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Introduction

IFluorescence and phosphorescence phenomena have been known for centuries. they are
mentioned already in Chinese books from 1500 B.C. Scientific investigation. however.
ooes back to the very beginning of the 17" century when the famous Bolognian stone
was accidentally discovered by a shoemaker and when later. a blue reflected and a
vellow transmitted light was observed from the wood extract of Lignum Nephriticum.
During the course of time. the phenomena became well understood and widely used.
Most of common users ol fluorescence techniques may nowadays think that all
important questions  dealing with  fluorescence have been already  answered and
therefore they might not be aware that a huge development of fluorescence techniques
still continues.

The advantage of fluorescence is that it is very specific because a relatively
l[imited number of species exhibits this phenomenon in the visible spectral region. This
causes that the signal from fluorescent probes is not usually affected by species that are
to be visualized and by other species present in the system. Moreover. the photophysics
of mostly used fluorophores 1s known and the properties of emitted light can serve as a
source of information on the fluorescently labeled system of interest. This is very useful
especially if complex svstems are to be studied and thus fluorescent techniques are
common tools in biochemistry and molecular biology.

The aim of this thesis is o introduce and optimize two newer fluorescent
techniques tor studyving nanostructured systems. Even though these techniques have
been alrcady well established. they have been only little used in polymer science and
still are to be developed inorder to find new applications. The fluorescence techniques
that arc presented here are the relaxation of solvent and the fluorescence correlation
spectroscopy (FCS).

The thesis is divided into four chapters. Since the majority of the work was done
on the systems ol block copolymer micelles. the very first part deals with micelles and
gives a bricloverview of two common benchmark techniques that were used in order to
et more complex insight in the general behavior and a comparison with  the

=
&

fluorescence approach.



The second part of the thesis deals with the solvent relaxation. which has been
so far used mainly in the biomembrane rescarch. The chapter explains how the method
works and shows an example of the triblock copolymer micelles where the experiments
give an idea of the hyvdration of the polymer chains in the shell.

In the third and fourth part. two application of the fluorescence correlation
spectroscopy are discussed. The first one concerns benetits of the FCS for aqueous
solution of polymer miccelles and compares the method with the static and dynamic
light scattering. The second one aims at totally difterent system where IFCS can be
utilized and where scattering methods would be of no use. It deals with the membrance
dynamics of living cells where Tateral diffusion was studied in order to get detailed
information on the membrane organization.

I-ven though the micellar solutions and living cells are nearly at the opposite
ends of the spectrum of the scientifie interest. the methods introduced in the thesis

describe principles that are more or less general and applicable in both the cases.



Chapter |

Block Copolymer Micelles and Standard Benchmark

Techniques

The first chapter brings a brief overview on block copolymer micelles that have been a
subject of numerous studies in the Laboratory of Specialty Polymers at the Department
of Physical and Macromolecular Chemistry for a long time.”” Since the following
chapters deal with new techniques suitable for solving important questions concerning
the  micellar svstems.  this introduction  describes also nyvo  standard  benchmark
techniques ofien used in polvmer research: static and quasielastic light scattering and
atomic force microscopy. The comparison of results of new and benchmark technigues

will he given in the following chapters.
1.1 Water soluble block copolymer micelles

Block copolymer miccelles are nanoparticles formed by block copolymers with
at least one block that is soluble and one that is insoluble in a given. so called selective
solvent.”” Provided the selective solvent is water. the micelle consists of the
hyvdrophobic core and the hydrophilic shell.

Since in all studies included in this thesis. the core was formed cither by
polystyrene or poly(2-vinyIpyridine) that are both insoluble in water. the micelles had
to be prepared indirectly. 1.e.. by dissolving in the mixture rich in an organic solvent.
mostly  T4-dioaxanc. which is a good solvent for hydrophobic blocks. During a
consequent stepwise dialysis. the remaining organic solvent was removed and the core
of the micelles got into the “Kinetically frozen™ state. which means that there was no
exchange of polvmer chains among micelles. This was proved by ultracentrifugation'
and (Tuorescence experiments.'' The core of the micelles is similar to the bulk polymer
below the glass transition temperature.

[he dialysis starts at the composition when all the blocks are in a
thermodynamically good solvent. When the selective solvent is added. the anomalous

. . - . 12
micelles are usually formed. They are known to be rather polvdisperse and unstable ™.
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With increasing amount of the selective solvent. the regular micelization occurs. The
micelles are in cquilibrium with single polymer chains. The association number
increases with amount of the sclective solvent and eventually. the equilibrium gets to
the kinetically frozen state with no free polvmer in the solution.

[ the amount of the selective solvent is suddenly increased. the equilibrium
freezes at once. 1.e.. it is quenched and the association number stays unclmngcd.”'ls

A typical polymer micelle consists of a compact core and the hydrophilic shell.
[ the shell is formed by polvelectrolyte. the eftects related to changes in pll and ionic
strength can be observed. In the case of a strong clectrolyte. the hydrophilic chains are
fairly stretched at low ionice strength. With inereasing ionice strength. the micellar shell
becomes more compact due to electrostatic screening.

The behavior becomes more complex in the case of weak polyelectrolytes. It has
been shown that segments of the polyelectrolyte do not behave equally in the radial
direction from the core as their microenvironment changes significantly between the
core and the outer side of the shell. This causes a partial collapse of parts of
polyelectrolyte chains close to the core and a pronounce dependence of the segment
density and the clectrostatic potential on the radial distance (see Schematics 1),V
Apart from the 1onie strength effects. a strong influence of pH can be observed. It has
been shown that whercas the outer part of the micellar shell reflects the pll changes
immediately. the segments close to the core are less acceessible and thus the Kineties is

- |
considerably slower.
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Schematies 1. Diblock copolymer (block polyelectrolyte) micelle with an embedded
fTuorescent dyve. patman for instance (gray sphere with tail) — the schematics shows the
gradicnt in micellar properties: the electrostatic potential and segment concentration
decrease in the radial direction. Lower inset: The reduced clectrostatic potential. i.c..
)k . where ¢ is the elementary charge @) the clectrostatic potential. £ the
Boltzmann constant and 7" temperature. as a function of the distance from the micellar
center. . for dilute aqueous solution of micelles at pH close to the effective dissociation
constant of the weak polvelectrolvte. pAycand 7 = 0.001 and 0.1. the full curve 17and
dashed curve 270 respectively.™ Upper inset: Curves 1 and 2 show corresponding
concentration profiles of segments of polystyrene-hlock-poly(methacrylic acid) (PMA) in
the shell. The schematies is based on results of our earlier studies for PMA micelles.™
For the weak polybase such as PVP. the curves are schematically the same only the sign
of the potential is opposite. The simulated density profile is not monotonous and rises
slightly at short distances from the PS core. This is an artifact of the simulation model.
which assumes that the surface of the PS core is absolutely impenetrable for the shell-
forming chains. In real miccelles. the uncharged parts of the shell-forming chains are
shightly intermixed with PS chains at the interfacial region and the shell density decreases

monotonously i the radial direction.



1.2 Standard benchmark techniques used in the micellar research
1201 Light scattering

Since the polymer micelles are strong scatterers. static and quasiclastic light
scattering techniques are standard tools for studying their solutions.

