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Mucoadhesiveolymersareusedin pharmaceuticalormulationsto releasedrugsin mucosakreas,
e.g, gastrointestinal/vaginatacts,ocularmucosaandbucal/nasatavity. They interactandbecome
fixed to mucusvia mechanismse.g, molecularinterpenetrationyander Waalsforces,hydrophobic
interactions glectrostatidorces,H-bonds,etc, which increaseorganismresidenceperiod and drug
bioavailability. Drugsand polymersphysicochemicaproperties e.g, molecularweight,ionization,
concentration,polymer swelling kinetics, etc, affect formulation mucoadhesion,rheological
behaviourand drug absorption.Fractal dimensionwas examined for transdermal-deliverydrug
models.The methodis extendedo polymers.Hyaluronan(HA) is selectedas mucoadhesivand
biodegradablgpolymer. Geometric,topologicaland fractal analysesare carried out with program
TOPO. Referencecalculationsare performedwith algorithm GEPOL. The TOPO underestimate
molecular volume and surfaceareaby 0.7% and 5%, respectively. Molecular globularity is
overestimatedby 5% and rugosity, underestimatedby 5%. Soventaccessible surface is
undercalculatedoy 3%: when going from hexamerHA® to HA-3Ca to HA-3Ca-9HO, the
hydrophobicterm increaseby 42% anddecaysby 26%; the hydrophilic partdropsby 14% and
risesby 58%. Fractaldimensionof HA results 1.566. On going to HA-3Cato HA-3Ca-9HO, it
increasedy 2% and1%. Fractaldimensionof externalatomsaugmentdy 11%. In particular, for

HA it results1.725.Whengoingto HA-3Cato HA-3Ca-9HO0, it increaseby 4% and0.3%
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INTRODUCTION

Hyaluronicacid(HA) is ahigh molecularweightpolysaccharid@resenin the extracellularmatrix of
most vertebratetissues[1]. Its functionsvary from maintainingthe constant volumeof interstitial
fluid to organizingextracellularmatrix and variousimmunosuppressivéunctions [2]. Presencef
HA onplasmamembraneandconcentratiomvariationin pericellularspacesareassociateavith cell
aggregationduring morphogenesisand metastasidormation during malignant transformationand
tumoursinvasion[3-5]. The HA is a polymer composedof linear repeatsof disaccharideunit

containing 2-acetamide2-deoxyD-glucosamine (NAG)/D-glucuronic acid (GCU), linked by

(1—3/4) glycosidicbonds(cf. Fig. 1). A typical HA moleculeconsistsof 10 NAG/GCU units. The

overall anionic chargeof an HA molecule under physiologicalconditionsis causedby repeating
NAG/GCU units containing sites COO", which interaction with metal cations is important
contributingto the overall supermoleculastructureof HA [6]. Other factorsinclude: counterion
type, pH, temperatureand hydration extent, with the former being most important [7,8].
Structural/literaturedata for transition metal complexes with  HA remain scarce/limited to
co-ordinationcomplexesn aqueoussolution with C&*, Ag*, Cd*, Pb** and F€** [9-11]. In the
past,X-ray fibre diffraction was successfullyusedto solve solid-statestructureof HA, containing
variouscationsfrom thefirst/secondgroupsof periodictable,where2/4-fold-helicesformationwas
reported[12—-15]. Polyanion conformationis stabilized by H-bonds across glycosidic linkages
betweenHA monomersAdjacentantiparallelchainsare held togethervia —COO—C&*—00C-
bridgesandsix H-bondedwater moleculeslt was suggestedhat polymer secondarystructurewill
besimilarto C&* HA in casesf other divalentcations.AmorphousdivalentmetalHA containing
CU*, Ni%*, Mn?* or Co®* werepreparedat pH 5.5 by precipitationfrom aqueoussolutionswith
cold ethanol.Local structurearoundmetaf* was determinecby extendedX-ray absorptionfine
structure (EXAFS)/X-ray absorption near edge structure (XANES) [16,17]. Co-ordination

