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Biopolymer networks perform many essential functions for living cells.

Most of these networks show a highly nonlinear mechanical response that is

well-studied on the macroscopic scale. While much work has been done to con-

nect the macroscopic responses of networks to microscopic parameters, such

as filament stiffness, cross-linking geometry and pore size, there is a lack of

experimental techniques that can measure these properties in situ. This the-

sis presents the development of a quantitative scanning probe imaging tech-

nique, which can explore soft matter in an aqueous environment. An optical

tweezer-based microscope, called a photonic force microscope, was designed

and constructed. A stability analysis method, called Power Spectrum Integra-

tion Analysis, was developed and was used to show that the photonic force

microscope achieves nanometer precision in the measurement of probe position

with a bandwidth of 1MHz. A novel single filament assay was developed that

allowed for the isolation and probing of individual biopolymer filaments. A

ix



scanning probe technique, called thermal noise imaging, which uses the diffu-

sive motion of an optically trapped nanoparticle as a fast, natural scanner, was

used to scan microtubules grafted on one end. The resulting thermal noise im-

ages were strongly influenced by the thermally driven, transverse fluctuations

of the filaments. Analytical tools, which include Brownian dynamics simula-

tions of probe and filament, were developed to assist quantitative analysis of

thermal noise images. The persistence length of individual microtubules was

extracted, and the length dependence persistence length for taxol stabilized

microtubules was confirmed. The transverse fluctuations of a microtubule

grafted on both ends were imaged. Finally, thermal noise images of collagen

filaments inside a three-dimensional collagen network were recorded, and vari-

ations of the filament diameter were extracted. This thesis establishes thermal

noise imaging as a quantitative tool for studying soft material on the nanome-

ter scale, as well as paves the way for investigating force distributions inside

biopolymer networks.
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Chapter 1

Introduction to biopolymers and biopolymer

networks

How can events in space and time which take place within the

spatial boundary of a living organism be accounted for by physics

and chemistry? The obvious inability of present-day physics and

chemistry to account for such events is no reason at all for doubting

that they can be accounted for by those sciences.

- Erwin Schrődinger, 19441

1.1 Biopolymer networks

Biological material display a host of fascinating mechanical properties.

For example, the ability of leukocytes (white blood cells) to enter epithelial

tissue and migrate through blood vessel walls requires a drastic change in cell

shape and elasticity. Skin tissue displays a dramatic increase in stiffness upon

modest strain to prevent tearing, yet exhibits a softness that belies its ability to

resist large deformations. During cell division, the separation of chromosomes

and the contraction of the membrane to form daughter cells require force

1What is life?, Erwin Schrodinger, 1944
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generation and coordinated organization within the cell. Biopolymers and the

networks they form are responsible for these diverse mechanical properties of

biological material.

Network-forming biopolymers can be divided into two categories: those

found inside the cell and those found outside the cell. Outside the cell, biopoly-

mers form the extracellular matrix, which provides mechanical integrity to tis-

sue. Inside the cell, network-forming biopolymers make up the cytoskeleton.

1.1.1 The extracellular matrix

Biopolymer networks found outside the cell compose the extracellular

matrix (ECM), one of the components of tissue. ECM components are secreted

by cells and assemble to form a scaffold upon which cells can adhere, move

and proliferate. Some of the biopolymers that are commonly found in the

ECM include collagen, elastin, fibronectin and laminin. The collagen family

of proteins alone accounts for 25% of the protein mass of mammals[1].

The ECM plays a crucial role in the mechanical properties of tissues.

Different tissue types have unique extracellular matrixes with different prop-

erties. The ECM and the cellular component of tissue are intricately linked.

The mechanical properties of the ECM have been shown to affect cell pro-

liferation, cell death, cell motility and cell shape[2]. Integrin-mediated focal

adhesion allows the ECM to be directly linked to the cytoskeleton[3, 4]. Thus,

the ECM can directly affect cytoskeletal states. Likewise, it has been shown

that cellular tension can regulate the assembly of ECM components[5].
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1.1.2 The cytoskeleton

The biopolymers that make up the cytoskeleton of eukaryotic cells are

microtubules, actin filaments, and intermediate filaments. Microtubules are

typically found growing radially outward from the centrosome, the microtubule

organization center, which is located near the nucleus. Actin filaments are con-

centrated near the cell membrane. In Figure 1.1(a), microtubules are labeled

green in the fluorescence image, actin filaments are labeled red and DNA,

which is confined to the nucleus, is labeled blue. While a biopolymer, DNA is

not part of the cytoskeleton.

Actin filaments, known as f-actin, consist of subunits of g-actin proteins.

G-actin has a molecular weight of 42kDa. F-actin forms as a double-stranded

helix that is 7nm in diameter and can have a length on the order of microns.

Figure 1.1(b) shows a detailed view of f-actin.

Microtubules consist of 13-17 protofilaments that align to form a hollow

tube with a diameter of 25nm. Protofilaments are made from tubulin dimer

subunits, which have a dimer mass of 110kDa. Microtubules can grow to

lengths of tens of microns, spanning the entire cell. Figure 1.1(c) shows a

detailed view of a microtubule.

In addition to actin filaments and microtubules, there is a host of pro-

teins associated with the cytoskeleton that aide in polymerization, depolymer-

ization, capping, nucleation, cross linking, branching, severing and bundling.

There are over 162 distinct actin binding proteins (ABPs)[6]. Microtubule

3



associated proteins (MAPs) regulate the stiffness, bundling and growth dy-

namics of microtubules and are a target for cancer drugs[7, 8]. These proteins

have been shown to play a major role in mechanical responses of biopolymer

networks[9–11].

Intermediate filaments are a third class of biopolymers that are part

of the cytoskeleton. There are many different types of intermediate filaments,

including septins, which form near the septum and play a role in cell division,

neurofilaments, which are found in axons and control axon growth, and keratin,

which forms in epithelial tissue. Intermediate filaments play a mostly struc-

tural part in cytoskeleton mechanics and are not found in every cell type[1].
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(a)

(b)

(c)

Figure 1.1: Biopolymers of the cytoskeleton: (a) shows a fluorescence image of
mouse fibroblasts with microtubules labeled in green, actin filaments labeled in
red and DNA labeled in blue (image taken by Jan Schmoranzer). The micro-
tubules can be seen to extend radially from the centrosome, near the nucleus.
The actin filaments can be seen to be forming a network supporting the cell
membrane. Models of an actin filament[12](b) and a microtubule[13](c). An
actin filament has a diameter of 7nm. A microtubule has a diameter of 25nm.

5



1.2 Cytoskeleton functions

The cytoskeleton is involved in many cellular processes. The functions

of the cytoskeleton can be grouped into three categories[14]: intercellular

spatial organization, physical and biochemical communication with

the extracellular environment, and cell motility.

Examples of spatial organization include physical pathways for motor-

driven, active transport of cargo[15], regulation of cell shape and stiffness[16]

and organization of the cell during mitosis[17]. Microtubules provide pathways

for cargo transport via molecular motors. For example, spherical lipid mem-

branes filled with neurotransmitters are carried along axons to the synapse,

where they are released into the synaptic cleft[18]. Microtubule depolymer-

ization is used to generate a force with which chromosomes are separated into

daughter cells during cell division[19]. During cytokinesis, the actin network

forms a contractile ring and contracts the cell membrane, pinching off the two

daughter cells[17].

Extracellular communication utilizes the cytoskeleton for signal

transduction through the cell membrane and cell-cell signaling[20]. Signal

transduction cascades happen via force generation due to a conformational

change of membrane-bound cell adhesion receptors such as integrins, selectins

and cadherins that are connected to the cytoskeletal actin network inside the

cell. The cytoskeleton has been shown to exhibit a stiffening response to force

transduction across the cell membrane via integrin binding[21].
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The cytoskeleton plays a central role in cell motility during chemo-

taxis and migration[22]. Actin networks drive cell motility in lamellipodia, the

leading edge of motile cells. Thin protrusions of growing actin bundles called

filapodia extend from the leading edge of the cell to attach to focal points on

the substrate. The larger actin network in the lamellipodium then contracts

to pull the cell forward[23].

The diverse set of functions performed by the cytoskeleton requires a

high degree of inhomogeneity in cytoskeleton biopolymer networks. It also re-

quires coordination over length scales that range from single molecular interac-

tions, intracellular interactions, to coordination and communication across tis-

sue. Timescales vary from microsecond conformational changes of molecules,

reorganization of actin networks over seconds during cell motility, to long-term

mechanical stability. To study such phenomenon, measurement techniques

need to access a wide spatial and temporal range.

1.3 Mechanical properties of biopolymer networks

The complexity of a living cell makes it difficult to study biological prop-

erties in vivo. Therefore, researchers have developed a number of techniques

to reconstitute biopolymer networks in bulk from purified components[24].

These techniques circumvent the complexity of the cell by trying to under-

stand specific functional modules in isolation[16, 25]. Such an approach has

been popular among biophysicists. Current reconstitution techniques allow

researchers to tune many properties of biopolymer networks, including cross-

7



linker type, network mesh size, mechanical properties of the filaments, and

properties of the fluid phase.

Mechanical properties of reconstituted biopolymer networks are studied

by deforming them in systematic ways and measuring the resulting mechanical

response to the deformation. Many biopolymer networks show a nonlinear

elastic response to strain[10, 26–29]. Figure 1.2 shows this response for several

different biopolymer networks. The vertical axis shows the elastic modulus and

the horizontal axis is dimensionless strain, γ. In all of the networks, a linear

elastic regime is observed which transitions into a much stiffer regime. This

nonlinear elasticity allows these networks to deform linearly under small forces

but to resist large forces that could compromise tissue and cell integrity. This

is easily demonstrated by observing the stretching of skin. Deformations of the

skin are possible only for small strains. The skin quickly stiffens upon larger

strains. Arterial walls must deform under small stresses to accommodate the

natural range of blood pressure however they must resist large strains, such

as during inflammation[30]. The origins of the nonlinear response of network-

forming biopolymers are of much interest in the biophysical community, as

well as among polymer engineers who desire to replicate such a response in

synthetic materials[31].

The response of a network to deformation results from the properties of

the single filaments and the connectivity of the network. A key characteristic

of a polymer filament is its persistence length. The persistence length, lp, is a

measure of the decay of tangential correlations along the contour of a filament

8



Figure 1.2: Nonlinear elastic response of biopolymer networks: Elastic storage
moduli, G

′
(or shear moduli, G) as a function of strain, γ, for various networks

of biopolymers. A linear regime is seen for each network, indicated by a
constant elastic modulus, which transitions into a larger elastic modulus upon
strain. Reprinted with permission[28].

due to thermal fluctuations of the filament. Polymers can be categorized by the

ratio of their contour length, lc, and their persistence length. When lp >> lc,

the filament is considered to be stiff. When lc >> lp, the filament is considered

to be flexible. When lp ∼ lc, the filament is considered semiflexible. Rubber

is an example of a flexible elastic polymer. Most biopolymers fall into the

semiflexible category.

Polymer filaments in an aqueous environment undergo conformational

changes due to thermal forces. These forces deform the filament from its

9



unbent, straightened state. The length of the straight line between the two

endpoints of a filament is known as the end-to-end distance, which is the

same as the total contour length, lc, when the filament is unbent. When a

filament is deformed due to thermal forces, the end-to-end distance will be

less than the contour length. The distribution of end-to-end distance depends

on the flexibility of the filament. For flexible filaments, this distribution is

Gaussian[32].

The distribution of end-to-end distances for filaments of varying ratios

of persistence length to contour length was simulated by Wilhelm and Frey[33]

and then measured for actin filaments by Goff et al.[34]. Figure 1.3 shows the

radial distribution function for theoretical prediction and experiment. These

studies were done for polymers with unconfined ends. In the experimental

studies, the thermal fluctuations of an actin filament were observed over time.

The ends of the actin filament were fluorescently tagged to localize the end

points and measure the end-to-end distance. The distribution seen in figure

1.3(b) shows the most probable end-to-end distance being shorter than the

contour length.

The conformations available to a fluctuating biopolymer constitute an

entropy. Immobilization of the endpoints of a filament reduces the entropy of

the filament and results in a force acting either compressively or extensively on

the filament. In a network, the endpoints of the filaments are immobilized via

cross linking or entanglement. The end-to-end distribution shown in figure 1.3

implies that there will be a distribution of conformations when the network

10



(a)

(b)

Figure 1.3: Radial distribution function: (a) simulations of the distribution of
the three-dimensional end-to-end distance for polymers with increasing stiff-
ness. The different curves represent different t = lc/lp values, with the left-
most curve corresponding to t = 10 and the rightmost curve corresponding
to t = 0.5. Figure taken from reference [33]. Plotted in (b) is the measured
two-dimensional end-to-end distribution for actin. The actin filament had a
contour length of 13.4µm. The persistence length was measured to be 16.1µm.
Figures reprinted with permission.

forms, and thus there will be a distribution of forces in the network.

Deformation of a network shifts the relative distances of the cross-linked

endpoints of the filaments. A filament confined with an end-to-end distance

less than the most probable end-to-end distance will exert an extensive force on

the end points. If the end-to-end distance is longer than the most probable end-
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to-end distance, a compressive force will be exerted on the end points. Figure

1.4 shows these relationships. The distributions shown in figure 1.3 can be

approximated by normal distributions around the point of highest probability

and thus the energy landscape will be harmonic in this region, resulting in a

linear force/extension relationship.

The transverse fluctuation of a point on a filament at a point in time is

the perpendicular distance from the straight-line conformation to that point.

The stretching of a filament reduces the number of conformations available to

the filament. As the force on the filament gets larger, the magnitude of the

transverse fluctuations gets smaller. This is illustrated in figure 1.4, as ∆x

decreases with increasing force. At forces large enough to pull the filament

almost straight, the entropic contribution to the restoring force is reduced and

the much larger elastic restoring force of axially stretching the subunits of the

polymer dominates. Thus, semiflexible biopolymers already have an intrinsic

nonlinearity. It is in part due to the nonlinearity of the single filaments that

the networks formed by biopolymers exhibit nonlinear macroscopic responses.

The transverse fluctuations of a single filament report on the force the

filament is exerting on the points of confinement. Measurement of the trans-

verse fluctuations provides a means of measuring the force on the filament.

Moreover, knowing the details of the local network architecture, such as the

cross-linking angle and filament contour length, combined with multiple force

measurements on neighboring filaments, would reveal the local force distribu-

tion in a biopolymer network.
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F1

F2

F3

(b)

(a)

G(r)

r

Δx

Figure 1.4: Transverse fluctuations of confined filaments: (a) shows a charac-
teristic radial distribution for a semiflexible biopolymer. (b) shows the trans-
verse fluctuations, ∆x, and the force on a filament for various end-to-end
distances. As the end-to-end distance approaches the filament contour length,
the magnitude of the transverse fluctuations decreases and entropic stretching
transitions into the elastic stretching of the filament subunits. F1 < F2 < F3.

Measurement of the force distribution inside a biopolymer network and

how this distribution changes during deformation is currently an experimental
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and theoretical goal[28, 35–37]. Models that describe the response of networks

based off of single filament properties need to be verified experimentally. Thus,

techniques that can explore these aspects of networks are necessary. How-

ever, current techniques for the study of biological material fail in this goal.

Light microscopy techniques are limited by the diffraction limit. Architectural

details smaller than this, such as filament size, are not easily measurable.

Moreover, filament dynamics, such as transverse fluctuations, are not measur-

able using these techniques. So far, only static properties can be ascertained

through long measurement techniques such as confocal microscopy or fluores-

cence recovery after photobleaching (FRAP). Stochastic optical reconstruction

microscopy (STORM) and stimulated emission depletion microscopy (STED)

techniques, while currently becoming faster, are still not fast enough to visu-

alize thermal fluctuations in a network.

Current scanning probe techniques such as atomic force microscopy

(AFM) and scanning tunneling microscopy (STM) fall short of achieving the

goal of measuring force distributions inside a polymer network. AFM is

too stiff to make sensitive measurements on biological material. Moreover,

elaborate sample preparation makes it difficult to replicate biological condi-

tions, such as an aqueous environment. Finally, AFM is unable to probe a

three-dimensional environment, and is primarily limited to studying surfaces.

There is a need for a scanning probe technique capable of exploring a three-

dimensional, soft biological environment with appropriate spatial and temporal

resolution to study biological processes.
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1.4 Research objectives

It has been established that the local mechanical properties of biopoly-

mer networks will yield valuable information pertaining to the origin of the

nonlinear elastic response of biopolymer networks. The next logical step in

the field, both experimentally and theoretically, is to gain an understanding

of force distributions in biopolymer networks through measurements of local

filament forces and local network architecture. Currently, there is no technique

capable of probing soft matter three-dimensionally in vitro at the relevant time

and length scales required by biological material. The goal of the research pre-

sented here is to construct such a soft matter scanning probe microscope and

demonstrate that it is capable of measuring the lateral fluctuations of single

biopolymer filaments.

A three-dimensional, soft matter, scanning probe microscope was de-

signed, constructed and characterized during the course of this research. A

stability analysis method, called Power Spectrum Integration Analysis, was

developed. Power Spectrum Integration Analysis was used to show the mi-

croscope has nanometer precision in measuring the position of a 200nm probe

particle at a bandwidth of 0.1Hz to 250kHz. The microscope was employed

in a scanning probe technique known as thermal noise imaging in which the

thermal motion of a probe is used as a natural three-dimensional scanner to

explore its local environment. A single filament assay was developed that

allowed for the isolation and study of individual biopolymer filaments. High

resolution thermal noise imaging as well as long range scanning of microtubules
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were performed. Data analysis, which included simulations and a theory to

extract mechanical properties of microtubules, showed that the lateral fluc-

tuations of single microtubules could be imaged and mechanical properties of

a microtubule extracted quantitatively. Additionally, data is presented that

shows that the transverse fluctuations of a filament confined on both ends

can be measured. Finally, thermal noise imaging in a biopolymer network is

presented. This research establishes thermal noise imaging as a quantitative

tool for probing soft biological matter and paves the way towards the broader

goal of measuring forces on single filaments in biopolymer networks, as well as

determining local network architecture.
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Chapter 2

Theory

Bodies of microscopically-visible size suspended in a liquid will

perform movements of such magnitude that they can easily be ob-

served in a microscope.

