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1 INTRODUCTION

With increasing number of patients with cancer @ases the interest of the researchers who
would like to discover methods for successful treait. The researchers focus on the
problem of treatment already attacked cells in hunoaganisms. The development of
nanotechnology, the branch of science focusing amoparticles and their application help
them to find the right way for solving the problemsmedicine, surgery, cosmetics etc. The
investigators would like to take advance of substarwhich occur naturally in the organism
to deliver drugs exactly to the required placeha tissue. The process is called controlled
drug delivery or targeted drug delivery. Howevée tain disadvantage is the hydrophobic
nature of most used or potential drugs (cytostatiesause the human body contains about
60% of water.

How can be the drug, which is toxic for healthyigeiransported directly to the cancer cells
and effectively perform its role? The active substais usually coated with a safe colloid- or
nanomaterial which is the barrier between the dnatecule and the extracellular fluids. One
of the solutions is to use a combination of a rathydrophilic polysaccharide, hyaluronan,
which occurs in a human body and has unique pneganbt only from the view of interaction
with the cell receptors and surface active moleculdie mechanism of the process can be
briefly described as follows. The hyaluronan moleswplay a role of the protection and a
delivery shell which gets in contact with the riglel and surfactant aggregates — micelles —
provides the hydrophobic domain for the solubiiatof the drug. Thanks to the negative
charge on hyaluronan chain we have suggested tocasenic surfactants because of
relatively strong electrostatic interactions betwdbe charged parts of the components.
However, interesting results can be obtained ali$lo the negatively charged or amphoteric
surfactants. The main task is to prove the exigtdhe hydrophobic domain formed as the
result of hyaluronan — surfactant interaction folubilizing the drug.

The experimental work is based on the previousiglubil experience and knowledge and
facilities of the home faculty. The physicochemioathods for the characterization of the
described interactions were mainly surface tengDa Nody ring and maximum bubble
pressure method) and isothermal titration caloniyneith an addition of conductometric and
potentiometric titration of hyaluronan and aminoidac The obtained results of the
experiments with amino acids serve as a base ésuibsequent study of the interactions of
amino acid-based surfactants instead of cationidastiants with hyaluronan. For this
purpose, two amino acids were used as model sulestdrecause the charged amino groups
should play a similar role from the point of view their interactions with hyaluronan as
cationic surfactants do.



2 STATE OF THE ART

2.1 Phase behavior of surfactant—hyaluronan system

Hyaluronan-surfactant interactions were studiedemeral previous papers. Because of the
negatively charged hyaluronan chain most of thb@stused cationic surfactants. Yin et al.

[1] worked with hyaluronan and both nonionic andoait surfactants. The association

between hyaluronan and surfactants was studied wsipyrene fluorescence method. The
effect of saccharide was also investigated. Tha daticated that the interactions between
hyaluronan and nonionic surfactants are extremelgkw

In the 1990's Swedish researches studied hyaluramanits phase behavior with alkyl
trimethylammonium bromides (tetradecyl and hexabetmrivative were the most used
types). They used both aqueous and electrolytdisnl(NaCl or NaBr).

In the first study [2] of that series directed ke tinvestigation of the interactions between
hyaluronan and different classes of amhiphilic tafises they studied the described system in
aqueous solutions. The series of alkyl trimethylamimm bromides with chain lengths of 8,
9, 10, 12, 14 and 16 carbons in the alkyl group wsed. They performed conductivity,
solubilization, optical activity andH NMR self-diffusion measurements. They observes th
phase separation and precipitation (except suritctaith 8 and 9 carbons in chain). The
initial precipitates were opalescent or formed dkynopaque dispersion. Toward higher
concentration of surfactant the two-phase disperaigain turns more and more transparent
until finally a clear one-phase region was reachdtey suggest that formation of mixed
micelles between the surfactant molecules and hyadun is taking place with the carboxylate
groups facilitating surfactant association by dasneg the electorstatic repulsion between the
cationic head group of the surfactants. In conolusfor the long chain cationic surfactants,
electrostatic interactions have a strong influemtea self-association due to the very low bulk
electrolyte concentration.

In the following papers [3]-[7] the authors focus construction of the phase diagrams of
hyaluronan and tetradecyltrimethylammonium bron{idlEAB) in water and sodium bromide
solution. The phase diagrams contain a two-phaggorre which is surrounded by a
continuous isotropic one-phase region. In the alsehadded salt separation occurs into one
dilute phase and one concentrated in both polyelgte and surfactant. Addition of low
concentration of NaBr leads to a reduction of the-phase region in the phase diagram and
at higher salt concentration the phase separatdonger occurs. At high salt concentration,
phase separation also occurs but it is of a totéifferent nature than observed at no or low
concentration. It involves separation into surfattéch and polymer-rich solutions. In
addition, the longer the surfactant alkyl chain ldrger the two-phase separation region was
observed.

