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1.1. First Introduction

My favourite writer Erich Késtner liked introductions so much that he used to write in
his books the first and second introduction, i.e., the introduction to introduction and the
introduction itself. Therefore, I recommend all the readers who like introductions to draw
their attention to my first reference” and those readers who do not like them to proceed
directly to the section Motivations and Our Goals. All other readers can then continue with

the following Second Introduction.

1.2. Second Introduction

It is really almost useless to mention at this particular place any general information
on the self-assembling behaviour of polymers, since these facts can be found in many other
publications, including proceeding diploma thesis elaborated by my colleagues from the
group of prof. Prochazka. To this date, almost 70 000 publications devoted to problems of
self-assemblies have appeared in the scientific literature. This huge number only
demonstrates how promising might be this topic. That should not surprise us after realizing
that a living cell can be regarded as a highly organized self-assembled system of proteins,
lipids and polysaccharides. To gain insight into such a complicated system, one has firstly to
understand simpler structures, to which micelles or vesicles belong without any doubt. The
investigation of micelles or vesicles is in addition motivated by their broad applications in
development of drug delivery devices, in emulsions or detergents.

The micelles are also the main point of interest of the whole team of prof. RNDr.
Karel Prochazka, DrSc., in which I elaborated my diploma thesis. Most of the work has been
done on the self-assembly of polystyrene-block-poly(methacrylic acid), on polystyrene-
block-poly(ethylene oxide) and newly on polystyrene-block-poly(2-vinylpyridine)-block-
poly(ethylene oxide) by means of light-scattering, various fluorescence techniques, atomic
force microscopy and electrophoresis. Recently, we started to investigate biocompatible

polymers and to solve problems of DNA condensation.

A Erich Kistner, Drei Mcnner im Schnee; Deutscher Taschenbuch Verlag GmbH & Co. KG: Miinchen, 2002.



2. Motivations and Our Goals

In the published papers on PCL-PEO nanoparticles, most of the attention has been
paid to the biodegradation of the PCL hydrophobic domain, to the loading efficiency for
fluorescent probes®* and to the release kinetics of loaded compounds.>** However, almost
no studies appeared that were interested in proper characterization of self-assembled PCL-
PEO particles, except studies published by Vangeyte et al.”® Nevertheless, these studies deal
with PCL-PEO with a short PCL block only. That is why we decided to characterise
nanoparticles formed from PCL-PEO block copolymers with the length of the PCL chain
comparable with the length of the PEO chain or even longer.’

Our efforts mainly concentrated on:

0 Finding the optimal organic solvent or a mixture of the solvent and water for all PCL-
PEO polymers we used, from which the polymers could be successfully transferred into
water.

0 Preparing defined nanoparticles with satisfying polydispersity and characterising them
afterwards by means of SLS, QELS and AFM.

0 Finding what type of particles exists in water, i.e., whether micelles or vesicles were
formed.

0 Investigating how the properties of self-assembled particles can be tuned by changes in
the preparation protocol, i.e., by changes in concentration and used organic
solvent/water ratio.

0 Finding whether the aggregation numbers and hydrodynamic radii of the nanoparticles
satisfy theoretical scaling relations.

0 Exploring how the organic solvent used to dissolve the polymers influences the
populations of fluorescent probes PRODAN and LAURDAN inside and outside the
hydrophobic PCL domain. To do that, we applied steady-state and time-resolved
fluorescence spectroscopy and fluorescence solvent relaxation technique.

0 Following, if possible, changes in hydration of the PCL domain, caused by its swelling

due to addition of the organic solvent into water containing nanoparticles.



3. Poly(e-caprolactone)-block-poly(ethylene oxide) in Literature

Poly(e-caprolactone)-block-poly(ethylene oxide), PCL-b-PEO, belongs to the class of

T8I0 and consists of a hydrophobic PCL part and a

neutral amphiphilic block copolymers
hydrophilic PEO part. Such a polymer has, of course, a pronounced tendency to self-
assemble in water into structures with a hydrophobic and hydrophilic domain. Since the PCL
block is biodegradable in a living organisml’2 and the PEO block is known to be
biocompatible due to low adsorption affinity to proteins, PCL-PEO can be used in medicine
as a carrier of drugs purely soluble in water.>>® For this purpose, only a few polymers come
into account because the selection of core-forming blocks is limited to few polymers such as

poly(propylene oxide),'*"* PPO, poly(B-benzyl L-aspartate),'* PBLA, poly(D,L-lactide),15
PDLLA, or poly(y-benzyl-L-glutamate),'® PBLG.

3.1.1. Synthesis of PCL-PEO and Preparation of Nanoparticles

One of possible ways to synthesize PCL-PEO is the sequential anionic polymerization
of ethylene oxide, EO, followed by ring-opening polymerization of e-caprolactone, CL.!” The
anionic polymerization of EO is usually initiated by triethylenglycol monomethyl ether
added with KOH, which serves as a catalyst at 115 °C. After the reaction reaches its
equilibrium state, the hydroxyl-terminated PEO is purified and activated with
trialkylaluminium for the next polymerization with CL, which is carried out at 25 °C in
methylene chloride. The final product is obtained after precipitation in heptane and following
dialysis from 80% THF/water solution against pure water. By this procedure, one can obtain
PCL-PEO polymers with different length of both PCL and PEO chains.

0
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Having the synthesised PCL-PEO, the next essential step is to dissolve the polymer in
water and to induce the self-assembling process. However, the direct dissolution of the
polymer in water needs not to be always possible. Vangeyte ef al.® succeeded in dissolving
the PCL,-PEO) 4 directly in water at room temperature only when the PCL block contained

maximally three monomer units. In order to dissolve PCL-PEO with more than three



monomer units in water, Vangeyte et al. tried to increase the temperature to 82 °C, which
helped for PCL-PEO containing 19 PCL units. As revealed by the small angle X-ray
scattering measurements, the PCL-PEO particles prepared by this method were spherical
micelles of about 20 nm in diameter. Neither the further increase of temperature nor the
prolongation of heating the polymer-water solution was sufficient for dissolving polymers
with the longer PCL chain.

The next frequently used approach to transfer the polymer into water is based on
dissolving the polymer in an organic solvent and dialysing the polymer solution against water
or step-by-step against solutions with decreasing content of the initial organic solvent.
Unfortunately, in the case of the PCL-PEO, this method leads to large unstable aggregates
with units of micrometers in size.’

The formation of large aggregates can be prevented successfully if the polymer
organic solution is added drop-by-drop into an excess of water or if water is added slowly to
the polymer solution and dialysed afterwards. In general, the formed nanoparticles are
considerably larger (30-80 nm in diameter) than by using the direct dissolution of the PCL-
PEO polymer in water. However, onthas to bear in mind that, in this particular case, the
molar masses and the sizes of formed nanoparticles depend on the preparation protocol, i.e.,
on the organic solvent used, on whether the polymer solution was added into water or vice

versa or on the concentration of the polymer in the solution.”
3.1.2. Biodegradation of PCL

Polyesters such as poly(e-caprolactone), polylactide or poly(glycolic acid) undergo
hydrolysis inside a body by interacting with body fluids, enzymes, e.g. Lipase Pseudomonas,
Lipase PS, and cells. During the hydrolysis, molecules with shorter chains, i.e., with about
six monomer units, are produced. After having been degraded, these molecules are removed
from a living organism easily."