- Alber Einstein, 19051

2.1 The optical trap

The modern form of the optical trap was developed by Arthur Ashkin in

1986 when Ashkin demonstrated that dielectric particles were drawn towards

the region of maximum intensity in a focused laser beam[38]. Since then,

optical traps have been used throughout the biological sciences in numerous

ground-breaking experiments. Examples include the measurement of DNA

relaxation times[39], molecular motor dynamics[40], and microtubule rigidity

measurements[41].

The trapping forces in the Mie regime, where the particle is much larger

than the wavelength of the trapping laser (λ/a << 1 where a is the radius

1On the movement of small particles suspended in a stationary liquid demanded by the
molecular kinetic theory of heat, Albert Einstein, 1905.
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of the particle), can be described using ray optics and conservation of mo-

mentum[42]. In the Raleigh regime, where λ/a >> 1, the electric field is

assumed to be constant over the extent of the particle, and an induced dipole

approximation is used. Two components contribute to the optical forces on

the particle: a scattering force and a gradient force. The gradient force is

given by[43, 44]

F⃗grad(r⃗) = 2πn2
2ϵ0a

3

(
m2 − 1

m2 + 2

)
∇I(r⃗) (2.1)

where ϵ0 is permittivity of free space, n2 is the index of refraction of the medium

in which the particle is diffusing, a is the radius of the particle, m = n1/n2,

and n1 is the index of refraction of the trapped particle. The gradient force

is proportional to the gradient of the intensity of the focused laser light. The

direction of the gradient force is towards the point of maximum intensity,

provided m > 1, and is thus a restoring force.

The scattering force is given by[45]

F⃗scat(r⃗) =
128π5a6

3λ4

(
m2 − 1

m2 + 2

)2

I(r⃗)z⃗. (2.2)

The direction of the scattering force is parallel to the propagation direction

of the laser light. The scattering force pushes the particle away from the

point of maximum intensity, along the optical axis in the direction of light

propagation. Thus, the particle’s equilibrium position is not centered at the

energy minimum given by the gradient force.

In most trapping experiments, the particle radius is on the order of

the trapping wavelength (1064nm). This makes it difficult to predict trapping
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forces theoretically. Several theories are reviewed in reference [46]. However,

the general dependence on intensity remains, and thus the theoretical Raleigh

forces are useful for establishing an intuition for how trapping stiffness will

scale with laser power. In practice, the trapping stiffness for a particle in a trap

can be measured, and thus a calibration for individual trap/particle/medium

combinations can be obtained.

2.2 Thermal motion of an optically trapped particle

The microscope developed during this research is capable of measuring

the position of an optically trapped particle with high spatial precision at

a large bandwidth. The position data, along with some basic principles of

diffusion, are used in a novel imaging technique. Some basic principles of

diffusion are reviewed here.

2.2.1 Mean squared displacement and confined diffusion

The mean squared displacement (MSD) is a quantity that is often used

in describing Brownian motion. For a discrete position trace x(t) in one di-

mension, the MSD is approximated by

MSD(∆t) =
⟨
(x(t+∆t)− x(t))2

⟩
=

1

N

N∑
n

(x(nδt+∆t)− x(nδt))2 (2.3)

where N is the number of points in the time series, n is an integer and δt is

the time between adjacent points in the trace. The MSD is a function of ∆t,

which ranges from δt to Nδt.
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The MSD of a freely diffusing particle was shown to be linear in time

by Einstein in 1905[47]:

MSD(∆t) = 2ndD∆t (2.4)

where D = kBT/γ is the diffusion constant and nd = 1, 2, or 3 depending on

the number of dimensions of particle motion being considered. In the case of

a spherical particle, γ is the viscous drag coefficient, also called the Stokes’

drag coefficient, γ = 6πηa, where a is the radius of the particle and η is the

viscosity of the fluid in which the particle is diffusing.

When a particle is spatially confined, the long-term MSD no longer fol-

lows a linear relation with time. Rather, the MSD plateaus at a characteristic

time that is related to the confinement mechanism. In the case of confinement

by a harmonic potential, the MSD is given by[48]

MSD(∆t) =
2kBT

kc
(1− e−∆t/τc) (2.5)

where kc is the stiffness of the confining potential. τc = γ/kc, known as the

autocorrelation time, is the ratio of the viscous drag and the stiffness of the

confining potential.

For ∆t << τc, equation 2.5 is linear in time, and approaches the free

diffusion equation 2.4. The diffusion of the particle behaves as if it is unaware of

any confining potential. For ∆t >> τc, equation 2.5 approaches the prefactor

2Dτc.
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2.2.2 Distribution of particle positions

The three-dimensional position probability density of a particle in a

harmonic potential is given by the Boltzmann distribution:

p(x, y, z) = C0exp(
−E(x, y, z)

kBT
) (2.6)

where E(x, y, z) is the energy landscape influencing the particle. The confining

potential created by an optical trap is not isotropic. The axial confinement

tends to be weaker due to the smaller axial intensity gradient, resulting in a

lower spring constant along the axial direction. The potential energy is written

as

E(x, y, z) =
1

2
kxx

2 +
1

2
kyy

2 +
1

2
kzz

2. (2.7)

C0 is determined by normalization:

C−1
0 =

∫ ∞

−∞

∫ ∞

−∞

∫ ∞

−∞
exp(

−(kxx
2 + kyy

2 + kzz
2)

2kBT
)dxdydz

=
(2πkBT )

3/2√
kxkykz

. (2.8)

A voxel is defined as a small cubic volume element centered at coordi-

nates (x0, y0, z0) with side length ϵ, over which the position probability density

is integrated. For small ϵ, the potential can be considered constant over the

volume element, and thus the probability density is also constant. Integration

over a small volume element yields:∫ x0+ϵ/2

x0−ϵ/2

dx

∫ y0+ϵ/2

y0−ϵ/2

dy

∫ z0+ϵ/2

z0−ϵ/2

dzp(x0, y0, z0) = ϵ3p(x0, y0, z0). (2.9)
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If data is taken at a rate 1/δt for a time TN , then the total number of data

points is N = TN/δt. The theoretical voxel occupancy for a harmonic potential

is defined as

n(x, y, z) = Nϵ3
√

kxkykz

(2πkBT )3/2
exp(

−(kxx
2 + kyy

2 + kzz
2)

2kBT
). (2.10)

The theoretical voxel occupancy computed by this equation is the num-

ber of times a particle diffusing in a harmonic potential can be expected to

have a position within a specific voxel. The experimental voxel occupancy is

computed for a time series measurement of particle positions and plotted in

a three-dimensional histogram. A surface of constant voxel occupancy, com-

puted from the three-dimensional histogram of occupancies for a measurement,

is termed a three-dimensional thermal noise image (3DTNI). Its interpretation

can be non-trivial; however, in the case of a static energy landscape, the voxel

occupancy can be related to the value of the energy landscape at the position

(x0, y0, z0)

E(x0, y0, z0) = −kBT ln
n(x0, y0, z0)

Nϵ3C0

. (2.11)

2.2.3 Evolution of the probability density function of a particle in
a harmonic potential

Equation 2.5 indicates that for short ∆t the diffusion of a harmonically

trapped particle follows Einstein’s mean-squared-displacement law, equation

2.4. For long ∆t, however, the particle will have a probability distribution

that follows the Boltzmann distribution. It is therefore necessary to consider

how the position distribution evolves from the distribution of a free particle to
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that of a confined one. The time evolution of the probability density function

p(r⃗, t) for a diffusing particle is described using the Smoluchowski equation[48]

∂p(r⃗, t)

∂t
= ∇ ·D(∇− βF (r⃗))p(r⃗, t) (2.12)

where

D =
σ2

2γ2
, β = 1/kBT. (2.13)

F (r⃗) is the external force, γ is the viscous drag coefficient, D is the diffu-

sion constant and σ is the magnitude of the stochastic force. Using the one-

dimensional harmonic potential, U(x) = 1
2
kx2, equation 2.12 becomes

∂p(x, t)

∂t
= D(

∂2

∂x2
− βk

∂

∂x
)p(x, t). (2.14)

The solution to the equation is the following[49]:

p(x, t) =

√
k

2πkBTS(t, t0)
exp(

(x− x0e
−(t−t0)/τ )2

2kBTS(t, t0)/k
) (2.15)

S(t, t0) = 1− e−2(t−t0)/τ (2.16)

τ =
kBT

kD
. (2.17)

where τ is the autocorrelation time. Figure 2.1 shows plots of equation 2.15

for time lags of 0.1τ , 0.5τ , τ and 2τ for a particle with a radius of 100nm

which is displaced 100nm from the center of the harmonic potential of force

constant 10−6N/m. It can be seen that within 2τ , the position distribution

of the particle is very nearly a Boltzmann distribution. Experiments in this

research used trapping stiffnesses and particle radii that corresponded to an
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autocorrelation time of 1ms. Thus, data acquisition over a minimum of 2ms

is required to assume the particle positions are Boltzmann distributed. All

data acquisitions for any experiment performed were well over 2ms in length.

However, while the position of the particle is Boltzmann distributed after 2τ ,

this does not mean such a distribution can be measured in that same amount

of time. What it means to measure a statistical quantity is discussed in more

detail in Appendix A.

2.0 106

4.0 106

6.0 106

8.0 106

1.0 107

1.2 107

1.4 107

x

P(x)
Boltzmann

0.1τ

0.5τ

1τ

2τ

100nm-100nm-200nm 200nm

Figure 2.1: Time evolution of a probability density function in a harmonic
potential: Results of the one-dimension Smoluchowski equation for a sphere
of 100nm radius displaced 100nm from the minimum of a harmonic potential
with a stiffness of 10−6N/m at four different time lags: 0.1τ , 0.5τ , τ and 2τ .
The probability density of the particle can be seen to approach the Boltzmann
distribution, which is shown in black.
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2.3 The Langevin equation

The Langevin equation is a stochastic differential equation which can be

used to provide an alternative description of Brownian motion. The Langevin

equation can be used to describe the dynamics of diffusive motion in the pres-

ence of an external force and serves as the basis of simulations for this work.

The Brownian motion of a particle in the presence of external forces

can be described using the Langevin equation[50]

m
∂2r⃗

∂t2
= −γ

∂r⃗

∂t
+ F⃗external(r⃗, t) + F⃗thermal(r⃗, t). (2.18)

The first term represents inertial forces on the diffusing particle. The second

term is the Stokes drag, which always acts in a direction negative to the

velocity. F⃗external is any external force acting on the particle and F⃗thermal

represents the stochastic thermal forces the particle feels from the surrounding

fluid.

On the timescales of interest in this study, frictional forces cause an over

damping of the particle motion and the inertial term can be neglected[51, 52].

The confining potential of the optical trap gives rise to an external force,

F⃗external = −∇U(r⃗). For the case of confinement by a harmonic potential, the

Langevin equation in one dimension becomes

γ
∂ri
∂t

= −kiri + Fthermal(ri, t) (2.19)

where i represents the three Cartesian spatial dimensions. Equation 2.19 can
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be rearranged to represent a step dx along one dimension

dx = −dt

γ
kxx+

dt

γ
Fthermal(t). (2.20)

The term Fthermal(x, t) = σΓ(t) represents an uncorrelated, stochastic force. It

is a random number drawn from a Gaussian distribution, Γ(t), with a standard

deviation of 1 and magnitude σ = γ
√

2D/dt. Thus, the final equation is given

by

dx = −dt

γ
kxx+

√
2DdtΓ(t). (2.21)

Equation 2.21 is the basis for simulations in this work.

2.4 Microtubule bending dynamics

Biopolymers are semiflexible and thus can not be modeled as a freely

jointed chain (as is the case for flexible polymers). The wormlike chain (WLC)

model has been applied to microtubules as a means of describing their fluctu-

ations[53, 54]. The WLC model applies to filaments with length much longer

than width. The bending energy for a wormlike chain is the sum of the square

of the curvature over the length of the filament

E =
κ

2

∫ lc

0

(
∂2r(s)

∂2s
)2ds (2.22)

where κ is the bending stiffness, lc is the full length, s is the parameterization

along the contour of the filament, and r(s) is the position vector of point

s. Figure 2.2 shows a grafted filament in a bent conformation. x(s) is the
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perpendicular distance from the unbent position at point s along the filament.

The additional requirement of inextensibility of a wormlike chain allows for the

calculation of the mean-square end-to-end distance as well as an estimation of

the radial distribution function of a wormlike chain[33, 55].

x

ys=0

s=L

x(s)

c

Figure 2.2: Parametrization of a grafted filament: The variable s parameterizes
the microtubule contour. A thermally fluctuating, grafted filament, with a
position and tangent at s = 0 that are both 0, will exhibit lateral fluctuations
that increase as a function of s. The lateral fluctuations are quantified by
x(s), which is the lateral displacement of the microtubule at s from the unbent
conformation. The unbent conformation is aligned with the y axis. lc is the
full length of the microtubule.

In the limit of small bending angles, the fluctuations of the shape of

a microtubule can be described by the hydrodynamic beam equation[56, 57],

which balances the restoring forces and the viscous drag on a filament:

κ
d4x

dx4
= −γf

dx

dt
(2.23)

where κ is the bending stiffness, γf is the drag on a filament and x is the lateral

displacement from the unbent conformation at position s along the contour of
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the filament. The desired boundary conditions are

x(0) = 0 (2.24)

∂x(0)

∂s
= 0 (2.25)

∂2x(lc)

∂s2
= 0 (2.26)

∂3x(lc)

∂s3
= 0. (2.27)

The first boundary condition requires that the microtubule be immobilized on

one end. The orientation of the microtubule at the grafted end is fixed by

the second condition. The third and fourth conditions require that their is no

external force or torque on the free end.

The solutions to equation 2.23 with the given boundary conditions are

xn(s, t) = et/τnWn(s/lc). (2.28)

The Wn form a complete orthogonal basis set and are given by

Wn(α) =
−cosh(qn)− cos(qn)

sin(qn) + sinh(qn)
(sin(qnα)− sinh(qnα)) + cos(qnα)− cosh(qnα)

(2.29)

where α = s/lc. The first three qn are q1 = 1.975, q2 = 4.695 and q3 = 7.855

and are generated from the equation cos(qn)cosh(qn) = −1, which is found by

applying the boundary conditions. The first three Wn(α) are plotted in figure

2.3.
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Position along microtubule contour [µm]

Figure 2.3: First three eigenmodes of a grafted microtubule: The mode am-
plitudes are given by equation 2.29. The shape of a grafted microtubule with
boundary conditions, given by equations 2.28, can be reconstructed as a linear
combination of eigenmodes

The contour of a microtubule can be described by an infinite sum of

the modes, Wn:

xn(s) =
∞∑
n=1

√
1

L
anWn(

s

lc
). (2.30)

The mode amplitudes, an, for a particular conformation of a microtubule, can

be found by taking the inner product of x(s) and Wn. The mode amplitudes

have an autocorrelation time of

τn =
γf
κ
(
lc
qn

)4 (2.31)

where the drag γf is the Stokes’ drag coefficient on a cylinder, given by

γf =
4πη

ln(lc/d+ 2ln(2)− 1/2
(2.32)

where d is the diameter of the filament and η is the viscosity of the fluid[58].
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The bending energy of a microtubule can be expressed in terms of

the mode amplitudes by using equation 2.22 and the expression for xn(s) in

equation 2.30[59]. The resulting expression shows that the energy is quadratic

in the mode amplitudes

Un =
1

2
κ
q4n
l4c
a2n. (2.33)

The equipartition theorem states that quadratic terms in the Hamiltonian have

an average energy of 1/2kBT , and thus the variance of the mode amplitudes

can be found:

σn =
kBT l

4
c

q4nκ
= (

lc
qn

)4
1

lp
. (2.34)

The mode amplitudes, an, can be written as the inner product of xn

and the eigenfunction, Wn. Using the fact that the modes are independent

of each other and their variances add, the total variance at a point along a

filament is given as[57, 60]

σ(x(s)) =

√
s3

3lp
. (2.35)

2.5 Summary

In this chapter, the physical principles of the forces generated by an

optical trap were described. The thermal motion of an optically trapped par-

ticle was presented, as well as diffusion described by the Langevin equation.

The bending dynamics of a microtubule were described, including how to re-

construct the contour of a filament using the hydrodynamic beam equation.
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This completes the foundation for the description of thermal noise imaging,

simulations of microtubules interacting with an optically trapped probe, and

for an analytical formulation of the probability density function of an optically

trapped particle interacting with a grafted microtubule.
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Chapter 3

Microscope development and characterization

The observations, of which it is my object to give a summary in

the following pages, have all been made with a simple microscope,

and indeed with one and the same lens, the focal length of which

is about 1
32
nd of an inch.