In the static light scattering (SLS). the angular and concentration dependences
ol scattered light intensity are measured and characterized by the excess Rayleigh ratio:

AR (g.c) IM)T_I(%—())/". (1)

1]
where /i 1s the intensity of the initial light. 7 is the distance between the scatterer and

dm, . 4 - -~
- Sin—-. k and k_arc the

A 2z

the detector. ¢ 1s the scattering vector: ¢ = M - ‘/\Tfk\
wave vectors of the initial and the scattered light in the particular  direction.
respectively. $is the angle between & and & .

[ the particles are smaller than 4720, the Rayvleigh ratio is angularly independent
and the light scattering data evaluated by the means of Zimm plots provide generally
information on the weight averaged molar mass and the second osmotic  virial
coefticient only.

In the case of large particles (larger than £/20). the light beams scattered at
different parts of large particles interfere and the Rayleigh ratio becomes angularly
dependent. The angular dependence provides information on the shape of particles that
can be withdrawn  from the angular dependence of the  particle form  factor:

R (c . . . .
Ply) = Rw'((/))' In this casc. the z-averaged radius of gyration can be evaluated.
()

Quasiclastic light scattering (QELS) is based on the measurement of the

autocorrelation function of fluctuations in the scattered light intensity:

lim I/(I)l(/ + )i
PRE (

8]
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[he function go(7) is connected via the Siegert relation with the autocorrelation
)
lim j/z‘(l VE (e + 7 ki
Lo 0
</:‘~/:">

):

function g;(7) of electric field intensity £(7) (¢, (7) =

—_
‘09
~

e (c) 1o fre (7).
where /s the apparatus constant. For slightly polvdisperse systems. the function
(1) can be fitted by the means of cumulants:

. L N L, N n 11[// i
Ing(r) Ind -l 1 ,/,'r S o B R s 4)
2 §) !

A s the amplitude. 77s the relaxation rate. g, are so called cumulants. For highly
polvdisperse systems. the inverse Laplace transform gives the spectrum of relaxation

times 7 or relaxation rates /2 which are related to the dittusion coefticient D of the

. . D .
scattering particles 1" = — . via relations:
q
g lr)= jz-l(r)c “dInr. (3)
‘um(/):J.(i(l')c['dl'. (6)

1.2.2 Atomic force microscopy

Atomic force microscopy (AFM) 1s nowadays one of often used techniques in
polvmer studies."” ™" It direetly vizualizes the surface of interest. Thus. if aqueus
solutions of polymer micelles are to be studied. the sample has to be first deposited on
the surface. The conditions are. of course. different at the surface and in the solution
and the macromolecules can change their size. conformation and other propertics.
Therefore results of AI'M measurements have to be confirmed by other techniques.

The AFM method was developed by Binnig. Quate and Gerber in 1986.°" Tt
monitores the interaction between a sharp tip of the cantilever during surface scanning.
Three diftferent modes are commonly used in AIFM. It is (1) a contact mode. (i1) a non-
contact mode and (ii1) a tapping mode. In all the three cases. the position of the

cantilever is followed by observing reflection of the laser beam from the cantilever. The



morvement of the cantilever is sensitively controled by changing of electrie voltage on
the piazoclectrie tube.

IFor the study of adsorbed polvmer micelles and films. the most convenient
mode seems 1o be the tapping mode as it minimizes the direct contact of the cantilever
with the surface. At this mode. the cantilever oscilates with its resonance frequency and
amplitude typically between 20 and 100 nm. The tip is in a contact with the surface
through the adsorbed liquid laver above the sample merely close to the bottom turning
point. Since the amplitude is kept constant as well as the interaction foree between the
sample and the cantilever. itis the vertical position of the scanner what changes.

[n order to optimize the imaging. the surfaces with the lowest roughness are the
most convenient. One of the best materials for our studies seems to be mica. which due
o its lavered structure. is {lat on the atomic level. Tt is generaly recognized that the
highly hydrophilic mica surface is negatively charched and thus very good for binding
polveations.™ " Tlowever. the freshly prepared mica surface is full of small positive

counterions and thus binds polyvinons as well.



Chapter 11

Solvent Relaxation in Block Copolymer Micelles

The solvent relaxation technique has been exhibited as a useful tool for membrane
studies for more than one decade already.”" It brings a good insight into the
hvdration of lipids at different depths of membranes in large unilamellar vesicles and
shoves hovwe this can be affected by lipid composition and temperature. If the so called
Ltime-zero” is properlyoestimated and the time evolution of spectral halpwidth is
monitored, the information on the amount of vwater and its mobility becomes reliable
and very convincing.

lor the aqucous solutions of polvimer micelles. the solvent relaxation technigue
was never properly and svstematically used. even though there are questions that can
he solved exclusively by this method. This chapter shows that the level of hvdration at
the particular position in the micelles can he well monitored by the solvent relaxation
approach. The attention is mainly focused on the solvation of polytoxvethylene). ywhich
has very favourable gecometrical prerequisites to be wwell hvdrated in water. T In the
shellof  polvsivrene-block-poly(2-vinvipyridine)-block-polvoxyethvlene) — micelles.
however. the hvdration seems (o be prety different and to depend on the organization
of the whole micelle (pll changes or aggregation for instance). The results obtained
from solvent relaxation wwere compared with results from other  techniques  and

. . . . aN
summarized in the enclosed publication.
2.1 Fluorescent solvent relaxation
211 Basic principles

Solvent relaxation is a fluorescent technique that expoits large dipole moment
changes of certain fluorophores upon excitation. The orientation of polar solvent
moleccules (possesing a dipol moment and solvating the fluorophore) minimizes the
overall energy of the system. When the fluorophore absorbs the excitation light. the
dipole: moment changes on the femtosecond time scale. The dipoles of solvent

molccules tend to minimize the solvation energy and start to reorient. however. do not

_.
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tollow the tast change immediately. Depending on the microviscosity of  the
Huorophore microenvironment. the so called solvent relaxation occurs from several tens
of picoseconds up to several nanoseconds. Since the emission of photons 1s a
nanosccond process. the time resolved red-shift of the emission spectra can be

observed. (See Schematies 1)

>~

\ ‘ ‘/\,‘

™~

¥
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Schematics I The dipol moment changes upon excitation and the solvent molecules
start to reorient in order to minimize the overall energy. This causes the time-resolved red

shift of the fluoresceence spectra.
2.1.2 Read-out parametery

The overall difterence between the emission spectra immediately after the
excitation 1(0) and in the tully relaxed state (=), the overall Stokes shift
Av=v(0)—v{+) . retlexes the polarity of the fluorophore microevnironment. It the
relaxation is fast (in the subpicosecond time range), which is in the case of tlourophores
dissolved I non-viscous solvents at ambient temperatures, the observed steady-state
cmission goes mainly from the relaxed state and the position of the steady-state emition
maximum retters to the polarity of bulk solvents.