In vitro, the kinetics of biodegradation of PCL nanoparticles by Lipase PS can be
followed by static light scattering. Since the PCL particles are insoluble in water, the
classical Michaelis-Menten model, usually applied for homogenous systems, does not suit to
describe the kinetics of PCL degradation. Nowadays, it is considered that the enzymatic
degradation involves two essential steps: (1) the adsorption of Lipase PS onto the
nanoparticles and (2) the degradation of the PCL from the surface inside the nanoparticles.

Light scattering data show that the initial degradation rate increases with the increasing



concentration of Lipase PS and that the enzyme loses its activity gradually. On the other
hand, the rate of degradation of the whole particle does not depend on the concentration of
the particles in the solution, which suggests that the PCL particles are ‘consumed’ one-by-

one. 12

3.1.3. Incorporation and Release of Hydrophobic Probes from PCL-PEO

As mentioned above, nanoparticles formed from the PCL-PEO polymer can be used
in developing drug-delivery devices."® To do this, one has to understand properly which
parameters influence the incorporation of hydrophobic probes (drugs) into the PCL-PEO
particles because not every probe that one wishes to deliver inside a body is incorporated into
the particles efficiently. Soo et al.’> demonstrated this different behaviour of various probes
on the PCL-PEO nanoparticles using two fluorescent probes, namely benzo[a]pyrene and
cell-tracker CM-Dil, Dil. While the maximum loading efficiency for Dil reached 87%, in the
case of benzo[a]pyrene it was only 32%. These loading efficiencies correspond to the
partition coefficients 5800 for Dil and 700 for benzo[a]pyrene.

Similarly to the difference in partition coefficients, the rate with which the drugs are
released from the hydrophobic domain of the particles depends on the type of the probe and
also the polymer as shown for the release of cyclosporine A from PCL-PEO particles or
Cremophor EL micelles, respectively.*® Cyclosporine A is a drug, which suppresses immune
response of the organism after transplantation. Because of a very .puré solubility of this
compound in water (23 pg/ml), it has been dissolved in an ethanolic solution of Cremophor
EL, polyester of glycerol, so far. Unwanted properties of this delivery system, such as
observation of hypersensitivity and nephrotoxic reactions after administration of the
medicament caused partly by Cremophor EL, or very high unsatisfying release rate of CsA
from Cremophor EL micelles (77% of the drug content in 12 h), lead Aliabadi et al. to the
idea to replace Cremophor EL by the non-toxic PCL-PEO. This resulted in better release
kinetics (only 5,8% of CsA was released from the polymeric micelles within 12 h) and better

loading efficiency (1.3 mg/ml).
3.2.1. Spectral Properties of PRODAN and LAURDAN

6-PROpionyl-2-(DimethylAmino)Naphthalene, PRODAN, and 6-LAURoyl-2-
(DimethylAmino)Naphthalene, LAURDAN, have been the subject of various studies in



biomembrane research.'”?*** Both possess the same chromophore, which means that they
both have uniform spectroscopic properties, but, due to the presence of the acyl chains with
distinct lengths, they exhibit differences in localization in biomebranes or other hydrophobic
systems, where they reside preferentially due to their high hydrophobicity.***

PRODAN has been firstly synthesised by Weber and Farris,® who intended to
develop a fluorophore with a high sensitivity to its microenvironment. Such a probe should,
as they assumed, exhibit large change in its dipole moment after excitation, so that the
surrounding water molecules have to react upon this abrupt change, and so revealing the
properties of the microenvironment. That is why they attached dialkylamino group, an
electron donor, on one side of the naphthalene ring and an acyl group, often electron
acceptor, on the opposite side of the aromatic ring. They hoped that this designed compound

would undergo charge transfer, CT, in the excited state, leading to a large change in the

dipole moment.

/CH3 CHj
C— —
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Fig. 3.1. Structure of PRODAN (on the left) and LAURDAN (on the right).

Although all results concerning proper estimation of the change of the dipole moment
of PRODAN confirm that the change is really high, still, the obtained values are inconsistent

with each other. Weber ef al.*® estimated the change at 20 D while Balter ef al.”’ came to



only 8 D. Such a large change forces surrounding polar molecules to reorient in order to
stabilize the excited state of the fluorophore, and the spectrum shifts to the red edge with
time passing. The overall very large Stokes shifts are attributed to the charge transfer and to
the specific solute-solvent interactions.”’ It is believed that the energy of the CT state is
further lowered by the hydrogen bond between the partly charged carbonyl group and water
molecule.

Indeed, the spectroscopic behaviour of PRODAN and LAURDAN is considered
complex and involves, as shown on experiments with LAURDAN by Viard er al.*® an
excited state reaction. LAURDAN can be excited into two different, but emitting states, i.e.,
the locally excited state, LE, and the charge transfer, CT, state. The transition between these
two states is observable in nonpolar media and could involve the rotation of the N-(CHj3),
group, which is necessary to extend charge separation on the nitrogen atom and to obtain the
final CT state. The transition goes on so fast compared to the lifetime of the CT state that
most of the detected fluorescence from polar medium comes from the unrelaxed or already
relaxed CT state, and the fluorescence from the LE state need not to be taken into account in

experiments with biomembranes, where the chromophore is located in polar environment.
3.2.2. Applications of PRODAN and LAURDAN / Solvent Relaxation

Solvent relaxation technique, SR, is very extensively used in biochemistry, especially
in biomembrane research, but only rarely in clearing up properties of nonlipidic systems, e.g.,
polymeric micelles or polymersomes, although it is applicable in this field, too.

In biomembrane research, SR allows us to monitor phase transition from the gel
phase to the liquid-crystalline phase reliably because it is accompanied by the change of
membrane’s rigidity and increased water penetration into the phospholipid bilayer.??*** SR
has been shown to be sensitive to the physical changes of biomembranes after inserting
various membrane constituents, such as cholesterol or antibacterial peptides, into it as well >
32 Another factor that influences SR is the membrane curvature.”*3 Though the Stokes shift,
related to the degree of hydration, seems to be independent on the membrane curvature, the
mobility of the microenvironment, described by the mean correlation time, 7z, (see section
4.2.5.3), increases when the bilayer is more bent. LAURDAN can be even used to follow the
vesicle-to-micelle transition of phospholipid-amphiphile systems.?!

