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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 ultrasspexrtroscopy. 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. latrons 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 tenziBlyo zkoumani a &teni vzajemneho
puasobeni byla pouZita technika s ndzvem ultrazvulspektroskopie s vysokym rozliSenim
(HR-US). Ri zkoumani interakci byl téz pouzit denzitometr,ta pii méieni hustoty
a uktrazvukové rychlosti hyaluronanuitzné molekulové hmotnosti v zavislosti na vybrané
teplot (25-50 °C). Prace se zémje 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 prov&to ve vod@d 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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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 dividechred 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 THEORETICAL PART

2.1 Hyaluronic acid

Hyaluronan (also called hyaluronic acid or hyalaia) is a carbohydrate, more specifically
a mucopolysaccharide, occurring naturally in a# liking organisms. The term hyaluronan
refers to the polysaccharide in general whethés ih the acid form or the salt form. This
term is consistent with the general nomenclaturpabysaccharides. The suggestion came in
1986, that is, rather late in the development effibld, by Balazs et al. [1].

The names hyaluronic acid and hyaluronan have hesa interchangeably ever since
although strictly speaking they have different megs: hyaluronan is a general term whereas
hyaluronic acid and hyaluronate are unambiguoupBcidic for the acid and for the salts,

respectively. The salt is very often sodium hyahate [2].

2.1.1 History

In 1934, Karl Meyer and John Palmer [3] isolatgat@viously unknown chemical substance
from the vitreous body of bovine eyes and namedhydluronic acid. They found that
the substance contained two sugar molecules, amcugoid and an amino sugar. The popular
name is derived from two words: “hyalos”, whichtisee Greek word for glassy, and from
uronic acid [3]. At that time, they didn’t know hawseful and interesting will be this natural
macromolecule for our life.

During the 1940s, hyaluronan was isolated from msoyrces such as the vitreous body,
synovial fluids, umbilical cord, skin, and roost&mb and also from streptococci.

In 1972, Hardingham and Muir [4] discovered thataloyonan interacts with cartilage

proteoglycans and serves as the central struchaetbone of cartilage. This was the first
example of a specific interaction between hyalunoaad a protein, and many more such
interactions were discovered during the 1990s.

2.1.2 Chemical structure

The chemical structure of hyaluronan was determineithe 1950s in the laboratory of Karl
Meyer. Hyaluronic acid is apolymer of D-glucuroni@acid alternating with
N-acetyl-D-glucosamine which are linked togetherotiyh alternatingf-1,4 and p-1,3
glycosidic bonds (Figure 1).

In the physiological solutions hyaluronan formgitiened and expanded random coil which
occupies very large domain. In this solution bacidbas stiffened by a combination

of the chemical structure of the disaccharide, rim@k hydrogen bonds and the interactions
with the solvent.
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Figure 1.  Structure of hyaluronan

The primary structure of hyaluronan has importaisequences for the secondary structure
in the solution. Glucose i configuration allows the more space moleculeske equatorial
position more advantageous sterically, while thalsrhydrogen atoms occupy the axial
position theless sterically preferred, in thedme. Not only hyaluronan,
but other polysaccharides, such as chondroitinatkar or dermatan occupy in the aqueous
solution a similar double-helix as DNA, named “tvadd helix”. Hyaluronan is amphiphile
because of presence of hydrophilic and hydrophabgions in the polymer. The small
molecules such as water, low molecular weight sdgdes and nutrients can diffuse freely
throught the solvent in the domain. The larger males such as proteins are partially
excluded due to their larger hydrodynamic sizénggolution [2].

2.1.3 Production of hyaluronan

In general, hyaluronic acid refers to the acid faand hyaluronate refers to the salt form.
These two terms for hyaluronan, however, are ofieed interchangeably, irrespective
of which form is present in a solution. When in #a#t form, it is very often sodium
hyaluronate.

Commercially produced hyaluronan is isolated eifr@mn the animal and the human sources,
as an umbilical cord [5] and arooster comb [6], flom attenuated pathogenic strains
of streptococci [7], through a process of fermeatabr direct isolation. During the medical
application of hyaluronan obtaining from the animsalirces to the human body hyaluronan
can induce the alergic or even inflammatory reastiddence, since 1980s the microbial
production is gradually replacing extraction froine animal tissues in the fermentation
of group C streptococci, in particuléBtreptococcus equsubsp. zooepidemicug7]-[9]
andStreptococcus equsubsp.epui Hyaluronan from attenuated streptococci may have
the potential to be contaminated by the pathogefators. Therefore, the hyaluronan
production through the fermentation by GRAS (geltereaecognized as safe) microbial
strains emerged as an attractive alternat®acillus subtilis [10],[11], S. thermophilus
[12],[13], Pasteurella multocid4l14],[15], Lactococcos lacti$16] andEscherichia coli[17]
were used as a host.

lzawa et al. [12] at their work constructed higlalwonan-producing recombinant
Streptococcus thermophilustrains to attain more than 1 g/l production adlbyonan.
The recombinant strain could be an alternative ristéor medical, cosmetic and food



utilization instead of hyaluronan from conventiopalthogenic streptococds. subtilisdoes
not produce hyaluronidase that could degrade th#hegized hyaluronan. Hyaluronan
produced by bacteria has a higher degree of ptirétg hyaluronan obtained from the animal
sources [18]. At present, microbially produced hyahan has been approved
for the treatment of superficial wounds as welladlie use in the cosmetic industry.

Therefore, the companies specializing in the probdoc of hyaluronan for cosmetic
and pharmaceutical use (such as CONTIPRO) cleamer résk-free biotechnological
production. In this company hyaluronic acid is agted from thecell walls
of the bacteri&treptococcus zooepidemicus

Commercially available hyaluronan is produced ie mfolecular weights ranging from less
than 16 daltons to as high a8 daltons [19],[20].

2.1.4 Occurrence of hyaluronan in living organisms

Hyaluronan is present in all vertebrates, and aitsathe capsule of some pathogenic
bacteria such astreptococcus spand Pasteurella It is a component of the extracellular
matrices in most tissues, and in some tissuesitisjor constituent.

In the human body, hyaluronan occurs in the saltmfo hyaluronate. The highest
amount of hyaluronan is found in synovial fluid, imbilical cord and in vitreous humor
of the eye, where a transparent hyaluronan gsl thié space between the lens and the retina.
More than 50 % of hyaluronan in the human body asintl in the skin (the dermis
and the epidermis), where it has alot of importafuinctions, and about 35 %
in the muscles/skeleton [21]. Hyaluronan immobgizeater in the tissue and also it can
influence the cell proliferation, differentiatiomé tissue repair. Hyaluronan occurs in lung,
kidney, brain, and muscle tissue too.

2.1.5 Biosynthesis and metabolism of hyaluronan

Hyaluronan is a very dynamic tissue component. fdiklife of hyaluronan in the skin
and the joints is around twelve hours, in the lzagé is normally 2-3 weeks while
in thebloodstream it is very short, only a few ntesu[22]. This implies that a large amount
of hyaluronan is cleaved during one day. The awera@ kg man has approximately 15 g
of hyaluronan, 5 g of which are turned over eveaay.d he celullar synthesis and degradation
of hyaluronan are unique and highly controlled. $hethesis is usually balanced
by catabolism, thereby maintaining a constant coinadon in the tissue. The main
degradation sites are lymph nodes, where approglyn&0 % of hyaluronan is degraded.
This process results in a relatively large numbdragments with different molecular weight
naturally occurring in the organism.

Hyaluronan belongs to a group of glucosaminoglydartst differs in many ways from other
glucosaminoglycans. Hyaluronan is huge, usuallyhwd molecular weight between
10° and 16 kDa, comparing with other glycosaminoglycans (D5kPa), and an extended
length of 2-25 pum. Unlike other glycosaminoglycahgaluronan doesn’t contain sulfate
groups. As shown in the study described in thistieec the mechanism of hyaluronan
synthesis is unique - hyaluronan is made at thenpdamembrane rather than in the Golgi
apparatus; it is most likely elongated at the r@upcather than the nonreducing terminus
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during synthesis; and it is not covalently linkeal @ protein backbone during synthesis
[18],[23],[24] and [25].

Mechanism of hyaluronan synthesis

Bacteria can synthesize a wide range of biopolyrieass serve diverse biological functions
and have material properties suitable for numerimgsistrial and medical applications.
Better understanding of the fundamental processeshied in polymer biosynthesis
and the regulation of these processes has createdfoundation for metabolic
and protein-engineering approaches to improve eauoanproduction efficiency

and to produce tailor-made polymers with highly legaile material properties.
Rehm [29] summarizes the key aspects of bacteioglobymer production and highlight how
a better understanding of polymer biosynthesis #melmaterial properties can lead to
increased use of bacterial biopolymers as valualewable products.

There are two mechanisms of hyaluronan synthegsis,first for mammalian cells
and for streptococci [26],[27], and the secondRasteurellg21],[28].

The most of glucosaminoglycans are made in theiGadgaratus and they are covalently
attached to core proteins and are sulfonated P3][BO0], while hyaluronan is synthesized
at the plasma membrane as a free linear polymdrowitany protein core and immediately
extruded out of the cell and into the extracellutaatrix [31]. The biosynthesis of hyaluronan
is naturally regulated by three glycosyltransfesade/aluronan synthase-1 (HAS1), HAS2,
HAS3, located in the plasma membrane [34]. Theseymas elongate hyaluronan
by repeatedly adding glucuronic acid and N-acetyglgbamine to the growing chain
at the reducing end using substrates UDP-N-acetydgiamine and UDP-glucuronic acid.
Other glucosaminoglycans lengthen at the non-reduend and require a protein backbone
[24],[28],[31]. Described above mechanism of systties for vertebrates and Gram-positive
streptoccoci. Gram-negatiieasteurellahas a different mechanism of hyaluronan synthesis
inwhich the chains are elongated at the non-reduend [15],[21],[28].

The number of repeat units in a completed hyaluramalecule can reach 10,000 or more,
with a molecular mass of «40° daltons (each disaccharide is ~ 400 daltons) [31].

Degradation

The splitting of the long hyaluronan polymers te #horter fragments is important in many
cellular processes. The resulting short chainsran@ved in the stimulating cell proliferation,
cell migration, participate in the healing procdsst also affect such survival different types
of cancer cells.

Hyaluronan, as alarge molecule, tends to mechladiegradation either by the ultrasonic
treatment or by the thermal degradation. Physichltyi, hyaluronan can be degraded
by oxygen free radicals or enzymatically by hyahidases [33].

In mammals, enzymatic degradation of high moleculaeight hyaluronan begins
in the somatic tissues and continues in the regidwaph nodes, and is effectively
endocytosed by the liver [22],[28]. It is then fraged to the lysosomes that contain enzymes
responsible for degradation: hyaluronidases (hyafd)-glucuronidase and-N-acetyl-
hexosaminidase. Hyaluronidase cleaves the high aulele weight hyaluronan
into the smaller oligosaccharides whifeD-glucuronidase ang-N-acetylhexosaminidase
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degrade the oligosaccharide fragments by removinghraducing terminal sugars
[31],[34]-[36]. Now there are known six hyalurongds in mammals: HYAL1, HYALZ2,
HYAL3, HYAL4, HYALP1 (PHYAL1) and SPAM1 (Sperm ade®n molecule 1, PH-20).

Hyaladherins

The hyaladherins have different functions. Some @rarix components, which bind
to hyaluronan to form organized structures extiataly. To these belong aggrecan,
versican, neurocan, brevican, link protein and T&®@-second group of hyaladherins are cell
surface receptors. To this group belong CD44 onFtgere 2. [23],[37], RHAMM
(Receptor for Hyaluronan Mediated Motility), TLR4oK-like receptor 4) and laylin.
The hyaluronan-endocytosing receptors in liver bi§ta2) and lymph tissues (lymphatic
vascular endothelial hyaluronan receptor - LYVEpabelong to this group. There is also one
example of a protein, which binds covalently to lbyanan, i.e. serum-derived-hyaluronan-
binding-protein (SHAP).

The receptors for hyaluronan involved in the bigdprocesses between cells, the interaction
of the cells with intercellular matter and the remloof hyaluronan from tissues and blood.
The most important receptors for hyaluronan are £&4d RHAMM.

CD44 is very widely distributed cell-surface glycogin in the body and is recognized
to be the major cell surface receptor for hyaluror@D44 plays a role in immune processes,
especially in inflammation and cancer formation][23D44 is important for organogenesis
and epidermal homeostasis. At the cellular leveduaes growth, differentiation
and maturation, the process of cell attachment raotllity, coordinates incoming signals
leading to survival or cell death and serves aotem to which it is collected metaloproteas
matrix [37].
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Figure 2. a) The interaction of hyaluronan with CD44 on te#l surface [38]
b) structure of the molecule CD44 [39].

e

2.1.6 Medical applications of hyaluronan

Hyaluronan has many physiological and patophysio&dunctions in organism. Hyaluronan
arrange the transportation of ions and nutritivebssances. The increased amount
of hyaluronan is proved during wound of skin, imcar cells or in immunity disorder
(for example asthma or rheumatoid arthritis).
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Thanks to its unique properties, hyaluronan hasdomany applications in various medical
sectors: in rheumatology, ophthalmology, diabetglqzharmaceutical technology and other
areas, such as the wound healing or dermal andao#teitis treatment [40].

We are using hyaluronic acid even in normal lifaiscde medical facilities. It is included
in the eye drops, where creates a continuous filmich helps dry eye syndrome
and insufficient production of tears. There is usedome nasal sprays where moisturize
the nasal mucosa. Hyaluronan is also part of thenaftritional supplements as nutrition
for joints and cartilages [41],[42]. The productsntaining hyaluronan is widely used
in the pharmaceutical and cosmetic industriess lused in preparations for shaving, night
creams against wrinkles and acne, the cleansingrwit the preparations after sunbathing
or hair loss. Hyaluronan is very often used in syegery and in ophthalmology because
of viscoelastic properties, in addition to imprayithe properties of eye drops [18],[43].

The application as well the function of hyaluronanorganism is determined by different
molecular weight of hyaluronan [68]. High molecuaeight hyaluronan (MW > 1000 kDa)

is used in medicine in wound healing [73] while lowolecular weight hyaluronan

(200-1000 kDa) binds to proteins in extraceluraltrimaand on cell surfaces, which is part
of the receptors for many cellular processes si3 itised as a drug delivery system [79]
and treatment of cancer [55] or it can be foundasmetic products. Very low molecular
weight hyaluronan (10-200 kDa), other group of palycharides, is used for diabetic
and chronic wound healing [79].

Schiraldi et al. [44] describe different fields tife application of linear, derivatized [74]
and crosslinked of hyaluronan [51]. The hyalurodanvatives (hydrogels [75]-[77], hylans)
are used in tissue engineering for make of scaffo]d8] because they are highly
non-immunogenic and non-antigenic [22],[43],[44]h€ellatest research in the direction
of hyaluronan is its use as a potential carriebiofctive substances, which would ensure
the targeted delivery of drugs inthe patient's yodd4]. It makes use of alarge
number of interactions with different receptors,e best known is CD44 [45],[46].
The interactions between hyaluronan and CD44 hatereht physiological functions
in the body of organisms, such as leukocyte adtimadind growth, differentiation and cell
migration. There is very intensively exploring thessibility of using hyaluronan as part
of a targeted drug cancer, because cancer cell®inohigh concentrations of hyaluronan.
The research is performed with drugs such as paelit[47], doxorubicin [45], diclofenac
[48],[49] or gentamicin, thrombin, interferon orswnin [43].

Recently hyaluronan is subject for research inttb&ment of cancer and as a marker
of many diseases including cancer, rheumatoiditigtland pathology liver [51],[53]-[55].