[t the friction forces in the microenvironment of the probe increase, the
relaxation process slows down and the rate of the relaxation response relates to the
microviscosity. The kinctics of the relaxation can be described by the correlation
function C(1):
)il

)= (0)=v(2)



I'o quantify the rate. itis suitable to define the integral relaxation time 7.

r= j( (¢ )elr (8)

[§]

. . . . . 39-41
that has been shown to be a reasonable measure of the microviscosity of the probe. *

2.1.3 Time-zero estimation

To be able to evaluate the overall Stokes shift. the emission spectrum at time-
zero. 1.e. immediately upon the excitation prior any relaxation process. is needed. The
method allowing for calculating the time-zero spectrum was suggested by Fee and
Maroncelli'™ and is based on the following assumptions: i) the broadening of the
absorption specetra ol the particular dyve in any solvent results  from the effect of
inhomogencous distribution of solvent environments (spectral shifts) on the intrinsic
vibronic line shape ¢(1). which is assumed to be solvent independent. 1) The

distribution function of solvent-induced shilfts is supposed to be Gaussian shaped:

/ _(()‘,__,{l‘”,)_‘,‘ 9)

exp :
ey - 20 )

plo)

The absorption spectra in a solvent can be thus expressed as follows:

AIP(l')'/ I'J_g(l'—d)/)((‘i)dd. (10)
Similarly. the emission spectrum at the time zero is given:

l"/‘(n'.l =00 )r j,r(\"\ —o)pld) (v =o)do . (11)
In order o reconstruct the time zero emission spectra. three functions are needed:
vibronice line shape ¢(v), emission line shape f(1v) and the parameters of” the Gaussian
shaped spectral shifts distribution. The functions g( 1) and f( 1) are solvent independent
and can be obtained from the absorption and emission spectra of the particular dye in a
non-polar solvent. where no solvent relaxation is supposed to occeur:

() () (12)

and
N . ]
) s v /‘M(l’). (13)
The parameters of the Gaussian distribution oy and o are detremined by iterative fitting

ol the polar absorption spectrum (equation (10)).
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20 Halfwidih of TRES

The discussed time-zero estimation provides us with infromation where the
relaxation process starts on the energy (i.e.. frequency) scale and cosequently. what
fraction of the overall solvent relaxation can be scen within the time window of the
experiment. Qualitative information on the extent of the observed process can be also
obtained from the time-evolution of the hall" width of the emission spectrum.

I'xperiments carried out in supercooled liquids™ and in phospholipid bilayers™
" have shown that the halfwidth passes a maximum. which is in agreement with the
idea of non-uniform spatial distribution of solvent response times.™ ™ It has been
shown that in homogencous systems of low-molar-mass molecules. the haltwidth
always decays monotonously. In a spatially inhomogencous system (it applies also to
inhomogencity on the nanometer length-scale). the relaxation behavior is different.
Since the properties of the system vary in space. individual fluorophores distributed in
the system are not equivalent and their solvent shells respond with different rates to the
local clectrie field. This inhomogeneity gives rise to a new phenomenon. which reflects
the time distribution of phases of relaxations of individual solvation shells during the
relaxation. The observed transient inhomogencity increases significantly and the time-
dependence of the observed halfwidth passes a pronounced maximum.

The above described  time-evolution  enables us to decide  whether  the
experimental time-window is broad cnough for the entire relaxation. If only the
decrecase 1s observed. the relaxation 1s bevond the experimental resolution. in the

opposite case. il only the increase appears. the deexceitation is faster than the relaxation.
2.1.5 Time-correlated single photon counting and generating of TRES

The time-resolved emission spectra (TRES) are usually reconstructed  from
directly measured fluorescence decayvs. The decays are collected by the method of time-
correlated single photon counting (1CSPCY.™ The resolution of the experimental
setup is in the subpicoscecond time-range. The measured data are fitted with an
exponential decay:

1. (14)

" / [
Iy 1+ Z‘u, expl — —
| 7



1 is acorrection to the background. e, are the amplitudes and 7 stands for decay times.
[he fit has to be convoluted with the instrument response function (IRIF) and the

5

parameters of the fitare obtained iteratively by minimizing 7

g R(,/)_R‘(I')W‘ .
v stands for the number of degrees of freedom. R(1,) are the measured data. R.(f) 1s the
fitted function convoluted with IR1 and @ is the standard deviation.

TRES S(Aa) are caleulated from the decavs by the method called spectral
reconstruction. It requires to measure the steady  state spectrum Sy(A4) and  the
fluorescence decavs D(r.4) at various wavelengths that span the steady state emission
spectra that is needed for the normalization of the decays:
D(r. )= S, (4)

f/)(/.z kls

NVRIE (16)

In order to get the time-dependence of the spectral maximum and the time
evolution of the full width in halt maximum (FWHM). TRES are at first recalculated to

the wavenumbers and consequently fitted with a log-normal function:

Iy hexpl- ln(Z)fIn (s (XH for e =1
1 /:/ J h (17)
Iy O, for e < -1
where
Dol )
of = —— (18)

fris the peak heighto vy is the peak position. is the asymmetry parameter and . 1is the
width parameter which both are related to FWIHM:

FWIIM() Al { Silll]t'y)(’))]. (19)
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2.2 Solvent relaxation in block copolymer micelles

221 Diblock copolymer micelles

[t has been shown that the solvent relaxation is a good tool to monitor the
micropolarity and microviscosity of the fluorophore. The first question that has to be
answered concerns the time scale of the solvent relaxation in the shells of block
copolymer micelles. In the bulk water. the rearrangement of so called “free™ water
molecules oceurs in the subpicosecond time range. which is bevond the resolution of
the TCSPC experiment. In the micellar shell. however. water molecules form the
hydration sphere of the units of polymer chains (so called “bound™ water molecules)
and thus their movement is considerably slowed down. Morcover. the rearrangement
does not occur equally in all the three dimensions any more. It depends on the radial
position in the shell similarly as all other properties do (see Schematics 1).

[n the case of water solutions of diblock copolymer micelles. several different
solvent relaxation responses can be observed depending on where the fluorescent probe
is located. Three fundamentally different solvent relaxation patterns reflecting the
content of “free”™ and “bound™ water molecules were observed in these three micellar
systems:

a) Polystyren-hlock-poly(oxyethyvlen) miccelles (PS-POLE) labeled with Laurdan

(see Chart 1):

Chart L. Laurdan

[Laurdan 1s a non-charged probe with 12-carbon long aliphatic chain. which
causes that the dye is solubilized in the polystyrene core. where no water
molecules are present. Thus. the relaxation is attained by rearrangement of
polvmer chains. The time-zero estimation suggests that we see only the very
beginning ol the process. The chain motion in the glassy polystyrene core is

rather slow. which causes that the entire relaxation is not finished within the



lifetime of Laurdan. This can be observed both in the correlation function and

the haltwidth behavior (see Fig. 1).

1.0 —.:
5
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Figure 1. Time-resolved Stokes shift. C'(r). of laurdan in PS-POLE micclles. Insct:
Time-dependent halfwidth of time-resolved emission spectra of laurdan in PS-POL

micelles.

b) Polvstvren-hlock-poly(oxyethvlen) micelles (PS-POLL) labeled with Patman (see

Chart I1).