What concerns nonlipidic polymeric micelles or vesicles, there are only a few

studies present, some of them dealing with proper estimation of the critical micelle



concentration for low molecular surfactants,*® with monitoring the hydration of tryptophan
residues in peptides,’® or with investigation of local environments in (star-like) surfactant
macromolecules.’®**”*® Our group has published a detailed study on hydration of
poly(ethylene oxide) shells in polystyrene-block-poly(2-vinylpyridine)-block-
poly(oxyethylene), PS-PVP-PEO, micelles recently.”> The work shows that the relaxation of
PATMAN in the PEO shell occurs on the nanosecond time-scale and that there are
considerable pH-dependent changes in hydration of poly(ethylene oxide) units at the
PVP/PEO interface.



4. Theoretical Part

4.1.1. Static Light Scattering®**

Even though Rayleigh’s scattered light is a disturbing element in methods such as
fluorescence or Raman spectroscopy, it can provide very useful information on various
polymer systems.

If the scattering particles of a diameter d in a solution are small compared to the
incident light (d < 1/20), the excess Rayleigh ratio, defined as

1(6,w)-1(6,0) 2

AR(O,w) = -
0

(1)

where Iy is the intensity of the incident light, /(6,w) is the intensity of the light scattered from
the unit volume to the direction given by the angle between the incident and scattered light
beams, w the mass concentration of the scattering particles and 7 is the distance between the
scattering volume and the detector, does not depend on the angle of observation and from the
dependence of 4R on w, the weight averaged molar mass, M,, and the second virial
coefficient, 4>, can only be determined.

When the particle size exceeds 1/20, the interference of the scattered light from
different domains of the particle starts being significant. As the consequence of this, the
excess Rayleigh ratio changes with 6, and this enables us to determine the z-averaged radius
of gyration of the measured particles, R,, as well.

The basic relationship used to obtain M,, R, and 4, for dilute solutions is the well-
known equation

Kw 1 N
AR(6,w) POM,

24,w, )

4r*ni(dn/dc)?

where K = 7
AN,

is a constant containing the refractive index, ng, of the solvent

and refractive index increment of the polymer in the solvent, (dn/dc). Further, P(6) is the
particle scattering function, which describes the angular dependence of the intensity of the
scattered light. When the particle is small with respect to the wavelength or the scattering
angle is low, P(6) can be expressed as*'

1 1
P(8)=1—§Rg2q2 = 3
1+§Rg q



In this expression ¢ stays for the size of the scattering vector g and equals

47m,

g="5in0/2). 4

By inserting eqn. (3) and eqn. (4) into eqn. (2), we finally obtain the following

relation

2. 2

Ke _1[ 16z Y0 R Psin? (0/2) |+ 24,w, (5)
AR(O,w) M, A s

which is used in the so-called Zimm method, where Kc/4R is plotted against fw+sin*(0/2).
The extrapolation of the data to the zero angle and concentration provides us M, R, and 4.

Another approach is to plot (Kc/AR)'"™ against (kw+sin’(6/2))' according to Berry,

2.2 2
Ke _|1f,8 R sin?(6/2) | +24,w, (6)
ARO,w) \\M, 33 ¢

and to extrapolate the data in the same way as in the case of the Zimm method.

During the fitting one has to bare in mind the following aspects:

1. Eqn. (5) and (6) were derived from the approximation used in eqn. (3), whose
precision decreases with the increasing angle of observation.

2. Impurities in the system such as dust or a minority of precipitated aggregates, which
are both difficult to avoid completely, have a considerable influence on the intensity
of the scattered light at low angles.

3. The higher order of the polynomial fit we use, the poorer is the robustness of the fit.

The next essential step of the extrapolation procedure is to choose the fitting method

correctly. If the sample of interest contains particles with the radius not higher than 50 nm,
the accuracy of obtained results does not depend on the method used. However, in the case of
larger particles, the Zimm method ceases being reliable unlike the Berry method.*!

4.1.2. Dynamic Light Scattering***°

Particles that move irregularly in the solution enter and leave the space illuminated by
the laser beam causing fluctuations in the intensity of scattered light, /(). These fluctuations
can be measured and expressed by means of the normalized intensity autocorrelation

function, (1),

10
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This function has a close connection to the normalized autocorrelation function of the electric

8= ()

.
lim —;- j E()E" (f+1)dr
ﬁelda E(t)9 g](t) = c <EE*> >

2
s

g: (10 =1+Blg 1 (8)

where £ is the coherence factor accounting for deviation from the ideal correlation. By the

polynomial fitting of the function g,(z) according to

1ng,(t)=lnA—Ft+%t2, 9)

where A4 is the amplitude, /" the relaxation rate and y, the cumulant of the second order, the

apparent diffusion coefficient, Dapp, can be determined reminding that
r
D, (q,w)= R (10)

Since the apparent diffusion coefficient depends on the concentration of particles in
the solution and the angle of observation, it is extrapolated to the zero concentration and the

zero angle of observation in the so called dynamic Zimm plot, which provides the z-averaged

diffusion coefficient with real physical meaning, <D>Z ,

D,,(q,w)=(D) (1+k,w+CR,’q). (11)

where kp is the hydrodynamic virial coefficient and C a coefficient depending on the slowest
internal motion and polydispersity of the scattering particles. The hydrodynamic radius is
calculated using the Stokes-Einstein equation

kT

Ry =m, (12)

where kg is the Boltzmann constant, T the temperature and # the viscosity of the solvent.
An inverse Laplace transform of the autocorrelation function g;(f) provides the

distribution of relaxation times, t4(7),

o)

g(0)= [eA()exp(-t/7)dInt, (13)

-0

which informs us about the polydispersity of the system.

11



4.2. Fluorescence Measurement and Solvent Relaxation Technique

4.2.1. Introduction

The term fluorescence was firstly introduced in a paper entitled ‘On the Refrangibility
of light’ in 1852 by Stokes, where he originally called this phenomenon dispersive reflexion,
but in a remark, he wrote ‘I confess I do not like this term. I am almost inclined to coin a
word and call the appearance fluorescence, from fluorspar, as the analogous term
opalescence is derived from the name of a mineral.’ In this paper, he also demonstrated that
the emission of light follows its absorption in fluorescence and that the emitted light has
longer wavelength than the exciting light. Many publications have been devoted to the
fluorescence since this time, but not only that, the fluorescence helps us nowadays to

characterize polymer and biological systems.
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Fig. 4.1. Jablonski diagram. The picture was taken from: Valeur, B Molecular Fluorescence:

Principles and Applications; VCH Verlag GmbH: Wiley, 2001.
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4.2.2. Basic Principles of Fluorescence***’

After a relatively rigid molecule, which has tendency to get rid of its redundant
energy by emitting a photon, absorbs a quantum of light, it is excited from the ground state
Sy into one of the vibrational states of the level S,, often S; (Fig. 2.1). According to the
Franck-Condon principle, the absorption is so fast (107" s) that the relative positions of
nuclei do not change during the absorption process. The system relaxes very fast (102 -
109 5) to the first excited state, whose lifetime corresponding to the timescale on which
fluorescence takes place ranges from 107'% to 107 s. After that the molecule returns to one of
the vibrational levels of Sy state by emitting a photon. Because fluorescence is a spin-allowed
transition, it takes place on a timescale being much faster then in the case of
phosphorescence, which is a spin-forbidden transition from the T triplet state to the Sy state.