- Robert Brown, 18281

Conventional scanning probe techniques, such as atomic force micro-

scopy and scanning tunneling microscopy, have led to ground breaking dis-

coveries in many fields, including the biological sciences[61]. For example,

the atomic force microscope has been used to study single-molecule DNA me-

chanics[62] and virus structure[63] and to investigate adhesion forces between

ligand-receptor pairs[64, 65]. The subnanometer resolution of such techniques

has allowed for the visualization of structures on the molecular scale. However,

their application to biological material is limited in several crucial ways. This

chapter discusses those limitations and details the construction of a photonic

force microscope which was used to perform thermal noise imaging. The pho-

tonic force microscope was designed to access soft biological material in an

1A brief account of microscopical obeservations on the particles contained in the pollen
of plants and of the general existence of active molecules, Robert Brown, 1829
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aqueous environment with a three-dimensional probe. Thermal noise imaging,

a scanning probe technique described in Chapter 5, uses the thermal motion of

an optically trapped probe measured by a photonic force microscope to scan

soft biological material.

3.1 Requirements

Scanning probe techniques aimed at studying biological processes and

material must overcome several difficulties that are imposed by soft matter.

First, biological processes inherently happen in a three-dimensional environ-

ment. Ideally, the probe should be able to explore a three-dimensional en-

vironment. Second, biological processes span a large range of timescales. A

probing technique should be able to access a large range of timescales. Finally,

the energies at which biological processes take place range from 1/2kBT to tens

of kBT . For example, the cleaving of an ATP bond can release ∼ 12kBT of

energy[66]. The biotin-avidin bond, one of the strongest known specific ligand-

receptor interactions, requires 31kBT to break and rarely breaks due to thermal

forces. The soft-matter nature of biological material means that interaction

of the probe with the material being probed must not be too strong. Thus,

the probing process must cause minimal excitation of the probe’s environment

in order to report on the unperturbed biological processes. It is with these

constraints in mind that the photonic force microscope was developed.

A photonic force microscope (PFM) uses an optical trap to confine a

probe particle in a three-dimensional harmonic potential. The three-dimensional
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potential confines the probe’s diffusion on long timescales to the volume of the

trap but allows the probe to diffuse freely on short timescales. The probe can

explore a three-dimensional volume of the optical trap through thermal fluc-

tuations. Much biological material of interest interacts weakly with infrared

light thus, infrared light has become the standard wavelength regime for optical

trapping in biophysical applications[67]. Indeed, optical traps can be formed

inside biological material such as biopolymer networks or cells. This allows ac-

cess to biological material and processes that are inaccessible to conventional

surface scanning techniques.

The three-dimensional position of the probe is detected using a quad-

rant photodiode in the back focal plane of a condenser lens which collects light

that is scattered off the probe. The change of the intensity pattern of the scat-

tered light reports on the position of the probe within the optical trap. The

position of the probe can be detected with nanometer precision at megahertz

bandwidth for acquisition times on the order of seconds, allowing access to

biological processes over a wide range of timescales. The precision of the PFM

developed for this work was well-characterized and is discussed in detail in

Section 3.3.

Much biological material interacts weakly with infrared wavelengths,

thus the environment surrounding the probe is not significantly perturbed by

the presence of an optical trap. The lack of mechanical contact with the probe

results in small restoring forces. This allows a photonic force microscope to

probe soft biological material that would be damaged by instruments with
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larger probe restoring forces. The magnitude of the thermal motion of a probe

can be related to the confining potential of the probe by the equipartition

theorem: √
⟨x2⟩ = σ =

√
kB · T
kx

(3.1)

where kx is the stiffness of the confining potential, T is the temperature, and

kB is the Boltzmann constant. Figure 3.1 shows this relation and the regimes

of the AFM and PFM.
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Figure 3.1: Thermal fluctuations of a scanning probe: The standard deviation
of one-dimensional thermal fluctuations of a probe versus the stiffness of the
confining potential of the probe. The regime of an atomic force microscope
and a photonic force microscope are shown. Spring constants in this work were
on the order of 10−6N/m

The microscope developed during the course of this research was de-

signed to perform two types of scanning techniques: high resolution, short-
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range, single trap scans and long-range, multitrap scans. Both types of scan-

ning have unique design and stability requirements.

Local, high resolution thermal noise images are needed to probe bio-

logical material of interest with a high level of detail. A 1µm spherical probe

will diffuse 1nm in 1µs. Thus, to access length scales on the order of nanome-

ters, probe position detection needs to have a bandwidth on the order of 1

MHz. For such measurements, microscope stability on microsecond timescales

is required. Additionally, single thermal noise images can take up to several

seconds to acquire, requiring stability on sub-hertz timescales as well. Thus,

high resolution thermal noise imaging spans a large bandwidth, which in-

cludes many sources of instabilities, such as power and pointing resonances in

the laser, mechanical resonances of microscope components, electronic ground

loops and electronic resonances and instabilities that result from poor mechan-

ical isolation of the setup from the surrounding environment.

For larger volumes in which biological material is sparse, it is not effi-

cient to scan every point in high detail in the volume when only regions near

biological material are of interest. For example, if a polymer network had an

average pore size that was significantly larger than the probe, much of the

volume would be of little interest. A fast-scanning mechanism is needed to

quickly scan large volumes for regions of interest. This type of scanning re-

quires a position signal with enough information to determine when the probe

has encountered an object and a feedback mechanism that can deterministi-

cally adjust the course of the scanning.
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The relevant stability regime for large-scale scanning ranges from slow

drift (∼ 0.01Hz) through low frequency mechanical stability (∼ 500Hz). Sta-

bility over this bandwidth is necessary for the combination of data acquired

from individual traps in the scan. In particular, mechanical drift in the setup

must be small. Lateral and power drift of the laser must also be small. Large

volume three-dimensional scanning also requires the scanning range of the

sample positioner to be sufficiently large.

The rest of this chapter is devoted to describing the microscope design

with special attention placed on how the above requirements were satisfied.

3.2 Microscope design

Figure 3.2 shows a schematic of the setup and figure 3.3 shows a three-

dimensional model of the final design. The microscope was custom designed

using the computer-aided design software SolidWorks (SolidWorks, Dassault

Systmes SolidWorks Corporation). The machining of custom parts was per-

formed by the author or the UT physics department machine shop. The ma-

chined components were designed to achieve the highest level of mechanical

stability. The entire microscope was constructed on an optical table (RS-4000,

Newport) that was 12 inches thick. The larger thickness was intended to make

the table more rigid. The whole table was isolated from room and building

vibrations with nitrogen-pressurized isolators (I-2000, Newport).
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Figure 3.2: Photonic force microscope design: The major components of the
PFM are shown, including the trapping path, the detection path, fluorescence
path and the control electronics. Abbreviations are as follows: Faraday Isola-
tor (FI), Beam Expander (BE), Neutral Density Filter (NDF), Dichroic Mirror
(D1, D2), Lens (L1, L2), Fluorescence Filter Cube (FC), Infrared Filter (IRF),
Quadrant Photo Diode (QPD).
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Figure 3.3: Photonic force microscope model: The photonic force microscope
was designed in SolidWorks and custom machined. Not shown in the 3D model
are the beam expanders in front of the laser or in the detection path, or the
fluorescence path.

The main components of the photonic force microscope include the

optical trapping path, the detection path, sample positioning, control and

supplemental techniques.

3.2.1 Trapping path

The trapping path included the components that are involved in making

the optical trap, beginning with the laser and ending with the objective lens.

The optical trap was formed by focusing an expanded, collimated laser beam

with an objective lens. The quality of the laser plays a significant role in the

quality of the trap. The laser used was an ultra stable, single longitudinal,
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polarized, continuous-wave, 1064nm, diode-pumped solid state laser with a

noise eater option (Mephisto, Innolight). The Mephisto laser is extensively

used in gravitational wave experiments and has been well-characterized by

researchers in that field[68]. The transverse mode of the beam is TEM00,

which produces a Gaussian intensity profile. A Faraday isolator (2I1055-WP2,

EOT Optics) was placed directly in front of the laser aperture to avoid back

reflections into the laser cavity, which can cause power instabilities. A 10x

beam expander (Sill Optics) collimated and expanded the beam to overfill the

back aperture of the objective lens. Neutral density filters were placed in the

beam path to adjust the trapping power, which correspondingly adjusted the

trapping stiffness. The laser power required in the focal spot to stably trap

a nanoparticle depended on the particle size, particle material and numerical

aperture (NA) of the lens. A typical power range was anywhere from 1mW to

100mW.

The objective lens used to form the optical trap is the most crucial com-

ponent affecting the trap quality. High NA lenses are used to create a strong

intensity gradient. The major objective lens manufactures do not specifically

make lenses for creating optical traps, and thus it can be difficult to find a

suitable lens. Moreover, once a suitable lens model has been identified, differ-

ent lenses of the same model have different point spread functions and thus

need to be individually characterized. The objective lens used in this work was

an Olympus UPlanSApo 60x, 1.2 NA water immersion lens. A water lens was

chosen to avoid an index of refraction mismatch as the focused laser light tran-
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sitioned from immersion fluid into the sample. This mismatch, which happens

with high NA oil lenses, causes major deformations of the trapping potential

at distances more than ∼ 10µm from the glass surface[69]. The UPlanSApo

is corrected to account for the coverslip thickness and could form stable traps

at distances greater than 75µm from the surface.

3.2.2 Detection

The detection path consisted of an oil condenser lens (445245-9902,

Zeiss) with an NA of 1.4, which focused the collected light onto an InGaAs

quadrant photo diode (G6849, Hamamatsu) which was placed slightly behind

the back focal plane of the condenser. A 1x1 beam expander was placed in the

detection path to allow for an ND filter to reduce the total intensity on the

QPD to prevent preamp overloading and to extend the focus of the condenser.

The signal from the QPD was converted into a voltage signal and am-

plified by the preamp. This signal was then amplified again by a differential

amplifier with variable gain, low pass and high pass filters. The maximum

cut-off frequency of the differential amplifier was 1MHz. The preamp and

differential amplifier were both custom made by Wolfgang Őeffner (Oeffner

MSR Technik, Germany). The signal from the amplifier was read by a 16-bit

data acquisition board (PCI-6120, National Instruments) that could sample 4

channels at 0.8MHz samples a second.

The signal used for position measurement on the QPD comes from the

interference of scattered and unscattered laser light in the back focal plane of
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the condenser lens[70]. A theoretical description of this process can be found

in reference [71]. Three components were measured for the three-dimensional

position data of an optically trapped particle: two degrees of lateral motion,

and degree of axial motion. Lateral and axial position were both measured

using a quadrant photodiode, however the physical principles involved differ.

Figure 3.4 shows a schematic of a quadrant photodiode with an incident

intensity profile from an optically trapped particle. The lateral motion of

a particle is measured by taking the difference of the sums of neighboring

quadrants. Let S1, S2, S3 and S4 be the voltage measured on each quadrant as

labeled in figure 3.4. The signals then monitored by the quadrant photodiode

and its accompanying preamp are Sx = (S1+S2)− (S3+S4), Sy = (S1+S4)−

(S2 + S3) and Sz = S1 + S2 + S3 + S4. Axial position motion can be detected

due to a phenomenon known as the Gouy phase shift[45]. A Gaussian beam

undergoes a phase shift of π when it is focused by a lens. Most of the phase

shift happens in region of highest focus, where the optical trap is created. The

light scattered off of the particle does not undergo the same phase shift as light

that is unscattered. This results in a change in the total intensity measured,

SZ , as scattered and unscattered light with different phases interfere on the

detector. Particle tracking with a photonic force microscope is reviewed in

detail in reference [72].

The signal response due to particle motion has a regime for all three

axes in which the voltage signal changes linearly with particle motion. This

linear regime can be measured by immobilizing a probe on the surface of
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a coverslip and then scanning the optical trap through the probe along the

three axes. Figure 3.5 shows the detector response of a 200nm polystyrene

probe. The linear regime is shown as blue and the linear detector calibration

is given in V/m.
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Figure 3.4: Three-dimensional position detection: In a photonic force micro-
scope, the intensity pattern on the QPD is formed by the forward scattered
light off of an optically trapped particle interfering with unscattered laser light.
When the particle moves laterally, this interference pattern is displaced later-
ally as well. Axial motion is detected as a change in the total signal from the
QPD.
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Figure 3.5: Detector response curves: The lateral and axial response curves
for a 200nm polystyrene bead immobilized on the surface. The linear regime
is shown as a blue line overlaid on the response curves. The intensity gradient
along the axial direction is weaker, which results in a weaker confinement. The
axial distance the particle can explore is thus larger than the lateral distance.
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3.2.3 Sample positioning

Relative motion between the optical trap and the surrounding environ-

ment can be achieved in two ways. The optical trap can be moved relative to

the sample or the sample can be moved relative to the optical trap. Positioning

of the optical trap is often achieved with beam guiding optics, such as scan-

ning mirrors, that can laterally displace the optical trap. Axial motion of the

trap is difficult to achieve with this method. The fundamental problem with

moving the trap relative to the sample is that motion of the trap causes the

focus in the back focal plane of the condenser to move as well. Compensating

for this would require a feedback mechanism that would move the detector

correspondingly to account for trap motion. Such a solution would be very

difficult to achieve and likely introduce a host of instabilities.

Movement of the sample relative to the optical trap using piezo-electric

stages is superior for several reasons. The intensity distribution on the QPD

detector does not move as a result of stage movement. Piezo-electric stages

have advanced to a point where subnanometer step sizes are possible in three

dimensions. Mechanical stability of piezo positioning stages is far superior

to galvo-driven scanning mirrors. Additionally, axial motion of the trap is

difficult to achieve with scanning mirrors. Total scanning ranges of piezo stages

are enough for large-scale imaging of biological assays of interest. For these

reasons, a state-of-the-art scanning stage that could satisfy the requirements

of three-dimensional thermal noise imaging was chosen. Those requirements

were stability, positioning versatility (ability to be scanned smoothly at target
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speeds, high resonance frequencies for each dimension), analogue and digital

input options, and a large three-dimensional scanning range.

The optical trap was formed inside a custom designed sample chamber,

which was mounted on a three-axis piezo nano positioning stage (PDQ375,

Mad City Labs). The PDQ375 had a 75µm two-dimensional lateral range and a

50µm axial range with a step resolution of 0.15nm. The resonance frequencies

for the x, y, and z axes were 2500Hz, 1500Hz and 1000Hz, respectively. It

was controlled by a signal generating board from National Instruments. The

PDQ375 was placed on top of a manual positioning stage that had a 25mm

lateral range for both axes (Manual Microstage, Mad City Labs).

3.2.4 Control

The experiment was controlled with a Labview Real-time operating

system (National Instruments). Labview Real-time allowed for deterministic

control of the positioning stage based on data acquisition. The piezo stage was

controlled with a signal generating board from National Instruments (PXI-

7841R, National Instruments). This board could generate a 16-bit analogue

signal spread over a 20V range. The analogue control electronics of the piezo

stage allowed for inputs over a 10V range, resulting in a 0.000305V input step

size that corresponded to 2.3nm minimum lateral analogue step size and a

1.5nm minimum axial step size. The stage controller also had a digital USB

interface which could be used for slower, non-deterministic sample positioning

and sub-nanometer step sizes.
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Amplified voltages from the detector were read by the PCI-6120 16-

bit data acquisition board by the real-time operating system. This allowed

for deterministic feedback based on real-time position measurements of the

probe. Such feedback is necessary for the ultimate goal of scanning large

three-dimensional structures. It was employed in this research in a feedback

algorithm that determined the position of a microtubule relative to the trap-

ping potential and stepped the probe along the microtubule.

3.2.5 Fluorescence and brightfield illumination

Fluorescence microscopy was used for the visualization of various flu-

orescently labeled material in the sample chamber. Two filter cubes were

made to accommodate two different fluorescent filters. One filter set was used

to visualize fluorophores with blue light excitation (HQ470/40x, 495DCXT,

HQ525/50m; Chroma). Fluorescently tagged colloidal polystyrene nanoparti-

cles (Bangs Labs and Molecular Probes) were the most common material used

in sample chambers that required this filter. The other filter set was used

primarily for visualizing fluorescently labeled microtubules. The fluorophore

used to label tubulin was rhodamine, and the filter set used was HQ535/50x,

Q565LP, HQ615/60m from Chroma.

Fluorescence illumination was achieved by focusing a fluorescence ex-

citation source (X-Cite 120, EXFO) into the back focal plane of the objective

lens. The filter set was placed in the excitation path, and the emission light

was focused onto a camera (SensiCam QE, PCO). Brightfield illumination was
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implemented using a red LED source from Thorlabs. The source was placed

behind the dichroic mirror in the detection path. The brightfield illumination

was used to visualize the part of the assay to which microtubules adhered, al-

lowing for the measurement of the microtubule contour length as determined

by its point of grafting. The single filament assay is discussed in detail in

Chapter 4

3.2.6 Calibration and nonlinearity correction

The detector response in figure 3.5 gives a calibration to convert posi-

tion signals measured in voltage into distances. While this method works well

in principle, in practice it is not always possible to have a probe particle im-

mobilized to perform such a calibration. Thus, it is necessary to calibrate the

particle while it is diffusing in solution. This is done by using three-dimensional

position data of a freely diffusing particle. The position autocorrelation func-

tion is calculated, and has the form of a decreasing exponential, e−t/τi . At

e−1 the value on this curve is equal to the autocorrelation time τi = γ/ki.

γ is the Stokes drag and ki is the trapping stiffness in the ith dimension. γ

is known and thus the trapping stiffness for a trap/particle combination can

be obtained. The position distribution of the particle position follows Boltz-

mann statistics (Section 2.2.2). Thus, the theoretical value for the standard

deviation of the particle position distribution is σi =
√

kBT/ki. A position

histogram of each axis of a particle’s position data is normally distributed,

with a standard deviation of σv, measured in volts. The calibration constant
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is then calculated from the ratio σv/σi.