Hyaluronan in targeted drug delivery

The patients with cancer increase and the resesuititused on the development of carriers
of cytostatics as targeted drug delivery. The dgtos drugs in chemotherapy form have
the nonspecific effect and many side effects sschaasea and vomiting, temporary hair loss,
damage of immune and nervous system, cardiovasdidarders, some permanent damage
of organs such as the kidney or liver. They intedancer cells mainly rapidly proliferating
tissues but they damage healthy cells also whidlther of the side effect of the treatment.
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The target delivery of cytostatic drugs exactlyth@ cancer cells can prevent these side
effects. The target carrier of drug has to be biguatible, biodegradable and nontoxic.

Cancer of epithelial origin is associated with essiee activity of receptor CD44, which binds
hyaluronan. Hyaluronan is used as a carrier andaad for liposomes and nanopatrticles,
these substances transported to the cells, whieHaagely activated CD44 receptor [56].
Hyaluronan is a highly hydrophilic biopolymer witinassive hydration shell and lots of
potent drugs are hydrophobic hence hyaluronan mbet chemically modified
(hydrophobized), can be used hylans, or interathh some substances which can form any
hydrophobic space for solubilizing of these drugssecond case it can be used surfactants
forming micelles where drug is in the core of thieetle with hydrophobic domain which is
suitable for drug solubilization and micelle is atestatically bound to the core of
a hydrophilic hyaluronan chain. Hyaluronan can riesté with cell receptors and thus,
the complex of hyaluronan and the hydrophobic donmsiable to enter the cancer cell and
release the drug inside. The complex can find fbhstcancer cells with no influence on
the healthy cells because hyaluronan specificafig$to CD44 receptor. In this case, dose of
the cytostatic can be lower and the effect of thattment is bigger then in the case of
chemotherapy.

2.2 Surfactants

2.2.1 Definition of surfactants

A surfactant, a surface active agent, is charasdrby its tendency to adsorb at the surfaces
and at the phase interfaces. It reduces surfaceintarfacial energy and therefore
spontaneously concentrated in the interface. Becahe surfactants reduce the surface
tension of the solvents, they facilitate the dissoh and removal of impurity.
Therefore surfactants are often used in cleaning waashing products. A well-known
example of surfactant is soap.

The surfactants are amphiphilic; the molecule & dhrfactant is consisting of two parts,
one is soluble in a liquid (the hydrophilic partidathe other is insoluble (the hydrophobic
part) (Figure 3). The hydrophilic one or polar nigies called head and hydrophobic
or nonpolar moiety is named tail. The surfactardachean be charged (anionic or cationic),
dipolar (zwiterionic) or non-charged (nonionic). ddgphobic part can be branched or linear
and mostly consists of a carbon chain with thetlered chain between 8-18 carbon atoms).
The rate of branching, the position of the polasugps and the length of chain are important
parameters of the physiological properties of téastant [52],[56].

Surfactant Surfactant
Tail ¥
\\ / Head
o, $° :
[ T——
QN
Surfactant Monomers MiceHe

Figure 3.  Free surfactant and formation of micelle [56].
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The nonpolar part causes the molecule is only #jigboluble in water, while the polar
portion extensively reacts with water. For solwation of the substance in water, it has to
contain strongly hydrophilic group and that therasvan association, molecule has to have
a sufficiently long hydrocarbon chain. The hydropicoportion of micelles is directed
to the cluster and the polar group is directed theéosolvent [58].

The classification of the surfactants is made ombiisis of the charge of the polar head
group, ionic and nonionic. The ionic surfactantse adivided into anionic, cationic
and zwiterionic (sometimes called amphoteric). Mafsthe anionic surfactants have sodium
ion, but there are also other, lithium, potassigaicium and protonated amines. The cation
ion is usually halide or methyl sulfate. Nitrogetora is basis of cationic surfactants,
either amine or quaternary ammonium salt [52],[56].

2.2.2 Micelles and critical micelle concentration

The surfactant, which is presented at low concéatra in a system, absorbs onto surfaces
or interfaces significantly and there is changirfge $urface or interfacial free energy.
The surfactants usually act to reduce the inteafdoee energy, although there are occasions
when they are used to increase it. When the sarfagnolecules are dissolved in water
at concentrations above the critical micelle cotregion (CMC) they form aggregates known
as micelles. In a micelle, the hydrophobic parésdirected to the cluster in order to minimize
their contact with water, and the polar groups rieniato the solvent in order to maximize
their contact with water (Figure 3) [58]. All oféke result in minimal contact between water
molecules and hydrophobic parts of surfactant muidsc The size and shape of the micelles
depends on the concentration, temperature, molecsteucture of the surfactant and
the character of the intermolecular forces, inatgdihydrophobic, steric, electrostatic,
hydrogen bonding, and van der Waals interactionge radius of these micelles is
approximately equal to the length of surfactantenoles. The aggregation number is defined
as the number of molecules forming a micelle. Thlee of number is mostly between 50 and
150 and increases with the hydrocarbon chain leagthdecreases with the size of the area,
which one polar group occupies on the surface efticelle. The increasing
of the hydrocarbon chain length or the adding oft sdegreases the critical micelle
concentration and increases aggregation numberijle wdising the temperature increases
the critical micelle concentration and decreasegsegation number [56],[58].

If the content of the surfactants in the solutisngrowing, the concentrations of spherical
micelles increase and there is gradually changimape of the micelle. Hydrocarbon chains
begin to orient parallel to each other and theee farmed cylindrical micelles, which can
produce hexagonal liquid crystals at higher conmagions; in even greater concentrations are
made up laminar shapes called McBain micelles whach composed of two layers
of the surfactants, which are facing each otherdgatbon chain and polar groups directed
out. Increasing of the content of the surfactantthe solution (in reducing content of water)
decreases mobility of micelles and it leads torthesociate, especially end parts, and creates
dimensional network structure of coagulation -dlee[56].

Harley micelles which are formed in the agueous iomadwere discussed. The surfactants
may also create micelles in non-polar solvents, ie.gpydrocarbons, benzene, cyclohexane,
chloroform etc. They are called reverse micelle bade opposite orientation, their heads are
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oriented in the hydrophilic cores and the nonpddéls are hydrophobic and are oriented to
the solvent. The aggregation number of these neieédl not greater than 10 [58],[59].

The critical micelle concentration (CMC) can be aletined by the change

in the physicochemical properties, such as surtaosion, conductivity — in case of ionic

surfactants, osmotic pressure, detergency, etg. To@se properties are plotted as a function
of surfactant concentration (or its logarithm, irase of surface tension). The break
in the curve of each property corresponds to thiear micelle concentration and

the formation of micelles is from that point [S6J],[59].

2.2.3 Micelle solubilization

An important property of micelles, which is asstethwith the construction of the micelles,
is solubilization, the ability to increase the dmlity of low soluble substances in water.

There are anumber of possible locuses of solaiin for adrug in amicelle,
e.g. on the surface of the micelle, between thedpfdlic head groups of micelles,
in the layer between the hydrophilic groups andfitisé few carbon atoms of the hydrophobic
group or in theinner core of the micelle for tiubilization of completely insoluble
hydrophobic drugs [57].

2.3 Polymer-surfactant systems

Hyaluronan can interact with

other polymers or with the surfactants, dependingitas forming either micelle polymer
[44],[57] or polymer-surfactant systems [61],[63].

The surfactants and water-soluble polymers haveéda wpplication. The products contain
one or more polymers together with one or moreastahts. They can be used to achieve
different effects - colloidal stability, emulsificaflocculation and structural properties.
The surfactants with polymers can be found in weiproducts such as cosmetics, paints,
detergents, food and manufacturing of pharmacdstaral pesticides.

The effect of the polymer on the surface tensionwater solution varies according to
surfactant concentrations. At a certain concemtnatbreak will be on curve of the surface
tension and there is reached approximately constaie. Then there is the concentration
area, where is possible to find a constant valusudface tension. Finally there is a decrease
to the value measured without the polymer.

The widespread method for characterization theegygiolymer-surfactant is surface tension
measurement. It is based on the fact that surfesttaver surface tension of the solution and
the break point on the surface tension curve agaioscentration is observed at critical
aggregation concentration (CAC). The complex bewaviof such a system is shown in
Figure 4.

The concentration dependence of surface tension the presence of polymer is
shown in Figure 5. Atthe certain concentration|lech critical association concentration
(CAC), the surfactant starts to associate to thgnper. Consequently, there is no observed
futher increase in surfactant activity and no farthreduction in surface tension.
Because the polymer is saturated with the surfgcttre activity and the concentration
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of unimer units of the surfactant begins to risaimagand there is observed the reduction
of surface tension, until the value of the criticaicelle concentration. After this point

the surface tension is constant and micelles begiorm [52],[63],[81].
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Figure 4. Schematic plott of surface tension against log(lsukfactant concentration).
Surfactant solution with the polymer - dotted linde curve containing
a surfactant only -solid line. Critical aggregatioconcentration (CAC) and
critical micelle concentration (CMC) [63].

The binding study of polymer-surfactant solutiongonic surfactant and nonionic

homopolymer) are describes in Figure 5. At low @mrations of the surfactant there is no
agregation in any concentration of polymer (l). &boa critical agregation concentration
(CAC), agregation is increased to surfactant commagon which increases linearly

with the polymer  concentration (II).  Upon  further ncieasing the concentration
of the surfactant is an association of saturatdjl (h Area IV are clusters of the surfactant
on the polymer chain and free micelles [52].
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Figure 5.  Agregation of homopolymer and surfactant in théedént concentration [52].

Polymer—surfactant interactions

There are two alternative theoris of mixed polymserfactant solutions, in this case

negatively charged hyaluronan with cationic sudattOne describes the interaction in terms
of an association or a binding of the surfactanttite polymer, and the second in terms
of micellization of surfactant on or near the pogmchain. Both descriptions are useful
and overlapping each other. The aggregates takiiimeof surfactant micelles attached to
the polymer chains and this structure is called “pe@arl necklace model” (Figure 6).

In the presence of the polymer, chemical poterdifdwer and the polymer micelle formation

begins at lower concentration (critical aggregatmyncentration) than without polymer

(critical micelle concentration) (Figure 4) [52)06[63],[81].

Figure 6.  Pearl-necklace model of a polymer-surfactant assam [52].

Added surfactant strongly reacts with the hydrophayroups of the polymer, leading to
increased links between polymer chains, therebyeasing the viscosity. It is proved to
hydrophobic modified celulose ether (HM-EHEC), setant SDS significantly increases
the viscosity for HM-EHEC, but the unmodified EHEGhcreases only slightly.

When the content of surfactant is increased, tfeeebf viscosity is lost. For the purpose
of cross-linking must be sufficiently high numbef polymer hydrophobe per micelle.
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At higher concentrations of the surfactant, theyomhe polymer hydrophobe in a micelle
and all cross-linking effects disappear. Thus asHeciation of hydrophobe modified

water-soluble polymer can be strengthened or weakedepending on the stoichiometry.
Viscosity can also be affected by electrostaticdsonThe adding of the opposite charged
surfactant into the solution of modified hydropholgolyelectrolyte gives a much higher
viscosity than nonionic surfactants or similarly adied surfactants. By increasing
the temperature there is an induced gelation, andobling, gel melts. This effect can also
be achieved in a mixture of nonionic surfactant agdrophobically modified water-soluble

polymer [52].

The use of polymer-surfactant system is based diereint effects, such as overseeing
the phase behaviour or regulating of interphas@eities. Polymer-surfactant systems have
some advantages compared with other drug carff@rsexample, micelles can be obtained
easy and reproducible way and specific ligandsbeaattached to their outer surface in order
to optimize the controlled releasing and specifiat pharmacological effect. In this thesis,
as a polymeric carriers is used hyaluronan whicolable in water or physiological solution
and has specific receptors for the binding to ithletrmolecules, for application of target
delivery. Micelles, on the other hand, offer a ¢sinell structure, where drug can be
inserted [57].

Drug carriers should be stable in vivo for suffidig long periods of time without provoke
any biological reactions. Release of the drug ghce started after contact with target
tissues/cells and the components of the carrierfa@ant molecules) should be easily
removed or biodegradable, in the case of hyalurofram the body when the therapeutic
function of drug is completed [57],[82].

2.4 High resolution ultrasonic spectroscopy (HR-US)

There are many spectroscopic analytical methodshiicharacterization of liquid samples.
Most of them measure parameters of waves propagdhlirough the analyzed sample.
The classical spectroscopy methods (UV, VIS, IR, RIMtc.) are based on monitoring
interactions of electromagnetic radiation with oleed sample. These methods are employing
in the ultraviolet, visible and infrared range fueqcies. Ultrasonic spectroscopy is simply
spectroscopy employing sound waves. In particularses a high frequency acoustical wave
(similar or higher to those used by dolphins fomeoaunication and bats for navigation),
frequencies 20-100 kHz. We usually observed changdsis radiation evoked by its pass
of the sample in ultrasonic spectroscopy. The getadvantage of ultrasonic waves is that
they can penetrate most materials, including thiogeare opaque to electromagnetic waves.

The relationships between a material’s propertied acoustical characteristics have been
studied for a long time and ultrasonic techniquagehbeen used in non-destructive testing
and imaging for decades. Taking advantage of witviasto detection is known especially
in field of medicine and defectoscopy of constrmesi or materials. Technical progress,
when there are available high resolution ultrasosectrometers, have made possible
expressively spread spectrum of ultrasonic appdinah colloid chemistry.
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2.4.1 Basic principles of ultrasonic spectrometer

Ultrasonic wave is a wave of longitudinal deforroa8 where compressions
and decompressions occur in the direction of tlepggation of the wave.

The molecules respond through the intermolecularcef® (intermolecular repulsion
and attraction) reflecting the micro-elasticity tie sample. High resolution ultrasonic
spectroscopy is technique that can measure thesenimlecular forces directly.

Ultrasonic spectrometry is based on detecting acteyns of ultrasonic wave with studied
sample. There are two parameters which are measuwigsonic velocity (speed of sound)
and ultrasonic attenuation.

Velocity of ultrasonic wave is determined by lo@asticity and density of the medium.
Elasticity is usually dominating and extremely s@ws to molecular organization

and intermolecular interactions. Effect of the dignsnd the elasticity can be illustrated
as follows: solids have the strongest interactibesveen the molecules followed by liquids
and gases. Therefore solids are more rigid (hagéehi elastic modulus) compared with
liquids and gases. For this reason sound travelerfan solids than it does in liquids and
gases. Ultrasonic velocity decreases in the ordkdss> liquids > gases. In short, wave
travels faster in more rigid medium [68],[69].

Amplitude of ultrasonic wave is usually decreaséidraravelling through some medium;
an ultrasonic wave loses its energy. Ultrasonienaihtion is a measure of this lost.
Attenuation is determined by the energy losses ampressions and decompressions
in ultrasonic waves, which include absorption acattering contributions (Figure 7).

In the homogenous samples (Figure 7) source ohwteon is able to illustrate as
anoscillation of the equilibrium position of theechical process A+ B <=> AB.
In compression period of transporting wave thetasds are like compressed in direct
formation of products. In decompression periodedds to the relaxation to the equilibrium
state causes absorption of energy. In these chsendasurements of the attenuation allows
observing the kinetics of fast chemical reactionsd aparticle sizing in emulsions
and suspensions.

INPUT OUTPUT

Figure 7.  Attenuation in the sample.
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In the heterogonous samples attenuation is a reguliltrasonic scattering on dispersed
particles. Thus measurement of attenuation is Hasithe determination of colloid particle
sizing in emulsions and suspensions and theiriloligion. Scattering of ultrasonic wave
on particles results in adecrease of the amplitoflethe wave (ultrasonic attenuation)
and the dispersion of the ultrasonic velocity. Toatribution of the ultrasonic scattering is
determined by the volume fraction of dispersed iglag. The ultrasonic wave loses its
amplitude (energy) because of scattering effects.