The gel formation in agueous system of a polya@iod an oppositely charged surfactant is
described in ref. [6]. The intention of this wokto study gels and to try to establish their
major structural aspects. The main object of theysis the system of hyaluronan and alkyl
trimethylammonium bromides (from 10 to 14 carbownad in the alkyl chain). The
experimental techniques were X-ray diffraction,ubilization, '"H NMR relaxation and self-
diffusion. The viscosity of the dilute phase wassel to that of pure water, while the
concentrated phase was highly viscous. The obserliedlogy in the gels is largely
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dependent on the polyelectrolyte molecular weight. gels in this paper behaved as
isotropic. The authors conclude that cationic sighats of mentioned types form micelle like
clusters adsorbed to the hyaluronan chain in diBdgkition and, moreover, this appears
probable also in the gels. This idea was suppdyeithe solubilization measurement with the
water-insoluble dye Orange OT. The dye does naotlis in a binary system hyaluronan-
water, therefore it is clear that the gels contaegnhydrophobic domains.

The only one paper about surface tension of a hya#n-surfactant system published by the
Swedish group in ref. [8]. Herslof et al. studibé properties of that system also by viscosity
measurement and they monitored the phase equitibptoperties for increasing sodium
chloride concentration at neutral pH where all¢agboxylic groups on the polymer chain are
completely ionized. In the absence of salt, theesgshyaluronan-TTAB-water forms a one
phase solution only for very low or very high TTABntent and the phase separation occurs
in the intermediate range. By addition of suitagliectrolyte (NaCl, NaBr) this solubility gap
can be suppressed and the phase separation eWeptiminated. The surface tension results
showed the decrease of CMC in the presence of Ba€hyaluronan in the TTAB solution.
The viscosity results showed that with increasmltyncentration increases viscosity.

2.2 Surfactant micellization studied by ITC

For purpose of this thesis, ITC was used to deteer@MC of pure surfactant solutions and to
study the interactions between hyaluronan and tetiomic surfactants. The process of
surfactants micellization was studied by ITC method lot of papers.

The demicellization of some cationic surfactantss veaudied by Beyer et al. [9]. They
determined not only CMC amiHgemic but also changes of entrofemic and the Gibbs free

energy chang@Ggemic for demicellization using the pseudophase-semaratiodel and the

mass-action model. The influence of the countefdmding was investigated after the
comparison measurement of the demicellization oABTh water and in salt. The results
were summarized according the alkyl chain lengtthefsurfactants.

The authors in [9] define the CMC as a midpointlhad transition range. To determine the
midpoint of the demicellization process, the fastivative of the reaction heat with respect to
the total detergent concentration was calculatée. &ymmetric shape of the demicellization
curve is discussed as a result of the enthalpyhefdounterion binding of chloride and
bromide to the micelles after reaching the CMC. epected, the CMC decreases with
increasing alkyl chain length. Furthermore, thentetion binding in general increases with
increasing alkyl chain length for ionic surfactants

The lowering of the CMC in the presence of addaiosalt is well known and discussed in

many other papers, e.g.[10],[11],[12],[13]. Incregsthe salt concentration reduces the
electrostatic repulsion between the charged graams therefore favors the aggregation
process inducing a decrease of the CMC [11]. Thmeasing ionic strength induces a
decrease of the CMC, which implicates a micellemfation at lower total surfactant

concentration, when the ionic strength is increa3éd reason for this behavior is that the
higher ionic strength decreases the surface cladrtpe micelles by shielding the charges as a
result of conterion adsorption, and as a conseceyenbecomes energetically more favorable
for the monomers of surfactant to self-associate larger aggregates [9]. The increasing
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lonic strength decreases the CMC, which is caugedldxtrostatic field and, thus, reduced
polarity and solubility of the monomers.

Temperature and salt-induced micellization of dgttamethylammonium chloride in water
and sodium chloride solution was studied by Sataale[14]. The heat changes at the
micellization were measured using a VP-ITC microgateter of MicroCal Inc.

The CMC and enthalpy of micellization strongly deg@®n the nature of counterion and alkyl
chain length. Moreover, the magnitude of the hagiacities of micellization increases with
increase in temperature, with longer alkyl chamgthd and with size of the counterion. In this
paper, the CMC was determined according the Philipterion [15]. According the pseudo-
phase separation model [16]-[19], the standard §&iibke energy of micellization in water
was calculated from the relation

AG?

mic

=@+ BRTINX e (4)

where S is the degree of micelle ionization aKgvc is the mole fraction of the surfactant at
the CMC. The degree of micelle ionization was duateed by electrical conductivity
measurement and has been published earlier byRargk in [20]. The temperature changes
and its influence of\Hic are discussed. There is a variationi,ic with temperature
(278.15-318.15 K) in all the systems. The formatbmicelles is an endothermic process at
low temperatures and exothermic at higher temperatulhere is a balance between the
enthalpy and entropy in the micellization procéagge changes in entropy and enthalpy with
increasing temperature result in moderate decilieabe Gibbs energy. It can be explained in
terms of the hydrophobic effect. Hydrophobic hydnatof this type of surfactant monomers
is characterized by the presence of ordered clathitee water structures surrounding the
non-polar alkyl chains. Upon micelle formation thesructures are destroyed since the alkyl
chains are removed from water and structured hiyxiravater is released in the bulk. The
process is endothermic and is associated withipeshtropy change. The hydration of head
groups is also readjusted according to the surfdwege density as a consequence of
monomer association and counterions condensatiman€&gative contribution to théHmc is
identified with the transfer of the hydrocarbon idsainto the micelles. It restores the
hydrogen bonding structure of water around micelles

Mosquera et al. [21] worked with the self-assoomtdf n-hexyltrimethylammonium bromide
in aqueous solution as a function of temperaturd atectrolyte concentration. They
combined conductivity, microcalorimetry and ultraed velocity measurement to obtain the
CMC in water and at different electrolyte concettra The influence of temperature on the
CMC was investigated using conductometric methdti® thermodynamic parameters were
calculated using basic relations. The authors sHotlve small aggregates of the surfactant
(3-4 monomers form micelle). The additional measaets proposed a highly organized
micellar structure with a large exposure of alkyhins to the solvent.

