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ABSTRAKT

Cilem ptedlozené dizertani prace bylo studium pokrocilych fluorescencnich technik a jejich
vyuziti v problematice koloidnich soustav, respektive systému hyaluronan-tenzid a hydrogelovych
systém zaloZenych na hyaluronanu. Casové-rozlisena fluorescence spolu se stacionarni
fluorescenci byly pouzity pro studium hyaluronanovych systému za Gicelem urceni vlivu hydratace
hyaluronanu na jeho interakce s (opacné€ nabitymi) micelarnimi Gtvary pomoci fluorescencnich
sond podstupuyjicich deprotonaci v excitovaném stavu. Nejdiive byly diskutovany razné
fluroescen¢ni sondy podstupujici deprotonaci v excitovaném stavu, z nichz byla vybrana jedna
jako vhodny kandidat pro dalsi experimenty. Na zakladé¢ citlivosti deprotonace v excitovaném
stavu vybrané fluorescencni sondy 1-naftolu byl urcen vliv hyaluronanu na vnitini prostfedi micel
a zaroven byla, na zakladé téchto experiment, diskutovana struktura hydratacniho obalu
hyaluronanu.

Dalsi cast predlozené dizertacni prace se veénovala metodé fluorescencni Casové-rozliSené
korelacni spektroskopie a vyvoji metody nanoreologie. Pomoci vytvoreného skriptu v softwaru
MATLAB byly pievedeny ziskané korela¢ni funkce na stfedni posun fluorescencné znacenych
Castic. Nejprve bylo potvrzeno, ze fluroescen¢ni korelacni spektroskopie muze byt pouzita pro
mikroreologickd meéfeni, a to srovndnim sjiz znamymi metodami videomikroreologie a
mikroreologie pomoci dynamického rozptylu svétla. Nasledné byla vyvinuta metoda nanoreologie
a bylo diskutovano jeji pouziti pro studium pasivni nanoreologie v hydrogelovych systémech
zalozenych na hyaluronanu. Na zakladé diskutovanych experimentd byla optimalizovana metoda
mikroreologie, respektive nanoreologie pomoci fluroescencni korela¢ni spektroskopie az k
pouzitelnosti této metody pro studium gelt.

KLICOVA SLOVA

Casove-rozliSend fluorescence, deprotonace v excitovaném stavu, hydratace, hyaluronan,
fluorescencni korelacni spektroskopie, mikroreologie, nanoreologie, hydrogel



ABSTRACT

The aim of the doctoral thesis was to study advanced fluorescence techniques and its use in
colloids or hyaluronan-surfactant systems and hydrogels based on hyaluronan, respectively.
Steady-state and time-resolved fluorescence were used to study excited state proton transfer
fluroescen probes in hyaluronan-surfactant systems to asses the influence of hyaluronan hydration
to its interactions with oppositely charged surfactants. Firstly, different excited state proton
transfer fluorescence probes were discussed to choose the most suitable candidate for next
research. The influence of hyaluronan on inner environment of micells was determined based on
the sensitivity of excited state proton transfer of chosen fluorescence probe 1-naphtol and, based
on above mentioned experiments, the structure of hyaluronan hydration shell was discussed.

The next part of doctoral thesis was focused on fluorescence lifetime correlation spectroscopy
and on the development of method of nanorheology. Measured correlation functions were
transformed to mean square displacement with developed MATLAB script. Firstly, the
fluorescence method was compared with well described methods such as videomicrorheology and
dynamic light scattering to asses the reliability of fluorescence correlation spectroscopy in
microrheology. Secondly, nanorheology method was developed and its use in passive
nanorheology of hyaluronan hydrogels was discussed. Based on mentioned experiments, the
fluorescence correlation spectroscopy microrheology and nanorheology methods were optimized
to use the methods in hydrogel research.

KEY WORDS

Time-resolved fluroescence, excited state proton transfer, hydration, hyaluronan, fluorescence
correlation spectroscopy, microrheology, nanoreology, hydrogel
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1 UVOD

Vybaveni pro ¢asové rozliSenou fluorescenci se v posledni dobé stalo nedilnou soucasti
laboratofi zabyvajicich se fluorescencni spektroskopii nebo naptiklad bunéénym ¢i molekularnim
zobrazovanim. Doba Zivota je jednou z nejdulezitéjSich vlastnosti fluoroforu a diky pokrocilym
technologiim, a tedy i pfiznivéj§i cené instrumentace pro casoveé rozliSenou fluorescenci,
respektive pro tzv. time-correlated single photon counting — neboli TCSPC — tedy detekci jediného
fotonu, je tato metoda §iroce vyuzivana nejen pro stanoveni doby zivota fluoroforu.

Stacionarni fluorescenci ovliviiuje vzdusny kyslik, koncentrace fluoroforu ¢i vybér vinové
délky. Pfi méfeni Casové rozliSené fluorescence muzeme tyto limitace obejit, protoze doba zivota
na vySe zminénych faktorech zavisla neni (kromé tedy vlnové délky pfii reakcich v excitovaném
stavu). Samoziejmé bez stacionarni fluorescence se zadny fluroescencni experiment neobejde,
protoze emisni spektrum patfi k zakladnim charakteristikdm vzorku. Ale méfeni doby zivota nam
poskytne dalsi informace zkoumaného systému. Procesy v excitovaném stavu lze vidét sice 1 na
emisnim spektru vzhledem k tvorbé nového piku u vétsich vinovych délek. Piikladem muze byt
tvorba excimeru pyrenu, exciplexu anthracenu a dimethylanilinu nebo deprotonace v excitovaném
stavu, ale diky méfeni doby Zivota muzeme pozorovat zménu emisniho spektra s Casem. Také
kinetiku deexcitaCnich procesu lze spocitat diky méfeni doby zivota. Pokud zvazime rozdil mezi
stacionarni a casov€ rozliSenou anizotropii, dostdvame se s méfenim vyhasinani anizotropie
k mnohem Sir§imu méfitku moznosti stanoveni vlastnosti systémua. Muazeme napiiklad definovat
rotacni pohyb fluoroforu v prostredi, pfipadn€ v organizovaném systému nebo difuzni koeficienty
pohybu fluoroforu i sledovaného systému.

Hyaluronan je v dnesSni dobé spojovan predevSim s lékarstvim jakozto latka pro efektivnéjsi
hojeni ran nebo s kosmetikou jakozto latka vyhlazujici vrasky. Nesmime vSak opomenout ulohu
hyaluronanu pfi vyvoji nosiCovych systémua pro léciva. Jelikoz hyaluronan reaguje na CD-44
receptor rakovinnych bunék, byl by skvé€lou jednotkou pro vyhledavani téchto receptort
v organismu. Z toho divodu je hyaluronan spojovan se Sirokym vyzkumem nosi¢ovych systému
zalozenych na hyaluronanu jakozto zpusobu dopravy a néjakého nosiCe (prikladem lze uvést
tenzid, dendrimer ¢i fosfolipid) pro solubilizaci 1é¢iva. Samoziejme idealni cestou je vytvoreni
polymerni micely, ¢imz by se pravdépodobné docililo vysoké stability systému, ale v uvahu
pfipadaji 1 nekovalentni, napiiklad elektrostatické, interakce.

Otazkou ale je, jestli ovliviiuje hydratace hyaluronanu elektrostatické interakce s opacéné
nabitymi systémy a jak tento fakt maze ovlivnit zkoumany systém. Fluorescen¢ni méfeni oteviraji
cestu pro vyzkum vlivu hydratace polymerti na interakce s dal§imi systémy. Zejména
Casové-rozliSena fluorescence a pokrocilé metody fluorescencnich technik nam mohou pomoci
tyto informace odhalit.



2 TEORETICKA CAST

2.1 Luminiscenc¢ni spektrometrie
2.1.1 Fotoluminiscence

Po absorpci primarniho zafeni molekulou muze dojit k emisi sekundarniho zafeni
z excitovanych molekul. Tento jev se nazyva fotoluminiscence. Pfi absorpci zareni prechazi
elektron ze zakladni singletové hladiny So do excitovaného stavu (singlet S;, pfipadné triplet T,").

Obecné se elektronové stavy déli na singletové a tripletové (Obr. 1):
Singletovy stav: Dvojice elektronti ma opacny (antiparalelni) spin.
Tripletovy stav: Dvojice elektron ma stejny (paralelni) spin.

Podle toho, z kterého z téchto dvou stavu se elektron navraci do zakladniho stavu, délime
fotoluminiscenci na fluorescenci a fosforescenci.

1 r r

zakladni singletovy excitovany singletovy excitovany tripletovy

stav stav stav

Obr. 1 Zakladni singletovy, excitovany singletovy a excitovany tripletovy stav

2.1.2 Fluorescence

Termin fluorescence byl poprvé pouzit sirem Georgem Gabrielem Stokesem v jeho praci z roku
1852. Termin fluorescence byl odvozen z ndzvu mineralu fluoritu, ktery emitoval modrou
fluorescenci po excitaci UV zafenim.

Po absorpci zafeni se excitovana molekula navraci do zakladniho stavu za soucasného vyzareni
fotonu. Tento pfechod se nazyva zdrivy prechod. Jednim ztypu zafivého prechodu je prechod
elektronu z excitovaného stavu do zakladniho stavu So. Tento jev se nazyva fluorescence. Elektron
se muze zafiveé vratit do zakladniho stavu pouze z nejnizsi vibracni hladiny daného excitovaného
stavu. Pokud se excitovany elektron nachéazel v nékteré z vyssich vibra¢nich hladin pfislusného
excitovaného stavu, pirechazi do nejnizsi vibracni hladiny stejného excitovaného stavu prechodem,
ktery je nazyvan vibracni relaxace. Proces vnitini konverze zase predstavuje prechod elektronu
z vys$iho excitovaného stavu do nizsiho excitovaného stavu. Jednd se o nezafivé piechody.
Excitovany elektron, ktery presel do tripletového stavu, se miize dodanim energie znovu dostat do
singletového stavu Si. Ze stavu S se elektron vraci do zékladniho stavu So za soucasného vyzareni
fotonu a je pozorovana zpozZdénd fluorescence (Obr. 2). Ztoho plyne, ze proces zpozdéné
fluorescence je analogicky k mezisystémovému prechodu z Si do Ti, pouze probiha opacné.
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2.1.3 Fosforescence

Muze nastat situace, kdy prob€hne nezafivy prechod ze singletového stavu Si na hladinu Ti,
kdy je pfechod spojen se zménou spinového stavu. Tento déj se nazyva mezisystémovy prrechod a
vétsinou k nému dochazi, pokud se prekryvaji nejnizsi vibra¢ni hladiny singletového stavu
s vy§Simi hladinami tripletového stavu. Z tripletového stavu T; se excitovany elektron navraci do
zakladniho stavu Sp za souCasné ztraty energie ve forme fotonu. Tento d€j se nazyva fosforescence
(Obr. 2). Tripletovy stav molekuly ma niz§i energii nez pfislu§ny singletovy excitovany stav, takze
prechod do zakladniho stavu je spojen s emisi zafeni o delSi vinové délce nez pii fluorescenci.
Protoze molekula setrvava v tripletovém stavu pomémé dlouho, miZe ztratit svou energii snaze
jinymi pochody nez fosforescenci, napt. kolizi s molekulami rozpoustédla.

VR g
2
' Sl
e VE
PR . S AV AV e T
i h i 3;
¥ 1 Tl
1]
zpoidéna fluorescence
Ahzorpoe
-« :
fosforescence
y :
2
S  — 57 !
Zakladni stav fluorescence

Obr. 2 Jablonskiho diagram — energetické prrechody pri vzniku fluorescence a fosforescence.
Prechody: VR — vibra¢ni relaxace, VK — vnitini konverze, MP — mezisystémovy prechod

Luminiscencni zafivy tok roste s mnozstvim absorbovaného zafeni, kvantovym vytézkem
luminiscence (tj. pomérem udavajicim pocCet emitovanych fotoni a absorbovanych fotont).
Luminiscenci nepfiznivé ovliviiuje vyssi teplota, kterd zvySuje pravdépodobnost nezafivych
prechodu [1].

Fluorescence i fosforescence trva 1 po prferuSeni budicitho zafeni. Rozdil je vtom, ze
, - v , < ’ . -10 .~ =7
fluorescence, ktera se vyskytuje hlavné v parach, kapalinach a roztocich, trva 107" az 10~ s po
ukonéeni osvétlovani, kdezto fosforescence trva 10 s az sekundy [2].

2.14 Doba zivota fluorescence a kvantovy vytézek

Doba zivota fluorescence a jeho kvantovy vytézek patii mezi nejdulezitéjsi vlastnosti
fluoroforu. Kvantovy vytézek je pomér poctu emitovanych fotonti a poctu fotont absorbovanych.
Doba zivota fluoroforu urcuje dobu, po kterou je fluorofor schopny interagovat nebo difundovat
v excitovaném stavu v prostiedi fluoroforu. VSechny interakce v excitovaném stavu se nasledné
projevi na emisi tohoto fluoroforu. Pfedevsim je soustfedéna pozornost na to, jakym zptisobem se
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fluorofor dostane zpét do zakladniho stavu, konkrétné jestli se fluorofor vrati do zékladniho stavu

zatfivym nebo nezafivym prechodem nebo kombinaci obou prechodu. Takze se jedna o kombinaci
rychlosti zafivého prechodu (k, ) a rychlosti pfechodu nezafivého (%, ).

Jak jiz bylo zminéno vySe, kvantovy vytézek predstavuje pomér poctu emitovanych
a absorbovanych fotont. Rychlostni konstanty k, a k, predstavuji depopulaci excitovaného stavu,
takze podil fluoroforu vracejiciho se diky zafivému prechodu, tedy kvantovy vytézek, mize byt
Znazornén rovnici:

k,
D= L 1
k. +k, M

Zrovnice 1 plyne, ze kvantovy vytézek se bude blizit jedné, pouze pokud rychlostni konstanta
zafivého prechodu bude mnohem vétsi nez rychlostni konstanta nezafivého piechodu. Jedna
z molekul, ktera ma kvantovy vytézek blizky jedné, je fluorescencni sonda znama jako perylen.

Doba zivota fluoroforu je definovana jako primérna doba stravena v excitovaném stavu
vzhledem k rychlosti jeho pfechodu do zakladniho stavu. Kdyz zde bude vychazeno z chemické
kinetiky a bude zvolen zfedény roztok, ktery obsahuje latku A o koncentraci [A] (mol/dm?) a tento
vzorek bude excitovan kratkym pulzem, tak v Case O tento puls zpusobi, ze prejde urcity pocet

molekul A do excitovaného stavu A*. Tyto molekuly se nasledné navraci do zakladniho stavu
bud zafivym, nebo nezafivym piechodem nebo obéma typy pifechodd. Rychlost vyhasinani
excitovanych molekul mize byt vyjadiena nasledujici rovnici:

—@ = (k, +k, )| A" o)

Resenim rovnice 2 je:

* * t
[A ] = [A ]0 exp[—g], (3)
kde 74 je doba Zivota excitovaného stavu a je dana rovnici:

1

T.=—— 4
Yok +k, @)

Pokud jedinou moznosti deexcitace je zafivy piechod z hladiny S, do S,,, tedy emise fluorescence,

rovnice pro dobu zivota zméni tvar na:

T, =— 5)

Doba zivota, ktera je urCena pouze reciprokou hodnotou rychlostni konstanty zafivého
prechodu, se nazyva pfirozena doba zivota (natural nebo intrinsic lifetime). Tato doba zivota muze
byt teoreticky spocitana z absorpCniho spektra, extinkéniho koeficientu a emisniho spektra
fluoroforu pomoci Strickler-Bergova vztahu [2],[3]
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1 9 5 dv
— =2,88x107n% = ALY ©)
2 _.'VFF»_' 17F)d_F Va

kde n je index lomu, & je molarni absorpéni koeficient a pro F;; (17}:) plati vztah:

0
[ Fy (7:) v = @ ()
0
Sloudenina Viorec Rompouitédlo (teplota) @b =g fns)
Benzen ] g™ Ethanel (293 K) 0,04 31
. P e N Ethanel (293 K) 021 27
Naftalen PP Cyklohexan 293K) 0,19 96
Antracen P Vs o N Ethanol (2903 K) 27 51
PP Cyklohexan (293K) 0,30 5.4
Perylen n-Hexan 0,98
P Cyklohexan (293K) 0,78 6
Prren N Ethanol (203K) 065 410
’ J Cyklohexan (293K) 0,65 450
Ethanol (203K) 0,13
Fenantren [ i n-Heptan (293 K) 0,16 0,60
ey Polymerni film 0,12

Obr. 3 Priklady fluoroforu, jejich kvantové vytézky fluorescence ®.a doby Zzivota (z,) [1]

2.1.5 Anizotropie fluorescence

Pfi excitaci polarizovanym svétlem je emise veétSiny vzorkt také polarizovana. Zaklad
anizotropie predstavuje existence piechodového momentu absorpce a emise, ktery lezi podél
specifického sméru zavislého na struktufe fluoroforu [4]. V biomolekulach se anizotropie zmeéni
vlivem rotacni difuze i vnitini flexibility. Anizotropie fluorescence se pouziva napiiklad pro
studium denaturace proteinl, interakci proteini s jinymi makromolekulami, studium vnitfni
viskozity membran a napiiklad pro klinickou detekci proteini zodpovédnych za onemocnéni.
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Obr. 4 Schéma méreni anizotropie fluorescence [4]

Meéfeni anizotropie fluorescence je zobrazeno na Obr. 4. Pfi méfeni anizotropie je vzorek
excitovan vertikaln€ polarizovanym svétlem. Elektricky vektor excitacniho zareni lezi paralelné
s osou z. Intenzita emise se méfi pres polarizator. Pokud je emisni polarizator orientovan paralelné
Vici excitacnimu paprsku, znaci se tato intenzita I, pokud je orientovan vertikalng, znaci se 7, .
Tyto intenzity se nasledné pouziji pro vypocet anizotropie fluorescence podle rovnice:

— L—-1

r=-l - @®)
1,21,

Rovnice 8 ale nepocita s citlivosti detek¢niho systému na vertikalné a horizontalné polarizované
svétlo. Z toho divodu je potieba zavést korekcni faktor, ktery se nazyva G faktor. Pro vypocet

skutecného poméru Ii je potieba zjistit praveé hodnotu G faktoru. Pokud zavedeme, ze S, a §,,
1

budou citlivosti emisniho kanalu pro vertikaln€ a horizontalné orientovanou komponentu, 7, a
I,,, budou pozorované vertikaln€ a horizontaln¢ polarizované intenzity, pak rovnice pro pomer

pozorovanych intenzit bude mit tvar:

5

I

S0
Il

p v

®)

VH SH 1

G faktor lze jednoduse méfit pomoci horizontaln€ polarizované excitace. S horizontalné
polarizovanou excitaci je distribuce v excitovaném stavu pootocCena tak, aby lezela ve stejném
sméru s osou pozorovani. Nasledn€ horizontalné 1 vertikalné polarizované komponenty jsou stejné
jako I, . Shoduji se, protoze elektrické pole je shodné rozlozené okolo osy pozorovani. Oba
polarizatory se nachazi kolmo k polarizaci excitovaného zafeni. Jakykoli méfeny rozdil mezi 1, a

1., musi byt zptsoben vlivem detek¢niho systému. Z toho divodu mizeme pro anizotropii psat

HH
rovnici:
1 v GI VH

r=—— 10
I, -2GI, (19)
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Stacionarni anizotropie je zjisténa za pomoci kontinualni iluminace vzorku, ¢imz ziskame
pramérnou hodnotu anizotropie za urcity casovy usek. Dalsi informace lze ziskat pomoci méfeni

Casové rozliSené anizotropie. Hodnoty I’(l‘) jsou metfeny po kratkém excitaCnim pulzu.

Vyhasinani anizotropie zavisi na velikosti, tvaru a flexibilit¢ pozorovaného fluoroforu. Méfi se
tedy polarizované Casove zavislé vyhasinani fluorescence a jednotlivé kiivky jsou pouzity pro
vypocet ¢asove rozlisSené anizotropie:

r(t)— I\I(t)_ll(t) (11)

1, (r)+21, (1)

Nasledné je vypocitané vyhasinani anizotropie analyzovano pomoci riznych matematickych
modelu a statisticky se vyhodnoti, jestli se pfislusny model shoduje s vypocitanym vyhasinanim
anizotropie. Z matematickych modeld lze stanovit rotaéni korelatni Casy (€), pocatedni
anizotropii (r,) a limitni anizotropii (r, ).

2.1.6 Zhaseni fluorescence

Zhaseni fluorescence predstavuje jakykoli proces snizeni intenzity fluorescence vzorku.
Zhaseni vychazejici z koliznich stfeti mezi molekulami fluoroforu (latka schopna fluorescence) a
zhéaSecCe se nazyva dynamické zhaseni. Jestlize se molekuly fluoroforu vazi na molekuly zhasece,
nazyva se toto zhaseni statické. Zhaseni vSeobecné bylo a je intenzivné studovano v souvislosti
s biochemickymi systémy. Ze zhaSeni fluorescence v biologickych systémech je mozno zjistit
nekteré informace o molekulach, mezi kterymi ke zhaSeni dochazi, nebo o prostredi, ve kterém ke
zhaSeni dochazi. V podstaté dostavame informace o prislusném donor-akceptorovém paru, coz
predstavuje molekuly nebo charakteristické skupiny molekul, které jsou schopny darovat nebo
pfijmout napfiklad energii nebo elektron, z ¢ehoz donorem je molekula poskytujici energii a
akceptorem je molekula tuto energii pfijimajici. Pokud se vybere spravny donor-akceptorovy par,
je mozno odhalit umisténi latky v membrané buiiky [5] nebo lze naptiklad urcit vzdalenost mezi
dvéma misty molekuly proteinu, ¢imz lze charakterizovat skladani proteini, tzv. protein
folding [6], [7].

2.1.6.1 Zhdsece fluorescence

Siroka fada latek se chova jako zhase¢ fluorescence. Jednim z nejznaméjsich zhase&d
fluorescence je molekularni kyslik, ktery zhasi téméf vSechny znamé fluorofory.
Nejpravdépodobnéj§im mechanismem zhaSeni fluorescence kyslikem je nezafivy prechod
fluoroforu do tripletového stavu, tedy mezisystémovy prechod fluoroforu. V roztocich je tripletovy
stav zhaSen s maximalni efektivitou, takze fosforescence neni pozorovana. Aromatické a alifatické
aminy jsou také efektivnimi zhaSeCi fluorescence vétSiny nesubstituovanych aromatickych
uhlovodika. Jiz dlouho a dobfe znamym piikladem mize byt antracen, ktery je efektivné zhasen
dietylanilinem [8]. V pfipad€¢ antracenu a dietylanilinu se formuje excitovany komplex zvany
exciplex. K formovani exciplexu dochazi proto, ze fluorofor v excitovaném stavu piijme elektron
zaminu. V nepolarnich rozpoustédlech mizeme tento proces klasifikovat jako reakci
v excitovaném stavu, protoze samotna fluorescence exciplexu byva pozorovana, kdezto
v polarnich rozpoustédlech je fluorescence tohoto exciplexu zhasena, takze se interakce mezi
antracenem a diethylanilinem jevi jako klasické zhaseni.
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Dalsim typickym procesem, pii kterém dochazi ke zhaSeni, je efekt t€zkého atomu. Patii sem
napiiklad jod nebo brom. Halogenované slouceniny jako jodbenzen, trichlorethanol nebo
brombenzen zhasi mechanismem dynamického zhaSeni. Zhaseni vét§imi halogeny jako bromidy a
jodidy muze vyustit k mezisystémovému piechodu do tripletového stavu, ktery je zptisoben “spin-
orbit couplingem” (vzajemna interakce magnetickych momentd spinového pohybu elektront a
orbitalniho pohybu elektronti) excitovaného fluoroforu a halogenu [9], [10]. Mechanismus zhaseni
je pravdépodobné odlisny pro slouceniny obsahujici chlor. Indoly, karbazoly a jejich derivaty jsou
velice citlivé na zhaSeni chlorovanymi uhlovodiky a tzv. elektronovymi “scavengery* jako
protony, histidin, cystein, fumarat, NO;, Cu2+, Pb2+, Cd*" aMn? [11]. ZhaSeni témito latkami
pravdépodobné zahrnuje pienos elektronu z fluoroforu ke zhaseci.

Dal§imi zhaseCi fluorescence mohou byt puriny, pyrymidiny, N-methylnikotinamid nebo
N-alkylpyridinium. Napiiklad pyren maze byt zhasen cetylpyridinium chloridem. Casto je u téchto
aromatickych sloucenin pozorovano jak statické, tak 1 dynamické zhaSeni, kde komplex
v zakladnim stavu tvofeny pfi statickém zhaSeni muze byt velice stabilni.

Protoze spousta molekul se chova jako zhase¢, maze byt lehce vybran vhodny par fluoroforu a
zhaSeCe. Nékteré zhaSeCe mohou byt vysoce selektivni pro urcity fluorofor. Selektivita Casto zalezi
na mechanismu zhaseni, ktery zase bude zaviset na chemickych vlastnostech jednotlivych
molekul.

2.1.6.2 Dynamické zhdSeni

Dynamické zhaseni muze byt popsano Stern-Volmerovou rovnici:
F
F0:1+quo[Q]:1+KD[Q], (12)

kde F, a F jsou intenzity fluorescence v nepfitomnosti zhaSeCe a v pfitomnosti zhaSece, kq je
bimolekularni rychlostni konstanta zhaSeni, 7, predstavuje dobu Zivota fluoroforu bez pfitomnosti
zhaseCe a Q je koncentrace zhaSeCe. Stern-Volmerova konstanta zhaseni pak je dana rovnici
K, = quO. Pokud je znamo, ze se jedna kompletné o dynamické zhaSeni, bude Stern-Volmerova

konstanta pfedstavovana jako K,. Pokud se na zhaSeni bude podilet 1 jiny proces deaktivace,
napfiklad statické zhaSeni, bude Stern-Volmerova konstanta popsana K, .

Data jsou vétSinou prezentovana jako graf zavislosti pomeéru intenzit fluorescence bez

pfitomnosti zhaSeCe a v piitomnosti zhasece na koncentraci zhaSece. Protoze tato zavislost by méla
byt linearni, mélo by byt mozno ze smérnice piimky této zavislosti ziskat konstantu K, (Obr. 5).
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Obr. 5 Stern-Volmeruv graf pro dynamické zhaseni a schéma mechanismu dynamického

zhaseni [4]

Pokud pozorujeme Stern-Volmerav linearni prabéh zavislosti, nemusi to jest¢ znamenat, Ze se
jedna o dynamické zhaseni. Také statické zhaseni dava linearni prib&h zavislosti. Statické a
dynamické zhaseni muze byt odliSeno zavislostmi jednotlivych procest na teploté nebo viskozité
nebo napiiklad méfenim ¢asové rozliSené fluorescence. Vyssi teplota usti k rychlejsi difuzi, takze
dynamické zhaSeni bude efektivnéjSi. Vyssi teplota také zptsobi disociaci slabé vazanych
komplext, coz vyusti k niz§imu podilu statického zhaseni, protoze principem statického zhaseni je
tvorba nefluorescentniho komplexu (Obr. 6).

FyF atyt

Obr. 6 Porovnani dynamického a statického zhaseni [4]

Dynamické zhaseni

[ Q
£(t) lv=ro‘1 / ky[Q]
Yy~ Q

. Vy$§i teplota

smernice = kgty = Kp

[Q]

hy 4 y=To'

FyF

Statické zhaSeni
F*+Q =— FQ*

bez|emise

F+Q FQ

smernice = K gy
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Stern-Volmerova rovnice muze byt také ziskana, pokud se uvazi frakce excitovanych fluorofort

o 7 .« .« . F . ,
v poméru k celkovému mnozstvi fluorofort, které vykazuji emisi. Tato frakce (F) je dana
0

pomérem rychlosti vyhasinani fluorescence v nepfitomnosti zhaseCe () acelkové rychlosti

vyhasinani fluorescence v pfitomnosti zhasece (y + kq [Q] ):

F__r __ 1
F, 7/+kq[Q] 1+K,[0]

(13)

Rovnice 13 je opét Stern-Volmerovou rovnici. Jelikoz dynamické zhaSeni predstavuje proces,
ktery sniZzuje populaci excitovaného stavu, tak doba Zivota pii absenci zhasece (7)) a v pfitomnosti

(7 ) zhéaSeCe bude dana rovnicemi:

Ty =— (14)

a tedy Stern-Volmerova rovnice ma tvar:
T,
£:1+quo[Q]:1+KD[Q] (15)

Z rovnice 16 plyne dilezita charakteristicka vlastnost dynamického zhaSeni. Plati zde, Ze snizeni
intenzity fluorescence je pfimo imérné snizeni doby zivota fluorescence:

—=— (16)

. , . (1 . Sy v - , Lose .
Pokud je vynesena zavislost —2 na koncentraci zhasede, tak se smérnice vysledné zavislosti
T

bude rovnat K, a bude mozno ztéto smérmice vypocitat rychlostni konstantu dynamického
zhaseni kq. K poklesu v dobé zivota pii dynamickém zhaSeni dochazi proto, ze dynamické

zhaSeni je proces, ktery snizuje populaci excitovaného stavu bez emise fluorescence. Tim je
snizena jak intenzita fluorescence, tak i pfislusna doba zivota. U statického zhaSeni nedochazi
k poklesu doby zivota fluorescence, protoze je vytvofen nefluorescentni komplex mezi
fluoroforem a zhasetem v zakladnim stavu. Casové-rozliSenou fluorescenci jsou pozorovany

pouze fluorofory v excitovaném stavu, takze vSechny molekuly v excitovaném stavu maji dobu
Zivota 7;.

2.1.6.3 Staticke zhasSeni

Principem statického zhaSeni je formace nefluorescentniho komplexu. K tvorbé tohoto
komplexu muze dojit bud diky tzv. sféfe efektivniho zhaseni, anebo pfimou tvorbou
nefluorescentniho komplexu v zakladnim stavu (Obr. 7).
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Sféra efektivniho zhaseni

STATICKE — A9

TCKI fluorofor bez emise . v
ZHASENT Fluorescence bez vlivu zhaSeni
M*...Q \ Formovéni nefluorescentniho komplexu v zdkladnim stavu

hv ®0O o Q) o 6@ Fluorofor bez

emise
M...Q Fluorofor bez
Fluorofor bez emise emise @ @

zhaSeci sféra

Obr. 7 Schéma statického zhaseni [4]

2.1.6.3.1 Sféra efektivniho zhdSeni

Muze nastat situace, kdy fluorofor v excitovaném stavu a zhase¢ nemohou meénit svou
vzajemnou pozici v prostoru béhem doby zivota excitovaného stavu (napiiklad v prostiedi
s vysokou viskozitou nebo v rigidni matrici). Pro tuto situaci navrhl Perrin model zhaseni, ve

kterém se molekula zhaSeCe nachazi uvnitt sféry o objemu Vq, ktera obklopuje fluorofor (tento

objem je nazyvan sféra efektivniho zhaseni, aktivni sféra nebo jen sféra zhaseni). Pokud se zhasec
nachazi mimo aktivni sféru, nema zhéase¢ zadny vliv na fluorofor. Pokud se ale dostane zhase¢ do
oblasti aktivni sféry, intenzita fluorescence je snizena, avS§ak na dobu zivota fluorescence nema
zhaSeni zadny vliv (Obr. 7).

Protoze intenzita emise fluorescence je pfimo Umérna pravdépodobnosti, ze se zhase¢ nachazi

v objemu Vq, muze byt tato pravdépodobnost vyjadiena rovnici 17:
P = exp(—(n>) = exp(—VqNa [Q]) , (17)

kde N, je Avogadrova konstanta a P, je pravdépodobnost, Ze se zhaSeC nenachazi v objemu Vq.
Perrintiv model tedy predpoklada, ze intenzita emise je pfimo uméma F,, z ¢ehoz vyplyva tvar

pro Perriniv model:

% = exp(VqNa [Q]) (18)

: . F, T
V porovnani se Stern-Volmerovou rovnici neni zavislost 70 na koncentraci zhaseCe linearni,

ale vykazuje odchylku od linearity ve vysokych koncentracich zhaseCe (Obr. 8). Ze smérnice této
zavislosti je mozno vypocitat objem Vq .
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Obr. 8 Priklad zhasSeni v aktivni sférre. Zhaseni NATA (N-acetyl-L-tryptophanamide) pomoci

2.1.6.3.2  Tvorba nefluorescentniho komplexu v zdkladnim stavu

Predpokladem této teorie je tvorba nefluorescentniho komplexu v zakladnim stavu (Obr. 7) v
pomeéru 1:1 podle rovnovahy:

M+Q = MQ 19)

Doba zivota excitovaného stavu zlstava neovlivnéna, protoze k tvorbé komplexu dochazi
v zékladnim stavu. Sice se intenzita fluorescence snizuje s rostouci koncentraci zhaSece, ale
vyhasinani fluorescence po excitatnim pulzu zistava neovlivnéno. Pfikladem nékterych latek,

které jsou zodpovédné za statické zhaSeni, jsou chinony, hydrochinony, puriny nebo pyrimidiny.

Zavislost intenzity fluorescence na koncentraci zhasSeCe muze byt odvozena pies konstantu
stability vzniklého nefluorescentniho komplexu. Konstanta je dana z ptedchozi rovnice jako:

_ [me]
5= ule]

(20)
a celkova koncentrace fluoroforu [M ]0 je:

[M], =[m]+[MQ].

coz vede k rovnici 22 pro frakci nekomplexovaného fluoroforu:

[M] __ 1

21)

], 17K, [C] 22

Pokud se vezme v uvahu, ze intenzita fluorescence je pfimo umeérna koncentraci fluoroforu
(plati pouze ve zfedénych roztocich), tak rovnice 22 muze byt napsana jako:

F,
70:1+KS[Q]

(23)
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. F e et v s
Vysledna zavislost 70 na koncentraci zhaseCe je opét linearni, stejné€ jako tomu bylo v pripade

dynamického zhaseni (Obr. 9). Zménou oproti rovnici dynamického zhaSeni je to, ze rychlostni
konstanta zhaSeni je v pripadé statického zhaseni konstanta stability komplexu.

F¥+Q =— (FQ*

bez|emise
-1
=T
hy T=To
F+Q FQ
smernice = K gy
’\/yééi teplota
3
(=] .°
S
1= To/T
0

[Q]

Obr. 9 Schéma statického zhaSeni tvorbou nefluorescentniho komplexu v zikladnim stavu a
schéma zavislosti poméru intenzity fluorescence v nepritomnosti a v pritomnosti zhasece na
koncentraci zhasece [4]

2.2  Asociacni procesy
2.2.1 Asociativni (micelarni) koloidy

Existuje skupina latek, ktera jen za nizkych koncentraci tvoii pravé roztoky, ale po piekroceni
urcité koncentrace jejich molekuly asociuji a vytvareji koloidni Castice. Tyto polymolekularni
utvary se nazyvaji micely a latky, které se chovaji timto zptisobem, jsou oznaCovany jako
micelarni neboli asociativni koloidy [13].

Tyto soustavy byvaji klasifikovany jako lyofilni, protoze jsou v daném disperznim prostredi
rozpustné a nepotiebuji umélou stabilizaci. Velikost 1 fyzikéalni vlastnosti micel jsou urceny
okamzitymi stavovymi veli¢inami (tedy teplotou, tlakem, koncentraci vlastni i koncentraci
ptidanych latek) a nezavisi na historii systému. Lyofilni systémy jsou reverzibilni.

2.2.1.1 Molekuldrni struktura miceldarnich koloidi

Schopnost vytvaret micely je podminéna zvlastni strukturou molekul, tzv. tenzidd. Molekula
tenzidu je amfipatickd neboli amfifilni, tj. musi se skladat z lyofilni Casti, ktera ma tendenci se
v daném prostiedi rozpoustét, a z lyofobni Casti, ktera je naopak v témze prostfedi nerozpustna
(Obr. 10). Neochota lyofobni c¢asti ke kontaktu s molekulami rozpoustédla je pak piicinou
asociace. Ve vétsiné piipadi se jedna o povrchové aktivni latky (PAL) rozpustné ve vodg, jejichz
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molekuly obsahuji siln€ hydrofilni polarni skupinu, ktera je schopna zajistit rozpustnost ve vodé, a
silné hydrofobni nepolarni Cast, tedy jeden nebo vice uhlovodikovych fetézci. Aby dochazelo
k asociaci téchto latek, musi mit povrchové aktivni latky dostatecné dlouhy uhlovodikovy fetézec.
Podle toho, zda a jak podléha hydrofilni skupina elektrolytické disociaci, se déli micelarni koloidy
na ionogenni a na neionogenni neboli neutralni. Ionogenni se jest¢ dale dé€li na kationtové,
aniontové a amfoterni.

hydrofilni ¢ast — hlava hydrofobni ¢ast — uhlovodikovy fetézec

A

Obr. 10 Amfifilni molekula (tenzid)

2.2.1.2 Vznik micel

Ziedéné roztoky micelarnich koloidi se vyznauji charakteristickym prabéhem zavislosti
raznych fyzikalnich vlastnosti na koncentraci. Ve velkych zifedénich tvoii micelarni koloidy pravé
roztoky. Pfi urcité koncentraci nastavaji na kfivkach koncentracnich zavislosti riznych fyzikalné-
chemickych vlastnosti ostré zlomy. Pfi této urcité koncentraci dosahuje hydrofobni ¢ast molekuly
tenzidu minimalniho styku s vodou. Tato koncentrace se nazyva kritickd micelarni koncentrace
(CMC). Je to nejvyssi mozna koncentrace, pfi niz je asociativni povrchove aktivni latka v roztoku
prevazné v molekulové (iontové) formé. Nad CMC dochazi k tvorbé asociati molekul rozpusténé
latky ve vétsi celky, koloidni micely. Tvorbu micely také charakterizuje tzv. agregacni nebo
asociacni Cislo. Toto Cislo udava, kolik molekul tenzidu se podili na struktufe micely.

Pfi mnohem nizS§ich koncentracich nez je kritickd micelarni koncentrace, dochazi k tvorbé
tenzidu v agregované formé, nikoliv vSak k tvorbé micel. Koncentrace, pii které se tvofi takovéto
typy agregatl, je nazyvana kriticka agregacni koncentrace (CAC) [14].

2.2.1.3 Struktura micel ve zredéném vodném roztoku

Existence micel byla potvrzena mnoha experimentalnimi metodami, ale o jejich velikosti
a tvaru, zvlasté v koncentrovangjsich roztocich, existuje mnoho riznych predstav. Velikost a tvar
micel zavisi na koncentraci, teploté, struktufe PAL, charakteru mezimolekularnich sil atd.
Meéftenim rozptylu svétla byla potvrzena domnénka, ze micely ve zfedénych roztocich maji kulovy
tvar, proto se mluvi o sférickych micelach (Obr. 11). Na povrchu jsou molekulam vody vystaveny
hydrofilni skupiny, zatimco hydrofobni uhlovodikové fetézce jsou sdruzeny v jadru micely tak,
aby jejich kontakt s vodou byl co nejmensi [15].
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2.2.1.4 Obrdacené (reverzni) micely

Neékteré amfifilni molekuly vytvareji v nepolarnich rozpoustédlech micely, jejichz jadro tvori
polarni skupiny, zatimco uhlovodikové fetézce sméfuji ven do nepolarniho prostiedi (Obr. 12).
Kriticka micelarni koncentrace u obracenych micel je tézko definovatelna, protoze oblast prechodu
z pravého roztoku na koloidni roztok pokryva Sirsi interval koncentraci. Siln€ polarni jadro micely
velmi ochotné rozpousti vodu, coz ma za nasledek zvySeni hodnoty asociacniho ¢isla (ale 1 pres
zvySeni asociacniho Cisla reverznich micel bude toto Cislo stdle mensi nez asociacni Cislo micel
vytvorenych v polarnim rozpoustédle). Kvuli polarmnimu jadru byva velmi obtizné piipravit
dokonale bezvodé roztoky. Jadro reverzni micely je vhodnym prostredim pro katalyzu nekterych

chemickych reakei.
A:vt\\? MM:
Obr. 12 Struktura obracené (reverzni) micely

2.2.2 Solubilizace

Mnohé hydrofobni nebo amfifilni slouceniny, které se ve vodnych roztocich malo rozpousti,
nebo slouceniny, které se ve vodnych roztocich nerozpousti vibec, se rozpousti Iépe v micelarnim
roztoku. Tento jev je nazyvan solubilizace. L.ze jej pozorovat pouze pfi koncentraci vyssi nez
CMC, z ¢ehoz vyplyva, ze solubilizovana latka neni v koloidnim roztoku pfitomna v disperznim
prostredi, ale je zaclenéna do micely.

Nepolarni latky se rozpoustéji v jadru micely, amfifilni molekuly (tzv. kosurfaktanty) se
rozmist'uji v micelach tak, ze jejich uhlovodikové fetézce smétuji dovnitt micel a polarni skupiny
do vodné faze. Polarni latky jsou solubilizovany na povrchu micely nebo v tésné blizkosti jejiho
povrchu (Obr. 13).

23



a)
OW kosurfaktant nepolarni latka rozpustind v jadru micely U polarni latka

Obr. 13 Solubilizace a) kosurfaktantu, b) nepolarnich latek, c¢) polarnich latek
solubilizovanych na povrchu micely

2.3 Hyaluronan

Kyselina hyaluronova je vysokomolekularni, biologicky odbouratelny, netoxicky a nehoflavy
linearni polysacharid, ktery objevili v roce 1934 Karl Meyer a jeho asistent John Palmer. Izolovali
ji ze sklivce hovézich oc¢i. Nazev kyselina hyaluronova vznikl ze slov hyaloid (sklivec) a uronova
kyselina. Nejc¢astgji je tato latka oznaCovana jako hyaluronan [16].

Kyselina hyaluronova nabizi mnoho klinickych uplatnéni. Prvni klinické pouziti kyseliny
hyaluronové se datuje do roku 1968, kdy byly popaleniny IéCeny Ccisténou kyselinou
hyaluronovou. Od té doby si kyselina hyaluronova nasla cestu do téméf vSech oblasti mediciny
[17].

2.3.1 Chemicka struktura

Z hlediska chemické struktury se hyaluronan skladd ze stale se opakujicich sacharidovych
jednotek, a to zkyseliny D-glukoronové a z D-N-acetylglukosaminu. Jednotlivé sacharidové
jednotky se k sob¢ vazi beta—1,4 a beta—1,3 glykosidickymi vazbami (Obr. 14).

OH OH
0 0 0
-0 HO
HO o -
OH NH

O n

Obr. 14 Chemicka struktura kyseliny hyaluronové
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2.3.2 Metabolismus kyseliny hyaluronové

Metabolismus hyaluronanu je velmi dynamicky. Nekteré buriky, jako jsou napfiklad
chondrocyty v chrupavkach, aktivné syntetizuji a katabolizuji hyaluronan po cely jejich zivot.
Studie téchto metabolismt ukazaly, Ze polocas rozpadu hyaluronanu v chrupavkach se pohybuje
okolo dvou az tfi tydnt. Dal§im prikladem bunék, které aktivné syntetizuji a rozkladaji
hyaluronan, patii keratinocyty v pokozce. V tomto piipadé je poloCas rozpadu hyaluronanu
podstatné nizsi. Je mensi nez den [16].

2.3.3 Vyskyt a vlastnosti kyseliny hyaluronové

Hyaluronan se vyskytuje u vSech obratlovct nebo u streptokokti. Hyaluronan je vyznamnou
meérou zastoupen v extracelularnich matricich, kde se déli vétsina tkané. U Cloveka se ve vysoké
koncentraci vyskytuje v kozni tkéani, v kloubech nebo v ocnim sklivci. Ma unikatni hygroskopické,
reologické a viskoelastické vlastnosti. Ve vétsiné piipadd je hyaluronan v extracelularni matrix
organizovan pomoci specifickych interakci s ostatnimi molekulami. Vysokomolekuléarni
hyaluronan o vysokych koncentracich muze diky stérickym interakcim tvofit zapletené
molekulami sit€¢. Také muze tvofit vlastni asociaty mezi jednotlivymi molekulami nebo uvnitf
téchto molekul, coz se d€je, pokud usek hydrofobni Casti molekuly hyaluronanu reversibilné
interaguje s hydrofobnim povrchem jiné molekuly. Tyto asociaty vykazuji jiné vlastnosti nez
izolované molekuly hyaluronanu. Mohou klast odpor rychlému, kratce trvajicimu toku siti a tim
vykazuji elastické vlastnosti, které mohou Sifit rizné sily uvnitf sité. Pokud je ale na sit’ pasobeno
pomalym, dlouhotrvajicim tokem, asociat mize CasteCné separovat a srovnat molekuly, pficemz se
projevuji viskozni vlastnosti kapaliny.

234 Hydratacni obal

Hyaluronan tvofi ve vodnych roztocich hustou polymerni sit, ktera je stabilizovana vodikovymi
vazbami a hydrofobnimi interakcemi [18], coz je divodem, spolu s polaritou hyaluronanu,
vysokého zadrzovani vody. Zaroven se predpoklada, ze zadrzovani vody predstavuje jeden
z nejdulezitéjSich aspektd biologickych funkei hyaluronanu [19].

Nicmén¢ se v literatufe objevuji 1 odlisné predstavy o zadrzovani vody hyaluronanem, které
tvrdi, Ze neni nic moc zajimavého na chovani hyaluronanu v roztoku. Podle [20] a [21] neni
hyaluronan pokryty souvislym hydrataénim obalem, ale velkymi vodnimi klastry, které jsou
vazané k hyaluronanu nebo uvéznéné uvniti fetézct hyaluronanu a mohou byt tim davodem, pro¢
hyaluronan tvoii vysoce viskozni roztoky 1 v malych koncentracich.

2.4  Polystyren sulfonat

Polystyren sulfonat sodny (PSS) je z chemického pohledu sul polykyseliny s funkénimi
sulfonatovymi skupinami, navazanymi na polymerni fetézec tvofeny monomery styrenu. Struktura
tedy vychazi z polymeru polystyrenu, kde jednotlivé monomerni jednotky jsou sulfonovany
funkénimi skupinami SO (Obr. 15). Tento polymer je dobie rozpustny ve vodé a je témér
nerozpustny v niz§ich alkoholech. Polystyrensulfonat tak samovoln€ nezaujima strukturné
organizovangjsi formy a ve vodném roztoku tvoii ndhodné organizované shluky [22], [23].
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ONa
Obr. 15 Struktura PSS

Polystyren sulfonat zaroveni predstavuje polymer s vysokou elektronovou hustotou, coz z n¢j
¢ini 1 silny polyelektrolyt. Jelikoz u PSS byla prokazana interakce s kationtovymi tenzidy, bude
tento polymer vhodny jako srovnani biopolymeru (hyaluronan) a syntetického polymeru [22],
[24].

2.5 Polyvinyl pyrrolidon
Poly (N-vinyl-2-pyrrolidone) (PVP) piedstavuje opakujici se monomerni jednotky N-vinyl
pyrrolidonu. Jde o flexibilni a ndhodné usporadany polymer, ktery je vysoce rozpustny ve vodé a

také v organickych rozpoustédlech. PVP se pouziva v raznych aplikacich diky jeho vysoké
chemické stabilité a vyrazné schopnosti formy komplext [25], [26].

(N
" H

n
Obr. 16 Struktura PVP

2.6 Albumin hovéziho séra

Albumin hovéziho séra (BSA) je protein ziskany z hovézi krevni plazmy. BSA je tvofen a-
helicoidalnim globularnim proteinem, ktery se sklada z jednoho polypeptidického fetézce s 583
aminokyselinami. Séum albuminy pfedstavuji nejvice studované proteiny v krevni plazmé a
zaroven se pouzivaji v riznych aplikacich v pfirodnich védach nebo jako modelové systémy pro
vazani proteinu a ligandu. Diky emulzifikujicim vlastnostem se BSA také pouziva jako aditivum
v potravinafském pramyslu nebo se vyuziva jako nosi¢ 1éciv [27], [28].
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2.7 Karboxymethyl celul6za

Karboxymethyl celuloza (dale oznadovana jako KMC) predstavuje aniontovy polymer
rozpustny ve vode, ktery je odvozeny od celulozy a nejCastéji se pouziva ve formé sodné soli.
Cista KMC je bily prasek bez chuti a bez zapachu. Neni rozpustna v organickych rozpoustédlech,
ale je rozpustna ve vode€. Jednim z dualezitych faktort, ktery ovliviiuje viskozitu a rozpustnost
karboxymethyl celuldzy, je stupen substituce.