As measurements of attenuation do not require keghperature stability of the sample,
they can be performed in large samples. That is \atignuation was the parameter
responsible for the largest portion of past ultréso applications in research,
such as the kinetics of fast chemical reactions gpatticle sizing in  emulsions
and suspensions.

The application of ultrasonic velocity requires higesolution of the measurements,
which cannot be achieved in large samples becadsdhedifficulty of controlling
the temperature. Itis because of the difficulty riesolving both sets of information
that scientists tended to belong to research graugrking on the measurement of either
attenuation or velocity and adjusted their instraotedor the best performance in the selected
area [69].

2.4.2 HR-US

High resolution ultrasonic spectroscopy (HR-USkaisiew technique for material analysis
based on the measurements of parameters of ulicasanes propagating through samples.
This technique is based on the measurements ofityebnd attenuation on acoustical waves
at high, ultrasonic frequencies propagating througiterials. This technique allows direct
and non-destructive measurements without formawbnderivatives or changing state

of sample. Advantage of this technique is the ghdf ultrasonic waves to propagate through
optically non-transparent materials. The analyze@im@e can be highly coloured

or even opaque.

When we speak about ultrasonic spectroscopy withh hiesolution we have in mind

measurement of velocity that is measured with hegolution. Faculty of chemistry in Brno

University of Technology has this spectrometer fromah company Ultrasonic Scientific

which developed technology enabling improved resmiuin measurements of ultrasonic
velocity a few degrees. Whereas traditional equigmeneasure velocity with resolution
about 0.1 m/s high resolution apparatus achiev@80@. m/s resolution, i.e. about 26

in common aqueous solutions. Attenuation, otheramater of measuring with HR-US,

is measured in classical resolution (0.2 %) andneed more concentrated solution for its
measurement. Range of applicability of high resotutultrasonic spectrometer isn’'t only
given itself resolution but also variability of nsesement modes. In additional to
measurements of velocity and attenuation of ultv&sd is able to measurement in various
modes — kinetic, titration or programmed tempegatur

Standard measurements in spectrometer are perfameomparative, i.e. measurements take
place simultaneously in reference cell filled ug. &y pure disperse media, and in sample cell
containing the sample. The difference between wize mmeasured values (sample and
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reference) is used for evaluation. Moreover itasgble to run the measurement at several
selected frequencies of ultrasonic.

Which major techniques are used for high-resolutibrasonic measurements? There are two
main methods for precision measurements of ultiaseslocity and attenuation. The pulse

technique, the so-called sing around method, iditstemethod. In this case the ultrasonic

velocity is determined through direct or indireceasurements of the time of propagation
of the transmitted ultrasonic pulse through a liguihe ultrasonic attenuation is determined
from the change of amplitude of the pulse [65],[6The second method is the resonator
technique; know also as the fixed-path interfer@metn this method, the ultrasonic cell

forms an acoustic resonator. The ultrasonic veldsitdetermined through the measurements
of frequency or the wavelength of the ultrasonidhia resonance. The ultrasonic attenuation
is obtained from the energy losses in the resonance

Measuring principles

In this technique the ultrasonic parameters of thguids are obtained through
the measurements of resonance characteristics @fisic resonators. The construction
of a resonator cell involves two main elements, rés®nator chamber, where the acoustic
resonance is formed, and the piezotransducers, hwhicite and detect the ultrasonic
vibrations. An illustration of a plane parallel &/pesonator is given in Figure 8.

Piezoelectric
transducers
Signal (:O/\/ ~ | A Signal
generator > > analyser
Ultrasonic
wave
Sample cell

Figure 8. The basic principle of high-resolution ultrasosigectroscopy.

A signal generator produces an electronic signaichvitauses the transducer to vibrate.
This vibration sends a mechanical wave travelling ihe direction of the second
piezotransducer. At the frequencies correspondin@g tvhole number of half wavelength
between the piezotransducers, a resonance ocestdtimg in an increase in the amplitude
of the signal detected at the receiving piezotraosd In an ideal resonator, where the effects
of diffraction, non-ideal reflection and others danneglected, the resonance condition can be
expressed by the relationship

/2 =L 1)
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where n is any whole number — ID number of peak, is the ultrasonic wavelength
in the sample at thénresonance and. is the distance between the piezotransucers.
The wavelengthi] is determined by the value of ultrasonic veloéityand frequencyf{:

n=Ulfn (2

where f, is the frequency at the maximum of tH® mesonance. The combination of above
equations gives the relationship between the chanfethe ultrasonic velocity J()
and the corresponding shift of the frequency ofrfheesonancesf.):

Su/u=8f/fn 3)

The absolute value of the ultrasonic velocity carobtained from the frequencies of any two
n™ and (n-1¥' resonances:

U=2(fn- fr1) (4)

The distance between the piezotransduckjscéan be determined from the measurements
of (fn - fn-1) for the resonator filled with a liquid with a kwa value of ultrasonic velocity.
[85]

High resolution ultrasonic spectroscopy allows clifgrobing of microstructural organisation
and intermolecular forces in a variety of colloidalstems. Ultrasonic wave is a wave
of oscillating pressure and associated longitudoefiormation travelling through sample.
Molecules in the sample respond to oscillating defdgions through inter-molecular
repulsive (compression) and attractive (decompoeysiorces reflecting the measured
elasticity of the sample. Elasticity is the majontributor to the first characteristic measured
in this technique, ultrasonic velocity. Propagatthgough the medium, the ultrasonic wave
loses its energy and is subjected to a scattemogeps, which causes ultrasonic attenuation.
Attenuation (or attenuation coefficient), the setomeasured parameter, is determined
by the reduction in amplitude of an ultrasonic wavieich has travelled a known distance
through a medium per unit travelled distance. Ttegomcontributors to attenuation are fast
chemical relaxation and microstructure of non-hoemmgpus samples. The high resolution
refers primarily to the measurement of velocity amdachieved by parallel measurements
of ultrasound propagation in sample and refereradks.cThe reference cell is filled with
the pure solvent (water or NaCl solution in ourejas

2.4.3 Benefits of ultrasonic analysis

High resolution ultrasonic spectroscopy has majiwaatages over many other conventional
methods. HR-US probes the elastic characteristiosateriasl, which are extremely sensitive
to interemolecular elastic characteristics of maler which are extremely sensitive
to intermolecular interactions. So the ultrasonietmod is used to analysis of a broad range
of molecular processes, which can not be analysedr® difficult to analyse with other
techniques [71]. At optical techniques concentratispersions have to be diluted in order to
achieve sufficient optical transparency and avoidtiple scattering. In HR-US, ultrasonic
waves can propagate through concentrated dispsrsddso ultrasonic can propagate through
a broad range of samples including opaque materiblpossible to measure the speed
of enzymatic reactions in aqueous solutions as @agllin blood or tomato juice, samples
where traditional spectroscopy fails. It can analgsemical reactions, transitions and seconds
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without optical markers, meaning that the reactionsystem can be studied in its natural
state-processes as fast as i®10’.

Modern ultrasonic cells do not have any cavitiesluarp corners allowing for easy filling,
refilling, cleaning and sterilization. We can meaasaven aggressive liquids such as organic
solvents, acids and bases and others. Semi-solld aee also available for samples
such as biological tissues, gels, toothpaste, waestes, creams etc.

Other advantage is necessary small volume samglesi{ 1 ml) for standard measurement;
it is possible to provide even cells for very smallume (about 3Ql), cells for semi-solid
materials such as gels otherwise cells for measemernm increased pressure or automatic
titrating doser.

Ultrasonic spectroscopy is non-destructive methadi @lows us to obtain information about
the high frequency and the sample keeps intact.llSorano claims to modification
of the samples is other advantage of this method.

The construction of modern ultrasonic cells allowsntrolled stirring of the sample.
It also allows the measurement of ultrasonic vé&jyoand ultrasonic attenuation in the course
of titration, useful for the analysis of ligand 8ing, adsorption of molecules on the surface
of particles in colloid systems and complex formatphenomenon.

The measurements are performed in short measumeg dn small volumes (from 4 ml down
to 30ul.). Except pure measurements of velocity and atgan of ultrasonic it is possible to
do measurements in kinetic, titration or tempematarodes and to use high-resolution
ultrasonic spectrometers in HPLC and similar apgpicns. Because the ultrasonic velocity
and attenuation can be measured simultaneousifferedit wavelengths as a function of time
the instrument can be used for the analysis okitetics of chemical reactions and processes,
such as the analysis of enzymatic activity.

The measurements are completely computer controldedl results are presented
in a graphical and digital format.

2.4.4 Application of high resolution ultrasonic spectroepy

Ultrasonic analysis can now be easily performedclmemistry, physics, biotechnology,
pharmaceuticals [89], food [90], biotechnology,iagjture, environmental control, medicine,
oil, petroleum and gas industries [91]. The usérhigh-resolution ultrasonic spectrometers
can measure chemical reactions [92], compositialyais [93], conformational transitions
in materials, aggregation [94] and gelatinisati®8]] crystallisation [71], particle and droplet
sizing [96], phase transitions, adsorption on phketisurfaces, stability of compounds
such as emulsions and suspensions [97],[98], meiciimation [99] and measurements
of the critical micelle concentration, composit@malysis or ligand binding [85],[87]. Fakhari
et al. [88] used HR-US 102 for assessment diffe@snén hyaluronan nanoparticle
compressibility. The 17kDa hyaluronan nanoparticleshowed a significantly lower

differential wave velocity compared to the 1500 Kialuronan nanoparticles, which was
indicative of higher nanoparticle compressibility.
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2.5 Densitometer DSA 5000M

In 1967, the company Anton Paar GmbH presentedirstedigital density meter for liquids
and gases. It was the first instrument to empl@yascillating U-tube principle by Dr. Hans
Stabinger and Prof. Hans Leopold for density detemtion. The instrument can measure
density and ultrasonic velocity simultaneously. rigsbf density measurement, the machine
can do a precise density and concentration measmteai food, beverages, sugar, oleum,
hydrochloric, phosphoric, nitric, boric acid, soaiuhydroxide, ammonia, sulfuric acid
up to 90 %, hydrogen peroxide, glucose, ethanalrdgarbons, fuels, lubricants and liquefied
petroleum gas. By the using of sound velocity mesment, the machine can do a precise
sound velocity and concentration measurement of,fbeverages, sugar, alkalis, solvents,
emulsions, reaction monitoring, sulfuric acid abd®@ %, oleum, acetic acid, sodium
hydroxide, potassium hydroxide solution, oil inrigérants, acids in particular measuring
ranges, phase separation, interphase detectiorsitpemeter in the regime combined density
and sound velocity measurement can do precise otaten measurement of food,
beverages, mixture sucrose/inverted sugar/watemndiaehyde/methanol/water, sodium
chloride/sodium hydroxide/water, concentration aflfgic acid and oleum, emulsions
and reaction monitoring.

The density measurements are based on the osgjlldtitube principle. The density)(
of the sample liquid is calculated from the freqeyeperiodzr of the oscillating U-tube filled
with the sample liquid using the equation:

p=A .7°-B (5)

where A and B are the apparatus constants whiabrpocate the factors of volume, mass,
and elastic modulus of the oscillating tube. Thealues are determined by calibrating
with two substances, water and air, of the pregikebwn densitiesy; andp.

U-shaped glass tube (Figure 9) is electronicallycited to harmonic oscillation

at its characteristic frequency. The period of ketoon (the characteristic frequency change)
is dependent on thedensity of the sample in the.tdlherefore, by measuring the period
of oscillation, the density or density-related esucan be calculated to a high level

of accuracy.
Sound velocitz’-D Qﬂlﬁensity

Temperature

= —>
| .

Figure 9. A scheme of U-shape glass tube of density meteraDG®@M.
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The sample flowes perpendicular to a sound signaing density and sound velocity
measurement. The speed of sound is measured betadésmsmitter and a receiver
and temperature compensation is achieved usingtegrated Pt 1000 temperature sensor.

In view of the high dependence of density and sitréc velocity on the temperature,
the measuring cell hasto be accurately thermestatising integrated Peltier thermostat
with Pt 1000 temperature sensor. The sample flamsirmuously through the vibrating U-tube
sensor. The characteristic frequency of vibrat®measured and the separate evaluation unit
instantly translates the signal into a density ®alu
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3 STATE OF ART

3.1 Hyaluronan and density meausurement

The solution properties of hyaluronan are well doeanted, particularly with respect
to the chain structure and size, rheology, andtrelgte-related properties. Rinaudo [101]
states that there is nothing much remarkable inbéaviour of 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 [102] 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 solutimmsscarce. Gomez-Alejandre et al. [103]
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 reportedeipajper [104] 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. [104] studied the influencetloé polymer 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 obocxgmethylcellulose [109], chitosan [110]
and polyethylene glycol [111]-[113] have been stddiby density measurements.
Some authors calculated apparent molar volumes diabatic compressibility from
the measured densities and ultrasonic velocities diwdy of interactions of glycine
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with polyethylene glycol [114], study of systeficyclodextrin-alkyltrimethylammonium
bromides [115] or chitosan [110]. In our work tltBadatic compressibility of the aqueous
solution of hyaluronan was calculated from the dgrad ultrasonic velocity data which are
obtained by measuring at oscillating-U-tube densameand it have been compared
with other works [106] [108].

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 r&Dfl] for the density and is not further
analysed. Suzuki and Uedaira [105] and Davies et [HD6] used compressibilities
for the study of hyaluronan hydration.

3.2 Polymer-surfactant systems

Surfactants and water soluble polymers have veoadranges of applications [48],[116].
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 ggnted and discussed in the reference [117].
There is used Ilot of biopolymers as cellulose [J17IB], carboxymethylcellulose
[119],[120], chitosan [118],[128], DNA [122]-[125¢elatin or lysozyme [126],[127].

Bao et al. [119] studied the interactions betweamrfastants and polysaccharides
in the aqueous solutions. They used different somimnations of neutral, positively
and negatively charged polysaccharides as methylloeé, chitosan and-carrageenan
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 capelgélectrolyte-surfactant interactions [52].
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) [61],[62],[129],[130]. Binding of stactant 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 oaibcontaining polyelectrolytes,
due to the low linear charge density of hyalurongmalberg with Lindman [61],[62] 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
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and NMR self-diffusion. Their results indicate thttere is needed certain minimum
concentration of surfactant for marked formation lfaluronan-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 valueaiaentration 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 [61],[84],[118].

The aim of the reference [131] was to obtain adddl information on hyaluronan-surfactant
interactions in solutions with physiological satincentration (0.15 M NacCl) by tensiometry
and fluorescence probe technique. Reference [13Lihd 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) waliestun [132],[133]. From a light scattering
measurements of hyaluronan in aqueous sodium delogolution have been calculated
molecular weight, second virial coefficient, radafgyyration, and hydrodynamic radius.

Pisarik [132] with his colegues calculated the number pufsitive charge of dimeric
surfactant unit per one negatively charged hyalat®n disaccharidic unit
in hyaluronan-surfactant complex. First they caltedl the numberpgof dimeric surfactant
units in hyaluronan aggregate as

Nps= (Mps M)/ Msg (6)
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.
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The number of disaccharide unjt n
np: Mp/MpO (7)

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,. (8)

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.

3.2.1 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. [125], whrey 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. [125] used the high resolution ultnais spectrometry 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-Ug)/(UgCp,) (9)

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
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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.

Dy =Mlp = (p —po)l(pop C) (10)
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) (11)
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. [134] analysed the apparent adi@bcompressibility 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, (22)
Ds = Ky + AKp (13)

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.
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From the experimental data of Buckin et al. [135]veell as of Kudryashov et al. [134],
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 [89],[134].

For the determination of the critical micelle concation and of the micelle formation,
Buckin et al. [125] introduced the concentrantiaorement 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 beginfarm 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 forthe surfactants with hain legth of 12-16 carbon atoms
[125],[135].

