielding
the power exponent equal 2.0 and 1.9 in the absence and presence of cell (for all
RBC states), respectively. The obtained values in both cases (PSD and PSDy,,)
are only slightly perturbed by RBC presence (and stretching) and are much
higher than those reported in [113]. This is probably because the data in [113]
is fitted only in the range from 11 Hz to 111 Hz and fulfillment of the condition
f > f.is questionable. Thanks to the detection method used in this work, the
high frequency limit can be extended significantly.

Figure 7.3 shows the real (a) and imaginary (b) part of the free bead re-
sponse function in Alsever’s solution compared with those obtained with RBC
attached, both obtained for left trap. The real part of response function was cal-
culated using the Kramers-Kronig integral (eq. (3.46)). The solid lines represent
theoretical predictions without any adjustable parameters calculated by insert-
ing o = 1/[6mrn(—iw)] to equation (3.52a). The relatively good agreement of
this control experiment with theory indicates that parameters obtained during
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Figure 7.3: Frequency dependence of the real (a) and imaginary (b) parts of
an apparent single-particle response function (left trap) in the absence (black
squares) and presence of RBC and different forces applied to the cell (red circles)
- the cell at rest, green (right) triangles - the cell stretched by 12 %, and blue (up)
triangles - the cell stretched by 16 %). The solid green lines are the theoretical
predictions based on the measured trap stiffness and calculated without any
adjustable parameters.

calibration, in particular stiffnesses, were determined correctly. The difference
between theory and experimental data is more pronounced in the real part of
the single particle response function probably because of the finite frequency
cutoff in the Kramers-Kronig integral. When the cell is attached to the beads,
their Brownian motion is partially suppressed leading to the decrease in both
real and imaginary part of single particle response function over almost whole
measured frequency range. Stretching of the cell leads to the further decrease
of the apparent response function. Nevertheless the difference between the cells
stretched by 12 % and 16 % appears to be higher at lower frequency region
indicating some promotion of slower motions at higher forces.

7.2.2 Two-particles microrheology

Fourier transform of cross correlation displacement (equation (7.1)) of particles
coupled solely via hydrodynamic interaction and via RBC is compared in Fig.
7.4. In both cases the motion of the particles become anticorrelated (negative
CSD) at low frequency where the confinement by the traps dominate. It is clear
however that the presence of RBC significantly increases both the correlation
and anticorrelation signals even though the distance between the beads in the
absence of cell is little higher. It also dramatically shifts the anticorrelated
motion to lower frequencies. The stretching of the cell causes a suppression of
anticorrelated motion and/or an additional shift in the same direction consistent
with expected increase of the storage moduli. At higher frequencies the propa-
gation of stress is more instantaneous (particularly in the presence of viscoelastic
medium like RBC) and one particle tends to move with the other.

The inter-particle response function showed same tendency as was observed
in case of CSD (Fig. 7.5). Both the real and imaginary parts significantly
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Figure 7.4: Cross spectral density in the absence (black squares, r = 9.2um)
and presence of RBC and different strains applied to the cell: red circles - the
cell at rest (ro = 9.8um), green (right) triangles - the cell stretched by 12 %
(r1 = 10.6um), blue (up) triangles - the cell stretched by 16% (ro = 10.8um);
r is the center to center distance between the beads. Experimental points are
connected by solid lines for better visualization.

increase over wide frequency range when RBC is attached. Anticorrelation
observed as negative signal in the imaginary part of response function appears
at frequencies roughly one decade smaller than for similar measurements in
Alsever’s solution. The stretching of the cell leads to an additional increase of
low frequency signals (f < 100 Hz) and shifts the anticorrelated motion to lower
frequencies (Fig. 7.5b).

Investigated system is quite complex so it is difficult to judge whether the
presence of RBC just removes anticorrelation or shifts them to lower frequencies.
Most probably two effects have place. Also the role of hydrodynamic interactions
remains to be elucidated because forces can be transmitted through both the
cell itself and surrounding solution. Purely hydrodynamic interaction depends
on the distance between two beads and should decrease for longer distances as
1/r [122]. In addition the stretching causes significant change in the cell shape
leading to the differences in already strongly heterogeneous geometry of the sys-
tem. This might also influence hydrodynamic interaction and surely increase
complexity of the problem, consequently extracting hydrodynamic interaction
from these results is not obvious. However in case of pure hydrodynamic interac-
tion the increase in distance between tracked particles (as in the case of stretch-
ing) should lead to the decrease of correlation. With RBC we are observing
exactly opposite behavior indicating that inter-particle response is dominated
by properties of RBC. Taking this into account in the first approximation the
hydrodynamic coupling was neglected in calculations. It means that calculated
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stiffness will contain an interaction through both the cell and the surrounding
medium.
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Figure 7.5: Real (a) and Imaginary (b) part of apparent interparticle response
function in the absence ( black squares, r = 9.2um) and presence of RBC
and different strains applied to the cell: red circles - the cell at rest (ro =
9.8um), green (right) triangles - the cell stretched by 12 %, (r; = 10.6um), blue
(up) triangles -the cell stretched by 16% (r2 = 10.8um); r is center to center

interparticle distance.

7.2.3 Stiffness of the cell

Single and interparticle response functions from Fig. 7.3 and Fig. 7.5 were
corrected for the presence of traps (equations (3.52a) and (3.52¢)) giving medium
response function from which the stiffness of the system (K) can be obtained by
simple inversion. For calculations of corrected (medium) response functions, the
trap stiffnesses obtained from corner frequencies of the autocorrelation spectra
were used.

The real (elastic) and imaginary (dissipative) parts of the calculated stiffness
(K) are presented in Fig. 7.6a and Fig. 7.6b, respectively. Alsever’s solution is
purely viscous so only imaginary part of stiffness is plotted for comparison. It
is clearly visible that the elastic part of the cell stiffness grows with frequency
over wide range for all three states of the cell stretches. Stronger frequency
dependence is observed for cells at rest. The real part increases when the force
is applied so the stress stiffens the cytoskeletal network. Such nonlinear be-
havior of RBC is well known and was previously reported [101,113,115]. At
higher forces further increase of the elastic component is observed but changes
are more pronounced at lower frequencies (below 100 Hz). The nonlinear re-
sponse of the cell indicates that the deformation causes structural changes in
the cell/membrane. It was suggested that such hardening can arise from lo-
cal rearrangement of spectrin network [115]. It is worth to mention that even
at strain amplitudes as low as 16 % our experiment is already in a nonlinear
regime.

Figure 7.6a also compares elastic component of stiffness measured via single
(left trap) and two beads microrheology. Single particle data are accessible at
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Figure 7.6: (a) Real part of the complex stiffness (K) as a function of frequency
measured via single particle (solid markers) and two particles (open markers)
rheology. The data are presented in the limited frequency range because of com-
mon problem with Kramers-Kronig integral what is particularly noticeable in
two beads rheology. (b) Imaginary part of the complex stiffuess in the absence
and presence of RBC measured with single particle rheology: left trap (solid
markers) and right trap (open markers): black squares - without RBC, red cir-
cles - the cell at rest, green (right) triangles - the stretched by 12 % and blue
(up) triangles -stretched by 16 %. The solid green line is the theoretical predic-
tion based on the measured trap stiffness and calculated without any adjustable
parameters. In case of both single and two particles rheology actual complex
stiffness was calculated using response functions corrected for the presence of
two traps.

higher frequency due to the Kramers-Kronig integral. Surprisingly both meth-
ods yield quite similar results though the single probe measurements shows
slightly stronger frequency dependence. This striking similarity indicates that
local and overall elastic properties of membrane are comparable. It means that
the cell transmits the forces to the diametrically opposite side with very high
efficiency and local deformation (on average) is negligible at least in the fre-
quency region where data overlap. Such behavior also indicates that stress in
the first approximation is evenly distributed along the cell.

The average elastic stiffness obtained in the same way from 12 measured cells
at rest is 107 pN/pum and 9+6 pN/um (both at 10 Hz) for one and two beads
rheology, respectively. Both average value and standard deviation measured via
two beads rheology is in excellent agreement with previously published data
[113].

The apparent similarity of single and two beads rheology is important be-
cause single particle rheology is often considered as not ideal [113]. Indeed, in
configuration used in this work where stiffnesses of both traps are similar one
would expect that the single probe rheology also consists of eventual influence
from translational movements. This problem is avoided by using two beads mi-
crorheology where the cross-correlated motions are considered. In fact, small
difference in these two approaches can be observed at frequencies below 10 Hz
where one bead rheology yields slightly lower elastic component in compari-
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son to two beads measurements. As previously mentioned, local softening due
to non-thermal noise can not be completely excluded in this frequency range.
Nevertheless our data shows that influence of translational movements on de-
termined stiffness is not significant and both single and two beads techniques
can be applied successfully.

Solvent on its own lacks in elastic component, so the measured real part of
stiffness is mainly associated with the cell itself. In contrast, dissipative part
(Fig. 7.6b) is expected to reflect viscosity of both Alsever’s solution and the
cell. Extraction of dissipative component which originates only from the cell
is not obvious because of the system’s heterogeneity. Simple subtraction of
contribution from solvent, as done in [12] for viscoelastic homogeneous system,
should rather be avoided here.

Imaginary part of stiffness grows linearly with frequency. Solid line in figure
7.6b is a theoretical prediction for purely viscous solution calculated from the
stationary Stokes result as K = 6w Rn(—iw) without adjustable parameters [54].
Experimental data obtained in the absence of RBC is consistent with this model,
as expected. It is worth mentioning that dissipative parts obtained using the left
and right traps are practically identical (see Fig. 7.6b). Small deviation can arise
from particle’s polydispersity. Dissipative part increases when RBC is attached
to the beads and further growth occurs when the cell is stretched. Stretching
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Figure 7.7: Imaginary part of the complex stiffness measured with two particles
microrheology for the cell at rest (red circles, 7o = 9.8um) and stretched by
12 % ( green (right) triangles, 1 = 10.6um) and 16 % (blue (up) triangles,
ro = 10.8um); r is center to center distance between the beads.

effect dominates at lower frequencies. The difference between dissipation for cell
stretched by 12 % and 16 % above 20 Hz is almost negligible. Similar tendency
is observed for the imaginary part of K measured via two beads microrheology
(see Fig. 7.7). Observed increase in the imaginary part of stiffness suggests the
existence of additional, competing dissipative processes when RBC is attached
to the beads and when it is stretched.
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7.2.4 Raman spectroscopy

In microrheological measurements, we observe changes in the cell elasticity with
increasing forces which might cause some structural rearrangement inside the
cell. Although we can quantify these changes mechanically, it is hard to sug-
gest which component in the cell undergoes maximum deformation. To gain
knowledge on the conformational changes, we make use of Raman spectroscopy.
The importance of Raman spectroscopy at single biomolecule level has been
previously demonstrated [14,123].

