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Symbols and abbreviations

List of essential symbols

and abbreviations

N = = 3

initial amplitude of oscillations of the quartz tuning fork (QTF)
scaling parameter of the order of unity

scaling parameter of the order of unity

concentration

root mean square displacement of polymer mesh during a single QTF
oscillation period

diffusion coefficient

diffusion coefficient in pure solvent

dispersity, traditionally known as polydispersity index (PDI)
activation energy

difference in activation energy for mobility between solution and pure
solvent

autocorrelation function (ACF)

Planck constant

signal intensity

diffusion flux vector

spring constant

reaction rate

number-average molecular weight

weight-average molecular weight

Z-average molecular weight
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Umol
Wo

20

Mo
Neft

> X

= /M R

Avogadro constant

index of refraction

fraction of molecules in the triplet state (in FCS)
wave vector

gas constant

mean end-to-end vector (polymer chain size measure)
effective probe radius (see Equation 1.27)

radius of gyration

hydrodynamic radius of crowders

hydrodynamic radius of a probe

absolute temperature

time

decay time of QTF oscillations

volume of Gaussian detection spheroid (in FCS)
kinesin stepping velocity

molar volume

beam waist (in FCS)

size of the detection volume along the beam direction (in FCS)

electromechanical coupling coefficient
system-dependent energy scaling coefficient (see page 69)
dynamic viscosity

solvent viscosity

effective, size-dependent viscosity

scattering angle

detection volume structure parameter (in FCS)
laser wavelength

Flory scaling exponent

correlation length

osmotic pressure

lag time
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™ characteristic diffusion time (in FCS or DLS)
Tt triplet state lifetime

Tosc oscillation period of the QTF

Tehear shear stress

X Flory interaction parameter

w radial frequency

ACF autocorrelation function

ATP adenosine triphosphate

DL depletion layer

DLS dynamic light scattering

DNA deoxyribonucleic acid

FCS fluorescence correlation spectroscopy
GFP green fluorescent protein

GPC gel permeation chromatography
MSD mean square displacement

MT microtubule

NA numerical aperture

PEG polyethylene glycol

QCM quartz crystal microbalance

QTF quartz tuning fork

SPAD single photon avalanche photodiode
SSE Stokes-Sutherland-Einstein (equation)

TCSPC time-correlated single photon counting
TetraEG  tetraethylene glycol

TIRF total internal reflection fluorescence
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Abstract

All living organisms, irrespective of the level of biological complexity, are from
the point of view of physical chemistry dynamic, far-from-equilibrium systems.
The recent rapid development of biochemistry and molecular biology revealed in
detail the chemical structure of these systems — both in terms of constitution and
function of different molecular species, as well as biochemical pathways connecting
them into functional items. A new arising challenge is to capture the dynamics,
grounding the intricate regulation and synchronization mechanisms in the basis of
thermodynamics. This, however, cannot be achieved without an accurate descrip-
tion of passive and active matter transport at molecular and mesoscopic level.
In case of complex systems, whose transport properties are strongly length-scale-
dependent, it is not trivial. The hereby presented Thesis is an experiment-based

contribution to elucidation of this issue.

Convenient model complex systems used throughout the Thesis are aqueous
polymer solutions, where the crucial length scales are clearly defined. Moreover,
such solutions are of high interest per se due to broad industrial applications
and recent dynamic development of polymer sciences. Within this experimental
framework, a few related problems are investigated and discussed. The main

theses are as follows:

1. Diffusion is an activated process. In case of complex liquids, activation
energy for diffusion depends on the probe size and structure of the liquid;

this relationship is equivalent to the viscosity scaling and can be utilized to
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assess interactions in complex systems;

2. At short time scales, the rate of response of the polymer mesh to mechan-
ical disturbances determines the effective viscosity of the solution. Due to
a depletion-layer-like effect, oscillators overrunning the polymer relaxation
experience viscosity reduced by orders of magnitude compared to the steady

state value;

3. Viscosity scaling is crucial for active transport. Model motor protein, ki-
nesin, comes to a stall upon a moderate increase of activation energy for
diffusion of its domains. Such behaviour confirms a mechanism of the pro-
tein’s processive motion which implies ubiquitous exploitation of Brownian

diffusion in natural molecular machines.

The text is divided into five chapters. Chapter 1 gives a comprehensive in-
troduction to the topic and presents the current state of knowledge on transport
properties of complex liquids. Chapter 2 provides background on the experimental
techniques utilized in the presented studies: fluorescence correlation spectroscopy
(FCS), rheometry, dynamic light scattering (DLS), quartz tuning fork oscillation
decay and total internal reflection fluorescence (TIRF) microscopy. In Chapter 3,
technical details on all the performed experiments are given. Chapter 4 contains
experimental results along with their discussion, grouped according to the three
main theses listed above. Finally, Chapter 5 gives a brief overview of the obtained

results and final conclusions.
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Streszczenie

Organizmy zywe, niezaleznie od stopnia biologicznej ztozonosci, sa z fizykoche-
micznego punktu widzenia dynamicznymi uktadami dalekimi od stanu réwnowagi.
Rozwdj biochemii i biologii molekularnej przyniost w ostatnich dekadach odpowie-
dzi na wiele pytan dotyczacych struktury i funkeji biologicznie istotnych czastek
oraz szlakéw przemian chemicznych taczacych je w funkcjonalng catosé. Nowym
wyzwaniem staje sie zbadanie dynamiki zywych uktadéw: zrozumienie, jak z pod-
stawowych praw termodynamiki wynikaja ztozone mechanizmy regulacji i syn-
chronizacji proceséw metabolicznych. Krokiem w tym kierunku jest stworzenie
uniwersalnego, ilosciowego opisu transportu materii na poziomie molekularnym
i mezoskopowym. W wypadku ztozonych uktadéw, ktorych wlasciwosci silnie za-
leza od skali dtugo$ci, problem ten jest nietrywialny. Niniejsza praca ma na celu

do$wiadczalne zbadanie jego wybranych aspektow.

W rozprawie opisywane sa gléwnie eksperymenty na ukltadach modelowych —
wodnych roztworach polimeréw. Charakteryzuja sie one precyzyjnie okreslonymi
wewnetrznymi skalami dtugosci, co utatwia poszukiwanie fizycznych zaleznosci
iloSciowych. Ponadto, roztwory tego typu stanowia przedmiot zainteresowania
dynamicznie rozwijajacej sie gatezi fizykochemii polimeréw. Modele ekspery-
mentalne wykorzystane sa tutaj w celu zbadania kilku powiazanych zagadnien.

Glowne tezy stawiane w rozprawie brzmia nastepujaco:

1. Dyfuzja jest procesem aktywowanym. W wypadku ptynéw zlozonych, ener-

gia aktywacji dyfuzji jest funkcja rozmiaru probnika (dyfundujacej czastki)
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oraz struktury pltynu zlozonego (charakterystycznych skal dlugosci). Za-
leznosé ta jest powiazana ze skalowaniem lepkosci i moze by¢ wykorzysty-

wana do oceny oddzialywan miedzyczasteczkowych.

2. W odpowiednio krotkiej skali czasu, efektywna lepkos¢é odczuwana przez
obiekt poruszajacy sie w roztworze polimeru zalezy od szybkosci relaksacji
sieci polimerowej. W roztworze polimeru w poblizu granicy faz wystepuje
efekt tzw. warstwy zubozonej (depletion layer), a szybkosé odbudowy tej
warstwy w odpowiedzi na bodZce mechaniczne determinuje efektywnag lep-
kos¢ roztworu. Mikrooscylator ,przescigajacy” relaksacje otoczenia moze
wiec pracowaé przy oporze hydrodynamicznym mniejszym o rzedy wielkosci
od oczekiwanego na podstawie makroskopowej lepkosci ptynu, co moze mieé

znaczenie m. in. dla mechanoenzymow.

3. Lokalna lepko$é¢ jest kluczowym parametrem dla transportu aktywnego.
Kinezyna, bedaca modelowym silnikiem molekularnym, przestaje dziataé¢ juz
przy niewielkim podniesieniu bariery energetycznej dla dyfuzji jej domeny
funkcyjnej. Jest to potwierdzeniem postulowanego mechanizmu ruchu kine-

zyny, ktory wykorzystuje ruchy Browna.

Tekst podzielony jest na pieé¢ rozdzialéw. Rozdziat 1 to zwarte wprowadzenie
do tematyki badan i oparta o dostepna literature prezentacja aktualnego stanu
wiedzy na temat wlasciwosci transportowych ptynéw ztozonych. W Rozdziale 2
opisane sa podstawy teoretyczne i zasady dziatania technik eksperymentalnych
wykorzystywanych w ramach niniejszej pracy: spektroskopii korelacji fluores-
cencji, reometrii rotacyjnej, dynamicznego rozpraszania $wiatta, elektromecha-
nicznych pomiaréow lepkosci oraz mikroskopii fluorescencyjnej catkowitego wewne-
trznego odbicia. W Rozdziale 3 zebrane sa detale techniczne dotyczace aparatury,
odczynnikéw i procedur eksperymentalnych. Rozdzial 4 zawiera wyniki pomiarow
wraz z ich szczegotowa dyskusja, przedstawione zgodnie z trzema gléwnymi tezami
pracy. Rozdziat 5 stanowi natomiast krotkie podsumowanie wynikow, podkresla-

jac kluczowe wnioski i rysujac perspektywe ich dalszego wykorzystania.



Chapter 1

Introduction

In this chapter, the essential notions of diffusion (Section 1.1) and vis-
cosity (Section 1.2) are introduced. The fundamental Stokes-Suther-
land-Einstein equation, connecting these two notions, 1s presented —
along with the issues concerning its application to complex liquids. In
Section 1.4, a brief overview of the physical description of polymer so-
lutions — which are used as model complex liquids — is given. On this
basis, the empirical viscosity scaling paradigm (Section 1.5) is pre-
sented. Next, Eyring’s approach placing molecular motion within the
framework of activated processes is discussed (Section 1.3). Finally,

a model system of active cellular transport is introduced (Section 1.7).



2 Chapter 1: Introduction

1.1 Diffusion

Scientific investigations of diffusion date back to the experiments of Thomas Gra-
ham from the 1820s [1,2]. He observed that chemically different gases tend to
diffuse through each other when brought into contact. Although the notion of
diffusion coefficient had not been introduced yet, Graham’s experiments provided
quantitative data on mobility of different gases, which later on proved to be sur-
prisingly accurate [3]. It was also Graham who first systematically investigated
diffusion in liquids, showing that it was slower than is gases by orders of magni-

tude.

Fick’s Laws

The foundation of physical description of molecular diffusion was laid by Adolf
Fick in the 1850s [4]. He treated diffusion as a simple process of transfer of mass,
analogous to flow of heat and electric current — which in fact come down to transfer
of thermal energy and charge, respectively. The process is caused by a gradient of
concentration present in a system. Diffusion occurring against the concentration
gradient is a manifestation of the system’s tendency to maximization of entropy
(which is realized by even distribution of particles across the whole system). Spon-
taneous diffusive flux is described by two differential equations, known as Fick’s
laws.

Fick’s first law concerns a steady state, where the concentration gradient is

constant in time. It is written as
J=-DVec (1.1)

J is here the diffusion flux vector, whose value is interpreted as the amount of sub-
stance crossing a unit area in a unit time. c is the concentration, given as amount
of substance per volume unit (in case of nonideal solutions, activity should be

used instead of concentration). D is a proportionality factor, originally described
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by Fick as a constant dependent upon the nature of the substances |4] — currently

1 it is a basic measure of

known as the diffusion coefficient. Expressed in m?-s~
mobility of molecular species.
Fick’s second law was derived following Fourier’s approach to heat transfer

and the matter conservation principle [3]. It is a second degree partial derivative

equation, which in a concise form can be written as

oo
55 = DV?¢ . (1.2)

The equation refers to the situation when concentration gradient is not constant.
It is therefore useful for description of changes of concentration with time, t,
caused by diffusion.

Fick also pointed out a dependence between rates of diffusion and temperature,
suggesting however that it was not a simple one. To properly understand the
temperature dependence of diffusion coefficients, it is necessary to look into the

underlying molecular mechanism.

Diffusion and Brownian Motion

Usually, diffusion is interpreted as macroscopic spreading of a substance in a
medium against the concentration gradient, which is described by Fick’s laws.
However, at a molecular level, it is nothing by random Brownian motion of parti-
cles — evening out the concentration across the system is not due to some specific
force pulling the particles towards the lower concentration region, but solely due
to the stochasticity of their movements.

The first observation of random motions of microscopic objects is attributed
to Robert Brown. The simple experiments, meticulously described in Brown’s
1827 paper [5], were originally intended as a study of reproduction mechanisms in
plants. Using a simple microscope, Brown noticed that pollen grains suspended in
water constantly perform random movements. To his surprise, he found that not

only pollen freshly collected from living plants, but also dried or immersed in spirit
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Figure 1.1: 2-dimensional projection of random movements of a grain of mastic
of diameter of 0.53 pm in solution. Points correspond to the particle’s positions
observed at 30 s intervals; mesh size is 3.2 pym. Figure reproduced from a 1913
book by Jean Perrin [12], p. 165.

exhibited such behaviour. Brown extended his experiments to a great variety of
different organic and non-organic substances (including wood, coal, glass, as well
as various minerals and metals), observing constant motion for any powder fine
enough to be suspended in water, irrespective of its chemical nature. The key,
revolutionary conclusion was that the motion was a universal property of dispersed
fine matter rather than a manifestation of some kind of vis vitalis and could not

be interpreted as an evidence of the particles being animated [6].

In his papers, Brown did not attempt to provide a physical explanation for
the observed particle movements. The theory was developed at the beginning of
the XXth century, independently by William Sutherland [7], Albert Einstein [8,9],
and Marian Smoluchowski [10,11]. Interestingly, Einstein learned about Brown’s
experimental results after he derived from the molecular-kinetic theory of heat

the equations that actually describe them.!

!Einstein explicitly made such statement in his letter to Michele Besso from Jan 6th, 1948.
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The trajectories of particles undergoing Brownian motion are random (at suf-
ficiently long time scales), as depicted in Figure 1.1. The momentary velocity and
direction of a particle is determined by a resultant force of impacts of surrounding
particles. However, since the frequency of collisions of a particle diffusing in a
liquid is of the order of 10?! per second [13], it is not convenient to describe this
motion within the framework of classical mechanics. Since Brownian motion is
fractal in nature, the length of actual path travelled by a given particle in a given
period of time is not known [14]. However, it is possible to asses the mobility
of the particle within an approach where the average extent of space probed by
the particle during a given time is measured. It is given by the mean square
displacement (MSD):

MSD = {(r(t) — r(0))?) . (1.3)

r(t) denotes the position of a particle at time ¢. Einstein’s derivation of the

description of Brownian motion from diffusion equations [8] yields
MSD = eDt, (1.4)

where € is a dimensionality parameter equal to 2, 4, or 6 for 1-, 2-, or 3-dimensional
diffusion, respectively. Thus, the diffusion coefficient, originally being a propor-
tionality constant describing miscibility rates of fluids, gains a direct molecular
interpretation.

The basic picture of diffusion as a random walk with sharp changes of direction
(as in Figure 1.1) does not hold at the extremely short time and length scales,
where single collisions between particles are considered: if the speed or direction
of an object was to change discontinuously, it would require an infinite force [15].
It was already suggested by Einstein [9] that in such situation, where the inertia
plays a key role, a model of ballistic motion is more accurate [15] and the particle
actually follows a smooth path. However, to observe such behaviour an extremely
high spatial and temporal resolution is necessary (sub-nm and ns, respectively).

It was not until the 2010s that the hypothesis of ballistic motion was confirmed
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experimentally, first in gasses at low pressure [16], then also in liquids [14]. Such
model of motion at sub-nm length scales is interesting from the physical point of
view and may be relevant to binding in some biological processes [15] and molec-
ular recognition mechanisms. However, at the length and time scales accessible
using the methods applied within this Thesis, only the regime of the diffusive
motion can be discussed.

It should be stressed that Fickian diffusion is a manifestation of stochastic
thermal motion of molecules. Therefore, even at equilibrium conditions diffusion
in liquids still occurs (with concentration gradients locally generated by fluctuating
molecules). In such case, the rate of this process is given by the self-diffusion

coefficient, D* [17]:
_ Olnc
T OmA’

D (1.5)

where ¢ and A denote concentration and activity of a given species, respectively.
Since in the experiments described in this Thesis tracer molecules are mostly used
at low concentrations (of the order of 107 M in case of fluorescence correlation
spectroscopy), an infinite dilution approximation is relevant and D* is treated as

equivalent to D.

1.2 Viscosity

Diffusion coefficient is a notion often used in a context of motion of single parti-
cles. On the other hand, viscosity is usually understood as a macroscopic property
of a fluid, applied under the assumption that the fluid is a uniform, continuous
medium. Later on (in Section 1.5), it will be shown that such division is not oblig-
atory and viscosity-based description can also prove useful at molecular length-
scales. However, a classical definition of fluid viscosity needs to be introduced
first.