polyhedronaroundCu?* is distortedoctahedronFour O atomsat averagalistanceof 1.95A occupy



planarequatoriabites.At axial sites,O atomsarepresentat 2.46A. ThoughO atomsarepreferred

at axial positions,N atomsfrom NAG cannotbeexcluded.
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Fig. 1. Disaccharide repeating unit of HA comprising NAG/GCU. Whglies in10°~10'g-mol™.
Usingquantumchemicalmethods basicNAG/GCU unit of HA was studied.Semiempirical
molecular orbital (MO) methodsand ab initio calculations showed good agreementbetween
optimized geometriesand available crystallographic data [18]. SynthesizedC&*/Cl/#* HA are
amorphousmaterialsmaking analysisdifficult, as X-ray diffraction patternscannotbe usedto
explain experimental EXAFS data. One possible way is to use a combined quantum
mechanical/moleculamechaics (QM/MM) approach[19], which was successfully used in
computationabnzymologyandemployedin studiesof metalcationbinding to protein/HA[20-22].
Transition-metabindingwasstudiedusingdensity-functionatheory(DFT) methodg23-27].In all
casesatomisticsimulationgprovedto beaninvaluabletool for elucidationof experimentaktructural
data.Largersystemscanbe studiedusing QM/MM. While the approachwas successfullyusedin
computationaknzymology it was alsoemployedin studiesof metalcationbindingto protein/HA
[28-33]. In the latter, QM/MM provedto be an invaluabletool for elucidationof experimental
structuraldata.A QM/MM calculationof HA complexatiorwith C&*/Cu** wasperformed34].
Mucoadhesivgolymersareusedin pharmaceuticalormulationsto releasedrugsin mucosal
areas, e.g, gastrointestinal/vaginaltracts, ocular mucosa and buc/nasal cavity [35]. They
interact/becomdixed to mucusvia mechanismsmolecularinterpenetrationyan der Waalsforces,
hydrophobicinteractions,electrostaticforces, H-bonds, etc, which increaseorganismresidence
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period/drugoioavailability [36—39]. Drugs/polymersphysicochemicaproperties:molecularweight,
ionization, concentration, polymer swelling kinetics, etc, affect formulation mucoadhesion,
rheologicalbehaviouranddrug absorption[40]. In the presentreport, the methodis extendedto
polymers. The model uses program TOPO to perform HA geometric, topological and fractal
analysesln earlierpublications,TOPOwasappliedto calculationof fractaldimensionof molecules,
e.g, percutaneougnhancerphenylalcohols[41]/4-alkylanilines[42]. The aim of this reportis to
find propertiesthat distinguishHA, Ha:-3Caand HA-3Ca-9HO. The goal of this study is index

usefulneswalidationvia capabilityto differentiateHAS.

RESULTS AND DISCUSSION

The HA was selectedas mucoadhesiveand biodegradablepolymer. A comparativeanalysis of

Cay(C14H20011N)3:9H,0 was carried out in three HA forms: hexamer HA®*, Ha-3Ca and

HA-3Ca-9HO (Protein Data Bank code4HYA, cf. Fig. 2). The HA consistsof six saccharide

residueq126 atoms)and presentsa molecularweightM,, = 1123g-mot. TherearethreeC&* and

nineH,O moleculesaroundthe glycosaminoglycamexamer.

