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Abstract

The aim of this thesis was to explore the utility of different biophysical techniques,

particularly optical tweezers (OT), in the investigation of the mechanical properties

and interactions of biological samples. Specifically, MCF7 cells and their extracted nu-

clei were investigated mechanically, while the adhesion property of selected bacteria

to the milk fat globule was also used as an exemplar. Biological cells have the ability

to actively respond to external mechanical forces exerted by the microenvironment.

The cellular response can be viscous, elastic, or viscoelastic in nature depending on

the nature of the applied forces and the mechanical stresses applied. Changes in the

mechanical properties of cells and nuclei have emerged as a prominent hallmark of

many human diseases, particularly in neurodegenerative and metastatic diseases.

In this thesis, to understand the application of these techniques to biological sys-

tems better, bulk rheology and microrheology studies were first performed on a model

viscoelatic fluid (PEO). Particularly, the passive and active microrheology of this model

viscoelastic material was characterized using optical tweezers and video particle track-

ing to develop the prerequisite experimental and analytical methods.

Using the experimental knowledge gained from applying optical tweezers to stan-

dard materials, a mechanistic approach was developed in order to better understand

how the mechanical properties of MCF7 cells change when the amount of heterochro-

matin protein (HP1α) present inside the nuclei was reduced. (HP1α) is an architectural

protein that establishes and maintains heterochromatin, ensuring genome fidelity and

nuclear integrity. While the mechanical effects of changes in the relative amount of eu-

chromatin and heterochromatin brought about by inhibiting chromatin modifying en-

zymes have been studied previously, here we measure how the material properties of

the cells are modified following the knockdown HP1α. Indentation experiments using

optical tweezers revealed that the knockdown cells have apparent Young’s modului

significantly lower than control cells. Similarly, tether experiments performed using
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optical tweezers revealed that the membrane tensions of knockdown cells were lower

than those of control cells. This assay led to further work on studying the mechanical

properties of nuclei extracted from MCF7 cells.

A combination of atomic force microscopy, optical tweezers, and techniques based

on micropipette aspiration was used to characterize the mechanical properties of nu-

clei extracted from HP1α knockdown or matched control cells. Similar to the previ-

ous finding on cells, local indentation performed using atomic force microscopy and

optical tweezers found that the knockdown nuclei have apparent Young’s modului

significantly lower than control nuclei. In contrast, results from pipette-based tech-

niques in the spirit of microaspiration, where the whole nuclei were deformed and

aspirated into a conical pipette, showed considerably less variation between HP1α

knockdown and control, consistent with previous studies reporting that it is predom-

inantly the lamins in the nuclear envelope that determine the mechanical response

to large whole-cell deformations. The differences in chromatin organisation observed

by various microscopy techniques between the MCF7 control and HP1α knock-down

nuclei correlated well with the results of our measured mechanical responses and our

hypotheses regarding their origin.

Finally, not just the mechanical properties of the cells but also their interactions (an

interaction between the milk fat globule membrane and two bacterial strains - Lacto-

bacillius fermentum strains - 1487 and 1485) was explored as a side project by probing

with optical tweezers. The difference in bacterial cell surface properties of these two

strains and its effects on intestinal epithelial barrier integrity has already been studied.

This study focuses on measuring the adhesion force between membrane and bacteria

using optical tweezers. The results suggested that L. fermentus AGR1487 strongly in-

teracts with MFGM compared to AGR1485. All in all, this thesis demonstrates how

biophysical techniques can provide valuable insights into understanding biological

systems.
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Chapter 1

Background

1.1 Introduction

In the last couple of decades, there has been increased attention paid to interdisci-

plinary sciences. Researchers from the fields of physics, chemistry, and engineering

are working closely with biologists to better understand biological systems. The main

reason behind this movement is the development of quantitative techniques to probe

biological samples at the cellular and molecular levels. One such growing field has

emerged to be known as mechanobiology and considers how cells respond to and

transduce mechanical forces.

In this thesis, the mechanical properties of MCF7 cells and their nuclei, and the

adhesion of bacterial cells to milk fat globules has been studied. Polyethylene oxide

solutions were studied as a prelude as a model viscoelastic material. Rheological prop-

erties were studied at the microscale and compared. These techniques have certain

advantages over the use of conventional rheometers as they can measure at very high

frequencies, require smaller sample volumes, probe the sample locally, and are rela-

tively inexpensive to setup. This introductory chapter firstly reviews basic concepts

in rheology and microrheology. Secondly, cell mechanics is introduced and different

biophysical techniques are explained in detail to understand the mechanical measure-

ments that have been performed on the biological samples.

1.2 Rheology and Microrheology

Rheology, from the ancient Greek words, rheo (flow) + logy (study of), is the study

of the deformation and flow of matter. In general, rheology can be described as the
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study of the deformation and flow of a material in response to applied stress. Simple

solids store energy and provide a spring-like elastic response, whereas simple liquids

dissipate energy through viscous flow. For complex fluids, rheological measurements

reveal both solid and fluid-like responses and the results generally depend on the

time scale at which the sample is probed (Larson, 1999). The rheological properties

of a material can be characterized by measuring the shear modulus as a function of

frequency. Materials can experience different kinds of stress. Shear stress is the most

commonly studied in the field of rheology. The resultant shear strain is defined as the

deformation induced by the relative motion of two parallel surfaces seperated by a

constant distance between which the material is held, as shown in Fig. 1.1.

FIGURE 1.1: Shear flow schematic. Extract from (Tassieri, 2016)

The shear stress (σ) is defined as: σ = F
A . The deformation or shear strain (ε) of

the material is described by the ratio between the relative displacement of the two

parallel surfaces in the direction of flow and the relative distance between them, given

by: ε = D
H for the sample shown in Fig. 1.1. The ratio between the shear stress

and shear strain is termed as the Shear Modulus (analogous to the more commonly

known Young’s modulus for tensile stress and strain). The biophysical techniques

which are described later in section 1.3.2 are based on the concepts of rheology. Most

of the biophysical techniques deform the material and extract physical properties such

as elasticity and viscosity. Fig. 1.2 shows the response of the material to creep and

dynamic tests. A creep test consists in the application of a constant shear stress (σ) over

time and recording of the resulting deformation ε(t) of the sample (left). For a dynamic



Chapter 1. Background 3

test, the applied force oscillates, thereby resulting in an oscillatory deformation of the

sample (right).

FIGURE 1.2: Illustration of material responses for a creep test and a
dynamic test for a purely elastic material, a purely viscous fluid, and
a viscoelastic material. T is the period of oscillation. Figure extracted

from Wu et al (Wu et al., 2018).

Different biophysical techniques deform the material locally (smaller area) or glob-

ally (larger area). Traditionally, these measurements have been performed on several

millilitres of material in a mechanical rheometer by applying a small amplitude oscil-

latory shear strain, ε = εosin(ωt) and measuring the resultant shear stress, where εo

is the amplitude and ω is the frequency of oscillation. The rate of deformation (shear

rate) is then described by: ε̇ = dε
dt . Conventional rheometers probe frequencies up to

tens of Hz. Higher frequencies are limited by the onset of inertial effects. If the strain

amplitude is small so that the fluid structure is not significantly perturbed then the

time-dependent stress is given by:

σ(t) = εo[G′(ω)sin(ωt) + G”(ω)cos(ωt)] (1.1)
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where G′(ω) is the response in phase with the applied strain, called the storage or

elastic modulus, which describes the energy stored in the system when the strain is

applied. G”(ω) is the response out of phase to the applied strain, called the loss or

viscous modulus and is a measure of the viscous dissipation of the energy. The com-

plex shear modulus is defined as: G∗ = G′ + iG”.

Conventional rheology measurements have given valuable insights into the struc-

tural and mechanical response of a variety of materials (Larson, 1999). However, it

is not suited for all types of materials, as it typically requires tens of milliliter sample

volumes. Hence probing rare samples is commonly not possible with a conventional

rheometer. This makes microrheology ideal for costly or rare samples, since it requires

sample volume in the order of microlitres. The microrheology technique can also pro-

vide insight about the local heterogeneity of the sample and reveal greater information

about the structure of complex materials in the higher frequency regime (MacKintosh

and Schmidt, 1999).

There are two types of microrheology: passive microrheology and active microrhe-

ology. Passive measurements rely on measuring the internal motion of probes (added

or extant) within a system caused by thermal fluctuations. Active microrheology re-

lies on inducing controlled external stresses on internalised probes, usually stronger

than those resulting from thermal forces. Passive microrheology is described in this

section. Active microrheology is described in section 3.3.2. Passive microrheology

techniques typically use embedded micron-sized particles to locally deform the sam-

ple. The particles undergo Brownian motion due to thermal fluctuations from the

environment, which are linked directly to the mechanical properties of the sample

(Mason and Weitz, 1995).

Over the years there has been a growing use of microrheology techniques on food

and biological systems which is discussed in appendix A and reviewed in an article in

the Encyclopedia of Food Chemistry (Pradhan, Whitby, and Williams, 2018).
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1.3 Cell Mechanics

While there is a growing use of microrheology in food systems, researchers, partic-

ularly with a background of soft matter physics, immediately found a strong imple-

mentation in a whole raft of biological materials. While the first experiments using the

GSER (Generalised Stokes Einstein Relation) approach were performed on synthetic

complex fluids, it was immediately clear that the sample volumes needed would be

a particular advantage in biological systems. When one attempts to reproduce cer-

tain biological structures in vitro, the material has to be painstakingly extracted and

purified from the biological matter. Hence, this field of probing biological samples

using soft matter techniques is also termed as ’Cell Mechanics’ or ’Biomechanics’. Cell

biologists and physicists are currently working in tandem to bridge the gap of un-

derstanding the mechanics of cellular processes such as cell division, proliferation,

differentiation, and cell motility.

1.3.1 Mechanical Properties

Every organism has the ability to detect, sustain, and interact with physical forces

within its environment. For example, skin provides a protective barrier against bacte-

ria and microbes that can cause infections. The skeleton provides the structural sup-

port needed to withstand gravity. Even respiration requires the generation of forces

so we can breathe in and out. Bio-mechanics research in the past decades has focused

on detecting and understanding the force generated at the organism level.

It is only in recent years that studies are being carried out at the cellular level. This

is because of the development of new biophysical experimental methods to detect and

measure physical forces at the cellular level. How a cell responds to a mechanical stim-

ulus, that is, how it deforms in response to applied stress, and how this deformation

evolves over time can be broadly termed as the ’mechanical properties’ of the cell.

In an elastic material, the constant of proportionality is called the modulus (Youngs,

Shear or Bulk), with the unit of Pascals. Cells show both elastic and viscous proper-

ties and should strictly be referred to as viscoelastic materials. When a viscoelastic

material is deformed, it simultaneously stores and dissipates the mechanical energy.
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Therefore, the choice of a suitable experimental tool for mechanical measurements de-

pends on the timescale, lengthscales, and elastic modulus of the material under study

as shown in Fig. 1.3. This figure illustrates how the lengthscales, timescales, and the

magnitude of the elastic modulus measured change with the size of the biological ma-

terials being probed.

FIGURE 1.3: Parameters involved in choosing the right biophysical tool
depending on (a) the lengthscale, (b) the timescale of the measurement
and (c) elasticity of the sample). Figure extracted from (Moeendarbary

and Harris, 2014)

1.3.2 Mechanical measurement techniques

As illustrated in Fig. 1.3, the choice of the experimental tool depends on three factors.

Here in this thesis, we focus particularly on measuring mechanical properties at the

cellular level using the techniques as shown in Fig. 1.4.

Fig. 1.5 (Left side) shows the local deformation applied to the cells using AFM

(atomic force microscopy), MTC (magnetic twist cytometry), OT (optical tweezers),
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FIGURE 1.4: Comparison of approximate lengthscales, timescales and
elastic modulus for AFM, OT, MA and MPT. This figure is just a general
representation of the three parameters. The parameters can be different

across different setups.

and MPT (multiple particle tracking) techniques, whereas Fig. 1.5 (Right side) shows

the global deformation applied to cells using MA (Micropipette Aspiration), OS (opti-

cal stretcher), Microfludic assay and MS (Microplate stretcher).

AFM is a scanning probe microscopy which can be used for imaging and force

spectroscopy at a sub micron resolution. AFM comprises of piezo controlled cantilever

movement, a laser, and a detector. The tip of the cantilever is deflected in contact with

the sample surface and this deflection is quantified using the deflection of a laser from

the cantilever tip onto a photodiode (Müller et al., 2020; Li and Lim, 2010; Pimenta-

Lopes et al., 2019).

OT uses a focused laser light to trap and manipulate dielectric particles using a

high numerical aperture microscope objective. Particles near the focused trap feel

the restoring force towards the center of the trap leading to particles getting trapped.

Once the particle is trapped, the trapped particle can be used as a handle to deform

the sample (as in AFM, but lower forces are applied) or to pull out a membrane tether

from cells (Ashkin, 1992 ).

MA uses a micropipette with a controlled suction pressure to deform biological

samples such as eukaryotic cells. As the cell is aspirated, the pipette radius, cell radius,

and the length of the aspirated cell are quantified (Hochmuth, 2000; Hochmuth et al.,
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1996).

MPT uses a high-speed CCD camera to track the Brownian motion of several probe

particles. A tracking algorithm is used to extract the coordinates of the particles from

image sequence which ultimately gives the mean squared displacements of the parti-

cles (Crocker and Grier, 1996; Waigh, 2005a).

MTC uses an electromagnet to generate magnetic fields, which are then used to

manipulate the magnetic beads. These magnetized beads can generate forces which

can be used to probe biological samples. A twisting torque is applied to the magnetic

field by a sinusoidal oscillating magnetic field which is perpendicular to the magnetic

moment of the ferromagnetic beads. This rotates or twists the beads in the required

direction (Zhang et al., 2017; Puig-De-Morales et al., 2001).

OS uses a dual beam optical trap to trap and deform biological samples (usually

micron sized samples) in suspension Guck et al., 2001; Yang, Bragheri, and Minzioni,

2016.

Microfluidic devices consist of different sizes of micro channels which can be used

to pass and deform the samples. Since the flow of fluid is controlled, microfluidic

assays can also be used to deliver drugs and other chemicals inside the chamber to the

subject of interest (Ito and Kaneko, 2020; Vanapalli, Duits, and Mugele, 2009).

MS consists of two microplates, one rigid and the other flexible with varied stiff-

ness. The biological sample is attached to the two ends of the microplates, which can

then be compressed and stretched by moving the flexible microplate (Wu et al., 2018;

Kamble et al., 2016).
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FIGURE 1.5: Major techniques for cell mechanics study. Left side of
the image shows local deformation and the right side of the image
shows global deformation applied on the cells. Figure extracted and

rearranged from Unal et al., 2014

1.3.3 Applications and comparison of techniques

An important target in the field of cell mechanics is to understand how cells respond

to forces. Past studies (Alberts, 2008) postulated that the mechanical environment of

the cells impacts cellular processes. Hence, understanding the cell stiffness and cell

membrane tension are important parameters that give insights into cellular and extra-

cellular mechanical properties. For example, malignant cells are accompanied by spe-

cific changes in the mechanical properties of cells and their surrounding extra-cellular

environment. These cancerous cells are less stiff compared to their healthy counter

parts (Suresh, 2007). This decrease in cell stiffness with malignant transformation has

been observed in a variety of cancers such as breast cancer, lung cancer, renal cancer,

prostate cancer, oral cancer, skin cancer, and so on (Katira, Bonnecaze, and Zaman,

2013). Understanding the mechanical properties of axons in neurons can also give
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insight into neurodegenerative diseases (Dubey et al., 2020; Datar et al., 2015). This

is done by depleting microtubules in neurons (loss of microtubules is associated with

neurodegenerative diseases) and measuring the significantly altered mechanical prop-

erties. Microtubules were depleted by inhibiting polymerisation using Nocodozole.

The techniques shown in Fig. 1.5 have their own advantages and disadvantages

in terms of spatial and temporal resolution as well as the range of forces that can be

applied to samples. Table 1.1 gives a comparison of some common force spectroscopy

techniques.
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TABLE 1.1: Comparison of force spectroscopy techniques.
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1.4 Overview and aims of the thesis

This thesis aims to apply biophysical techniques to study the mechanical properties

of viscoelastic systems, cancer cells and their nuclei, and the interactions of different

bacterial strains with milk fat globule membranes (MFGM). Chapter 2 introduces the

techniques, which are mainly used to understand the mechanical aspects of the system

using a general soft matter physics approach. This thesis has four main experimental

chapters.

Chapter 3: The goal of this chapter was to implement and understand the use

of microrheological techniques to a model viscoelastic system (Polyethylene oxide

(PEO)) using MPT and OT. This chapter describes the use of passive (MPT) and active

microrheology (OT) techniques to deduce viscoelastic properties such as viscosity and

elastic modulus. Understanding the calibration of OT in a viscoelastic environment is

also one of the highlights of this chapter.

The main aim of this chapter was to investigate the viscoelastic properties of model

viscoelastic systems (PEO) using OT, as most of the biological systems are viscoelastic

in nature. This chapter also strengthened my understanding of OT technique, which

gave me confidence in the experiments related to biological systems.

Chapter 4 moves from a model viscoelatic system to a biological system where OT

techniques are used to investigate the mechanical properties of MCF7 breast cancer

cells following the depletion of the protein HP1α from inside the nucleus. This chapter

introduces the use of OT : i) to produce indentation on cells and extract an elastic

modulus, ii) to pull a membrane tether from the cells and extract membrane tension.

Heterochromatin protein 1α is an architectural protein and contributes to the se-

questration of heterochromatin at the nuclear periphery through its interactions with

proteins embedded in the lamina and nuclear membrane. We hypothesise that due

to the physical coupling of the nucleus and the cytoskeleton through linkers of nu-

cleoskeleton and cytoskeleton (LINC) complexes, it is expected that changes within

the heterochromatin and the lamina that lines the inner nuclear membrane, not only

modify the structural integrity to the nucleus, but also influence cytoskeletal dynam-

ics. Since the loss of HP1α is associated with metastatic potential and its knock-down
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(KD) increases the invasive potential of MCF7 cells though a three dimensional extra-

cellular matrix in vitro (Norwood et al., 2006), this suggests that the depletion of HP1α

also affects the mechanical properties of the cell as a whole. This chapter (chapter 4)

uses an OT-based method for tether extension and compares the membrane mechani-

cal properties of MCF7 cells with HP1α KD to MCF7 control cells.

Chapter 5 introduces nuclei mechanics. Here, the nuclei were isolated from both

wild type MCF7 cells and HP1α depleted cells. This chapter highlights : i) the use of

AFM, OT and techniques based on Micropipette Aspiration (MA) to characterize the

mechanical properties of these nuclei, ii) and the differences in chromatin organisation

of wild type and HP1α knockdown MCF7 cells that were observed by microscopy

techniques and biological assays.

The previous chapter (chapter 4) indicated that the mechanical properties of whole

MCF7 cells were altered by the depletion of HP1α, here in chapter 5, we measure

how the material properties of the extracted nuclei are modified following the knock-

down HP1α. We hypothesise that given the role of HP1α in heterochromatin organi-

sation, this raises the possibility that reduction of HP1α aids malignant cell invasion,

not only by disrupting gene silencing but also by altering the mechanical properties

of the nucleus. As reported in the literature (Stephens et al., 2017b; Norwood et al.,

2006; Stephens et al., 2018), interconnected filament networks such as A-type lamin

and B-type lamin proteins have different mechanical properties and could respond

accordingly to the range of forces applied. Therefore, we have used a combination

of OT (low force - local deformation), AFM (high force - local deformation), and MA

(global deformation).

Chapter 6 introduces a study that developed a method to measure the interaction

force between two Lactobacillus strains and the MFGMs using OT techniques. Inter-

action between MFGMs and bacteria is an adhesion phenomenon driven primarily

by the bacterial surface properties (proteins). Therefore, we hypothesise that the two

strains which have different surface proteins will interact differently with the MFGMs.

Chapter 7 provides the summary of the thesis and discusses possible future work.
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Chapter 2

Method and Calibration

This chapter describes the biophysical techniques used in this thesis to understand

the mechanical properties of the micro scale environments and the results of some ex-

emplar experiments carried out to characterize the limits of the techniques in terms

of spatial and temporal resolution. These techniques operate at the micron level and

can be broadly categorized as microrheology techniques. Microrheological techniques

are classified into passive and active. Passive microrheology is the study of the sys-

tem properties under the influence of only thermal fluctuations. However, active mi-

crorheology is concerned with observing how the system responds to externally ap-

plied forces.

2.0.1 Obtaining the complex modulus from the MSD

To obtain the complex modulus of the material, the first step is to extract the mean

square displacement, MSD (〈∆r2(t)
〉
) of the microscopic probes, in the simplest case

from the imaged position of the tracer particles using:

< ∆r2(τ) >=< [x(t + τ)− x(t)]2 + [y(t + τ)− y(t)]2 + [z(t + τ)− z(t)]2 > (2.1)

where τ is the lag time and x,y,z represents the position data in 3-D. If the material is

completely viscous, the MSD of the particles will increase linearly with the lag time (τ)

having a slope of one on a logarithmic scale. The MSD of a purely elastic material will

not increase with time and will show a slope of zero, whereas a viscoelastic material

will have a slope between zero and one, which can be different on different time scales.
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To derive a relationship between MSD and G∗ (complex modulus), Mason and

Weitz (Mason and Weitz, 1995) employed a generalized Langevin equation:

mv̇(t) = fR(t)−
∫ t

0
ζ(t− τ)v(τ)dτ (2.2)

where m is the mass of the particle, v(t) its velocity and fR is the resultant of all ran-

dom forces acting on the particle. The integral term with ζ(t) is associated with the

viscous damping of the fluid. The equation can be solved in the Laplace domain (s

- complex variable) giving rise to Generalized Stokes Einstein Relationship (GSER)

which connects the probe particle’s MSD to the shear modulus of a generic surround-

ing viscoelastic fluid:

G̃(s) =
kBT

πas < ∆r2(s) >
(2.3)

where kB is Boltzmann constant, T is the temperature, a is the radius of the probe

particle, s is the complex variable (transformation of time domain to Laplace domain

s) and < ∆r2(s) > is the MSD in Laplace domain. An equivalent GSER representation

in the frequency domain (ω) can be written as:

G∗(ω) =
kBT

πaiωF < ∆r2(t) >
(2.4)

In order to determine G̃(s), the Laplace transform of the experimentally measured

MSD is needed. MSD measurements are generally known at discrete times over a lim-

ited temporal range, where transforming to the frequency domain introduces errors

in the moduli. The numerical Laplace transform is typically implemented by selecting

a Laplace frequency ’s’, multiplying the MSD (< ∆r2(s) >) by a decaying exponential

and integrating using the trapezoid rule. While this method is accurate within fre-

quency extremes, it introduces errors near the frequency extremes due to truncation

of data.