Let us take a system where uniform fluid is placed between two flat planes, as

in Figure 1.2. The bottom plane is immobile, while the top one is moved along
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Figure 1.2: Idealized scheme of laminar flow between a mobile and a stationary
plane. Top plane is moved along the x axis at a velocity vg. A gradient of velocity
of motion of the fluid appears along the y direction.

a given direction at a velocity of vy. The flow is laminar and no edge effects are
observed. The fluid can then be considered as an assembly of layers parallel to the
planes of infinitesimal thickness. Momentum is transferred between these layers
due to friction (according to a molecular interpretation, fluid particles randomly
move along the y direction, thus transferring the x component of their momentum

between the layers [18]). In such case, a gradient of velocity along the direction

ov
9 8_3/’

normal to the planes is observed which is defined as shear rate. To maintain
a constant motion of the top plate, a constant force per unit area of the plate
needs to be applied along the x direction to balance the losses of energy due to
friction. This force per unit area is denoted as shear stress, Typear. As was originally
expressed by Isaac Newton, the magnitude of shear stress is proportional to the

VelOCity gradient:
Tshear — 1—- 1.6

The proportionality constant n appearing in the above equation is the dynamic
viscosity of the fluid. In simple terms, 1 can be interpreted as a measure of internal
friction in a fluid, 7.e. its resistance against flow. An analogous concept, frequently

applied while analysing the Reynolds numbers, is the kinematic viscosity, defined

http://rcin.org.pl
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as the ratio of dynamic viscosity to the fluid density [17]. However, to avoid
confusion, it will not be used throughout this thesis — the notion of viscosity should
be understood here as dynamic viscosity, 7, unless specifically stated otherwise.
In most simple fluids, n is independent of the shear stress. These are called
Newtonian fluids, since they obey Newton’s law of viscosity (Equation 1.6) with
n as a simple numeric parameter (at a given temperature). However, there’s a
number of fluids whose behaviour deviates from this law significantly, generally
designated as non-Newtonian. In case of shear thickening liquids, viscosity in-
creases with the shear stress — which is why a ball of Silly Putty can withstand
a hit with a hammer, but is easily modelled by hand when gently touched, or
why one could run across a pool of starch solution, but would sink if tried to
walk slowly. An opposite effect is observed in shear thinning liquids — which is
why modern paints wet the painted surface well (the shear of the brush decreases
their viscosity), but do not drip or flow after application. Generally, such non-
Newtonian effects are often due to interactions on a mesoscopic scale; therefore,

they are frequently observed in complex liquids.

1.3 Activation Energy for Mobility

The key concept underlying the modern understanding of chemical kinetics is that
all reactions are activated processes: irrespective of the total Gibbs free energy of
the reaction, some energy must be first delivered to the system to overcome an
activation barrier [18]. On the free energy landscape, this barrier is a saddle sepa-
rating local minima, corresponding to substrates and products (which is explained
at the molecular level by the transition state theory). The canonic equation con-
necting the magnitude of the barrier — 7.e. the activation energy, F, — with the
reaction rate, k, was coined by Svante Arrhenius in 1889 [19]. In a basic form, it

is expressed as

k= Aexp (;—?) : (1.7)
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Figure 1.3: Reproduction of a figure from a 1940 paper by Kauzmann and
Eyring [23], picturing viscous flow as an activated process. Liquid flow is regarded
as combination of single acts of translation of molecules in a semi-crystalline lat-
tice. The diffusing particle needs empty space to jump to and acquire enough
energy to overcome the energetic barrier.

where A is a numeric pre-exponential factor, R is the gas constant, and 7T is the
absolute temperature. Soon after the publication of Arrhenius’ work it was found
that his formulation is very general and can be applied to processes other than
chemical reactions. In 1922 Dushman and Langmuir proposed an Arrhenius-like

equation for diffusion:

p- o (72) 0

A complete description of diffusion within the absolute reaction rate theory was
given by Henry Eyring [20,21]. In this model molecules are treated as interacting
hard spheres, while the fluid is a pseudo-crystalline assembly of such spheres.
Diffusion is considered as a series of single, discrete acts of translation of a molecule
from one equilibrium state to an adjacent one. For such a movement to occur, a
hole must first be created into which the molecule can move (since two molecules
cannot occupy the same space), which is the slow step of the process. Additional
energy is also required to break the weak bonds between the particle and its
neighbours to allow for the movement (see Figure 1.3). The total probability of
a single movement act is therefore a product of probabilities of acquiring enough

energy by the particle and creation of a hole in its vicinity [22].
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Eyring drew an analogy between molecular diffusion and vaporization, as dur-
ing the flow of molecules same intermolecular bonds are broken as in vaporization.
On the other hand, there is no entropy gain and no pressure-volume work is done.
It was suggested that the energy of activation of diffusion can be estimated as
1/2.45 of the heat of vaporization for simple liquids [21,24].

In macroscopic viscous flow, momentum is transferred between molecular lay-
ers of the liquid due to diffusion of particles in the direction perpendicular to the
flow. Therefore, viscous flow can be described — similarly as diffusion — within
the absolute reaction rate theory, as an activated process. According to Erring,
viscosity of a simple fluid can be expressed as |20, 24|

N,h E,
_ 1.
M= g P <RT) ’ (1.9)

where h — Planck constant, v,,, — molar volume. To avoid using negative values
of E,, the minus sign is removed from the exponent in the above notation (it
should be noted that viscosity is what opposes the activated diffusive motion of a
particle). The E, values calculated using Equation 1.9 proved to be in agreement
with the estimations based on heat of vaporization for some liquids [21,24].

The key point of the single movement act of a particle is creation of a hole
in its vicinity. From the statistical point of view, such holes appear due to local
fluctuations of the fluid density. In 1970, Turnbull and Cohen [25] developed
from this idea the free volume theory. According to this theory, the distribution
of free volume within the liquid is such that the overall entropy of the system
is maximized. Such approach was merged with Eyring’s absolute reaction rate
theory to provide a description of diffusion and viscosity within the paradigm
of statistical thermodynamics [22,26]|. Both theoretical and experimental efforts
were made to develop the model and prove its validity, allowing for accurate
explanation of temperature dependencies of viscosity and diffusion coefficients
(see e.g. references [27-30]). However, no previous literature record of application

of the reaction rate theory to viscosity and diffusion in complex liquids is available.
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1.4 Polymer Chains in Solutions

In case of simple substances, at least two distinct fluid phases can be observed:
gas and liquid. For more complex systems, comprising highly anisotropic particles
or flexible macromolecules, even in the liquid state a wide variety of phases and
structures can be found, which greatly influences their physical properties. Such
systems are referred to as complex fluids [31]. A key role is played therein by
interactions at the mesoscopic scale, i.e. at the nano- or even micrometer range.

Polymer solutions are frequently used as model complex liquids. The spatial
structure of a linear polymer chain can be fairly easily described and therefore the
crucial length-scales of the liquid can be estimated. This facilitates the analysis of
any structure-related phenomena and enables quantitative physical conclusions.
Moreover, properties of polymer melts and solutions are of great general interest
to different branches of industry. Therefore, polymer solutions are also a system
of choice for the investigations described in this thesis.

The main feature distinguishing polymers from other forms of matter is the
extent of the covalent structure of a single polymer particle, many times greater
than in case of particles of simple compounds [32]. The hypothesis of covalent
structure of polymer particles was introduced by Hermann Staudinger in 1920 [33],
opening the field of polymer science — beforehand, substances such as starch or
rubber had been considered as colloids, interconnected by van der Waals forces.
The basic physical theory of long chains was then developed during the 1930s and
1940s, notably by Debye, Kuhn, and Flory. Below, a short summary of the basic

concepts concerning the structure of polymers in solutions is presented.

Polymer Chain Models

Since single polymer chains are composed of a great number of atoms — frequently
exceeding 10% — it is not feasible to explicitly describe or model their structure.

However, chains are composed of small repetitive units, monomers [17], which can
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Figure 1.4: Random walk model of a polymer chain on a 2D square lattice: blue
— ideal random chain; red — real chain, including the excluded volume.

be treated as basic building blocks. In more coarse-grained models, even larger
segments are used, which dramatically simplifies the description of a polymer
chain. For example, if segments of length corresponding to the Kuhn length
are considered, they can be thought of as freely jointed and randomly oriented,
independent of the conformation of other segments. Such treatment removes from
the model the local restrictions imposed on the backbone of the chain by possible
rotational angles of the chemical bonds and steric interactions. Persistence length
— being one half of the Kuhn length — is the length-scale above which the chain can
be considered as a uniform, elastic thread [34]. Such chain assumes in a solution
a structure of a random coil [35].

Random coil can be easily modelled. Chain segments are placed on a discrete
lattice instead of continuous space. Figure 1.4 depicts a simplest case of a 2-
dimensional square lattice. Interconnected segments occupy nodes and are placed
along a random walk path — i.e., subsequent segments of the chain are located at
neighbouring nodes, but the choice on nodes (direction of chain propagation on the
lattice) is random. In this ideal chain case, it is possible for the chain to ,return”
to the same node. However, two physical monomers cannot occupy the same space

— which is why an excluded volume model (Figure 1.4, red chain) is introduced
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to describe real chains. The ideal chain model includes only interactions between
monomers placed at short distances along the polymer backbone (neighbouring
monomers). However, the chain is elastic and may form loop-like structures.
Then, even monomers separated by a long stretch of the chain may happen to
be in a close proximity in a given chain conformation and interact with each
other. Such interactions are included in the real chain model. They have a crucial

influence on the statistical description of the behaviour of the polymer.

Polymer-Solvent Interactions

A quantitative measure of the excluded volume effect is given by the dimensionless
Flory parameter, y. It is a measure of the enthalpy of mixing of pure polymer
and solvent. x multiplied by the kg7 energetic term (Boltzmann constant times
temperature) gives the difference in energy of a solvent molecule in pure sol-
vent and in pure polymer. [36] If the polymer-solvent interactions are favourable,
X < 0.5, the system is in the good solvent regime and coil swelling is observed:
the gyration radius, R, of the polymer coil increases respective to the random
walk model value due to extensive penetration of the coil by solvent molecules. If
x > 0.5, the poor solvent effect is observed: coil becomes compressed, as polymer-
polymer interactions are favoured. y = 0.5 is referred to as 6 conditions (satisfied
for a given polymer-solvent system at a given 6 temperature) [35]. In such case,
the chain behaves ideally and the real R, is equal to the value expected by the
random walk model with zero excluded volume (ideal chain). Solvent quality
(understood in terms of y value) is also related to the solubility of the polymer:
for good solvent conditions, high solubility is expected (up to gelation at high

polymer concentration, or full miscibility for short polymers).
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Concentration Regimes

Even in a relatively simple case of polymer dissolved in a good solvent, a number
of qualitatively different mesoscale structures may be observed, depending on the
chain length and concentration. Polymer solutions are therefore assigned to the so-
called concentration regimes. According to the simplest handbook division, there

are three main concentration regimes: dilute, semi-dilute and concentrated [35,37].

In the dilute regime polymer chains are well separated from each other, form-
ing random coils (Figure 1.5a). The dynamics of the chain is heavily influenced
by hydrodynamic interactions, so that the Zimm model is applicable [38,39]. The
coils can be treated as hard spheres [40| (which can however be penetrated by
the solvent). It has been suggested that the coil size varies slightly with polymer
concentration in this regime due to the shrinking effect [41,42|. It happens so due
to repulsive interactions between monomers belonging to different chains: coils
shrink to minimize the occupied volume fraction and, consequently, repulsion.
Light scattering and viscometric studies [43-45] implied existence of a critical
concentration above which the coil shrinking effect becomes prominent. On this
basis, a subdivision of the dilute regime has been suggested to distinguish the

extremely dilute regime [41-43]. Such solutions approach in fact the infinite di-
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Figure 1.5: 2D cartoon model of flexible polymer solution at different concen-
trations. a) Coils are separated from each other — dilute regime; b) At overlap
concentration, ¢, coils fill all the available space; c¢) In the semi-dilute regime coils
start to overlap and entangle.
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lution model and are potentially interesting from the theoretical point of view.
However, due to low polymer concentration, this regime is hardly accessible for
detailed experimental studies and does not seem to be of significant practical in-
terest. Therefore, the extremely dilute regime will not be further discussed within
this thesis and all solutions where polymer coils are separated from each other
will be simply referred to as dilute.

As the polymer concentration is increased, the system enters the semi-dilute
regime, where coils are no longer separated, forming a uniform mesh. The crossover
between these two regimes is referred to as the overlap concentration, ¢* [35,37,46],

and defined as
. M,
=
4/37ngNA ’

where M, — weight-average molecular weight, R, — gyration radius of the polymer

(1.10)

coil, Ny — Avogadro constant. At the overlap concentration the whole available
volume is occupied by polymer coils (they are in contact), however, they do not in-
terpenetrate each other significantly (Figure 1.5b). Although ¢* marks a crossover
in the dynamic behaviour of the polymer system, it should not be treated as a
sharp boundary [47,48|. Alternate definitions of ¢* have been proposed [35,49,50]
that provide estimates sightly different than Equation 1.10. Moreover, the slight
concentration dependence of R, may impair exact calculation of c*.

Recently it has been pointed out that the actual shift in low and scaling prop-
erties of polymer solutions may correspond not to the onset of overlap, but rather
to entanglement of the chains [51]. In an entangled solution [34] not only do the
coil volumes overlap, but also the number of contact points between chains is high
enough to obtain a uniform mesh of topologically constrained chains (Figure 1.5¢).
Chain entanglements may have a crucial influence on the physical properties of
solutions [52]. According to Graessley et al. [49], the semi-dilute regime should be
subdivided to semi-dilute entangled and semi-dilute non-entangled. However, the
definitions of critical concentrations of overlap and entanglement are still debated

upon and the crossovers represent rather a gradual change than a rapid shift.
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Moreover, overlap and entanglement limits do not seem to be clearly separated
and may both constitute a single, continuous crossover from dilute, non-entangled
to semi-dilute, entangled systems [51|. Therefore, throughout this thesis only the
dilute—semi-dilute division is taken into consideration. The definition of ¢* from
Equation 1.10 is applied as a convenient estimate of the crossover point between

the concentration regimes.

With further increase of the polymer volume fraction above the semi-dilute
regime, the concentrated regime is reached, where the system approaches polymer
melt conditions. The chains are then assumed to be ideal. However, since most
biologically and applicationally relevant complex systems fall within the semi-
dilute conditions, the concentrated regime will not be discussed within this thesis

in detail. It can be regarded as an ideal limiting case for the described studies.

Polymer Chain Dimensions and Length-Scales

For a physical description of polymer solutions it is crucial to introduce robust
measures of the coil size. The scaling approach heavily relies on proper definition of
crucial length-scales defining the macromolecular mesh. Below, the basic measures
of polymer chain dimensions are introduced [34,35|. A graphical summary is given

in Figure 1.6.

Let us consider a homopolymer consisting of N monomers. s; is a vector
corresponding to the backbone fragment of the i-th monomer. Although the
monomers are randomly oriented in space (within the bounds imposed by the
possible rotation angles of the chemical bonds within the backbone), their lengths
are equal (|s1] = |sa] = ... = |sny| = ). In such case, we can define the chain
contour length as L = NI. L is therefore the maximum length of the fully extended
chain. It can be experimentally assessed by means of single molecule AFM, which
is particularly interesting for protein mechanics and folding studies [53, 54|, but

has also been applied to linear homopolymers such as polyethylene glycol [55].
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Figure 1.6: Schematic representation of the key parameters describing the size of
a polymer chain (green) in solution. R, — gyration radius, Ry, — hydrodynamic
radius, R — end-to-end distance, L — contour length, C,, — centre of mass.

Flexible and semi-flexible polymers in solutions do not adopt an extended
conformation, but form coil-like structures, whose dimensions are far below L. If a
vector sum of s; is calculated and averaged across all possible chain conformations
(averaging denoted here by angle brackets), the mean end-to-end vector (R) is

obtained:
(R) = <Z Si> = (ry —11). (1.11)

r; and ry refer to positions of both end monomers in an arbitrary coordinate
system. Mean end-to-end distance R is calculated as y/(R?). In contrast to
L, the value of R does carry information about the actual coil size in solution.
However, a more universal and easier to use measure of coil dimension is its radius
of gyration, R,. It is a square root of the second moment around the centre of

mass of the chain [35]. Centre of mass rq is calculated as

1 N
re =+ ;r (1.12)

with assumption that monomers are treated as material points. Then, R, is given



18 Chapter 1: Introduction

1 & ,
R, = N;((ri—r(;) ). (1.13)

Summation and averaging are interchangeable here. If the total weight of the
chain is m, the product mR, gives the total moment of inertia of the coil. R,
can be regarded as the radius of the sphere occupied by the polymer chain. It is
possible to measure it experimentally using scattering techniques, such as static
light scattering (SLS) [56] or neutron/X-ray scattering in case of small molecules
(radius below ~50 nm).

Another measure of the coil size is its hydrodynamic radius, Ry,. It is defined as
radius of an equivalent hard sphere diffusing at the same rate as the polymer coil.
Coil is therefore approximated here as a perfect, isolated sphere, subject to laminar
flow of the solvent, while the hydrodynamic radius is given by the magnitude of
hydrodynamic friction (i.e. based on the Stokes-Sutherland-Einstein equation;
see Section 1.5). Although the values of R, and R}, are usually of the same order
of magnitude, R, >R, since in the hydrodynamic radius hydration sphere, as well
as shape- and flow-related effects are also included.

The radii defined above refer to single polymer coils. However, in the semi-
dilute regime a transient network of loosely connected chains is formed and the
key length-scale is the mesh size of this network. A quantitative definition of this

length-scale, introduced by de Gennes [37], is the correlation length, &:

£ =R, (f) - (1.14)

¢ is here the polymer concentration and £ is a scaling parameter. In a good solvent,
¢ in the semi-dilute regime depends only on ¢ and not on the chain length. At the
overlap concentration, the mesh size is comparable to the gyration radius of the
coil. To satisfy both the above conditions, the 5 exponent must equal 3/4 [37|. 3

is related to the swelling parameter v [37,57,58|:

p= : (1.15)
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v connects the coil size to the molecular weight of the polymer: R, oc M. It
accounts for the excluded volume interactions. For a three-dimensional coil in a
good solvent v is equal to 3/5 [40], which is in agreement with the £ value of 0.75.

The correlation length corresponds to the blob size in the reptation theory
of de Gennes [37]. It can be interpreted as the mean radius of a sphere centred
at a given monomer, in which only monomers belonging to the same chain are
found. Therefore, it is also a measure of the distance between entanglements of

the chains.