Moulik et al. [22] studied the difference betwebe van't Hoff and calorimetric enthalpies of
micellization for the series of surfactants. Théedmination using the van't Hoff equation is
based on the quantitative evaluation of the equilib constant at different temperatures. The
comparison on these two methods is required foctimeplete energetic information about the
studied system. Nonionic amphiphiles have evidendede agreement between the two
procedures because of their weak nearly similar redral head group. lonic amphiphiles
produced greater enthalpy differences. For botlesypf amphiphiles, micellar aggregation
7



related free energy and hence enthalpy contribsitisrere much smaller. For ionic

surfactants, the counterion binding process shdresverall thermodynamics of the self-
association process. The van't Hoff method produtes heat associated with the
micellization process whereas calorimetry useddted heat of all the processes occurring in
the system, micellization and others. Thus, redtdts these two procedures differ.

Two papers from the 1980°s by Woolley et al. [28} &earden et al. [24] are based on the
studies of alkyltrimethylammonium bromides of dréfat alkyl chain length at four different
temperatures in water and sodium bromide solutlan[22] they measured the heat of
surfactant dilution and real data were joined Wit aurve according mathematical relations.
The small or bigger differences between obtainetd dad the fit are well discussed. The
densities and heat capacities of the same surtagtardetermined in [24]. These data were
used to calculate apparent molar heat capacities.

Several methods, e.g. ITC, surface tension, coadaet or fluorescence, were used by
Moulik et al. [25] to study the miceller propertie®f cationic surfactants
(alkyltrimethylammonium bromides) in pure and mixethtes. The amount of adsorbed
surfactants on the surface at various concentmatias calculated using the Gibbs adsorption
equation and than, for the surfactant mixtures mtew the surface excess and surface
pressure were determined. Their conclusion frondtétermination of standard free energy of
adsorption is that the adsorption of mixed amplgshis more favorable that the pure
amphiphiles.

Stodghill et al. [26] compare two surface-aggredghgories published earlier in [27] and [28].
There is a different view on the formation of miesl at increasing concentration of the
surfactant. The paper focuses on the micellizgpimperites of DTAB, TTAB and CTAB in
water. It was proved that the CMC increases withigeries of surfactants as the tail length
decreases. It is also noted that with increasirginclengthAG,,c becomes more negative.
The ITC experiments with CTAB and TTAB are simijadiscussed by Bach et al. [28].

Different types of enthalpograms are described ipp&8et al. [29]. They present the general
characteristics for plots of measured heat by I§@irsst injection number for a range of the
ionic surfactants. The enthalpogram of type A isrfed by two straight lines of points which

intersect at the CMC. Type B shows a slightly géeaise of the first line, it means at low

injection numbers. Type C is more complicated,ahsran increasing trend at the beginning
with a sharp peak and followed by a steep decratbeher injection numbers. It is caused
by the apparent molar enthaplies of both monomedsnaicelles on the composition of the

solution.

2.3 Surfactant—polymer system studied by ITC

In the last decades, interactions between polyelgtes (especially biomacromolecules such
as polysaccharides) and oppositely charged surfisctave attracted a great deal of interest
due to their applications in the biological indyg80]. Bao et al. studied interactions between
ionic surfactants and polysaccharides in aqueodsti@es. They used six different
combinations of neutral, positively and negativelharged polysaccharides (methylcellulose,
chitosan andk-carrageenan, respectively) with anionic and caticurfactants (SDS and
CTAB, respectively). The most interesting part frdme view of the suitability for the thesis
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is the interaction between negatively chargedarrageenan and CTAB. This kind of a
mixture exhibits a strong association dominate@legtrostatic attraction between the ionized
groups on the polyelectrolyte and the charged heagg of the surfactant. The data showed
a titration curve with two plateaus. The lower plai represents the highly endothermic
demicellization process of CTAB and the Columbiteraction which is highly exothermic.
The endothermic interactions means that the elgtettio interaction betweek-carrageenan
and CTAB could not overcome the enthalpy changedeoficellization because it is quite
large. The lower plateau is followed by a steepease. After a sharp peak, the endothermic
plateau occurs. It is attributed to the hydrophadbicding of CTAB to the polymer. The
dissociation of CTAB could take place to produce ABT monomers that bind
hydrophobically to the polymer. When the polymeriohis saturated with the surfactant
monomers, the enthalpy curve decreases dramati@atlymerges with the dilution curve at
high concentration of CTAB. To sum it up, CTAB showstrong interaction with oppositely
charged polymer due to the electrostatic interastidn additionk-carrageenan induced the
large reduction of the high endothermic enthalpginges caused by the demicellization of
CTAB.

