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Thesis

Complex liquids such as polymer or surfactant solutions appear in many branches
of modern chemistry, from cosmetic industry, through pharmacy to the synthesis of
nanoparticles. Viscosity of those liquids may be orders of magnitude higher than the
solvent viscosity. Such high viscosity is due to the presence of overlapped polymer
chains or micelles. Small proteins and nanoparticles diffuse surprisingly fast in living
cells and in other high viscosity complex liquids. Their diffusion coefficients are often
orders of magnitude larger than expected from the Stokes-Sutherland-Einstein (SSE)
equationD = kT'/6mnmr, Whereny, is the macroscopic viscosity of polymer solution
(measured traditionally with falling ball viscometer or rheometer) gnid the hydro-
dynamic radius of the probe.

High mobility of small objects in complex fluids can be explained by the depen-
dence of viscosity on the scale at which it is measured (the size of the probe used to
measure the viscosity). | propose the following modification of the Stokes-Sutherland-

Einstein (SSE) equation:

D— kT
O et Tp

wherene is the effective viscosity experienced by the probe, which is, a function of

hydrodynamic radius of the probe:

Reff ¢
Teff = Tjo €XP {(E) }

o is the viscosity of the solvenR = R, + 7y %; € is the correlation lengthy andb are
constants of the order of 1.




In order to check whether the hypothesis of scale dependent viscosity is correct,
measurements of viscosity of polymer solutions as a function of the size of the probe
as well as a function of the polymer concentration, were performed. In my measure-
ments a technique called fluorescence correlation spectroscopy (FCS) was used. In
addition, the above hypothesis was tested for the systems that are different from poly-
mer solutions. For this purpose data of diffusion in surfactant solutions, literature data
concerning the viscosity of the cytoplasm of living cells, and data of viscosity of the

solutions of colloidal particles were analyzed.



Koncepcja pracy doktorskiej

Plyny ztazone takie jak roztwory polimeréw badzodkéw powierzchniowo czyn-
nych znajduja zastosowanie w wielu dziedzinach wspétczesnej chemii poczawszy od
przemystu kosmetycznego, przez farmacje, na syntezie nanoczastetako Rozt-
wory ptynéw ztawonych charakteryzuja sie legkmiami rzedy wielkéci wiekszymi w
stosunku do lepk&ci rozpuszczalnika. Wynika to z obe&wb wzajemnie zahaczaja-
cych sie tacuchéw polimerowych lub agregatéw czasteczkowych (micel). Pomimo
duzych wartdci lepkdci, wspétczynniki dyfuzji matych biatek moga bynaczaco
wyzsze nz mazna by wyliczyt z réwnania Stokesa-Sutherlanda-Einsteina= 7'/
67nmrp 9dzieny jest lepkécia roztworu polimerowegorg jest promieniem hydrody-
namicznym prébnika. Przy zateniuze powysze réwnanie jest poprawne, jedynym
wyttumaczeniem takich obserwacji m® by¢c fakt ze wspoétczynnik lepkéci n jest
funkcja rozmiaru prébnika.

Niniejsza rozprawa doktorska gwiecona jest zagadnieniu lega zalenej od
skali pomiaru (rozmiaru zytego prébnika). Pomiary opisane w rozprawie wykonane
byly dla wodnych roztworéw polimerowych. Leporoztworéw wyznaczana byta
z pomiaréw samo dyfuzji czasteczek w badanych roztworach. W badaniach zostata
zastosowana spektroskopia korelacji fluorescencji (FCS). Uktadem pomiarowym byty
roztwory glikolu polietylenowego oraz probniki w postaci znakowanego fluorescen-
cyjnie biatka oraz barwnika fluorescencyjnego. Przeprowadzona zostatnédiza

danych dostepnych w literaturze dla innych uktadow celem wyprowadzenia réwnania



opisujacego lepkat w funkcji rozmiaru prébnika. Réwnanie to zostato nastepnie zas-
tosowane do analizy lepkoi cytoplazmyywych, komoérek oraz leplszi koloidalnego

roztworu twardych kul.
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Nomenclature and Abbreviations

TIm

Teft

Sliding friction coefficient, see Eq.(1.2.4), page 14

Viscosity coefficient

Macroscopic viscosity

Effective viscosity (scale dependent)

Structure parameter, see EQq.(1.3.26), page 30

Fraction of molecules in the triplet state

Excluded volume exponent

Radiuis of the focal volume

Volume fraction of hard spheres

Osmotic pressure

Concentration of hard spheres understand as volume of the spheres divided by

the volume of the slovent) = ¢/ (1 — ¢)

Effective hydrodynamic radius, see Eq.(1.4.15), page 45

Polymer radius of gyration

Polymer hydrodynamic radius

Hydrodynamic radius of a probe



Nomenclature and Abbreviations 8

S1LS

Correlation time (Lag time)

Time which molecules spend in the triplet state

Time of diffusion, time which molecule spends in the focal volume, see Eq.(1.3.24),

page 30

Dimensionality

Singlet ground electronic state

Singlet excited electronic states

First triplet state

Addition to the hydrodynamic radius of the rigid sphere, see Eq.(3.4.12), page

88

Mesh (blob) size, correlation length, distance between entanglement points, see

Eq.(1.4.5), page 36

Half length of the focal volume

Concentration

Concentration in g3

Overlap concentration, see Eq.(1.4.4), page 35

Diffusion coefficient

Diameter of the probe
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E Electric field

F Force

E Force exerted on a sphere with given radius immersed in a fluid of given viscos-

ity, see Eq.(1.2.3), page 13

J Flux

k The Boltzmann constant

M,  Number averaged molecular weight

M,  Weight averaged molecular weight

N Number of molecules, particlestc.

n Number of monomers in polymer chain

Ny Number of molecules per unite volume

Na  Avogadro’s number

R The gas constant

T Temperature

t Time

U Velocity of the sphere, see Eq.(1.2.3), page 13

\% \Volume
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SSE The Stokes-Sutherland-Einstein equation, see Eq.(1.2.12), page 16

ACF Autocorrelation function, see page 22

CMC Critical micelle concentration

DCR Diffusion coefficient ratio — diffusion coefficient of the probe related to its dif-

fusion coefficient in a pure solvent

FCS Fluorescence correlation spectroscopy

FDT Fluctuation-dissipation theorem

FRAP Fluorescence recovery after photobleaching

FV  Focal volume — small spot illuminated by the light of the laser

MDE(r) Molecular detection efficiency in a given pointjnside the focal volume

PEG Polymer — poly(ethylene glycol), see Figuralgage 47

RhB Rhodamine B, see Figurelddage 47

SPAD Single photon avalanche diode — FCS detector

TAMRA Fluorescent dye (5-(and-6)-carboxytetramethylrhodamine), see Figare 14

page 47
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1 Introduction

1.1 Viscosity of fluids

Viscosity is a transport property which is related to the migration of the momentum
from one point of the space to another. The definition of the viscosity of hypothetical
homogeneous fluid is given below. The fluid is bounded by a solid wall and a plate of
the area equal tal at a distance from the wall. Let the fluid be composed of hypo-
thetical, infinitesimally thin layers (Figure 1). Let neglect the effect of plate’s edges. If
an external force” (parallel to the wall) is applied to the plate, force needed to move
the plate along th& axis, according to the Newton law (Eq.(1.1.1)), is proportional to
the surface area of the plate velocity of the plate alongd axis —vy, and inversely
proportional to the distance of the plate from the wall gxis). The proportionality

constant denoted asis the viscosity of the fluid and is also called the internal friction.

F = pad% (1.1.1)
dz

Eq.(1.1.1) can be applied not only to the plate which bounds the fluid but also to each

of hypothetical layers.
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Figure 1: Schematic representation of the fluid bounded by the solid wall and the plate.
The forceF' is applied to the plate in the direction of té axis. Displacement of

the plate alongX axis with the velocityv, causes displacements of each layer. The
displacement of each layer is governed by Eq.(1.1.1).

1.2 Self-diffusion and the Stokes-Sutherland-Einstein equation

The concept of diffusion was introduced by Thomas Graham in 1833 [1]. Adolf
Fick followed Graham'’s concept and introduced [2] his diffusion laws (Egs.(1.2.1) and
(1.2.2)).

dNv

J=-D=V (1.2.1)
dz

http://rcin.org.pl
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whereJ denotes the flux of molecules through the unit of area in the unit of tivhe,
is the number of molecules, ardlis their diffusion coefficient. Eq.(1.2.1) is known as

the first Fick’s law. The second Fick’s law is given by the relation:

% _ D‘;%f (1.2.2)
Here( is the concentration, andis time. Graham and Fick focused their studies of
diffusion on the collective motion of molecules and on their transport.

Sir George Gabriel Stokes was more interested in the fluid mechanics and the flow
past immersed bodies. In 1850, he calculated from the Navier-Stokes equations, the
force F, exert on a sphere of radiug by a fluid of viscosityn, moving with velocity
UI3]:

F, = 6mnrpoU (1.2.3)

He assumed that velocity of the fluid vanishes at the surface of the sphere. He also
assumed that the fluid overflowing the sphere is homogeneous and the flow itself is
non-turbulent. Eq.(1.2.3) is equivalent to the situation when the liquid remain immo-
bile and the sphere moves with the velodity The work of Stokes allowed to improve

the description of molecular motion. In the year of 1902 William Sutherland used the
Stokes formula (Eq.(1.2.3)) to investigate the motion of ions, dissolved in the liquid,
after application of an external electric field = du/dx (u — applied voltage). He as-

sumed that the force exerted on the ions can be described by the Stokes law (Eq.(1.2.4))
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[4].

1 —1—277/57"[,

F =qFE = 6mnryU -
e 1+ 3n/Brp

(1.2.4)

Heregq is the charge of the ionj is a coefficient of sliding friction.5 = 0 when the
velocity of the fluid on the surface of the ion does not vanished@rdoo when the
fluid velocity on the ion surface goes to zero.

Three years later Sutherland [5] in March, and Einstein [6] in May of 1905 pub-
lished their works about diffusion of small solutes. Both proposed the same equation
describing random, thermal motion of spherical particles. Both researchers used the
Stokes equation to describe the drag exerted on the sphere moving in a fluid in the ran-
dom manner. Their derivation is summarized below.

Consider a system containing a liquid with a voluieat temperaturd”. In this
fluid, there areN spherical particles, whose concentration satisfies the assumption of
infinite dilution. Molecules are located in volumé& as shown in Figure 2. In such a
system, the osmotic pressure difference is generated, such that at the, pbiatlI ()
and atr + dz, IT = II (x 4+ dz). Suppose that the fluid surrounding the particles is im-
mobile. In this case the change of the Gibbs free energy (the work) associated with the

movement of particles (for simplification only in the directighis equal to:

dG = vdIl = Vd(CRT) = dCRTV (1.2.5)

where(C' is the concentration of particles, aidis the gas constant. According to the

Stokes equation (Eq.(1.2.3)) the forEe(Eq.(1.2.3)) is exerted on a particle moving in
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a fluid, hence fotV particles, in equilibrium, we obtain the relationship:
dCRTV = —NFdx (1.2.6)
Transforming this equation, we obtain:
vorr = N (1.2.7)
1%
The equation can be expressed as:
N UN
» A4 V
»
T X
>
x + dx
» . V
»

Figure 2: The system contains a fluid with a voluineand temperaturé’. In the lig-

uid, are spherical particles at concentration that satisfies the assumption of infinite

dilution.
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Because:
UN
—=J 1.2.9
% (1.2.9)
then according to Fick’s first law:
N J
— | =—-= 1.2.10
v(¥)=-7 (12.10)

whereD is a diffusion coefficient. Finally we obtain:
J
— EkT = —6mnryJ (1.2.11)

Thus, the diffusion coefficient of particles contained in the fluid under consideration is

equal to:

B kT
N 6mnrp

D (1.2.12)

This dependence is called the Stokes-Sutherland-Einstein (SSE) equation. Although
SSE equation was derived over 100 years ago it is still in use. Additionally as Edward
shown in his review [7], the SSE equation is valid even for very small molecules. For
example in water as the solvent SSE is valid for the molecules whdsdarger than

0.5 nm. When smaller molecules were considered, large deviations from SSE equa-
tion were observed. In addition, deviations from SSE equation are observed when the

concentration of diffusing molecules is large.
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1.3 Experimental technique

This section is devoted to the experimental technique used to study the diffusion
of different probes. Currently, there are several techniques to measure diffusion coef-
ficients of objects at different length scales, i.e., nuclear magnetic resonance (NMR)
[8], allowing the determination of diffusion coefficient of small molecules (molecular
length scale), fluorescence recovery after photobleaching and dynamic light scattering
allowing to determine the diffusion coefficients for objects with sizes ranging from a
few to several hundred nm [9, 10], and optical microscopy allowing to determine the
diffusion coefficients of objects (based on measurements of mean-squared displace-
ment) ranging in size from several hundred nm to several microns. For the measure-
ments described in this dissertation, I use relatively novel technique called fluorescence
correlation spectroscopy (FCS) [11]. It allows for measurements at a molecular scale
(measurement of single molecules of a size less than a nanometer), and at the nanomet-
ric scale (size of probes from single to tens of nanometers). In the following sections I
discuss photophysics of molecules used as probes in FCS and theoretical background

of the FCS.