RBC has lipid bilayer membrane with proteins in it. Underneath it is a
cytoskeleton of proteins allowing high elasticity with main protein being spec-
trin. Ankyrin anchors cytoskeleton to membrane. In general, it is known that
membrane proteins determine specific membrane functions, e.g. acting as trans-
porter of specific substances, ion channels, enzyme, receptors, cell identity mark-
ers (MHC protein) or linkers which anchor underlying cytoskeleton. Since the
latter provide structural stability (via spectrin) and determine shape of the cell
it seems to be of particular interest. Hemoglobin has also been shown to have
a high affinity interaction and binding with the inner wall of RBC membrane.
Number of hemoglobin molecules bound to membrane has been proposed to be
of the order of 10° per cell [124]. It has also been argued regarding the possi-
bility of hemoglobin to be intercalated within RBC membrane [124,125]. When
RBC goes under stretching then the membrane, cytoskeleton and the molecules
bound to them presumably bear most of the force. Thus, it’s expected that
the stretching should affect the bands mostly related to hemoglobin as well as
proteins and lipids in the close proximity of membrane. Preferential excitation
close to the edge of RBC should facilitate observation of dominant deformation
effects.

Figure 7.8 shows a typical set of Raman spectra obtained from RBC during
stretching experiment. The Raman signal was collected for a series of fifteen
different stretches of RBC to assess the directionality of changes happening in
the spectra. These rich, multiple peaks, vibrational spectra are characteristic of
RBC [104,110,126].

Raman spectra of RBC are strongly sensitive to excitation wavelength due
to possible resonance excitonic coupling between aligned porphyrins [127,128].
For example resonance Raman of hemoglobin was found to be almost exclusively
due to scattering of the haem groups which are strongly absorbing in visible
region [129]. In contrast, non-resonant excitation should allow the observation of
changes in various constituents of RBC without special promotion (via resonance
enhancement) of macrocycle vibrations. That is why 785 nm line (used in this
work) yields Raman spectra constituting a mixture of bands from both haem
and proteins with relatively strong protein bands [126].

The details regarding proper assignment of particular Raman bands have
been a subject of many monographs (see e.g. [126,130]) and will not be discussed
in this study. Instead we will consider only bands which reproducibly change
with cell deformation and observed changes are strong enough to make sure they
are above noise level typical of this kind of experiment.

It is clearly visible in Fig. 7.8 that the most prominent changes induced by
perturbation are observed at around 1035 cm~'. This peak has been variously
associated with C-H in-plane bending mode of phenylalanine (Phe) [106,131] or
in plane C'Hy asymmetric mode of vinyl substituent in porphyrin [110,126]. In



Single red blood cell under tunable external force studied by combining passive microrheology
and Raman spectroscopy 72

the inset of fig. 7.8 the intensity changes at 1030 cm ™! vs relative deformation
is presented. Interestingly there are three regions of low, medium and high
deformation with completely different behavior. For smaller deformation (of up
to 11%), peak around 1035 cm~! is very small and changes are almost negligible.
Huge growth in intensity accompanied by band narrowing is observed after RBC
is stretched to 16% of it’s length. More importantly, the peak saturates above
20% of stretch. Such strong force dependence can potentially explain relatively
low perturbation of this band in previous, similar experiments where cells were
directly trapped by IR beam [104].

The band at 890 cm ! and 960 cm~! which are related to skeletal vibrations
are also observed. Intensity changes in these bands are less significant. Although
a slight band shift of around 4 cm ™! towards small wavenumbers is observed
at 890 cm~!. Band at 991 em~! may correspond to symmetric ring breathing
mode of Phe or v45 and undergoes both broadening and a small shift (about 4
em™!) towards higher wavenumbers. A slight decrease in intensity can also be
seen at this position. A strong band at 750 cm ™! was measured from the RBCs,
which came from the C-N-C breathing stretch vibration in the porphyrin ring.
When the RBC was stretched, we observed that this peak shifted up slightly in
frequency and its linewidth became narrower. We can see a peak around 1243
em~™! which can be tentatively assigned to Amide III of a-form protein and
C-H twist [107]. Phospholipid structural information is contained primarily in
the 1062-1130 em ™! C-C stretching region [107]. Peaks corresponding to C-C
and C-N stretch of protein around 1110 ¢m~! and C-C stretch of trans chain
in phospholipid around 1140 ¢m ™! can also be distinguish but no significant
changes were observed in these bands as RBC was stretched. CHy and C'Hg
bending in protein and phospholipid can be observed at 1442 ¢m~'. In this
spectral region we observed increase in the peak intensity and band broadening
as we stretched RBC. Another band at about 1535 ¢cm ™! maybe assigned to
v3g (pyrole breathing) in porphyrin ring of hemoglobin. This band decreases
in intensity and a small shift of 3 em ™! occurs when perturbation is applied
to the cell. While the peak around 1540 ecm™! assigned to either v;; or to
Tryptophan (Trp) become more prominent as the force on RBC is increased.
Raman measurements were repeated for 15 different RBCs and similar behavior
was observed in majority of the cells.

From among all described spectral effects cause by cell deformation the most
striking are changes at 1035 ¢m~! which are most likely associated with Phe
in hemoglobin, spectrin and ankyrin, among other proteins. Such huge growth
in intensity can be caused by the change of molecular symmetry induced by
deformation. The role of hemoglobin in elastic properties of RBC is rather sec-
ondary. Nevertheless direct binding to membrane can at least partially influence
mechanical response function. On the other hand viscosity of intracellular fluid
are supposed to be strongly dependent on concentration and chemical structure
of hemoglobin. Elongating the RBC lead to a decrease in the internal volume of
cell and corresponding increase in hemoglobin concentration (due to the outflux
of water and solutes) [104,132]. This effect can be partially responsible for ob-
served viscosity increase at higher forces in microrheological studies. However
only one peak (at 1035 em~1) exhibit so huge changes, so structural deforma-
tion in addition to concentration effect is obvious. At this stage unambiguous
location of observed structural changes in RBC is quite difficult because Pheny-
lalanine (Phe) is an essential amino acid that is found in a variety of proteins.
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Figure 7.8: Raman spectra of a single RBC at 15 different stretches.

In RBC, it is found in hemoglobin as well as various membrane proteins e.g.
ankyrin, band3 proteins and spectrin. Although hemoglobin is considered to be
the main source of Raman signal we can not exclude contribution from proteins
embedded in membrane and cytoskeleton which presumably undergo maximum
deformation. Despite relatively low thickness of the membrane it is (in contrast
to internal cell fluids) directly exposed to excitation beam facilitating collection
of scattered light. Partial membrane protein contribution to signal might be
justified by the presence of strong peak at about 1035 cm ™! in Raman spectra
of erythrocyte ghosts [106]. In this context ankyrin which anchors cytoskele-
ton to membrane and spectrin which is responsible for cell’s elasticity seems to
be of particular interest. It was previously suggested that nonlinear mechani-
cal response of RBC can be explained by possible release of spectrin filament
from linker proteins (ankyrin) which then re-bond in a configuration of lower
stress [115]. Tt suggests that linker proteins and spectrin experience particularly
strong deformation just before the rupture of the most fragile bonds occur. This
model is in agreement with observed intensity changes at 1035¢m ™! (see inset
fig.7.8). In the region of low deformation (0-11%) the changes are negligible,
suggesting that small forces does not affect Phe structure yet. It is most likely
that at these forces spectrin rearranges itself without significant changes in its
chemical structure, bearing most of the forces. For medium deformation (11-
20%), the stress is high enough so that the spectrin network and the linker
proteins can undergo structural changes giving steep rise in the intensity. At
higher forces (>20%), the Raman signal saturates. This suggests that different
processes has to be involved to allow the cell to change shape. We believe that at
this point external stress starts to break the weakest bonds between membrane
proteins and spectrin (or cytoskeleton) which then re-bond in a configuration of
lower stress. We therefore tentatively propose that the changes in band at 1035
em~! is a powerful probe of interaction between membrane and cytoskeleton
during deformation.
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In this report we limit our consideration to the peaks whose changes with
perturbation can be easily distinguished from noise without using special (statis-
tical) data treatment. Future work will employ sophisticated analysis techniques
to reveal more subtle effects.

7.3 Conclusion

In conclusion, these studies show that single and two beads microrheolgy mea-
surements performed simultaneously for the same human erythrocyte yield sim-
ilar elastic stiffness suggesting that local and overall elastic properties of RBC
are comparable. The small differences between results obtained using these two
approaches can be justified by translational motions of RBC-beads system. Also
contribution of non-thermal noise can not be excluded but combination of pas-
sive and active rheology is required to investigate this matter further. Both, elas-
tic and dissipative components of cell stiffness increase with frequency and also
when external stress is applied. Direct linkage between observed mechanical re-
sponse and chemical structure of the cells was suggested. We found that stretch-
ing of the cell affects both haem and proteins bands but changes in proteins
structure are significantly stronger. This suggest that proteins in hemoglobin
and/or membrane (in particular spectrin and ankyrin) experience the strongest
deformation. The growth of imaginary part of stiffness with deformation can
be explained by additional dissipative processes associated with the increase of
hemoglobin concentration and perturbation of its chemical structure. Finally,
we confirmed nonlinear mechanical response of RBC which can be explained by
considering some structural reorganization in membrane-cytoskeleton system.
Combination of Raman and viscoelastic measurement allowed this model to be
proved on molecular level.