2.7.1 Chemicka struktura

Karboxymethyl celuldza je éter celulozy piipravovany reakci celulozy a chloroctanu sodného
za piesnych podminek.

— CH,OCH,COONa

CH,0CH,COONa

——

Obr. 17 Idealni struktura karboxymethyl celulézy se stupném substituce 1

2.7.2 Vyskyt a vlastnosti

Od jejiho komeréniho predstaveni vroce 1946 byla karboxymethyl celuléza pouzita
v nejrizngjSich aplikacich. Vlastnosti KMC z ni délaji idealni prostiedek pro zahustovani,
stabilizaci nebo tvorbu filma. Nejvice se ji vyuziva v kosmetickém pramyslu (pasty, Sampony,...),
farmacii (sirupy, suspenze,...) nebo potravinafstvi (sirupy, jidlo pro psy, zmrzliny,...).

Jak je jiz zminéno vySe, viskozita karboxymethyl celulozy zavisi na stupni substituce.
Napriklad produkty se stupném substituce 1,2 nemaji tak vysokou viskozitu jako produkty se
stupném substituce 0,7, 1 kdyz jsou vyrobeny stejnou metodou. Nicméné vSechny roztoky
karboxymethyl celul6zy, nehledé€ na typ, maji pseudoplastické chovani [29], [30].

2.8 Mikroreologie
2.8.1 Zakladni principy mikroreologie

Klasicka reologie pouziva externi sily, napt. kuzel, kterym piisobi silou na vzorek, a zkouma
tak viskoelastické vlastnosti roztokti. U mikroreologie se jedna o zaclenéni drobnych Castic do
struktury zkoumaného materidlu (Obr. 18). Vyhodnocenim pohybu téchto Castic v Case je pak
mozné urcit vlastnosti daného materialu.
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polymer ~_

Obr. 18 Schéma pohybu zaclenéné castice ve vzorku

Podle zdroje pohybu rozdélujeme mikroreologii do dvou zakladnich podskupin, a to
mikroreologii pasivni, vyuzivajici pouze tepelného Brownova pohybu, a mikroreologii aktivni,
kterd pouziva aktivni manipulaci cCastic. Aktivni pfistup spociva ve vyuziti magnetického ¢i
elektrického pole nebo jinych mikromechanickych sil, jako je napiiklad uziti optické pinzety. Tato
meéfeni jsou analogicka s klasickou reologii, kde je na vzorek vkladan vnéjsi tlak, a tedy je nutno
pouzit pro méfeni externi silu [31].

2.8.2 Pasivni mikroreologie

Jak uz bylo zminéno dfive, zakladem pasivni mikroreologie je pohyb castic pouze na zakladé
tepelného Brownova pohybu. Typicka energie Brownova tepelného pohybu predstavuje soucin
kgT. Nejbéznéj§i metodou v mikroreologii je tzv. videomikroreologie (VPTM — video particle
tracking microreology), do které patii jednocasticova [32] a dvoucasticova mikroreologie [33]. Na
zaklade tepelného pohybu muzeme také stanovit vlastnosti materialu pouzitim DLS (dynamic light
scattering) ¢i FCS (fluorescence correlation spectroscopy). Kazdou z téchto metod jsme schopni v
zasadé urcit reologické vlastnosti daného materidlu, avSak kazda z nich ma urcité prednosti ¢i
nedostatky, ¢imz se stava vhodnou pro jiny typ materidlu s pozadovanymi parametry.

2.8.3 Browniiv pohyb

Brownav pohyb je neustaly a nahodny pohyb Castic suspendovanych v tekutiné (v kapaliné nebo
v plynu), ktery byl poprvé systematicky sledovan Robertem Brownem v roce 1827. Einstein jako
prvni vysvétlil v roce 1905 Brownuv pohyb suspendované Castice jako nasledek termalniho
pohybu molekul okolni tekutiny. Einsteinova teorie Brownova pohybu je dana rovnici:
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(A (@) = () - (r(0)))" ) = 2Dx (24)

kde (Ar(1)) je stfedni Gtverec posunu (mean-square displacement = MSD) volné brownovské
Castice v jedné dimenzi béhem cCasu 7 a D je difuzni koeficient. Difuzni koeficient je dan Stokes-
Einsteinovou rovnici:

k,T

D=-—t (25)
677R

kde kg je Boltzmannova konstanta, T je teplota, 1 je viskozita tekutiny a R je polomér Castice [31],
[34].

2.84 Mikroreologické metody

V této podkapitole jsou popsany obecné principy jednotlivych metod pouzitych v této praci pro
studium mikroreologickych vlastnosti.

2.8.4.1 Videomikroreologie

Videomikroreologie je jednou ze stézejnich mikroreologickych metod. Az stovky castic
o velikosti pfiblizn€ jednoho mikrometru mohou byt sledovany pomoci videomikroreologie. Tento
pristup poskytuje pfimou vizualizaci moznych nehomogenit pfitomnych ve vzorku sledovanim
jednotlivych cCastic. Stejné tak jsme ale schopni urcit vlastnosti vzorku jako celku zprimérovanim
pohybu téchto Castic [31].

Princip této techniky spociva ve sledovani a vyhodnocovani trajektorii Castic oddélené.
Dynamika jejich pohybu je popsana v Case pomoci korelac¢ni funkce, ktera je také znama jako
mean squared displacement ( MSD = (Ax2 (t))) a je definovana jako:

(A (@)= (x(t + )~ <)) (26)

kde x je d-rozmérna pozice Castice, T je Casovy interval a zavorky naznacuji, Ze se jedna
o prumérnou hodnotu v Case. S konstantou umérnosti D, ktera je definovana jako difuzni
koeficient translacniho pohybu:

(Ax*(1))=2aDs" (7)
kde a je Casovy exponent.
o y o MSD
¢ o ° €
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Obr. 19 Schéma tvorby MSD
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2.8.4.2 Fluroescencni (Casové-rozliSend) korelacni spektroskopie

Metoda fluorescencni korelani spektroskopie (FCS) je zalozena na pozorovani fluktuaci
v intenzité fluorescence. Tyto fluktuace jsou pozorovany ve velmi malych objemech (okolo 1 fl).
Jde o metodu, kde je pozorovan konstantni objem a sleduje se, jak v pozorovaném objemu proudi
fluorofory dovnitf a ven. Pravé tento pohyb je zaznamenan jako docasna fluktuace v intenzité
fluorescence. Metoda FCS je velmi citliva, nebot jen nékolik fluorofori mize byt pozorovano
najednou. Pokud by byl pouzit pfili§ koncentrovany roztok, v pozorovaném objemu by se
nachazelo piili§ mnoho fluorofori a bylo by vidét méné fluktuaci (signal by byl konstantni).
Z tohoto divodu se pouziva koncentraci v fadu nanomold.

Obr. 20 Schéma obecného principu FCS

Fluktuace fluorescence nemusi vzejit pouze z difuze fluoroforti skrz pozorovany objem, ale
muze k nim dojit také naptiklad chemickou reakci, komplexaci atd. Nicméné jakékoli z téchto
fluktuaci jsou popsany pomoci autokorelacni funkce G(t):

It iz +1'
o=t Hee) a
(1))
Autokorelacni funkce (ACF) obsahuje v podstaté dvé dulezité informace. Prvni z nich je hodnota
G(0) neboli G(t) v 7=0, protoze G(0) predstavuje primé&my podet molekul

N v pozorovaném objemu. Cim v&tsi je poCet molekul, tim mensi je hodnota G(O). Presnéji

G(O)—l je nepiimoumérné zavislé na N . To tedy znamena, Ze citlivost FCS se zvyiuje
s klesajici koncentraci fluoroforu. Druha informace je rychlost a tvar poklesu autokorelacni funkce
G(t). Tento pokles predstavuje primérné trvani fluktuace signalu [4].

Pokud budeme uvazovat jeden fluorofor pohybujici se pomoci Brownova pohybu definovanym
objemem s hodnotou difuzniho koeficientu D,, pak mtize byt autokorelacni funkce psana jako
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-1/2
G()=~|1+ 2 Di (1+i2DtJ (29)

N wy w;

kde w_~a w_ jsou rozméry pozorovaného objemu ve sméru kolmém (wy) a rovnobézném (w:)
vuci sméru laserového paprsku [2].

Rozmeéry pozorovaného objemu (nazyvany efektivni nebo konfokalni objem) jsou ve vztahu
s objemem efektivniho objemu podle rovnice:

V=1 wlw, (30)

Pokud je znamy efektivni objem a z autokorelacni funkce byl ziskan pocet molekul, mize byt
urcena koncentrace fluoroforu podle rovnice:

N=CV, 31)

Ke klasické metodé FCS patii jesté jeji vylepSena verze, kterd spojuje vySe zminény princip
meéteni s metodou TCSPC (princip fungovani metody je dale popsan v kapitole 4.1). Kombinace
obou metod umoziuje vylepsit jisté aspekty FCS. Klasicka autokorelacni funkce je vypocitana na
zaklade prichodu detekovanych fotoni. Pokud se ve vzorku nachazi dva fluorofory, vysledna
autokorelacni funkce neni jen linedrni kombinaci. Pokud se navic vezme v uvahu populace
v tripletovém stavu, rozptylené excitacni svétlo, necistoty atd., analyza takové autokorelacni
funkce je velmi komplexni. I kdyz vezmeme v uvahu pouze jeden fluorofor, stale je autokorelacni
funkce ovlivnéna tripletovym stavem, rozptylem atd.

Pti pouziti FLCS je pouzita pulzni excitace, kde jsou zaznamenany dva nezavislé vstupy pro
kazdy detekovany foton. Prvni vstup je makroskopicky ¢as (vztazeny k zacatku experimentu a
pouzity jako u klasického FCS) a druhy je mikroskopicky Cas (vztazeny k zacatku excita¢niho
pulzu — nova kvalitativni informace dulezita pro ureni piinosu fotonu do autokorelacni funkce).
Oba dva prispévky jsou vyhodnoceny samostatné pii vypoctu autokorelacni funkce. Diky FLCS
1ze oddélit at’ uz dva rtzné fluorofory, nebo vliv tripeltu, rozptylu atd. a tim zvysit presnost ureni
ACEF a spravnost hodnot poctu molekul [36] (Obr. 21).
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Obr. 21 Priklad odstranéni rozptyleného svétla pomoci FLCS

2.8.4.3 Dynamicky rozptyl svétla

V soucasné dobé je DLS jednou z nejcastéji pouzivanych metod pro méteni velikosti ¢astic a
charakterizaci distribuce velikosti ¢astic. Principem metody je méfeni intenzity svétla rozptyleného
molekulami v daném vzorku v zavislosti na Case. Fluktuace v intenzité rozptyleného zareni je
pfevazné dana Brownovym pohybem c¢astic. Vzhledem ke vzajemné korelaci mezi difuznim
koeficientem a velikosti Castic je DLS hojné vyuzivana nedestruktivni metoda pro urCeni rozmeéru
castic. Metoda DLS dokaze stanovit velikost ¢astic v fadu nanometri az po mikrometry.

Intenzita rozptyleného svétla kolisa nahodné podle toho, jak se pohybuji jednotlivé Castice
vroztoku. Tato Casova zavislost intenzity rozptyleného svétla je analyzovana pomoci
autokorelacni funkce (Obr. 22). Intenzitni korela¢ni funkce je dana podle rovnice:

g (e)=(100)1(r) (32)

Korelacni funkce mize byt téz vyjadiena pomoci Siegertova vztahu:

gz(t)=1+b’gl(t12, (33)
kde g'(®)=exp(-t/z) "' =1"=Dq’, (34)
kde I predstavuje intenzitu rozptyleného zareni, q predstavuje rozptylovy vektor a D difuzni

koeficient. Z difuzniho koeficientu pak muize byt vyjadien hydrodynamicky polomér (Rg), ktery
muze byt vyjadien k difuznimu koeficientu podle Stokesova zakona:

k, T
D=——, (35)
677R,,
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kde kB predstavuje Boltzmanovu konstantu, T teplotu a # viskozitu rozpoustédla (disperzniho
prostredi) [37], [38].
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Obr. 22 Autokorelacni funkce intenzity rozptyleného zareni v logaritmické podobé [38]

3 SOUCASNY STAV RESENE PROBLEMATIKY

Fluorescencni spektroskopie predstavuje jednu z nejvice pouzivanych metod pro studium
raznych systéma vzhledem k citlivosti fluorescence na zmeény prostiedi, jako jsou polarita,
viskozita nebo pH.

3.1 Kriticka micelarni koncentrace a agregacni cCislo

Prikladem pouziti fluorescence jakoZzto polaritni zavislosti v koloidnich systémech muze byt
urceni kritické micelarni koncentrace (CMC). Pfi agregaci tenzidd v micelu ve vodném disperznim
prostfedi mizeme pozorovat nasledujici dvé faze. Hydrofilni fazi a hydrofobni mikroprostiedi
uzaviené uvniti micely. Pii pouziti fluorescencni sondy schopné reagovat na zménu polarity
muzeme z piislu§né zavislosti stanovit kritickou micelarni koncentraci. Jednou z nejpouzivanéjsich
fluorescenc¢nich sond pro stanoveni kritické micelarni (agregacni) koncentrace je pyren [39]-[48].
Kalyanasundaram a Thomas vroce 1976 ukdazali, ze pomér prvniho a tfetiho emisniho piku
pyrenu mize byt pouzit pro stanoveni kritické micelarni koncentrace tenzidi vlivem vysoké
citlivosti vibracnich pfechoda pyrenu na polaritu prostiedi [49]. Prvni emisni pik odrazi pfechod
elektronu z nultého vibra¢niho stavu excitované hladiny do nultého vibra¢niho stavu zakladni
hladiny (0—0). Tento pik predstavuje referencni hodnotu intenzity fluorescence. Treti pik
predstavuje zménu intenzity fluorescence v zavislosti na polarité, coz je prechod 0—2, tedy
prechod z nultého vibra¢niho stavu excitované hladiny do druhého vibra¢niho stavu zakladni
hladiny [49]. Pfi vyneseni zavislosti poméru intenzity fluorescence prvniho a tetiho emisniho piku
pyrenu (emisni polaritni index — EmPI) na koncentraci CTAB ziskdme sigmoidni zavislost,
z jejihoz prolozeni ziskdme hodnotu kritické micelarni koncentrace. Zde ovSem nardzime na
problém, ktery z bodt zavislosti brat jako hodnotu kritické micelarni koncentrace. Nabizi se dvé
moznosti, a to inflexni bod nebo bod A> (Obr. 23). Aguiar a spol. porovnavali hodnoty CMC
zméfené pomoci pyrenu, pomoci méfeni vodivosti, povrchového napéti a s hodnotami uvedenymi
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v dal§i literatufe. Pomoci porovnani namefenych hodnot CMC navrhli nasledujici postup pii

e e, v - X v . .
vyhodnocovani kritické micelarni koncentrace. Jestlize je pomér EO mensi jak 10, inflexni bod by

. .. . . X .
meél byt vyhodnocen jako hodnota kritické micelarni koncentrace. Pfi hodnoté EO vétsi jak 10, by

se mél brat bod Az jako hodnota kritické micelarni koncentrace [18].

1.6

T yi=A;
145

xo=CMC,

EmPI
w

1,15 3= (x) \
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Koncentrace zhagece

Obr. 23 Zavislost emisniho polaritniho indexu na koncentraci tenzidu (osa x je zobrazena

Vw7

v logaritmickém méritku) [41]

Samoziejmé emisni polaritni index neptedstavuje jedinou metodu stanoveni kritické micelarni
koncentrace pomoci fluorescencnich sond. Lze také napfiklad vyuzit molekul, u kterych mizeme
detekovat fluorescenci az po inkorporaci této molekuly do hydrofobniho jadra micely. Ptikladem
takové sondy muze byt perylen, nilska Cerven nebo napfiklad 1,6-difenyl-1,3,5-hexatrien (DPH)
[50]-[53]. Ve vodném roztoku je, u vyse zminénych molekul, naméfena velmi slaba fluorescence.
AvsSak po solubilizaci molekuly do hydrofobniho jadra micely prudce vzroste intenzita
fluorescence a tento bod byva vyhodnocen jako hodnota kritické micelarni koncentrace. Dale 1ze
vyuzit zmény doby Zivota pro stanoveni kritické micelarni koncentrace. Napfiklad u pyrenu dojde
ke zvySeni doby zivota, kdyz jsou molekuly pyrenu solubilizovany v micele [49]. Lze takto vyuzit
1 spoustu dalSich sond. Pro cil této prace bych uvedl ptiklad fluorescencnich sond, které podstupuji
deprotonaci v excitovaném stavu, napfiklad naftol. Pfi solubilizaci naftolu v micele dojde
k rapidnimu zvySeni doby zivota protonované i neprotonované formy naftolu [54], [55]. Jednou
znovgjSich technik detekce kritické micelarni koncentrace je fluorescenéni korelacni
spektroskopie. Zde se vyuziva schopnosti fluorescencni korelacni spektroskopie méfit koncentraci
fluorescencnich Castic, z cehoz 1ze nasledné vypocitat kritickou micelarni koncentraci agregatu
navazaného na molekulach fluorescenc¢ni sondy [56].

Dal§im dualezitym parametrem micel, ktery se casto stanovuje pomoci fluorescencni
spektroskopie, je agregacni Cislo neboli pocet molekul tenzidu tvoficich micelu [4]. Agregacni
Cislo obsahuje informace o velikosti micely ¢i jejim tvaru, coz muaze byt dalezité pfi stanoveni
stability nebo pro praktické aplikace zkoumaného systému. Nicméné agregacni Cislo muze byt
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ovlivnéno napfiklad teplotou, koncentraci pfidaného elektrolytu, pfidavkem organickych molekul
atd. [57]-[60] Pii vyuziti stacionarni fluorescence se opét nejcastéji pouziva fluorescencni sonda
pyren. Vyuziva se zhaSeni fluorescence pyrenu, tedy sledovani poklesu intenzity fluorescence
v zavislosti na koncentraci zhaSece. Ze smérnice této zavislosti je mozno vypocitat agregacni Cislo.
Stacionarni metoda predpoklada, ze se v systému nachazi imobilni sonda i zhaSeC, tedy ze
nedochazi k zadné intermicelarni migraci sondy a zhasecCe po dobu zivota fluorescencni sondy. Pfi
pouziti koncentrace fluorescen¢ni sondy mnohem niz§i nez je koncentrace micel a pokud se podil
koncentrace zhasece a micel bude ménit v rozmezi hodnot 0 az 2, tak zména intenzity emise
fluorescence je dana rovnici 36 [61], [62]:

5]
ko

kde [M] predstavuje koncentraci micel a [Q] koncentraci zhaseCe. Dale kineticky pomér m

(kg predstavuje rychlostni konstantu intramicelarniho zhéSeni a k& rychlostni konstantu
intramicelarniho vyhasinani fluorescence) musi byt vétsi jak 1 a distribuce sondy a zhasece
podléhd Poissonové statistice. Pokud by kq bylo stejné nebo mensi nez k, pak by se ziskané
hodnoty agregacniho c¢isla vyrazné liSily od hodnoty ziskané pomoci dalSich metod [63], [64].

Jestli tedy vyneseme zavislost lnFO na koncentraci zhaSeCe, mizeme ze smeérnice nasledujici

zavislosti urcit agregacni Cislo:
F

0

" [S]- [CMC][Q] 4D

kde [S] reprezentuje celkovou koncentraci tenzidu a [CMC] hodnotu kritické micelarni
koncentrace.

Vzhledem k omezené moznosti pouziti stacionarni metody pro systémy, v nichz kineticky
pomeér dosahuje hodnot okolo jedné, a protoze intenzita fluorescence je ovlivnéna zhaSenim
vzdusnym kyslikem, je lep$i pouziti jiné metody pro stanoveni agregacniho Cisla tenzidi.
Z fluorescen¢nich metod se nabizi ¢asové-rozliSena fluorescence. Sice vzdusny kyslik ovliviiuje
intenzitu fluorescence, ale neovliviiuje dobu zivota fluorescence. Doba zivota neni ani zavisla na
koncentraci nebo vinové délce [2]. Vzorek je v tomto piipadé excitovan velmi kratkym svételnym
pulzem a vyhasinani fluorescence se zaznamenava pomoci TCSPC (time-correlated single photon
counting) =zafizeni. P absenci zhaseCe se rychlostni konstanta vyhasinani muze psat
k = 1 (z, predstavuje dobu zivota fluoroforu v micelarnim prostfedi) a kiivka vyhasinani muze

0
byt popsana monoexponencialni funkci. Pfidani zhaseCe zplsobi, ze se vyhasinani fluorescence
stava biexponencialni a muze byt pro vypocty pouzita rovnice pro micelarni zhaseni, kterou
navrhli Infelta a Tachiya [64], [65]:

F(1)=F (O)exp{—TL ~Cll-exp (—th)]}, (38)

0
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kde F(¢) a F(0) jsou intenzity fluorescence v Case ¢ a v ¢ase 0 a C predstavuje pomér koncentrace
zhaSeCe a micel. Pokud je vynesena zéavislost C na koncentraci zhaseCe, tak ze smérnice této
zavislosti miZze byt vypoctena hodnota agregaéniho éisla [62], [66], [67]:

(39)
[S] [CMC] isT-femc] L9

I stanoveni agregacniho cCisla pomoci Casové-rozliSené fluorescence ma jednu podminku.
Experiment musi byt navrzen tak, aby hodnoty C byly okolo 1. Vysoka koncentrace zhasece, tedy
hodnoty C vyssi jak 2, by mohla ovlivnit strukturu micel [68].

Jedna z prukopnickych praci porovnavajici agregacni Cisla stanovena pomoci stacionarni
a ¢asove-rozliSené fluorescence je publikace Alargovy a spol. z roku 1998. Porovnavali hodnoty
samotnych tenzidu (kationtové, aniontové i neiontové) a dale tenzidu dodecylsiranu sodného
(SDS) v pritomnosti polyetylenglykolu. Pokud byl kineticky pomér vétsi jak 5, byla pomoci obou
metod zjiSténa podobna agregacni Cisla. V tomto pripadé §lo jak o nékteré iontové tenzidy tvorici
relativné malé micely s nizkou mikroviskozitou, tak i o micely vazané na polymer, kde je sice
mikroviskozita vyssi, ale hodnoty agregacniho Cisla jsou relativné nizké. Pro vétSinu zkoumanych
systému byly ale hodnoty zjisténé pomoci Casové-rozliSené fluorescence vEtsi nez u stacionarni
fluorescence [62].

Pouzivangjs§i zobou metod bylo dfive stanoveni agregacniho c¢isla pomoci stacionarni
fluorescence, protoze vybaveni pro Casové-rozliSenou fluorescenci piedstavovalo pro béznou
laboratof nemalou investici. V dneSni dob€ se ale vybaveni pro ¢asové-rozliSenou fluorescenci
stalo cenové dostupnou zalezitosti, takze se 1 méfeni agregacniho Cisla pomoci této metody
vyrazné rozsitilo. Naptiklad Wattebled a spol. méfili agregacni Cisla kationtovych oligomernich
tenzid(i pomoci ¢asove-rozlisené fluorescence. Dal§imi priklady mize byt stanoveni agregacnich
Cisel komerCnich detergentt s pfidavkem soli [69], studium rastu micel podvojnych
tenzidu [70], [71] nebo studium agregace potencialnich nosicu 1éCiv [72].
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3.2  Anizotropie fluorescence

Dalsi dulezitou oblast fluorescence pii studiu hydratace polymert a studiu interakci mezi
agregaty a polymery pfedstavuje anizotropie fluorescence, a to opét stacionarni 1 ¢asoveé-rozliSena
anizotropie. Anizotropie predstavuje fotoselektivni excitaci fluoroforti polarizovanym svétlem.
Excitovany jsou pouze ty molekuly, jejichz pfechodovy moment je paralelni s elektrickym
vektorem excita¢niho zafeni. Tim padem muze byt anizotropie fluorescence pouzita naptiklad pro
uréeni viskozity mikroprostiedi [73]-[75]. Nyni uvazujme hydrofilni polymer a hydrofilni
fluorescenc¢ni sondu. V nékterych piipadech 1ze pozorovat rizné hodnoty emise fluorescence nebo
razné hodnoty anizotropie s rostouci koncentraci polymeru. U nékterych roztokd polymert
muzeme vodu rozdélit na volnou vodu a na vodu vazanou u polymeru. Kazda z nich ma lehce
jinou strukturu, coz umoziuje rozpoznat, jestli se fluorescencni sonda napiiklad adsorbuje na
polymer nebo zlstane ve volné vode€. Pal a spol. zkoumali emisi 3-hydroxy-2-naftolové kyseliny
v pfitomnosti hydrofilniho polymeru poly N-vinyl-2-pyrrolidonu (PVP). Pozorovali zvySeni
anizotropie fluorescence se zvySujici se koncentraci polymeru. Pomoci porovnani vysledku
intenzity fluorescence, stacionarni a Casové-rozliSené anizotropie i vypoctem vazebnych konstant
usoudili, ze voda vazana u PVP se vyrazné lisi od volné vody [26]. Vazebnou konstantu Ize tedy
v tomto pripadé spocitat dvéma zpusoby. U intenzity fluorescence lze pouzit modifikovanou
Benesi-Hilderbrandovu rovnici [76]-[78]:

(F,-F) . 1
(F-F)  K[L]

(40)

kde Fo predstavuje intenzitu fluorescence emise fluorescencni sondy v absenci polymeru, Fx
intenzitu fluorescence pii stfedni koncentraci a F,_ pii koncentraci, kde probéhne kompletni

interakce. K ptedstavuje vazebnou konstantu a L je koncentrace polymeru. Pokud tedy vyneseme
(F.—F)
(F x K 0)

konstantu.

zavislost na reciproké hodnoté koncentrace polymeru, ziskame ze smérnice vazebnou

Stacionarni anizotropie méfena jako funkce koncentrace polymeru muze byt také pouzita pro
vypocet vazebné konstanty. Je potieba zjistit kvantové vytézky fluorescence volné a vazané sondy,
zm¢fit anizotropii volné fluorescencni sondy pfi stiedni koncentraci polymeru a nasledné ziskat
limitni hodnotu anizotropie. Nasledné lze vypocitat frakci vazané fluorescencni sondy podle
nasledujici rovnice:

F - (r_’f)
) R ()

kde r predstavuje anizotropii pfi stfedni koncentraci polymeru, r, anizotropii volné sondy

(41)

a r, vazané sondy. R predstavuje pomér kvantovych vytézka. Jelikoz frakci volné sondy lze
spoCitat z F, =1-F,, pak zobou frakci lze zjistit vazebnou konstantu [4], [79]. Vazebné

konstanty zji§téné pomoci stacionarni fluorescence a anizotropie by se samoziejmé mély rovnat.
, N7 v . N7 4 ~ s NN s
Dale v piipadé PVP byly vazebné konstanty fadu 10, rotaéni korela¢ni ¢as byl mnohem mensi
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nez pii srovnani s jinymi polymery (albumin hovéziho a lidského séra), z ehoz plyne, Ze se sonda
adsorbuje na povrchu polymeru [79].

Stejnym zpusobem zkoumali Mallick a spol. vazebnou konstantu reakce albuminu lidského a
hovéziho séra s 3-acetyl-4-oxo-6,7-dihydro-12H-indolo-[2,3-a] chinolizinem. Porovnanim
vazebnych konstant zjistili, Ze se fluorescencni sonda, ktera zaroven podstupuje intramolekularni
prenos naboje, vaze silnéji k lidskému serum albuminu [77]. Vypoctené hodnoty zaroven podle
dalsich praci spadaly do tohoto typu komplexace [78], [79].

Stejné jako plati u stacionarni a Casove rozliSené fluorescence, i stacionarni a ¢asové-rozliSena
anizotropie se lisi kontinudlnim ozafovanim a sledovanim anizotropie za urCity Casovy usek a
pozorovanim vyhasinani anizotropie, které nasleduje po kratkém excitatnim pulzu. Vyhodnocenim
meéfeni Casoveé-rozliSené anizotropie je rotacni korelacni ¢as. U sférické molekuly by vyhasinani
anizotropie melo byt monoexponencialni neboli by z iterativni rekonvoluce mél byt ziskan pouze
jeden rotacni korelacni €as. OvSem mefeni Casové-rozliSené anizotropie v koloidnich systémech
byva vétSinou multiexponencialni. Pokud budou molekuly fluoroforu nesférické nebo bude
populace excitovaného stavu okupovana molekulami, které budou v riznych prostiedich,
dostaneme multiexponencialni vyhasinani anizotropie. V pfipadé micel lze také ziskat
multiexponencialni vyhasinani anizotropie, ale nemusi to byt kvili distribuci fluorescencni sondy
ve vodné fazi a uvnitf micely. Pokud se pomér relativnich amplitud rychlého a pomalého rotacniho
korelacniho Casu lisi o dvoj- az trojnasobek od poméru frakce volné a vazané sondy k micele (Ize
stanovit z vazebnych konstant), pak je multiexponencialni vyhasinani anizotropie zpusobeno
rotacni difuzi sondy vazané k micele [80]. Pozorované biexponencialni vyhasinani anizotropie
muze byt pfipsano dvéma druhtim pohybu podle tzv. ,,wobbling-in-cone“ modelu [81]-[83]. Tento
model predpoklada, ze fluorofor se pohybuje lateralni difuzi po zakiiveném povrchu micely
arychlym kolibavym pohybem (wobbling motion) v imaginarnim kuzelu, ktery je spojen s rotaci
micely. Pozorovany pomaly (¢,) a rychly (¢ ) rotani korelacni Cas je spojen s Casovou
konstantou lateralni difuze (7,), kolibavého pohybu (7, ) a celkovou rotaci micely (z,,) podle

rovnic:
1 1 1 1
_ - — 3 —
ng TW TL TM (42)
1 1 1
_—=—t —

P T, Ty

Podle vySe zminéného modelu 1ze kfivku vyhasinani anizotropie popsat rovnici:

)= o |-y 2] . @

kde B =S?. Parametr S pfedstavuje prostorové omezeni pohybu sondy uvniti micely a muze
nabyvat hodnot 0 < S*<1. S mize byt také pouzit pro lokalizaci fluorescencni sondy v micele.
Pokud plati, ze S =0, pak je pohyb sondy izotropicky. Jestli se ale |S | =1, pak je pohyb zcela
omezen. Jelikoz jadro micely tvoii tekuté uhlovodiky, sonda nachazejici se v jadru micely by mela
hodnotu § =0 a kolibavy pohyb by byl izotropicky. Kdezto pfi S blizici se jedné bude pohyb ve
velké mife omezen a sonda se bude nachéazet v palisddové vrstvé micely [84], [85]. Dalsi
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moznosti, jak zjistit pozici fluorescenéni sondy, je zhaseni fluorescence. Deumié a spol. zkoumali
pozici derivati pyrenu pomoci zhaseni fluorescence derivaty jodu (Obr. 24). Kazdy z piislusnych
derivati by mél dosahnout do jiné Casti erytrocytové membrany a podle ucinnosti zhaseni lze
poznat, ve které cCasti membrany se jednotlivé derivaty pyrenu nachazi [5]. Lokalizace
fluorescen¢ni sondy nebo 1éciva pomoci zhaseni slouceninami jodu se dale vyuzivalo v micelach
nebo fosfolipidovych membranach [5], [86], [87]. Vyuziva se vSak i dalSich zhasecud pro lokalizaci
molekul v riznych agregatech [88]-[92].

Hydrofilni faze
Pyrenkarboxyaldehyd Joddekanova kyselina Jodpropanové kyselina
(0] OH (0]
e N D A N O OserM

|
Jodbenzoova kyselina

OH
H
C/
Pyren Benzopyren

Pyrenmaéselné kyselina O Jodbenzen
J U Q |

Pyrendekanova kyselina

Hydrofobni faze

Obr. 24 Schématické zobrazeni pyrenovych derivata, zhasecu a jejich predpokladané pozicei
ve fosfolipidové dvojvrstvé [5]

Vroce 1993 publikovali Quitevis a spol. praci zabyvajici se studiem c¢asoveé-rozliSené
anizotropie ne¢kolika iontovych lipofilnich sond (merocyanine 540, oktadecylrodamin B)
v alkoholech a v micelach dodecylsiranu sodného, dodecyltrimethylamonium bromidu
a Tritonu X-100 [83]. Pfi vyhodnoceni vyhasinani anizotropie ziskali v alkoholech vzdy jeden
rotaCni korelacni Cas, ale v micelach dva. Pfi pouziti wobbling-in-cone modelu vypocitali, diky
parametram ziskanych z méfeni anizotropie, parametr S, difuzni koeficient lateralni difuze, difuzni
koeficient kolibavého pohybu atd. Z vysokych hodnot parametru S zjistili, ze se sondy nachazi na
povrchu micel. Srovnani difuznich koeficientii vypocitanych pomoci wobbling-in-cone modelu a
ziskanych z NMR meéteni vedlo k zavéru, ze tento model predstavuje vhodnou metodu pro popis
dynamiky fluoroforu v micelarnim prostredi [93], [94].

Nasledné vroce 1997 a 2001 publikovali Periasamy a spol. studii Casové-rozliSené
fluorescence nékolika fluorescencnich sond (nilska Cerven, kresylova violet, DODCI, rhodamin B,
rhodamin DPPE) v kationtovych, aniontovych a neiontovych micelach. Vysledky méfeni Casové-
rozlisené fluorescence vylouCily 2 ze 4 moznych modelti (model 1 a2 z Obr. 25), kterymi lze
dynamiku uvnitf micel popsat. Nejlépe se hodil popis pro wobbling-in-cone model a translacni
difuzi sondy spolu s rotaci micely jako celku. Opét urcili parametr S, thel ¢ a difuzni koeficienty
translacni a rotacni difuze. Podle vypocti je parametr S nepfimo umérny difuznimu koeficientu.
Hodnoty translacnich a rotac¢nich difuznich koeficientd dale pouzili pro ovéfeni konceptu
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,,mikroviskozity* uvnitt micel. Pomé&r translacniho a rotacniho difuzniho koeficientu je ve vztahu
k mikroviskozité podle Einstein-Stokesovy rovnice:
D, ('4r

D, 3 (44)

¢ a ¢’ jsou konstanty, které piedstavuji korekéni faktor pro nesféricky tvar molekuly [95], r je

t

polomér a V molekularni objem sondy. Podle o¢ekavani by se pomér nemél meénit s teplotou,

w
ale podle vysledka poskytnutych z této studie se pomér méni. To znamena, ze Einstein-Stokesova
rovnice neplati pro stanoveni mikroviskozity uvnitf micel, coz zaroven znamena, ze se sonda
uvniti micely nepohybuje pomoci Brownova pohybu [96], [97].

Model 1 Model 3

Model 2 @ Model 4

Obr. 25 Modely molekularni dynamiky nesférickych molekul v micele. Model 1: Molekula
tésné vazana na micelu. Model 2: Molekula volné rotujici v micele. Model 3: Rotace
molekuly je omezena na ,,kolibani* v omezeném prostoru micely. Model 4: Rotace molekuly
je omezena, ale probiha volna translacni difuze [96], [97].

B

Wobbling-in-cone model se pouziva pro stanoveni dynamickych vlastnosti 1 v dalSich
systémech nez jen micelach [98]-[101]. Naptiklad Saito a spol. zjistovali, jak ovlivni fluorace
strukturu fosfolipidi, a tedy i dynamiku pohybu fluorescencni sondy ve fosfolipidovych
dvojvrstvach [102]. Andoh a spol. studovali molekularni dynamiku lipidovych dvojvrstev
modelovych membran plazmy a leukemickych bun¢k [103]. Jednim z dalSich prikladu je i studium
molekularni dynamiky ve fenylacetylenovych dendrimerech [104].

Wobbling-in-cone modelu Ize vyuzit i pfi vyzkumu interakci mezi polymerem a tenzidem. Je
mozné pouzit polaritni fluorescencni sondy pro stanoveni agregace tenzidi na fetézci polymeru.
Ve vysledku to bude znamenat, ze se kritickd micelarni koncentrace posune k niz§im
hodnotam [52], [105]-[110]. Ale pokud je interakce mezi polymerem a tenzidem slaba, muzeme
vidét agregaci tenzidu pouze okolo kritické micelarni koncentrace, kdezto u silnéSich
polyelektrolyt 1ze pozorovat zménu polarity okoli sondy jiz pied kritickou micelarni koncentraci
vlivem elektrostatické interakce mezi tenzidem a polymerem. V piipadech slabych polyelektrolyta
nelze pomoci polaritni sondy rozpoznat, jestli se vzniklé micely nachézi na fetézci polymeru nebo
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jsou volné vroztoku. Pomoci méfeni casove-rozliSené anizotropie a za predpokladu, ze
fluorescencni sonda podléha wobbling-in-cone modelu je mozné spocitat kolibavy pohyb 1
translacni pohyb sondy uvniti micely v pfitomnosti polymeru. Sen a spol. stanovili tyto parametry
pro dvé fluorescencni sondy (merocyanin 540 a oxazin 1) v SDS za pfitomnosti poly-N-vinyl-2-
pyrrolidonu. Pridavek poly-N-vinyl-2-pyrrolidonu zplsobil zpomaleni pohybu obou sond, a to jak
translacniho pohybu, tak i kolibavého pohybu [111].

3.3 Deprotonace v excitovaném stavu

Deprotonace v excitovaném stavu, a to intermolekularni i intramolekularni, ptedstavuje jeden
z nejcitlivej§ich procest pro studium hydratace mnoha riznych systémi. Mechanismus
deprotonace v excitovaném stavu v micelarnim prostfedi mize byt popsan napfiklad nasledujicim
schématem [112]:

(AH+)* + HZO —)(%(A* ...H3O+)kPE;(ﬁjLA* +H3O+
¢kAH+ ¢kA \LkA
AH" A A

Schéma 1 Schéma kinetiky deprotonace v excitovaném stavu

Ve Schéma 1 (A*...H3O+) reprezentuje roz€lenény par na povrchu micely. Rozclenéna

reprotonace, charakterizovana rychlostni konstantou ke, soutézi s rychlostni konstantou disociace
v v 7 4 o7 . I * 4 ’

roz€lenéného paru (kaiss) a s vyhasinanim excitované molekuly A" do zékladniho stavu (ka).

Mechanismus popisujici Schéma 1 muze byt piepsan ve smyslu diferencialni rovnice:

AH+ -X krec O AH+
di AH (=l ky ¥ K[H] x| A-H |, (45)
l_ w

A 0 k 7 A

diss
kde
X =kpr+kAH+ ~ kpp
Y = krec + kdiss + kA (46)
Z=k, [H*]w +k,
Pokud disociace roz¢lenéného paru je nevratna, mize se zanedbat k, [H*] , takze pro Z ziskame
rovnici Z =k, [H*]W +k, =~ k,. Disociace roz€lenéného paru je nevratna, pokud pH vzorku

presahne hodnotu 3 [112]. Nakonec Ize vSechny potfebné rychlostni konstanty vypocitat podle
nasledujicich rovnic:
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_RA4+A

R+1
Y=4+4-X A
1 1
kp, =X -k, .~X ,kdezrelativnich amplitudse R=-—al,=—, 4, =—  (47)
AH A, T 7,
- XY - 4,4,
rec kPT

kdiss = Y - kA - krec

Diferencidlni rovnice 45 predpoklada existenci triexponencidlni vyhasinaci kiivky, kde
jednotlivé doby zivota by meély patfit protonované forme fluorescencni sondy, roz¢lenénému paru
a deprotonované formé fluorescen¢ni sondy. Pokud ale uvazujeme, ze Schéma 1 urcuje pfitomnost
tii kineticky relevantnich objektt (tedy neutralni formu, roz¢lenény par a aniontovou formu), pak
by méla kiivka vyhasinani neutralni formy vykazovat tetraexponencialni funkci a aniontova forma
by méla vykazovat triexponencialni funkci. Ve skuteCnosti ale nad pH vétsi jak 3 neprobiha zpétna
reakce A", takze pro vyhasinani pfi emisni vinové délce neutralni i aniontové formy se ocekava
triexponencialni kfivka vyhasinani.

VySe je jiz zminény pfipad vyuziti 3-hydroxy-2-naftolové kyseliny (3HNA) pii studiu
hydratace  poly-N-vinyl-2-pyrrolidonu. 3HNA podstupuje intramolekularni —deprotonaci
v excitovaném stavu (ESIPT) [26], [113]. V prostiedi jinych pouzitych polymerd nedochazelo ke
zvySeni ESIPT emise se zvySujici se koncentraci polymeru. Zkoumali tedy mikroprostredi
fluorescen¢ni sondy v prostfedi PVP-voda a tyto vysledky srovnavali se smeési rozpoustédel
acetonitril-toluen. Z anizotropie, rotacnich korelac¢nich ¢asti a hypsochromniho posunu emisnich
spekter usoudili, ze se fluorescenéni sonda 3HNA sorbuje na polymer a je obklopena vodou
vazanou na polymer [26].

/OH

c
= g
A
C/OH I o]
\OH* “ hv
‘% A
3HNA(H) o L
D —
H
O/

P 3HNA(-H")
o l

c
;
é
o
R

IHNA(-2HY)

c

AN

Schéma 2 Zobrazeni 3HNA v jeho neutrilni a aniontové formé v zdkladnim a excitovaném
stavu [91]
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Intramolekularni deprotonace lze také vyuzit jako senzoru. Naptiklad Maity a spol. zkoumali
interakci mezi albuminem hovéziho a lidského séra a 3-hydroxy-2-naftolovou kyselinou a zjistili,
ze 1ze 3HNA pouzit jako senzor pro serum albuminy vzhledem ke zvySeni kvantového vytézku a
doby zivota v prostiedi albuminu pfi srovnani s vodou. Vazebna konstanta interakce 3HNA s
albuminy byla v fadu 10° a rota¢ni korela¢ni ¢asy ukazovaly omezendjsi pohyb [114]. Interakce
3HNA se serum albuminy byla vyuzita i pro studium deprotonace ze singletového stavu proteinu
do ESIPT singletového stavu 3HNA [115]. Dale pii tvorbé komplexu 3HNA se zirkonem a f-
cyklodextrinem se zvysi intenzita fluorescence a dochéazi k hypsochromnimu posunu excitacni
vlnové délky a emisni vlnova délka se posune batochromné. Tato studie Canady-Canady a
Rodriguez-Cacerese vznikla za G¢elem detekovat 3HNA v fic¢nich tocich, protoze 3SHNA drazdi
kazi, maze zpusobit poskozeni zraku a je potencialni teratogen [116].

Das a spol. pouzili 2-(2°-furyl)-3-hydroxychromon (FHC) pro studium intramolekularni
deprotonace v micelarnich systémech [84]. Zkoumali vliv hydratace micel na intramolekuldrni
deprotonaci FHC v zavislosti na hydrofilni skupiné tenzidu a velikosti fetézce hydrofobni ¢asti.
Zjistili, ze intramolekularni deprotonace je extrémné citliva na hydrataci micel, s ¢imz souvisi i
naboj hydrofilni casti micely. Bylo zjisténo, ze ¢im rychlejsi byla deprotonace (nizka intenzita
fluorescence u 420 nm a vysoka u 540 nm), tim mén€ hydratované byly micely. Nejrychlejsi
deprotonace se odehravala v kationtovych micelach, protoze hydrofilni ¢ast micely CTAB ¢i
TTAB obsahuje hydrofobni methylové skupiny, které brani vét§imu pfistupu molekul vody. To
zpusobi, ze intramolekularni vodikové vazby FHC nejsou ovlivnény intermolekularnimi
vodikovymi vazbami s molekulami vody ve Sternové vrstvé. U SDS je efekt presné opacny.
Protoze sulfoniova skupina SDS zajistuje silnou hydrataci Sternovy vrstvy, je FHC ovlivnéno
intermolekularnimi vodikovymi vazbami a deprotonace je v t€chto micelach nejpomalejsi. DalSim
faktorem ovliviiujicim dynamiku deprotonace v FHC byl naboj micely. Protoze FHC nese zaporny
naboj, elektrostaticka interakce mezi kationtovou palisadovou vrstvou micely a FHC zpusobila
urychleni deprotonace. Jelikoz micely SDS nesou, stejné jako FHC, zaporny néaboj, naslednym
odpuzovanim dojde k ovlivnéni intramolekularni vodikové vazby intermolekularnimi vodikovymi
vazbami, coz vede ke zpomaleni dynamiky deprotonace. Vzhledem k poly (etylen oxidovému)
fetézci neiontovych micel lze popsat hydrataci pfiblizn€ na pal cesty mezi kationtovymi a
aniontovymi micelami. Snizuje-li se délka fetézce, snizuje se i rychlost deprotonace ve vSech
typech micel. Kratsi fetézec ma za nasledek, ze je micela méné husté usporadana, ¢imz umozni
silnéjsi hydrataci vSech druhti micel, a to vede ke snizeni rychlosti deprotonace.
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Obr. 26 Nahore: a) Iontova b) neiontovd micela. Dole: Schéma nevratné deprotonace
v excitovaném stavu [84]

Pro zkoumani hydratace pomoci intermolekularni deprotonace v excitovaném stavu se vyuziva
také fluorescencni sondy I-naftolu. Neutralni forma naftolu ma maximum emise pii 350 nm a
aniontova forma pii 450 nm [117]-[119]. V nepiitomnosti vody pfevlada u 1-naftolu emisni pik
neutralni formy, ale v pfitomnosti vody podstupuje neutralni forma naftolu deprotonaci
v excitovaném stavu a dominantnim pikem se stava pik pii 450 nm, tedy aniontova forma. Kumar
a Mishra pouzili 1-naftol pro studium hydratace polyvinyl alkoholu (PVA). Po umisténi PVA
filmu do vody byla zaznamenavana emisni spektra kazdych 15 s, kde byl vidét pokles neutralniho
piku u 342 nm se souCasnym nartstem aniontového piku u 464 nm. Zaroven byl vypozorovan
izoemisni bod, ktery znaCi rovnovahu mezi dvéma stavy fluorescenéni sondy s rostouci
aniontovou formou na ukor neutralni formy. Pomoci fluorescen¢nich méfeni, kalorimetrickych
meéfeni a pouziti modelu pro botnani hydrogelu usoudili, ze se 1-naftol adsorbuje na vazané vode
polymeru a navrhli 1-naftol jako fluorescenéni senzor pro specifickou detekci vazané vody v PVA
hydrogelech [120].

Fluorescen¢nich meéfeni 1-naftolu wvyuzili Pal a spol. pro studium vodnich klastri
v hydrofobnim rozpoustédle. Predpokladem bylo, ze voda bude formovat v hydrofobnim
rozpoustédle nanoskopické utvary a s pfibyvajicim mnozstvim vody budou tyto utvary rust
a budou solubilizovat stale veétsi mnozstvi 1-naftolu. Solubilizace fluorescencni sondy by se méla
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projevit na emisnich spektrech naftolu. Z emisnich spekter 1-naftolu zjistili, ze snizovani intenzity
fluorescence u 350 nm a vzajemny narust intenzity fluorescence u 450 nm je dusledkem tvorby
stale vétSich vodnich klastri v dioxanu. Pfi zastoupeni vody v dioxanu 79 % byla provedena
Casové-rozliSena méfeni. Bylo méfeno vyhasinani fluorescence pii rtiznych vinovych délkach,
z nichz bylo nasledné sestaveno Casové-rozliSené emisni spektrum (TRES). Z TRES byla patrna
reakce v excitovaném stavu. V Case 0 ns je vidét pouze jeden pik znacici neutralni formu naftolu,
ale s Casovym postupem se objevuje druhy pik, ktery pfedstavuje deprotonaci v excitovaném stavu
a formovani aniontu naftolu. Intenzita tohoto nového piku dale roste, z cehoz je mozné vypocitat
kinetiku tvorby naftolového iontu. Z vyhasinani fluorescence bylo dale zjisténo, ze doba zivota
delsi komponenty (kratsi patfi deprotonaci) se dale zvysSuje s rostouci vinovou délkou (z 2,4 ns na
10 ns). Doba zivota se zvySuje, protoze neutralni molekuly naftolu, které jsou stabilizované
solvataci, musi prekonat vyssi solvatacni energetickou bariéru kvuli reakci v excitovaném stavu
(Obr. 27). Ve vode dochazi k deprotonaci neutralniho naftolu za 35 ps [95], kdezto ve smési voda-
dioxan (79 %) za 220 ps. Zpomaleni reakce ma pravdépodobné 2 duvody. Jednim je lokalni
koncentrace molekul vody v blizkosti excitované molekuly naftolu. Aby doslo k deprotonaci
v excitovaném stavu, musi byt okolo sondy asi 30—50 molekul vody[121], [122]. Toto cislo bude
ve vodnich klastrech v dioxanu pravdépodobné mensi, proto je ESIPT reakce pomalej§i. Druhym
divodem je pomalejsi reorganizace molekul vody do klastri neZ v samotné vodé. Dale byla
studovana zavislost teploty na proces solvatace. Bylo zjiS§téno, ze zvySeni teploty zrychlilo
solvatacni proces, protoze se kvuli vyssi teploté narusily nékteré vodikové vazby, coz mélo za
nasledek tvorbu mensich vodnich klastra [119].