Definitions of Molecular Weight of Polymers

The aforementioned parameters are defined for a perfect situation where the length
of polymer chains is well defined and uniform. However, in real experiments
the parameters should be rather treated as an average over all polymer coils
present in the sample. It is an important issue, appearing due to a non-zero
width of distribution of N (number of monomers in a chain). Although modern
synthesis techniques, such as living polymerization [59], allow for good control over
the process, a perfect monodispersity of the product is hardly ever obtained and
precise separation of chains of a given length is usually not feasible.? Therefore,
polymer samples are usually described not by the number of monomers, but by
average molecular weight (which is easy to measure, along with its distribution,
by chromatographic methods). Depending on the chosen way of averaging, the
sample can be described by number-, weight-, or Z-average molecular mass (M,,
M,,,and M, respectively). If IV; is the amount of chains of molecular weight of

M; in the sample, the averages are given by:

Zz’ Ni
2 A notable exception is natural synthesis of some biopolymers, such as proteins, where a nearly
perfect uniformity — both in terms of length as well as tertiary structure of the molecules — is
obtained. In this case complex, enzyme-based systems of transfer of biochemical information
and synthesis control are involved. However, biohomopolymers synthesised in vivo whose exact
structure is not essential for the cell viability, such as polysaccharides, usually present broad
molecular weight distribution.

(1.16)
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M, is the ordinary arithmetic mean of molecular weight of chains. It can be
measured by gel permeation chromatography, nuclear magnetic resonance or vis-
cometry. M, can be obtained from scattering experiments. Large molecules have
more impact on its value than the smaller ones. Finally, in case of Z-average the
balance is shifted even more towards long chains. M, is experimentally deter-
mined by means of ultracentrifugation. Overall, different experimental methods
yield different averages due to the nature of physical effects they are based on.
Although the discrepancies between the three averages may be significant, the
relation M, < M,, < M, is always satisfied.

A measure of uniformity of a polymer sample is dispersity,®> Dy. It is calcu-

lated as a ratio of weight- to number-average molecular mass:
Py = —. (1.19)

In case of a perfectly uniform polymer, Dy=1. The higher the By value is, the

less uniform the polymer.

1.5 Viscosity Scaling

Usually, viscosity is treated as a macroscopic property of a liquid, while diffusion
is referred to motion at the molecular scale. However, there is an intimate rela-
tion between these two values, known as the Stokes-Sutherland-Einstein equation.
While its application to simple liquids is straightforward, in case of complex sys-
tems it requires an advanced approach where effective viscosity is related to the

system’s length-scales.

3Dispersity is equivalent to polydispersity index, PDI, which has been used traditionally. How-
ever, the latter expression is currently discouraged by IUPAC [60].
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Stokes-Sutherland-Einstein (SSE) Equation

In the theoretical works on Brownian motion, Smoluchowski [10] and Einstein [8]
included the temperature dependence of the diffusion rates. The developed equa-
tion, currently known as the Einstein-Smoluchowski equation, can be written in

a generalized form as [61]

D = pkgT, (1.20)

where the p coefficient is interpreted as the ratio of the probe’s velocity v to the
force F' applied to it. If a model system of perfectly spherical probe diffusing in
a fluid of a low Reynolds number (laminar flow) is applied, p can be substituted

using the Stokes’ law:

1

- 6mnry,’

F = 6mnrpv = 1 (1.21)

where 7, denotes the probe radius. Then, a fundamental relation known as the

Stokes-Sutherland-Einstein (SSE) equation is obtained:

p= ol
6mnry,

(1.22)

It should be noted that according to the original interpretation of the SSE equa-
tion, viscosity is a parameter characteristic for a fluid at given conditions (set

temperature and pressure, measurement at zero-shear conditions).

Apparent Breakdown of the SSE Equation in Complex
Liquids

From the point of view of statistical thermodynamics, the SSE equation belongs to
the class of fluctuation-dissipation relations [62]. The diffusing probe experiences
drag (i.e. viscosity of the environment), which causes dissipation of its kinetic
energy, while heat is produced. The corresponding fluctuation is the Brownian
motion. According to the fluctuation-dissipation theorem [63], diffusion coefficient

is inversely proportional to the friction experienced during the motion — and,
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consequently, to the viscosity. Therefore, if we denote the values corresponding
to pure solvent with a ,,0” index, the diffusion coefficient D of a given probe in a

complex liquid and the viscosity of this liquid 7 should follow the dependence:

D
% -2 (1.23)

Probably the first experimental results undermining the above equation were
published in a 1952 letter by Schachman and Harrington [64]. The authors studied
sedimentation rates of different colloidal particles (such as polystyrene beads or
viruses) in solutions of deoxyribonucleic acid (DNA) during ultracentrifugation.
For small probes they observed sedimentation rates significantly higher that what
was expected from the measurements of macroscopic viscosity of the solutions.
They suggested that the large probes (for which no anomalies in sedimentation
times were observed) needed to disrupt the macromolecular mesh, while the small
ones could diffuse through the mesh much easier — which later proved to be a valid
explanation.

The breakdown of the SSE equation in complex liquids was intensively stud-
ied by means of various methods including sedimentation during ultracentrifuga-
tion [65,66], fluorescence recovery after photobleaching [67], pulsed field gradient
nuclear magnetic resonance [68|, holographic interferometry [69], capillary elec-
trophoresis [70-72], and dynamic light scattering [73|. In all cases, in complex
liquids a dramatic drop in viscosity was observed for sufficiently small probes.
However, it was found that the validity of the SSE equation was retained for all
systems on condition that viscosity was treated not as a constant, but as a function
of probe size |74]. Throughout this thesis, such scale-dependent, effective viscosity
experienced by the probe is denoted as n.g to avoid confusion with macroscopic
viscosity n (which is the large probe limit for n.5). A general dependence, which

currently is widely agreed upon [37,67,74-82], is a stretched exponential:

et ¢ exp (7)., (1.24)
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where a is a parameter of the order of unity. In such case, Equation 1.23 ought

to be rewritten for complex liquids as

neﬁ_&

=D (1.25)

Although most of the aforementioned studies on breach of the SSE relation
focused on polymer solutions, the effects of length-scale dependence of viscosity are
also pronounced in other complex systems, such as hard-sphere-like colloids [83—
86|, micellar systems [87] and protein solutions [86,88,89]. Importantly, analogous
observations were also made for diffusion in model biological systems, such as

cytoplasm of E. coli [90] and HeLa cells [91].

Scaling in Polymer Solutions

It was observed that probes diffusing in polymer solutions experience macroscopic
viscosity when the probe radius exceeds the radius of gyration of the polymer coil,
i.e. 1y > Ry [92-94]. In 2009, Holyst et al. published a study on polyethylene
glycol solutions, comparing macroscopic viscosity data with local viscosity expe-
rienced by nanoscopic probes, measured by capillary electrophoresis and fluores-
cence correlation spectroscopy [95]. A scaling relation was suggested in a two-case

form:
Mt _ exp (b (%p)a), if 7, <R,
™ e (b(%)) i s R

a and b are parameters of the order of unity. In the second case, macroscopic

(1.26)

viscosity is reproduced: 7. = 7, if 7, > R,;. The polymer gyration radius was
designated as the crossover length-scale between the ,macro” and ,nano” regimes,
which was supported by studies of nanoparticle mobility [94]. Such result was also
in line with results of probe mobility measurements in micellar systems, where
the crossover was found at a length-scale of the order of the micelle persistence

length [87]. Theoretical predictions by Cai et al. [96], based on the reptation
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Figure 1.7: Exemplary scaling curve, plotted according to Equation 1.28 for a
10% polyethylene glycol aqueous solution. Effective viscosity neg (scaled by sol-
vent viscosity, o) increases with the probe radius r, and approaches macroscopic
viscosity n in the large probe limit. The crossover from the ,nano” to the ,macro”
range is gradual and smooth.

model, suggested two distinct crossover length-scales, corresponding to the corre-
lation length and tube diameter in the entangled system.
The scaling form was amended by Kalwarczyk et al. [97] by introduction of

the notion of effective radius R.g, defined by the equation:
R =R>+r> (1.27)
This led to modification of the scaling equation to

2}: = exp [b (Rgﬂ)a]. (1.28)

Importantly, the above equation covers the whole probe size range, from small par-

ticles to macroscopic probes. Instead of a sharp crossovers at given length-scales,
it features a gradual, continuous shift in the effective viscosity with changing
probe size. The shape of the resultant 7eg vs. r, curve is depicted in Figure 1.7.
Equation 1.28 proved to be applicable not only to polymer solutions, but also to

probe diffusion in HeLa and Swiss 3T3 cells [97].



1.6 Depletion Layer Effect 25

1.6 Depletion Layer Effect

Another phenomenon important for description of motion in polymer systems,
complimenting the viscosity scaling, is the depletion layer (DL) effect. It is de-
fined as a decrease of polymer concentration in solution in proximity of a non-
adsorbing surface [98,99], as depicted in Figure 1.8. The origin of this effect is
entropic [100,101]. A polymer chain located in direct proximity of the solution
boundary (centre of mass of the chain less than R, from the wall) exhibits lim-
ited conformational freedom — since the chain cannot penetrate the wall, some
chain arrangements are prohibited. This decreases the conformational entropy of
the chain, thus making such location of a chain thermodynamically unfavourable.
Depletion interactions were first observed during experimental analysis of aggre-
gation processes [102], since they promote interactions between objects immersed
in a polymer solution. Although the thickness of the depletion layer is of the
order of the gyration radius of a polymer coil (typically, in the range of nm), its
existence has profound consequences for e.g. flocculation processes [101], mobility

in complex systems [103], as well as rates of biochemical reactions [104].

It was suggested that the DL effect contributes to the enhancement of probe

bulk
polymer
solution

depletion
layer

Figure 1.8: Schematic representation of a depletion layer in a polymer solution
near a flat plane (left) and microsphere (right).
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diffusion in complex liquids [105,106]. This is due to the fact that at the probe
surface the polymer concentration is lowered, and therefore the local viscosity is
decreased. A depletion layer forming around the probe corresponds to a viscosity
gradient. The locally reduced viscosity facilitates rotational diffusion, as well as
translational diffusion at short time scales (when the probe only moves within
the DL bounds) [105]. However, at long time scales, also the movement of the
DL through the bulk solution is observed. The movement of the DL together
with the particle was first discussed theoretically by Odijk [107]. Ochab-Marcinek
and Hotyst [108] postulated a walking confined diffusion model, where the probe
motion is characterized by two diffusion coefficients, corresponding to the mo-
tion of the probe within the DL and motion of the whole depleted sphere (see
Figure 1.8b). The model was further adjusted to account for polymer flexibility
and polydispersity [109] and merged with the viscosity scaling approach [89,110].
The DL was included in the scaling model by modification of the R.s definition.
However, it only resulted in a numeric correction, while the general scaling form
was preserved. Moreover, the DL effect was substantial only when r, ~ Rj. In
case of motion of probes significantly larger or smaller than the coil size, the DL

influence could be disregarded.

The depletion layer has been viewed and modelled exclusively as a static
phenomenon, occurring at the surface of an immobile plane/sphere [111,112] or
around a diffusing particle [101,108,113]. Even in the latter case, a silent as-
sumption has been made that depletion is an equilibrium state and its size and
properties can be therefore treated as constant. However, due to the elasticity of
the polymer mesh and its non-zero relaxation time, its dynamics should also be
considered. Although the DL at flat interfaces has been directly observed by opti-
cal methods [114-117], none of these experiments allowed to probe the dynamics

of the DL or capture the response of the polymer to mechanical stimuli.
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1.7 Kinesin — Model Molecular Motor

Diffusion is the foundation of all biological systems of passive transport. How-
ever, there is also a wide range of active transport systems, where the motion
of (macro)molecular cargo does not necessarily occur against the concentration
gradient, but requires external supply of energy. Usually, active transport is asso-
ciated with transmembrane proteins, acting as ATP-powered pumps [118], which
produce concentration gradients — such as e.g. the sodium-potassium pump. How-
ever, there is also another class of active transport, used in eukaryotic cells to move
cargo over relatively large distances. It is based on mechanoenzymes walking along
microtubules, which constitute the cellular scaffolding. A model, ATP-dependent
protein of this kind is kinesin-1 [119-121]. It is capable of binding and pulling
cargo, such as e.g. vesicles. Kinesins play a key role during cell division.

The motor domain of the Kinesin-1 consists of two identical globular subunits,
referred to as heads, connected to the stalk via a flexible neck linker [123]. The
stalk is a coiled-coil at whose end tail domain is located, where cargo can be
bound. Schematic structure of a dimerised kinesin is presented in Figure 1.9.
Kinesin moves along microtubules — asymmetric (polar) filaments composed of

coiled strands of a- and S-tubulin. The movement is realized by distinct, single

Figure 1.9: Kinesin dimer drawn according to X-ray crystal structures. The heads
(left) constitute the motor domain: they bind to a microtubule and perform a
synchronized walking-like motion, switching between the leading and the trailing
position. The heads are connected via a linker to the stalk. At the end of the
stalk cargo can be attached. Image by David S. Goodsell, RCSB PDB [122].
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steps of 8 nm [120], which corresponds to two tubulin units. Dimeric kinesin
exhibits high processivity and velocity: numerous in vitro experiments revealed
continuous runs over distances of several micrometers at over 800 nm/s [120,124-
127]. According to optical trapping studies, single kinesin molecules can perform
mechanical work against a significant extraneous force of up to 5-7 pN [124-126,
128,129]. Such values are consistent with the few available studies of behaviour of
kinesin working against a viscous load [130,131]. However, these results refer only
to motion of relatively large cargo pulled by kinesin in solutions of polymers of
high molecular weight. Should we simplistically consider the Stokes’ drag as the
only important factor determining mobility of kinesin in crowded environment, a
cargoless motor (roughly approximated by a sphere of diameter of 6 nm) should

retain its processivity even in extremely viscous solutions, up to hundreds of Pa-s.

It is now widely agreed that the kinesin steps are performed in a hand-over-
hand fashion [120,132-136], i.e. while one of the heads is bound to the micro-
tubule, the other passes it and moves to the subsequent binding spot. Therefore,
the leading and trailing heads switch places during every step — the whole pro-
cess is sometimes metaphorically depicted as resembling human walk. The fine
mechanochemical synchronization of subsequent stages of the step is crucial for
the protein’s processivity. Even though the kinesin class has been intensively
studied since the early 1990s, the molecular mechanics of the kinesin step is still
debated [120]. Since the motor domain reveals much similarity to the actuator
of myosin, the primary mammalian muscle protein, some investigators suggest a
similar force generation mechanism, based on so-called power strokes [137-140].
However, the kinesin dimer does not possess a stiff, rod-like lever to transduce
the generated force. An alternative hypothesis to the power stroke is that the
mechanochemical cycle of kinesin is responsible for the directionality of the move-
ment, but translocation of the head is mostly due to diffusion [125,126,141]. It
was even suggested that the reason for the enzyme’s directionality is asymmetry

of barriers for forward and backward diffusive movement [125]. It should be noted
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that the two mechanisms, power stroke and head diffusion, are not necessarily
mutually exclusive [119,120]. Elucidation of the exact working principle and step-
ping mechanism of this model and ubiquitous molecular motor still remains an

open challenge.
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Chapter 2

Experimental Techniques

The thesis comprises results obtained by means of several different ex-
perimental techniques, often featuring some novel approach or modifi-
cations. Therefore, it 1s essential for correct interpretation of the data
to first provide an insight into the working principles and background
of these techniques. Within this chapter, an introduction to fluores-
cence correlation spectroscopy (Section 2.1), total internal reflection
fluorescence microscopy (Section 2.2), rheometry (Section 2.3), dy-
namic light scattering (Section 2.4), and microelectromechanical os-

cillator techniques (Section 2.5) can be found.
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2.1 Fluorescence Correlation Spectroscopy (FCS)

Fluorescence correlation spectroscopy is a non-invasive, optical technique allowing
for determination of diffusion coefficients of fluorescent probes. It relies on obser-
vation of a focal spot wherein only single probes are present at a given moment.
Due to Brownian motion, the probes move in and out of the observed volume,
causing fluorescence fluctuations. Time correlation patterns can be found in the
signal fluctuations, which correspond to the mean time of residence of the probe
in the observed volume. Provided proper instrument calibration, these data allow
for calculation of the probe diffusion coefficient. In the following paragraphs, a

broader introduction to the technique is given.

The Phenomenon of Fluorescence

Fluorescence is defined as a type of luminescence — spontaneous emission of elec-
tromagnetic radiation from an excited species — which occurs essentially only
during irradiation of the species [17|. The emitted radiation differs in wavelength
from the beam used to excite the fluorescent species. First reports of such phe-
nomenon come from the XVI century and concern infusion of the so-called kidney
wood; later on, the natural fluorescent compound observed in this case was iden-
tified as matlaline [142]. The term fluorescence was coined by Stokes [143], who
was the first one to analyse it systematically and observe that visible fluorescence
can be obtained by irradiation with UV light (hence the term Stokes shift, intro-
duced later on to denote the difference in wavelength between the excitation and
emission radiation).

The physical principle of fluorescence is a sequence of excitation and relaxation
processes [18]. When a molecule (or nanostructure) interacts with a photon whose
energy corresponds to the difference between the ground and excited states of
the molecule, it may absorb the photon. However, this excited state is out of

the thermodynamic equilibrium. Therefore, the molecule tends to return to the
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Figure 2.1: Exemplary Jablonski diagram for a) fluorescence; b) phosphorescence.
So and S; correspond to ground and first excited singlet electronic states; T is
the triplet state. Thin horizontal lines correspond to vibrational excited states.

equilibrium ground state. In most cases, relaxation happens in a non-radiative
manner — energy is dissipated to the surroundings and heat is produced. However,
in case of some species a radiative relaxation may occur, where the extra portion of
energy is emitted as a photon — which is observed as fluorescence. The probability
of radiative relaxation depends on the electronic structure of the molecule and
spaces between its energy levels, as well as the environment (e.g. solvent). This
probability is expressed as quantum yield, which is defined as a ratio of number

of photons absorbed by the molecule to the number of emitted photons [144].

Photon emission does not happen instantaneously; in case of fluorescence, it
usually takes few nanoseconds. During this time, some energy of the excited
molecule is dissipated, which is the reason why the Stokes shift is observed. The
transitions occurring during the fluorescence process are schematically presented
in a Jablonski diagram in Figure 2.1a.

If there exists a vibrational state of the excited molecule whose geometry is
identical to the geometry of the molecule in a triplet state, inter-system crossing

may occur. Relaxation to the ground singlet state requires both a change of the
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relative position of nuclei as well as change of the system’s multiplicity (which
is a forbidden transition; it occurs only due to spin-orbit coupling). Therefore,
the probability of such transition is relatively low, and so the lifetime of a triplet
excited state — i.e. phosphorescence lifetime — is much longer than in case of
fluorescence: usually, a particle is trapped in a triplet state for a time of the order
of microseconds, although some cases are known where phosphorescence lasts for
minutes or even hours.