When a large ensemble of molecules is considered, the decay rate of excited
molecules can be expressed as in classical chemical kinetics by the following differential

equation

*

—%=(kr+km)N', (14)

where N” is the number of molecules which are still in the excited state and k. or k, are the
rate constants for radiative or nonradiative deactivation, respectively. Since the fluorescence
intensity, Ir, at specific time after excitation by a short pulse at time zero is proportional to

the number of molecules still excited, we become Jf after integration of eqn. (14)
I.(t)=k,N" =k N,exp(-t/t,), (15)
where N, is the number of excited molecules at time 0 and 7, the lifetime of the excited state

S). Unfortunately, the fluorophores rarely exhibit single-exponential decays, so that the decay
curves have to be fitted according to

L6y=B+Ya, exp(— ij, (16)

T

where B is the correction factor to the background, a; amplitudes and t; are lifetimes of the
excited states. The deviations from the equation (15) are mainly caused by different
localizations of the fluorophores, by excited state reactions or by solvent relaxation around

the fluorescent probes.

13



4.2.3. Steady-State Fluorescence

Fluorescence or emission spectrum, S(1g), reflects the distribution of probability of
different transitions from the lowest vibrational level of S, state to the various vibrational
levels of Sy state. In practice, we measure the fluorescence intensity, Iem(Ag,Ar), Which is
proportional to the S(Af) spectrum and to the intensity of absorbed light, /a(4g), fixed at a
constant excitation wavelength,

1y (AE’AF)zkpS(ﬁ’F)IA(A’E)’ (17)

where the proportionality factor k, depends in particular on the optical configuration of the
fluorometer and the bandwidth of the monochromator. This equation can be rewritten using

the Lambert-Beer law as

oy (Ae, Ag) = b, S(A )1 (A )l — exp[-2.3e( A i)} =
= 2.3k,S(A: ), (Ag) A4 ), (18)

where Iy(Ag) denotes the intensity of the incident light, e(Ag) the molar absorption coefficient
of the fluorophore at the wavelength Ag, / the optical path in the sample, ¢ the molar
concentration of the fluorophore and A(A;) = &(4;)lc is the absorbance of the fluorescent
probe. The eqn. (18) only confirms that the measured fluorescent intensity, Jgm, provides the
fluorescent spectrum, S, in arbitrary units if the intensity of incident light is constant and
fixed at certain wavelength. Moreover, the measured fluorescent signal depends linearly on
the concentration of the fluorophore in the sample, provided that the concentration is low
enough.

Unlike the emission spectra, the excitation spectra are measured by changing the
excitation wavelength while the emission monochromator remains at a fixed position. We
can see from the eqn. (18) that the intensity /gy is proportional to the absorption spectrum,
A(Ag), so far the intensity of the incident light, i.e., the lamp profile, is wavelength

independent.
4.2.4. Time-Resolved Fluorescence

Measuring time-resolved fluorescent decays is in our case based on the time-
correlated single photon counting (TCSPC) method.*? It relies on the fact that the probability
of detecting a single photon at the time ¢ after an exciting pulse is proportional to the

fluorescence intensity at that time. In principle, when measuring decay curves, a sensitive
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photomultiplier detects repeatedly the first emitted photon after the excitation pulse. After the
photon is registered, the content of a memory channel corresponding to the time between the
excitation pulse and the registration of the photon is increased by one. Sufficient amount of
photons has to be detected (in our case 5000 at maximum) in order to obtain representative
decay curves from recorded histograms.

Unfortunately, the pulse profile of a flash lamp or laser is not infinitively short, so
that the observed fluorescence decay R(f) is the convolution of the real fluorescence decay

with the excitation profile, i.e.,
t
R(t) = j L(£)D(t - 1)dr, (19)
0

where L(t") the intensity of the excitation pulse at the time ¢" and D(t-t") is the real
fluorescent decay at the time ¢-¢” after the excitation. In order to estimate the function D(¢), a
deconvolution procedure has to be carried out. It consists in minimizing numerically the

expression

2

(R R,
Z[ (1)~ (r)]’ 20)

o

U i=l '

where v is the number of degrees of freedom, R.(#;) is the fit of the function R(#;) obtained
after convolution of I(f)’ with L(f) and o; the standard deviation. From this follows that
optimised parameters are B, a; and 7;.

4.2.5. Solvent Relaxation?>2>444>

4.2.5.1. Introduction

Whether we are able to observe solvent relaxation or not, in all cases, the fluorophore
which participates in the solvent relaxation process must exhibit a large change of its dipole
moment upon excitation and must be excited in a polar medium.

Although the absorption of light is very fast (see part 2.2), the electrons of the excited
molecule do manage it to redistribute newly during this time, which results in an almost
instantaneous change in the dipole moment. The surrounding polar solvent molecules react
upon this change by their reorientation leading to the minimization of energy of the excited

state.
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If the polar medium is very viscous, the solvent molecules reorient slowly, so that the
fluorophore emits its light mainly from the unrelaxed state (Fig. 2.2). On the contrary, in the
nonviscous medium, the relaxation process is so fast that almost all registered photons come
from the relaxed state. The steady-state fluorescence spectrum is in such a case red-shifted

with respect to the spectrum of the fluorophore found in a very viscous medium.

o)

O —&
Sz S

wavelength

Fig. 4.2. Solvent relaxation around the dye molecules. The picture was taken from: Valeur, B

Molecular Fluorescence: Principles and Applications; VCH Verlag GmbH:Wiley, 2001.

However, when the relaxation rate is comparable with the lifetime of the excited state,
the fluorescence relaxation can be followed by the time-resolved fluorescence spectrometer
and generation of time-resolved emission spectra (TRES) or time-resolved area normalized

emission spectra (TRANES) is possible.
4.2.5.2. Generation of TRES and TRANES

TRES together with TRANES, which can give us information about the nature of
relaxation, and thus about our system studied, are determined using the so-called spectral
reconstruction method.*® It consists in the following few steps: (i) firstly, we have to measure
decay curves for a set of wavelengths and decompose them as described in section 2.4; (ii)

secondly, the steady-state spectrum, S(4,f), of the same system is required; (iii) thirdly,
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TRES, F(A,1), at a given wavelength are calculated by the following normalization of the
decomposed decays, D(4,1),

D(A,0)S(A,t)

F(A,0) = 21)

[D(A,nar

(iv) finally, the obtained spectra are fitted in the wavenumber domain by the log-normal

function, very well suitable for fitting of the emission spectra,

F; (o,t) = hexp{— 1n(2){1n(1 Ta j:l } for a > -1
Y

F, (o,t)=0fora <-1, (22)
2y L% 23)
a= ,
A

where Fgi(w,f) denotes the fit of the time-resolved emission spectrum, /4 the peak-height, y
the asymmetry parameter, w, is the peak position in the wavenumber domain and 4 the width
parameter.