1.3.1 Fluorescence and phosphorescence

When light illuminates solutions of aromatic compounds one can observe a glow-
ing effect which was described by John F. W. Herschel [12]. He investigated aqueous

solution of quinine. Luminescence observed by Herschel is a general term describing

~ )
S

two similar phenomena: fluorescence and phosphorescence. Both pher?n(eﬁh

-
&

NTEY =)
NTEKA =

-y
W/ e
A C'LJ!.U;».‘LI'\
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Intersystem
A crossing
1 ke r
Tl
Ko, ki Phosphorescence
. k d

Absorption Fluorescence e th

hv,

r 1

S 7 <

Figure 3: Picture shows simplified Jabkki diagram. § S;, S, correspond to singlet
ground, and excited electronic states of the moleculeepresents excited, first triplet
state. Rate constants of each process are as follgy$otktransition from the ground
state to $; ko for transition from the excited state tq;%. - for intersystem crossing
and k_ . for the phosphorescence.

ST

due to the relaxation of molecule from the excited state to the ground state. Both, flu-
orescence and phosphorescence can be explained usingsklaimgram shown in
Figure 3. At the beginning of these processes, the particle is in the ground sfate (S
Next the molecule absorb a photon with energy edual Due to absorption of en-
ergy, the molecule is excited to one of its vibrational levels in either electronic state
S, or S,. From S the molecule non-radiatively relaxes to the lower excited state S
within picoseconds. When molecule reaches a thermally equilibrated stéiettser
decreases its energy by emission of photons with energy eqéaltoThe transition
between states;S— S, takes usually few nanoseconds and is called fluorescence.
When molecule is in the excited state &art of the fluorescence emission, transition
between $and T, may occur. Such transition is called intersystem crossing. When
molecule decreases its energy to the level pitTall into a kind of energetic trap. {T

has lower energy than thg State so that a backward transition is impossible. On the
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other hand transition{T— S is forbidden. During transition between first triplet state
and ground singlet state phosphorescence photon is emitted with energyhegual
Typical lifetime of the phosphorescence is of the order of microsecond or longer and is
limited by probability of the T — S, transition.

In this work fluorescence phenomenon is used for detection of molecules presence
in the observed part of the sample. Detailed information about photophysics of ob-
served molecules, in particular information about vibrational levels of molecules are

not important in our experiments and will be omitted in the introduction.

1.3.2 Fluorescence correlation spectroscopy

Fluorescence correlation spectroscopy was developed by Webb in early '70s of the
XXth century [13], and improved by Rigler [11] in '90s. The technique was used to
measure the rate constant of chemical reactions (binding of ethidium bromide to DNA)
[13], translational diffusion coefficients of small molecules such as fluorescent dyes,
proteins and polymers [14—16], and finally rotational diffusion coefficients [17].

Typical concentrations used in the FCS are of the order of nano moles. Usage of
confocal microscope equipped with a laser as a source of coherent light, allows to ob-
tain the detection volume, of the order of fraction of femto-liter. Additionally, by use
of ultra-sensitive detectors that count photons at the level of tens to hundreds of thou-
sands of photons per second, it is possible to detect fluctuations in the concentration
of fluorescent molecules in the confocal volume with a precision of single molecules.

Example of experimental system is shown in Figure 4. Laser beam (Figure 4 — (1)) with
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Confocal
unit

FCS Detection

Figure 4: A scheme of the FCS equipment. 1 — source of laser light; 2 — dichroic
mirror; 3 — microscope objective; 4 — sample; 5 — pinhole; 6 — mirror; 7 — filter; 8 —
SPAD (Single Photon Avalanche Diode) detector.

proper wavelenght excites invetigated molecules. The beam is focused in the sample
(Figure 4 — (4)) by the objective of the microscope (Figure 4 —(3)). Small spot which is
illuminated by the laser is called the focal volume FV. Fluorescent molecules present in
the FV and illuminated by the light of the laser emit photons which are further collected
by the lens of the objective. Since molecules are not only exited in the focal volume
but also in a whole laser beam passing through the sample, collected signal should be
spatially confined in order to detect signal from the FV only. Therefore dichroic mirror

(Figure 4 — (2)) reflect collected light onto a pinhole (Figure 4 — (5)). Pinhole from the

origin signal remove only those photons which are emitted from outside the FV. Next
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the signal is directed into the FCS detection unit, consisting of a set of filters (Figure 4
— (7)) and detector (Single Photon Avalanche Diode — SPAD (Figure 4 — (8))).
Fluorescence correlation spectroscopy can be presented in the following manner.
Suppose that the concentration of a fluorophore in the studied solution is 5 nM. Now,
from the considered sample extract a hypothetical cylinder (assume that this is the con-
focal volume FV), whose height is equal to 1 micrometer, and the radius is 0.2 mi-
crometers. The volume of this cylinder is 0.1263, which is equivalent to 0.126
fL. Average number of a fluorophore molecules in the considered FV is equal to 0.38.
This value reflects the equilibrium concentration of the fluorophore in the solution. On
the other hand, instantaneous concentration (number of molecules) in the FV fluctu-
ates, due to diffusion of the fluorophore. A concentration change in the FV, causes
changes in the intensity of the detected signal, which constitutes basis of measurements
of the fluorescence correlation spectroscopy. The presence of molecules in the FV is
described by the Poisson statistics. This means that the probability of findfhgp-
rophores in a given confocal volume, while their average number eglassgiven by

the Poisson distribution (Eq.(1.3.1).

P(m,N)=—e (1.3.1)

According to Eq.(1.3.1) the probability that in the considered volume of investigated
solution one can find no moleculés(0,0.38) = 68%, The probability that only one

molecule will be found in the FV - (1,0.38) = 26%, whereasP (2,0.38) = 5%.
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For three molecules the probabilify (3, 0.38) < 1%. Signal detected from the FV is
schematically shown in Figure 6. Two main variables which can be determined from
the collected signal are the average number of molecules occupying the FV and time

which molecules spend in the FV. Diffusion of molecules in the focal volume produce

>
D 5

—
S Number of molecules

Intensity

I f
I
Y ?

Figure 5: Fluorescence signal from the theoretical FV. For 68% of time there is no
molecules in FV (no signal). For 26% of time one fluorescent molecule can be found
in the FV. Two molecules occupy the FV in 5% of the whole time.

intensity fluctuations — a noise. To find out whether the noise exhibit some temporal

correlation, an autocorrelation function (ACF) is used.

Autocorrelation function

The autocorrelation function used in the fluorescence correlation spectroscopy is a
product of detected fluorescence intensity at time egqu@l (¢)) and of the intensity
in the time, delayed of time (F' (¢t + 7)), averaged ove, i.e., over the whole time of

the experiment. Rapid diffusion through the FV results in rapid intensity fluctuations.
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On the contrary slow diffusion, results in slow fluctuations. When the amplitude of the

no correlation correlation

t t+7 t t+ 7

>

Intensity
Intensity

Time Time

Figure 6: Figure present basis of the autocorrelation function. Rapid diffusion of the
entities results in short times of the fluorescence fluctuations. On the other hand slow
motion of the molecules through the focal volume produces fluctuations more elongated
in time. When correlation time is longer than fluctuation time there is no temporal
correlation in the analyzed noise. On the contrary for long fluctuations (longet-jhan
correlation occurs.

intensity ' (¢) is higher than the average value of the fluorescence sidfjaland is
comparable with the amplitudé (¢ 4+ 7) the temporal correlation occurs. The value of
the autocorrelation is given by the following relation (following the reference [18, page
800]).

R(r)= (F(t)F (t+71)) = %/OTF (t)F (t+7)dt (1.3.2)

HereT denotes the time of data accumulation, and its inverse is a normalization factor.
When fluorescent patrticles diffuse in and out of the the focal volume, the fluorescence

signal fluctuates around the mean value and those fluctuations can be written as:

SF (t) = F (t) — (F) (1.3.3)
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Finally the autocorrelation function of fluorescence fluctuations can be writtenin a form

of Eq.(1.3.4) [18, page 800].

Gy FOFE+D) | GF@©)F (t+7) 134
(F) (F)

Here we introduce theoretical model describing fluctuations of the fluorescence. In-
tensity of the detected signal is proportional to the number of photons emitted from a
single molecule in a given period of time. LBtis a number of photons emitted by one
molecule per unit of time. Let is a position of the fluorophore at time= 0. | assume
that intensity profile of the laser beam focused by the objective is described by the three
dimensional Gaussian distribution. This is the simplest model of the illumination spot
and can be depicted as in the Figure 7.

For such defined focal volume, one can define a function that describes the detec-

tion efficiency. This function is given by the following equation:

MDE (r) = Iyexp [M] exp {_221 (1.3.5)

where I, is value of the maximal intensity, and{ are semi-axes of the ellipsoidal
profile shown in Figure 7. FV is described by the Gaussian function. The function does
not exhibit sharp boundaries andand( represent values in which intensity decreases

to the value ot =2 of the maximum intensity, [18, page 801]. According to the shape
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Figure 7: The model of the focal volume described by the three dimensional Gaussian
function (cf. Eqg.(1.3.5)). Dimensions of the observed volume (ellipsoid) are limited
by the value of the fluorescence intensity and the radi@nd the half lengtly are
points at space at which the intensity of fluorescence decreases to the vafiieobf

its maximal value.

of the FV, at tim¢, the total signal of the fluorescence is given by the following integral:

F(t) :B/MDE(r)C(r,t) av (1.3.6)
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whereC (r, t) is a distribution of the molecules inside the focal volume @vidlenotes
integration over the entire volume of the considered &Y, = d*r. 5C (r,t) is the

deviations of the concentration from the average vaitie
0C (r,t) =C(r,t) — (C) (1.3.7)
By substitution of Eq.(1.3.7) into Eq.(1.3.6) we obtain:

F(i) = B/MDE () ((C) + 6C (r, 1)) dV =

- B/MDE (r) (C) dV+B/MDE (r)8C (r,t)dV (1.3.8)

Average concentratiofC') is independent on the position in the sample. Thus one can

write:
F(t) = B(C) /MDE (r)dV + B/MDE (r)6C (r,t) dV (1.3.9)
Let us now transform Eq.(1.3.3) in a following manner:
F(t) = (F) +6F () (1.3.10)
By comparing Egs.(1.3.9) and (1.3.10) one can find that

S5F (t) = B/MDE (r)6C (r,t) dV (1.3.11)



Experimental technique 27

Therefore the autocorrelation function, used in the fluorescence correlation spectroscopy

is defined as follows:

_ B? [ [ MDE () MDE (') (6C (v, 0) 6C (v', 7)) dVdV’ _

G(7) (B (C) [ MDE (r)dV)?
B 12ffMDE(r)MDE(r’) <5C(r,0)§c(r’m)>dVdV’ (1.3.12)
(C) (/ MDE (r) dV)

In Eq.(1.3.12)7" shows the position of the fluorophore at tite- 7. Note that coef-
ficient B cancels due to the fact that brightness of the fluorophore does not depend on

the position. The term:

(6C (r,0)5C (', 7)) (1.3.13)

is the correlation of the fluctuations of the concentration at the poiwnith respect
to the positionr’ at time equalr, and forr = 0, correlation of fluctuation of the
concentration (Eq.(1.3.13)) occurs only if the same position is considered [19, page

341]. Namely whenr = »’. Therefore Eq.(1.3.13) gives:
(0C (r,0)6C (r',0)) = (CYd (r — ") (1.3.14)
whered (r — 7’) is the Dirac delta [19, page 341] function of the following properties.
§(—x) =6 (z) (1.3.15)

/f ()6 (x —a)dx = f(a) (1.3.16)
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Using Eq.(1.3.12) and Egs.(1.3.14) to (1.3.16) we obtain:

1 [MDE?(r)dV
() (f MDE (r) av)?

G (0) = (1.3.17)

The dimension of the second term of the right side of Eq.(1.3.17) is the inverse of the

volume [20]:

JMDE*(r)dV 1
(JMDE (r)dv)> V (1.3.18)

therefore the value of the ACF at= 0 is the average number of molecules in the FV
().
1 1 1

GO) = &7 = (1.3.19)

Verr IS the effective volume and for Gaussian shape of the FV, and it is defined [18, page
804] as:

Vet = 12w (1.3.20)

One should keep in mind, however, that exact value of the effective volume in FCS
experiments is generally unknown and Eq.(1.3.20) is only an estimate [18]. For the
sample in which the average concentration of fluorophore eqagalsand the confocal
volume equald/, value of the autocorrelation function for= 0 is the inverse num-
ber of molecules present in the confocal voluni&(0) is called the amplitude of the

ACF.
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Three dimensional diffusion

Assume that the volume of the considered sample is significantly larger than FV. In
addition, the concentration of the fluorophore in the sample satisfies the assumption of
infinite dilution. In such case changes of the concentration of the fluoprophore in time
can be described by the second Fick’s law and it can be written as a differential form of

Eq.(1.2.2):

aC (r,t)
ot

= DV?C (v, 1) (1.3.21)

WhereD is the diffusion coefficient of the fluorophore. Using Egs.(1.3.7) and (1.3.21),
and the multiple Fourier transform operation which was described by Lakowicz [19,
page 354], the correlation of fluctuations of concentration is given by the following

equation [19, page 355]:

(6C (r,0)6C (', 7)) = (C) (47D7)? exp [_ "’°4;)":| ] (1.3.22)

Eq.(1.3.22) can be regarded as the probability of finding molecule in the posiabn
time equal, if position of the same molecule at= 0 is »’. Free diffusion of the enti-
ties, apart of the Fick’s laws (Eqgs.(1.2.1) and (1.2.2)) and SSE equation (Eq.(1.2.12)),
is also described by Einstein-Smoluchowski equation describing the mean square dis-

placement of diffusing fluorophore in time:

lr —'|° = 2dDt (1.3.23)
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wheret is a time and d is a dimensionality of the diffusion process. The displace-
ment of molecules occurring in the XY plane is important for FCS signal. The time
that a molecule spends in the FV described by Egs.(1.3.5) and (1.3.20), according to
Eq.(1.3.23) is equal to:

T, = — (1.3.24)

Here 7, is time of diffusion across FV, of the fluorophore through the focal volume
with lateral radius equab. Now putting Eqgs.(1.3.22) and (1.3.24) into Eq.(1.3.12) we

obtain the ACF for three dimensional diffusion given by the following relation:

G () =G (0) —= (1.3.25)

wherex is the ratio of the half lengttiand the radius of the FV (Figure 7, Eq.(1.3.26)).