To overcome these errors, Mason et. al. (Mason, 2000) estimated transforms al-

gebraically by expanding the MSD locally around the frequency of interest, ω, and

retaining the leading term:
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< ∆r2(t) >=< ∆r2(1/ω) > (wt)α(ω) (2.5)

where < ∆r2(1/ω) > is the magnitude of MSD at t = 1/ω and

α(ω) =
d ln < ∆r2(t) >

d ln t

∣∣∣
t=1/s

(2.6)

is the power law exponent describing the logarithmic slope of MSD (< ∆r2(t) >)

at t = 1/s. For thermally driven spheres, this slope must lie between one and zero,

corresponding to elastic confinement and viscous diffusion, respectively. The Fourier

transform F < ∆r2(t) >, of the power law is directly evaluated as follows:

iωF < ∆r2(t) >≈< ∆r2(1/w) > Γ[1 + α(ω)]i−α(ω) (2.7)

where Γ is the gamma function which is represented by: Γ[1 + α] ≈ 0.457(1 + α)2 −

1.36(1 + α) + 1.90 for this range of α. Substituting in equation 2.4 and using Euler’s

equation, we obtain:

G′(ω) = |G∗|(ω)cos(πα(ω)/2) (2.8)

G”(ω) = |G∗|(ω)sin(πα(ω)/2) (2.9)

where

|G∗(ω)| ≈ kBT
πa < ∆r2(1/ω) > Γ[1 + α(ω)]

(2.10)

These relations provide a way to extract elastic and loss moduli from the MSD,

which is the primary quantity measured.

2.1 Multiple Particle Tracking (MPT)

Multiple particle tracking (MPT) is used in a passive microrheology technique to track

the Brownian motion of several probe particles in a single field of view. A tracking

algorithm is used to extract the x-y coordinates of the particles from recorded image

sequences. (Crocker and Grier, 1996). This gives the trajectory of the probe parti-

cles (Waigh, 2005b). The combination of fluorescent probe particles and fluorescence
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microscopy gives a better signal to noise ratio when compared to using bright field

microscopy. This also makes it easier for the tracking algorithm to detect the parti-

cles. Since Brownian motion is stochastic in nature, it is the fluctuations of particles or

the mean squared displacement (MSD) of the probe particles that is of interest. The

mobility of the tracer particles reflects the mechanical properties of the micro- scale

environment in which they move.

The advantages of using MPT are: i) It requires small volumes of samples. ii) It can

probe spatially heterogeneous systems or multiphase solutions. iii) Good statistics can

be gathered to get the best estimate of the MSD of probe particles. iv) Biological cells

and membranes can also be probed. It can also track organelles inside cells.

The disadvantages are: i) It is limited by the frame rate of the camera. ii) The data

typically has to be analyzed off-line, which is computationally intensive (Cicuta and

Donald, 2007a) (although real time particle tracking has been demonstrated (Huang

et al., 2013)).

2.1.1 Experimental method

An inverted microscope (Nikon Eclipse TE2000-U) on an air damped table with a mer-

cury fluorescent lamp (X-cite Series 120PC EXFO), a 60x 1.2 NA (Nikon, Plan Apo VC

60x WI) water immersion objective lens and CCD Camera (Andor Neo) were used to

image and track the particles. Fluorescent Polystyrene spheres with diameter of 1µm

(Poly Sciences Polystyrene 2.6% Solids-Latex) were used unless stated. This methods

was tested using standard solutions of known viscosity. Image series were acquired

for 10 seconds and x-y coordinates of the particles were extracted using polyparti-

cle tracker algorithm (Rogers et al., 2007). A frame rate of 100 fps was used for all

the measurements. Particle tracking algorithms were implemented in different pro-

gramming platforms as given at the URL: http://www.physics.emory.edu/faculty/

weeks//idl/.

http://www.physics.emory.edu/faculty/weeks//idl/
http://www.physics.emory.edu/faculty/weeks//idl/
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2.1.2 Demonstrations using Glycerol-water solution : The MSD recovers

the viscosity

Glycerol-water solutions were used as viscous solutions to test the accuracy of the

viscosities extracted from MPT. Well-mixed water-glycerol mixtures are close to purely

viscous homogeneous media and are well characterized at various concentrations.

Solutions were made to glycerol concentrations of 80 vol%. The solutions were

made by mixing glycerol (99.9%, Ajax Laboratory Chemicals), milliQ water and 1 µm

fluorescent particles (0.05 vol%) in diameter using a magnetic stirrer for 2 hours.

The motion of probe particles in solution can be described by the MSD (< ∆r2 >)

of the particles as a function of time interval (τ), where τ = t− t0, and t0 is the initial

observation time.
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FIGURE 2.1: a) Brownian motion of particles in milli-Q water (inset
shows the zoomed Brownian motion of a single particle), b) MSD (τ) of

particles in milliQ water (green) and glycerol-water mixture (red).

As seen in Fig.2.1, individual tracks appear stochastic and (a) the MSD of particles

show a diffusive behavior with a slope close to one on a log-log scale. (b) As glycerol

is added, the amplitude of the MSD decreases. Since the glycerol-water solution is

Newtonian fluid (i.e, a fluid with a constant velocity η), the MSD and τ are predicted
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to be proportional to each other:

< ∆r2 >= 4Dτ (2.11)

in 2-dimensions, where D is the diffusion coefficient of the probe particles. As the

particle size is known, one can directly measure the viscosity of the medium from the

diffusion coefficient at a particular temperature (T) using Stokes-Einstein relation:

D =
kbT

6πηa
(2.12)

where a is the radius of the particle and kb is the Boltzmann constant.

Using equations 2.11 and 2.12, the viscosity of 80 vol% was found to be (0.0602± 0.0007)

Pa.s respectively at 20 ◦C. This is in fair comparison with literature values 0.0601 Pa.s

at 20 ◦C (Segur and Oderstar, 1951).

2.1.3 Van Hove distribution

To extract information about the heterogeneity of a sample, one can plot a distribu-

tion (or histogram) of the displacements at a specific lag time. This distribution is

known as the Van Hove distribution. For a homogeneous solution, the distribution

has a Gaussian shape which implies that the differences in the distance traveled by

different particles is purely due to the thermal fluctuations. The Van Hove plot for

the 80% glycerol-water solution shows a Gaussian shape at two different time lags se-

lected, as shown in Fig. 2.2. The variance of this distribution corresponds to the MSD

of the probe particles at the relevant times. If the system is heterogeneous, the Van

Hove plot will have a non-Gaussian shape reflecting the presence of different micro

environments.
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FIGURE 2.2: Van Hove distribution at different lag times for 80 vol%
Glycerol.

Having described passive microrheology using MPT, we now describe active meth-

ods where external forces over and above those imparted by thermal fluctuations are

applied. The force that needs to be applied is very small (≈ pN). Hence an Optical

Tweezers (OT) setup are used and this technique is described in the following section.

2.2 Optical Tweezers (OT)

Optical Tweezers (OT), also known as optical traps, are formed by a highly focused

laser beam. The laser beam is typically focused using a microscope objective with

a high numerical aperture to maximise gradient forces. When focused on a specimen

plane, this beam can manipulate and capture micron sized dielectric particles (Ashkin,

1992; Ashkin, 1999). The forces felt by the particles consist of light scattering, gradient

forces and absorption due to momentum transfer of light. The focused laser acts as

an attractive potential well for particles whose refractive index is higher than the sur-

rounding medium (Neuman and Block, 2004). A schematic of the OT setup in our lab

is shown in Fig.2.3.
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FIGURE 2.3: Optical Tweezer schematic. Optical Tweezer setup con-
sists of a) Two trapping laser of 2W (for SLM) and 5W (high power
trap) with a wavelength of 1064 nm, b) Spatial light modulator, c) Beam
expander and beam steering lens, d) CCD Camera (Tracking particles)

and e) Quadrant Photodiode (QPD) (Tracking particles).

When the diameter of the trapped particle is equal to or greater than the wave-

length of light, a simple ray optics model can be used to explain the forces as shown

in Fig. 2.4.

FIGURE 2.4: Ray optics explanation for focused laser. The momentum
change of the focused rays causes a force towards the laser focus, both
when the bead is in front (left image) or behind (right image) the laser
focus. So, the bead will stay slightly behind the focus, where this force

compensates the scattering force. Image extracted from wikipedia.

Fig. 2.4 shows that the individual rays of light (1 and 2) emitted from the focused
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laser are refracted as they enter and exit the dielectric particle resulting in a change

of momentum of the light. As a result, there should be an equal and opposite change

in momentum of the particle due to Newton’s third law. If the particle is slightly dis-

placed from the center of the trap, then there will be a net force (Fnet) acting on the

particle to return it to the center of the trap, which is also called a restoring force. If

the particle is located at the center of the beam, then the individual rays of light are

refracted through the particle symmetrically, resulting in a stably trapped particle. All

the above criteria is valid considering that a particle minimally reflects the light. How-

ever, the particle does reflect the light in small amount, pushing the particle slightly

above the trap focus.

2.2.1 Particle detection

In addition to using a CCD camera as described in section 2.1.1, a QPD (quadrant

photodiode) can also be used to detect a single particle moving in an optical trap. A

QPD has the advantage of higher sampling rate and temporal resolution compared to

a CCD camera. However, it can only track one particle at a time unlike MPT. All the

comparison were done with particles suspended in mQ water.

2.2.1.1 Optical Tweezers measurements using QPD

Quadrant photodiodes (QPDs) are discrete components consisting of four optically

active areas separated by a small gap (around 10s of µm). In an optical tweezer system,

a QPD is typically placed at the back focal plane of the condenser as shown in Fig. 2.5.
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FIGURE 2.5: QPD Schematic Layout. Figure from (Tassieri, 2016).

In this setup the probe laser with a wavelength of 670 nm and laser power of 2.5

mW was used. The probe laser is focused onto the QPD using the condensing lens of

the microscope (back focal plane) to monitor the position of the trapped bead. Trans-

lations of a trapped bead within the probe laser cause translations of the scattering

pattern at the back-focal plane, which is then detected by the QPD. A QPD produces

an output in volts and a calibration factor must be measured to relate voltage to dis-

placement. To calibrate the QPD, a particle adhered to the coverslip is typically used.

Moving the adhered particle a set distance using a piezo electric stage deflects the

probe laser light, creating a voltage change from the output of QPD. This gives a cali-

bration constant, as shown in Fig 2.6.
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FIGURE 2.6: Voltage to distance conversion in QPD.

2.2.2 Manipulating traps using Spatial Light Modulators

Spatial light modulators (SLM) are diffractive optical elements (DOE), where a voltage

applied to each pixel of the device changes the local refractive index of the liquid

crystal layer as shown in Fig.2.7.

FIGURE 2.7: A Liquid crystal spatial light modulator. Extract from
(Tassieri, 2016)

When the SLM is illuminated by the laser beam as shown in Fig.2.3, the phase

fronts of the reflected beams from each pixel are shifted by an amount between 0 and

2π due to the spatially varying refractive index. This spatial variation is controllable

which splits a single collimated laser beam into several separate beams, each of which
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is focused in an optical tweezer by a strongly converging lens (Dufresne and Grier,

1998). The interference pattern between the different phase fronts generates the re-

quired intensity profile in the image plane. This can be manipulated and can trap

multiple objects in real time allowing the movement of multiple traps to be coordi-

nated, as shown in Fig. 2.8.

FIGURE 2.8: Multiple traps using a SLM, trapping 1 µm beads (1 W -
SLM Trap, 1064nm).

2.2.3 Experimental setup

In the OT setup, a Nd:YAG laser (Spectra Physics) of power 2 W and wavelength of

1064 nm is used to trap particles. Particle displacements are recorded using a QPD (50

kHz) (FMS-D, Arryx) and a CCD (500 Hz) (Andor Neo). For QPD detection, which

has the advantage of higher sampling rate compared to CCD camera, a 2.5 mW probe

laser (Thorlabs S1-FC-675) which is focused at the QPD using the back focal plane of

the condenser detects the translations of a particle in a trap. A piezo electric stage is

used for precise stage displacements as described in appendix (B.1).

2.2.4 Comparison between CCD Camera and QPD

Data Acquisition on the movement of probe particles can be performed using a CCD

Camera or a QPD. Each has its own advantages and disadvantages. Data recorded

using a CCD/CMOS camera has the advantage of tracking multiple particles simul-

taneously. The latest CCD/CMOS cameras are only able to record data at rates in the

order of kilo hertz, whereas a QPD can record intensity fluctuations in the order of ∼

100 kHz.
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FIGURE 2.9: Plot showing comparison of MSD of a freely diffusing and
an optically trapped 1um polystyrene bead in milliQ water measured
using QPD measurement (50 kHz) and CCD Camera (500 Hz). PT- par-
ticle tracking using CCD camera, MPT- multiple tracking using CCD
camera. Thin black line shows slope of 1 and thick black line shows
roll on time scale when a particle moves from a diffusive to elastic be-

haviour.

Fig. 2.9 shows that MSD data recorded using a QPD and particle tracking of an

optically trapped bead. They have approximately similar ’roll on’ characteristic times.

The QPD reveals that even in the trap, at short time scales, the MSD is diffusive. At

long time scales, it reaches a plateau due to trap confinement. For a free particle, the

MSD is diffusive at all - time scales which is shown by the slope of 1 (dotted lines). The

behavior is described in more detail in the following section 2.2.5. As shown in Fig.

2.9, the camera data at short time scales do not agree well with QPD data, this could

be due to the finite bandwidth and exposure time of the CCD camera (Loosemore and

Forde, 2017).

2.2.5 Calibration of Optical Tweezers in MilliQ water

The main idea of using an OT in this work is to apply forces to biological samples.

To quantify the force, we need to calibrate the strength of the trap. This is typi-

cally done by monitoring the average response to thermal fluctuations, which have
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a known magnitude at a particular temperature.

Optical tweezers exert force on dielectric particles within the range of pN to 100pN.

This makes them an ideal force transducer to understand various biological systems as

most of the cellular biological processes involve forces within this range. The motion

of a trapped dielectric particle exhibits the form of over-damped harmonic oscillator

in a viscous solution. The trapping forces can be modeled as a Hookean spring for

displacements smaller than a particle radius.

f = −kx (2.13)

where k is the spring constant and x is the distance from the center of the trap to the

center of the trapped particle.

2.2.5.1 Equipartition method

An optically trapped bead in thermal equilibrium moves randomly within the trap.

Due to the optical force, the natural Brownian movement is confined in the trap region,

near the objective focus. The average energy of the Brownian motion of the trapped

particle, from thermal energy in the environment in one dimension, is 1
2 kBT. The

average energy the trap exerts on the particle is related to energy of a Hookean spring:

1
2 k < x2 >. On equating the two relations, the trap stiffness (k) can be calculated:

k =
kBT

< x2 >
(2.14)

Fig. 2.10 shows the position histogram of a particle of 1 µm in diameter trapped using

OT. The Gaussian shape indicates that the particle spends more time at the center of

the trap. The full width at half maximum (FWHM) of the Gaussian fit is related to the

variance < x2 > of the position fluctuations and these fluctuations are related to the

trap strength in the plateau (the flat region of QPD and camera data in Fig.2.9).
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FIGURE 2.10: Position Histogram of trapped particle. Red curve shows
the Gaussian fit to the position data and the green line shows the full

width at half maximum (FWHM).

Equation 2.14 can be very useful for quickly estimating the trap parameters in

real time (Berg-Sørensen and Flyvbjerg, 2004). However it becomes less accurate for

noisier data sets because the harmonic model (and thus the Gaussian probability dis-

tribution) fails for particle positions far from the centre. The MSD of a particle in a

trap measured using a QPD is shown in Figs. 2.9 and 2.11 (for different laser powers).
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FIGURE 2.11: MSD of trapped particle at different laser powers. The
red curves shows the fit to MSD data. The back line shows the roll on

time scale for 0.5 W.

At short time scales, the MSD is diffusive (increases as a linear function of τ) as

the particle displacement is very small and it does not feel the trap. At long times

scales, the MSD plateaus are due to the trap confinement. In this region the MSD of

the particle at different laser powers is directly related to the strength of the trap. The

stronger the trap, the sooner the plateau is reached. The MSD transition from linear

growth to plateau (due to confinement) occurs at a characteristic time τot. The MSD of

an optically trapped bead is given by:

MSDx(τ) =< [x(t + τ)− x(t)]2 >= 2
kBT
κx

[1− e−
|τ|
τot ] (2.15)

where κx is the trap stiffness and τot = γ
κx

is the trap characteristic time. γ = 6πηa

is the friction coefficient and ’a’ is the radius of particle. MSDx(τ) features a transi-

tion from a linear growth corresponding to free diffusion behavior at short time scales

(τ << τot) to a plateau due to confinement at long time scales (τ >> τot). This equa-

tion is derived from the solution to the Langevin equation (2.18) which is described in

the next section.
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TABLE 2.1: Measurement of stiffness (8 measurements at each laser
power) at 3 different laser powers (SLM) using Equipartition method
and MSD method (Bead diameter - 1 µm, Laser wavelength -1064 nm)

Laser Power (W) Equipartition (k (pN/µm)) MSD - fit method (k (pN/µm))

0.5 7.5 ± 0.5 8.6 ± 0.4

1 15.2 ± 0.4 16.4 ± 0.3

2 29.1 ± 0.3 31.2 ± 0.4

2.2.5.2 Power Spectrum Method

The power spectrum analysis of the position of the trapped bead is another alternative

method to calibrate optical tweezers and is considered to be the most reliable option

(Berg-Sørensen and Flyvbjerg, 2004). The main idea here is that the frequency of the

motion of the bead in a trap is related to the strength of the trap. It has the advantage

of working in the frequency domain, so it gives an indication of the sources of noise

which can be removed by notch filtering if required.

The thermal forces can be balanced against the optical force, the Stokes drag force

and the inertial force to give the Langevin equation for 1-D:

mẍ(t) + γẋ(t) + κxx(t) = ξ(t) (2.16)

where m is the mass of the particle, x(t) is the trajectory of the particle, κx is the trap

stiffness and ξ is the stochastic force exerted on the particle. γ is the friction coefficient

given by

γ = 6πηa (2.17)

where η is viscosity and a is the radius of the particle. In the low Reynolds number

regime, it is possible to drop the inertial term in equation 2.16, and obtain the over-

damped Langevin equation:

ẋ(t) +
κx

γ
x(t) = ξ(t) (2.18)
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Here, κxx(t) is the harmonic force contribution of the trap. 〈ξ(t)〉 is the random

force with zero mean, i.e.,〈ξ(t)〉 = 0, uncorrelated with the actual particle position, i.e,

〈ξ(t)ξ(t+ τ)〉 = 2Dδ(τ), where D = kBT/γ. Using these properties, ξ(t) =
√

2DW(t),

where W(t) is a white noise. W(t) is characterized by following properties:

• 〈W(t)〉 = 0;

• 〈W(t)2〉 = 1;

• 〈W(t1)〉 and 〈W(t2)〉 are independent of each other for t1 6= t2.

The solution of the differential equation 2.18 in time is the MSD of particle in trap

as represented in equation 2.15.

Introducing a corner frequency:

fc =
κx

2πγ
(2.19)

Equation 2.16 can be written as

ẋ(t) + 2π fcx(t) =
√

2DWx(t) (2.20)

and the Fourier transform of equation 2.20 is

2π( fc − i f )X̃( f ) =
√

2DW̃x( f ) (2.21)

where X̃( f ) and W̃x( f ) are the Fourier transforms of x(t) and Wx(t) respectively. Tak-

ing the square modulus of both sides of equation 2.21 gives the power spectral density

(PSD) of the particle motion at a total time interval of T,

Px( f ) =
|X̃( f )|2

T
=

D/2π2

f 2
c + f 2 (2.22)

which is the form of a Lorentzian function. By fitting the PSD of an optically trapped

particle to the above Lorentzian, one can obtain the corner frequency ( fc) or the roll

off frequency as shown in Fig. 2.12. Once the corner frequency ( fc) is known, stiffness

(k) can be calculated using equation 2.19 (Result for a single trap using SLM is shown

in table 2.2 for 1 µm particles).
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FIGURE 2.12: Power spectral density of 1µm trapped particle using 3
different laser powers.

TABLE 2.2: Measurement of stiffness (5 measurements at each laser
power) at 3 different laser powers (SLM) using corner frequency (Bead

diameter - 1 µm, Laser wavelength -1064 nm).

Laser Power (W) Corner frequency ( fc (Hz)) Stiffness (k (pN/µm))

0.5 200 ± 7 10.5 ± 0.4

1 420 ± 4 22.1 ± 0.2

2 750 ± 9 39.3 ± 0.5

Similar calibration experiments were carried out for 2µm beads using a different

higher laser power (Arryx, 5W laser). This high powered laser with higher stiffness

is used to trap beads and make an indentation on cells and nuclei. The calibration

protocol was similar to that described above. Table 2.3 shows the stiffness as a function

of laser power.
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TABLE 2.3: Measurement of stiffness (5 measurements at each laser
power) at 3 different laser powers (High power trap) using corner fre-

quency.(Bead diameter - 2 µm, Laser wavelength -1064 nm)

Laser Power (W) Corner frequency ( fc (Hz)) Stiffness (k (pN/um))

0.5 431 ± 4 34.1 ± 0.5

1 683 ± 6 48.5 ± 0.9

2 1100 ± 2 69.3 ± 0.3

The stiffness values obtained from Power spectrum method (Table. 2.2) for the

same laser power is higher compared to that of Equipartition and MSD method (Ta-

ble. 2.1). This shows that Power spectrum is the ideal choice for calibrating OT as

any noise in the system can be isolated and does not affect the stiffness measurement

whereas for Equipartition and MSD method the noise is embedded in the data at all

time scales, which is the reason for lower values of stiffness.

2.3 Atomic Force Microscopy (AFM)

AFM experiments were conducted at the Physics department of the University of

Queensland, Australia. AFM measurements were performed using a JPK Nanowizard

II (JPK Instruments, Bruker) mounted on an inverted fluorescent optical microscope

(LSM 710, Zeiss) as shown in Fig. 2.13.
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FIGURE 2.13: AFM Setup

The Nanowizard II machine was equipped with the CellHesion module that en-

abled extension of the cantilever movement in the Z direction up to 100 µm. Fig. 2.14(a)

shows schematics of the AFM set up to scale, in order to highlight the size of the can-

tilever relative to the colloidal probe and the sample. The microscope was equipped

with a double illumination optical setup, which enables illumination of the top and

bottom of the sample at the same time. This allows observation of the sample in a high

contrast mode under illumination from above, whilst being able to observe the sam-

ple and colloidal probe hidden under the cantilever from below (Bonilla et al., 2015;

Yakubov et al., 2016). This enables accurate positioning of the colloidal probe above

the centre of the sample. Indentation measurements were performed using long can-

tilevers (PNP-TR-TL 200 µm), with SiO2 spheres of 2 µm diameter (Polysciences AG)

mounted using a 2 component epoxy glue (UHU Schnellfest, UHU).

Spherical beads were used here instead of a sharp tip to apply a force over a larger

surface area with a well-defined contact geometry. The sample was placed in a Petri

dish with the culture media and mounted on the temperature-controlled AFM stage.