Currently, there is a broad range of synthetic fluorescent compounds avail-
able. An effective dye for application in imaging and fluorescence correlation

spectroscopy needs to satisfy several basic conditions:
1. High stability, low photobleaching;
2. Low probability of inter-system crossing (no significant blinking);
3. Solubility in water (for use with biological samples);
4. High quantum yield;

5. Absorption/emission spectrum suited to the experimental setup (available

light sources and filters).

Experimental Realization of FCS

Although FCS is a microscopy-based technique, it does not rely on imaging, but
focuses on a single, (usually) immobile spot. Since the information on diffusion
of fluorophores is retrieved from the fluctuations of fluorescence intensity at the
observed spot, the magnitude of these fluctuations needs to be as high as possible.
Ultimately, at a given time point the amount of probes in the detection volume
should be of the order of unity — then, a single molecule entering or leaving this
volume causes a significant relative change in the observed fluorescence intensity.
This requires advanced optics to allow for minimization of the observed volume

and detectors of high sensitivity to capture the fluorescence of single molecules.
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The answer to these requirements is confocal microscopy coupled with a single-
photon counting systems [145]. A schematic representation of a typical FCS setup
is presented in Figure 2.2. A laser beam is directed via a dichroic mirror to a mi-
croscope objective. The objective is one of crucial components of the system,
since it determines the shape of the light beam inside the sample and therefore
influences the observation volume. Low aberrations and high numerical aperture
(NA) are required. The latter parameter determines the fraction of photons emit-
ted from the illuminated volume that are collected by the objective. Numerical
aperture is defined as

NA = nsin Oens, (2.1)

where n is the refraction index of the medium in which the lens is immersed, while

Oens 18 the half-angle of the light cone reaching the lens. To achieve proper geom-
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Figure 2.2: A standard FCS setup. 1 — laser, 2 — dichroic mirror, 3 — objective,
4 — sample, 5 — pinhole, 6 — wavelength filter, 7 — detectors (preferably two,
working in parallel), 8 — time-correlated single-photon counting module, 9 — data
analysis workstation.
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etry of the focal spot and good efficiency of photon collecting, usually objectives
of NA >1 are used. This implicates use of immersion objectives, where between

the lens and sample a droplet of water (n=1.33) or oil (n>1.4) is placed.

Fluorescence collected by the objective is focused and passed through the
pinhole, which is an essential feature of a confocal microscopes. Pinhole was
originally introduced in scanning microscopes to improve the resolution along the
z axis (i.e. in the direction of the beam propagation in the sample). It is a narrow
aperture which rejects all the out-of-focus fluorescence. This allows to minimize
the detection volume to 2 - 1071¢ 1 (0.2 fl) or even less. A special case where
pinhole is not necessary in an FCS system is a two-photon excitation setup, where
the small dimensions of the observed volume are due to low volume of effective
illumination (there is a square dependence of probability of absorption event on

the light intensity, instead of linear as in case of single-photon illumination) [146].

Next, the beam goes through a set of wavelength filters. They are matched
so that they would allow the fluorescence band through, blocking the background
light of other wavelengths. Most importantly, the filters cut away the excitation
beam: laser intensity is higher than fluorescence intensity by orders of magnitude,
therefore even a fraction of the beam that is backscattered in the sample or re-
flected from the cover-glass would cover up the fluorescence signal and could even

damage the detectors.

The detectors need to present high sensitivity (high quantum efficiency of
the detector) and good time resolution. Two main technologies are currently
used: single-photon avalanche diode (SPAD) and photomultiplier tube (PMT).
Recently, a new generation of hybrid detectors was introduced, which combines
the advantages of both technologies. The detectors are coupled with a time-
correlated single-photon counting device, which allows to pin a time tag to every
photon detection event and produce digital data that are correlated and analysed

using dedicated software.
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Figure 2.3: The raw data in FCS are fluorescence intensity I values given as a
function of real experiment time ¢. The autocorrelation function transforms these
data into a plot of magnitude of correlation versus lag time 7. From the G(7)
plot, via fitting of an appropriate physical diffusion model characteristic diffusion
time of the probe can be inferred.

Theory of FCS

Fluorescence correlation technique is based on analysis of fluctuations — the foun-
dation of its theory lies in the physics of noise (see e.g. [147,148]). First imple-
mentation of this theory to monitoring of chemical dynamics via observation of

fluorescence fluctuations is credited to Magde, Elson and Webb [149, 150].!

The pivot point of data analysis in FCS is the autocorrelation function (ACF,
here denoted as G(7)). Its principle is to find fluctuation patterns in the raw
fluorescence signal and measure the time scales of these patterns — i.e. pinpoint
the temporal correlations. The fluorescence intensity at time t is compared to
intensity at time ¢ + 7 and correlation at a lag time 7 is quantitatively assessed
across the whole data set. Therefore, data recorded in the real time domain are
transformed to the lag time domain, as illustrated in Figure 2.3). In a simplest

form, the ACF can be written as [145]:

(0I(t)SI(t+ 7))
(@)
! Although these landmark articles come from early 1970s, FCS was not broadly applied until

late 1990s when instrumentation started to keep up with the theory and confocal microscopes
as well as ultrasensitive detectors became commercially available

G(r) = (2.2)
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where 01(t) is the variance of fluorescence intensity at time ¢:
OL(t) = I(t) = (I(t)) (2.3)

Therefore, the value of ACF is in fact a measure of autocovariance of fluorescence
intensity. The denominator in Equation 2.2 is a normalization factor. Due to large
temporal range of phenomena observed in FCS, G(7) is usually drawn against a
logarithmic scale.

G(7) carries information on the time scale of residence of a fluorophore in the
detection volume. However, a key to elucidation of this information is proper
description of the geometry of the detection volume. Usually, a three-dimensional

Gaussian profile is used to approximate the detection profile [145]:

(2.4)

Figure 2.4: The detection volume in FCS is an elongated ellipsoid with a 3D
Gaussian distribution of probability of detecting a molecule at a given point. It is
located in the waist of the focused illumination beam and has axial symmetry. wq
and zg are the short and long radii of the ellipsoid. The dimensions correspond to
the 1/e? surface of the Gaussian distribution.
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I is a measure of signal intensity, wy is the beam waist along the = and y axis (the
detection volume has axial symmetry) and zy is the dimension of the Gaussian
profile in the direction of light propagation. The boarders of the detection limit are
not sharp: the waist corresponds to a distance from the spheroid centre where the
probability of detecting a molecule decreases to a fraction of 1/e? of the maximum

value. A volume of such spheroid, V., can be calculated as
Viet = 7'('3/2’(1](2]20. (2.5)

The ideal detection volume is depicted in Figure 2.4. On the basis of a Fourier
transform of the detection profile and basic diffusion equations a relation can be
established between G(7), shape of the detection volume and average time of

residence of the fluorophore in this volume, 7 [145,151]:

G(r) = G(0) (1 + %>_1 (1 + F;TD) - (2.6)

r is a measure of elongation of the detection volume, called the structure param-

eter and defined as

20
= —. 2.7
= (2.7)

G(0) in Equation 2.6 is the amplitude of the ACF at 7 = 0. It can be shown that

due to Poissonian distribution of fluorophores in the sample [145],

G(0) = (2.8)

1

N
where N denotes the average number of probes in the detection volume. There-
fore, from the amplitude of the autocorrelation function the probe concentration
can be inferred. Since a mean distance covered by a spontaneously diffusing
molecule in time 7 is proportional to v/D7, it can be shown [145] that, within the

approximation of a Gaussian detection profile, the diffusion time extracted from

Equation 2.6 is

— (2.9)
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Thus, if the beam waist is known (from calibration experiments), diffusion coeffi-
cient of the probe can be easily calculated on the basis of an FCS measurement.

A common issue is a sharp burst of the ACF amplitude at short time-scales due
to a specific detector noise, known as afterpulsing [152]. This artefact is observed
both in avalanche photodiodes and photomultiplier tubes. It is related to random
generation of spurious signals short after the detection of photon, and therefore
is highly correlated. The most effective way of its elimination is using a beam
splitter before the detector unit and two independent detectors (as on the scheme
in Figure 2.2). Then, a cross-correlation is performed instead of autocorrelation

and Equation 2.2 is modified to

(L) - (I(1)

where indices 1 and 2 refer to signal recorded by the two detectors. Afterpulses

G(r) = (2.10)

on the two detectors appear independently, but fluctuations of the actual fluo-
rescence signal reaching both of them are the same. Therefore, such treatment
effectively removes the afterpulsing issue, leaving the diffusion information intact
and improving the signal to noise ratio.

Another issue are changes of brightness of the probes residing in the observa-
tion volume. If the fluorophore bleaches, it is not detected any more even though
the particle has not physically moved. To avoid this kind of errors, stable fluo-
rophores and no excessive laser power should be used. However, most dyes may
enter a triplet state, which has a lifetime of the order of microseconds. During
this time, the molecule is dark. Entering the triplet state is manifested as blinking
of the fluorophore and influences the shape of the autocorrelation function. To
account for that, an additional factor should be added to Equation 2.6, producing
a formula [151]:

G(r) = G(0) (1 s fp exp (%:)) (1 + %) B (1 + HJTD)W, (2.11)

where p is the average fraction of fluorophores being in a triplet state and 7 is

the lifetime of this state.
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If there is more than one population of fluorescent probes of a distinct diffusion

coefficient, it should be included in Equation 2.6 by applying a summation:

G(r) = Z G,(0) (1 + ;) B (1 + T;Q) o , (2.12)

)

where the ¢ index refers to the i-th population of probes. However, it should be
noted that the more complex the model fitted to the ACF, the less reliable the
estimated values of its parameters. Therefore, if there is more than one pop-
ulation of the fluorophores in the sample, it is advisable to perform additional
measurements on isolated probes of given kinds to fix some of the parameters in

Equation 2.12.

2.2 Total Internal Reflection Fluorescence

(TIRF) Microscopy

Confocal microscopy allows to limit the thickness of the observed plane of focus
to a few micrometers (depending on the wavelength and optical setup). However,
such resolution along the z axis is not sufficient for some studies. Using total
internal reflection fluorescence (TIRF) microscopy, it is possible to observe a slice
of sample of thickness of less than 100 nm [153]. The main limitation of TIRF
is that, unlike in case of confocal microscopy, the choice of the focus plane is
arbitrary: only the immediate neighbourhood of the cover-glass can be observed.
It is due to the physical principle of TIRF, briefly described below.

The technique is based on the phenomenon of total internal reflection. Ac-
cording to Snell’s law, when a light beam is incident at a phase boundary at an

angle 61, its angle of refraction 6, is such that

sin 91 N9

= 2.13
sin 92 Tll’ ( )

where n; and n, refer to the indices of refraction of the two phases. If ny > no

and #, is large enough, the above relation seems to require sinfy > 1, which is of
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course not possible. In such case, the beam cannot pass the phase boundary, but
gets totally reflected. The minimum value of #; for such effect to occur in a given

system is denoted as the critical angle.

However, due to the wave nature of light, in case of total reflection an evanes-
cent electromagnetic wave appears on the other side of the interface. The evanes-
cent wave is exponentially attenuated in the z direction, providing an effective il-
lumination of a layer of less than 100 nm of the specimen. If there are fluorophores
(of absorption spectrum matching the wavelength of the light used) within this
layer, they are excited and the fluorescence can be observed. A schematic visual-

ization is presented in Figure 2.5.

TIRF microscopy is extremely useful in biology, e.¢. in observation of mem-
brane processes in adherent cells. Modern techniques of surface decoration and
passivation allow for tailoring the TIRF experiments to observe selected processes

occurring in two dimensions with extremely low background signal.

evanescent
field
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Figure 2.5: Schematic representation of an exemplary realization of a TIRF mi-
croscopy experiment.
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2.3 Rheometry

The simplest way of measuring macroscopic, dynamic viscosity of liquids is vis-
cometry. Two basic types of viscometers are distinguished: U-tube (Ostwald)
and falling ball. In the first kind, time of gravitational flow of a given amount of
liquid through a capillary is measured. In the falling ball viscometer, a narrow
vertical pipe is filled with the investigated liquid and a ball of diameter slightly
lower that the pipe and density higher than the liquid is dropped into the pipe.
From the parameters of the ball and time of flight through a stretch of a given
length the liquid viscosity is inferred (the ball experiences hydrodynamic friction
— see Equation 1.21). Although both methods have been developed to provide
high accuracy, proper temperature control and automation of the measurement

process, they are only useful in case of ideal viscous flow.

In complex liquids, such as polymer solutions, elastic properties are frequently
observed. In an intuitive Maxwell model, viscoelastic response of a liquid to an
applied force is compared to response of a serial connection of a spring and a
dashpot (damper) [154]. Elasticity of polymer solutions is attributed to relatively
slow relaxation of the system due to entanglements between the chains. Therefore,
it is possible for a liquid to present viscoelastic properties at high shear, while at
low shear the rate of relaxation processes is sufficient to allow for Newtonian

response of the liquid.

Rheometry comprises a set of techniques developed to study the response of
such complex liquid systems. A most popular type of equipment used in such
research is a rotational rheometer. The core of modern appliances of this kind is
a high-precision servo motor, providing torque to a rotor placed on low-friction
bearings. Angular speed of the rotor is precisely measured by a position encoder
to provide results as well as feedback control of the motor. The momentary torque
is inferred from the current supplied to the motor. At the end of the rotor pivot,

the measurement geometry is mounted where the sample is put (see Figure 2.6).
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The response of the sample to the shear applied via the rotor is assessed by the
resistance of the sample (both rotational velocity of the rotor and torque are
constantly monitored).

Depending on the properties of the sample, different measurement geometries
may be used. Perhaps the most popular and universal assembly is the cone-
plate system, as presented in Figure 2.6. Different cone angles and diameters are
available. However, for low viscosity specimens often the so-called cup and bob
geometries are used, such as coaxial cylinder or double gap cylinder. Such systems
require a greater sample volume and are usually characterized by higher inertia,
but offer high surface of friction.

Modern rheometers allow for rotational and oscillatory measurements, as well

position
encoder

temperature

sample
P control chamber

Figure 2.6: The core of a rotational rheometer is a measurement system (here,
the most popular cone-plate geometry is depicted), coupled with a servo motor
providing torque and position encoder providing readout of position and angular
speed of the rotor.
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as application of step functions to the system. Both shear stress and shear rate can
be controlled [154]. Different parameters of liquids, such as yield stress, tixotropy,
viscoelastic modulus, or creep and recovery can be evaluated. However, from the
point of view of this Thesis, most important are precise measurements of shear
viscosity. A rotational rheometer allows to perform experiments at a broad range
of shear to find the region where the response of the sample is Newtonian. Then,
this range is used for precise evaluation of viscosity which can be extrapolated to

zero-shear conditions (which is a standard for data analysis and presentation).

2.4 Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS), also known as photon correlation spectroscopy
or quasi-elastic light scattering [36], is a technique developed to measure diffusion
coefficients of macromolecules and colloidal particles (of sizes below ca. 100 nm).
It is similar to FCS from the mathematical perspective, since it also relies on the
autocorrelation function. It is based on light scattering, so, unlike FCS, it does
not require fluorescent labelling of the probes. This however may also be viewed
as a disadvantage, as it does not allow for easy observation of a given population
of labelled probes in a matrix composed of macromolecules (e.g. protein in a
polymer solution).

When light interacts with matter, it can be either absorbed or scattered. Dur-
ing elastic scattering, the wavelength does not change. However, if a beam is scat-
tered from a moving particle, an effect similar to the Doppler effect is observed:
the wavelength is slightly shifted. If a colloidal dispersion is illuminated with a
light beam, scattering occurs on multiple, randomly diffusing (due to Brownian
motion) objects. Therefore, the scattered rays vary in frequency which causes both
constructive and destructive interference — hence, fluctuations of the intensity of
the scattered light appear [56].

A scheme of a typical DLS setup is presented in Figure 2.7. Usually, a contin-
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Figure 2.7: Simplified scheme of a typical DLS setup. 1 — laser; 2 — lens; 3 —
sample (in a round cuvette); 4 — detector (photomultiplier); 5 — autocorrelator;
6 — workstation for data analysis. 6 is the scattering angle, which can be adjusted
by means of a goniometer. In principle, the incident beam can be scattered
isotropically and # is an experimental parameter, and not a sample property.
In the scheme, scattered light is drawn as a well-defined beam going towards
the detector only for the sake of clear demonstration of the principle of the DLS
measurement.

uous wave laser beam is used to illuminate a sample contained in a cuvette. By
means of a goniometer, a photon detector is placed at a certain 6 angle respective
to the primary laser beam, so that it would collect light scattered at this angle.
The idea behind the analysis of the fluctuations in the scattering intensity is the

autocorrelation function [56:
G(r)={)I(t+T1)). (2.14)

The above notation is analogous to the (not normalized) ACF equation used
in FCS (Equation 2.2). I(t) is here the scattering intensity at a given time ¢.
In a standard data analysis procedure, the autocorrelation function is calculated,
normalized and plotted against 7. In the simple cumulant method, applicable
to monodisperse samples, a third degree polynomial is fitted to the logarithm of
the correlation function to yield 7. Polydisperse/multimodal samples require a
more sophisticated approach, e.g. based on the CONTIN algorithm [155]. mp is
interpreted here as a mean diffusion time over the distance proportional to the

inverse of the length of the wave vector q, which is determined by the experimental
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setup. The modulus of q is given as

4mn sin(6/2
lq| = #, (2.15)
where A denotes wavelength of the scattered beam and n is the refraction index
of the solution. If the scattering object performs a random walk, its diffusion
coefficient can be calculated as

_ kql%m' (2.16)
Therefore, from a single DLS measurement the diffusion coefficient of a scat-
terer can be inferred. If the diffusion particle is significantly smaller than the
wavelength of the scattered beam, the obtained result does not depend on the
f angle. The technique is frequently utilized to measure hydrodynamic radii of
(macro)molecules — from the diffusion coefficient measured in a dilute solution,
Ry, can be inferred via the Stokes-Sutherland-Einstein relation (Equation 1.22).
It is also important to notice that in case of DLS measurements performed on

semi-dilute polymer solutions, a signal from a ,scattering unit” is recorded, which

does not necessarily correspond to a single polymer chain [16].