Energy

Reaction Coordinate

Obr. 27 Schématické znazornéni solvatace v excitovaném stavu 1-naftolu pri prenosu
protonu [119]

Fayer a spol. studovali deprotonaci a vodné prostfedi v nafionovych membréanach palivovych
¢lankt a v reverznich micelach aerosolu OT pomoci stacionarni a ¢asové-rozliSené fluorescence
sondy pyraninu (1-hydroxy-3,6,8-pyrentrisulfonova kyselina — HPTS) a metoxy derivatu HPTS —
MPTS. Pomoci emisnich spekter a méfenim doby zivota dospéli k zavéru, ze vodné prostredi
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nafionu je podobné vodnému mikroprostiedi reverznich micel AOT. Diky deprotonace
v excitovaném stavu byli schopni zkoumat strukturu vody v zavislosti na rizném stupni hydratace.
Zjistili, ze se vodni struktura méni na rozhrani vodné a hydrofobni faze. Voda na rozhrani je
mnohem méné mobilni nez voda uvnitt reverzni micely (tzv. bulk water). Pokud se fluorescenc¢ni
sonda dostane do vodného prostfedi na rozhrani, dojde k redukci deprotonace v excitovaném
stavu. Pokud je nafion i reverzni micela AOT méné€ hydratovana, snizi se jeji velikost a mira
deprotonace diky tomu, ze v dosahu jsou pouze molekuly vody u rozhrani. Pouziti metoxy formy
HPTS (MPTYS) bylo stézejni pii méteni Casoveé-rozliSené anizotropie, protoze MPTS nepodstupuje
v excitovaném stavu deprotonaci a jeho umisténi v pozadovaném systému by mélo byt stejné, jako
tomu bylo u HPTS. Pfi nizké hydrataci byla rotacni difuze omezena s malou dobou vyhasinani a
znac¢nou zbytkovou anizotropii. ZvysSovani hydratace vedlo k vymizeni zbytkové anizotropie a
rotaCni dynamika byla témeér stejna jako v Cisté vode [123].

Deprotonaci v excitovaném  stavu  lze  také  vyuzit  vdalSich  koloidnich
systémech [54], [84], [124], [125], cyklodextrinech [126], [127] nebo pii interakci polymeru
a tenzidu [55], [128]-[130]. Zasadni prace tykajici se deprotonace v excitovaném stavu l-naftolu
v micelach vznikla v laboratofich okolo skupiny Kankana Bhattacharyyi a spol. [54] Jak jiz bylo
znamo, ESPT proces je vyrazn€ zpomalen ve smési vody a alkoholu a v €istém alkoholu se na
emisnich spektrech ukazuje pouze neutralni pik naftolu, takze je kompletné zabranéno deprotonaci
této sondy [118]. Pokud se naftol solubilizuje v micelach, méla by se zménit 1 dynamika
deprotonace. Ve vod¢ bude pozorovan pouze pik pii 450 nm, tedy emisni pik aniontu. Pfi
solubilizaci 1-naftolu do micel dojde ke zméné prostfedi okoli naftolu a pozorujeme zvysSeni
intenzity emise neutralniho piku na tkor aniontu naftolu. Dale ukazali, ze dynamika deprotonace
bude jina v raznych tenzidech. V micelach CTAB narostla intenzita emise u 360 nm 20krat a u
460 nm 6krat oproti vod€. U Tritonu X-100 narostla intenzita neutralni formy (360 nm) 90krat a
intenzita aniontové formy (460 nm) 1,5krat oproti vodé. U SDS micel narostla intenzita neutralni
formy 66krat, ale intenzita aniontové formy dvakrat poklesla.

Pomoci casové-rozliSené fluorescence zjistili, ze se doba zivota obou forem naftolu méni
s druhem micel a ze neni ustavena rovnovaha mezi neutralni a aniontovou formou naftolu
v excitovaném stavu, kdyz jsou jeho molekuly vazany v micelach. V CTAB je podle Casové-
rozliSenych méfeni (nebyla naméfena zadna kratka doba zivota odpovidajici neutralni formé)
pouze aniontova forma naftolu. I kdyz by micely CTAB mély obsahovat nejméné molekul vody, je
v tomto prostiedi pouze emise aniontové formy. Tvorba aniontové formy je pfisuzovana
vyhasinani neutralni formy naftolu a vysoké koncentraci hydroxylovych ionti v bezprostredni
blizkosti micely. V Tritonu X-100 byla zaznamenana emise obou forem naftolu, protoze emisni
spektra vykazovala 2 piky a doba zivota aniontu se protahla na 14 ns. Toto pozorovani se shoduje
s pozorovanim deprotonace v naftolu ve smésich voda—alkohol [118]. U SDS pfifazuji emisi
z micel pouze neutralni formé a emisi aniontové formy z vody, protoze jakmile je aniont vytvofen,
okamzité je odpuzen z micely SDS do vody. Co se tyka interakci tenzidu a polymeru, Ize pomoci
ESPT zkoumat i tyto interakce. Pfikladem muze byt interakce SDS a hydroxypropyl celulozy [55].
Jakmile bylo dosazeno kritické agregacni koncentrace, doSlo k vyraznému snizeni dynamiky
deprotonace, takze doslo ke zvySeni emisniho piku neutralniho naftolu. Koncentrace, pii které
doslo k narustu intenzity fluorescence NpOH, byla nizs§i nez CMC SDS.
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Vyuziti ESPT procesu pfi interakci polymeru a tenzidu ukazali Sahu a spol. také pti interakci
CTAB a lysozymu [128]. Jako fluorescen¢ni sondu pouzili pyranin. Pomoci intenzity fluorescence
neutralniho naftolu dokézali stanovit CMC CTAB a nasledné kritickou agregacni koncentraci
CTAB v prostedi lysozymu, ktera byla niz§i jak CMC samotného CTAB. Diky kinetickym
vypoCtim (rovnice zobrazeny vysSe v textu) jeSté ukazali, Ze lysozym ovliviiuje rychlostni
konstanty deprotonace, rekombinace a disociace rozclenéného paru. Rychlostni konstanty vSech
procest byly vyssi nez v samotném CTAB. Vysledky tedy ukazuji, ze mikroprostiedi v agregatu
CTAB-lysozym je odlisné od mikroprostfedi okoli sondy v CTAB. Dynamiku deprotonace
pyraninu vyuzil Ghosh a spol. pii studiu supramolekularniho utvaru vzniklého z triblokového
kopolymeru a cetyltrimethyl amonium chloridu (CTAC) [129]. Stejné jako v predchozim ptipadé
stacionarni 1 Casové-rozliSena fluorescence ukazali zménu v intenzité fluorescence ¢i dobach
zivota v ruznych prostiedich. Rychlostni konstanty v piislusnych agregatech byly opét vyrazné
odlisné od cisté vody, coz znaci rozdil v polarité mikroprostredi okoli sondy. Rychlostni konstanta
deprotonace v supramolekularnim ttvaru se lisi od rychlostni konstanty deprotonace v CTAC, ale
rozdil neni tak velky jako v pfedchozim pfipad€é, coz znac¢i men$i ovlivnéni mikroprostiedi
kopolymerem nez v ptipadé lysozymu a CTAB.

3.4  Casové rozliSena emisni spektra

Jak jiz bylo zminéno u prace Pala a spol., Casové-rozliSena fluorescence je schopna odhalit, zda
v systému dochazi k reakci v excitovaném stavu pomoci méfeni vyhasinani fluorescence pfi vice
emisnich vinovych délkach. Z jednotlivych dob Zivota a pfislusnych relativnich amplitud mizeme
nasledné vypocitat tzv. Casové-rozliSena emisni spektra. Pokud budeme pozorovat zmeénu
emisniho spektra s ¢asem, bude v systému probihat reakce v excitovaném stavu (Obr. 28a).
V téchto pripadech se nejedna o pfimou excitaci formované molekuly, ale o formovani
z predes§lého excitovaného stavu [4], [119]. Co se tyka samotného zkonstruovani c¢asove
rozliseného emisniho spektra, 1ze jej spocitat pomoci rovnice: [4], [131], [132]

t

Zai (ﬂu)eﬁ

kde Iss predstavuje intenzitu fluorescence, z, dobu zivota a o; pfislusnou relativni amplitudu v Case

1(A0)=1 (48)

t. Casové rozlisené emisni spektrum tedy odhali, zda v systému probih4 reakce v excitovaném
stavu, €1 nikoli. Lze ale z Casové rozliSenych spekter 1 urcit, jestli pozorovana emise v systému je
ze dvou ¢i vice emisnich jednotek nebo pouze z jedné, a to vypoctem tzv. Casové-rozliSenych pies
plochu normalizovanych emisnich spekter (TRANES) [119],[133]-[137]. Koti a spol.
experimentalné a matematicky dokazali, ze dvé emisni jednotky zptusobi propojeni jednotlivych
spekter v tzv. izoemisnim bodu, ktery je specificky pro emisi pravé ze dvou jednotek [133]. Pokud
by v systému byly jednotky tii, objevily by se na TRANES dva izoemisni body. Jako ptiklad
experimentalniho potvrzeni ukéazali TRES a TRANES 2-naftolu v pufru. 2-naftol podstupuje
deprotonaci v excitovaném stavu, takze v systému by mély byt dvé samostatné emisni jednotky.
Po konstrukci TRANES mizeme pozorovat izoemisni bod (Obr. 28b) [133]. TRANES Ize
zkonstruovat normalizaci plochy pod kiivkou €asové rozlisenych emisnich spekter tak, ze plocha
pod kiivkou v Case t se bude rovnat plose spektra v ¢ase t =0:
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1, () = %1 (A1), (49)

t

kde So predstavuje plochu pod kiivkou spektra v ¢ase £ =0 a S; plochu pod kiivkou v Case 7 =z .
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Obr. 28 a) Casové rozliSena emisni spektra b) ¢asové rozliSena pies plochu normalizovana
emisni spektra 2-naftolu v pufru [133]

Koti a Periasamy dale pouzili TRANES v organizovanych systémech, jako jsou micely nebo
fosfolipidové membrany. Pouzitim dvoukomorové kyvety zjistili, ze simultanni excitaci nilské
cervene v methanolu a ethanolu dojde k tvorbé izoemisniho bodu, protoze se nilska Cerven nachazi
ve dvou riznych prostiedich. Solubilizaci nilské Cervené v Tritonu X-100 ziskali také izoemisni
bod. Stejny vysledek méla i solubilizace ve fosfatidylcholinové membrané. Existence izoemisniho
bodu v obou systémech znamena, ze se nilska Cerven solubilizovala ve dvou riznych mistech
micely (membrany) [134].

3.5 Pasivni Mikroreologie

Mikroreologické techniky, predev§$im videomikroreologie, jsou hojné vyuzivany v raznych
oblastech vyzkumu, a to predevsim diky své schopnosti nedivat se na vzorek jako na celek, jako
v pripad¢ klasické reologie (i kdyz Casto jsou mikroreologicka méfeni pouzita jako doplitkova ke
klasické reologii [138]), ale jelikoz je mozné urcit viskoelastické vlastnosti uvniti vzorku. Dalsi
vyhodou této metody je mensi naro¢nost na objem vzorku.

3.5.1 Video-mikroreologie a dynamicky rozptyl svétla

Jak je jiz zminéno vySe, videomikroreologie predstavuje nejroz§ifenéjsSi metodu pro
mikroreologické méfeni, zatimco DLS se pouziva pouze u transparentnich vzorka, pfipadné je
potieba se ujistit, Zze zaClenéné Castice jsou prave ty, na kterych bude probihat rozptyl ptisobiciho
paprsku, a ze podminka jednonasobného rozptylu svétla bude zachovana. Jelikoz neni snadné tuto
podminku naplnit napf. v biologickych systémech, DLS se pro mikroreologii pfili§ nevyuziva.

Nicméné videomikroreologii 1 dal§im technikdm jako DLS se vénuje prehledovy Clanek od
Thomase Moschakise, které shrnuje mikroreologii potravinovych gelt a emulzi [138]. Piehledovy
clanek shrnuje pouziti mikroreologickych technik napf. pii studiu gelace pectinu [139], méfeni
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viskozity medu a porovnavani s klasickou reologii [140] nebo studiu mikoheterogenniho prostiedi
a agregace lipozomu [141].

Dalsi ptehledovy ¢lanek od Schulze a spol. pfiblizi vykonany vyzkum v oblasti mikroreologie
hydrogeld [142] nebo prace Weihse a spol. pfiblizi dualezitost mikroreologie ve vyzkumu
mezibunéného prostiedi [143]. Dalsi rozsahly prehledovy clanek se vénuje mikroreologickym
technikam pouzitym pro studium komplexnich kapalin (tekuté krystaly, proteiny, koloidy atd.)
[144].

3.5.2 FCS mikroreologie

Jak jiz bylo zminéno nékolikrat, o videomikroreologii vysla spoustu publikaci a pro ucel této
prace si staCi shrnout pouzitelnost metody formou piehledovych Cc¢lankid. Nicméné FCS
mikroreologie je pravy opak. FCS se pfili§ nepouziva pro studium mikroreologie, mozna pro
financni narocnost dané pfistrojové techniky nebo pro mélo informaci o tom, jak FCS
mikrereologii méfit a vyhodnocovat.

Zasadni prace popisujici metodu FCS mikroreologie je publikace od Rathgeber a kol. [145].
Porovnavali vysledky méfeni u vodnych roztoki vysokomolekularniho polyethylenglykolu
ziskané pomoci DLS, video-mikroreologie a FCS mikroreologie. Vysledky mikroreologickych
meéteni porovnavali také s konvencnimi reologickymi experimenty za pouziti klasického rota¢niho
reometru. Z hlediska rozsahu MSD je FCS srovnatelna se standardnimi laserovymi metodami a
DLS. Na rozdil od ostatnich mikroreologickych metod poskytuje FCS mnohem vétsi frekvencéni
rozsah. Navic pozorované castice nejsou zavislé na rozptylu svétla, protoze u FCS jsou
pozorovany pouze fluorescencni Castice. Tato prace nicméné nepopisuje pouze vyhody Cci
nevyhody jednotlivych metod pii méfeni stejného vzorku. Tato prace slouzi také jako navod pro
zpusob méfeni ¢i vyhodnoceni autokorelacni funkce a jeji prevod na MSD.

Dalsi prace zabyvajici se pfimo FCS mikroreologii je od skupiny okolo Gernota Guigase a kol.
[146] Pozorovali difuzni vlastnosti fluorescencné znaénych zlatych nanocastic v cytoplazmé a
jadru zivych bunék. Ze ziskanych autokorelacnich kiivek byli schopni ziskat zavislosti MSD a byli
také schopni urcit komplexni modul pruznosti pro oba bunécné kompartmenty. Diky této technice
také popsali rozdily ve viskoelastické odezvé a anomalni difuzi u bunék pfed a po vystaveni
osmotickému stresu.

Jak je zminéno vyse, 1 kdyz jesté neni FCS rozsifené pro meéreni mikroreologie, 1 tak na tomto
poli jevi velky potencial. Nicméné FCS se predev§im pouziva pro urCeni difuznich koeficientt,
koncentraci fluorofori, charakterizaci interacki fluorofori a mnozstvi dalSich aplikaci.
Vyuzitelnost FCS na poli kolodini védy a zivych systému je shrunta v t€chto dvou piehledovych
¢lancich [147], [148].
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4 CHARAKTERIZACE HYDRATACNIHO OBALU
HYALURONANU POMOCI 3-HYDROXY-2-NAFTOLOVE
KYSELINY

Jak jiz bylo zminéno v teoretické casti, hyaluronan tvofi ve vodnych roztocich hustou
polymerni sit, kterd je stabilizovana vodikovymi vazbami a hydrofobnimi interakcemi, coz je
divodem, spolu s polaritou hyaluronanu, vysokého zadrzovani vody. Také bylo zminéno, ze se v
literatute objevuji 1 odliSné predstavy o zadrzovani vody hyaluronanem. které tvrdi, ze hyaluronan
neni pokryty souvislym hydrataénim obalem, ale velkymi vodnimi klastry, které jsou vazané k
hyaluronanu nebo uvéznéné uvnitf fetézci hyaluronanu a mohou byt tim divodem, proc
hyaluronan tvofi vysoce viskozni roztoky i v malych koncentracich [20], [21]. Z tohoto divodu
byla vybrana fluorescencni sonda 3HNA pro studium schopnosti této sondy navazat se na vodu
vazanou k polymeru.

4.1 experimentalni ¢ast

4.1.1 Pristrojové vybaveni
Analytické vahy Denver instrument BC-BC-100
Mikropipety Finnpipette, Biohit, Vitrum
Magnetické michadlo Heidolph MR Hei-Standard
Vibracni michadlo MS2 Minishaker

Luminiscencni spektrometr, Fluorolog HORIBA Jobin Yvon

Zdroj zafeni Xenonova lampa — 450 W
Monochromator Czerny-Turner
Rozmezi A 0-1300 nm
Presnost A 0,5 nm
Rychlost skenu 150 nm/s
Detektor S1-PMT

Z primarniho zdroje polychromatického zateni vstupuje zateni do miizkového monochromatoru
1 (excitacni), kde se vybere zafeni o vhodné vinové délce excitace. Selektivni paprsek o presné
definované vinové délce prochazi kfemennou kyvetou se vzorkem, kterd je umisténa v jeho
optické draze. Dochazi k excitaci elektronti zkoumaného vzorku. Fluorescence je pozorovana
v kolmém smeéru ke sméru paprsku primarniho zareni, aby primarni zafeni prochazejici kyvetou
nerusilo meéreni fluorescence. Proto jsou druhy monochromator (emisni) i1 detektor umistény
v kolmém sméru ke kyveté. Emisni zafeni prochazi monochroméatorem 2, kde je stanovena jeho
vlnova délka, a pomoci detektoru je zjiSténa intenzita fluorescence (Obr. 29) [4].
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Obr. 29 Schéma jednopaprskového spektrofluorimetru HORIBA Jobin Yvon

Pro méfeni emisnich spekter 1-naftolu, HPTS, 3HNA a pyenu byly pouzity excitacni vlnové
délky 300 nm pro 1-naftol, 454 nm pro HPTS, 350 nm pro 3HNA a 335 nm pro pyren.

Fluorocube HORIBA Jobin Yvon pro casové rozliSenou fluorescenci
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Obr. 30 Schéma instrumentace pro casové rozliSenou fluorescenci [4]

Zlaseru je vyslan excitacni puls, ktery excituje vzorek. a zaroven je vyslan signal do
excitatniho constant function discriminatoru (CFD), ktery zaroven zaznamena Cas prichodu
excitaéniho pulzu. Nasledné je signal pfedan time-to-amplitude convertoru (TAC), jenz generuje
urCité napéti, které se linearné zvySuje s cCasem. V druhém emisnim kandlu je pozorovan
emitovany foton, ktery ptijde do emisniho CFD, ktery zaznamena piichod fotonu a posle signal do
TAC, kde je zastaveno zvySovani napéti. TAC nyni obsahuje napéti imérné casovému rozdilu
mezi excitaénim pulzem a pfichodem emitovaného fotonu. Tento proces je opakovan stale dokola
a jednotlivé namétfené Casy jsou zaznamenavany do histogramu, dokud neni métreni ukonceno.
Pokud je potfeba, muze byt prislusné napéti zesileno pomoci programmable gain amplifieru
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(PGA), ktery informace pieda analog-to-digital converteru (ADC), ve kterém je piislusné napéti
prevedeno na numerickou hodnotu (Obr. 30).

Vzorky byly excitovany nanosekundovou nanoLED diodou N-330 se Sitkou pulzu 1,2 ns
a emisni vlnova délka byla vybrana emisnim monochroméatorem typu Seya-Namioka s rozsahem
200 nm az 800 nm. Vyhasinani fluorescence bylo zaznamenavano detektorem IBH TBX-04.

UV-VIS Spektrofotometr, Cary 50 Probe

Zdroj zateni Xenonova pulzni lampa
Monochromator Czerny-Turner 0,25 m
Rozmezi A 190-1100 nm
Opakovatelnost A + 0,1 nm
Max rychlost skenu 24 000 nm/min
Detektor 2 kitemikové diody

UV-VIS spektrofotometr je zafizeni, které mefi absorpci zareni v UV a VIS oblasti svételného
spektra. Zaznamem téchto méfeni jsou absorpcni spektra méfeného vzorku. Zatizeni se sklada ze
zdroje zafeni, monochroméatoru (zde se ziska monochromatické zatfeni, tedy zafeni o urcité vinové
délce), kyvety se vzorkem a detektoru. V detektoru je zaznamenan ubytek intenzity
monochromatického zatfeni prochazejiciho vzorkem (Obr. 31).

I, onochromator) [, I
Zdroj a Vzorek Detektor

Obr. 31 Schéma UV-VIS spektrofotometru

4.1.2 Priprava vzorku pro charakterizaci interakci hyaluronanu a 3HNA
Zasobni roztoky polymert (hyaluronanu, karboxymethylcelulozy, polyvinylpyrrolidonu
a albuminu hovéziho séra) byly pfipraveny navazenim presného mnozstvi ptislusného polymeru a
jeho kvantitativnim pfevedenim do odmérmné bariky a doplnénim Milli-Q vodou po rysku. Takto
byly pfipraveny zasobni roztoky hyaluronanu o koncentraci 150 pumol-dm™,

karboxymethylcelulozy (KMC) o koncentraci 402,975 umol-dm™, PVP o koncentraci
401,225 pumol-dm™ a albuminu hovéziho séra o koncentraci 9,559 pmol-dm™ .

Zasobni roztok fluorescencni sondy byl pfipraven navazenim 3HNA na analytickych vahach a

kvantitativnim pfevedenim do odmérmé bariky o objemu 50 mL pomoci ethanolu a doplnénim po
rysku. Takto vznikl zasobni roztok o koncentraci 2,051 mmol-dm™.
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Vzorky byly pfipraveny prevedenim 73 pl. zasobniho roztoku 3HNA a rozpoustédlo bylo
odpatfeno. Koncentrace 3HNA v kazdém vzorku byla 30 umol . Nasledné byl do vialek pipetovan

polymer tak, aby byl, v zavislosti na pouzitém polymeru, koncentracni rozsah nasledujici:

U KMC a PVP 0-400 pmol-dm”; u HyA 0-15pmol-dm™; u BSA 0-9,6 umol-dm”.
Vsechny vzorky byly pfipraveny tfikrat, aby mohla byt provedena statistickd analyza. Hyaluronan
byl skladovan a pouzivan tak, aby nedochézelo k termalni [149] nebo Casové degradaci [150]
polymeru. Zejména u Casové degradace polymeru bez pouziti azidu sodného jakozto prevenci proti
tvorbé mikroorganisma bylo vychazeno z nasSi studie zabyvajici se pravé Casovou degradaci
hyaluronanu bez pouziti jakéhokoli prostifedku proti tvorbé mikroorganisma [151].

4.2  Vysledky a diskuse

Interakce 3HNA a PVP, respektive BSA byly jiz prokazany dfive a vénuje se jim ¢ast kapitoly
3.2 a kapitoly 3.3 v literarni reSerSi. V této praci byly tyto polymery pouzity jako kontrola
spravnosti pouzitych vypoctd. Vazebna konstanta vypoCtena u vSech polymert byla uréena
pomoci Benesi-Hildebrandtova vztahu [76]-[78], ktery je také popsan v kapitole 3.2. Vyzkum
interakce 3HNA a hyaluronanu by mél predev§im pomoci k pochopeni struktury hydrata¢niho
obalu hyaluronanu.

4.2.1 Stacionarni fluorescence

Jak jiz bylo zminéno, PVP a BSA byly pouzity pro kontrolu. Méfenim intenzity fluorescence
aniontové formy 3HNA v zavislosti na reciproké hodnoté koncentrace polymeru lze stanovit
vazebnou konstantu. Pro PVP byla stanovena vazebna konstanta na hodnotu K =1,27-10°M™" a

pro BSA na hodnotu K =3,13-10°M™" . Rozdilné vazebné konstanty znamenaji, ze 3HNA se lépe

vaze na polymer BSA nez na PVP. Z literatury bylo zji§téno, ze Pal a spol. stanovili vazebnou
konstantu 3HNA-PVP na K =09-10'M", coz se nepatrné 1i§i od ndmi stanovené hodnoty.

V piipadé BSA Maity a spol. [114] stanovili hodnotu vazebné konstanty na K =5,3-10°M™.
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Obr. 32 Zavislost [Fw - FO]/ [F .= FO] na reciproké koncentraci PVP a BSA monitorujici
ESIPT emisi 3HNA (30 pmol/L)
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Stanovena hodnota vazebné konstanty byla také ovéfena méfenim stacionarni anizotropie
fluorescence. Cim vic se bude fluorescenéni sonda vazat na polymer, tim pomalej§i bude jeji
rotace. Vynesenim zavislosti anizotropie fluorescence na koncentraci polymeru lze pozorovat
zpomaleni rotace fluoroforu. Divodem rostouci anizotropie nicméné neni jen interakce mezi
3HNA a polymerem, ale také zvySujici se viskozita vzorku. Nicméné u PVP i BSA nebude mit
zvySujici se viskozita velky vliv na vazebnou konstantu, protoze i v koncentracich okolo 400 uM
viskozita vyrazné nestoupla. Na Obr. 33 lze dale pozorovat zavislost anizotropie fluorescence
k limitni hodnoté, coz znaci jiz kompletni interakci sondy s polymerem. Jako vlozeny graf je
znazornéna zavislost, ze které byla ziskana vazebna konstanta pomoci meéfeni stacionarni
anizotropie. Ze samotného méfeni byla urCena frakce molekul fluoroforu, které se vazaly na

polymer. Nasledné pomérem frakce vazané a nevazané sondy, a tedy zavislosti pomé&ru vazané a
F

polymer =
1- b

nevazané sondy na koncentraci polymeru byla ze smérnice zavislosti K -c urcena

vazebna konstanta pro 3HNA-PVP na K =1,63-10°M™" a pro 3HNA-BSA na K =6,99-10°M".
Ob¢ hodnoty se lisi od hodnot namérenych pomoci stacionarni fluorescence. U obou metod byly
zjistény rozdily mezi stanovenim vazebné konstanty pomoci intenzity fluorescence a anizotropii
fluorescence. Divodem je rostouci viskozita vzorkd s rostouci koncentraci polymeru. Dale
z porovnani hodnot anizotropie na Obr. 33 lze vypozorovat, ze hodnoty anizotropie jsou vétsi pro
systém s BSA, coz koreluje s hodnotou vazebné konstanty, ktera je pro BSA o fad vétsi nez pro
PVP.
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Obr. 33 Zavislost hodnot anizotropie na koncentraci polymeru. Vlozeny graf znaci zavislost,
ze které byla pocitana vazebna konstanta.

Hyaluronan ve vodnych roztocich tvori specifické prekryvajici se domény, které vytvareji sit’
stabilizovanou vodikovymi vazbami, vodnimi mustky a hydrofobnimi interakcemi [18]. Prave
vySe zminéné interakce spolu s polarnimi vlastnostmi hyaluronanu, jsou divodem vysokého
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zadrzovani vody. V literatufe se dokonce tvrdi, ze praveé vysoka hydratace hyaluronanu je jednou z
jeho nejdulezitéjSich biologickych funkci [19]. Nicméné v dalsi literatufe se objevuje tvrzeni, ze
neni nic moc zajimavého na chovani hyaluronanu v roztoku. Jinymi slovy, ze hyaluronan
nepokryva souvisly hydratacni obal, nybrz velké vodni klastry véazané k hyaluronanu nebo
uvéznéné uvnitt feté€zcl hyaluronanu, které mohou byt tim divodem, pro¢ hyaluronan tvoii vysoce
viskozni roztoky 1 v malych koncentracich [20], [21].

Pti pozorovani ESIPT emise 3HNA v prostiedi hyaluronanu nelze urcit zadny specificky trend.
Intenzita fluorescence, respektive zavislost [F, — F, |/[F, — F,] na reciproké hodnot& koncentrace
hyaluronanu kolisa, stejné tak kolisaji hodnoty anizotropie v zavislosti na koncentraci
hyaluronanu. Sice nebylo dosazeno takovych koncentraci jako v pfipadé PVP, nicméné pii
koncentraci hyaluronanu 15 g/L je jiz roztok vysoce viskozni. Pokud budeme uvazovat zaporny
naboj hyaluronanu ve vodném roztoku a zaporny naboj 3HNA v excitovaném stavu, mizeme
usoudit, Ze v excitovaném stavu bude repulze naboji 3HNA a karboxylovych skupin hyaluronanu
natolik vysoka, ze se 3HNA hydratacnimu obalu hyaluronanu nepftiblizi. Pokud by ale hyaluronan
m¢él mit masivni hydratacni obal, 1 nizkou vazebnou konstantu by mélo byt mozno urcit. Z tohoto
divodu byl hyaluronan srovnan s jinym, znamym polymerem obsahujicim karboxylovou skupinu,
a to s karboxymethyl celul6zou. Na rozdil od hyaluronanu se u KMC objevila rostouci zavislost
[F, - F,]/[F, — F,] na reciproké koncentraci KMC a pomoci Benesi-Hildebrandovy metody bylo

mozno stanovit vazebnou konstantu, ktera méla hodnotu K =4,37-10°M™".
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Obr. 34 Zavislost [Fw - F, ]/ [F .= FO] na reciproké koncentraci HyA a KMC monitorujici
ESIPT emisi 3HNA (30 pmol/L)

Pro anizotropii fluorescence byly nalezeny podobné vysledky jako v ptipadé ESIPT emise.
V ptipadé hyaluronanu nebylo mozné urcit trend zavislosti anizotropie na koncentraci hyaluronanu
a pfi pfepoctu anizotropie na pomeér volné a vazané sondy k polymeru doSlo k poklesu do
zapornych hodnot. V pfipadé KMC byl sledovan rostouci trend anizotropie v zéavislosti na
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: L. . F, , oy ,
koncentraci polymeru a ze zavislosti K - ¢ = 1 ’}: mohla byt vypocitana vazebna konstanta,

polymer
b

ktera méla hodnotu6 K =6,87-10°M™". Stejné jako v piedeslych piipadech je odchylka mezi
vazebnou konstantou stanovenou pomoci Benesi-Hildebrandovy metody a vazebnou konstantou
stanovenou pomoci anizotropie fluorescence zpusobena zvysujici se viskozitou vzorku s rostouci
koncentraci polymeru.
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Obr. 35 Zavislost hodnot anizotropie na koncentraci polymeru

Ve srovnani s PVP a BSA je tato hodnota o fad nizsi, respektive o dva. Tato skuteCnost ale neni
prekvapujici, protoze u KMC hraje velkou roli pravé zaporny naboj karboxylové skupiny.
Nicméné ve srovnani s hyaluronanem je vidét, ze karboxylova skupina neni uplnou prekazkou pro
navazani 3HNA na vodu vazanou k polymeru. VySe uvedena zjisténi podporuji pravé ty myslenky,
ze se voda k hyaluronanu vaze bud’ v urcitych klastrech a na urcitych mistech, nebo jsou vodni
klastry zachycené uvnitf fetézca hyaluronanu [153].

4.2.2 Casové-rozliSena fluorescence

Pfi méfeni doby zivota bylo vychazeno z faktu, ze 3HNA ma ve vodé€ jednu dobu Zzivota, a to
1,65 ns. Jakmile je do roztoku pfidan polymer, urcita frakce populace fluorescencni sondy by se
meéla navazat na polymer, ¢imz by se méla zménit i primérna doba zivota. Pokud by na polymer
byla navazana tedy jen urcita frakce populace 3HNA a zbytek populace by byl v roztoku, mél by
se zménit tvar vyhasinaci kiivky a mély by byt ziskany alesponl dvé doby zivota.

Vyse popsany predpoklad se potvrdil v méfeni s PVP a BSA. Jakmile byl do systému ptidan
polymer, doslo ke zmé&né tvaru vyhasinaci kiivky (Obr. 36). Z monoexponencialni funkce se stala
biexponencialni s dobami zivota 1,7 ns a 6,57 ns. U koncentrace PVP 20 um01~dm'3 , tedy po

prvnim pfidavku polymeru, bylo relativni zastoupeni doby zivota volné sondy majoritni a vazané
sondy minoritni (pfiblizné 70 % : 30 %). S rostouci koncentraci polymeru rostlo i relativni
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zastoupeni vazané sondy, a to az k 70 % podilu vazané sondy. U BSA byl pribéh podobny, ale
nebylo dosazeno majoritniho podilu vazané sondy. Pii nejvyssi koncentraci BSA se relativni
zastoupeni vazané sondy zastavilo na 40 %. Divodem je nizs§i koncentrace BSA v porovnani
s PVP, protoze stacionarni fluorescenci byla uréena vyssi vazebna konstanta pro BSA nez pro
PVP. Nicméné z vySe popsaného plyne, ze pomoci doby zivota 1ze také zjistit, jestli 3HNA bude
interagovat s molekulami vody vazanymi k hyaluronanu.
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'S Zivota)
2
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——
-
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Obr. 36 Porovnani vyhasinacich krivek 3HNA bez a v pritomnosti polymeru. Osa x je
zobrazena jako kanal (1 kanal predstavuje 0,22 ns pro 1 exponencialni pokles a 0,11 ns pro 2
exponencialni pokles) kvili jednodusSimu srovnani obou tvari obou kfivek.

Pii méfeni doby zivota 3HNA v prostiedi hyaluronanu bylo zjisténo, ze se doba zivota 3HNA
s rostouci koncentraci hyaluronanu nemeéni a vyhasinani fluorescence je stale monoexponencialni.
Stejné¢ jako u stacionarni fluorescence se zda, ze se 3HNA nenavdze na hydratacni obal
hyaluronanu, spiSe to opét vypada, ze prevlada repulze naboju. Pti srovnani s KMC je ale vidét, ze
3HNA muze interagovat s molekulami vody vazanymi k polymeru, ktery obsahuje karboxylovou
skupinu. Po ptidani KMC do roztoku se zménil tvar vyhasinaci kfivky a tato kiivka byla popsana
biexponencialni funkci. Sice hodnoty relativniho zastoupeni del§i doby zivota (tedy doby zivota
vazané sondy k polymeru) nedosahovaly hodnot urenych pro PVP nebo BSA, ale i s 15%
zastoupenim vazané sondy je patrné, ze se 3HNA dokaze navazat na KMC i pfes znacnou repulzi
naboju. To neplati pro hyaluronan, kde se po pfidani polymeru k 3HNA nezménil pocet dob Zivota
a se zvySujici se koncentraci hyaluronanu nedochazi ke zvySovani doby zivota. To potvrzuji data
ze stacionarni fluorescence, ze se voda k hyaluronanu vaze bud’ v urcitych klastrech a na urcitych
mistech, nebo jsou vodni klastry zachycené uvnitf fetézct hyaluronanu.
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Tabulka 1 Doby Zivota a prislusné relativni amplitudy 3HNA (30 umol/L) v prostiedi PVP a

BSA

cpvp (umol/L) 71 (ns) A1 (%) T2 (ns) Az (%) Tprimer (NS)

0 1.65 100 - - 1.65

20 1.70 67.42 6.57 32.58 3.29

50 1.82 47.31 6.58 52.69 4.32

100 2.00 36.72 6.58 63.28 4.90

200 2.22 30.35 6.61 69.65 5.28

300 2.51 30.48 6.73 69.52 5.44

400 2.63 29.96 6.76 70.04 5.52
cBsa (umol/L) 71 (ns) A1 (%) T2 (ns) Az (%) Tpramer (1S)

0 1.68 100 - - 1.65

1 1.69 86.10 5.69 13.90 2.25

2 1.79 77.62 6.08 22.38 2.75

3 1.89 68.94 6.30 31.06 3.26

4 2.00 64.88 6.49 35.12 3.58

5 2.03 63.95 6.46 36.05 3.63

6 2.15 61.38 6.61 38.62 3.88

10 2.28 59.20 6.63 40.80 4.05
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Tabulka 2 Doby zivota a prislusné relativni amplitudy 3HNA (30 pmol/L) v prostiedi
hyaluronanu a KMC

CHyA (Umol/L) T1 (ns) A1 (%) T2 (ns) Az (%) Tprimer (NS)

0 1,67 100 - - 1,67

5 1,66 100 - - 1,66

10 1,66 100 - - 1,66

30 1,67 100 - - 1,67

50 1,67 100 - - 1,67

70 1,67 100 - - 1,67

90 1,69 100 - - 1,69

120 1,69 100 - - 1,69

130 1,69 100 - - 1,69

150 1,70 100 - - 1,70
Cxmc (umol/L) T1 (ns) A1 (%) T2 (ns) Az (%) Tprimer (NS)

0 1,66 100 - - 1,66

20 1,69 100 - - 1,69

50 1,62 96 6,30 4 1,80

100 1,63 94 7,18 6 1,97

200 1,68 91 8,74 9 2,32

300 1,70 87 8,89 13 2,63

400 1,73 85 9,35 15 2,87

4.3 Zavér

Utelem této kapitoly bylo prozkoumat moznost navazani fluorescennéi sondy 3HNA
v excitovaném stavu na polymer (vodu vazanou k polymeru). Byly pouzity 4 polymery (PVP,
BSA, KMC a HyA). PVP a BSA byly pouzity z kontrolniho divodu, jelikoz tyto polymery byly
pomoci 3HNA jiz zkoumany. KMC zase byla pouzita z divodu podobnosti k hyaluronanu, a to
diky pfitomnosti karboxylovych skupin. Ze strukturniho hlediska je jasné, ze vazebnou konstantu
excitovaného aniontu 3HNA budou ovliviiovat v roztoku disociované karboxylové skupiny obou
polymert. Nicméné vzhledem k teoriim o velkém a souvislém hydrataénim obalu hyaluronanu by
disociované karboxylové skupiny nemely byt pro 3HNA prekazkou.

Experimenty s PVP a BSA ukazaly, ze 3HNA se vaze k vodé€ vazané k polymeru. Vazebné
konstanty byly stanoveny pomoci stacionarni fluorescence. Podobné hodnoty vazebné konstanty
byly stanoveny jak pomoci intenzity fluorescence, tak i pomoci anizotropie fluorescence. Hodnoty
vazebné konstanty pro komplex 3HNA-BSA se pohybovaly viadu 10° M" a pro komplex
3HNA-PVP v fadu 10* M. To znamena, ze se 3HNA lépe vaze na polymer BSA. Vazba 3HNA
na obal polymeru byla také potvrzena pomoci asovée rozliSené fluorescence. Ve vodé ma 3HNA
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pouze jednu dobu zivota. V pfipadé navazani na polymer by se méla objevit viceexponencialni
vyhasinaci kfivka. Tato domnénka se pti méfeni potvrdila. Po pfidani polymeru do roztoku vzrostl
pocet dob zivota na dv€ a pii zvySovani koncentrace polymeru rostla primérna doba zivota.

V ptipadé aniontovych polymeri KMC a HyA byla zavislost intenzity fluroescence na
koncentraci polymeru odlisnd od PVP a BSA. U KMC jesté bylo mozné vazebnou konstantu
pomoci intenzity fluorescence a anizotropie fluorescence stanovit, ale u hyaluronanu nebylo
mozné tuto konstantu vypocitat. U KMC byla uréena hodnota vazebné konstanty v fadu 10° M,
takze vazebna konstanta mohla byt ovlivnéna disociovanymi karboxylovymi skupinami, nicméné
je vidét, ze 1 pres pritomnost karboxylovych skupin byla pozorovana vazba 3HNA k vod¢ vazané
k polymeru. V pfipadé hyaluronanu nebylo mozné ur€it trend zavislosti a pii piepoctu do
Benesi-Hildebrandova vztahu hodnoty dosahovaly zapornych hodnot. To znamena, ze v pfipade
hyaluronanu 3HNA neinteragovala s polymerem nebo s molekulami vody vazanymi k polymeru.
Casové rozligena fluroescence potvrdila data ze stacionarni fluroescence. V piipadé KMC se po
pridani polymeru do roztoku zvysil pocet dob zivota na dvé a se zvySujici se koncentraci KMC
rostla prumérna doba zivota. V ptipadé hyaluronanu se po pfidani polymeru do roztoku nezvysil
pocet dob zivota a ani se doba zivota nezvySovala s rostouci koncentraci polymeru. Data ziskana
pomoci stacionarni a Casové rozliSené fluorescence naznacuji, ze hyaluronan nema zadny
monstrozni hydrataéni obal, ale Ze se voda k hyaluronanu véaze bud v urcitych klastrech a na
urcitych mistech, nebo jsou vodni klastry zachycené uvnitt fetézca hyaluronanu.

5 CHARAKTERIZACE INTERAKCI POLYMER-TENZID
POMOCI ESPT

Tato kapitola se zabyva deprotonaci v excitovaném stavu a jejim vyuziti pro vyzkum interakci
hyaluronanu a tenzidt. Ugelem je zjistit pouZitelnost ESPT v koloidnich systémech a zamé&fit se na
citlivost ESPT na pfitomnost molekul vody, coz by mélo uréit, jakym zpusobem ovliviiuje
hydratace hyaluronanu interakce s (opac¢né nabitymi) micelarnimi Utvary.

5.1.1 Stanoveni CMC CTAB a Septonexu pomoci ESPT

Stanoveni CMC je rutini zalezitost, kterd se ve fluorescenci nejCastéji provadi pomoci
fluroescen¢ni sondy pyrenu. Nicméné v tomto prfipadé jde nejen o ureni CMC (urceni metody
vypoctu CMC pro jednotlivé sondy — viz rozdilné vypocty v kapitole 3.1), ale io ESPT
charakteristiky jednotlivych sond v micelarnim systému a o vyhodnoceni, ktera ze sond bude dale
pouzita pro studium micelarnich systému s polymery.

5.2 Experimentalni ¢ast

5.2.1 Pristrojové vybaveni
Viz kapitola 4.1.1

5.2.2 Priprava vzorku

Zasobni roztoky polymert (hyaluronanu, polystyren sulfonatu) byly pfipraveny navazenim
presného mnozstvi pfislusného polymeru a jeho kvantitativnim pfevedenim do odmérné banky a
doplnénim Milli-Q vodou po rysku. Takto byly piipraveny zasobni roztoky hyaluronanu o
koncentraci 70 mg-dm”.
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Zasobni roztoky fluorescencnich sond byly pfipraveny navazenim pfisluSného mnozstvi
I-naftolu, HPTS a 3HNA na analytickych vahach a kvantitativnim pfevedenim do odmérnych
banék o objemu 50 mL pomoci ethanolu a doplnénim po rysku.

Vzorky byly pfipraveny pievedenim pfislusného mnozstvi zasobniho roztoku fluorescencni
sondy do sklenénych vialek a rozpoustédlo bylo odpafeno. Koncentrace naftolu v kazdém vzorku
byla 10 pmol. Nasledné byl do vialek pipetovan tenzid (CTAB, septonex) tak, aby vznikla
koncentratni  fada  tenzidu o 16  vzorcich  skoncentratnim  rozsahem  od
2-10™*mol/L do 6-10~ mol/L v ptipadé stanoveni CMC pomoci ESPT
a1-10°mol/Ldo 2-107 mol/L v piipadé pozorovani interakce polymeru a tenzidu. Viechny
vzorky byly pfipraveny tfikrat, aby mohla byt provedena statisticka analyza. Hyaluronan byl
skladovan a pouzivan tak, aby nedochéazelo k termalni [149] nebo cCasové degradaci [150]
polymeru. Zejména u Casové degradace polymeru bez pouziti azidu sodného jakozto prevenci proti
tvorbé mikroorganisma bylo vychazeno z nasSi studie zabyvajici se pravé Casovou degradaci
hyaluronanu bez pouziti jakéhokoli prostfedku proti tvorbé mikroorganisma [151].

Zasobni roztoky zhaseCu byly pfipraveny prevedenim piislusného mnozstvi zhaseCe do
odmémé banky a doplnény po rysku vodou (DMSO v piipadé jodbenzenu) tak, aby vznikly
zasobni roztoky o koncentraci 0,02 M pro jodid draselny, jodpropan a jodbenzen a 0,01 M roztok
pro cetylpyridinium chlorid (CPC).

Vzorky byly pfipraveny pievedenim ptisluSného mnozstvi zasobniho roztoku fluorescencni
sondy do sklenénych vialek a rozpoustédlo bylo odpateno. Koncentrace naftolu v kazdém vzorku
byla 10 umol . Nasledné byl do jednotlivych sklenénych vialek pipetovan tenzid a zhasec tak, aby
koncentrace tenzidu ve vSech vzorcich byla 20 mM a pomér koncentrace zhaSeCe a koncentrace
micel byl v rozmezi 0,5 az 1,5. Vzorky byly nasledné doplnény vodou na vysledny objem 5 ml.

5.3 Vysledky a diskuse
5.3.1.1 I-naftol

Na Obr. 37 je vidét, ze data z méfeni s pyrenem koreluji s méfenim s 1-naftolem. Dale graf
ukazuje, ze intenzita fluorescence neutralni formy naftolu roste v zavislosti na koncentraci tenzidu.
Zvyseni intenzity fluorescence neutralni formy naftolu znaci omezeni deprotonace v excitovaném
stavu, coz znamena solubilizaci 1-naftolu do vznikajicich micel tenzidu. To také znamena, ze
CMC muze byt vypocitana také pomoci sondy 1-naftolu. Jak jiz ale bylo zminéno vyse, CMC
muize byt urCena ze tfi bodi této zavislosti. Z inflexniho bodu byla hodnota CMC urCena na
1,18 mM, pro minimum funkce na 1,01 mM a pro maximum funkce byla urena na 1,35 mM.
CMC stanovena pomoci pyrenu byla urcena na 1,03 mM. S touto hodnotou nejlépe koreluje CMC
uréend pomoci minima funkce.

Z Obr. 37 plyne, ze se 1-naftol solubilizuje v micelach, ale nefika nic o tom, v jakych mistech
micely by se sonda mohla rozpoustét. To dale napovi emisni spektra naftolu. Fluorescencni sonda
se muze vazat v ruznych Castech micely, a to na jejim povrchu, ve Sternové vrstvé nebo
v hydrofobnim jadie micely (kapitola 2.2.2 a 3.3). Emisni spektrum 1-naftolu v CTAB ukéazalo, ze
i v koncentracich za kritickou micelarni koncentraci pfevazuje aniontova forma 1-naftolu nad
neutralni, takze se nebude solubilizovat v hydrofobnim jadfe micel. Hydrofobni jadro micely je v
podstaté tvofeno kapalnymi uhlovodiky, takze ESPT by, v pfipadé solubilizace sondy v jadre, byl
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vyrazné€ omezen nebo uplné zastaven, jak je tomu naptiklad v prostfedi methanolu, coz by mélo za
nasledek prevahu piku neutralni formy naftolu nad aniontovou. Z tohoto pozorovani plyne, ze se
I-naftol v CTAB pravdépodobné nachazi ve Sternové vrstvé, a proto pievazuje aniontova forma
I-naftolu ve srovnani s neutralni formou. S timto zjiSténim koresponduje také meéreni Casove
rozliSené fluorescence, respektive vypocet rychlostni konstanty deprotonace. Rychlostni konstanta
se snizuje v zavislosti na tvorbé micel a nakonec rychlostni konstanta deprotonace v micelach
dosahuje hodnot okolo 1,7 ns”'. To znamen4, Ze rychlostni konstanta nedosahuje tak nizkych
hodnot jako v pfipadé smési methanol-voda, takze se nenachéazi v blizkosti nebo uvnitf jadra
micely (viz Ptilohy Tabulka 7).
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Obr. 37 Zavislost intenzity neutralni formy naftolu (A =350nm ) a EmPI na koncentraci
tenzidu
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Obr. 38 Emisni spektra 1-naftolu ve vodé (- -), 6 mM CTAB (- » -) a v 80% smési methanol-
voda (---)

Vzhledem k pozici 1-naftolu v micele se naftol jevi jako idealni kandidat pro vyzkum vlivu
hydratace (hydratacniho obalu) na prostfedi uvniti micely, protoze by se naftol mohl nachazet
praveé na vySe zminéném rozhrani.

