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1 INTRODUCTION

Hyaluronan is a natural biopolymer occurring in thienan body and it is used as controlled
drug delivery transport system, as a material faaffeld in tissue engineering,
as a component of a bandage by wound healing mesess an alternate fluid in human
joints, as a space filling matter in plastic suygand last but not least as a hydration matter
in cosmetics.

Hyaluronan is considered as a polymeric carrierctvhis soluble in water or physiological

solution and has specific receptors for the bindiagthe right molecules, for application

in target delivery. Thanks to negative charge oralirpnan chain we used cationic
surfactants. There are existing strong electrasiateractions between negatively charged
hyaluronan carboxyl group and positively chargedastant head group. Surfactant forms
micelles, where a non-polar drug can be insertedigDcarriers, which could contain

hyaluronan, as atarget delivery could be medicani@ncancer. The thesis investigates
the interactions between surfactants and polymethe possible following application for

target delivery.

Theoretical part summarizes the research of hyahur@and method high resolution ultrasonic
spectroscopy. The experimental part is dividechned parts. The first part (preliminary part)
studies the behaviour of hyaluronan in water, measant of pH, preliminary density
measurement. The aim of this part of the work igharacterize the dissolution and storage
stability of hyaluronan. The second part (experitakrpart 1) is focused on the study
of hyaluronan in wide range of molecular weightsl @s broad range of its concentration.
The density and ultrasonic velocity is measuredalutions in temperature range from 25 °C
to 50 °C. In the third part (experimental part hjgh resolution ultrasonic spectroscopy is
used for a detailed study of interactions betwegalutonan and two cationic surfactants
tetradecyltrimethylammonuim  bromide (TTAB) and hégeyltrimethylammonuim
bromide (CTAB) either in water or insodium chla@idsolution at physiological
concentration (0.15 M).



2 STATE OF ART

2.1 Hyaluronan and density meausurement

The solution properties of hyaluronan are well doeanted, particularly with respect
to the chain structure and size, rheology, andirelgte-related properties. Rinaudo [9] states
that there is nothing much remarkable in the behaviof hyaluronan in solution.
It is a typical semi-flexible polyelectrolyte withe properties dependent on the concentration
and on the molecular weight. Even at low conceiatnat the zero shear viscosity is high
and the complex viscosity remains non-newtoniancvitiontribute to much higher apparent
molecular weight of entangled hyaluronan chainse fdview [10] summarizes the studies
of hydrodynamic properties of hyaluronan in neutagjueous solutions in the presence
of physiological NaCl concentration as the expedtetiaviour of a high molecular weight
linear semi-flexible polymer. The dependence of ititlensic viscosity on hyaluronan
molecular weight follows the predicted change frehort extended chains to longer chains
coiled into spheres as the molecular weight in@®gasThe unusual high viscosity
of hyaluronan solutions arises from the huge hygnadic volume and also from transient
interchain interactions. The significant nonidealidund for hyaluronan solutions could be
predicted by simple models for hydrodynamic intécars between polymer chains.

The studies on the density of hyaluronan solutiares scarce. Gémez-Alejandre et al. [11]
measured the density of high molecular weight hyalan (1.5 MDa) either in water
at different pH or in the presence of several iaoig salts. In water and in CaColution
they also determined the effect of temperature.irTimain interest was the determination
of the partial specific volume at infinite dilutioand the density data were not analyzed
and discussed. Some density data are reportedeipajer [12] but its main aim was
the study of viscosimetric behaviour of hyaluronaraqueous and water-alcohol solutions.
Only single hyaluronan sample of high molecularghi€i(1.43 MDa) was used in this work
and the density was reported for five concentrapomts at 20 °C and 50 °C. No analysis
of density data was given.

Garcia-Abuin et al. [12] studied the influence bé tpolymer concentration, temperature,
electrolyte presence and use of co-solvents omhib@logical behaviour of hyaluronan water
solutions. Vibrating tube densitometer and a scamalyser Anton Paar DSA 5000 was used
for the measurement of the density and sound spafechyaluronan. They discuss
the dependence of density and the speed of soundormentration of hyaluronan
and on the temperature. The value of the density ah the speed of sound increases
with the concentration of hyaluronan. This behawimight indicate slight interactions among
the polymer-solvent and polymer-polymer moleculeBhey measured the influence
of the temperature on the density value and thedepeed too, in the range of temperature
10-50 °C. The value of the density decreases aadv#thue of the sound speed increases
with the rise of temperature.

The effects of temperature and concentration obasgymethylcellulose [16], chitosan [17]
and polyethylene glycol [18]-[20] have been studmyddensity measurements. Some authors
calculated apparent molar volumes or adiabatic cesgibility from the measured densities
and ultrasonic velocities for study of interactioofsglycine with polyethylene glycol [21],
study of systemB-cyclodextrin-alkyltrimethylammonium bromides [22F chitosan [17].



In our work the adiabatic compressibility of thaiaqus solution of hyaluronan was
calculated from the density and ultrasonic velod#aga which are obtained by measuring at
oscillating-U-tube densimeter and it have been amegbwith other works [14] [15].

Our interest in density data of hyaluronan soluigioomes from the studies of hyaluronan and
its interactions measured by means of high reswiulitrasonic spectroscopy. The ultrasonic
measurements are usually accompanied by the measot® of density in order to enable

the calculations of compressibility from ultrasonelocity and density. There are several
studies on ultrasonic propagation in hyaluronamitsms. The speed of sound of hyaluronan
with molecular weight 1.43 MDa is reported in rdf2] for the density and is not further

analysed. Suzuki and Uedaira [13] and Davies dtL4l. used compressibilities for the study

of hyaluronan hydration.

2.2 Polymer-surfactant systems

Surfactants and water soluble polymers have veoadmanges of applications [1],[23].
The main types of the polymer-surfactant interaxgi@an be relatively weak interactions
between the polymer chains and the surfactant graupstrong electrostatic interactions
between oppositely charged polyelectrolytes andfastant head groups. The kinetics
of surfactant binding onto polymers, as relaxatiomes, and the thermodynamic quantities
controlling polymer-surfactant interactions, is ggeted and discussed in the reference [24].
There is used lot of biopolymers as cellulose [25], carboxymethylcellulose [26], chitosan
[25],[31], DNA [27]-[28], gelatin or lysozyme [29B0].

Bao et al. [26] studied the interactions betweeafastants and polysaccharides in the aqueous
solutions. They used different six combinationsefitral, positively and negatively charged
polysaccharides as methylcellulose, chitosan aswérrageenan with anionic (SDS) and
cationic (CTAB) surfactants.

Hyaluronan is a very hydrophilic polymer surroundbg a massive hydration shell.
Due to the presence of dissociable (carboxyl) grawmp its basic unit, hyaluronan has
a character of a polyelectrolyte. At physiologipal, the carboxyl groups are predominantly
ionized, the hyaluronan behaves like a polyanioth @m interact with or associate cationic
counterions to maintain charge neutrality. Hyalamornnteractions with positively charged
surfactants were thus studied as a specific cagolgélectrolyte-surfactant interactions [2].
Hyaluronan-surfactant complexes containing hydréyphalomains formed by surfactant
molecules and bound to hyaluronan chain can alsoabgotential carrier system
for water-insoluble pharmaceutics agents. A seoke@apers by Swedish research groups
provided a detailed study on phase behaviour ofesys containing water, hyaluronan,
alkyl trimethylammonium bromides (tetradecyl detiva was the most studied type) and salt
(mostly NaBr) [3],[4],[32],[33]. Binding of surfaaht to hyaluronan was detected for
surfactants with alkyl chain consisting from atdieten carbon atoms. The binding was found
to be considerably weaker than for most other ocgibcontaining polyelectrolytes,
due to the low linear charge density of hyaluron@inalberg with Lindman [3],[4] studied
interactions between hyaluronan and alkyltrimetiyteonium bromide of various chain
lengths (8, 9, 10, 12, 14 and 16 carbons in thgl @lfoup) by phase separation, conductivity
and NMR self-diffusion. Their results indicate thétere is needed certain minimum
concentration of surfactant for marked formation lofaluronan-surfactant complexes.