2.5 Quartz Tuning Fork (QTF) Microoscillators

Quartz tuning fork (QTF) is a mass-produced vibrating piezoelectric device, often
used as a frequency reference in digital real time clocks. It is manufactured with
hermetic vacuum housing, which may be removed to expose the piezoelectric
element, depicted in Figure 2.8. When excited using an electric signal at resonance
frequency, QTF vibrates in flexural mode in which its prongs move perpendicular
to their side surfaces. It can serve as both an actuator and a detector, offering very
good stability of resonance frequency, small dimensions and low price. Therefore,
numerous scientific applications of such devices have recently been developed,

including specific biosensors [156], humidity sensors [157], or even atomic force
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microscopy actuators [158]. Particular attention is given to the application of
QTFs in measurements of density and viscosity of liquids [159-162]. Such sensors
can be very accurate, as damping of the vibrations of a QTF immersed in a fluid

strongly depends on the viscosity of the medium [161-163].

The principle of QTF is similar to quartz crystal microbalance (QCM), which
also has been used as a viscosity sensor [30,164,165|. The main difference between
these two appliances is that the QCM vibrations occur along the direction parallel
to its surface. Therefore, only shear parallel to the surface can be observed,
while the QTF is a 3D object immersed in the liquid and most friction is due to
movement of the surface normal to the oscillation direction. Physically different
phenomena may therefore be observed in these two cases.

The piezoelectric element of the QTF is excited with alternating current, at
frequency corresponding to its mechanical resonance. A shift in the resonance
frequency corresponds to a change in the mass of the oscillator and /or the density
of its environment (which effectively also means a change of total mass displaced

during oscillations). Viscosity measurements are based on the rate of decay of

oscillations
10 pm =100 nm

—

Figure 2.8: Quartz tuning fork oscillator used for viscosity measurements. a) Real-
life image; b) Scheme depicting the sizes and main oscillation mode of the QTF
(displacement magnitude drawn not to scale).
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oscillations. When the excitation current is switched off, the QTF behaves as a
dampened oscillator whose amplitude decreases exponentially. The current gen-
erated due to the piezoelectric effect can be measured, which allows to analyse
the rate of decrease of the amplitude of oscillations.

The time constant t. of the exponential decay of the oscillation amplitude
depends on the damping coefficient of the QTF and viscosity of its environment
n. Both modelling [166] and previous measurements [162] imply that t. oc n~1/2.
Therefore, n of the investigated liquid can be evaluated by comparison of the
decay time constants of the QTF measured in the sample ¢, and in a reference
liquid of known viscosity t.,,,:

t 2
7] = Tref (E) . (217)

le
Importantly, the excitation voltage can be controlled to fine-tune the initial os-
cillation amplitude in a subnano- to submicrometer range. This allows to use the
QTF (which is a mm-sized device) to probe the response of a liquid to displace-

ments at extremely short length-scales.



http://rcin.org.pl



Chapter 3

Materials and Methods

This chapter compiles all crucial information on the chemicals, proce-
dures and equipment used throughout the presented research projects.
In Section 3.1, the FCS setup is presented, along with the data acquisi-
tion and analysis procedures, as well as characterization of fluorescent
probes. Sections 3.3 and 3.4 cover rheometry and DLS equipment, re-
spectively. Next, the novel system for measurements of liquid viscosity
by means of a quartz tuning fork (Section 3.5) and kinesin stepping
assays (Section 3.2) are described. Section 3.6 provides size charac-

terization of the polymers used in all the experiments.
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3.1 FCS Experiments

All the fluorescence correlation spectroscopy experiments described within this
thesis were performed on dedicated FCS systems, based on a Nikon Al and
Nikon C1 inverted confocal microscopes (Nikon Instruments, Tokyo/Yokohama,
Japan). Both setups comprised complete time-correlated single photon counting
systems from PicoQuant GmbH (Berlin, Germany) and water immersion objec-
tives Nikon PlanApo 60x, NA=1.20 with a ring for cover-glass thickness correction.
A configuration with two independent detectors working in parallel was always
used to allow for cross-correlation and elimination of the afterpulsing effect. The
detectors used were single-photon avalanche photodiodes by Micro Photon De-
vices (Milan, Italy) and PerkinElmer Optoelectronics (Dumberry, Canada). The
reminder of the setups comprised a dual-channel SPAD power supply DNS 102,
TCSPC module PicoHarp 300 and PHR 800 router, all by PicoQuant. A 543 nm
He-Ne laser (Melles Griot, Carlsbad, USA) and 488 nm diode laser (PicoQuant)
working in constant wave mode were used as excitation beam sources, depending
on the spectrum of the dye used. Long-pass and band-pass filters by Chroma
(Olching, Germany) and Semrock (Rochester, USA) were applied to separate
the fluorescence signal. Lab-Tek 8-well chambers were used as sample contain-
ers except for the temperature dependence measurements, where a custom-made

chamber was used.

Home-Made Temperature Control System

Although microscope objectives are generally prepared for operation in different
temperature conditions, significant changes of temperature influence the optics in
a way that disqualifies accurate FCS measurements due to changes of size and
shape of the confocal volume. The problem becomes particularly pronounced
when temperature dependencies of processes occurring in the sample are to be

studied. On the other hand, use of immersion objectives is strongly recommended
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Figure 3.1: Scheme of the temperature control system used for FCS measurements.

because of the high NA requirement. This results in a significant heat flux between
the sample and the objective. To solve this issue, we constructed a two-stage sys-
tem, utilizing an Okolab H201 cage incubator (Okolab S.R.L., Ottaviano, Italy),
enclosing the whole microscope, and a top stage incubator, based on Okolab H101-
CRYO. The temperature of the cage incubator was kept constant. The main part
of the system was a self-designed, solid aluminium sample container, inspired by
work of Muller and Richtering [167]. Its scheme is presented in Figure 3.1. The
dimensions of the sample container were set to fit with the steel Okolab H101 wa-
ter chamber, which enabled efficient heating/cooling of the container via a water
jacket coupled with a Lauda RP200 thermostat. At the bottom of the sample
container a replaceable glass cover slip was placed. The bottom part of the sam-
ple container (below the cover slip) was shaped to fit the top of the objective,

leaving some space for the immersion. Due to such construction, the whole body
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of the objective did not need to be cooled/heated. The temperature gradient in
the sample and immersion liquid was minimized, as it was shifted towards the
length of the objective. Sample temperature was measured by means of a thermo-
couple installed in an oblique fissure in the container, so that its tip was located
right next to the measurement spot. Tests against another thermocouple placed
inside the sample (at its bottom) revealed no discrepancies after ca. 10 minutes
of equilibration at a given temperature. The temperature and air flow in the large
microscope enclosure was controlled to keep the body of the objective and other
parts of the optical path in possibly constant conditions. The temperature of the
objective body was constantly monitored by a thermocouple taped to it. It was
within the 297+2 K range at all times, while the sample temperature could be
set in the range of 278-315 K with accuracy of 0.1 K. As viscosity of liquids
strongly depends on the temperature, such range is enough for detailed studies of
this parameter. Further details on the construction of the system and its influence
on reduction of FCS measurement errors can be found in the master thesis by the

author of this Thesis [168].

Refractive Index Matching

Other important factor influencing the shape of confocal volume (and, conse-
quently, obtained diffusivity results), was the non-standard refractive index n of
the samples. There was a certain n mismatch between the immersion liquid suit-
ing the objective we used (water, n measured at 543 nm equal 1.3371) and the
investigated polymer solutions (n up to 1.3790). Moreover, there were signifi-
cant differences in the refractive index between the samples. It has been shown
that such discrepancies may have a great impact on the geometry of the detec-
tion volume and obtained diffusion coefficients [152]. The observed effects are
neither linear nor easy to describe mathematically within a simple model. De-

tection volume calibration for polymer solutions of different n proved to be very
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time-consuming and inaccurate, partially due to lack of reference data. To enable
quantitative comparisons between samples differing significantly in n, a method
of relative analysis was developed.

Reference curves of refractive index as a function of crowder concentration were
produced and glycol solution of same n was matched to each of the investigated
solutions. For every FCS experiment a reference measurement was performed
with the same fluorescent probe and temperature, but a matching glycol solution
instead of the actual sample. All the conditions (laser power, probe concentration,
cover slip thickness, correction ring setting, sample alignment etc.) were kept
identical in such a pair of experiments. Along with the n match between the
sample and glycol solutions, it ensured consistency in shape and size of the confocal
volume.

Literature data on the viscosity of ethylene glycol as a function of temperature
and concentration [169] were used to calculate the diffusion coefficients of probes
in monomer solutions, Dgjycor, in particular experiments. Due to the small size
of monomeric glycol particles, the calculation could be done using the Stokes-
Sutherland-Einstein relation with fixed, macroscopic viscosity. As the parameters
of observed volume were identical in PEG and glycol, Dgympie could be calculated

from a simple relation:

Dsample o Tglycol (3 1)
Dglycol Tsample

where 7 denotes the time of diffusion through the confocal volume. Therefore,
the investigated value of diffusion coefficient of a nanoscopic probe in a complex
liquid was obtained solely form the experimental data and data on macroscopic
properties of ethylene glycol [169] and water [170].

The data acquisition and analysis method utilizing reference experiments al-
lowed for minimization of errors of measurement of the diffusion coefficients. Since
all the experimental parameters (including the refractive index) were the same
within a given sample-reference pair, errors stemming from the imperfect shape

of the detection volume mostly cancelled out. The procedure could be in fact



56 Chapter 3: Materials and Methods

treated as a method of simplified calibration, adjusted and independently per-
formed for each sample. It enabled direct, quantitative comparison between FCS
data obtained for samples exhibiting pronounced differences in the refractive in-
dex. Further details on the refractive index measurements and application of
the n matching method can be found in the master thesis by the author of this
Thesis [168].

Fluorescent Probes

A range of fluorescent probes differing in size was used in the FCS experiments.
They are listed in Table 3.1, along with their hydrodynamic radii Ry,. The val-
ues of Ry, were established by FCS measurements of diffusion coefficients in pure
water /buffer and application of the Stokes-Sutherland-Einstein relation (Equa-
tion 1.22). In case of rhodamine dyes, which were used for calibration of the
instruments, the diffusion coefficients were taken from the literature [171,172].
High purity rhodamine dyes as well as proteins were purchased from Sigma-
Aldrich. The proteins were labelled on-site with bright and stable dyes: Atto 488
and Atto 550. Labelling kits were obtained from Sigma-Aldrich. The dyes were
functionalised with N-hydroxysuccinimide ester groups, which coupled to free,
exposed amine groups of the proteins. The reactions were performed according to
the protocols suggested by the manufacturer. The labelled proteins were purified
by means of size exclusion chromatography (filled columns were a part of the

protein labelling kits). The prepared proteins were either stored at 4°C and used

Table 3.1: Probes used in FCS measurements and their hydrodynamic radii, Ry,.

Probe Ry, [nm]
Rhodamine 110 0.52
Rhodamine B 0.57
Chicken egg lysozyme 1.9

Kinesin-1-GFP construct 2.5
Horse spleen apoferritin 6.9
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within a few days from labelling or diluted in phosphate buffer and frozen for
longer storage. If after thawing a batch of protein partial detachment of the dye
was observed (two distinct diffusion coefficient in FCS tests), the protein was
purified using centrifuge filters (obtained from Merck Millipore) of appropriate
pore size. The dye:protein ratio was adjusted to obtain, on average, 1-2 dye
molecules per protein. Therefore, the labelling did not affect the dimensions of
the protein significantly. Truncated, dimeric kinesin-1 with GFP attached at the
C-terminus [173] was courtesy of prof. Stefan Diez, B-CUBE Dresden.

Whenever proteins were used as probes, experiments were performed in buffer
solutions instead of deionised water to prevent protein denaturation. The buffer
of choice for lysozyme and apoferritin was phosphate buffer of pH 7.2 (adjusted
against an electronic pH-meter with a combined glass electrode, Hanna Instru-
ments HI2221) with NaCl added to keep physiological ionic strength (154 mM).
In case of kinesin-1, BRB80 buffer was used containing 0.1% of Tween 20 (Sigma-
Aldrich). Salts of analytical purity used for buffer preparation were purchased
from POCH S.A. Deionised water of conductivity below 0.1 xS/cm was produced
using HLP Smart purifier by Hydrolab (Gdarisk, Poland).

3.2 Kinesin Stepping Assays

The stepping assay used in TIRF microscopy has been extensively described by
Korten et al. [174]. Briefly, we performed the experiments in flow channels [175],
self-built from two glass cover-slips (22x22 mm and 18x18 mm; Corning Inc.,
Corning, USA), which were cleaned in piranha solution (HyO9/H2SO,, 3:5; both
purchased from Sigma-Aldrich), silanised with 0.05% dichlorodimethylsilane in
trichloroethylene (Sigma-Aldrich) and glued into a sandwich-like flow cell using
heated pieces of Parafilm M (Pechiney Plastic Packaging, Chicago, USA). The

surface of the channels was functionalised in five consecutive steps:

1. The flow cell was filled with a solution of TetraSpeck microspheres (diameter
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100 nm; Invitrogen) diluted 200-fold in BRB8O0;

2. After 2 minutes, the solution was exchanged with a BRB80 solution con-

taining 77.5 pg/ml anti-S-tubulin antibodies (SAP4G5; Sigma-Aldrich);

3. After another 5 minutes, the surface was blocked with a solution with 1%

Pluronic F-127 (Sigma-Aldrich) in BRBS8O;

4. Taxol-stabilized microtubules [174], diluted ninefold to prevent
crossing microtubules, were incubated for 5 minutes to bind to the tubu-

lin antibodies;

5. Microtubule solution was finally replaced by the motility solution (BRB80
containing 10 uM taxol, 40 uM glucose, 0.2 mg/ml glucose oxidase, 0.02
mg/ml catalase, 10 mM DTT, 0.1 mg/ml casein, 1 mM Mg-ATP, 0.1%
Tween 20; all from Sigma-Aldrich) with an addition of 4 pg/ml rKin430-

6HIS-GFP [173] as well as appropriate molecular crowding agents.

Fluorescence imaging was performed using an inverted fluorescence microscope
(Zeiss Observer Z1; Zeiss, Jena, Germany) with a 100x oil immersion objective
(Zeiss Apochromat, NA=1.46) with an additional 1.33x magnifying optovar. The
final pixel size was 117 nm. Microtubules were observed by epifluorescence using a
Lumen 200 metal arc lamp (Prior Scientific Instruments Ltd., Fulbourn, UK) with
a TRITC filter set. Kinesin-GFP was observed in TIRF mode, using a PhoxX
488 nm laser (Omicron-Laserage, Rodgau-Dudenhofen, Germany) with a GFP
filter set by Zeiss. Image acquisition was performed at 100 ms exposure time
by an electron-multiplied charge-coupled device camera (iXon Ultra DU-897U;
Andor, Belfast, Northern Ireland) in conjunction with a Metamorph imaging sys-
tem (Universal Imaging Corp., Downingtown, USA). For each sample, at least 5
image stacks were recorded at different locations in the sample, each stack com-
prising 1500 frames. Stacks were analysed separately using a MATLAB-based

software package, FIESTA 1.02 [176]. For each stack (except for samples where
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kinesin motion was heavily impaired), at least 200 independent kinesin walks were
recorded. Velocities of walks were inferred from kymographs (i.e. representations
of fluorescence intensity in a 2D space: position along microtubule vs. time) and
averaged. Temperature was kept at 297+2K at all times; reference experiments
(with no viscosity increasing agents present in the kinesin solution) performed
directly before each measurement series allowed for temperature drift correction.
Only linear movement of individual Kinesin molecules was included, disregarding
any stalled proteins or stop-and-go events. Only stuck molecules were detected in

experiments where a zero velocity was reported.

3.3 Rheometry Experiments

Macroscopic viscosity measurements were performed using a rotational rheometer
Malvern Kinexus Pro (Worcestershire, England). The geometry of the measure-
ment system was adjusted to the rheological properties of the sample. For low vis-
cosity samples (of the order of pure solvent viscosity), a double-cylinder geometry
was used, whereas for high viscosity samples a cone-plate system was applied. For
every sample, measurements at a broad range of shear rate were first performed
to establish a window where the response of the sample was purely Newtonian
and the data quality was satisfactory. The resulting range of shear stress applied
during viscosity measurements was usually ca. 0.01 to 10 Pa. Linear extrapola-
tion of the recorded data was performed to obtain the value of viscosity at zero
shear conditions, which is the standard for viscosity results presentation. Due to
Newtonian behaviour of the samples, viscosity did not change systematically with
the shear stress, so the extrapolation can be viewed as a way of averaging the
results obtained at different shear. The sample temperature was controlled by a
built-in heating/cooling module, providing accuracy of £0.1 K. In case of acti-
vation energy measurements, the investigated temperature range was 278-323 K.

All other experiments were performed at 298 K.
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3.4 DLS Experimental Setup

The dynamic light scattering (DLS) measurements were performed using a custom-
assembled setup, based on a Stabilite 2017 argon ion laser (514 nm wavelength;
Spectra-Physics, Mountain View, USA) and a Brookhaven BI-200SM goniome-
ter (Brookhaven Instruments Corp., Holtsville, USA). Unless stated otherwise in
the description of a given experiment, the measurements were performed at 298
K; sample temperature was controlled with a water bath providing accuracy of
+0.1 K. For every sample, data were collected at several angles ranging from 30° to
150°. For each angle (i.e. wave vector), autocorrelation of scattered photons was
analysed as a function of time. Since multimodal curves are frequently observed
for polymer solutions, we applied the robust CONTIN algorithm [155] for data
analysis. The apparent diffusion coefficients were calculated as an average of the

results obtained at different scattering angles.