As described in Section 2.1, the gradient force creates a confining har-

monic potential that traps the particle. There is also a scattering force on the

particle which displaces it along the optical axis. This results in the particle

being displaced away from the center of the linear regime of the axial detec-

tor response. This displacement results in a nonlinear detector response to

particle motion in the optical trap, and thus a nonlinear correction is needed.

Laterally, small probes that can explore a large volume can also reach into the

nonlinear regime of the detector response. Probe particles with a radius of

100nm were used in the imaging experiments, and nonlinearity was a concern.

The correction for nonlinearity was developed by Tischer, et al. [73].

Three-dimensional position calibration data is taken of a particle diffusing

freely in an optical trap. The uncalibrated position trace is divided into voltage

bins. The bin width is sufficiently small so as to be able to approximate the

local MSD of the particle within the bin as linear in time, that is, not affected

by the optical trap. The local MSD can then be compared to the theoretical

MSD as obtained from equation 2.4. This gives a value for the local sensitivity

of the detector, ∂Si/∂ri. Upon integration, Si can be fit with a multi-order

polynomial which is used as the calibration. This nonlinear correction was

used in all experiments.
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3.3 Microscope characterization

3.3.1 Stability considerations

High precision position tracking of colloidal nanoparticles with optical

tweezers in biophysical applications commonly utilizes lasers that interact with

opto-mechanical components[70, 74–79]. In the case of three-dimensional po-

sition tracking, particle position detection occurs by monitoring the intensity

distribution of the interference pattern of scattered light off of an optically

trapped nanoparticle and unscattered laser light on a quadrant photodiode

in the back focal plane of the condenser lens. The precision of the position

measurement is limited by artifacts in the position signal. These artifacts can

have their origin in the laser itself, can arise due to the coupling of the beam

with opto-mechanical components, or can originate in the detection electron-

ics. The timescales of such instabilities can range from hours to frequencies

that are well into the MHz regime (for example, laser power resonances can

occur in this frequency regime).

Sources of position artifacts are termed instabilities. Position detec-

tion precision depends critically on the laser, which is an origin of pointing,

power, and phase instabilities. In three-dimensional particle tracking, point-

ing instabilities that originate in the laser will be seen as false lateral position

fluctuations. Power instabilities artificially modify the full intensity of the in-

terference pattern on the detector and manifest as apparent particle motion

along the optical axis. Building vibrations, which can shift the alignment of

the beam steering and detection optics, are a further source of artifacts in the
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position signal. Mechanical components supporting beam guiding optics are

susceptible to acoustic excitation. The resulting mechanical instabilities can

lead to position artifacts. Noise generated by detection electronics and their

power supplies can also cause artifacts, affecting data interpretation.

To identify sources of position artifacts, extensive testing of the laser

power, laser pointing stability, mechanical stability of the experimental setup,

electronics noise and vibration isolation is done. Typically, the power spec-

tral density of the position signal is calculated and the signal is inspected for

resonances as well as noise over a frequency band. The contribution of each

resonance or band to the overall noise in the signal is typically estimated from

the magnitude of the power spectral density at a given frequency, although the

correct contribution is the total power within a frequency interval. Especially

for the case of wide bandwidth signals for which the power spectral density is

typically displayed on log-log plot, the information about the relative width of

resonances and bands is lost in the display and complicates the search for rel-

evant instabilities. Here, integrated power spectral density plots are used: the

cumulative absolute variance (CAV) or cumulative relative variance (CRV),

for the efficient search of instabilities. In such plots, resonances occur as steps

which reflect the true power of each resonance. Such steps and their contri-

bution to the overall signal variance are easily read even from a log-log plot.

The inspection of the CAV and CRV is far more intuitive and efficient than

the inspection of power spectral density plots.
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3.3.2 Theory

The precision of a measurement is given by the noise of that measure-

ment, which is equal to its standard deviation. Position artifacts decrease the

precision by increasing the variance of the signal. The power spectral density

can be used to determine what frequency bands are contributing to the noise.

Here we review how the power spectral density relates to the variance. Let

X(t) be a real continuous function in t over a domain T with an average x̄.

We define x(t) = X(t)− x̄. The autocorrelation function of x(t) is

ϕ(τ) = lim
T→∞

1

T

∫ T/2

−T/2

x(t) · x(t− τ)dt. (3.2)

The power spectral density of x(τ) is defined as

Φ(f) = |
∫ ∞

−∞
x(τ) · exp−i2πfτ dτ |2. (3.3)

The Wiener-Khinchin theorem states that the power spectral density and the

autocorrelation function are a Fourier Transform pair [80]. When τ = 0, by

Parseval’s theorem, it follows that∫ ∞

−∞
Φ(f)df = ϕ(0) =

1

T

∫ T/2

−T/2

x2(t)dt. (3.4)

The variance for a function with x̄ = 0 is defined as

σ2 = lim
T→∞

1

T

∫ T/2

−T/2

x(t)2dt. (3.5)

The relation for how the variance changes with frequency can then be defined

by the power spectral density

∂σ2(f)

∂f
= Φ(f). (3.6)
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The variance can be expressed as a function of frequency:

σ2(F1, F2) =

∫ F2

F1

Φ(f)df. (3.7)

Φ(f) is the power spectral density. Equation 3.6 shows that it can also be

thought of as the spectral density of the variance and we refer to it as such.

We term σ2(F1, F2) the cumulative absolute variance. The cumulative absolute

variance is the contribution of frequency components within a certain range

(F1, F2) to the total variance. The relative variance spectral density is the

variance spectral density normalized by the square of the average, x̄2. (For

laser power, this is often converted into dB and referred to as relative intensity

noise (RIN).) The integration of the relative variance spectral density is the

cumulative relative variance which is analogous to the cumulative absolute

variance but differs in that it is normalized by the square of the signal average,

x̄2.

An example of the usefulness of this method can be seen in the com-

parison of cumulative relative variance curves of the power of several different

lasers. Figure 3.6 shows an example of the relative variance spectral density

and the cumulative relative variance for several different 1064nm, continuous-

wave, diode pumped solid state (DPSS) lasers. Inspection of the relative vari-

ance spectral density in figure 3.6(a) can be misleading. For example, Laser 1

has peaks of similar magnitude (arrows in figure 3.6(a)) that could be mistak-

enly identified as significant contributions to the noise. The cumulative relative

variance figure 3.6(b) shows the relative contribution to the laser noise for all
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frequency bands which are included in the limits of integration of equation

3.7. From this curve, it is clearly seen which frequencies contribute most to

the noise (arrows in figure 3.6(b)). The last point of each graph is the rel-

ative variance for the bandwidth of the integration. Power spectral density

integration can be applied to accurately and efficiently test for sources of po-

sition artifacts, such as laser instabilities, mechanical instabilities and noise

contributed from electronics.
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Figure 3.6: Analysis of laser power stability: (a) Relative variance spectral
density and (b) cumulative relative variance for four different lasers (laser
2 and laser 4 are the same laser on different days). The relative variance
spectral density is the spectral density of the variance of the laser power. The
cumulative relative variance is the integration of the relative variance spectral
density. The frequency band and the power of instabilities in the laser power
are more readily identified in the cumulative relative variance than in the
relative variance spectral density. For example, the arrows in (a) point to
resonances in Laser 1 which appear to have the same magnitude. The CRV
(b) shows that only two resonances (arrows) are truly significant.
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3.3.3 Laser stability

The laser used for thermal noise imaging was a 500mW, 1064nm, single-

longitudinal mode, TEM00 Mephisto with noise eater option from Innolight.

These lasers are used extensively in interferometry-based gravitational wave

detectors because the frequency stability of the laser is superb. For purposes

of this research, the primary considerations of stability in a laser are pointing

instabilities and power instabilities. The Mephisto laser performs exceptionally

well in these areas as well.

Figure 3.7 shows the power spectrum integration analysis for the point-

ing stability of the Mephisto. The pointing stability was measured by centering

the unexpanded Mephisto on a quadrant photo diode and measuring the sig-

nals described in Section 3.2.2. Pointing instabilities can span a very large

bandwidth, from long term drift on the order of hours to high frequency reso-

nances in the hundreds of kilohertz regime.
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Figure 3.7: Laser pointing stability: Pointing stability measurement was done
at a sampling rate of 500kHz for 10s to generate the above data. (a) Dis-
tribution of X pointing and (b) cumulative absolute variance of X pointing
data. (c) Distribution of Y pointing and (d) cumulative absolute variance of
Y pointing data. The CAV curves show how the variance is distributed in
frequency space of the measurement. While there are resonances in the CAV
curves, the standard deviation of the pointing stability measurements, 1.6µrad
and 4.0µrad for X and Y respectively, are sufficiently small for thermal noise
imaging.
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In three-dimensional thermal noise imaging, precision in position mea-

surement along the optical axis is heavily dependent on the power stability of

the laser. The lateral dimensions are more susceptible to pointing instabilities

and are largely immune to power fluctuations of the laser. The wide range of

timescales relevant for measurements in three-dimensional thermal noise imag-

ing imposes requires that the laser power be stable over a large bandwidth.

The effect that generates the axial signal, the interference of scattered light

and Guoy phased shifted unscattered light, is small for small probes, and the

axial sensitivity is a factor of 10 less than the lateral sensitivities. Any power

instabilities in the laser will also be amplified.

The axial signal of a particle in an optical trap is generated from inter-

ference of two wavefronts and thus requires wavefronts that have been degraded

as little as possible. Wavefront degradation reduces the magnitude of the po-

sition signal. Thus, the PFM is designed to have a minimal amount of optics

that interact with the laser path. The optical components used are of the

highest quality, typically with λ/8 flatness. The desire to keep the beam path

free of optical components places even higher requirements on the laser, as

this prohibits the use of conventional methods to stabilize laser beams (such

as acousto-optical modulators and electro-optic modulators[46]).

Figure 3.8 shows the power spectrum integration analysis for the output

power of the Mephisto laser. The cumulative relative variance can easily be

converted to read out the cumulative relative standard deviation. If the signal-

to-noise ratio (SNR) of the laser is defined as the average of the power divided
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by the standard deviation of the power, then the SNR can be found by reading

the last point on the CRV and taking the inverse of the square root of this

number. For the Mephisto laser, the SNR was > 17, 000 over a bandwidth of

1Hz to 250kHz. Stability to this degree was more than sufficient for nanometer

precision in axial position measurements of the PFM.
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Figure 3.8: Laser power stability: (a) Relative variance spectral density of the
laser output power measured at a sampling rate of 500kHz for 10s. (b) Square
root of the cumulative relative variance. The value of the last point on the
CRV is 3.31 · 10−9. This corresponds to a SNR of > 17, 000.
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3.3.4 Mechanical stability testing

Mechanical stability testing consists of quantifying and identifying the

instabilities of mechanically unstable components in an experimental setup.

These sources of position artifacts are then mitigated as much as possible.

Mechanical instabilities can arise from poor isolation from building vibrations

as well as acoustic excitations. Optical microscopy setups are often located

in buildings with varying proximity to disturbances such as vibrations origi-

nating from heavy traffic on nearby roads or building movements from winds.

Acoustic excitations can propagate through the air or through solid material

in contact with moving parts such as cooling fans and spinning hard drives.

Mechanical instabilities and their acoustic excitations span a large range of

frequencies, from slow drifts up to the high end of the acoustic range.

In a photonic force microscope, the most efficient way to identify insta-

bilities is to immobilize a particle on the surface of a sample, use the positioning

stage to scan response curves of the particle, place the particle in the center of

the linear regime of the response curves and take measurements of the motion

of the particle. Since the particle is immobilized on the surface of a glass cov-

erslip which is coupled to the stage, any changes in position of the particle are

position artifacts. The response curves provide a calibration for the stability

measurement.

Three-dimensional position measurement is limited by the precision of

the axial position measurement. Smaller particles scatter less light and thus

have a weaker signal. Therefore, mechanical stability analysis is best done on
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a small particle. For the research presented here, thermal noise imaging was

done with a 200nm diameter polystyrene particle. The stability analysis is

therefore done with particles of the same size.

Figure 3.9 shows the variance spectral density for a bandwidth of 1Hz

to 250kHz of a 200nm immobilized particle. As described in Section 3.3.2,

the power spectral density can be thought of as the spectral density of the

variance. The features that can be seen in the plots have various sources. The

instabilities that range from 50Hz to 1kHz come from acoustic excitations in

the optics and their mounts. Above 1kHz, the features are from the amplifying

electronics.

Figure 3.10 shows the square root of the cumulative absolute variance.

The square root of the variance is the standard deviation, a more intuitive value

for comparison of particle instabilities to real particle motion. The magnitude

of the features seen in figure 3.9 can be easily seen to be insignificant. The last

value of each curve gives the total standard deviation for the measurement over

a bandwidth from 1Hz to 250kHz. This number is the precision in position

measurement. The lateral dimensions have a precision of 0.2nm. The axial

dimension has a precision of 2nm.
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Figure 3.9: Mechanical stability testing - absolute variance spectral densities:
(a) and (b) show variance spectral densities of the lateral position signals
of an immobilized 200nm probe. (c) is the variance spectral density of the
axial signal of the immobilized probe. Calibration constants were obtained by
linear fitting of the response curves of the particle. The features seen are from
acoustic excitations and amplifier electronics.
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Figure 3.10: Mechanical stability testing - cumulative absolute standard devi-
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corresponding power spectral densities in figure 3.9 gives a standard deviation
rather than a variance. The last point on each curve represents the standard
deviation of the total measurement for the bandwidth shown on the horizontal
axis, 1Hz to 250kHz.

Thermal noise imaging requires stability on longer times scales. Figure

3.11 shows a time series taken with an immobilized particle initially centered in

the trap. The acquisition rate was 10kHz and the acquisition time was 1100s.

The lateral drift can be seen to be smaller than the linear range of the detector.

The larger drift in the X signal is due drifting of the QPD along the axis that is

parallel with the gravitational force. The axial drift was due to slow coverslip

drifting. Figure 3.11 (d) shows the laser power over the measurement. From

this measurement the laser can be ruled out as the cause of the axial drift.

Average drift for the measurements are 3nm/min for X, 0.9nm/min for Y and
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11nm/min for Z.
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Figure 3.11: Longterm mechanical stability testing: Long term stability test
for each dimension. The drifting in the position signals is due to coverslip drift
and QPD drift. The laser power can be ruled out as a source of axial position
drift.
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3.4 Summary

The microscope developed over the course of this research was designed

with two goals in mind: high resolution thermal noise imaging and fast, long

range scanning. Each type of scanning imposes a different set of stability

requirements on the microscope. A stability testing method was developed

to study all aspects of stability, including laser power stability, laser pointing

stability, mechanical stability and electronic stability. The microscope was

shown to have a precision in probe position detection of ∼ 1nm for a 200nm

probe in all three dimensions from a bandwidth of 1Hz to 250kHz. The long

term drift was shown to be at most 11nm/min.

67



Chapter 4

Experimental Procedures

If you want to succeed, double your failure rate.

- Thomas J. Watson, Sr.

In this chapter, the description of a single filament assay suitable for

use in a photonic force microscope is presented, as well as the protocols used

to make microtubules. Techniques for grafting microtubules on the ends are

developed with the use of a flow chamber.

4.1 Microtubule preparation

Microtubules were chosen as the first biopolymer to study using thermal

noise imaging in this research for several reasons. First, their larger stiffness

means that they can be confined on one end and still have lateral fluctuations

of small enough magnitude to be imaged by thermal noise imaging. Second,

there is extensive theory regarding the behavior of thermally fluctuating mi-

crotubules. Finally, Dr. Florin’s lab has extensive experience studying and

making microtubules[81, 82].

Microtubules are formed by polymerization of subunits of tubulin dimers.

α and β tubulin, shown in figure 4.1 as white and green spheres, form dimers
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that polymerize end-to-end to form protofilaments. A microtubule can have

between 9 and 19 protofilaments which align axially to form a hollow tube

with a diameter of 25nm. The β-tubulin has a hydrolysable GTP molecule.

The hydrolysis of GTP to GDP induces a conformational change in the tubu-

lin structure which makes a microtubule structurally unstable. A GTP cap,

shown in purple in figure 4.1, keeps the microtubule stable. The rate of poly-

merization and GTP hydrolysis is carefully balanced. Once the GTP cap is

depleted, microtubules undergo catastrophe, during which they rapidly de-

polymerize. Microtubules can then recover, or stop depolymerizing, and start

growing again[83]. This continual shrinkage and elongation is a process known

as dynamic instability. Dynamic instability is important for many cellular

processes[84]. Stabilization of microtubules can occur by using a drug called

taxol, which binds to the microtubule lattice. Taxol has been used as a cancer

treatment drug due to its ability to halt cell division by inhibiting microtubule

catastrophe, which separates the chromosomes into daughter cells[8]. Micro-

tubules can also be stabilized by using a GTP analogue called GMPCPP,

which is nonhydrolysable and does not introduce a mechanical instability into

the lattice structure. In this research, microtubules stabilized in both ways

were studied.

4.1.1 GTP Taxol microtubules

Both unlabeled and rhodamine-labeled lyophilized porcine brain tubu-

lin were purchased from Cytoskeleton, Inc. (T240, T590M, Cytoskeleton,
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Growing Shrinking

Figure 4.1: Microtubule dynamic instability: Microtubules undergo periods of
growth and shrinkage, shown above. The balance between the two is regulated
by the rate of GTP hydrolysis and the rate of polymerization. Hydrolysis of
the GTP on the β tubulin to GTP creates a structural instability, causing
microtubules to rapidly depolymerize once the GTP cap is depleted. Figure
taken from reference [85].