IS

(1.3.26)

Photophysics of the fluorophore

As noted in the previous two paragraphs, changes of the concentration of fluorescent
molecules, caused by their diffusion, produces a fluorescence signal fluctuations. From
these fluctuations, information concerning the diffusion of molecules through the FV
is obtained. However, not only diffusion can cause fluctuations in fluorescence. For
example, phenomena related to the photophysics, also may cause such fluctuations.

Moreover, the timescale of fluctuations arising from photophysics of the molecule is
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comparable with the time scale corresponding to the diffusion of fluorescent molecules.
The phenomenon of fluorescence occurs in the time scale of the order of nano seconds.
One can compare this time scale, with the average time of diffusion of the fluorescent
molecule through the focal volume with radius= 0.2 um. As an example let us
take rhodamine B for which diffusion coefficieit at room temperature is of the order
of 420 um?s! [21] and 7, = 23.8 us. Fluorescence process, although discrete in
the nanosecond time scale, in diffusion time scale may be considered as continuous
one. On the contrary, another photophysical phenomenon described in section 1.3.1
— phosphorescence occurs on time scale which is comparable with times of diffusion
across the FV. When transition between electronic states& T, occurs, fluorescent
molecule may be regarded as a dark molecule (due to the forbidden character of the
transition T, — S;). The molecule is in the Tstate and does not emit photons. Kinetics
of the phosphorescence can be described by theflgtidiagram which was discussed
in details in section 1.3.1 (cf. Figure 3). Time at which molecule remain dark for the
detector (is in the triplet state=) as well as the fraction of those molecul&} ¢an be
calculated from the rates of each step showed in Figure 3 — Egs.(1.3.27) and (1.3.28)
[18, page 816].

1 Ko1K -

— =Kk = 1.3.27
T s Ko1 + Kio ( )

k01 kS—>T

T p—t
Kot (kS—>T + kTHS) + kTHS (kS—>T + klo)

(1.3.28)

When transition to the triplet state for a given fluorophore occurs, the measurement

cannot be analyzed with the ACF given by Eq.(1.3.25). The problem is simplified for
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7. < 7. In such case the phosphorescence process can be described as a chemical
reaction which kinetics is described by Eqgs.(1.3.27) and (1.3.28). The ACF can be
written as a product of the ACF for simple diffusi@¥, (7) and an autocorrelation

function for reaction of transition from singlet to triplet state f [18, page 816]:

G(r) =G, ()G, () (1.3.29)

where:

G.(r)=1+

exp (—l) (1.3.30)

Ty

1-T
Therefore the ACF for the fluorescent molecules which undergo diffusion and which

exhibit triplet state transitions is given by Eq.(1.3.31).

1 T 1 1 1

G(r)== |1+ =
N 1_Texp <l) 1+T— 1+,€27—l
T b D

(1.3.31)

The fluorescence correlation spectroscopy has been already successfully applied to
the measurements in polymer solutions [14, 22, 23], surfactant solutions [24, 25] or in
biological systems [15, 26]. In each case, for correct performance of the measurements
and its analysis, a correct model of the ACF should be used. In particular when the
fluorophore which exhibit triplet states is investigated, Eq.(1.3.31) should be used for
FCS analysis. On the contrary, for simple, three dimensional diffusion (without triplet
states which can be observed for quantum dots or ATTO 488 dye), Eq.(1.3.25) is an

appropriate model.
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1.4 Complex liquids

The phrase “complex liquid” generally refers to the polymer solutions, thermotropic
or lyotropic (surfactants) liquid crystals or colloidal solutions. The following section

discusses the physical and chemical properties of complex liquids.

1.4.1 Introduction to polymer solutions

Polymers are macromolecules consisting of smaller subunits — monomers. Monomers
are usually small molecules which after the reaction of polymerization create longer
chains. Such chain should be sufficiently long so that the change of its length of one or
a few monomers will not affect its physicochemical properties. One can define degree
of polymerization which is given by equatiod?, = ni,, wherel, is the weight
averaged molecular weight of the polymer chaiins the degree of polymerization, and
M, is the molecular weight of the monomer. In practice when 10? then the chain
is called a polymer, otherwise it is an oligomer.

Let us consider a linear polymer chain whose monomers can freely rotate around
monomer-monomer bond. The simplest measurable value describing the size of such
polymer, is the gyration radius of the polymer coil. For considered polymer chain it is

given by the following equation:

(Bg) = % >_((Ri— Ro)?) (1.4.1)
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Heren is the number of segmentR, is a vector pointing to the center of the mass,
and R, is a vector pointing the-th segment. Eq.(1.4.1) originate from the model in
which polymer segments can easily rotate. In this case, the radius of gyration of the
polymer chain is proportional to the square root of the number of monomers. One of
the disadvantages of this model is that the segments can occupy the same place in a
space. To avoid such unphysical behavior another model of polymer chain — excluded
volume model — was introduced. In excluded volume model polymer segments cannot
occupy the same position.

Size of the polymer is proportional to the number of segments ta thewer.
Namely:

Ry o< n” (1.4.2)

In practice, the monomers are considered as single segments, therefore, the radius of

gyration is a function of molecular weight of the polym¥y,:

Ry o< MY, (1.4.3)

Both models do not include interactions of the polymer chain with a solvent molecules.
Solvent molecules however, may have significant influence the structure of the poly-
mer [27]. For example in so called good solvents, according to thesmidia sim-

ilibus solvuntur polymer segments have large affinity to the solvent molecules. Thus

monomers of the polymer in a good solvent would prefer to be surrounded by solvent

molecules rather than by other monomers. This causes that polymer chain spreads and
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v > 1/2. On the other hand when polymer is dissolved in poor solvent, the monomers
have small affinity to solvent molecules. Therefore monomers prefer to be surrounded
by other monomers rather than by solvent molecules and polymer chain collapses and
v < 1/2. Apart from the interactions between monomers and solvent, temperature also
influence on the size of the polymer coil. For example it is possible to find such tem-
perature in which affinity of monomers to the solvent is equal to the affinity to the other
monomers. For this temperature= 1/2 and it is called) or Flory’s temperature [28].
Below this temperature affinity of monomers to monomers is higher then monomer to
solvent which results in contraction of the size of the coil. On the contrary @Whert,
an opposite situation occur and polymer expands its size.

The structure of polymer solutions depending on the concentration of the polymer,
can be divided into three regimes shown in Figure 8. The so-cdllate regime in
which each of the polymer chains, is a separate individual, and the average distance be-
tween chains is larger than the size of these chains (Figgrd8e secondgemi-dilute
— Figure &), in which the chains begin to overlap, and the average distance between the
chains becomes smaller than the size of chains in the solution. And finaltyptioen-
trated (Figure &), in which the chains are completely overlapped and it is impossible
to distinguish the individual chains. It is assumed that the concentration at which the
polymer chains begin to overlap] is given by the equation:

 37TR3IN

*

c (1.4.4)
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Figure 8: In polymer solutions one can distinguish three regimes describing given solu-
tion. a—dilute regime where polymer coils diffuse freely. Distances between polymers
in this regime are big enough so that polymers do not intetaetsemi-diluteregime
where polymers coils begin to overlap. The last (figt)re concentratedegime where
polymer chains are totally overlapped so that distinguishing between single chains is
impossible.The transition betwearandb occurs when the concentrations equal to

the overlap concentratiati.

In order to describe the structure of the polymer solution in the semi-dilute regime,
Pierre-Gilles de Gennes [29] introduced the concept of blob, characterizing the size of
the part of the polymer chain, which is not overlapped with other chains and can be
treated as an individual. Namely all monomers in the blob belong to a single chain. In
other words one polymer chain can be divided into many blobs and each blob behave
as a single chain and not as a part of a longer chain [30]. The linear dimension of the

blob can be mathematically expressed as follows:

¢ = R (—)_5 (1.4.5)

wherec is the concentration of the polymer incgn® and3 = v/ (3v — 1) is an ex-
ponent related to excluded volume exponent, dependent on the solvent, i e. in a good

solventsg = 0.75 whereas irf solventss = 1 [31]. Eq.(1.4.5) is also called a corre-
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lation length and defines average distance between entanglement points of the polymer

chain, or an average distance between the center of the mass of one chain, and the near-

est monomer of the other chain as depicted in Figure 9.

Figure 9:¢ in polymer solution can be define as the average distance between the center
of mass of a polymer, and the nearest monomer belonging to another chain. For a dilute
system{ > Ry and for concentrated systeis< 4. Black dots correspond to centers

of the masses of the polymer chains.

1.4.2 Introduction to surfactant solutions

Another complex system, considered in this work is the solutions of surfactants.
These compounds have affinity for two chemically different solvents, i.e., water and
oil/air (amphiphilic compounds). Those molecules can be schematically represented as

in Figure 10. Due to the amphiphilicity, surfactant molecules tend to incorporate on the
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Hydrophilic head

Hydrophobic tail

Figure 10: Schematic representation of the surfactant molecule. On the left hand hy-
drophilic part of molecule composed of chemical gropus with high afinity to water. On
the opposite site hydrophobic tail, typically mostly of long alkyl chains (8-18 carbons).

interface between two phases and reduce the surface tension between them. The term
surfactant is an acronym for surface active agents.

Properties of solutions of surfactants will be discussed below, based on the example
of a system consisting of two immiscible liquids (water and oil). The molecules of
surfactant dissolved in water, adsorb on the surface in such configuration which min-
imize their free energy. In other words, surfactants validate the siiilia similibus
solvuntut and their hydrophilic head is immersed in water whereas hydrophobic tail is
in the oil phase. Surfactants can be divided into three groups according to charge of the
hydrophilic part. Namely, one can distinguish anionic (negatively charged), non-ionic
(uncharged) and cationic (positively charged) surfactant molecules. Examples of the
members of each group are presented in Figure 11.

Apart from the surface activity of surfactant molecules, another important prop-
erty of those compounds should be discussed. When the concentration of the surfactant

increases, molecules tend to self-organize. Above certain concentration called critical
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Hexaethylene glycol monododecyl ether

P N N NS N\ N

+T\ Br Cetrimonium bromide

Figure 11: Examples of the surfactant molecules with different types of hydrophilic
groups (two ionic and one non-ionic). Sodium dodecyl sulfate (SDS) represents an-
ionic surfactant with negatively charged head group. Hexaethylene glycol monodode-
cyl ether (G,Eg) is an uncharged molecule. Cetrimonium bromide is a member of the
positively charged (cationic) surfactants.

micelle concentration (CMC) surfactant molecules form micelles. When concentration
of the surfactant moleculegs = CMC, various physicochemical properties of the sur-
factant solutions rapidly change their dependence on concentration. For example, sur-
face tension between two immiscible liquids approaches a constant,WherCMC,

as in Figure 12. Micelles are formed due to repulsive interactions between hydrophobic
part of the surfactant molecule and water. System aim to minimize contact of nonpolar
alkyl chains with polar water molecules. Therefore hydrophilic — polar parts of sur-
factant molecules create a specific shell which encloses hydrophobic alkyl chains and
separates them form water. Surfactant micelles may differ in shape which is determined
by the shape of the molecule itself. Three types of micelles are obsespbdrical—
(Figure 1%&) — whose concentrated solution can be regarded as a solution of colloids
(Figure 13)); rigid-elongated— (Figure 1®) — concentrated solution create network

of stiff rods (Figure 18); long and flexible- (Figure 18) — create a polymer-like net-

work (Figure 13). When concentration of surfactant molecules is further increased,
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Surface tension
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|
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Figure 12: Dependence of the surface tension of agueous surfactant solution on con-
centration of surfactant molecules (following reference [32, page 42]). Below CMC
surfactant molecules incorporate on the interface between two phases. Increase of con-
centration cause increase of the surfactant molecules in the surface of the aqueous phase
which lead to decrease of surface tension between immiscible phases. Above CMC ad-
dition of surfactant molecules lead to formation of micelles in the bulk. Concentration

of surfactant molecules on the surface does not change dramatically and may be treat as
constant. This results in small changes in the surface tension of the surfactant solution.

micelles reorganize into ordered structures. Those structures create autonomous phases
(mesophases) with long range order. In these phases there is no ordering in the close
neighborhood of molecules, but structures created by those molecules exhibit ordering.