Below this concentration, the only general eled¢aths interactions take place. The binding
of surfactant to hyaluronan was detected for stafds with least ten carbons in the alkyl
chain. In the case of the surfactants with shatein then 10 carbons in alkyl chain, there is
energetically preferred formation of free micelles binding surfactant to hyaluronan.

Their results of measuring showed that very low cemtrations of surfactant suffice

to binding surfactant to hyaluronan. The valuearaentration of surfactant is bellow critical

micelle concantration of certain surfactant. Witte growing number of carbons in alkyl

chain, the value of concentration of surfactantrease.

Most of the authors used cationic surfactants sxad the negatively charged hyaluronan
chain. System tetradecyltrimethylammonium bromigiakwronan in water and salt (NacCl,
NaBr) was published in papers [3],[6],[25].

The aim of the reference [34] was to obtain addéalanformation on hyaluronan-surfactant
interactions in solutions with physiological satincentration (0.15 M NacCl) by tensiometry
and fluorescence probe technique. Reference [34indo effect of low (90 kDa)
and high (1400 kDa) molecular weight hyaluronan tbe critical micelle concentration as
determined by pyrene and surface tension methotley Tused non-ionic (Tween 20,
Octyl-B-p-glucopyranoside) anionic (SDS), cationic (TTAB, CBACTAT) and zwitterionic
(Cetylbetaine, Betadet THC2) surfactants. The deg@ece of surface tension on surfactant
concentration in the physiological solution showed or small effect of hyaluronan
(of any molecular weight) on the surface activitpydaparticularly on the micellization.
The value of the critical micelle concentration wasctically not affected by the addition
of hylauronan in tensiometry measurement. Fluoreseeresults showed, that althought
the presence of sodium chloride may supress intersc between oppositely charged
polyelectrolyte and surfactant, the interactiores still present in some hyaluronan-surfactant
systems. The greatest influence of hyaluronan wassereed on Tween 20
and hexadecyltrimethylammonium bromide. In the@nes of hyaluronan, the critical
micelle concentration was significantly decreasedween 20 and increased in the case of
CTAB in comparing in the absence of hyaluronan. Both surfactants the micellization
region was substantially broadened in comparingaut hyaluronan.

The interactions of hyaluronan with dodecyldimetimyine oxide (DDAO) and another
dimeric surfactant (dimeric quarternary ammoniunfesdant 12-8-12, 12 carbon atoms
in the chain, 8 carbon atoms in the spacer) wadiestun [35],[36]. From a light scattering
measurements of hyaluronan in aqueous sodium delogolution have been calculated
molecular weight, second virial coefficient, radafgyyration, and hydrodynamic radius.

Pisarik [35] with his colegues calculated the numbepositive charge of dimeric surfactant
unit per one negatively charged hyaluronate disatdic unit in hyaluronan-surfactant
complex. First they calculated the numbeg af dimeric surfactant units in hyaluronan
aggregate as

Nps= (Mps M)/ Msg 1)
where M is the molecular weight of hyaluronan-surfactaomplex, M, is the molecular

weight of hyaluronan without surfactant additionndaMg is the molecular weight
of surfactant dimer.



The number of disaccharide unjt n
np: Mp/MpO (2)

where My, is the molecular weight of one disaccharide uiithgaluronan (390.3 g/mol).
Then they could calculate the ratio- number of positive charge of dimeric surfactanit
per one negatively charged hyaluronate disaccltaudit in hyaluronan-surfactant complex
as follows

N = 2npdny,. 3)

There is aslight excess of positive surfactantrgdsm per one negatively charged
disaccharidic  unit in  theregion around critical celle concentration
and the hyaluronan-surfactant complex is not faomfr electroneutrality. The excess
adsorption of surfactant is observed at high stafaaoncentrations.

2.2.1 Polymer-surfactant systems studied by HR-US

There are not many references about interactionsatibnic surfactant with hyaluronan
measured by means of high resolution ultrasonictspgcopy. The main reference for this
thesis is an article by Buckin et al. [28], wheneyt worked with DNA polymer and cationic
surfactant (TAB). The complexes of cationic surfactant with Dighay important role
in the construction of liposomal genetic deliverystems. They studied the complex
formation by using combination of high-precisiontrasonic velocity and density
measurements.

Buckin et al. [28] used the high resolution ultraisospectrometry to study the DNA
interactions with cationic surfactants. Combiningfrasonic data with measurements
of density they found a high value of the effect sf@rfactant binding to DNA
on compressibility. This could not be explainedhygration changes only. It was considered
as an indicator of the formation of micelle-likegaggates of surfactants on the DNA surface
with a highly compressible core.

They obtained the compressibility effect in theelE formation for three surfactants
(C12TAB, C14TAB and GgTAB). The compressibility in the formation ofi£TAB micelles

in the solution was very close to the compressybiin the binding of GTAB to DNA.
The G,TAB molecules form structures on the DNA surfacéhviie intrinsic compressibility
closed to the compressibility of ;£TAB micelles in the solution and in the binding
of C;.oTAB to DNA, demonstrated the formation of micelldse aggregates of GTAB
molecules on the DNA surface. They expressed oliasmeasurement as the concentration
increment of ultrasonic velocity\] which was determined by the relation:

A=(u-Up)/(UgCn,) (4)

whereu andup were ultrasonic velocities in the solution andepsolvent, respectivelg, was

the concentration of the solute in mol/g, andvas the density of water at 25 °C in gfem
0.997047 g/crh In case of micelle formation, where depend ofdbecentration increment
of ultrasonic velocity on the concentration of swefactants in water was studied,
the concentration increment of ultrasonic velocityas constant at low surfactant
concentration which corresponds to the monomer fafmsurfactant. Above the critical
micelle concentration, the value of the concerdratincrement of ultrasonic velocity



decreased as a result of the micelle formationthéncase of binding of surfactant with DNA,
where was done the dependences of the concentratmement of ultrasonic velocity
of DNA (Apna) ON concentration of dodecyltrimethylammonium bigdenin sodium bromide
solution, the value ofpnaat low surfactant concentration in the solutione Toncentration
increment of ultrasonic velocity decreased in thecentration range 0.5-2 mmol/l
of the surfactant which indicated the binding ot flurfactant to DNA. At concentration
of surfactant above 2 mmol/l, there was a plateaugiaph as aresult of the saturation
of all binding sites on the DNA surface. The polynsecompletely saturated by the surfactant
micelles and there is complex polymer-surfactauitfa@e micelles in the system.

From the measurement of density has been calculaeabparent molar volume.

@y =Mlp = (o —po)l(pop C) (5)
wherep is the density of the solution ailis the molecular weight of the solute.

The values of the apparent molar adiabatic comimiéges of the surfactant and DNA
((dks)s) were determined from the values of the conceantraincrement of ultrasonic
velocity (A) and the values of the apparent molar volurdg).(Then it can be calculated
the compressibility effect in the binding of sutéat with DNA.