A calorimetric study of interactions between hyahan and low molecular weight
surfactants dodecyltrimethylammonium bromide (DTA®BY SDS was published by Chuytil
et al. in [31]. In the case of SDS, the only sigmiht impact of added hyaluronan is the
lowering of CMC in water. As expected, in the systef DTAB and hyaluronan the strong
binding interactions were observed. The bindingcess did not occur immediately but after
the optimal distance and steric conditions achidsetveen the species. Their results suggest
that the hyaluronan-DTAB binding is carried out the surfactant micelles which form the
aggregates with the hyaluronan chain. The resuitaved the shift of the micellization
process of DTAB in the presence of hyaluronan ®ltdwer surfactant concentration and a
large endothermic peak was observed. The experinvesrte additionally performed in NaCl
solution and in the buffer of the pH 5. Both saltlduffer environment induced the decrease
of the endothermic peak and the shift to the higlefactant concentration.

The interactions between dodecyltrimethylammoniuronbde and cationic polymers —
neutralized poly(acrylic acid) and methacrylic dettdyl acrylate copolymers were
investigated using ITC by Wang et al. [32]. In théial stage of the titration the cationic
headgroups of the surfactant individually bind b tanionic carboxylate groups on the
polymer chains due to electrostatic attraction. Thermodynamic parameters derived from
ITC measurements suggest that the electrostatairigris an endothermic process driven by
entropy. The addition of salt shows the electrastapulsion between surfactant headgroups
and attraction between oppositely charged polynh@ins and surfactant molecules, which
favors the formation of free micelles, and weakéns binding of surfactant onto the
polymers.

Bai et al. [33] studied the interaction behavioradfiydrophobically modified polyelectrolyte
and oppositely charged surfactants in aqueousigonluThey used a synthesized polymer
based on dextran and anionic sodium alkyl sulfated cationic alkyltrimethylammonium
bromide/chloride. When the alkyl chain length o# gurfactant changes, the behavior of the
polymer-surfactant solution presents a great vanaflThe critical aggregation concentration
(CAC) at which the surfactant begins to bind to godymer chain is much lower than the
CMC and increases with increasing polyelectrolytecentration. This is in contrast to the
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behavior for uncharged polymer/surfactant systemmere the CAC decreases only slightly
and is only weakly dependent on the polymer coma&oh. After reaching the CAC the
system becomes a little turbid but without any piéation. Later, a clear phase separation
occurs and a new phase is a dispersion of a visftous After several days at rest, the
samples formed a gel-like phase on the bottom. dtltbors also made a phase diagram of
that mixture with a solution region, cross-linkimgixed micelle solution, a region with
precipitation and solution, gel phase and a regiah surfactant-rich mixed micelle and/or
free surfactant micelle. That 3-D diagram showsphase boundaries and the effect of the
surfactant alkyl chain length on the interactiomn€equently, the mechanism of interaction
between the surfactant and polymer is describedeiails (self-assembly process, cross-
linking, phase separation, redissolution, formatbmicelles).

New challenges for pharmaceutical formulation andgddelivery systems characterization
using ITC are summarized in [34]. Bouchemal degsritere ITC as a technique applicable to
determine the stability constants, stoichiometnyeriaction enthalpies, entropies, Gibbs free
energies and heat capacity changes. The authorilskEessenore possible interactions which

can be studied by ITC (drug-surfactant, proteirfesant, polyelectrolyte complexes,

polyeletrolyte-protein complexes, etc.)

The calorimetric studies of synthesized hydrophalbicmodified cationic polysaccharides
based on dextran mixed with CTAB or CTAC are putdis by Bai et al. [35]. The titration
curves show rapid decrease in CAC of a mixtureomtrary to the CMC of pure surfactants
CTAB or CTAC. They take the CAC and the CMC asliheak point on the titration curve, it
means at the end of the first straight line. Thedrbghobically modified cationic
polyelectrolytes proved to be useful in the studies the hydrobhobic effect on
polymer/surfactant association. The authors evetlahe data according the standard
procedure after obtaining the plAH vs. surfactant concentration. The CMC and CAC,
respectively, are determined as the breakpoinheflihear part of the upper plateau and the
linear fit of the decreasing part of the plot. Eaifly of micelle formation is set as the distance
between the linear fits of the upper and the loplateau in the plot. For better illustration of
the evaluation see Fig.8 bellow. In addition, thapes of enthalpograms are in agreement
with the theory in [29].

3 AIM OF THE WORK

The thesis is focused on the interactions betwegiutonan and surfactants of different
charge and nature with the main emphasis focusechtionic surfactants. One of the main
aims is to determine the critical concentrationgcéthe or aggregation) of the surfactants in
the absence and presence of hyaluronan of diffenefeécular weight. The influence of added
hyaluronan on the surfactant aggregation propeisiesudied, particularly in relation to the
surface activity, in other words, differentiatingaractions of surfactant molecules present in
the surface layer and in the solution bulk. Knowkedof behavior of the hyaluronan-
surfactant system is crucial for the possible ajapion of such a complex in the targeted drug
delivery.
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The thesis should bring a contribution to answerihg questions about applications of
surfactants in combination with hyaluronan for gsim drug delivery. The results are
discussed with respect to the molecular weight y&luronan and its concentration, ionic
strength of the environment, surfactant alkyl cHamgth and finally, with respect to different
measurement method.

4 EXPERIMENTAL PART

The main document of the thesis is divided intee¢hmain parts and two of them are
summarized in the following text.

4.1 Hyaluronan and surfactants

Hyaluronan of different molecular weights was pas#d from Contipro Biotech Ltd., Czech
Republic. Surfactants CTAB and TTAB were purchaeth Sigma Aldrich, Germany. The
experiments were performed in water.