Typical mesophases in surfactant systems are:
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Figure 13: Various types of micelles- sphericalp — elongated rigid micelles, long

and flexible aggregates. For each micelle type, properties of their concentrated solu-
tions will be different. For example solutions of spherical micelles can be treated as
the solution of hard sphereg)( Elongated rigid micelles will form network which can

be described as a network of Pick-up sticks (Finally solution of long and flexible
micelles can be described as polymer netwofkFor higher concentrations of surfac-
tant molecules ordered phases occurs: i.e. lamellar plggdeekagonal phasé) and

cubic — bicontinuous phase pr even more complex structures as it was described by
Garstecki et al. [33].

* lamellar — in which ordered layers are created by molecules arranged perpendic-

ularly to those layers,

* hexagonal —where surfactant molecules create columns

» cubic —where bicontinuous structure is crated

In this work only micellar solutions are discussed, properties of surfactant mesophases

will be further omitted.
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1.4.3 Introduction to viscosity of complex liquids

Viscosity of dilute solutions
The following section will discuss the viscosity of complex liquids. Namely, | will
discuss empirical laws, explaining the changes in the viscosity of complex liquids de-
pending on the concentration of obstacles that form the complex liquid.
The simplest equation for viscosity of suspension of colloids at high dilution was
proposed by Einstein at the beginning of the XX-th century [34, 35].

5 5 4
=1+ §¢ =14+ énvgﬂ'rp (146)

Eq.(1.4.6) describes relative viscosity of the solution of non interacting spheres in the
solution. n andn, denote viscosity of the solution and of the solvent respectively.

is the volume fraction of the hard spheres,is a number of spheres per unit volume
andr, is a hydrodynamic radius of the spheres. Eq.(1.4.6) shows how much the vis-
cosity of the solvent increases after addition of a given volume fraction of spherical
particles. Factob/2 is so-called the intrinsic viscosity)| which in general is defined

by Eq.(1.4.7)

(7] = lim 1 — (1.4.7)

In practice this value for hard spheres and for other particles may different dramatically
(from 2.14 to 4.7) as was shown by Arrhenius [36].

Equation which describes viscosity of polymer solutions, was developed by Hug-
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gins [37]. It represents relative viscosity dependence on the concentration of polymer
-C.

— =1+ CH+kn*C*+ - (1.4.8)

wherek is a constant characteristic for a given solute/solvent system. Additiohally

is the same for solutions of different polymer homologous series in a given solvent [37].

Nano and macroscopic viscosity of concentrated solutions

Research carried out on concentrated solutions of polymers showed that the vis-
cosity experienced by small probes can not be described by laws, proposed for dilute
solutions. For example Schachman et al.[38] showed that small and large solutes sedi-
menting in a solution of DNA differ dramatically in sedimentation coefficients. Those
and similar investigations on diffusion in polymer matrices and their viscosity [38-52],
led to the empirical equation describing relation between the viscosity experienced by

the nanoscopic probes and their radigs

n = noexp (Krhc’) (1.4.9)

herer, is the viscosity of the solvent (i.e. waterk is a constant; denotes the con-
centration of the polymer.
Recent investigations on polymer solutions [23] have introduced a concept of nanovis-

cosity. The nanoviscosity is the viscosity experienced by the nanoscopic probe during
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its movement through the polymer matrix. Eq.(1.4.9) was replaced by more general

scaling form of viscosity (Eqs.(1.4.10) and (1.4.11)) [23].

n dp)a)

L —ex - ford, < R 1.4.10
Mo b <<b§ P ? ( )
/- exp <(&) ) for R > Ry (1.4.11)
7o b§

Here¢ is the correlation length interpreted as the average distance between entangle-
ment points in polymer network (Eq.(1.4.5) — Section 1.4Hy),is the radius of gy-

ration of polymer coil, andi, is a diameter of the probea is an exponent of the

order of 1. The physical meaning of the exponen{a constant of ordet) is still

under discussion and as was shown by Odijk [51] it may vary from system to sys-
tem. Eqgs.(1.4.10) and (1.4.11) are valid only in extreme casesifo& R4 and for

dp > Ry. Egs.(1.4.10) and (1.4.11) provide a uniform description of viscosity experi-
enced by nano probes (Eq.(1.4.10)) and macroscopic viscosity experienced by macro-
scopic probe — Eq.(1.4.11) These equations connect the nanoviscosity experienced by
the small probes (Eq.(1.4.10)) with the macroscopic viscosity of the polymer solu-
tions — Eq.(1.4.11). Additionally Egs.(1.4.10) and (1.4.11) show that one can expect a
crossover length scale above which the probe experiences the macroscopic viscosity of
the solution. Eq.(1.4.9) transform into the form of Eq.(1.4.10) with consti&nis and

v given by following equations:

K = (2bRgc") ™ (1.4.12)
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L=a (1.4.13)
v = fa (1.4.14)

Since Egs.(1.4.10) and (1.4.11) are valid in extreme cases only, one can treat them
as limiting cases. However, both equations exhibit physical inconsistency. Namely,
according to Egs.(1.4.10) and (1.4.11) when size of the probe approach to infinity, the
viscosity scales withizg/¢. On the contrary when size of the probe goes to zero, the
viscosity scales with the diameter of the probe divided bypne can ask a question:
Why for nanoscopic probes, the experienced viscosity is dependent diartieter of
the probe while for macroscopic ones on tta€lius of gyration of the polymer? Why
the viscosity is not dependent only on the diameter, or only on the radius of gyration,
no matter in what length scale is measured? What if the probe have the same size as
the polymer, constituting the solutioiEd)s.(1.4.10) and (1.4.11) do not give answers to
these questions. Therefore | propose new scaling form of the viscosity whichallnite
length scales

To solve the problem of inconsistency of boundaries (Egs.(1.4.10) and (1.4.11)), let
us replace the radius of gyration of the polymer and the diameter of the probe, by the

effective hydrodynamic radiuBes, defined as follows:

1 1 1

L1 (1.4.15)
R% R} r
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WhereR}, is the hydrodynamic radius of the polymer ands the hydrodynamic radius

of the probe. | propose the following scaling equation, have the following form:

TNest = 7o €D Ki—?) ] (1.4.16)

Herener is the effective viscosity experienced by the probe of hydrodynamic raglius
One can find that in the limit of, > R, Eq.(1.4.16) becomes Eq.(1.4.11) willy
replaced byRy. In the opposite limit{, < R;) Eq.(1.4.16) becomes Eq.(1.4.10) with
dp replaced byr,. The novelty of Eq.(1.4.16) is in the combination of hydrodynamic
properties of the probe-() and co-solute ) with the structural property of the net-
work (£). Egs.(1.4.10) and (1.4.11) reflect only structural properties of the matrix liquid
(gyration radiusRy and¢). Validity of Eq.(1.4.16) was examined for various physically

different systems, described in following sections of this dissertation.
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2 Experimental section

2.1 Materials

Diffusion of different probes in agueous solutions of polymer was studied and fur-
ther analysis of viscosity of those solutions was performed. For preparation of inves-
tigated solutions, linear and flexible polymer poly(ethylene glycol) (PEG) (cf. Figure

14a) was used. Solutions were prepared using phosphate buffer of pH 7 prepared ac-

Figure 14: Materials used in experiments. Figandustrate structure of the polymer
(poly(ethylene glycol)b — chemical structure of the rhodamine B used as a freedye.

— fluorescent dye — TAMRA (5(6)-Carboxytetramethylrhodamine) — used for labeling
of proteins. Cartoon of the protein — lysozynt (ised in the experiments. Lysozyme
cartoon was created with the use of PyMOL software [53] using the crystalographic
structure “4LZM” [54].

cording to recipe described elsewhere [55, page 113]. For buffer preparation deionized

water (15 M2) was used. Viscosity of the buffenq) at 25°C was equal to 1.68).04
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mPas. Apart of PEG solutions, data for another systems were also analyzed. Dr
Kaloian Koynov and dr Jedrzej Szyimeki kindly provided their experimental data of
diffusion in polystyrene/acetophenone and aqueous, micellar solutions of the surfactant
hexaethylene glycol monododecyl ether, {&;). Provided data were analyzed in the
same manner as experimental data for PEG solutions.

As it was discussed in the section 1.4.1, gyratiBg) (and hydrodynamicRy) radii
of the polymer can be expressed as a function of the molecular weight. FOrEG

and Ry, are given by following formulae [56]:

Rg = 0.0215 M (2.1.1)

Rn = 0.0145 MQ>" (2.1.2)

Here M, is a number averaged molecular weight of the polymer. Characteristics of the
polymers used in discussed experiments are given in Table 1. As probes in FCS mea-
surement Rhodamine B (RhB, cf. Figured}4vith hydrodynamic radius, = 0.58 nm
and fluorescently labeled protein were used. Protein — lysozyme was labeled with (5-
(and-6)-carboxytetramethylrhodamine) (TAMRA, cf. FigureeldLysozyme (Figure
14d) is a small protein of molecular weight of 14 600 g/mol. Hydrodynamic radius of
the lysozymer,) is equal to 1.9 nm [57].

In the solutions of PS in the acetophenone dr Kaloian Koynov studied diffusion of
following probes: N-(2,6-diisopropylphenyl)-9#(styryl)perylene-3,4-dicarboximide

(PMI) with r, = 0.53 nm, PMI labelled polystyrene (PMI-PS 34 000 and PMI-PS
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Table 1: Characteristics of poly(ethylene glycol) used in studied solutions

Symbol M, or My, (g/mol) | Ry (nm) | R, (nm)
PEG 400 325 0.6 0.
PEG 6 000 3467 2.4 1.5
PEG 20 000 10 944 4.7 2.9
PEG 35 000 15 046G 5.7 3.5
PEG 600 000 276 862 30.8 18.3
PEG 8 000 009 7019 196 115.8 201°
PS 34 000 34 000 5.8 4.4
PS 220 000 220 006 14.9 11.5
PS 255 000 255 006 16.3 12.5

Number averaged molecular weight,

Calculated according to Eq.(2.1.1)

Calculated according to Eq.(2.1.2)

Data obtained form reference 23

Weight averaged molecular weight,,

Hydrodynamic and gyration radii were determined according to the procedure described
elsewhere [22]

® @ o T Q@

f

255 000 — cf. Table 1).
Apart of the polymer solutions experimental data kindly provided by dr Jedrzej
Szymaiski was analyzed. Dr Szymski studied the viscosity of surfactant solutions

(C,,Eg) using probes listed in Table 2.

Table 2: Characteristics of probes used by dr SZyskain C,,E4 solutions

Probe 7p (NM) Probe | 7, (nm)
Water 0.14 | Apoferitin 6.9
TAMRA 0.85 QD2 12.5
Lysozyme 1.9 FS& 35
Chymotrypsinogen 2.6 FSS 57
Ovalbumin 3.4 FSS 95
Bovine serum albumin 4.2

2 QD - Quantum dots
b FFS — Fluorescent silica spheres

Labeling of the lysozyme

Proteins were labeled with fluorescent dye — TAMRAaccording to the procedure

t5-(and-6)-carboxytetramethylrhodamine
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described by Dr. Szynieski [55, page 39]. In order to remove unbound dye molecules,
filtration of the protein solution with the 20 mM phosphate buffer (pH 7, 0.154 M
NaCl) was performed. For the filtration the Millipore Amicon Ultra, centrifugal filter
devices with the molecular weight cut-off 3kD were used. The filtration was necessary
because the fluorescence signal originating from a free dye, could seriously diminish
the signal from the dye bound to the protein. The filtration procedure was repeated
about 50 times. Solution of lysozyme was then divided onto small portions (each equal
500 1L) and kept at -20°C. Before measurements sample of the protein solution was

kept at room temperature in order to melt the solution.

2.2 Methods

Sample preparation

Small amount of investigated solution containing no fluorescent dye was placed into
the eppendorf vial. Concentrated solution of fluorescent probd®{” M) was added
to the investigated solution in such volume which allow to obtain 100 fold dilution of
fluorescent probes. Solutions of viscosity comparable to the viscosity of buffeng)
were blended by slowly pipetting the solution up and down. Solutions with viscosity
n > no were mixed by the end of the pipette an leave to equilibrate for around an
hour. After mixing, 200uL of the solution was transported into the sample container

(8 Chambered Coverglass — Lab-Pgland analyzed.



Methods 51

FCS experimental setup

Fluorescence correlation spectroscopy experiments discussed in this work were per-
formed using commercially available inverted NIKON EZ-C1 confocal microscope.
Confocal setup was additionally equipped with PicoHarp 800 FCS setup made by Pi-
coQuant. Water immersion objective with numerical aperture equal 1.2 and magnifi-
cation 60< was used in fluorescence correlation spectroscopy measurements. During
measurements the power of the laser was set at constant level. The point of measurement
of the power of the laser beam was situated just before the objective. For laser power
measurements, an external power meter (PM100 made by THORLABS) was used. As
the source of collimated light, HeNe laser of wavelength 543 nm was used. Before each
measurement a drop of filtered, deionized water was used as the immersion medium be-
tween sample coverglass and the objective. During measurements focal volume was at

constant distanceéi(= 10 um) from the edge of the coverglass ( see Figure 15).