5.3.1.2 HPTS

Obr. 39 znazorfiuje zavislost intenzity fluorescence neutralni formy HPTS na koncentraci
tenzidu. ZvySeni intenzity fluorescence neutralni formy HPTS znac¢i omezeni deprotonace
v excitovaném stavu, coz opét znamena solubilizaci sondy do vznikajicich micel tenzidu. Pribéh
zavislosti se dobfe shoduje s EmPI pyrenu, takze i HPTS muze byt pouZzito pro stanoveni CMC.
Jak jiz ale bylo zminéno vyse, CMC muze byt urCena ze tfi bodu této zavislosti. Z inflexniho bodu
byla hodnota CMC ur¢ena na 0,97 mM, pro minimum funkce na 0,85 mM a pro maximum funkce
byla uréena na 1,10 mM. CMC stanovend pomoci pyrenu byla urCena na 1,03 mM. S touto
hodnotou nejlépe koreluje CMC urcena pomoci inflexniho bodu funkce.

Stejné jako v pfedchozim piipadé (1-naftolu) lze pozorovat solubilizaci HPTS do micel, takze
jde také o potencialniho kandidata pro dalsi vyzkum interakce polymeru a tenzidu. Nicméné
v tomto pripadeé se HPTS pravdépodobné solubilizuje v odlisné casti micely nez 1-naftol. Plyne to
z porovnani emisnich spekter HPTS ve vodé a v micelach. Na Obr. 40 lze pozorovat prevahu
neutralni formy HPTS v micelach nad formou aniontovou. V piipadé 1-naftolu tomu bylo prave
naopak, tedy aniontova forma prevazovala nad neutralni. V pfipadé HPTS se tedy sonda
pravdépodobné nachézi hloubé&ji v micelach, a to pravdépodobné na rozhrani jadra micely a
Sternovy vrstvy. To potvrzuje 1 Casové rozliSena fluorescence. Rychlostni konstanta deprotonace
HPTS v micelach dosahuje hodnot mensich nez 1 ns™!, konkrétné tedy 0,8 ns™'. To znamen4, ze
rychlostni konstanta dosahuje podobné nizkych hodnot jako v ptipadé smési methanol-voda, takze
1 podle rychlostni konstanty deprotonace je deprotonaci vyrazné branéno (viz Prilohy Tabulka 8).

5E+06 1,6
E 4E+06 § i
= &
g b1zt
£ 3E+06 }
o =
o £
5 ® CTAB =
3 2E+06
—
.g A CTAB - pyren 14
§  1E+06 §l[
£ i‘ A A iaa

4
0E+00 - . . 1,3
1E-04 1E-03 1E-02
¢ (mol/L)

63



Obr. 39 Zavislost intenzity neutralni formy HPTS (A =420nm) a EmPI na koncentraci
tenzidu

Vyse je zminéno, ze HPTS je také potencialni sondou pro vyzkum vlivu hydratace hyaluronanu
na micelarni prostfedi. Nicméné tato sonda se nachazi hloubéji v micele, takze jako vhodnéjsi
sonda pro tuto aplikaci se jevi 1-naftol.
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Obr. 40 Emisni spektra HPTS ve vodé (- -), 6 mM CTAB (- o -)

5.3.1.3 3HNA

Fluorescen¢ni sonda 3HNA byla v tomto pfipadé zvolena kvuli citlivosti aniontové formy na
vazanou vodu. Pokud by bylo mozné sledovat zavislost zmény intenzity aniontové formy 3HNA
na koncentraci tenzidu, mohla by byt tato sonda pouzita pro vyzkum vlivu hydratace hyaluronanu
na jeho interakce s (opa¢né nabitymi) micelarnimi Gtvary.

Obr. 41 nicméné ukazuje, ze intenzita fluorescence sice s rostouci koncentraci tenzidu roste, ale
roste jiz od prvniho pfidani tenzidu, tedy pted kritickou micelarni koncentraci. Intenzita
fluorescence roste v podstaté linearn€, takze nelze urcit, kdy dochazi k tvorbé jakychkoli agregati
tenzidu. Zptsobuje to pravdépodobné okamzité navazani aniontového 3HNA na kationtovy tenzid,
coz vede ke zvySeni intenzity fluorescence. Nejde tedy o zvySeni intenzity fluorescence vlivem
tvorby micel. Ke stejnému zaveru lze dojit pomoci ¢asové rozliSené fluorescence, protoze hned pii
prvnim pfidani tenzidu o koncentraci 2-10~* M doslo ke skokovému zvyseni primérné doby
zivota z 1,6 ns na 4,4 ns (viz Prilohy Tabulka 9), coz z predchozich experimenti s 3HNA,
znamena navazani 3HNA na jinou molekulu. Z toho plyne, ze se 3HNA bude vazat elektrostaticky
na tenzid a v pfipadé€ pfidani zaporné nabitého polymeru by mohlo dojit k vytlaceni 3HNA, a tedy
ke zméné€ spektralnich vlastnosti. Tento jev by ¢inil 3HNA zajimavou pro vyzkum interakci
tenzidu a polymeru, nicméné tento experiment byl jiz proveden s akridinovou oranzi [154],
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takze v pfipadé vyzkumu vlivu hydratace hyaluronanu nebude 3HNA v dalSich experimentech
zvazena.
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Obr. 41 Zavislost intenzity aniontové formy 3HNA (A1 =510nm) a EmPI na koncentraci
tenzidu. Vlozeny graf znazornuje emisni spektra 3HNA ve vodé a v micelach CTAB.

5.3.1.4 Charakterizace fluorescencni sondy I-naftolu v Septonexu

CMC Septonexu je opét hodnota, kterou lze vy¢ist z literatury (0,77 mmol [155]), ale v tomto
ptipadé byla potteba stanovit pfedevsim charakteristiku ESPT v Septonexu, abychom ovéfili, ze je
tuto metodu mozno pravé na Septonex aplikovat, proto byla hodnota CMC stanovena podobné
jako pro CTAB v predchozi kapitole. Hodnota CMC Septonexu stanovend pomoci pyrenu
(0,67 mmol) se, vramci smérodatné odchylky, shodovala s hodnotou CMC stanovenou pomoci
I-naftolu (0,60 mmol). Septonex pro tyto ucely zatim v literatufe pouzity nebyl. Davodem je dalsi
srovnani CTAB a Septonexu pii vyzkumu vlivu hydratace hyaluronanu na prostedi micel.

Na Obr. 42 je vidét, ze data z méfeni s pyrenem koreluji s méfenim s 1-naftolem (pro srovnani
jsou v grafu i data pro CTAB). Dale graf ukazuje, ze intenzita fluorescence neutralni formy naftolu
roste v zavislosti na koncentraci tenzidu. ZvySeni intenzity fluorescence neutralni formy naftolu
zna¢i omezeni deprotonace v excitovaném stavu, coz znamend solubilizaci 1-naftolu do
vznikajicich micel tenzidu.
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Obr. 42 Zavislost intenzity neutralni formy naftolu (A =350nm) na koncentraci tenzidu

V piipadé¢ 6 mM Septonexu pievazuje neutralni forma naftolu nad aniontovou a je vidét, ze
emisni spektrum 1-naftolu v 6 mM Septonexu mé prakticky stejny tvar jako emisni spektrum
I-naftolu ve smési methanol-voda. V Septonexu se tedy 1-naftol pravdépodobné nachazi na
rozmezi Sternovy vrstvy a hydrofobniho jadra, neboli v mistech, kde je méné molekul vody, coz
brani deprotonaci. Nemuzeme tvrdit, ze se 1-naftol nachazi absolutné v hydrofobnim jadie micely,
protoze intenzita fluorescence aniontové formy je stale vyrazna. V pfipadé, ze by se NpOH

nachazel v hydrofobnim jadfe Septonexu, aniontova forma by zcela vymizela.

Obr. 43 Emisni spektra 1-naftolu ve vodé (--), 6 mM Septonexu (eee) a v 80% smési

methanol-voda (---)
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Z vyse uvedenych dat plyne, ze Septonex mize byt pouzit jako dalsi tenzid pro vyzkum vlivu
hydratace hyaluronanu na jeho interakce s (opacné nabitymi) micelarnimi utvary.

5.3.2 Urceni pozice 1-naftolu v CTAB pomoci zhaSeni fluorescence

Tato Cast prace se zabyva zhasenim fluorescence 1-naftolu za ucelem potvrzeni pozice naftolu
v micelach CTAB a Septonexu.

Jak bylo zminéno v kapitole 3.2, pozice fluroescencni sondy muaze byt urCena pomoci zhaseni
jodovych derivati. V predchozi praci byla pomoci této metody zkoumana pozice pyrenu
v micelach CTAB pomoci jodidu draselného, jodpropanové kyseliny a jodbenzenu. Jodid draselny
se nachazi v roztoku a na rozhrani micela-voda, jodpropanova kyselina se nachazi na rozhrani
Sternovy vrstvy micely a hydrofobniho jadra a jodbenzen se nachazi v hydrofobnim jadie micely.
Co se tyCe zhaseni pyrenu, bylo zjisténo, ze se pyren nachazi ve Sternové vrstvé micely, protoze
ucinnost zhaseni byla podobna jak pro jodid draselny, tak pro jodpropanovou kyselinu. Pozice
pyrenu byla potvrzena nasledné pomoci Casové rozliSené fluroescence (graf pro meéfeni Casoveé-
rozliSené fluorescence je v kapitole piilohy - Obr. 66).
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Obr. 44 Emisni data pro zhaseni pyrenu v CTAB pomoci jodidu draselného, 3 jodpropanové
kyseliny a fenyljodidu, koncentrace CTAB byla konstantni

Stejny experiment, ktery byl popsan vyse, byl proveden pro 1-naftol v CTAB a v Septonexu.
Pti pouziti jodovych derivati nebylo pozorovano zadné zhaseni stacionarni fluorescence, a to ani
jednim z vySe uvedenych derivati. Neznamena to, Ze by se 1-naftol nenachazel v micele, jen neni
zhaSen jodovymi derivaty. Méfeni stacionarni fluorescence byla potvrzena i Casové rozliSenou
fluorescenci, kdy nebyla pozorovana zddna zména doby zivota. Samoziejmé u Casové rozliSené
fluroescence se muze jednat pouze o absenci dynamického zhaseni, nicméné v kombinaci s
nulovou zménou intenzity fluorescence to znamena, ze jodové derivaty 1-naftol nezhasi. Stejna
zavislost byla pozorovana i pro 1-naftol v micelach Septonexu.
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Jelikoz pouzitim jodovych derivati nedochazelo ke zhaseni fluorescence, byl pouzit dalsi
dostupny zhaSeC, ktery se svou strukturou zacleni do Sternovy vrstvy micely. Jedna se
o cetypyridinium chlorid. Tento tenzid se diky své struktufe vnoifi do struktury micely tak, ze
hydrofobni fetézec se nachazi v jadie micely a pyridiniovy iont se nachéazi ve Sternové vrstve,
respektive na pomezi hydrofobni vrstvy micely a Sternovy vrstvy. Obr. 45 zobrazuje zavislost
zmeény intenzity fluorescence na koncentraci zhaSece (graf pro Septonex v kapitole Piilohy — Obr.
67). Lze pozorovat linearn€ rostouci zavislost, coz znamena, ze CPC 1-naftol zhasi. Znamena to
také, ze pomoci CPC byla potvrzena pozice 1-naftolu v micelach CTAB a Septonexu. Uginnost
zhaSeni v kombinaci s emisnimi daty z pfedchozi kapitoly fika, ze se 1-naftol v obou pfipadech
nachazi ve Sternove vrstve, pifipadn€ na pomezi Sternovy vrstvy a hydrofobniho jadra micely.
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Obr. 45 Emisni data pro zhaSeni 1-naftolu v CTAB pomoci KI, 3-jodpropanové Kkyseliny,
Jjodbenzenu a CPC, koncentrace CTAB byla konstantni

533 Studium interakci polymeru a tenzidu pomoci ESPT

V pitedchozi sekci bylo zjisténo, ze 1-naftol a HPTS mohou byt pouzity pro stanoveni agregacni
koncentrace CTAB kvuli jejich schopnosti solubilizace v téchto agregatech. Ze dvou
fluorescencnich sond byl vybran I-naftol proto, ze se v CTAB nachazi ve Sternové vrstvé a
v Septonexu se nachazi bliz k hydrofobnimu jadru micely. Tato sekce ma za ukol zjistit, jestli se
budou ménit emisni charakteristiky 1-naftolu, tedy jestli je 1-naftol ovlivnén pfitomnosti
hyaluronanu, respektive hydratacnim obalem hyaluronanu. Pro srovnani polymeru s vyznamnymi
hydrata¢nimi vlastnostmi byl vybran vysynteticky polystyren sulfonatem (PSS). Cilem je srovnat
polymer s vyznamnou elektronovou hustotou (PSS) a biopolymer hyaluronan. Dal§im cilem je
potvrdit interakce hyaluronanu a tenzidu pifed kritickou micelarni koncentraci a vyuzit vysoké
citlivosti ESPT na pfitomnost vody (nebo naopak na piitomnost uhlovodika). PSS byl pro srovnani
pouzit predevSim proto, ze je to dobfe definovany polyelektrolyt a nebyl u n&j v literature
pozorovan zadny hydratacni obal, kdezto hyaluronan je znamy humektant.
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V literatufe je interakce tenzida a polyelektrolyta jiz popsana. Pfedpokladem tedy bylo, ze pred
kritickou micelarni koncentraci bude mozné pozorovat zvyseni intenzity fluorescence neutralni
formy naftolu u kritické agregacni koncentrace a zaroven by se méla kritickd micelarni
koncentrace snizit. Po pfidani hyaluronanu o koncentraci 7 mg/L do roztoku tenzidu je vidét, ze
intenzita fluorescence neutralni formy I-naftolu se zacina zvySovat piiblizné ve stejnych
koncentracich jako pfi absenci hyaluronanu (Obr. 46), takze to vypada, ze k zadné interakci
hyaluronanu a CTAB nedochazi. Pfi srovnani s PSS miZzeme pozorovat zvySeni intenzity
fluorescence neutralni formy naftolu u koncentrace 2-10”mol/L, coz predstavuje kritickou
agregacni koncentraci. Dale je vidét druhé zvySeni intenzity fluorescence u koncentrace tenzidu
3-10*mol/L, coz piedstavuje kritickou micelarni koncentraci v piitomnosti PSS. V tomto
srovnani bychom mohli fict, ze hyaluronan v nizké koncentraci s CTAB neinteraguje, takze se
netvoii zadné agregaty. Nicméné po vyneseni zavislosti excitacniho polaritniho indexu (ExPI)
pyrenu na koncentraci CTAB je vidét prudky pokles ExPI u koncentrace 5-10~ mol/L, coz znagi
tvorbu agregatii hyaluronanu a CTAB. Zaroven lze pozorovat snizeni hodnoty kritické micelarni
koncentrace na hodnotu 5-10™*mol/L kvali posunu inflexniho bodu sigmoidni zavislosti k niz§im
hodnotam. Pokud by k Zadné interakci nedochazelo, hodnota CMC by byla pfiblizné 8-10*mol/L
a predevsim by nedoslo ke snizeni ExPI jeden fad pted CMC.

Porovnanim normalizované intenzity fluorescence neutralni a aniontové formy naftolu
v zavislosti na koncentraci CTAB byl zjistén rozdil mezi pribéhem zavislosti neutralni
a aniontové formy na koncentraci CTAB. Intenzita fluorescence aniontové formy ma prvni
maximum okolo koncentrace 2-10°mol/L a druhé okolo 5-10™*mol/L. Zavislost aniontové
formy 1-naftolu na koncentraci CTAB koreluje s méfenim, které bylo provedeno s pyrenem.
Pfitom intenzita fluorescence neutralni formy 1-naftolu by se méla ménit stejné jako intenzita
fluorescence aniontové formy kvuli zjevné solubilizaci naftolu v agregatech hyaluronanu a CTAB.
Jelikoz neni pozorovana zadna zmeéna intenzity fluorescence neutradlniho naftolu pred kritickou
micelarni koncentraci, bude naftol ovlivnén vétSim zastoupenim molekul vody v micelarnim
prostiedi neboli véts§i hydrataci Sternovy vrstvy.

69



2.4E+06 3.5
a)

A AASN
4 i é
E 1.6E+06 | * 2.5
§ # HyA-CTAB
-] p—
@ B PSS-CTAB e
E wl
E ® CTAB &
=™ S8.0E+05 - 15
5 A Pyren-HyA-CTAB
g A -
2
= @
A AM A
1.E+00
b)
. 9E01
3
<
]
(%]
$ 6.E01
a2
o
=]
3
-
€ 3r01
% —e—anion
= —m—neutral
()
=
S 0.E+00 : :
1E-06 1E-05 1E-04 1E-03 1E-02 1E-01

[CTAB] mol/L

Obr. 46 a) Titrace systému 1-naftol, naftol-hyaluronan, naftol-PSS a pyrene-hyaluronan
pomoci CTAB. Intenzitu fluorescence predstavuje intenzita neutralni formy naftolu
(350 nm). b) Zavislost normalizované intenzity fluorescence neutralni a aniontové formy
1-naftolu na koncentraci CTAB

U Septonexu byla situace podobna jako v pripadé CTAB (Obr. 47). Hodnota kritické micelarni
koncentrace se nezmeénila s pfiddnim hyaluronanu pfi méfeni intenzity fluorescence neutralni
formy 1-naftolu. Jak se ale jiz ukazalo u CTAB, po pfidani syntetického PSS, ktery ma vétsi
nabojovou hustotu nez hyaluronan, doslo k vyraznému zvySeni intenzity fluorescence neutralni
formy 1-naftolu (NpOH) okolo koncentrace 2-10°mol/L, coz zna&i kritickou agregacni
koncentraci systému PSS-Septonex. K dalsimu zvySeni intenzity fluorescence NpOH doslo
u koncentrace 3-107*mol/L, co je piipisovano tvorbé agregatll PSS-Septonex a volnym micelam.
Jako kontrolni méfeni v pfipadé hyaluronanu byla opét pouzita fluorescencni sonda pyren.
U koncentrace 4-10°mol/L doslo k poklesu ExPL takze k tvorb& agregatti hyaluronanu
a Septonexu dochazi jiz pred kritickou micelarni koncentraci, ale molekuly 1-naftolu jsou
pravdépodobné opét ovlivnény vetsim zastoupenim molekul vody v micelarnim prostiedi.
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Obr. 47 Titrace systému 1-naftol, naftol-hyaluronan, naftol-PSS a pyrene-hyaluronan
pomoci CTAB. Intenzitu fluorescence predstavuje intenzita neutralni formy naftolu
(350 nm).

Jelikoz se charakteristiky fluorescence neutralni formy naftolu v obou tenzidech v pfitomnosti
hyaluronanu a PSS 1isi, nebude divodem jen zastoupeni molekul vody ve Sternové vrstvé micely,
ale pravdépodobné hydratace jednotlivych polymert. PSS se podle predpokladu jevi jako polymer,
ktery nema hydratacéni vrstvu, takze neovliviiuje vnitini prostfedi micel. Kdezto hyaluronan by
jistou hydratacni vrstvu mit mél, pfipadné, jak bylo diskutovano v sekci 4, vodni klastry vazané
k hyaluronanu. Tyto vodni klastry by mohly zasahovat dovniti Sternovy vrstvy a ovlivnit tak
molekuly 1-naftolu. Jelikoz kinetika ESPT je vysoce citliva pravé na pfitomnost molekul vody, I1ze
rychlostni konstanty popsané v kapitole 3.3 vypocitat z kiivek vyhasinani fluorescence. Prave
casové-rozliSené fluorescenci a kinetice ESPT se vénuji dalsi odstavce této kapitoly.

Vyhasinaci kfivky neutralni formy naftolu byly vzdy prolozeny triexponencialni funkci (coz je
v souladu s rovnici 45, ktera predpoklada existenci triexponencialni vyhasinaci kiivky), takze byly
ziskany 3 doby zivota s ptislu§nymi relativnimi zastoupenimi. Vyhasinani neutralni formy naftolu
se sklada z kratkého Casu patficimu rychlé deprotonaci (54 ps) a ze dvou delSich Casu (1346 ps
a 8504 ps). Prvni delsi Cas predstavuje tzv. rise time a druhy Cas predstavuje vyhasinani neutralni
formy naftolu. Po pfidani polymeru k naftolu jsou vidét zmény dob Zzivota i relativnich amplitud,
a to jak v pfipadé hyaluronanu, tak v pfipadé PSS (Tabulka 10). V obou piipadech to jsou zmény
kvuli interakcim 1-naftolu s polymerem.
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Tabulka 3 Rychlostni konstanty deprotonace (kp:), rekombinace (k..) a disociace (kqiss) a
rychlostni konstanty vyhasinani neutralni (kron) a aniontové formy (kro.) 1-naftolu

CTAB  Hyaluronan (PSS*) kptx 10°  kree X 107 kaiss x 10° krom x 10°  kro- x 10°

mM mg/L st st st

0 17,31 1,16 0,67 0,12 0,12

2 0 1,48 0,02 3,53 0,07 0,05

0 11,65 0,79 0,66 0,07 0,12

0,05 9,92 0,87 0,91 0,12 0,05

0,5 ’ 13,25 1,52 1,33 0,13 0,06

2 2,47 0,20 1,71 0,09 0,05

0 9,8 5,11 0,71 0,10 0,12

0,05 - 7,2 3,56 0,74 0,18 0,07

0,5 1,18 1,72 1,37 0,16 0,05

2 1,70 0,23 0,60 0,10 0,05

Septonex  Hyaluronan (PSS*) kptx 107 Krec X 10° Kaiss X 10° kron x 10°  kgro- x 10°

mM mg/L st st st

0 17,31 1,1 0,67 0,12 0,12

2 0 3,71 1,20 1,69 0,16 0,13

0 11,65 0,79 0,66 0,07 0,12

0,05 12,55 0,44 1,37 0,18 0,14

0,5 ’ 6,28 0,14 0,91 0,20 0,14

2 2,01 0,31 1,49 0,22 0,14

0 9,8 5,11 0,71 0,10 0,12

0,02 T 1,79 2,69 1,04 0,14 0,12

0,3 2,44 4,06 1,21 0,18 0,12

2 1,65 0,25 0,7 0,17 0,12

MeOH -
watter 80% 1,28 0,15 1,68 0,17 0,15

Po pridani tenzidu k hyaluronanu doslo u koncentrace CTAB 5-10mol/L ke zméné tvaru
vyhasinaci kiivky, ktera byla prolozena jiz triexponencialni funkci. Novy ¢as s hodnotou okolo
20 ns je pripisovan vyhasinani aniontové formy 1-naftolu z hyaluronan-CTAB agregatti. Pomoci
Casoveé-rozliSené fluorescence aniontové formy 1-naftolu mizeme také sledovat zménu CMC
CTAB. U koncentrace CTAB 5-10mol/L v absenci hyaluronanu byly zjistény 2 Sasy 1293 ps
a 8191 ps, kdezto v pfitomnosti hyaluronanu byly tyto dva Casy vypocitany také, ale s nemalym
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zastoupenim dalsi a delSi doby zivota (17 ns), kterd je opét pripisovana vyhasinani aniontoveé
formy 1-naftolu v hyaluronan-CTAB agregatech. Neutralni forma naftolu vykazuje u koncentrace
CTAB 5-10°mol/L podobné parametry vyhasinani fluorescence jako pii absenci tenzidu. Doby
zivota 1 relativni amplitudy maji, ve srovnani s 2 mM CTAB v pfitomnosti hyaluronanu, velmi
podobné hodnoty jako v pfipadé samotného hyaluronanu. Jak jiz bylo popsano vySe, vyhasinani
aniontové formy naftolu neni ovlivnéno samotnym polymerem, takze zmény v dobach zivota
aniontové formy naftolu mohou byt pouzity jako indikator solubilizace naftolu v micelach. Z toho
plyne, ze pouze vyhasinani fluorescence neutralni formy naftolu je ovlivnéno hydrataci
hyaluronanu a ze se naftol nachéazi ve Sternové vrstvé micely. To zaroven koreluje s vysledky
z experimentu stacionarni fluorescence, kde bylo zji§téno, ze se naftol ve Sternove vrstvé nachazi.
Kdyz porovname doby zivota dlouhych komponent neutralni formy naftolu v pfitomnosti CTAB a
v ptitomnosti hyaluronanu a PSS, mizeme vidét zménu doby zivota dlouhé komponenty 1-naftolu
v pritomnosti PSS. Jelikoz stejnym zpusobem jsou tvoreny agregaty i v piipadé CTAB a
hyaluronanu, coz bylo prokazano pomoci pyrenu, méla by se podobné meénit i doba Zzivota
neutralni formy naftolu v systému CTAB-hyaluronan. Jelikoz se to ned¢je, bude pravdépodobné
divodem ovlivnéni naftolu hydrata¢ni vrstvou hyaluronanu (nebo vodnimi klastry), ktera zasahuje
do Sternovy vrstvy micely a ovliviiyje tim dobu zivota neutralni formy 1-naftolu.

Vyhasinani fluorescence 1-naftolu v 0,5 mM CTAB v pfitomnosti polymert bylo méfeno pies
emisni spektrum I-naftolu (320 nm az 560 nm). Doby zivota a relativni amplitudy byly pouzity
pro rekonstrukci Casové-rozliSenych emisnich spekter podle rovnice 48 a casové-rozliSenych
normalizovanych emisnich spekter podle rovnice 49. TRES 1-naftolu v 0,5 mM CTAB v prostiedi
hyaluronanu (Obr. 48a) ukazuji, ze v Case t = 0 ns jsou vidét oba piky predstavujici neutralni a
aniontovou formu I-naftolu a s rostoucim Casem se intenzita pikl snizuje. Neutralni forma vymizi
uz 1 ns po excitaci, neboli 1 ns po excitaci lze pozorovat jiz pouze aniontovou formu 1-naftolu.
Konstrukci TRANES spekter z TRES spekter byl nasledné zjistén izoemisni bod (Obr. 48b), ktery
potvrzuje existenci obou forem naftolu v agregatech 0,5 mM CTAB a hyaluronanu. U PSS byla
situace podobna, ale opét vice vyrazna. V Case t = 0 ns jsou vidét oba piky predstavujici neutralni a
aniontovou formu 1-naftolu a s rostoucim Casem se intenzita pikd snizuje. V pfipadé hyaluronanu
jiz po 1 ns po excitaci vymizela neutralni forma I-naftolu, ale u PSS jsou vidét ob& formy
I-naftolu i 5ns po excitaci (Obr. 48c). Pfi pohledu na TRANES spektra 1-naftolu v 0,5 mM
CTAB v prosttedi PSS lze opét sledovat izoemisni bod (Obr. 48d), ktery potvrzuje existenci dvou
emisnich jednotek neboli aniontové a neutralni formy 1-naftolu v agregatech PSS a CTAB. TRES
a TRANES spektra ukézala, ze 1 pfes stinéni neutralni formy naftolu nebo ptes slabou interakci
hyaluronanu a tenzidu lze pomoci TRANES spekter pozorovat obé formy 1-naftolu neboli
formovani hyaluronan-CTAB agregati pted kritickou micelarni koncentraci.
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Obr. 48 a) TRES 1-naftolu v 0,5 mM CTAB v pritomnosti hyaluronanu, b) TRANES
1-naftolu v 0,5 mM CTAB v pritomnosti hyaluronanu, ¢) TRES 1-naftolu v 0,5 mM CTAB
v pritomnosti PSS, d) TRANES 1-naftolu v 0,5 mM CTAB v pritomnosti PSS. Vlozené grafy
v pripadé b) a d) ukazuji detail izoemisniho bodu.

Casové-rozlisena data fluorescenénich sond podstupujicich deprotonaci v excitovaném stavu se
daji pouzit také pro vypocet kinetiky procest probihajicich v excitovaném stavu. Jak bylo popsano
v kapitole 3.3 a zobrazeno ve Schéma 1, procesy v excitovaném stavu 1-naftolu zacinaji
vyhasinanim fluorescence neutralni formy naftolu s rychlostni konstantou knpon. Ten mize kromé
zafivé deexcitace podstoupit rychlou deprotonaci na iontovy par srychlostni konstantou
deprotonace k. lontovy par muze dale disociovat na jednotlivé ionty s rychlostni konstantou
disociace kaiss nebo rekombinovat zpét na neutrdlni naftol a vodu s rychlostni konstantou
rekombinace k... V ptipadé disociace mohou ionty piejit zpét na iontovy par s rychlostni
konstantou k, [H*]W. Iontovy par nebo aniontova forma I-naftolu v excitovaném stavu mohou

deexcitovat s rychlostni konstantou kNpO, . 'V této praci bylo mozné zanedbat zpétnou reakci iontt
na iontovy par (rychlostni konstantu k, [H*] ), protoze pH vzorka bylo okolo 6,5. Tato hodnota

pH zpusobi, ze se prechod iontd na jeden iontovy par v excitovaném stavu stane kineticky
zanedbatelnym [112], [128].

Tabulka 3 ukazuje rozdil mezi rychlostmi deprotonace mezi roztoky tenzidu a smési tenzidu
a polymeru. Rychlostni konstanta deprotonace 1-naftolu ve 2 mM CTAB se oproti vodé snizila
skoro dvanactkrat kvili solubilizaci 1-naftolu v micelach. Hodnota rychlostni konstanty
je podobna hodnoté k,; ve smési methanol-voda, kde byla aniontova forma vyrazné potlacena.
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Vypocty rychlostnich konstant deprotonace 1-naftolu v prostfedi CTAB naznacuji agregaci pii
vsech zminénych koncentracich CTAB v Tabulka 3 kvuli snizeni k,; v porovnani s 1-naftolem ve
vodé. Nicmén¢ rychlosti deprotonace urcené pro systémy s hyaluronanem a PSS vykazuji znacné
rozdily. Rychlostni konstanta deprotonace v prostiedi HyA a PSS se u kritické agregacni
koncentrace 1iSi nepatrné. Jakmile se ale koncentrace tenzidu dostane ke kritické micelarni
koncentraci v pfitomnosti polymeru, 1i§i se rychlostni konstanty deprotonace vice jak desetkrat.
Naftol solubilizovany v CTAB-PSS agregatech mél rychlost deprotonace podobnou jako v 2 mM
CTAB nebo ve smési methanol-voda. Kdezto naftol solubilizovany v CTAB-hyaluronan
agregatech mé&l rychlost deprotonace 13,25 s, Takto vysokia hodnota rychlosti deprotonace
predstavuje znacné ovlivnéni prostfedi okolo molekul 1-naftolu. Jakmile je CMC piekrocena,
rychlost deprotonace se mnohonasobné zpomali. Pravdépodobné dochazi ke tvorbé vétSich
agregatd, kde hydratace hyaluronanu nebo vodni klastry na n€j navazané nemaji takovy vliv na
molekuly 1-naftolu. Rychlost deprotonace ve 2 mM CTAB v absenci hyaluronanu mé navic témér
dvakrat niz§i hodnotu nez v2 mM CTAB v piitomnosti hyaluronanu. I tato skutecnost znaci
nemalé ovlivnéni hyaluronan-CTAB agregata.

V piipadé¢ 2 mM Septonexu se také nékolikanasobné snizila hodnota rychlostni konstanty
deprotonace 1-naftolu kvili solubilizaci 1-naftolu v micelach Septonexu. Po pfidani PSS
k 0,02 mM a 0,3 mM Septonexu klesla hodnota kj,; vice nez 4krat. Jasné¢ to znaci solubilizaci
molekul fluorescencni sondy do agregati vzniklych pred kritickou micelarni koncentraci.
U hyaluronanu byla situace opacna. V prostredi 0,05 mM Septonexu, tedy pii koncentraci tvorby
agregatd, byla rychlost deprotonace stejna jako v pfipadé absence tenzidu. V 0,5 mM Septonexu
nasledné klesla rychlostni konstanta deprotonace také dvojnasobné, ale stale je hodnota podobna
rychlosti deprotonace v absenci Septonexu. Ve 2 mM Septonexu jiz rychlostni konstanta
deprotonace klesla na hodnotu srovnatelnou se 2 mM Septonexem v prostiedi PSS. Jak je jiz vySe
popsano, u 0,04 mM a 0,5 mM Septonexu v prostiedi hyaluronanu dochazi ke tvorbé agregatt.
Takto vysoké rychlostni konstanty deprotonace mohou byt vysvétleny pravé ovlivnénim prostiedi
v okoli molekul 1-naftolu, tedy zasahem hydratace hyaluronanu do Sternovy vrstvy micel. Pokud
srovhame CTAB a Septonex s koncentraci za CMC v prostiedi hyaluronanu muzeme pozorovat
rozdil v rychlostni konstanté¢ deprotonace. Z rozdilu téchto hodnot vyplyva, ze hyaluronan vice
ovliviiuje vnitini prostiedi CTAB nebo se molekuly naftolu nachazi hloubéji v micelach, takze je
hydratace hyaluronanu nemuze takovou mérou ovlivnit jako v micelach CTAB. Hodnota kpt pro
CTAB je 1,5krat vétsi nez pro Septonex a navic ma kpt v Septonexu v prostiedi hyaluronanu
podobnou hodnotu jako v prostiedi Septonexu a PSS a zaroveri i CTAB a PSS.

5.3.3.1.1 Vliv molekulové hmotnosti polyelektrolytu

Délka fetézce polymeru by mohla také mit vliv na vlastnosti ESPT v micelarnim prostiedi, tedy
na interakce mezi polymerem a tenzidem. Pfi studiu interakci hyaluronanu a tenzidu byly pouzity
3 molekulové hmotnosi (nizka, stfedni a vysoka — viz experimentalni ¢ast). U CTAB lze pozorovat
zménu prub&hu zavislosti intenzity fluorescence neutralni formy 1-naftolu v zavislosti na CTAB
pfi pouziti vysokomolekularniho hyaluronanu. Zména je nejvice viditelna ve vlozeném grafu na
Obr. 49, kde je priblizeny koncentracni rozsah CTAB 1uM az 1mM. U niz8ich molekulovych
hmotnosti mizeme pozorovat piiblizn€ shodny prubéh intenzity fluorescence po cely prubéh
zavislosti, ale u nejvyssi molekulové hmotnosti pozorujeme vyssi intenzitu fluorescence neutralni
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formy 1-naftolu. Pfi srovnani rychlosti deprotonace vzorka u kritickych agregacnich koncentraci
nebo i kritickych micelarnich koncentraci nedochazi k zadnym vyraznym zménam. Nicméné
pokud se srovnaji hodnoty rychlostnich konstant deprotonace v absenci tenzidu a v pfitomnosti
tenzidu okolo agregacni koncentrace je patrné, ze k nejvétsimu poklesu oproti vzorkiim pii absenci
tenzidu dochazi pravé u vysokomolekularniho hyaluronanu (pokles okolo 30 % oproti 20 %
v pfipadé 1 MDa hyaluronanu). Z toho plyne, ze vlivem molekulové hmotnosti hyaluronanu
dochézi k ovlivnéni kinetiky deprotonace a zaroven dochazi k ovlivnéni intenzity fluorescence.
Dale byla ovlivnéna kriticka agregacni koncentrace, ktera se v pfipadé 2 MDa hyaluronanu
posunula z 0,05 mM na 0,08 mM.

6E+06

A
4

ﬁ H @ HyA-CTAB -
4E+06 ; 70 kDa

B HyA-CTAB -
1MDa

7 \
4 A ;ﬁ A HyA-CTAB -

2 MDa

Rl ; '
ek bblh & G 4l

1E-06 1E-05 1E-04 1E-03 1E-02 1E-01
CTAB (mol/L)

2E+06

Intenzita fluorescence (CPS)

Obr. 49 Titrace systému obsahujicich naftol a hyaluronan o ruznych molekulovych
hmotnostech pomoci CTAB. Intenzitu fluorescence predstavuje intenzita neutralni formy
naftolu (350 nm). Vlozeny graf predstavuje zaostieni na koncentrace CTAB pred CMC.

V piipadé Septonexu nelze pozorovat podobny prubéh jako v piipadé CTAB. Vsechny
zavislosti maji velmi podobny pribéh a agregacni nebo micelarni koncentrace nejsou v tomto
ptipad€ ovlivnény ani vysokomolekularnim hyaluronanem. To napovida, ze ovlivnéni vlastnosti
I-naftolu v ptipadé CTAB a vysokomolekularniho hyaluronanu bylo zptsobeno zpisobem, jakym
se naftol solubilizuje do micel. Pokud je 1-naftol solubilizovan ve Sternové vrstvé, muze byt
ovlivnén formovanim méné kompaktnéjSimi agregaty, tedy vliv hyaluronanu neboli formovani
agregati neni tak silné, rychlé a zadouci jako pfi pouziti menSich molekulovych hmotnosti.
V ptipadé Septonexu ovlivnéni nepozorujeme, protoze 1-naftol jiz je solubilizovan hloubgji do
micel, takze nemtze byt takovou mérou ovlivnén (neovlivnén) jako v ptipadé HyA-CTAB.
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Obr. 50 Titrace systému obsahujicich naftol a hyaluronan o raznych molekulovych
hmotnostech pomoci Septonexu. Intenzitu fluorescence predstavuje intenzita neutralni
formy naftolu (350 nm)

Tabulka 4 Rychlostni konstanty deprotonace (k.:), rekombinace (k..) a disociace (kuss) a
rychlostni konstanty vyhasinani neutralni (kron) a aniontové formy (kro.) 1-naftolu

CTAB Hyaluronan kpx 107 kree X 10°  Kaiss x 10°  kroux 10°  kro. x 10°
mM Mw s! s s! st st
0 0 17,31 1,16 0,67 0,12 0,12
2 1,48 0,02 3,53 0,07 0,05
0 11,65 0,79 0,66 0,13 0,12
0,05 9,92 0,87 0,91 0,12 0,05
70 kDa
0,5 13,25 1,52 1,33 0,13 0,06
2 2,47 0,20 1,71 0,09 0,05
0 15,05 0,15 0,36 0,12 0,12
0,05 12,01 0,75 0,78 0,14 0,06
1 Mda
0,5 11,07 0,40 0,44 0,12 0,07
2 1,72 0,10 1,24 0,09 0,05
0 19,91 0,35 0,96 0,14 0,12
0,08 14,07 0,30 0,39 0,11 0,11
0,5 2 Mda 13,66 0,28 0,45 0,11 0,11
0,07
2 2,39 0,67 2,12 0,07
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Septonex Hyaluronan kp X 10° keee x 10°  kaiss x 10°  kronx 10°  kro-x 10°
mM Mw s! s s! s! s
0 11,65 0,79 0,66 0,07 0,12
0,05 12,55 0,44 1,37 0,18 0,14
70 kDa
0,5 6,28 0,14 0,91 0,20 0,14
2 2,01 0,31 1,49 0,22 0,14
15,0
O 9
5 0,15 0,36 0,12 0.12
10,9
0,02 ’
I Mda 5 1,03 0,69 0,14 0,12
0,5 6,96 0,98 0,81 0,13 0,12
2 1,79 0,23 0,32 0,11 0,13
0 19,91 0,35 0,96 0,14 0,12
0,05 13,35 1,65 1,15 0,15 0,10
2 Mda
0,5 11,91 2,71 1,37 0,17 0,12
2 1,23 0,53 0,44 0,16 0,11
MeOH - watter 80 % 1,28 0,15 1,68 0,17 0,15
2,0E+07
= W PSS 1 MDa NpOH §
& 1,56+07 - Q’
o # PSS 70 kDa NpOH &
¢ 1,0E+07 A * *
3
+ "o %
§ 5,0E+06 - * . .ﬁ
= |
$ & s ¢
0,0E+00 T ’ T T
1E-06 1E-05 1E-04 1E-03 1E-02 1E-01
CTAB (mol/L)

Obr. 51 Titrace systému obsahujicich naftol a PSS o ruznych molekulovych hmotnostech
pomoci CTAB. Intenzitu fluorescence predstavuje intenzita neutralni formy naftolu
(350 nm).
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Tabulka 5 Rychlostni konstanty deprotonace (kp:), rekombinace (k..) a disociace (kqiss) a
rychlostni konstanty vyhasinani neutralni (kron) a aniontové formy (kro.) 1-naftolu

CTAB PSS Kpt X 10°  Kree X 10° Kaiss x 10° kron x 10°  kro- x 10°
mM Mw s ! s s !
0 9,8 5,11 0,71 0,10 0,12
0,02 7,2 3,56 0,74 0,18 0,07
70 kDa
0,3 1,18 1,72 1,37 0,16 0,05
2 1,70 0,23 0,60 0,10 0,05
0 17,03 1,78 0,41 0,10 0,14
0,05 9,52 7,71 0,53 0,16 0,14
1 Mda
0,5 3,93 3,85 0,89 0,20 0,14
2 1,57 0,24 0,31 0,13 0,14
Septonex PSS kpt X 109 krec X 109 kdiss X 109 kROH X 109 kRO- X 109
mM Mw s ! s s !
0 9,8 5,11 0,71 0,10 0,12
0,02 1,79 2,69 1,04 0,14 0,12
70 kDa
0,3 2,44 4,06 1,21 0,18 0,12
2 1,65 0,25 0,7 0,17 0,12
0 22,67 1,49 0,43 0,1
0,05 7,04 6,09 0,69 0,19
1 Mda
0,7 6,06 4,48 0,81 0,2
2 2,03 0,38 0,72 0,21
MeOH - watter 80 % 1,28 0,15 1,68 0,17 0,15

79



6E+06

s # PSS-Septonex - 70 kDa %& i
a
< ¢
g AE+06 M PSS-Septonex - 1 MDa [
¢ b
[
S it
=
=
£ i ¢, B
T 2E+06 ]
g L
£ * &
o
 J
0E+00 ‘ ‘ n

1E-06 1E-05 1E-04 1E-03 1E-02 1E-01
Septonex (mol/L)

Obr. 52 Titrace systému obsahujicich naftol a PSS o ruznych molekulovych hmotnostech

pomoci Septonexu. Intenzitu fluorescence predstavuje intenzita neutralni formy naftolu
(350 nm).

54  Zavér

Tato kapitola méla za ucel prozkoumat a popsat vliv micelizace na vybrané fluroescen¢ni sondy
podstupujici deprotonaci v excitovaném stavu, a to jak pouzitelnost téchto sond pro uréeni CMC,
tak 1 urCeni pozice vybranych sond v micelach CTAB, ptipadné Septonexu. Dalsi Cast této kapitoly
se zabyva interakcemi mezi polymerem a tenzidem a vlivem téchto interakci na solubilizovanou
fluorescencni sondu.

Pro studium micelarnich roztokd byly vybrany 3 fluroescen¢ni sondy, a to 1-naftol, HPTS a
3HNA. Vsechny tii fluorescenéni sondy zkoumaly micelizaci znamého tenzidu CTAB. Ugelem
tohoto experimentu bylo zjistit, jestli se sondy do micel solubilizuji, pfipadné jestli se zméni
emisni charakteristiky jednotlivych fluorescencnich sond po interakci s CTAB. V pfipadél-naftolu
a HPTS bylo zjisténo pomoci stacionarni fluorescence, Ze intenzita neutralni formy fluroescencni
sondy se zvySuje v zavislosti na koncentraci tenzidu od chvile, kdy se zacinaji tvofit v roztoku
micely. Casové rozli§ena fluroescence potvrdila data z méfeni stacionarni fluorescence, protoze
rychlostni konstanta deprotonace klesala s rostouci koncentraci micel, jakmile se micely zacaly
tvorit. V pfipadé 3HNA nebyl pozorovan sigmoidni nartst intenzity fluorescence jako
v pfedchozich dvou piipadech. Ke zvySeni intenzity fluorescence doslo od prvniho piidavku
tenzidu a intenzita fluorescence rostla v podstaté linearné. Ke skokovému nartstu praimérné doby
zivota 3HNA doslo také pfi prvnim piidavku tenzidu a doba zivota se jiz s dalSim pridavkem
tenzidu nemeénila. Vzhledem k povaze dalSich experimenti byla 3HNA z vybéru sond vyloucena.
Jak jiz bylo zminéno vyse, dalsi vhodné sondy jsou 1-naftol a HPTS. Vzhledem ke kombinaci
stacionarnich a Casové rozliSenych meéfeni byla stanovena pravdépodobna pozice obou sond
v micelach CTAB. 1-Naftol se pravdépodobné nachézi blize k povrchu micely, takze do dalSich
experimentt byl zvolen pravé 1-naftol.
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Potvrzeni predpokladané pozice 1-naftolu v micele CTAB a nyni i v Septonexu probihalo
pomoci zhaSeni fluorescence jodovymi (chlorovymi) derivaty. Jelikoz pii pouziti jodovych
derivat bylo dosazeno nulové uc¢innosti zhaseni, byl zvolen cetylpyridinium chlorid, ktery se diky
své struktufe vnoii do struktury micely. Diky CPC bylo stanoveno, ze 1-naftol se v CTAB a
Septonexu nachazi ve Sternove vrstve, pfipadné na jejim pomezi.

Diky urceni vlastnosti a pozice 1-naftolu v CTAB a v Septonexu byl dale zkoumén vliv
hyaluronanu a PSS na emisni vlastnosti této sondy a také bylo vyuzito citlivosti ESPT na vyzkum
interakce polymer-tenzid. Stacionarni i Casové-rozliSena studie deprotonace 1-naftolu ukazala, ze
hyaluronan ovliviiuje prostfedi 1-naftolu. Experiment s pyrenem ukazal, ze hyaluronan a CTAB
(Septonex) tvori agregaty pred kritickou micelarni koncentraci, nicméné intenzita fluorescence ani
rychlostni konstanty deprotonace nic podobného neukazaly. To znamena, ze 1-naftol byl ovlivnén
ptitomnosti hyaluronanu do té miry, ze neSla poznat agregace polymeru a tenzidu pred CMC.
Stejny pripad nastal, pokud bylo CTAB nahrazeno Septonexem. V pfipadé Septonexu byl prubéh
velmi podobny a opét nebylo mozné pomoci 1-naftolu pozorovat agregaci okolo kritické agregacni
koncentrace. Vzhledem k tomu, ze 1-naftol se v Septonexu nachazi hloubéji v micele nez
v pfipadé CTAB, ovliviiuje hyaluronan prostfedi micely i v tomto pfipadé, tedy ve vétsi hloubce.
Ze se l-naftol nachazi hloubgji v micele i v piipadé agregatu hyaluronan-Septonex, lze usoudit
zrozdilu rychlostnich konstant deprotonace. V pripadé agregati hyaluronan-Septonex jsou
rychlostni konstanty deprotonace niz§i nez v pfipadé hyaluronan-CTAB. To bylo nasledné
potvrzeno vyménou hyaluronanu za PSS, u kterého zadnéa hydratacni vrstva nebyla pozorovana.
V piipadé PSS byly pozorovany zmény intenzity fluroescence a rychlostnich konstant deprotonace
I-naftolu.

Na zavér lze konstatovat, ze hyaluronan obrovskou mérou ovliviiuje vnitini prostiedi micel a
pii dalsi praci s hyaluronanem a koloidy by mélo byt pocitano s tim, ze prostredi okoli Sternovy
vrstvy muze byt hyaluronanem ovlivnéno. Tyto vysledky byly publikovany v Casopise
Carbohydrate Polymers [152].
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6 MIKROREOLOGIE POMOCI CASOVE-ROZLISENE
FLUORESCENCNI KORELACNI SPEKTROSKOPIE

Tato kapitola ma za tcel zjistit, jestli maze byt fluorescencni korelacni spektroskopie pouzita
pro méfeni mikroreologie a nanoreologie a také jaké vyhody nebo nevyhody mé tato metoda
v porovnani s klasickou video mikroreologii a mikroreologii pomoci dynamického rozptylu svétla.
Nakonec bylo ucelem urcit, jestli je néktera z metod vhodna pro studium pasivni mikroreologie
v hydrogelech.