The cantilever was first positioned above the cell surface using a mechanical XY stage,

and then the position was further adjusted using an XY piezo stage operated by a ma-

nipulation control option in the contact mode. Once positioned, the illumination was
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switched off to minimise temperature fluctuations. Indentation curves were recorded

using driving speeds of about 0.5 µm/s to minimize the impact of hydrodynamic drag

that at all times was <5 Å in the deflection equivalent (Vinogradova et al., 2001).

The force measurements were performed at three values of force set point, 300, 500

and 1000 pN, operated in the closed loop mode to minimise hydrodynamic contribu-

tions (Vinogradova et al., 2001). Immediately before use, the probes were cleaned in

oxygen plasma for 5 min and then mounted and immersed in the experimental cu-

vette with buffer. The spring constant (k) was determined using the Asylum Research

GetRealTM routine that utilizes a combination of the thermal noise and the Sader meth-

ods (Higgins et al., 2006). A glass Petri dish was coated with poly-L-lysine to retain

the samples (cells and extracted nuclei - as detailed in the forthcoming experimental

chapters) in situ during the indentation. The typical values of spring constant were

0.04 N/m. In a typical experiment, the cantilever was positioned in close proximity

to the sample, and a set of force–indentation curves were then recorded. It was also

important to control the position of the AFM tip over the samples’ apex to ensure that

the indentation is normal to the sample surface (Dufrêne, 2001).

Raw force versus distance curves were recorded as a function of the voltage output

from the position-sensitive device versus the calibrated z-position of the piezotransla-

tor. The output voltage of the position-sensitive device was converted into the deflec-

tion by calculating the slope of the constant compliance line measured against a glass

substrate in the same buffer used to record the force indentation curve on sample. The

force was calculated by multiplying deflection by the cantilever spring constant. The

zero position was determined as the cross-section point of the baseline and the tangent

line corresponding to the onset of the indentation curve, where cantilever deflection

started to deviate from the baseline. Positive values were attributed to the indentation

section of the curve. The apparent separation was calculated by subtracting cantilever

deflection from the z-position of the piezotranslator.

Furthur analysis were performed using JPK software to perform baseline subtrac-

tion. Indentation force (F) and depth (D) data were then exported and fitted using

MATLAB (R2016) to obtain an apparent Young’s modulus (E). The Young’s Modulus

was determined using the classical Hertz contact model (Hertz, 1882).
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F =
4
3

E
(1− ν2)

√
RD3 (2.23)

where R is the radius of the spherical bead, and v is the Poission ratio (v = 0.4)

(Nawaz et al., 2012). This model, which describes indentation of elastic solid objects

by a spherical indentor, has been widely used to determine elasticity in cell mechanics

studies (Yousafzai et al., 2016; Guz et al., 2014; Nawaz et al., 2012) .

(a) (b)

FIGURE 2.14: AFM indentation. (a) Schematic setup for AFM measure-
ments. Figure shows a cantilever (yellow) with a bead (black) attached
at the end, and a laser light (red) deflecting at the end of cantilever. (a)
Cantilever with a bead attached at the tip for probing the nuclei. Scale

bar - 10µm.

2.4 Micropipette Aspiration (MA)

Micropipette aspiration (MA) is a technique used to to deform and aspirate samples

which are micrometer in size. This technique was initially implemented on single

cells such as erythrocytes and leukocytes back in the 1970’s (Waugh and Evans, 1979;

Needham and Hochmuth, 1990). In this technique, a negative suction pressure, ∆P, is

applied. This is done by connecting a micro pipette to a water reservoir or a pump.

The deformation of the sample is determined from images recorded by using a optical

microscope.

2.4.1 General Theory

Different models can be used to quantify the mechanical properties of cells from their

shapes during aspiration measurements. Here we describe two models based on pre-

viously reported analyses carried out in more conventional MA experiments to quan-

tify cell mechanics (Drury and Dembo, 1999; Hochmuth, 2000). In both cases, we refer

to the derived mechanical properties as ’effective’ due to the modelling assumptions
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applied.The first and most commonly used model is the continuum medium model,

where the aspirated cell is assumed to be homogeneous, incompressible and mostly

spherical in shape (Hochmuth, 2000; Van Vliet, Bao, and Suresh, 2003). In this model,

an aspirated cell can be considered a liquid drop, as shown in Fig. 2.15. The pressure

difference ∆P as the cell is aspirated into the pipette can be described using the Young

- Laplace equation (Shojaei-Baghini, Zheng, and Sun, 2013; Needham and Hochmuth,

1990),

∆P = 2Tc

(
1
ri
− 1

R

)
(2.24)

where Tc is the cortical/membrane tension, ri is the pipette opening radius and R

is the radius of the cell outside the pipette. As the suction pressure gradually increases

and the aspirated length ∆L increases, three stages are observed: i) ∆L < ri, ii) ∆L =

ri and iii) ∆L > ri. The cell flows into the pipette at suction pressure when ∆L > ri

at constant velocity(v). The Laplace equation is no longer valid beyond the critical

pressure (∆Pc; when ∆L ≥ ri) when the cell flows into the pipette. In this situation, the

viscosity (η) of the cell can be calculated as

η =
ri(∆P− ∆Pc)

6v(1− ri
R )

(2.25)

where R is the radius of the cell outside the pipette when v is measured. With in-

creasing suction pressure beyond the critical pressure for solid-like cells, the equation

can be written as,

∆P =
2π

3
E

∆L
ri

φ (2.26)

where E is the Young’s Modulus for the solid cell and φ is a constant with a typical

value of 2.1. This value depends on the ratio of thickness of the pipette wall to ri. The

elasticity of the particle is related to its viscosity by

E =
3πη

τ
(2.27)

where τ is the characteristic relaxation time of the particle.

When a sample starts to be aspirated, it undergoes an initial elastic deformation, as
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FIGURE 2.15: Schematic of micropipette aspiration

shown in Fig. 2.15, ∆L is measured by optical microscopy using the first video frame

in which the nucleus is aspirated by the micropipette tip (e.g. Fig. 5.1(c) (right image)).

From this measured aspirated length ∆L, the effective elastic modulus (E) is

E =
ri∆P
∆L

(2.28)

The second model is based on those developed for viscoelastic particles (Guevorkian

et al., 2010) but data analysis is customized for full aspiration of particles into a con-

ical pipette (Gangotra and Willmott, 2019). While conventional MA often uses op-

tical microscopy data to analyse the total aspirated length (L) as a function of time,

here only the event duration ∆T, is used. This is obtained from the electrical signal

which has better resolution than optical data. At the start of the experiment, a base-

line current (I0) is established and measured. ∆T is defined as the time it takes for

the nucleus to pass through the pipette tip constriction, measured as the time during

which I < 0.95I0. Using the geometry of the pipette tip and the sample, the velocity of

aspiration (u) can be estimated. The critical pressure required for aspiration to start,

related to the surface tension of the sample, is assumed negligible compared to ∆P,

and friction is also neglected in this analysis. The effective viscosity (η′) of the nucleus

is

η′ =
ri∆P
3πu

. (2.29)

The viscous and elastic regimes are separated by a constant stress relaxation time (τ),

and an effective elastic modulus (E′) is obtained using this second model is given by:
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E′ =
3πη

τ
. (2.30)

2.4.2 Setup Description and operation

MA experiments were conducted at the Physics Department of the University of Auck-

land (Gangotra, 2019). The MA setup was built on an antivibration table to reduce

mechanical perturbations. A Custom-made mount was made to hold on the pipette,

attach the pipette to a Ag/AgCl electrode, and connect the electrode to the electrom-

eter. The mount was designed to be connected to 3-D movement piezo actuators for

precise displacements in the range of nm to µm. A manual stage with X-Y move-

ment was used to hold the substrate which was submerged in the electrolyte bath for

coarse movement of the sample. Two microscope objectives were used in vertical and

horizontal directions as shown in the schematic Fig. 2.16(a) to image the pipette and

sample, respectively. A pressure reservoir was used to collect the aspirated fluid, so

the pipette pressure is controlled by a pressure sensor and the pressure pump (apply

-ve pressure). To reduce electrical noise, the apparatus was shielded with a Faraday

Cage as shown in Fig. 2.16(b). Detailed components and their explanations of the

setup are listed in Appendix B.2.

Micropipettes were fabricated from borosilicate glass capillaries (QF-100-50-7.5,

Sutter Instruments) using a CO2 laser pipette puller (P-2000, Sutter Instruments). The

micropipettes had a (6.5 ± 0.5) µm inner diameter. To reduce adhesion, each pipette

was immersed in a silanising agent (Sigmacote, Sigma Aldrich) for 1–2 s and left to

air dry overnight to form a uniform surface coating at the tip. Fig. 2.17 shows the

image analysis and current response as the particle is being aspirated. During the

experiment, a micropipette was backfilled (Hansma et al., 1989) and immersed in an

electrolyte bath filled with 3 mL 1× PBS. Once the pipette was affixed in place, 50

µL of a solution containing samples (typically nuclei isolated from MCF7 cells) was

transferred to the electrolyte bath near the pipette tip. To begin each experiment, a

potential of 0.1 V and suction pressure (∆P) of 25-200 mbar (2.5-20 kPa) was applied

using the electrometer and pressure pump respectively. An electrical current between

the electrodes (I) was recorded simultaneously with an optical microscopy video fo-

cused on the pipette tip (Fig. 5.1(c) (Top - right image)). In this study, aspiration events
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(a)

(b)

FIGURE 2.16: (a) MA apparatus setup. (b) MA apparatus photos with
an overall view of the apparatus (left) and a close up image taken inside

the Faraday cage (right).

differed from conventional MA experiments because each event consisted of a sam-

ple being deformed and additionally completely drawn through the pipette tip. Each

experiment was run for 60-90 s, during which multiple events were captured. The

micropipette was replaced between experimental runs when it became obstructed or

clogged. It was of interest to measure the duration of each aspiration event. The

electrical data were used for this because electrical signals were sampled at 300 Hz,

whereas optical microscopy videos were captured at 24 frames per second. The elec-

trical current decreases as the sample particle enters the tip and recovers after it tra-

verses the tip, clearing the ionic transport pathway. Aspiration event times (T) were

typically 0.5-2 s.
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(a) (b) (c)

FIGURE 2.17: Synchronisation of microaspiration current and optical
microscopy data. (a) Aspiration of 10-20 µm polymer particles with a
8µm diameter pipette. (b) Current response for the aspiration. Green
lines indicate the start and end of aspiration events. (c) Synchronised
image analysis from image stacks of aspiration events. Red lines rep-
resent the aspirated lengths, blue lines represent the diameter of the
polymer particle outside the pipette and green lines indicate the start
and end of the aspiration events determined from the current response.

2.5 Mechanical Rheometer

Bulk Rheology measurements were also carried out where useful to compare with the

measurements from microrheological techniques.

2.5.1 Experimental method

A frequency sweep was performed to characterize the rheological properties of PEO

solutions (described in more detail in the next chapter). The frequency is varied while

the amplitude of the shear stress is kept constant. Measurement parameters for fre-

quency sweeps are listed in table 2.4:

TABLE 2.4: Frequency sweep.

Temperature 20 ◦C

Strain % 1%

Angular frequency 0.1-250 rad s−1

Points per decade 10

Conditioning Time 5 s

Sampling Time 5 s

Preshear 1 rad s−1 for 30 s
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2.5.2 Conclusion

In this chapter the methods and the calibration that are required for this thesis were

described in detail. OT is the major technique among all of them and has used exten-

sively in the entire thesis. AFM and MA techniques were used specifically for nuclei

mechanics in chapter 5. We now move our attention to results obtained using these

techniques.
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Chapter 3

Microrheology of Polyethylene

oxide (PEO)

After a thorough discussion of the many techniques utilized in this thesis in chapter

2, the next goal was to implement and understand the use of some of these microrhe-

ological techniques in complex fluids. This chapter focuses on using basic passive

and active techniques to study Polyethylene Oxide solutions (model viscoelastic so-

lutions). Particular attention was paid to the calibration of OT in a viscoelastic media

using an active microrheology approach.

3.1 Introduction

Complex fluids like gels, polymer solutions, and bio-materials are often ’squishy’ in

nature and exhibit mechanical properties that vary with length and time scale. The

response of these materials to induced shear strain gives us information about the

structure of the material. For instance, solids store energy and are elastic, while fluids

dissipate energy and are viscous. Complex fluids exhibit both these features and are

viscoelastic in nature.

A traditional way of understanding these complex materials is by using a me-

chanical rheometer, where the stress response of the material to an applied oscillatory

strain determines the complex modulus G∗(ω). The real part of the complex modu-

lus G′(ω) measures the ratio of the in phase response of the medium to the applied

oscillatory strain which determines the elastic component of the material. The out of

phase response is given by the imaginary part of the complex modulus G”(ω) which
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determines the viscous component of the material. These two components are related

to each other by the Kramer-Kronig relations (Chaikin, 1995).

Over a couple of decades, the microrheology technique has been extensively used

to probe viscoelastic materials (MacKintosh and Schmidt, 1999; Cicuta and Donald,

2007b; Waigh, 2005a). The advantage is that it requires very small sample size, typi-

cally a few hundred microlitres of samples compared to milliliters of sample required

for conventional mechanical rheometer measurements. Hence, the application can be

particularly useful for very costly materials or biological samples (Mas et al., 2013).

To understand and compare conventional rheology and microrheology techniques,

firstly passive microrheology experiments were carried out (where passive microrhe-

ology is the study of system properties using probe particle movements under the in-

fluence of only thermal fluctuations) and secondly active microrheology is performed

(concerned with observing how the system responds to an externally applied force).

3.2 Materials and Methods

The experimental setup used is similar to those described in sections 2.2.3 and 2.1.1.

Polyethylene oxide solutions are used as the model viscoelastic media. PEO is a vis-

coelastic polymer that can be used to prepare solutions which are homogeneous and

not charged. 900 kDa PEO dry powder (Acros Organics) was mixed in milliQ water

along with fluorescent probe particles (0.05 vol%, Poly Sciences Polystyrene, 1.0 µm,

2.6% Solids-Latex) for 3 days to make a homogeneous solution. PEO starts to exhibit

viscoelasticity at concentrations higher than the overlap concentration, c*. The over-

lap concentration is approximately 0.16 wt% for the 900 kDa PEO samples. (Dasgupta

et al., 2002). Solutions were prepared at concentrations of 2 wt% and 4 wt%, 14 and 25

times the overlap concentration respectively, to ensure significant viscoelasticity.

The microrheology of polyethylene oxide was measured by MPT and OT, with a

combination of camera and QPD measurements as described in sections 2.1 and 2.2

respectively.
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3.3 Results and Discussions

3.3.1 Passive Microrheology of Polyethylene Oxide

The MSD measured using a QPD and a CCD camera, for particles suspended in 2

wt% and 4 wt% PEO solutions are shown in Figs. 3.1 and 3.2. The slope of MSD data

on a log-log plot at longer time scales approaches one, indicating a viscous behavior

whereas at early lag times it is approximately equal to 0.56 and 0.42 for 2 wt% and 4

wt% respectively indicating predominantly elastic behavior which is as expected for

a polymer solution in the semi-dilute regime and is in fair agreement with previous

work (Dasgupta et al., 2002).

FIGURE 3.1: MSD of 2 wt% PEO. Double power law fit of exponents
0.56 (shows elastic response of polymer) and 0.95 (shows viscous be-

havior)
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FIGURE 3.2: MSD of 4 wt% PEO. Double power law fit of exponents
0.42 ( shows elastic response of polymer) and 0.97 (shows viscous be-

havior)

To compare with bulk rheology, the MSD data of PEO solution has to be rep-

resented in a frequency dependent regime. The MSD can be related to viscoelastic

moduli using the Generalized Stokes-Einstein Relationship (GSER). Among the many

methods, the Mason and Weitz’s numerical method (described in section 2.0.1) is pos-

sibly the most popular method, due to its ability to handle noise and its simplicity

(Mason, 2000). The plots in Figs. 3.3 and 3.4 show the comparison of moduli from mi-

crorheology using the more expansive QPD data to the bulk rheology measurements

for 2 wt% and 4 wt% PEO respectively.
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FIGURE 3.3: Elastic (G′) and viscous (G”) moduli for 2 wt% PEO
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FIGURE 3.4: Elastic (G′) and viscous (G”) moduli for 4 wt% PEO

Using the QPD, the moduli were obtained over ∼4 decades in frequency with fair

agreement with bulk rheology measurements. QPD data shows that the cross-over
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frequency is shifted to lower frequency for 4 wt% PEO, as compared to 2 wt% PEO,

showing the higher elastic behavior for higher concentration of PEO.

3.3.2 Active microrheology of PEO

In active microrheology techniques, the motion of the probe particles are driven by

externally oscillating the stage or by translating an optical trap containing the probe

particle (Velegol and Lanni, 2001b; Valentine, Dewalt, and Ou-Yang, 1996). This tech-

nique is similar to the mechanical rheometer where it is possible to drive the particle

with small or large amplitudes, providing an insight into non-linear regimes, as well

as linear response. To extract the viscoelastic moduli characterizing the PEO, we need

to determine the stiffness of the trap in a viscoelastic solution (PEO).

3.3.2.1 Calibration of Optical Tweezers in PEO

In order to use OTs as a force measuring tool inside a viscoelastic medium, it is crucial

to perform exact force calibration. The Brownian motion of particles in a viscoelastic

media differs from that in a viscous media. In a viscoelastic medium, the restrictions

of the motion of particles which is usually related to the trap have an additional contri-

bution from the elasticity of the material. Hence we cannot determine the calibration

using power spectrum method as shown in section 2.2.5.2, as the physical characteris-

tics of the medium such as viscosity and elasticity are often unknown.

To calibrate in such a complex environment, passive and active techniques can

both be applied using OT. In the passive part, the Brownian motion of a trapped par-

ticle in the viscoelastic media is observed and the power spectra is extracted. In the

active part, the trap position is moved using a piezo stage and the response of the

trapped particle is tracked. The combination of passive (undriven) and active (driven)

parts can be used in concert to give an estimate of the stiffness of the trap in a viscoelas-

tic media(Fischer and Berg-Sørensen, 2007; Fischer et al., 2010). The idea is described

in Fig. 3.5.
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FIGURE 3.5: Passive and active microrheology setup. In pas-
sive(undriven) experiments, the particle performs a thermally induced
stochastic motion. In active(driven) experiments, the sample is oscil-

lated in controlled fashion by a piezo stage

The discussion so far has been focused on using equation 2.6 to model the motion

of a trapped particles in a fluid environment subjected to friction, a conservative force,

optical force and a thermal random force. This framework is ideal in the case of New-

tonian fluids like water and glycerol. However, this framework cannot be applied to

a viscoelastic (non-Newtonian) fluids. The friction term is coupled in a more com-

plicated way to the environment. In order to extend the equation 2.16 to viscoelastic

media (non-Newtonian fluids), a generalized Langevin equation has been proposed

(Mason and Weitz, 1995). The passive part is described as:

mẍ(t) +
∫ t

0
ζ(t− τ)ẋdτ + κx(t) = ξ(t) (3.1)
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where ζ, the time dependent memory function, represents the viscous damping. The

middle term in the left hand side of equation 3.1 is called the memory friction, which

captures the effect of energy stored in the medium during time evolution. For the

active part, the stage is oscillated sinusoidally with driving frequency ω. The gener-

alised Langevin equation will be similar to equation 3.1, but now with an extra term

accounting for moving the stage. The equation of motion for a stationary trap and

moving stage is given by:

mẍ(t) +
∫ t

0
ζ(t− τ)(ẋ(t)− ẋs(t))dτ + κx(t) = ξ(t) (3.2)

where ẋs represents the velocity of the stage. The integral term now contains the past

velocities of the particle relative to the medium. The theoretical derivation of combin-

ing the active and passive parts for quantitative measurements has been described in

(Fischer et al., 2010)(Fischer and Berg-Sørensen, 2007). Here, only the equations nec-

essary for data analysis are used. The main principle is a linear response theory which

connects a response function of the medium, χ(ω), to the average Fourier transform

of an observed position x of the tracer particle < x̃(ω) > and the Fourier-transform of

an external force Fext, F̃ext, given by

< x̃(ω) >= χ(ω)F̃ext(ω) (3.3)

3.3.2.2 Passive measurements

In a series of passive measurements, time series of the position of a trapped particle

(undriven), xp(t) were recorded for time Tmsr, where Tmsr is the total measurement

time. Using this time series, the power spectrum P(ω) of the position fluctuation is

calculated as :

P(ω) = lim
Tmsr→∞

< |x̃p(ω)|2 >

Tmsr
(3.4)

where x̃p(ω) is the Fourier transformed position of the trapped particle and ω = 2π f

is the angular frequency ( f is the normal frequency). The position of the trapped

particle in polyethylene oxide is recorded both by using a quadrant photodide (QPD)

and a CCD camera as shown in Fig. 3.5.
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In the passive measurements, a 5 s time series of the position of the trapped particle

(undriven), was recorded with a CCD camera with a frame rate of 500 fps.

3.3.2.3 Active measurements

In active measurements, the system was driven by sinusoidally oscillating the piezo

stage in the x-direction with frequencies between 1 and 15 Hz, in a PEO solution (2

wt%).The stage was moved for approximately 5 to 10 s and the motion of the bead

was recorded using CCD camera. The stage movement was also monitored using a

particle adjacent to the trapped one as illustrated in Fig. 3.5 (The free bead adjacent to

trapped bead). Recordings of xdr
p and xs(t) were performed for 5 s at a frame rate of

500 fps, where xdr
p is the position of trapped particle when the stage is driven and xs(t)

is stage position.

Hence, the position of the stage can be described by xs(t) = Assinωt, where As is

the amplitude of stage motion. The position of the driven trapped particle xdr
p (t) was

recorded simultaneously. Using relations 3.1, 3.2 and 3.3, the active spectrum for stage

driving R̃s(ω) is defined as (Fischer and Berg-Sørensen, 2007):

R̃s(ω) =
xdr

p (t)
iωx̃s(ω)

(3.5)

The active spectrum can be more conveniently calculated via the phase difference ∆φ

between the phase of the stage driving, φs, and the phase of the trapped particle, φp:

∆φ = φp − φs (3.6)

and the active spectrum is given by:

R̃s(ω) =
Ap

ωAs
(sin∆φ− icos∆φ) (3.7)

where As is the amplitude of the stage driving and Ap is the amplitude of the par-

ticle response. Hence, using the above active and passive measurements, the spring

constant, κ, of the trap can be found:

κ −ω2m = 2kBT
Re(R̃(ω))

P(ω)
(3.8)
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If the stage is driven at a particular frequency ωs, then after inserting the real part of

equation 3.7 into equation 3.8, the relation becomes:

κ −ω2
s m =

2kBT
P(ωs)

Ap

ωs As
sin(∆φ) (3.9)

In equation 3.9, m is the mass of the particle. The particle size is not required. Also,

in these experiments the frequency and the mass is very small, hence, the term ω2m

in equation 3.9 can be neglected (Mas et al., 2013). This allows the trap strength to be

properly calibrated in a viscoelastic fluid.