3.5 Quartz Tuning Fork Experiments

The studies described within this Thesis concern aqueous solutions of polymers.
Even highly purified water is electrically conductive to some extent, which makes
typical electric measurements of the QTF vibration curve difficult or even im-
possible to perform [163|. To overcome this limitation, a novel method for QTF
excitation and measurement of vibrations was used [177]. The simplified schematic
of the measurement setup employing this technique is shown in Figure 3.2a. The
method is based on modulation of the excitation signal in a series of sinusoidal
bursts. It allows to minimize the influence of the current resulting from the con-
ductivity of the liquid, represented by Yp in Figure 3.2a, on the total measured
current [177]. During a burst, QTF vibrations are excited. When the excita-
tion voltage is switched off, the vibrations decay and the current generated due

to the piezoelectric effect in the QTF is measured using the current-to-voltage
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converter. Its output is then amplified, which results in the effective ratio of
current-to-voltage conversion of 0.4 V/nA. Signal is processed using an analogue-
to-digital converter and analysed using custom-written software. The software
controls the measurement and calculates the parameters of the exponential decay
of the vibrations caused by the viscosity-dependent damping. To improve the
signal-to-noise ratio, hundreds of excitation—decay cycles are recorded during a

single experimental run. Exemplary recording of the ringdown current is shown

in Fig. 3.2b.

The initial value of the amplitude of the current generated by QTF (A;) is
used to calculate the amplitude of physical vibrations of the QTF during the
excitation. It is only possible if the QTF used in the experiments has a known

value of the electromechanical coupling coefficient a. For a QTF vibrating at the
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Figure 3.2: a) Block diagram of the device using modulated excitation signal to
measure the vibrations of the QTF. Shown are: the excitation signal, the electric
equivalent circuit of the QTF in conductive liquid, current-to-voltage converter,
amplifier, and analogue-to-digital converter; b) Exemplary registered current gen-
erated by a QTF oscillating in water during its ringdown after excitation with
100 mV (RMS) voltage. The parameters of the exponential decay of vibrations are
the time constant ¢. and the initial amplitude of vibrations A;.
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radial frequency w,

1
- 2
” a-x, (3.2)

where [ is the amplitude of the current generated by the QTF and x is the ampli-
tude of displacement of the QTF prongs [178]. The actual value of o was estab-
lished in simultaneous electric and optical measurements using a SIOS SP-S 120
laser-interferometric vibrometer (SIOS Messtechnik GmbH, Ilmenau, Germany).
The QTFs used in the experiments described herein were characterized by an «
value of 16.8 pC/m, while the amplitudes of vibrations ranged from ~ 0.01 to
~ 100 nm.

The setup for QTF measurements was designed, assembled and developed by
dr T. Piasecki, dr K. Waszczuk and prof. K. Nitsch from the group of prof. T. Got-
szalk at the Faculty of Microsystem Electronics and Photonics, Wroctaw Univer-
sity of Technology. Further details on the measurement system can be found in

recent papers from this group [162,177].

3.6 Characterization of Viscosity-Modifying
Agents (Crowders)

Most experiments described herein were performed in aqueous polymer solu-
tions. They are frequently used as model complex liquids since their characteristic
length-scales are well defined, which facilitates a general physical description. The
polymer of choice was polyethylene glycol (PEG), which is soluble in water, flex-
ible, relatively inert and biocompatible. To capture the influence of the system
geometry (polymer hydrodynamic radius, correlation length) on mobility of probes
and viscosity at different length-scales, a broad range of polymer molecular masses
and concentrations was tested.

The average molecular masses as well as dispersity of polymers purchased

from Sigma-Aldrich were established by means of gel permeation chromatography
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(GPC). These PEGs had long tails of distribution of M, which would in some
cases impair proper interpretation of the results. Therefore, PEGs of low D index
were purchased from Polymer Standards Service GmbH (Mainz, Germany). Such
high-grade polymers are usually used as calibration standards for chromatogra-
phy. Therefore, in this case GPC data were supplied by the manufacturer within
appropriate analysis certificates. Most results presented throughout this Thesis
concern solutions of such standards; their M, and D values can be found in Ta-
ble 3.2. Any samples prepared with non-standardized PEGs are denoted with an
asterisk, *. To keep the notation concise and clear, PEG samples are named in
short by their approximate M, e.g. ,PEG 6k” denotes polyethylene glycol of M,

close to 6000 kg/mol (for exact values used for calculations, see Table 3.2).

In various experiments and reference measurements, aqueous solutions of rela-
tively small (R, < 0.5 nm), inert molecules were used. These included tetraethy-
lene glycol (TetraEG), ethylene glycol and sucrose. All of these compounds were
of high purity; TetraEG and sucrose were purchased from Sigma-Aldrich, while

glycol from Chempur S.A. (Piekary Slaskie, Poland).

Table 3.2: Compilation of values of molecular weight of all the compounds used
to adjust viscosity throughout the experiments, along with the dispersity indices
b (where available) and estimated hydrodynamic radii. In case of non-polymeric
compounds, M, is molecular weight, for polymers it denotes weight-average molec-
ular weight. * denotes non-standardized polymers.

Sample label M, |kg/mol| M, |kg/mol] D Ry, [nm| R, [nm)]

PEG 1k 895 1020 1.14 0.75 1.22
PEG 3k 2800 3052 1.09 1.41 2.31
PEG 6k 6170 6550 1.06 2.17 3.61
PEG 12k 10600 12190 1.15 3.09 5.18
PEG 18k 14900 17900 1.20 3.85 6.48
PEG 20k* 20390 28460 140  ~4.1 ~T7.0
PEG 500k 339000 495000 1.46 25.5 45.0
PEG 600k* — — - ~28 ~50
PEG 1M 879000 941000 1.07 36.8 65.3
ethylene glycol - 0.062 - ~0.15 -
TetraEG - 0.194 - ~0.3 -

sucrose - 0.342 - ~0.5 -
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Hydrodynamic and gyration radii of PEGs were calculated according to em-

pirical formulae, based on light scattering experiments [179]:
Ry, = 0.0145M957, (3.3)

R, = 0.0215M2°%. (3.4)

For small crowders, R), was estimated directly on the basis of molecular structure.

An important issue was preparation of the samples, especially for rheometric
measurements. Polymers were dissolved and mixed for up to three days (slow dis-
solution kinetics being a particular problem for the high molecular weight poly-
mers). A syringe could not be used for sample application due to the risk of
disruption of the polymer network. Instead, appropriate volume of sample was

measured and slowly poured into the system.
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Results and Discussion

The results are presented in three distinct blocks, according to the
main theses stated in the abstract (page XVI). Section 4.1 deals with
activation energy for mobility in polymer solutions. In Section 4.2
the influence of relaxation rate of polymer mesh on its response to
mechanical stimuli is discussed. Finally, in Section 4.3 the crucial
influence of local, scale-dependent viscosity on molecular motors is

demonstrated.
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4.1 Results: Activation Energy for Mobility

Extensive measurements of both macroscopic (rheometry) and nanoscopic (probe
diffusion — FCS) viscosity were performed at a broad range of temperature (278-
315 K), PEG molecular weight (3-500 kg/mol) and concentration (1-30%, upper
limit depending on the M,, of the polymer). Although a significant part of the tem-
perature dependence of viscosity came from the changes in the solvent viscosity,
the decrease of relative viscosity (i.e. viscosity scaled by the solvent viscosity at
given conditions, 79) with increasing temperature was accurately captured. n/ng
displayed a general exponential dependence on 1/T'; exemplary curves are given in
Figure 4.1. This was in line with the predictions concerning an Arrhenius-type de-

pendence in the formula for relative diffusivity, based on the Eyring equations [24].

Eyring’s approach to diffusion and viscosity was combined with the descrip-
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Figure 4.1: Temperature dependence of macroviscosity for exemplary PEG so-
lutions. The differences in slopes of the curves are practically negligible, even
though the results concern samples vastly differing in polymer concentration and
molecular weight.
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Figure 4.2: Results of additional rheometry measurements performed at 298 K,
serving as a basis for estimation of parameter a for the scaling equations for PEG
solutions.

tion of rheology of polymer systems based on a logarithmic dependence of relative
viscosity on (Ry/£)* [95,97] (see Section 1.5). Parameter a in analogous equations
may vary from system to system, while its physical meaning is still under discus-
sion |74]. It was established for the PEG systems in question on the basis of a
separate series of rheometry measurements, conducted at 298 K. The logarithm
of relative viscosity (1/n9) was plotted against R}, /¢ (Figure 4.2). An allometric
function of the type y = b- 2® was fitted to the datasets (separately for all the
polymers). As no significant discrepancies in the obtained a values were found
between the datasets, the results were averaged and thus the value of a = 0.78

was obtained.

Since the scaling formulae rely on the value of hydrodynamic radius of polymer
coil, possible changes of R) with temperature had to be examined. To do this,
dynamic light scattering (DLS) experiments were executed. Results obtained for

a dilute PEG 20k* solution are presented in Figure 4.3. The hydrodynamic radius
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of the polymer coil remained constant (within the measurement error) through-
out the range of temperatures exploited during rheometry and FCS experiments.
This allowed for using constant values of Ry, and R, (established on the basis of

Equations 3.3 and 3.4) for a given polymer.

To enable consistent presentation of the subsequent results, Equations 1.23
and 1.25 were applied to present all the data in terms of relative diffusivity (D/Dy).
The results concerning temperature dependence observed in rheometric measure-
ments were plotted against (Ry/€)*(RT)™!. As can be seen in Figure 4.4, all the
data points fell onto one linear curve, regardless of the molecular weight of the

polymer or its concentration.

The slope of the curves obtained from the macroscale experiments is a constant,
7, expressed in terms of energy and equal 3.96 + 0.40 kJ/mol. The error is given
here as a maximum discrepancy between the results for fits of individual datasets.

7y is characteristic for the system (in this case, PEG /water) and does not depend

R, [nm]

0 ="
280 285 290 295 300 305 310 315 320
T [K]

Figure 4.3: Hydrodynamic radius of PEG 20k measured at different temperatures
by means of dynamic light scattering. No significant changes are observed.
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on either the polymer concentration or its molecular mass. Thus the diffusion

coeflicient for large objects (r, > Ry,) is given as

—y (B 71)°

D=D — . 4.1
0P { RT (4.1

The above relation, according to Equation 1.23, can be rewritten to describe

macroscopic viscous flow:

0 = 10 exp P(Rg—gl)a} | (4.2)

FCS measurements were performed to investigate whether this kind of depen-
dence can be transferred to mobility of probes of nanometer-range size. In this
case probe radius, r,, became an additional variable. It was included by substitu-
tion of Ry, with effective radius R.g, defined in Equation 1.27. Such approach was

justified, as the macroscopic flow was the limiting case for the postulated scaling:

hm Reﬁ‘ = Rh.
Tp—+00
1,54
-2,0-
1 & PEG 3k 20%
2,54 o PEG 3k 30%
] PEG 6k 15%
3,01 PEG 6k 20%
~ 35 PEG 6k 30%
o 0 PEG 12k 20%
O -40- o PEG 12k 30%
= 1 A PEG 18k 20%
£ 451 v PEG 18k 30%
] <4 PEG 500k 1%
5.0 > PEG 500k 2%
] o PEG 1M 1%
0] % PEG 1M 2%
-6,0 v T v T . . . . . . , — Common slope: y
0,4 0,6 0,8 1,0 1,2 1.4

1/RT (R /€ [x10]

Figure 4.4: Relative diffusivity at the macroscale for different PEG solutions plot-
ted according to the proposed scaling equation. The slope of the concentrate linear
fit corresponds to the coefficient v (see Equation 4.1), equal ca. 3.96 kJ/mol. The
data are presented as diffusivity instead of viscosity (which was directly mea-
sured) to provide a straightforward comparison to the subsequent FCS results.
Conversion from n/ny to D/ Dy is done according to Equation 1.23.
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Logarithm of the relative diffusivity measured for the molecular probes de-
pended reciprocally on the temperature, similarly as was observed for macroscopic
flow. Diffusivity scaling was included in an analogous way as at the macroscale,
using R instead of Ry,. For each probe/polymer system, all the results fell along
a straight line on the scaling plot (Figure 4.5). Therefore, a modification of Equa-

tion 4.1 was proposed to include scaling with the probe and polymer chain sizes:

- (Reff 5_1)a:| ) (43)

D = Dyexp { T

The above relation can be rewritten to describe the effective viscosity experienced

by a probe diffusing in a polymer solution:

v (Reft 5_1)(11 ‘ (4.4)

The obtained results and their proposed description proved to be fully consis-
tent with the viscosity scaling postulated previously [95,97|. By analogy to the
original Eyring rate theory, the denominator in Equation 4.3 was interpreted as

the excess of activation energy for diffusion over the value characteristic for pure

o PEG 20k 5% rho
% PEG 20k 10% rho
¥ PEG 20k 15% rho
0 PEG 20k 25% rho
X PEG 20k 35% rho
PEG 6k 15% rho
PEG 6k 25% rho
o PEG 20k 5% lys
o PEG 20k 15% lys
A PEG 20k 25% lys
PEG 6k 10% lys
PEG 6k 15% lys
PEG 6k 25% lys
+ PEG 20k 5% apo
¥ PEG 20k 10% apo
X PEG 20k 15% apo
v v . . @ PEG 6k 10% apo
0,0 0,2 0,4 0,6 0,8 @ PEG6k 15% apo

1/RT (R /€7 X107

0,0 1
-0,54
-1,04

1,54

In(D/D,)

-2,0
2,54

-3,0

Figure 4.5: Relative diffusivity experienced by molecular probes in PEG solutions
plotted according to the proposed scaling equation. Probe descriptions: rho —
rhodamine (r, = 0.52 nm); lys — lysozyme (r, = 1.9 nm); apo — apoferritin
(rp = 6.9 nm).
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solvent, AF,:

AE, =~ (Rgﬂ)a. (4.5)

The FCS results matched the proposed scaling of relative viscosity very well.
However, in contrary to the macroscopic case, significant differences in the ob-
tained -y values were observed between different probe/polymer systems. The
changes were systematic and corresponded to the transition from the macro-
to nanoviscosity range, as shown in Figure 4.6. For systems characterized by
rp/ Ry > 1, the values of v coefficient obtained from FCS experiments approached
a constant, reproducing the macroscopic value (within experimental errors). This
supports both the high quality of the obtained results and the postulated identity
in the description of viscous flow and probe diffusion. In the r,/R), > 1 range the
probe gradually starts to experience the macroscopic viscosity of the solution [97].

This smooth shift is manifested by changes in both the relative diffusion coefficient

8 - O PEG solutions - nanoscale
- — -PEG solutions - macroscale (rheometry)

7 -
— 6-
©
£
- 54
ﬁ %
>‘ é
O

0 1 2 3
rp/Rh

Figure 4.6: Dependence of the ~ coefficient (appearing in Equations 4.3 and 4.5)
on the probe/polymer size ratio. Relatively large molecular probes reproduce
well the results of macroviscosity measurements. The shaded range denotes the
maximal error of rheometry results.
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Table 4.1: Excess of the activation energy over the one in pure water, AF,;
exemplary data for PEG aqueous solutions (M, = 20 kDa). D, refers to diffusion
in pure water. The activation energy for self-diffusion of water is 19 kJ/mol [181].
According to Equation 1.23, relative diffusivity is an inverse of relative viscosity,
which is how the reference values for macroscopic flow are calculated.

Probe, 7, [nm| Concentration atD 2/ 9201( [kJA/glaol]
rhodamine, 0.5 0.34 2.50

lysozyme, 1.9 10% 0.30 4.04
apoferritin, 6.9 0.13 5.17
macroscopic flow 0.077 6.37
rhodamine, 0.58 0.13 4.87

lysozyme, 1.9 25% 0.038 7.87
macroscopic flow 0.0067 12.4

D/ Dy and the excess activation energy AE, — an exemplification can be found in
Table 4.1.
The results presented in this Section were published in a paper in Physical

Review Letters [180].
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4.2 Results: Dynamic Depletion Layer Effect

The response of polymer mesh to mechanic stimuli was investigated by means
of a quartz tuning fork (QTF) oscillator (see Section 2.5). However, first, ref-
erence measurements of viscosity of PEG solutions (same as used later on for
QTF experiments) were performed by means of rotational rheometer. Five PEG
molecular mass standards were investigated; for each of the polymers, solutions of
three different concentrations were prepared. Additionally, few measurements for
broad-distribution PEGs were made. The obtained viscosity values ranged from
less than 1 to over 150 mPa-s. The results agreed very well with the previously
postulated scaling formula for viscosity of complex liquids (Equation 1.28) [97],
as can be seen in Figure 4.7.