6.1  Experimentalni ¢ast
6.1.1 Pristrojové vybaveni
6.1.1.1 Fluorescencni éasové-rozlisenda korelacni spektroskopie (FLCS)

Meéfeni probihala na pfistroji MicroTime 200 od spolecnosti Picoquant s imerznim
mikroskopem Olympus s objektivem s vodni imerzi. Malé mnozstvi vzorku (okolo 30 mL) bylo
umisténo na kryci sklicko drzéku a vzorek byl ozafen laserem o specifické vinové délce (510 nm
pro fluorescencné znacené 100 nm castice a 470 nm pro fluorescencné znacené Castice s velikosti
30 nm). Fluorescenc¢ni signal byl usmérnén pres objektiv, dichroické zrcatko a clonku do délicich
vézi, kde byl signal rozdélen na dva 1-SPAD detektory, aby mohla byt provedena kroskorelace.

Korelacni funkce byla ziskana kroskorelaci dvou nezavislych signalt kvili rozdéleni signalu
50% zrcatkem. Korelacni funkce G(¢) byla vypocitana jako [145]:

o) (L), +1))
=N

kde I; a I> pfedstavuji intenzitu fluorescence prvniho a druhého detektoru. Pokud budeme
predpokladat, Zze 1ze fluktuace v intenzité fluorescence prevést na fluktuace v koncentraci, muze

(50)

byt rovnice 50 piepsana jako [145]
) [[PSFE)PSF(E Y oc, (7.t = 0)oc, (7' 1) didi’
)=

B F, frse(u]

kde PSF(f) znaci rozptylovou funkci (point spread function) a ¢; predstavuje koncentraci

&1y

fluoroforu. Pokud ma rozptylova funkce Gaussovsky tvar, ozafeny objem (efektivni objem) muze
byt uréen pomoci vzorku se znamym difuznim koeficientem podle nasledujici rovnice [2]:

-1 -1/2
@%J{Hg$g@+gmj )

Ve, wy, w;

Jmenovatelé v zavorkach rovnice 52 predstavuji rozméry efektivniho objemu v kolmém (wy,) a
rovnobézném (w;) sméru vaci sméru laserového paprsku. UrCeni efektivniho objemu (V)
predstavuje dilezitou ¢ast FCS méfeni. Nespravna hodnota efektivniho objemu vede ke §patnym
hodnotam difuznich koeficienti (D) a koncentraci uréenych prolozenim naméfenych dat rovnici
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-1 -1/2
1 4 4 . o . , .y
G(t)=—/|1+—Dt | [1+—Dt (52. Z mikroreologického hlediska ma nespravna
Ve, Wy, w]

hodnota efektivniho objemu vliv na tvar zavilosti MSD na case. Prikladem muze byt zavislost
MSD na case pro 100 nm castice ve vodé (Obr. 53), kde lze pozorovat rozdil mezi vyse zminénou
zavislosti pro spravné a nespravné urceny efektivni objem v porovnani s teoretickou hodnotou

vypocitanou podle rovnice 53:
MSD = 6Dt (53)

kde t predstavuje korelacni Cas. Difuzni koeficient je mozné vyjadrit pres Einstein-Stokesovu
rovnici a rovnice 53 pak nabyva tvaru:

msp=—5T_[m?] (54)
m-n-d,
kde kg je Boltzmannova konstanta, T termodynamicka teplota, 7 dynamicka viskozita disperzniho
prostiedi a d. predstavuje pramér sledovanych castic. Pokud mame Newtonskou kapalinu a zname
dynamickou viskozitu disperzniho prostiedi a primér sledovanych Castic, miizeme sestavit MSD
v zavislosti na korela¢nim case.

Urceni efektivniho objemu je mozné pomoci tfi metod. Skenovanim 100 nm ¢astic,
meétenim korelacni funkce fluoroforu s presné znamou koncentraci nebo métrenim korelacni funkce
fluoroforu se znamym difuznim koeficientem. V této praci byla pro kalibraci efektivniho objemu
zvolena posledni ze zminénych metod, tedy vzorek se znamym difuznim koeficientem -
rodamin 6G. Miiller a kol. urc€ili difuzni koeficient rodaminu 6G pomoci dvouohniskové FCS pii
25°C na hodnotu 414+5 umz/s [156]. Pokud vezmeme v uvahu zménu difuzniho koeficientu s
teplotou, ktera cCini 2,6 % na stupen [157], pfi 23°C bude hodnota difuzniho koeficientu
rodaminu 6G 392.5um?/s. Prolozenim korelatni funkce rodaminu 6G rovnici 52 byla ziskana
hodnota efektivniho objemu V,; =0.831£0.036fL s rozméry w,, =0.265 4m pro rozmér kolmy

viici sméru laserového paprsku a w, =2.125um pro rozmér rovnobézny vic¢i sméru laserového

paprsku. Kalibrace byla dale testovana méfenim difuzniho koeficientu 100 nm ¢astic, u nichz byl
pomoci dynamického rozptylu svétla zjistén difuzni koeficient o hodnoté D =4.03+0.03 um?/s.

Pomoci FCS byl zméfen difuzni koeficient s hodnotou D =4.01+0.04um’/s, coZ piedstavuje

dobrou shodu s DLS mérenim.
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Obr. 53 Zavislost MSD na case pro 100 nm fluorescencné znacené castice ve vodé pri
spravném a Spatném urceni efektivniho objemu

Jelikoz difuzni koeficient je ve vztahu s MSD podle rovnice 53, miizeme rovnici 52 psat jako:

-1 -1/2
G(t):%(hr 22 MSDJ [1+ 22MSDJ (55)

3wxy 3w;

Rovnice 55 muze byt vyfeSena analyticky, kdy je skrz kubickou rovnici vyjadieno MSD:

MSD= 41 —x’+ ? ~+ 44 x*+ inri2 x+1—_;220 (56)
3w w; Iww. 9w 3w, 3w, N’G(r)

xy

Resenim rovnice 56 je vzdy ziskan pouze jeden realny koten, ktery je mozné pouZit pro zobrazeni
zavislosti MSD na case. VSechny vypocty byly provadény v programu MATLAB.

Rovnice 56 ale neni jedinym zpusobem, jak lze MSD vypocitat. Pokud uvazime, ze
2

w . .« . , . 9 g
MSD « 2Z , pak je mozné zanedbat pravou stranu rovnice 55, ze které lze jednoduse vyjadrit

MSD [145]:

NN
MSD—2WW[NG(I) 1} (57)

2
b4

Nicméné pouziti rovnice 57 ma jista omezeni. Pokud je MSD> , pak se u zavislosti MSD na

2
b4

2
teoretickych hodnot (Obr. 54). Proto byla vtéto praci pii vyhodnocovani vyuzivana jen
rovnice 56.

Case projevuje (pfiblizné od hodnoty MSD odpovidajici ) vychyleni této zavislosti od
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Obr. 54 Zavislost MSD na ¢ase pro 100 nm fluorescenéné znacené Castice ve vodé pri pouziti
rovnice 56 a rovnice 57

6.1.1.1.1 Zavislost IFCS na indexu lomu

Kalibrace FCS méfeni probiha ptes kapku vodu na podloznim sklicku. Od tohoto prostredi je
tedy zavisly tvar konfokalniho objemu. Pokud se bude nasledné méfit vzorek o odlisSném prostredi,
tedy o odliSném indexu lomu, bude se ménit i tvar a velikost konfokalniho objemu [158]. Jelikoz
vypocet difuzniho koeficientu a rozméri konfokalniho objemu pii kalibraci je pouzit dale pro
vyhodnocovani, mohou zmeény v prostiedi (indexu lomu) vést ke zkresleni vyslednych hodnot. Pro
spravnou interpretaci dat je idealni zvolit takové vzorky, které budou indexem lomu co nejblize
indexu lomu prostredi pouzitému pfi kalibraci, tedy idealné vodé.

Z divoda zminénych vyse byly naméfeny hodnoty indexu lomu pro vodu, 40% a 80% glycerol,
razné koncentrované vzorky hyaluronanu o rdznych molekulovych  hmotnostech
a v hyaluronanovém hydrogelu. Indexy lomu byly méfeny na standardnim Abbeho refraktometru.
Z Tabulka 6 vyplyva, ze se index lomu v hyaluronanovych vzorcich téméf rovna vodé a méni se
pouze zanedbateln€, a to i v pfipadé vzorku s koncentraci 15 g/l hyaluronanu. Odli§ny piipad
nastava v pripadé glycerolu, kde se roztoky glycerolu v porovnani s vodou li§i o 0,05 az 0,1.
V ptfipadé hydrogelu hyaluronanu a CTAB se index lomu zménil piiblizné¢ o 0,03. Z téchto
vysledkt plyne, ze k mirnym deformacim konfokalniho objemu muze dochazet u vzorka glycerolu
a u hydrogelli hyaluronanu.
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Tabulka 6 Namérené hodnoty indexu lomu pro vzorky hyaluronanu, vody a glycerolu

Index lomu
Molekulovd hmotnost HA 9(1)(_])1:0 500-750 kDa | 1500-1750 kDa
Koncentrace HA [g/1]
0,01 1,330 1,330 1,330
0,1 1,330 1,330 1,330
1 1,330 1,330 1,330
3 1,331 1,331 1,331
5 1,332 1,332 1,332
7 1,332 1,332 1,332
10 1,334 1,334 1,334
15 1,334 1,334 1,334
Hydrogely HA (10 g/1) + CTAB 1,363 1,363 1,365
Vzorek voda 40% glycerol 80% glycerol
Index lomu 1,331 1,388 1,444

6.1.1.2 Video-mikroreologie

Pro c¢astice pohybujici se pomoci Brownova pohybu v Newtonské kapaliné se MSD v Case
zvySuje linearné a difuzni koeficient mize byt uren ze smérnice nasledujiciho vztahu:

MSD =2dDzt” (58)

kde d predstavuje dimenzi, ¢t Cas a « je exponent. Pokud jsou znamy velikost Castice, difuzni
koeficient a teplota meéfeni, lze pomoci Einstein-Stokesovy rovnice vypocitat viskozitu
sledovaného materialu:

kT
671k,

V ptipadé Newtonské kapaliny neroste MSD linearné a vlastnosti vzorku musi byt ureny

(39

pomoci viskozniho a elastického modelu v zavislosti na frekvenci. Viskoelastické vlastnosti
vzorku se urc¢i z obecné Stokes-Einsteinovy rovnice.

6.1.1.3 Dynamicky rozptyl svétla

Meéfteni mikroreologie pomoci DLS bylo provadéno na pfistroji Zetasizer Nano ZS s laserem o
vinové délce 633 nm. Méreni DLS mikroreologie predstavuje dvoufazovy proces:

a)  Méfeni zeta potencidlu a velikosti Castic:
- Meéfeni zeta potencialu slouzi k zjisténi, zda dochéazi k interakcim mezi cCasticemi
a samotnym vzorkem. Pro mikroreologicka méfeni je dulezité zvolit Castice, které
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neinteraguji se zkoumanym vzorkem, aby vysledky odrazely vlastnosti samotného okolniho
prostiedi.

- Meéfeni velikosti Castic odhali, zda dochazi ve vzorku ke shlukovani ¢astic nebo zda signal
castic vzorku prekryva signal mikroreologickych ¢astic.

- Pro porovnani byly castice zméfeny nejprve v rozpoustédle a poté v samotném vzorku.
Pokud by se vysledek diametralné lisil, je tfeba zvolit ¢astice s vhodnéj§im povrchem nebo
do vzorku pridat vétsi mnozstvi ¢astic, aby byl signal Castic intenzivnéjsi.

b) Meéieni mikroreologie:

-V pripad¢, ze byla potvrzena spravna volba mikroreologickych Castic pomoci méfeni zeta
potencialu a velikosti Castic, 1ze méfit samotnou mikroreologii. Pohyb ¢astic ve vzorku je
sledovan pomoci laserového paprsku a poté MSD kiivky a hodnoty viskozity jsou z pohybu
vyhodnoceny pomoci softwaru.

Meérfeni zeta potenciilu ke studiu interakci mezi vzorkem a Meéreni velikostik monitorovani rozptylu na éasticich ana
casticemi vzorku

4 ) 4 )

Méieni ZP a velkosti Meéieni velikosti |

—

sond v rozpoustédle sond ve vzorku

N\ J . Jsou velikosti
J, T monomodalni?

4 ) 4 )

Méfeni ZP méficich Vyber jiny povrch Pridani méficich

sond ve vzorkn sondy sond do vzorku

o J . J

M¢éFeni
(¥astic) vzorku mikl‘ore(llogie
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éni se ZP vicenez
je stanoveny limit?
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Obr. 55 Schéma méreni mikroreologie pomoci DLS

6.1.1.4 Video-mikroreologie

Meéfteni videomikroreologie bylo provadéno na optickém mikroskopu NIKON Eclipse Ci
s kamerou Canon EOS 550D.

Pripravené vzorky (viz Kapitola 6.1.2) byly pfed méfeni aplikovany do specialné vytvoreného
mikroskopického skli¢ka, kde bylo nutno pomoci krycich sklicek a UV lepidla vytvorit kapsli pro

nadavkovani vzorku. Tato kapsle byla zaplnéna vzorkem pomoci pipety Eppendorf (20 um), a
zabraniovala tak nechténému pohybu vzorku na podloznim sklic¢ku.
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Obr. 56 Priprava podlozniho sklicka pro méreni VPT mikroreologie

Zakladem uspésného zpracovani dat a ziskani kvalitnich vysledki je pouziti mikroskopu, at’ uz
klasického optického ¢i fluorescencniho. Nejdulezitéjsi soucasti méficiho systému je vSak kamera,
jejiz kvalita maze vyznamné ovliviiovat kvalitu nahraného videa, a tim i vysledky samotné.
RozliSeni zvolené kamery ma vliv na pomér signal/Sum. Podstatnou roli hraje 1 rychlost snimani
vzorkd, ktera uréuje minimalni frekvenc¢ni rozsah vyslednych funkci.

Délka potizeného videa je variabilni a méla by byt zvolena vzhledem k rychlosti snimani videa
a charakteru vzorku. U viskoelastickych latek je pohyb castic mnohdy velmi nepatrny a je nutno
poridit delsi zdznam, aby byl 1 tento velmi pomaly pohyb zaznamenan. Délka ziskaného videa
samoziejme také ovliviiuje rychlost a komplikovanost zpracovavani dat. U viskoznich vzorkd,
mezi které patii Newtonské kapaliny a kde tepelny pohyb probihd plynule, je vhodné pofizeni
krat§iho videa, aby se tak zabranilo zbyte¢n€ zdlouhavému procesu zpracovavani dat.

Pouzitim klasického optického mikroskopu ziskame obraz tmavych ¢astic na svétlém pozadi na
rozdil od fluorescencniho mikroskopu, kde jsou vystupem svétlé Castice na tmavém pozadi. Tento
druhy pripad je zadouci pro zpracovavani ziskanych videi v IDL softward. Pokud vSak mame k
dispozici pouze klasicky opticky mikroskop, pak je moznost videa jednodusSe invertovat pro
ziskani pozadovaného formatu v samotném softwaru.

Po nahrani kvalitniho videa jsou data zpravovana pomoci postupt v softwaru IDL. Cely proces
vyhodnocovani dat mize byt rozdélen do tfi zakladnich fazi, jak je znazornéno nize:
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1) Identifikace Cdstice
- Nacteni videa do software
- Filtrace pozadi snimku

Identifikace castic (polomér, svétlost)
- Urceni polohy castic v kazdém snimku
2) Sledovani castic
- Odstranéni driftingu (pohyb castice se nejevi nahodny, ale pfevazuje v jednom
sméru — muze vést k zavedeni velké chyby méfeni)
- Vytvoreni trajektorii spojenim sledovanych bodu
3) Vystupy
- Vypocet MSD
6.1.2 Priprava vzorku

Zasobni roztoky polymert (hyaluronanu, karboxymethylceluldzy, polyvinylpyrrolidonu
a albuminu hovéziho séra) byly pfipraveny navazenim presného mnozstvi pfislusného polymeru a
jeho kvantitativnim prevedenim do odmérné bariky a doplnénim Milli-Q vodou po rysku. Takto
byly pfipraveny zasobni roztoky hyaluronanu o koncentraci 1, 3, 5, 10 a 20 g/L. Pro méfeni byl ze
zasobniho roztoku vzdy odebran 1 ml roztoku, ve kterém byly dispergovany 2 ul fluorescencéné
znacenych castic.

Hydrogely hyaluronanu byly pfipraveny rozpusténim pfisluSného mnozstvi hyaluronanu
o molekulové hmotnosti 1500 kDa v 0,15 M NaCL (vznikl tak roztok hyaluronanu o koncentraci
10 g/1) a pfidanim 200 mM roztoku CTAB v poméru 1 : 1. Pfed pfidanim CTAB byly do roztoku
hyaluronanu (3 ml) ptfidany 3 ml fluorescencné znacenych castic. Roztok byl po smichani s CTAB
ponechan 24 hodin pfi laboratorni teploté, az vznikl fazové separovany gel.

Hydrogely alginatu a PSS byly pfipraveny pomoci termoreverzibilniho hydrogelu agardzy.
Vzorky byly pfipraveny na objem 20 ml, kdy do kadinek bylo ptevedeno 0,1 g agardzy, voda,
10 ml fluorescencné znacCenych Castic a navazka polymeru tak, aby byla v roztoku koncentrace
polymeru 0,1 hm %. Vzorky byly zahtfivany na 85°C, coz je teplota potiebna pro rozpusténi
agarozy. Nasledné byly vzorky pfevedeny do pfislusné formy (nastavce), ve které probihalo
meéfeni.

6.2  Vysledky a diskuse
6.2.1 Mikroreologie
6.2.1.1 Newtonské kapaliny

Jak jiz bylo zminéno v pfedchozi sekci, bylo nejprve potieba ovéfit pouzitelnost rovniceS6.
Byly pouzity dvé Newtonské kapaliny. Voda, glycerol a jejich smési. Zména MSD v Case
v Newtonskych kapalinach nevykazuje elastickou slozku, takze MSD roste v Case linearné.
Teoretické hodnoty pro vodu, glycerol a jejich smési byly ziskany pomoci rovnice 54.
Pfi porovnani naméfenych a teoretickych hodnot MSD v ¢ase (Obr. 57) muzeme tvrdit, ze
rovnice 56 miize byt pouzita pro méfeni se 100 nm Casticemi, protoze hodnoty naméfené pomoci
FCS se, co se tyCe prubéhu, shoduji v celém rozsahu s teoretickymi hodnotami. Mirna odchylka ve
sméru rovnobézném s prubéhem teoretickych hodnot pro 40% a 80% glycerol je pravdépodobné
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zpusobena zménou indexu lomu smési glycerol-voda. Z vysledkl je ale patrné, ze zména indexu
lomu zpusobi deformaci konfokalniho objemu pouze v rozméru wy,, protoze odchylka je ve sméru
rovnobézném s teoretickou hodnotou. V piipadé DLS je situace podobnda, ale rozsah ¢asu, ve
kterém je MSD mozno méfit, neni tak Siroky jako v pfipadé FCS. U klasické mikroreologie 1ze
pozorovat, ze se kiivky neshoduji s teoretickymi zavilostmi. Divodem je predevsim velikost
¢astic, protoze vyhodnoceni videomikroreologie 100 nm ¢Castic spoléha na zaznam pohybu &astic
na videu a software neni schopny pohyb tak malych castic presné vyhodnotit. Z tohoto porovnani
tedy vyplyva, ze videomikroreologie nemiiZze byt pouzita pro zkoumani viskoelastickych vlastnosti
pomoci 100 nm castic, ale muze byt pouzito FCS a DLS. Z téchto dvou metod se jako
nejperspektivnéjsi jevi FCS, a to diky nejdel§imu ¢asovému rozsahu.

1E+03
—Theoretical values
1E+01 —DLS
—FCS
-, 1E-01 —yVideomicrorheology
£
e
@ 1E-03
=
1E-05
1E-07
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Obr. 57 Zavislost MSD na case pro 100 nm fluorescen¢né znacené castice ve vodé, 40%
glycerolu a 80% glycerolu

6.2.1.2 Mikroreologie 100 nm Cdstic v roztocich hyaluronanu méienych pomoci
FCS a DLS

Jako Newtonské kapaliny byly pouzity roztoky polymeru hyaluronanu, a to predev§im kvuli
relativné vysoké viskozité pii nizkych koncentracich a zarovein se zanedbatelnou zménou indexu
lomu (viz kapitola 6.1.1.1.1). Dale se tato kapitola zabyva vlivem molekulové hmotnosti a
koncentrace hyaluronanu na MSD a je diskutovana pouzitelnost FCS a DLS pro meéfeni
mikroreologie polymernich systéma pomoci 100 nm castic.

6.2.1.2.1  Vliv molekulové hmotnosti hyaluronanu na MSD

Pti stejné koncentraci jednotlivych vzorkd by zvySujici se molekulova hmotnost méla mit za
nasledek zvyseni viskozity, tedy 1 zpomaleni difuze 100 nm ¢astic. ZvySovani viskozity by mélo
vést k odchyleni naméfenych MSD hodnot od teoretickych, a to v rovnobézném sméru, jak tomu
bylo ukazano v pifipadé porovnani méfeni vody a smési glycerolu. Nicméné se zde jedna o
neNewtonské kapaliny, takze by mélo byt také pozorovano viskoelastické chovani.
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Z Obr. 58a plyne, ze 100 nm castice se v hyaluronanu o koncentraci 0,01 g/l pohybuji témet
shodné jako ve vodé, coz plati pro vSechny 3 pouzité molekulové hmotnosti. Lze pozorovat pouze
malé zakfiveni vypocitanych MSD kiivek v ¢ase okolo 1-102 s. Do této doby se jednotlivé kiivky
prakticky shoduji s teoretickou hodnotou pro vodu. To znamena, ze 1 pfi takto zfedéném roztoku se
viskoelastické vlastnosti, i kdyz v malé mire, projevuji. Navic se viskoelasticita vice projevuje u
vzorku snejvys§i molekulovou hmotnosti. Podle experimentalni casti vySe a porovnani
mikroeologie vody a roztoku glycerolu by se mohlo zdat, ze takto nepatrné odchyleni od teoretické
hodnoty pro rozpoustédlo by mohlo byt zptuisobeno zménou indexu lomu roztokd hyaluronanu.
Nicméné index lomu jednotlivych vzorkl se shoduje s indexem lomu vody, takze k deformaci
konfokalniho objemu nedochazi atvary MSD kifivek jsou urCeny viskoelastickym chovanim a
rostouci molekulovou hmotnosti.

Zajimavé je, ze vySe popsané plati pouze pro méteni pomoci FCS. Pti zkoumani DLS vysledka
je patrné, ze data uréena pomoci DLS konéi u hodnoty 1-10 s, takze lze pozorovat pouze ten tisek
zavislosti, kde data kopiruji zavislost MSD prostiedi. Nicméné data z DLS v tomto pfipadée
kopiruji FCS data, coz naznacuje pouzitelnost obou metod.

a)
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Obr. 58 Zavislost MSD na case pro 100 nm fluorescen¢né znacené castice v roztocich
hyaluronanu o riuzné molekulové hmotnosti a koncentraci a) 0,01 g/lab) 1 g/l
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Pfi vyssi koncentraci hyaluronanu jsou patrné vétsi rozdily v jednotlivych molekulovych
hmotnostech. V predchozim pripadé se viskoelasticita jednotlivych vzorkl projevila az okolo Casu
1-10% s. Pfi zvySeni koncentrace vzorkii na 1 g/l se viskoelasticita projevuje jiz v ¢ase okolo 1-10°
3 s (Obr. 58b). Stejné jako u koncentrace 0,01 g/l tak i u této koncentrace lze sledovat rozdily mezi
jednotlivymi molekulovymi hmotnostmi. Podle predpokladi roste viskozita s rostouci
molekulovou hmotnosti jednotlivych vzorki. Nicméné zakiiveni MSD kiivky naznacujici
viskoelastické chovani je patrné az u vysokomolekularniho hyaluronanu. To znamena, ze je
potieba vyssi koncentrace, abychom mohli pozorovat vyrazné viskoelastické chovani roztoku
hyaluronanu. Tato data nicméné jiz ukazuji, ze je mozné FCS pouzit pro méfeni mikroreologie.

Pfi srovnani DLS meéfeni s FCS lze pozorovat odchylky dat DLS od FCS meéfeni. Odchylky
rostou s rostouci molekulovou hmotnosti. Z principi obou metod plyne, ze odchylky budou
zpusobeny u DLS metody, protoze u DLS dochazi k rozptylu svétla nejen na 100 nm casticich, ale
1 na fetézci polymeru. Tedy predpokladem je, ze ¢im vic polymeru v roztoku bude, tim vétsi bude
odchylka. FCS pozoruje pouze fluorescencni cCastice, takze signal neni ovlivnény piitomnosti
polymeru.

6.2.1.2.2  Vliv koncentrace hyaluronanu na MSD

V pfedchozi kapitole bylo ukézano, ze FCS 1 DLS mohou byt pouzity pro meéfeni
mikroreologie. Jak ale ukazuje Obr. 59, v roztocich polymert se MSD ur¢ené pomoci FCS a DLS
s rostouci koncentraci vice odchyluje. Nejvétsi rozdil panuje u nejkoncentrovanéjsiho vzorku, kde
u MSD urceného pomoci DLS nelze najit viskoelastickou zavislost (data jsou zasumnéna). U
koncentrovanych roztokli dochazi krozptylu nejen na polystyrenovych Ccasticich, ale i na
polymernim klubku, které znemozni urCeni MSD polystyrenovych Castic. U zifedénych roztoka se
jako divod odchylek u DLS nabizi vliv rozptylu na fetézcich polymeru, kde neni ovlivnéni MSD
tak znaCné jako u koncentrovanych roztok a v podstaté se MSD urCené pomoci DLS shoduji
s MSD urCenymi pomoci FCS. Z vyse popsaného tedy plyne, Ze pro koncentrované roztoky
polymeru (pfipadné i gely) nebude metoda DLS vhodna, protoze bude ovlivnéna rozptylem na
tfetézcich ¢i klubcich polymeru, kdezto FCS sleduje pouze difundujici fluorescencni Castice.

Viskoelastické vlastnosti jsou patrnéjsi s rostouci koncentraci a lze pozorovat predpokladany
narust viskozity opé€t s rostouci koncentraci. Nejvyraznéjsi zménu oproti teoretické hodnoté pro
vodu (byla pouzita pro srovnani s roztoky hyaluronanu, protoze tuto teoretickou hodnotu pro
rozpoustédlo nesmi zavislostt MSD prekrocCit — meéfeni by nedavalo smysl) predstavuje
samoziejmeé nejkoncentrovanéjsi vzorek. Na prubéhu MSD kiivky pro roztok o koncentraci 10 g/L
je patrné, Ze se prumérn€ po dobu pozorovani po n€jaky Cas Castice nehybaly a prodiraly se
polymernim klubkem. I to mize znacit zménu konformace polymeru z natazeného fetézce na
polymerni klubko. Tato uvaha vychazi z pfedchoziho vyzkumu, kde jsme jiz zkoumali pomoci
videomikroreologie zménu konformace hyaluronanu a ta se za¢ina ménit okolo 5 g/L. [151].
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Obr. 59 Zavislost MSD na case pro 100 nm fluorescen¢né znacené cCastice v roztocich
vysokomolekuldrniho (1500 kDa) hyaluronanu mérena pomoci DLS a FCS

Na vySe zminénych vysledcich bylo ukazano, ze fluorescencni korelacni spektroskopie muze
byt pouzita jako prostiedek pro zkoumani pohybu 100 nm castic v razné koncentrovanych
roztocich hyaluronanu. Nicméné ucelem této kapitoly je vyvoj metody pro mikroreologické
méteni v hydrogelovych systémech pomoci FCS. Vyse je uvedeno, ze 100 nm ¢astice a FCS jsou
pouzitelné pro mikroreologické méfeni, ale uz meéfeni pii koncentraci 10 g/l dosahuje své limity.
Proto je dalsi ¢ast prace vénovana méteni FCS s 30 nm casticemi.

6.2.2 Nanoreologie

Nanoreologie se svoji metodou nijak neli§i od pouziti 100 nm nebo 300 nm castic pomoci FCS,
nicméné kvuli velikosti pouzitych Castic a faktu, ze pohyb 30 nm castic nemtzeme zachytit
klasickym mikroskopem pouzivanym pro mikroreologii, muizeme tuto metodu nazyvat
nanoreologie.

6.2.2.1 Newtonské kapaliny

Stejné jako v pripadé 100 nm castic, tak i u 30 nm castic muselo byt nejdiive ovéfeno, jestli je
rovnice 56 pouzitelnd 1 pro takto malé castice. Stejné jako v pfedchozim piipad€ byla i nyni
pouzita voda, 40% glycerol a 80% glycerol. Teoretické hodnoty byly opét ziskdny pomoci
rovnice 54. I v pfipadé 30 nm castic se hodnoty ziskané pomoci rovnice 56 shoduji s teoretickymi
hodnotami. MiZeme tedy fici, ze rovnice 56 je pouzitelna i pro 30 nm castice. Mirna odchylka ve
sméru rovnobézném s prubéhem teoretickych hodnot pro 80% glycerol je pravdépodobné
zpusobena zménou indexu lomu smési glycerol-voda (kapitola 6.1.1.1.1). Pfi porovnani 30 nm a
100 nm ¢astic lze pozorovat, ze pro glycerol jsou odchylky od teoretickych hodnot vétsi pfi pouziti
100 nm castic nez pfi pouziti 30 nm castic. Tento rozdil mize byt zpisoben odchylkou pfi
stanoveni efektivniho objemu (viz sekce 6.1.1.1). Dalsi moznosti je, ze pouziti razné velkych
castic je jinak ovlivnéno zménou indexu lomu. V ptfipadé DLS je situace podobna, ale rozsah Casu,
ve kterém je MSD mozno méfit, neni tak Siroky jako v pfipadé FCS. Dynamicky rozptyl svétla je
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svym pouzitim pfi sledovani ¢astic podobny FCS, takze i 30 nm Castice lze touto metodou
pozorovat. Jak jiz bylo zminéno vySe, u videomikroreologie jiz nejsme schopni 30 nm Castice
pozorovat, takze budeme opét srovnavat pouze metody FCS a DLS.
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Obr. 60 Zavislost MSD na case pro 30 nm fluorescencné znacené castice ve vodé, 40%
glycerolu a 80% glycerolu

6.2.2.2 Nanoreologie 30 nm Castic v roztocich hyaluronanu

Pfi srovnani MSD v zavislosti na Case méfenych pro zifedéné roztoky vysokomolekularniho
(1,5 MDa) hyaluronanu pomoci FCS a DLS je patrné, ze MSD meétrené pomoci obou metod se
rozchazi. Nizké koncentrace hyaluronanu byly na zacatek zvoleny kvuli pfedpokladu, Ze u metody
rozptylu svétla budou u vysSich koncentraci hyaluronanu vysledky ovlivnény rozptylem svétla na
fetézcich nebo klubcich hyaluronanu. Z grafu nize to vypada (Obr. 61), ze DLS metoda je
ovlivnéna jiz v nizkych koncentracich polymeru rozptylem svétla na fetézcich polymeru.
Dutivodem je, ze FCS metoda sleduje pouze fluorescen¢né znacené cCastice, ale DLS metoda sleduje
rozptyl na jakychkoli ¢asticich (v tomto pripade i fetézcich polymeru). Z toho divodu budou dale
diskutovany pouze vysledky ziskané metodou FCS.
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Obr. 61 Zavislost MSD na case pro 30 nm fluorescenéné znacené c¢astice v roztocich
hyaluronanu mérené pomoci FCS a DLS

6.2.2.2.1  Vliv molekulové hmotnosti hyaluronanu

Stejné jako v pripadé 100 nm Castic, tak pfi stejné koncentraci jednotlivych vzorki by zvysujici
se molekulovad hmotnost méla mit za nasledek zvyseni viskozity, tedy i zpomaleni difuze 30 nm
Castic. ZvySovani viskozity by melo vést k odchyleni naméfenych MSD hodnot od teoretickych,
ato vrovnobézném sméru, jak tomu bylo ukézano v pfipadé porovnani meéfeni vody a smési
glycerolu. Nicméné se zde jedna o neNewtonské kapaliny, takze by mélo byt také pozorovano
viskoelastické chovani. Nicméné jde o vice nez tfikrat mensi Castice, takze se ve stejné
koncentrovanych roztocich hyaluronanu budou pohybovat 30 nm ¢astice rychleji v porovnani se
100 nm casticemi, takze je 1 vétsi pravdépodobnost, ze behem pozorovani pohybu castic dojde
k branéni pohybu ¢astic fetézci polymeru.

Z Obr. 620br. 58a plyne, ze 30nm castice se v hyaluronanu o koncentraci 0,01 g/l
a molekulové hmotnosti 90 kDa pohybuji téméf shodné jako ve vodé. Nicméné pro vyssi
molekulové hmotnosti o stejné koncentraci, tedy 0,1 g/L, 1ze pozorovat viskoelastické chovani.
Lze pozorovat pouze zakiiveni vypocitanych MSD kiivek v ase okolo 1-107 s. Do této doby se
jednotlivé kiivky prakticky shoduji s teoretickou hodnotou pro vodu. To znamena, ze 1 pii takto
ziedéném roztoku se viskoelastické vlastnosti hyaluronanu projevuji a projevuji se vyraznéji nez
pii pouziti vétSich Castic. I vtomto piipadé byly méfeny indexy lomu jednotlivych vzorka
a naméfené indexu lomu se zanedbatelné odliSovaly od indexu lomu vody, takze nedochazelo
k deformaci konfokalniho objemu vlivem indexu lomu.

Pfi vyssi koncentraci hyaluronanu jsou patrné vétsi rozdily v jednotlivych molekulovych
hmotnostech. V predchozim pripadé se viskoelasticita jednotlivych vzorkl projevila az okolo Casu
1-107 s. Jelikoz pii pouziti 100 nm &4stic v hyaluronanu o koncentraci 10 g/L dochézelo k branéni
pohybu castic fetézcem, a jelikoZ cilem této metody je studium nanoreologie hydrogell, byla dale
zvolena koncentrace hyaluronanu 10 g/L. Pii zvySeni koncentrace vzorkli na 10 g/l se

95



viskoelasticita projevuje jiz v Gase okolo 1-10 s (Obr. 62b). Stejné jako u koncentrace 0,01 g/l,
tak 1 u této koncentrace lze sledovat rozdily mezi jednotlivymi molekulovymi hmotnostmi. Podle
predpokladu roste viskozita s rostouci molekulovou hmotnosti jednotlivych vzorkd. Nicméne
zaktiveni MSD kiivky naznacujici viskoelastické chovani neni patrné u molekulové hmotnosti
90 kDa, ale je jiz znatelné pro molekulové hmotnosti 500 kDa a 1500 kDa. Pfi srovnani MSD
kiivky pro 100 nm a 30 nm castice o koncentraci 10 g/l a vysokomolekularni hyaluronan je
patrné, ze pohyb 30 nm ¢astic neni tak branén jako v pfipadé 100 nm castic. Toto srovnani
naznacCuje pouzitelnost jednotlivych Castic v hydrogelech. Vzhledem k prubéhu zavislosti pohybu
100 nm castic na Case je patrné, ze pohyb 100 nm ¢astic bude velmi tézko detekovatelny
v hydrogelech hyaluronanu, kdezto u 30 nm castic je stale prostor pro pozorovani jejich pohybu ve
vyssich koncentracich polymeru a pravdépodobné i1 v hydrogelovych systémech.
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Obr. 62 Zavislost MSD na case pro 30 nm fluorescenéné znacené castice v roztocich
hyaluronanu o ruzné molekulové hmotnosti a koncentraci a) 0,1 g/l a b) 10 g/l
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6.2.2.2.2  Vliv koncentrace hyaluronanu na MSD
V predchozi kapitole bylo zminéno, ze pfi pouziti 30 nm ¢astic je stale prostor pro zvySovani
koncentrace polymeru, aniz by byly pii méfeni pozorovany v podstaté nehybné Castice.
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Obr. 63 Zavislost MSD na case pro 30 nm castice v roztocich vysokomolekuldrniho
hyaluronanu o ruznych koncentracich

Obr. 63 zobrazuje pohyb castic v rizné koncentrovanych roztocich vysokomolekularniho
hyaluronanu s rostouci koncentraci hyaluronanu. Z grafu je patrny typicky posun jednotlivych
zavislosti k niz§im hodnotam MSD kvili zvySujici se koncentraci hyaluronanu, a tedy rostouci
viskozity roztokd. Tento posun je doprovazen zménou ve viskoelastickych vlastnostech
hyaluronanu. V roztocich hyaluronanu o koncentraci 1 g/l a 3 g/l neni 30 nm casticim nijak
vyznamné branéno, coz se projevuje tim, ze nelze pozorovat zadné vyznamné zakiiveni téchto
dvou zavislosti. Spise lze pozorovat rovnobéznou zavislost s teoretickymi hodnotami pro vodu. To
znamena, ze vlivem posunu jednotlivych zavislosti k niz§im MSD maji tyto vzorky vyssi
viskozitu, ale fetézce polymeru netvoti zddnou vyznamnou piekazku pro fluorescencni ¢astice. Od
koncentrace 5 g/l se v MSD zavislostech zacinaji vice projevovat viskoelastické vlastnosti
jednotlivych vzorkd. S dale rostouci koncentraci hyaluronanu se viskoelasticka slozka projevuje
¢im dal vétsi meérou.

Vyrazny viskoelasticky projev je zpusoben pravé prechodem fetézci polymeru z natazeného
fetézce na polymerni klubko. Vysledky FCS nanoreologie potvrzuji vysledky zkoumani zmény
konformace hyaluronanu pomoci videomikroreologie [154]. Dulezitym faktem je, Ze roztoky
hyaluronanu tvofi vysoce viskozni roztoky pii nizkych koncentracich, coz predstavuje davod, proc
byl hyaluronan pro vyvoj této metody vybran (vysoka viskozita a neménny index lomu). Presné
takovym pfipadem je hyaluronan o koncentraci 20 g/l, coz predstavuje pouze 2% roztok
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hyaluronanu. Pti této nizké koncentraci ma hyaluronan jiz konzistenci gelu a pomoci jinych metod
je velmi obtizné mikroprosttedi uvnitt gelu definovat. Dale také stoji za zminku, ze 2% hyaluronan
je velmi obtizné mefit pomoci klasické videomikroreologie, protoze 1 mm castice se v takovém
prostredi témet nehybou a takové pozorovani v mikroreologii nema smysl. V takovém piipadée se
musi pouzit externi sily, aktivni mikroreologie, aby se Castice mohly pohybovat. Nicméné z vyse
popsanych pozorovani plyne, ze pomoci FCS a 30 nm castic mlUzeme pozorovat pasivni
mikroreologii Castic i v prostfedi podobnému gelu, pfipadné pfimo hydrogelu.

6.2.2.3 Nanoreologie hydrogelii

Predchozi kapitoly popisovaly pohyb fluorescencné znaCenych Castic o riizné velikosti Castic,
razné molekulové hmotnosti pouzitého polymeru a razné koncentraci polymeru. Z téchto
pozorovani vyplynulo, ze pro vyzkum mikroprostfedi hydrogeli se jevi nejlépe 30 nm
fluorescen¢né znacené Castice, které byly dale pouzity pro hydrogely.
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Obr. 64 Zavislost MSD na c¢ase pro 30 nm castice v roztocich vysokomolekuldarniho
hyaluronanu o ruznych koncentracich a v hydrogelu

Samotny hylauronan o koncentraci 20 g/I. vykazuje konzistenci podobnou gelu. Nicméné
u koncentrovaného roztoku hyaluronanu jde o propletené fetézce polymeru a u hydrogelu
hyaluronanu jde o sit vzniklou interakci polymeru a tenzidu o opacném naboji. Mikroprostiedi
roztoku hyaluronanu a hydrogelu se bude tedy liSit a 30 nm ¢astice budou prochazet prostfedim
rozdilné. Obr. 64 znazornuje rozdil pohybu mezi rizné koncentrovanymi roztoky hyaluronanu
a hydrogelem hyaluronanu. U roztokt hyaluronanu s rostouci koncentraci je mozné pozorovat
posun kfivek vlivem rostouci viskozity a viskoelastické slozky, jako to bylo popsano v kapitole
vySe. Nicmén€ nanoreologie hydrogelu vykazuje typicky prabéh zavislosti MSD na Case pro
hydrogel. V nizkych Casech roste MSD linearné v zavislosti na Case a tato oblast zndzorfiuje
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mikroviskozitu prostiedi okoli &astic. Cerveny rame&ek na Obr. 64 znazorfiuje zpomaleny pohyb
castic, které se prodiraji hydrogelovou strukturou. Jakmile se ¢astice opét mohou volné pohybovat,
MSD roste rychleji.
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Obr. 65 Srovnani MSD v zavislosti na ¢ase pro hydrogel hyaluronanu a gely pripravené
chemickou metodou (Alginat a PSS)

Na Obr. 64 bylo ukazano, ze 30 nm castice mohou byt pouzity pro studium hydrogelt
hyaluronanu, které byly pfipraveny fyzikalni interakci polymeru a tenzidu s opaénymi naboji. Obr.
65 ukazuje pouziti nanoreologie v hydrogelech, které jsou pripraveny chemickou metodou. Kiivky
se li8i podle toho, v jakém mikroprostiedi se Castice pohybuji a jak je husta sit, na kterou Castice
narazeji. V piipadé chemicky pfipravenych geli se také projevil zpomaleny pohyb Castic pfi
pruchodu gelovou siti, coz naznacuje, ze pasivni nanoreologie je pouzitelna i v chemicky
pfipravenych gelech.

6.3  Zavér

V této kapitole byla predstavena metoda fluorescencni korelacni spektroskopie, ktera byla
pouzita pro meéfeni pasivni mikroreologie. Pouzitelnost této metody byla stanovena meéfenim
zmény MSD v zavislosti na Case pro Newtonské kapaliny. MSD se v téchto pfipadech ma ménit
linearné v zavislosti na ¢ase, coz bylo potvrzeno pro obé velikosti ¢astic (100 nm a 30 nm)
ve vSech zkoumanych prostfedich (voda a smésic voda—glycerol). Méfeni Newtonskych kapalin
bylo srovnano sdal§imi mikroreologickymi metodami, DLS a videomikroreologii.
Videomikroreologie nebyla v podstaté pouzitelna pro jakékoli méfeni uz se 100 nm Casticemi,
protoze mikroskop nedokazal dostatecné zaznamenat drahu nanometrovych castic, takze pfi
vypoctu MSD dochazelo k vyraznym odchylkam od spocitanych teoretickych hodnot. Nicméné
DLS vykazovalo téméf shodny trend s FCS a teoretickymi hodnotami, a to jak pro 100 nm castice,
tak i 30 nm Castice, takze DLS mohlo byt dale také pouzito pro méfeni neNewtonskych kapalin.

Co se tyCe pouzitelnosti této metody a rizné velikosti Castic v neNewtonskych kapalinach, tak
pro charakterizaci pasivni (nano)mikroreologie pomoci FCS byl zvolen hyaluronan kvuli
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zanedbatelnym zménam indexu lomu roztoki hyaluronanu vici vodé a kvili viskozité roztoka
i v nizkych koncentracich hyaluronanu. Nejprve byly zkoumany roztoky hyaluronanu pomoci
100 nm ¢astic, kdy byl zkouman vliv molekulové hmotnosti a koncentrace na MSD. Podle
predpokladu se viskoelastické vlastnosti projevovaly vice u vysSich molekulovych hmotnosti
ataké u roztoki svyssi koncentraci. Dale bylo potvrzeno proplétani fetézci hyaluronanu
u koncentrace okolo 5 g/L, coz vede k vyrazné zméné tvaru MSD zavislosti na Case, tedy k narastu
viskoelastické slozky. Nicméné u koncentrace hyaluronanu okolo 10 g/L bylo pozorovano vyrazné
zpomaleni pohybu 100 nm ¢astic, takze méfeni ve vice koncentrovanych polymerech by mohlo byt
problematické. Proto bylo v dalSich experimentech pfistoupeno k pouziti 30 nm castic.
Pti srovnani FCS a DLS byla nalezena vyrazna odchylka mezi obéma metodami. Tato odchylka
byla zpisobena u DLS, protoze z principu metody plyne, Zze nebyl sledovan pouze pohyb
polystyrenovych castic, ale také byl sledovan rozptyl na fetézcich polymeru. Tato odchylka
se zv€tSovala s rostouci koncentraci polymeru. Z toho plyne, ze DLS nemuze byt pouzito jako
divéryhodna metoda pro méfeni mikroreologie koncentrovanych polymert nebo gela.

Pomoci 30 nm castic byl také zkouman vliv molekulové hmotnosti a koncentrace polymeru.
Tyto experimenty vedly logicky ke stejnym zavérim jako v pfipadé 100 nm castic (zvySujici se
viskozita a viskoelasticka slozka s rostouci molekulovou hmotnosti polymeru a s rostouci
koncnetraci polymeru). Nicméné pomoci 30 nm castic byly zkoumany i koncentrovangjsi roztoky
nez v piipadé 100 nm ¢astic. Jako nejkoncentrovansji roztok byl pouzit hyaluronan o koncentraci
20 g/L, ktery ma jiz konzistenci podobnou gelu. Z vysledki plyne, ze i v takto koncentrovaném
roztoku mohl byt vliv MSD v zavilosti na ¢ase zaznamenan, aniz by bylo pohybu ¢astic kompletné
branéno (byla by vidét pouze konstantni hodnota MSD v zavislosti na Case), proto byly 30 nm
Castice dale vyuzity pro studium gelt.