Chart I1. Patman

Patman 1s an amphiphilic molecule. which has a 16-carbon long aliphatic chain.
but in contrast to Laurdan. it also bears a positive charge. Thus. it is supposedly
located at the core/shell interface. The time-zero estimation reveals that the
beeinning of the relaxation cannot be seen sinee it is bevond the resolution of
the TCSPC experiment. This suggests that “free™ water molecules already

contribute to the rearrangement. but more than 60 % of the relaxation can be



still seen with the subnanosccond resolution. Morcover. the halfwidth expresses
a clear maximum (sce Fig. 2). which allows us to conclude that mainly “bound™

water molecules are responsible for the relaxation at the core/shell interface.
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Figure 2. Time-resolved Stokes shift. C'(7). of patman in PS-POLE micelles
(curve Ty and PS-PVP miccelles (curve 2). Inset: Time-dependent halfwidth of the
time-resolved emission spectra of patman in PS-POL micelles (curve 17) and in PS-

PVP micelles (curve 27).

¢) Polvstyren-block-poly (2-vinvipyridine) micelles (PS-PVP) labeled with Patman.
In the acidic media at pll 2. the polvvinylpyridine chains are highly protonated
and stretehed to the solution due to the repulsion between clectrie charges. It has
been shown that close to the core.™ the polyvinylpyridine chains are less
protonized and form collapsed domains. where Patman is supposed to be buried.
In the PS-PVP micelles compared to the PS-POL micelles. there is more space
among stretched polymer chains and thus. more water molecules are present
close to the core. Therefore. the relaxation in PS-PVP micelles is faster. We can
see shightly less than 50 % ol the entire process. which is well confirmed by the
fact that time-dependent halfwidth misses the maximum and merely decreases

(sce Fig. 2).

0



222 Iriblock copolvmer micelles

The above mentioned different solvent relaxation responses help us understand
the pl-induced changes in the hydration of the PVP/POL: interface of polystyrene-
hlock-poly(2-vinyipyridine)-hlock-poly(oxvethylene) (PS-PVP-POLE) micelles.

PS-PVP-POIL. micelles consist of a glassy polystyrene core. an inner poly(2-
vinylpyridine) and an outer poly(oxyethylene) shell. The micelles were studied in the
pll range from 1 to 4. where the protonation of the inner shell changes considerably.
The Fig. 3a shows the degree of protonation in comparison with PS-PVP micelles.
Obviously. the polvoxyethyvlene Taver slightly suppresses the protonation at lower pll.
however. it plays a significant role in suppressing changes in the hydrodynamic radius

of PS-PVP-POL micelles compared with the PS-PVP micelles (see Fig. 3b).
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Figure 3. (a) Degree of protonization. ¢4 p. of the PVP shell-forming blocks in PS-PVP
(curve 1) and PS-PVP-POL (curve 2) micelles as a function of pH of the solution. (b)
Relative hydrodynamic radius. Ry/(Ri)wn- of PS-PVP (curve 1) and PS-PVP-POL:
(curve 2) micelles as a function of ptl of the solution. (), for PS-PVP and PS-PVP-

POL micelles were 83 and 28 nm. respectively.

The PS-PVP-POL miccelles were labeled with Patman. which is supposed to be
located at the PVP/POL: interface.™ Thus the solvent relaxation probed by Patman

visualizes hydration changes of polv(oxyethylene) close to the PVP/POIL: interface.



Surprisingly. even though the hydrodynamic radius of micelles does not almost change.

the changes in the hydration of POI: are substantial as the Fig. 4 shows.
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Figure 4. L.eft: Time-resolved Stokes shifte (7). of patman in PS-PVP-POL micelles at
different pHs. pH 2 (curve 1), pH 3 (curve 2). pll 4 (curve 3). Right: Time-dependent
halfwidths of the time-resolved emission spectra of patman in PS-PVP-POL micelles at

pll 2 (curve D). pH 3 (curve 2). plH 4 (curve 3).

AUpHE 4. similarly to the case of PS-POL miccelles labeled with Laurdan. Patman
does not see”™ any water molecules. which is obvious from the correlation curve that
cannot monitor the end ol the process as well as from the haltwidth shape. With
decercasing pll. the process speeds up. thus. a pronounced maximum appears in the
halfwidth time-dependence and the integral relaxation time shortens. The amount of the
unresolved relaxation increases with decreasing plH. which suggests that more and more

“free”™ water molecules contribute to the entire rearrangement.
2.2.3 Aggercgation of PS-PUP-POL micelles at low pll confirmed by solvent relaxation

The aforementioned experiment was carried out also at pll 1. In contrast to
pl 2. where the reconstructed normalized TRES are monomodal and the relaxed states
have the maximum at 21300 em’™. the TRES for pH 1 are bimodal. The Fig. 5 clearly
reveals that in the totally relaxed state. there is merely a shoulder at 21300 em™ and the

main - maximum is - at  higher  wavenumber.  This  suggests  that  Patman  is



inhomogencously distributed in individual PS-PVP-POLE micelles in two domains
differing significantly in polarity. The first localization corresponding to the higher
Stokes shift is probably the same as at pll 2. The second localizaton with smaller
Stokes shift belongs to a less polar and possibly even more rigid environment of the

probe.
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Figure Sa, Sh. Normalized time resolved emission spectra of patman in PS-PVP-POL:
micelles at pHE T (Fig. 4a) and pH 2 (Fig. 4b) at ~“time zero™ (curve 1), I ns (curve 2).

13 ns (curve 3) and 20 ns (curve 4) after the excitation.
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light scattering and atomic force microscopy studies have revealed™ that the
miccelles show a strong tendeney to aggregate at low pll. The micelles have a relatively
short polystyrene block. thus the cores are not glassy. This causes that the individual
chains can reorient and form transient “hemimicelles™ that finally may stick together
and from aggregates. The second position of Patman is thus supposed to be in the

e

micellar aggregates.

&
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Chapter I11

Fluorescence Correlation Spectroscopy in Three Dimensions:

Application in Polymer Micelles Research

The third chapter is devoted to a brief introduction in the fluorescence correlation
spectroscopy (1°CS) and its applications in three dimensions, i.c.. in solutions. The
method was established in seventies and found « lot of applications mainly in
hiochemical studies. It is « very suitable tool to study changes in diffusion, for instance
during DN.1 condensation™ ™ or pro{ein  pro(ein inleraction. o

Since the studied biochemical problems are ofien complex and since there is no
straightforvard method for evaluation diffusion properties of labeled molecules based
on fluorescence  fluctuations,  the  results.  even  though convincing., are  mostly
interpreted merely on the qualitative level: Polvmer micelles as relatively well defined
and small particles can serve as good svstems to investigate problems related with
labeling or photophvsics of the particular dve.