The reference [99] demonstrates the potential gh hiesolution ultrasonic spectroscopy
in evaluating aggregation-degaggregation behavajuself-assemling polymer Poloxamer.
The results shows that polymer aggregation procasse successfully monitored using both
ultrasonic parameters of sound speed and attenudiine sound attenuation data were able to
identify both transitions of the micellization atite gelation. Both parameters were in very
good agreement with differential scanning calorm@SC).

Andreatta et al. [137] used high resolution ultraso spectroscopy for determination
of the critical nanoaggregate concentration of akphes and of the critical micelle
concentration of ionic surfactant (CTAB, SDS) ammhionic surfactant (Tween 80, Brij 35)
in both water and organic solvents (toluen). Thetedninated critical micelle concentration
of the mentioned surfactants by the measuring @fasonic velocity. The comparison
of ultrasonic curves for ionic surfactants in wateth nonionic surfactants in water showed
very different behaviour. From the density meas@maisthey calculated the apparent specific
volumes of surfactants and of asphaltene nanoagtreg@he combination of high resolution
ultrasonic  spectroscopy and densitometer allows cutating the compressibility
of the monomers and the micelles.

Hickey et al. [138] published an analysis of thagdhdiagram and microstructural transitions
in a microemulsion system containing phospholipid which titration arrangement

with the detection of ultrasound parameters wasl.usbey demonstrated that break points
(points of abrupt changes in slope) on dependemitelsrasonic 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
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a quantitative characterization of various detecteitrophases or the state of water.
Similar study on compositionally different microelsion system was published by the same
group later [139]. Singh and Yadav [141] investaghinteractions between poly(N-vinyl-2-

pyrrolidone) and sodium dodecyl sulphate using ss lsensitive ultrasound equipment
operating at single frequency [141]. Ultrasonic oedly 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 conductivityscosity data.
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4 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 druyels/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 esmental 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 micelbscentration 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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5 PRELIMINARY EXPERIMENTS

First results of my working with hyaluronan are aiv in this chapter. | started
with measurement of pH to find out if there are ahgnges in the values of pH in the system
surfactant-hyaluronan. The measurement of density the other experiment. It was asked
a question: does the age of hyaluronan solutidnente density measurement?

The dissolution of hyaluronan depends on many factosuch as temperature,
speed of the rotation, concentration of final solut molecular weight of hyaluronan,
the way of the adding of the powder sample andwadthers. The aim of present part
of the work is to characterize the dissolution Hrelstorage stability of hyaluronan.

5.1 Materials and methods

Hyaluronan of several molecular weights was obthifim Contipro Biotech (Czech
Republic). It is produced biotechnologically and tragted from the cell walls
of the bacteri&treptococcus zooepidemicdhis producer offers a broad range of molecular
weights in predefined range of molecular weightie Tollowing products were used
in this study: 10-30 kDa, 110-130 kDa, 300-500 kibd 1500-1750 kDa; particular
molecular weights (determined by the producer uSBE-MALS) of particular samples from
each range wused In this study are given in Table The surfactant
hexadecyltrimethylammonium bromide (CTAB) with p29.0% (Lot number 059K0041
BCBC4707V) was purchased from Sigma Aldrich, tet@dtrimethylammonium bromide
TTAB p.a. 98% (Lot number: 1377175 117K0732) andiwm bromide of p.a. 99.0% purity
from Fluka and sodium chloride (NaCl) of p.a. 99.pé6ity was obtained from Lachner.

Table 1. Molecular weights of hyaluronan used in the prehary experiments.

Product name My, *
Batch number

kDa kDa
10-30 15 208-250
17 211-589
90-130 116 210-493
137 211-234
300-500 421 208-125
1500-1750 1730 210-636
1750-2000 1800 211-180

* weight-average molecular weight provided by tbhpier and obtained by SEC-MALS analysis.

Ultrapure deionized water from PURELAB water pwdfiion system (Option R7/15; ELGA,
Great Britain) was used for the preparation of sdimples. Hyaluronan solutions were
prepared at concentration 1000 mg/l (0.1% w/w) lsgalving powder hyaluronan in water,
0.15 M NaBr or 0.15 M NaCl in closed vessels. Toleitson was stirred for 48 hours at room
temperature to ensure the complete dissolution.sdhéions of surfactants were prepared
by dissolving solid surfactant (TTAB or CTAB) in tea or solutions of 0.15 M NaBr and
0.15M NaCl. 1 ml of 0.05% w/w sodium azide per 100 of solution was used
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for stabilization of solutions. The measurements pfH were run on pH meter
(S220 SevenCompact, Mettler Toledo, USA).

Densitometer DMA 4500 (Anton Paar, Austria) was duder density measurements,
the accuracy of density measurement of 0.00005%/d@ime samples were degassed using
the syringe and then was injected to the apparatudethe density measurement was started.
It had to be ensured that the U-tube was propéltyifand that no gas bubbles were present.

The temperature was controlled with integrated @®01temperature sensor. The density
measurements of each molecular weight range, dt eascentration were made at least
in triplicates. The concentration ranges of samplesgiven in Table ST7 in Supplementary
information.

5.2 Results and discussion

5.2.1 Measurement of pH

The solution of hexadecyltrimethylammonium bromi(5 pl) was added using pipette
to the solution (10 ml) of hyaluronan (90-130 kDPwlal500-2000 kDa) or to 0.15 M NaCl
to get concentration range of surfactant CTAB @@.mmol/l) (Table ST1
in Supplementary information). The value of pH wagitten down after addition
and stabilization of every addition. The value df ploes not change expressively with
addition of CTAB.

The measurement of pH, as abase for titration ungabhn by surfactant measured
in experimental part I, is in Table ST2 and TaBIE3 in Supplementary information. TTAB
or CTAB dissoluble in water or sodium chloride wagcted to pure solvents or hyaluronan
solution (90-130 kDa and 1500-2000 kDa) in waterOat5 M NaCl. The solutions were
prepared without sodium azide.

The value of pH in hyaluronan-surfactant solutioithwdifferent concentration of surfactant
did not change during addition of CTAB to hyaluroreplution so it did not have influence
to our results.

5.2.2 Density measurements of hyaluronan solution

Hyaluronan with the molecular weight 70-90 kDa aridb00-2000 kDa were used
for the measurement of density of concentrated tispluof hyaluronan and the system
hyaluronan-CTAB. It was measured the concentratgamies of hyaluronan in water
and titration of hyaluronan by CTAB in NaBr solutioThe measurements were performed
during 30 days. The hyaluronan solutions (0.05;; @2; 0.4; 0.8 and 1% w/w) were
measured with densitometer DMA 4500. The samplésr af8 hours of dissolving were
named the first day of the measurement. The memsmts of density were done off, 2"

39 7" 14" 21" and 38' day. The data from this measurement are in Tabl& S
in Supplementary information, where it is seen ttire are no differences in the values
of density in the course of time. The density iases linearly with the increasing
concentration of hyaluronan.

The concentration  series of hyaluronan-surfactaniolutisns  were  prepared
in the concentration range of surfactant CTAB @49.mmol/l) and were measured
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1°-30" day at 25°C with densitometer DMA 4500. The dgnsilightly increased with
the rising concentration of CTAB and the valuesraredifferent neither in molecular weight
of hyaluronan nor in the various days of measurésndiiable ST6 in Supplementary
information).

Other measurements were performed with four moéeculeights of hyaluronan (10-30,
90-130, 300-500 and 1500-2000 kDa) where werengjgished the dependence of density
on concentration of hyaluronan solutions with sadiazide measured at 25 °C by means of
densitometer Anton Paar DMA 4500. The concentratémge of density was measured at all
four molecular weights of hyaluronan. In case & tbwest molecular weight, hyaluronan
10-30 kDa, the range was to 2 g/l of hyalururonarmyaluronan 110-130 kDa was to 1.5 g/I,
in hyaluronan 300-500 kDa was 1 g/l and the uppe&icentration of the range of the highest
molecular weight hyaluronan (1500-2000 kDa) wasdd.5The data are seen in Figure 10
and in Table ST7 in Supplementary information wheig seen that the curves of hyaluronan
with four different molecular weights lie in thensa values of density.

The dependence of density on concentration of hgahn solution with sodium azide is
linear, the density increases with concentratiomyafluronan. There is not any difference
in the molecular weight of hyaluronan; value of signis similar at all molecular weights
of hyaluronan at certain concentration, Table ST3upplementary information.
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Figure 10. Density of hyaluronan of four molecular weigthshastodium azide measured
with DSA 4500.
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First experiments were performed with sodium azwleich was used as a stabilizer.
However the results are almost the same in theepees and in the absence of azide.
As emerged from the measurement of density, ibisangood idea to add another substance
which can change the interaction in the titratiotpezgiment measured by means of high
resolution ultrasonic spectroscopy. We preparedséneples without sodium azide for other
experiments in Experimental part | and 1l and tbleitsons were used only three days after
the preparation.

5.3 Conclusions

The addition of CTAB to pure solvents and to hyahan solution in various solvents did not
change the value of pH. This means that results fie titration in high resolution ultrasonic
spectroscopy are not affected by changing pH baitresults of the hyaluronan-surfactant
interaction.

These preliminary results were done with sodiund@zas a stabilizer of solutions. It was
found out that the results with and without sodiande were very close. Other experiments
were done without sodium azide (Experimental paahd 11). Sodium azide could disturb

or change the results of very precise and clearsutements in HR-US. The addition of

sodium azide did not bring much better stability tbé solutions. Therefore the samples
without sodium azide were used in shorter timeeghdays after dissolving) in order to

perform high resolution ultrasonic spectroscopyintgrfering with sodium azide.

As resulted from the density measurements of differages of hyaluronan solution,
there were no changes in the values of densityiffierent days which could be caused
by the progresive hyaluronan dissolution of measerg so subsequent measurements where
realized after 24 hours of preparing of the sohsgio
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6 EXPERIMENTAL PART | —MEASUREMENT OF DENSITY
AND ULTRASONIC VELOCITY OF HYALURONAN SOLUTIONS

Before the characterization of hyaluronan-surfactsystem the thesis investigated the basic
characteristics of hyaluronan solutions of variow®ncentrations of hyaluronan
and in different solvents (water or 0.15 M NaClpeTmain method used was thedensitometry
by means of densitometer DSA 5000Myaluronan was characterized by the measurement
of density and ultrasonic velocity and from thesgameters were calculated the specific
molar volume and the compressibility. In this stuslg used a wide range of hyaluronan
molecular weights and as broad range of its conagom as possible to measure the density
of solutions and the ultrasonic velocity in solagoin details. From the measured data
the additional parameters like the partial specaiitume, the compressibility or the hydration
number were calculated.

6.1 Materials and methods

Hyaluronan of several molecular weights was obthifimm Contipro Biotech (Czech
Republic). It is produced biotechnologically and tragted from the cell walls
of the bacteri&treptococcus zooepidemicUhis producer 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 kDbhg average molecular weights
(determined by the producer using SEC-MALS) of ipatar samples from each range used
in this study are given in Table 2. The selectedceatration range of hyaluronan solution
was dependent on the molecular weight and was tedldn order to enable the sample
injection into the densitometer without problemst(too high viscosity and no entrapment
of bubbles). The hyaluronan solutions were prepatedhe concentration ranges reported
in Table 5 by dissolving the original hyaluronanypler slowly in water or in 0.15 M NaCl
in a closed vessel. The surfactant hexadecyltrigatimmonium bromide (CTAB) was get
from Sigma Aldrich, tetradecyltrimethylammonium bride (TTAB) was obtained from
Fluka and sodium chloride (NaCl) from Lachner. Hyahan was fully soluble in water
and time of dissolving depends on the molecularghteiof hyaluronan. The solutions
with low molecular weights of hyaluronan (10-30 klend 90-130 kDa) were stirred
for 24 hours; the solutions with the high moleculaeights of hyaluronan (300-500 kDa
and 1500-1750 kDa) were stirred for 48 hours ahrdemperature to ensure the complete
dissolution. The surfactant solutions were prepabgddissolving of surfactant powder
(TTAB, CTAB) inwater or 0.15 M NaCl. The solutiongere prepared by weighing their
components. Ultrapure deionized water from PUREL#&er purification system was used
for the preparation of all samples. PURELAB OptRW15 was from ELGA (Great Britain).
Ideal temperature for working with aqueous CTAB usoh is around 30 °C.
Under temperature 25 °C, there is cristalizatiosad@ition CTAB in water (Figure 11).
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Table 2. Molecular weights of hyaluronan used in the experital part I.

Product name My, *
Batch number
kDa kDa
10-30 17 211-589
16 211-263
15 212-2069
90-130 137 211-234
101 212-1214
116 212-2859
300-500 430 212-2082
458 213-3809
1500-1750 1800 211-180
1697 212-1271
1644 212-2298

* weight-average molecular weight provided by tbhpier and obtained by SEC-MALS analysis.

Figure 11. Cristalization of CTAB in water.

6.1.1 Densitometer DSA 5000M

The density of the liquid samples was measured gusitensitometer DMA 4500
or DSA 5000M Anton Paar with the accuracy of dgn8iD0005 g/crhand 0.000005 g/cin
respectively. DSA 5000M is equipped with adensdgll and a sound velocity cell
with the temperature-controlled by a buil-in Peltihermostat. There were measured
the ultrasonic velocity and the density simultarsbpuin temperature regime (25-50 °C,
heating rate 0.5 °C/min) as well as inkinetic @ant temperature of 25 °C) modes
with density meter DSA 5000M. The sample is heaiedooled and after the stabilization
at elevated temperature (after one or five degodéeSelsius) the density of the sample was
measured. In kinetic regime, temperature was seR3GC and after the stabilization
at this temperature the sample was measured withimterval of 3 minutes.

The temperature was measured in cell by the highigon platinum thermometer. Patented
reference oscillator built into the measuring qalbvided that one adjustment (with water
and air) at 20 °C was sufficient for measuremerds the whole temperature range.
The calibration of densitometers was performed0&t@ using air and waten the density

measuring interval from Oto 3 g/émand in the sound velocity measuring interval from
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1000 to 2000 m/s. The goal of a calibration is @idate the accuracy of the density
and ultrasonic velocity measurement. To calibrageinstrument, measure a certified standard
liquid and compare the result to the reference evathdicated in the calibration certificate
of the standard. The physical properties (densiliyasonic velocity) of the liquid density
standards should be similar to those of the samples

After a water check (measurement of water and cheéitkthe calibrate value of the standard
liquid), the degassed sample (5 ml) was carefuilledf into the measuring cell using
the syringe and left in holder for several minute®quilibrate at desired temperature before
the measurement was started. It had to be enduséthe U-tube was properly filled and that
no gas bubbles were present. The samples weresdehasing the syringe and then samples
were injected into U-shaped borosilicate glass tihla¢ was excited electronically to vibrate
at its characteristics frequency. The sample flowedtinuously through a single combined
sensor measuring the speed of sound and the dessitytaneously. Density and velocity
measurements of each molecular weight range, ataawentration and for each temperature
were repeated at least in triplicat&fie data fitting and the statistical analyses weezle
with QC.Expert 3.3 software (TriloByte, Czech Rej)b

Figure 12. Densitometer DSA 5000M from Anton Paar.

6.2 Results and discussion

Density and ultrasonic velocity of water and 0.15NdCI| was measured in the temperature
range 25-50 °C in chapter 6.2.1. The density (§.2r®l ultrasonic velocity (6.2.3) data of

hyaluronan solutions were used for calculation @fiine characteristics and compressibility
(6.2.4). The results are summarized also in thensiéic paper(Iin press)(Chapter 13.1).

6.2.1 Density and ultrasonic velocity of pure solvents

Ultrapure water, water with sodium azide and 0.1B&C| was measured by means
of densitometer DSA 5000M and compared with valfiedensity and ultrasonic velocity

of water from literature [142] in the temperatueage 20-55 °C. The density and ultrasonic
velocity of water and sodium chloride solution ar@ccordance with the literature (Table 3).
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The density decreases with increasing temperatace the ultrasonic velocity increases
(Figure 13). The values of density and ultrasoreteity of sodium chloride solution are
higher with increasing temperature compared todlaiswater and the difference of density
values of water and 0.15 M NacCl is higher than tfatltrasonic velocity values. The density
values of water with sodium azide are slightly leigthen in water without azide.