Ugelem této kapitoly byl pravé vyvoj metody pasivni nanoreologie pro vyzkum mikroprostiedi
hydrogelu. Vyse zminéné experimenty vedly optimalizaci FLCS metody az k pouzitelnosti této
metody pro studium gelt. V ptipadé hydrogelt byla pozorovana typicka zména MSD v zavislosti
na ¢ase (S-kiivka s pfechodem z volného pohybu do stavu, kdy se Castice prodira gelem az zase do
stavu volného pohybu). Z toho plyne, Zze nanoreologie muze byt pouzita pro vyzkum pasivni
nanoreologie hydrogelt, tedy bez pouziti jakéhokoli jiného vnéjsiho zasahu.
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SEZNAM POUZITYCH ZKRATEK A SYMBOLU

PAL
CMC
CAC
CTAB
CTAC
SDS
Triton X-100
PVP
TCSPC
EmPI

k

r

k

nr

povrchové aktivni latky

kritickd micelarni koncentrace

kritick4 agregacni koncentrace
cetyltrimethylamonium bromid
cetyltrimethylamonium chlorid
dodecylsiran sodny
polyoxyethylen(9,5)oktylfenol
poly(vinylpyrrolidonu)
time-correlated single photon counting

emisni polaritni index
rychlost zativého prechodu

rychlost nezafivého piechodu

kvantovy vytézek fluorescence
doba zivota excitovaného stavu

ptirodni doba zivota

vlnovéa délka

zakladni singletova hladina

excitovany singlet

excitovany triplet

koncentrace latky A

koncentrace latky A v excitovaném stavu

anizotropie fluorescence
intenzita fluorescence pfi paralelni orientaci polarizatoru

intenzita fluorescence pii vertikalni orientaci polarizatoru

G faktor
citlivost emisniho kanalu pro vertikaln€ orientovanou komponentu
citlivost emisniho kanalu pro horizontalné orientovanou komponentu

vertikaln€ polarizovana intenzita fluorescence



horizontaln€ polarizovana intenzita fluorescence
pocatecni anizotropie

limitni anizotropie

rotacni korelacni Cas

intenzita fluorescence v pfitomnosti zhasece

intenzita fluorescence v nepfitomnosti zhasece (polymeru)
rychlostni konstanta zhaseni

doba zivota fluoroforu bez pfitomnosti zhasece

koncentrace zhasece

Stern-Volmerova konstanta zhaseni
objem zhaseci sféry

Avogadrova konstanta

konstanta stability nefluorescentniho komplexu = Stern-Volmerova
konstanta statického zhaSeni tvorbou nefluorescentniho komplexu

rychlost vyhasinani fluorescence v nepfitomnosti zhaSece
celkova koncentrace tenzidu

horni limita sigmoidni kiivky

dolni limita sigmoidni kiivky

inflexni bod sigmoidni kiivky

gradient sigmoidni kiivky

koncentrace tenzidu

agregacni Cislo uréené pomoci stacionarni metody
pomeér koncentrace zhasece a micel

agregacni Cislo ur€ené pomoci ¢asové-rozlisené metody
intenzita fluorescence v Case 0

intenzita fluorescence v Case t
intenzita fluorescence pii vzrastajici koncentraci polymeru

intenzita fluorescence pfi limitni koncentraci polymeru

koncentrace polymeru
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K vazebna konstanta

F, frakce vazané fluorescenc¢ni sondy

Fy frakce volné fluorescencni sondy

Ty anizotropie pii vzrustajici koncentraci polymeru

i anizotropie volné sondy

b anizotropie vazané sondy

R pomeér kvantovych vytézkt volné a vazané sondy
fw casova konstanta kolibavého pohybu

b Casova konstanta lateralni difuze

Tu Casova konstanta rotace micely

S prostorové omezeni pohybu

o relativni amplituda

D, difuzni koeficient translacni difuze

Dy difuzni koeficient rota¢niho pohybu

5 , ¢’ korekéni faktor pro nesférické molekuly

(A* - 'H3O+) roz¢lenény par

Kre rychlostni konstanta rekombinace

Ko rychlostni konstanta deprotonace

Kaiss rychlostni konstanta disociace roz¢€lenéného paru
% [H+ ]W zpétna protonace excitovaného stavu

ka rychlostni konstanta vyhasinani excitované molekuly A*
ESIPT intramolekularni deprotonace v excitovaném stavu
ESPT intermolekularni deprotonace v excitovaném stavu
3HNA 3-hydroxy-2-naftolova kyselina

FHC 2-(2*-furyl)-3-hydroxychromon

PVA polyvinyl alkohol

TRES Casové-rozliSené emisni spektrum

TRANES Casoveé-rozliSené pies plochu normalizované emisni spektrum
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HPTS
MPTS
AOT
I(A.1)

I(4)

FCS
FLCS
PSF
MSD
DLS

1-hydroxy-3,6,8-pyrentrisulfonova kyselina
1-metoxy-3,6,8-pyrentrisulfonova kyselina

aerosol OT

intenzita fluorescence v urCitém Case po excitaci pii urcité emisni
vinové délce

intenzita fluorescence pfi urcité emisni vinové délce

normalizovana intenzita fluorescence v urcitém Case po excitaci pii
urcité emisni vinové délce

plocha pod kiivkou v dase I =0

plocha pod kiivkou v Case 7 =1

Karboxymethyl celuloza

Fluorescen¢ni korelacni spektroskopie
Casové-rozlisena fluorescenéni korelaéni spektroskopie
Rozptylova funkce (point spread function)

Stiedni posuv ¢astic

Dynamicky rozptyl svétla

9 SEZNAM TABULEK

Tabulka 1:

Tabulka 2:

Tabulka 3:

Tabulka 4:

Tabulka 5:

Tabulka 6:

Doby zivota a pfislusné relativni amplitudy 3HNA (30 umol/L) v prostiedi PVP a
BSA

Doby zivota a prislusné relativni amplitudy 3HNA (30 pumol/L) v prostredi
hyaluronanu a KMC
Rychlostni konstanty deprotonace (kpt), rekombinace (krec) a disociace (kdiss) a

rychlostni konstanty vyhasinani neutrdlni (kROH) a aniontové formy (kro-) 1-
naftolu

Rychlostni konstanty deprotonace (kp), rekombinace (krc) a disociace (Kaiss)
arychlostni konstanty vyhasinani neutralni (kron) a aniontové formy (kro-) 1-
naftolu

Rychlostni konstanty deprotonace (kp), rekombinace (krc) a disociace (Kaiss)
arychlostni konstanty vyhasinani neutralni (kron) a aniontové formy (kro-) 1-
naftolu

Nameétené hodnoty indexu lomu pro vzorky hyaluronanu, vody a glycerolu
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Tabulka 7:  Rychlostni konstanty deprotonace (kp), rekombinace (krc) a disociace (Kaiss)
arychlostni konstanty vyhasinani neutralni (kron) a aniontové formy (kro-) 1-
naftolu v CTAB

Tabulka 8:  Rychlostni konstanty deprotonace (kp), rekombinace (krc) a disociace (Kaiss)
arychlostni konstanty vyhasinani neutralni (kron) a aniontové formy (kro-) pro
sondu HPTS v micelach CTAB

Tabulka 9:  Doby zivota fluorescen¢ni sondy 3HNA v micelach CTAB
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07/2010-1/2011 Staz na Universidade Técnica de Lisboa, Portugalsko
12 PRILOHY

12.1 Rychlostni konstanty deprotonace a doby zivota pro kapitolu
charakterizace interakci polymer-tenzid pomoci espt

Tabulka 7 Rychlostni konstanty deprotonace (kpt), rekombinace (krec) a disociace (kdiss) a
rychlostni konstanty vyhasinani neutralni (kROH) a aniontové formy (kRO-) 1-naftolu
v CTAB

CTAB kpt X 10°  kree X 107 kaissx 10°  kronx 10°  kgro- x 10°

mM st st st st st
0 21,55 0,50 0,70 0,13 0,14
0,2 8,69 3,43 2,27 0,09 0,14
0,75 2,09 0,40 2,55 0,04 0,14
1 2,22 0,93 4,04 0,05 0,14
6 1,72 0,28 2,16 0,09 0,14

MeOH -

watter 1.28 0.15 1.68 0.17 0.15
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Tabulka 8 Rychlostni konstanty deprotonace (kp:), rekombinace (k..) a disociace (kqiss) a
rychlostni konstanty vyhasinani neutralni (kron) a aniontové formy (kgo.) pro sondu HPTS

v micelach CTAB
CTAB kpe x 10° Kree X 10°  Kaiss x 10°  kron x 10° kro- x 10°

mM st st st st st

0 5,51 0,94 0,94 0,20 0,14
0,2 6,05 0,38 1,32 0,32 0,14
0,75 241 0,94 2,00 0,58 0,14

1 0,80 0,29 1,37 0,36 0,14

6 0,79 0,42 1,99 0,34 0,14

Tabulka 9 Doby zivota fluorescen¢ni sondy 3SHNA v micelaich CTAB

CTAB

T
mM ns

0 1,60

0,2 4,40

0,75 4,90

1 5,00

6 5,50
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12.2  Zavislosti zhaSeni fluorescence pro kapitolu charakterizace interakci
polymer-tenzid pomoci espt
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Obr. 66 Casové rozliSena data pro zhaseni pyrenu v CTAB pomoci jodidu draselnéh, 3
jodpropanové kyseliny a fenyljodidu, koncentrace CTAB byla konstantni
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Obr. 67 Emisni data pro zhaSeni 1-naftolu v Septonexu pomoci KI, 3-jodpropanové Kkyseliny,
jodbenzenu a CPC, koncentrace CTAB byla konstantni
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12.3 Zmény dob Zivota a relativnich amplitud 1-naftolu v tenzidu pro kapitolu charakterizace interakci polymer-
tenzid pomoci espt

Tabulka 10 Doby Zivota a relativni amplitudy vyhasinani neutralni a aniontové formy naftolu v CTAB a Septonexu v absenci a po
pridani polymeru

CTAB Hyaluronan (PSS*) ROH emission RO emission
mM mg/L T (ps)  72(ps) T3 (ps) Aq (%) A (%) As (%) T (ps)  T2(ps) T(ps)  AL(%)  A(%)  As(%)
0 54 1346 8504 87,79 6,42 5,79 - 1608 8191 - 2,15 97,85
0,3 77 1270 8565 87,94 3,94 8,13 - 1016 8166 - 1,63 98,37
0,5 ° 78 1289 8303 85,53 6,24 8,23 - 1263 8191 - 1,90 98,10
2 277 682 13997 35,32 61,94 2,75 516 13971 21254 -1,75 18,94 82,81
0 80 1362 7880 80,00 6,20 13,80 - 1515 8052 - 1,89 98,11
0,05 92 1140 8125 78,94 8,34 12,73 - 7470 15052 - 81,19 18,81
0,3 7 64 1001 7969 84,27 5,16 10,57 - 2284 8122 - 2,96 97,04
0,5 67 813 7752 80,00 11,16 8,84 1147 7904 17139 1,41 16,84 81,75
2 337 684 11777 63,91 31,49 4,59 439 9626 20191 -1,59 15,41 86,18
0 69 1924 10486 52,9 33,5 13,6 - 1387 8185 - 2,39 97,61
0,05 92 1928 5715 49,08 29,02 21,9 - 4466 8814 - 12,2 87,8
0,3 7* 314 2559 6960 15,75 61,63 22,62 - 7825 18150 - 79,78 20,22
0,5 257 2310 6425 16,16 58,3 25,54 - 7853 18332 - 80,95 19,05
2 489 1836 10129 71,81 21,11 7,08 510 10823 20527 -1,56 20,19 81,37

Septonex Hyaluronan (PSS*) ROH emission RO™ emission
mM mg/L T (ps)  72(ps) T3 (ps) Aq (%) A (%) As (%) T (ps)  T2(ps) T(ps)  AL(%)  A(%)  As(%)

0 0 54 1346 8504 87,79 6,42 5,79 - 1608 8191 - 2,15 97,85




0,3 31 1442 8148 91,96 2,23 5,81 - 752 8076 - 1,60 98,40
0,5 24 1731 8354 93,33 2,10 4,58 - 1058 8071 - 2,67 97,33
2 182 817 6152 49,93 36,12 13,95 - 1220 7952 - 50,68 49,32
0 80 1362 7880 80,00 6,20 13,80 - 1515 8052 - 1,89 98,11
0,02 43 1131 7178 88,34 3,66 8,00 - 3844 8336 - 6,12 93,88
0,3 7 39 1122 6190 88,14 6,01 5,85 - 1001 8126 - 3,01 96,99
0,5 72 1139 6296 76,78 13,18 10,05 - 1020 8076 - 3,22 96,78
2 422 1161 6020 48,08 32,75 19,17 251,45 1273 6751  -12,91 97,94 14,97
0 69 1924 10486 52,90 33,50 13,60 1387 8185 2,39 97,61
0,02 190 2479 6945 20,80 52,30 26,90
0,3 7* 144 2213 5651 21,30 48,46 30,24
0,5 130 2073 5536 21,14 46,24 32,61
2 485 1479 5839 56,36 24,01 19,63
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12.4 Skript z MATlabu pro prevod korela¢ni funkce na MSD

1

3|= n = 220;

A= wxy = 0.248~Z%ones (n,1);

5= wz = 1.689"2%ones (n,1);

5|= N = 1.9711%cnes;

7

8

9

10 — a = 1./(3.%(wry."2).*wz);

11 — b= (8./(9.%wxy.*wz) )+ (4./(9.% (Wwxy.*wxy))});
12 — co= (4./(3.%wry) )+ (2./(3.%wz));
13 — d=1-(1./(N*Gt)."2);

14

15 — r = zeros(n,3):

16 — for i = 1:n

17 = p = roots([al(i), b(i), c(i), d(i)]):
18 — r(i,:) = p;

19

20 — end

21

23 — plot(real(c(:,3)),'c")

o4

n — pocet fadku (dat z korelacni funkce)

wxy — rozmér efektivniho objemu v kolmém sméru vii¢i sméru laserového paprsku

wz — rozmér efektivniho objemu v rovnobézném sméru vici sméru laserového paprsku
N — pocet molekul v konfokalnim objemu stanoveny pomoci fitovani korelacni funkce
a, b, ¢, d — kubicky clen, kvadraticky Clen, linearni Clen a absolutni ¢len kubické rovnice

r — vypocet korenti kubické rovnice

12.5 Clanky v ¢asopisech
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ABSTRACT: Steady-state and time-resolved fluorescence and
UV—vis techniques were used to study the formation and
dissociation of acridine orange dimer in order to investigate
hyaluronan—acridine orange, hyaluronan—CTAB (cetyltrimethy-
lammonium bromide), polystyrenesulfonate—acridine orange, and
polystyrenesulfonate—CTAB interactions in aqueous solution.
Steady-state and time-resolved fluorescence and the dimer:mo-
nomer absorbance ratio of acridine orange (AO) were used to
determine dimer formation on polymer chains of polyelectrolytes.
Acridine orange clearly formed dimers on polystyrensulfonate
chains as well as on hyaluronan, but we show that the electrostatic
interaction is much weaker in the case of hyaluronan. After the
addition of surfactant, we observed an enhancement of fluorescence
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intensity, indicating the dissociation of AO dimers into monomers and the replacement of acridine orange on polymer chains by
surfactant molecules. Importantly, we show that surfactant molecules bind to polymer chains before the critical micelle
concentration is reached and form the so-called “bottle-brush” structure.

1. INTRODUCTION

The solubilization of hydrophobic molecules in water—micellar
environments is a very well known phenomenon'™> which
enables further investigation of micelle microenvironments or
interfaces by fluorescence techniques. For example, critical
micelle concentrations (CMC)*™” and micellar aggregation
numbers® ' are widely studied by steady-state or time-resolved
fluorescence spectroscopy. The aggregation of acridine dyes is
also a well-described phenomenon.''™'* Negative charge,
represented for example by a polyelectrolyte or surfactant,
added to a solution of acridine dye causes the aggregation of
these molecules into dimers due to van der Waals forces and
the strong coupling of molecular transition dipole moments.
Coupling causes a wavelength shift in the absorption spectrum.
When a red or blue shift occurs, aggregates are called J-
aggregates or H-aggregates, respectively.12 The H-type
aggregates have forbidden radiative decay from the excited
state, and their absorption band is blue-shifted. From a
spectroscopic point of view, the fluorescence of the sample at
nearly 530 nm decreases with an increasing amount of dye
aggregate; the probability of absorption at 492 nm (monomer
band, the a-band) decreases with a concomitant increase in
absorption at 465 nm (dimer band, f-band) and at 450 nm
(oligomer band, the y-band). The formation of dye aggregates
is, of course, concentration-dependent, and in the case of
acridine orange (AO) the aggregates appear at and above its
concentration of 5 X 10> mol-L™" in aqueous solution."" In the
presence of a negative binding site, for example, the negative

i i © 2014 American Chemical Society
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charge of a surfactant or a polyanion, monomers of AO
condense on these sites and the dimer form of AO is preferred,
which changes its fluorescence intensity and a dimer fluorescent
peak appears in the fluorescence spectrum at around 657 nm."?
This depends on the concentration of both AO and binding
sites, and above a critical concentration, AO starts to form
nonfluorescent condensate dimers or even oligomers."' ™'
Acridine orange aggregates were used to study negatively
charged polyelectrolytes,'> probe—DNA interactions,">~"” and
probe—protein or protein—surfactant interactions.'®"”

In this study, acridine orange was used as a fluorescent label
which is physically attached to the oppositely charged
polyelectrolyte. Physical (electrostatic) binding is supposed to
provide an advantage over traditional chemical (covalent)
fluorescence labeling in the study of interactions between
(labeled) polyelectrolytes and oppositely charged surfactants.
The label is attached directly to the interaction site, but its weak
physical bond should not prevent interactions with the
surfactant, which can be detected by changes in the aggregation
behavior of the acridine orange label. Systems comprising
oppositely charged polyelectrolytes and surfactants are of
growing interest not only as a subject of pure research but also
due to their various practical applications. For an overview of
this area see several excellent reviews.”o>*
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Hyaluronan (more precisely, the sodium salt of hyaluronic
acid), one of the most important polysaccharides originating
from the mammalian body, was selected as the anionic
polyelectrolyte for this study due to our long-term interest in
its behavior and its potential applications in delivery systems.
The understanding of its importance has increased dramatically
over the last two decades. Many studies have focused on its
physical—chemical behavior, its role in tissues, and its cell
proliferation capacity, and methods have been developed to use
this polysaccharide in the healing of injuries, drug delivery
systems, antiaging applications, and so on. Hyaluronan is a
biocompatible and biodegradable polysaccharide consisting of
disaccharide units D-glucuronic acid and N-acetyl-p-glucos-
amine** (Figure 1). Hyaluronan—surfactant or hyaluronan—

“
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Figure 1. Structure of (a) acridine orange, (b) CTAB, and (c)
hyaluronic acid.

liposome interactions provide a useful model for anticancer
drug delivery systems based on hyaluronan sensitivity to the
CD44 receptor.”>~>” Delivery systems based on hyaluronan
should be quite selective for tumor cells because CD44 is
overexpressed in cancer cells.”® Micelles provide, in this model,
a good environment for drug solubilization and controlled
release, and hyaluronan provides controlled targeting of the
drug.

The paper is organized as follows. In the first part, we present
a study of the interaction between hyaluronan and acridine
orange in the absence of surfactant; in the following part, the
interaction between cationic surfactant and a hyaluronan—AO
system is presented. Then, a comparative study of the
interaction between polystyrenesulfonate (PSS) and acridine
orange in the presence of cationic surfactant is added to
compare a synthetic polymer with a higher charge density (a
“stronger polyelectrolyte”) and hyaluronan biopolymer. PSS
was selected because it is a well-known and defined polymer
and a strong polyelectrolyte and because interactions between
PSS and cationic surfactants have been proven and investigated
in other studies.">*” On the other hand, hyaluronan is known
to have a low charge density and to interact relatively weakly
with cationic surfactants.>

2. MATERIALS AND METHODS

2.1. Materials. All reagents and solvents were used as received, and
their purity was higher than 97%. Hyaluronan (molecular weight of
300 kDa) was purchased from CPN spol. s.r.o. (Czech Republic).
Polystyrenesulfonate (molecular weight 70 kDa), CTAB, and acridine
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orange hydrochloride hydrate were purchased from Sigma-Aldrich.
Stock solutions of hyaluronan, polystyrenesulfonate, surfactant, and
acridine orange were prepared in deionized water. For experiments in
the presence of NaCl, 0.15 or 0.5 M NaCl solution was used. Samples
for acridine orange and polyelectrolyte interaction were prepared as
follows: 25 uL of acridine orange stock solution were added to plastic
vials and a fluorescent probe was diluted with an appropriate volume
of hyaluronan and solvent to achieve a concentration range for
hylauronan from 5 X 107* to 15 g-L™" and that for polystyrenesul-
fonate from 1.25 X 107° to 3.6 g-L™". Samples for polymer—surfactant
interaction were prepared with a constant concentration of acridine
orange and polymer (respective equivalence point for each polymer
determined by the formation of acridine orange dimer) and with an
increasing concentration of surfactant ranging from 3 X 107" to 4 X
107 mol-L™". All samples were stirred overnight to ensure
equilibration. The concentration of the fluorescent probe (AO) in
all samples was 1.7 X 10™° mol-L™" to avoid the presence of the dimer
absorption band in the bulk solution.'' The determined pH of all
hyaluronan samples varied between 6.6 and 5.6 (see examples in
Supporting Information, Table S1), which is well above the
hyaluronan intrinsic pK, (3.2*'). It can therefore be reasonably
expected that hyaluronan was fully dissociated. PSS is fully ionized in
the 6.2—8.9 pH range.*” The determined pH of all PSS samples varied
between 6.7 and 4.6, but pH was, in most cases, below 6.2 (see
Supporting Information, Table S1). It can be expected that PSS was
not fully dissociated. All measurements were made at 22 °C.

2.2. UV-Vis and Fluorescence Spectroscopy. Absorption
spectra were recorded on a Varian Cary 50 UV—vis spectrophotometer
with a wavelength range from 200 to 700 nm, and fluorescence spectra
were recorded on a FluoroLog Horiba Jobin Yvon spectrofluorimeter.
Fluorescence spectra were recorded with the excitation monochro-
mator at 492 nm and in the emission wavelength range of 500 to 650
nm. Because of the inner filter effect, the correction of emission
spectra was made according to the equation®

Forr = < bs x 101/2(Aex+Aem)

c

(M

where F_,, and F,, are the corrected and observed fluorescence
intensities, respectively, and A, and A, represent absorbance at the
excitation and emission wavelengths, respectively. Time-resolved
measurements were performed with a Fluorocube Horiba Jobin
Yvon spectrometer by means of a time-correlated single photon
counting technique. A 469 nm LED was used as the excitation source.
Fluorescence decays were collected with a 495 nm cut-off filter. A
time-to-amplitude (TAC) converter was set to the SO ns window for
the measurement of acridine orange and the acridine orange—
hyaluronan system. During measurements of polystyrensulfonate—
acridine orange, the TAC range was changed from the 50 ns to the 200
ns window because of the increase in the fluorescence lifetime. The
repetition rate was set to 1 MHz, and the delay of the signal caused by
the cable path was always set 15 ns higher than the respective TAC
range.

Time-resolved fluorescence decays were analyzed by the iterative
reconvolution procedure of fitting the model function to experimental
data, and the fit was judged by nonlinear least-squares analysis.>**®
Time-resolved data analyses were performed with DAS6 software from
Horiba Jobin Yvon using models for multiexponential decay with n
components using the equation

I(t) = Y. o exp(—t/7)

i=1

@

where ¢; is a preexponential factor which relates to the amount of each
fluorescent component present in the system and 7; is the fluorescence
lifetime of the ith component. The goodness of fit was judged by
reduced yi* which evaluates a mismatch between the data and the
fitted function and is independent of the number of degrees of
freedom.*®

2.3. Microrheology. For microrheology experiments, a concen-
tration series of hyaluronan solutions in water was prepared by diluting
a stock solution. Ten microliters of a 1 ym polystyrene particle 2.5%

dx.doi.org/10.1021/1a502011s | Langmuir 2014, 30, 8726—8734


http://dx.doi.org/10.1021/la50201

Langmuir

suspension obtained from Sigma-Aldrich was added to S mL of
sample. Samples were stirred using a vortex stirrer for 10 s and then
were left to stand for 1 h.

Hardware for the microrheology experiments consisted of a Nikon
Eclipse €200 microscope and a Canon digital camera. Particle
movement in samples was recorded for 10 s at 50 fps and at a
resolution of 1280 X 720 in a dark field. Open source program Image]
with the ParticleTracking plugin was used for image analysis and the
determination of particle trajectories. This program yielded the x and y
coordinates of particle position as a function of time, which are used to
determine the dependency of the mean square displacement (MSD)
on time. The MSD is given by

MSD = ([x(t + 7) — «(t)]* + [y(t + 7) — y(t)]*) = 24Dt
()
where d is the dimensionality or spatial extent®® (in our case two
dimensions), D is the diffusion coefficient, x(t) and y(t) are the
positions of particle i at time ¢, and ( ) represents an average over time.
For the determination of the microviscosity of the medium in the
vicinity of tracer particles, the Stokes—Einstein equation was used.>”®

kT
 6myr (4)

As the hydrodynamic radius (r), the radius of tracer particles reported
by the manufacturer was used (0.5 ym). The final viscosity is the mean
value of the viscosities obtained from the MSD of at least 30 particles.

D

3. RESULTS AND DISCUSSION

Results are displayed as the dependency of the studied physical
quantity on the polymer/dye ratio (P/D). The P/D ratio
represents moles of binding sites (carboxylic groups of
hyaluronan or sulfonate groups of polystyrenesulfonate) per
moles of dye. For hyaluronan, the molecular weight of its basic
dimer unit bearing one carboxyl group is 401.299 g/mol.

3.1. Interaction of Hyaluronan with Acridine Orange.
The spectral properties of AO are shown in Figure 2. At a
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Figure 2. Spectral properties of acridine orange in aqueous solution at
a concentration of 5 X 107> mol-L™" of the dye and the absorption
spectrum for the aqueous solution at a concentration of 1.7 X 107°
mol- L™

concentration of around § X 10™° mol-L™, it is clearly shown
that the monomer absorption band is joined by the dimer
absorption band. The absorption band of the dye oligomers
appears as a shoulder at 450 nm. These results also determined
the experimental setup of measurements with AO. To avoid the
formation of AO dimers in solution, we used a lower
concentration of acridine orange in samples (1.7 X 107> mol-
L™"); the absorption spectrum is shown in Figure 2. To cover a
wide range of P/D, our experiments were carried out with a
constant amount of dye and with changing polyelectrolyte
concentration.
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Figure 3a shows the dependency of the relative fluorescence
intensity measured at 527 nm (the emission maximum shown
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Figure 3. Dependency of the relative fluorescence intensity on the P/
D of the system with a constant concentration of acridine orange of
1.7 X 107 mol-L™". Fluorescence is relative to the sample in which
hyaluronan is not present. The concentration of hyaluronan in (a)
covers the range from 0.5 to 400 mg L™". In (b), we expanded the
concentration range up to 15 g L™".

in Figure 2) on the P/D. (A table of P/D values and the
respective hyaluronan concentrations is shown in the
Supporting Information.) Relative fluorescence was relative to
the fluorescence of the sample without hyaluronan. It is
necessary to take into account the fact that the displayed data
are not obtained as titration curves. Rather, all points from this
dependency were prepared as separate samples, measured at
least three times and averaged.

The minimum in the relative fluorescence intensity can be
found in the dependency in Figure 3a. This minimum is
considered to be a point of equivalence, the point where all
probe molecules condense as dimers on the accessible binding
sites of the polymer. If all carboxylic groups are taken into
account as possible binding sites and the acridine orange
molecules condense to form dimers, then a value of 0.5 for the
point of equivalence can easily be predicted (for each carboxylic
anion, two probe molecules are necessary). As is obvious from
Figure 3a, the fluorescence intensity starts to decrease only at a
P/D of 0.5, and the experimental value of the equivalence point
is found at around P/D = 3 and is denoted as (P/D)..

The high value of the equivalence point can be explained in
three different ways. First, hyaluronan is not fully dissociated
under these experimental conditions, but the pH of samples
suggests the full dissociation of hyaluronan. Second, some
carboxylic groups are not accessible for AO molecules, or AO
dimer formation is prevented probably because of interchain
interactions. Third, interactions between AO and hyaluronan
are weak, which contributes to the high value of the equivalence
point. It is possible that AO dimers are formed via interchain
interactions which could cause the inaccessibility of other
carboxylic groups. The value P/D = 3 means that only (100/
6)% of polymer binding sites (carboxylic groups) are accessible
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for the formation of acridine orange dimers. The calculation of
the accessibility of polymer binding sites is based on the
assumption that, for fully dissociated polymer, each carboxylic
group possesses two molecules of acridine orange to form
dimers and to obtain the minimum in fluorescence intensity. In
other words, P/D = 3 represents a 6-fold less efficient degree of
AO dimer formation when compared to the ideal case. It
should be noted that the real concentration of hyaluronan in
the sample at this equivalence point is 20 mg L™'. At this
concentration we are dealing with a highly diluted polymer
regime; therefore, the polyelectrolyte hyaluronan should be
stretched and fully dissociated.”® However, in the presence of
oppositely charged acridine orange, a similar phenomenon of a
partial collapse may occur, as observed in polyelectrolyte—
surfactant systems”” in which the chain extension is decreased,
which may also result in the hiding of hyaluronan carboxylic
groups. If this is the case, then the hyaluronan concentration for
such collapse in the presence of AO should be around 0.02 g/L.
The relatively high (P/D), value is also consistent with the
observation of no phase separation in hyaluronan—AO systems,
which again indicates some similarity with polyelectrolyte—
surfactant systems in which the formation of electrostatically
stabilized colloidal dispersions was observed at high poly-
electrolyte-to-surfactant ratios.>>

Above the (P/D),, the number of available polymer binding
sites increases with a concomitant increase in the fluorescence
intensity because of the dissociation of acridine orange dimers.
It is remarkable that when the concentration of binding sites, in
fact, of sodium hyaluronate, increases nearly 30 times (from P/
D = 3—-90), the fluorescence intensity measured for P/D =~ 90
is lower than the values at low P/D. This suppressed
fluorescence intensity may be caused by conformational
changes in hyaluronan.

If we expand the P/D range to the higher concentrations of
hyaluronan, then unexpected results are obtained. As can be
seen in Figure 3b, above a P/D of 147 (when the hyaluronan
concentration is exactly 1 g L7') another decrease in
fluorescence intensity is observed; a second minimum can be
found at P/D = 882 (when the concentration of hyaluronan is
around 6 g L™").

At first sight it seems that this decrease cannot be easily
explained by dimer condensation because the theoretical
number of polymer binding sites is too high. On the other
hand, the decrease and subsequent increase in fluorescence is
statistically relevant. Because of the sensitivity of the excited
state with respect to many conditions (e.g., viscosity, polarity,
the presence of ions,..) another method to confirm the
obtained results would be useful. In the case of AO, absorption
spectroscopy can yield important information.

The absorption maximum of the monomeric form of AO is
located at 492 nm and is often called the a-band. In absorption
spectra, another two peaks can be found. The first, the -band,
is located at 465 nm and is related to the dimer peak. Between
the a- and fB-bands, an isosbestic point can be found at around
470 nm. At a high concentration of AO in the system, the /-
band is replaced by the y-band at ~450 nm. This band is related
to the absorption band for AO oligomers.""

In our study we compared fluorescence and absorption data
(Figure 4). For the absorption spectra we used the ratio of
dimer to monomer absorbance determined at 465 and 492 nm,
respectively (in Figure 4 depicted as dimer:monomer, which
directly reflects changes in dimer presence in the sample).
Despite the fact that the fluorescence and absorption data were
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Figure 4. Comparison of dependencies of the relative fluorescence
intensity and dimer:monomer ratio on the P/D. The concentration of
hyaluronan covers the range from 0.5 mg L' to 15 g L7\
Fluorescence is relative to the sample in which hyaluronan is not
present.

collected according to different photophysical processes, they
exhibit correlation behavior. In the region where fluorescence
decreases, an increasing dimer:monomer ratio can be found and
vice versa.

It can also be shown that interactions between acridine
orange and hyaluronan have an electrostatic origin. In this case,
the addition of low-molecular-weight salt can directly suppress
the interaction via the shielding of charges. Figure §
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Figure S. Dependencies of relative fluorescence intensity on P/D at
different ionic strengths of the solution. The ionic strength was
influenced by sodium chloride. Fluorescence is relative to the sample
in which hyaluronan is not present.

summarizes the results from these experiments. At first sight,
the addition of sodium chloride to the environment leads to
suppression of the interaction between probe and polymer.
This is manifested in higher values of relative fluorescence
around (P/D), with increasing ionic strength. The value of (P/
D), remains roughly the same for 0.15 M and decreases slightly
from 3 to 2 for 0.5 M NaCl. Also, for the region between (P/
D), and a P/D of around 147, values of relative fluorescence
follow changes in ionic strength.

A remarkable phenomenon occurs in the second-decrease
region. This decrease is still present, and for 0.15 M NaCl, it
seems not to be suppressed as much as the decrease around (P/
D). This phenomenon is interesting because hyaluronan
occurs in mammalian tissue in units of grams per liter, and 0.15
M is the ionic strength of the human physiological environ-
ment. However, the mechanism behind it is open to discussion.

Thus, it can be concluded that the obtained results from the
fluorescence measurements are a relevant reflection of
dimer:monomer proportions in solution and that changes in
fluorescence intensities are not caused by probe concentration
fluctuations. AO labels at least a portion of hyaluronan
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carboxylic groups with the equivalence point of (P/D), = 3,
which corresponds to some saturation of the label on the
labeled groups. However, these results do not directly explain
the second decrease or rather the second region where the
amount of AO dimer significantly increases.

One of the possible explanations of this phenomenon could
be found in conformational changes in hyaluronan chains in
solution or intrachain interactions. In units of grams per liter,
hyaluronan should take a conformation that makes most
binding sites inaccessible for electrostatic interaction with
acridine orange. We showed changes in conformation using
microrheology. This method allows the determination of the
mean viscosity of the microstructure of a sample because small
sensors used for microrheology determine the microviscosity of
the microenvironment in contrast to macroscopic rheology or
viscosity measurements. These small sensors better reflect small
conformational changes in a sample. Of course, hyaluronan
solutions, especially at concentrations above tens of milligrams
per liter, are non-Newtonian fluids, so the obtained micro-
viscosity values from microrheology are relevant only for
comparison between them. The microrheology method was
calibrated to the viscosity of water.

Figure 6 compares the obtained fluorescence and viscosity
data. Both types of data were obtained for hyaluronan with a
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Figure 6. Dependencies of the fluorescence intensity and viscosity
obtained from microrheology experiments on the hyaluronan
concentration. Fluorescence is relative to the sample in which
hyaluronan is not present.

molecular weight of 300 kg mol™ in aqueous solution. The
dependency of viscosity on concentration increases steeply at
first and then shows a leveling off with a weak maximum within
the range of roughly 3—5 g of hyaluronan per liter. It then
exhibits an abrupt increase, which corresponds to the reincrease
in relative fluorescence (after the second minimum in Figure
4).

More accurately, after (P/D), = 3 (hyaluronan concentration
of 0.02 g L™, cf. Table S1), there is a region where the viscosity
as well as fluorescence intensity (or dimer:monomer ratio)
increases. This can be explained by the increasing concentration
of polymer in solution, with more polymer chains meaning
more binding sites and more barriers. An increase in viscosity is
hindered in the region around 1 g L™ hyaluronan, and at this
point, the fluorescence starts to decrease significantly with
increasing hyaluronan concentration. Thus, in the concen-
tration region of 1 to S or 6 g L™/, it appears that more chains
in solution mean fewer binding sites and a smaller effect on the
viscosity of the solution. In the region between S and 6 g L™!
both dependencies have their minimum, and above this region
the viscosity as well as fluorescence intensity increases linearly.
This increase can be explained by interchain interactions of
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hyaluronan because at this concentration the chain domains
start to overlap.

Here it can be concluded that changes in the occupation of
polymer binding sites by cationic probes are commensurate
with changes in viscosity. Especially in the region from 1 to S or
6 g L™" it seems that polymer chains added to the solution form
some kind of aggregate which does not affect the microviscosity
and shields charged binding sites against interactions with
cationic probes.

3.2. Interaction of CTAB with the Acridine Orange—
Hyaluronan System. In this part of our study we were
interested in whether the cationic surfactant CTAB is able to
replace acridine orange dimers attached to the hyaluronan
chain. We used a constant concentration of hyaluronan and
acridine orange corresponding to the equivalence point
determined in the previous section.

The absorption spectra showed a significant increase in
absorbance when even 1077 mol-L™! CTAB was added to the
acridine orange—hyaluronan system (spectra are shown in
Supporting Information; they are represented also by the
dimer:monomer ratio in Figure 7, see further in the text). In the
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Figure 7. Dependencies of the fluorescence intensity and dimer:mo-
nomer ratio as a function of CTAB concentration in the AO—
hyaluronan—CTAB system (concentrations of AO and hyaluronan
correspond to the equivalence point (P/D), = 3).

absence of hyaluronan, there was no change in absorption
spectra when CTAB was added to the AO solution; thus, the
changes in absorption spectra in the presence of hyaluronan
and with increasing CTAB concentration were caused by the
electrostatic interaction of CTAB with hyaluronan. CTAB
started to replace the acridine orange dimers, the dimers
dissociated, and the dimer:monomer ratio decreased (i.., the
absorbance increased), especially around the CTAB concen-
tration of 107° M. An interesting phenomenon occurred around
the critical micelle concentration (in the literature, the CMC of
CTAB is 0.92—1 mM®) as the dimer:monomer ratio increased
again (ie., the absorbance decreased). CTAB probably started
to form free micelles, which led to electrostatic attraction
between acridine orange monomers in bulk solution and
dissociated carboxylic groups. Acridine orange dimers were
formed again, which was the reason for the increase in the
dimer:monomer ratio. The reaggregation of acridine orange
dimers caused both an increase in absorbance and a change in
the dimer:monomer ratio.

The interaction of CTAB with the AO—hyaluronan system
was further studied by steady-state fluorescence (Figure 7). The
fluorescence intensity of acridine orange in a sample at the
equivalence point (P/D), without the addition of CTAB was
significantly smaller than the fluorescence intensity in the
presence of CTAB at the lowest concentration used, which
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indicates that, at the equivalence point, there should be
significant occupation of carboxylic groups of hyaluronan by
AQO dimers. The AO dimer has a reported emission band at
around 650 nm.'®'>* In our case, no such peak appeared
around this region in any sample, which would suggest either
no or very weak aggregation of AO on carboxylic groups of
hyaluronan. However, the dependency of both relative
fluorescence and the dimer:monomer ratio on P/D depicted
in Figure 4 shows changes in the fluorescence intensity and
dimer:monomer ratio, respectively, and confirms the formation
of AO dimers.

After the addition of surfactant at a concentration lower than
its CMC, the fluorescence intensity increased rapidly (Figure
7). This increase in fluorescence intensity (as well as the
decrease in absorbance described above in the text) could be
ascribed to the electrostatic interaction between hyaluronan
and CTAB and to the dissociation of AO dimers. When the
surfactant concentration was close to its CMC, the fluorescence
intensity decreased (Figure 7). Such a phenomenon may be
caused by the aggregation of some AO monomers into dimers
again. Before the critical micelle concentration was reached, the
electrostatic interaction caused the molecules of the surfactant
not to remain at the air—water interface but to bind to
carboxylic groups of hyaluronan.”*~>* When the CMC of
CTAB was reached, the surfactant molecules formed micelles
not only on the hyaluronan chain but also in bulk water, which
may again have led to the reavailability of some binding sites for
AOQO. We believe that after the formation of micelles there are
again some free binding sites on the hyaluronan chain where
acridine orange forms dimers and that this is the reason that the
fluorescence intensity decreased. This situation was seen also in
absorption spectra, where the ratio of acridine orange dimer
and monomer absorption increased when the CMC of CTAB
was reached. In our study, the polyelectrolyte caused the single
surfactant molecules to be pulled electrostatically into the water
environment and to bind to the polymer chain before the
critical micelle concentration was reached. Therefore, in
general, electrostatic interactions must be stronger than
repulsion between the surfactant chain and bulk water.
Molecular dynamics simulations performed by Liu et al*'
showed the formation of the so-called “bottle-brush” structure
caused by the adsorption of surfactants on the polyelectrolyte
chain. We believe that this structure can also explain our results
with AO. This hypothesis is supported by (unpublished) data
from our other fluorescence study, which used traditional
fluorescent probe pyrene to investigate the polarity of the
microenvironment of the probe. The pyrene excitation polarity
index (ExPI) as a function of surfactant concentration was used
to evaluate this measurement. The ExPI is based on the fact
that in the ground state the pyrene absorption band is shifted
bathochromically in a nonpolar environment. The ExPI is
obtained when the fluorescence intensities at two positions of
the excitation monochromator (333 and 338 nm) are measured
while the position of the emission monochromator (392 nm)
remains constant.*” An example of data collected for
hyaluronan is shown in Figure S3 in the Supporting
Information, together with the data from this work. At low
surfactant concentrations (before the critical aggregation
concentration) we can see no change in ExPI when compared
to water, while the fluorescence intensity of AO increases (cf.
Figure 7). This means that surfactants bind to the
polyelectrolyte chain but do not form any micellelike aggregates
(ie, they probably form the bottle-brush structure). The
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formation of aggregates is detected at higher concentrations by
decreasing ExPI (and by the leveling-off of the AO fluorescence
intensity).

Fluorescence lifetimes were determined in the pure AO
solution and in hyaluronan—AO and hyaluronan—AO-
surfactant systems. In a diluted solution of acridine orange,
we assumed monoexponential decay; in the AO—hyaluronan
system, we assumed bi- or triexponential decay according to the
formation of the AO dimer and/or oligomer with longer
lifetimes than that of the monomer because fluorescence from
the AO dimer excited state is a forbidden process.'” Then, we
assumed that after the addition of surfactant there should be an
increase in the relative amplitude of the acridine orange
monomer lifetime and that the decay should be monoexpo-
nential after the dissociation of all of the dimers. We obtained a
monoexponential decay for diluted pure acridine orange
solution with a lifetime of 1.75 ns as expected. The lifetime
calculated from the decay curve of the equivalence point in
hyaluronan—AO was 1.78 ns (i.e., very close to the value
determined for pure AO). The equivalence point was
determined by steady-state fluorescence as described in the
previous section, where we also showed that the decrease in
fluorescence intensity suggests the formation of AO aggregates.
Lifetime measurements do not confirm the formation of AO
dimers, but fluorescence from acridine orange aggregates is a
forbidden process, which means that the lifetimes of acridine
orange aggregates may not appear in the fluorescence decay.
We assume that in steady-state measurements of samples
around the equivalence point all we can see is the weak
fluorescence of remaining nonaggregated acridine orange
monomers. This was also assumed from the fluorescence
spectra, where no dimer fluorescence peak appeared. The
interaction between acridine orange and hyaluronan is probably
not as strong as we assumed (also we have to consider that only
16% of binding sites appear to be available); however, there is
still a weak electrostatic interaction and the dimers are still
formed, which could be the reason that the fluorescence
intensity decreased so rapidly before the equivalence point
(Figure 4). Yet, the probability of fluorescence in these
aggregates is low; thus, we do not see any other (dimer or
oligomer) fluorescence peak in addition to the monomer
lifetime. But if we had observed no increase in fluorescence
intensity, it would have meant that the surfactant had not
replaced acridine orange. It is also possible that the hydrophilic
head of CTAB is too large to bond electrostatically to
carboxylic groups of hyaluronan because of the hydration of
the hyaluronan chain; however, we believe that this is not the
case because we see changes in fluorescence intensities as a
function of surfactant concentration. The hyaluronan hydration
shell was probably the reason that acridine orange formed
dimers with no significant fluorescence and why we saw only
decreasing (or increasing in the case of interaction with the
surfactant) fluorescence from acridine orange monomers.

3.3. Interaction of CTAB with an Acridine Orange—
Polystyrenesulfonate System. According to the fluores-
cence and absorption spectra of acridine orange in the presence
of polystyrenesulfonate (PSS), we assume that acridine orange
forms dimers in the presence of polystyrenesulfonate (Figure
8). As in the case of hyaluronan, the fluorescence intensity of
AO decreased with a concomitant increase in PSS concen-
tration; the minimum was very shallow (Figure 8a) and it was
not easy to determine the equivalence point. Apparently, the
break point is at a P/D close to 1, in agreement with Peyratout
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Figure 8. (a) Ratio of relative fluorescence and absorbance (D:M) of
acridine orange monomer and dimer in the PSS—AO system.
Fluorescence is relative to the sample in which PSS is not present.
(b) Emission spectrum of acridine orange from a sample without PSS
and with PSS (at the equivalence point determined in this section, P/
D = 4).

et al."* in which, however, a very narrow range of P/D was
used. Taking into account the numerical values of fluorescence
intensities at P/D above 1 (and up to 20—30), their error bars,
the corresponding D:M absorbance, and the relative
representation of dimer fluorescence lifetimes (see further in
the text), the equivalence point for (P/D), was determined to
be around 4 (0.825 mg/L). We assume that this value and the
shallow minimum are a result of stronger AO interactions with
PSS because of the formation of AO oligomers, which were
determined using time-resolved fluorescence as described
further in the text. Fluorescence spectra also showed the
formation of a new (dimer) peak at around 650 nm (see the
example of the system at the equivalence point in Figure 8b)
when the PSS concentration was increased."”'® This result
suggests that AO dimer formation is much stronger in the
presence of polystyrenesulfonate than in the presence of
hyaluronan. At a P/D of around 10, there was an increase in
fluorescence intensity accompanied by a decrease in the
dimer:monomer absorbance ratio, which was obviously caused
by the dissociation of acridine orange dimers due to the
existence of too many binding sites to occupy. At this moment,
acridine orange binds to the PSS chain, preferably in
monomeric form.

After the addition of a premicellar concentration of surfactant
(107 mol/L) to the PSS—AOQ system, the absorbance of the
dimer:monomer ratio rapidly decreased, which suggests the
dissociation of acridine orange dimers. Most importantly,
however, the dimer peak at around 650 nm disappeared and the
fluorescence intensity increased rapidly (results not shown).
This means that the surfactant replaced the acridine orange
dimers on the polystyrenesulfonate chain. The acridine orange
dimers dissociated, which caused an increase in fluorescence
intensity and the disappearance of the emission band of the AO
dimer. Fluorescence lifetime measurements confirmed steady-
state data. The fluorescence decay of acridine orange at the
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determined equivalence point of (P/D), = 4 exhibited a lifetime
of 1.66 ns for monomer, 15.94 ns for dimer, and 6.15 ns
probably for other AO aggregates or the formation of an
acridine orange—PSS complex, as reported for acridine orange—
DNA complexes.*> We assumed that the lifetime of 15.94 ns
was the dimer lifetime because iterative reconvolution
recovered the majority of long-lived components when we set
the emission monochromator to 650 nm, where the emission
maximum of the AO dimer is located. According to Ito et al,,
the lifetime of the AO dimer in the PVA film was around 10
ns.'® The relative representation of AO dimers increased with
increasing P/D, and the maximum was recovered at around P/
D 4. Then, the relative representation of AO dimers
decreased with the increasing representation of AO oligomers.
A triexponential function to fit data around the equivalence
point was used because the correlation between the measured
data and fitting parameters was poor for a biexponential
function (Figure S2 in Supporting Information). When a
triexponential function was used, standard deviation values
were randomly distributed around zero (Figure S2) and the x>
value decreased from 2.3 to 1.2 when compared to the
biexponential function. After the addition of the above-
mentioned concentration of surfactant (107> mol/L), fluo-
rescence decay became monoexponential with a lifetime of 1.8
ns.

On the basis of the above results, the titration of acridine
orange and PSS solution with CTAB was performed with an
automatic titrator, and the emission spectrum of acridine
orange was measured after every addition of surfactant. We
managed to obtain a micro- to millimolar concentration range
with minimized human error during the preparation of such
small concentrations and the pipetting of such small volumes.
From the plot of fluorescence intensity as a function of CTAB
concentration, it is obvious that after the addition of a
micromolar concentration the fluorescence intensity increased
(Figure 9a). The increase in fluorescence intensity means that
monomeric surfactant molecules replaced acridine orange
dimers. These assumptions are confirmed in a plot of the
monomer:dimer fluorescence intensity ratio as a function of
CTAB concentration (Figure 9b). The monomer/dimer
fluorescence intensity ratio increased after the first addition of
surfactant until this ratio stabilized. The stabilization suggests
the replacement of most of the AO dimers with surfactant
molecules. Figure 9b suggests that the monomer:dimer ratio
was stable after the addition of more than 1 X 107 M
concentration of surfactant. This means that, as suggested in
Figure 9a, the decrease in fluorescence intensity was caused by
the dilution of the sample while the system was titrated by the
surfactant.

3.4. Comparison of the Two Polyelectrolytes. A
comparison of Figures 4 and 8a shows that labeling the two
polyelectrolytes with acridine orange initially followed the same
pattern (at low values of P/D) except for the first two or three
points where the polymer concentration was very low, when
the fluorescence intensity decreased with increasing P/D, and
the absorbance ratio of dimer:monomer decreased in the same
time. After the equivalence (saturation) point was reached, the
fluorescence intensity in the case of PSS (the polyelectrolyte
with higher charge density) started to increase and the
dimer:monomer ratio decreased, which corresponded to the
increasing number of AO bound in monomeric form to the
increased number of available sulfonate groups. In the case of
hyaluronan, the polyelectrolyte with low charge density, the
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Figure 9. (a) Plot of the acridine orange fluorescence intensity as a
function of increasing CTAB concentration. (b) Plot of the AO
monomer/dimer fluorescence intensity ratio as a function of surfactant
concentration. The concentrations of AO and PSS were held constant
in all samples.

situation above the equivalence point was more complex. The
fluorescence intensity showed a second minimum accompanied
by a maximum in the dimer:monomer ratio dependence. This
was probably caused by overlapping hydrated biopolymer
chains and related microrheological effects at high hyaluronan
concentrations. In the hyaluronan-containing systems, no
fluorescence characteristics (either stationary or time-resolved)
corresponding to the AO dimer were detected. In these
systems, AO dimer fluorescence was quenched by effects of the
dimer microenvironment, and dimer existence could be
followed by absorption spectroscopy only. Both hyaluronan-
and PSS-based systems prepared at the equivalence point
composition responded to the addition of CTAB already at
very low concentrations. The fluorescence intensity increased in
comparison to both the surfactant-free system and with
increasing surfactant concentration, and at the same time, the
proportion of AO dimer decreased (which was more
pronounced for the PSS-based systems). This demonstrated
interactions between (AO-labeled) polyelectrolyte and surfac-
tant. The changes in spectroscopic characteristics with
surfactant concentration leveled off at a CTAB concentration
of about 3 X 10~ M for hyaluronan and 4 X 10~° M for PSS,
which are believed to correspond to the replacement of AO by
the surfactant. These concentrations can be viewed as kinds of
critical aggregation concentrations determined by the fluo-
rescence method; as expected on the basis of charge density,
the value for the PSS-based system was significantly lower than
that for the hyaluronan-based system. These conclusions are
also supported by the experiments with pyrene mentioned
above and are illustrated for hyaluronan in Figure S3 and for
PSS in Figure S4 in the Supporting Information. At the stated
concentrations, the pyrene excitation polarity index started to
decrease, indicating the formation of aggregates with hydro-
phobic domains. The value for PSS was significantly lower than
characteristic values reported in the literature on the basis of
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surface tension measurements,”" but the value for hyaluronan
was in excellent agreement with the critical binding
concentration determined from NMR self-diffusion measure-
ments.>® The fluorescence method presented in this work, like
the NMR measurements, is more sensitive to interactions on
the molecular level than methods such as surface tension.