Based on I°CS read-out parameters, the number-averaged molecular mass and
hvdrodvnamic radius of micelles have been determined and discussed in comparison
with results obtained from other established techniques. It turns out that IFCS is a good
complementary approach to light scattering, however, it has strong limitations that has
10 be taken into account. There are more details in the enclosed publications.® > The
method vas further used to get a more complex insight in other studies of block

. IN 49 3N-0l)
copolvmer micelles

3.1 Fluorescence correlation spectroscopy
311 Basic principles
I'luorescence correlation spectroscopy (FCS) is a relatively new technique
. . . , . 61 . . .
which was introduced by Magde. Llson and Webb in 197277 It is a microscopical

technique that uses a confocal microscope to focus a laser beam. which than determines

a working “cuvette™. The fluorescence signal measured in the “cuvette™ of the focused



volume size (111)). provided the concentration of fluorophores is in the nanomolar
range. exhibits strong fluctuations. The fluctuations are not chaotic since the volume
contains just units of fluorescent particles and they correlate with processes that cause
the  fluctuations.  for instance Brownian motion. triplet formation or chemical
: 02-06
reactions.
Mathematical treatment of the fluctuating fluorescent intensity provides the
autocorrelation function. which has to be fitted with an appropriate mathematical model

that « priori assumes what processes are responsible for the fluctuations.

312 Experimental setup

The standard FFCS setup is shown in the Schematics 1. The laser radiation is
reflected via a dichroic mirror (wavelength dependent beam splitter) into a water
cmersion objective with a high numerical aperture. The beam is focused into the sample
that is placed at the working distance of the objective. Fluorescence signal as well as
back reflected light. Ravleigh and Raman scattering is than gathered by the same
objective and the red shifted fluorescence is transmitted through the same dichroic
mirror and comes to the detector (avalanche pholodiodc).(’7

Toincrease the signal-to-noise ratio. i.c.. to suppress the Raman scattering and
the Taser line that was not effectively enough filtered off. further emission filters are
required. Furthermore. there is a pinhole in the image plane. which cut oft all the

photons that do not come from the focal region.
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Schematics HI. Schematic setup of the epifluorescence confocal microscope
3.1.3 Mathematical treatment of FCS data in three dimensions

The tluorescence fluctuations are treated via the intensity autocorrelation
function G( 7):

(F)F(r+ 7))

<l*(/)>" A

The fluorescence intensity £(7) can be written as the sum of the average intensity and

(20)

Glr)=

the temporal fluctuation: /(7)) = <I"(/)> + 0l (r). the autocorrelation function (ACF) can
be than rewritten:
(o (1 + ¢
Gl =14 LTk (3 ). (1)
(F(r))

The fluctuations n intensity are determined by the spatial distribution of the excitation

energy [.(r), light-collection efticiency tunction of the setup (objective — pinhole
alignment) S(r) as a function of the position 7= |x.v.z|. the overall detection
efficiency & and the dynamics of the individual tluorophore o(oyC(r.r)). o is the
absorption cross scction, ¢ is the quantum yield. C(ryz) 1s the local fluorophore

concentration, that tluctuates mainly due to the Brownian motion.



Spatial distribution of the excitation encergy together with collection efficiency
function can be approximated by three-dimensional Gaussian function:

Yoy

[ \r [oxT oy -
() —(i)\(/) exp ~\',‘\)~c,\p[ - — )
/ 2
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where /y is the amplitude of the Tight intensity. ey and =, are the haltwidth and the half
of the focused volume height. respectively.

The rest of the parameters can be treated separately: 7 = aayl,, . ais the overall
detection  cfficieney.  The  intensity  fluctuation  can be  than  written:
ol (1) (7)o (pc(r.0)).

Provided 7 does not change with time. ACHE 1s as follows:
”n‘(r‘ UG Ko () + o ))d i d
0 J‘H'(;:)H')} '

Considering only the presence of particles  freely diffusing inall  three

—_
19
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dimensions. we get the following expression for the diffusion term:

<0’( '(r’,/)d( P+ r)> <( ‘(I )> ! —CXp (r - ) ) (24)
(4/7/)r)’,: D

Finally. we obtain the formula for the autocorrelation function for one freely

diffusing particle:

N
-

where MV s the average number of particles in the focus volume. 7, is the diffusion
time. i.e. the average time the fluorescent molecule stays in the focused volume. It is
related to the diffusion coetticient 12 as follows:

(,)H

L (26)
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The assumption that the photophysics of the fluorophore does not change while
the dye resides in the focused volume. unfortunately. does not hold for the most cases.
The most common feature to be observed is the transition to the triplet state. The
transition from the triplet state back to the ground state is forbidden tfrom the quantum
mechanical point of view and thus it is much slower. Conscquently. fluorophores in the

triplet states appear to be dark. This kind of ~flickering™ can be cither directly added to



the formula for the autocorrelation curve. or as long as it occurs on much shorter time-
Cns . . OC
scale than diffusion. it can be treated separately:™
. o : 5
(’m.d (T) - (,mulnm (r)(’m,\m (T) (“7)

FFinally. including the triplet formation term. the total autocorrelation function is given:

/ /
/

T

. (28)
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I"is the fraction ol molecules in the triplet state. ziypie is the triplet constant.

In general. any process. considerably faster than diffusion. which might be
described as switching between two states differing in the photophysical properties (cis-
trans isomerization. for instance) can be treated similarly.

In the case of multiple species. the formula becomes rather complicated:

IR 1 |

T )

(/(Z’) )

AEEREN I N (o) T
Z)I} T I+L “J .

! / r

D]

=0

- N . T . N - NUEN
Y, is a molar fraction of i species. This formula becomes difficult to fit for more than
two species as 1t is overparameterized. Thus it is preferable. if besides the diffusion
properties. the species differ also in the photophysical properties. It might be either the

. . o O8 . oy 09070
cemission wavelength (two-color FCS)™ or the lifetime (time-resolved FCS).”

3.2 FCS in the block copolymer micelles investigation

3.2.1 Molecular mass determination

As long as the statie light scattering provides information on the mass-weighted
molecular mass of the micelles (read-out parameter from the Zimm-plot). which is
strongly influenced by the presence of tiny amount of high-molecular-mass aggregates.
the use of FCS vields number-weighted characteristics. An independent estimation of
both mass- and number-weighted molecular masses gives additional information on the
polvdispersity ol the studied system.

The original principle of the molecular mass determination is quite simple. It is

basced on the titration of the micelles with the dye solution. Provided the distribution of



labels on the micelles is the Poisson tyvpe. the probability that a particular micelle is
labeled by one or more dve molecules follows the equation:

P=1l—=c . (30)
where S s the dye-to-micelle ratio. Consequently. the number of observed particles
depends on Zas tollows:

NN (=e ) (31)
where N, s the particle number that would be observed if all micelles were labeled.
Thus. the dependence of the particle number on the dye concentration is supposed 1o
reveal clearly the point when 2 equals one (see Fig. 6). 1.¢. the dye concentration which
corresponds to the concentration of the micelles ¢, As the concentration of the
polymer ¢, (the polymer samples were close to monodispersity) is known. the

molecular mass of micelles can be casily calculated:

The molecular mass of micelles. provided the polymer is rather monodisperse. 1s a

number weighted average.
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Figure 6. The theorcetical dependence of the particle number on the dye-to-micelle ratio
[he ereen line shows the point where the concentration of the dve and the

-

concentration of the micelles are equal.



I'ven though the idea is straightforward. it turned out that few additional factors

need to be considered in order to obtain reliable data.