Inc.). Unlabeled tubulin was suspended in 100µl of 1mM GTP in BRB80

buffer (80mM PIPES, 1mM EGTA, 1mM MgCl2, pH 6.8) at a concentration

of 10mg/ml and flash frozen into 10µl aliquots and stored at −80◦C. Rho-

damine labeled tubulin was suspended in 15µl of 1mM GTP/BRB80 buffer to

a concentration of 1.33mg/ml and used immediately. This solution was added

to an unlabeled tubulin aliquot on ice and mixed. The resulting ratio of la-

beled to unlabeled tubulin was 4:1. A cold spin was necessary due to the fragile

nature of the labeled tubulin, giving it a tendency to denature and aggregate.

The cold spin was performed in an ultracentrifuge (TL100, Beckman-Coulter)

at 4◦C, 90,000rpm for 5 minutes. The supernatant was allowed to polymerize

at 37◦C for anywhere between 10 minutes to 30 minutes, depending on the
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desired length of microtubules.

Once the microtubules were polymerized, a warm spin was performed to

draw the microtubules out of solution. This was necessary to remove damaged

protein that had aggregated and to remove the GTP to stop polymerization.

The warm spin was performed in a warmed rotor at 37◦C at 40,000rpm to

50,000rpm for 5 minutes. The resulting supernatant was removed and 50µl of

20µM taxol/BRB80 buffer was used to wash the pellet twice. An additional

50µl was used to resuspend the pellet with gentle agitation using a cut pipette

tip. The resulting solution of microtubules was then stored in the dark at

room temperature and was good for up to one week.

The taxol/BRB80 solution was prepared by adding 1ml of BRB80 so-

lution to 2µl of 10mM Taxol in DMSO (276855, Sigma Aldrich), both being

warmed in a heat bath to 37◦C prior to mixing. Taxol forms crystals at

room temperature that can look remarkably like microtubules, so a clarifying

centrifugation was done to remove crystal aggregates[86]. The solution was

centrifuged at 8,000rpm for 5 minutes in a table top centrifuge. 850µl of su-

pernatant was removed for use. The microtubule solution was diluted 200x in

20µM taxol/BRB80 solution to be brought to a working concentration. If kept

at room temperature for more than a few hours, the solution was discarded

and a new one was made.

71



4.1.2 GMPCPP microtubules

Guanosine-5’-[(α,β)-methyleno]triphosphate (NU-450, Jena Bioscience),

also known as GMPCPP, is a GTP analogue that is used to polymerize mi-

crotubules that are stable in the absence of taxol. GMPCPP microtubule

polymerization differs slightly from GTP microtubule polymerization due to

GMPCPP having a lower binding rate to tubulin. GMPCPP also promotes

nucleation of microtubules[87]. Thus, a slightly different polymerization pro-

cedure is required to produce long GMPCPP microtubules.

The same tubulin from Cytoskeleton was used to make GMPCPP mi-

crotubules. Residual GTP is present in the tubulin powder. Since GTP has a

higher binding affinity than GMPCPP, the GTP needed to be removed. This

was achieved through dilution using a centrifugal filter. A centrifugal filter

works by spinning a solution in a centrifuge to force the solution through a

filter which does not pass solute of a certain size, allowing for an increase

in the concentration of the solute. In this case, tubulin was not passed by

the filter but GTP was. 200µg of unlabeled tubulin and 100µg of rhodamine

labeled tubulin were suspended in 500µl of 1mM GMPCPP/BRB80 buffer.

Buffer exchange using a centrifugal filter was performed in a cold centrifuge.

Two exchanges were performed (Amicon, Millipore). The first filtration re-

duced the volume to 25µl, which was increased to 500µl with the addition

of 475µl of GMPCPP/BRB80 buffer, resulting in a 20x dilution. The second

centrifugation resulted in 15µl of tubulin solution which was diluted with 55µl

of GMPCPP/BRB80 buffer. The total dilution was 100x. Additionally, the
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tubulin solution was allowed to polymerize for 1 hour at 37◦C to hydrolyze any

remaining GTP. A warm spin was done at 40,000rpm for 5 minutes to pellet

the polymerized microtubules. The pellet was resuspended in 120µl of 1mM

GMPCPP/2mM CaCl2/BRB80. The addition of CaCl2 combined with the

incubation of microtubules on ice resulted in their depolymerization. Vigor-

ous pipetting was done to ensure the breaking up of all microtubule segments.

After depolymerization, the concentration of EGTA was raised to a total of

3mM to neutralize the CaCl2. A final cold spin was done at 90,000rpm, and

the supernatant was aliquoted into 5µl volumes by flash freezing and stored

at -80◦C.

To polymerize GMPCPP microtubules, 5µl of the tubulin solution was

incubated at 37◦C for between 2 hours and 4 hours. The polymerized solu-

tion was diluted in BRB80 buffer to 50µl and a warm spin was performed at

40,000rpm to clarify the solution. The pellet was gently resuspended in 200µl

of warm BRB80 buffer and injected into the sample chamber for imaging.

4.2 Single filament assay

The design of an assay compatible with a photonic force microscope

must take into account that the mechanism of detection of the position signal

of the particle utilizes the intensity distribution of the collected light from the

focal region. This requires that ideally, the only scatterer in the beam path is

the probe. Any obstruction in the beam before or after the optical trap can

affect the position signal. This presents a challenge when trying to study a
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single biopolymer filament that is grafted on one or both ends. The grafting

will inevitably be on something that is a strong scatterer.
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20µm 5µm

(a)

(b)

(c)

Figure 4.2: Single filament assay: (a) An electron microscope image of Quan-
tifoil holey carbon film with a carbon grid spacing of 9µm and a schematic of
the microtubule attachment to the carbon grid. (b) Fluorescence and bright-
field combination image of the single filament assay used in this research.
Microtubules can be seen to be fluorescing while the grid shows up in bright-
field contrast. (c) Schematic of the microtubule-probe-trap interaction. The
transverse fluctuations of the microtubule are exaggerated.
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Figure 4.2 shows a schematic of a single filament assay that was de-

signed to be compatible with the detection mechanism of a photonic force

microscope. Electron microscopy grids with holey carbon films (S 7/2, Quan-

tifoil, Electron Microscopy Supplies) were used. Electron microscopy grids

consist of a 3mm round metal grid with a specific grid spacing. Copper grids

were used with a mesh spacing of 127µm. The thickness of the copper grid was

20µm. This lifted the carbon support sufficiently far away from the surface of

the coverslip so as to avoid any surface effects. Such effects include hydrody-

namic coupling of the microtubule with the surface, as well as surface coupling

with the probe. Artifacts from detection near the surface were also avoided.

The carbon film had a periodicity of 9µm. The carbon was 2µm wide, which

left 7µm perpendicular distance to the edge of the next carbon support. In

order for the material in the grid to not affect the position signal, it was essen-

tial that neither the carbon nor the copper interfered with the beam path. As

shown in figure 4.2(a), the copper had a trapezoidal shape. The incoming fo-

cused light had an angle of θ = sin−1(NA/nw) = 64.4◦(NA = 1.2, nw = 1.33),

thus the angled copper support allowed for imaging as close as 10µm from the

grid edge without distortion of the beam due to the copper. The carbon had

a thickness of ∼20nm. This is on the order of the thickness of a microtubule.

The carbon grid, however, was a strong absorber of infrared light. Contact

of the optical trap with the carbon grid would result in explosive heating and

destruction of the local grid. Figure 4.3 shows that it was possible to get close

enough to the carbon that a 500nm probe could partially image it.
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Figure 4.3: Carbon grid-probe-trap interaction: (a) Thermal noise image of a
carbon support imaged with a 500nm probe. The trap can get close enough
to the grid without interaction that the trapping volume of the particle is
partially excluded by the grid. (b) A two-dimensional slice of the thermal
noise image shows that the particle has two local energy minimums. (c) shows
a diagram of the probe interacting with the grid, but optical trap is not.

The electron microscopy grids were glued to the surface of a cleaned

coverslip. The coverslips used were 14mm diameter #1 hydrolytic glass from

Menzel-Glaser. The cleaning of the coverslips consisted of a 15 minute agi-

tation in an ultrasonicator while immersed in a 2% Hellmanex solution. The

solution was exchanged for deionized (DI) water and sonicated for another 15

minutes. This process was repeated up to 3 times. The final sonication was

done in ethanol rather than water and the coverslips were dried with nitro-

gen. Adhesive was used to immobilize the coverslips on the grid (Elastosil

10 Wacker), which is a solvent-free silicone adhesive available only in Europe.

The selection of this adhesive proved to be crucial to the success of the sample
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preparation due to the weak reaction it had with oxygen plasma after it dried.

The grids were allowed to dry for several days after gluing.

Microtubules needed to adhere strongly to the carbon grid so as to

ensure that specific boundary conditions were met. The end point as well as

its orientation (the tangent of the endpoint) needed to be confined. To achieve

this, carbon grids were coated in poly-L-lysine (PLL) (P8920, Sigma Aldrich),

diluted by 50% in deionized water. The carbon film was very hydrophobic and

the PLL solution would not enter the grid. To circumvent this the grid was

exposed to an oxygen plasma[88]. Typical plasma parameters were 2 seconds of

exposure at a pressure of 130mTorr. Exact parameters varied with the specific

batch of carbon grids. Once exposed to plasma, the grid was incubated in the

PLL solution for 20 minutes. After PLL incubation the grid was rinsed with

1mL of DI water.

The sample chamber was designed as a flow chamber with which to

exchange the solution in which the carbon grid was immersed. After the DI

water rinse, 200µl BRB80 was flushed through the sample chamber. Following

this, 200µl of microtubule solution was flowed through the sample chamber

and allowed to incubate for several minutes. This was followed by 200µl of

probe solution which contained 200nm diameter, unfunctionalized fluorescent

polystyrene probes (Bangs Labs) in BRB80 buffer. Unfunctionalized parti-

cles were used because microtubules are known to have a negative surface

charge[89]. To further shield interaction with the microtubule, the probes

were coated with bovine serum albumin (BSA) by incubation in a 5mg/ml
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solution. BSA is a commonly used to shield non-specific interactions[78, 90].

Fluorescent microtubules will break upon illumination[91]. This is due

to reactive oxygen being formed from excited electrons that do not decay dur-

ing normal fluorescence. The oxygen radical can then damage the protein[92].

To circumvent this, oxygen scavenger was used. The oxygen scavenger solution

consisted of a combination of glucose oxidase (395386, Calbiochem), catatylase

(219261, Calbiochem) and dextrose. Without oxygen scavenger, microtubules

could be seen to break under moderate fluorescence intensity in less than a

minute.

4.3 Summary

This chapter outlined the protocols for preparing and isolating single

microtubule filaments. Microtubules preparation was tightly controlled to en-

sure reproducibility of mechanical properties. Two different ways of preparing

microtubules were used to probe differences in the filament mechanics due to

changes on the molecular level. A single filament assay was developed that was

compatible with the detection mechanism of a photonic force microscope. It

was shown that this assay does not affect the position measurement of an opti-

cally trapped probe even at lengths as close as one trapping volume away from

the support. Finally, methods for shielding the interaction of the probe and

the microtubule, which is needed for interpretation of thermal noise images,

were described.
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Chapter 5

Thermal Noise Imaging

This [lack of experience] probably gave us the courage and light-

heartedness to start something which should “not have worked in

principle,” as we were so often told.

- Gerd Binnig and Heinrich Rohrer, Nobel Lecture, 1986

To circumvent the limitations on conventional surface scanning tech-

niques such as AFM and STM, optically trapped probes were used as three-

dimensional scanners for soft matter[93, 94]. These early three-dimensional

scanners monitored the average position of the probe, and had limited spatial

and temporal resolution due to poor stability and the time needed to acquire

the data for averaging. The development of ultrastable setups allowed for an

increase in spatial precision. These advancements made it possible to deter-

mine the position of the probe with nanometer precision on faster timescales,

rather than using averages of the distribution of probe position. In 1999,

axial position detection was introduced by Pralle et al.[70]. Fast data acquisi-

tion rates extended the bandwidth of the measurements to the 100kHz range.

The latest photonic force microscope constructed in this research brings an

unprecedented resolution and versatility to thermal noise imaging.
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5.1 High resolution thermal noise images

The principle behind thermal noise imaging is to use the diffusive mo-

tion of an optically trapped probe as a fast, natural scanner of its environ-

ment[76]. The optical trap serves to confine the probe on long timescales to

the volume of the trapping potential, thus increasing the efficiency of scanning

a small volume. Without the trap, the particle would be free to diffuse any-

where. Figure 5.1 shows time series for the three position traces of a probe,

along with the position distributions. As expected, the position distribution

is Gaussian, corresponding to a harmonic potential. Figure 5.2(a) shows the

thermal motion of a probe in an optical trap schematically.

A thermal noise image is created by partitioning the volume the probe

explored into small voxels. A voxel is a three-dimensional pixel with a specific

side length. For this research, the voxel side length was always 10nm. Position

data taken from a photonic force microscope was used to populate a thermal

noise image by counting the number of times the probe was found inside a

given voxel. The voxel occupancy is then displayed as a surface of constant

voxel occupancy. The occupancy isosurface, known as a thermal noise image,

is shown in figure 5.2(b). The value of the occupancy of the red isosurface is

2.0, which corresponds to an energy of 3.2kBT . The value of the occupancy

for the blue surface is 6.7, which corresponds to 2.0kBT . The smaller the

occupancy, the more “bumpy” the surface will appear. This is due to the

noise of occupancy being Poisson distributed.

Because thermal noise imaging uses the position distribution of an opti-
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Figure 5.1: Particle position distributions: Time series of the three position
signals measured for thermal noise imaging are shown along with the distribu-
tion of each data set. The data was taken at 100kHz sampling for 4 seconds.
The distributions are Gaussian, as expected for a particle diffusing in a har-
monic potential.

cally trapped particle, it is possible to detect when changes to the distribution

occur. Hard objects that exclude the volume will show up clearly in the ther-

mal noise image. Figure 5.3 shows thermal noise images of a 1µm particle

interacting with a glass surface. The optical trap was moved towards a cover-

slip surface, thus excluding increasingly more of the trapping volume.
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10nm

200nm

(a) (b)

Figure 5.2: Occupancy isosurfaces: A probe is confined by an optical trap to
the trapping volume, which is shown as the oval intensity gradient. Thermal
motion of the probe allows it to scan its local environment within the trap. A
trace that the probe might recently have taken is shown. The motion of the
probe is tracked at high bandwidth with a photonic force microscope. The
volume is divided into voxels, indicated by the enlarged cube. The number
of times a particle enters a voxel during data acquisition is termed the voxel
occupancy. A thermal noise image is a surface of constant occupancy. Two
different isosurfaces from the same data acquisition are shown in (b). The red
surface corresponds to 3.2kBT and the blue surface to 2.0kBT .
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500nm

Figure 5.3: Thermal noise image of a glass surface: Thermal noise imaging can
detect when objects in the trapping volume affect the position distribution of
the probe. A 1µm probe particle was moved towards the surface of a glass
coverslip. In the first trap, the position distribution of the probe was not
affected by the glass surface. As the particle was lowered towards the surface,
more of the trapping volume became inaccessible to the probe. This is clearly
seen in the thermal noise images.
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250nm

(a) (b)

Figure 5.4: Thermal noise imaging of a biopolymer filament: Two thermal
noise images are shown above, one without an object in the trapping volume
(a) and one with a microtubule in the trapping volume (b). The microtubule,
shown as a green filament, has a radius of 25nm. The probe has a radius of
100nm. The excluded volume can be seen to have a radius larger than the
microtubule. This is due to the fact that the center of the probe is tracked,
making the excluded volume larger than that of just the microtubule.

85



Figure 5.4(b) shows a thermal noise image of a microtubule. The mi-

crotubule, which has a diameter of 25nm, is in the center of the trapping

volume. The particle is able to diffuse completely around the microtubule,

which is shown as a green filament. The volume of exclusion is much larger

than the filament diameter due to the physical size of the probe. The center

of the probe is tracked by the photonic force microscope; thus, the volume of

cylindrical exclusion will have at most a diameter equal to the probe diameter

plus the microtubule diameter. This volume of exclusion becomes smaller if

the microtubule is fluctuating. Figure 5.5 shows three-dimensional thermal

noise images of a microtubule that was immobilized on both ends. The micro-

tubule is thermally fluctuating, although due to the confinement of both ends,

the magnitude of the fluctuations is small. Still, it is clear from the thermal

noise images that not only is there an excluded volume where the microtubule

passes through the trapping volume, but also that volume gets smaller when

the microtubule is imaged closer to the middle. This is due to the fact that

the transverse fluctuations of the microtubule are larger in the middle, and

a larger fluctuation of the microtubule should result in a smaller excluded

volume, since the probe will have more opportunity to explore regions of the

trap that would have been excluded for smaller filament fluctuations. Two-

dimensional slices from the centers of the three-dimensional images are shown

along with line profiles along the vertical axes. The occupancy can be seen to

really be 0. Quantitative analysis of thermal noise images is discussed in the

next chapter.
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Figure 5.5: Thermal noise image of a microtubule confined on both ends:
Thermal noise images at two points on a doubly confined microtubule. The
change in excluded volume indicates the change in the magnitude of lateral
fluctuations of the microtubule at different distances from the confinement.
The two-dimensional slices from the center of the thermal noise images along
with the line profiles indicate a region of total exclusion that changes with
position on the microtubule.
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5.2 Large-scale thermal noise imaging

Volumes larger than the volume of a single trap can be scanned by

employing a scanning algorithm which moves the sample relative to the trap

and taking data with overlapping traps. These data can be combined to form

a thermal noise image of a larger volume. The speed at which large volumes

can be scanned depends on the desired resolution of each trap, as well as

the physical limitations of the PFM, such as those imposed by the scanning

mechanism. Figures 5.6(a) and (b) shows combined thermal noise images of

scanned volumes taken with the setup described in Chapter 3. Figure 5.6(c)

shows a combined scan inside an agar gel network in which individual filaments

can be seen. This image was taken from reference [76].