Mechanochemistry of single red blood
cells monitored using Raman tweezers

The primary role of red blood cells (RBCs) is redistribution of oxygen through-
out human body. This is possible due to characteristic structure, shape and
mechanical properties of the cells. Erythrocytes are built of lipid bilayer which
contains many transmembrane proteins and underlying cytoskeleton. It forms
flexible biconcave disks which consist mainly of hemoglobin but lacks a cell nu-
cleus and most organelles. Chemical content of RBCs provide a lot of useful
information about human health conditions. Therefore blood is one of the most
common sample submitted nowadays for medical diagnosis.

As described in previous chapter, in human body, erythrocytes adopt dif-
ferent squeezing/stretching states, hence mechanochemical processes associated
with deformation of RBCs have been of particular research interest. Since me-
chanical properties of RBCs can be affected by malaria, spherocytosis, ellipto-
cytosis or sickle cell anemia [95], mechanochemical studies of RBCs can give us
an in-depth understanding of these diseases.

However full understanding of mechanical response of RBC remains illu-
sive. There is therefore strong need to find crucial linkages between structure,
mechanical properties and functions of the cell. Understanding of molecular
origin of extraordinary mechanical flexibility or nonlinear response of single
cell requires more sophisticated experimental approach and extensive theoret-
ical simulations. In this context combination of optical tweezers with single
cell spectroscopy seems to be very promising. Linking spectroscopic techniques
with optical tweezers opens unique possibility to directly extract biochemical
information at single-cell level under controllable mechanical conditions. The
possibility of simultaneous use of external force and spectroscopic detection can
also provide direct insight into molecular changes caused by mechanical de-
formations. Here Raman spectroscopy is of particular interest because of its
extraordinary chemical resolution and relative simplicity. It yields rich, multi-
peaks vibrational spectra containing structural information about RBC’s basic
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constituents [106-110,126]. As previously demonstrated, Raman spectroscopy
combined with optical tweezers is extremely valuable tool for reliable estima-
tion of cell s vitality [133-137]. Sensitivity of this method is high enough for
identification and monitoring of changes in intra-cellular components induced
by cell stretching. In particular, direct evidences for deoxygenation of cells with
stretching was shown [104].

Most of Raman studies on RBC till now were performed with cells being
directly trapped with focused optical beam. This is not an ideal approach be-
cause of potential light induced damage within the trapping volume. Reducing
the power of trapping beam, as often recommended, leads to significant diminu-
tion of Raman signal-to-noise ratio and needs for extensive averaging at the
expense of single experiment acquisition time. In this case, external forces ap-
plied to cells using optical tweezers are also strongly reduced. This problem
can be avoided by attaching RBC to chemically functionalized microparticles
which might hold the cell during Raman experiment [115]. Although heating
via beads (size dependent process) or influence of scattered light still can not
be completely excluded, the risk of direct light-induced damage by trapping
beam is significantly reduced. It is therefore possible to perform very sensitive
experiments, at higher forces and lower noise, for longer time periods.

This chapter shows the results of Raman spectroscopy of a single red blood
cell which is gradually stretched using optically trapped beads attached to the
cell. Using this approach we extended our previous Raman measurements [104]
to many different RBC’s stretching states which require longer time for exper-
iment and more sophisticated analysis method. The applied force is intended
to simulate step-by-step deformation experienced by cells in normal conditions
(induced by blood flow) as they squeeze through microvasculature. To further
improve the sensitivity of the experiments and facilitate their interpretation, 2D
correlation and principal component analysis (PCA) techniques were applied.
The purpose of this work is to help unravel direct relationship between mechan-
ical deformation of RBC and chemical changes occurring in the cell structure
on molecular level.

8.1 Materials and methods

The experimental setup is described in details in section 4.1.1 of chapter 4. The
Raman excitation beam used in this case was 785 nm.

Raman spectra were recorded with a spectral resolution of 3 cm~! for 30
seconds at each acquisition. Measured Raman spectra were background sub-
tracted, normalized using Multiplicative Scatter Correction (MSC), smoothed
using smoothing spline technique [114] and median centered before performing
2D correlation and PCA. Analysis was done in Matlab platform.

The RBC sample and beads were prepared as described in section 4.3.2 of
chapter 4. Polystyrene beads were attached to a single RBC as follows: two
beads were trapped in the optical traps while RBC was held by the optical
trap generated by the Raman excitation beam. The two trapped beads were
carefully approached towards the diametrically opposite ends of RBC and the
connection of RBC with the beads was obtained in around 5-10 seconds. The
position of beads were then adjusted with the help of movable mirrors to make
sure that the excitation beam is hitting the edge of RBC. Cells were stretched
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Figure 8.1: 3D representation of Raman spectra of single RBC at 15 different
stretches. Inset shows microscope image of RBC, with the polystyrene beads
attached, at rest and stretched by 30 %.

by moving one of the trap. Measurements of Raman spectra were done on 15
different cells and most of them were found to behave in a similar fashion.

In order to get insight into spectral changes induced by cell deformation, in
particular those which are difficult to observe from direct visual inspection, we
used multivariate analysis [67] and 2D correlation [66]. Section 4.4.1 describes
the idea behind these two techniques.

Figure 8.1 shows a typical set of Raman spectra of single RBC collected in our
experiments. Raman signal at fifteen different stretches was measured to check
whether the changes happening in the structure are gradual or random in nature.
Raman spectra of RBC depend strongly on excitation wavelength [127,128]. One
of the advantage of 785 nm excitation (used in this work) is that bands associated
with proteins can be observed in addition to those associated with the porphyrin
macrocycle [110]. Presented Raman spectra are characteristic of single RBC and
for unstretched cell has been discussed in details in [110,126,127].

8.2 Results

Deformation was conventionally measured using image analysis by calculating
the distance between the beads which were attached to the diametrically oppo-
site ends of the cell. It was calculated in the following way: De formation(%) =
(AL/Lg) x 100 where, AL = L — Ly is the difference between stretched (L) and
relaxed (Lg) diameter of the cell.

It is clearly visible in Fig. 8.1, even without statistical processing, that
the stretching of the cell affects some Raman bands (see also color gradient
of the plot), in particular the bands centered at about 991 cm ™!, 1035 em ™!
and 1442 cm~!. 1035 cm ™! peak is associated with in-plane C'H, asymmetric
mode of vinyl substituent in porphyrin [110,126] and/or Phenylalanine (Phe)
[106,131]. The bands at 991 cm~! and 1442 em™! are assigned to v45/Phe and
CH,/CHjs in plane modes of haem, respectively [126]. As seen in Fig. 8.1,
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at low deformation the growth of the peaks at 1035 cm ™' and 1442 cm ™! is
negligible. They start to grow when the stretching is more than 10% and the
growth is saturated at higher cell deformations (above 20 %).
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Figure 8.2: PCA and 2D correlation analysis of measured Raman spec-
tra.Top:(a) Loading plot with threshold (dashed lines) estimated from experi-
mental noise analysis. The inset demonstrates data used to define the threshold.
(b) Scores plot showing overall intensity of all bands above the threshold with
increasing cell deformation. Bottom: 2D correlation analysis for whole mea-
sured spectral window (synchronous map (c¢) and asynchronous map (d)). Cross
correlation peaks can be seen in synchronous map indicating bands correlated
during stretching.

The most remarkable finding of our measurements - the extremely high sen-
sitivity of 1035 cm ™' peak to the cell extension - has not been reported yet.
It permits us to suggest the monitoring of this peak intensity as a marker to
characterize internal deformations in the cell in possible lab-on-a-chip applica-
tions. Other Raman bands also change with stretching, but their behavior was
revealed only using statistical techniques (see below).

8.3 Discussions

To obtain the dynamics of conformational changes we first performed the PCA
analysis using data in the whole spectral range (Fig. 8.2a). As can be seen
from the score plot, during small deformations of the cell (up to 10%), spectral
changes are negligible (see also Fig. 8.1). Hence the maximum intensity variation
of spectra obtained at five initial values of deformation may be used to estimate
a threshold to discard the peaks generated by the electronic and mechanical
noise and errors by numerical calculations. Then we can consider only those
Raman bands which are above this threshold.
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Figure 8.3: Statistical analysis for Raman band at 991 cm~!. Top: PCA
analysis (loading plot (a) and scores plot (b)). Bottom: Expanded view of 2D
correlation maps from Fig. 8.2 (synchronous map (c) and asynchronous map

(d))-

Hence to establish the threshold in the loadings plot we performed PCA
analysis of the Raman spectra obtained for the first five values of deformations.
Multiplying each data point on the scores plot gives us the intensity of the
corresponding spectra with respect to the median spectrum. The maximum
intensity was found to be around 40 units (inset of Fig. 8.2a) . To translate
this threshold (in intensity) to the loadings plot of complete set of spectra we
divided it by the highest value in the scores plot of Fig. 8.2b. The threshold
(£0.02 in loadings) was then used for further analysis.

We conclude that the loadings of the first principal component, which cap-
tures almost 80% of the total variance, is dominated by bands centered at 1083,
1196, 1484 and 1535cm ™! alongwith above mentioned bands at 991, 1035 and
1442 em~!. The former four bands can be assigned to 6(= CvH2)asym, Vs + V13,
v3 and v3g modes respectively [110,126,130].

These selected peaks are also consistent with the most prominent features
observed in the complementary technique, 2D correlation analysis, where strong
correlation between these bands is observed (Fig. 8.2c and Fig. 8.2d). Positions
of cross-correlation peaks in synchronous map is consistent with the PCA anal-
ysis. This confirms that this set of Raman bands is changing synchronously
with the cell stretching.

In order to characterize the intensity behavior of correlated bands with de-
formation, we performed the PCA analysis with the spectral windows reduced
to include the selected bands only. Resulting scores plots are intended to mimic
the band intensity behavior of single band with stretching. In a way, PCA acts
as a fitting that permit us to monitor the selected Raman bands even when
the spectra are noisy and without easily distinguishable features. Results for
bands at 991, 1035, 1083 and 1196 cm ™! are shown separately in Fig. 8.3b,
8.4b, 8.5b and 8.6b, respectively, where we can see that all the bands exhibit
similar tendency with the cell stretching. If the cell is deformed less than 10%,
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Figure 8.4: Statistical analysis of Raman band at 1035 cm~!. Top: PCA
analysis (loading plot (a) and scores plot (b)). Bottom: Expanded view of 2D
correlation maps from Fig. 8.2 (synchronous map (c) and asynchronous map

(d))-

these bands exhibit almost constant Raman intensity. Higher mechanical forces
lead to almost linear increase (or decrease) dependence with stretching. This
behavior is observed up to about 20% of cell deformation. Finally, the bands
saturated for deformations exceeding 20%.