FFirstly. it is necessary to use the dye which binds strongly to micelles. 1.c.. the
dve with high partition coelticient between the organic and water phase. so that
the free dyve would not contribute to the overall fluorescence signal and
consequently would not cause any unwanted increase in the particle number. If
there is any contribution from the solution. two particles have to be taken into
account. I they. moreover. differ in their quantum  vields. the problem
complicates even more. as the quantum  yields have to be measured
independently.

[n our study. octadecylrhodamine B (ORB) was used as a fluorescent
label. The detailed study™ ™ reveals the partition coefticient in the range of 107
which allows to assume there i1s no additional signal from the solution.
Furthermore. it was shown that when the dyve-to-micelle ratio S becomes 0o
high (i.c. several tens). the dye starts to be selfquenched by the presence of non-
fluorescing H-dimers and by encrgy transfer from the monomers or J-dimers o
the H-dimers. which causes again changes in quantum yield and finally (at £ of
several hundreds). the miccelles become invisible for FCS. Since the solubility of
ORB in water is very low. the water dispersed ORB chains form dimmers at
very low concentration and the contribution from the fluorophores is self-
quenched.
Sccondly. the quenching of the dve by micelles can cause deviations from the
expected  dependence on the  dyve-to-micelle ratio. This feature can be
considered as if FCS saw™ only those particles that are labeled by two or more
(three or more) dyve molecules. Provided that twice labeled particles are
observed. the dependence of the observed particles on & changes in the
following manner:

NN fl—e =), (33)

Fig. 7 illustrates the fact in detail. In this casce. the concentration of the micelles

can be calculated from

J

[
.
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Ny is the Avogadro number and 17 is the size of the focus volume that has to be

calibrated.
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Figure 7. The theoretical dependences of particle number versus dye-to-micelle
ratio & Curve 1.2 and 3 considers that one. two and three or more labelles.

respectively s are needed so that FCS would —see™ the micelles.

In the case of triblock copolyvmer micelles formed by the polystyrene
core. poly(2-vinyvipyridine) inner shell and polyoxycethylene outer shell. two
different shapes of particle number-versus-2 dependence were observed. In the
acidic media. the shape corresponded well to the equation (31). In the alkaline
media. however. the shape of the dependence reveals quenching of ORB by the
deprotonated  polv(2-vinvipyridine) and  thus has to be fitted with the
cquation (33). (See Fig. 8™ The very similar phenomena was observed also for

polvstyrene-hlock-poly (methacrylic acid) (PS-PMA) micelles.™
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Figure 8. 1he dependence of the particle number on the ORB concentration.

Curve I and 2 shows results  obtained  for  polvstyrene-hlock-poly(2-
vinyIpyridine)-polyvoxyethylene micelles in acidic (pl1=2) and basic (pH=12)

media. respectively .

e Thirdly. the binding kinetics of the label has to be checked in order to be sure
that the system is in cquilibrium.
In the case of binding kinetics of ORB to the PS-PMA micelles. it has
been shown™ that the whole process oceurs in the range of several hours.
e [ourthly. since the dyve is not localized in the center of gravity. but on the
micellar surface. it has to be considered that not only the translational motion.
but also the rotational motion causes fluctuations that may increase the number

of observed particles. This phenomenon is under investigation.
3. 2.2 Hvdrodvnamic radii determination

Apart from the number-averaged molecular mass. FCS also  provides
information on the hydrodynamic radius Ry of fluorescent species. The radius can be
calculated from the diffusion coctticient using the formula:

O6an) -

)
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k is the Boltzman constant. 77 is temperature. 71s solvent viscosity. However. the
accuracy of the Ry evaluation is significantly lTower from that based on QELS and small
changes cannot be reliably monitored. The resolution in diffusion time is relatively
poor. It has been shown that it has to be changed by factor 2 so that the change would
be observable.

To demonstrate the £y measurement. the PS-PMA micelles were studied under
different  conditions.  As PS-PMA  contain a wcak polyelectrolyte  block.  the
hyvdrods namic radius depends on pil and ionic strength.” ™ In buffers with constant
1onic strength. the observed pH-dependence (see Fig. 9) was in an agreement with the
studies of analogous micellar svstems studied by QELS." Even though the increase in

Ry is obvious. it has to be kept in mind that the changes are at the resolution edge.
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Figure 9. pti-dependent changes in the hydrodynamic radius of the PS-PMA micelles.

3.2 3 FCS versus QFLS
PRIR . : . . 18. 49 56, 538-60 -~
Both I'CS and QLS were used in polymer micelles studies. " The
results of the measurements suggest following comparison of the methods:
e QLIS is applicable to all scattering species that differ in refractive index from
the solution. while IFCS can be used for those particles only that are

fluorescently labeled. This fact makes. however. the I'CS technique more



selective. Ttallows for studying labeled particles in the excess of other strongly
scattering particles.

The concentration needed for the QELS experiments is higher (g.1.7") than for
FCS which is in the nanomolar range. Morcover. the volume needed for FCS is
quite small (tens microliters). thus the sample consumption is negligible.

The stronger the scatterer is. the more it contributes to the overall signal. Since
the scattering intensity strongly depends on the size. the fraction of particles
with particular relaxation time is always intensity weighted. In the case of FFCS.
the signal s proportional to the number of fTuorescent labels.

The QELS autocorrelation function can be converted to the relaxation times or
relaxation rates distribution by inverse Laplace transtormation. whereas for
I'CS the autocorrelation function has to be fitted by a mathematical model that
assumes « priori what happens in the system.

FOCS. in contrast to QELS. is not designed to study systems with high
polvdispersity.

FOS is a non-invasive technique and thus can be used also in vivo to reveal
diffusion properties in living systems. which is going to be shown in the last

part of this thesis.



Chapter 1V

Fluorescence Correlation Spectroscopy in Two Dimensions:

Application in Cellular Membrane Research

The fourth chapier deals with nvo-dimensional applications of IFCS. i.e.. diffusion in the
membranes. Benda et al. = elaborated a protocol called “z-scan”™ that enables 1o
determine the lateral diffusion cocefficient with a high precision compared (o the
standard IFCS approach and does not require any external calibration.

The approach proposed by Benda was used for supported phospholipids
hilayers (SPBs). The method ywas first time also applied on the membranes of OLN-93
oligodendroglial cells in order to minimize experimental errors. An unexpected motion
of the cellular membrane and other processes in living svstems were studied under
controllable conditions for the first time.

It was recently shovwn ' that a “single-waist™ FCS experiment (ie.. an
experiment performed with one size of the laser beam) is not appropriate for cells as
the diffusion on the length scale of the beam radius can no more be considered free.
This is due to the membrane organization that is hevond the microscope resolution and
causes significant changes of the width of the ACE curves. It turned out that the z-scan
method can be further utilized. so that it would provide additional information on
membrane heterogenceities that a fluorescent membrane constituent interacts with.

All these experiments svere done in collaboration with the research team of prof.
Yves Engelborghs (KU Leuven, Belgium) that contributed especially in the field of cell
culturing and confocal imaging. The very first attempts to measure diffusion in the
plasmatic membrane are summarized in the publication of Gielen et. al* and the

. . . . . . . . 75
detailed utilization of the z-scan method can be found in the enclosed publication.