TRANES are then calculated by pure normalization of time-resolved emission spectra
with the area under the spectrum at time zero. The presence of an isoemissive point in the
TRANES suggests that the fluorescent probe under investigation is localized in two different

environments.

4.2.5.3. Microviscosity around the Dye Molecules

The time-evolution of the peak maximum, determined as described at the above-
mentioned part, reflects the mobility of the solvent molecules surrounding the excited
fluorophore. The mobility itself or in other words solvation dynamics depends then on the
frictional forces presented in the microenvironment, which are further related to the
microviscosity near the dye molecule. The so-called correlation function, C(f), allows us to

fully describe the solvation dynamic occurring in the system

_ o(peak,t) — w(peak,©) w(peak,t)— w(peak, )

C(t)
a(peak,0) — w(peak, ) Aw

(24)

where w(peak,f) indicates the peak position in the wavenumber domain at time ¢ after
excitation and 4w indicates the overall Stokes shift depending on the micropolarity around

the dye molecules. The correlation function has the form of an exponential decay but only
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rarely it can be fitted by a single-exponential function. Three or four exponential components
are often needed to obtain a satisfying fit.
For our next considerations about the microviscosity inside the nanoparticles it is

convenient to define the average relaxation time, g, as
r, = [Cydr, (25)
0

which can serve very well as a quantitative measure of the microviscosity around the dye.
However, one has to bear in mind all the time that 7g yields average information about the
system only and that it is necessary to use the C(¢) function instead when thinking about the

solvation dynamic processes.
4.2.5.4. Full Width at Half Maximum

Since the fluorescence deexcitation and the solvent relaxation can proceed on
different timescales, it is useful to know whether we are able to follow the whole relaxation
process with our equipment or not. Besides the time zero estimation (see the next part), the
time-evolution of the full width at half maximum (FWHM) can help us to learn more about
the extent of the observed solvent relaxation.

The estimation is based on the fact that the FWHM passes a pronounced maximum in
inhomogeneous systems such as lipid bilayers or supercooled liquids as a function of time.
This phenomenon is caused by the spatial distribution of solvent response times. When a
sample is excited by a light pulse, individual fluorophores distributed in the system respond
with different rate to changes in the local electric field. The inhomogeneity in the
reorientation of solvent molecules around the dye molecules increases significantly
immediately after the excitation. However, as the solvent shell of the fluorophores
approaches equilibrium, the inhomogeneity starts to decrease after having reached its
maximum.

This effect gives the origin for the method of checking whether the entire response or
only a part of it was captured within the time-window of the experiment. Observing only an
increase in the FWHM means that the solvent relaxation is slow and/or the lifetime of the
excited state is short. On the contrary, very fast relaxation, which is beyond the resolution of

the equipment used, results in observing only the decrease in the FWHM.
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At the end it should be noted that such a complex behaviour of the FWHM is no more
valid for homogenous solutions with low-molar-mass molecules, where the FWHM

monotonously decreases with time.
4.2.5.5. Time Zero Estimation"’

Whatever time-resolved spectrometer we use, the finite resolution of this equipment
makes it impossible to record the emission spectrum at time zero after the absorption of light.
However, the spectrum at time zero is needed, because without knowing the peak position at
time zero, one cannot calculate the correlation function C(¢). In addition, the evaluation of the
peak position at time zero can tell us more about the extent of the solvent relaxation that is
beyond our resolution. Thus, a method enabling to reconstruct the emission spectrum at time
zero has been elaborated.

The model assumes that polar absorption spectra are inhomogenously broadened due
to the distribution of molecules over a range of local solvation environments and that the
absorption spectra of two molecules residing in different microenvironments differ only by a
frequency shift . The homogenous broadening in a polar solvent is assumed to be the same
as in a nonpolar solvent, which is valid without any inconvenience only then if the
inhomogenous broadening is large (as it always is in a polar solvent) with respect to the
homogenous broadening. The frequency absorption spectrum, 4p(v), is thus given by the
convolution of the absorption spectrum in a nonpolar solvent, 4n,(v), with the distribution of

spectral shifts, p(9),
A4,(v) = [4,,(v-8)p(8)ds. (26)
The distribution of spectral shifts, p(d), is supposed to be Gaussian
1 (6-6,)°
d)= exp| - ——— |,
)= s -2

where o is the variance of the distribution and dy the average shift induced by the polar

27

solvent. The unknown coefficients ¢ and J, are determined from the eqn. (26) by an iterative
procedure, provided that absorption spectra both in a polar and nonpolar solvent have been
successfully measured.

Similar to the eqn. (26), the desired fluorescence spectrum at time zero, Fp(V, vex, =0),

can be expressed as

F (v, t =0) o j A, Vo = 8)p(S)S,, (v - 6)dS, (28)

ex?
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where Sqp(v) stays for the emission spectrum in a nonpolar solvent. It means that the emission
spectrum at time zero before any relaxation occurs can be reconstructed from the known
emission and absorption spectra in a nonpolar solvent and from the absorption spectrum in a
polar medium. To obtain these spectra need not to be always easy because of limited
solubility of some probes in a nonpolar solvent.

Maroncelli et al. have shown that it is possible to further simplify the expression (28)
if the fluorophores are excited near the absorption maximum, where almost no preferential
selection of the solvation state occurs. The simplified equation has the form

v,(t=0)~v (abs)-v (abs)+v, (em), (29)

where v denotes the peak positions of the maximum and the subscripts p and np indicate
polar or nonpolar medium, resp. When using this simplified equation, the deviations in

determining the position of the maximum have been found not to exceed 50 cm™.

4.3. Atomic Force Microscopy Technique

Atomic force microscopy is a technique that directly visualises the surface of interest
with relatively high resolution, which is of the order of 10' nm in the vertical direction and
10° nm in the horizontal direction. Surprisingly, this technique has been shown to be very
useful when studying various properties of formed nanoparticles in solutions.

In this case, the sample has to be first deposited on a surface. Unfortunately, the
deposited particles are deformed on the surface by strong interactions between the surface
and the particles. Even though, their sizes seem to be proportional to those in the solution,
and one can evaluate the particle size distribution.*® However, when interpreting the results,
one must never forget that the conditions in the solution and on the surface are entirely
different, which can lead to the phenomena such as enhancement of the aggregation
behaviour on the surface or preferential sorption of small particles.

The principle of the method is based on monitoring the interactions between a sharp,
mostly silicon tip fastened on the cantilever and the coated surface. Depending on the form of
the interaction between the tip and the surface, three modes have been developed.

(i) In the contact mode, the tip has a permanent contact with the surface through the
liquid layer while the force between the tip and the sample remains constant. The image is

reconstructed from the movement of the scanner. This mode exhibits a large resolution and a
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satisfying speediness; however, the permanent contact of the tip with the sample can damage
weak samples such as coated polymer particles.