3.3.2.4 Experimental results using 2 wt% PEO

Combining the active and passive measurements described above, trap stiffness was

measured using a fixed laser power (2 W) with driving frequencies ranging from 2 to

15 Hz.

Stepwise calibration procedure:

(a) Passive recording of a particle (xp(t)) in a trap. This is the undriven part as

shown in Fig. 3.5. Power spectra are determined from this passive recording as

described in section 3.3.2.2.

(b) Active driving and recording as illustrated in Fig. 3.6.
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FIGURE 3.6: Figure shows sinusoidal oscillation of stage (black) and re-
sponse of optically trapped particle (red) at 6Hz and 15Hz.

(c) The phase difference (using equation 3.6) and amplitude ratio ( Ap
As

) are obtained

for different oscillation frequency and are shown in Fig. 3.7. The active spectrum

R̃(w) is then recovered using equation 3.7. As seen from Fig. 3.7, the phase

difference between stage driving and bead response (Fig.3.6) decreases while

amplitude increases with driving frequency.

FIGURE 3.7: Phase shift and amplitude ratio for active measurements.
Error bar indicates standard error (SE).

(d) Following (a), (b) and (c), the trap stiffness of the particle is determined using
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equation 3.9. Fig. 3.8 shows stiffness (κ) versus oscillation frequency (ω), error

bars represents standard error (SE) for a similar system. Within the error bars,

the data are consistent with κ being independent of driving frequency and hav-

ing an average value of κ = (33± 2.9) pN µm−1. The measured values of κ are

more precisely obtained than given in literature κ = (44.9 ± 13.5)pN µm−1 (Mas

et al., 2013).
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FIGURE 3.8: Plot of stiffness versus oscillation frequency. The error
represents standard error (SE) (n = 10).

The experimental method is already described in section 3.3.2.3. The equation of

motion for a sinusoidally moving trap is described in equation 3.2. By measuring

the phase difference of the particle and stage displacement shown in 3.7, the complex

modulus (G∗) can also be determined along with the trap stiffness (κ) in the viscoelas-

tic media. Using the equations for active and passive measurements described in sec-

tions 3.3.2.2 and 3.3.2.3, the viscoelastic modulus can now be extracted (Mas et al.,

2013):

G∗(ω) =
iω

6πr
(κ −ω2m)

R̃s(ω)

1− iωR̃s(ω)
(3.10)

where r is the radius of the particle, κ is the stiffness which is determined using

equation 3.9 and R̃s(ω) is the active spectrum of the stage driving, determined using

the equation 3.7.
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3.4 Conclusion

This chapter highlights the ability of microrheology techniques to measure the vis-

coelastic properties of simple flexible polymer solutions that are not permanently

cross-linked. The viscoelastic spectra obtained using passive microrheology (using

the CCD for MSD measurements over a large frequency range) agrees fairly well with

bulk rheology measurements and extends them to higher frequencies. Using a QPD,

the range of viscoleastic spectra for passive microrheology extends over 4 decades.

The results show that the passive microrheology experiment works well when ap-

plied to uncross-linked polymer suspensions. Calibration of the OT in milli-Q water

is explored rigorously in the literature, however the calibration in viscoealstic me-

dia is much less explored. In this chapter, calibration of OT in viscoelastic media is

achieved using an oscillating piezo stage to move the probe particles in the viscoelas-

tic medium, which is a prerequisite step to perform active microrheology. Further

experiments were not performed as this work was mainly undertaken to get a better

handle on the OT setup and the ideas needed to probe biological samples, to which

we now switch our attention.
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Chapter 4

Mechanical properties of MCF-7

cells

Moving from standard viscoelastic systems to a biological system of interest, this chap-

ter focuses on using OT to understand how the mechanical properties of MCF7 breast

cancer cells are altered when the amount of heterochromatin protein 1α (HP1α) they

express is reduced. This research was carried out in collaboration with Dr. Tracy Hale

(Chromatin research group, Massey University). Since OT forces are in the range of 1

- 100 pN and the typical trap stiffness varies from 1 - 100 pN/µm, it makes an ideal

technique for probing these cells. Firstly, the Young’s modulus was obtained by per-

forming cell indentation longitudinally (from the top of cells sitting on a polylysinated

surface), moving the cell toward an optically trapped bead. Secondly, the membrane

tension was obtained by pulling a membrane tether from the cells. In all cases, the

results were compared between control and HP1α depleted cells.

4.1 Introduction

Cells are considered as the basic building blocks of tissue. They are a dynamic system

capable of sensing mechanical stimuli within their environment and converting them

into biochemical signals. Cells also constantly generate force when they crawl and

contract and in doing so, remodel their structural stiffness in response to changes in

their physical environment. Hence, understanding the mechanics of cells is important

to understanding cellular functions such as differentiation, motility, migration, and in-

vasion. Recently, the relationship between cancer cell invasiveness and cell mechanics
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has garnered much interest, encouraging physicists, mainly from areas like soft mat-

ter and statistical physics, to work in tandem with biologists. Various techniques have

been used to characterize the mechanical properties of the cells, described in table 1.1.

4.1.1 Overview of the MCF7 cell line and the knockdown of HP1α protein

MCF7 is a human breast cancer cell line derived from a patient with metastatic breast

cancer cells in 1970 by Dr Soule of the Michigan Cancer Foundation, Detroit, MI (Lev-

enson and Jordan, 1997). Metastasis is the primary cause of death in breast cancer

patients as reported in global cancer statistics (Torre et al., 2015). In metastatic dis-

ease, the cell leaves the primary tumor, invades the surrounding tissue, and finally

infiltrates other tissues via the circulatory system (Denais and Lammerding, 2014).

Before a cell can invade other tissues, it has to squeeze through dense interstitial space

and narrow capillaries. Considering that the nucleus is the largest organelle in MCF7

cells (shown by the immunofluroscence confocal microscopy in Fig. 4.1 - Control),

it must become malleable and deformable enough to pass through the narrow tissue

constrictions. Hence, the mechanical properties of the cell nucleus, its connection to

the cytoskeleton and ultimately to the cell membrane can all play a major role in the

efficiency with which the cell can perform metastasis.

FIGURE 4.1: Immunofluorescence confocal microscopy of MCF7 71
control and MCF7 HP1α KD cells stained with DAPI (blue) to detect
DNA and an antibody against α-tubulin (green, mouse monoclonal,
ThermoFisher Scientific A11126). Representative images of maximum

intensity projection of z stack are shown. Scale bars - 10µm.

Research in cancer cell mechanics has become focused on understanding the stiff-

ness of the cell cytoskeleton, a structure mostly comprising of actin filaments and

micro-tubules structures and its interaction with the intermediate filaments (Hu et al.,

2018; Xu et al., 2012; Hayashi and Iwata, 2015). The eukaryotic nucleus is defined by
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the nuclear envelope, which is composed of the outer nuclear membrane and inner

nuclear membrane. Lining the inner nuclear membrane is the lamina, a proteinaceous

layer comprised of separate but interconnected intermediate filament networks of A-

type lamin (A and C) and B-type lamin (B1 and B2) proteins (Kumar, Sengupta, and

Bickmore, 2020; Dechat et al., 2008; Shimi et al., 2008; Holaska, Wilson, and Manshara-

mani, 2002). This barrier houses the genome, where DNA is wrapped around histone

proteins to form chromatin fibres undergoing further levels of folding to create do-

mains of highly condensed transcriptionally silent heterochromatin, and domains of

less compact transcriptionally active euchromatin (Pombo and Dillon, 2015; Janssen,

Colmenares, and Karpen, 2018). This compartmentalisation of the genome determines

patterns of gene expression and thus cell identity.

Heterochromatin protein 1α (HP1α) maintains the highly condensed portion of

the genome and tethers to the inner nuclear membrane as shown in fig. 4.2. HP1α

is an architectural protein that forms and maintains compact domains of heterochro-

matin (Grewal and Jia, 2007; Ryan and Tremethick, 2018), and contributes to the se-

questration of heterochromatin at the nuclear periphery through its interactions with

proteins embedded in the nuclear membrane and lamina (Grewal and Jia, 2007; Po-

lioudaki et al., 2001; Kourmouli et al., 2001; Poleshko et al., 2013). This network of

interactions between the nuclear envelope, underlying the lamina and the adjacent

heterochromatin, ensures both nuclear and genomic integrity. In the poorly invasive

breast cell MCF7 line, constitutive knock-down (KD) of HP1α has been shown to in-

crease the ability of cells to move through a three-dimensional extracellular matrix.

The introduction of HP1α into highly invasive MDA-MB-231 breast cancer cells, with

low endogenous levels of HP1α, suppresses their invasive potential in vitro (Norwood

et al., 2006; Kirschmann et al., 2000). These findings are supported by the correlation

of reduced HP1α expression with the onset of malignant cell invasion in many solid

tumours, including those of the thyroid and breast (Tretiakova et al., 2014; Contreras,

Gutierrez, and Hale, 2010; Kirschmann et al., 2000).
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FIGURE 4.2: Schematic of the nuclear periphery. The red circle denotes
the HP1α protein.

This chapter investigates the hypothesis that reduction of HP1α alters the mechan-

ical properties of MCF7 cancer cells.

4.1.2 Indentation experiments using Optical Tweezers

Our understanding of the stresses and deflections arising when a bead indents a cell

uses a classical theory of how two solids in contact deform. In 1897, Heinrich Hertz

deduced theoretical solutions to different contact geometries of two elastic bodies, in

what was to be known later as the field of contact mechanics (G, 1896). This study

had practical applications in different fields such as the design of dental prostheses,

hardness testing, wear and impact damage of engineering ceramics, nano-indentation

on cells, etc (Fischer-Cripps, 1999). AFM technique is the most widely used technique

for nano-indentation of living cells (Chen, 2014). Here, OT is used for indenting cells

which represents a complementary tool. Chapter 5 focuses on the use of multiple

techniques to examine nuclear mechanics and in that context the pros and cons of

each method are discussed in detail.

4.1.2.1 Previously reported findings using Optical Tweezers

Using OT techniques for indentation measurements is relatively new compared to

AFM. Different configurations have been developed to perform mechanical measure-

ments on cells using OT as shown in Fig. 4.3. Fibronectin coated beads trapped by

OT at opposite sides of the cell were moved towards the cell in an oscillatory or linear

motion (Bacabac et al., 2008; Falleroni, Torre, and Cojoc, 2018) to perform nano inden-

tation (Fig.4.3(a)). Cells have been indented axially (from the top of cells attached to

a polylysinated coverslips)(Yousafzai et al., 2016) similar to AFM by moving the cell
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towards the fixed trap (Fig.4.3(b)). In cases where the cell is not prohibitively spread

on the surface, the indentation can also be performed laterally (from the side), where

the sample or the trap is moved along the image plane as shown in Fig.4.3(c).

For the configurations mentioned above, different models have been used to ex-

tract the cell mechanical properties from force - indentation measurements. The most

commonly used model for AFM and OT indentation studies is the Hertz model (Ba-

cabac et al., 2008; Yousafzai et al., 2016; Nawaz et al., 2012). This model assumes that

the cell is a homogeneous elastic object and that the size of the indentation is smaller

then the size of the probe. Under this assumption, the velocity-dependent viscous

components are omitted and the cell can be described by just two parameters, the

Poisson ratio v and Young’s modulus E. The Poisson ratio is defined as the negative

transverse to longitudinal strain ratio, which is a measure of cell’s compressibility. The

Young’s modulus is a direct estimation of cell stiffness (Arbore et al., 2019; Bacabac et

al., 2008).

(a) (b) (c)

FIGURE 4.3: Different configurations of Indentation (a) Schematic of a
rounded red blood cell/osteocyte cell being indented by silica beads
using oscillatory trap. Figure extracted from Arbore et al., 2019. (b)
Schematic of the experimental procedure where the stage is displaced
upwards by δstage so the cell and bead can interact. Figure extracted
from Arbore et al., 2019. (c) Schematic of lateral indentation when cell
is moved by piezo stage towards a fixed trap. Figure extracted from

Zhou et al., 2014.

4.1.2.2 Qualitative description of Hertz contact model

Here, the contact between a rigid indentor and a elastic specimen is of particular inter-

est. The shape of the indentor may be conical, spherical or cylindrical. The interactions

between different geometries and the elastic specimen are termed as ’Hertzian con-

tact’. To understand the interaction of spherical bead and cells, the most well-known
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scenario is the contact between a rigid sphere and an elastic half sphere. A rigor-

ous formulation of this contact problem is described in the book by Valentin Popov

(Popov, 2017). Here we consider a qualitative estimation for ease of understanding

the Hertz equation between a rigid sphere of radius ’R’ and an elastic half space. The

assumptions in the half space approximation are that i) Surfaces are infinitely large

half-spaces, ii) Pressure profiles are parabolic (eg., sphere, ellipse or a cylinder), and

iii) Strain is small compared to the size of the probe and the indentor is not deformable

(Popov, 2017).

FIGURE 4.4: Hertz contact problem. Image taken from Popov, 2017.
Figure shows a rigid sphere of radius ’R’ which on contact with surface,

produces a penetration depth of ’d’, with a contact radius of
√

2Rd.

On contact with the surface, the elastic sphere has a penetration depth ’d’, a contact

radius ≈
√

2Rd, and a contact area, A, given by

A = πa2 ≈ 2πRd (4.1)

The order of magnitude of the elastic deformation can be estimated to be ε ≈ d
2a .

The magnitude of stress can then be of the order of σ ≈ E d
2a , where E is the Young’s

modulus. This gives the force as

F = σA ≈ Ed
2a

πa2 ≈ Ed
2

π
√

2Rd =
π√

2
E
√

Rd3 (4.2)

which shows that the force is proportional to d3/2, comparable to the exact Hertz equa-

tion 2.23.
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4.1.3 Pulling tethers from the cell membrane

The technique of extracting membrane tethers has been widely used to measure lipid

bilayer mechanics in many systems such as synthetic vesicles, neuronal growth cones

and eukaryotic cells. The first membrane tether pulling experiments were performed

on red blood cells (RBC) in 1970 using a micropipette. Currently, OT and AFM tech-

niques are also being widely used for tether extraction. However, OT is the most

widely used technique for adherent cells, as it has an ideal force range compared to

other techniques (Moeendarbary and Harris, 2014).

When a flat lipid membrane is grabbed and pulled by a point force, this will result

in a cone-like structure forming, eventually giving rise to a tube centered around the

point of application of the force applied. This tube is formed due to the increase in

tension in membrane. The membrane will try to minimize the surface area to decrease

the surface energy, leading to the formation of a very narrow tube. As it becomes

thinner, the curvature increases (curvature is inversely proportional to radius). This

curvature costs a large bending energy due to the finite bending modulus of the lipid

bilayer, thus putting a limit on the tether radius. The result is the formation of a

tube-like structure with a finite small radius maintained by a certain force to balance

between bending energy and surface energy. Using this assumption, the radius of the

tube at equilibrium can be calculated by minimizing the total free energy. Here, the

terms membrane nanotube, and tether are used interchangeably.

4.1.3.1 Previously reported findings

By pulling a membrane tether from synthetic vesicles, relationships between the tether

radius and membrane tension were validated by Evans and Yeung (Evans and Yeung,

1994) and used to estimate the bending modulus. As a tether is pulled at a constant

velocity, the force on the tether increases linearly during pulling, but the tether radius

remains constant for tethers extracted from vesicles and neuronal growth cones (Evans

and Yeung, 1994). Sheetz, Dai and Hochmuth have claimed that the apparent mem-

brane tension measured on biological cells combines in-plane membrane tension and

the energy of adhesion between the membrane and cortical cytoskeleton (Hochmuth

et al., 1996). Jianwu and Sheetz pulled tethers from blebbing cells (Dai and Sheetz,
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1999) to understand the membrane tension of solely the cell membrane without a cy-

toskeleton. During tether extraction, the Sheetz group demonstrated that there exists

a range of tether lengths for which the force on the tether remains fairly constant as

shown in Fig.4.5. This points towards the existence of membrane reservoirs in cells,

maintaining a constant membrane tension (Dai and Sheetz, 1999).

FIGURE 4.5: Plot of force with time during tether formation and elon-
gation. Extracted from Raucher and Sheetz, 1999

4.1.3.2 General theory of tether extraction

In general theory, the free energy of a lipid bilayer with mean curvature C, in the

absence of external force has contributions from (i) the Helfrich-Canham curvature

energy as lipid bilayers have finite bending modulus B (ii) Surface energy because

the number of lipids exposed to water like environment is restricted, giving rise to the

membrane tension or surface tension, σ, (iii) The pressure - volume term for the closed

shapes systems such as cells, vesicles and lipid membranes, coming from the pressure

difference across the outer and inner membrane which can result in the molecules

entering or leaving, resulting in swelling or shrinking of cells, vesicles and lipid mem-

branes. Thus, the total free energy of the membrane is described as

E = σ∆A +
∫

A

B
2

C2dA− ∆pV (4.3)

The components described above for the free energy of the membrane can also

be applied for membrane tethers. For simplicity, we consider a tether pulled from a

vesicle as shown in Fig.4.6 to understand the contributors of the free energy of the

membrane. The vesicle acts as the reservoir of lipids similarly to the reservoir in cells.
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FIGURE 4.6: Schematic of membrane tether of length L and radius Rt
pulled by a trapped bead with force ft from a synthetic vesicle.

For a small tether, the term ∆pV in equation 4.3 is negligible and contributes in-

significantly towards determining the tether radius, hence this term can be ignored.

Except for the two ends of the tether, the rest of the tube can be treated as a cylinder of

radius Rt and length Lt. Thus, for the cylindrical tube, its curvature C is the inverse of

the radius Rt and ∆A is 2πRL. Substituting these terms into the equation and adding

the work done by pulling 4.3, the total free energy is given by

E =

[
B
2

1
Rt

2
+ σ

]
2πRtLt − ftLt (4.4)

Minimizing the free energy with respect to Rt and length L, gives its radius at

equilibrium (Ro)

Ro =

√
B

2σ
(4.5)

At equilibrium, the tether radius is a function of just the bending modulus and tension

of the membrane and is independent of the pulling force. Substituting the expression

for Ro in 4.4

E = (
√

2Bσ)2πLt − ftLt (4.6)

The value of the applied force required to keep a tether of length Lt pulled at equi-

librium ( ft = Fo) can be found by equating the above free energy to zero

Fo = 2π
√

2Bσ (4.7)
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which shows that force is independent of tether length. Thus combining equations 4.5

and 4.7, we can write

σ =
Fo

4πRo
(4.8)

which shows that if radius Ro and force Fo is known, one can calculate tension σ.

In addition, by rearranging equation 4.7, the membrane tension can be expressed

in terms of bending modulus B and tether force Fo as

σ =
F2

o
8πB

(4.9)

4.2 Materials and Methods

4.2.1 Creation and maintenance of the HP1α knock-down cell line

MCF7 (RRID:CVCL0031) cells (ATCC) with constitutive KD of HP1α were created

using Qiagen SureSilencing shRNA plasmids. Briefly, MCF7 cells were transfected

with linearized scrambled or HP1α KD shRNA (shRNA 1-4) plasmids using X-treme

GENE 9 DNA Transfection Reagent (Roche). Transformed cells were selected with

200 µg/mL hygromycin B to obtain a polyclonal population of cells to minimize in-

sertional variation. After determining the level of HP1α KD compared to both MCF7

cells and the scrambled shRNA MCF7 control line, the MCF7 HP1α KD line estab-

lished with shRNA4 (HP1α KD) was used for this study along with the scrambled

shRNA MCF7 control line. The MCF7 HP1α KD and matched control line were main-

tained in DMEM (Gibco) supplemented with 35 µg/mL hygromycin B (Gibco), 10

µg/mL insulin (Sigma-Aldrich), 1% penicillin/streptomycin (Gibco) and 10% fetal

bovine serum (FBS; Gibco) at 37 ◦C with 5% CO2 in a humidified atmosphere.

4.2.2 Optical Tweezers for Indentation experiments

4.2.2.1 Experimental setup and measurement technique

Indentation experiments were carried out using the OT setup described in section 2.2.

Measurements were conducted at an ambient room temperature of T = 20 ◦C. A sam-

ple chamber consisting of a polylysine coated coverslip and a welled microscope slide
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was prepared and filled with the loading medium and 2 µm diameter polystyrene

beads (Poly Sciences Polystyrene 2.6% Solids latex, 0.001% suspension).

MCF7 cells were allowed to settle onto a polylysine coated coverslip which was

subsequently mounted on the piezo stage. Indentation was achieved by moving the

piezo stage containing the cell along the Z-axis (longitudinally) towards the fixed

trapped bead. A QPD was used to detect the displacement perpendicular to the sur-

face, which is indicated by a change in the size of the interference pattern. As soon as

the cell touches the bead, the bead is displaced vertically. The total displacement of the

bead combines both longitudinal (perpendicular to the surface) and lateral (parallel to

the surface) components of the displacement as shown in Fig. 4.7(b) (Displacement-

time graph). At the beginning of the second half of the period, when the cell intercepts

the bead and pushes it up, the displacement of the bead in the z direction begins to

be significant and it is accompanied by smaller lateral displacements in X and Y di-

rections. Hence, monitoring all components gives the total force exerted on the bead

by the cell, and leads to more accurate force measurements. The trap stiffness was

calibrated in situ by using the power spectrum of the position signal of the trapped

bead and applying the equipartition theorem as described in section 2.2.5. In the first

half of the period, the cell moves down and hence the bead diffuses freely in the trap.

The laser power was fixed to 1 W at the source. The longitudinal spring constant was

found to be (28 ± 0.8) pN/µm (Error represents SE).

4.2.2.2 Young’s modulus calculation for optical tweezers (OT)

The apparent Young’s modulus (E) was obtained from OT force-indentation measure-

ments by using the Hertz contact model. However, owing to the considerably lower

magnitude and range of forces applied in the OT experiment, which limits the explo-

ration of the control variable space, fitting to the full functional form was not carried

out in this case as would be typical in an AFM experiment. Instead, an analysis proce-

dure inspired by the work of Yousafzai et al. (Yousafzai et al., 2016) and Bacabac et al.

(Bacabac et al., 2008) was used. In this methodology, the indentation depth is written

as a constant common indentation depth (Do) plus a small varying indentation and

Eq. 2.23 is expanded as a Taylor series around Do. Retaining only the first-order term

yields:
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(a) (b)

FIGURE 4.7: OT setup for MCF7 cell indentation and force measure-
ments for longitudinal (top) indentation (a) An infrared laser beam of
wavelength 1064 nm is coupled into the optical path of a standard up-
right microscope via a dichroic mirror and focused into the sample by
the objective. The stage position is controlled by a piezo stage. A probe
laser of wavelength 675 nm placed in the same beam path and focused
at the QPD detects the translations of bead in the trap. A CCD cam-
era is used to acquire image sequences. (b) The cell is moved toward
the trapped bead longitudinally (from the top) producing indentation
on the cell. The schematic of the experimental procedure shows bead
deflection. The sinusoidal movement of the stage displacement (SD)
produces bead displacements (BD) in X, Y and Z directions in the sec-

ond half of the sinusoid. Scale bars - 5µm.