((DkS)Szzﬁso (q)v -A- M/ZPO) (6)
wherepfs, is the coefficient of adiabatic compressibilitytbé solvent.

In case of low molecular weight solutes, there ramecavities in their structure; the intrinsic
compressibility, Km, is determined by the compressibility of covalerionds
and van derWaals radiKm is small and negligible. For high molecular weighotlecules,
such as globular proteins and also for moleculgregpates, such as micelles or liposomes,
the contribution of the value of the internal coegmibility can be significant.

Kudryashov et al. [37] analysed the apparent atimbeompressibility of surfactants
in the free form in solution and in amicelle adumction of the surfactant length.
They obtained the apparent molar adiabatic comimiéss @s, and the apparent molar
volume, @,, for a series of alkyltrimethylammonium bromid€xTAB, C0TAB, Ci,TAB,
C14TAB, and GgTAB, from the ultrasonic measurement using higholggn ultrasonic
spectroscopy. Because of high precision of ultraséechnique it is possible to analyse
the concentration behaviour of the apparent moldiabatic compressibility of long
surfactants near the critical micelle concentrgtitrelow and above critical micelle
concentration.

They found out that values of the apparent molariakedic compressibility
of alkyltrimethylammonium bromides in a micelletsta@xs)mic, are large and positive for all
of the surfactants.

Dy, =Vm + AV, (7)
Dys =Km + AKj (8)

whereVm is the intrinsic volume of the solute moleculam is the intrinsic molar adiabatic
compressibility of this solute volum&V, and AKy represent, respectively, the difference
between volume and compressibility of the hydratishell of a solute and volume
and compressibility of the bulk water.



From the experimental data of Buckin et al. [38] vesll as of Kudryashov et al. [37],
the values of apparent molar adiabatic compregssil of the surfactant in the micelle
formation increase with the length of carbon chaiinpm GC,TAB to CicTAB.

The compressibility effect in the binding of LAB molecules to DNA is nearly the same as
the compressibility effect of the micelle formatjaaused by that the hydration contribution
to the effect of binding is small. At low concenitoas of surfactant, in the dependence
of the apparent molar volume,, on the concentration of the surfactant, the valie, is
constant which means that the surfactant is imtbmomer form. At concentrations above
critical micelle concentration, the value of thgpapgent molar volume increases as a result of
the micelle formation [7],[37].

For the determination of the critical micelle concation and of the micelle formation,
Buckin et al. [28] introduced the concentrantiogrement of ultrasonic velocityA]. Main
experiment observable in the ultrasonic measurensmtetermined by the Equation (9).

The concentrantion increment of ultrasonic velocity constant at low surfactant
concentration, which means that the surfactant nsthe monomer state. By adding
of surfactant to the solution, the micelles begnfarm from the value of critical micelle
concentration.

Different surfactants have different concentratiamcrement of ultrasonic velocity
and different value of critical micelle concentoati The value of concentration increment
of ultrasonic velocity,A, increases with the lengh of carbon chain andcaftitmicelle
concentration is lower for the surfactants witthaio legth of 12-16 carbon atoms [28],[38].

The reference [8] demonstrates the potential oh higsolution ultrasonic spectroscopy
in evaluating aggregation-degaggregation behavajuself-assemling polymer Poloxamer.
The results shows that polymer aggregation procaésde successfully monitored using both
ultrasonic parameters of sound speed and attenudiie sound attenuation data were able to
identify both transitions of the micellization atite gelation. Both parameters were in very
good agreement with differential scanning caloriméDSC).

Andreatta et al. [40] used high resolution ultrasorspectroscopy for determination
of the critical nanoaggregate concentration of akphes and of the critical micelle
concentration of ionic surfactant (CTAB, SDS) armahionic surfactant (Tween 80, Brij 35)
in both water and organic solvents (toluen). Thetedminated critical micelle concentration
of the mentioned surfactants by the measuring @fasdnic velocity. The comparison
of ultrasonic curves for ionic surfactants in wateth nonionic surfactants in water showed
very different behaviour. From the density meas@isithey calculated the apparent specific
volumes of surfactants and of asphaltene nanoagtre@he combination of high resolution
ultrasonic  spectroscopy and densitometer allows cutating the compressibility
of the monomers and the micelles.

Hickey et al. [41] published an analysis of the gghdiagram and microstructural transitions
in a microemulsion system containing phospholipid which titration arrangement

with the detection of ultrasound parameters wasl.ubey demonstrated that break points
(points of abrupt changes in slope) on dependenicel$rasonic velocity on the concentration
of titrant are located on phase boundaries and bmamused to construct phase diagram.
Knowledge of other physical parameters of the na@grolsion system enabled to make also
a quantitative characterization of various detectetrophases or the state of water.
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Similar study on compositionally different microelsion system was published by the same
group later [42]. Singh and Yadav [44] investigaiateractions between poly(N-vinyl-2-
pyrrolidone) and sodium dodecyl sulphate using ss lsensitive ultrasound equipment
operating at single frequency [44]. Ultrasonic wi#lp as a function of the surfactant
concentration exhibited several breaks which wetgibated to different molecular
organization in the system - for instance, the #&irom of premicelle associates
or their binding to the polymer chain. The authalso noted that ultrasound titration did not
substantiated previous claims based on conductvityscosity data.

3 AIM OF THE WORK

This thesis is focused on the study of physico-dbalrinteractions of hyaluronan whose
molecular weight is from 10 to 1750 kDa with catmsurfactants. These interactions are
studied by means of using uncommon technique nammgt resolution ultrasonic
spectroscopy (HR-US). The densitometry measurenmenthe indispensable complement
to ultrasonic technique enabling to calculate casgibility from ultrasonic velocity
and density. The interactions in these systemsngpertant especially for the design of drug
delivery systems to human body; the study of tlsesy surfactant-hyaluronan could be
possible using as new carrier systems for drugyels/i

In the theoretical part of the thesis, there is pmagp the current state of knowledge
in the carrier system based on the interactiongdebtrolyte-surfactant. This part is focused
on hyaluronan, surfactants and surfactant-hyalur@ystem and also in methods using for
the discovery of these systems. The previous krogyee of density and ultrasonic
measurement of polymers and surfactant-hyaluronatem is summarized in the state
of the art. The working out of the theroretical tpaand the state of the art is basis
for the experimental part. The first aim of the exmental part is basic study of hyaluronan
in the dependence on its molecular weight and oevatébd temperature (25-50 °C)
by measuring of density and of ultrasonic velociyith densitometer DSA 5000M.
The second aim is to determine the critical micelbacentration and critical aggregation
concentration of the surfactants in the absenceratite presence of hyaluronan of different
molecular weight and study interactions betweerfastants and hyaluronan by means
of method high resolution ultrasonic spectroscopy.

This thesis should conduce to recognition applbeeti of surfactants in combination
with hyaluronan for using in drug delivery. Theuks are discussed with regard to
the molecular weight of hyaluronan and its conedign. Other aspects are surfactant alkyl
chain length and two solution media (water, sodalmoride).
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4 EXPERIMENTAL PART

4.1 Hyaluronan and surfactants

Hyaluronan of several molecular weights was obthifimm Contipro Biotech (Czech
Republic). It is produced biotechnologically and tragted from the cell walls
of the bacteria Streptococcus zooepidemicus. Tiadyzer offers a broad range of molecular
weights in predefined range of molecular weightslldwing products were used in this
study: 10-30, 110-130, 300-500 and 1750-2000 kD durfactant CTAB was get from
Sigma Aldrich, TTAB was obtained from Fluka and isoa chloride (NaCl) from Lachner.
The surfactant solutions were prepared by dissghah surfactant powder (TTAB, CTAB)
in water or 0.15 M NaCl. The solutions were predatey weighing their components.
Ultrapure deionized water from PURELAB water puwdfiion system was used for
the preparation of all samples. PURELAB Option BAMas from ELGA (Great Britain).