4.2 Surface tension

Surface tension of concentration series of surfastavere measured with a platinum/iridium

Du Nody ring (diameter 9.545 mm) on tensiometer K8yma 701 at room temperature. The
duration of each experiment was set to 10 mindlessurface tension value for every sample
was obtained as an average value from that time.

Surface tension was further determined by maximuabble pressure method using
tensiometer BPA-800P. The instrument was set testaedard measuring method, i.e. with
the increasing gas-flow velocity from 10 ms up @osl

Stock solutions of hyaluronan were prepared at eoimation 1.5 g/l and 22.5 mg/l by
dissolving solid hyaluronan in water under slowrstg for 24 hours at room temperature in
closed vessel to ensure the complete dissolutibesd stock solutions of hyaluronan were
used to prepare samples for surface tension measuatewith constant hyaluronan
concentration 15 mg/l and 1000 mg/l. Stock soligiohhyaluronan were stabilized by NaN
(0.05% wi/v). Stock solutions of surfactants werepaired by dissolving solid surfactant in
water at concentration 20 mM.

Samples with varying surfactant concentration aodstant hyaluronan concentration were
prepared by mixing hyaluronan stock solution (10 mmd surfactant stock solution and
subsequently diluting with water to the final volert5 ml. Samples with hyaluronan were
stirred for 24 hours before measurement, samplés pure surfactant were stirred for
4 hours.
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4.3 Microcalorimetry

The first part of the ITC experiments was measwaeé&aculty of Chemistry and Chemical
Technology, University of Ljubljana in Slovenia, i a microcalorimeter TAM 2277
(Thermometric, Sweden). The heat of micelle fororatf both surfactants CTAB and TTAB
and heat of aggregation with hyaluronan was medsatr@5°C. The measuring cell was filled
with 2 ml of water in case of CMC determination amith 2 ml of hyaluronan (concentration
0.1% wl/v) in case of CAC determination. The titratexperiments consist of 20 injections of
10 ul aliquots of the surfactant solution into wateheTreference cell was filled with water.
Dilution of hyaluronan during the titration was teged.

The second part of the experiments was performedgua modular microcalorimeter
TAM 1ll (TA Instruments, USA) at the home facultyhe titration cell has volume of 1 ml, it
was filled with 800ul of water or hyaluronan (concentration 0.1% w/guson and during
the titration experiment 40 injections ofubaliquots of surfactant stock solution was added.
For this purpose, both surfactants CTAB and TTABewvesed to study their micellization
properties and the interaction with hyaluronan dfecent molecular weight (70, 110 and
1700 kDa) and its two concentrations 15 and 1000. Al the experiments were performed
at 25°C in aqueous solution.

5 OVERVIEW OF MAIN RESULTS

5.1 Surface tension

As expected from the previous published experieand knowledge, there exist strong
electrostatic interactions between negatively ob@drdiyaluronan carboxyl group and
positively charged surfactant head group. The encs of these interactions is clearly evident
observing turbidity, opacity and further, at higlsnfactant concentration, precipitation of
hyaluronan-surfactant system up to the formatiohyafluronan gel.

5.1.1 Interactions between hyaluronan and CTAB

Concentrations of CTAB in the samples for surfamesion measurement with and without
addition of hyaluronan are summarized in Tab. Xgeanumber of samples was prepared in
the case of the mixture hyaluronan-surfactant toe better observation of the phase
separation which occurred in the premicellar region
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Tab. 1 Concentrations of CTAB for surface tension measergm

no HyA with presence of HyA (1000 mg/l)
sample numberc (mM) sample number c (mM)
1 0.001 1 0.001
2 0.01 2 0.005
3 0.05 3 0.01
4 0.075 4 0.02
5 0.1 5 0.04
6 0.5 6 0.08
7 1 7 0.1
8 2.5 8 0.15
9 5 9 0.2
10 10 10 0.25
11 0.3
12 0.35
13 0.4
14 0.8
15 1
16 2
17 5

Surface tension was measured at room temperatgey sample was measured three times
and an average value with a standard deviationcaiaslated.

The study of surface activity of pure hyaluronarswae object of my diploma thesis [36].
The results showed that hyaluronan itself doesieotease surface tension and in the mixture
with cationic surfactant the decreasing is verysiehen compared to the behavior of pure
surfactant. Moreover, the surface tension valuesesponding to the samples of CTAB with
added hyaluronan are considerably lower (Fig.1n thase values for pure CTAB.
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Fig.1 Surface tension of CTAB in water and with addibbmyaluronan determined by the
ring method (hyaluronan concentration 1000 mg/IR2atC.

Fig.1 shows the detailed view on the interactioh$iyaluronan of two molecular weights
with CTAB at low surfactant concentration. When gared with results of pure CTAB in
water, surface tension of the samples with thegmes of hyaluronan is lower in general,
which could be explained as the result of the etgquetteractions between hyaluronan and
oppositely charged surfactant molecules in theaserflayer. But the lowering of surface
tension also proved the existence of remaining $taéactant molecules in the layer which
are responsible for the decreasing trend.