E =
3(1− ν2)

4
√

DoR
S (4.10)

In this work the bead radius was R = 1 µm, the Poisson ratio, ν, was 0.4 (Nawaz et al.,

2012), and Do was pragmatically set to 50 nm for each case (corresponding to a differ-

ence between the applied stage movement and indenter reponse of≥ 10 nm as shown

in Fig. 4.10), allowing the comparison of the moduli for different samples. S = dF
dD ,

which can be extracted from a simple linear fit to the selected region of the experi-

mental force-indentation curve. It is worth noting that this chosen interval remained

within the region of the linear relation between stage displacement and indentation.

Analyses were performed using MATLAB (R2016).
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4.2.3 Optical Tweezers for membrane tether extraction

4.2.3.1 Experimental setup and measurement technique

The same OT setup as described in section 4.2.2.1 was used to pull membrane teth-

ers from cells. The stage was coupled to a home-built Peltier sample chamber built

by Rob Ward (whiterabbitscientific.com) in our research group (Fig. 4.8) to perform

experiments at 37 ◦C.

FIGURE 4.8: Home built Peltier sample chamber mounted on the OT
setup.

Displacement of a trapped bead from the center of the trap was detected and mea-

sured using a QPD. Trap stiffness was calibrated in situ just before the experiment

using the methods described in section 4.2.2.1. The stiffness constant for 1W laser

power at the source was found to be (48 ± 0.9) pN/µm on the X axis and (54 ± 0.7)

pN/µm along the Y axis (Error represents SE).

The stage was initially moved so that a surface mounted cell was in contact with

optically trapped Concanavalin A (ConA) coated 3 µm bead (Poly Sciences Polystyrene

2.6% Solids latex, 0.001% suspension) for approximately 1 min. The ConA coating

helps the specific binding discussed in the next section. The stage was then moved

away from the bead, resulting in a tether formation. After pulling a tether of length

2 µm, stepwise displacements of length 2 µm were applied at a speed 100 µm/s as

shown in Fig. 4.9.
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FIGURE 4.9: Schematic and experimental pulling of tether membrane
for MCF7 cells and cell shed vesicles. Figure shows a tether being
pulled to a length of 4 µm using an optically trapped bead. The bead
gets shifted from the center of the trap (∆x) due to the tether force. Scale

bars: 5µm.

4.2.3.2 Bead Preparation

To form a membrane tether, a ’handle’ is required for OT to hold a part of membrane.

The handle is the same polystyrene bead described in section 4.2.2 that binds to the cell

surface. The beads were coated with Concanavalin A (Alexa FluorTM 488 conjugate).

ConA is a lectin (carbohydrate-binding protein) which adheres to the cell membrane.

The steps for bead coating were: i) 100 µl beads were taken from the stock solu-

tion and sonicated (10-20 secs). ii) 100 µl ConA solutions (0.1 mg/ml in PBS) were

prepared and mixed with beads. iii) The beads were incubated overnight at 4◦C. iv)

The incubated beads were centrifuged at 10,000 g for 10 min, and the supernatant was

removed. v) The beads were resuspended in 1.5 ml PBS. vi) The beads were again

centrifuged at 10,000 g for 10 min and washed three times. vii) They were finally re-

suspended in 100 µl PBS and stored at 4◦C. The coated beads were kept for use up to

two weeks. This protocol has been taken from Dai and Sheetz. (Dai and Sheetz, 1997).
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4.3 Results and Discussion

4.3.1 OT Indentation experiments on MCF-7 cells

OT were used to indent the cell periphery longitudinally (from the top, perpendicular

to the surface, as in an AFM experiment) by moving the MCF7 cells against opti-

cally trapped micro-beads and measuring the bead displacement. Fig. 4.10 shows the

sweeping, sinusoidal movement of the stage during experiments. The trap stiffness, k,

was measured in situ during the first half of the sinusoidal period, when the nucleus

was far away from the optically trapped particle and the bead was freely diffusing

in the trap. This is shown in the inset for the interval A in Fig. 4.10. The interaction

between a single cell and a bead is observed in the second half of each sinusoid, where

the cell is driven into the optically trapped bead. Bead displacements were measured

as described in the Materials and Methods. Region B in Fig. 4.10 represents the bead

displacements. Once k and BD are known, Hooke’s law was used to estimate the

restoring force generated (F = −kBD). When the cell comes into contact with the

bead and begins to push it, BD increases in the same direction as SD. The difference

between the displacement of the stage (and thus cell) and the resultant displacement

of the trapped bead gives the indentation (D = SD − BD). Fig. 4.11(a) shows the

indentation interval for control cells. This regime is extracted to obtain F-D curves as

shown in Fig.4.11(b). Young’s moduli are then obtained by fitting a linear curve which

is described in section 4.2.2.2.
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FIGURE 4.10: Stage displacement and bead displacement for MCF7
Control and HP1αKD cells. SD is represented by the blue curve. MCF7
control and HP1α KD cells. BD are represented by red and green curve
respectively. Trap stiffness is calculated from interval A, where the bead
is freely diffusing in the optical trap. The indentation on the cells is ex-

tracted by linearly fitting the region of interval B.

4.3.1.1 HP1α knock-down results in a softer cell periphery as determined by OT

Using the OT method, we can clearly distinguish forces as low as 1 pN, which al-

lows an accurate estimate of the mechanical properties of the cell in the range of 1 to

10 pN. Indentation measurements were performed on 29 control cells (n = 111) and 26

HP1αKD cells (n = 96), where ’n’ is the total number of indentations performed. All

indentation measurements were carried out in their central region, on top of the cells

as shown in Fig. 4.7(b). The F-D plot shown in Fig.4.11(c) indicates that the periphery

of the MCF7 control cells has a relatively smaller indentation compared with HP1α

KD cells. Indentation values for the maximum applied force for control and HP1αKD

cells were (250 ± 78) nm and (320 ± 83) nm, respectively. Using the F-D plots, we ob-

tain Young’s modulus value which are shown by the box plot distribution in Fig.4.12.

The distribution shows that control cells (E = (117± 38) Pa) are stiffer compared to

HP1αKD cells (E = (63 ± 27) Pa ). The error represents SE. A t-test has been applied

to show the data sets are significantly different (p < 0.001). The broad distribution of

modulus values signifies that the cell is relatively heterogeneous.
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FIGURE 4.11: Longitudinal (from the top) indentation (a), (b) represents
the measured bead displacement (green), calculated force (red) and in-
dentation (black) during the indentation interval, when the bead inter-
acts with MCF7 control and HP1αKD cells respectively. (c) Comparison

of F-D plot between control and HP1αKD

FIGURE 4.12: Comparison of Apparent Young’s modulus for control
and HP1α KD whole MCF7 cells (*p < 0.001). The distribution is repre-
sented by box plot with scattered modulus values. The black horizon-
tal line inside the box plot shows the mean value and the red squares

shows the outlier data points.
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The schematic of a section of the cell as shown in Fig.4.2 indicates that HP1α is

present at the nuclear periphery and tethered to the inner nuclear membrane. A re-

cent study has reported that the tethering of heterochromatin to the inner nuclear

membrane depends on Lamin B receptor (LBR) and lamin A/C (Solovei et al., 2013).

This nuclear envelope is coupled to the cytoskeleton, mostly to actin filaments and

microtubules via the so-called LINC (linker of nucleoskeleton and cytoskeleton) com-

plex (Khatau et al., 2012). The knockdown of HP1α protein may be causing a remod-

elling of the nuclear periphery affecting the nuclear architecture, which could affect

the entire coupling to the cytoskeleton and to the cell membrane. The indentation ex-

periments performed by OT suggested higher indentation values with loss of HP1α

protein, which is an indication of increased malleability. The thickness of the cell

membrane has been reported to be ≈ 80 nm and the cytoskeleton beneath the cell

membrane just above the nucleus to be ≈ 200 nm (Bourne, 1970) . The side view im-

age using confocal microscopy, shown in Fig.4.13 indicates a similar thickness ≈300

nm (for the cell membrane and the cytoskeleton). Considering the indentation for

maximum force using OT to be around 200 to 450 nm, OT are likely only indenting

the cytoskeleton mesh and a small portion of the nuclear envelope as illustrated in

schematic in Fig.4.13.

FIGURE 4.13: Side view of MCF7 cell using Immunofluorescence con-
focal microscopy, stained with DAPI (blue) to detect DNA and an anti-
body against α-tubulin (Tracy Hale, Massey University). The schematic
shows the approximate indentation values using OT. Scale bar: 5µm.

4.3.2 Tether force measurements

Tethers were pulled from MCF7 control cells, HP1αKD cells, and cell shed vesicles

using the protocol described in section 4.2.3.1. Tethers were pulled to a constant length

of around 5 - 10 µm at steps of 2 µm as described in Fig.4.14. Detachment of the tether
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as shown in the figure also gives an estimate about the force required to hold the tether

at a constant length. Generally the X and Y axes of QPD were set to zero before tether

pulling to extract the absolute values of the tether force.
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FIGURE 4.14: Evolution of tether force with step-wise tether elongation.
The tether was elongated by length ∆L. The inset shows the double
exponential fitting to force relaxation. Fpeak is the peak height and Fo is

the static tether force.

Here, four parameters are compared between control and HP1αKD cells and vesi-

cles, namely, i) Peak force Fpeak, which is the maximum force required during step

elongation (∆L = 2 µm) of the tether, ii) Static tether force Fo, iii) Peak Height Fp (Fpeak-

Fo) and iv) Force relaxation time constants. Here the terms ’cell shed vesicles’ and

’blebs’ are used interchangeably.

4.3.2.1 Comparison of static tether force (Fo), peak force (Fpeak) and membrane ten-

sion (σ)

During the process of tether formation, the force exerted by the cell membrane on the

bead rises transiently and relaxes to a static value, called the equilibrium force value

(F0) (given in equation 4.7). As described in section 4.1.3.2, if the equilibrium force or

static tether force Fo and the bending modulus B is known, then we can extract the

membrane tension using equation 4.9. The tether reaches a static force value approxi-

mately 5 to 7 s after the pulling stops. Fig.4.15 shows the peak height (Fpeak) and static

force (Fo) for MCF7 control, HP1αKD and control cell shed vesicles.
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FIGURE 4.15: Static force, Peak Force and Peak Height distributions for
Control, HP1αKD and Cell shed control vesicles.

The distribution clearly shows a decrease in Fo, Fpeak and Hp for HP1αKD cells (18

cells, n = 67) compared to control cells. The obtained values are comparable to the

reported literature findings (Datar et al., 2015). Cell shed vesicles showed a further

decrease in Fo values (3 vesicles, n = 8). The value of membrane tension can be esti-

mated using a bending stiffness of 2.7 ∗ 10−19 N.m, a value typical for lipid bilayers,

red blood cells and neutrophil membranes (Dai and Sheetz, 1999). Here ’n’ indicates

the number of pulling events and the error in force measurement represents the stan-

dard error in mean. According to Dai and Sheetz (Dai and Sheetz, 1999) the cell static

force Fo contains the contributions from membrane tension σ, bending stiffness B of

the bilayer, and membrane cytoskeleton adhesion γ.

From the Fo measurements in control and HP1αKD cells, the apparent membrane

tension σ were found to be (3.8± 0.3) ∗ 10−6 N/m and (2.1± 0.2) ∗ 10−6 N/m respec-

tively. This shows that the membrane tension is reduced in HP1αKD cells (p < 0.001

(two sample paired t-test)). In a cell shed vesicle γ term is completely lacking. The
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membrane tension for vesicles (0.9± 0.3) ∗ 10−6 shows a significant difference com-

pared to cells, which is in agreement with the values obtained by Sheetz (Dai and

Sheetz, 1999). The lacking membrane adhesion term γ (absence of cytoskeleton) in

vesicles could be the reason for the reduced membrane tension.

4.3.2.2 Comparison of force relaxation after step elongation of the membrane tether

Elongating the tether by ∆L steps of 2 µm at the rate of 100 µms−1 causes a sudden

increase in force after each step that slowly relaxes back to the static force value Fo as

shown in Fig. 4.14. The observed force relaxation behavior has been reported in differ-

ent cell types such as red blood cells, E.coli, and neurons (Datar et al., 2015). Campillo

et al. (Campillo et al., 2013) reported two well-separated relaxation timescales in mul-

ticomponent synthetic vesicle systems and concluded that force relaxation behaviour

for tether pulling experiments can be understood by considering a tension gradient

along a tubular membrane with membrane reservoirs at its ends. The tension equi-

libration in such a case occurs mainly through two diffusive modes called peristaltic

and Lucassen modes. The faster time scale process is an effect of the intermonolayer

friction, whereas the slower time scale comes from an unknown diffusive process over

the length of the tether. However, Datar et al.(Datar et al., 2015) concluded that the

tethered neck forms a potential barrier for membrane components giving rise to con-

centration gradient(s) of lipids, which plays a major role in force relaxation. Using this

hypothesis, Datar et al. developed a model of the relaxation dynamics which was a

good fit to the relaxation data.

Here, for simplicity, a double exponential function is fitted to the force relaxation

data obtained in MCF7 cells as shown in the inset in Fig.4.14. A double exponential

function shows a good fit to the data obtained compared to the single exponential fit.

Double exponential fit in the form a + b ∗ exp(−x/c) + d ∗ exp(−x/e) were fitted to

the measured force relaxation curve, where the two time constants ’c’ and ’e’ were

extracted, ’c’ represents the fast relaxation and ’e’ represents the slow relaxation pro-

cesses. Force relaxation fit for control cells, HP1αKD cells and vesicles is shown in

Fig.4.16.
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FIGURE 4.16: Force relaxation following tether pulling for Control
MCF7 cells ( 7 relaxation force curves), HP1αKD cell (7 relaxation force
curves) and Cell shed control MCF7 vesicle (entire force curves). To test
the goodness of fit, χ2 test has been applied, returning p values < 0.0002

for the entire data sets, suggesting a good fit.

Since the focus of this project was to measure membrane tension values for control

and HP1αKD cells, pulling membrane tethers from cell shed vesicles was more of a

curiosity experiment. This is the reason for a smaller sample size compared to cells.

Histograms comparing the extracted time constants for control, HP1αKD, and cell

shed vesicles are shown in Fig. 4.17.
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FIGURE 4.17: Tme constant distributions for ’c’ and ’e’ representing
Control MCF7 cells, HP1αKD cell and Cell shed control MCF7 vesicles.

Time constant ’c’ is almost ten times smaller than time constant ’e’ which is in

agreement with previous findings of multi-component relaxation events which are

governed by a fast followed by slow relaxation processes in similar systems (Campillo

et al., 2013). The time constants for control and HPαKD cells show similar time scales

as shown in Fig. 4.17. However, for vesicles, there is an increase in time constants

compared to cells. There could be many reasons for this increase in time scales, one

of the major differences as reported by Datar et al., 2015 is the difference in the lipid

reservoir at the base of the tether resulting in different concentration gradients of lipids

across the length of the tether and lack of cytoskeleton in vesicles.
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4.4 Conclusion

This chapter demonstrates the strength of OT by performing two different experi-

ments: i) Measuring cell-bead interactions leading to the extraction of force - inden-

tation curves and characteristic moduli in a regime that provides complementary in-

formation to AFM. OT operate with a loading rate ≈ 15 pN/s and maximum forces

≈ 20 pN, and they provide complementary information to AFM experiments (AFM

cantiliver fluctuations due to thermal fluctuation can be around 30 pN). ii) Pulling

membrane tethers from cells/ cell shed vesicles, extracting membrane tension and

force relaxation time scales in response to step elongations of the tether.

Loss of HP1α in MCF7 cells resulted in a reduced Young’s modulus and membrane

tension compared to control cells, which is an indication of increased malleability in

these cells. This result suggests that knockdown of HP1α in MCF7 cells decreases the

mechanical stability of the cell. Considering that the KD of HP1α largely affects the

nucleus, there is a further need to probe just the nuclei in isolation. Hence, chapter

5 focuses on probing nuclei isolated from MCF7 cells using a combination of tech-

niques to deform the nuclei locally (AFM, OT) and globally (MA). By exploring nu-

clear remodelling pathways regulated by HP1α, there may be certainly a scope to try

to understand how to suppress the invasive potential of MCF7 cells.
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Chapter 5

Mechanical properties of MCF-7

nuclei

This chapter focuses on probing the mechanical properties of nuclei isolated from

HP1αKD and control cells using AFM, OT, and MA. Along with mechanical mea-

surements, quantitative imaging studies of lamin and heterochromatin domains for

control and HP1αKD nuclei were carried out in collaboration with Dr. Tracy Hale’s

lab (Chromatin research group, Massey University).

5.1 Introduction

Among the many organelles inside the cell, the nucleus is one of the most important,

as it is a site of various crucial metabolic activities such as DNA replication, RNA pro-

cessing, gene transcription, and ribosome subunit assem bly. The nucleus is also di-

rectly involved in mechanotranduction, as evidence from experimental findings have

shown that the adhesion molecule (integrin receptor), cytoskeleton (actin and micro-

tubules) and the nucleus are physically connected (Maniotis, Chen, and Ingber, 1997;

Dahl, Ribeiro, and Lammerding, 2008). This physical connection may serve as a path-

way to transmit mechanical signals received by the adhesion molecule from the extra-

cellular matrix directly to the nucleus and regulate gene expression. Hence, the nuclei

have been found to play an important aspect in whole cell mechanical behaviour. Un-

derstanding nuclear mechanics and its link to overall cell mechanics will be a first

step in revealing the role of the nucleus in the mechanotransduction of certain dis-

eases related to the malfunction of the nucleus, for example laminopathies which are
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diseases caused by the mutation of the nuclear lamin A/C gene leading to impaired

mechanical integrity of the nucleus (Li and Lim, 2010).

The nuclear envelope separates the nucleus from the cytoplasm as described in

section 4.1. As the largest cellular organelle, the nucleus is also a major physical en-

tity, where the nuclear lamina and heterochromatin are key mechanical components

(Bustin and Misteli, 2016). An A-type lamin network is relatively stiffer as compared

to B-type lamins. (Swift et al., 2013; Lammerding et al., 2006). Depletion of lamin A

results in a loss of nuclear rigidity (Furusawa et al., 2015; Stephens et al., 2017a), a

reduction of chromatin-lamina attachment, and the loss of heterochromatin (Harr et

al., 2015; Solovei et al., 2013). In differentiated cells, it is found that the retention of

heterochromatin at the nuclear periphery renders the nucleus less malleable whereas

a more diffuse pattern of stem cell-like heterochromatin increases nuclear plasticity

(Dahl et al., 2005; Pajerowski et al., 2007). Micromanipulation and atomic force micro-

scope studies have increased the understanding of the contribution heterochromatin

makes to the mechanical properties of the nucleus. In particular, these previous stud-

ies showed that the mechanical properties of the nucleus were influenced by the com-

paction state of chromatin, that effected how it dominates local small-strain responses

(Stephens et al., 2018; Furusawa et al., 2015; Stephens et al., 2017b; Vaziri and Mofrad,

2007; Dahl et al., 2004). Knockdown of HP1α in MCF7 cells showed a decrease in the

Young’s modulus of the whole cell as reported in chapter 4. Given the role of HP1α in

heterochromatin organisation, this raises the possibility that reduction of HP1α aids

malignant cell invasion, not only by disrupting gene silencing but also by altering the

mechanical properties of the nucleus. We therefore sought to measure these properties

in nuclei extracted from MCF7 cells with HP1α KD against a matched control cell line.

Various techniques (Verstraeten and Lammerding, 2008) have been used to char-

acterize the mechanical properties of nuclei in many different cell types, including

AFM indentation (Vaziri, Lee, and Kaazempur Mofrad, 2006; Dahl et al., 2005; Li

and Lim, 2010; Coceano et al., 2015) and MA (Deguchi et al., 2005; Guilak, Tedrow,

and Burgkart, 2000; Dahl et al., 2005; Pajerowski et al., 2007; Rowat et al., 2005). The

elastic modulus measured using these techniques typically ranges from 1-15 kPa. In

this study, a combination of AFM, OT and MA-based micropipette techniques were

used to characterize the mechanical properties of nuclei isolated from MCF7 control
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and HP1α KD cells. The OT experiments are indentation experiments carried out in

the spirit of AFM but are considerably more sensitive, and can probe the response of

the very outer region of the nuclei whose response is usually masked by the thermal

fluctuations of the AFM cantilever. In addition, in the OT studies, the longitudinal in-

dentation (into the top of the surface-bound nucleus) was complemented by a lateral

indentation (into the side) of MCF7 nuclei, probing the potential anisotropy. Given the

small strain exerted in these local indentation experiments, the response is expected

to be dominated by the underlying peripheral heterochromatin, with the lamina still

slack (Stephens et al., 2018; Furusawa et al., 2015; Hobson et al., 2020; Stephens et al.,

2017b; Vaziri and Mofrad, 2007; Dahl et al., 2004).

5.1.1 Previously reported findings using multiple biophysical techniques

to probe cells

The mechanical properties of cells and nuclei can be probed using various biophysi-

cal techniques as reported earlier. However, most of literature studies focus on and

emphasize a particular technique. There are few papers where a combination of tech-

niques have been used to probe nuclei or whole cells. It is interesting to emphasize one

technique, but using a combination of techniques can provide greater insight on the

length scales, spatial- temporal resolution etc., as each technique probes the sample

differently. Although the underlying principles are the same, cell/nuclei mechanics

depend on the level of mechanical stress, rate of deformation, the geometry of the me-

chanical probe, the probe to sample contact area, the probed location in the sample

and extracellular context (for eg, adherent cells versus free-floating cells, monolayer

of cells versus single cells, etc.) (Wu et al., 2018).

Wu et al (Wu et al., 2018) measured and compared the mechanical properties of

MCF7 cells by applying seven different techniques, namely, AFM, magnetic twisting

cytometry (MTC), particle-tracking microrheology (PTM), parallel-plate rheometry,

cell monolayer rheology (CMR), and optical stretching (OS) in similar environmen-

tal conditions. They reported that the elasticity measurement varied by up to 1000

fold between techniques. They also reported that the potential cause of variation was

likely due to the differential mechanical responses of cells to the different force profiles

produced by these different methods. Coceano et al (Coceano et al., 2015) have also
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reported similar findings using OT and AFM on MCF7 cells. They report a several or-

ders of magnitude difference between AFM and OT elasticity measurements. Bacabac

et al (Bacabac et al., 2008) reported similar elasticity differences between floating bone

cells (probed by OT) and adherent bone cells (probed by AFM). Nawaz et al (Nawaz

et al., 2012) performed indentation experiments on 3T3 fibroblasts using AFM and

OT, highlighting the fact that OT has the benefit of a low force noise ceiling allowing

accurate determination of absolute indentation.