1.005
a) X Density of water from literaturg
1.003 1 ADensity of water
1.001 - Density of 0.15M NacCl
_.0.999 2&
b X
5 0.997 KKKKXX
2 KXK
S.0.995 - KK w
k%) KXK
S 0.993 - KEx
& X
0.991 - K x Ky
X
0.989 - KXX
X
0.987 - KKKK
0-985 T T T T T T ¥
20 25 30 35 40 45 50 55
Temperature/(°C)
1550
b)
).
1540 - o K X X
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X
~ 1530 - x X
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£ w &
= X
21520 - X
o ). §
o X
< X
1510 - 5 X
% X
1500 % X AVelocity of water from literature
X X Velocity of water
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Figure 13. The dependence of density (a) and ultrasonic vigldb) of water and 0.15 M
NaCl on temperature (20-55°C) measured with DSBOMY Density
and velocity of water from literature [142].
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Table 3. Density and ultrasonic velocity of water and 0.19N&ICI.

T P(literature) Pwater Pwater NaN3 £0.15 M NaCl Vliiterature) Vwater Vo.15 M Nacl
°C g/cm3 g/cm3 g/cms g/cms m/s m/s m/s

20 0.998203 0.998196 1.004434 1482.66 1482.58 1492.58
21 0.997991 0.997988 1.004209 1485.69 1485.50 1495.39
22 0.997769 0.997768 1.003974 1488.63 1488.42 1498.17
23 0.997537 0.997535 1.003728 1491.50 1491.27 1500.91
24 0.997295 0.997295 1.003473 1494.29 1494.04 1503.59
25 0.997043 0.997044 0.997368 1.003207 1497.00 1496.75 1506.21
26 0.996782 0.996784 0.997111 1.002932 1499.64 1499.38 1508.76
27 0.996511 0.996514 0.996840 1.002649 1502.20 1501.93 1511.23
28 0.996232 0.996234 0.996561 1.002357 1504.68 1504.41 1513.64
29 0.995943 0.995946 0.996270 1.002056 1507.10 1506.83 1515.99
30 0.995645 0.995650 0.995973 1.001747 1509.44 1509.17 1518.26
31 0.995339 0.995343 0.995666 1.001429 1511.71 1511.45 1520.48
32 0.995024 0.995028 0.995350 1.001103 1513.92 1513.66 1522.63
33 0.994700 0.994706 0.995027 1.000769 1516.05 1515.80 1524.71
34 0.994369 0.994374 0.994694 1.000429 1518.12 1517.88 1526.74
35 0.994029 0.994034 0.994354 1.000078 1520.12 1519.90 1528.69
36 0.993681 0.993687 0.994007 0.999720 1522.06 1521.85 1530.59
37 0.993325 0.993331 0.993650 0.999354 1523.93 1523.74 1532.42
38 0.992962 0.992967 0.993285 0.998980 1525.74 1525.56 1534.19
39 0.992591 0.992595 0.992913 0.998597 1527.49 1527.33 1535.90
40 0.992212 0.992217 0.992533 0.998206 1529.18 1529.03 1537.55
41 0.991826 0.991830 0.992148 0.997811 1530.80 1530.67 1539.14
42 0.991432 0.991436 0.991753 0.997415 1532.37 1532.25 1540.67
43 0.991031 0.991035 0.991350 0.997009 1533.88 1533.77 1542.14
44 0.990623 0.990626 0.990942 0.996595 1535.33 1535.24 1543.57
45 0.990208 0.990210 0.990525 0.996176 1536.72 1536.65 1544.93
46 0.989786 0.989783 0.990103 0.995747 1538.06 1538.00 1546.24
47 0.989358 0.989356 0.989673 0.995312 1539.34 1539.30 1547.50
48 0.988922 0.988915 0.989237 0.994871 1540.57 1540.55 1548.71
49 0.988480 0.988476 0.988792 0.994422 1541.74 1541.72 1549.86
50 0.988030 0.988004 0.988343 0.993969 1542.87 1542.86 1550.95
51 0.987575 0.987570 0.987887 0.993507 1543.93 1543.93 1552.00
52 0.987113 0.986945 0.987423 0.993041 1544.95 1544.96 1553.00
53 0.986644 0.986581 0.986955 0.992569 1545.92 1545.95 1553.95
54 0.986170 0.985929 0.986480 0.992088 1546.83 1546.87 1554.85
55 0.985688 0.985663 0.985998 0.991604 1547.70 1548.03 1555.70

The error bars of density and velocity: 0.00000@7and 0.0000006 m/s.
Piteraturey V(iterature)— the values of density and ultrasonic velocityfgom [142].
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6.2.2 Density of hyaluronan solutions

The concentration range of density and ultrasoaloaorty was measured at all four molecular
weights of hyaluronan. The concentration range wapendent on the molecular weight
and was selected in order to enable sample injedtitm the densitometer without problems
(not too high viscosity and no entrapment of bugplén case of lowest molecular weight,
hyaluronan 10-30 kDa, the highest concentratiort ttwuld be used was to 2 % w/w
of hyalururonan, in hyaluronan 110-130 kDa was t0.5 % w/w, in hyaluronan
300-500 kDa was 1 % w/w and the upper concentraifdhe range of the highest molecular
weight hyaluronan was 0.5% w/w. Fukada et al. [I08psured density of aqueous solutions
of sodium hyaluronate with molecular weight 1.4%&0 25 °C. These data of the measured
density are collected in Table ST8-Table ST11 ip@ementary information.

The density increases with the increasing conceotreand decreases with the increasing
temperature. The dependence of density on contemnti@ hyaluronan is shown in Figure 14
and the influence of the temperature on the denstyseen in Figure 15. The effect
of the temperature is much more perceptible thaa effect caused by concentration
of hyaluronan. The temperature dependences weghtlglicurved the reason of what was
the temperature effect on the density of pure sabd/ésee in Figure 13).

0.999 é 10-30kDa
A 300-500 kDa
0.998 - A 01500-1750 kDa
0.997 -
C 0.996 - S
S
S 0.995 - A
2 0.994 -
A
0.993 -
0.992 - S
0.991 -
0.990 . ' ' ' &
25 30 35 40 45 50

Temperature/(°C)

Figure 14. The temperature dependence of density of hyalursnhrion on concentration
59/ (0.5% w/w) of three molecular weights (10KE, 300-500 kDa
and 1500-1750 kDa) in water.
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Figure 15. 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 rabt called the quadratic model henceforth.
The model equations are as follows:

linear: p=ap + a,Cy + at
quadratic;o = ag + awCy + at + aut?

wherep is the density of hyaluronan solution in gfcm, is the concentration of hyaluronan
in grams per kilogram of solutior, is the temperature in °C aral denotes the (fitted)
parameters. The results of regression fits wereluated on the basis of following
characteristics: multiple correlation coefficienR),( coefficient of determination R),
predicted coefficient of determinatioR,§, mean quadratic error of predictioMEP), and
Akaike information criterion AIC). These characteristics are collected in Table 65T1
in Supplementary information for the solutions iater and show that the quadratic model
fits better the data. Fitting results obtainedtfer data measured in NaCl solution lead to very
similar conclusions. The parameters of quadraticdet® are given in Table 4
and the parameters of linear models in Table SmiSupplementary information for the sake
of completeness.
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Table 4.

solutions of different molecular weights.

7MWhya solvent 2o il & al

kDa g/emt kg/len? 10 g/em?°C 10°  gl/ent(°C) 10°
10-30 water 1.00152 8 x10° 4.1 + 0.025 -7.2 + 1.1 -39 + 0.15
110-130 1.00124 + 39 x10° 4.0 + 0031 -58 + 21 -41 =+ 0.28
300-500 1.00149+ 26 x 10> 4.1 + 0.032 -76 + 14 -3.8 + 0.19
1500-1750 1.00110+ 9 x10° 3.8+ 0.023 -6.1 + 05 -4.0 =+ 0.06
10-30 NaCl 1.00795+ 20 x 10° 4.1 + 0.013 -9.2 + 1.1 -3.7 + 0.15
110-130 1.00806 + 22 x10° 4.0 + 0.018 -9.1 + 1.2 -3.7 % 0.16
300-500 1.00800+ 16 x 10° 4.3 + 0.019 -93 + 09 -3.7 + 0.12
1500-1750 1.00786 + 16 x 10° 4.2 + 0.044 -88 + 09 -3.8 =+ 0.1
10-1750  water 1.0013% 17 x10° 4.1 + 0.013 -66 + 09 -40 + 0.12
10-1750 NaCl 1.0079% 17 x10° 4.1 + 0.009 -9.1 + 06 -3.7 * 0.08

Parameters of quadratic models and their standdediation for hyaluronan

Because the molecular weight did not show appréxialfect on the density (Figure 16)
the whole set of data over all molecular weightss wiited by one common equation.
In this way a single equation was obtained which sarve for areasonable estimate of
density of hyaluronan solution at the desired cotre¢gion and temperature which fall within
their ranges used in this work and with hyaluromaalecular weight within the range

from 10 upto 1750 kDa. The statistical

charactiess of this overall fit are given

at the bottom of Table ST16 in Supplementary infatton and corresponding model
parameters in the last two rows of Table 4. Pargwedf linear models of experiment
with 0.15 M NaCl are in Supplementary informatianTiable ST17.
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Figure 16. The dependence of density on concentration of Iy at 25 °C.
The hyaluronan water solution of three molecularights (10-30 kDa,
300-500 kDa and 1500-1750kDa) in water.
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These results can be additionaly used in the lirseat 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:

Pryo = 1.00662+0.00044,-0.0003&

Prac = 1.01297+0.0004d,,-0.00037

Pi,0 = 1.00131+0.00044,-0.00007+0.0000042

Pacy = 1.00797+0.0004d,-0.00009+0.0000047

6.2.3 Ultrasonic velocity of hyaluronan solutions

Ultrasonic velocity is the second parameter measure densitometer DSA 5000M.
These data of measured ultrasonic velocity areectat in Table 5 and in Table ST19-Table
ST26 in Supplementary information. The ultrasonigoeity increases with hyaluronan
concentration linearly as for many other solutioh$ow concentration [70], see the example
in Figure 17. The dependence on temperature ahgigencentration also increases
but is slightly curved what corresponds to the terapure dependence of ultrasonic velocity
in water. The molecular weight of hyaluronan preadty has no effect on the concentration
line of hyaluronan (Figure 17).

Table 5. Ultrasonic velocity of hyaluronan in water at theariperature range 25-50 °C.

Velocity (m/s)

|\/Iwhya Chya

kDa %w/w
1.99766 1503.81 1515.75 1526.18 1535.03 1542.418.484
1.79772 1503.47 1515.36 1525.77 1534.64 1542.06 8.0%34
1.59727 1502.71 1514.64 1525.08 1533.97 1541.397.484
1.40052 1502.10 1514.04 152450 1533.42 1540.866.934
1.19948 1501.33 1513.30 1523.79 1532.73 1540.196.284
1.06383 1500.74 1512.73 1523.24 1532.21 1539.705.284
0.80249 1499.94 1511.97 1522.51 1531.51 1539.025.154

25°C 30°C 35°C 40 °C 45 °C 50 °C

10-30 0.50190 1498.78 1510.86 1521.45 1530.49 1538.044.2%4
0.29972 1498.06 1510.21 1520.85 1529.92 1537.513.1684
0.10273 1497.31 1509.43 1520.08 1529.18 1536.79 3.084
0.05067 1497.51 1509.70 1520.39 1529.49 1537.123.354
0.01010 1497.12 1509.29 1519.96 1529.08 1536.722.954
0.00102 1496.67 1509.04 1519.74 1528.87 1536.502.134
0.00000 | 1496.92 1509.16 1519.84 1528.95 1536.56 1542.78
1.53305 | 1502.53 1514.48 1524.93 1533.85 1541.28 1547.33

90-130 1.39485 | 1502.09 1514.04 1524.52 1533.44 1540.88 1546.94

1.31501 | 1501.75 1513.71 1524.20 1533.14 1540.59 1546.67
1.20050 | 1501.31 1513.29 1523.78 1532.73 1540.20 1546.29

a7



1.10684 | 1500.99 1513.04 1523.56 1532.53 1540.01 1546.11
1.06436 | 1500.62 1512.63 1523.15 1532.13 1539.62 1545.72
0.80103 | 1500.04 1512.08 1522.63 1531.64 1539.15 1545.28
0.50070 | 1498.89 1510.96 1521.55 1530.59 1538.15 1544.32
0.30335 | 1498.17 1510.27 1520.87 1529.94 1537.52 1543.71
0.10587 | 1497.52 1509.65 1520.30 1529.38 1536.99 1543.20
0.05178 | 1497.28 1509.41 1520.06 1529.15 1536.81 1542.99
0.01067 | 1497.06 1509.25 1519.99 1529.10 1536.71 1542.94
0.00104 | 1496.75 1509.11 1519.81 1528.93 1536.55 1542.78
0.00000 | 1496.92 1509.16 1519.84 1528.95 1536.56 1542.78
1.03400 | 1500.90 1512.98 1523.50 1532.44 1539.90 1545.72
0.90393 | 1500.49 1512.49 1523.01 1531.99 1539.48 1545.53
0.80197 | 1500.15 1512.16 1522.69 1531.68 1539.19 1545.24
0.70684 | 1499.72 1511.74 1522.30 1531.31 1538.83 1544.96
0.50888 | 1498.98 1511.04 1521.61 1530.64 1538.17 1544.23
300-500 0.30317 | 1498.16 1510.24 1520.84 1529.90 1537.47 1543.65
0.10595 | 1497.54 1509.68 1520.32 1529.40 1537.00 1543.03
0.05397 | 1497.26 1509.39 1520.03 1529.12 1536.59 1542.81
0.01036 | 1497.15 1509.28 1519.93 1529.03 1536.65 1542.88
0.00106 | 1497.14 1509.26 1519.92 1528.82 1536.43 1542.65
0.00000 | 1496.92 1509.16 1519.84 1528.95 1536.56 1542.78
0.51056 | 1498.92 1510.99 1521.58 1530.61 1538.16 1544.31
0.39971 | 1498.83 1510.89 1521.49 1530.55 1538.12 1544.28
0.29776 | 1498.43 1510.53 1521.16 1530.25 1537.84 1544.07
0.19948 | 1497.82 1510.01 1520.65 1529.74 1537.35 1543.56
0.10757 | 1497.57 1509.70 1520.34 1529.42 1537.03 1543.23
1500-1750 0.09241 | 1497.53 1509.67 1520.30 1529.39 1536.99 1543.21
0.07231 | 1497.56 1509.70 1520.34 1529.44 1537.05 1543.27
0.05354 | 1497.50 1509.63 1520.28 1529.38 1536.99 1543.22
0.01027 | 1497.23 1509.38 1520.03 1529.13 1536.74 1542.95
0.00103 | 1496.70 1509.07 1519.79 1528.96 1536.67 1543.05
0.00000 | 1496.96 1509.26 1519.96 1529.08 1536.71 1542.94

As already noted by [104] the effect of temperatisranore significant than the effect of
concentration (Figure 18). The negligible effecthghluronan molecular weight (Figure 18)
is indicative of the principal role of hyaluronaradic disaccharide unit in determining
the properties of hyaluronan solutions — its maodanount at a given hyaluronan mass
concentration is independent on the molecular weigh
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Figure 17. The dependence of velocity on concentration of umgabn at 25 °C.
The hyaluronan water solution of three molecularights (10-30, 90-130

and 300-500 kDa) in water.
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Figure 18. The temperature and concentration dependence aciael of hyaluronan
solutions (10-30 kDa and 300-500 kDa) in water.
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The velocity-concentration-temperature data wetedifor hyaluronan with molecular weight
10-1750 kDa by quadratic model (explanation is @&povThe results of regression fits were
evaluated on the basis of following characteristisuiltiple correlation coefficientR),
coefficient of determinationR), predicted coefficient of determinatioR.f, mean quadratic
error of prediction (MEP), and Akaike informatioriterion (AIC). These characteristics are
collected Table ST27 in Supplemenatry information liyaluronan in range of molecular
weight 10-1750 kDa. The parameters of quadraticetsoare given in Table 6.