As mentioned above in section 4.2, surface tensias simultaneously determined using two
methods, briefly ring and bubble method so theltesnd the differences between them are
discussed also from the point of view of the measient method.
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Fig.2 Comparison of surface tension values obtained leyrihg and maximum bubble
pressure method ff = 0.3 s, CTAB with hyaluronan 116 and 1730 kDa,
concentration 15 mg/l) at 25°C.

When the curves in Fig.2 are compared from thetpairmeasuring method, the maximum
bubble pressure method determined the values at A6anN/m higher than the ring method.
The reason is in the different physical principfelese methods. The ring method is based
on the measurement on the surface of the samphefore this method can detect the free
surfactant molecules which are not covered by ttadunonan shell in the bulk.

So there is still some evidence of interaction leetmvhyaluronan and CTAB proved by the
ring method at low hyaluronan concentration. At IGFAB concentration the difference
between pure surfactant and the mixture with hyalan is observed and than the curves, for
both low and high hyaluronan molecular weight, certagether at the region of the CMC of
pure CTAB. The theoretic shape of the surface tensurve is more or less maintained for all
the data in Fig.2.

On the other hand, hyaluronan of a very low comegioin 15 mg/l has an insignificant

influence on the surface tension. The inspiratiorchhoosing exactly this low hyaluronan

concentration is described in ref. [37]. The autbithis thesis studied the interaction of low
concentrated hyaluronan (molecular weight 650 kBajl CTAB by fluorescence probe

technique with pyrene as a probe. The data fromrdlscence and surface tension are
compared in Fig.3.
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Fig.3 Surface tension (ring method, black) and fluoreseefred) data of hyaluronan-
surfactant system at 25°C. Hyaluronan 650 kDa, eatration 15 mg/l, #I3 is the
polarity index.

If the area between 0.1 and 0.4 mM is neglecteztetls a typical sigmoidal curve with two
break points corresponding to CAC and CMC, respelsti But there is an unexpected
behavior observed in the surfactant concentrataomge 0.1-0.4 mM. The value of the
polarity index /I3 increased up to the initial value close to 1.5isTehavior is caused by
fluorescence of pyren in water. In that case thapda can not contain any hydrophobic
domains suitable for pyrene solubilization, in otkerds, there are no aggregates or free
micelles in the system. The author in ref. [37]cdss the situation using other parameters,
one of them is intensity of fluorescence of thadhvibrational band sl of pyrene. The
intensity of fluorescence of samples above surfaaancentration 0.06 mM was at the same
value as fluorescence corresponding to water.rificned once more the assumption that the
sample contains pyrene at very low concentrationsocompletely without presence of
pyrene.

The occurrence of the interesting points in the pid=ig.3 is explained as follows. When the
sample was filled in to the measuring cuvette fritva vial, the walls of the vials were
covered by a gel layer which coated the pyrene ocoutds and consequently, pyrene was not
placed in to the cuvette together with the liquainple. The fluorescence results can be
explained in a similar way as the results obtaihgdsurface tension measurement. Surface
tension temporarily increased because surfactatgauies are incorporated in the gel phase
and thus, its surface activity is weaker. Furtheith increasing surfactant concentration,
surface tension decreases with increasing surfetogty of free surfactant molecules.
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The first conclusion of the results shown in Figsdthat there was no difference from the
point of view of the molecular weight of hyaluronabserved. In both cases the present
hyaluronan decreased the surface tension valulesvaturfactant concentration and further,
the values corresponding to pure CTAB and dilutgaldronan (15 mg/l) are practically the
same. Moreover, there is no shift in the aggregategion of hyaluronan-surfactant system
observed. In other words, the critical aggregationcentration of CTAB in the presence of
diluted hyaluronan corresponds to the CMC of CTARgueous solution.

5.1.2 Interactions between hyaluronan and TTAB

Hyaluronan-TTAB mixture showed similar behavior was observed in the samples with
CTAB. Low concentrated samples were clear and éurttwith increasing surfactant
concentration, the precipitation was more and neoresiderable.

75

1 O noHyA
70 4 o O +HyA 116 kDa
65'%3 O O +HyA 1800 kDa
= 10
g
£ 60
%
= 55+ &
ke 0O
Z 50+ o) 8
L
8 454 ?
&
3 40 ©
35 @@%
30 T T rTorTTTTT T T T rorTTTTT
0.01 0.1 1 10

¢ TTAB (mM)

Fig.5 Surface tension of TTAB and hyaluronan (116 and018D®a, 1000 mg/l)
determined by the ring method at 25°C.

The results from surface tension shown in Fig.5 &igl.6 describe the influence of
hyaluronan on the aggregation properties of TTARIgd by both tensiometric methods. The
addition of both hyaluronans into TTAB caused tbwdring of the surface tension values at
low surfactant concentration, there might be adindecreasing in the case of hyaluronan
116 kDa.
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Fig.6 Surface tension of TTAB and hyaluronan (116 and018&D®a, 1000 mg/l)
determined by the maximum bubble pressure meth28°&t, . = 0.5 s (the error
bars are smaller than the symbol signs).