Fig. 2. Hydrogen-suppressed structure of hyaluronic acid hexam@CH&HO.
Geometriandtopologicalanalyseswvere carriedout with our programTOPO (cf. Tablel).
Referencecalculationswere performedwith our version of algorithm GEPOL. Software TOPO

underestimatetholecularvolumeV andsurfaceareaS by 0.7% and5%, respectively.Topological



indexmolecularglobularity G resultedoverestimatedby 5% andrugosity G’ was underestimated

by 5%.
Table 1. Geometric descriptors and topological indicebydluronicacid (HA).
Molecule V2V Ref? & SRef? G GRef’ G°® G Ref®
HA3" 816.4 822.8 942.78 999.24 0.448 0425 1.155 1.214

HA-3Ca 913.3 919.9 1069.45 1128.66 0.426 0405 1.171 1.227

HA-3Ca-9HO 1070.0 1077.8 124791 1320.73 0.405 0.385 1.166 1.225

aMolecularvolume(A3).

b Referencealculationcarriedout with programGEPOL.
° Molecularsurfacearea(A?).

4 Molecularglobularity.

® Molecularrugosity (A™).

Water solvent-accessiblsurfaceanalysiswas carried out (cf. Table 2). Sovent-accessible
surface(AS) area was underestimatedy 3%. When going from hexamerHA®*" to HA-3Ca to
HA-3Ca-9HO0, the hydrophobicsolvent-accessiblsurface (HBAS) areaincreasedby 42% and
decayedy 26%, respectively;the hydrophilic solvent-accessiblsurface(HLAS) areadecayedoy
14% and increasedoy 58%. The HLAS resultedthe geometricdescriptormost sensitiveto the
presencef C&* and,especiallyH,0. ThefractaldimensionD of HA turnedout to be 1.566.0n
going to HA-3Cato HA-3Ca-9HO, D increasedby 2% and 1%. The D resulted somewhat
sensitiveto the occurrenceof C&* andH,0. The fractaldimensionaveragedor nonburied atoms
D’ increasedin generalby 11% with regardto D. In particular,D’ of HA resulted1.725.When
going to HA-3Cato HA-3Ca-9HO, it augmentedoy 4% and 0.3%. The D’ resultedgreatly
sensitiveto theincidenceof C&* andH,0.

Table 2. Geometric descriptors and fractal dimensions of the solvent-accessible surface of HA.

Molecule AS? AS RefP HBAS® HLASY D¢ D'




HA® 1255.03  1293.95 589.72 665.31 1.566 1.725
HA-3Ca 1409.77  1453.85 834.57 575.20 1.601 1.792

HA-3Ca-9HO 1530.07 1578.40 620.88 909.19 1.625 1.798

3\Watersolvent-accessibleurfacearea(A?).

b Referencealculationcarriedout with programGEPOL.
° Hydrophobicsolvent-accessiblgurfacearea(A?).

4 Hydrophilic solvent-accessibleurfacearea(A?).

¢ Molecularfractaldimension.

" Molecularfractaldimensioraveragedor non-buriedatoms.

EXPERIMENTAL
In our programTOPO for the theoreticalsimulationof the shapeof crystal fragments [43], their
surfaces representetby the externalsurfaceof asetof overlappingsphereswith appropriateradii,
centredon the atomicnuclei [44]. The fragmentis treatedas a solid in space,definedby tracing
spheresboutthe atomicnuclei. It is computationallyenclosedn a graduatedectangulalbox, and
the geometriadescriptorsevaluatedby countingpointswithin the solid or closeto chosensurfaces.
They can be calculatedthe fragmentvolumeV, surfaceareaS and two topologicalindices of
fragmentshape ConsidelS, asthe surfaceareaof a spherewhosevolumeis equalto the fragment
volumeV [45]. Theratio G = SJ/S s interpretedas a descriptorof fragmentglobularity. The ratio
G’ = 9V isinterpretedasadescriptorof fragmentrugosity

The propertiesof the systemssolvatedin water arestrongly relatedto the contactsurface
betweersoluteandwatermoleculesStartingfrom this fact, anothermoleculargeometricdescriptor
wasproposedthe solvent-accessiblgurface areaAS [46]. The AS is definedby meansof a probe
sphere,which is allowedto roll on the outsidewhile maintainingcontactwith the bare molecular
surfacg47]. The AS canbecalculatedn the sameway asthe baremolecularsurfaceareaby means
of pseudoatomsyhosevan der Waalsradii [48] havebeenincreasedy the proberadiusR [49].