To investigate the viscoelasticity of the solutions, oscillatory rheometric mea-

scaling equation

In (17/70)

b (Rn/&)"

Figure 4.7: Experimental data on the viscosity measured by means of the rota-
tional rheometer, overlaid with the viscosity scaling relation (Equation 1.28). Full
consistency is observed. Gray circles correspond to non-standardized polymers of
broad M,, distribution.
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depletion
layer

depletion boundary
+ is pushed away

+ oscillations

Figure 4.8: Different considered models of depletion layer at an oscillating wall in
a polymer solution. a) The depletion layer is static, viscosity at small oscillation
amplitudes is of the order of solvent viscosity, strongly increasing when the ampli-
tude exceeds the DL thickness; b) Due to hydrodynamic forces, the depletion layer
is moved together with the wall, therefore bulk viscosity is observed irrespective
of the oscillation amplitude (the DL is moved as if it was an intrinsic element of
the QTF); ¢) The oscillating wall forces broadening of the depletion layer, so that
its thickness corresponds to the oscillation amplitude (polymer chains are pushed
away from the surface and do not relax fast enough to fill the available space).

surements were performed. In an attempt to determine the linear viscoelastic
region, the G’ storage modulus was recorded at variable amplitude of the rheome-
ter geometry oscillations and frequency of 1 Hz, which is a standard value for such
experiments. Irrespective of the shear strain, the measured values of G’ were be-
low the sensitivity of the apparatus (nothing but the inertia of the geometry was
observed). This suggested purely viscous behaviour of the bulk samples, which
was in line with the fact that in rotational measurements the recorded viscosity

did not change with the shear rate.
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While preparing the QTF experiments, different hypotheses concerning the
response of the polymer system to oscillations were taken into account, basic three

of which are schematically depicted in Figure 4.8. The thickness of the DL was

A PEG 3k 3% b .
a) v PEG 3k 10% Qun.,““ A PEG 6k 3%
¢ PEG 3k 40% 1004 v PEG 6k 30%
PS ¢ PEG 6k 50%
= L2 2 24 ‘0000"“ KXRA AT =
g g v
v v
E 104 E vV YYYYYYYYY Yyyyyy
z z
5 5 104
> >
= v B
v v
§ Y Y Yy YyyvYYYYYVYYYYYYY §
> >
A FYYVYWY
1 A AAAAAAAAAAAAAAAAAAA 14 AAAAAAAAAAAAAAAAAA A
T T T T T ML | M T T T oo T L | T TrorrTTTh
10" 10° 10° 10" 10° 10° 107
QTF oscillation amplitude [m] QTF oscillation amplitude [m]
A PEG 18k 3% d A PEG 500k 0.1%
C) v PEG 18k 5% ) v PEG 500k 0.5%
Yh0ee P6400000000000000 & PEG18k20% ¢ PEG 500k 2%
_ _ 10
12 (2]
g g 000%00,00000000660000000000000
E. 104 E
[T [T
= =
g (e
> >
‘@ v 42227 P
8 AAMAMAMAAMAAAAMA MAAAAL/ 8 YYYYYYVYYYYYYYYYVYYYYYY
g AAAAAALAAAAAAA MAAAAAAL, g
14 14 AAAAALAAAAAAAAAAAAAAAA
AR M oo v AL | T Tororrror M T T T T T T T
10 10° 10° 107 107 10° 10° 107
QTF oscillation amplitude [m] QTF oscillation amplitude [m]
e) A PEG 600K* 0.1% f) 107 A PEGIMO.1%
® PEG 600k* 2% v PEG1M1%
104 v PEG 600k* 0.5% ¢ PEG 1M 2%
= & PEG 600k* 1% -
@ ..'°°-o.. ®000,, ©
% o o0 DE. 0000%000000000000000000000000¢
L 00, L
(3
5 900000000004, 0000000000 5
é‘ v"'yv é AAAAAAAAAAAAAAAAAAAAAAALAAAAAAAS
8 MALAAAAAAAAAAAS g 14
& AL, 2 AAAAAAAAAAAAAAAAAAAAAAAAAAAAAL
> 14 AAAAAAAAAAL >
T v Trorrror v ALY | T g M T T T T AL | T ML |
10" 10° 10° 10" 10" 10° 10° 107
QTF oscillation amplitude [m] QTF oscillation amplitude [m]

Figure 4.9: Viscosity measured by the QTF in solutions of PEGs: 3k, 6k, 18k,
500k, 600k*, 1M (panels a)-f)) plotted against the fork oscillation amplitude. Bulk

viscosities of solutions denoted with symbols matching in both graphs (e.g. 6 kDa
50% and 1 MDa 2%) are roughly the same.
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roughly approximated by the values of gyration radii of the polymers [112,116],
i.e. ranged from ca. 2 to 70 nm for different polymers. Therefore, the experiments
were designed so that the amplitude of the oscillations of the QTF would in all
cases range both above and below this value. Particular attention was given to
measurements of viscosity experienced at low amplitudes. Effectively, it came
down to an amplitude range from tens of picometers to ca. 100 nanometers.

If the depletion zone boundary did not follow the oscillations nor rearrange in
any way (static depletion layer), a distinct crossover should be visible. For small
displacements, the fork would experience the low viscosity of the DL (similar to
the solvent viscosity), while for displacements exceeding the thickness of the DL,
a much higher viscosity of bulk polymer solution would be observed (Figure 4.8a).
Moreover, for large initial amplitudes a double-exponential decay of oscillations
would be observed. First, heavy damping in the polymer would take place, fol-
lowed by slow decay when the oscillation amplitude decreased into the depletion
zone. However, this was not the case: all the decay patterns fitted perfectly to
a single-exponential decay. No meaningful dependence of the measured viscosity
on the initial amplitude for any of the samples was observed, as can be seen in
graphs in Figure 4.9.

For all solutions of polymers of M,, < 20 kg/mol very good agreement between
the results from QTF and rheometry measurements was obtained. The QTF
method proved therefore accurate even for solutions of viscosity two orders of
magnitude greater than the viscosity of water.

An interesting observation was made for solutions of high- M, polymers (500k,
600k, 1M). Although the viscosity measured with the QTF did not depend on
the oscillation amplitude, it was overall much lower than the reference bulk value.
For example, in the case of the 2% solution of PEG 1M, the observed discrepancy
was fifty-fold. A comparison of viscosities measured with QTF and rheometry is
presented in Figure 4.10.

The observed discrepancy between QTF-measured and bulk viscosity for so-
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Figure 4.10: Log-log plot comparing viscosities measured by rotational rheometry
and QTF. For polymers of M, < 20 kg/mol very good conformity is observed,
whereas for high- M, PEGs significant differences appear. Dashed lines are drawn
as a guide for the eye, connecting points corresponding to solutions of same poly-
mer differing in concentration.

lutions of high-M,, PEGs did not seem to find any direct explanation in the size
domain (mesh structure). Therefore, the time domain was explored, i.e. the dy-
namic properties of the polymer solutions. Dynamic light scattering was used for
that purpose. In all solutions of low-M,, polymers (up to 18k), a single-component
fit of the correlation function matched the results very well. However, in semi-
dilute solutions of high-M,, PEGs two distinct relaxation modes were observed —
exemplary DLS curves are shown in Figure 4.11. The fast mode is ascribed to local
relaxation of polymer chains [182]| within a single blob of the size corresponding to
the correlation length [183|. This is in line with the DLS results, supported also by
literature data [184]: the fast mode relaxation time shortens with increasing poly-
mer concentration. As the concentration increases, the correlation length (and,
consequently, the blob size) decreases, restricting the length-scale and time-scale
of the fast relaxation mode. On the other hand, for the slow mode an increase in

relaxation times with polymer concentration was observed. Although the exact
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Figure 4.11: Exemplary dynamic light scattering (DLS) correlation curves ob-
tained at # = 90°for PEG solutions: a) 18k, 5%, monoexponential decay; b) 500Kk,
2%, double-exponential decay.

interpretation of the origin of the slow mode is still debated, it is generally related
to the hindered motions of the entire entangled chains [16]. For small polymers,
both phenomena (movement within blobs and of mesh segments) occur at sim-
ilar length- and time-scales and cannot be easily distinguished. In the hereby
described case, the slow relaxation mode should reflect the ability of the polymer

mesh to react to the displacement of the QTF prongs.

For each of the samples, we performed DLS measurements at 7 different 6
angles, ranging from 30° to 150°. Therefore, the length of the wave vector q (cal-
culated using Equation 2.15) covered the range of ca. 30 to 120 nm. Diffusion
times mp were established from fitting of the autocorrelation curves — the results
are given in Table 4.2. Only the slow mode was taken into account when bimodal
correlation curves were observed (i.e. for semi-dilute solutions of high-M,, poly-
mers). In the 500k 0.1% solution only one mode was observed due to the fact
that the solution fell in the dilute concentration regime and therefore the chains
were not interpenetrated (separate coils were present in the solution rather than
a polymer mesh). Characteristic diffusion coefficients D were calculated as slopes
of the linear plots of ;! drawn as a function of |q|? (see Equation 2.16). Accord-
ing to the favoured interpretation of the long relaxation mode, D in semi-dilute

solutions refers to motion of large segments of the entangled polymer system,
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providing information about the dynamics of the mesh.

The frequency of QTF vibrations was fixed in all the performed experiments
(resonance frequency was determined by the geometry of the fork prongs) and the
oscillation period 7.5 was equal to 37£2 us. The slight shifts of 7.5 were due
to differences in sample density and no indication of polymer adsorption on the
QTF surface was observed. To incorporate the DLS results into the interpretation
of QTF measurements, diffusion coefficients were used to calculate root mean

square displacement of polymer mesh segments, dgums occurring during a single

Table 4.2: Diffusion coefficients D (both slow and fast mode) obtained from DLS
measurements for different PEG solutions. For each sample, autocorrelation of
scattered photons was captured at 7 different 6 angles (30 — 150°), i.e. at different
wave vectors q. Fitting of mono- or biexponential models yielded characteristic
correlation times 7p. D values were calculated as slopes of the linear 7' (|q|?)
plots. drys was calculated as dras = (6 DTee)'/2, where 7o is the QTF oscillation
period (~37 us). drys is a measure of space explored by segments of the polymer
mesh during a single QTF oscillation period; therefore, for high-M, PEGs it
concerns only the slow diffusion mode. Asterisk denotes non-standardized polymer
of broad M, distribution.

Polymer % w/w Dj [pm? s7!| D [pm? s7!| drus [nm]

3% 146.8 181

3kDa  10% 180.7 - 200
40% 9211.3 - 217

3% 109.2 - 156

6kDa  30% 9250.2 - 236
50% 9225.1 - 224

3% 81.6 - 135

18 kDa 5% 87.7 - 140
20% 148.2 - 181

0.1% 11.0 - 49.4

500 kDa  0.5% 36.0 2.70 24.5
2% 47.5 0.88 14.0

0.1% 22.6 451 31.6

. 0.5% 23.0 2.14 21.8

600 kDa™ o/ 25.5 0.21 6.9
2% 30.3 0.073 4.0

0.1% 1.9 1.02 15.1

1 MDa 1% 924.9 0.077 41

2% 38.3 0.017 2.0
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Tose period:

dRMS = (6D7_osc)1/2' (46)

dryvs is a measure of the extent of space, at which polymer relaxation can be
expected during the QTF oscillation period. Another key factor is the thickness
of the equilibrium DL, which determines the extent of space at which a decrease of
polymer concentration is observed at equilibrium conditions. As the DL boundary
is not sharp nor well defined, we shall settle with the rough approximation of the
DL thickness as R, in the further discussion.

The dependence observed in Figure 4.12 implies a direct relation between the
decrease of QTF-measured local viscosity of entangled solutions of high- M, poly-
mers and the geometric parameters dryms and R,. Let us consider the limiting
case for long polymer chains, when dgrms << Rg, i.e. the mesh relaxes very slowly
and the depletion region is relatively broad. At low initial amplitudes of QTF
oscillations (A; < R,), the DL/bulk boundary can be treated as stationary. The
QTF moves within the DL, experiencing viscosity similar as in pure solvent. How-
ever, when A; approaches or exceeds R,, the QTF-measured viscosity does not
increase. This can be explained by the ,dynamic depletion” phenomenon: during
the initial phase of forced oscillations, the polymer is pushed away and the DL
is broadened (c¢f. Figure 4.8¢c). Since the relaxation of the polymer mesh is slow,
the boundary of the DL does not follow the motion of the QTF. Therefore, only
the low viscosity of the DL is observed.

On the other hand, when drms > R,, the polymer chains are mobile and
the mesh can follow the movement of the QTF in an extent sufficient for dynamic
reconstruction of the DL. Even at small amplitudes (4; < R,) the DL /bulk bound-
ary is not immobile: it follows the oscillations of the QTF to keep the equilibrium
thickness of the DL at any given point of the oscillation cycle. Such assump-
tion is fully supported by experimental data: for all QTF measurements in the
drms > Ry regime (i.e. for polymers of M, < 20 kg/mol), bulk viscosity was

reproduced within a 15% error margin, irrespective of the amplitude. Unfortu-
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Figure 4.12: QTF-measured viscosity of entangled polymer solutions strongly
decreases when drys, 2.€. Toot mean square displacement of a polymer unit dur-
ing one QTF oscillation period, drops below the thickness of the depletion layer
(roughly approximated by the polymer gyration radius, R,). In this regime, the
DL /bulk solution boundary approaches a stationary state, while the QTF moves
inside the DL. Oscillation amplitude is not relevant: even if A; > R,, the DL is
broadened to A; during the initial period of the experiment (forced QTF oscil-
lations), while its return to the equilibrium state is relatively slow at low dgrys.
Dashed red line is drawn as a guide for the eye.
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nately, due to technical limitations we were not able to perform measurements
at A; exceeding drygs for the low-M,, polymers (where drys is of the order of
hundreds of nm — see Table 4.2). However, the limiting case for high amplitudes
of QTF oscillations in PEG solutions is simple Newtonian flow at high shear rate,
characterized by the bulk solution viscosity. Therefore, no significant changes of

effective viscosity at high amplitudes should be expected.

There are no other available reports on viscosity measurements conducted by
means of a QTF in complex liquids, where the DL dynamics could be probed.
Quartz crystal microbalance (QCM) viscosity measurement method has been ap-

plied to polymer solutions and a significant decrease in viscosity compared to the
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bulk value was observed [164,165]. The authors attributed this phenomenon to
the adsorption of polymer on the microbalance surface. However, in the view of
current results and the development of the DL theory, it seems that this effect
could have rather been due to depletion: since in case of QCM oscillations occur
only in the direction parallel to the surface, the shear is mostly constrained to
the low-viscosity, polymer-depleted zone. In case of QTF, which is a 3D object
immersed in the sample, most friction is due to movement of the prongs normal
to their surface. Therefore, physically different phenomena are observed than for
QCM and dynamics of the DL can be probed. Moreover, no adsorption of poly-
mer on the QTF surface was noticed (which would be apparent by changes in the
resonance frequency).

The results presented in this section were published in an article in Soft Mat-

ter [185].
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4.3 Results: Motion of Kinesin in Crowded

Environment

The crucial experiments concerning mobility of kinesin-1 in crowded environ-
ment were performed by means of total internal reflection fluorescence microscopy
(TIRF — see Section 2.2). Microtubules (MTs) were synthesized and attached to
cover-glass surface in a flow channel, which was then filled with motility buffer
containing ¢.a. kinesin and appropriate crowders. Details concerning the prepa-
ration of stepping assays were described in Section 3.2. A range of substances
was used to modify the viscosity of the motility buffer: PEG 6k, 18k, and 1M,
tetraethylene glycol (TetraEG), as well as sucrose. A range of concentrations was
examined for each of these substances. Reference viscosity measurements of the
solutions were performed using the rotational rheometer.

In the control motility experiments an average kinesin velocity of 810 nm/s was
observed, which was the expected value [124,127,186]. For 1M PEG solutions, no
significant deviations from this value were observed — even at PEG concentration
of 2%, which corresponded to viscosity of 116 mPa-s (i.e. 111 times the viscosity
of the buffer). The conclusion that high macroscopic viscosity does not by itself
impair the mobility of kinesin was in line with previous studies concerning work of
molecular motors against viscous load [130,131]. However, increasing the concen-
tration of the 6k or 18k PEG, TetralEG, or sucrose in the kinesin solution caused
gradual decrease of the stepping velocity and, at a certain point, utter arrest of
motion, as depicted in Figure 4.13a.

Although results obtained for low- and high-M,, crowders seem incongruous,
they are easily reconciled within the viscosity scaling paradigm (see Section 1.5).
Following the idea that diffusion of the kinesin head from one binding site on
the microtubule to the next one is amongst the crucial phases of the motor’s
step [120, 126, 133], effective viscosity n.s experienced by the head was estimated

for all the investigated solutions. The head was approximated as a sphere of
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Figure 4.13: Velocity of kinesin-1 motion along the MTs measured in stepping
motility assays. a) v plotted against the macroscopic viscosity; b) ¢ (velocity nor-
malized by the vy velocity obtained in control experiment in the absence of crow-
ders) plotted against the effective viscosity experienced by an individual kinesin-1
head domain (Equation 1.28). Dashed line drawn as a guide for the eye. Legend
refers to both panels.
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diameter of 5 nm. Equation 1.28 was applied, with scaling parameters established
beforehand for aqueous PEG solutions [97,180]. nes calculated for small crowders
is equal to macroscopic viscosity n; however, significant discrepancies between
these two values arise for large crowders, as can be seen in Figure 4.14. In the
1M PEG solutions, n.g for a 5 nm sphere is of the order of pure solvent viscosity.
Therefore, the effect of large crowders on the motion of kinesin is negligible (the
motor domain experiences no viscosity increase), which is in line with previous
studies [130, 131].

The depletion effect occurring in polymer solutions should also be consid-
ered (see Section 1.6). The depletion layer extends over distances comparable
to the hydrodynamic radius of the polymer coil — which, in case of 1M PEG is
more than 35 nm [179]. This causes an apparent facilitation for kinesin motion,

hence the concentration of polymer is additionally decreased in the vicinity of the
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Figure 4.14: Relation between the effective viscosity experienced by the kinesin
head (calculated) and macroscopic viscosity of different solutions. For low-M,,
crowders, the two values are nearly identical (solid line). However, for 1M PEG
solutions, n.g is lower than n by even two orders of magnitude.
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microtubule. The situation becomes qualitatively different for polymers of low
molecular weight. Hydrodynamic radii of 6k and 18k PEGs are 2.17 and 3.85 nm,
respectively. Therefore, the kinesin head detaching from the microtubule does not
remain in the depletion zone. Moreover, the difference between n and 7.g for an
object of the size of kinesin head becomes negligible, as depicted in exemplary
plots of nes (scaled by solvent viscosity 79) vs. 1, in Figure 4.15. This is also the

case for sucrose and TetraEG solutions.

A decrease of the kinesin velocity with increasing 7.g is observed, with a com-
plete arrest of motion at ca. 5 mPa-s, as depicted in Figure 4.13b. Also, a change in
the fraction of mobile kinesin molecules is apparent, especially in case of TetraEG
and sucrose: while in dilute solutions the recorded fluorescent particles are mostly
mobile, in the concentrated ones walk events became rare (in spite of the same

kinesin concentration).