4.2 Densitometer

The density and ultrasound velocity were measured &ll molecular weights

in the temperature range from 25 toGQusing the densitometer DSA 5000 M (Anton Paar,
Austria). Both the density and the velocity wereasweed simultaneously. The temperature
was controlled with integrated Pt 1000 temperatersor with the accuracy of 0.6Q1
The calibration of densito-meter was performed @C2using air and water. The samples
were degassed using the syringe and then theyinjerted into U-shaped borosilicate glass
tube that was excited electronically to vibrateitatcharacteristics frequency. It had to be
ensured that the U-tube was properly filled and tltagas bubbles were present.The density
and velocity measurements of each molecular waighge, at each concentration and for
each temperature were made at least in triplicates.data fitting and the statistical analyses
were made with QC.Expert 3.3 software (TriloBytge€hRepublic).

4.3 High resolution ultrasonic spectroscopy

Ultrasonic velocity and attenuation were measuteskaen selected frequencies in the range
from 2.5 to 17.5 MHz using HR-US 102T ultrasoniegpometer (Ultrasonic Scientific,
Ireland) in titration regime. This device is equeppwith two cells enabling the single-cell
or differential measurements.

The measuring cell was filled with hyaluronan siolntusing a calibrated 1 ml Hamilton
syringe. The titration accessory of HR-US 102T wgsipped with 50ul Hamilton syringe
which was used for the dosage of the titrant. $miubf TTAB and CTAB in water or in
0.15 M NaCl was used as a titrant. The titrant tsmu was injected to the sample
automatically in 24l steps by the computer-controlled titration acoegsof ultrasound
spectrometer. Ultrasonic velocity and attenuatioofilgs measured in water orin 0.15M
NaCl were subtracted from corresponding profilegyaluronan sample, in order to remove
the effect of temperature fluctuations and finefedénces in the resonance of the cells
on measured values of ultrasonic parameters. Thasuned data were processed using
Titration Analysis software (Ultrasonic Scientificgeland) which also includes a correction
for dilution. Each measurement was done in tripiicet least and the values were averaged.
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5 OVERVIEW OF MAIN RESULTS

5.1 Measurement of density and ultrasonic velocity of yaluronan

5.1.1 Density of hyaluronan solutions

The density increases with the increasing conceotraand decreases with the increasing
temperature. The dependence of density on contentraf hyaluronan and the influence of
the temperature on the density are seen in FigufEhé effect of the temperature is much
more perceptible than the effect caused by conamgotr of hyaluronan. The temperature
dependences were slightly curved thereason of whas the temperature effect
on the density of pure solvents.
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Figure 1. The temperature and concentration dependence ositgef hyaluronan
solutions (10-30 kDa and 300-500 kDa) in water.

The density-concentration-temperature data wetedfifor each molecular weight by two
models — linear and quadratic in temperature —otopare the effect of including the slight
curvature into the fitting equation. The latter rab called the quadratic model henceforth.
The model equations are as follows:

linear: p=ap + a,Cy + at
quadratic;o = ag + awCy + at + aut?
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wherep is the density of hyaluronan solution in gfcm, is the concentration of hyaluronan

in grams per kilogram of solution, is the temperature in °C aral denotes the (fitted)
parameters.

Because the molecular weight did not show appréxiafffect on the density (Figure 2)
the whole set of data over all molecular weightss widted by one common equation.
In this way a single equation was obtained which earve for areasonable estimate of
density of hyaluronan solution at the desired catreéion and temperature which fall within

their ranges used in this work and with hyaluromaalecular weight within the range
from 10 up to 1750 kDa.
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Figure 2. The dependence of density on concentration of hyadim at 25 °C.
The hyaluronan water solution of three molecularighies (10-30 kDa,
300-500 kDa and 1500-1750kDa) in water.

These results can be additionaly used in the lirsealt quadratic equations to calculate
directly density of hyaluronan solution at certaiyaluronan concentration and temperature

(applicable for both water and 0.15 M NaCl enviremt) without a very time-consuming
measurement:

Prio = 1.00862+0.00044,-0.00036
Pracy = 1.01297+0.0004d,-0.00037
Pr,0 = 1.00131+0.00044,-0.00007+0.000004
Pracy = 1.00797+0.0004d,-0.00009+0.0000047
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5.1.2 Ultrasonic velocity of hyaluronan solutions

The ultrasonic velocity increases with hyaluronamaentration linearly as for many other

solutions of low concentration [5]. The dependencetemperature at given concentration
also increases but is slightly curved what corradsoto the temperature dependence of
ultrasonic velocity in water. The molecular weigththyaluronan practically has no effect on

the concentration line of hyaluronan.

As already noted by [12] the effect of temperatigenore significant than the effect of
concentration (Figure 3). The negligible effecthglluronan molecular weight (Figure 3) is
indicative of the principal role of hyaluronan hasdisaccharide unit in determining
the properties of hyaluronan solutions — its madanount at a given hyaluronan mass
concentration is independent on the molecular vieigh
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Figure 3. The temperature and concentration dependence adciel of hyaluronan
solutions (10-30 kDa and 300-500 kDa) in water.

These results can be additionaly used in the qtiademuations to calculate directly
ultrasonic velocity of hyaluronan solution at certahyaluronan concentration
and temperature (applicable for both water and MMaCl environment) without a very
time-consuming measurement:

vh,0 = 1.415+0.0034,,+4.08-0.292
UNacl = 1426+0.0038,+3.9G-0.292
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5.1.3 Calculated parameters — volume characteristics, g@vassibility and
hydration numbers

The densities were used to calculate several spefume characteristics. The hyaluronan
partial specific volume in water typically rangedepending on concentration, between
0.587 and 0.594 cify at 25 °C and between 0.597 and 0.604/grat 50 °C; in sodium
chloride solution the values are slightly lower.eTiitrasonic velocity was primarily used to
calculate the compressibility. The compressibilitlecreased with both the hyaluronan
concentration and the temperature, the influendbetemperature was stronger.

The hydration numbers determined from the compodigi data were typically about 20
and only slightly dependent on concentration.

5.1.4 Effect of NaCl on density, velocity and calculatpdrameters

The addition of NaCl caused the changes in numexiahues of measured or calculated
quantities but did not change the character of tbencentration or temperature behaviour.
There is negligible effect of molecular weight dhnaeasured or calculated properties.

5.2 Hyaluronan-surfactant systems

The aim of this chapter is study of the system umgadan-surfactant in concentration
of 15 mg/l and 1000 mg/l of hyaluronan in water aodium chloride solution. These systems
were investigated mainly with high resolution uaic spectroscopy.

5.2.1 The critical micelle concentration in water and (IM NacCl

The critical micelle concentration is an importparameter for the development of products
and processes  containing surfactants. The criticahicelle concentration
of alkyltrimethylammonium bromides with differentrig alkyl chain were studied using
tensiometric, fluorimetric [34], and calorimetridd],[47], viscometric and conductometric
[48],[49],[50] methods. In our work as well as ither works [37],[28],[39], the critical
micelle concentration was studied by measuremedéns$ity and ultrasonic velocity.