The lowering of surface tension determined with itteeximum bubble pressure method was
observed in the whole concentration range as shiowhRig.6. The interesting region is
between 0.2 and 1 mM where samples with additiorhy&luronan show lower surface
tension values than the samples of pure TTAB. @mnother hand, the expected higher values
in the phase separation region and after that (fommcentration 2 mM) confirmed the
interactions between TTAB and the polysaccharidairchin other words, the surfactant
monomers bound to hyaluronan are not able to adsothe forming bubble surface.
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5.2 Microcalorimetry

An example of the raw data (endothermic characseshown in Fig.7. The stock solutions of
surfactant were prepared at concentration at teasimes higher than their CMC so initially,
the surfactant undergoes demicellization followgdhibnomer dilution. When the surfactant
concentration becomes close to the CMC and abbeesdlution undergoes micellar dilution
with no further demicellization. This region islfmled by the constant heat flow even though
the concentration of the surfactant is still insiag.
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Fig.7 Typical titration record from the microcalorimetéfFAM Il (titration of TTAB
50 mM into water at 25°C).
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Fig.8 Scheme of the evaluation of CMC aXxtdi;c from the enthalpogram.

The peak areas from Fig.7 are integrated and thersal heat of the reaction in units kJ/mol
was used to make an enthalpogram (change of heabmsentration plot). Fig.8 shows the
evaluation of the CMC and the heat of micelle faioraAHn. from that type of plot.The
distance between the lower and upper plateau isidered asf\Hni.. The character of all
studied interactions was endothermic in generaé @titical concentration CMC and CAC

are determined as the crossing point of the uplag¢egu and the linear fit of the middle part
of the enthalpogram (dotted line in Fig.8).
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5.2.1 Interactions of hyaluronan and CTAB
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Fig.9 Interaction of CTAB with hyaluronan (conc. 15 mgf)different molecular weight
in water at 25°C.

As expected, the low concentration of hyaluronah it have any significant influence on
the shape of the titration curve (Fig.9). Furthemeahe micellization and aggregation with
both kinds of hyaluronan occur at the same sunfdatancentration. The only difference is
that the first part of the S-curve correspondinghe mixtures with hyaluronan has more
intensive decreasing trend than the curve for puréactant which is almost constant. No
precipitation during the titration was observed and also possible to speak about the
agreement between the CMC and the CAC of CTAB. Vdlee of the CMC is in a good
agreement with the literature value which is 1 nmMiviater [38].

In contrary, very interesting interaction behawbthis system was observed by fluorescence
measurement [37]. With respect to the smooth sludphe resulting curves in Fig.9 this

behavior should be coupled with a very slight heféect which was not detected using the
ITC technique.
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Fig.10 Interaction of CTAB with hyaluronan (conc. 1000 ingf different molecular
weight in water at 25°C.

The effect of concentrated hyaluronan on the agdgi@y with CTAB is shown in Fig.10.
There are three main differences when resultsgnlBiand Fig.10 are compared. The upper
plateau in Fig.10 begins at 16 kJ/mol, but the eslaf pure surfactant are approximately at
10 kJ/mol. The second point is the shape of theesurThe addition of hyaluronans of both
molecular weights (at 1000 mg/l) decreased ftkld values almost over the whole
concentration range till 2 mM and then the regibprecipitation follows. The curve changes
from endothermic to exothermic character betweem@ 3 mM. In addition, the interaction
between low molecular weight hyaluronan seems tanbee intensive. Than, a region of
dilution follows and no unexpected behavior is obsd. But the gel which is formed in the
titration cell is not diluted at all, the rest difet gel is still present after the end of the
experiment.

From the point of view of visual observation it wdstermined that the samples become
cloudy and opaque from CTAB concentration 0.1 mM ttws change was not detected by
ITC. It may be concluded that the formation of [péates is not coupled with measurable
heat effect or the effect is compensated by thé diedilution. Therefore the arrow in Fig.10
iS not put to the same concentration as previounshig.1

The last difference is the shift of the inflectiggoint on the curves with addition of

hyaluronan. In other words, the heat change obdexsehe inflection point of the curve is a
result of the precipitation and not the micellipatiprocess in the titration cell. Moreover, the
curves corresponding to both hyaluronan-surfactgstems overlap in their first parts. There

23



is also an evidence of the complicated thermodyosnoif the interactions between the
polyelectrolyte and surfactant resulting in the seolinearity of first plateau. The results from
this chapter are listed in Tab. 2. Additionallyisitmust be highlighted that the ITC technique
is sensitive to detect the phase separation ofsystem and not the beginning of the
interaction between the substances.

Tab. 2 Enthalpy of micellization and critical aggregatiooncentration of CTAB obtained by
the microcalorimetric method.

AHmic (kJ/mol) CMC, CAC (mM)

no Hya -8 0.95% 0.03
HyA 15 mg/l
HyA 116 kDa -6 0.84+ 0.02
HyA 1800 kDa -6 0.94 0.02
HyA 1000 mg/Il
HyA 87 kDa -12 2.02 0.05
HyA 1800 kDa -14 2.32+ 0.06

* the errors are smaller than 5%

5.2.2 Interactions of hyaluronan and TTAB
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Fig.11 Interaction of TTAB with hyaluronan (conc. 15 mgilwater at 25°C.
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The plot in Fig.11 summarizes the results from theation of TTAB into water and
hyaluronan of different molecular weights at itsncentration 15 mg/l. The data
corresponding to the titration of TTAB into hyalanan overlap the data of the pure surfactant
in the whole concentration range. It is evidengttthe present hyaluronan at such a low
concentration did not have any influence on theeggtion properties of TTAB (as described
above in the case of CTAB, Fig.9). The value of @MdC is in a good agreement with the
literature value which is 4-5 mM in water [38].dddition, there was no phase separation of
hyaluronan observed in the titration cell after éx@eriment. Therefore, the inflection point
on the titration curve corresponds just to the thiagion of the surfactant.
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Fig.12 Interaction of TTAB with hyaluronan (conc. 1000 lh@f different molecular
weight in water at 25°C.