The relationship between the observed kinesin stall and the mechanism of its

b) 200+
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Figure 4.15: Viscosity scaling according to Equation 1.28. Effective viscosity neg of
a complex liquid experienced by a probe is a function of the hydrodynamic radius
of the probe, r,. Plots a) and b) illustrate this dependence for a 15% aqueous
solution of 18k PEG and a 2% solution of 1M PEG, respectively. 7y is solvent
viscosity. Red line corresponds to estimated 7, of a kinesin head. Although the
macroscopic viscosity (large probe limit) in case a) is lower than in case b) by
nearly an order of magnitude, the kinesin head experiences lower viscosity in case

b).
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processive motion can be established on the basis of the well-grounded model,
summed up in a recent paper from the Block group [187]. The main phases of a
single step according to this model are schematically depicted in Figure 4.16. In
the following paragraphs, different possible reasons for loss of kinesin functionality

in crowded environment are critically evaluated.

Hypothesis 1: Protein aggregation — no binding to microtubules.
Presence of a significant amount of polymer in a protein solution may lead to ag-
gregation due to the depletion forces and excluded volume effects [102,188,189|.
This possibility was ruled out by fluorescence correlation spectroscopy (FCS) mea-
surements. The measured diffusion times of Kin430-GFP in solutions of TetraEG

(concentrations up to 50%) and PEG 18k (up to 15%) are presented in Figure 4.17.

S

<

NNk

Figure 4.16: Mechanism of the kinesin forward step along the microtubule (MT).
The protein spends most of the time in the ATP-waiting state, 1. Binding of
ATP changes the conformation of the MT-bound head, presumably enhancing the
orientational freedom of the linker. The 1—2 reaction is largely reversible [187].
As long as ATP is coupled to the MT-bound head, the free head can reach the
subsequent binding site on the MT and release ADP. The movement is realized by
diffusion, constrained by tension arising in the linker. ATP is hydrolysed to detach
the trailing head from the MT (3—1) and the system returns to the ATP-waiting
state.
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Figure 4.17: Diffusion times 7p of kinesin measured by FCS for different concen-
trations of TetraEG (black squares) and 18k PEG (red triangles). In both cases,
the diffusion times depend linearly on the effective viscosity experienced by the
protein, neg. No aggregation of kinesin is observed, which would cause a rapid,
non-linear increase of diffusion time due to a change of the hydrodynamic radius
of the probe. The difference in slopes is mostly due to expansion of the focal
volume in TetraEG solutions of high refractive index.

In both cases, the decrease of diffusion rate is linearly correlated with the increase
of the effective viscosity of the solution. This implies that the hydrodynamic
radius of the protein remains constant irrespective of the crowder concentration,
thus disproving kinesin aggregation. Furthermore, in TIRF experiments immobile
fluorescent particles were observed at the MTs. This suggests that kinesin binding
to the MTs was not disabled.

Hypothesis 2: Osmotic depletion and disjoining pressure — trapping
of kinesin head on the MT. During each step, one of the kinesin heads de-
taches from the MT. This event requires energy; it is coupled with hydrolysis of

the ATP molecule at the detaching head [187]. Work is performed against the
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Table 4.3: Estimation of the influence of osmotic pressure II on the energy required
for detachment of kinesin head from the MT in polymer solutions. Data on II for
6k PEG taken from [191]; for other polymers II was calculated as for the ideal
case — some underestimation is therefore probable. AG was obtained as volume
expansion work performed against pressure Il over a volume corresponding to a
cylinder of radius equal to kinesin head hydrodynamic radius (2.5 nm) and height
of the polymer coil’s diameter.

Solution  Concentration |% w/w| II [kPa] AG[kgT]

2.0 0.53 1.09
7.5 1.38 1.84
PEG 6k 10.0 2.63 5.41
14.0 4.91 10.11
3.0 0.041 0.15
PEG 18k 2.0 0.068 0.25
10.0 0.14 0.51
0.25 6.1-107° 2.3-1073
0.5 1.2-107% 451073
PEG IM 1.0 25-107% 9.0-1073
2.0 49-107* 1.8-107?

disjoining pressure. It accounts not only for breaking the non-covalent bonds
between the head and MT (this energy should not vary significantly upon addi-
tion of polymer), but also for the depletion interactions [99,102,188,190]. When
the head incrementally moves away from the MT, free space is created between
these two surfaces, which is instantaneously filled by solvent molecules. However,
large crowders cannot penetrate this space due to steric limitations. The arising

gradient of osmotic pressure pushes the surfaces back together.

The depletion-dependent energetic barrier AG for separation of kinesin head
and MT can be crudely estimated as comparable to IIdV. II is the difference in
osmotic pressure [191] between the polymer solution and pure buffer; dV' corre-
sponds to the volume of a cylinder of radius equal to kinesin head hydrodynamic
radius (2.5 nm) and height of the polymer coil’s diameter. Thus estimated barrier
in a 10% solution of 18k PEG (where kinesin is stopped) is 0.4 kg7, while for a
10% solution of 6k PEG (where enzymatic activity is retained) the calculations

give 5.4 kgT'. A difference in energy of more than an order of magnitude between
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the two cases, coupled with an effect contrary to the expected, suggests that the
depletion-related barrier is not the key issue. Moreover, the aforementioned values
(as well as those calculated for other investigated systems, compiled in Table 4.3)
are well below the energy obtained from hydrolysis of a single ATP molecule, i.e.
20-25 kgT.

Hypothesis 3: Poor availability of ATP due to its hindered diffu-
sion. Combining Equation 1.28 with the Stokes-Sutherland-Einstein equation,
the diffusion rates of ATP molecules in the investigated solutions were estimated.
On this basis, the root mean square displacement of an ATP molecule during ki-
nesin’s dwell time (10 ms) was calculated. The minimum obtained value of ca. 1.5
pum was found for the 45% sucrose solution. As at 1 mM (standard experimental
conditions) there are ca. 6-10° ATP molecules per um?, the influence of hindered
ATP diffusion on kinesin mobility seems highly improbable. Also, no change in
the stall viscosity limit was observed upon the increase of ATP concentration to

10 mM.

Hypothesis 4: Limitations imposed on the diffusion of kinesin head.
It is well documented that Brownian motion of the unbound head is crucial for
the kinesin motion [120,125,126,133|. Although the motor takes up to 100 steps
per second (i.e. one step per 10 ms), most of this time is the dwell time, when
the MT-bound head is waiting for ATP [126, 187] (state 1 in Figure 4.16). A
single step requires displacement of the head over a distance of 16 nm. Within
the simplistic model of the kinesin head treated as a sphere of hydrodynamic
radius of 2.5 nm freely diffusing in a liquid of 7.z = 5 mPa-s (boundary of stall
conditions), it covers such distance in less that 4 ps. This is far below the expected
step duration. However, such model neglects the fact that the diffusing head is
connected to the other one, which is bound to the MT. To take a step, kinesin
needs to stretch: molecular dynamics simulations suggest a tension of up to 15-35
pN arising in the linker [192,193|. According to Hyeon and Onuchic [192], the

linker is extended by 3.1£0.8 nm. From an approximation of a worm-like chain,
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a spring constant K = 5 mN-m™! is estimated. A model of particle diffusing
in a harmonic potential field based on a simplified solution of the Smoluchowski

equation can be applied: [194]
P(z) = (K/2mkgT) exp (—Ka*/2kgT) (4.7)

where P is the probability of finding the particle at the distance x away from
the equilibrium position. Integrating this equation over x > 3.1 nm, we obtain a
probability of finding the unbound head at sufficient distance from the MT-bound
one of only ca. 0.03%.

The estimated energy required to stretch the linker is 4 kgT' [192], which poses
a barrier for reaching the binding site. Diffusion is also an activated process,
characterized by a specific, Arrhenius-like activation energy (see Section 1.3). As
described in detail in Section 4.1, an increase of viscosity of a solution by addition
of a crowding agent is equivalent to the increase of the activation energy for
diffusion. It can be expressed as neg = ngexp (AE,(RT)™1), where AE, is the
difference in activation energy for viscous flow between solution and pure solvent.
A 5-fold increase of the effective viscosity corresponds to a rise of AE, by nearly
4 kJ/mol, which is ca. 1.6 kgT' in molecular terms.

The increase of AFE, may impair the functionality of kinesin. Energy obtained
from ATP hydrolysis is used to detach one of the kinesin heads from the MT and
induce conformational changes in the protein, while the rest of it is dissipated.
Although the 4 kgT of potential energy stored in the strained neck is released
when the trailing head unbinds from the MT, its contribution to the directional
head displacement is limited due to fast draining of momentum through Brownian
motions of surrounding particles. The energy required for overcoming the barrier
for motion and stretching the linker comes therefore mostly from the thermal
motions, and not from the ATP dissociation.

There is also a strict time limit for overcoming the barrier. According to

the presumed chemomechanical cycle [187], transition between states 1 and 2 in
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Figure 4.16 is reversible. Rate of the 2—3 step, including the diffusion of head,
is estimated to be 600 s™* in optimal conditions [187]. Rate of ATP dissociation
from the leading head (2—1) is ca. 100 s™!. Increased effective viscosity hinders
the 2—3 transition, while it does not affect the 2—1 reaction. This may lead
to a situation where the head-ATP complex preferably dissociates before the step
occurs and the ATP-ase activity is suppressed.

The arguments listed above constitute a coherent explanation of the observed
kinesin stall. Hypothesis concerning the crucial importance of the limitations
imposed on the diffusion of kinesin head by increase of n.g is therefore strongly
supported.

The results presented in this Section are described within a paper which at

the moment of submission of this Thesis is under external editorial review.
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Summary and Conclusions

Biochemistry, biophysics and molecular biology brought in the last decades many
crucial answers concerning the structure and functions of the basic gears of the
molecular machinery of life. A lot is also known about the chemical pathways
connecting these gears into functional organisms. However, understanding the
dynamics of living systems is a remaining challenge: there still are significant
shortcomings in the description of kinetics, regulation and synchronisation in bio-
logical systems within the strict framework of physics and thermodynamics. One
of the most general factors influencing such processes is molecular mobility. Ever
since the experiments of Schachman and Harrington in the 1950s [64], it is known
that diffusion rates in complex liquids are length-scale-dependent. The recently
proposed viscosity scaling paradigm [92,95-97| is a basis for quantitative explana-
tion of the apparent enhancement of mobility (i.e. decrease of effective viscosity)
for small probes. Even though the basic studies usually utilize polymer systems as
model complex liquids (which provide better control and easier parametrization
than in vivo studies), it has been shown that the resultant scaling equations can

be successfully applied to living cells [97,195].

Within this Thesis, polymer model systems are exploited to demonstrate and
describe several related phenomena concerning the dynamics of complex liquids

at the nanoscale. The results are not only a contribution to the polymer science,
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but may also have important biophysical implications. In the paragraphs below,
the results are summed up according to the division adopted in the initial theses

(page XVI) and placed in a broader context.

1. As was first suggested by Eyring [20,21] in the 1930s, both diffusion and
viscous flow can be treated as activated processes, characterized by a given
value of activation energy, F, — similarly as e.g. chemical reactions. Such
classic approach is merged in this Thesis with the viscosity scaling paradigm.
The experimental focus is on flow and probe diffusion in polymer systems,
studied by means of fluorescence correlation spectroscopy and rheometry
in aqueous polyethylene glycol solutions. Careful measurements of effective
viscosity as a function of temperature allowed to establish the excess of
E, over the value characteristic for the pure solvent (AE,) for different
molecular probes as well as for the macroscopic flow. The activation energy
for diffusion in polymer solutions proved to depend on the structure of the
system (Equation 4.5). Probes which are small enough with respect to
the characteristic length-scales of the liquid experience an activation energy
similar as in pure solvent (AFE, close to zero). AFE, increases with the probe
size, r,. For r, significantly larger than the hydrodynamic radius of the
polymer chain, AF, reaches a limit corresponding to the value measured
for the macroscopic flow. For instance, the value of AFE, calculated for
rhodamine in 3% PEG 500k solution (small probe/long polymer chains) is
ca. 1.1 kJ/mol, for apoferritin (larger probe) in the same polymer solution

it reaches 6.3 kJ/mol, while for macroscopic flow AE, is ca. 12 kJ/mol.

As has been shown previously, mobility scaling equations can be transferred
from PEG solutions to other complex liquids, such as micellar systems or
even living cell cytoplasm [97]. In cytoplasm, mobility of macromolecules
is mostly influenced by high concentration of proteins [195], as well as by

presence of the DNA [196] and cytoskeleton [197]. All these physical ,obsta-
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cles” can be included in the simplified geometric description of the structure
of the complex liquid, allowing for application of the scaling equation to
such systems. Significant increase of AFE, over the one predicted by the
presented benchmark formula should imply molecular association processes,
hindering the motion. On the other hand, molecular traffic in cells is in fact
an interplay between the spontaneous diffusion and active transport [198].
The work exerted in the active process can be inferred from the compari-
son of the measured and predicted (for the purely Brownian motion) AFE,
values. Confrontation of the work done with the total amount of energy
used for the motion enhancement (which can be monitored e.g. via ATP
usage in a number of enzyme-based systems [199]) should enable the de-
termination of the intrinsic energy dissipation — which in turn allows for
estimation of the molecular motor efficiency. Furthermore, application of
the fluctuation-dissipation theorem and Stokes’ law leads to a dependence
between E, and the power, P, of a motor moving at a constant velocity,
u: P o u?exp(F,/(RT)). Utilization of the notion of activation energy
for mobility in complex liquids may therefore provide a new insight into
the description of molecular transport — both passive and active — and im-
prove the understanding and modelling of dynamic processes in different

diffusion-controlled systems.

2. According to Equation 1.6, viscous stress in a liquid is related to the rate of
change of deformation of the system. However, there is another contribution
to the total stress within a flow, which is attributed to the elasticity of the
liquid. The rate of relaxation of the system to the equilibrium state after a
mechanical disturbance may have a crucial impact on the motion in complex
liquids, especially at short length-scales. This phenomenon was studied here
in polymer solutions by means of a novel technique, based on observation of

decay of oscillations of a piezoelectric resonator — quartz tuning fork (QTF).
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The QTF is as a macroscopic object (mm scale — approximation of a flat
wall) moving in a polymer solution at nanoscopic amplitudes. Viscosity
measurements performed using a QTF oscillating at different amplitudes
(covering nearly three orders of magnitude and crossing the key length-
scales in polymer solutions: coil radius and correlation length) revealed no
dependence of the experienced viscosity on the amplitude. In solutions of
relatively short polymer chains, bulk viscosity was well reproduced. In case
of high-M,, polymers, a significant (even 50-fold) decrease of QTF-measured
viscosity versus the bulk value was observed. Dynamic light scattering was
applied to capture the internal dynamics of the polymer mesh and correlated
the drop of the effective viscosity with the mobility of mesh segments and
thickness of the depletion layer. It was proved that if the relaxation of the
polymer system is overrun by the motion of the fork, the DL/bulk boundary
can be treated as stationary and the oscillator measures the viscosity of the
depletion layer. Furthermore, at high oscillation amplitudes a significant
broadening of the DL can be forced, as the polymer chains are pushed away
from the QTF surface. Due to slow diffusion of segments of heavily entangled
mesh of long polymer chains, the DL does not return to its equilibrium

thickness until the oscillation amplitude drops well below I,.

Experimental observation of the dynamic properties of the depletion layer
proves that not only the length-scale domain should be considered in the
description of the structure of complex liquids, but — in case of any dynamic
systems — also the time domain. This opens a perspective for new studies on
the dynamics in nanorheology as well as in-depth analysis of the nature of
slow relaxation modes in polymer systems. The presented paradigm should
also prove important in research on micro- and nanosized machines operating
in crowded environment; both the engineered and natural ones (mechanoen-
zymes). If the rate of the repetitive/oscillating motion of such machines was

high enough to overrun the relaxation dynamics of the surrounding mesh,
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they should experience greatly reduced mechanical resistance of the envi-
ronment. This would result in the facilitated operation of the machines and

lower energy consumption.

3. Even minor changes of the effective viscosity may have a determining in-
fluence on functioning of the molecular machines. As demonstrated in this
Thesis, processive motion of kinesin — a model motor protein, ubiquitous
in eukaryotic cells — is utterly stopped at neg of ca. 5 mPa-s. Importantly,
the enzyme retains its functionality even in solutions of viscosity higher
than this value even by orders of magnitude, on condition that the crow-
ders are much larger than the motor domain. This is the reason why the
viscosity-related stall of kinesin has not been noted in previous studies of
kinesin working against viscous load [130,131]: they mostly relied on high-
M, polymer solutions, wherein 7.g for the motor domain is in fact similar

as in pure solvent.

Hindrance of the diffusive motion of the kinesin head at increased 7. causes
a shift of the pseudoequilibrium in the mechanochemical cycle of the motor
step, effectively switching it off. The slowdown of diffusion can be described
in terms of increase of activation energy for motion. Such phenomenon
is not observed in wivo, as viscosity experienced by a kinesin head in the
cytoplasm of an eukaryotic cell is of the order of 2-4 mPa-s [97]. On the other
hand, in the much more congested prokaryotic cells, tubulin/kinesin active
transport system is not present (specific cases of introduction via horizontal
gene transfer were observed in bacteria, however with no mechanochemical
activity) [200]. The presented results strongly support the kinesin stepping
mechanism, wherein transfer of the head to the subsequent binding site
on the MT relies on diffusion. In a broader perspective, the case of kinesin
demonstrates the vital role of the viscosity scaling for description and design

of micro- and nanomachines operating in crowded environment.
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The conclusions listed above contribute to a better understanding of transport
properties of complex fluids. Qualitatively new observations (scaling of activa-
tion energy for diffusion in polymer solutions, dynamic depletion layer, viscosity-
related stall of kinesin) are quantitatively described and interpreted from a point
of view of physical chemistry. However, they only constitute few pieces of a puz-
zle of dynamics in crowded environment, especially in the context of extreme
chemical complexity of biological systems. It seems that the crucial direction of
further studies is towards understanding the interactions in such systems: starting
from general electrostatic attraction/repulsion between charged macromolecules,
ending on mechanisms of molecular recognition. Any intermolecular interactions
vastly influence the mobility — therefore, observation of mobility can be a conve-
nient way to assess the strength and durability of the physical bonds. Phenomena
such as viscosity scaling, depletion layer and relaxation-related effects need to be
carefully taken into account in this sort of studies. This may open a perspec-
tive towards understanding not only the structure, but also the regulation and

synchronization of biochemical pathways.
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