(i1) Unlike the contact mode, the tapping mode is very often used in colloid science
because the dangerous contact between the tip and the weak sample is considerably reduced
by oscillation of the tip near its resonance frequency above the sample. Both the amplitude
(20-100 nm) of oscillations and the force between the tip and the sample are kept constant
while the position of the scanner is changed and recorded. The contact between the tip and
the liquid layer covering the sample comes on near the bottom turning point only.

(ii1) The principle of the non-contact mode is similar to the tapping mode; the only
difference consists in the fact that the tip has neither a physical contact with the sample nor
with the liquid layer above it. The amplitude of the cantilever does not exceed 10 nm, so that
the interactions between the tip and the surface can only be confined to the van der Waals
forces.

Beside the choice of an appropriate mode, one has to choose the surface that is to be
coated correctly. Since the sizes of the self-assembled polymers are in the nanometer range,
the surface should be flat on the same scale. From the experiments carried out in our group,
freshly prepared mica seems to fulfil these requirements. It binds different types of polymers

whatever charge they possess.“g'5 0
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5. Experimental Part

5.1. Equipment and Methods Used

Light scattering measurements: The light scattering equipment (ALV, Langen,
Germany), which enables measuring both static and quasielastic light scattering, consists of a
633 nm He-Ne laser, an ALV CGS/8F goniometer, an ALV High QE APD detector and an
ALV 5000/EPP multibit multitau autocorrelator. The measurements were carried out for
polymer solutions with mass concentrations lying between 0.2 and 2 g/L at different angles
ranging from 30° to 150° at 20°C. All the polymer samples were filtered through 0.45 um
Acrodisc filters after assuring that the solution did not contain dust particles.

Obtained static light scattering data were treated by the Berry method according to the
eqn. (6). Refractive index increments of PCL-PEO in water were calculated as the weighted
average of literature data for PCL and PEO.*"*? Because of the very low solubility of PCL in
water, we took the literature values for PCL in THF? and recalculated them to water,
assuming that the difference between increments in two solvents equals the difference of
refractive indexes of the solvents.*” The same approximation was employed for the
calculation of increments of PCL-PEO in THF/water mixtures, using the literature data on
the refractive index dependence on the composition of THF/water mixtures.”>

The evaluation of the dynamic light scattering data is based on the analysis of the
measured normalized autocorrelation function, g»(f), related to the  electric field
autocorrelation function, g,(f). The distribution of relaxation times, which can be expressed
as the inverse Laplace transform of the g;(f) function (see section 4.1.2), is obtained with the
help of the constrained regularization algorithm (CONTIN). The fit of g;(¢) function

according to eqn. (9) provides the apparent diffusion coefficient, Dypp.

Steady-state fluorescence measurements: All steady-state excitation and emission
spectra acquisitions were performed on the Fluorolog 3 fluorometer (model FL3-11, Jobin
Yvon Inc., Edison, NJ, USA) equipped with a xenon-arc lamp at room temperature. The
spectra were collected in 1 nm intervals with both excitation and emission monochromators

fixed at 2 nm bandwidths.
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Time-resolved fluorescence measurements: The time-correlated single photon
counting method*? was used for measurements of fluorescence decays, which were recorded
at different wavelengths ranging from 400 to 540 nm by IBH 5000U time-resolved
fluorometer (IBH, Glasgow, UK), equipped with an IBH laser diode NanoLED 11 (370 nm
peak wavelength, 80 ps pulse width, 1 MHz maximum repetition rate) and cooled
Hamamatsu R3809U-50 microchannel plate photomultiplier. Data was collected in 8192
channels (14 ps per channel) until the peak value reached 5000 counts. A 399 nm cut-off
filter eliminated the scattered light. The recorded decays were deconvoluted and further fitted
to 2 or 3 exponential functions by using the Marquardt-Levenberg non-linear least squares
method. The #* values close to 1.0 and random distribution of residuals indicated good fit.

TRES or TRANES, respectively, were reconstructed by the spectral reconstruction
method as described in section 2.5.2. The time zero was calculated using the simplified
equation (29), i.e., on the basis of determining maximum positions of both absorption and

fluorescence spectra.

UV-Vis absorption measurements: UV-Vis absorption spectra were recorded with 1
nm increment in 1 cm quartz cuvettes using a Perkin-Elmer Lambda 19 UV-Vis

spectrometer.

Atomic force microscopy measurements: Atomic force microscopy measurements
were carried out in the tapping mode under ambient conditions using a commercial scanning
probe microscope, Digital Instruments NanoScope dimensions 3, equipped with a
Nanosensors silicon cantilever with typical spring constant 40 N m™'. The solution with
nanoparticles was deposited on a freshly peeled out mica surface (flogopite, theoretical
formula KMg3;AIlSi30,9(OH),, Geological Collection of Charles University in Prague, Czech
Republic) by a fast dip coating in a dilute PCL-PEO solution (w ca. 107> g I'"). After
evaporation of water, the samples for AFM were dried in vacuum oven at ambient

temperature for ca. 5 hours.

5.2. Materials

Copolymer samples: Three PCL-PEO polymers differing in the length of the PCL
block, all with the polydispersity index less than 1.4, were purchased from Aldrich. Precise

characteristics of the polymers are contained in the table 5.1.

23



Tab. 5.1. Characteristics of used PCL-PEO samples.

PCL PEO
Sample M./g/mol N(PCL) M,/g/mol N(PEO)
PCL(5)-PEO 5000 44 5000 114
PCL(13)-PEO 13000 114 5000 114
PCL(32)-PEO 32000 281 5000 114

Solvents: Tetrahydrofuran, THF, luminescence spectroscopic grade, and deionised

water were used as solvents.

Fluorescent probes: PRODAN, 6-propionyl-2-(dimethylamino)naphthalene, and
LAURDAN, 6-lauroyl-2-(dimethylamino)naphthalene, were purchased from Molecular
Probes (Eugene, Oregon).

5.3. Preparation of Nanoparticles

All the PCL-PEO nanoparticles studied in this work were prepared in the following
way: Variable amount of the polymer, i.e., 9, 15 or 30 mg, respectively, was added to 3 ml
THF/water mixtures, where the content of water changed from 0 to 20 vol.%. In order to
dissolve the polymer completely in the mixtures, the solution was being shaken overnight.
After that the polymer solutions were added drop-by-drop to 7 ml of water under vigorous
stirring. The rest of THF was removed by dialysis against pure water, which was changed

several times.