However, the bands at 991 and 1535 ¢m ™! showed inverse behavior with
increased deformation i.e their intensity decreased in the deformation range of
10-20% and saturated above 20% (see, for example, data shown for 991 cm~!
band in Fig. 8.3) .

To study the dynamics of band’s position and their shapes we took advan-
tage of 2D correlation method. We performed the 2D correlation analysis with
the deformation as the external parameter. Figures 8.3, 8.4, 8.5 and 8.6 show 2D
maps for the individual bands. Similar trends for some group of peaks are clearly
visible. In particular, bands 1196 cm~! and 1442 em ™! (data not shown) show
similar patterns in synchronous and asynchronous maps. In the asynchronous
map we observe a characteristic pattern for band broadenings formed by four
lobes in a cross-like shape. It can also be seen that this pattern is a bit asym-
metric. This is caused by the small shift of the Raman band maxima to higher
wavenumbers. At 1035 cm ™! we observe a similar pattern but with opposite
signs in asynchronous maps indicating that this band is narrowing and shifting
to smaller wavenumbers with stretching. Bands at 991 and 1535 cm ™' also
have the same cross-like shape but they are decreasing in intensity (see example
data shown for 991 em ™! band, Fig. 8.3). Simulation of their behavior suggest
that 991 em ™! band is broadening and shifting to lower wavenumbers and 1535
em ™! band (data not shown) is broadening and shifting to higher wavenumbers.
A different pattern was observed for 1085 ¢m ™! band which exhibits two lobes
at both parts of the diagonal in asynchronous map (Fig. 8.5). This indicates
that the width of the band remains the same but a shift to lower wavenumbers
occurs. All observed peak frequency shifts are rather small and do not exceed
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Figure 8.5: Statistical analysis for Raman band at 1083 cm~!. Top: PCA
analysis (loading plot (a) and scores plot (b)). Bottom: Expanded view of 2D
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5 em™!, close to the spectrometer resolution.

The main constituents of RBC are: hemoglobin and cytoskeleton (includ-
ing spectrin), all surrounded by thin membrane with many embedded proteins.
That is why vibrational spectra consist mainly of bands characteristic of por-
phyrin macrocycle and various proteins. The shape of cells is preserved by spec-
trin network and ankyrin proteins which anchors cytoskeleton to membrane. It
has also been shown that about 10 hemoglobins per cell are strongly bound to
the inner wall of RBC membrane with possible intercalation [124,125]. Stretch-
ing of the cell is expected to affect mostly membrane and cytoskeleton, which
absorb most of the forces, and also hemoglobins, in particular those which are
bounded. Raman excitation close to the edge of RBC allowed us to get signals
from the above mentioned cell’s regions which undergoes maximum deformation.

The statistical analysis, in particular scores plots, clearly shows that the
behavior of most of the bands is quite similar: their intensity remains almost
unaffected at low cell deformations and rapid changes occur at intermediate
forces which is followed by band saturation at highest deformation achieved
in the experiments. Most of these bands can be associated with different vi-
brational modes in hemoglobin. It indicates that RBC’s chemical structure is
strongly perturbed by deformation. Such activation/deactivation of selected
Raman transitions can be caused by significant changes in molecular symme-
try induced by deformation. Although the role of hemoglobin in maintaining
the shape of the cell is rather secondary we believe that via direct binding to
membrane it acts as an important probe of membrane/cytoskeleton interaction.

Raman measurements were performed using 785 nm excitation beam which
is slightly absorbed by hemoglobin. Hence resonant enhancement of some Ra-
man bands has to be considered as another possible mechanism. To the best
of our knowledge, absorption measurements of single red blood cell at different
stretching states has not been performed yet. Nevertheless electronic struc-
ture of hemoglobin is expected to change with cell deformation, at least via
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deoxygenation [104,138]. This should lead to the changes in RBC’s absorption
spectrum, in particular, the absorption grows at 785 nm [138]. In general Ra-
man spectra excited at 785 nm show strong enhancement of the B;, modes and
the vinyl modes [110]. Therefore expected increase of absorption (at 785 nm)
with stretching should further enhance all above mentioned modes almost pro-
portionally. However our data clearly shows that intensities of some modes (in
particular 1035 em™!) grow much stronger with stretching than the others so
this hypothesis appears to break down. Another effect which is expected to af-
fect proportionally all measured Raman intensities is connected with hemoglobin
concentration in the cell. Elongating the RBC decreases the internal volume of
cell and leads to the corresponding increase in hemoglobin concentration [104].
This effect should not only promote Raman intensities at all wavenumber but
also neighbor-neighbor interaction between hemoglobins. Such enhanced inter-
action can be partially responsible for observed broadening of the peaks at 1196
and 1442 em~!. Nevertheless hemoglobin concentration effect alone can not
fully explain observed behavior of Raman bands and we have to consider sig-
nificant structural changes caused by mechanical deformation. Exact nature of
structural changes in RBC are not straight forward to determine mainly be-
cause Phenylalanine (Phe), which is an essential amino acid that can be found
not only in hemoglobin but also in various membrane proteins e.g. ankyrin,
band3 proteins and spectrin [139]. Although hemoglobin is most likely the
main source of Raman signal perturbation, we can not completely exclude con-
tributions from proteins embedded in membrane and cytoskeleton which bears
most of the forces during deformation. Direct exposure of membrane to Ra-
man excitation beam is supposed to enhance total scattering probability from
it. Interestingly, in Raman studies of RBC ghost [106], strong peak at about
1035 cm ™! was also observed which might suggest partial membrane contribu-
tion in our data. From many membrane proteins it is ankyrin which anchors
cytoskeleton to membrane and that is why this protein together with spectrin
presumably undergoes maximum deformation.

Taking into account all the above mentioned aspects, the behavior of Ra-
man bands intensities as a function of applied deformation can be tentatively
explained as follows: we suppose that at low deformation, where bands intensi-
ties remain almost constant (within experimental error), spectrin bears most of
the forces and rearranges itself without significant changes in its primary chem-
ical structure. It is likely that in this range of deformation, structural changes
might occur in its higher order structure. At intermediate deformation range
(10-20%), the stress is high enough and can leads to significant structural per-
turbation of linker proteins, spectrin network as well as hemoglobin attached to
membrane leading to significant changes in Raman bands intensities. In order
to explain observed behavior of Raman transitions at higher deformation (where
bands intensity growth saturates), we need to consider the origin of mechanical
nonlinearity of red blood cells. It was proposed that nonlinear response of cell
can originate from the possible release of spectrin filament from linker proteins
(ankyrin) which then re-bond in a configuration of lower stress [113,115]. We
believe that observed saturation of the peaks correspond to filament release from
the linkers. This process is followed by creation of new bonds but in a configu-
ration of similar or even lower stress. Behavior of all the bands discussed here
are consistent in a way that they remain constant up to 10% cell deformation,
increase (or decrease) in intermediate deformation range, then saturates for a
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Figure 8.6: Statistical analysis for Raman band at 1196 cm~!. Top: PCA
analysis (loading plot (a) and scores plot (b)). Bottom: Expanded view of 2D
correlation maps from Fig. 8.2 (synchronous map (c) and asynchronous map

(d))-

small region and finally decrease (or increase) slightly at higher deformation
(above~25%).

8.4 Conclusion

We have presented Raman spectra of RBC in relaxed and at various stretching
states and discussed the spectral changes induced in RBC by mechanical de-
formation. Statistical techniques, such as principal component analysis (PCA)
and 2D correlation spectroscopy were applied to facilitate detailed analysis of
spectral changes. Mechanical deformation of cell mainly affects the bands corre-
sponding to hemoglobin but contribution from spectrin and membrane proteins
can not be excluded. While Raman intensity changes with deformation were
provided by both - 2D contour maps as well as PCA, other spectral details such
as band broadening and shifting were extracted from the 2D correlation analy-
sis. We found that most of the affected bands show similar intensity behavior
with stretching. The saturation of bands at higher deformations suggests some
structural relaxation that RBC has to undergo to bear extra load. The results
confirm widely accepted belief that spectrin release from membrane proteins
allows for significant shape changes of red blood cells. We therefore tentatively
suggest that interaction between membrane and cytoskeleton during deforma-
tion can be efficiently probed by confocal Raman spectroscopy, in particular via
the peak around 1035 cm 1.



Frequency dependent cross-correlated
studies of single DNA mechanics using
optical tweezers

Deoxyribonucleic acid (DNA) is a vastly studied biopolymer. DNA studies are
not only interesting in prospect for understanding important biological pro-
cesses such as DNA-protein interactions but it is also a perfect system to model
semiflexible polymers under hydrodynamic interactions.

DNA exists in many forms, out of which double-stranded, B-form DNA
is the most common and is found in most of the living beings. The double
helix provides bending and twisting rigidity and the phosphate group provides
the negative charge to the molecule. At the monomer scale, DNA acts as a
very stiff material, thus it is called as semiflexible polymer. DNA, like many
other polymers, adopts a random coil conformation in a solution to increase
its entropy. The entropic force plays an important role in most of the cellular
functions, thus its experimental characterization is being explored widely [86].
At physiological conditions, the entropic force exists up to 10pN [16] and is well
described by worm like chain (WLC) model. Pulling DNA decreases its entropy
at the expense of energy. Elasticity of DNA in this region is thus purely entropic
in nature. Between 10 and 65 pN, the force on DNA increases rapidly with
stretching as DNA resists further extension. This region falls under “enthalpic
elasticity”. Finally at around 65 pN, the molecule enters overstretching regime
as its length is increased 1.7 times without much change in the force.