4. CONCLUSIONS

Acridine orange was used as a fluorescent label attached to
oppositely charged functional groups of biopolymer or
synthetic polyelectrolyte—hyaluronan and polystyrenesulfonate,
respectively. The labeling changed the fluorescence and
absorption properties of dye molecules due to the formation
of AO dimers. The ratio of the number of polymer binding sites
to the number of dye molecules (P/D) at the equivalence point
was determined at the point of the fluorescence intensity
minimum. In the case of hyaluronan, a second minimum was
detected at a much higher P/D value, probably caused by
hyaluronan conformational changes at high concentrations. The
dissociation of the AO dimer upon the addition of surfactant to
the system corresponding to the equivalent P/D value was then
used to study polymer—surfactant interactions. The interactions
between hyaluronan and AO or surfactant were found to be
weaker than the interactions with polystyrenesulfonate,
probably due to the high hydration of hyaluronan chains.
Critical aggregation concentrations of CTAB determined by the
fluorescence method were 3 X 10™° M for hyaluronan and 4 X
107 M for PSS. In the presence of both polyelectrolytes,
surfactant molecules were pulled into the solution before the
critical micelle concentration was reached. The formation and
dissociation of acridine orange dimer exhibited the formation of
the bottle-brush structure caused by the adsorption of
surfactants on the polyelectrolyte chain.
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The degradation of hyaluronan of four molecular weights in aqueous solutions containing sodium azide
as a protectant was studied by SEC-MALLS determination of molecular mass and polydispersity and
conformation parameters. The solutions were stored either at laboratory or refrigerator temperatures for
up to seven months. After this time the molar mass decreased in 9—15% (room temperature) or 5—10%
(fridge) depending also on the storage conditions of solid samples from which the solutions were pre-

pared. Two degradation phases were observed at room temperature conditions. Two kinetic models were

Keywords:

Hyaluronic acid
Degradation
SEC-MALLS

Polymer conformation

employed to fit the data — zero order and exponential with no statistical preferences of any of them. The
polydispersity of all samples was low and remained unaltered during the whole degradation at both
temperatures which indicates non-random mechanism of degradation.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

One of the most important polysaccharide originated in
mammal body is sodium salt of hyaluronic acid (HA). Its importance
strongly increased in the last two decades. A lot of studies have
focused on its physical-chemical behaviour, role in tissue, cell
proliferation and developed ways how to use this polysaccharide in
wound healing, drug delivery system, anti-ageing application and
So on.

Hyaluronan is a linear natural polysaccharide of the glycos-
aminoglycans family. Its chemical structure comprises disaccharide
units composed of p-glucuronic acid and N-acetyl-p-glucosamine,
which are alternatively linked through 1,3 and 1,4 glycosidic bonds
[1].

Different molar mass hyaluronan has different role in body. For
example high molar mass hyaluronan organizes extracellular ma-
trix and low molar mass hyaluronan can be found in injured tissue
or in certain tumours [2,3]. This means, that high molar mass
hyaluronan in human body reflects normal tissue, but low molar
mass hyaluronan reflects damaged or stressed tissue [4].

For the above mentioned reasons many scientific groups re-
ported studies how to influence hyaluronan molar mass or what
can cause its degradation. Most of methods how to cleave

* Corresponding author. Tel.: +420 541149411.
E-mail address: simulescu@fch.vutbr.cz (V. Simulescu).

http://dx.doi.org/10.1016/j.polymdegradstab.2014.12.005
0141-3910/© 2014 Elsevier Ltd. All rights reserved.

hyaluronan is summarized in review from Stern et al. published in
2007 [4]. They describe enzymatic degradation and non-enzymatic
degradation of hyaluronan. Enzymatic degradation seems to be
most suitable for preparation of hyaluronan fragments with lower
molar mass. One of the important reasons is scission of the glyco-
sidic linkages exclusively without modification of primary structure
of hyaluronan.

Low or high pH conditions have obvious effect on hyaluronan.
Hydrolysis occurs in acid solution on the glucuronic acid residue
and the hemiacetal ring remains. In basic solution, hydrolysis oc-
curs on N-acetylglucosamine residue. The hydrolysis obeys first
order kinetics [5]. Other important observation suggested that
random chain scission occurs during hydrolytic degradation [1,5,6].
As well as random chain scission occurs during hydrolytic degra-
dation, the same mechanism was proposed for thermal degradation
of hyaluronan [7,8]. The opposite conclusion to hydrolysis and
thermal degradation was made to ultrasonication. Hyaluronan
degrades in a non-random way when exposed to ultrasound
resulting in a bimodal molar mass distribution [9]. Ultrasonication
is preferable to other applied degradative procedures (i.e. conven-
tional heating and microwave irradiation), because ultrasonication
can reduce molar mass up to 100 kDa without significant changes
in primary structure of hyaluronan [10].

Other possible ways of hyaluronan degradation can be pre-
sented, such as interaction with hydrogen peroxide [ 11], ozone [12],
singlet oxygen and so on, but it would be beyond the scope of this
paper and all of these methods are summarized in the review by
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Stern et al. [4] or some of these aspects are also in the review from
Lapcik et al. [1]. Hyaluronan is a strongly hydrophilic molecule [13].

There is very little information on the stability of hyaluronan
molecular mass in solutions after hyaluronan powder is dissolved
in water. In other words, little information on degradation of hya-
luronan solutions prepared and stored in laboratory for various
purposes. This is the first report on this issue.

2. Materials and methods

The degradation of hyaluronan samples of four different molar
masses was studied by SEC-MALLS technique in order to observe
the changes of molar mass, polydispersity and polymer confor-
mation in time. All hyaluronic acid samples which were at disposal
for this study were obtained from Contipro (Czech Republic) where
were produced by fermentation (Streptococcus equi., subsp.
Zooepidemicus bacterial strain). The product names and their
actual weight averaged molar masses, given by the producer who
had measured it also with SEC-MALLS when the fresh solid powder
of hyaluronan was obtained by fermentation, were as follows:

- HA 1 MDa: My, = 1 MDa;

HA 0.75 MDa: My, = 752 kDa;

- HA 200—300 kDa: My, = 267 kDa;
HA 10—150 kDa: M,, = 17 kDa.

These solid materials were kept in different conditions before
used for this study and were thus subjected to some potential
degradation in the solid state:

- HA 1 MDa: 6 years old, kept in the fridge (5—7 °C) during this
period;

- HA 0.75 MDa: one year old, kept in fridge during this period;

- HA 200—-300 kDa: one year old, kept in desiccator at room
temperature during this period;

- HA 10—-150 kDa: the powder was obtained just few weeks
before this study and kept in fridge prior to analysis.

Thus also some information on the degradation during the
storage in the solid state could be obtained besides the main goal —
study of degradation in solution.

The SEC-MALLS equipment used in the present work was pro-
duced by Wyatt (USA; the detector part) and by Agilent (USA; the
chromatography part). It included MALLS detector (Dawn Heleos
II), viscometric detector (ViscoStar II) and RI detector (Optilab T-
rEX). The multi angle laser light scattering detector had 18 angles of
detection, ranging from 10° to 160°. Astra 6 software package was
used for data collection and analysis.

The chromatograph contained degasser, isocratic pump, auto-
sampler, column for size exclusion chromatography (one PL
aquagel-OH MIXED-H 8 pm PL1149-6800 produced by Agilent was
used), and thermostat. The mobile phase used was 0.1 M NaNOs
aqueous solution, containing 3 mM NaNj3 to prevent microorganism
growing. Sodium azide is commonly used protectant of hyaluronan
solutions. All SEC-MALLS measurements were performed at 25 °C.

The solutions of hyaluronic acid were prepared with the same
solvent as the mobile phase. We used solutions of different con-
centrations, ranging from 1 mg/ml for high molar mass samples
hyaluronan up to 5 mg/ml for low molar mass samples.

SEC-MALLS technique allows:

- the separation of different polymeric compounds (fractions)
according to their molar masses

- the determination of absolute molar mass averages from 102 Da
to 10° Da

- the calculation of polydispersity

- the determination of the root mean square radius (RMS), also
known as “radius of gyration” (R)

- the determination of conformation plot and Mark-Houwink-
Sakurada (MHS) plot

From the slope of the conformation plot RMS = f{M,,) the shape
of the polymer can be found [14—16]. The shape of the polymer can
be obtained as well from Mark-Houwink-Sakurada plot [ 14,17—20].

For molar mass calculation Zimm model was used [21,22]. The
refractive index increment (dn/dc) value used to calculate the molar
mass was 0.165 mL/g [23,24].

3. Results and discussions

As noted in the preceding section, the degradation of hyalur-
onan samples could occur first in the solid state during the storage
of the powdered samples before this study and then occurred in
aqueous solutions prepared for this study. The degradation in the
solid state really occurred, except for HA 10—150 kDa (the shortest
storage in the solid state), as was confirmed by the SEC-MALLS
analysis of the fresh prepared solutions which served as initial
points for this study (Table 1).

The degradation in the solid state expressed as the molar mass
loss relatively to the value given by the producer was as follows:
474% for HA 1 MDa, 15.8% for HA 0.75 MDa, 34.2% for HA
200—300 kDa. The degradation corresponds to the storage condi-
tions as expected — higher molar mass loss is observed for the
longer storage and/or for the storage at higher temperature. From
these values an overall degradation rate of solid preparations could
be estimated in %/year: 7.9 for HA 1 MDa, 15.8 for HA 0.75 MDa, 34.2
for HA 200—300 kDa. We will come back to degradation kinetics
below but it is clear that the degradation is faster during the storage
at laboratory temperature.

As an example, the SEC-MALLS record obtained for the fresh
solution of HA 10—150 kDa sample is shown in Fig. 1 (in this case
concentration was 2.5 mg/ml). The standard deviation of the results
obtained with SEC-MALLS for the same sample at the same con-
ditions was around 1%.

After measuring the fresh solutions, an amount of the prepared
solutions was kept at room temperature, and other amount was
kept in the fridge. The solutions were then analyzed after one week,
one month, 3, 5 and 7 months (the low molar mass samples were
also measured at one month and a half). In Table S1(supplementary
information) are the values of weight average molar mass (M,,) and
mass loss for all solutions measured at different periods.

At room temperature, we observed an exponential or perhaps
hyperbolic decrease of My, in time (Figs. 2 and 3). We can see that
after certain period of fast decrease of molar mass, the degradation
rate at room temperature is very small.

After more than 90 days in the fridge, only a small decrease in
molar mass was observed, especially for the samples with higher
molar masses. The values of molar mass found after 90 days for the
samples kept in the fridge were still higher than the values of molar

Table 1
Weight averaged molar mass (M) and polydispersity determined for fresh hya-
luronan solutions.

Sample name M,, Polydispersity
kDa

HA 1 MDa 526 1.20

HA 0.75 MDa 633 1.30

HA 200—-300 kDa 176 1.25

HA 10—150 kDa 171 1.10
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Fig. 1. SEC-MALLS record obtained for fresh solution of the HA 10—150 kDa sample.

mass found for the samples kept at room temperature. This proved
that the degradation is much slower for the samples kept in the
fridge than for the same samples kept at room temperature, in
accord with Arrhenius law.

The conformation plots for HA 1 MDa, HA 0.75 MDa and HA
200—-300 kDa (given as an example in Fig. 4) samples at different
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Fig. 2. The degradation of HA 0.75 MDa (a) and HA 1 MDa (b) in time at room tem-
perature and in the fridge.
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Fig. 3. The mass decrease of HA 10—150 kDa (a) and 200—300 kDa (b) in time at room
temperature and in the fridge.

periods, at room temperature and in the fridge, gave the value of «
coefficient between 0.5 and 0.7. This value indicates that the
polymer shape is random coil and it was not changed during
storage and degradation during the storage.

The Mark-Houwink-Sakurada plots (MHS, example see Fig. 5)
confirmed the random coiled shape of HA 1 MDa, HA 0.75 MDa and
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g
g
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2
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-
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Fig. 4. The conformation plot of HA 1 MDa and HA 200—300 kDa fresh solutions.
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Fig. 5. MHS plot for HA 0.75 MDa and HA 200—300 kDa fresh solutions.

HA 200—300 kDa samples. For these samples the coefficients found
from the MHS slopes (a) showed values ranging from 0.5 to 0.8 as
expected for random coiled polymers.

In the case of the shortest hyaluronan chains, sample HA
10—150 kDa, the coefficients found from the MHS plot (Fig. 6)
showed different values, between 1.2 and 1.54, not changing during
the storage. All the coefficients found from MHS plot for HA
10—150 kDa are higher than for the other hyaluronan samples
analyzed.

The maximum value of this coefficient for random coiled poly-
mer is 0.8 and the value expected for rigid rod is 1.8. MHS thus
proved that the shape of HA 10—150 kDa is between random coil
and rigid rod. The results obtained from MHS plot for HA
10—150 kDa samples were also confirmed by the conformation plot
(example see in Fig. 7). In this case the very low molar mass does
not allow the formation of random coil conformation. In other
words, the polymer of a very low molar mass is too short to form a
random coil conformation, and for this reason it behaves more like
a rod. This behaviour is not changed during the storage, naturally.
MHS and conformation plots are collected in Supplementary in-
formation (Figs. S1-7).

The curves given in Figs. 2 and 3 clearly show kinetic differences
between the storage at room temperature and in the fridge. The
degradation at the room temperature occured in two phases —fast
phase followed by slow phase. In fridge the degradation resulted in
essentially linear or slightly curved decrease of molar mass.
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Fig. 6. MHS plot for HA 10—150 kDa samples at different periods of storage.
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Fig. 7. The conformation plot for HA 10—150 kDa stored at room temperature after 218
days.

However, the slight curvature shows that it cannot be excluded that
after yet longer period the second phase will appear also for the
fridge-stored solutions. According to Tokita and Okamoto [5],
degradation of hyaluronan obeys first order kinetics. Dependencies
of molar mass on time, determined in samples kept at room tem-
perature, may suggest exponential decay of the first order kinetics.
By plotting the data in the form of linearized first order kinetic
equation,

In M,, = —kt +In M, (1)

we found out that dependencies are not linear (k is the slope, t is
the time, M, is the initial molar mass at zero time).

We proposed two degradation models for the rate of hyaluronan
degradation. First model was based on fitting straight lines through
data points shown in Figs. 2 and 3. In the case of room temperature
degradation, two linear fits were applied — one for each of the two
detected phases. In fact, this is a zero order kinetic model (two such
models in the case of the room temperature storage) — the linear
decrease of molar mass:

My = My, + kot 2)
gives by differentiation:

dM,,
ar ko (3)

Table 2
Parameters of kinetic models, adjusted R-square values and time of the end of the
first degradation phase (t.), Samples stored at room temperature* and in the
fridge™™.

Sample name 10—-150 kDa  200—300 kDa  0.75 MDa 1 MDa

kK (h™1) —62x10% -13x103 -83x10% -22x1073
adj. R—squarezxp 0.97 0.96 0.96 0.95

M (kDa) 15.2 160 540 450

Migr (kDa) 1.8 16 97 80

kpr (kDa h™1) —76x10% -12x102 —-68x102 -94x10?
kio(kDa h™1) —22x10% -11x102 -10x102 -26x1073
te (h) 1073 1022 808 706

adj. R-squareg; 0.78 0.99 0.89 1.00

adj. R-squareg, 0.80 0.98 0.78 0.94

ky" (kDah™1) —22x10% —29%x103 -11x102 -11x10?2
adj. R-squarey”  0.85 1.00 0.98 0.99
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which is zero order kinetic equation with the rate constant ko. Rate
constants evaluated from data are collected in Table 2. Rate con-
stants for the first degradation phase at room temperature
decreased (in absolute values) with decreasing molar mass but for
the samples with some previous storage history (HA 1 and
0.75 MDa and 200—300 kDa) were of the same order of magnitude
and in two orders of magnitude higher than for the fresh sample
(HA 10—150 kDa). Thus the age of solid preparation seems to be
more important than its specific molar mass. Rate constants in the
second phase at room temperature (kgy) are about 3—30 times
lower comparing to the first stage (ko1).

Rate constants for the zero order model and samples stored in
the fridge were several times lower than constants determined for
the first stage of the storage of corresponding samples at the room
temperature. The highest absolute values were found for the two
samples of the highest molecular weight whereas the slowest
degradation was found for the sample HA 10—150 kDa (fresh
powder). In the latter case the dependence of M,, on time was
slightly curved but the linear fitting was still acceptable at least for
the purpose of comparison. For the sample HA 200—300 kDa no
degradation was observed during the first 100 days. Calculation of
degradation rate constant of this sample was thus based on two
points only for the sake of comparison.

The second degradation model, applicable only for samples
stored at the room temperature, was designed empirically taking
into account the exponential decrease of the molar mass:

My = Moo + Mgre ™, (4)

where the parameter M, represents the theoretical asymptotic
value at t—> o0 (=€ *®—-0=My—M,) and the second parameter
Mg represents the difference between the initial molar mass and
the asymptotic value. Fit of My, = f(t) with equation (4) yields the
overall rate constant k. Parameters of the second model determined
by data fitting are summarized in Table 2. The rate constants of the
two models cannot be compared due to the differences in their
units. However, the highest value of the overall rate constant was
found for the sample HA 1 MDa whereas the lowest value for the
sample HA 10—150 kDa as in the case of zero order model in the
first phase. Comparison of adjusted R-squares determined by Origin
software indicates no clear preference of one of the two models.

If the degradation of solid samples given in the beginning of this
section (%/year) is recalculated to kDa lost per hour the resulting
numbers are between the absolute values of kg and kg of corre-
sponding samples. Probably also in the solid state storage two
degradation phases can be expected. Thus the solid sample HA
1 MDa was already in the second phase whereas the samples HA
200—-300 kDa and 0.75 MDa in the transition between the two
phases.

The polydispersity of all samples remained practically unaltered
during the storage degradation. This indicates that the degradation
could not proceed via random scission of hyaluronan chains to
fragments of various lengths which is usually the mechanism of
chemical, non-enzymatic breakdown [4]. We can therefore hy-
pothesize that the observed degradation was caused by residual
microbial exo-products released and contained in aqueous medium
(or as production residue in the solid sample) before the addition of
protectant.

All chains were progressively degraded in a synchronous way by
releasing very small fragments which were not detected in SEC-
MALLS technique. Actually, the RI detector showed some very
small fluctuations of the baseline at retention times behind the
light scattering peak (around 0.5% of sample peak intensity, see
Fig. S8 in Supplementary information) which can indicate presence

of these fragments (but it could be also a consequence of noise or
impurities coming from the column).

This would also explain the relatively small decrease of molec-
ular weight and the significant deceleration of degradation
observed in the second phase during the storage at laboratory
temperature — the degrading agents were mostly consumed in the
first phase.

4. Conclusions

As expected the degradation of hyaluronic acid dissolved in
water, as evaluated by the decrease of its average molecular mass,
was faster at room temperature than in the fridge for all samples
analyzed in this work. After about 7 months of storage of solutions
the molar mass decreased in 9—15% (room temperature) or 5—10%
(fridge) depending also on the storage conditions of solid samples
from which the solutions were prepared. Thus, on average, the
decrease of hyaluronan molar mass during storage of its solutions
in water (added with antimicrobial agent) was relatively small even
after several months. The storage conditions of solid hyaluronan
used to prepare solutions seem to outweigh the effect of molecular
mass on the degradation rate.

At room temperature the degradation showed two phases — fast
initial phase followed after 1-1.5 month by slow phase. The data at
the room temperature could be satisfactorily fitted by two kinetic
models — two-part zero order model and exponential model. The
data collected for the fridge storage showed essentially a linear
decrease of molecular mass with time and were fitted with single
zero order model.

From the conformation and Mark-Houwink-Sakurada plots, the
random coiled shape was confirmed for all samples except the
sample of the lowest molecular mass and was retained during the
degradation. The conformation of the sample of the lowest mo-
lecular mass (17 kDa) was found to be between random coil and rod
and also retained during the degradation.

The polydispersity of all samples was low and remained unal-
tered during the whole degradation at both temperatures. This
excludes random scission mechanism of degradation.
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The degradation of hyaluronan (HA) of different molecular weights (M,, 14.3, 267.2 and 1160.6 kDa,
measured for fresh solutions, before degradation) was studied in aqueous solutions by SEC-MALLS deter-
mination of molecular mass, polydispersity and conformation parameters. The solutions were stored
either at laboratory or refrigerator temperatures for two months. After this period the weight average
molecular weight decreased by 90% for 14.3kDa, 95% for 267.2 kDa and 71% for 1160.6 kDa hyaluro-
nan (room temperature) or 5.6% for 14.3kDa, 6.2% for 267.2kDa and 7.7% for 1160.6 kDa hyaluronan

ﬁz‘ffrzﬁgc acid (refrigerator temperature).

Degradation The hyaluronan aqueous solutions studied did not contain sodium azide or other protectants against
SEC-MALLS microorganisms, because the aim of our study was to assess the degradation in solutions to be used in
MHS plot medicine or cosmetics (without any compounds that are poisonous or toxic for the human body). The

solvent used to prepare the samples was pure water.
The polydispersity of all the samples remained unaltered during the entire degradation at both tem-

Polymer conformation

peratures. This indicates a non-random mechanism of degradation.

© 2015 Elsevier Ltd. All rights reserved.

Hyaluronan (HA) is a linear natural polysaccharide of the
glycosaminoglycans family. Its chemical structure comprises
disaccharide units composed of [-D-glucuronic acid and N-
acetyl B-p-glucosamine, which are alternately linked through
(1—3) and (1 — 4) glycosidic bonds [—4)-3-D-GlcA-(1 — 3)-3-D-
GIcNAc-(1—] (Lapcik, De Smedt, Demeester, & Chabrecek, 1998).
Hyaluronan occurs naturally in the synovial fluid that surrounds
the joints. It is one of the most important polysaccharides origi-
nated in mammalian bodies. Hyaluronic acid has many applications
in medicine and cosmetics. The consistency of hyaluronan becomes
thinner in individuals with osteoarthritis. Hyaluronic acid has been
used for osteoarthritis treatment, by direct injection into the knee
joint.

It is important to know details of hyaluronic acid degradation
in aqueous solutions to be used in medicine and cosmetics, with-
out any protection against microorganisms. In other words, it is
important to know how long such solutions can be stored without
significant degradation of the polymer.

* Corresponding author at: Faculty of Chemistry, Brno University of Technol-
ogy, Materials Research Centre, Purkyfiova 118, 612 00 Brno, Czech Republic.
Tel.: +420541149411.

E-mail address: simulescu@fch.vutbr.cz (V. Simulescu).

http://dx.doi.org/10.1016/j.carbpol.2015.10.101
0144-8617/© 2015 Elsevier Ltd. All rights reserved.

Hyaluronic acid of different molecular weight plays differ-
ent roles in the human body. High molecular weight hyaluronan
organizes the extracellular matrix, while low molecular weight
hyaluronan can be found in injured tissues or in tumours (Qhattal
& Liu, 2011; Noble, 2002; Stern, Kogan, Jedrzejas, & Soltés, 2007;
Kogan, Soltés, Stern, & Gemeiner, 2007). For this reason it is impor-
tant to study the degradation of both high and low molecular
weight hyaluronan in aqueous solutions without the addition of
other compounds which prevent the growth of microorganisms
(such as sodium azide).

In our study we used three hyaluronan samples of different
molecular weight:

- HA90-130kDa (Producer determined weight average molecular
weight My, =117 kDa)

- HA 300-500 kDa (Producer determined weight average molecu-
lar weight M,, =458 kDa)

- HA 1750kDa (Producer determined weight average molecular
weight My, = 1669 kDa)

All samples studied were produced by Contipro, Czech Republic.
Many research teams have reported on studies of hyaluronic acid
degradation (Lapcik et al., 1998; Tokita & Okamoto, 1995; Reed
& Reed, 1989; Bothner, Waaler, & Wik, 1988; Rehakova, Bakos,
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Table 1
Number and weight average molecular weight and polydispersity (M,,/M,) deter-
mined for fresh hyaluronan solutions.

Sample name M, kDa M,, kDa My,/M,
HA 90-130kDa 10.6 143 135
HA 300-500 kDa 250.8 267.2 1.07
HA 1750kDa 11323 1160.6 1.03

Soldan, & Vizarova, 1994; Vercruysse, Lauwers, & Demeester, 1995;
Dfimalova, Velebny, Sasinkova, Hromadkova, & Ebringerova, 2005).
However, there is little information on the stability of hyaluronan
degradation in aqueous solutions stored in laboratories for various
purposes.

Hyaluronan degrades in a non-random way when exposed to
ultrasound (Vercruysse et al., 1995; Dfimalova et al., 2005). We
observed the same for the long-term degradation of hyaluro-
nan in aqueous solutions, in our previous studies (Mondek,
Kalina, Simulescu, & Pekaf, 2015; Simulescu, Mondek, Kalina, &
Pekaf, 2015; Mondek, Simulescu, & Pekar, 2014) and also in the
present study; the polydispersity of all samples remained unaltered
throughout the entire degradation, at both temperatures (room
temperature and refrigerator temperature). This excludes the ran-
dom scission mechanism of degradation.

We studied the degradation of hyaluronic acid by molecular
weight determination, using the SEC-MALLS method (Zimm, 1948;
Wyatt, 1993). All SEC-MALLS measurements were performed at
25°C. The solutions of hyaluronic acid were prepared with pure
water. The mobile phase used was 0.1 M NaNO3 aqueous solution.
All the measurements were repeated at least four times, for each
period of degradation, as well as for the fresh solutions.

The SEC-MALLS method allows the determination of molecu-
lar weight, polydispersity and polymer conformation. The shape
of the polymer can be obtained from a Mark-Houwink-Sakurada
plot (Harding, 1992; Wagner & Verdier, 1978; Han, 1979; Hiemenz
& Timothy, 2007; Harding, 1997). For molecular weight calculation
the Zimm model was used (Zimm, 1948; Wyatt, 1993). The refrac-
tive index increment (dn/dc) value used to calculate the molecular
weight was 0.165 mL/g (Huglin, 1989; www.wyatt.de, 2015).

When the fresh solutions of the samples were measured, lower
molecular weight values were obtained for all samples studied
(Table 1).
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Fig. 2. The weight average molecular weight decrease of HA 90-130kDa at room
temperature and refrigerated.

The degradation of hyaluronan samples first occurred in the
solid state during the storage. A significant difference was observed
when the values obtained for the fresh measured solutions (Table 1)
were compared with the weight average molecular weight val-
ues given by the producer. For example, for the highest molecular
weight hyaluronan studied here (HA 1750kDa), the mass loss in
powder form during the storage was 34% of the initial value. It
should be mentioned that all solid materials were kept at refrig-
erator temperature prior to analysis (4°C). After measuring the
fresh hyaluronic acid solutions, a quantity of the prepared solu-
tions was kept at room temperature and another quantity was kept
in the refrigerator. Several chromatograms obtained by using the
SEC-MALLS method for the analyzed samples are shown in Fig. 1.

The difference in the intensity of the peaks shown in Fig. 1
was caused by My, and concentration. We used a concentration of
5mg/ml for HA 90-130 kDa and for HA 300-500 kDa samples, and
a concentration of 1 mg/ml for HA 1750 kDa sample.

At room temperature the degradation showed three phases
(Figs. 2-4):

Molar Mass vs. time
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Fig. 1. Examples of chromatograms obtained with SEC-MALLS for some of the analyzed samples.
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Fig. 3. The weightaverage molecular weight decrease of HA 300-500 kDa over time.

- first phase of moderate degradation (up to 8-11 days)

- fast molecular weight decrease (over 11 days)

- the weight average molecular weight plateau (over 40 days for
HA 90-130kDa and HA 300-500kDa, and over 60 days for the
HA 1750 kDa sample)

The degradation of the HA 90-130kDa sample at room tem-
perature showed a plateau in the first 8 days. The weight average
molecular weight measured after 8 days (Table 2) was lower by
only 0.1kDa than the weight average molecular weight initially
measured for its fresh solution.

The HA 90-130 kDa sample was the most stable to degradation
out of all the samples used in the present study. After around 10
days at room temperature, the microorganisms were developed
enough to degrade the polymer very rapidly, up to a weight
average molecular weight of 1.7 kDa after 35 days and of 1.4 kDa
after 60 days (a percentage change in weight average molecular
weight - the percentage of hyaluronan degradation between initial
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Fig. 4. The weight average molecular weight decrease of HA 1750kDa at room
temperature and refrigerated.

measured weight average molecular weight and M,, measured
after 60 days - of 90% of the initial value).

For the HA 300-500 kDa sample we observed a faster degrada-
tion (percentage change in weight average molecular weight of 95%
of the initial value after only 35 days). For the HA 90-130 kDa and
HA 300-500 kDa samples the degradation had almost stopped after
40 days, and it showed a second plateau (Figs. 2 and 3).

In the case of HA 1750kDa sample (Fig. 4), the degradation
was slower at the beginning (percentage change in weight average
molecular weight of only 15% of the initial value after 30 days). Its
degradation increased later, and it showed a percentage change in
weight average molecular weight of 71% of the initial value after 60
days. The second plateau for HA 1750 kDa was reached after more
than 2 months of storage at room temperature.

On the other hand, the percentage change in weight average
molecular weight in the refrigerator after 60 days was very small
in comparison with the mass loss observed at room temperature:

Mark-Houwink-Sakurada Plot

" HA 300-500kDa fresh solution

" HA 300-500kDa 63 days fridge
HA 1750kDa 57 days room temperature

® HA 300-500kDa 37 days room temperature ® HA 300-500kDa 63 days room temperature

" HA 300-500kDa 8 days room temperature

® HA 1750kDa 30 days room temperature
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Fig. 5. MHS plots of the HA 300-500 kDa and HA 1750 kDa samples.
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Table 2
Number and weight average molecular weight determined after different periods of degradation for the samples studied.
Sample name HA 90-130kDa HA 90-130kDa HA 300-500 kDa HA 300-500kDa HA 1750kDa HA 1750kDa
Molecular weight M, (kDa) M,, (kDa) M, (kDa) M,, (kDa) M, (kDa) M,, (kDa)
Room temperature
8 days 10.5 14.2 199.2 244 982.4 10084
1 month 14 1.7 79 13.6 950.9 9834
2 months 1.1 1.4 6.5 12.6 244 3322
Refrigerated
1 month 9.9 13.6 196.3 2644 1082.2 1112.7
2 months 8.3 13.5 192.7 250.7 1027.1 1071.1

- 5.6% of the initial value for HA 90-130 kDa
- 6.2% of the initial value for HA 300-500 kDa
- 7.7% of the initial value for HA 1750kDa

Even without any protection against microorganisms, the
hyaluronan solutions could be stored in the refrigerator for 60 days
without significant weight average molecular weight change. The
degradation is much slower for the samples kept in the refrig-
erator than for the same samples kept at room temperature, in
accordance with the Arrhenius law, as we have also observed in
our previous work (Simulescu et al.,, 2015; Mondek et al., 2014).
The degradation is due both to the effect of temperature and
the action of microorganisms. For a comparison with the present
study, in the above-cited previous study we used solutions with an
added antimicrobial agent (sodium azide); we observed a relatively
small weight average molecular weight decrease even after several
months (9-15% of the initial value at room temperature after 220
days). We can state that the difference between the two studies is
the presence or absence of degradation caused by microorganisms.

From the Mark-Houwink-Sakurada plots, a randomly coiled
shape was confirmed for the HA 1750 kDa samples throughout the
entire degradation process (Fig. 5). The plot slope coefficients were
between 0.5 and 0.8, as expected for randomly coiled polymers.

Assessing the HA 300-500 kDa sample, we can observe that the
random coil conformation was also proved for its fresh solution,
for the solutions stored in the refrigerator and for the solu-
tion degraded at room temperature for 8 days (MHS coefficients
between 0.59 and 0.63). However, when the degradation was more
rapid, after more than 8 days at room temperature (significant

percentage change in weight average molecular weight), the HA
300-500 kDa sample was already too short to form a random coil
conformation, and the MHS coefficients increased more (0.91 after
37 days and 1 after 63 days, Fig. 4). In this case the conformation of
HA 300-500 kDa was between random coil and rod. On the other
hand, the conformation of the HA 90-130 kDa sample was between
random coil and rod from the beginning (Fig. 6). The coefficients
obtained from the MHS plots were around 1 for the HA 90-130 kDa
sample throughout the entire degradation process, because it is too
short to allow the formation of a random coil conformation.

In conclusion, the aqueous solutions of hyaluronic acid could be
stored at room temperature for 8 days without protection against
microorganisms. After this period, the microorganisms were devel-
oped enough to degrade hyaluronan very rapidly (percentage
change in weight average molecular weight of 90% for 14.3 kDa, 95%
for 267.2kDa and 71% for 1160.6 kDa hyaluronan after 60 days).
In the refrigerator, the hyaluronan samples were very stable to
degradation even up to 60 days of storage (percentage change in
weight average molecular weight of just 5.6% for 14.3 kDa, 6.2% for
267.2kDa and 7.7% for 1160.6 kDa hyaluronan).

The random coil conformation was confirmed for the HA
1750kDa sample throughout the entire degradation process, as
well as for the HA 300-500 kDa sample fresh solution, stored in
the refrigerator or degraded at room temperature, but only up
to 8 days in this case. For the more degraded HA 300-500 kDa
sample, and for HA 90-130kDa, the conformation obtained from
Mark-Howink-Sakurada plots was between random coil and rod,
because those polymers are already too short to form a random coil
conformation.

Mark-Houwink-Sakurada Plot

" HA 90-130kDa fresh solution

HA 90-130kDa 8 days room temperature
® HA 90-130kDa 23 days room temperature
® HA 90-130kDa 35 days fridge

" HA 90-130kDa 7 days room temperature

" HA 90-130kDa 20 days room temperature
HA 90-130kDa 24 days at room temperature
HA 90-130kDa 63 days fridge
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Fig. 6. The MHS plots for HA 90-130 kDa fresh solution and after degradation.
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deprotonation of 1-naphthol was studied in aqueous solution and in
polymer-cetyltrimethylammonium bromide (CTAB) mixtures using picosecond fluorescence spec-
troscopy to study the influence of hyaluronan hydration in polymer-surfactant interactions. The
aqueous micelle solution showed the expected change of proton transfer rate around the reported
critical micelle concentration (~1mM). The proton transfer rate dependence on CTAB concentration
in the hyaluronan-CTAB and polystyrenesulfonate-CTAB systems differed significantly from that in

ﬁz‘ffrﬁﬁ;n the aqueous micelle solution. The dynamic study of excited state proton transfer (ESPT) revealed the
Excited-state proton transfer significant influence of hyaluronan hydration in CTAB micelles. When hyaluronan-CTAB aggregates
Fluorescence were formed at the CTAB concentration of 0.5 mM, a tenfold decrease in the rate of deprotonation was
Hydration observed when compared to polystyrenesulfonate-CTAB aggregates due to hyaluronan hydration. In

2 mM CTAB-hyaluronan aggregates, the rate of deprotonation was found to be almost two times faster
than in the 2 mM CTAB or polystyrenesulfonate-CTAB system. Furthermore, the study of excited-state
proton transfer of 1-naphthol confirmed that hyaluronan hydration layer penetrates into the micelle
and changes the emission characteristics of 1-naphthol.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Hyaluronan-surfactant (liposome) interactions provide a useful
model for an anticancer drug delivery system based on hyaluro-
nan sensitivity to the CD44 receptor (Di Meo et al.,, 2007; Oh
et al, 2010; Qhattal & Liu, 2011). Hyaluronan is a biocompati-
ble and biodegradable polysaccharide consisting of disaccharide
repeat units (3-p-(1—4)-glucuronic acid and [3-N-(1— 3)-acetyl-D-
glucosamine) (Lapcik, De Smedt, Demeester, & Chabrecek, 1998).
Delivery systems based on hyaluronan are known to be quite
selective for tumor cells because the CD44 receptor is overex-
pressed in cancer cells (Platt & Szoka, 2008). In this model, the
micelle likely provides a good environment for drug solubilization,
stabilization, or controlled release, and hyaluronan provides con-
trolled targeting of the drug. Hyaluronan in aqueous solution
forms specific overlapping domains creating meshwork which is
stabilized by specific H-bonds, water bridges and hydrophobic

* Corresponding author. Tel.: +420 736779649.
E-mail address: xcmondek@fch.vutbr.cz (J. Mondek).

http://dx.doi.org/10.1016/j.carbpol.2015.04.060
0144-8617/© 2015 Elsevier Ltd. All rights reserved.

interactions (Davies, Gormally, Wyn-Jones, Wedlock, & Phillips,
1982). In combination with polarity of hyaluronan, this is thought
to be the reason for high water-retention capacity. The hydration
or water-retention capacity is probably one of the most impor-
tant aspects of the biological functions of hyaluronan (Kucerik
etal.,2011). Hyaluronan-cationic surfactant interactions have been
described in many previous papers (Bjoerling, Hersloef-Bjoerling,
& Stilbs, 1995; Halasova, Krouska, Mravec, & Pekaf, 2011; Hersloef,
Sundeloef, & Edsman, 1992; Thalberg & Lindman, 1989; Thalberg,
Lindman, & Karlstroem, 1990) but, to date, no reports about the
influence of hyaluronan hydration in hyaluronan-surfactant inter-
action have been reported. It is known that polyelectrolytes, such
as polystyrenesulfonate or hyaluronan, form so-called “pearl neck-
lace” aggregates (Bjoerling et al., 1995) with surfactants due to
the induced aggregation of surfactant molecules on polymer chain
above certain surfactant and polymer concentrations. However,
there is no study on interactions of pre-formed micelles (especially
those containing solubilized hydrophobic substance) with hyaluro-
nan and on the effect of the binding of polymer to the micelle. Is
there some change in the micelle environment which affects solubi-
lized species? The hydration of hyaluronan could probably change
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the conditions for solubilization; or, alternatively, the position of
the solubilized species (such as a drug or fluorescence probe) could
be affected.

The excited state proton transfer of aromatic dyes has been
widely studied in bulk water or systems such as micelles
(Giestas et al, 2003; Mandal, Pal, & Bhattacharyya, 1998;
Solntsev, II'ichev, Demyashkevich, & Kuzmin, 1994), proteins
(Jankowski, Dobryszycki, Lipifiski, & Stefanowicz, 1998; Jankowski,
Wiczk, & Janiak, 1995), reverse micelles (Cohen et al., 2002),
cyclodextrins (Mondal et al, 2005; Pahari, Chakraborty, &
Sengupta, 2011), nafions (Spry, Goun, Glusac, Moilanen, & Fayer,
2007) and polymer-surfactant interactions (Dutta et al., 2002;
Mukherjee, Lahiri, & Datta, 2007; Sahu, Roy, Mondal, Karmakar,
& Bhattacharyya, 2005). The excited state proton transfer fluores-
cence probe 1-naphthol exhibits dual fluorescence with emission
peaks of neutral form (NpOH) at ~350 nm and an emission peak of
anionic form (NpO~) at ~450 nm. The emission of NpO~ is domi-
nant in a water environment and NpOH emission is dominant in
a hydrophobic environment or in alcohols (Lee, Robinson, Webb,
Philips, & Clark, 1986; Rakshit, Saha, Verma, & Pal, 2012). In bulk
water, 1-naphthol undergoes excited state proton transfer in 35 ps
and almost the entire excited state population is in anionic form.
This causes an extremely low fluorescence intensity of the neu-
tral 1-naphthol form. When 1-naphthol is solubilized into micelles,
the proton transfer rate is retarded and neutral fluorescence inten-
sity is significantly increased (Mandal et al., 1998). When an ESPT
(excited state proton transfer) fluorescence probe adsorbs onto a
polymer, the proton transfer rate changes as well as the fluores-
cence intensity of its emission peaks. This phenomenon was used
to study the hydration of some polymers such as poly N-vinyl-2-
pyrrolidone (Pal, Sundar Maity, Samanta, Saha Sardar, & Ghosh,
2010) and polyvinyl alcohol (Kumar & Mishra, 2007). Spry et al.
(2007) used proton transfer dynamics as a tool to study the water
environment in nafion fuel cell membranes and in the anionic
surfactant aerosol OT in heptane as a solvent. The rate of pro-
ton transfer differed with the size of nafions or aerosol OT. The
proton transfer was influenced by a change in the hydrogen bond-
ing network of water, as the water pools were reduced in size,
which allowed the fluorescence probe to get closer to the nonpo-
lar solvent. Das, Duportail, Richert, Klymchenko, and Mély (2012)
studied proton transfer dynamics in anionic, cationic and non-
ionic micelles. Their results suggest that proton transfer in cationic
micelles is the slowest because —N(CHj3 )3 * headgroups inhibit the
approach of water molecules close to the Stern layer of cationic
micelles.

In this study, ESPT was used to study interactions of cationic
micelles with hyaluronan and to address the above stated ques-
tions. In the first part, the formation of polymer-surfactant
aggregates was studied. In this part, we compared a synthetic poly-
mer with a higher charge density (a “stronger polyelectrolyte”)
and a hyaluronan biopolymer. However, the aim of this work was
not to report on the formation of hyaluronan-cationic surfactant
aggregates, because we demonstrated this in our previous study
with acridine orange (Mondek, Mravec, Halasova, Hnyluchova, &
Pekaf, 2014). Chiefly, we wanted to characterize the usefulness
of the ESPT of 1-naphthol in hyaluronan-surfactant interactions.
In the second part, we studied changes to the inner environment
of cationic surfactant micelles due to binding of hyaluronan and
its hydration shell. This involved the use of time-resolved fluores-
cence and kinetic calculations. The extreme sensitivity of ESPT to
the presence of water molecules makes the fluorescence study of
ESPT convenient for studying the environment of the probe and also
polymer-micelle interactions. Again, we compared the synthetic
polymer polystyrenesulfonate (PSS), for which there is no report of
any significant hydration layer, with the biopolymer hyaluronan,
which is a well-known humectant.

There is very little information on how is the inner part of the
micelle influenced by the hydration layer of the attached poly-
mer. The penetration of hyaluronan hydration layer into the micelle
could significantly affect solubilized species. This is the first report
on this issue.

2. Materials and methods
2.1. Materials

1-Naphthol and pyrene fluorescence probes, the surfactant
cetyltrimethylammonium bromide (>99%), and sodium polystyre-
nesulfonate (Myy=70kDa) were purchased from Sigma-Aldrich
and used as received. Sodium hyaluronate (Mw =116kDa) was
purchased from Contipro Group s.r.o. and used as received. Stock
solutions of surfactant and polymers were prepared in deionized
water (PURELAB flex from ELGA LabWater). Stock solutions of flu-
orescence probes were prepared in methanol. A small quantity of
fluorescence probe solution (50 L) was transferred to a vial and
the solvent was gently vaporized. The concentration of 1-naphthol
in all samples was 10 wM. Samples were prepared by the addition
of appropriate volumes of polymer solution, water, and surfactant
solution to form a concentration range of surfactant from 1 x 10~6
to 2x 10~2molL-'. In the pyrene study, samples were prepared
with a constant concentration of pyrene (5 x 10-6molL-1) and
polymer (7 mg/L) and with an increasing concentration of surfac-
tant ranging from 1 x 10~ molL~! to 2 x 102 mol L-1. All samples
were stirred overnight to ensure equilibration. A low concentration
of polymers was chosen to avoid coagulation and turbid samples.
The pH of all samples was around 6.5.

2.2. Fluorescence measurements

Fluorescence spectra were measured with a Fluorolog Horiba
Jobin Yvon spectrofluorimeter. In the case of 1-naphthol, the exci-
tation monochromator was set to 300nm and the emission scan
was in the range of 310-580 nm. In the case of pyrene measure-
ments, the excitation monochromator was set to 335 nm and the
emission scan was setin therange of 360-550 nm. For lifetime mea-
surements, the 1-naphthol and pyrene samples were excited with
301 nm nanoLED and 329 nm nanoLED, respectively, with a pulse
width of less than 1 ns. Fluorescence decays were collected under
magic angle polarization conditions in a Horiba Jobin Yvon Fluo-
rocube instrument using a time-correlated single photon counting
technique (Lakowicz, 2002, 2006). Emissions were collected at
350 nm for the neutral 1-naphthol form, 450 nm for the anionic 1-
naphthol form, and 381 nm for pyrene. ATBX-PS detector was used
as a detection module containing all the electronics (photomulti-
plier, constant fraction discriminator) necessary to detect single
photons with picosecond accuracy. The time range in a time-to-
amplitude converter was changed using a Fluorohub instrument.
The typical FWHM of the system was 250 ps. The time-resolved flu-
orescence decays were analyzed by iterative reconvolution and the
fit was judged according to goodness of fit using non-linear least-
squares (NLLS) analysis with reduced XI% (Grinvald & Steinberg,
1974; Lakowicz, 2006; Periasamy, 1988). Iterative reconvolution
and NLLS analysis were performed in the DAS6 program with
models for multiexponential decay with n components using the
equation

n
1(t) =) o exp(—t/;) )]
i=1
where «; represents a pre-exponential factor which relates to the
amount of each component present in the system and 7; is the life-
time of the i-th component. Time-resolved emission spectra (TRES)
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were constructed from the measurement of decays at multiple
emission wavelengths and steady-state spectra according to the
equation (Koti, Krishna, & Periasamy, 2001)

Zidi(k)e—t/rf(l)
S ()T (A)
where Iss represents steady-state fluorescence intensity. Time-
resolved area-normalized emission spectra (TRANES) were con-

structed from TRES for time t=t according to the equation (Koti
et al., 2001; Koti & Periasamy, 2001)

I(A, £) =Iss (A) (2)

(0= 210, 0) (3)

where Sy and S; represent the area of the time-resolved emission
spectrum at t=0 and t=t, respectively.