Table 6. Parameters of quadratic models and their standaediation for hyaluronan
solution.

|\/Iwhya Solvent dg aw at Ay
kDa gl/ent kg/cnt 102 glcnt°C g/cnt(°C)?
10-1750 water 1415 + 0.24 31.7 + 0.19 4.06 £ 0.013 -0.29

10-1750 NacCl 1426 + 0.27 325+ 0.21 3.96 + 0.015 -0.29

These results can be additionaly used in the qtiademuations to calculate directly
ultrasonic velocity of hyaluronan solution at cartahyaluronan concentration and
temperature (applicable for both water and 0.15&CNenvironment) without a very time-
consuming measurement:

Vi,0 = 1.415+0.0034,+4.08-0.292
Unac) = 1426+0.0036,,+3.96-0.292

Ultrasonic velocity measured with high resolutiorittasonic spectroscopy

In this chapter it is compared concentration cuofehyaluronan measured in various
instruments and also by different performance ofsneng solutions. The concentration
series of hyaluronan at 25 °C was measured alseRyJS 102 and HR-US 102 T, where
the same concentration curve of hyaluronan was ir@ataFigure 19 and Figure 20.
The hyaluronan solutions (90-130 kDa) with concaidn 1; 0.5; 0.2 and 0.1 % w/w were
titrated by water and ultrasonic velocity was meeduby means of HR-US 102T.
The titration curves were plotted in Figure 19. Titeasonic velocity linearly increased
with increasing concentration of hyaluronan.

The same experiment with hyaluronan (10-30 kDa, 130«Da, 300-500 kDa
and 15001750 kDa) were measured in HR-US 102 (€igd0), but kinetic regime
of HR-US 102 was used, not titration one. Method-UiR is described in Experimental
part Il. The samples of different molecular weightsre prepared at the concentration range
which is seen in Table ST28-Table ST31 in Supplgéargninformation and then put
to the machine and measured in two hours every Isam#yi one time the sample was
measured at seven frequencies, where is seen ttrasomic velocity did not change
with frequency, Table ST28-Table ST31 in Supplemgninformation.

The same values of ultrasonic velocity were meakbrgh with densitometer DSA 5000M,
and with ultrasonic spectrometer HR-US 102 and HR102T.
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Figure 19. The concentration line of hyaluronan 90-130 kDaswead by means of
HR-US 102T in titration regime at 25 °C, at freqagi5 MHz.
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Figure 20. The concentration line of hyaluronan 10-30 and 300- kDa measured
by means of HR-US 102 at 25 °C, at frequency 15.MHz
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6.2.4 Calculated parameters — volume characteristics, g@vassibility and
hydration numbers

Apparent and partial specific volumes were caladafrom density data including their
extrapolated values to infinite dilutions. Measueatn of ultrasonic velocity in the same
solutions under the same conditions enabled taulzdte compressibility and its dependence
on concentration and temperature. Compressibilég used to estimate hydration numbers.

Volume characteristics

The measurements of density are usually used toules# the volume characteristics
of the solution and solvent. The apparent speediome is frequently reported characteristic,
which is defined as the difference between thetmwliuand solvent volumes per unit solute
mass; in our case:

Vapp = (V-Vo)/Myya (14)

(V is the solution and/y the solvent volumem,yais the hyaluronan mass in the solution).
Expressing volumes in terms of densities the folhgw relationships can be derived
to calculate the apparent specific volume from messdensities:

Vapp= Mo (& — P)/(0 P Mhya) + 1o (15)
Vapp= (Mo/Muye) (L/o— 1) + 1ip (16)

where my is the solvent mass in the solutigm, is the solvent ang the solution density.
Both expressions gave identical valuesv/gf, within the measurement precision of our data,
as expected.

In thermodynamics, the effects of mixture composest mixture properties are rigorously
described by partial quantities. They are definegartial derivatives of a mixture property
expressed as a function of relevant variables.uincase, the mixture property is the volume
and the variable is the hyaluronan (solute) masspikg other variables (temperature,
pressure) constant. The partial specific voluntees defined as follows:

This definition can be expressed in terms of mesbdensity using the solute mass fraction
(Whya):

0(1lp) OWhya

(18)
OWhya OMhya

v 1
Vsp,hya:; +(mo+rn1ya)

Evaluating the second of the two partial derivajvéhe final expression for calculating
the partial specific volume from experimental databtained:

s 1 (I-Whya) 0p
VPop v - [1- Y —J 19
sp,hya~ P P Wy (19)

Note that this calculation requires the slope of dependence of the solution density
on hyaluronan mass fraction.
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Gomez-Alejandre et al. [103] calculated hyaluroraartial specific volumes according

to the following equation:
- 1
Vgp,hya pol %0 aWhya> ] (20)

where vgp’hya is the hyaluronan partial specific volume at iiténdilution (we will call it

the limiting partial specific volume here) and thexivative indexed by O is the limiting slope
of the indicated dependence. This equation wasca#ifle rigorous relation but its justification
is given neither in [103] nor in Fabre et al. [148]d to which the former refers. However,
this equation can be arrived at as the zero-corat@nt limit of the partial specific volume,
Equation (19), whermp- o, Whya— 0, and the slope goes to its limiting value calted
at the point of zero mass fraction.

The values of the apparent and partial specifiuwas are summarized in Table ST18
in Supplementary information. The apparent specifiolume was calculated using
the averages of the measured solvent and solutemsities and of the corresponding
hyaluronan masses. Its value and standard deviat@a sensitive to measurements errors,
particularly at low concentrations (and higher tenapures) where the solution density was
very close to the solvent density. This is quitenown situation [144],[145] sometimes
attributed also to the effect of dissolved gaseslaw concentrated samples [144].
Therefore only the values &f,, with the relative standard deviation not exceeding20%
are reported. The partial specific volume was dated according to Equation (19)
using the averaged densities, averaged hyaluro@es fractions and the slope of the straight
line determined by fitting all experimental poin&he values of the partial specific volume
were determined much more reliably with the rellyivstandard deviation below 2%
and at more consistent trends with concentratioteimperature. Nevertheless, the numerical
values of the averages of the two specific volumese comparable and not too much
different.

The partial specific volume (Figure 21) slightlycirases with increasing hyaluronan
concentration which can be expected due to theasing role and number of interactions
with the solvent and inter-chain contacts. Analaficconclusions can be made
also for the apparent  specific volume. A moderatecraase is observed also
with the temperature growth; here the data forpdugial specific volume are more
conclusive. This is expected and could be explaimethe expansion of hyaluronan coils due
to the increased mobility at elevated tempratuféece of hyaluronan molecular weight
on the specific volume was not detected. Thus yladuhonan 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°@gnat 50 °C. The influence of temperature and moéec
weight of hyaluronan is shown in Figure 21.
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Figure 21. The temperature and concentration dependence ofiapagpecific volume
of hyaluronan solutions (10-30 kDa and 300-500 kDayater.

Partial or apparent (specific, molar, molal) quidedi are typically extrapolated to zero
concentration to obtain a value which is supposete free of the effects of solute-solute
interactions. The extrapolated value should thdkeaeonly the solute-solvent interactions
[148]. The extrapolation of the apparent specifiolume is usually problematic
due to the high uncertainty and nonlinearity of adat very low concentrations.
Only the linear part of data at reasonably higlogrcentrations is used to be extrapolated, see
e.g. [144] or [145],[145]; the same procedure wa®duin this work. The dependence
of the partial specific volume on hyaluronan coriion was linear and the extrapolation
thus was without problems. Equation (20) is, int,faglso akind of the extrapolation
to the infinite dilution. Due to the linearity ofagial specific volume versus hyaluronan
concentration the limiting partial specific volum\‘zgp,hya) calculated from this equation is
numerically equal to the extrapolated value of ghdial specific volume \‘(sp,hyg;
the latter has much lower standard deviation (owimghe fitting procedure). All the zero
concentration volumes together with their dependemt temperature are shown in Table 7
and in Table ST18 in Supplementary information. Vakles slightly increase
with temperature and the extrapolated apparent ifgpecolume is somewhat lower
than its partial counterparts. Durchschlager anup&i [146] as well as Davies et al. [106]
reported the value 0.556 &y for the extrapolated partial specific volume sddium
hyaluronate at 25 °C with no other experimentalaiiet Gomez-Alejandre et al. [103]
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determined the limiting partial specific volume stfidium hyaluronate of a molecular weight
of 1500 kDa and it changed from 0.512°gnat 25 °C to 0.561 cify at 40 °C. Our values
are somewhat higher; due to the lack of origindghda the referenced works it is difficult
to discuss these differences, we can only pointatwarrower concentration range used
in ref. [103] and to Haxaire et al. [149] who refeor the density of (solid) hyaluronan
to be 1.61 g/crhwhich gives the specific volume of 0.621%m Further, Perkins et al. [147]
determined the value of the hyaluronan partial #ipecvolume, 0.58 criYg, which is

in excellent agreement with our results.

Table 7. Extrapolated partial specific volume of hyaluronaf different molecular
weights dissolved in water.
T \_/gphya
°C 10° cn/g
10-30 kDa 90-130 kDa 300-500 kDa 1500-1750 kDa
25 587 587 587 587
30 589 589 589 589
35 592 592 592 592
40 594 594 594 594
45 596 595 595 595
50 597 597 597 597

* standard deviation was less thet®cm’/g.

Compressibility and hydration numbers

The compressibility4) was calculated from measured densiyand ultrasonic velocityuj
using the well-known equation, usually called Lapl@quation:

_1
=L (21)
p=— (22)

where density is in kg/frand ultrasonic velocity in m/s.

Because both the density and the velocity increagéh hyaluronan concentration

the compressibility of hyaluronan solutions is ardasing function of concentration

at all temperatures; however the decrease is onlg (Table ST19-Table ST22). More

concentrated solutions are thus slightly tougheoremrigid what can be explained by

increased amount of hydrated structures, increasiotyded volume effects and perhaps also
by interchain interactions.

The compressibility decreases also with growing perature at given hyaluronan
concentration and, once again, the effect of teatpeg is more significant than the effect
of concentration (Figure 22). In a typical liquitetcompressibility increases with temperature
as the structure becomes more open. The decreagbe@ompressibility with elevated
temperature is among the peculiar properties otidigwater. In fact, the adiabatic
compressibility of water decreases up to 64 °C witdnas a minimum.
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Figure 22. The temperature and concentration dependence of prEEsibility
of hyaluronan solutions (10-30 kDa and 300-500 kDayater.

Hyaluronan does not disturb this peculiar propeityiquid water. The effect of hyaluronan
weight is negligible in compressibility.

The compressibility can be used to estimate thedtih numbers, i.e. the number of water
molecules in hydration shell. An overview of acausinethods for the determination
of hydration numbers was published recently [152¢re the simple and general Pasynski
method was applied which gives the following equato calculate hydration numbers)

My,0
nHZO: MHZO (23)
Mhyal
e = 2
ny=(22) * 1. Loampte (25)
Ndimer. ﬁHZO

wherem, o is mass of watenM,, o is the molecular weight of watef,, and fsample are
the compressibility of water and sample, respeltivey,o and ngmer are the molal
concentration of water and the dimer of hyaluronaspectively. The molecular weight
of one disacharide unit of hyaluronan is 401.298al/
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The Pasynski method assumes zero compressibilityadér molecules in hydration shells
and simple additivity of compressibility with regpeo number of (compressible) molecules.
Resulting hydration numbers should better be cemetlas estimates than exact true values;
any acoustic method involves similar assumptiori®2]Jland should be used preferably for
comparison purposes within a series of similar dasaplrhe hydration numbers are given
in Table ST19-Table ST22 in Supplementary infororatand are very weakly dependent
on temperature and hyaluronan concentration. Mostlgy decrease with increasing
temperature and concentration which is typicaltf@ hydration numbers calculated by this
method. No effect of the hyaluronan molecular weigbuld be observed. The hydration
numbers in water are around 20. Haxaire et al. |[1&&ermined hydration numbers
up to about 30 depending on the moisture conterthénatmosphere hydrating hyaluronan
films. Hydration numbers of about 20 were obseradhe very high moisture content,
in relative units at almost 95% moisture.

Suzuki and Uedaira [105] used different and ratoenplex methods arriving at the hydration

numbers of about 9 or 18 (for potassium hyalurgndépending on the level of complexity

of the method and its presumptions. The value 9eported as an averaged value also
by Davies et al. [107] who used yet another catatamethod which should determine

the number of water molecules directly interactvith hydrated substrate.

6.2.5 Effect of NaCl on density, velocity and calculatpdrameters

The experiments and the obtained or calculated flata the measurements with sodium
chloride solution are in Supplementary informatinorifable ST12-Table ST16, Table ST23-
Table ST26, Figure SF1-Figure SF4, Table ST18. addition of NaCl resulted in different
numerical values of measured densities or ultraseeiocities (Table ST12-Table ST16
and Table ST23-Table ST26 in Supplementary infolonat but did not change
their dependence on concentration or temperature .dépendences of density and ultrasonic
velocity on concentration of hyaluronan (of all fanolecular weights) in sodium chloride
solution have the same linear curve as the cointiebgperiments in water.

Only the linear curves of density and velocity, e@bhiincrease with rising concentration
of hyaluronan, are shifted to the higher volumenthe water. The value of density
and velocity for water and pure NaCl at 25 °C, @/@97212, 1.003211 g/chand 1496.99,
1506.42 m/s, respectively. The examples of dermsity velocity dependence in two different
solutions are plotted in Figure 23 and Figure SK5 Supplementary information.
The numerical difference is rooted in the differernd pure solvents — in the density of water
and NaCl solution and in ultrasonic velocity ingaéwo media.
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Figure 23. The dependence of density on concentration of hyadun with molecular
weight 90-130 kDa at water and at 0.15M NaCl ab °€, measured
with DSA 5000M.

In Figure 24 and Figure SF6 in Supplementary infdram, density and ultrasonic velocity
curves of sodium chloride solutions are moved twesi of water for a certain temperature
and there is seen that sodium chloride has noenfla on the dependence of density
and ultrasonic velocity on concentration of hyahan. The points of shifted sodium chloride
curves of both parametergnfcim, Unaciv) lie at the same values of density or ultrasonic
velocity of concentration line of hyaluronan in aqus solutions in the desired temperature.
The following equations recalculates density anttasbnic velocity of sodium chloride
(pNnacims Unacim) for the zero point of aqueous solutions:

_ PNacl, s
PNacl,M™ Pwater (26)
PNaCl

u p 27
NaCl, M pacts @7

UNacCl
where pwates PNach PNacls are density of water, pure sodium chloride andpanm sodium
chloride solution, respectiveluyater Unaci Unacisare velocity of water, pure sodium chloride
and sample in sodium chloride solution, respecfivifter recalculated parameters in sodium
chloride solutions the both curves (of water antb® NacCl) could be compared. If this

58



difference is accounted for by proper shifting ohcentration or temperature dependences,
common curves are obtained for both solvents astiited inFigure 24 for density
and in Figure SF6 in Supplementary informationvelocity.
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Figure 24. The effect of NaCl on the density of hyaluronanhwrmolecular weight
90-130 kDa measured at 25 °C by DSA 5000M, whezeuhves of NaCl are
shifted to the first point of water curves.