4.1 FCS data in two dimensions

In contrast to the three dimensional systems. the measurements of the lateral

diffusion has to deal with a problem of proper positioning of the plane of interest in the



focal volume. As it is shown in the Schematies [V, the focused laser beam seems like 1f
it had a Kind of waist and therctore the number of observed particles and their diffusion
tme strongly depends on the relative z-position of the plane in the tocus. It has been
shown by Benda et al = that this can be overcome by the so called “z-scan™ method

which is based on moving the plane through the illuminated volume.
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Schematies V. Provided the pinhole 1s widely open, the tocused volume appears to be
Gaussian along the x and y axis and Lorentzian along the z-axis. Consequently, the
number of fluorescent molecules as well as their diffusion time  depends on the

positioning ot the plane of interest within the laser beam.

[f the pihole 1s widely open. the light-collection efficiency tunction ceases to
play a significant role and the excitation intensity distribution is the only non-dynamic
property that influences the eftective shape of the tocal volume. The ettective light
distribution can be no more treated as a three dimensional Gaussian, but the Lorentzian

profile along the z-axis has to be considered. 1.

Lo F) | N
W(r)=-—"=——cxp ———— |, (36)
/, m (2) w(2)
‘ ‘ ANV o . L
where w0 ()= [ +——— 1. A 1s the excitation wavelength, # is the refractive
\ Ty )

index and Az s the relative distance of the plane ot interest from the focus of the laser

beam.



According to the volume shape. the observed read-out parameters (particle
number and diffusion time) follow the parabolic behavior with respect to the z-position
ol the plane:
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By fitting these formulas. the lateral diffusion cocetticient and the surface concentration
¢ can be evaluated. Apart from that. @y can be calculated. Thus. the z-scan method
provides information on the volume width without the need of any external calibration.
The approach of scanning in the z-direction allows for precise positioning of the plane
in the focus volume and thus. the accuracy of the lateral diffusion coctficient estimation
is considerably improved.

The z-scan method has been mainly used for measurement of the lateral
diffusion of labeled lipid molecules or proteins in phosholipid bilayers. cither artificial

on a kind of support. or in vivo in living cclls.
4.2 Motivation for the membrane rescarch of living cells via FCS

Some time ago. it was believed that the cellular membrance of cukaryotic cells is
a homogencous phospholipid sca of freely diffusing lipids and proteins.  However. it
has been shown™ ™ that this is far from truth since there seems to be a lot of
heterogeneities caused by variable degrees of lipid miscibility.”  According to this
approach. plasma membrance contains lot of complexes. lipid domains and meshwork-
like structures.

The so called Trafts™. the liquid ordered domains built mainly from cholesterol
and saturated hipids. attract lot of interest as they are thought to be involved in lot of
dynamic processes. such as protein and lipid sorting. signal transduction. cell adhesion
or pathogen entry.™ ™ Rafts” sizes rang from several tens of nanometers to several
micrometers. The sizes around one micrometer can be observed in the model systems
of giant unilamellar vesicles (GUVs)' or supported phospholipid bilayers (SPBs).™ In
cells. where they are mostly bevond the microscopic resolution. their presence was

mainly observed indirectly. The evidence for their presence in the cellular membrane
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comes from biochemical studies which show that some of the membrane constituents
arc insoluble in non-ionic detergents at low temperature. These so called detergent
resistant. membranes (DRMs) are known to be enriched with  cholesterol and
sphingolipids. It has been already indicated. however. that the solubility strongly

89-91 . .
As this method requires the total

depends on the used extraction conditions.
destruction of cells and studies lipid solubility at temperature far from physiological
conditions. the need of non-invasive approach being able to work in vivo is crucial.
Consequently. the diffusion of lipids and proteins can no more be considered free like
in the case of the lipid sca because the partitioning between ditferent lipid phases and
different diffusion rates in the individual phases have to be taken into account.

Apart from rafts. meshwork structures. such as membranc-associated actin
cyvtoskeleton (forming fences) can have a considerable influence on the diftusion
because it causes a confinement of the transmembrane proteins anchored in the actin
skeleton.”

All the cellular experiments were held in oligodendroceytes (OLL.Gs). which are
the myelin producing cells of central nervous system. They extend a complex array of
processes projecting outward the cell body. They form segments of highly specialized
membranes that enwraps axons. i.c.. the myelin sheath. which is essential for the fast
saltatory conduction of action potentials along the nerve cells and thus for proper
functioning of the nervous system.  Abnormalitics in myelin development. disturbance
or destruction of its structure lead to the severe neurological symptoms observed in
discases such as multiple sclerosis.”™ In OLGs. the formation of lipid rafts has been
postulated to be a mechanism of membrane subdomain organization. important for
compartmentalization of signaling  molecules as well as for sorting of myelin
components. Presently. however. information on rafts in OLGs 1s based on detergent
extraction only. which is justifiably doubted to give reliable information on molecular
organization of the multicomponent cell surtace.” "

The FCS approach together with confocal scanning microscopy appears to be a
promising non-invasive tool in cellular membrance rescarch. It is commonly applied in
the artificial and native cellular membranes to study raft properties' “and eventually.

- . e . . . . 74
first attempts reveal its capabilities in the membrane heterogeneity examination.
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4.3 FCS diffusion law

The standard FCS experiment is normally carried out with a single size of the
laser beam. This approach is sufficient in the case of free diffusion. If the diffusion is

hindered. however. it turns out that on the length scale bigger than the size of possible

. e : o .
obstacles. the free diffusion law. ie.. 7, = . 1s no more observed. Consequently. as

the diffusion time is not directly proportional to the size of the illuminated arca. the
proper information on diffusion behavior can be obtained if a variable beam size is used
(multi-waist approach). This is necessary for the study of cellular membrane since the
obstacles (domains. fenees) are usually smaller than the laser radius.

Wawrezinicek et al.” showed in the multi-waist experiments and mainly by
simulations how the presence of domains or meshwork influences the dependence of
the observed diffusion time (FWHM of the ACE). It has been revealed that in the case
of the domains or the fences bevond the resolution of diffraction limited confocal
microscopy. the shape of ACE's remains practically unchanged compared to the free
lateral diffusion. The only observable parameter that undergoes changes is the fullwidth
in half maximum. 1.c.. the apparent diffusion time. Plotting the diffusion time against
the surface of illuminated arca provides then information on the so called ~IFCS
diffusion law™. It has been shown that different heterogeneities change the plot in
different ways.

As alrcady mentioned. two  phenomenological  models  were  studied by
simulations (see Schematies V.

e Domains (rafts) in which the fTourophore (protein. lipid or lipid-like molecule)
is partitioned. i.c.. the fluorophore diffuses freely but with different rates in the
raft and non-raft regions. Apart from that. different degrees of confinement in
rafts were simulated. i.e.. the raft/non-raft interface differs in the degree of
permeability .

e Meceshwork that consists of compartments separated by energy barriers (fences).
The ourophore diffuses freely in the compartments. but an additional energy is

needed to cross the barrier. 1.c.. the probability of the crossing is lowered.



Domains | | Meshwork

Schematies V. Schematic picture of two phenomenological models: Domains:
submicrometer  phases  with - different  dittusion  propertics  (black — circles).
Meshwork: Fences compartmentalizing the membrance (black lines). Ycellow circle

represents the size ot the laser beam.