The accessibility is a dimensionlesgjuantity varying between0 and 1, as well as representghe
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ratio of the solvent-accessiblgurfaceareain a particularstructureto the solvent-accessiblsurface
areaof the sameatomwhenisolatedfrom the molecule.The fractal dimensionD of the molecules
may beobtainedasD = 2 —d(log AS)Md(logR) [50]. ThefractaldimensionD providesa quantitative
indicationof the degreeof surfaceaccessibilitytoward different solvents [51]. Program TOPO
allowsanatom-to-atomanalysisof D oneachatomi, to obtainan atomicdimensionindex D; from

the atomiccontributionsto the accessiblsurfaceareaAS,. The D; canbe weightaveragedo obtain

anewmoleculardimensionindex D’ = (Z;ASD;)/AS, wherethe AS; areusedasweightsfor the D;.

Noticethatif anAS; = Ofor any probe,D; cannotbe calculatedfor atomi and,so, this atomdoes
not contributeto D’. Thus,D’ representa D avergedfor atomsnonburied (accessiblejo any of
the solvent-accessiblsurfacesn the rangeof probe sphereslin particular,D’ =D for systems
without buriedatoms,e.g, inertgasesfullerenesgetc

A versionof TOPOwas implementedn our versionsof programsAMYR [52], GEPOL
[53] and SURMOZ2 [54]. ProgramAMYR carriesout the theoretical simulation of molecular
associationandchemicalreactionsSoftwareGEPOL performsanaccuratédriangulartessellationof
the molecularsurfaceandis usedfor referencecalculations Both TOPO and GEPOL recognizethe
cavitiesin inclusion moleculesand are adequatedo study intercalationcompounds.On the other
hand, SURMOZ2 does not recognizecavities. Furthermore,the combinationof SURMOZ2 and
GEPOLresultsallowsthe characterizatioof the molecularsurfaceof internalcavities.Our version
of SURMOZ2 was correctedfor the deviationfrom the sphericalshape,by dividing eachpoint
contributionby the cosineof the angleformedby the semiaxisandthe correspondinghormalvector
to the surfaceat this point. The volumeandsurfacesof crystalfragmentswith cavitieshavebeen
correctecby maximizing,in eachangularorientation,the distanceof the most distantatomin each

semiaxis.

CONCLUSONS

Fromthe presentesuts anddiscussiorthe following conclusionganbedrawn.



1. The hydrophilic solvent-accesiblesurfacearearesultedthe geometric descriptor most
sensitiveto the presencef C&* andH,0.

2.0ngoingto hyaluronan-3Ca/-9@, the fractaldimensionof hyaluronan(1.566) increased
by 2% and1%, respectively.The fractal dimensionof non-buriedatoms(1.725)augmentedy 4%
and0.3%.1t resultedgreatlysensitiveto the occurrencef C&* and,especiallyH,0.

3. The fractal dimensionof external atoms increasedby 11% with regardto the fractal
dimension.

4. Hyaluronanis animportantcomponenof articularcartilage,whereit is presentasa coat
aroundeachchondrocyte.When aggrecanmonomersbind to hyaluronanin the presenceof link
protein, large, highly anionicaggregatesorm, which imbibe water andare responsiblefor cartilage
resistanceéo compressionThe molecularweightof hyaluronanin cartilagedecayswith agebut the
amountincreases

5. Polymerrheologicalbehaviourformulatedin pH 4—7 did not differ, which is proper of
unstructuresgsystemsThe pH < 4 generatedelsbecausef hydrophobianteractions/Hbonds;gels
resultedpromisingfor administrationon skin/mucousmembraneslinterestexistsin hyaluronan

additioninto gelsto improvemucoadhesiveroperties.
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