First, titrations with pure surfactants in waterOot5 M NaCl were performed for the purpose
of verification and comparison. Critical micellenm@ntrations and compressibility could be
obtained and compared with literature. Further, titi@ation profiles in the absence of

hyaluronan provided the base for investigationtsfeffect caused by the interactions with
surfactants. The measured velocity profiles arevehio Figure 4 and Figure 5. The velocity
increases with increasing surfactant concentradiom to the increasing number of relatively
rigid surfactant molecules and especially due teirtihhydration shells composed of less
compressible water molecules [45]. The increadméar and the point of abrupt change of
the slope determines the critical micelle concéiatna In water, the slope behind the critical
micelle concentration is close to zero while in Me&Cl solution it is still positive but smaller

than below this concentration. The decreased sk@ecombined result of the formation of
micelles with compressible core, the release ofdtyoh water from surfactant monomers,
and the formation of new hydration shells aroundeites. In the salt solution also the
chloride ions are incorporated into micellizatiarrhing more rigid micelle structures and
their increasing number causes the continuous ¥glotrease observed behind the critical
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micelle concentration. In the salt solution als@ tthloride ions are incorporated into
micellization forming more rigid micelle structuresd their increasing number causes the
continuous velocity increase observed behind thiearmicelle concentration.
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Figure 4. The determination of the critical micelle concetitba of surfactants TTAB
and CTAB in water at 25 °C, at frequency 15MHz.

Table 1. The critical micelle concentration, CMC, of thefautants TTAB and CTAB
in water and sodium chloride solution at 25°C meed by means of
HR-US 102T, comparing with the CMC from literature.

Surfactant/environment CMC CMC
mmol/l (this work) mmol/l [references]
TTAB/water 37 3.7 [51], 3.7 [37], 3.5 [48], 3.8 [22], 3.7 [28],
3.7 [39]
CTAB/water 1.0 0.9 [22],[28],[37] ,[38],[46],[48]t.0 [51]
TTAB/0.15M NaCl 0.58 0.52 [34]
CTAB/0.15M NacCl 0.07 0.06 [34]

In water and below the critical micelle concentratithe velocity profiles of both surfactants
are very close. In the micelle state the veloaitythe TTAB system is several times higher
than in CTAB. The TTAB micelles are thus less coesgible than the CTAB micelles which
correspond to previous determinations of the apparadiabatic compressibility of

alkyltrimethylammonium bromides [37] and was atitdd to the structure of the internal core
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of micelles which was found to be close to thapume hydrocarbon liquids. Similar situation
was observed comparing the two velocity profile®dNaCl solution. As expected, salt did not
penetrated into the micelle core and affected dhé& micelle surface composed of polar
groups and their hydration which resulted in inshe@ velocity within the post-micelle
concentration region of both surfactants. Incregsithe salt concentration reduces
the electrostatic repulsion between the chargedpgr@and therefore favours the aggregation
process inducing a decrease of critical micelleceatration.
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Figure 5. The determination of the critical micelle concetiva of the surfactants TTAB
and CTAB in sodium chloride solution at 25 °C,ragifiency 15 MHz.

5.2.2 Binding of the surfactant to hyaluronan in water ah0.15 M NacCl

Binding of surfactant to hyaluronan chain is obsdrwnainly by technique high resolution
ultrasonic spectroscopy, but it was also investigdty densitometer DSA 5000M. Data from
densitometer were used for the calculation of casgbility.

Titration of hyaluronan solution hyaluronan by TTABn water

The ultrasonic cell was filled with hyaluronan dada and titrant (surfactant) was injected
stepwise in the solution and then the referenceé weils filled with water/0.15 NaCl.
Ultrasonic parameters (velocity, attenuation) o€ slution were constantly monitored
and the contribution of the titrant was subtraaisethg the reference cell data. Titration curve
of water was shifted to to first point of curve lofjaluronan solution (Figure 6) for better
comparing.
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Figure 6. The velocity titration profile of hyaluronan of amntration 1000 mg/l and
molecular weight of 300-500kDa and titration vetgcprofile of water with
TTAB, at frequency 15 MHz. The titration curve atev is shifted to fisrt point
of hyaluronan curve.

Figure 6 compares ultrasonic velocity titrationvag obtained during the TTAB titration into
water or hyaluronan solution (300-500 kDa, initahcentration of 1 g/l). The curve for the
titration in water clearly shows the two parts esponding to pre-micelle and post-micelle
states. On the other hand, up to six parts carobedffor the titration profile measured in
hyaluronan solution. The first part is practicaitientical to the corresponding pre-micelle
part of the titration profile obtained in water.sdally, this part corresponds to clear solution;
the charge ratio is well below one. In this partefiect of added hyaluronan is thus observed
which should be a result of the prevailing presenicee surfactant molecules; some single
surfactant molecules could be loosely bound to urgmlan without changing their
compressibility.

In the second part the increase of ultrasonic viglagith the surfactant concentration stops
at the presence of hyaluronan. On contrary, a wight velocity decrease is observed.
This part resembles the post-micelle part of theation profile in water. Progressive
opalescence up to milky clouding was observed Whsu@he charge ratio approaches one
closely to the end of part Il. Ultrasonic practigalioes not “see” the addition of surfactant
molecules into the system. In this part binding soffactant on hyaluronan in the form
of micelles should prevail. Because the surfactaricentration is still below its normal
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critical micelle concentration the micellization opess is induced by the presence
of hyaluronan, mainly by electrostatic interactiobhstween oppositely charged groups
on hyaluronan and surfactant. Two opposite effemtatribute to the almost constant
ultrasonic velocity in the second part. The formatof compressible micelles together with
the release of the less compressible moleculegdration water from the interaction sites
decrease the velocity. Formation of new and rigydiration shell on emerged micelles
increases the velocity. The former effect thus ntbae compensates the latter.

The third part is characterized by re-increase Ibfasonic velocity upon the addition
of surfactant. This part is somewhat similar to gre-micelle part of the titration profile
in water (with smaller slope). At the end of thertp(around the local maximum of ultrasonic
velocity) formation of macroscopic phase separapadticles was observed visually.
The charge ratio is slightly above one (around113)- In this part the binding of surfactant
in the form of micelles is finished, free (unbourglrfactant molecules probably appear
in the solution, electrostatic repulsion is removadd phase separation progresses to
macroscopic level. Both the free surfactant molesund rigid phase separated particles
contribute to the velocity increase.

In part IV the velocity decreases this time moreepty than in the part Il. The system
progressively clarifies with increasing concentmtiof surfactant. In the same time
the number of macroscopic separates decreased #melend of part IV only a few particles
can be observed. The decrease of velocity is thtriowdable to the decreased size
and number of phase separated particles which are rigid than the liquid medium. Part IV
ends when the surfactant concentration correspoidsits normal critical micelle
concentration.

The velocity increases again during part V with lape approximate to the slope
of pre-micelle part of the titration profile in veat The increase goes on in part VI but with
much lower slope similar to that of the post-miegtlart of the titration profile in water.

Visual inspection reveals no special changes orawebr in both parts just slightly

opalescent appearance. Due to the surfactant ciraten formation of standard micelles
should be expected in both parts. In part V thenéat micelles probably interact with the
previously formed hyaluronan-TTAB complexes, digsothe macroscopically separated
particles and form rather rigid structures appdyenf microgel type which increase the
ultrasonic velocity. When the interactions are ctetgul part VI begins where mainly new
free micelles are formed.