Fast, large-scale scanning can be done with piezo nanopositioning stages

that can scan at speeds on the order of 10µm/s. The main difficulty arises

when the probe encounters an object. Moving at this speed, the particle will

be pushed out of the trap and lost. To overcome this problem, the position of

the probe in the optical trap must be monitored and a measure of statistical

significance, such as the average or the distribution width, must be calculated

in real-time. This is accomplished by moving the stage and monitoring the

particle position with real-time software which can send commands to the stage

deterministically. The stage can then be stopped when the probe encounters

an object. Position data from multiple traps can then be summed offline, and

large scale structures can be imaged coarsely. Volumes as large as several

cubic microns can be scanned in this way. Figure 5.7 shows results of raster
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scanning developed in the Florin lab[95].
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Figure 5.6: Large-scale thermal noise imaging: (a) Combined thermal noise
images of a long-range scan done with a 200nm probe. The trapping volumes
did not overlap laterally and individual columns can be seen. (b) Combined
thermal noise images of a scan done with a 500nm probe. In this scan the
trapping volumes overlapped. (c) Combined thermal noise images of a three-
dimensional scan inside an agar gel network. Image taken from reference [76].
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1 um 100 nm

Figure 5.7: Thermal noise imaging using raster scanning: Raster scanning
moves the particle through a volume along adjacent parallel paths. A feed-
back mechanism monitors the probe position and stops the scanning when
the probe encounters an object. Positions of the objects encountered can be
recorded for high resolution thermal noise imaging after the scan. A rectangu-
lar microfluidic channel was scanned and high resolution thermal noise images
were taken at the edges. Image taken from reference [95].

91



5.3 Thermal noise imaging of microtubules

Data acquisition

The images presented here are the first ever three-dimensional thermal

noise images of single biopolymer filaments. They combine high resolution

thermal noise images with long range scanning. Taxol stabilized microtubules

were prepared and imaged using the single filament assay described in Chapter

4. Microtubules could adhere in one of two ways: grafted on one end or doubly

confined. Thermal noise images were taken of each configuration.

Once the sample was mounted on the microscope, scans of microtubules

were done by first positioning the trapping volume onto the microtubule. Real-

time, two-dimensional projections of the occupancy were displayed on a com-

puter monitor. The injection current on the laser power supply was set to any-

where between 0.9A and its maximum setting of 1.23A. Adjusting the power

in this way allowed for the adjustment of the trapping stiffness and thus the

trapping volume. The trapping volume needed to be large enough such that

a 200nm probe could roll around a 25nm microtubule within the time of data

acquisition. While it is difficult to tell what the power in the focal volume is

for a given laser power, it is estimated that at 1.23A of injection current there

was ∼ 70mW in the focus.

Once the probe was in contact and roughly centered on the microtubule,

real-time three-dimensional feedback software, developed by Tobias Bartsch in

the Florin Lab, was used to calibrate and scan the microtubule. A calibration

trap was taken first by moving 200nm perpendicular to the contour of the
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microtubule. The calibration was then used to calibrate the data online. Thus,

feedback could be done in units of nanometers rather than volts. A fluorescence

image taken of the current microtubule was used to find the angle of the

microtubule relative to the stage axes. Data acquisition of the probe diffusing

around the microtubule was then taken and rotated into the reference frame

of the microtubule using the measured angle. Typically the data was taken at

a rate of 100kHz for 4 seconds. Gain settings on the amplifier were set to 20x

for the lateral position signals and 100x for the axial signal. A low-pass filter

was set to 50kHz to prevent aliasing of frequencies higher than the acquisition

rate. Two-dimensional projections of the three-dimensional occupancy, LRO

and SO were displayed on the screen. (Definitions of the LRO and SO are

given in Section 6.1.2). The feedback software calculated the center of mass

of the LRO as determined by the threshold set by the SO. A cut-off of -4 for

the SO was used to determine which voxels to include in the LRO center of

mass calculation. The feedback in z was confined to a plane of thickness of

±200nm. Data was only taken if the feedback was able to place the center of

the microtubule within 100nm of the center of the trapping volume.

Figure 5.8 shows a photo of the setup during data acquisition. Six

monitors were used to display all of the necessary data including the calibra-

tion, camera view, real time feedback output, real-time feedback controls and

stage controls. The lower middle monitor was a touch screen which interfaced

very well with Labview and allowed for much quicker control of the stage.

Real-time visualization gave immediate knowledge of the quality of data being
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taken. This display system greatly increased the efficiency of data acquisition.
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Figure 5.8: Real-time data acquisition control center: Six monitors were used
to control the experiment and view the real-time data. Monitor A showed
the calibration for each scan. Monitor B showed the real-time output of scan
data. Monitor C showed a fluorescence/brightfield image of the microtubule
assay. Monitor D showed a scientific paper of current interest and a data
transfer program. Monitor E was a touch screen and gave access to the stage
positioning controls and real-time scanning controls. Monitor F showed the
real-time output for initial positioning of the probe on the microtubule.
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Figure 5.9 shows a thermal noise image scan of a doubly confined, taxol

stabilized microtubule. Twenty-five single thermal noise images were taken in

100nm intervals and combined to show a larger scan. A quadrant of the

thermal noise image has been cut away to reveal the excluded volume of the

microtubule. The green filament representing the microtubule is for illustrative

purposes only. The orange surface is the outside of the isosurface and the

silver surface is the inside of the isosurface. The combination of thermal noise

images shows that long range thermal noise imaging of biopolymer filaments

is possible. The isovalue of the surface is 4. The occupancy has noise that is

Poisson distributed, which can result in a bumpy surface. The bump seen in

the middle of the image is not a part of the microtubule structure, but rather

an anomalous shift of the laser power for that trap.

Figure 5.10 shows a similar scan for a grafted microtubule. Again,

the microtubule was taxol stabilized with a length of 7.6µm. The carbon

grid and microtubule filament are for illustrative purposes only. The excluded

volume can clearly be seen to decrease towards the free end of the filament. A

decrease in excluded volume is expected because as the transverse fluctuations

of the microtubule get larger, more volume is accessible to the particle that

was excluded closer to the point of confinement. The total length of this scan

is 1.3µm. These scans demonstrate that thermal noise imaging can not only

scan a microtubule, but can also report on the transverse fluctuations of a

biopolymer filament.
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(a)

(b)

Figure 5.9: Thermal noise image of a doubly confined microtubule: The ther-
mal noise image of a doubly confined microtubule combines twenty-five single
thermal noise images into one larger scan. The individual thermal noise images
were taken at 100nm intervals for a total scan length of 2.5µm. The isovalue of
the surface is 4. A quadrant of the combined scan has been cut away to reveal
the channel created by the microtubule. The orange surface is the outside of
the isosurface and the silver surface is the inside of the isosurface. The green
microtubule filament is shown as a guide only.
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(a)

(b)

Figure 5.10: Thermal noise image of a grafted microtubule: Two views of a
thermal noise image of a grafted microtubule. The excluded volume can be
seen to decrease farther from the point of grafting. As the transverse fluctu-
ations of the microtubule get larger, the volume inaccessible to the particle
gets smaller. The transverse fluctuations of the green microtubule cartoon are
exaggerated.

98



5.4 Summary

In this chapter high resolution thermal noise imaging and long range

thermal noise imaging were introduced. It was shown that the photonic force

microscope was capable of both types of imaging. High resolution thermal

noise imaging was shown to clearly detect the presence of objects excluding

the trapping volume, including microtubules. Long range scanning and high

resolution thermal noise imaging were combined to record the first thermal

images of microtubules. The transverse fluctuations of a grafted microtubule

were clearly visualized in the thermal noise image.
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Chapter 6

Quantitative analysis of thermal noise images

of microtubules

If we knew what we were doing, it wouldn’t be called research.

- Albert Einstein

The microscope described in Chapter 3 was used to perform thermal

noise imaging as described in Chapter 5. The single filament assay and the

data acquisition techniques described in Chapter 4 were used to isolate and

image single microtubules. This chapter presents the development of analytical

techniques that allow for the extraction of mechanical properties from thermal

noise images. It is shown that the persistence length can be measured from

thermal noise images. These developments establish thermal noise imaging as

a quantitative scanning probe technique.

6.1 Analytical tools

In Chapter 5, thermal noise images of microtubules were presented.

While the thermal noise images clearly show transverse fluctuations of grafted

microtubules can be imaged, a more detailed analysis is required to make
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quantitative statements about microtubules. In this section, the extraction of

mechanical properties of microtubules from thermal noise images is described.

6.1.1 Analytical expression for the probability density function of
an optically trapped particle interacting with a grafted mi-
crotubule

Thermal noise imaging works by measuring the three-dimensional po-

sition distribution of a harmonically confined probe particle as it diffuses near

an object. In the absence of material in the trapping volume, the position

distribution of the particle can be described by inserting the energy of a three-

dimensional harmonic potential given by equation 2.7 into equation 2.6 and

using the normalization constant of equation 2.8:

Pp(x, y, z) =

√
kxkykz

(2πkBT )3/2
exp(

−(kxx
2 + kyy

2 + kzz
2)

2kBT
). (6.1)

The presence of biological material will significantly affect the position dis-

tribution of the probe, and major deviations are expected from the position

distribution of an empty trapping volume.

To determine how a fluctuating microtubule affects the position of a

harmonically trapped probe, the motion of the microtubule must be consid-

ered. For a given point on the contour of a filament, the distribution of the

transverse fluctuations is Gaussian. This implies that the transverse restoring

force of the microtubule is harmonic. The variance of the transverse fluctua-

tions at a point s along a filament is given by

σ2
mt(s) =

s3

3lp
(6.2)
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where lp is the persistence length. The theory is developed using s, which is the

coordinate along the filament. In the end, however, the position of the probe

along the microtubule is measured in the coordinate system of the probe. The

error introduced by this is small, and is discussed in more detail later.

Using the relation of the persistence length to bending stiffness, lp =

κ/kBT , and the equipartition theorem, an expression for the effective spring

constant for the lateral confinement of a point on a microtubule can be found:

kmt =
3κ

s3
. (6.3)

The position probability density function can now be written for the transverse

motion of a point on a microtubule. There are two transverse dimensions, x

and z, with the filament aligning along the y dimension. It is assumed that

the confinement in x and z is the same. Thus, after normalization

Pmt(x, z, s) =
kmt

2πkBT
exp(

−kmt(x
2 + z2)

2kBT
)

=
1

2πkBT

3κ

s3
exp(

−(x2 + z2)

2kBT

3κ

s3
). (6.4)
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Figure 6.1: Two-dimensional area of microtubule exclusion: A grafted micro-
tubule, shown in blue, extends axially out of the page along y. The probe and
microtubule can fluctuate in two dimensions, x and z. If the probe particle
is at a point Rp(x, z), then the microtubule can not have been in the region
defined by a circle centered at the probe with a radius of rp + d/2, shown by
the dashed line.

103



Consider a probe diffusing in the two-dimensional plane defined by

coordinates x and z at a position s on the microtubule. If the position of the

probe is measured to be at Rp(x, z), then there must be a region in which the

microtubule could not have been that is given by a circle with a radius equal

to that of the probe and the microtubule, centered about the position of the

probe. Figure 6.1 shows this. Considering the analogous one-dimensional case

in which a particle is diffusing in a one-dimensional harmonic potential and

the microtubule fluctuates only along one dimension, the position probability

density of the particle can be written as the product of the probability for the

particle to be at a certain location, xp, and the probability that the microtubule

was not at that location:

Ppmt(xp, s) = Pp(xp)(1−
∫ b

a

Pmt(xmt, s)dxmt). (6.5)

The steric interaction of the particle and the microtubule create a region of

exclusion which is inaccessible to the particle, which is accounted for in the

limits of the integral, a and b. For this model, steric hindrance is the only

interaction between the particle and microtubule. Pmt must be integrated

over the range xp − rp − d/2 to xp + rp + d/2 where rp is the particle radius

and d is the diameter of the microtubule. This is the range over which the

microtubule could not have been for the probe to have a position xp. Thus:∫ xp+rp+d/2

xp−rp−d/2

Pmt(xmt, s)dxmt =

∫ xp+rp+d/2

xp−rp−d/2

Cmtexp(
−kmtx

2
mt

2kBT
)dxmt (6.6)

where

Cmt =

√
kmt

2πkBT
. (6.7)
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The solution to the integral in equation 6.6 is

0.5(Erf [

√
3κ

2s3kBT
(xp + rp + d/2)]− Erf [

√
3κ

2s3kBT
(xp − rp − d/2)]). (6.8)

Erf(x) is the error function that results from solving a Gaussian integral for

a finite limit. The final form of Ppmt(xp, s) can now be written:

Ppmt(xp, s) = Pp(xp)[1− 0.5(Erf [

√
3κ

2s3kBT
(xp + rp + d/2)] (6.9)

−Erf [

√
3κ

2s3kBT
(xp − rp − d/2)]).

Figure 6.2 shows plots of this function for different positions along

the microtubule ranging from s = 1µm to s = 5µm in 500nm steps. The

plots are shown for a microtubule of persistence length lp = 1.5mm. The

distributions were normalized to 1 by numerical integration. For positions

close to the confined end of the microtubule, regions of exclusion can be seen

where Ppmt ≈ 0. It can be seen that between 1.5µm and 2µm there is no

longer totally excluded volume, meaning that the transverse fluctuations of

the microtubule are now large enough such that all volume can be accessed

by the probe. After s = 5µm, the microtubule is almost undetectable by

the probe, meaning that the transverse fluctuations are so large they are not

significantly affecting the position of the probe.

Figure 6.3 shows a plot of the position distribution for the probe at

0.1µm from the point of confinement. This close to the base, the lateral

fluctuations are so small that the region of exclusion should be almost equal

to the diameter of the probe and microtubule, 225nm. The theory indeed
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predicts this. Moreover, the slope of the transition from exclusion to explorable

space should be infinite, which would correspond to the infinite potential that

results from steric hindrance.
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Figure 6.2: One-dimensional position distribution of probe with microtubule:
Plots of equation 6.10 for varying positions along the microtubule. As the color
of the line transitions from purple to red, the position along the microtubule
increases, starting at 1µm and ending at 5µm in 500nm steps. The persistence
length is 1.5mm. It can be seen that there is no longer any totally excluded
volume to the probe between 1.5µm and 2µm and that the microtubule is
virtually undetectable by the probe at 5µm.
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Figure 6.3: One-dimensional position distribution of probe with microtubule
near point of grafting: Near the point of confinement of the microtubule, the
transverse fluctuations are very small. The excluded volume is equal to the
diameter of the probe plus the diameter of the microtubule, 225nm. The
theory indeed predicts this.
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It is possible to write the theory outlined above for the three-dimensional

case; however, the integral over the microtubule position probability density is

not solvable analytically. As will be shown in section 6.1.4, for the purposes of

analyzing the thermal noise imaging data obtained in this research, only the

one-dimensional case is needed.

The theory makes the approximation that the point on the contour,

s, is the same as the cartesian coordinate of the particle, x. This is not

strictly correct, and in the simulations, described later, this approximation

is not made. The error that results from this approximation, however, is

small. Microtubules that were imaged in this research were very rarely imaged

farther than 4µm from the point of grafting. At this point on the contour, the

magnitude of the transverse displacement of the microtubule with lp = 2mm

from its straight-line conformation is 100nm. This results in a difference of

only 1.2nm between s and x. This error is very small compared to other errors,

which are discussed in section 6.1.5.

The development of an analytical theory that can describe the proba-

bility distribution of a probe in the presence of a fluctuating microtubule will

be used, along with Brownian motion dynamics simulations, to quantitatively

analyze thermal noise images of microtubules.
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6.1.2 Occupancy, Logarithmic Relative Occupancy and Standard-
ized Occupancy

The occupancy, equation 2.10 and restated here, is the number of times

the probe visited a given voxel within the trapping volume within a time of

data acquisition

n(x, y, z) = Nϵ3
√

kxkykz

(2πkBT )3/2
exp(

−(kxx
2 + kyy

2 + kzz
2)

2kBT
). (6.10)

Thermal noise images are isosurfaces of voxel occupancy that are visualized to

reveal structures reported by the position distribution of the probe.

When the probe is interacting in the presence of an additional poten-

tial energy, then the total potential energy can be written as Em = Et +Eext,

where Eext is the additional potential, Et is the trapping potential and Em is

the measured energy. Knowledge of the theoretical trapping voxel occupancy

can be used with the total measured occupancy to reveal the external poten-

tial energy. Taking the logarithm of the ratio of measured voxel occupancy,

nm, and the theoretical voxel occupancy nt, yields the logarithmic relative

occupancy (LRO):

LRO(x, y, z) = −ln
nm(x, y, z)

nt(x, y, z)
(6.11)

It is straightforward to show that the LRO reveals the external static

energy landscape, Eext up to a constant:

LRO(x, y, z) = −ln(
Nϵ3Cmexp[

−Em(x,y,z)
kBT

]

Nϵ3Ctexp[
−Et(x,y,z)

kBT
]
)

=
Eext(x, y, z)

kBT
− ln

Cm

Ct

(6.12)
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Cm and Ct are constants, given by equation 2.8.