Falling ball viscometry

In order to determine the macroscopic viscosity of PEG*4f2lling ball viscometer
KF10 from RheoTec (Germany) was used. Tube of the viscometer was filled with
investigated solution and a ball was put into the tube. During measurement, ball’s

falling time was measured. For each investigated solution, 10 to 15 measurements

*Macroscopic viscosity of PEG 6 000, 20 000, and 35 000, was measured by M.Sc. Urszula Rak,
who kindly provided the data.
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Figure 15: Laser beam is focused in a sample at a distaned 0 um from the edge
of the coverglass.

were performed. Viscosity was calculated according to the following equation.

n=t(p—p2) K (2.2.1)

Heren is a dynamic viscosity of the investigated solution in nsPais ball’s falling
time in secondsp; is a density of the ball in g/ctn obtained from the test certifi-
cate provided by the manufacturep,. denotes the density of the investigated solution
(g/cm?). K (mPacm?®/g) is the ball constant obtained from the test certificate provided
by the manufacturer. Obtained viscosities of investigated solution were averaged.

Density of investigated solutiop{) was determined as follows. Solution was equi-
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librated in water bath in order to obtain temperature equal to temperature of viscosity
measurement (25°C). Next the polymer solution was transferred into the volumetric
flask and weighted with the analytic balance. From the difference between the weight

of the empty and the filed flask, the weight of the fluid and the density was calculated.

FCS calibration and experimental procedure

Most of modern microscope objectives are strongly dedicated to one specific exper-
imental medium i.e. water. For biological or biochemical measurements which are
performed in water or in a buffer solution, influence of changes in the refractive index
of a system is negligible. In polymer systems, however, changes the refractive index
of solutions with increasing polymer concentration are significant and must be consid-
ered.

Each FCS experiment performed in the buffer solution was preceded by calibration
based on diffusion of the RhB in water. Diffusion coefficient of the RhB in water at
25°C is equalD], = 420 m?/s [21]. For each measurement from 10 to 20 autocorre-
lation curves were acquired and averaged. An average autocorrelation curve was then
analyzed. From fitting of Eq.(1.3.25), diffusion timgof the RhB as well as the struc-
ture parameter « — was obtained. From, and D radius of the focal volume was
determined according to Eq.(1.3.24). Parameteasd~ were used in further analy-
sis in order to determine the diffusion coefficient of probes in the investigated solutions.

FCS measurements in polymer solutions however, required more sophisticated method

of the calibration. In case of polymer solutions, their refractive index exceeds the re-
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fractive index of water. In addition, it increases with concentration of polymer (Figure
16). Shape of the focal volume strongly depends on the refractive index of the investi-
gated solution [58]. The procedure of calibration in polymer solutions is given below.

Number of molecules is proportional to the volumYe= CN,V. HereC'is a

1.42 - - - - -

1.41 .
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Figure 16: Changes of the refractive index of PEG 400 with concentration the polymer.
Measurements were performed with standard Abbe refractometer (manufactured by
Carl-Zeiss, Germany). Errors were smaller than symbols used in the plot

concentration of fluorescent molecules in mols per liter. Under assumption of Gaussian
shape of the detection volume, one can find that it is possible to determine the effective
volume by preparing a series of different concentration of the fluorophore. In discussed
experiments an effective volumé& — Eq.(1.3.20)) was determined from a slope of
the plot of N againstC' (IV (C')). For each investigated polymer solution, series of fluo-

rophore concentration was investigated and the effective volume was calculated. Such
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calibration method allow to avoid an error caused by changes of the effective volume
due to changes of the refractive index of solution.

Measurements with lysozyme were carried out in the same polymer concentration
as for calibration measurements. Therefore, from the effective vollie dbtained
in calibration measurements and frammandw, the diffusion coefficient of the probe

in the investigated solution was determined.

Fluctuation dissipation theorem

Viscosity experienced by the probe in given solution can be directly calculated from
its relative diffusion coefficient. According to the Stokes-Sutherland-Einstein equation
(Eq.(1.2.12)), one can find that:

n_ 1t (2.2.2)

Eq.(2.2.2) however, is valid only when the fluctuation-dissipation theorem (FDT) is
valid [59]. In particular fluctuation-dissipation theorem implies that when the system is
in thermal equilibrium, the system response to external disturbance, is the same as on
the spontaneous fluctuations. More generally, citing the words of Kubo [59], FDT can

be expressed as follows:

“The friction, or more generally the resistance of a given system,
represents the method by which the external work is dissipated
into microscopic thermal energy. The reverse process is the gen-

eration of random force as the result of thermal fluctuation.
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The later can be expressed as the relation between electrophoretical mobilitiie
probe (dragged in the external electric field) and the diffusion coefficient of the same
probe.

(2.2.3)

Experimentally, in order to test validity of the FDT in the investigated solution, follow-

ing relation should be examined.

D
Ho_ T _ =0 (2.2.4)

Here 1. is a mobility of the probe in the investigated solutign, is the mobility of

same probe in a pure solvent,is the viscosity of the examined solution anglis

the viscosity of pure solvent. By the analogy, is the diffusion coefficient of the
probe in the investigated solution aiy is a diffusion coefficient of the same probe

in the pure solvent. In practice FDT can be examined via comparative analysis of
relative electrophoretical mobility and DCR. For PEG system, such studies were done
[23] and validity of the FTD was confirmed. Therefore Eq.(2.2.2) can be used directly
for determination of the viscosity experienced by the investigated probes in the PEG

solutions.
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3 Results, data analysis, and discussion

3.1 Viscosity of complex liquids

Measurements of diffusion in poly(ethylene glycol) solutions
In order to determine viscosity of polymer solution at the nanoscale, FCS measure-
ments of diffusion of RhB and lysozyme in the concentrated polymer solutions were

performed. For each concentration 10-20 autocorrelation curves were acquired and fur-
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Figure 17: Normalized ACF{ (1) /G (0)) for five different concentartions of PEG
400. Diffusion time (decay time) increase with the concentration of the polymer.

ther averaged. From the average autocorrelation function (Figure 17), diffusion,time
was determined for each polymer concentration. Next using variables obtained from
calibration measurements (), the diffusion coefficientD was determined. Apart

from RhB and lysozyme, latex, fluorescent nanoparticles (25 nm in diameter) were
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used for diffusion measurements in PEG 600 000. Diffusion coefficients of probes
were further related to the diffusion coefficient of given probe in a pure solvent. The
diffusion coefficient ratio (DCR 9/ D,) for polymer solutions composed of polymers

with different molecular weights, and for various probes are presented on Figure 18.

10° - :

g

> O
> Noju!
> moO

o107 } A
D10

Lysozyme - PEG 400

RhB - PEG 6 000
Lysozyme - PEG 6 000

RhB - PEG 20 000
Lysozyme - PEG 20 000
Nanoparticles - PEGI 600 000 .

0.1 1 10
Concentration (,,;%)

>» e m P>OO

107

Figure 18: Diffusion coefficient ratio (DCR ®/D,, D, — diffusion coefficient in
water) obtained for different probes diffusing in various polymer systems.
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3.1.1 Scaling form of the viscosity of complex liquids

In order to check validity of Eq.(1.4.16) proposed in section 1.4.3, viscosity of the

following complex liquids was analyzed:

1. Aqueous solutions Poly(ethylene glycol).

2. Solutions of Polystyrene in acetophenone (Data of diffusion obtained from Dr

Kaloyan Koynov).

3. Aqueous solutions of the surfactant,E; (Data obtained from Dr Jedrzej Szy-

manski).

Results, and data analysis are given below.

Viscosity of poly(ethylene glycol) solutions
Measurements of the diffusion of RhB and of lysozyme performed in PEG solu-

tions, as well as validity of the FDT discussed in section 2.2, allow to determine the
viscosity experienced by the investigated probe in the examined solution. Viscosity ex-
perienced by the nanoscopic probe was further compared with macrosopic viscosity of
given PEG solution. Figure 19 shows relative viscosity as a function of concentration
of the polymer measured at different length scales. For PEG 400 viscosity measured
by nanoscopic probe, is comparable with viscosity measured at the macroscale. On the
other hand for longer polymers (higher molecular weight), viscosities measured with
nanoscopic probes, exhibit much lower values in comparison to macroscopic viscosi-

ties. Furthermore for viscosities of both large polymers — PEG 6 000 and 20 000 —
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Figure 19: The logarithm of the viscosities of PEG solutions measured with different
probes. For small polymer (PEG 400) macroscopic viscosity values cover with values
measured with nanoscopic probe — lysozyme. On the contrary for longer polymers,
PEG 6 000 or 20 000, the relative viscosity values are greatly below the macroscopic
viscosity values. For all point errors were obtained at the level of 3-7% and were
smaller than plotted symbols.

exhibit strong dependence on size of the probe. For example viscosity values mea-
sured with lysozyme are higher than those measured with rhodamine B and lower than
macroscopic ones.

The viscosity of the complex liquid depends on the concentration of objects which
create the fluid (polymer coils or micelles) and the size of the diffusant itself. Fig-
ures 20 to 22 visualize differences in the viscosities experienced by different probes.
Viscosities as a function of the polymer or of the surfactant concentration for different
ratios of hydrodynamic radit,/ R, were plotted. Measurements of the viscosity in

two solutions for different ratios of,/ R, were carried out: one composed of PEG 400
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Figure 20: Viscosities of PEG solutions as a function of concentration measured with
different nano probes. Figure shows macroscopic viscosity of low molecular weight
oligomer PEG 4009, r,/Rn = 0o, Ry = 0.4 nm), nanoscopic viscosity measured
with a nano-probe (lysozyme) in the PEG 400 mat®x {,/ R, = 4.75,r, = 1.9 nm),
macroscopic viscosity of PEG 20 000,(r,/ Rn = 0o, Ry = 2.9 nm) and one measured

by diffusion of lysozyme in PEG 20 00Q\( r,/ Ry = 0.66). For all point errors were
obtained at the level of 3-7% and were smaller than plotted symbols.

(Rn = 0.4 nm) and of PEG 20 000, = 2.9 nm) with lysozyme(, = 1.9 nm) as the
probe (Figure 20). Whery, < Ry, (rp/Rn < 1) the probe diffused with nanoscopic vis-
cosity lower than the macroscopic viscosity of the solution. The same probe in polymer
solution composed of the smaller polymer coils (i:¢> Ry, rp/Rn > 1) experienced

the macroscopic viscosity.

Viscosity of polystyrene solutions
In the PS 220 000 solutiongzf = 11.5 nm), probes such as PMt( = 0.53 nm)

or fluorescently labeled polystyrene — PMI-PS 34 000 (with PMI as fluorophore) ex-
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Figure 21: Viscosities of PS solutions as a function of concentration measured with
different nano probes. Figure shows viscosity measured with different probes for solu-
tions PS 220 000 in acetophenone. The following molecules were used as the probes:
PMI (A, rp/Rh = 0.09,r, = 0.53 nm), PMI-PS 34 000€, r,/ R, = 0.4,r, = 4.45 nm)

and PMI-PS 255 000, rp/Rn = 1.09,7, = 12.5 nm). Macroscopic viscosity of PS

220 000 matrix is represented By— (,/ R, = oo, Ry = 11.5 nm). For all point errors

were smaller than plotted symbols.

perienced much lower viscosity than the macroscopic one (Figure 21). On the other
handr, of the PMI-PS 255 000 was larger than the hydrodynamic ralljusf the ma-

trix obstacles. Surprisingly, PMI-PS 255 00 ¢ R;) experienced a viscosity lower
than the macroscopic viscosity of the solutidrhis result showed thahe crossover
between the two regimes (nano- and macroscopic viscosity) could not be described

with a sharp threshold determined by the radii of the probe and of the obstacles (i.e.

nanoscopic viscosity fot,/ R, < 1 and macroscopic viscosity fep/ R, > 1.
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Viscosity of C,,E¢ solutions

Figure 22 shows the data obtained fopE; solutions [57] for three different probes
(lysozymer, = 1.9 nm, apoferitinr, = 6.9 nm, and nanoparticles, = 57 nm).
The diffusion coefficient of the nanoparticles, (> Rn, mp/Rn = o0) was related to
the macroscopic viscosity and all other probes to the nanoscopic one. Mykeky,
(lysozyme) on, > Ry, (apoferitin) the probe experienced nanoscopic viscosity — much

lower than the macroscopic viscosity.

/R —°0+
-r//%_1o75 .
r/Rh—13 ...... A...

Y
o) Ry = 0.36

In(nMo)

"
.
-
e
-

------
............

0 5 10 15 20 25 30 35 40
Concentration (%)

Figure 22: Viscosities of GE, solutions as a function of concentration measured with
different nano probes. Figure shows viscosity of agueous solutions of rigid micelles
C,,Eg. Macroscopic viscosityl,r,/ R, = oo, Ry = 5.3 nm) and viscosities measured
with different probes: fluorescent particles, ¢,/ R, = 10.75,R, = 57 nm), apoferitin

(A, rp/Rn = 1.3, = 6.9 nm) and lysozymeX, rp/ Ry = 0.36,7, = 1.9 nm). For all

point errors were smaller than plotted symbols.
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3.1.2 \Validation of the scaling formula

Table 3 presents effective hydrodynamic ralij for different probes used in Fig-

ures 20 to 22. From the data included in Table 3 and from Eq.(1.4.15), the crossover

Table 3: Relation between hydrodynamic radii of the obstacles and the probes for dif-
ferent systems shown in Figures 20 to 22

Matrix/Probe Rp (nm) | 7o (nmM) | rp/Rh | Rerr (NM)
PEG 20 000 — Macroscopic viscosity 2.9 00 00 2.9
PEG 20 000/ Lysozyme 2.9 1.9 0.66 1.6
PEG 400 — Macroscopic viscosity 0.4 00 00 0.4
PEG 400/ Lysozyme 0.4 1.9 4.75 0.4
PS 220 000 — Macroscopic viscosity 11.5 00 00 115
PS 220 000/ PMI 11.5 0.5 0.04 0.5
PS 220 000 / PMI-PS 34 000 115 4.5 0.4 4.2
PS 220 000 / PMI-PS 255 000 115 125 | 1.09 8.5
C,,E¢ — Macroscopic viscosity 5.3 00 00 5.3
C,,Es / Lysozyme 5.3 1.9 0.36 1.8
C,,Es / Apoferitin 5.3 6.9 1.3 4.2
C,,E¢ / Particles 5.3 57 10.75 5.3

criterion i.e. a criterion which states at what length scale the probes starts to experience

the macroscopic viscosity can be formulated as follows.