5.2 Materials and Methods

5.2.1 Isolation of nuclei for biophysical analyses

Asynchronously grown MCF7 cells (4.2.1) were harvested at confluence, washed twice

with PBS then resuspended in ice cold nuclei extraction buffer (320 mM sucrose, 10

mM HEPES, 5mM MgCl2, 1% Triton X-100, pH 7.4) at a concentration of 1 x 106

cells/mL, and vortexed gently for 10 s. The cells were incubated on ice for 15 min,

vortexed briefly every 5 min, then centrifuged at 2000 x g for 5 min at 4 ◦C. The nu-

clear pellet was resuspended in nuclear wash buffer (320 mM sucrose, 10 mM HEPES,

5 mM MgCl2, pH 7.4), and the nuclei were then processed further as required. The

HP1αKD (section 4.2.1 describes the creation of the knockdown cell line) were also

isolated using the same procedure.

5.2.2 Antibodies

The primary antibodies used for this study were HP1α (2616, Cell Signaling Technol-

ogy), Histone H3K9me2 (ab1220, Abcam), Histone H3K9me3 (ab8898, Abcam), Lamin

A/C (ab108595, Abcam), Phospho Lamin A/C Ser22 (PA5-17113, Invitrogen), Lamin

B1 (702972, Invitrogen), Lamin B Receptor (PA5-66473, Invitrogen), and alpha-Tubulin

(ab4074, Abcam). Secondary antibodies were anti-mouse Alexa 555 (ab150114, Ab-

cam), anti-rabbit Alexa 647 (ab150079, Abcam), HRP-linked anti-mouse (NA931, GE

Healthcare) and HRP-linked anti-rabbit (NA934, GE Healthcare).
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5.2.3 Immunofluorescence

Asynchronously grown cells adhered to lysine-coated coverslips were washed twice

with Phosphate Buffered Saline (PBS) containing MgCl2 and CaCl2 , fixed in 4% parafor-

maldehyde/PBS for 15 min at room temperature (RT) and then washed with PBS.

Cells were permeabilized (0.5%Triton X-100, PBS) for 5 min at RT, washed again with

PBS, before incubation in blocking buffer (PBS, 5% bovine serum albumin, 0.5% Tween-

20) for 30 min at RT. The appropriate primary antibodies (diluted in blocking buffer)

were then added to the cells for 16 h at 4◦C. After washing (0.1% Triton X-100, PBS),

cells were incubated with the appropriate Alexa fluorophore conjugated secondary

antibody, washed again and stained with DAPI, before imaging on either a Leica SP5

DM6000B or Zeiss LSM 900 Scanning Confocal Microscope using an oil-immersion

63x objective lens (NA 1.4). Laser excitation wavelength, and collection ranges ap-

propriate to the fluorophores of each sample were used to detect the emission spectra

of the specific combination of DAPI (ex 405 nm, em 410-530 nm), and the secondary

antibody Alexa fluorophores; 555 (ex 555 nm, em 565-600 nm) or 647 (ex 647, em 670-

720 nm). Z-stacks were collected with a 0.35 µm vertical offset, and projected with

maximum intensity. All images were digitally processed for presentation and quan-

tification with ImageJ (Rasband, 2014). Quantification of fluorescence intensity was

performed by plotting the profile of grey colour values along a line through a medial

optical slice.

5.2.4 Cell fractionation and immunoblot analyses

Using a method adapted from Kapoor et al (Kapoor, Lavoie, and Frappier, 2005), cells

at 90% confluence were harvested, washed in PBS, and resuspended in Buffer A (20

mM Tris-HCl pH 7.5, 75 mM KCl, 30 mM MgCl2, 1 mM DTT, 0.5 mM EDTA, 0.5%

NP40, complete EDTA-free protease inhibitor) to a concentration of 0.5 x 106 cells/100

L, and incubated on ice for 10 min with intermittent mixing. An aliquot was removed

and retained as the whole cell lysate fraction. The remaining sample was centrifuged

at 7000 x g for 10 min at 4 ◦C, and the supernatant collected as the cytoplasmic fraction.

The remaining pellet was resuspended in Buffer A to provide the nuclear fraction. For

immunoblot analysis, samples were resolved by 10% SDS-PAGE then transferred to



Chapter 5. Mechanical properties of MCF-7 nuclei 86

nitrocellulose. The blots were processed as previously described by Tretiakova et al.

(Tretiakova et al., 2014) and visualised using an Azure c600 imaging system (Azure

Biosystems).

5.2.5 Scanning electron microscopy (SEM)

Isolated nuclei adhered to lysine-coated coverslips were fixed in Modified Karnovsky’s

fixative (3% gluteraldehyde (Merck) (v/v), 2% formaldehyde (w/v) in 0.1 M phos-

phate buffer, pH 7.2) for at least 8 hours. After rinsing three times in 0.1 M phosphate

buffer (pH 7.2), the coverslips were dehydrated in a graded series of aqueous ethanol

solutions (25%, 50%, 75%, 95%) for 15 minutes each, then in 100 % ethanol for 1 hour.

Samples were critical-point dried using liquid CO2 as the CP fluid and 100 % ethanol

as the intermediary (Polaron E3000 series II critical point drying apparatus). Once

dried, samples were mounted on an aluminium stub, sputter coated with approxi-

mately 100 nm of gold (BAL-TEC SCD 005 sputter coater) and viewed in a FEI Quanta

200 scanning electron microscope at an accelerating voltage of 20 kV.

5.2.6 Transmission electron microscopy (TEM)

Cells were harvested at confluence, and pelleted at 200 x g for 5 minutes. The pellet

was resuspended in molten low-melting point agarose and centrifuged at 8000 x g for

1 minute to form a cell pellet suspended in agarose. The cells were fixed in Modified

Karnovsky’s fixative for at least 8 h, washed three times in 0.1 M phosphate buffer

(pH 7.2) for 10 m, followed by post-fixing in 1% Osmium Tetroxide in 0.1 M phos-

phate buffer for 1 hour. The sample was then washed as above, dehydrated in a series

of graded aqueous acetone mixtures (25%, 50%, 75%, 95%, 100%), infiltrated in an

equal mixture of resin and acetone overnight, before embedding in 100% epoxy resin

(Procure 812, ProSciTech Australia). The resin was replaced another three times for 8

h or overnight before the epoxy resin was cured at 60 ◦C for 48 h. The embedded sam-

ples were cut to 100 nm using a diamond knife (Diatome, Switzerland) on a Leica EM

UC7 ultra-microtome (Leica Biosystems, Nussloch, Germany). These cuts were then

stretched with chloroform vapour and mounted on grids using a Quick Coat G pen

(Daido Sangyo, Japan). The grids were stained with saturated uranyl acetate in 50%
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and lead citrate. Samples were then examined with a FEI Technai G2 Spirit BioTWIN

Transmission Electron Microscope (Czech Republic).

5.2.7 Biophysical Techniques

AFM, OT and MA were used to probe the mechanical properties of isolated nuclei. Lo-

cal indentations were performed using AFM and OT, while a global deformation was

applied out using MA. Setup description and operation of the AFM technique are de-

scribed in section 2.3 of chapter 2 . AFM indentation on nuclei using a cantilever with

a bead attached at the tip is shown in Fig.5.1(a). OT setup and calibration procedure

are described in section 2.2 and 2.2.5 of chapter 2 respectively, while the indentation

procedure is described in 4.2.2 of chapter 4. Using the OT setup to probe the nu-

clei laterally (from the side) and longitudinally (from the top) is shown in Fig.5.1(b).

Fig.5.1(c) shows the MA technique being used to aspirate and deform nuclei. The

material properties of these nuclei were compared using the two sample t - test and

Wilcoxon Signed - Rank test (for unequal variances). The p values used to determine

statistical significance of differences are reported in the figure captions or elsewhere

in this chapter. The two sample t - test and Wilcoxon Signed - Rank test produced the

same results. All the techniques were carried out at 21 ◦C.
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(a) (b) (c)

FIGURE 5.1: Techniques used to probe nuclei. (a) AFM indentation :
Cantilever with a bead attached at the tip for probing the nuclei. Scale
bar - 10µm. (b) OT setup : A nucleus is either moved towards the
trapped bead longitudinally (from the top) or laterally (from the side)
producing an indentation on the nuclei. The schematic of the exper-
imental procedure shows the bead deflection. Scale bars - 5 µm. (c)
Microaspiration experiments : A nucleus is aspirated into the conical

pipette deforming the nucleus. Scale bar - 5 µm.

5.3 Results and discussions on biological assays of MCF7 nu-

clei obtained in collaboration with Tracy Hale’s Lab

5.3.1 HP1α knock-down alters heterochromatin organisation

To explore if the reduction of HP1α alters the biophysical and biological properties of

nuclei, MCF7 cells with constitutive KD of HP1α and a matched MCF7 control line

were established. The reduction in HP1α expression in the MCF7 cells was confirmed

by immunoblotting and immunofluorescence microscopy using an antibody directed

against HP1α. Fig. 5.2(a) shows a reduction in the level of protein expression com-

pared to the control cells, which have distinct HP1α foci present in their nuclei that are

absent in the nuclei of the HP1α KD cells (Fig. 5.2(b)). Interestingly, when these cells

were grown in 2-D culture, the shape of their nuclei differs. The nuclei, represented

by DAPI stained genomic DNA, are rounder in the MCF7 control cells and flatter in

the HP1α KD cells, although there was no difference in the volumes of these nuclei as

shown in Fig.5.3(a).
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FIGURE 5.2: Level of HP1α protein in MCF7 cells with constitutive
HP1α KD. (a) Immunoblot showing HP1α expression in MCF7 cells that
constitutively express either an HP1α shRNA or the matched scram-
bled shRNA control. Increasing amounts of total cell lysates, (1x) 25 µg
and (2x) 50 µg, are loaded. The immunoblot was stained with antibod-
ies against HP1α and α-tubulin as a loading control. (b) Immunofluo-
rescence confocal microscopy images of MCF7 control (top panel) and
MCF7 HP1α KD (bottom panel) cells stained with DAPI to detect DNA
(cyan) and an antibody directed against HP1α (magenta). Scale bars - 20

µm.
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FIGURE 5.3: (a) Confocal microscopy images of z-stack maximum in-
tensity projections from MCF7 control and MCF7 HP1α KD cells stained
with DAPI to detect DNA (cyan), with a graph showing the average
volume of the nuclei ( standard error). Scale bars - 20 µm. (b) Rep-
resentative confocal microscopy images of z-stack maximum intensity
projections from MCF7 control and MCF7 HP1α KD cells growing asyn-
chronously in 2-D culture stained with DAPI to detect DNA (cyan) and
an antibody directed against α-Tubulin to show the cytoskeleton (yel-
low). Scale bars - 20 µm. The bottom panel is a 90◦ rotation of the above

z-stack maximum intensity projection showing the DNA (cyan).

Heterochromatin domains are marked by H3K9me2 and H3K9me3 with those

associated with the lamina being enriched in H3K9me2 (Kind et al., 2013; Janssen,

Colmenares, and Karpen, 2018) to determine if the reduction of HP1α disrupts hete-

rochromatin organisation. The level and localisation of these heterochromatin marked

domains was analysed by confocal immunofluorescence microscopy. H3K9-me2 and

H3K9me3 are an epigenetic modification to the DNA packaging protein Histone H2
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and Histone H3 respectively. It is a mark that indicates the di and tri - methyla-

tion at the 9th lysine residue of the histone H2 (H3K9me2) and H3 (H3K9me3) pro-

teins respectively. Medial optical slices through the nuclei showed that there is a

distinct punctate layer of H3K9me2 marked heterochromatin adjacent to the Lamin

A/C network in the control cells. However, a more dispersed layer of H3K9me2

lines the Lamin A/C network in nuclei lacking HP1α, with a reduction in the level

of H3K9me2 marked heterochromatin within the nuclear interior that surrounds the

nucleoli (Fig 5.4(a)). This agrees with the observed global reduction in the level of

H3K9me2 in MCF7 cells with HP1α KD (Fig 5.4(b)). There is also a reduction in the

global level of H3K9me3 in the MCF7 HP1α KD cells (Fig 5.4(b)), in a decrease in the

enrichment of H3K9me3 in heterochromatin compared to those domains distributed

within the MCF7 control cells (Fig 5.4(a)). These differences are also reflected in elec-

tron micrographs that show MCF7 control cells have characteristic electron dense

regions of heterochromatin and lighter regions of euchromatin, while the pattern of

chromatin is more homogeneous in the HP1α KD cells (Fig 5.4(c)).
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FIGURE 5.4: Knockdown of HP1α disrupts heterochromatin organi-
zation in MCF7 cells. (a) Representative immunofluorescence confo-
cal microscopy images of MCF7 control (left panel) and MCF7 HP1α
KD cells (right panel) stained with antibodies against markers of hete-
rochromatin, dimethylation of lysine 9 on histone H3 (H3K9me2) (yel-
low) and trimethylation of lysine 9 on histone H3 (H3K9me3) (ma-
genta). Fluorescense surface plots of the medial slices through the nu-
clei (above) demonstrate the intensity of antibody staining. Scale bars
- 5 µm. Additional images of cells are presented in Fig. C.1. (b) Im-
munoblot analysis of extracted histones from MCF7 control and HP1α
KD cells probed with antibodies against H3K9me2 and H3K9me3. An
antibody against histone H3 is used as a loading control. (c) Representa-
tive electron micrographs showing regions of compact heterochromatin
at the nuclear periphery in MCF7 control cells (white arrows), while the
nuclei of MCF7 HP1αKD cells have a more diffuse chromatin pattern-

ing. Scale bars - 500 nm.
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FIGURE 5.5: Knock-down of HP1α alters the lamin A/C network. (a)
Representative confocal microscopy images of z-stack maximum inten-
sity projections of MCF7 control and MCF7 HP1α KD cells probed with
an antibody against Lamin A/C. Scale bars - 20µm. (b) Representative
confocal microscopy medial sections of individual nuclei from MCF7
control and MCF7 HP1α KD cells stained with antibodies against Lamin
A/C and H3K9me2. Top panel, medial slice showing Lamin A/C (ma-
genta) alone. Bottom panel, showing Lamin A/C (magenta) overlaid
with H3K9me2 (yellow). Above each medial slice, are line plot profiles
of fluorescent intensity (percentage of grey value saturation). Scale bars
- 5 µm. Additional images of cells are presented in Fig. C.2 and Fig. C.3.
(c) Whole cell lysates from an equal number of MCF7 control or HP1α
KD cells were analysed by immunoblotting with an antibody against
Lamin A/C phosphorylated on serine 22 (top panel) and Lamin A/C

(bottom panel).

Given the decrease in compaction of the H3K9me2 enriched lamina-associated do-

mains upon HP1α KD, to identify if this disruption to the integrity of the peripheral

heterochromatin interferes with the nuclear lamina, the individual lamin networks

were visualised by immunofluorescence confocal microscopy. Fig 5.5(a) shows that
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the morphology of the Lamin A/C network is generally more crumpled in HP1α KD

cells compared to those of the MCF7 control cells. Medial optical slices through the

nucleus show a distinct Lamin A/C layer in the control cells that is associated with

peaks of H3K9me2 as demonstrated by the line plots (Fig 5.5(b)). In comparison the

peaks of H3K9me2 associated with Lamin A/C in the HP1α KD cells are less promi-

nent (Fig 5.5(b)).
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FIGURE 5.6: The Lamin B1 network is not disrupted by knock-down of
HP1α. (a) Representative medial slice from confocal microscopy images
of MCF7 control and MCF7 HP1α KD cells probed with an antibody
against Lamin B1. Above each medial slice are line plot profiles of flu-
orescent intensity (percentage of grey value saturation). Scale bars -
5 µm. Additional images of cells are presented in Fig. C.4. (b) Rep-
resentative confocal microscopy images of z-stack maximum intensity
projection from MCF7 control and MCF7 HP1α KD cells probed with
an antibody against Lamin B1. Scale bars - 20 µm. (c) Whole and frac-
tionated cell lysates from an equal number of MCF7 control or HP1α
KD cells were analysed by immunoblotting with an antibody against

Lamin A/C (top panel) and Lamin B1 (bottom panel).

There is also more Lamin A/C located within the interior of the nuclei (Fig 5.5(b)),

indicating an increase in the soluble pool of lamin A/C in the nucleus of MCF7 cells
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with HP1α KD. This is supported by the demonstration that the level of Lamin A/C

phosphorylated on serine 22, which is associated with nucleoplasm localised Lamin

A/C during interphase (Kochin et al., 2014), is higher in cell lysates prepared from

HP1α KD cells than control cells (Fig 5.5(c)).

In contrast to the Lamin A/C layer, the distribution of Lamin B1 appears to be com-

parable between the MCF7 cells and HP1α KD (Fig 5.6(a)) with minimal disruption to

the morphology of the Lamin B1 layer (Fig 5.6(b)). To determine if lamin expression

is altered in cells with reduced HP1α, cell fractions were prepared from MCF7 control

and HP1α KD cells. Fig 5.6(c), shows there is no change in the expression of Lamin

A/C or B1 with HP1α KD, nor does the amount differ of each lamin present in the

nuclear fraction.

In summary, reduction of HP1α alters heterochromatin organisation. The dis-

persed domains of lamin associated heterochromatin marked by H3K9me2, likely re-

flect a decrease in the tethering of heterochromatin to the nuclear envelope due to loss

of the interaction of HP1α with Lamin B receptor and PRR14 proteins. (Polioudaki

et al., 2001; Kourmouli et al., 2001; Poleshko et al., 2013; Solovei et al., 2013).

5.4 Results and Discussion related to biophysical techniques

5.4.1 AFM Indentation experiments on MCF-7 nuclei

To determine if these changes in the HP1α KD cells alter the malleability of the nu-

clear periphery, nuclei were isolated from the MCF7 cell lines for mechanical measure-

ments. The integrity of the isolated nuclei was confirmed using SEM and as shown in

Fig. 5.7, the extraction procedure resulted in nuclei with little associated debris.
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HP1α KDControl

FIGURE 5.7: Representative scanning electron micrographs of nuclei
isolated from MCF7 control and MCF7 HP1α KD cells. Scale bars : top

panel - 30µm, bottom panel - 5µm.

Nuclei were indented with a spherical tip cantilever at a constant rate of 0.5 µm/s

and three sweeps were performed between zero and maximum forces of 300 pN, 500

pN and 1nN. A spherical bead indenter was used instead of sharp tip to average over

a larger surface area with a well defined contact geometry (Smith et al., 2005). The

F−D curves were deduced and the Hertz’s equation was fitted to the curve to extract

the apparent elastic modulus or Young’s Modulus (E). This was done for all the three

maximum forces applied as shown in Fig. 5.8.



Chapter 5. Mechanical properties of MCF-7 nuclei 98

-200 0 200 400

Indentation (nm)

0

200

400

600

800

1000

F
o
rc

e
 (

p
N

)

Control nuclei

Control-fit

HP1  Kd nuclei

HP1  Kd-fit

(a)

-500 0 500

Indentation (nm)

0

200

400

600

800

1000

F
o
rc

e
 (

p
N

)

Control nuclei

Control-fit

HP1  Kd nuclei

HP1  Kd-fit

(b)

-500 0 500

Indentation (nm)

0

200

400

600

800

1000

F
o
rc

e
 (

p
N

)

Control nuclei

Control-fit

HP1  Kd nuclei

HP1  Kd-fit

C

(c)

FIGURE 5.8: Hertzian curve fitting on three different sweeps from zero
to maximum force of (a) 300 pN, (b) 500 pN and (c) 1 nN for Control

and HP1αKD nuclei.

The indentation and the retraction curves were similar, suggesting that the re-

sponse was highly reversible and hence can be considered to be consistent with largely

elastic behaviour.

5.4.2 HP1α knock-down results in softer nuclei as determined by AFM

force measurements

A clear difference can be observed in the F− D curve recorded for the control and for

the HP1α KD nuclei as shown in the combined F−D curves in Fig. 5.9. The magnitude

of the D for HP1α KD nuclei is about an order of magnitude higher than for control



Chapter 5. Mechanical properties of MCF-7 nuclei 99

nuclei signifying that the HP1α KD nuclei are comparatively softer in response to this

type of local deformation.

Indentations performed by higher nN-scale forces are likely to induce damage and

may have an effect on the measured modulus and were not pursued. Measuring forces

below ∼ 30 pN was not possible in these AFM experiments due to the thermal fluctu-

ations of the AFM cantilever in the liquid, setting a limit below which applied forces

could not be measured and the absolute indentation becomes impossible to assess. To

have an absolute estimate of indentation at forces below 30 pN, OT were additionally

implemented.
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FIGURE 5.9: Combined AFM indentation plots showing three sweeps
that were applied between zero and maximum forces of 300 pN (black
circle), 500 pN (green circle) and 1000 pN (blue circle) on MCF7 control

and HP1α KD nuclei.

A force map has also been obtained on control and HP1αKD nuclei, where the

slope image (Fig. 5.10) in the force map gives a qualitative insight about the effective

stiffness. It can be seen that the HP1αKD nucleus appears to be less heterogeneous as

compared to control (more distributed patches). Secondly, the HP1αKD nuclei edges

appears to be softer (darker shade) than the control nuclei.
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FIGURE 5.10: Force map showing slope (effective stiffness) of Control
and HP1αKD nuclei

5.4.3 OT Indentation experiments on MCF-7 nuclei

To measure deformations at low forces, OT were used to perform indentation by lat-

erally (from the side, parallel to the surface) and longitudinally (from the top, per-

pendicular to the surface, as in an AFM experiment) moving the MCF7 nuclei against

optically trapped micro-beads and measuring the bead displacement (BD) as shown

in Fig. 5.11. When the trapped bead is pushed into the nuclei, the apparent Young’s

modulus can be estimated using the Hertzian contact model as described in Materials

and Methods. The same size bead (2 µm diameter) and the same deformation rate

(0.5 µm/s) as applied in the AFM measurements were used, in order for the experi-

ments to be as comparable as possible. It should be noted however that owing to the

extreme sensitivity of the OT, experimental data will be obtained in a regime where

the AFM experiment will be unable to determine if contact has yet been made, and

owing to this a large offset is expected in the putative zero displacement point in the

two experiments.