The measurement of ultrasonic attenuation is mes$ $ensitive. From the transition between
part 1 and Il the attenuation is continuously irgi@g up to the transition between part Il

and IV. Then it steeply decreases in part IV andlly stays practically constant. Increasing

attenuation indicates increasing heterogeneityhefsystem and formation of bigger particles
scattering the ultrasonic wave. The step decreaseesponds to the dissolution of such

particles and clarificiation of the system. Constaftenuation is found where no substantial
heterogeneity evolves, i.e. when only really micogsc phase separation or structures are
found.

Titration measurement in HR-US 102T was done i fmolecular weights of hyaluronan
and at eight frequencies in range 2.5-17.5 MHB#ect of hyaluronan molecular weight
on the velocity titration profiles was very smalhe shapes were retained, small differences
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were found in the values of the surfactant conegioin corresponding to the boundaries
between neighboring parts but they should be caosmdly by experimental uncertainities.

The effect on the values of attenuation was strorgthe higher the molecular weight the
higher the value of attenuation difference. Thisudtl be a result of more intensive ultrasonic
scattering on more complex coiled structures forfinech chains of higher molecular weight.

The differences in the shapes of attenuation @®fivere small.

In contrast to velocity, attenuation values wer@eahelent on the frequency of ultrasonic
which is typical for systems containing micro-heggneities capable of relaxation upon
ultrasonic propagation [41],[42],[43]. Depending thre mechanism of relaxation ultrasonic
waves of different frequency may be scattered féerdint amount. However, the curved
shapes of attenuation profiles and their locatimmghe concentration axis were not affected
by the frequency.

Titration of hyaluronan solution by CTAB in water

Titration profiles measured with CTAB are obviouslfferent from those with TTAB.
Some parts are missing in the velocity profile (ffeg 7) and from this point of view
the CTAB profile is simpler. On the basis of chasgé the profile slope including its sign it
is reasonable to assume that parts | and Il assing, and part V extends through much
shorter concentration interval. The titration cumehe hyaluronan solution is from the first
point different from that obtained in pure watar. domparison to TTAB, CTAB interacts
with hyaluronan at much lower surfactant conceitnat consequently, part | was not
observed. Part Il is characterized also by the udai of turbidity and extends to
concetrations well above the normal critical mieetloncentration but it terminates also
around the equivalent charge ratio. Visible maapscphase separation occurs here only in
part IV and the steep velocity decrease in thi$ igamainly a result of particle setting out of
the detection volume. The missing part Ill is prolgaa result of stronger cooperativity of
CTAB binding on hyaluronan; perhaps no free sudiaicimolecules can be present in this
case.

The precipitated particles were progressively dieb during part V changing from
precipitates through clot structures or swelleaddldo almost clear system in part VI where
also the formation of free standard micelles caexpected.

It is also interesting that the velocity differeneeasured in the TTAB-hyaluronan system
approaches the values measured for TTAB micelleesysnd the values are very close for
both systems starting at TTAB concentration of al®ummol/l. On contrary the velocity

difference in the CTAB-hyaluronan system is alwalygher than in corresponding

hyaluronan-free solutions. CTAB thus forms comptexdth hyaluronan which are more

rigid, less compressible than CTAB micelles wheteasopposite is found for TTAB.
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Figure 7.  The velocity titration profile of hyaluronan of cmentration 1000 mg/l
and molecular weight of 300-500kDa and the velotitation profile of water
with CTAB, at frequency 15 MHz. The titration cuofewater is shifted to first
point of hyaluronan curve.

The titration profile of ultrasonic attenuation maeed for CTAB is also different from that
for TTAB. It continuously and slightly increases tpthe boundary between parts Il and IV
(remember the missing part Ill). Then it sharplgreases (in contrast to the system with
TTAB) up to the boundary between parts V and VitHa part VI it continues to increase at
first, but with lower slope, and then is essenti@bnstant. The sharp increase reflects the
increased heterogeneity due to the phase separdilon relatively high final value of
attenuation, comparing to TTAB system, shows meaterogenous structure capable of more
intensive scattering of ultrasonic wave formed piuip by rather rigid and translucent micro-
gel or nano-gel particles.
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The effect of hyaluronan molecular weight on thepsh of all measured velocity titration
profiles was very small. The shapes were retaiseahe differences were found in the values
of the surfactant concentration corresponding ® libundaries between neighboring parts
and in the velocity values within the same parttleé profile. The differences are seen
particularly in parts IlI-VI and should be ascribed the effects of differences
in conformations of hyaluronan chains of differanblecular weight [10]. On average,
the two preparations of lower molecular weight etiéfd from the two preparations of higher
molecular weight which gave very similar profiléhe effect on the values of attenuation
was stronger — the higher the molecular weighthilgeer the value of attenuation difference.
This should be a result of more intensive ultrasbgnattering on more complex coiled
structures formed from chains of higher moleculaight. The differences in the shapes
of attenuation profiles were small. Visually, theadler the hyaluronan molecular weight
the less perceptible opacity was observed.

Titration measurement in HR-US 102T was done ir fmolecular weights of hyaluronan
and at eight frequencies in range 2.5-17.5 MHB#ect of hyaluronan molecular weight
on the velocity titration profiles was very smalhe shapes were retained, small differences
were found in the values of the surfactant conegioin corresponding to the boundaries
between neighboring parts but they should be caosmdly by experimental uncertainities.
The effect on the values of attenuation (Figurev8s stronger — the higher the molecular
weight the higher the value of attenuation diffeenThis should be a result of more intensive
ultrasound scattering on more complex coiled stmest formed from chains of higher
molecular weight. The differences in the shapesttaiuation profiles were small.

In contrast to velocity, attenuation values wer@eswlent on the frequency of ultrasonic
which is typical for systems containing micro-hetggneities capable of relaxation upon
ultrasonic propagation [41]-[43]. Depending on thechanism of relaxation ultrasonic waves
of different frequency may be scattered to differ@mount. However, the curved shapes of
attenuation profiles and their locations on thecemtration axis were not affected by the
frequency as is illustrated on typical example iguFe 8. The effect of ultrasonic frequency
on both velocity and attenuation titration profilsvery similar for TTAB and CTAB .
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Figure 8. The effect of frequency on ultrasonic attenuatioafile of hyaluronan-CTAB

system in water, at 25 °C, at frequencies 2.8-Mt&. Hyaluronan 1000mg/I
300-500 kDa.

The titration of hyaluronan solution by TTAB in sadm chloride solution

The measurement of the solution of hyaluronan itb ® NaCl was done the same way
as the measurement in water but results are diffefée breaks in the curves of the plot are
not so noticeable; in case of hyaluronan solutiath whe molecular weight 10-30 kDa
the curve is linear without any breakpoint. Theiattions of the system
hyaluronan-surfactant in 0.15 M NaCl are so slight.case of hyaluronan 90-110 kDa,
the critical micelle concentration and range ofhireding of the surfactant to the polymer is
noticeable. In the experiment with hyaluronan 300-EDa and 1500-1750 kDa is noticeable
break in the curve of ultrasonic velocity and esgree change in the trend of the curve
of the attenuation.
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Figure 9. The velocity titration profile of hyaluronan of amntration 1000 mg/l
and molecular weight of 300-500kDa and titrationau of water with TTAB
in 0.15M NaCl, at frequency 15 MHz. The titrationne of 0.15 M NacCl is
shifted to first point of hyaluronan curve.