The dynamics of partially extended DNA has been studied previously [2,
4,140], but its detailed understanding is still a subject of interest. It’s widely
believed that DNA goes from a “non-free draining state” to a “free draining”
state as it is stretched [140]. The physics of these effects depend mainly on
hydrodynamic interactions and entropic force. DNA is double helical due to
hydrophobic interactions. Helical structure minimizes the accessible space be-
tween consecutive base pairs, and therefore avoid the contact of the bases with
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water molecule. Internal hydrodynamic interaction increases the polymer fric-
tion coefficient as the DNA is stretched, causing a decrease in DNA relaxation
time [140]. As the polymer is stretched, distinct relaxation times and spring
constants are introduced due to symmetry breaking for the longitudinal and
transverse directions. Nonlinear spring constant and anisotropic friction coeffi-
cient plays an important role in polymer dynamics [2]. Recently we showed the
contribution of colored noises in DNA, when it is extended [141].

Single molecule force spectroscopy has brought new insights into various
DNA biological functions and relationship between hydrodynamic and entropic
interactions in light of an extended polymer [2-4,86,142]. It still remain unclear
regarding DNA’s response in medium in which it is embedded in low force regime
where entropy is prominent. The DNA molecule undergoes critical biological
functions such as transcription, replication and other molecular motor-driven
processes. During these processes, it is believed that the DNA strand under-
goes numerous mechanical folding and relaxation events that calls for better
understanding of how DNA responds to forces.

Here we present an experimental approach that simultaneously measures
DNA’s viscoelastic response, its cross-correlation spectrum and its complex
stiffness. The approach we use is an optical-trap based two particle passive
microrheology (PMR) [12,54] which can be done by tracking thermal fluctua-
tions of both trapped beads simultaneously. Brownian motion of the trapped
bead limits the time resolution of the measurement of single bead and can be
used only for picoNewton force resolution. Also, single bead rheology just gives
the local response function of the system. Benefit of using two beads PMR
is that we can probe the whole system. The cross-correlated measurement re-
duces the noise factor from thermal fluctuation of individual beads. Brownian
motion is a stochastic process with no memory. Hence the fluctuation of the two
trapped beads are independent of each other. Hence, any correlation that exists
between the two beads is due to the molecule with which they are attached.
Thus, the cross correlation between the two beads can give high temporal and
force resolution of the molecule [2].

We studied the behavior of eight DNA molecule from relaxed state to var-
ious incremental force (stretch) and computed the inter-particle complex re-
sponse function, complex stiffness and cross-spectral density (CSD) at each
force/stretch.

9.1 Materials and methods

The studied molecule was a double stranded \-DNA of 24 Kbp which was ob-
tained by digesting 48 Kbp E. Coli DNA (New England Biolabs). The digested
DNA was synthesized at both ends with biotin-digoxigenin to connect with
streptavidin (1.87um) and anti-digoxigenin (3.15um) coated polystyrene beads
(Spherptech) respectively as elaborated in Appendix A.2.

The microrheology set-up and the process for making DNA-bead construct
has been described in details in chapter 4.
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9.1.1 Data analysis method

Detailed theoretical description of two probe microrheology has been described
in chapter 3 and the methodology implemented here is very similar to as pro-
posed in chapter 7. Fluctuations of two particles (without and with DNA in
between) were recorded simultaneously with sampling frequency of 20 kHz for
2 minutes. From this data, the DC component was removed and noise-reduced
power spectral density (PSD) was computed by averaging together the power
spectra of short segments of the filtered data [117]. In order to further reduce
noise, randomly distributed points in log scale were obtained and above men-
tioned calculations for both PSD and CSD spectra were log-binned [118] before
response functions were obtained. Data were processed using Igor 6.2 program
(Wavemetrics).

In order to monitor the actual length of DNA and to make appropriate
correction for a trap, the distance between trapped particles must be known.
The distance between two particles were calculated using image analysis and
the a priori knowledge of beads diameter.

Trap stiffness measurement and calibration of both traps were achieved using
the method described in section 1.2 of chapter 1. Calibration factor used for
DNA measurements was corrected for changes in position detector sum signal
by multiplying it with the ratio of corresponding sum values. Knowing stiffness
of the traps, the force can be easily determined by multiplying it by particle
displacement. In this work force was calculated based on displacement of bead
in fixed (right) trap.

Hydrodynamic drag v strongly depends on the distance of particle from the
surface. Although all measurements were done well above the surface, data was
corrected for drag effect using Eq. (7.2). The data were recorded at distance
(h) of about 20 um from the surface.

In order to monitor the actual length of DNA and to make appropriate
correction for a trap, the distance between trapped beads must be known. It
was calculated using image analysis and a priori knowledge of beads diameter.
Stretched length was conventionally calculated as: Stretching(%) = LLO x 100,
where Ly and L are the DNA contour length and the length to which DNA is
pulled, respectively.

9.2 Results and discussion

Measurements with DNA were preceded by calibration of the system, which was
done using exactly the same beads, later attached to DNA.

Power spectral density of bead fluctuations (3.15 pm, right trap) in the ab-
sence of DNA is shown in figure 9.1. Spectra were satisfactory fitted using simple
Lorentzian formula (equation (1.8)) yielding corner frequencies equal to 296 Hz
and 176 Hz corresponding to trap stiffnesses 32.74pN/um and 32.73pN/pm, for
left (1.87 pm bead) and right (3.15 wm bead) traps, respectively.

Passive microrheology measurements of single DNA molecule were done
at seven different stretchings, namely: DNA at rest (without external force,
stretched to 72.7%), and the DNA stretched to 85.8% (1.86 pN), 90.9% (6.44
pN), 91.86% (8.72 pN), 93.5% (13.01pN) and 94.3% (16 pN) respectively. We
have discussed earlier in details the changes in PSD of single DNA when it is
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Figure 9.1: Power spectrum density obtained in the absence of DNA (gray
curve) is fitted with Lorentzian function (black line) and used for calibration
purposes as described in the text. Inset shows the images of constructed system
taken by the microscope camera.

stretched [141]. The main aim of this work was to correlate the changes in
PSD with the noise of the system. We observed similar trends in our PSD mea-
surements - an overall decrease in the power of the signal and deviation of the
shape from Lorentzian, as DNA is stretched. This indicates nonzero contribu-
tion of elastic component which grows with strain. Current work concentrates
in studying the frequency dependent dynamical properties of DNA’s rheological
properties using a cross-correlated measurement.

Figure 9.2 shows the cross-correlation of the position fluctuation of two beads
in the absence and presence of DNA and at different stretches. The beads
solely coupled via hydrodynamic interactions have a characteristic time delayed
dip suggesting anticorrelated motion [143]. When no force is applied on the
DNA molecule, the cross-correlated fluctuations still show the anticorrelated
motion, suggesting hydrodynamic interaction dominates at low stretches. At
higher forces, the beads move together in a highly correlated fashion, indicating
stiffness of DNA. At a force of 16 pN, the cross-correlated fluctuation displays
exponential decay in motion. The stretching of the DNA causes suppression of
anticorrelated motion with expected increase of storage moduli. Hydrodynamic
coupling of the trapped beads contributes an additional fast-decaying term to
the correlation function [143]. Multiplying the cross-correlated motion with
respective trap stiffness can give us the measure of force fluctuation across the
DNA as calculated by [2].

Fourier transform of cross-correlation displacement of particles will give us
cross-spectral density (CSD) which can be used to calculate the inter-particle
response function and complex stiffness of the DNA.

Fig. 9.3 shows the real and imaginary part of measured response function
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Figure 9.2: Cross-correlated fluctuation in the absence (black up triangle ,r =
6.25um) and presence of DNA at different stretches: red square - the DNA at
rest(72.7%), light blue circle - the DNA stretched to 85.8%, light green diamond
- the DNA stretched by 90.9%, dark blue cross - the DNA stretched by 91.86%,
pink right triangle - the DNA stretched to 93.5%, brown bottom triangle - the
DNA stretched to 94.3%.

(RF). Both real and imaginary parts significantly increase over wide frequency
range when DNA is stretched. For beads without DNA in between and for the
relaxed state of DNA, frequency dependent anticorrelation in imaginary part of
RF is due the domination of trap at lower frequency. At high frequencies, the
viscous drag is dominant so that the RF is independent of trap power. Once the
DNA is stretched, the stiffness of DNA is the most important governing factor,
as was evident from cross-correlated fluctuation as well.

Role of hydrodynamic interaction in this system cannot be ignored. Al-
though it has been suggested that the presence of DNA shields hydrodynamic
interaction by 60% [2], suggesting the dominance of DNA in dictating the me-
chanics of beads in optical traps. Pure hydrodynamic interaction depends on the
distance between two beads and should decrease for longer distances as 1/r [122]
(higher stretching state). With DNA we observe exactly opposite behavior in-
dicating that interparticle response is dominated by properties of DNA. Taking
this fact into account hydrodynamic coupling was neglected in calculations. It
means that calculated stiffness will contain interaction through both, DNA and
surrounding solution.

9.2.1 Stiffness of the DNA

Interparticle response functions from Fig. 9.3 was corrected for the presence
of traps, giving medium response function from which stiffness of the system
(K) can be obtained by simple inversion. For calculations of trap-corrected
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Figure 9.3: Real (a) and Imaginary (b) part of apparent interparticle response
function in the absence (black up triangle) and presence of DNA at different
stretches: red square - the DNA at rest(72.7%), light blue circle - the DNA
stretched to 85.8%, light green diamond - the DNA stretched by 90.9%, dark blue
cross - the DNA stretched by 91.86%, pink right triangle - the DNA stretched
to 93.5%, brown bottom triangle - the DNA stretched to 94.3%

(medium) response function, the trap stiffnesses obtained from the corner fre-
quencies of the autocorrelation spectra measured for exactly the same particles
were used.

DNA elasticity depends on various parameters, such as base pair stability as
a function of ionic strength, interphosphate stretching, electrostatic interaction
and so on. Fortunately to describe the flexibility of DNA it’s local properties are
not needed, but through coarse graining considerations approximations about
the global properties can be made as long as we concentrate on DNA much larger
than it’s persistence length (I,) [144]. For a very small force ~ kgT/l,, the
DNA force extension relation is linear, but for higher forces the effect becomes
nonlinear in nature [87,145]. The forces applied to DNA in our case is > kgT'/l,,
hence we should expect nonlinear behavior in the DNA stiffness. This effect has
also been noted in previous studies [2,87,140].