The LRO ranges from negative to positive values. When the LRO =

0, this corresponds to nm = nt. Examples of an energy landscape influencing

a probe include electrostatic potentials such as a charged surface interacting

with a charged particle. In cases of steric interactions, where there is little or

no interaction of the particle with an object, but the object is excluding some

volume of the trap, the LRO would show an infinite potential.

When the occupancy of a probe is changed due to interaction with a

fluctuating object, such as a microtubule, the energy interpretation of the LRO

is not so straightforward. The LRO can be thought of as an “effective energy”.

The two-dimensional projection of a thermal noise image of a microtubule is

shown in figure 6.4(a). The corresponding LRO is shown in figure 6.4(b).

The green values in the LRO correspond to −∞ and arise due the theoretical

trapping volume being rounded to integer values, resulting in a division by 0.

The fact that the region of the LRO that shows the influence of the microtubule

on the probe is circular is further evidence that the trapping force on the probe

does not affect the microtubule. If the probe was able to push the microtubule

around, there would be an asymmetry in the LRO due to the anisotropic spring

constants of the harmonic potential that confines the probe.

The standardized occupancy (SO) is the difference of the measured

occupancy and the theoretical occupancy as defined by the potential of the

harmonic trap, divided by the standard deviation of the theoretical trapping
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occupancy:

SO(x, y, z) =
nm(x, y, z)− nt(x, y, z)

σt(x, y, z)
. (6.13)

The SO gives a measure of statistical significance. Voxel occupancy is

Poisson distributed, so the standard deviation of the occupancy is equal to the

square root of the occupancy, σ(x, y, z) =
√
n(x, y, z). The values of the SO

range from negative to positive, with 0 corresponding to nm = nt, meaning

that the measured occupancy was equal to the expected occupancy that arises

from the trapping potential. The two-dimensional SO of a microtubule is

shown in figure 6.4(c).
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Figure 6.4: Two-dimensional Occupancy, LRO and SO: The two-dimensional
occupancy (a) is the projection of the three-dimensional occupancy along the
filament axis. The LRO (b) shows the effective energy that is additional to
the trapping potential. The SO (c) gives a measure of statistical significance.
Single pixel vertical line profiles are taken through the center of each graph.
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Figure 6.4 shows two-dimensional cross sections from a three dimen-

sional thermal noise image of a microtubule. Vertical line profiles were taken

through the center of each graph. The vertical line profiles show the region

of exclusion as well as the effect of the transverse fluctuations, indicated by

the slope near the center of the image. Qualitatively, the line profile of the

occupancy looks very similar to the profiles shown in figure 6.2. Quantitative

analysis will be discussed in section 6.1.4.

6.1.3 Simulations

To aid in interpretation of thermal noise images, simulations were per-

formed on a probe particle interacting with a fluctuating microtubule grafted

on one end. These simulations allowed for the construction of simulated ther-

mal noise images of a probe interacting with a thermally fluctuating micro-

tubule. This allowed for all data analysis to be performed on the simulated

data as well.

The bending dynamics and the construction of filament shape using the

solutions to the hydrodynamic beam equation were discussed in section 2.4.

Simulations of the microtubule were performed by simulating a random walk

on the mode amplitudes, an, and using the first three modes, W1,W2 and W3,

to construct the shape of the filament. The variance of the mode amplitudes,

equation 2.34, has an inverse dependence of the mode number to the fourth

power. The fourth mode variance is a factor of 517 times smaller than the first

mode variance, and thus only the first three modes were simulated.
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Figure 6.5(a) shows a plot of the short-term evolution of the shape of a

fluctuating, grafted microtubule for one transverse dimension. The first 1000

contours of a simulated filament are plotted with a timestep of 10µs, for a

total simulation time of 10ms. The horizontal axis runs along the variable s

which parametrizes the filament, starting at 0µm. The filament was 7.6µm

long with a persistence length of 0.002m. The vertical axis represents time.

The simulation started with the microtubule in a straight-line conformation.

The color scale represents the magnitude of deviation, x(s), from a straight-

line conformation. Figure 6.5(b) shows the same contours with the magnitude

of the transverse displacement, x(s), on the vertical axis. The evolution begins

as a straight-line conformation represented as a black line and transitions to

yellow over 1000 timesteps. These data show how a microtubule evolves on

short timescales.

Figure 6.6(a) shows the long-term evolution for one transverse dimen-

sion of a grafted microtubule. Contours are plotted for every 1000th timestep,

or every 10ms, for a total of 4s. The long-term behavior of the shape fluc-

tuations is very different from the short-term behavior. Equation 2.35 is an

expression for the variance of the transverse fluctuations of a filament at po-

sition s for a given mode. The sum of these variances for all modes is given

as

σ2 =
s3

3lp
(6.14)

This value should be obtained from the simulations by choosing a point on the

contour and finding the variance of the distribution of x(s) at that point on
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the contour for all of the simulated curves. Figure 6.6(b) shows the standard

deviation of the transverse fluctuations of each point along the contour of

the microtubule. Figure 6.7 shows the variance at each position along the

microtubule. A power law fit, displayed as well on the figure overlaying the

variance curve, indicates a power law of 3, as expected.
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Figure 6.5: Short-term evolution of a grafted microtubule: In (a), each hori-
zontal line represents x(s) for a simulation of a grafted microtubule of length
7.6µm long and a persistence length of 0.002m. The vertical axis represents
a time axis with 1000 different contours plotted. The time step for the sim-
ulation was 10µs. The color along the filament represents the magnitude of
deviation of the microtubule from the straight-line conformation. The simula-
tion starts with a straight filament. (b) shows x(s) as a function of s for each
simulated microtubule shape. The black to red color transition represents the
same time evolution as the vertical axis in the upper graph.
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Figure 6.6: Long-term evolution of a grafted microtubule: In (a), x(s) is
plotted as a function of s for a simulated microtubule of length 7µm and a
persistence length of 0.008m. Contours are plotted for every 1000th timestep,
or every 10ms, for a total of 4s. (b) shows the standard deviation of the
transverse displacement of each point along the microtubule.
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The simulation of the probe particle confined in a harmonic potential

was done using the Langevin equation as well. The axial autocorrelation time

of the probe was ∼ 1ms, and thus the time step of 10µs that was used in the

filament simulation was appropriate for the probe simulation as well. The sim-

ulated interaction of the probe and the filament was steric. This was enforced

by ensuring that the probe could not step into the physical space occupied by

the microtubule. As described in Chapter 4, measures were taken to ensure the

real interaction between the probe and the microtubule was as neutral as pos-

sible. Fluid interactions, such as hydrodynamic memory, were not simulated

for the probe or the microtubule. The effect of the size of the simulation time
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step and the length of the simulations follow a similar line of reasoning as the

discussion on measuring statistical quantities in Appendix A.1. Appendix A.2

discusses the implications of simulating statistical quantities in more detail.

6.1.4 Extracting mechanical properties of microtubules from ther-
mal noise images

Raw data recorded from the PFM comes in the form of three traces

that report the position of the probe in volts. The data is calibrated using

the calibration of the probe prior to scanning to convert the voltages to po-

sitions. The data is then used to create a three-dimensional thermal noise

image, as shown in figure 5.4. For quantitative analysis, the three-dimensional

occupancy is collapsed into a two-dimensional occupancy along the contour of

the filament. From the two-dimensional occupancy, a two-dimensional LRO

is calculated, as well as a two-dimensional SO. The center of the microtubule

is found by fitting a two-dimensional Gaussian to the 2D SO and reporting

the center of the fit. This two-dimensional fit is weighted using an error wave

generated from the Poisson noise of the 2D SO.

With the center located, concentric circles are interpolated on the 2D

LRO and the 2D SO. Twenty circles are interpolated with radii incremented

by 10nm for a total distance from the center of the microtubule of 200nm. The

interpolated values around a circle are averaged for each circle. These values

are then plotted and the resulting curve is called a decay curve. If more than

25% of the values on a circle are infinity, the LRO value at that distance from
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the center is considered to be infinity. Infinity values along a circle below the

25% threshold were discarded. Figure 6.8 shows an example of these curves for

simulated data. Thermal noise images were simulated for 14 positions along a

microtubule at 200nm intervals. The microtubule had a persistence length of

2mm and was 7.6µm long. The data acquisition length was simulated to be

4s with a sampling rate of 100kHz.

Several details can immediately be seen in the decay curve plots. In

figure 6.8(a), LRO decay curves are shown. For positions where the probe was

closer to the grafted end of the microtubule, infinity values of the LRO can

be seen. An infinite value of the LRO indicates an occupancy of 0. As the

transverse fluctuations of the microtubule get larger, the amount of volume

excluded to the particle gets less. The LRO curves clearly reflect this as the

infinite values disappear. The shape of the LRO curve is an indication of the

effective interaction that the fluctuations of the microtubule have on the probe

particle. The transverse fluctuations of the microtubule get larger as the probe

moves towards the free end of the filament. The effect of the microtubule on

the position of the particle become increasingly less, as indicated by the shape

of the LRO. If there were no microtubule, the LRO decay curve would be 0,

indicating no external effective energy landscape affecting the particle.
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Figure 6.8: Decay curves of a simulated microtubule: (a) LRO decay curves
and (b) SO decay curves of simulated thermal noise images at various points
along a microtubule. The microtubule was 7.6µm long and had a persistence
length of 2mm. The starting position of the thermal noise images was 1.4µm
from the point of grafting of the microtubule, and thermal noise images were
simulated in 200nm increments along the contour.
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Figure 6.8(b) shows the decay curves of the SO. In the case where there

is excluded volume in a thermal noise image, the first point on an SO curve

will be constant throughout the images with excluded volume. The value of

the SO will be the occupancy that corresponds to the occupancy of a purely

harmonic energy landscape, divided by the square root of that occupancy. As

long as there is excluded volume at the point about which the microtubule

fluctuates, this value will stay constant. Once there is no longer exclusion, the

first point of the SO decay curve will increase, approaching 0, which indicates

there is no effect of the microtubule on the particle anymore. Like the LRO

decay curves, the shape of the SO will approach a flat line with a value of

0. An SO of zero indicates there is no deviation of the occupancy from the

expected occupancy that corresponds to a harmonic landscape.

The theory for the one-dimensional position distribution of a particle

in a harmonic trap interacting sterically with a fluctuating microtubule, along

with the LRO decay curves, can be used to extract the persistence length of the

microtubule from a thermal noise image. Inserting the probability distribution

of the particle with a microtubule, equation 6.10, into the expression for the

LRO, equation 6.11, we see that the probability distribution of the particle

in the absence of the microtubule can be eliminated. Using the relation of

bending stiffness to persistence length, lpkBT = κ, we are left with a theoretical

123



expression for a one-dimensional LRO:

LRO(xp; s, lp, rp, d, C) =C − ln(1− 0.5(Erf [

√
3lp
2s3

(xp + rp + d/2)]

− Erf [

√
3lp
2s3

(xp − rp − d/2)])) (6.15)

where lp is the persistence length, s is the point on the microtubule, d is the

diameter of the microtubule, C is an arbitrary offset and rp is the probe radius.

LRO decay curves can be fit using this equation. Knowing the values of the

other parameters, lp can be used as a fit parameter and extracted.

Figure 6.9(a) shows fits to the LRO decay curves measured from simu-

lated microtubules shown in 6.8(a). Figure 6.8(b) shows the extracted persis-

tence lengths from the fits. The average of the extracted persistence lengths

is 2mm with a standard deviation 0.4mm. The results in figure 6.8(b) show

a slight downward trend in the persistence lengths with respect to position

along the contour. This trend is a result of a limitation of the simulations.

The simulations are performed so that the microtubule can move and the par-

ticle must explore a space such that the particle will not occupy any space the

microtubule occupies. The average distance that a particle steps in the sim-

ulations is ∼ 9nm. When the transverse fluctuations of the microtubule are

small, there is a very high probability that the microtubule will be occupying

the energy minimum defined by the harmonic potential of the optical trap. As

a result, the particle will try to step into the microtubule very often. If the

particle occupies space that is also occupied by the microtubule, the position

of the particle is resimulated to look for another position at which there is
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no volume overlap. Due to this condition, the particle will step away from

the microtubule more than it will step very close to the microtubule, result-

ing in an artificially larger excluded volume. This larger excluded volume can

be interpreted as the probe having a larger radius at points along the contour

where the microtubule has small transverse fluctuations. Since the theory with

which persistence length is extracted does not take this effect into account, a

downward trend is seen in 6.8(b).
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Figure 6.9: Persistence length measurements of simulated data: (a) Theoreti-
cal fits to LRO decay curves generated from simulations. (b) Extracted persis-
tence length as a function of distance along microtubule. The microtubule was
simulated with a persistence length of 2mm. The average extracted persistence
length is 2.0mm± 0.4mm.
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6.1.5 Error considerations

Determination of effective particle radius

The probe that was used for thermal noise imaging was a 190nm di-

ameter, unfunctionalized, fluorescent polystyrene particle which was coated

with BSA to shield interaction with the microtubule. The manufacturer of

the particles gives a standard deviation for the particle size of ±15%. How-

ever, the specification of polystyrene particle size is not always straightforward.

Polystyrene is a polymer, and particles made from polystyrene are known to

be “hairy”, meaning that there might not be a well defined surface. Extensions

of polymers from the surface have been measured in some cases. These protru-

sions from the surface of the particle have been measured as long as 7nm[96].

Moreover, even though the particles were unfunctionalized and coated in BSA,

the possibility of an interaction potential remains. Research in the Florin lab

has indicated that the interaction potential of such beads is not a hard sphere

interaction, but indeed there is an increase in effective radius of the particle

by as much as 30nm when interacting with a glass surface under 1xPBS buffer

conditions. These factors, combined with other electrostatic interactions, are

expected to yield an effective probe radius that is larger than the specified

95nm. Moreover, the measurements were taken at a rate of 100kHz. While it

eliminated high-frequency noise, the low-pass filter used will cause an increase

in particle radius as well. However, the precision of the position measurement

of the probe was less than 10nm even with the filter.

To quantify the interaction of the probe with the microtubule, the LRO
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decay curves from the scans of doubly confined microtubules near the point

of confinement were examined. This situation is ideal for determining the

interaction of the probe with the microtubule because the transverse fluctu-

ations of the microtubule at this point should be small. The microtubule is

effectively not moving and can be treated as a hard cylinder. Thus, a reason-

able measure of the effective radius of a particle is to look at what distance

from the center of the microtubule the LRO shows an infinite value. Figure

6.10 shows a data set of ten LRO decay curves taken at the same spot on

a doubly confined microtubule. The average of the distance from the center

of the microtubule is 110nm. For a probe with a diameter of 190nm, this

should have been (190/2)nm+ 12.5nm = 107nm if there were no other inter-

action and the probe was a well-defined hard sphere. The 12.5nm accounts

for the radius of the microtubule. Since the particle radius has a fluctuation

in diameter of ±15%, and a small, but nonzero, interaction of the probe and

microtubule is expected, as well as an increase in radius due to the effects of

low-pass filtering of these measurements, the range of effective particle radii is

estimated to be from 110nm to 140nm. Indeed, inspection of every data set

taken of a doubly confined microtubule revealed an effective particle radius in

this range. For analysis, including error analysis, the particle radius was taken

as 125nm± 15nm.
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Figure 6.10: Determination of effective probe radius: Ten LRO decay curves
for thermal noise images taken at the same position near the point of immobi-
lization of a doubly confined microtubule. The measurement parameters were
the same for standard microtubule scans, 4s of data at 100kHz sampling. The
average distance from center to the infinity values is 110nm. This is at the
lower limit of estimated effective particle radius.
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Determination of position along a microtubule

The determination of the microtubule length and start position of the

probe were done using a combination fluorescence and brightfield image taken

prior to scanning. Figure 6.11 shows an example of such an image. Typically,

several images were taken during a scan of a microtubule: one without the

probe on the microtubule, one at the beginning of the scan and one at the

end of the scan. The images were calibrated using the 9µm spacing of the

carbon grid. The fluorescence intensity of labeled microtubules is weak. Due

to the weak fluorescence contrast in our images, the error on the position

measurement of the probe and the length of the microtubule is estimated at

±100nm, and is a significant source of error.

l
s

l
c

Figure 6.11: Microtubule length determination: The length of a microtubule
was determined by direct measurement of a brightfield/fluorescent image com-
bination. The grid, probe and microtubule can clearly be seen. The image
was calibrated using the carbon grid spacing of 9µm.
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6.2 Quantitative thermal noise imaging - evidence for a
length dependent persistence length

It has thus far been demonstrated that the transverse fluctuations of

grafted microtubules can be detected by thermal noise imaging. The next

step is to apply the analytical tools outlined at the beginning of this chapter

to extract quantitative information out of thermal noise images. A grafted

microtubule of length lc = 7.6µm was imaged beginning at 1.7µm from the

point of grafting. Figure 6.12 and figure 6.13 show the two-dimensional LRO

and SO graphs for twelve thermal noise images taken in 100nm increments.

The LRO and SO graphs both show that the influence of the microtubule

on the particle position distribution decreases as the transverse fluctuations

increase.