Fig. 5.11 shows the sweeping, sinusoidal movement of the stage during experi-

ments where the region B is extracted to deduce Young’s modulus. This procedure

was described meticulously in sections 4.2.2.1 and 4.3.1 of chapter 4, where inden-

tation was performed on whole cells. To investigate potential anisotropy in the me-

chanical properties of the nuclear periphery, nuclei were indented both laterally and
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FIGURE 5.11: SD and BD. SD is represented by the blue curve. MCF7
control and HP1α KD nuclei BD are represented by red and green curve
respectively. Trap stiffness is calculated from interval A, where the bead
is freely diffusing in the optical trap. The D on the nuclei is extracted

by linearly fitting the region of interval B.

longitudinally in relation to the surface. Nuclei having a semi-spherical shape (as op-

posed to substantially spread on the surface to which they are attached) are able to

be indented laterally as shown in Fig. 5.1(b). This lateral indentation avoids potential

laser-induced local heating that is present for longitudinal indentation, when the laser

passes through the nuclei (Peterman, Gittes, and Schmidt, 2003).
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FIGURE 5.12: Longitudinal (from the top) indentation: (a) and (b) rep-
resents the measured BD (green), calculated F (red) and D (black) during
the indentation interval, when the bead interacts with MCF7 control
and HP1αKD nuclei respectively. (c) F − D curves extracted from the
indentation interval. Lateral (from the side) indentation: (d) and (e)
represents the measured BD (green), calculated F (red) and D (black) dur-
ing the indentation interval, when the bead interacts with MCF7 con-
trol and HP1αKD nuclei respectively. (f) F − D curves extracted from

the indentation interval.
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5.4.4 HP1α knock-down results in softer nuclei as determined by OT

From the temporal sequences for the indentation intervals shown in Figs. 5.12(a),

5.12(b), 5.12(d) and 5.12(e), F − D curves similar to AFM were obtained (compare

Figs. 5.12(c) and 5.12(f) with Fig 5.9). Consistent with the AFM experiments, the MCF7

nuclei with HP1α KD have greater indentation compared to the control nuclei for the

same applied force. The slope of the F− D plot is used to estimate Young’s modulus

using equation 4.10. Using the OT method, we can clearly distinguish forces as low

as 1 pN, which allows a more accurate estimate of mechanical properties in the range

from 1 to 10 pN in comparison with AFM experiments. Table 5.1 gives the maximum

indentation for both types of nucleus using lateral and longitudinal indentation meth-

ods (uncertainty indicates standard deviation). The average indentation for the two

indentation methods is similar, giving confidence in both methods and showing that

there is probably little effect of any anisotropy in this setting. The periphery of the

MCF7 control nuclei have smaller indentations compared to HP1α KD nuclei, sug-

gesting that reduced expression of HP1α makes the nuclei softer to local low-strain

indentations.

TABLE 5.1: Comparison of indentation methods from maximum force
applied by OT

Method of Indentation Control nuclei HP1α KD
Longitudinal (nm) 105 ± 31 359 ± 137

Lateral (nm) 123 ± 61 351 ± 79

5.4.5 Comparison of force-indentation plot and elastic modulus using OT

and AFM

AFM provides insight into the mechanical properties of the nuclei at larger forces

(∼1 nN) than used for OT. However, OT gives better measurements of the absolute

indentation for lower forces (∼10 pN) at which AFM measurements are limited by

the thermal noise of the cantilever in liquid. In Fig. 5.13, it can be seen that the can-

tilever noise is around (50 ± 30) pN (uncertainty indicates standard deviation), which

is roughly the maximum force exerted in our OT setup. The AFM data has been ar-

bitrary shifted in x-direction to qualitatively show that OT detects contact with nu-

clei earlier than AFM, which is illustrated in the schematic figure shown later in Fig.
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5.17(b).

The distributions of results from the repeated elastic modulus measurements for

the MCF7 control and HP1α KD nuclei obtained using AFM and OT are shown in

Fig. 5.14 in box plot distributions. For OT, experiments were carried out on 22 nuclei

(lateral indentation) and 12 nuclei (longitudinal indentation). For AFM, experiments

were conducted on 17 nuclei from both MCF7 control and HP1α KD cells. A difference

in the elastic modulus of the nuclear periphery between control and HP1α KD can be

observed using either AFM or OT (p < 0.0001). Fig.5.14(b) shows the Young’s modulus

obtained for a maximum force of 0.5 nN. Similar AFM experiments were carried out

for a maximum force of 0.3 nN and 1 nN (Appendix Fig. C.5). These results are

consistent with previous studies on the differences of nuclei mechanics extracted from

benign (MCF-10A) and malignant (MCF-7) cells Li and Lim, 2010 .
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FIGURE 5.13: Comparison of the noise in the force indentation plots
for control and HP1α KD nuclei using AFM and OT. The AFM data has
been arbitrary shifted to show that OT detects contact earlier than AFM.

The apparent Young’s moduli measured for the control nuclei have a larger spread

of values, signifying that the structure of the MCF7 control nuclei are more mechan-

ically heterogeneous in nature compared to the HP1α KD. For the same loading rate

(0.5 µm/s), the apparent elastic moduli determined using OT ((164 ± 8) Pa (lateral)

and (168 ± 12) Pa (longitudinal) for the control, (40 ± 3) Pa (lateral) and (54 ± 5) Pa

(longitudinal) for the HP1αKD) are much smaller than AFM values ((22.23 ± 2.12)

kPa for the control, (2.13 ± 0.24) kPa for the HP1αKD). Here, uncertainties indicate

standard errors in the mean. A similar difference in moduli measured by AFM and
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OT has been reported for MC3T3-E1 osteoblasts and MLO-Y4 osteocyte cells isolated

from fetal chicken calvariae (Nawaz et al., 2012; Bacabac et al., 2008) and for breast

cancer cell lines (Coceano et al., 2015) and has been discussed at the beginning of this

chapter. The difference is mainly due to the vast difference in the magnitude of the

forces applied as shown in Fig. 5.13. The OT is capable of measuring an apparent

modulus at an indentation length for which AFM is unable to conclusively report that

contact has been made (Fig.5.17(b)).
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FIGURE 5.14: Box plot representation of Young’s modulus values mea-
sured using OT and AFM (*p < 0.0001). (a) Young’s modulus obtained
for lateral (from the side) and longitudinal (from the top) indentation
using OT (n = 73 (control - lateral indentation), 64 (HP1α KD - lateral
indentation), 38 (control - longitudinal indentation), 32 (HP1α KD - lon-
gitudinal indentation)). (b) Young’s modulus obtained using AFM data
for a maximum force of 0.5 nN (n = 67 (control), 64 (HP1α KD)). The ‘n’
indicates total number of indentations performed to obtain modulus

values.
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5.4.6 MA deformation experiments on MCF-7 nuclei

In contrast to OT and AFM, where the nuclei are deformed locally, MA experiments

deform the nuclei globally as it is aspirated into the pipette. Two models (solid and

viscoelastic) as described in section 2.4.1 of chapter 2 are used to quantify the mechan-

ical properties of nuclei. The solid model relies on an optical microscope image to

analyse the total aspirated length as shown in Fig. 5.15 (Bottom image). The second

model is developed for viscoelastic particles, where a change in current at time ∆T

(when the nucleus is being aspirated) is used to determine the mechanical properties

as shown in Fig. 5.15 (Top figure).

FIGURE 5.15: Example of an experimental current trace showing two
aspiration events, and (Bottom) the corresponding video frames for the
first event where frame A is the first frame of aspiration, frame B is the
last frame of aspiration, and frame C is when no aspiration is occurring.

Scale bar : 5mum

5.4.7 Nuclei from HP1α knock-down and control cells have similar bulk

properties as determined by micropipette experiments

Micropipette measurements are different in nature from OT and AFM because the test

involves deformation of the whole nucleus as opposed to the local deformations of

the outer regions of the nuclei that are imposed by OT and AFM. Much greater forces

and strains are applied, and the applied deformation includes both the bulk of the

chromatin interior and the response of lamins. In contrast, only a small area of the
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outer region of the nucleus is locally deformed when using a micron-sized indentor

bead, so that the results obtained for effective Young’s modulus from micropipette

(Fig. 5.16) are not expected to be directly comparable to OT and AFM data. The values

obtained in Fig. 5.16 can be seen to lie between those obtained using OT and AFM

in Fig. 5.14. The apparent Young’s moduli obtained using the solid model are similar

((1.56± 0.10) kPa for the control, (1.95± 0.10) kPa for the HP1α KD), but slightly larger

(p < 0.05) for the nuclei extracted from the HP1α KD cells. Similarly, results from the

viscoelastic model indicate that the control nuclei are less stiff ((220± 90) Pa compared

with (690± 180) Pa) with lower effective viscosity ((7± 3) Pa s compared with (22± 6)

Pa s) than the HP1α KD nuclei as shown in Fig 5.16(c). Here, uncertainties indicate

standard errors in the mean.
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FIGURE 5.16: Effective Young’s modulus and effective viscosity from
microaspiration experiments. (a) Values obtained using the solid model
(Eq. 2.28, **p < 0.01) (n = 14 (control), 16 (KD)). (b) Values obtained using
the viscoelastic model (Eq. 2.30, *p < 0.05) (n = 61 (control), 67 (KD). (c)
Comparison of Effective viscosity for the viscoelastic model for control

and HP1α KD whole MCF7 cells (*p < 0.05)).

A likely explanation for this difference involves deformation of the bulk, and it is
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possible that the bulk mechanical properties of HP1α KD nuclei are a little higher than

those for control nuclei (in contrast to the results for the local indentation of the outer

regions). It is also likely that lamins are playing a role in these high strain experiments

(Stephens et al., 2017a). Indeed, previous work concluded that while chromatin affects

the mechanical response of nuclei at short extensions (< 3 µm, or 30% strain), the

lamina has a significant affect at larger extensions Stephens et al., 2018; Stephens et al.,

2017a.

It is worth revisiting the two models used to obtain the data shown in Fig. 5.16

for the micropipette experiments, both of which give values that are intermediate be-

tween the AFM and OT results. Data obtained using the solid model are greater and

closer to the AFM values. This may be because the solid model only analyses small

initial deformations that may be less affected by the bulk properties of the nuclei. In

contrast, the viscoelastic model uses the entire duration of the deformation and in-

corporates stress relaxation. Moreover, the solid model may be slightly high due to

the geometric factors in equation 2.28, as explained by Aoki et al. (Aoki et al., 1997).

The differences in the extracted parameters (both between the two models and with

the other techniques) demonstrate that attention must be paid to the details of the

analysis method, and not just the experimental technique, when comparing absolute

measurements of bioparticles. It is therefore appropriate to designate the data pre-

sented in Fig. 5.16 as ’effective’ parameters. Nevertheless, the comparison between

particle types is not so reliant on modelling assumptions.

5.5 Conclusion

In this chapter, we have studied the mechanical properties of nuclei isolated from

MCF7 cells with constitutive KD of HP1α expression using three mechanical mea-

surement techniques which deform the nuclei in very different ways. They probe

the outer regions of the nucleus (∼ 100 nm) with forces on scales of 10 pN (OT) or 1

nN (AFM); and alternatively the bulk properties with whole-of-nucleus deformations

(micropipette). While OT and AFM both locally probe the nuclear periphery, AFM

experiments were carried out at higher forces compared to OT and care must be taken

when interpreting the absolute indentation (Bacabac et al., 2008). Absolute values of
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Young’s modulus obtained using these three techniques are not in close agreement, as

might be expected (Wu et al., 2018). This highlights that mechanical measurements

carried out on nuclei are difficult because they are viscoelastic and heterogeneous.

HP1α KD

Nuclear envelope
Lamin A/C
Lamin B1

Chroma�n

(a) (b)

FIGURE 5.17: (a) Schematic diagram showing the disruption to the nu-
clear periphery when HP1α expression is reduced. Loss of HP1α dis-
turbs the organisation of heterochromatin, disrupting its tethering to
the nuclear lamina and causing a change in the dynamics of the lam-
ina. These changes result in a nucleus with a more malleable shell. (b)
Schematic showing the difference in contact point using AFM and OT
(local deformation) and larger area probed using MA (global deforma-

tion).

Despite the inherent approximations of the analysis, data from indentation tech-

niques (AFM and OT) demonstrate that there is a significant decrease in the apparent

Young’s modulus of the MCF7 HP1α KD cells compared to control nuclei, reflecting

the altered organisation of the peripheral heterochromatin and changes in Lamin A/C

dynamics observed in these nuclei. The reduced variation of mechanical values for

HP1α KD nuclei is consistent with the more homogeneous chromatin organisation

and disruption of the peripheral heterochromatin in HP1α KD nuclei (Fig. 5.17(a)). In

contrast, the bulk moduli obtained by micropipette experiments show little difference,

with the nuclear interior and stretched lamin networks potentially playing a larger

role.

More specifically, the disruption to the heterochromatin upon HP1α KD correlates

with the reduced elastic modulus of the periphery of the HP1α KD nuclei. Consid-

ering the higher magnitude of force applied by AFM compared with OT, it is likely

that the higher apparent magnitude of the moduli originates from engaging more of
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the adjacent lamina shell in the more extreme local deformation. In contrast, OT is

mostly probing the extremities of the nucleus (Fig. 5.17(b)) and is capable of reporting

absolute indentations at much lower forces (Fig. 5.13).
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Chapter 6

Interaction of milk fat globule

membrane with Lactobacillus

fermentus strains (1485 and 1487)

using Optical Tweezers

This chapter reports on a side project performed in collaboration with Dr. Caro-

line Thum, Agresearch. Caroline and their group were interested in understanding

the outer cell membrane properties of two bacterial strains (Lactobacillus fermen-

tum strains - 1487 and 1485) and their interactions with milk fat globule membrane

(MFGM) using optical tweezers in our group. The difference in bacterial cell surface

properties of these two strains and its effects on intestinal epithelial barrier integrity

has already been studied by their group (Sengupta et al., 2015). The primary aim of

this project was to measure the adhesion force between bacterial strains and MFGM

using OT, inspired from the methodologies conducted by Jiménez-Flores et al., 2010.

6.1 Introduction

Milk fat is secreted from the mammary gland in milk fat globules composed of a tria-

cylglycerol core covered by a tri-layer membrane and the milk fat globule membrane

(MFGM) (Kosmerl et al., 2021; Zhang et al., 2020).
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FIGURE 6.1: The structure of the milk fat globule membrane (MFGM)
where the different layers and their general compositions are depicted.

Figure extracted from Kosmer et al. (Kosmerl et al., 2021).

Part of dietary MFGM was shown to resist digestion, but its effect in the large in-

testine is not fully understood. It has been reported that MFGM can interact with pro-

biotic bacteria forming a physicochemical barrier, improving resistance to digestion.

Similarly, the MFGM has also been used in food to inhibit bacterial and viral binding

to the intestinal mucosa. Limited information is known about the selectivity, if any, of

MFGM adhesion to beneficial and opportunistic bacteria in the large intestine. The re-

sults of this investigation will provide insights into the functional characteristics of the

MFGM, as well as highlighting the importance of selective bacterial interaction with

milk components for the potential development of functional food with relevance to

human health. The main goal of this experiment was to compare the force of bacte-

rial adhesion to MFGM using OT. This information can help us gain insight into the

probiotic properties or health benefits of 1485 and 1487 bacterial strains. It has been

hypothesised that the MFGM’s strongly and selectively bind to opportunistic intesti-

nal bacteria.
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Materials and Methods

Isolation of milk fat globules

Raw bovine milk samples were collected from Massey University Dairy Farm 4 (Palmer-

ston North, NZ). Milk samples collected from each animal (n = 5) were used as bio-

logical replicates and analysed in triplicate. All milk samples were collected into ster-

ile tubes and processed fresh to minimise the problems associated with refrigeration

(for example, damage to the MFGM surface). To normalise the difference in globule

number and individual variation, an equal amount of cream (approximately 0.3 gm)

containing the MFGM was separated from each animal within a group (e.g. fresh and

mastitis). In brief, 15 ml of whole milk was centrifuged at 3000 rpm at 25 ◦C for 15 min

to separate cream and skim milk.

6.1.1 Bacterial strains and growth condition

The bacteria evaluated in this study were two strains of Lactobacillus fermentus, AGR-

1485 and AGR1487. The two bacterial strains used were isolated from saliva swabs

of adult human volunteers as previously described (Anderson, Cookson et al. 2010).

Ethical approval from the New Zealand Health and Disability Committee was not

required due to the non-invasive nature of the sampling and the healthy status of the

volunteers. Written consent for collection and use of the samples for research purposes

was obtained from the volunteers. AGR1485 was isolated from a healthy individual

and AGR1487 was isolated from a then apparently healthy individual who was later

diagnosed with inflammatory bowel disease (IBD). All bacterial strains were grown in

MRS broth (Difco, Detroit, MI) at 37 ◦C. For all experiments, cultures were inoculated

2:100 (v/v) in MRS medium (5 mL) and allowed to grow for 24 hrs. The bacteria were

washed twice with 1X PBS buffer by centrifuging at 2000 rpm for 5 min.

6.1.2 Optical Tweezers setup

Experiments were carried out as described in the sections 2.2 of chapter 2 and 4.2.2

of chapter 4. The experiments were carried out at two different temperatures (21 ◦C

and 37 ◦C). Physiological condition (37 ◦C) was maintained using a home-built Peltier

setup as described in section 4.2.3.1 of chapter 4.
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(a) (b)

FIGURE 6.2: Adhesion force experiments and analysis. (a) Schematic
setup for the binding force measurements. (b) Image sequence of force
measurement procedure. [A] Bacteria in trap and MFGM adhered to
the coverslip are few microns apart. The black line shows the position
of the trap which is fixed. [B] MFGM is brought into in contact with
bacteria by using a piezo stage. [C] Attachment has occurred and the
bacterium is being pulled from the MFGM by adjusting the laser power
until we can see the elongation. [D] Bacteria has detached from the

MFGM.

6.1.3 Investigation of bacterial adhesion to milk fat globules

Firstly, a mixture of 50 µL of diluted cream (1:100 v/v in PBS), 50 µL of bacterial strain

preparation (1:200 v/v in PBS), and 10µL of MFGM were pippeted into a welled mi-

croscope slide and sealed with a coverslip. The slides were left for 15 minutes with

the coverslip facing up, allowing the MFGM to rise towards the top and adhere to

the coverslip. The slides were turned upside down and were then placed in the piezo

stage. Experiments were initially carried out at room temperature (21 ◦C). A single

bacterium was found and trapped in the OT. The rod- shaped bacteria was aligned by

the laser with their long axes perpendicular to the coverslip. The trapped bacterium

appears like a dot when trapped and viewed ’end-on’ as shown in the figure 6.2(a) .

In the moving piezo stage, the MFGM, which is adhered to the coverslip, was

moved towards the trapped bacterium. The bacteria and MFGM were left in contact

for approximately 1-2 minutes. To see if binding occurred, the stage was moved slowly
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(0.5 µm/s) away. The bacterium becomes clearly elongated if significant adhesion has

taken place 6.2(b). There were many failed attempts before binding occurred. Multiple

attachment attempts at different positions on the surface of the MFGM were carried

out and if no binding occurred, different pairs of bacteria and MFGM were chosen.

Once binding occurred, the trap strength was slowly increased by increasing the laser

power and the stage was moved slowly in steps of 0.5 µm/s, observing if detachment

of the bacteria and MFGM occurs. The laser power was increased in steps of 30 mW

to find the laser power where the trap was strong enough to pull the MFGM from the

bacteria and detachment occurred. The experiment was performed within approx-

imately 5 min once attachment between MFGM and the bacterium occurred. With

multiple trials, the adhesion was found to be a function of time and separation. This

procedure of measuring the right laser power for bacteria detachment from MFGM

was performed multiple times.

6.1.4 Force Measurement procedure

After obtaining the laser power required for detachment, we measured the equivalent

trap strength using the Stokes-drag method (Neuman and Block, 2004). In short, the

trapped bacteria was moved approximately 20 µm away from the MFGM. The stage

was then set into a sinusoidal motion with a set frequency of 80 Hz for L. fermentus

1485 and 90 Hz for L. fermentus 1487 (80 Hz oscillation frequency was not sufficient

for the 1487 strain to escape out of the trap). The amplitude was increased slowly

until the bacteria just escaped from the trap. After determining the amplitude (A) at

the bacteria escape point, the maximum drag velocity could be extracted using the

equation :

v = 6π f A (6.1)

The drag force is calculated using this velocity considering the bacterium is a

straight, slender cylindrical rod with length greater than width. The drag force is

given by (Jiménez-Flores et al., 2010) as:

F =
2πηlv

ln(1/r)− 0.81
(6.2)
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where η is the viscosity of PBS (0.001 Pa.s Yeom, Kang, and Lee, 2014), l is the length

((5 ± 3) µm) and r is the radius ((0.325 ± 0.2) µm) of the bacteria.

6.2 Results and Discussions

Relationship between exerted Force and Laser Power

Using the Stokes law, the force exerted on the bacteria as a function of laser power was

measured. The force exerted on the trapped bacteria is directly related to the laser

power. The relationship was found to be linear as shown in Figs. 6.3(a) and 6.3(b)

for 21 ◦C and 37 ◦C respectively. To remove the bacteria from the trap as the power

was increased from 0.2 W to 2 W, the amplitude also had to be increased as shown in

equation 6.1 and 6.2 from 10 µm to 70 µm respectively (frequency is constant) i.e, with

increasing laser power, more shaking (increasing amplitude of oscillation) is required

to remove the bacteria out of the trap and this hydrodynamic friction generates the

force.

(a) (b)

FIGURE 6.3: Measured force generated by the drag force on a trapped
bacteria as a function of laser power for experiments that were carried
out at (a) 21 ◦C and (b) 37 ◦C. Error bar represents standard error in the

mean.

6.2.1 Comparison of adhesion force between 1485 and 1487 bacterial strains

Measurement of adhesion force for AGR1485 (n=10) and AGR1487 (n=11) strains with

MFGM was conducted at both room temperature (21 ◦C) and physiological tempera-

ture (37 ◦C). Fig. 6.4 shows box plot distribution comparing adhesion forces for the two
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strains performed at (21 ◦C) (Fig.6.4(b)) and (37 ◦C) (Fig.6.4(b)). At 21 ◦C, the values

of adhesion forces were measured to be (34 ± 2) pN (for AGR1485) and (66 ± 2) pN

(for AGR1487) whereas at 37 ◦C, the values of adhesion forces were (47 ± 7) pN (for

1485) and (66 ± 9) pN (for 1487) Paired t-test shows a significant difference between

the two bacteria types (p < 0.001). The error represents SE.
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FIGURE 6.4: Adhesion force comparison for 1485 and 1487 bacterial
strain for experiments carried out at (a) 21 ◦C and (b) 37 ◦C. A paired

t-test shows significant difference (p < 0.001).

Using Stokes Drag equation, we can calculate the force exerted on a trapped bac-

terium as the laser power is changed and therefore measure the force of bacterial ad-

hesion. The adhesion measurement has a significant dependence on time of contact

and separation. We observed that once a bond is formed between MFGM and bacte-

ria, experiments should be done within approximately 5 minutes. One reason for this

is that the bacteria may orient toward the MFGM and OT may not be able to trap the

bacteria. Therefore, a practical criterion of 5 minutes was chosen for bond formation

to occur for both types of bacteria. This was also observed when measuring adhesion

forces for eukaryotic cells using trapped spherical beads (Khalili and Ahmad, 2015).