Criterion 1. The probe diffusing in the complex liquid experiences macroscopic vis-
cosity of this liquid wherRg, defined by Eq.(1.4.15) is approximately equalip On

the contrary whemRe — rp, the probe experiences nanoscopic viscosity.

For practical reasons whep > 4 R;, the viscosity experienced by the probe is very

close (within 1-5%) to the macroscopic viscosity according to Eq.(1.4.15).
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Figures 23 to 24 presents viscosity values scaled with the fatgo in PEG —

14 | Macroviscosity PEG 400 + i
Lysozyme - 1.9 nm in PEG 400 X |
Lysozyme(DLS) - 1.9 nm in PEG 400 *
12 Latex particles - 44 nm in PEG 400 o o 1
Fluorescent dye - 0.58 nm in PEG 6 000 O e
1 O B uu"““‘ 7
,B u“y‘“
E 8 i Vo"‘.“o i
S .“““ 3 .
= 6 I o V. Macroviscosity PEG 6 000 "
— X “"Q Macroviscosity PEG 20 000 ®
Sol Lysozyme - 1.9 nm in PEG 20 000 A
4 X Lysozyme(CE) - 1.9 nm in PEG 20 000 4 -
Macroviscosity PEG 35 000 v
2 Latex particles - 12.5 nm in PEG 600 000 A\
Macroviscosity PEG 8 000 000 ©
Scaling function = ss=sssssssssss
O 1 1 1 1 1 1
0O 2 4 6 8 10 12 14

Reff/S

Figure 23: Scaled viscosity of PEG solutions divided by the viscosity of water
at 25 °C (relative viscosity). Figure shows scaling plot for the logarithm of rela-
tive viscosity measured for different probes in aqueous solutions of PEG. All pre-
sented data follows the same curve given by equation (Eq.(1.4.16)) with parameters
a=0.62 4 0.02 andb = 0.24 + 0.02 (cf. Eq.(1.4.5)).

Figure 23, and in PS solutions — Figure 24. In all plots the data fall into the same master
curve defined by Eq.(1.4.16), same for the macroscopic probes (falling ball viscome-
ter) and for the nano probes (proteins or dyes). The scaling law describes the viscosity
experienced by the proteins (compact structures similar to hard spheres — Figure 23)
and labeled polymer coils (entangling with polymer coils crating a fluid — Figure 24).
The universality of the scaling law was tested by application to the solutions of
elongated rigid micelles as shown in Figure 25. In studied system, above critical mi-

celle concentration the surfactants aggregate forming elongated, ellipsoidal micelles of
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Figure 24: The logarithm of relative viscosity measured for different probes in PS solu-
tions in acetophenone. The data follows the same curve given by equation (Eq.(1.4.16))
with parameterg = 0.71 + 0.1 andb = 0.43 £+ 0.02.

length L [24]. Further increase of concentration causes the micelles to overlap. In
this system the correlation lengtHEq.(1.4.5)) is defined by the distance between two
touching points of micelles. It is a similar definition to the one used in polymer solu-
tions wheret is defined as the distance between entanglement points of polymer coils.

In micellar systems the correlation length should be defined by Eq.(1.4.5).

¢=L(c/c*)™"” (3.1.1)

Here L is the length of the micelles. The overlap concentration in the solution of rigid

micelles (with length much larger than their diameter) is givernby 3A,M,,/ (NaL?),
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Figure 25: Scaled viscosity of,GE, consisting of rigid micelles. All data follows the
same curve given by equation (Eq.(1.4.16)) with parameiets).87 + 0.02 andb =
1.18 +£0.04.

where A, is an average number of surfactants in a micelle (aggregation number) and
M, is the molecular weight of the surfactant. In surfactant systevas found equal 1.

The viscosity data scaled witRe /¢ for the micellar solution (Figure 25) follows the
same curve given by Eq.(1.4.16) as in the case of the polymer solutions. Those results

confirm validity of proposed scaling law (Eq.(1.4.16)) for complex liquids.
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3.2 Viscosity of the cytoplasm of mammalian cells

The mobility of proteins and other solutes is one of the main regulating factors in
processes taking place in living cells. However, the measurements of the self diffusion
coefficients of proteins and small molecules in E.coli [60], HeLa [61, 62], and Swiss
3T3 [63] cells, could not be explained via the SSE equation and the macroscopic vis-
cosity. Luby-Phelps et al. [63] performed fluorescence recovery after photobleaching
(FRAP) measurements of fluorescently labeled dextrans in Swiss 3T3 muscle cells.
They described the data via the diffusion coefficient ratio (DCR), calculated as the ra-
tio of the coefficient of self diffusion of solutes in the cytoplasm to the self diffusion
in water. They observed that DCR decreased with increasing size of the probes up to
the size of 14 nm. For probes larger than 14 nm DCR had an approximately constant.
FRAP measurements preformed on CH®IIs by Verkman group suggested that trans-
lational mobility of Green Fluorescence Protein (GFP) was determined mostly by the
concentration of cellular obstacles [64]. Lukacs [62] studied the mobility of DNA frag-
ments (from 21 up to 6000 bp) in the cytoplasm of HeLa cells. Fragments longer than
3000 bp presented unexpectedly low mobility. On the contrary in a nucleus, diffusion
of all investigated DNA fragments was strongly hindered and did not change with size
of diffusing entities. Dauty et al. [61] compared self diffusion coefficients (SDC) of
fluorescently labeled DNA fragments diffusing in the solutions of polymerized actin
with SDC obtainedn vivo in HeLa cells. They postulated that it was the cytoskele-

tal network of actin filaments that hindered the diffusion of probes in the cytoplasm.

fChinese hamster ovary
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Studies on viscoelastic properties of polymerized actin solutions were reported in nu-
merous works. Most of them, however, consider length scales of probes from 1 to 100
um [65—69]. These studies showed that the viscoelastic properties of the actin net-
work is determined by amount of bundles and cross-linkers connecting actin filaments
[65, 66, 68]. Additionally, various theoretical models mimicking the cytoskeleton be-
havior [70] have been proposed. Also an opposite approach (bio materials which mimic
polymers) has been established recently [71].

Each of the systems described in section 3.1 had only one type of crowding agent
(objects which crowd the environment, micelles or polymers) that formed the complex
liquid. Viscosity in these systems depended on two length scales: correlation length
¢ and an effective hydrodynamic radié&¢. In cells apart from the cytoskeleton and
actin filaments one — can find lots of cytoplasmic proteins and other macromolecules
and organelles which crowd the environment [72]. Comparisoim @itro measure-
ment, performed in the solutions of polymerized actin, vifitlvivo measurements in
cells, show that the self diffusion of small (few to tens of nanometers) probes in cells
is hindered by the cytoskeleton network [61]. On the other hand studies of diffusion
of proteins in protein solutions [73] suggest that viscosity of such solutions may be
only slightly higher than the viscosity of water. Therefore in cells one could expect
that diffusion of probes will depend on viscosity which is a product of both viscosities
(viscosity of the protein solution and of the viscosity of cytoskeleton network). In this
case | expect that the effective viscosity of the system should depend on the properties

of all types of crowding agents. In particular | expect that the protein solution exhibits
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Viscosity —mmatix @nd that the actin filament network is responsible for large change of
the viscosity according to the exponential factop [( Rerr/€)”] (similarly as for com-
plex liquids). I assume that the viscosity of the composite solution of proteins and actin

filaments can be described by the following scaling law:

n = Anoexp [(Rer/§)”] (3.2.1)

wherenmarix = Ano, Res IS defined by Eq.(1.4.15) andlis a constant of the order of 1.

| re-analyze the data of diffusion in a cytoplasm of human cancer cells (HelLa)
cells for various probes: DNA, [61] water, [8] EGFP [74] and nano diamonds [75].
| also re-analyzed diffusion data of fluorescent dye [76] and dextrans [63] in Swiss
3T3 mammalian cells (mouse muscle cells). Variables such as hydrodynamic radius
of the probes(,) were partially available in the literature. However, for the analysis
of diffusion of DNA , the hydrodynamic radius of DNA was determined separately.
Robertson et al.[77] studied diffusion of linear DNA fragments in buffer solutions.
From those data an empirical equation for the hydrodynamic radius of DNA fragment
as a function of its molecular weight was determined as follows.

From the diffusion coefficient of given DNA fragment, hydrodynamic radiusf
the equivalent sphere was calculated according to Stokes-Sutherland-Einstein equation.
Under assumption that molecular weight of a single base pair is édysat 650 g/mol,

the molecular weight/ of DNA fragments was estimated. The hydrodynamic radius
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rp Of the DNA chain depends on its molecular weight (see also Eq.(2.1.2), page 48).

rp = kM? (3.2.2)

Herek is a constant and is the exponent. In order to obtain valuesktoénde the

log (1) was plotted againsg (M) (Figure 26). From Figure 26 the exponent 0.57
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Figure 26: Hydrodynamic radius of the equivalent sphere for DNA fragments as a
fuction of molecular weighf\/ of DNA. The linear fit on the log-log scale gives the
slope equal 0.57.

was obtained (value of the slope). In order to determine the valkgergfas a function
of M%7 was plotted (Figure 27). The value of the slope in Figure 27 correspond to the

constant:. This analysis allowed to formulate equation describing dependence of the
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Figure 27: Hydrodynamic radius of the equivalent sphere for DNA fragments as a
function of molecular weight of DNAX/?*7). The linear fit gives slope equal 0.024.

equivalent hydrodynamic radius of DNA chain on the molecular weight of its chain.
rp = 0.024 M®*" [nm] (3.2.3)

Hydrodynamic radii and viscosities experienced by all investigated probes together
with the cell type are listed in Table 4. In order to fit the data of the viscosity of
the cytoplasm, Eqgs.(1.4.15) and (3.2.1) were combined, and the following form of the

scaling law was obtained:

In (ﬁ> = In(A) + (ﬁ + 5—2) " (3.2.4)
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Table 4: Properties of the probes used in analysis

Probe Cell type |, (nm) | n/n, | Reference

H,O Hela 0.14 1.5 | Ref. 8

EGFP HelLa 2 1.35 | Ref. 74

DNA HelLa 5.44 4.8 | Ref. 61 and Eq.(3.2.3)
DNA HelLa 13.7 | 6.37 | Ref. 61 and Eq.(3.2.3)
DNA HelLa 34.4 | 7.09 | Ref. 61 and EQ.(3.2.3)
DNA HelLa 50.7 | 17.95| Ref. 61 and EQ.(3.2.3)
Nano diamonds HelLa 80 32.5 | Ref. 75

DNA HelLa 94.3 | 36.3 | Ref. 61 and Eq.(3.2.3)
BCECF Swiss 3T3] 0.3 3.7 | Ref. 76

Dextran Swiss 3T3| 2.2 5.1 | Ref. 63

Dextran Swiss 3T3| 3.1 5.6 | Ref. 63

Dextran Swiss 3T3| 4.2 5.8 | Ref. 63

Dextran Swiss 3T3| 4.7 6.1 | Ref. 63

Dextran Swiss 3T3| 6.2 6.8 | Ref. 63

Dextran Swiss 3T3 7 8.0 | Ref. 63

Dextran Swiss 3T3| 9.4 145 | Ref. 63

Dextran Swiss 3T3| 24.3 12.8 | Ref. 63

Dextran Swiss 3T3| 38.6 24.6 | Ref. 63

Here&, A, a and Ry, (equivalent hydrodynamic radius of obstacles) were fitting pa-
rameters.b constant from Eq.(3.2.1) was included irgo Figures 28 and 29 shows
the viscosity experienced by the probes listed in Table 4. The data obtained for liv-
ing cells were fitted with Eq.(3.2.4). | found that in HeLa cells the viscosity of the
matrix Nmarix = Ano = (1.3 £ 0.3) - Nwaer = 0.9 mPas. When the radius of the
probe exceeds the correlation lengtbne should expect a sudden increase in the val-
ues of the viscosity measured with the probe. For HelLa cells, the correlation length
was equak = 5 £ 4 nm. Furthermore fo€ < r, < Ry viscosity values increased
with the radius of the probe. When > Ry, a plateau in the value of viscosity plot-
ted against, was observed. Fatf, > R; the values of viscosity correspond to the
macroscopic viscosity. It is assumed tligt correspond to the mean value of the hy-

drodynamic radii of the obstacles. In the cytoplasm of HeLa dglls= 86 nm. Value



Viscosity of the cytoplasm of mammalian cells 74

5 : : : :
Water —=—
EGFP —a— e
4 r DNAS —a— -
-~ 3} -
£
£
< 2t % {k l
" Nanodiamonds —e—|
L Sca"ng function .............
0 1 1 1 1
10" 10° 10 10° 10° 10*
rp (NM)

Figure 28: Viscosity of cell cytoplasm divided by the viscosity of water at 37 °C, as
a function of the probe radius in HelLa cells. Figure shows data of viscosity measured
with different probes such as water [8], EGFP [74], DNA fragments [61], and nanodi-
amonds [75]. Viscosity data was fitted with equation Eq.(3.2.4). It has been found that
Nmatrix Was equal(1.3 + 0.3) - nwater Correlation lengtlf = 5+ 4 nm, Ry ~ 86 nm and

a =0.49 £+ 0.22.

of exponents for this type of cells (obtained from fitting of Eq.(3.2.4)) is equal to
a = 0.49 4+ 0.22. Analogous parameters obtained from fits for Swiss 3T3 cells were
equalnmarix = Ano = (2.9 £ 0.6) - Nwater = 2.0 MPas,{ = 7+ 2 nm, R, ~ 30 nm and

a = 0.62 £ 0.36. Under the assumption that the radius of the actin filament in HeLa
cells is equal- = 7 nm [78], length of cellular obstacles can be calculated using the

relation [79]:

L
25 —0.19 — 8.2451 + 1252

Ry (3.2.5)
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Figure 29: Viscosity of cell cytoplasm divided by the viscosity of water at 37 °C, as
a function of the probe radius in Swiss 3T3 cells. Figure we presents data of viscos-
ity measured with two different probes: small fluorescent particle BCECF [76] and
dextrans of different molecular weights [63]. Viscosity data was fitted with equation
Eq.(3.2.4). It has been found th@tarix = (2.9 £ 0.6) - Nwaten £ = 7+ 2 NM, Ry, ~ 30

nm anda = 0.62 + 0.37.