The titration profiles were significantly changeglthe presence of NaCl at the concentration
of 0.15 M (the physiological concentration). Ulag titrations of both surfactants into NacCl
solution (without hyaluronan) confirmed the welledkmn decrease of critical micelle
concentration in about one order of magnitude (fégb). In case of TTAB the titration
profiles at the absence and presence of hyalurgmactically coincide at low surfactant
concentrations (and show a linear dependence olltih@sonic velocity on the surfactant
concentration) which is the same observation agHertitrations in water. However, in the
NaCl solution this coincidence survives up to thgaal micelle concentration and even then
the velocity increases at the presence of hyalurdimaugh with apparently somewhat smaller
slope. This continuous increase is interrupted Ishart interval of almost constant velocity
which corresponds to the steep increase in thesdic attenuation and to the visual
observation of several macroscopically phase-segghparticles dispersed in a milky system.
The charge ratio at the start point of this inceemsabout 1.3. It is interesting that this short
interval occurs at surfactant concentrations ckoseritical micelle concentration in water.
The system is clear before and cloudy or milkyretties interval.

The ultrasonic attenuation of TTAB-hyaluronan-Na@stem does not almost change up to
the start of the short region of constant veloaibere it sharply increases. The sharp increase
continues behind the region of constant velocity #ren the attenuation progressively levels
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off and finally increases only moderately but contiusly. In fact, the start of only moderate
increase of attenuation corresponds to a weak lbenthe velocity titration profile. The
increased attenuation reflects the formation ofelugieneities — microaggregates of
hyaluronan-surfactant complexes. The effect ofastiund frequency is similar as described
above — the velocity values are unaffected in esttio the values of attenuation.

The shapes of titration profiles for CTAB in hyalnan-NaCl system are much closer to
those for TTAB than it was observed in water. Thowity increases before the critical
micelle concentration but is higher than in theealoe of hyaluronan, the slope of this
increase is smaller behind this concentration andreow interval of almost constant velocity
appears at much higher surfactant concentratiom tisa the critical micelle. CTAB
concentration corresponding to this constant iatieis very similar as for TTAB as well as
the charge ratio which is here around 1.3. Thustmstatic interactions control this
behaviour. The re-increase of the velocity behind interval is clearly (in contrast to TTAB)
composed from at least two more or less linear dires intersecting around the CTAB
concentration of 6 mmol/l. The initial increasingrpcorresponds visually to a clear system,
during the constant interval some flakes or floed avolution of turbidity can be observed.
After this interval the system is cloudy.

The attenuation reflects the changes in velocigfoR: the short region of constant velocity
the attenuation increases moderately then sharpiynathis region and even behind it. Then
it remains essentially constant up to the bend imiead in the preceding paragraph which
appears around the CTAB concentration of 6 mmald above this concentration it increases
again. The effect of ultrasonic frequency is sk same as given above.

Due to the higher velocity and increasing attermnadit low CTAB concentrations in presence
of hyaluronan it cannot be excluded that the stafgdnteracts with CTAB in NaCl solution
even in its normal pre-micelle region forming somere rigid structures. It can not be
concluded that micelle structures bound to hyalanoare formed at this stage but taking into
account the smaller slope of velocity increase miurthe normal post-micelle region
(at CTAB concentration between ca 1 and 3 mmoitigle surfactant or “minimicelle”
binding should be prefered. The steep increasét@fiuation reflects increasing heterogeneity
in the system which results in separation of mawpE particles (the flakes). The interval
of almost constant attenuation corresponds to seetliing of big particles by the excess of
surfactant and is followed by progressive formatiof rigid (increasing velocity)
microheterogeneous (increasing attenuation in gi@ydtem) structures probably of microgel
type as can supposed due to the increased slopiee ofelocity profile (from the CTAB
concentration of 6-7 mmol/l).

The effect of hyaluronan molecular weight is mucbrenobvious in the presence of NaCl
than measurements in water. The velocity profitetlie lowest molecular weight (10-30 kDa)

is practically linear, there is small change irattation and the sample clear throughout the
whole range of applied surfactant concentrationcaBse the velocity is systematically
increasing in presence of hyaluronan this shoult diectly indicate that no interactions
between hyaluronan and surfactant are detedtadher, only below the critical micelle
concentration (0.071 mmol/l CTAB) the profiles measl at the presence and at the absence
of hyaluronan coincide. The velocity profile measurfor the molecular weight of
110-130 kDa shows instead of the short intervallofost constant velocity a broader interval
of “inflexing” behaviour during which also the atteation markedly increases and opacity is
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developed. For hyaluronan 300-500 kDa and for tiglhdst molecular weight (1500-1750
kDa) the constant velocity interval and correspogdiharp increase of attenuation are shifted
to higher surfactant concentrations, in case of01br60 kDa to concentration 5-7 mmol/l.
Again, frequency affects the values of attenuafiat the shape of profiles).

Our results suggest that in case of very low mdégoneight hyaluronan in presence of salt,
the surfactant cation may replace the polysacceamdinterion forming very small and phase
non-separating structures of separate surfactamtécmes bound to the biopolymer chain.
An increased molecular weight of the hyaluronamdeto the formation of larger and coiled
ball-like biopolymer structures with surfactant malles bound preferably on their surface.
The higher the structure, the larger its surfacs the higher surfactant amount is needed to
induce (micro)phase separation.

6 CONCLUSION

The experimental part was divided to three partee first part (preliminary part) followed
up behaviour of hyaluronan in water, measurementpbf and preliminary density
measurement. The aim of this part was to charaetdhe dissolution and storage stability
of hyaluronan. The value of pH all measured sohgiadid not change with adding
of surfactant. Sodium azide could not be used fepg@ration of hyaluronan solution because
the stability is the same in the presence and alesehazide. So the samples without sodium
azide were used in shorter time (three days afs=otving). As emerged from the density
measurements of different ages of hyaluronan swluthere were no changes in the values
of density in different days of measurement so messents were performed in first day.

The second part (experimental part I) was focusethe study of hyaluronan in wide range
of molecular weights and as broad range of its eotration. Density and ultrasonic velocity
were measured in solutions in temperature rang®&02%= by means of densitometer
DSA 5000M.

The density and ultrasonic velocity of hyaluronatusons in water or in 0.15 M NaCl was
linearly dependent on the concentration at any tesegberature and both quantities increased
with the concentration. Increasing temperature esed density and increased ultrasonic
velocity of a solution of given concentration; teenperature dependence was slightly curved
and slightly deviated from linearity. Therefore #tle data through all molecular weights,
concentrations and temperatures used could befasadigly fitted with a single equation
(one or each solvent and each quantity); lineaomcentration and quadratic in temperature.
The equation can be used for reliable estimate hefdensity and ultrasonic velocity
of hyaluronan solutions in the concentration raf®g2% w/w, the molecular weight range
10-1750 kDa and the temperature range 25-50 °C.d€&hsities were used to calculate
several specific volume characteristics. The hyalan partial specific volume in water
typically ranges, depending on concentration, betw®.587 and 0.594 éfg at 25 °C
and between 0.597 and 0.604 3gnat 50 °C; in sodium chloride solution the valuee
slightly lower. The ultrasonic velocity was primgriused to calculate the compressibility.
The compressibility decreased with both the hyalaroconcentration and the temperature,
the influence of the temperature was stronger. hiyaeation numbers determined from
the compressibility data were typically about 2@ anly slightly dependent on concentration.
The addition of NaCl caused the changes in numexiahues of measured or calculated
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quantities but did not change the character of tbencentration or temperature behaviour.
There is negligible effect of molecular weight dhnaeasured or calculated properties.