The real (elastic) and imaginary (dissipative) parts of the calculated stiffness
(K) are presented in Fig. 9.4a and Fig. 9.4b, respectively. PBS is purely
viscous so only imaginary part of stiffness is plotted for beads without DNA
in between. It is clearly visible that the real part of stiffness increases with
the force indicative of nonlinear behavior of DNA as predicted by [2]. The
increase in stiffness becomes more pronounced as the force goes to higher limits.
Its interesting to see that at lower forces (in entropic regime), the stiffness is
almost constant over complete frequency range at a given stretch. But above
entropic force frequency dependent behavior of stiffness is visible. The stiffness
remains constant at low frequency (~10 Hz) and then increases slowly with
frequency. The slope becomes steeper as we approach higher forces. Solvent
on its own lacks in elastic component, so the measured real part of stiffness is
mainly associated with the DNA itself.

In contrast, dissipative part (Fig. 9.4b) is expected to reflect viscosity of both
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Figure 9.4: (a) Real part of the complex stiffness (K) as a function of frequency
at various stretches of DNA. Data for beads with DNA is not shown as PBS acts
as a purely viscous medium. (b) Imaginary part of the complex stiffness in the
absence and presence of DNA: black up triangle - without DNA, red square - the
DNA at rest(72.7%), light blue circle - the DNA stretched to 85.8%, light green
diamond - the DNA stretched by 90.9%, dark blue cross - the DNA stretched
by 91.86%, pink right triangle - the DNA stretched to 93.5%, brown bottom
triangle - the DNA stretched to 94.3%. Complex stiffness was calculated using
response functions corrected for the presence of two traps.

PBS and the DNA. Imaginary part of stiffness grows linearly with frequency as
shown in Fig. 9.4b. Interestingly, the dissipative part of DNA does not change
by any noticeable amount for forces in the entropic range. For no DNA in
between and for DNA in the relaxed state, the dissipative part almost overlaps
with each other. Above the entropic regime though, the dissipative part starts
to decrease. This effect indicates that at higher stretches, coupling of beads is
dominated by DNA and the effect of hydrodynamic interaction decreases, as is
also evident from cross-correlation function. This effect is expected as at higher
stretches, DNA behaves like a thin rod with high elasticity. Nevertheless, it is
not straightforward to deduce the effect of DNA from hydrodynamic interaction.

9.3 Conclusion

These studies show that two beads microrheology measurements performed on
single DNA demonstrates a strong dependence of DNA mechanical properties
on frequency. Cross-correlation measurement of bead fluctuations in absence
as well as presence of DNA was calculated and showed to match with previous
results. The cross-correlation function along with real part of response function
shows a predominant elastic behavior of DNA at a stretching of ~85%. The
power spectral density shows an increase in energy of the system with stretch-
ing, implying an increase in the elasticity of the system. When there is no
force acting on the DNA molecule, then almost all it’s mechanical properties
(PSD, cross-correlation, response function) compares with that of beads with-
out DNA in between. DNA elasticity shows a strong nonlinearity as it increases
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with stretching. The elastic component has neglegible frequency dependence for
forces below entropic regime but shows a increase in elasticty with frequency
at higher forces. The dissipative component of DNA stiffness increases with
frequency but decreases when external force above entropic regime is applied.
Similar frequency dependent mechanical studies of single DNA at higher forces
and in overstretching region can open a new window of understanding.
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Conclusions

Since the advent of single molecule techniques such as optical tweezers, atomic
force microscope, magnetic tweezers etc, mechanical studies of single cells and
biomolecules have taken an unprecedented boost. Later the combination of
spectroscopic techniques such as Raman spectroscopy, opened new horizons in
understanding the single biomolecules and cells at the molecular level. But till
now there has been a gap in taking full advantage of these techniques. Not much
work has been accomplished in the direction of combining mechanical deforma-
tion with spectroscopic techniques. This thesis is a step towards combining the
two techniques within one system. Thus, correlating mechanical forces mea-
surements with monitoring of structural information and chemical processes
provides an ideal method for revealing new insights that either of the technique
alone would not be able to provide.

We have demonstrated the importance of frequency dependent mechanical
studies of single RBC and single DNA. Till now static studies on both these
biosystems have been performed extensively, but not much is known about the
dynamic properties in extended frequency range. We have found that both DNA
and RBC exhibit nonlinear properties when the force applied to them exceeds
a certain minimum level.

Raman spectra of single red blood cells have been previously demonstrated
but most of these studies were done by trapping the cell directly in the beam
focus. Ideally, this is not a non-invasive technique as cells in beam focus can
undergo heating as well as photodegradation. We successfully demonstrated
Raman signal from RBC at different stretches, trapped in dual trap optical
tweezers, using 3 um polystyrene beads as handles to manipulate the cell. This
configuration allowed us to take measurements for longer periods time and for
larger forces, both virtues would be inaccessible if the cell was trapped directly
in the beam focus. We were able to relate the nonlinear phenomena observed in
case of microrheology with the molecular changes observed in Raman spectra
of RBC.

We have, for the first time, shown Raman signal from single dsDNA molecule
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in physiological condition. This was made possible by using SERS effect to en-
hance the Raman signal. Our work demonstrates an impactful methodology that
adds a new dimension to the single molecule force spectroscopy field. SERS al-
lows detection of single molecules without tags attached to it while interrogating
the system at the bond level.

To summarize, following are the results that I have achieved in my thesis:

e We have shown the possibility of taking Raman spectra from a single
dsDNA molecule in physiological conditions, using SERS technique.

e We went a step forward by detecting the Raman signal from a single
dsDNA at different mechanical loads. We found that the phosphate back-
bone undergoes some structural rearrangements even in entropic force
regime.

e Mechanical response of single RBC at various incremental steps was stud-
ied and the results were complemented by simultaneous Raman measure-
ments. We were able to show a connection between RBC’s nonlinearity
with changes in molecular conformation.

e We exploited statistical techniques, such as 2d correlation spectroscopy
and principal component analysis, to get an in-depth information from
Raman signal.

e Frequency dependent cross-correlation measurements were conducted on
single DNA molecule. The results show an onset of nonlinearity near the
entropic force regime.

Mechanical deformation of single biosystem, complimented by Raman spec-
troscopy is a very powerful technique and can open new windows of under-
standing the changes happening inside cells and biomolecules at the molecular
level.
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Here I am going to present the protocol that we implemented in obtaining the
DNA molecule of desired length and with biotin and digoxigenin tags attached
to it’s opposite ends via polymerase chain reaction (PCR). For all the purposes
water means miliQ) water and all the eppendorfs used were autoclaved.

A.1 PCR protocol for amplifying DNA

This protocol was used to amplify a A-DNA molecule of 12kbp in length. Fol-
lowing are the list of chemicals used for this purpose:

dCTP (Roche, 11051458001), dGTP (Roche, 11051466001), dTTP (Roche,
11051482001), dATP (Roche, 11051440001); PCR system enzyme mix (Taq) and
PCR buffer 2 (Roche, Expand high fidelity PCR system); biotin (Invitrogen),
digoxigenin (TIB MOL BIOL); DNA marker (Invitrogen, Trackit, A-DNA /Hind
III fragments, 10488-064); TAE buffer (Sigma, T9650); agarose (Conda, 8016);
Ethidium Bromide; DNA purification kit (GE, illustra GFX PCR DNA and gel
band purification kit, 28-9034-70). Raw DNA sample was obtained from Prof.
Llagostera group in Universitat Autonoma de Barcelona.

The PCR process can be divided into two parts and usually spans over two
days. In first part, the necessary chemical are mixed together to form a PCR
mixture and then put in the PCR machine (Labnet, Multi Gene II) for overnight
reaction. It is recommended to carry out the first step in the evening, so that
the PCR mixture does not sit in the machine for a long time. Before mixing the
chemicals together, it is always better to make aliquots of them. Making aliquots
serve two purposes: it protects the stock sample from getting contaminated and
it avoids the continuous thawing and freezing of stock, which is not considered
good for chemical stability. To make aliquots:

e 460 ul of water + 10 pl each of dGTP, dATP, dTTP, dCTP together.
From now onwards we will call this mixture as ANTP.
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25 ul of PCR buffer 2 from stock.
5 ul of Oligo’s to 45 ul water.

10 ul of enzyme (Tag) from stock.

All the above aliquots are kept at -20 °C. They should be taken out of the
freezer and thawed properly just before using them. Its better to shake them a
bit so that the solution becomes homogeneous. To make the PCR mixture, all
the chemicals are mixed in the following fashion in an eppendorf kept on ice (or
ice tray):

170 pl of water

25 pul PCR buffer 2
25 pl ANTP mixture
12.5 ul Biotin

12.5 ul Digoxigenin

10 ul of enzyme (Taq). The enzyme is mixed at the end as it is most
vulnerable to contamination

1 ul of DNA for every 110 pl of PCR solution. So in this case total DNA
volume required would be 2.5 pl.

Above mixture is spun for 30 seconds at 2000 rpm and divided in aliquots
of 50 ul before putting into PCR machine. The PCR machine was programmed
to follow the steps in following sequence:

94 °C - 2 min

94 °C-30s,52°C-30s,68 °C - 10 min - 10 cycles

94 °C-30s,52°C-30s, 68 °C - 10 min+5 s/cycle - 20 cycles
72 °C - 7 min

Hold - 4 °C

The mixture is left overnight in PCR machine. Next day morning, before
switching off the machine, preparation for DNA purification should be done.
The purification has two steps - recognizing and separating the 12 kbp band
from other band and purifying it. Recognition is done by the process known as
agarose-gel electrophoresis. It is process in which various strands are separated
by the application of electric field. The steps to carry agarose-gel electrophoresis
is as follows:

Making agarose gel: For 14kb - 0.6% agarose is used. 0.6 mg agarose
powder to 100 ml of TAE buffer. Our electropheresis tray uses 70 ml.

Heat agarose solution in microwave until powder is dissolved.
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The electrophoresis system comes with small tray which is open at the
opposite ends. Use tape to block in sides of tray to hold agarose gel
solution.

The system also has a comb with uniformly spaced tooth to create uniform
holes in the agarose gel. Use tape to create proper sized holes depending
on volumes of PCR solution. Put comb in tray about 5 mm above tray
surface.