Heres = In (L/r) and L is the length of the filament. The estimated obstacles’ length
was L ~ 660 nm in HeLa and~ 125 nm in Swiss 3T3 cells. The estimated filament
length for cells seem reasonable when compared to the results of Dauty et al. [61] who
measured the filaments to range from 100 to 500 nm. In addition presented analysis
yields macroscopic viscosities for both cell types. For HelLa egliso ~ 64 - nwater =
4.4-1072 Pas since for Swiss 3T3 cellgnacro ~ 34 Nwater = 2.4-1072 Pas. These values

are in agreement with the literature data of the cytoplasmic viscosity in an amoeba Dic-
tyostelium Discoideum cells5(- 102 Pas) [80]. According to the criterion that was

proposed for complex liquids the probe will experience macroscopic viscosity when
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rp = 4Rh. One can estimate minimal hydrodynamic radius of the probe which would
experience the macroscopic viscosity of the cytoplasm of HeLa and Swiss 3T3 cells.

For HeLa cells hydrodynamic radius of such probe should exceeds 350 nm while for

Swiss 3T3 cells;, > 120 nm.
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3.3 Viscosity of the cytoplasm oEscherichia coli

Previous section discussed the viscosity of the cytoplasm of eukaryotic cells. The
following section is devoted to the viscosity of the cytoplasm of the prokaryotic cells.
In cells, many vital processes are controlled by diffusion. The main determinant of the
diffusive transport in synthetic complex liquids and in the cytoplasm of living cells, is
the viscosity of the liquid. The viscosity depends on the degree of crowding, i.e. the
concentration of macromolecules constituting the liquid. The macromolecules (DNA
and proteins) in prokaryotic cells occupy up to 30% of their volume [72]. Wang et al.
[73] suggested that the main determinant of the transport in the cytoplasm of prokary-
otic cells is the presence of proteins. Theirvitro measurements showed that the
viscosity of protein solutions was not much (5 to 10 times) higher than the viscosity of
water. On the other hand, maiyvivo reports concerning diffusion of various probes
in the cytoplasm oE. coli, suggest much larger values of viscosity of the cytoplasm
[60, 81-92].

In the previous section it has been shown that the macroscopic viscosity of the cy-
toplasm of eukaryotic cells (human cancer cells - HeLa and Swiss 3T3 fibroblasts) can
be thirty to sixty times higher than the viscosity of water [93] (cf. Figures 28 and 29)
Moreover, the viscosity of the cytoplasm of mammalian cells is determined by the actin
filaments forming the cytoskeleton. The viscosity of the cytoplasm of prokaryotic cells,
for example Escherichia colishould be much higher than the macroscopic viscosity of
the cytoplasm of mammalian cells since the cytoplasm of the prokaryotic cells is more

compact and crowded (70% of water content) than the one in eukaryotic cells (90% of
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water content). This observation is not consistent with the hypothesis of Wang et al.
[73].

For the cytoplasm of mammalian cells it has been shown (section 3.2 and reference
93) that viscosity, which is effectively felt by objects diffusing in the cytoplasm is given
by Eq.(3.2.4). In the case of mammalian cells, it has been found that objects whose hy-
drodynamic radiusy is larger than the hydrodynamic radius of the actin filamernfg —

(86 nm for HeLa and 30 nm for Swiss 3T3 cells), will experience macroscopic viscos-
ity of the cytoplasm (viscosity, which can be measured using a rheometer or a probe
of macroscopic size). When< r, < Ry, the viscosity of the cytoplasm measured by

a given probe, depends exponentially:gr(¢ = 5 nm for HeLa and 7 nm for Swiss
3T3).

Here, | use literature data and Eq.(3.2.1) to determine the dependence of the viscos-
ity of the cytoplasm oEscherichia colion the size of probes.

Viscosity felt by the probe can be calculated on the assumption that inverse of the
relative diffusion coefficient (diffusion coefficient in watéx, with respect to diffusion
coefficient in the cytoplasm) is equal to the relative viscosity (viscosity of the cyto-
plasmn with respect to the viscosity of wateg): Dy/D = n/n,. The length scale,
which corresponds to a given viscosity value is determined by the size of the probe used
in the particular measurement. On the basis of experimental data available in the liter-
ature concerning the diffusion coefficient of the macromolecules of known molecular
weight (M,,), the inverse of the relative diffusion coefficieBt / D was calculated. For

proteins, diffusion coefficient in watef), in um?/s) is given by the following formula
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[94, 95]:

T
TjoMw

whereT is the temperaturey, is the viscosity of water in mPsi(data taken from NIST
database [96]) M, is in g/mol. Using the SSE equation (Eq.(1.2.12)), we calculated
the hydrodynamic radius of proteins. For plasmigiswas calculated according to the
procedure described elsewhere [97, 98]. Relative viscosities and hydrodynamic radii of
analyzed probes are summarized in Table 5.

Figure 30 shows a graph of the logarithm of relative viscosity as a function of hy-
drodynamic radius of the probe. From fit of Eq.(3.2.4) to the experimental data (Table
5), macroscopic viscosity of the cytoplasm as well as two crossover length sdajes —
and¢ has been found. We found that the value of the correlation lehgth.33 4+ 0.22
nm and the exponentis equal t00.45 + 0.2. Unlike in the case of mammalian cells,
the parameterd corresponding to the viscosity of the matrxauix, for E. coli was
equal to 1 which means thatawix = Mwater = 70 (cf. EQ.(3.2.1)). R}, was found equal
to 46 + 25 nm. This size is comparable to the size of the loops in the nucleoid, i.e.,
a strand of DNA, which is supercoiled due to the presence of proteins. Short-range
structure of such individual, involves DNA fragments whose length does not exceed
1000 base pairs [99]. If we now assume that each of these chains is independent (simi-
lar to the assumption introduced by de Gennes for concentrated polymer solutions and
the concept of blob that can be treated as a separate individual [27, 29]), its hydrody-

namic radiusky], will be about 49 nm. Surprising comparability &f, and R}, suggests
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Table 5: Characteristics of the probes used in analysis. Table contains: name of the
probes, molecular weight&/,,, temperaturel’ at which experiment was performed,
logarithm of the relative viscosity, and hydrodynamic radius of the propes

Probe My (kg/mol) | T |In <nﬂ0> rp (NM) | Ref.

GFP 27 293| 24 2.63 | Ref. 60
GFP 27 293| 3.1 2.63 | Ref. 60
EYFP 27 293| 24 2.62 | Ref. 81
GFP-His6 28 293| 3.0 2.66 | Ref. 60
cMBP-GFP 72 293| 3.2 3.65 | Ref. 60
CheY-GFP 41 293| 2.7 3.03 | Ref. 82
CFP-CheW-YFP| 71 293 3.7 3.63 | Ref. 81
CFP-CheR-YFP 86 293| 35 3.88 | Ref. 81
torA-GFP 30 310| 2.6 2.73 | Ref. 83
GFP 27 293| 2.1 2.63 | Ref. 84
GFP 27 298| 2.7 2.63 | Ref. 85
torA-GFpP22 57 293 2.1 3.38 | Ref. 86
GFPZ2 27 293 2.2 2.63 | Ref. 86
torA-GFp2?2 57 293| 2.0 3.38 | Ref. 86
torA-GFP3?2 84 293| 2.2 3.84 | Ref. 86
torA-GFP42 111 293| 2.2 4.22 | Ref. 86
torA-GFP5? 138 293| 2.8 454 | Ref. 86
AmIA-GFP? 58 293| 3.6 3.4 Ref. 86
AmIA-GFP? 58 293| 3.6 3.4 Ref. 86
AMIA ,oseGFP 58 293| 2.2 3.4 Ref. 86
NIpA-GFP? 55 293| 34 3.34 | Ref. 86
NIpA o s-GFP 55 293| 3.2 3.34 | Ref. 86
Glucose 0.42 293 2.1 0.53 | Ref. 87
GFP 27 293| 3.3 2.63 | Ref. 87
(6 -Gal-GFP) 582 293| 3.8 7.33 | Ref. 87
GFP 27 298| 2.7 2.63 | Ref. 88
Water 0.018 301 0.1 0.14 | Ref. 90
MmRNA-GFP 6000 295 6.2 15.95 | Ref. 91
Plasmid-GFP 28000 293| 94 346.89 | Ref. 92

a8 No information about temperature at which measurement was performed, assumed 293 K.

that the main component crowding the cytoplasm is the nucleoid, i.e., parts of DNA.
The macroscopic viscosity of the cytoplasmEofcoli estimated from Figure 30 is ap-
proximately 13 P& (at 20°C) which is 13000 times higher than the viscosity of water.
Objects whose hydrodynamic radius is larger tignwill experience the macroscopic

viscosity. On the other hand, objects with a radius lower thaall experience the vis-
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cosity that is similar to the viscosity of water. Macromolecules whose hydrodynamic
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Figure 30: The logarithm of the relative viscosity experienced by probes diffusing in
the cytoplasm oE. coli. Dashed line refers to the Eq.(3.2.4). Experimental deta (
Table 5) were fitted using the function given by Eq.(3.2.4). Based on the fitting of
the available data we found, that the macroscopic viscosity of the cytoplasm is about
13 Pas (at 20°C). In additionRy, = 46 + 25 nm, £ is 0.33 £ 0.22 nm, anda =

0.45 + 0.2. A refers to the calculated diffusion coefficient of a plasmid of molecular
weight24 MDa [89]. Diffusion coefficient for this plasmid was calculated using the
viscosity experienced by GFP. This led to significant overestimation of the diffusion
coefficient in the cytoplasm and, consequently, to orders of magnitude underestimation
of the viscosity experienced by the plasmid.

radius is betweef) and R, will experience viscosity that increases exponentially with

the hydrodynamic radius of the molecule under consideration. Additionally, in Fig-
ure 30, we placed the point showing the consequences of an incorrect assumption that
the viscosity of the liquid is size independent (shownaam Figure 30). Derman et

al. [89] estimated the diffusion coefficient of the plasmid with mass equal to 24 MDa.

For the calculations they used the viscosity experienced by GFP in the cytoplasm of
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E. coli. This assumption led to overestimated values of the diffusion coefficient and,

consequently, to underestimated value of the viscosity experienced by this plasmid.
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3.4 Viscosity of colloidal suspensions
3.4.1 Calculation of the effective viscosity of colloidal suspensions

In the case of spherical colloidal particles, that the diffusion coefficient of the parti-

cles can be described by the generalized SSE equation Eq.(3.4.1) [9]:

kT

D=
Crnmrp

(3.4.1)

where C is a constant. When size of the probe is much larger than the size of the objects
constituting the liquid C= 6 which correspond to so called stick boundary conditions.

If the probes are smaller or their size is comparable to the size of the objects constitut-
ing the liquid, then C< 6 is observed [7].

In the previous sections, | showed that the viscosity experienced by the probe dif-
fusing among the objects of similar or bigger size, is expressed as the effective viscosity
Net, Which depends on the size of the probe. Hence, the factor influencing the value of
the diffusion coefficient of those particles, is not a change of the coefficient C resulting
from a change of boundary conditions, but the viscosity experienced by the jpsobe
which is much lower than the macroscopic viscosity The coefficient C should be
constant and equal to 6, and the SSE equation should be written as follows:

D— kT
O et Tp

(3.4.2)
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In fact, both, Eqs.(3.4.1) and (3.4.2) refer to the same value of the self diffusion coeffi-

cient, so they can be written as:

ul = W (3.4.3)
which gives:
6 Nm
— = — 3.4.4
C Tleff ( )

Since thej,, and C can be determined independently, the effective viscosity experienced

by the probe;.; can be easily calculated according to Eq.(3.4.4).