In the third part (experimental part 1), high regmn ultrasonic spectroscopy was used for
a detailed study of interactions between hyaluroreamd two cationic surfactants
tetradecyltrimethylammonuim bromide (TTAB) and hdeseyltrimethylammonium bromide
(CTAB) either in water or in sodium chloride at gigtogical concentration (0.15 M).

The same values of ultrasonic velocity were measbrgh with densitometer DSA 5000M,
and with ultrasonic spectrometer HR-US 102 and HR102T.

Our results suggest that in the case of very lodeoutar weight hyaluronan in the presence
of salt, the surfactant cation may replace the gmatgharide counterion forming very small

and phase non-separating structures of separdéeisunt molecules bound to the biopolymer
chain. An increased molecular weight of the hyataro leads to the formation of larger

and coiled ball-like biopolymer structures with faetant molecules bound preferably on their
surface. The higher the structure, the larger ut$ase and the higher surfactant amount is
needed to induce (micro)phase separation.

The results clearly show differences in interactiai TTAB and CTAB with hyaluronan
in water. Taking into account the molecular struetof these surfactants the differences
should be caused by little bit longer alkyl chaih @TAB. In other words, besides
the electrostatic contribution also the hydrophobiteractions play an important role
especially in the case of CTAB which has longerrbptiobic tail. For example, hydrophobic
component supports interactions at very low suafsiciconcentration. Ultrasonic titration
profiles revealed that the behaviour of hyalurosarfactant system is more complex than
simple one-phase or two-phase behaviour with apshaundary as could be inferred from
phase diagrams. In the phase separation regionraseveansitions were observed
on the ultrasonic velocity profiles which reflectrination of colloidal structures of different
rigidity. The number of detected transitions washer for TTAB therefore increasing
importance of the hydrophobic interaction contrbnt simplifies the details of phase
separation behaviour.

In water there is no significant effect of hyaluaon molecular weight similarly
as in the previous studies on phase diagrams [lis the basic disaccharide unit and its
interaction abilities are relevant for hyaluronamteractions with oppositelly charged
surfactants whereas specific conformations or stedipes of the biopolymer chain of various
lengths are not so important. In the presence dliuso chloride at the concentration
of 0.15 M the effect of molecular weight is appedide. Salts should suppress the electrostatic
interactions and this was reflected in much simpteation profiles and less rich behaviour
in two-phase region. However, the titration prcdileeasured in the NaCl solution were much
closer for both surfactants than in water. Probalthe more collapsed conformations
supposed to exist in the presence of electrolyteampared to conformations in water
prevented the access of surfactant molecules topthgelectrolyte interaction sites and
consequently restricted (cooperative) interactiohstween surfactant alkyl chains.
In other words, the effect of salt on hydrophobinteractions was mediated by sterical
reasons.

The measured values of the ultrasonic velocity thedsame values from the HRUS 102,
HRUS 102T and DSA 5000M.
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The binding of surfactant to hyaluronan is portchyi@ Figure 10. At low surfactant
concentration its free monomers bind to the hyalarochain; later, with increasing surfactant
concentration the micelles are formed and elecatwsily bind to the chain. At the very high
surfactant concentration, the free surfactant ri@sedre formed in the bulk solution because
the hyaluronan chain is already fully occupied bgvpusly formed micelles.
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Figure 10. |lllustration of the interactions between hyaluronamd surfactant CTAB
in water.
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High-resolution ultrasonic spectroscopy in titraticegime enabled to reveal details
of interactions between hyaluronan and oppositdélgrged surfactants. Due to its high
sensitivity much more in-depth picture on interati could be obtained when compared
to other methods. Up to six different regions coble identified in a narrow interval
of surfactant concentration corresponding to déifer states of hyaluronan-surfactant
complexes formed by the interactions. These regdfisred primarily in the shape of the
dependence of ultrasonic velocity on surfactanteatration values of which are determined
by the compressibility of structures formed in #ystem. The richness of titration profiles
was depressed in salt solution where essentialy v principal regions were observed.
On the other side, the effect of hyaluronan mokecweight on the position of boundary
between regions was more significant in the preseat salt. Very important effect
on titration profiles in water had the length ofethsurfactant hydrophobic tail.
Besides electrostatic also hydrophobic interactemesrelevant for determining the behaviour
of hyaluronan-surfactant systems and propertidsraied complexes (aggregates).

The series of papers by Swedish research grougg][gfovided a detailed study on phase
behaviour of systems containing water, hyalurorakyl trimethylammonium bromides

(static experiment). This thesis investigated diyec study of interactions

hyaluronan-surfactant (dynamic experiment). HR-US very the excellent method
for measurement of the interactions polymer-suafiaict with very excellent results
and resolutions which is seen from the comparisénmeasurement in DSA 5000M
and in HR-US.

The other contribution to this thesis is particiylan detailed study of attributes of different
samples of hyaluronan. Thus is thought the differaolecular weights and concentration
of hyaluronan, its behaviour in water and 0.15 MCNand at different temperature.

System hyaluronan-TTAB and hyaluronan-CTAB as dyicaexperiment were performed
in this thesis for the first time.

Our results of density and ultrasonic velocity aubsequently calculated parameters are
published in this broad range for the first time.

Other experiments could be done in temperaturenar8id °C.
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9 ABSTRACT

This disertation thesis is focused on the studghyfsico-chemical interactions of hyaluronan
(with molecular weights from 10 to 1750 kDa) withtionic surfactants measured using
uncommon technique named high resolution ultrasspectroscopy. Densitometer was also
used for the study of these interactions, in meaguof density and ultrasonic velocity
of hyaluronan with different molecular weight in pgmdence on elevated temperature
(25-50 °C). The aim is the determination of criticacelle concentration (CMC) and critical
aggregation concentration (CAC) of the suractantsthe absence and in the presence
of hyaluronan with various molecular weights. lations in this system are important for
the design of the systems for the targeted deljvespecially for the drugs. The experiments
were made in water and sodium chloride solutiore Silgnificant breakpoint in the ultrasonic
velocity showed changes in the system hyaluronafiacant.

ABSTRAKT

Tato disertani prace se za#iuje na fyzikalg-chemické interakce hyaluronanu (molekulové
hmotnosti od 10 do 1750 kDa) s kationickymi tenziByo zkoumani a &ieni vzajemneho
puasobeni byla pouZita technika s ndzvem ultrazvulspektroskopie s vysokym rozliSenim
(HR-US). Ri zkoumani interakci byl téZz pouzit denzitometr,ta pii méieni hustoty
a uktrazvukové rychlosti hyaluronanuitzné molekulové hmotnosti v zavislosti na vybrané
teplog (25-50 °C). Prace se zdémje se na studium kritické micelarni (CMC) a agtega
(CAC) koncentrace tenzidv pritomnosti a nefitomnosti hyaluronanu aizné molekulové
hmotnosti. Interakce hyaluronanu s kationickymiztdy jsou dilezité pro systémy s cilenym
transportem, zejménacig. Mé&teni interakci bylo prova&to ve vod@ a v roztoku chloridu
sodného. V ziskanych datech lIze pozorovat vyznamiogy v ultrazvukové rychlosti,
které nam ukazuji zémy v systému hyaluronan-tenzid.
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