Equation 6.15 was shown to extract the persistence length from sim-

ulated thermal noise images. The same procedure that was followed for the

simulated data is followed for the experimental data. The parameters rp =

125nm, s = 1.7µm and d = 25nm were entered with the values determined

in the manner described above. Figure 6.14(a) shows the experimental data

in 200nm increments along with the resulting fits. Figure 6.14(b) shows the

extracted persistence length at each point on the scan. The extracted persis-

tence length resulting from the average of all persistence lengths measured is

2.45mm± .08mm where the error is given as the standard error. However, the

±0.08mm does not take into account the error in the particle radius, rp, or

the error in the measurement of the start position, s.
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Figure 6.12: Two-dimensional LROs of a grafted microtubule: Twelve two-
dimensional LRO plots of a scan along a grafted microtubule. The scan starts
1.7µm from the point of grafting and scans for 1.6µm in 100nm steps. Every
other data set is shown. The microtubule was 7.6µm long. As the probe
scans along the microtubule, lateral fluctuations of the filament become larger,
influencing the particle less. This is seen in the decrease of the LRO value
farther along the microtubule. The pixels in the images have a sidelength
10nm.
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Figure 6.13: Two-dimensional SOs of a grafted microtubule: These twelve
two-dimensional SO graphs correspond to the two-dimensional LRO graphs in
the preceding figure.
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Figure 6.14: Persistence length extraction: (a) Fits of equation 6.15 to the
LRO decay curves of thermal noise images of a grafted microtubule. The
persistence length was left as a fit parameter and extracted. (b) Resulting
persistence length measurements for each LRO decay curve. The measured
persistence length is 2.5µm.
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Persistence length measurements of microtubules have been reported

in the literature[97–101], however recent measurements indicate that the per-

sistence length depends on the length of the microtubule[81, 102]. This depen-

dence on length is thought to dramatically increase as the microtubule contour

length becomes small. Results from the Florin lab show that there is a length

dependent persistence length in taxol microtubules that begins near 6µm[103].

However, measurements on very short microtubules, less than 5µm, are diffi-

cult with current techniques. Thermal noise imaging and the single filament

assay developed here give access to microtubules in this length regime. Fig-

ure 6.15 shows measured persistence lengths with error bars for thermal noise

images of taxol stabilized microtubules. The final error of the measurement

was determined by extracting the persistence length for the extreme values of

particle radius and initial position of the scan. The variances of these errors

were added and the resulting standard deviation is given as the error on the

persistence length. A trend towards lower persistence lengths for lower con-

tour length microtubules is clearly seen. This trend matches similar trends

measured for the length dependence for taxol stabilized microtubules[103].

Sources of error and other considerations

There are two main sources of error in the determination of the per-

sistence length: the radius of the particle and the start position of the scan

on the microtubule. The error in the particle radius can be mitigated by

fluorescently labeling standardized, monodisperse particles that are available
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Figure 6.15: Length dependent persistence length: An upward trend is in-
dicated in the data for persistence length vs. microtubule contour length.
The data presented here agrees with other data on the length dependence of
persistence length[103].

through providers of microspheres. The higher accuracy in the determination

of the start position of the scan can be achieved by further optimization of the

fluorescence as well as the use of a more sensitive camera, such as the Andor

iXon DU-897.

The spread in the extracted persistence length comes from several

sources. The stiffness of a microtubule will be very dependent on the number

of protofilaments in the microtubule. Protofilament number in vivo is known

to be tightly controlled, with the most common number being 13[104, 105].

Reconstituted microtubules are known to have a higher variation in protofil-

136



ament number, ranging between 9 and 19[106]. Taxol stabilized microtubules

used in this experiment are thought to have between 13 and 17 protofilaments.

This distribution of protofilament number will result in a distribution of micro-

tubule stiffness. Another source of spread in the extracted persistence length

comes from microtubule defects. It is possible that a microtubule can have

a change in the number of protofilaments at some point along the contour of

the filament. It is also possible for a microtubule lattice to be locally irregu-

lar[107]. These defects could cause a change in the mechanical properties of

the microtubule.

6.3 Molecular change in microtubules detected by ther-
mal noise imaging

Microtubules polymerized in the presence of the GTP analogue GM-

PCPP are thought to be stiffer than taxol stabilized microtubules[97, 103].

To test this, we performed thermal noise imaging on GMPCPP microtubules.

The microtubules were prepared as described in Chapter 4. Figure 6.16 shows

the measured persistence lengths as black circles. The colored data which

indicate a higher persistence length is data taken by Katja Taute during the

course of her doctoral work[103]. There is almost an order of magnitude in the

difference of the measurements for persistence length. There are two expla-

nations for this observation. Thermal noise imaging is able to access shorter

microtubules, which is indicated in the plot. A length dependence in GM-

PCPP microtubules would explain the lower persistence length measurements
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for the shorter GMPCPP microtubules. There is an overlap in the different

data sets, which might indicate this region is one of sharp transition. Another

explanation for such a low persistence length is a difference in microtubule

preparation. The GMPCPP microtubules used in this study were polymer-

ized for 4 hours at a temperature of 37◦C, while other protocols polymerize

GMPCPP microtubules at 30◦C. A higher polymerization temperature could

result in defects to the lattice structure, causing differences in the mechanical

properties of the resulting microtubules. Differences in GMPCPP microtubule

polymerization details are already indicated in Katja Taute’s data. The dif-

ferent colors represent different batches of GMPCPP microtubules, and shifts

in the average persistence length are already visible. This discovery requires

further investigation.

6.4 Towards a direct force measurement - transverse
fluctuations of a doubly confined microtubule

Visual inspection of the thermal noise image of the doubly confined mi-

crotubule in figure 5.9 does not immediately reveal that transverse fluctuations

are detectable, as is the case for the image of the microtubule grafted on one

end. Indeed, a doubly confined microtubule is expected to have very small

transverse fluctuations. However, applying the analytical procedures to the

data reveals thermal fluctuations of a doubly confined microtubule are indeed

detectable by thermal noise imaging. Figure 6.17 shows LRO decay curves

(a) and SO decay curves (b). The microtubule scan was done in 28, 100nm

138



 

 

 

 

C PP L otA
C PP L ot B
C PP L ot C
C PP L ot E
taxol

Microtubule length [µm]

10 20

1

10

P
e

rs
is

te
n

c
e

 l
e

n
g

th
 [
m

m
]

TNI Data

2 4 6 8

Figure 6.16: Persistence length of GMPCPP microtubules: The data repre-
sented as black circles are persistence lengths measured using thermal noise
imaging. The remaining data is from the doctoral work of Katja Taute[103].
The difference in mechanical properties is very likely due to mechanical de-
fects due to differences in microtubule preparation protocols. Such an effect
indicates a sensitivity to polymerization parameters and warrants further in-
vestigation. Figure reprinted with permission.

steps. The microtubule was 10.6µm long and the scan began at 4.5µm from a

point of confinement. The microtubule was then scanned 2.7µm towards the

longer end. This means that the scan went over the midpoint with respect

to the confined ends of the microtubule. It is expected that the transverse

fluctuations at the midpoint would be the largest. This is seen in the decay

curves. As the scan crosses over the midpoint the transverse fluctuations are
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seen to be larger as indicated by the shift in the infinity point in the LRO and

the change in slope of the SO decay curves.

When a microtubule binds to the carbon grid and becomes confined on

both ends, there will be a force on the microtubule exerted by the end points.

This is due to the microtubule having some specific conformation at the event

of binding. The current assay preparation procedure does not independently

control for this force, and thus it is unknown. It is expected that the tan-

gents at the points of confinement will play a large role in how the transverse

fluctuations behave. These tangents are also unknown. A separate assay that

allows for the control of the force on a filament is under development. How-

ever, detection of the transverse fluctuations of a doubly confined microtubule

shows that it is possible to detect even very small transverse fluctuations with

thermal noise imaging.
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Figure 6.17: Transverse fluctuations along a doubly confined microtubule: The
LRO decay curves (a) and the SO decay curves (b) of the thermal noise image
of a doubly confined microtubule in figure 5.9. The scan started 4.5µm from
a point of confinement and scanned in 100nm steps. The transition of the
point of excluded volume in the LRO and the slope in the SO shows that the
magnitude of the transverse fluctuations of the microtubule increase as the
midpoint is scanned over, and then start to decrease as the scan approaches
the other point of grafting.
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Chapter 7

Towards a network scan

The experiments presented so far have shown how the transverse fluc-

tuations of a single biopolymer can be used to extract its persistence length.

Moreover, it has been shown that the magnitude of transverse fluctuations

of a doubly confined filament can be seen to change along the filament. The

ultimate goal of measuring forces inside a biopolymer network requires the

modification of the analytical techniques presented here, as well as an assay

that allows for thermal noise imaging inside a biopolymer network. Presented

here are preliminary results of thermal noise imaging in a collagen network.

7.1 Thermal noise imaging in a biopolymer network

Collagen networks were chosen to study with thermal noise imaging due

to their biological relevance and the open questions regarding their structure

when they form a three-dimensional network. The collagen α protein forms as

a triple stranded helix that is only several nanometers in diameter. Collagen

α forms into larger structures called collagen fibrils which can have a diameter

between 10nm and 300nm. Collagen fibrils can form even larger structures

called collagen fibers, which can be seen by light scattering. Depending on
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the type of collagen and the conditions for network formation, networks of

collagen can have a wide distribution of filament diameters. Additionally,

collagen fibers are known have a diameter that changes with filament length

[108]. The fibers thicken, starting with a diameter as small as 10nm and

increasing to up to 300nm in the middle of the fiber. Such shape changes are

not detectable with light microscopy.

Reported here are preliminary results of thermal noise imaging inside

a collagen network. Collagen networks were formed using protocols by guest

researcher Janina Lange[109] from the lab of Ben Fabry at the University of

Erlangen. Networks of collagen IV were made with various pore sizes and

stained with rhodamine fluorescent dye. The same fluorescent probes used in

earlier experiments were again used as probes. To shield adhesion of the probes

and the collagen, casein was added to the network solution and the probe

solution. The particles were either added to the collagen before polymerization

or added after polymerization and allowed to diffuse into the network.

Figure 7.1 shows single thermal noise images of filaments inside a col-

lagen network. While the quantitative analysis of such images is not fully

developed, it is clear that different filament sizes are indeed detected. The

estimated size of the filament in figure 7.1(a) is between 25nm to 50nm. This

is due to the 200nm probe being able to roll around the filament. Figure

7.1(b) shows a much larger filament, possibly even a collagen fiber. The probe

was not able to access more than one quarter of the volume around the fil-

ament. There are complications in interpretation of thermal noise images of
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such a large filament, such as the scattering of the laser off of the material

being imaged affecting the position signal. A more detailed analysis is under

development.
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(a) (b)

Figure 7.1: Thermal noise imaging in a collagen network: Thermal noise im-
ages of collagen fibers inside a collagen network were recorded. Shown here are
two such images. The blue filaments are shown as visual aids only. Data was
taken for 4s at a rate of 100kHz. The probe in (a) could almost roll around the
filament, indicating that the filament was of a similar size to a microtubule.
In (b), the probe could explore only a small section of the filament due to the
large size of the filament. Here the filament orientation is out of the page.
These two thermal noise images of collagen fibers in a collagen network show
that the filament diameter varies greatly, and that filaments might not always
be round. This is expected as collagen networks are composed of different
collagen structures ranging from collagen α filaments, fibrils and fibers.
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7.2 Future work

Microtubule persistence length shows a length dependence for short

filaments however, very short microtubules in an aqueous environment have

not been accessible by other techniques. The single filament assay developed

in this research gives thermal noise imaging access to very short microtubules,

< 2µm in length. A transition of the persistence length is expected at this

length scale. The quantitative techniques developed here should be applied to

measuring this transition.

The long-term goal of measuring force distributions in networks via the

magnitude of the transverse fluctuations of individual filaments requires knowl-

edge of how transverse fluctuations change with axial force on the filament.

The detection of lateral fluctuations of a doubly confined microtubule show

that the transverse fluctuations of a biopolymer with an axial force can be suc-

cessfully imaged. A single filament, variable force assay needs to be developed

to control the force on a biopolymer and image the transverse fluctuations.

This can be done by attachment of magnetic particles to actin filaments in the

presence of an external magnetic field. Such an assay is under development.

In this work the persistence length of GMPCPP microtubules was mea-

sured to be much smaller than expected. This is very likely due to the high

temperature at which the microtubules were polymerized introducing defects

into the microtubule lattice structure. This suggests that there are interesting

and quantifiable changes to microtubule structure due to polymerization pa-

rameters that are not understood and that thermal noise imaging can detect
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these changes.

Finally, thermal noise imaging inside biopolymer networks was shown

to be possible, with architectural details already detectable. The technique,

however, is in its infancy. Large-scale scanning presents some technical prob-

lems that must be overcome. Once addressed, scanning in networks will reveal

local network architecture and, ultimately, the force distribution of biopoly-

mers inside the network.
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Appendix A

A.1 Measuring the average and standard deviation of a
harmonically confined particle

Reporting measurements of confined brownian motion requires an un-

derstanding of how correlations, sampling rate and measurement time play

a role in the resulting statement regarding the quantity of interest, such as

average position or position standard deviation. For example, though it was

shown above that the probability density function of the position of a har-

monically confined particle follows a Boltzmann distribution after 2τ , where τ

is the autocorrelation time, such a distribution is not necessarily measurable

within that same time. Indeed, there are significant errors when measuring

the position distribution from only 2τ of data. It is also unclear how sampling

rates will affect the measurement.

To understand how measurement parameters affect the statements made

about the average and standard deviation of the position of a harmonically

confined particle, simulations of one-dimensional Brownian motion were per-

formed and then sampled at various rates and for various times. The time step

used to generate the simulated trace was τ/500. The harmonic potential was

centered at x = 0 and a spring constant of 1 · 10−6N/m was used, resulting

in a theoretical standard deviation of 64nm. The simulated trace was sam-
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pled at various rates (1/τ, 5/τ, 10/τ, 50/τ, 100/τ, 500/τ) and for various times

(1τ, 5τ, 10τ, 50τ, 100τ, 500τ). Two measurements that are 1τ apart in time are

considered to be uncorrelated and thus independent measurements of the par-

ticle position. Two-thousand iterations were performed for every combination

of rate and time and the average and standard deviation were calculated for

each trace. Figure A.1 shows distributions of the average and of the standard

deviation for each combination. Every color group represents a length of data

acquisition, but with varying sampling rate. It can be seen that what matters

regarding the precision of measuring an average as well as the precision and

accuracy of measuring the standard deviation is the number of independent

data points that the measurement spanned. The sampling rate can be seen to

have little effect on the precision of the measurement.
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Figure A.1: Effect of measurement parameters on the average and standard
deviation of confined brownian motion: One-dimensional Brownian motion
with an average of 0 and a standard deviation of 64nm was simulated at a
time step of τ/500 and sampled at varying frequencies and times, as indicated
in the legend. Two-thousand iterations of simulation and sampling were done
for each combination of rate and time. The average and standard deviation
for each trace was measured and their distributions are plotted. It can be seen
that the accuracy and precision of the average and the standard deviation are
dependent on the number of independent data points, Nτ , that were included
in the measurement.
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For a normally distributed random variable, the distribution of the

standard deviation can be described analytically by a Pearson Type III distri-

bution[110]. If σ2 is the variance of the random variable, then

f(ξ2, N) =
( N
2σ2 )

(N−1)/2

Γ(N−1
2

)
ξ2(N−3)/2exp(−Nξ2

2σ2
) (A.1)

whereN is the number of independent data points, ξ2 is the measured variance,

and the gamma function is of the form Γ(a) = (a− 1)! for positive integers a.

Figure A.2 shows this function plotted for N = 5, 10, 50 and 100. The results

of the sampling simulations and the theory for the distribution of the variance

give a measure of for how long the measurement of a random variable must be

in order to have a high precision and accuracy.

The longest autocorrelation time for probes used in this study are ∼

1ms for the axial motion. The axial autocorrelation time is larger due to the

smaller axial spring constant. Data acquisition times for thermal noise imaging

was 4s. This measurement spans 4000 autocorrelation times of the probe. The

autocorrelation times for the bending modes of microtubules are proportional

to the microtubule length to the 4th power. For a 7µm long microtubule, this

results in an autocorrelation time of ∼ 40ms. Thus, the longest microtubules

scanned in this study fluctuated for 100 autocorrelation times.
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Figure A.2: Variance distribution: The distribution of the variance of a N
measured points from a random, Gaussian distributed set is described by a
Pearson Type III distribution. The plots in this figure match with the plots
of the measured distributions.
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A.2 Simulating confined brownian motion

When simulating confined brownian motion it must be considered whether

a given quantity, such as the average or the standard deviation, can actually

be recovered from the simulation of the process. For example, the diffusive

motion of a particle confined in a harmonic potential has an inherent timescale,

τ = γ/ks, which is the autocorrelation time of the particle. This timescale gives

a measure of statistical independence of simulated data points. If 1000 time-

steps were simulated within one autocorrelation time, how faithfully could the

average position be recovered from such a simulation? On the other hand,

if the position were simulated at time steps equal to one sample every 100τ ,

how would the measurement of the average differ from the previous case?

This question is very similar to the question of sampling statistics discussed

in Appendix A.1.

Figure A.3 shows the distribution of the average and standard deviation

of simulated motion of a harmonically trapped particle. Each trace contains

2000 data points from 2000 simulated trace of particle motion. The particle

has a theoretical average position of 0 and a theoretical standard deviation

of 64nm. It can be seen there is a strong dependence on the number of

independent data points, τ , and the simulation time step has little to do

with the fidelity of the simulation. The results for the average show that the

standard deviation of the simulated average drops below 9nm for a simulation

time of 100τ . The standard deviation of simulated traces is also dependent

on the number of independent data points. The short simulation time step
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does not increase the accuracy of precision of the simulation. The simulations

described in this research span 4000 autocorrelation times of the probe and

over 100 autocorrelation times of the first bending mode of the microtubule.
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Figure A.3: Effect of simulation parameters on the measured average and
standard deviation of confined brownian motion: Simulated brownian motion
of a harmonically confined particle was done 2000 times for each combination
of simulation length and simulation time step indicated in the legend. The
distributions of the average and standard deviation of the resulting simulated
traces are shown for each combination.
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