6.3 Conclusion

This study developed a method to measure the relative differences in the the interac-

tion force between two Lactobacillus strains and MFGM. Results suggest that L. fer-

mentus AGR1487 strongly interacts with MFGM compared to AGR1485. The different



Chapter 6. Interaction of milk fat globule membrane with Lactobacillus fermentus
strains (1485 and 1487) using Optical Tweezers

118

force interactions observed between MFGM and the Lactobacillus strains indicate that

differences in the components on the surface of MFGM or/and bacteria may mediate

bacterial-MFGM interactions. However, further studies will need to be undertaken to

identify the components on the surface that are responsible for this interaction and to

confirm that other beneficial and opportunistic bacteria bind differently to MFGM.
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Chapter 7

Summary and Future Work

7.1 Scope of thesis

The general aim of the thesis was to explore the various possible ways to test the

mechanical properties of different biological and viscoelastic systems. There are sev-

eral biophysical techniques available as discussed in Chapter 1, which can be used

to study the viscoelastic properties of the system. Each of them has its own pros and

cons. Hence, choosing the right technique is of major importance when experimenting

on biological systems. Most of the research probing such systems to date has used a

single technique to understand the mechanical properties. There are only a handful of

research articles where multiple techniques are used on the same system. This thesis

investigates the mechanical properties of MCF7 breast cancer cells and their isolated

nuclei using OT, AFM, and MA. Using multiple techniques gives an insight into dif-

ferent responses on different lengths and time scales, which is an added advantage

compared to a single technique approach. Adhesion forces between bacterial strains

and MFGM were also investigated as a side project using an OT technique.

7.2 Summary

Chapter 1 sets the scene for the background and introduction to rheology, microrheol-

ogy, and cell mechanics. A comparison of different techniques used to probe cells are

discussed in this chapter.

Chapter 2 introduces to the biophysical methods used in this thesis. Multiple par-

ticle tracking is demonstrated using a CCD camera with a standard glycerol water

solution. Calibration of OT in Milli-Q water was carried out using equipartation and
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power spectrum methods using a QPD. AFM was discussed for force measurements

and the use of MA to aspirate and extract the elasticity of bioparticles was described

using solid and viscoelastic models.

Chapter 3 focuses on a model complex or viscoelastic fluid (PEO solution) as this

is one most important systems to be familiar with to help with in understanding the

mechanical properties of cells. Bulk rheology of PEO is compared with passive mi-

crorheology which shows a reasonable overlap in the measured modulus values. Ac-

tive microrheology is carried out using an OT technique where the probe particles are

driven by an externally oscillating stage. Calibration of OT in a viscoelastic environ-

ment is achieved, which is a prerequisite for extracting viscoelatic moduli using an

active microrheology technique.

Chapter 4 is dedicated to understanding the mechanical properties of MCF7 breast

cancer cells from control and HP1α depleted cells using an OT technique. This is

achieved in two different approaches. Firstly, OT are used to indent cells and measure

elasticity, similar to AFM measurements. The elastic modulus distribution showed

that control cells ((117±38) Pa) were stiffer compared to HP1αKD cells ((63±27) Pa).

Secondly, membrane tethers are pulled out from the cell surface using OT and used to

measure the membrane tension of control cells, HP1αKD cells, and cell shed vesicles.

Membrane tension values [vesicles ((0.9±0.1) N/m) < HP1αKD cells ((2.7±0.4) N/m)

< control cells ((3.8±0.9) N/m)] showed that the cell shed vesicles and HP1αKD cells

have reduced membrane tension compared to control MCF7 cells.

Chapter 5 investigates further the mechanical properties of MCF7 cells by isolat-

ing the nuclei and performing mechanical measurements using AFM, OT, and MA

techniques. This chapter highlights the application of multiple techniques to isolated

control and HP1αKD nuclei. For the same loading rate (0.5 µm/s), the apparent elastic

moduli determined using OT ((164 ± 8) Pa (lateral) and (168 ± 12) Pa (longitudinal)

for the control, (40 ± 3) Pa (lateral) and (54 ± 5) Pa (longitudinal) for the HP1αKD)

are much smaller than AFM values ((22.23 ± 2.12) kPa for the control, (2.13 ± 0.24)

kPa for the HP1αKD). However, MA results showed the opposite trend in elastic-

ity values. The apparent Young’s moduli obtained using the solid model are similar

((1.56± 0.10) kPa for the control, (1.95± 0.10) kPa for the HP1α KD), but slightly larger

(p < 0.05) for the nuclei extracted from the HP1α KD cells. Similarly, results from the
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viscoelastic model indicate that the control nuclei are less stiff ((220± 90) Pa compared

with (690± 180) Pa) with lower effective viscosity ((7± 3) Pa s compared with (22± 6)

Pa s) than the HP1α KD nuclei. One of the possible reasons is due to the stretching

of lamins at long extensions as described in the literature (Stephens et al., 2017a; Dahl

et al., 2004). Confocal microscopy imaging, SEM and immunoblot analysis reveals

that a disruption of the heterochromatin upon HP1αKD correlates with reduced elas-

tic modulus of the periphery of the HP1αKD nuclei.

Chapter 6 describes the use of OT in measuring differences in adhesion forces

between two bacterial strains (AGR1485 and AGR1487) with MFGM at 21 ◦C and

37 ◦C. At both temperatures, the results show that AGR1487 more strongly interacts

with MFG compared to AGR1485 bacterial strains. At 37 ◦C, the adhesion force was

stronger compared to experiments conducted at 21 ◦C.

7.3 Future Work

7.3.1 Microrheology experiments

Using PEO, passive microrheology has been explored thoroughly. Since the rigorous

foundations of achieving modulus values using active microrheology are laid down

in detail, future experiments could be performed at different concentrations and com-

pared with passive microrheology and bulk rheology. This method can also be further

applicable in understanding the mechanical properties of living cells which are vis-

coelastic in nature. One way of performing this is by attaching micro beads to cells

which can be used to track or apply forces on membranes by moving the trapped

beads at different frequencies using an oscillating piezo stage (active microrheology

using OT). This method might provide additional insight into the coupling of mem-

brane, cytoskeleton and nuclear dynamics in different types of cells.

7.3.2 Biophysical techniques measurements

7.3.2.1 Optical Tweezers experiments

The indentation measurements reported herein were carried out using sinusoidal piezo

stage oscillations. Future work could be performed using triangular waveforms which
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can provide a smoother linear variation in time compared to sinusiodal waveforms.

Measurements on cells and nuclei were carried out at room temperature, however,

future experiments could be performed at physiological temperatures. Room temper-

ature suppresses the activity of the cell cytoskeleton and nuclear protein structures to

an extent.

Pulling membrane tethers were performed on control and HP1αKD cells. This

technique could be extended to isolated nuclei which can directly provide insight to

nuclear membrane tension and its relation to HP1α and lamina proteins inside the

nucleus. Pulling a membrane tether to different lengths and analyzing the relaxation

time scales can provide insight into the diffusion of lipids at different tether lengths.

To understand the interaction between MFGM and bacterial strains better, the sur-

face properties of bacteria and MFG as a function of temperature needs to be explored.

7.3.2.2 AFM and MA experiments

Similarly, both AFM and MA experiments could be carried out at physiological tem-

peratures. As both the AFM and MA measurements were carried out on nuclei, future

work could be extended to whole cells and could be used to compare with OT experi-

ments.

7.3.3 Biological experiments

As reported in the literature, chromatin and lamins determine two different mechan-

ical response regimes of the nucleus, which is also evident from MA experiments at

larger deformation. Future experiments can also be targeted at depleting lamins along

with HP1α proteins and looking at mechanical responses at long extensions.
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Susav Pradhan, Raoul Solomon, Ankita Gangotra, Gleb E Yakubov, Geoff R Will-

mott, Catherine P Whitby, Tracy K Hale, Martin AK Williams.

In: Biophysical Journal. Received 23 September 2020, Accepted 14 May 2021. In

Press, Journal Pre-proof.

2. Applications of Microrheology to Food Systems.

Susav Pradhan, Catherine P. Whitby, Martin A.K. Williams.

In: Encyclopedia of Food Chemistry, Academic Press, 2019, Pages 130-133, ISBN

9780128140451.

3. Membrane tether dynamics of HP1α depleted MCF7 cells.

to be submitted.

4. Interactions of milk fat globule with L. fermentus AGR1487 and AGR1485 using

optical tweezers reveal novel probiotic properties.

to be submitted.
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Appendix A

Application of microrheology to

food and biological systems

Food colloidal systems such as emulsions, foams, and gels are typical complex systems

consisting of multiple components and multiple phases in various stages of organi-

zation. The mechanical properties associated with complex structures with multiple

characteristic lengths and timescales are of major importance for food scientists. Their

macroscopic properties, for example, stability and texture, are closely related to their

structure and mechanical properties at the microlevel.

The majority of foods are emulsions such as milk, sauces, butter, and margarine.

Foods such as yogurt and cheese are soft solids in highly viscoelastic states. Food

emulsions and gels exhibit a great diversity of rheological characteristics, ranging

from low-viscosity Newtonian liquids (e.g., milk), to viscoelastic materials, exhibit-

ing both a viscous and an elastic response to stress (e.g., salad dressings, cream).

These foods are inhomogeneous solutions that drip and splatter when poured, rather

than flowing steadily. They show complex time-dependent responses to mechanical

stress at the micrometer scale. Their flow behavior is complicated by the presence of

nanometre and micrometre-sized structures formed by proteins, polysaccharides, and

lipids.

In recent years, significant progress has been made in the development of tech-

niques to study and characterize the structure and dynamics of complex fluids at the

microscopic level and this field of study is known as ’microrheology’. Microrheol-

ogy is the collective name for a relatively new set of techniques that seek to probe the

mechanical properties of soft materials over increasing ranges of time and distance,
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spanning molecular to macroscopic (Pradhan, Whitby, and Williams, 2018) . They

have steadily become more visible in the food science literature as illustrated in figure

A.1.

FIGURE A.1: The number of publications since 2000 with “food” and
microrheology” listed as keywords and the number of times these pub-
lications have been cited. Data from Web of Science, December, 2017.

Microrheology techniques have been used extensively in food science. Moschakis

et al. (Moschakis, Murray, and Dickinson, 2006) showed that microrheology can be

used as a probe in food colloid studies. They used Multiple Particle Tracking (MPT)

to study the structural organization of caseinate-stabilized emulsions containing xan-

than (Moschakis, Murray, and Dickinson, 2006) and the gelation of casein proteins

(Moschakis, Murray, and Dickinson, 2010). Gelation is a widespread phenomenon oc-

curring in food materials. During gelation, the motion of the embedded tracer particle

becomes strongly constrained or trapped, due to the heterogeneity, such as gelation of

acid milk gels (Cucheval et al., 2009). The MSD of casein micelles aggregates obtained

by diffusive wave spectroscopy (DWS) were compared with the MSD from multiple

particle tracking (MPT), with and without k-casein coating. The DWS method was

used to understand the microrheology of acid milk gels at short timescales ( 10−6s).

In table A.1 , the most recent articles in which microrheology was used to study

food systems are summarized.

TABLE A.1: Microrheology in food systems.
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Area of Re-

search

Method of

Rheology

Experimental

Technique

Investigated

System

Description References

Viscoelastic

Gels and

Polymers

Active

Micro-

rheology

OT
Collagen

Gels

Local shear modu-

lus probed of type I

Collagen Gels.

(Velegol

and Lanni,

2001a)

Probing mechani-

cal properties dur-

ing self-assembly

of collagen.

(Shayegan

and Forde,

2014)

Magnetic

Nanorods

PF1 gel Alternating Mag-

netic Fields to

probe magnetic

and viscous

torques.

(Brasovs

et al., 2015)

AFM & OT Gelatin Explore the micro-

scopic response of

presheared gelatin

from the linear

to the nonlinear

regime and ob-

serve the yielding

at the microscale.

(Wilking

and Mason,

2008)

Probing surfaces of

swollen gelatin us-

ing AFM.

(Benmouna

and Jo-

hannsmann,

2004)
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OT Mucus Mobility of

nanoparticles

in mucus mesh on

different scales.

(Kirch et al.,

2012)

Review of the bio-

chemistry that gov-

erns mucus rheol-

ogy.

(Lai et al.,

2009)

Passive

Micro-

rheology

DWS Pectin Semi-flexible

polysaccharide

gels were formed

and probed.

(Vincent

et al., 2007)

MPT Gellan Gum Probing the effect

of a constant ap-

plied shear during

gelation of aque-

ous gellan gum.

(Caggioni et

al., 2007)

MPT β-Glucans Understanding the

sol-gel transition

of aqueous bar-

ley beta-glucan

solutions which

undergo gelation

with ageing.

(Moschakis,

Lazari-

dou, and

Biliaderis,

2012)

MPT Wheat

gliadin

Probing the mi-

crostructural and

micromechanical

heterogeneities

of wheat gliadin

suspensions.

(Xu et al.,

2002)
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MPT β-lacto-

globulin

Diffusion of

fluorescent-labeled

dextran in β-lag

solutions were

investigated.

(Balakrishnan,

Durand, and

Nicolai,

2011)

Probing the sol-

gel transition in

solvent-induced

|β-lag gels at room

temperature and

pH 7.

(Corrigan

and Donald,

2009)

MPT Gastro-

intestinal

mucus

The barrier prop-

erties of gastroin-

testinal mucus on

particle transport

were explored.

(Crater and

Carrier,

2010)

Understanding the

colloidal behavior

of emulsions stabi-

lized with sodium

caseinate (Na-Cas),

and interactions in

the gastrointestinal

environment.

(Macierzanka

et al., 2012)

TPM Guar Gels A new method to

probe viscoelastic

media, based on

cross-correlation

of two particles,

using Guar gels as

the model system.

(Crocker

et al., 2000)
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DWS Poly vinyl

alcohol gels

The motion of

probe particles

in aqueous so-

lutions of linear

and branched

poly(vinyl alco-

hol) (PVA) and in

chemically cross-

linked PVA gels

has been studied.

(Narita et al.,

2001)

Colloidal

Systems

Active

Micro-

rheology

OT Sodium

caseinate-

stabilized

emulsion

droplets

Interaction be-

tween a pair of

sodium caseinate-

stabilized emul-

sion droplets.

(Griffiths et

al., 2016)

Passive Mi-

crorheology

MPT and

DWS

Casein acid

milk gel

Kinetics of gelation

probed.

(Moschakis,

Murray, and

Dickinson,

2010)

Heterogenity

probed with and

without pectin.

(Cucheval et

al., 2009)

MPT Caseinate-

stabilized

emulsion

Probing phase

separation of ca-

seinated stabilised

emulsions contain-

ing xanthan.

(Moschakis,

Murray, and

Dickinson,

2006)

DWS Caseinated

emulsion

Probing the effect

of temperature on

sodium caseinated

emulsions.

(Eliot,

Horne, and

Dickinson,

2005)
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DWS Lutein emul-

sion

The impact of chi-

tosan on microrhe-

ological properties

of Stabilised Lutein

emulsions probed.

(Xu et al.,

2016)

DWS β-carotene

emulsion

The impact of

lactoferrin- chloro-

genic acid and

Epigallocatechin-

3-gallate on the

physicochemi-

cal properties of

β-carotene emul-

sions.

(Liu et al.,

2016)

DWS β-

lactoglobulin

emulsion

Change in phase

behaviour by

β-lactoglobulin

emulsions by vary-

ing the long and

short attractive

interactions.

(Blijdenstein

et al., 2003)

Probing the phase

behaviour and

mechanical prop-

erties stabilised

by β-lactoglobutin

emulsions and

flocculated by the

dextran in presence

of sucrose.

(Blijdenstein

et al., 2004)
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Interfaces &

Multiphase

systems

Active

Micro-

rheology

OT β-

lactoglobulin

protein

Investigating the

β-lactoglobulin

adsorbed at a

decane-water

interface.

(Lee et al.,

2010)

Investigating the

mechanical prop-

erties of layers of

the β-lactoglobulin

during their for-

mation at the

air-water interface.

(Lee et al.,

2011)

AFM β-

lactoglobulin

Fibrils

Correlate the in-

tricate structure

of β-lactoglobulin

fibril-laden inter-

faces with their

macroscopic ad-

sorption kinetics

and viscoelasticity.

(Jordens

et al., 2014)

Magnetic

Beads

Microgels Probing micro-

gels at water-oil

interface using

magnetic beads.

(Huang et

al., 2016)

OT Lysozyme

protein

Layer

Probing the me-

chanical evolution

of layers of pro-

tein lysozyme

adsorbed at the

air-water interface.

(Allan et al.,

2014)
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Appendix B

Piezo stage and camera Information

B.1 Piezoelectric stage Information

• Stage: PI P-517.3CD (PI).

• Resolution: 3nm.

• Travel: 100 microns.

• Active axis : X,Y,Z.

B.2 Camera Information

• Camera: Andor Neo sCMOS.

• Frame Rate: 100 fps Rolling Shutter - 2560 x 2160 (full frame) & 1,639 fps Rolling

Shutter - 128 x 128 ROI.

• Pixels/µm for different microscope objective magnification using Andor Neo

sCMOS:
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TABLE B.1: Pixels/micrometer conversion.

Setting Magnification Pixels/micrometer Error

20x1 20 3.1 ±0.05

20x1.5 30 4.7 ±0.07

40x1 40 6.1 ±0.09

40x1.5 60 9.3 ±0.2

60x1 60 9.2 ±0.1

60x1.5 90 13.9 ±0.2
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B.3 MA setup description table

TABLE B.2: List of hardware modifications and additions for the MA
apparatus.

Component Product Specifications Functionality

PXIe Chassis Express Chassis (PXIe-1071, Na-

tional Instruments)

4-slot PXIe chassis. Basic frame for hosting the DAQ

and SMU with a processor, sep-

arate from main computer.

Processor Windows/Real-Time Processor

(PXIe-8821, National Instru-

ments)

Dual core processor, 2.6 GHz,

Intel i3, Windows 10 64-bit and

LabVIEW Real-Time operating

systems.

Processor for operating the

DAQ, SMU, pressure sensor

and piezos.

Electrometer (SMU) Source Measuring Unit (PXIe-

4139, National Instruments)

Single channel, 60 V, 10 A source

range, 100 fA measurement sen-

sitivity.

Applying voltage between elec-

trodes and measuring current.

Electrometer

Adapter

Triax SMU Adapter (SA-413T,

National Instruments)

2 triaxial connections and 2

screw terminals.

Connecting triaxial cables to the

SMU.

DAQ Card Multifunction I/O Device

(PXIe- 6289, National Instru-

ments)

4 analogue outputs and 32 ana-

logue inputs.

Data acquisition card to inter-

face between the hardware and

software components.

Fast Z Piezo (Z+) Nanocube (P-753.3CD, PI) Single direction, 38 µm range,

0.2 nm resolution, 1.4-2.9 kHz

frequency response.

Additional, fast movement in Z

direction.

Fast Z Piezo Servo Nanocube Piezo Controller (E-

625.CR, PI)

Single channel, -30 to 130 V out-

put and -2 to 12 V input voltage.

Controlling the Z+ piezo.

Pressure Sensor Microfluidic Flow Control Sys-

tem (MFCS-EZ, Fluigent)

2 channels, -800 to 0 mbar and

-69 to 0 mbar range, -0.24 mbar

and -0.02 mbar resolution, re-

spectively.

Controlling the pressure applied

through the pipette.

Pressure Pump Vacuum Pump (MFCS-EZ Ac-

cessory, Fluigent)

-1000 to 0 mbar. Applying negative pressure.

Pressure Reservoir Fluiwell (Fluigent) Custom made for PCR tubes. Collecting the aspirated fluid.

Horizontal Micro-

scope Objective

Infinity Corrected Long Work-

ing distance Objective (100X,

Mitutoyo)

13 mm working distance. Magnifying on horizontal mi-

croscope.

Horizontal Micro-

scope Camera

CMOS USB Camera

(DCC3240C, Thor Labs)

Global shutter, USB 3.0, 41

frames per second.

For vertical view of the pipette.

Inverted Microscope CMOS USB Camera, 20X Objec-

tive (DCC1645C, Thorlabs)

Rolling shutter, 25 frames per

second.

For inverted view of the sample

bed.

Sample Holder Built in-house. 5 ml volume custom built

cuboidal glass enclosure.

Electrolyte bath in which the

sample substrate is placed.
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Appendix C

Additional Nuclei Images

H3K9me₃H3K9me₂ Merge
Control

H3K9me₃H3K9me₂ Merge
HP1α KD

Su
rf
ac
e
Pl
ot

FIGURE C.1: Immunofluorescence confocal microscopy images of
MCF7 control and MCF7 HP1α KD cells stained with antibodies against
H3K9me2 (yellow) and H3K9me3 (magenta). Fluorescense surface plots
of the medial slices through the nuclei demonstrate the intensity of an-

tibody staining. Scale bars - 5 µm.
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Lamin A/C
H3K9me₂

Lamin A/C
H3K9me₂

Lamin A/C
H3K9me₂

Lamin A/C
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Lamin A/C
H3K9me₂

Control HP1α KD Control HP1α KD

FIGURE C.2: Confocal microscopy medial sections of individual nuclei
from MCF7 control and MCF7 HP1α KD cells stained with antibodies
against Lamin A/C (magenta) and H3K9me2 (yellow). Above each me-
dial slice are line plot profiles of fluorescence intensity (percentage of

grey value saturation). Scale bars - 5 µm.
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DAPI H3K9me₂ Lamin AC Merge
Control

DAPI H3K9me₂ Lamin AC Merge
HP1a KD

(a)

DAPI H3K9me₂ Lamin AC Merge
HP1a KD

DAPI H3K9me₂ Lamin AC Merge
Control

(b)

FIGURE C.3: Confocal microscopy medial sections of MCF7 control and
MCF7 HP1α KD cells stained with DAPI to detect DNA (cyan) and an-
tibodies against H3K9me2 (yellow) and Lamin A/C (magenta). (a) Scale

bars - 20 µm. (b) Scale bars - 5 µm.
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FIGURE C.4: Confocal microscopy images from MCF7 control and
MCF7 HP1α KD cells stained with DAPI to detect DNA (cyan) and an
antibody against Lamin B1 (magenta). Top panel, medial slices, scale
bars - 20 µm. Middle panel, medial slices at 4x zoom, scale bar - 5 µm.
Bottom panel, maximum projection of Z-stacks at 4x zoom, scale bar - 5

µm.
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FIGURE C.5: Apparent Youngs modulus obtained using AFM data for
maximum force of (a) 0.3N and (b) 1nN. ∗p < 0.0001 (two sample t-

test).
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Appendix D

Statement of Contribution and

DRC16 forms

• All the optical tweezers associated experiments and analysis in the entire thesis

were performed solely by me.

• I was an active participant in AFM experiments (carried out at the University of

Queensland, Australia) and the analysis of the data was carried out by me.

• I was an active participant in MA experiments (carried out at the University of

Auckland), and I helped with the analysis of data.

• ‘Biological experiments’ in chapters 4 and 5, such as cell pass-aging, confocal

microscopy, and blots, were carried out by Raoul Solomon and Tracy Hale; how-

ever, I was an active participant, for example performing nucleus extraction my-

self.

• Biological experiments reported in chapter 6 such as handling bacterial strains

was carried out by Caroline Thum; however, isolation of MFG and mechanical

measurements were carried out by me.
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