Wait for agarose to cool until steam stops and then add 5 ul of ethidium
bromide for every 100 ml of agarose solution. It is important to see that no
steam is coming out of agarose gel, so that ethidium bromide (a mutagenic
reagent) does not spread in the room as vapor. Mix and immediately pour
in to tray.

The agarose gel should solidify in 30-45 minutes. In the meanwhile we can
prepare the PCR solution for agarose-gel electrophresis. Following steps are
taken for this purpose:

Remove eppendorfs from PCR machine. PCR solution eppendorfs can be
handled in normal temperature trays.

Combine all the mixture into one eppendorf. The final amount should be
250 pl amounts.

Add load buffer from stock 1:10 (buffer:PCR solution) to the PCR product

Remove tape after the agarose gel is solidified. Then carefully remove the
comb.

Put this tray in the electrophoresis unit with electrodes. Fill with TAE
buffer until gel is completely covered by liquid.

Place the black blocks, supplied with electrophoresis equipment, beneath
the gel in order to see the holes.

Add 10 pl of DNA marker solution in the small hole generated by comb
in the agarose gel.

Add all of PCR solution to the big holes. Remember PCR mixture is
placed at negative end of tray.

Set power supply to 90V constant voltage. Push start on power supply
and check for bubbles on black electrode to ensure current is running.

After ~ 45 minutes lines should separate enough for distinguishing the
bands. Final output in UV light looks like Fig. A.1.

Locate 12kbp band based on marker band positions. Usually it is the most
intense band in the gel.

Cut the lines out of the gel and place in to eppendorf. Measure the weight
of gel that has been cut out. Remember not to put more than 700 mg of
gel in one eppendorf as it can create problem during gel purification.
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DNA marker
bahd 12kbp band

Figure A.1: DNA bands seen after agarose-gel electrophoresis under UV light.

The gel purification is carried out using GE get purification kit and the steps
are followed as exactly described in the protocol. Once the gel is purified, the
DNA is eluted in 50 pl of water. For this purpose, the filter column containing
DNA after purification is placed on a new eppendorf and 50 pl is added to
it. The sample is then allowed to sit for 60 seconds and then centrifuged at
maximum speed for 45 seconds. Save the water obtained after centrifuge as it
contains the purified DNA. To maximize the quantity of DNA obtained, next
we can repeat the elution process on another new eppendorf with 30 ul of water.
First elution gives the maximum density of DNA.

A.2 DNA preparation through digestion of -DNA

In this protocol some modifications is done to the commercially available \-
phage DNA to be able to manipulate it with the optical tweezers. This chain of
modifications, whose final objective is to label one end of the DNA with biotins
and the other end with digoxigenins, is explained in this section. The first
step of the process is to reduce the size of the experimental molecule through
a digestion as the A-DNA has a contour length of 17.2 pym, which is very big
as per the convenience of carrying out the experiments. The list of chemicals
required in this case are as follows:

A-DNA (methyl free, New England Biolabs); Millipore filters; QIAquick
Nucleotide removal kit; Biotin-16-dUTP (Roche11093070910); DIG Oligonu-
cleotide tailing kit 2nd Generation (Roche, Ref: 03353583910); T4 DNA lig-
ase (Roche, Ref: 10481220001); Xbal (Roche, Ref: 10674257001); Wizard
DNA clean-up system (Promega, Cat: A7280); Sodium Azide (Scharlau; Cat:
S00091); BSA (New England Biolabs, Cat: B9001S); NE buffer 2 (New Eng-
land Biolabs, Cat: B7002S); T4 Polynucleotide Kinase (New England Biolabs,
Cat: M0201S); ATP (New England Biolabs, Cat: P0756S); EDTA (Sigma, Cat:
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E9884 - 500G); TRIS (Sigma, Cat: T1503-500G); Oligos SOC-LE (Custom

orderer from Sigma, Sequence:); Oligos Xbal50 (Custom orderer from Sigma,

Sequence: ); Oligos Xbal5D (Custom orderer from Sigma, Sequence: ).
SOC-LE, Xbal50 and Xbal5D has following sequence respectively:

¢ - AGGTCGCCGCCCAAAAAAAAAAAA-Y
e 5’-CTAGACCCGGGCTCGAGGATCCCC-3’
¢ 5’-GGGGATCCTCGAGCCCGGGT-3’

A.2.1 M-phage DNA Digestion

As stated, we need to cut DNA into two smaller fragments as the contour length
is too big for comfort. In this section I will describe how to carry out digestion
of 10 pug of DNA. For the digestion of 10 ug of DNA at a total volume of 400
1l we have mixed the chemicals in following steps in an eppendorf:

e 330 ul of miliQ water.
e 20 ul of A-DNA at 500 pg/ml

e 40 pul of NE Buffer2 at 10X (1X: 50 mM NaCl, 10mM Tris HC1, 10 mM
MgCly, 1mM DTT, pH 7.9 at 25 °C)

e 4 ul of BSA protein at 100X (1X:100 pg/ml)

e 6 ul of Xbal restriction enzyme at 20,000U /ml ( 1 U digests 1 ug of A-DNA
in 1 hour in a total volume of 50 ul at 37 °C)

After gently mixing and centrifugation the solution is incubated in water
bath at 37 °C for 4 hours. After incubation, the solution is purified using the
WIZARD DNA clean-up system kit (Promega) in order to isolate the digested
DNA.

A.2.2 Preparation of the oligonucleotides

In order to attach the biotins and digoxigenins to the DNA we prepared two sin-
gle stranded oligonucleotides complementary to the cohesive ends of the digested
DNA.

Oligonucleotide SOC-LE (Digoxigenins)

For the tailing with digoxigenins of IO0pmol of the oligonucleotide SOC-LE we
have used the reagents in following steps:

o 8 ul of sterile miliQ water
e 1 ul of SOC-LE oligonucleotide at 100 pmol/ul

e 4 ul of reaction buffer at 5X (5X: 1M potassium cacodylate, 0.125M Tris
HCl, 1.25mg/ml bovine serum albumine, pH 6.6 at °C)

e 4 ul CoCl; solution (25mM)
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e 1 ul of DIG-dUTP solution
e 1 ul dATP solution (10mM in miliQ water)

e 1 pul of terminal transferase enzyme at 400U/l (in 60 mM K-phosphate
(pH 7.2 at 4 °C), 150 mM KCI, 1 mM 2-Mercaptoethanol, 0.5% Triton
X-100, 50% glycerol)

After adding the sterile miliQ) water to the SOC-LE oligonucleotide solution
to reach a total final volume of 9 ul, the reagents are added in the eppendorf
on ice. The solution is mixed and centrifuged briefly and incubated for 15 min
at 37 °C. Then placed again on ice and the reaction is stopped by adding the
chelating agent EDTA (2 ul of a 0.2 M EDTA solution at pH 8.0).

Biotinylation of 100 pmol of Xbal50 oligonucleotide

For the tailing with biotins of 100 pmol of the oligonucleotide Xbal50 we used
the following reagents:

o 8 ul of sterile miliQ water
e 1 ul of Xbal50 oligonucleotide at 100 pmol/ul

e 4 ul of reaction buffer at 5X (5X: 1M potassium cacodylate, 0.125M Tris
HCl, 1.25mg/ml bovine serum albumine, pH 6.6 at °C)

e 4 ul CoCl; solution (25mM)
e 1 ul of biotun-dUTP solution ( 1mM in miliQ water)
e 1 ul dATP solution (10mM in miliQ water)

e 1 ul of terminal transferase enzyme at 400U/pl (in 60 mM K-phosphate
(pH 7.2 at 4 °C), 150 mM KCI, 1 mM 2-Mercaptoethanol, 0.5% Triton
X-100, 50% glycerol)

For the biotiaylation we proceeded as in the tailing with digoxigenins, but
using a sotution of biotin-labeled deoxyuridine-triphosphate (biotin-dUTP) in-
stead of the DIG-dUTP. Thus, after dissolving the Xbal50 oligonucleotide solu-
tion in the sterile miliQ) water, we added the other reagents on ice. The solution
is mixed and centrifuged briefly and incubated for 15 min at 37 °C. Then placed
again on ice and the reaction is stopped by adding the chelating agent EDTA
(2 pl of a 0.2 M EDTA solution at pH 8.0).

A.2.3 Purification of the oligonucleotides

After labeling the oligonucleotides with digoxigenins and biotins, and before
doing further reactions, we will need to purify the oligonucleotide solutions for
several reasons. In order to stop the biotinylation and digoxigenin-labeling of
the oligonucleotides, we have added EDTA to the Xbal50 and SOC-LE solu-
tions. EDTA is a chelating agent that binds to di- and trivalent metal ions,
making especially strong complexes with Mn?*, Cu?*t, Fe** and Co3* and can
interfere with the activity of enzymes. Therefore we will have to purify the
oligonucleotide solutions to take out the remaining EDTA, otherwise we would
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not be able to perform the next reactions. Purification also helps in getting
rid of unincorporated nucleotides, enzymes, salts and defective oligonucleotides
that might have been created during the previous reaction.

For the purification of the oligonucleotides we have used the QIAquick Nu-
cleotide removal kit (QIAGEN) that allows us to recover DNA fragments and
oligonucleotides >17 nucleotides, taking out the smaller ones. We followed the
steps as described in the protocol supplied by the kit. At the end of elution
(carried out in 50 pl elution buffer), we get the 50 ul (SOC-LE + DIG) oligonu-
cleotides (100pmol) and 50 pl (Xbal50+Biotin) oligonucleotides (100pmol).

A.2.4 Phosphorylation of the oligonucleotides

After tailing and purification of oligonucleotides, we need to hybridize them
with DNA molecule. However, before doing so we will have to phosphorylate
both the Xbal50, SOC-LE and Xbal5D oligonucleotides. Phosphorylation is a
process by which a phosphate group (PO, ) is attached to a molecule, in this
case the 5’-carbon of a nucleotide.

Phosphorylation of the SOC-LE oligonucleotide

To carry out the phosphorylation of SOC-LE oligonucleotide, following reagents
were mixed together to reach a final volume of 100 pl:

e 50 ul of SOC-LE oligonucleotides

22 ul of miliQ water

10 pl of ligase buffer solution at 10X

10 pl of 10mM ATP

8 ul of T4 polynucleotide kinase at 10U/ pul

All the above solution was mixed on ice. After combining the reagents and
mixing gently, the mixture is incubated for 30 minutes at at 37 °C.