3.4.2 Application of the scaling law to the literature data

In section 3.1 viscosity of the solutions of polymers and of elongated rigid micelles
was studied. Scaling formula of the viscosity (Eq.(1.4.16)) was successfully applied to
the viscosity data of GE; micellar solution. Therefore we may expect that laws gov-
erning the entangled complex system should be applicable to untangled system com-
posed of rigid spherical objects. In the following section application of Eq.(1.4.16) to
the solution of rigid spheres (literature data of Segre et al. [9]) will be discussed

Segré et al. [9] studied the viscosity of the solutions of polymethylmetacrylate
(PMMA) particles incis-decaline. The hydrodynamic radius of those particles was
rp = 247 nm. In addition authors investigate the self diffusion of those particles in their
own solution. Measurements were performed for volume fractions ranging#freso

to 0.494. The viscosity of the colloidal solution calculated from the self diffusion of
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the particles was much lower than the macroscopic viscosity of given solution. Dif-
ferences between the macroscopic viscosity and the effective viscosity experienced by
the particles can be explained by the size dependent viscosity. When size of the probe
decreases to the nano scale, viscosity starts to depend on the size of the probe and of
the size of the particles which create the solution.

Viscosity of polymer solution is described by the exponential function of the ef-
fective hydrodynamic radiuges and of the correlation length. For the solution of
colloidal particles one can expect similar dependence howeneed to be adopted to
the non overlapping rigid objects. In polymer solutions correlation length is a function
of the radius of gyration of the polymer coil and of the concentration of the polymer.
The concentration ratia:(c*) define how much the polymer coils are entangled with
each other. Namely, when the polymer concentratios less than*, the polymers
behave like individual particles (dilute regime). Wher ¢*, then the polymer chains
begin to overlap with each other, and the highethe more chains are overlapped.
Since¢ is a function ofc/c*, thereforet determine how far from the center of the mass
of one selected polymer chain are monomers of the other chain. Although in colloidal
solutions composed of spherical particles, entangling is not observed, the definition of
the ¢ should be similar and can be described as a distance from the center of the mass
of one colloidal particle to the point in space where one will find surface of the other
colloidal particle as shown in Figure 31. In the solution of polymers the rdtibcan
be expressed as the ratio of the volume of the polymer and the volume of the solvent,

because* = M,,/NaV,, wherel, is molecular weight of the polymer, arg is a
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Figure 31: Graphical definition df for colloidal system composed of hard sphergs.
can be ascribed as a distance from the center of the mass of one colloidal particle to the
point in space where one will find surface of the other colloidal particle.

volume of a single coil of the polymer. Though one will obtain:

¢ mWNa  mVNAN mV, 'V,

¢ Ve My Ve mNa Vem Vi

Wb (3.4.5)

Here Vs is the volume of the solventy is the total mass of the polymer, aidis the

number of polymer coils (for = ¢*,N = 1). Using Eq.(3.4.5)¢ can be written as:

=Ry’ (3.4.6)

http://rcin.org.pl



Viscosity of colloidal suspensions 87

For the solution of colloidsy is defined by the right side of Eq.(3.4.6) and is equal

to ¢/ (1 — ¢) where¢ is the volume fraction. Let us assume that the expopeior

rigid colloidal particles equals 1 as for rigid elongated micelles discussed in section 3.1

(Eq.(3.1.1)). According to the scaling laws discussed in previous sections, the equation

describing macroscopic viscosity,(— oo; Ret — Ip) Of the solution of colloidal

particles will be given by the following formula.

Mm R\ Ry \"
dmo_ bl — — 3.4.7
rd (R (G 047
The radius of gyration of the homogeneous sphere can be expressed [100] as:
Ry =+/3/5R (3.4.8)

WhereR is the radius of the sphere. Under assumptio®ef Ry, the substitution of

Eq.(3.4.8) into Eq.(3.4.7) gives:

Nm 1 /5 ‘
" exp [(6\/;¢> ] (3.4.9)

Here we askwhat is the viscosity experienced by the particle diffusing among other

particles with the same sizeAccordingly to Egs.(1.4.16) and (3.4.6) the effective

viscosity should be expressed as:

Neff Rett \*
soolle)] e
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When the particles diffuse in their own solution= Ry, the effective hydrodynamic

radii (according to Eq.(1.4.15)) should be eqia} = Rnv/2/2 and Eq.(3.4.10) trans-

mer (V2R N T )
2ol (2))-l(E)] e

This equation has been applied to literature data of viscosity of colloidal suspensions

forms into:

[9]. It turned out that Eq.(3.4.11) can not be directly applied to the description of lit-
erature data. However, another equation describing the effective viscosity experienced
by probes diffusing in a concentrated solution of hard spheres has been proposed. In
this equation, the effective hydrodynamic radilg (Eqg.(1.4.15)), was modified as

follows:

1 B 1 N 1
Rgﬁ Rﬁ (Tp+19)2

(3.4.12)
Whered = dry (d — constant). Eq.(3.4.12) is a consequence of the observations made
by Lammanna et al. [101]. They studied the self-diffusion of the solvent (water) in
the solution of proteins. They observed that the diffusion coefficient of the solvent can
not be described by the SSE equation, unless the correction is included in the hydro-
dynamic radius of the solvent. Namely, the hydrodynamic radius of the solvent (small
particles between large proteins) should depend on the concentration of proteins. It can
be assumed that a similar relationship should be observed not only for the solvent, but
also for other objects. Lamanna et al. [101] did not provide a mathematical form of this

correction, therefore, in Eq.(3.4.12) the simplest form of the correction, expressed as

the product of the concentratianand hydrodynamic radius, was adopted. As a re-



Viscosity of colloidal suspensions 89

sult, the equation describing the effective viscosity experienced by the probe, diffusing

in solution of colloids, will be expressed by the equation:

R? (rp + ) Y ’
<\/Rﬁ + (rp+ ¥)? b) ] (84139

Hereny is the viscosity experienced by the probe with correction included in the hydro-

dynamic radius of the probe.

Figure 32 shows the experimental data obtained from the work of Segre et al. [9].

- : - - 2
4 ' Macroscospic viscosity =
i Effective viscsoity @
3.5 ; : :
Viscosity ratio 4 15
3t In(nn?a%ro/no) o
= 25t Mo £
\5—9 INMmacroMeft) —— 1 S
T::’ 2 INn(Mgfi/Mg) == @
T 15} =
1 0.5
0.5
0 0

0 0.2 0.4 0.6 0.8 1
Concentration (,,,%)

Figure 32: Figure shows viscosity data obtained from the work of Segre et al. [9]. The
macroscopic viscosityl) was fitted with Eq.(3.4.9) with parameters= 1.39 4+ 0.05

andb = 0.47 + 0.01. The effective viscosity experienced by the pro®gis described

by Eq.(3.4.13) with same parameters as the macroscopic viscosity and,eittarged

by thed = drpy, d = 1.52 £ 0.06. The ratio of the macroscopic and effective viscosity
(A) follows the curve given by the ratio of Eqs.(3.4.9) and (B33.

Macroscopic viscosity of the colloidal solutiom)was fitted with Eq.(3.4.9) (red, solid
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curve). The parametetsandb were found equal td.39 +0.05 and0.47 4+ 0.01 respec-

tively. We found that particles undergoing self-diffusion among the particles of same
type, experience the effective viscosity (lower than macroscopic ejghewever, size

of the probe should be enlarged by the correctidt:,, v') (Eq.(3.4.13) — purple, solid
curve). Parametef in correction was found equal t@.52 + 0.06. The bottom, dark
green, solid curve corresponds to the ratio between macroscopic viscosity (Eq.(3.4.9))
and effective viscosity (Eq.(3.4.13)). Experimental poi} ¢btained from the work

of Segre et al. [9], were calculated as shown in Section 3.4.1 (Eq.(3.4.4)).

The physical meaning of th (added to the hydrodynamic radius of the probe) is
unclear. It may be, however, related to the distance at which the momentum is trans-
ferred during the motion of the probe through the solution. The scaling equations de-
scribing the viscosity of the solution of colloidal particles is only the rough estimation.
More detailed studies are required in order to determine the effective viscosity experi-

enced by the probe diffusing among rigid colloidal particles of same type.
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4 Summary and conclusions

In presented work, the viscosity as a function of the size of the probe was discussed.
The scaling law describing the viscosity for all length scales was proposed and was

verified for different systems.

1. In the synthetic complex liquidssuch as solutions of polymers, or surfactants,
viscosity depends significantly on the scale at which the measurement was made.
In other words, it depends on the size of the probe used to measure the viscos-
ity. We studied three different complex liquids. Two of them were solutions of
flexible polymers, differing in solvent (aqueous solution of poly(ethylene gly-
col) and polystyrene dissolved in acetophenone). The third complex liquid was
an agueous solution of surfactant §E;) that creates a rigid elongated micelles.

We have successfully used the equation Eq.(1.4.16) for all the mentioned com-
plex liquids, which confirms universality of this equation. These results have
very serious consequences because all measurements of viscosity, diffusion or
electrophoretical mobility in complex liquids (via dynamic light scattering, cap-
illary electrophoresis, chromatography and many others) should be treated very
carefully when the probes are nanoscopic. The SSE equation can be applied to
complex liquids at all length scales, with a proper account for the viscosity de-
pendence o (EQ.(1.4.15)). Additionally viscosity experienced by the probes

of a givenr, in a solution comprising obstacles Bf, = r, (polymer in polymers

or micelle in micellar solution) is lower than the macroscopic viscosity of the
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solution. Furthermore if the scaling form of the viscosity is known in a given
system, one can use the SSE equation with the scale dependent viscosity to pre-
dict the self diffusion coefficient for any probe of known hydrodynamic radius. |
suppose that this is the first model of viscosity that takes into account and unites
both: the relationship between the probe and the obstaklgs{Eqg.(1.4.15)) as

well as the structural properties of the mat§¥®y, c) or (L, c)) — introduced by

Langevin and Rondelez [102].

2. The viscosity of the cytoplasm of mammalian cellsvas also analyzed. We
found an analogous dependence, of the viscosity of the cytoplasm, on the size of
the probe as in the case complex liquids. The results of this work are complemen-
tary to the work of Arcizet et al. [80], who proposed to probe the cytoplasm at the
micrometer scale, and distinguished between active and passive transport [103].
In this work data concerning diffusion coefficients of probes with hydrodynamic
radii below 100 nm were used. One can propose an experiment to probe all length
scales (from nano to macro) and to determine, for investigated cell strain, scal-
ing function of the viscosity across all length scales. Such experiment should be
based on single molecule measurements (e.g. FCS) to probe nanoscopic length
scale and on single particle tracking [80] to probe microscopic scale. Addition-
ally sub-micrometer length scale (>100 nm) can be probed with the technique
described by Wirtz [104]. In all techniques however, at which hydrodynamic ra-
dius of the probe is smaller than few hundreds of nanometers, results should be

analyzed with scale dependent viscosity taken into account.
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3. Analysis of the viscosity of the cytoplasm of prokaryotic cellsvas carried out.
We found that the macroscopic viscosity of the cytoplasnik . ofoli equals 13
Pas. This value is three orders of magnitude higher than the value estimated for
mammalian cell cytoplasm, where the macroscopic viscosity was estimated to
be4.4 - 1072 Pas for HeLa cells an@.4 - 10~2 Pas for fibroblasts. The main
reason for such a dramatic difference in the macroscopic viscosity of the cyto-
plasm of prokaryotic and of eukaryotic cells, results from the water content of
the system. In mammalian cells, 90% of the volume is occupied by water while
in E. colionly 70% [72]. In addition, the macroscopic viscosity difference is re-
lated to the type of objects that crowd the liquid. In the cytoplasm of mammalian
cells the macroscopic viscosity was associated with actin filaments forming the
cytoskeleton. In the cytoplasm & coli cells, main component responsible for
the macroscopic viscosity value are loops of DNA, forming the nucleoid. The
average distance between DNA chaingEincoli is roughly 28 nm [105, 106],
while the correlation lengtly determined from fit, was about 0.3 nm. This re-
sult suggests that the threshold length scale that determines whether the probe
experiences viscosity of water or much high@r, originate from the presence of
proteins and other macromolecules (smaller than DNA). Thus, viscosity of the
cytoplasm ofE. coliis influenced by presence of both: DNA (macro scale), and

all other small macromolecules such as proteins or mMRNA (hano scale).

4. The results obtained f@olutions of colloids suggests that the scaling function

the viscosity is much more complicated than that proposed for polymer solutions.
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It was shown that the hydrodynamic radius of the probe should be enlarged by the
factor which depend on the concentration of the colloidal particles in the solution
and of the size of the prob& (= dryy) which is consistent with experimental
observations made by Lamanna et al. [101]. In addition, the expanebt
tained from the fitting of Eqs.(3.4.10) and (3.4.13) to the experimental data [9] is
consistent with experimental results, obtained by Porcar et al.[107]. The authors
studied the self-diffusion of lysozyme in concentrated solution. They observed
that the relative diffusion coefficient varies with the volume fraction of lysozyme
with exponent 4/3. This value is close to thhexponent obtained in this work for

colloidal suspensions, which was equal t89 + 0.05.

Further studies (experimental as well as theoretical) of the viscosity at the nano scale
are mandatory in complex liquids as well as in other fluids. Also, examination, of the
dependence of the nano scale viscosity, on the temperature is necessary. | suppose that
the parameteb from the equation Eq.(1.4.16) is strongly related to the temperature at
which the measurement is performed. Further experiments in this direction are needed

in order to confirm or reject those suppositions.
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