3. Results and discussion

3.1. Steady-state fluorescence study of the CTAB and
CTAB-hyaluronan systems

Fig. 1 shows the steady-state emission spectra of 1-naphthol in
water, hyaluronan, CTAB, hyaluronan-CTAB, and water-methanol
mixtures. The fluorescence intensity ratio of neutral and anionic 1-
naphthol in water was 1:42. The addition of 2mM CTAB increased
the fluorescence intensity of anionic emission with a concomitant
increase in the neutral emission peak. The NpOH:NpO~ intensity
ratio changed to 1:16. This intensity ratio was significantly smaller
than in bulk water, which would suggest that significant inhibition
of the excited-state proton transfer reaction occurred due to the
solubilization of 1-naphthol molecules into micelles. As described
by Kim et al., 30-50 molecules of water are needed to promote the
ESPT reaction (Kim et al.,, 1995). The fluorescence spectrum of 1-
naphthol in CTAB showed a major peak at 450 nm. In a hydrophobic
environment, the emission of anionic 1-naphthol would be signif-
icantly inhibited, because there are not enough water molecules
around 1-naphthol to promote ESPT. Our observation suggests that
1-naphthol was located in the Stern layer of CTAB micelles and
the fluorescence spectrum was influenced by the hydration of the
Stern layer, because, in the case of solubilization in the micelle core,
the fluorescence intensity of neutral 1-naphthol would be signifi-
cantly higher when compared to the anionic form. On the other
hand, proton transfer was most effective in the hyaluronan system.
The NpOH:NpO~ ratio in hyaluronan increased to 1:56. The fluores-
cence intensity ratio in hyaluronan was significantly different from
that of bulk water. The increase in proton transfer efficiency sug-
gests the adsorption of 1-naphthol in the hyaluronan-bound water
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Fig. 1. Steady-state fluorescence emission spectra of 1-naphthol in water (- -
), 7mg/L hyaluronan (@ ®@® ), 2mM CTAB (- ® - ), 0.5mM CTAB-7 mg/L
hyaluronan (=== @ @ === ) 2 mM CTAB-7mg/L hyaluronan ( ) and 80%
methanol-water mixture (—— ). The inset depicts the range of neutral 1-naphthol

emission. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 2. Titration of the 1-naphthol ((Q), pyrene-hyaluronan (A ),

naphthol-hyaluronan (0 ) and naphthol-PSS (X ) systems with CTAB. The
lines do not represent fits; they are only for guidance. The fluorescence intensity is
the intensity of neutral 1-naphthol measured at 350 nm. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

region, as similarly reported for poly (N-vinyl-2-pyrrolidone) (PVP)
(Pal et al., 2010). The fluorescence spectrum of 1-naphthol in the
80% water-methanol mixture depicts an example of the effective
inhibition of ESPT. The ratio of the fluorescence bands of the neutral
and anionic 1-naphthol forms was 1:0.9, suggesting the significant
inhibition of proton transfer in this system. The retardation of pro-
ton transfer by the presence of alcohols is described elsewhere (Lee
et al., 1986).

The steady-state emission intensity of both neutral and anionic
1-naphthol increased in 7 mg/L hyaluronan solution after the addi-
tion of 2mM CTAB. The NpOH:NpO~ ratio decreased to 1:15,
which suggests the solubilization of 1-naphthol into micelles,
as in the case of 2mM CTAB in the absence of hyaluronan.
When 0.5mM CTAB was added to 7mg/L hyaluronan solution,
the NpOH:NpO~ fluorescence intensity ratio decreased to 1:45,
when compared to hyaluronan in the absence of CTAB, which
represents a water-like ratio. According to Thalberg and Lind-
man, the electrostatic interaction between hyaluronan and CTAB
forms hyaluronan-CTAB aggregates before the critical micelle con-
centration of CTAB (~1mM) is reached (Thalberg & Lindman,
1989). A 5nm shift in the emission wavelength maximum
was observed in the hyaluronan-0.5mM CTAB system when
compared to the hyaluronan solution, which indicates the solubili-
zation of 1-naphthol to CTAB aggregates (Table S1 in Supporting
information), but no significant increase in NpOH fluorescence
intensity occurred. When titrations of the 1-naphthol, naphthol-
hyaluronan, and pyrene-hyaluronan systems with CTAB were
compared, no significant difference between the 1-naphthol and
naphthol-hyaluronan systems was observed (Fig. 2) and, from the
plot of NpOH fluorescence intensity as a function of CTAB con-
centration, it seems that no hyaluronan-CTAB aggregates were
formed before the critical micelle concentration of CTAB. A com-
parison of the plot of the excitation polarity index (EXPI) of
pyrene against CTAB concentration indicates the formation of
CTAB-hyaluronan aggregates at the 0.05mM concentration (the
critical aggregation concentration); also, CMC would appear to
decrease to 0.5mM due to a shift of the inflection point of ExPI
dependence to a lower concentration (when no interaction occurs,
the inflection point of the ExPI curve would lie around 1 mM).
The comparison of normalized NpOH and NpO~- fluorescence
intensities as functions of CTAB concentration shows a differ-
ence between the plots (Fig. 3). NpO~ fluorescence intensity has
a first maximum at around 0.02 mM. The second increase begins
at the 0.5 mM concentration of CTAB. The dependence of anionic
fluorescence intensity on CTAB concentration from Fig. 3 corre-
lates with the results of the titration of the pyrene-hyaluronan
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Fig. 3. Normalized fluorescence intensities of neutral (dJ) and anionic (O ) 1-
naphthol in hyaluronan solution as a function of CTAB concentration. The lines do
not represent fits; they are only for guidance. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

system from Fig. 2. The fluorescence intensity of the NpOH form
should change as well as NpO~ emission when aggregation of
the surfactant occurs, but the neutral 1-naphthol emission is
probably influenced by a higher representation of water molecules
in the micellar environment. 1-Naphthol in hyaluronan-CTAB
aggregates is likely to be affected by the greater hydration of the
micelle’s Stern layer. In the following section, the effect of hyaluro-
nan on the fluorescence decay of 1-naphthol in hyaluronan-CTAB
aggregates is discussed.

3.2. Fluorescence decay study of the hyaluronan-CTAB system

The fluorescence decay of NpOH was always fitted with a tri-
exponential function. Fluorescence lifetimes are summarized in
Table 1. The decay of neutral 1-naphthol in the presence of hyaluro-
nan consists of a fast time of deprotonation and two slower times
of 1362 ps and 7880 ps (Table 1). The fast component is 1.5 times
higher than in bulk water, the first slow component is a water-
like component, and the second slow component represents the
decay of NpOH. The fluorescence decay suggests influence from the
adsorption of 1-naphthol onto hyaluronan, because the deprotona-
tion rate is influenced by polymer bound water, not by bulk water.
Also, the average fluorescence lifetime increased two times in the
presence of hyaluronan, which was also the case with PVP, result-
ing from adsorption of the probe onto polymer bound water (Pal

Table 1

et al., 2010). The significant change in the relative amplitudes of
the two slow decay components, when compared to water, also
suggests that the fluorescence decay of NpOH does not belong
to 1-naphthol in bulk water but to adsorbed 1-naphthol. NpO~
decay in the presence of hyaluronan was fitted with a biexponential
function with a bulk water-like rise time of 1515 ps and a decay
time of 8052 ps. The adsorption of 1-naphthol to hyaluronan bound
water did not affect NpO~ decay, because the decay of NpO~ in
water and in the presence of hyaluronan had comparable lifetimes
and relative amplitudes.

The NpO~- decay in 0.05mM CTAB and in the presence of
hyaluronan was fitted with a triexponential function with two
rise times of 1270 ps and 8074 ps and a decay time of 20 ns. The
increase in NpO~ decay time may be ascribed to a decay from
hyaluronan-CTAB aggregates. The shift in the critical micelle con-
centration from 1 mM down to 0.5 mM (see earlier in the text) is
similarly shown in Table 1. Comparison of the NpO~ decay param-
eters of 0.5 mM CTAB in the absence and presence of hyaluronan
shows a sevenfold increase in the rise time and an increase in
the decay time to 17ns in the presence of hyaluronan. Again,
the decay time of the 1-naphthol form may be explained by sol-
ubilization in hyaluronan-CTAB aggregates. In hyaluronan-CTAB
aggregates ([CTAB]=0.05mM), the fluorescence decay of neu-
tral 1-naphthol exhibits comparable decay parameters to NpOH
decay in the absence of surfactant. Fluorescence lifetimes and rel-
ative amplitudes would appear to be hyaluronan-like components
when compared to 2mM CTAB in the presence of hyaluronan. As
described earlier in the text, NpO~ decay parameters are not influ-
enced by polymer bound water; thus, NpO~ fluorescence lifetimes
may indicate 1-naphthol solubilization. From the discussion above,
the results indicate that the decay of NpOH is probably influenced
by the hydration shell of hyaluronan. Also, steady-state experi-
ments suggest that 1-naphthol is solubilized in the Stern layer of
the CTAB micelle. When hyaluronan-CTAB aggregates are formed,
the hyaluronan hydration shell probably reaches the Stern layer
of the micelle and changes the fluorescence lifetimes of neutral 1-
naphthol. The influence of hyaluronan hydration also seems to be
observed in the CTAB concentration after CMC (2 mM). The life-
times of NpOH in the absence and presence of hyaluronan are
comparable, but the major component in the presence of hyaluro-
nan becomes the fast component of 337 ps, which is related to the
rate constant of deprotonation; the major component becoming the
fast component may be ascribed to the change in the environment
of the Stern layer.

Fluorescence decay parameters of 1-naphthol in CTAB, hyaluronan, hyaluronan—-CTAB, PSS, and PSS-CTAB systems. 7; and A; describe the fluorescence lifetimes and their
relative amplitudes, respectively. NP — not present, which describes the situation in which only two lifetimes were recovered by reconvolution.

CTAB (mM) Hyaluronan NpOH emission NpO~ emission
(*PSS) (mg/L)

71 (ps) 72 (ps) 73 (ps) A1 (%) A (%) A3(%) 71 (ps) 72 (ps) 73 (ps) A1 (%) A2 (%) As(%)
0 0 54 1346 8504 87.79 6.42 5.79 NP 1608 8191 NP 2.15 97.85
0.3 77 1270 8565 87.94 3.94 8.13 NP 1016 8166 NP 1.63 98.37
0.5 78 1289 8303 85.53 6.24 8.23 NP 1263 8191 NP 1.90 98.10
2 277 682 13,997 35.32 61.94 275 516 13,971 21,254 -1.75 18.94 82.81
0 7 80 1362 7880 80.00 6.20 13.80 NP 1515 8052 NP 1.89 98.11
0.05 92 1140 8125 78.94 8.34 12.73 1270 8074 19,986 1.59 89.93 8.47
0.3 64 1001 7969 84.27 5.16 10.57 839 4298 8143 1.04 3.08 95.88
0.5 67 813 7752 80.00 11.16 8.84 1147 7904 17,139 141 81.75 16.84
2 337 684 11,777 63.91 3149 4.59 439 9626 20,191 -1.59 15.41 86.18
0 7" 69 1924 10,486 529 335 13.6 NP 1387 8185 NP 239 97.61
0.05 92 1928 5715 49.08 29.02 219 118 7788 14,720 1.97 86.33 11.70
0.3 314 2559 6960 15.75 61.63 22.62 779 8239 20,395 1.39 83.91 14.70
0.5 257 2310 6425 16.16 583 25.54 720 8200 20,398 141 85.21 13.38
2 489 1836 10,129 71.81 21.11 7.08 510 10,823 20,527 -1.56 20.19 81.37
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Fig. 4. (a) TRES of 1-naphthol in 0.5 mM CTAB in the presence of hyaluronan, (b) TRANES of 1-naphtholin 0.5 mM CTAB in the presence of hyaluronan, (c) TRES of 1-naphthol
in 0.5 mM CTAB in the presence of PSS, (d) TRANES of 1-naphthol in 0.5 mM CTAB in the presence of PSS. The insets of (b) and (d) show isoemmisive points in greater detail.

Fluorescence decays of 1-naphthol in 0.5 mM CTAB in the pres-
ence of hyaluronan were measured at multiple wavelengths across
the whole emission spectrum (Fig. 4a). Time-resolved emission
spectra show the disappearance of NpOH emission 1 ns after exci-
tation, meaning that only the NpO~ peak is apparent afterwards.
TRANES spectra were constructed from TRES. The isoemmisive
point was found at 390 nm. The isoemissive point indicates two
emissive species which belong to both 1-naphthol forms present
in hyaluronan-CTAB aggregates.

3.3. Polystyrenesulfonate study

Comparison of hyaluronan with the synthetic polymer
polystyrenesulfonate was performed to compare fluorescence data
on 1-naphthol in the hyaluronan-CTAB system with fluorescence
data on 1-naphthol in the PSS-CTAB system. Steady-state fluo-
rescence spectra show a significant difference between the two
systems (Fig. 5). Comparison of the fluorescence intensity of 1-
naphthol in the CTAB-PSS and hyaluronan-CTAB systems as a
function of CTAB concentration suggests the formation of PSS-CTAB
aggregates around 0.01 mM CTAB concentration (Fig. 2). The dif-
ference in fluorescence spectra between 1-naphthol emission in
the PSS-CTAB and hyaluronan-CTAB systems is depicted in the
inset of Fig. 5. NpOH emission intensity in the PSS-CTAB system is
much higher than in the hyaluronan-CTAB system, even when both
systems contain aggregates, as described higher in the text. The
time-resolved study yielded the same results and the fluorescence
lifetimes are summarized in Table 1. TRANES spectra confirmed the
emissions of both 1-naphthol forms, because the isoemmisive point
is observed (Fig. 4b, d). Both the steady-state and time-resolved
study indicate the serious interference of hyaluronan hydration in
the CTAB micelle, which has an impact on molecules solubilized in
the Stern layer.

3.4. Kinetic study of the ESPT process

The excited state processes of 1-naphthol depicting proton
transfer (Scheme 1) start with the decay of the excited neutral
form. (NpOH)" can also undergo fast deprotonation to form the
compartmentalized ion pair (NpO‘*...H3O+) with a rate constant
of deprotonation kpr. The compartmentalized ion pair dissociates
into individual ions NpO~* and H3O* with the rate constant kg
or recombines into (NpOH)" and H,O with the rate constant Krec.
Individual ions can be transferred back into the compartmentalized
ion pair with the rate constant kp [H+] w Compartmentalized ion
pairs and individual ion pairs can decay to form NpO~. In this work,
kp [H+] w Was negligible, because the pH of samples was around 6.5.
This relatively high pH value causes the transfer of individual ions
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Fig. 5. Steady-state fluorescence emission spectra of 1-naphthol in water (-
), 7mg/L PSS (@ ®® ), 2mM CTAB (- ® - ), 0.5mM CTAB-7mg/L PSS
(e @ @ w===) 2 mM CTAB-7 mg/L PSS ( ). The inset shows the compar-

ison of emission spectra of hyaluronan (- -) and PSS (=== @ @ === )with 0.5mM
CTAB. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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Scheme 1. Kinetic scheme of excited state proton transfer in 1-naphthol.
Table 2
Rate constants of the deprotonation (kpr), recombination (krec) and dissociation (kgiss) of 1-naphthol forms at 298 K.
CTAB (mM) Hyaluronan (PSS*) (mg/L) kpr x 10° (s71) Krec x 109 (s71) kgiss x 102 (s71)
0 0 17.31 1.16 0.67
2 1.48 0.02 3.53
0 7 11.65 0.79 0.66
0.05 9.92 0.87 0.91
0.5 13.25 1.52 133
2 247 0.20 1.71
0 7* 9.8 5.11 0.71
0.05 7.2 3.56 0.74
0.5 1.18 1.72 1.37
2 1.70 0.23 0.60
MeOH-water 80% 1.28 0.15 1.68

into one compartmentalized ion pair in the excited state to become
kinetically unimportant (Giestas et al., 2003; Sahu et al., 2005).

The mechanism of Scheme 1 can be written as a differential
equation as follows (Giestas et al., 2003):

NpOH —X kree O NpOH

% NpO™-H* | _ | kpy —Y 0 | x | NPO~---H* )
NpO™~ 0 ks —Z NpO™~

where

X = kpr + knpon ~ ket

Y = krec + Kiss + kNpo- (5)

Z=kp[H"] | +knpo- ~ knpo-

These equations suggest tri-exponential decay of the proton-
ated and deprotonated forms of 1-naphthol. The individual rate
constants for the CTAB, hyaluronan-CTAB, and PSS-CTAB systems
were obtained from the lifetimes and corresponding relative ampli-
tudes of both 1-naphthol forms (Table 2).

The rate of deprotonation in the 2 mM micelle solution was
almost twelve times lower than in bulk water due to 1-naphthol
solubilization. Table 2 shows the difference in deprotonation rate
between hyaluronan-CTAB and PSS-CTAB aggregates. The results
indicate aggregation at all CTAB concentrations depicted in Table 2
due to the reduction in the deprotonation rate constant; how-
ever, the deprotonation rates exhibit remarkable differences. The
deprotonation rates of 0.05mM CTAB in the presence of hyaluro-
nan and PSS differed only by a factor of 1.4. At the 0.05mM
concentration, both systems exhibited a reduction in proton trans-
fer approximately by a factor of two when compared to bulk
water. At the 0.5mM CTAB concentration, the PSS-CTAB sys-
tem indicated a micelle-like or methanol-and-water mixture-like
deprotonation rate; however, the hyaluronan-CTAB system exhib-
ited a higher deprotonation rate constant than at the 0.05mM
concentration. The rate of deprotonation in hyaluronan-CTAB
aggregates probably slows down when the critical micelle con-
centration is exceeded, possibly due to the formation of larger
aggregates, where hyaluronan hydration has a smaller influence
than in the CTAB concentration before CMC. The deprotonation rate

in 2mM CTAB in the presence of hyaluronan showed an almost
twice faster deprotonation rate than in micelles, the PSS-CTAB
system, or 80% methanol-water, which suggests the influence of
hyaluronan hydration in the Stern layer of CTAB micelles. PSS had
a greater influence on the recombination rate than hyaluronan.
Recombination was faster in the PSS solution and was almost five
times faster than in bulk water. With the formation of aggregates,
the recombination rate in the presence of PSS decreases and in
2mM CTAB it is comparable to 2mM CTAB in the presence of
hyaluronan. The dissociation rate of ion pair increases with the
formation of aggregates in both the hyaluronan and PSS-CTAB
systems. 2mM CTAB in the presence of PSS showed the slowest
dissociation of compartmentalized ion pairs.

4. Conclusions

The dynamics of ESPT is extremely sensitive to the water envi-
ronment. In water, the ESPT of 1-naphthol is extremely fast, which
correlates with the extremely low fluorescence intensity of the neu-
tral form of 1-naphthol. When 1-naphthol solubilizes in micelles,
the rate of deprotonation is retarded with a concomitant increase
in the fluorescence intensity of NpOH. The addition of PSS to the
CTAB solution with a concentration below the critical micelle con-
centration causes the formation of aggregates and the retardation of
the deprotonation rate of 1-naphthol due to the solubilization of 1-
naphthol in PSS-CTAB aggregates. The solubilization of 1-naphthol
also occurs in the hyaluronan-CTAB system, but the proton trans-
fer rate is much faster than in the PSS-CTAB system or in micelles
with the absence of polymer. The PSS study suggests, that PSS
has no significant hydration layer. On the other hand, the influ-
ence of hyaluronan hydration caused the deprotonation rate of
1-naphthol in 0.5 mM CTAB-hyaluronan aggregates to be ten times
faster than the rates in the CTAB or 0.5 mM CTAB-PSS system. The
same occurred in 2 mM CTAB, but the proton transfer rate of 1-
naphthol was twice faster in the hyaluronan-CTAB system than in
the CTAB or PSS-CTAB systems. The results of the pyrene study
correlate with the assumption that hyaluronan-CTAB aggregates
are formed before the critical micelle concentration, while the
time-resolved and proton transfer dynamic study demonstrated
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the difference between the environments in hyaluronan-CTAB and
PSS-CTAB aggregates.

Excited-state proton transfer represents a unique method in
observing the changes in the inner micelle environment, e.g., the
influence of the hydration layer of polymer interacting with micelle
on the solubilized species. The study of excited state proton trans-
fer in hyaluronan-CTAB aggregates showed that hyaluronan can
affect solubilized species in micelles, e.g. the species change their
position or their emission properties are directly influenced by the
hydration shell of hyaluronan.
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The aim of the present work was to compare the thermal degradation of bovine serum albumin and
hyaluronic acid of different molar masses by determining the loss in molecular weight by means of SEC-
MALLS (size exclusion chromatography — multi angle laser light scattering). For all measured samples,
the results obtained by this method were compared with the results for stability determined by elec-
trophoretic light scattering. The degradation study was performed in solution and in powder.

Bovine serum albumin (also known as BSA) is a protein derived from cows, which has many
biochemical applications. Hyaluronic acid (hyaluronan or HA) is an anionic nonsulfated glycosamino-
glycan distributed widely throughout connective, epithelial, and neural tissues.

The powder and solutions of BSA and HA were heated at different temperatures ranging from 37 °C to
120 °C for certain periods (the highest temperature was used only for the powder). The observed
degradation increased with the duration of heating and with temperature for all hyaluronic acid samples
analyzed in this work, in accord with Arrhenius law.

At 37 °C and 60 °C, only moderate degradation was observed for hyaluronic acid solutions. For BSA at

37 °C no degradation was observed and at 60 °C significant aggregation occurred.

© 2015 Published by Elsevier Ltd.

1. Introduction

Hyaluronic acid, in the form of a sodium salt (hyaluronan or HA)
is one of the most important polysaccharides originating in the
mammalian body. During the last few decades, many studies have
focused on its role in tissues, body fluids, and cell proliferation, and
developed ways to use this polysaccharide in wound healing, drug
delivery systems, and anti-aging applications. Hyaluronan is a
linear natural polysaccharide of the glycosaminoglycans family. Its
chemical structure comprises disaccharide units composed of p-
glucuronic acid and N-acetyl-p-glucosamine, which are alterna-
tively linked through 1,3 and 1,4 glycosidic bonds [1]. Hyaluronic
acid can be synthesized via polymerization reactions [2], as in the
case of other polymers obtained by different synthetic processes
(co-polymerization, polymerization in solution, enzymatic poly-
merization etc) [3—6].

Hyaluronan of different molar masses has different roles in the
body. For example, high molar mass hyaluronan organizes the

* Corresponding author.
E-mail address: simulescu@fch.vutbr.cz (V. Simulescu).

http://dx.doi.org/10.1016/j.polymdegradstab.2015.06.012
0141-3910/© 2015 Published by Elsevier Ltd.

extracellular matrix and low molar mass hyaluronan can be found
in injured tissue or in certain tumors [7,8]. The stability of hyalur-
onan and its molar mass are important not only from the point of
view of its physiological functions but also in the development of its
applications (e.g. tailoring its molar mass to a specific application)
and in how it is handled, both in its solid and dissolved form. Many
methods of how to cleave hyaluronan were summarized in the
review by Stern et al. [9].

Low or high pH conditions have obvious effects on hyaluronan.
In acid solution, hydrolysis occurs on the glucuronic acid residue
and the hemiacetal ring remains. In basic solution, hydrolysis oc-
curs on the N-acetylglucosamine residue. Such hydrolysis obeys
first order kinetics [10]. Other observations suggest that random
chain scission occurs during hydrolytic degradation [1,10,11], and
this same mechanism has also been proposed for the thermal
degradation of hyaluronan [12—14]. The degradation of hyaluronic
acid powder using different methods (electron beam irradiation,
gamma ray irradiation, microwave irradiation, and thermal treat-
ment) was reported in a study by Choi et al. [15]. The thermal
degradation of hyaluronan has not been investigated from the point
of view of the decrease in its molar mass. This, therefore, was the
main focus of this work, in which the thermal behavior of
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hyaluronan was compared with that of bovine serum albumin,
another important biopolymer, well known for its denaturation at
elevated temperatures.

Bovine serum albumin (also known as BSA) is a serum albumin
protein derived from cows. It is often used as a protein concen-
tration standard in lab experiments (also as Mw standard, for SEC-
MALLS normalization). The full-length BSA precursor protein has
607 amino acids (in its length), while the mature BSA protein
contains 583 amino acids. Bovine serum albumin (BSA), one of the
major components in plasma protein, plays an important role in
transporting and metabolizing many endogenous and exogenous
compounds in metabolism [15]. Bovine serum albumin can also be
synthesized via condensation followed by polymerization re-
actions, as described in Ref. [16].

We are the first to report a comparative study of the thermal
degradation of hyaluronic acid and BSA, in aqueous solution and in
solid powder form, using SEC-MALLS. As for BSA in solution,
degradation could not be studied at temperatures above 60 °C,
because of the significant aggregation which occurred.

In the work published in a study of Yohannes et al. [17], the
authors showed that the particle size is relatively stable up to 60 °C,
but that above 63 °C aggregation occurs (growth of the hydrody-
namic diameter). The heat-induced aggregation of BSA is depen-
dent on temperature, concentration, incubation time, and salt
concentration. All these parameters affect the particle sizes of the
aggregates, the molar masses, the zeta potential, and the confor-
mational structure of BSA.

For example, the smallest BSA concentration at which aggre-
gates were observed at 80 °C was 0.1 mg/mL!7. Above this con-
centration, the sizes of the aggregates were proportionally
dependent on BSA concentration. The smallest time for 1 mg/mL
BSA solution to aggregate at 80 °C was about 2 min [17].

2. Materials

The hyaluronan samples (sodium salt) used in the present work
were purchased from Contipro (Czech Republic). These samples
were products of bacterial fermentation (Streptococcus equi.,
subsp. Zooepidemicus bacterial strain):

- HA 1.67 MDa (1669 kDa): M,, = 1145.3 kDa
- HA 1.8 MDa (1800 kDa): My, = 1351.5 kDa

The hyaluronan samples of 1669 and 1800 kDa were 1 year old
and 3 years old, respectively. The hyaluronan samples were kept in
a refrigerator at 4 °C before use.

The BSA samples used in the present study were purchased from
Sigma Aldrich:

- BSA 82 kDa: M,, = 82.3 kDa;
- BSA 87 kDa: M,, = 87 kDa.

The used BSA samples of 82 and 87 kDa were 2 years old and 4
years old, respectively, and were also kept in the refrigerator at 4 °C
prior to analysis.

3. Methods

The principal technique used to study thermal degradation in
this study was SEC-MALLS, which gives detailed information on
polymer molar mass and conformation.

The SEC-MALLS apparatus used in the present work was pro-
duced by Wyatt (USA; the detector part) and by Agilent (USA; the
chromatography part). It included a MALLS detector (Dawn Heleos
1), a viscometric detector (ViscoStar II), and a refractive index

detector (Optilab T-rEX). The multi angle laser light scattering
(MALLS) detector had 18 angles of detection, ranging from 10° to
160°. The Astra 6 software package was used for data collection and
analysis.

The chromatograph contained a degasser, an isocratic pump, an
autosampler, a column for size exclusion chromatography (one PL
aquagel-OH MIXED-H 8 um PL1149-6800 produced by Agilent), and
a thermostat. The used mobile phase was 0.1 M NaNOs; aqueous
solution, containing 3 mM NaN3 to prevent the growth of micro-
organisms. All SEC-MALLS measurements were performed at 25 °C.

The solutions were prepared using the same solvent as that used
for the mobile phase. Concentrations of 1 mg/mL for hyaluronan
and 5 mg/mL for BSA were used. All samples were filtered before
injection using Millipore Durapore Membrane filters 0.1 pm.

The SEC-MALLS technique allows:

the separation of different polymeric compounds (fractions)

according to their molar masses

the determination of absolute molar mass averages from 10% Da

to 10° Da

the calculation of polydispersity

- the determination of the root mean square radius (RMS), also
known as the “radius of gyration” (Rg)

- the determination of the conformation plot and

Mark—Houwink—Sakurada (MHS) plot

From the slope of the conformation plot RMS = f{M,,), the shape
of the polymer can be found [18—20]. The shape of the polymer can
also be obtained from the Mark—Houwink—Sakurada plot
[18,21—24].

For molar mass calculation, the Zimm model was used [25,26].
The refractive index increment (dn/dc) values used to calculate the
molar mass were 0.185 mL/g for BSA and 0.165 mL/g for hyaluronic
acid [27,28].

The results obtained from SEC-MALLS were supplemented with
the charge characterization of the colloidal stability of dissolved
samples, as measured by the method of electrophoretic light scat-
tering (ELS) on a Zetasizer Nano ZS (Malvern Instruments). The ELS
method measures the movement of charged colloidal particles in
the sample after the application of an electric field. First, the elec-
trophoretic mobility of particles in the sample is determined and
this value is recalculated to zeta potential using the Henry equation
[29]. The value of the zeta potential is used to estimate the stability
of the sample resisting aggregation (the colloidal stability due to
the electrostatic repulsion). If the value of the zeta potential is
between —30 and 30 mV, the charge of the particles is not sufficient
to ensure the stabilization of repulsive forces; that is, particles can
approach each other closely and aggregation occurs. In this case,
the sample is non-stable. If the zeta potential is higher than 30 mV
or lower than —30 mV, particles have sufficient surface charge and
these systems are considered to be stable against aggregation.

Electrophoretic light scattering measurements for all studied
samples were performed using similar settings as in the SEC-
MALLS method (temperatures of 37, 60, or 90 °C in solution; total
time of heating ranging from 1 to 12 h). All measurements were
conducted four times and the obtained results are presented as
mean value + standard deviation.

4. Results and discussion

We analyzed two hyaluronan samples of different molar mass
and two BSA samples of different molar mass after their thermal
degradation in powder form and in solution. Thermal treatment of
the analyzed samples was performed at different temperatures for
certain periods.
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The novelty of the present work is the use of SEC-MALLS tech-
nique together with electrophoretic light scattering (ELS) method,
to study the thermal degradation of hyaluronan and BSA samples,
in powder and also in solution. Our study shows how the molar
mass of the analyzed samples is affected by the temperature.

The results obtained for the fresh solutions of hyaluronan and
BSA used in this work are shown in Table 1, together with the mass
loss calculated on the basis of the product molar mass given by the
producer:

A non-negligible decrease in molar mass in the solid state was
observed for both hyaluronan samples. The observed molar masses
for the fresh hyaluronan solutions were lower than expected. The
same tendency of molar mass loss was observed in our previous
study on the long-term degradation of hyaluronic acid [30].

This degradation in the solid state (Table 1) was due to the age of
the samples and to their storage conditions. Both hyaluronan
samples were kept in the refrigerator at 4 °C prior to analysis.

In contrast, the results obtained for fresh BSA solutions showed
the expected values for molar mass (no degradation was observed
before analysis in the solid state).

Subsequently, the prepared solutions of BSA and HA were
heated in an oven at 37 °C, 60 °C and 90 °C, for periods ranging from
1 h to 12 h. For the thermal degradation study in the solid state, the
powders were heated in an autoclave at 60 °C, 90 °C and 120 °C, for
3, 6 and 9 h at each temperature. The same thermal treatment
procedure was employed for all samples in this study, except for
BSA powder, which was not heated at 120 °C, and for BSA solutions,
which were not heated at 90 °C because of the significant aggre-
gation which occurred.

We observed no significant degradation for BSA in solution at
37 °C; the BSA solutions studied exhibited the same molar mass,
even after 12 h of thermal treatment (Fig. 1).

During thermal treatment at 37 °C, the polydispersity was in the
range 1.01-1.03 for both BSA solutions. As for molar mass, we
observed no significant modifications in polydispersity or in the
gyration radius even after 12 h at 37 °C.

When heated at 60 °C, the BSA samples showed an increase in
molar mass in solution (Fig. 1) and also in powder form (Fig. 2). The
molar mass increased with time of heating, due to BSA aggregation.

For BSA samples in solution, the increase in molar mass was
faster during the first 6 h of thermal treatment at 60 °C. Above 6 h at
this temperature, the molar mass of both BSA samples remained
almost constant (at around 100 kDa after 9 h and at around 103 kDa
after 12 h at 60 °C).

For the BSA 87 kDa solution, the polydispersity was in the same
range (from 1.01 to 1.03) after 9 h of heating at 60 °C. Only after 12 h
at 60 °C did the polydispersity of BSA 87 kDa in solution exhibit a
small increase to 1.06.

For the BSA 82 kDa solution, the polydispersity increased with
time of heating at 60 °C as follows: it was already 1.06 after 3 h, 1.13
after 6 h, and 1.2 after 12 h. The radius of gyration also increased.
This was also a consequence of BSA aggregation.

The BSA solutions were also heated at 90 °C, but at this tem-
perature significant aggregation occurred after only a few minutes.

Table 1
Weight averaged molar mass and degradation in solid state determined for HA and
BSA samples.

Sample name M,, [kDa] Molar mass loss
%

BSA 82 kDa 823 —

BSA 87 kDa 87 -

HA 1.67 MDa 11453 314

HA 1.8 MDa 13515 249
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Fig. 1. The molar masses of BSA samples in solution during thermal treatment.
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Fig. 2. The molar masses of BSA samples in powder form during thermal treatment.

It was not therefore possible to inject or to measure the obtained
samples (nor was it even possible to filter them). More data on the
weight-averaged molar masses of the BSA samples studied here are
shown in Table S1 in Supplementary Files.

We observed that the increase in BSA molar mass in powder
form (Fig. 2) showed a linear dependence on the time of heating,
except in the case of BSA 87 kDa above 6 h of thermal treatment at
90 °C.

The polydispersity of BSA 82 kDa in powder form at 60 °C
remained in the same range from 1.01 to 1.03. As for BSA 87 kDa
powder, polydispersity increased to 1.05 after 6 h and to 1.07 after
9 h at 60 °C. When the temperature was increased to 90 °C, the
polydispersity increased more (after 9 h, the polydispersity was
already 2 for BSA 87 kDa and 1.3 for BSA 82 kDa in powder form). As
mentioned before, because of significant aggregation, BSA in
powder form could not be measured at 120 °C.

For study of the temperature degradation of both BSA samples
and for broader investigation of their tendency to form aggregates
in solution, the method of electrophoretic light scattering was
utilized (Figs. ST and S2 in Supplementary Files). Both BSA solutions
were subjected to the same heating procedure as described for the
SEC-MALLS measurements. The zeta potential of fresh 87 kDa BSA
solution was found to be —26.7 mV, which was similar to the zeta
potential of 82 kDa BSA solution (—23.8 mV). Both measured values
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indicate the quite high electrostatic stability of colloidal particles
resisting their aggregation (slightly higher for the 87 kDa BSA so-
lution). The time development of the measured zeta potential
values for both BSA solutions at 37 °C showed almost no changes in
their stability during heating. After 12 h, the values of the zeta
potential for 87 kDa BSA and 82 kDa BSA increased by 11.9% and
10.9%, respectively. These results were in good agreement with the
SEC-MALLS determination of molecular weight changes at the
same temperature. At 60 and 90 °C, a significant change in zeta
potential was observed for both BSA solutions. The values of the
zeta potential after 12 h of heating at 60 °C increased by 61.6% for
the 87 kDa BSA solution and by 73.9% for the 82 kDa BSA solution.
After heating at 90 °C, the zeta potentials for both BSA solutions
were almost the same as the values at 60 °C(74.9% and 75.6% for the
87 kDa and 82 kDa BSA solutions, respectively), indicating that the
highest destabilization occurs probably at around 60 °C. After 12 h
of heating at 60 and 90 °C, the final values of the zeta potentials for
the 87 kDa and 82 kDa BSA solutions were —6.7 mV and —5.8 mV,
respectively. These values are close to zero zeta potential, indicating
almost no charge on BSA particles, their high destabilization, and
the beginning of aggregation processes. Again, these results
correlate perfectly with the above described increase in the mo-
lecular weight of BSA in solutions at temperatures higher than
60 °C and also with data already published in literature [17].

For hyaluronan samples, a decrease in molar mass was observed
after thermal treatment, both in powder form and also in solution
(Figs. 3 and 4, and Figs. S3—S9 in Supplementary Files). The thermal
degradation of HA samples increased with temperature and with
time of heating, as expected. This proved that the heat transfer
degrades the samples significantly during this period. The adsorbed
water in such short period (maximum 12 h) has no significant
degradation effect, in comparison with the thermal degradation
itself.

We observed an exponential decrease in M,, over time for the
HA samples analyzed in the present work. At physiological human
body temperature, both hyaluronan samples studied exhibited only
moderate degradation in solution (Fig. 3, and Fig. S3 in
Supplementary files). The molar mass loss in solution at 37 °C af-
ter 1 h of heating was 3% for HA 1.67 MDa and just 0.6% in the case
of HA 1.8 MDa.

The same behavior was observed after longer periods of heating:
HA 1.67 MDa showed faster degradation than HA 1.8 MDa in so-
lution at 37 °C. For example, after 4 h at 37 °C, the molar mass loss
was 8.6% for HA 1.67 MDa and only 3% for HA 1.8 MDa. More data
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Fig. 3. Thermal degradation of HA 1.67 MDa in solution.
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Fig. 4. Thermal degradation of HA 1.67 MDa in powder form.

are available in Table S2 (Supplementary Files).

While after 1 h of thermal treatment the degradation in solution
at 37 °C was five times faster for HA 1.67 MDa than for HA 1.8 MDa,
after 12 h the molar mass loss was only two times higher for HA
1.67 MDa.

The hyaluronan samples, both in solution and in powder form,
were studied at 60 and 90 °C. For hyaluronan solutions, the
observed degradation at 60 °C was very similar to the degradation
at 37 °C (Fig. 3, and Fig. S3 in Supplementary Files). After 1 h at
60 °C, the molar mass loss for the HA 1.67 MDa solution was 3.7%,
while at 37 °C after the same period the molar mass loss was 3%.
Similar molar mass losses at different temperatures were observed
after longer periods of heating. After 6 h, for example, the molar
mass loss for the HA 1.67 MDa solution was around 11—-12% at both
temperatures. Only after 12 h of thermal degradation at 60 °C did
the molar mass loss increase above that observed after 12 h of
thermal degradation at 37 °C — i.e. up to 15.5%, in comparison with
13.4% at 37 °C.

For the HA 1.8 MDa sample in solution, degradation at 60 °C and
37 °C also yielded similar degrees of molar mass loss. When both
hyaluronan samples were compared at 60 °C, the degradation in
solution was faster for HA 1.67 MDa than for HA 1.8 MDa (two times
faster after 12 h of heating).

After 3 h at 60 °C, the HA 1.67 MDa sample lost 11.4% of its initial
molar mass in powder form and just 7.7% in solution. The molar
mass loss for the HA 1.8 MDa sample was 7.3% in powder form and
3.4% in solution at the same temperature and after the same period
of heating (3 h at 60 °C). The same tendency was observed after 6
and 9 h.

Hyaluronan samples in both powder form and in solution were
also degraded at 90 °C, as mentioned before. At 37 °C and 60 °C,
hyaluronan solutions exhibited only moderate degradation and
almost the same behavior and stability. However, when the solu-
tions were heated at 90 °C, significant degradation occurred. After
one hour, the thermal degradation of the HA 1.67 MDa and HA
1.8 MDa samples in solution at 90 °C was similar, with a molar mass
loss of around 12% in each case.

After just two hours at 90 °C, the HA 1.67 MDa solution already
exhibited a higher level of degradation (a molar mass loss of 17.2%)
than after 12 h at 60 °C. The thermal degradation at 90 °C was faster
in powder form than in solution for both hyaluronan samples, as
was observed at 60 °C.

The degradation in powder form was also studied at 120 °C for
both hyaluronan samples (Fig. 4 and Fig. S4 in Supplementary
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Files). We can see that for both HA samples, the degradation after
just 3 h of heating at 120 °C was already higher than after 9 h at
60 °C or 90 °C.

The hyaluronan samples exhibited a very high molar mass loss
in powder form at 120 °C (81.3% after 3 h and 88.9% after 9 h for HA
1.67 MDa; 79% after 3 h and 89.3% after 9 h for HA 1.8 MDa). It was
also observed that the degradation was much faster in the first 3 h
of thermal treatment. From Fig. 4 and Fig. S4 it can be seen that the
degradation of HA samples in powder form at 120 °C has two
different degradation rates (before and after 3 h).

The molar mass losses were very similar for both samples at this
high temperature, which was different from the behavior at the
lower temperatures studied (where the degradation was clearly
higher for HA 1.67 MDa). After 6 h at 120 °C, the degradation was
even faster for the HA 1.8 MDa sample than for the HA 1.67 MDa
sample, but the difference was very small.

Using the same procedure as for the BSA samples, the ELS
method was employed to determine the stability of both HA sam-
ples in solution. The measured values of the zeta potential for fresh
solutions of HA 1.67 MDa and HA 1.8 MDa were —41.9 mV
and —51.1 mV, respectively. Both these values confirmed the high
electrostatic stability of fresh solutions of HA. Data obtained on the
time development of the zeta potentials for both HA samples in
solution at three different temperatures (37, 60 and 90 °C) are listed
in Fig. S10 in Supplementary Files. Contrary to the above-described
effects of thermal treatment on the stability of BSA samples in so-
lution, in the case of both HA samples, thermal treatment did not
yield any significant changes in zeta potential with increasing
temperature. The obtained increases in the zeta potential for
1.67 MDa HA after 12 h of heating at 37, 60 and 90 °C were 3.1%,
3.9% and 6.4%, respectively. After 12 h of heating at 37, 60 and 90 °C,
the determined increases in the zeta potential for 1.8 MDa HA were
2.1%,4.1% and 6.3%, respectively. These findings can be attributed to
the above observed decrease in the molecular weight of HA during
thermal heating of the solution. The zeta potential is an indicator of
sample stability resisting particle aggregation, but it cannot provide
any information about sample degradation [29]. Therefore, no
significant decrease in zeta potential could be observed. This
conclusion also indicates no significant change in the HA particle
surface layer during thermal treatment. These results are in
contrast to the thermal degradation of BSA solutions, in which
aggregation occurred. In the case of these solutions, a significant
increase in zeta potential to values close to zero was observed,
which caused significant destabilization and the aggregation of
both BSA samples in solution.

From their RMS conformation plots (gyration radius vs molar
mass) for all periods and for all temperatures used, a random coil
shape was confirmed for both of the hyaluronic acid samples
studied here. Several examples of conformation plots for thermally
degraded HA samples in powder form are shown in Fig. 5.

For all hyaluronan samples used, the slope of the conformation
plot yielded values ranging between 0.5 and 0.7, as expected for
randomly coiled polymers. The lowest molar mass observed in our
study was 79 kDa, for HA 1.8 MDa after thermal degradation for 9 h
at 120 °C. This value of molar mass was still high enough to obtain a
random coil conformation. In our previous studies we observed the
transition to a conformation between a random coil and a rod only
for HA samples with a molar mass of 17 kDa [30]. In this case, the
mass was too low to form a randomly coiled conformation. More
examples of conformation plots are shown in Figs. S11-S17.

The polydispersity of fresh hyaluronan solutions showed values
of 1.08 for HA 1.67 MDa and 1.02 for HA 1.8 MDa. Because of the
thermal treatment, the polydispersity increased for both hyalur-
onan samples studied. The maximum PD increase that we observed
was around 40% after 9 h at 120 °C.
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Fig. 5. Examples of conformation plots for thermally degraded HA samples in powder
form.

During thermal degradation at 37 and 60 °C, the polydispersity
did not change significantly. For HA 1.67 MDa in solution at 37 °C,
the polydispersity increased up to 1.11 only after 9 h and up to 1.13
after 12 h. For HA 1.8 MDa in solution at 37 °C, we observed an
increase in polydispersity only up to 1.3 after thermal treatment for
12 h.

A more significant increase in polydispersity was observed for
both hyaluronan samples at 90 °C and 120 °C. For example, after
12 h at 90 °C, PD increased up to 1.39 for HA 1.67 MDa in solution
and up to 1.2 for the same sample in powder form.

For HA in powder form at 120 °C, the polydispersity increased
even more: up to 1.4 for HA 1.8 MDa and up to 1.53 for HA 1.67 MDa
after 9 h of thermal treatment.

5. Kinetic evaluation of hyaluronan degradation

The dependence of molar mass on time, determined for all
hyaluronan samples, may suggest the exponential decay of first
order kinetics. By plotting data in the form of the following line-
arized first order kinetic equation,

In My, = kt +In M,,o (1)

We found that the dependence was non-linear, as we discovered
in our previous study on the long-term degradation of hyaluronan
samples [30]. In the same work, we presented new kinetic models
for hyaluronan degradation. We applied our exponential model also
to the data concerning thermal degradation obtained in this study:

My, = Mg, + Mgkt (2)

The fit of M,, =f(t) with Equation (2) yields the overall rate
constant k, the parameter M, (the theoretical asymptotic value at
t — ), and the second parameter M;(the difference between the
initial molar mass and the asymptotic value). The rate constants,
both parameters, and the adjusted R-square values are summarized
in Table 2.

As is obvious from Table 2, all adjusted R-square values are close
to 1, which is a sign of a good fit. When we compare the degradation
of 1.67 MDa hyaluronan in solution at various temperatures, we can
see that the degradation rate constants and both molar mass-
related parameters are similar at 37 °C and 60 °C. Above 60 °C,
the degradation rate evidently increases, which is illustrated in
Table 2 by the data determined for 90 °C. The degradation rate
increased to 0.36 + 0.06 h™, and M., decreased to 789 + 16 kDa. We
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Table 2
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Fitted parameters (Equation (2)) for the degradation of hyaluronan samples at 37, 60, and 120 °C (indicated in subscripts).

Sample name

1.67 MDa solution

1.67 MDa powder

1.8 MDa solution

1.8 MDa powder

ka7 (h ™) 0.24 + 0.03 - 0.12 + 0.02 -

Mings7 (kDa) 979 + 8 - 1241+ 11 -

Myifrz7 (kDa) 168 + 8 — 113 + 10 —

Adj. R-squares 0.99 — 0.99 —

Kkeo (h’l) 0.24 + 0.03 0.22 + 0.05 0.18 + 0.02 0.21 +0.08
Mingso (kDa) 959+ 9 883 + 26 1230+ 6 1123 + 38
Maisrso (kDa) 186 +9 262 + 25 124+ 6 230 + 37
Adj. R-squaregg 0.99 0.99 0.99 0.98

koo (h™1) 0.36 + 0.06 0.29 + 0.02 0.38 + 0.03 0.249 + 0.004
Mingo (kDa) 789 + 16 515+ 19 776 + 15 672+5
Maifroo (kDa) 340 + 21 632 + 21 578 + 21 680 + 5
Adj. R-squaregg 0.97 1.00 0.99 1.00

K10 (h™1) - 0.85 + 0.08 - 0.72 +0.02
Minf120 (kDa) — 136 + 11 — 146 + 5
Mdiﬂ’120 (kDﬂ) — 1009 + 19 - 1206 + 7
Adj. R-square3q — 1.00 — 1.00

can see a similar pattern also for the 1.8 MDa hyaluronan solution.
Another interesting phenomenon is that both hyaluronan samples
have practically the same degradation rate constant at 90 °C.

For 1.67 MDa and 1.8 MDa hyaluronan in powder form, the
degradation parameters are similar at 60 °C. However, at 90 °C, the
degradation is faster in 1.67 MDa hyaluronan than in 1.8 MDa
hyaluronan. Also M, is smaller for 1.67 MDa hyaluronan, which
suggests deeper degradation. The same occurs after another in-
crease in temperature to 120 °C, but more significantly. The
degradation rate increases rapidly and M, decreases.

What is interesting is that lower molecular weight hyaluronan
degraded faster than higher molecular weight hyaluronan. This is
not in agreement with our previous study, in which low molecular
weight hyaluronan degraded more slowly than higher molecular
weight hyaluronan at the same temperature. However, the expla-
nation for this may be connected to the fact that these two mo-
lecular weights are only separated by approximately 200 kDa; thus,
the rate of degradation should be similar, and when we take into
account the standard deviations of the rate constants, all the rate
constants at the respective temperatures are similar for both mo-
lecular weights.

In a previous work [30], we performed a time-dependent study
of the degradation of hyaluronan solutions at room temperature
(25 °C) and in the refrigerator (4 °C). Even at these temperatures,
we observed molecular weight changes, and these were assigned to
temperature degradation. When we compare the degradation rate
constants determined in both studies, we can see that those
determined in the previous study were 10 to a 100 times smaller
than those obtained in the present work for degradation at 37 °C or
higher. On the basis of Arrhenius law, this difference in rate con-
stants at different temperatures is expected.

6. Conclusions

e The degradation of HA samples increased with temperature and

with time of heating, as expected.

For HA samples in solution at 37 °C and 60 °C, only a moderate

level of degradation was observed, which was similar across all

samples.

e At 90 °C and 120 °C the degradation of HA samples was
significant.

e In powder form at 120 °C, similar levels of thermal degradation
were observed for both HA samples studied.

e At lower temperatures, the degradation was faster for HA
1.67 MDa than for HA 1.8 MDa.

e A random coil shape was confirmed for all hyaluronic acid
samples used in this study (for fresh samples, as well as for
thermally degraded ones).

e Both BSA samples in solution showed no degradation at 37 °C
(the molar mass, polydispersity, and radius of gyration exhibited
the same values during thermal treatment, even after 12 h).

e An increase in molar mass was observed for both BSA samples
studied (in solution and in powder) at 60 °C, because of the
aggregation which occurred.

e At 90 °C, the polydispersity increased for both BSA samples in
powder form; after 9 h of heating, PD was already 2 for BSA
87 kDa and 1.3 for BSA 82 kDa.
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