The partial volumes determined in 0.15 M NaCl fgalaronan of the two lower molecular
weights (10-30 kDa and 90-130 kDa) are comparaltd worresponding values in water
(Figure SF3). Increasing hyaluronan molecular weigluses some differences in partial
volumes — those determined in sodium chloride smiuare lower than corresponding values
in water (Figure 25).

The values of compressibility of concentrated lafenyaluronan in 0.15 M NaCl are lower
than in water (Figure 26), which means the fornmatsd compact structure in 0.15 M NacCl.
The difference is 0.08 I8 Pa® at whole curve, the values for very low dilutecalyyonan
are 4.39 18° Pa* and 4.47 18° Pa' in 0.15 M NaCl and in water, respectively. But tfend

in both solutions is the same, the compressibiliecreases with increasing concentration
of hyaluronan.

Hydration numbers are comparable in both solverte. reference [103] reported increased
limiting partial volume of hyaluronan in NaCl sdalnt and rationalized this finding by
the formation of more open structures in the presesf added small ions. Again, due to
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the lack of original data in that reference it ifficllt to discuss this difference but our
compressibility measurements do not support the adenore open structures.
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Figure 25. Comparison of partial specific volume in water @hd5 M NaCl of hyaluronan

with molecular weight 300-500 kDa at 25°C measurbgd means of
DSA 5000M.
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Figure 26. Comparison of compressibility in water and 0.15 BN of hyaluronan

with molecular weight 300-500 kDa at 25°C measurbg means of
DSA 5000M.
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6.3 Conclusions

The density of hyaluronan solutions in water or0ii5 M NaCl was linearly dependent
on the concentration at any used temperature amdased with the concentration. Increasing
temperature decreased the density of a solutiorgieén concentration; the temperature
dependence was slightly curved and slightly dedidtem linearity. The molecular weight
of hyaluronan had negligible effect. Therefore thké data through all molecular weights,
concentrations and temperatures used could befagabigly fitted with a single equation
(one for each solvent); linear in concentration goddratic in temperature. The equation can
be used for reliable estimate of the density oflirggan solutions in the concentration range
0-2% wi/w, the molecular weight range 10-1750 kDa #re temperature range 25-50 °C.

Ultrasonic velocity of hyaluronan solutions in water in 0.15 M NaCl was linearly
dependent on the concentration at any used tenuperand increased with the concentration.
Increasing temperature increased ultrasonic velamita solution of given concentration;
the temperature dependence was slightly curvedclagialy deviated from linearity.

The densities were used to calculate several spefume characteristics. The hyaluronan
partial specific volume in water typically rangedgepending 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 influendbeotemperature was stronger.

The hydration numbers determined from the compéggi data were typically about 20

and only slightly dependent on concentration. Tdaiteon of NaCl caused the changes
in numerical values of measured or calculated duesitbut did not change the character
of their concentration or temperature behavioueréhs negligible effect of molecular weight
on all measured or calculated properties.
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{ EXPERIMENTAL PART |l —HYALURONAN -SURFACTANT SYSTEMS

The aim of this chapter is study of the system dmyadan-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 uwaic spectroscopy.

First part of the chapter is focused on pure catiearfactants: tetradecyltrimethylammonium
bromide and hexadecyltrimethylammonium bromide, detgrmination of the critical micelle

concentration.

Method high resolution ultrasonic spectroscopy i@asher used for a detailed study of
interactions between hyaluronan and two cationitastants tetradecyltrimethylammonium
bromide (TTAB) and hexadecyltrimethylammonium brden{CTAB) in water and in sodium

chloride solution. This part of the work is sumraed in 7.2.3.

Selentific

Figure 27. High resolution ultrasonic spectroscopy (HR-US 102fom Ultrasonic
Scientific.

7.1 Materials and methods

Hyaluronan was obtained from Contipro Biotech (Cz&epublic) where is extracted from
the cell walls of the bacteritreptococcus zooepidemicdis producer offers a broad range
of molecular weight in predefined range of molecwaight. Following hyaluronan products
were used in this study: 10-30 kDa, 110-130 kD&-300 kDa and 1750-2000 kDa; concrete
molecular weight (determined by the producer uS&§-MALS) of particular samples from
each range used in this study are given in Tabu@actant hexadecyltrimethylammonium
bromide (CTAB) and tetradecyltrimethylammonium brden (TTAB) (Figure 28) were
purchased from Fluka and sodium chloride (NaClficachner.
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Figure 28.  Specification of surfactants a) CTAB and b) ' b) TTAB

Table 8. Molecular weights of hyaluronan used in the experital part Il.

Product name M., *
Batch number
kDa kDa
10-30 17 211-589
16 211-263
15 212-2069
90-130 116 210-493
137 211-234
101 212-1214
116 212-2859
117 213-3842
300-500 421 208-125
430 212-2082
458 213-3809
1500-1750 1730 210-636
1800 211-180
1697 212-1271
1644 212-2298

* weight-average molecular weight provided by tbpier and obtained by SEC-MALS analysis.

Hyaluronan solutions were prepared at concentrati@®0 mg/l and 15 mg/l by dissolving
powder hyaluronan in water or in 0.15M NaCl in edsvessel. Hyaluronan is very
hydroscopic and must be protected from moisturendguveighing. The solution was stirring
for 24 hours at room temperature to ensure the mmlissolution. Ultrapure deionized
water from a Millipore water purification systemtion R7/15; ELGA, Great Britain) was

used for the preparation of all samples.
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7.1.1 High resolution ultrasonic spectroscopy

Ultrasonic wave is a wave of oscillating pressunel associated longitudinal deformation
travelling through the sample. Molecules in the glenrespond to oscillating deformations
through inter-molecular repulsive (compression) aattiactive (decompression) forces
reflecting the measured elasticity of the samplier @lasticity is the major contributor to
the first characteristic measured in this technjqu&asonic velocity. Propagating through
the medium, the ultrasonic wave loses its energy iansubjected to a scattering process,
which causes ultrasonic attenuation. Attenuation gttenuation coefficient), the second
measured parameter, is determined by the reduictiamplitude of an ultrasonic wave which
has travelled a known distance through a mediumupdgr travelled distance. The major
contributors to attenuation are fast chemical i@ and microstructure
of non-homogeneous samples. The high resolutioargeprimarily to the measurement
of velocity and is achieved by parallel measuremeaitultrasound propagation in sample
and reference cells. The reference cell is filleth\the pure solvent (water or sodium chloride
solution in our case).

All ultrasonic measurements were performed on higbolution ultrasonic spectroscopy
within one of the following three regimes: kinetitemperature and titration regimes.
In this chapter, these regimes are described aildet

The kinetic regime was used in experimental pahd Il. The ultrasonic cell 1 was filled
with a solution and cell 2 was filled with waterhd measurement was started ten minutes
after filling the cells. The measurement was rugnifor two hours. The contribution
of the hyaluronan was subtracted using the basé€hmeasuring when in both cells were
water).

The second example of ultrasonic measurementsed i evaluation of thermal stability
[94],[98] and effects of thermal history. This aysa$ is done with the temperature ramp
regime, which allows measurement when the temperatuchanging with a programmed
speed. The measurements were done in temperaturge rrom 25°C to 50 °C
with the temperature ramp rate 0.5 °C/min. The &napre in the cell was monitored
by the incorporated thermometer. Temperature regiageused in the experimental part Il.

In this chapter the main using of HR-US 102T wa® fttitration regime for the
characterization of system hyaluronan-surfactahe fitration profiles for ultrasonic velocity
and attenuation were measured at 25°C; atfrequemcge 2.5-17.5 MHz using HR-
US 102T. The sample ultrasonic cell was closed wisitopper, which incorporated a line for
injection of titrant. The measuring cell was fillagth hyaluronan solution using a calibrated
1 ml Hamilton syringe. The exact amount of the 8ofu in the cell was determined by
weighing the syringe before and after filling. Ttigation accessory of HR-US 102T was
equipped with 50 pl Hamilton syringe which was udsed the dosage of the titrant.
The reference cell was filled with the same amowft water. Measurements were
continuously performed while the sample in the maag cell was titrated with surfactant
(CTAB or TTAB). Solution of TTAB and CTAB in wateand in 0.15 M NaCl was used as
a titrant. The titrant solution was injected to Hanple automatically in g+ steps by the
computer-controlled titration accessory of ultrasspectrometer. The stirring was activated
before each addition of surfactant and continuetil mo further change in the ultrasonic
velocity and attenuation occurred, indicating te&bilization after the titrant addition had
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been reached. Following this stirring was stopp&dbpility of the measured values and
attenuation was confirmed (5 to 10 minutes withgtuting approximately) and next portion
of surfactant was added.

It was used the resonance mode, measurementsra$antc velocity and attenuation was
performed with high precision. The longitudinalrafonic wave, generated by the vibrations
of one wall of the ultrasonic cell (first wall), @& particular frequency propagates through
the sample toward the opposite (second) wall. Tiposite wall reflects the wave back
toward the first wall, which also reflects the waaxk to the opposite wall and so on.

Every titration measurement has three parts: measant of water, titration 1 — measurement
of the baseline (titration into the water/0.15 M Q¥ titration 2 — titration into sample
(hyaluronan). Before every measurement water waasured for two hours check that
the known value for water was in agreement witlviptes measurement of water. If it is not
so, the cells have to be cleaned again and refiiddwater to start the measurement.

Titration 1: measurement of the baseline (titratido water)

Both cells contain water and the titrant (surfaitavas added to cell one by titration regime.
The HR-US program with present frequency channgi®aKs) was started first.
After the several minutes required for the measerdrof initial values, the titration scenario
was started. The ultrasonic velocity and the aaéoo were measured upon the automatic
titration of CTAB solution into the water and thatd were collected.

Titration 2: titration into sample

The sample cell was washed with water and therd dréeng dry air. After drying the sample
cell was filled with 1 ml of degassed sample oflbyanan. The frequencies of the peaks with
the same peak number (peak ID) as in buffer wemedcand the measurement was started.
Cell one contained sample (hyaluronan) and cell bematained water. The 50 syringe

of titration accessory was loaded with | 3%of titrant solution using the same Program Steps
as those used for Titration 1. The ultrasonic vigjo@and attenuation in the solution
of hyaluronan was measured up on the automatatititr with the solution of surfactant using
the same procedure as for Titration 1.

Before every measurement baseline correction was.dthe same measurements in titration
regime were performed for sample cell loaded aketiero with deionised water or with
0.15M NaCl. Ultrasonic velocity and attenuationfpes measured in water or in 0.15M NaCl
were subtracted from corresponding profiles in bg@an sample, in order to remove
the effect of temperature fluctuations and finefedénces in the resonance of the cells
on measured values of ultrasonic parameters

The measured data were processed using Titratiatysis software (Ultrasonic Scientific,
Ireland) which also includes a correction for doat All ultrasonic spectra were acquired by
adding surfactant to the solution, with stepwisencemtration increases. A quantitative
dilution was performed for each point in the cumviich is the average of 8-10 values
of ultrasonic attenuation in the time of relaxat{@® minutes) after three minutes of stirring.
One titration measurement typically took 22 holitach measurement was done minimally
three times and the values were averaged.

The measurement of pure water lasting minimallyn®dutes was done before every
measurement at all regimes of HR-US. The valuesvater were compared to previous
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measurement and if the results were not closecdliehad to be cleaned again very well.
The value of water is given in the table of sofev&tR-US so it is the reason of importance
of measurement of water in the accuracy of theivelaneasurements of ultrasonic velocity.
In references [153],[154],[155] ultrasonic velocity water was extensively measured
as a function of temperature. The density, heat@fp and many other physicochemical
guantities were published in numerous papers asldgdut high precision data of ultrasonic
velocity in water are available only in originalgsas [153],[154].

Setting of HR-US instrument

Relative velocity/attenuatiorll, N1) is difference between velocity/attenuation in pém
and in the reference media (water). Velocity/ategimn difference Y12, N12) is difference
between velocity/attenuation in the cell 1 and 2eDifferential plot is plot of the differences
of the relevant parameters between cell 1 and2cell

f f == (28)

ntl 'n~ o

Determination of approximate value of ultrasonitoegy knowing the cell lengthL{):

u=2L(f

Determination of approximate value of ultrasonidoggy knowing the difference between
two successive peaki.— f,) in the reference liquiffier) and in sampléAfsampig.

ne17Tr) (29)

(30)

Determination of ultrasonic velocity in unknown needsing the frequency shift of a peak
relative to a reference medium (the shift shaliraeeh smaller than the frequency of the peak)

Au _ A_fn <« dunkonwrr Ureference _ fn unkown™ T reference

— 31
u fo Ureference i reference (1)
Determination of peak ID - peak numba}:(
n=—rn (32)
fa+1—/fn

the frequency difference between two successivkgiga andf,.

The determination of ultrasonic velocity is basedtbe measurement of frequency of peak
produced in measured sample. The ultrasonic attienuis related to the width of this peak.
It had to have to perform a frequency scan to firepositions of these peaks.

Because the resonances are not ideal and depemaralthe materials of which ultrasonic
cells are built, resonance peaks in some frequeraryges may not be suitable for
measurements of ultrasonic velocity and attenuaitiosample. Amplitude/frequency scan
allows the user to see the available peaks. ThHe bells were filled with degassed water
or with sodium chloride solution and the HR-US gpmoeter was switched

to the Amplitude/frequency scan mode in HR-US safw The frequency scan is performed
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in every solvent and in every different instrumehHR-US or when the certain instrument is
fixed or transported.

The typical ultrasonic spectrum of water and 0.1BI&CI are shown in Figure 29 and Figure
30, the amplitude of the output signal is showa &sction of the frequency of the acoustical
signal. Amplitude/frequency scan allows seeing available peaks for measuring of
the sample. The spectral regions for example aué&ecies around 4, 7 and 10 MHz were
avoided in all of our experiments.
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Figure 29. Ultrasonic spectrum of water at 25 °C.

It has to be selected the resonant peaks for oasunements in the eight frequency ranges.
Itis important to write down theresonant frequenand ID number of peak.
The ID numberr) tells how many half ultrasonic wavelengths can flaced between
the walls of ultrasonic cells and each peak haamisjue number. ID number has to be
the same for each measurement. That peaks movagdtire analysed chemical process
or a temperature ramp so it has to be control thatpeak leave in the recommended

frequency ranges (Table 9).
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Table 9. The recommended frequency ranges of water for HRgdgtrometer.

Frequency range Amplitude of the input signal
2.4 —-3.0 MHz v

4.6 — 5.8 MHz 0.4V

7.7 -8.6 MHz 0.16 V

11.6 - 12.7 MHz 0.4V

145 - 15.7 MHz 4V

17.1 — 20.0 MHz 4V

Because resonances are not ideal and depend akb® omaterials of which ultrasonic cells
are built, resonance peaks in some frequency ramggsnot be suitable for measurements
of ultrasonic velocity and attenuation in the saan@o it is necessary to do frequency scan
before every new measurement of new material owtisol The frequency scan
of 0.15 M NaCl is in Figure 30. In choosing of peskmportant to think that the peak will be
shifted in temperature ramp or during titration isas good to give peak in the middle
of the recommended frequency range and of courespdhk has to look good, without other
small peaks. Also the peak number of the peak’quérecy Fo) and the peak number
of the frequency of the reference media must besdéinee. Several of the sharp ultrasonic
resonances are shown in Figure 31 at frequencyerdimf0-8400 kHz. Each of these peaks
has a peak number, which can be calculated by idiyidhe frequency of the peak by
the frequency difference between neighbouring péadgsation 32).
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Figure 30. Ultrasonic spectrum of 0.15 M NacCl at 25 °C.
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Figure 31. Ultrasonic spectrum of water at frequency range(8d00 kHz at 25 °C.