The situation with high hyaluronan concentratiomrgyes dramatically. When the shapes of
the titration curves of the system hyaluronan-siaiat in Fig.11 and Fig.12 are compared, it
can be concluded that there is a significant effeictconcentrated hyaluronan on the
aggregation properties of TTAB. The main differen@etween the results shown in Fig.11
and Fig.12 are discussed below.

At first, there is a sharp increase A in Fig.12 observed for both molecular weights of
hyaluronan and more intensive for 1700 kDa. Afteaching a maximum at 1 mM, both
plateaus decreased with the same slope to the sEd concentration which is

approximately 3 mM. The low molecular weight hyaloban made a local minimum at
concentration 4 mM and further, another local maxims observed at concentration 6 mM.
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On the other hand, hyaluronan of higher moleculeight made a constant lower plateau up
to 7 mM and then a local minimum is observed. THebkavior should be again explained as
the subsequent dilution of the existing preciposati

The shift of the inflection point of both hyalurorraurfactant curves is also evident, but the
aggregation concentration is observed at lowelastaht concentration than the micellization
of TTAB in water, in contrast to experiments witi AB.

Tab. 3Enthalpy of micellization and critical aggregatiooncentration of TTAB obtained by
the microcalorimetric method at 25°C.

AHpic (kd/mol) CMC, CAC (mM)

no Hya -4 3.86+ 0.02
HyA 15 mg/l
HyA 116 kDa -4 3.80+0.03
HyA 1800 kDa -4 3.9% 0.03
HyA 1000 mg/l
HyA 70 kDa -9 3.0% 0.04
HyA 1800 kDa -14 2.85+ 0.05

* the errors are smaller than 5%

To sum it up, the influence of the surfactant alyain length is expressed in the shift of the
aggregation region with simultaneous phase separaif both systems — hyaluronan of
concentration 1000 mg/l with CTAB and TTAB. As miened previously, it is caused by the
excluded volume and hydrophobic effects in the temhs. The lowering of the CAC in the
case of TTAB is in a good agreement with the phielistheory in ref. [34] where the authors
discuss the influence of the alkyl chain lengthtlom shift of the CAC. On the other hand, the
interactions are independent on the presence dditoyean in the case of its low concentration
15 mg/l. This technique probably indicates moresoerable changes such as formation of a
macroscopic precipitate, therefore the aggregab@ased on just turbidity or opacity of the
solution may not be detected.
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6 CONCLUSION

Interactions of negatively charged hyaluronan &fedent molecular weight and concentration
with cationic surfactants and amino acids in aqsesolutions were studied by different
physico-chemical methods with a common goal — f;mdehe influence of hyaluronan on the
aggregation properties of the surfactants. If tiieraction between hyaluronan and surfactant
is proved and the critical aggregation concentratibthe surfactant is found, this system can
be used as a solubilizing domain for an active taua® in the drug delivery systems.

Two methods of surface tension measurement gaventbenation about the self-assembly
both in bulk and on the surface, respectively. &e&ftension measurement of the samples in
water showed that hyaluronan decreases just thesvalf surface tension but the aggregation
region is not affected. Lower values of surfacesitem are caused by the sorption of free
surfactant on the surface because hyaluronantfi#sbulk solution due to its hydrophilic
character and therefore surfactant monomers aréepusip to the surface. However,
interactions between hyaluronan chains and surfadafinitely occur in the premicellar
concentration region. The effect of low and higlb (/I and 1000 mg/l, respectively)
hyaluronan concentration is approximately the sam#he mean of decreasing the surface
tension.

On the other hand, microcalorimetry was used toysthe described interactions from the
thermodynamic point of view. The data were evaldaie the form of the heat of
micellization and critical aggregation concentratio The electrostatic interactions and the
phase separation was proved not just from the pditite shape of the titration curve but also
from the point of the visual observation of the tane hyaluronan-surfactant (hyaluronan
concentration 1000 mg/l) in the measuring cellratte experiment reached. While the phase
separation of hyaluronan with CTAB is shifted t@ thigher surfactant concentration, the
separation of hyaluronan with TTAB is shifted te tbwer surfactant concentration.
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9 ABSTRACT

Vliv hyaluronanu na micelizaci tenid byl studovan tznymi fyzikalre-chemickymi
metodami. Byly zvoleny dva kationaktivni tenzidy, ta tetradecyltrimethylammonium
bromid (TTAB) a cetyltrimethylammonium bromid (CTABMetoda izotermické titkai
kalorimetrie byla vyuZzita pro stanoveni entalpieefizace, tenziometrie popisuje povrchove
vlastnosti danych vzotk Je sledovan také vlivizné molekulové hmotnosti pouzitého
hyaluronanu a délka alkylovéltettzce tenzidu. Vysledkem jsou hodnoty kritické miceia
nebo agregai koncentrace tenzidu. V neposledfdd® se diskutuje vyuZiti agredat
hyaluronan-tenzid jako mozné nésipro cilenou distribuci &v.
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