Both the simulations and the experiments suggest that the “FCS diftusion law™

N

can be generally written as:

| .
. (39)
4D,

app

Z-I) :Ill +

™ is the apparent diftusion time — full width in the half maximum of the ACF, it

o
approaches the real diftusion time in the case of free diftusion. «, and Dy are constants
related to phenomenological models of the processes occuring in the membranc. ¢, > 0,

in the case of microdomains and 7, < 0. in the case of meshwork.

4.4 Application of the z-scan method

According to the above mentioned facts, it can be concluded that in the case of
cellular membrances the single-waist experiment is principally not sutficient to reveal
what happens on the nanometer length scale. To be able to extract information on the
diffusion i the heterogencous systems like cellular membranes are, the waist size
needs to be changed. This requires either a beam expander or underfilling of the
objective, which may be a technical problem for most commercial microscopes.

The z-scan method, besides the precise positioning ot the membrane in the laser
beam. can be used to approach the “FCS ditfusion law™ without any technical
inconvenience. When the membrane 1s moved out from the waist of the laser focus the
illuminated arca increases. Conscquently, the diffusion time can be obtained as a

tunction of the tlluminated spot size.



Apart from the fact that the z-scan approach allows for the illuminated arca
expansion. it also provides information on its size. This is based on the assumption that
the size is directly proportional to the number of observed particles: o™ =—ao); .

S0

where Ny is the number of particles in the waist of the laser beam and @ is the radius of
the Taser beam waist. Consequently. the equation (39) can be rewritten:

j ! N
iD, N,

o,
(40)

D) by

For the experiments in the bottom membrance of the O1LN-93 oligodendroglial
cellse the  putative  “mon-raft™  marker  DiDD (1.1"-dioctadecyl-3.3.3°.3 -
tetramethy lindodicarboeyanine perchlorate) was chosen. The read-out parameters of the

z-scan experiment follows well the theoretical relations (Fig. 10).
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Figure 10. Z-scan for DiD in the bottom membrane of OLN-93 oligodendroglial cells.
CPM: counts per second per molecule: m: CPM: @ 7,0 % No Lrror bars represent

standard crrors.

The plots of the apparent diffusion time versus the relative particle number N/ reveal
a positive intereept in the range of few milliseconds (see Fig. 11). In order to have an
idea how significant the result is. the same experiment was performed on the artificial

membrance. supported phospholipid bilaver (SPB) (consisting of
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diolcoviphosphatidylcholin and diolcoviphosphatidylserin in the molar ratio 4:1)
labeled with the same fluorophore. As a support. mica was used. which is known to be
Nat on the atomic level. Fig. 11 shows the clear difference in the intercepts that in the
casc of the artificial membrane. where the diffusion is expected to be free. does not

exceed 1 ms (see Table ).
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Figure 11. Plots of the diffusion time versus the relative particle number obtained for

DID in DOPC:DOPS SPBs on mica (m) and in OLN-93 (). Error bars represent standard

CIrrors.
System to[ms] | A\to[ms] | Deg [im’.s'] | ADey [nm’.s]
SPB on mica 0,8 05 54 1.1
SPB on mica 0 | fixed 4.8 0.4
"""" Cells 54 05 4.4 1.1

Table 1. Eftective diffusion coctlicients of DiD) in SPBs and in OL.N-93 oligodendroglial
cells obtained from the z-scan at room temperature. Lrrors are reported as confidence

intervals (at 0.95 confidence level).

Apparently. the intereepts obtained for the cells are considerably higher than
those obtained for SPBs on mica. This result supports the idea of rafts presence in the

cellular membrane. According to the simulations and provided that the idea of domains

.
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(rafts) smaller than the illuminated arca is valid. the intercept can be expressed as
follows:

o 2oy, -t ) (41)

r(unl P
o 1s the partiion coctticient of the dyve between raft and non-raft regions. o, 1s the
confinement time. the average time that a molecule placed in the centre of the circular

domain

domain needs to escape from it 7, is the diffusion time in the domain. usually
much smaller than the confinement time. This suggests that DiD expected to be
preferentially a non-ratt marker is partitioned in the both phases and that the domains
are not totally permeable for the dyve.

The effective diffusion coelticient is related to the partition cocetticient and the
“free diffusion cocthicient™ Dy

D, ==, (42)
In the case of high . i.e.. the probe is concentrated in rafts. Dy equals to the diffusion
cocfticient in the non-raft region. in the opposite case. Dy 1s lowered by factor that
takes the size and density of impermeable domains into account.

Finallv. since i1t is believed that the presence of cholesterol is crucial for rafts
formation. the cellular cholesterol was depleted by treating  the cells with 3-
cvklodextrin, The values of effective diffusion coctticients and intercepts show only a
shight increase of intercept in the case of depleted cells. whereas the effective diffusion
coctticient remains constant within the experimental error.

Provided that the partition cocflicient does not change upon depletion. which is
supported by the fact that the effective diffusion coefficient remains almost unchanged.
the results can be explained in the following way:

1) The diftusion of DiD) in the non-raft arcas is not aftected since the effective
diffusion cocfticient is not changed.

1) An increase in /gy suggests either increasing confinement time. which would
correspond to the ralts™ growth. or a decrease in the diffusion time in the
domains. I the later is the case. then the results show that the diftusion in
the liquid ordered domains is accelerated. which is in agreement with
cenerally  observable phenomena.'™ This effect is. however. the less

observable the less the dye is present in rafts.
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Conclusions

The thesis introduced two technigues. solvent relaxation that rises from the very basic
understanding ol photophysics and the fluorescence correlation spectroscopy that at the
first sight uses the phenomena of fluorescence in order to merely visualize the studied
system. Both the methods. however. give information on molecular dynamics. The
relaxation “sees™ Kineties of the solvent rearrangement. whereas FCS visualizes the
diffusion.

Relaxation of the solvent seems to be a very usetul tool in polymer science since
it turns out o be sensitive o the presence of water molecules and their mobility in the
miccellar shell. The changes in microorganization of the shell. i.e.. in water content and
in hydration of polymer chains. are hardly accessible by other methods.

IFCS is a complementary technique to the scattering methods. however. light
scattering approach is alrecady  well established. whereas FCS  results  depend
tremendously on the photophysics of the chosen dve and also on its location. The major
advantage is that FCS 1s not much affected by big. strongly scattering particles (for
instance aggregates) and that gives number-weighted averages of molecular mass and
hydrodynamic radii. FCSC furthermore. works in lower concentration range and cven if
the refractive index merement is insufficient for scattering techniques. From  the
opposite point ol view. polymer micelles are simple model systems that can be well
used for testing of the method.

Wherceas IF'CS measurements of micellar systems in three dimensions (i.c. in the
solution) do not bring any unexpected  breakthrough compared to the  standard
techniques. the method being applied in two-dimensions. i.¢. in the membranes.
morcover. in the living systems. cannot be replaced by any other method.

I'he utilization of FCS for the exploration of membranes in living cells. which is
discussed in the last chapter. is doubtlessly a unique approach to learn about membrane

microheterogeneities that are beyond the resolution of confocal microscopy.
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