The correct input voltage must be chosen. Amplitatiéhe input signal should be adjusted
for each frequency range (recommended voltage &iemis in Table 9). The chosen peak
should have maximum amplitude around 15 mV. If almgé of peak is lower than 6 mV,

the input voltage must be increased in proportian the required amplitude range.
If the amplitude of the peak is greater than 20 onit has “overloaded”, it was reduced
the input voltage in proportion to the required #tade range. An overload occurs when
the amplitude of the chosen peak has exceededdkemum measurable peak amplitude; for
water that is 30 mV.

Differential measurement is used for eliminate dffect of small temperature variations
on the measured values of ultrasonic velocity.his type of measurements one of the cells
contains an analysed sample and the second cdhinsra liquid (water, buffer, reference
sample etc.), which has similar dependence (slopethe analysed sample of ultrasonic
velocity versus temperature. Because both cellscardrolled by the same temperature
controller, the effect of small temperature vadas of the temperature controller (0.01 °C
approximately) will be excluded (minimized) from ethvelocity difference (difference
between ultrasonic velocity in the cell 1 and @)l It is necessary explain some terms as
differential and relative parameters or what iplgise and bandwidth. Differential plot is plot
of the differences of the relevant parameter betwemll 1 and cell 2. Relative
velocity/attenuation is difference between veldatienuation in the sample and the reference
media. The “phase” is the angular relationship leetw the input and output signal
to and from the cell and is gave in units of degre€éhe HR-US spectrometer creates
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a mechanical wave within the analysis cell and piémek produced is what is analysed.
The ultrasonic attenuation is calculated from thaidwidth” (the width of the peak,

measured across a point equal to the maximum ardplitivided by the square root of 2)
at which this peak occurs.

In setting of measurements were gave amplitudedlpaase accumulation 3.

7.1.2 Densitometer DSA 5000M

The princip of measurement of densitometer is desdrin detail in Experimental I.
In this chapter, densitometer was used for chanaaten of surfactants where was measured
density and ultrasonic velocity in temperature ra@@50 °C. Our interest in density
data of hyaluronan solutions with solutions of aathnts comes from the studies
of hyaluronan and its interactions with surfactamsasured by means of high resolution
ultrasonic  spectroscopy. The ultrasonic measuresnerre usually accompanied
by the measurements of density in order to endidecalculations of compressibility from
ultrasonic velocity and density.

7.2 Results and discussion

Density and ultrasonic velocity of surfactants (THAand CTAB) were measured
in the temperature range 25-50 °C (chapter 7.2Tl)e critical micelle concentration
of surfactants both in water and sodium chloridéutsmn was determined by HR-US
in chapter 7.2.2. The binding of surfactants tollwgaan chain either in water or in sodium
chloride solution is described in chapter 7.2.3e Tésults are summarized also in a scientific
paper which is prepared for publication (chapte)lL3

High resolution ultrasonic spectrometer gives adpuwiu the difference in velocity
or attenuation measured between the sample anamete cells, i.e. the difference between
the value in the sample and in water or in 0.15&CNin our case. Data are therefore
reported in terms of velocity differencdJ42 (attenuation difference N12).

7.2.1 Characterization of surfactants

The solutions of surfactants (100 mM CTAB and 50 mWAB) in water or 0.15M NaCl
were examined with densitometer DSA 5000M. The matars, density and ultrasonic
velocity, were used for the determination of terapgie dependences of surfactants
in temperature range 20-55°C (Figure 32, Table 45TBable ST35 and Figure SF7
in Supplementary information).
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Figure 32. The density and velocity dependence of surfactaDiSAB and TTAB
on temperature measured with DSA 5000M.

7.2.2 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  [131], and calorimetric [157],[159], viscometric
and conductometric [160],[161],[162] methods. Inr amork as well as in other works
[134],[125],[136], the critical micelle concentrati was studied by measurement of density
and ultrasonic velocity.

First, titrations with pure surfactants in waterOot5 M NaCl were performed for the purpose
of verification and comparison. Critical micelleno@ntrations and compressibility could be
obtained and compared with literature. Further, titwation profiles in the absence of
hyaluronan provided the base for investigationtsfeffect caused by the interactions with
surfactants. The measured velocity profiles arewshan Figure 33 and Figure 34.
The velocity increases with increasing surfactamtcentration due to the increasing number
of relatively rigid surfactant molecules and esplgidue to their hydration shells composed
of less compressible water molecules [156]. Theease is linear and the point of abrupt
change of the slope determines the critical micetlecentration. In water, the slope behind
the critical micelle concentration is close to ze#ale in the NaCl solution it is still positive
but smaller than below this concentration. The el@sed slope is a combined result of
the formation of micelles with compressible corbe trelease of hydration water from
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surfactant monomers, and the formation of new Hahiashells around micelles. In the salt
solution also the chloride ions are incorporated micellization forming more rigid micelle
structures and their increasing number causes dnéncous velocity increase observed
behind the critical micelle concentration. In thalt ssolution also the chloride ions are
incorporated into micellization forming more rigidicelle structures and their increasing
number causes the continuous velocity increase reddebehind the critical micelle
concentration. The critical micelle concentratiomsre determined from the intersection of
two straight-line segments fitting the ultrasonlocity versus concentration plots and are
close to the values given in the [157] [162].

At low surfactant concentration (below the criticaticelle concentration) the value

of ultrasonic velocity increases linearly which memponds to the monomer form

of the surfactant. Above the critical micelle comiation, the concentration of ultrasonic
velocity is constant as a result of the micellarfation. Figure 33 gives water and Figure 34
gives sodium chloride solution ultrasonic velocityersus surfactant concentration.
The measured values of ultrasonic velocity andnatigdon for corresponding concentration
of surfactants are in Table ST36 in Supplementaigrmation.
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Figure 33. The determination of the critical micelle concetiba of surfactants TTAB
and CTAB in water at 25 °C, at frequency 15MHz.
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We used the concentration of 0.15M of sodium dtiéorbecause of presence of
this concentration in the human body, the systemfastant-hyaluronan could be used as
a drug delivery.

Beyer et al. [157] dissolved alkyltrimethylammonidsnomides with different alkyl chain
lengths, namely dodecyltrimethylammonium bromide TAB),
tetradecyltrimethylammonium bromide (TTAB), and adgcyltrimethylammonium bromide
(CTAB) in 0.1 M sodium chloride solution and stutlithermodynamic characterization
of the micellization of these cationic surfacta@is.a function of temperature using isothermal
titration calorimetry (ITC).

Table 10. The critical micelle concentration, CMC, of thefaatants TTAB and CTAB
in water and sodium chloride solution at 25°C meaed by means of
HR-US 102T, comparing with the CMC from literat{#87],[164].

Surfactant/environment CMC . CMC
mmol/l (this work) mmol/l [references]

3.7 [164], 3.7 [134] , 3.5[160], 3.8 [115], 3.7
TTAB/water 3.7 [125], 3.7 [136]

0.9 [115],[125],[134],[135],[157],[160],
CTAB/water 1.0 1.0 [164]
TTAB/0.15M NaCl 0.58 0.52 [131]
CTAB/0.15M NacCl 0.07 0.06 [131]

In water and below the critical micelle concentratihe 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 coasgible than the CTAB micelles which
correspond to previous determinations of the apparadiabatic compressibility of
alkyltrimethylammonium bromides [134] and was atited to the structure of the internal
core of micelles which was found to be close ta thapure hydrocarbon liquids. Similar
situation was observed comparing the two velocifiles in NaCl solution. As expected,
salt did not penetrated into the micelle core dfected only the micelle surface composed of
polar groups and their hydration which resultethtreasing 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 micelle ceatration. The measured values of
ultrasonic velocity and attenuation for correspagdioncentration of surfactants are in Table
ST36 in Supplementary information.
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Figure 34. The determination of the critical micelle concetitva of the surfactants TTAB
and CTAB in sodium chloride solution at 25 °C,ragjiency 15 MHz.

Compressibility of the surfactants in water and 6.M NacCl

The compressibility was calculated from the eque®@. There are the noticeable changes
in compressibility during micelization; the compsmlity descreases to the critical micelle
concentration and above critical micelle conceirathe compressibility is constant (Figure
35).

Kudryashov et al. [134] showed dependence of theegsaof apparent molar adiabatic
comppresibility as a function of the number of #ikyl groups where the apparent molal
adiabatic compressibility decreases with the atityin. Zielisnky et al. [163] the apparent
adiabatic compressibility of the surfactant in thenomeric forms decreases with the number
of carbon atoms of alkyl chain. On the otherwise dpbparent compression of the surfactant
in the micelle forms increases.
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Figure 35. Adiabatic compressibility of surfactants TTAB antAB in water.

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

Binding of surfactant to hyaluronan chain is obsédrwnainly 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 subtractesing the reference cell data. The curve
on the screen of the monitor represents a changkrasonic velocity and attenuation caused
by the binding of surfactant with polymer. Figure9Sin Supplementary information) shows
the dependence of ultrasonic velocity and atteapnatin concentration of surfactant TTAB
during the titration of hyaluronan solution by TTABhe titration of water by surfactant
TTAB is in Figure SF8 in Supplementary informatidn.these two figures the significant
breakpoint is seen both in velocity and in atteifmmaprofile. Titration curve of water was
shifted to to first point of curve of hyaluronarngmn (Figure 36) for better comparing.
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Figure 36. 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 36 compares ultrasonic velocity titratiormvas obtained during the TTAB titration
into water or hyaluronan solution (300-500 kDatiahiconcentration of 1 g/l). The curve for
the titration inwater clearly shows the two partorresponding to pre-micelle
and post-micelle states. On the other hand, upctpasts can be found for the titration profile
measured in hyaluronan solution (Table 11). Thest fipart is practically identical
to the corresponding pre-micelle part of the titnatprofile obtained in water. Visually,
this part corresponds to clear solution; the chaage is well below one (see in Table 11).
In this part no effect of added hyaluronan is thaisserved which should be a result
of the prevailing presence of free surfactant mdies; some single surfactant molecules
could be loosely bound to hyaluronan without chaggheir compressibility.

In the second part the increase of ultrasonic wiglagith 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 hsu@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)-(Table 11). In this part the binding
of surfactant in the form of micelles is finishéae (unbound) surfactant molecules probably
appear in the solution, electrostatic repulsioneimoved and 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 irmgi@g up to the transition between part Il
and IV (Figure 37). Then it steeply decreases m paand finally stays practically constant.
Increasing attenuation indicates increasing hetreigy of the system and formation
of bigger particles scattering the ultrasonic wavEhe step decrease corresponds
to the dissolution of such particles and clarificia of the system. Constant attenuation is
found where no substantial heterogeneity evolves,when only really microscopic phase
separation or structures are found.
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Table 11. TTAB concentrations at the boundaries of the dfier parts identified

in the velocity  titration  profile corresponding charge  ratio
TTAB/hyaluronan.
Water 0.15 M NaCl
My Part  Crras Chya  TTAB/HYA Crras Chya  TTAB/HYA
kDa mmol/| g/l mmol/I g/l

| 0.37 0.99 0.2

]| 3.00 0.94 1.3 0.61 0.99 0.2
10-30 " 3.98 0.92 1.7
v 4.61 0.91 2.0
V 6.25 0.88 2.9
| 0.35 0.99 0.1

]| 2.00 0.95 0.9 0.92 0.98 0.4
90-130 " 2.62 0.93 1.1
v 2.99 0.92 1.3
\Y 7.19 0.83 35
| 0.48 0.99 0.2

1] 2.73 0.95 1.2 3.15 0.94 14
300-500 1 3.15 0.94 14
v 3.90 0.92 1.7
\Y 8.35 0.84 4.0
| 0.38 0.99 0.2

Il 2.71 0.95 1.2 4.9 0.90 2.2
1500-1750 1 3.04 0.94 1.3
v 3.99 0.93 1.7
V 8.39 0.83 4.0
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Figure 37. The attenuation titration profile of hyaluronan @bncentration 1000 mg/l
and molecular weight of 300-500kDa and the atteiomattitration profile
of water with TTAB, at frequency 15 MHz. The titiatcurve of water is shifted
to the fisrt point of hyaluronan curve.

The charge ratio surfactant/hyaluronan correspdads$e ratio of concentration of charges
on the surfactant molecule and hyaluronan. The maiticharges gives the information about
the possible free or occupied hyaluronan chargedpy. Hyaluronan has one negative charge
per one disaccharide unit and surfactants TTAB@MRAB have one positive charge in their
structure. The concentration of charges on hyalkmarhain was calculated as follows:

concentration of hyaluronan in the solution (g/I . . . .
, ¥ . . (/L concentration of disaccharide units (mgl/l
weight of one disaccharide unit (g/mol)

where the weight of one disaccharide unit is 404 @@nol.

Afterwards, the charge ratio surfactant/hyaluronaas calculated as the ratio of molar
surfactant concentration and concentration of disagde units. The charge ratio
surfactant/hyaluronan increased with rising conegian of surfactant, example is in Figure
38.
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Figure 38. Dependence of charge ratio TTAB/hyaluronan on cotmagon of surfactant
TTAB. Hyaluronan 1000 mg/l 300-500 kDa in water.

Titration measurement in HR-US 102T was done irr foolecular weights of hyaluronan
and at eight frequencies in range 2.5-17.5 MB#ect of hyaluronan molecular weight
on the velocity titration profiles was very smdfigure SF10 in Supplementary information).
The shapes were retained, small differences wewadfdn the values of the surfactant
concentration corresponding to the boundaries tweighboring parts but they should be
caused mainly by experimental uncertainities. Tifeceon the values of attenuation (Figure
39) was stronger — the higher the molecular weitiet higher the value of attenuation
difference. This should be a result of more intemsiltrasonic scattering on more complex
coiled structures formed from chains of higher moolar weight. The differences
in the shapes of attenuation profiles were small.

In contrast to velocity, attenuation values wer@eathelent on the frequency of ultrasonic
which is typical for systems containing micro-heggneities capable of relaxation upon
ultrasonic propagation [138],[139],[140]. Dependirmn the mechanism of relaxation
ultrasonic waves of different frequency may be tecatl to different amount.
However, the curved shapes of attenuation profiled their locations on the concentration
axis were not affected by the frequency as istilitied on typical example in Figure 39.
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Figure 39. The effect of frequency on ultrasonic attenuatioofife of hyaluronan-TTAB
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Ultrasonic velocity measured with DSA 5000M

The binding of surfactant to hyaluronan chain wasestigated also by densitometer
DSA 5000M. The breakpoint is seen only in low malac weights of hyaluronan (10-30 kDa
and 110-130 kDa). During measuring of high moleculaights of hyaluronan (300-500 kDa
and 1500-1750 kDa) the precipitate was seen in leavyconcentration of surfactant and there
Is not seen negligible breakpoint, the densitomistaot accurate, the error is big for the very
near point of concentration line of surfactant. iapée of surfactant binding to hyaluronan
from densitomer is in Figure 40.
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Figure 40. Binding of surfactant TTAB to hyaluronan chain (@0fhg/l, 90-110 kDa,
in water) measured by means of densitometer DSBNS00
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Titration of hyaluronan solution by CTAB in water

Figure SF13 (in Supplementary information) shows tlependence of ultrasonic velocity
and attenuation on the concentration of surfac@MB during the titration of hyaluronan

solution by CTAB. The titration of water by surfant CTAB is in Figure SF12

in Supplementary information. In these two figuthe significant breakpoint is seen both
in velocity and in attenuation profile. Titratiouree of water was shifted to to first point
of curve of hyaluronan solution (Figure 42) for teetcomparing. CTAB interacts with

hyaluronan from the first adding of surfactant.
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Figure 42. The velocity titration profile of hyaluronan of cmentration 1000 mg/l
and molecular weight of 300-500kDa and the velotiitation profile of water
with CTAB, at frequency 15 MHz. The titration cuofewater is shifted to first
point of hyaluronan curve.

Titration profiles measured with CTAB are obviouslfferent from those with TTAB.
Some parts are missing in the velocity profile (ffeg 42) 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 ti