5.4. Incorporation of Fluorescence Probes

All fluorescence measurements were carried out with PCL(5)-PEO nanoparticles.
They were prepared from 90 vol.% THF with the concentration of the polymer in the initial
solvent w; = 5 mg/ml and the concentration in the final aqueous solution wf = 1.55 mg/ml.
We took then 0.8 ml of the aqueous polymer solution and solubilized into it 26 pl of the 0.2
mM methanol solution of PRODAN or 10 pl of the 0.52 mM methanol solution of
LAURDAN, respectively. After that, we added, under vigorous stirring, a varying amount of

water and THF, so that the final volume of the solution always reached 2 ml and the content
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of THF changed from 0 to 30 vol. % with 10 % step in the case of PRODAN and from 0 to
50 vol. % with 10 % step in the case of LAURDAN. Finally, the samples were let to

equilibrate and measured primarily the next day.
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6. Results and Discussion

6.1. Characterization of Aggregates in the Initial Solvent

I have already mentioned in the section 3.1.1. that the hydrophobic PCL block makes
it impossible to dissolve PCL-PEO with more than 19 PCL units directly in water. We tried
thus to find an organic solvent in which both the PCL and PEO block would be sufficiently
soluble. Experiments on PCL-PEO with short PCL block carried out recently by Vangeyte et
al.” led us to the idea to use tetrahydrofuran, THF, as the initial organic solvent. While THF
is a very good solvent for the PCL block, the PEO block exhibits rather limited solubility in
THF. We assumed therefore that addition of small amount of water into THF (THF is
miscible with water) could improve the solubility of PCL-PEO samples (see section 5.1.) in

THF because PEO block is hydrophilic.
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Fig. 6.1. The logarithm of the excess Rayleigh ratio, 4R, divided by Kw, proportional to the apparent
molar mass, M,"™, as a function of the THF/water ratio in volume % for all three copolymers differing in the

length of the PCL block.

In order to test this hypothesis, we applied SLS and measured the dependence of the
ratio 4R/Kw, which is roughly proportional to the molar mass of aggregates that scatter light
(eqn.2 in section 4.1.1.) and is consequently called the apparent molar mass, M,*”, on the
content of water (in vol.%) in the initial THF/water mixed solvent (see Fig. 6.1). One can see

that M, strongly depends on the amount of water in THF for all three copolymers. The
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dependences for PCL(5)-PEO and PCL(13)-PEO pass a pronounced minimum near 90 vol.%
THF/water mixture, which corresponds to the region where the polymers form the smallest
aggregates. In other words, THF/water mixture containing ca. 10% of water is the best
solvent for PCL(5)-PEO and PCL(13)-PEO. On the contrary, very long PCL chain of the
PCL(32)-PEO polymer results in the monotonous increase of the apparent molar mass with
the decrease of THF/water ratio.

Therefore, we were able to improve the solubility of PCL-PEO by adding water into
THF solely for PCL(5)-PEO and PCL(13)-PEO, whose PCL/PEO mass ratio is still not so
high that the solubility of the whole block-copolymer is controlled practically by the PCL
block only.

6.2. Characterization of Aggregates in Pure Water

6.2.1. Dependence on the THF/water Ratio

In the next step, we wanted to find whether the sizes of aggregates found in
THF/water mixtures correlate to those in water, i.e., whether the properties of the initial
aggregates, such as molar masses, hydrodynamic radii or radii of gyration, are proportional to
the properties of the nanoparticles existing in water and being formed from the initial
aggregates during addition of the polymer solution into water.

Our first attempts to dialyse THF/water polymer solution stepwise into pure water
were not successful because the polymer solution aggregated relatively fast after the
beginning of the dialysis. This behaviour has been already described for shorter PCL-PEO
copolymers by Vangeyte ef al.’, and can be thus extended to PCL-PEO with longer PCL
chain as well. We were thus forced to choose the preparation protocol described in the
section 5.3., i.e., to add the polymer solution drop-by-drop into water, which was vigorously
mixed, and to dialyse the solution afterwards. This procedure gained representative and
satisfying results.

As one of our goals was to prepare relatively monodisperse particles, we firstly
evaluated distributions of relaxation times, 74(7), which helped us to reveal size distributions
of particles present in the system, for water containing nanoparticles formed from THF/water
mixtures differing in the THF/water ratio. The distributions of relaxation times (see Fig. 6.2.)

really suggest that the properties of particles found in water may have direct relationship to
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the characteristics of the initial aggregates. The polydispersity of particles formed from 80,
70 and 60 vol.% THEF is for all three copolymers very high and the particle-sizes reach from
ones to thousands of nanometres. On the other hand, rather monodisperse particles are
formed from 90 or 100 vol.% THF, respectively, with averaged sizes considerable smaller
than in the previous case. The same trend concerning particle-sizes (molar masses) can be

seen from Fig. 6.1, although one would need precise values for detailed comparison.

TA(7)
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Fig. 6.2. The distributions of relaxation times measured at 90° for (1) PCL(5)-PEO, (2) PCL(13)-PEO
and (3) PCL(32)-PEO. The particles were prepared from 80 vol.% THF (on the left), 90 vol.% THF (in the
middle) and pure THF (on the right). The distributions for particles coming from 70 and 60 vol.% THF are very
broad and similar to those prepared from 80 vol.% THF.

These precise values are accessible by means of static and quasielastic light
scattering. Since the particle-sizes approached in some cases 200 nm in diameter, we chose
the Berry plot, which is more reliable for larger particles, instead of the frequently used
Zimm plot for the evaluation of data provided by SLS. By fitting the experimental data
linearly in the Berry plot and extrapolating them to the zero angle and to the zero
concentration, we obtained weight-averaged molar masses, M, and radii of gyration, Ry, of
the particles transferred into water. As all the Berry plots are similar to each other, we present
one demonstrative plot only (see Fig. 6.3). The same extrapolation procedure has to be
carried out to obtain diffusion coefficients or hydrodynamic radii, Ry, of the nanoparticles

(see section 4.1.2 and a representative plot in Fig. 6.4).
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Fig. 6.3. A typical Berry plot for PCL(32)-PEO transferred into water from 90 vol.% THF/water
mixture, where the mass concentration of the polymer was 10mg/ml. The polymer-concentrations in the

measured samples were 0.25, 0.49 and 0.98 g/ml.
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Fig. 6.4. A dynamic Zimm plot for PCL(32)-PEO particles in pure water. We took for the

measurement of diffusion coefficients the same samples as in Fig.6.3.

The data that provided us LS are summarized in tabs. 6.1 and 6.2. The tables contain
in addition the particle-aggregation numbers, Z, calculated by dividing the weight-averaged
molar mass of the whole particle, M,,, by the known number-averaged molar mass of the
polymer, the ratio Ry/Ry and the effective density of the particle, pesr, which can be calculated

from M,, and Ry according to
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Pesr = Jéyfﬁ (30)
where N, is the Avoggadro’s number. We a priori assume that the particle has spherical
shape. As obvious from Fig. 6.2, the polydispersity of the particles prepared from 80 vol. %
THF is so high that the averaged values would not tell us a lot. Hence, we present only

results for particles coming from 90 vol.% and pure THF.

Tab. 6.1. Weight-averaged molar masses, M,, aggregation numbers, Z, radii of gyration, R,
hydrodynamic radii, Ry, ratios Ry/Ry and effective densities, pes, for nanoparticles prepared from 90 vol.%

THF/water mixture, where the concentration of the polymers was 10mg/ml.