Phosphorylation of the XbaI50 and Xbal5D oligonucleotide

The only difference with the SOC-LE phosphorylation is that in this case, at
the same time that the phosphorylation takes place we will hybridize the two
complementary oligonucleotides, to simplify later the ligation process with the
A-DNA. Thus the procedure used will be exactly the same to that used in the
phosphorylation of SOC-LE except for:

e Use the 50 ul of Xbal50 oligonucleotides instead of the SOC-LE solution.
e Add 1 pl of Xbal50 oligonucleotides solution (100pmol/ul).

Rest all of the steps is as in the case of SOC-LE oligonucleotide. As before, we
mix and incubate the mixture for 30 minutes at at 37 °C.

From now on we will refer to the hybridized oligonucleotides Xbal50 and
Xbal5D as Xbal50/5D.
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A.2.5 Annealing and ligation of the oligonucleotides with
the DNA

Add 5 pl of SOC-LE oligonucleotide to the DNA solution, purified after restric-
tion reaction. The resulting solution is mixed and incubated for 10 minutes at 68
°C in water bath, in order to get DNA strands and oligonucleotides completely
melted and extended and thus avoid strange hybridization. After incubation,
10 pl of Xbal50/5D oligonucleotides is added and again incubated in water bath
at 42 °C for 1 hour.

After the incubation is complete, let it cool down to ~ 20 °C and then store
it in freeze at 4 °C for sometime so that all the strands are correctly hybridized
and ready to ligate.

For ligation, following reagents are mixed on ice in the described order:

e 58 ul hybridized DNA and oligonucleotides solution (all).

8 pl ligase buffer at 10X.

1 pl of miliQ) water.

10 pl of 10mM ATP.

3 pl T4 DNA ligase at 1U/ ul.

After mixing, the reagents are incubated overnight at 16 °C.

Finally to stop the reaction and to store the DNA in a more appropriate
buffer, we perform the dialysis to EDTA-Tris buffer (10 mM Tris, pH 8.0; 1mM
EDTA; 10 mM NaCl).



Protocol describing Labview program for
DNA extension

We have developed a program in Labview for automated measurement of force-
extension curve of a DNA molecule in dual optical trap. This section describe
the steps for using this program. There are few things to remember before using
this program:

e Movement of trap can be either controlled manually or with the help of
program by just toggling the state of “MLANUAL ON” between ON and
OFF.

e Only ONE of the three - “MIANUAL ON”, “CALIBRATION ON”,
“STRETCHING ON”, can be ON at one time. If we want to run a
particular command, the other two should be OFF.

e ON state of a command means that the green LED beside it must be
glowing. Similarly OFF state means that the LED is not glowing. An
example is shown in fig. B.1.

| cAUBRATIONON | ™ | streTcHmnGon |

Figure B.1: It can be seen from the figure that calibration state is off as the
LED is not glowing while stretching state is on because the LED is glowing.

e There is a sub-VI called “move picomotor” (fig. B.2). This VI will
appear as soon as “CALIBRATION ON” or “STRETCHING ON”
is clicked. This VI is used to move the trap position through program in
X and Y directions. There is a velocity bar on the left of this VI. It defines
how fast the trap position will move when we click on any of the four - X-
(left), X (right), Y- (down), Y (up).
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Figure B.2: Screen-shot of sub-VI move picomotor.

B.1 Experiment’s Outlook

The Experiment consists of dual trap. One of the traps is fixed while the other
can be moved with the help of picomotor. Two beads of different sizes and
different chemistry are trapped in the two traps. Smaller bead with strepta-
vidin (strep) coating on it is trapped in the fixed trap while bigger bead with
digoxigenin (DIG) coating is trapped in movable trap. Once the bead-DNA
construct is made, then movement of DIG bead away from strep bead leads to
the stretching of DNA. By monitoring the displacement of strep bead we can
evaluate the force acting on DNA. Strep bead displacement is monitored with
the help of position detection beam that is coaxial with trapping laser (T1).

B.2 Calibration of moving trap and picomotor

As the experiment consists of only one detection beam, we need to first calibrate
the set-up for DIG bead. Block the path of beam that traps strep bead (T1).
DIG bead is trapped at T2 and moved at the same position where T1 is present.
To make sure that the detection beam is passing through the centre of DIG bead,
look for the fringes that are formed due to back-scattered light. Fringes formed
should be symmetric and circular in shape. Adjust the position of bead with
help of joystick until the fringes become symmetric.
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DIG

T1 T2

Figure B.3: A schematic representation of experimental outlook.

Be in “calibration” window of the program. Now switch off the “MAN-
UAL ON” command and click on “CALIBRATION ON” button to make
it active. After adjusting the QPD, so that average Brownian motion value is
almost zero, wait for 30 sec to accumulate data. Then deactivate the “CALI-
BRATION ON” button.
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calibration ' stretching

¥ scale () micra meters stretching curve
CONVERSION FACTORS =
(%) pica Mewkons 0.077
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Figure B.4: A screen-shot of stretching window used in the program.

e Switch to “stretching” window. Activate “STRETCHING ON” by
clicking on it (fig B.4).

e Transfer the values of trap stiffness and conversion factor by clicking on
“transfer data from calibration window”.

e Save this stiffness value for further analysis using “save the stiffness of
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the moving trap” command.

e Move the trapped bead a bit to the left by clicking on “X-" button on
“move-picomotor” window. We just need to move the bead by approx-
imately 1 pm.

e Keep the Y-scale unit at micrometers and X-scale unit at motor steps
(fig. B.5a). They are present diagonally opposite to each other near
“stretching curve” window.

e Define the motor steps and motion velocity that we need to use. Step
size is usually around 50 units while motion velocity is kept around 500
units. Step size usually depends upon how many steps we want to take
while stretching the DNA. If more steps are required then keep the step
size small and vice-versa.

e Click on “START MEASUREMENT” button. Remember to keep the
correction factor off (fig. B.6).

e A graph will appear in stretching curve window that will go from non-
linear plot to linear and then back to non-linear. Stop the measurement
as soon as you see the linear part disappear by clicking on “STOP MEA -
SUREMENT?” (fig. B.5b).

(+) motor steps

() micro meters

() micra meters
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Figure B.5: A screen-shot describing units used during running the program.

Now toggle the status of “STRETCHING ON” from ON to OFF. Select
a linear range in the graph using markers, with green marker at the beginning
and red at the end of the curve(fig. B.6) and again toggle “STRETCHING
ON” to ON state. Click on “FIT LINEAR to get alpha” to calibrate the
picomotor at desired step size (i.e. to convert step size into nanometers).

e Move the trapped DIG bead to its previous position and unblock the laser
that we blocked previously (T1). Trap streptavidin bead in T1.

e Toggle the “STRETCHING ON?” state to OFF and move to “calibra-
tion” window of the program.

e Activate “CALIBRATION ON” state to ON. Take the trap calibration
data as mentioned previously for DIG bead.
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e Toggle the “CALIBRATION ON?” state to OFF and move to “stretch-
ing” window. Toggle the “STRETCHING ON” to ON state and trans-
fer the calibration values of strep bead to stretching part by clicking on
“transfer data from calibration”. Also transfer the histogram value

from calibration window by clicking on “transfer histogram center X”
(fig. B.6).
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Figure B.6: A screen-shot showing the interface of stretching curve window.

Now make DNA connection by approaching the two trapped beads closer.
DNA binding occurs in few seconds. Move the DIG bead away to check whether
the binding has occurred or not. Remember we can always move the joystick
manually by toggling the “M ANUAL OFF” to ON state. After it’s certain
that there is a DNA in between two beads, bring the two beads close again such
that they are just touching each other. Reset the value of X and Y to zero
(fig. B.2) and change the Y and X scale units to “pico Newtons” and “micro
meter” from “step size” and “motor steps” respectively (fig. B.5a).

Start measurement by clicking on “START MEASUREMENT” button.
Switch on the correction term. Take the measurement until QPD reaches the
non-linear regime or the DNA breaks. We will observe a stretching curve in the
“stretching curve” window that should look like the WLC model.

Save the data obtained by clicking on “SAVE DATA” button. A window
will appear where we can select the folder in which we want to save our data.
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Annex 3: List of elements used in the optical

set-ups

Raman set-up with 785 nm excitation beam

Trapping beam: 1064 nm, 1000 mW, Laser Quantum Limited, Manch-
ester, England

Raman excitation beam: 785 nm, 90 mW, Micro Laser systems Inc

Position detection beam: 633 nm, 5 mW, He-Ne laser, Research Electro-
optics Inc.; Model no. LHRP-0501

Objective: Nikon, oil immersion, 100X, 1.3NA
Spectrometer: SpectraPro 25001 spectrometer (Acton research, USA)

Spectrometer camera: Spec-10:100B thermoelectrically controlled charge-
coupled device (Princeton Instruments, USA)

Imaging camera: CCD color camera (JAT)
QPD: New Focus, model 2991

Picomotor: New Focus, 8807

Raman set-up with 532 nm excitation beam

Trapping beam: 985 nm, 400 mW, Arroyo Instruments

Raman excitation beam: 532 nm, 50 mW, RGBLase optical fiber cou-
pled laser

Position detection beam: 635 nm, 5 mW Coherent laser
Objective: Nikon, oil immersion, 100X, 1.3NA
Spectrometer: Andor Shamrock 163

Spectrometer camera: Andor iDus camera

Imaging camera: CCD color camera (JAI)

QPD: New Focus, model 2991

Picomotor: New Focus, 8807
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Microrheology set-up

First trapping beam: 1064 nm, 3000 mW, Manlight
Second trapping beam: 850 nm, 200 mW, Arroyo instruments

Position detection beam for 1064 nm trap: 532 nm, 50mW, RG-
BLase optical fiber coupled laser

Position detection beam for 850 nm trap: 635 nm, 5 mW Coherent
laser

Objective: Nikon, oil immersion, 100X, 1.3NA
Acousto-optic deflector: ISOMET LS55

ADC converter: National Instruments, BNC 2110
Imaging camera: CCD color camera (JAI)

QPD: New Focus, model 2991

Picomotor: New Focus, 8307
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