Sample M, /g/mol z R,/nm Ry/nm R/Ry  pulg cm”

PCL(5)-PEO  (4.16+0.04)10" 4159+42 423+0.8 46.8+0.7 0.90+0.03 0.16 + 0.01
PCL(13)-PEO  (6.56 +0.08)10" 3646+44 532+09 534+02 1.00+0.02 0.17+0.00
PCL(32)-PEO  (1.00 +0.03)10° 27108 +699 1056+ 1.1 110.2+1.2 0.96+0.02 0.30 + 0.02

Tab. 6.2. Weight-averaged molar masses, M,, aggregation numbers, Z, radii of gyration, R,
hydrodynamic radii, Ry, ratios Ry/Ry and effective densities, p.s, for nanoparticles prepared from pure THF

with the polymer concentration of 10mg/ml.

Sample M, /g/mol z R,/nm Ry/nm R/Ry  pudg em®

PCL(5)-PEO (5.23+0.03)10" 5225+33 514+23 51.7+11 0.99+0.07 0.15+0.01
PCL(13)-PEO (5.65+0.09)10" 3138+47 604+09 57.7+10 1.05%0.03 0.12%0.01
PCL(32)-PEO (6.94+0.10)10° 18743+261 889+07 96.0+05 0.93%0.01 0.31%0.01

Provided that the properties of the initial aggregates and the particles existing in water
correlate with each other, one would expect, based on Fig. 6.1 valid for the initial aggregates,
that (1) the final particles formed from PCL(5)-PEO will be larger when pure THF instead of
90 vol.% THF is used as the initial solvent, (2) the final nanoparticles formed from PCL(32)-
PEO will be smaller when dissolving the polymer in pure THF because the molar mass of the
initial PCL(32)-PEO aggregates continuously decreases as the content of water in THF is
lowered, (3) the final particles that were formed from PCL(13)-PEO dissolved in 90 vol.%
THF or pure THF, respectively, will be the least different from each other. This trend can be

really read out from tabs. 6.1 and 6.2. While the relative changes in molar masses reach 25.7
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% or even 44.1% for PCL(5)-PEO or PCL(32)-PEO, respectively, the relative change in M,
for PCL(13)-PEO is equal to only 16.4%. The fact that the properties of the initial and final
aggregates correlate with each other quite well suggests that the final particles present in
water may be formed by the quenching mechanism. Under this term we understand that the
aggregates that are present in the initial solvent under equilibrium freeze during the addition
of the polymer solution into water. Without aggregating, these particles can exist in water for

a long time; however, they are no more in equilibrium.

6.2.2. Dependence on the Polymer Concentration in the Initial Solvent

Another factor that influences the particle dimensions is the concentration of the
polymer in the initial THF/water mixture. We thus decreased the polymer concentration to 5
and 3 mg/ml. With respect to the minimum in the molar mass for PCL(5)-PEO and PCL(17)-
PEO in ca. 90 vol.% THF, we decided to use the 90 vol.% THF/water mixture as the initial
solvent for all three polymers. The rest of the preparation protocol remained as it was. The

results are summarised in tabs. 6.3 and 6.4.

Tab.6.3. Characteristics for nanoparticles prepared from 90 vol.% THF/water mixtures. The

concentration of the polymer in the initial solvent was Smg/ml.

Sample M, /g/mol z Ry/nm Ry/nm R/Ry  pulg em™

PCL(5)-PEO (1.41+0.02)10" 1408+20 34614 368+14 0942007 0.1120.01
PCL(13)-PEO (3.9140.08)10" 2173+47 478%15 478+15 1.00+0.06 0.14+0.02
PCL(32)-PEO (2.93£0.03)10° 7930+90 64.0%07 700:06 091002 0.34+0.01

Tab.6.4. Characteristics for nanoparticles prepared from 90 vol.% THF/water mixtures. The

concentration of the polymer in the initial solvent was 3mg/ml.

Sample M, /g/mol V4 R,/nm Ry/nm R/Ry  pudg em™

PCL(5)-PEO 0.94.10' 935 37.8 35.1 1.08 0.09
PCL(13)-PEO (3.53+0.06)10" 1960+34 46416 442+14 1.05x007 0.16%0.02
PCL(32)-PEO (1.06 £0.02)10° 2873+45 47811 524+12 0.91:004 0.2920.03
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The particles are rather monodisperse with narrow distributions of relaxation times
similar to those for particles prepared from 90 vol. % THF with the concentration 10mg/ml
(see Fig. 6.2 in the middle). As the polymer-concentration in the 90 vol. % THF/water
mixtures is lowered, the sizes of final particles decrease. It can be in part the consequence of
the fact that the average distance among the particles increases after dilution, so that the
probability of the particle-aggregation is then during the addition of the polymer solution into
water lower. The most pronounced changes in particle-sizes are evident for the PCL(32)-
PEO particles, whose aggregation number changes from ca 2.7 10* to only 2.9 10°. It is
therefore slightly surprising that the effective density of the particles remains almost
unchanged after dilution.

Vangeyte et al.’ investigated the influence of the polymer-concentration on the
particle-sizes as well. They found, unlike our experiments, that the hydrodynamic radii of the
observed particles increase from 22 nm to 31 nm with the decrease in concentration from 1 to
0.1 mg/ml. However, they prepared the particles from pure THF and the PCL block had only

16 monomer units, which could explain the different behaviour.
6.2.3 Particle-characteristics

As we can see from tabs. 6.1-6.4, the sizes of the final nanoparticles are too large and
their aggregation numbers are too high to assume that they have simple core/shell micellar
structure. For comparison, Winnik e al.>* or Xu et al.'® reported that diblock copolymers of
polystyrene-block-poly(ethylene-oxide) with molar masses from 8500 to 50800 g/mol
formed the core/shell micelles with hydrodynamic radii ranging from 10 to 23 nm and
aggregation numbers from 350 to 1850. On the contrary, hydrodynamic radii about 50 nm
and aggregation numbers about 5000, i.e., values comparable to those obtained in this study
were reported by Eisenberg ef al.>® for vesicles formed by asymmetrical polystyrene-block-
poly(acrylic acid) with molar masses 32000 and 4000 g/mol for polystyrene and poly(acrylic
acid) blocks, respectively. This comparison suggests that the particles could have the vesicle-
like structure.

This assumption is further supported by the ratios Ry/Ry that are close to the
theoretical value for the hollow sphere, Ry/Ry = 1. The deviations of our light scattering data
from this predicted value could be caused by the polydispersity and finite wall thickness of

the formed vesicles.
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The relatively low averaged effective densities of the nanoparticles are in agreement
with the vesicle-formation, too. Such low values indicate that a considerable part of the
nanoparticle volume, comprising probably the cavity of the core as well, is filled with water.

On the other hand, vesicles described by Eisenberg et al.>> exhibited broad size
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