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1 UVOD
Vazena Ctenarko, vaZzeny Ctenafi.

Tato habilita¢ni prace si dala za cil popsat vyuziti jevu fluorescence v rtizné slozitych
koloidnich systémech, které zahrnuji jak micely, tak rtizné casti zivych systémia na
bunécné urovni. Autor habilita¢ni prace k témto obéma tématiim pristupuje s respektem
k jejich Siti, a proto se v této praci objevi nékteré vybrané a zobecnéné principy, jak
kvantové mechanicky jev pomaha v odhalovani vlastnosti a zakonitosti v Zivych i neZivych
systémech.

Razné druhy luminiscence provazeji a fascinuji lidstvo od nepaméti. Pozorovani
yhorkého“ Zhnutim uhlikd?, obdiv nad ,,chladnym*“ svétélkovanim noc¢nich Zivocichii2 nebo
obavy z ,kouzelného“ modrého zareni zahiatych kament okolo ohnisté3. Tato fascinace
pozdéji prechazela ve zvédavost a v touhu vysvétlit a osvétlit piivod tohoto svétla. Tyto
aktivity dosahly vrcholu v intervalu od poloviny 19. do poloviny 20. stoleti, kdy byly
publikovany prilomové teorie a provedeny prvni katalogizace téchto jevt.

Obrdzek 1 Fluorescencni standardy excitované 365 nm. Zleva doprava: anthracen, ovalen, tetrafenylbutadien,
sloucenina 610, Rhodamin 6G. Ze sady 6BF (Starna Ltd.).

V soucasnosti se setkavame s rozdélenim na tepelnou a elektronovou radiaci, ke
kterym mizeme pridat vysoce energetické fotony z anihilacnich reakci (elektron-
pozitron), které maji pfi¢inu v jadernych procesech, a Cerenkovovo zaieni*. Toto déleni,
jisté ne idedlni, pak mulze mezi luminiscence (svétélkovani zpisobené zménou
elektronového stavu) zahrnout napriklad i mechanoluminiscenci, ktera je zaloZena na

1 Zhnuti - inkadescence, specialni poddruh tepelného zaieni. Plamen ohné je sam o sobé& kombinaci
riznych jevi od tepelného zareni po riizné typy ionizace.

2 Bioluminiscence.

3 Termoluminiscence, tepelné ,uvolnéni zakonzervovaného excitovaného stavu.

4 (astice s fazovou rychlosti vétsi nez je rychlost svétla zplisobuje polarizaci ¢astic prostiedi, jejichz
energie se pti depolarizaci vhodné s¢ita a vytvori tak elektromagnetickou razovou vinu.



mechanickém preruseni chemickych vazeb®. K luminiscencim pak radime dle zpisobu
excitace elektroluminiscenci (LED), fotoluminiscenci (fluorescence a fosforescence),
chemiluminiscenci s poddruhem bioluminiscence, sonoluminiscenci® a jiZ zmifovanou
mechano- a termoluminiscenci. Na nasledujicich strankdch budou shrnuty a vysvétleny
nékteré techniky fotoluminiscence, a to zejména fluorescence pro ,vlastni oko“, pro
standardni a vysoce specializované spektrofotometry a velmi pokrocilé mikroskopy.

Postupem ¢asu se luminiscence stala z kuriozity védecky studovanym jevem, ktery
i na pocatku 21. stoleti je stale zivy a stale aktivné rozvijeny v nepreberné varianté
riznych vyzkumnych technik. Podle soucasného vyvoje v publikacich a na védeckych
sympoziich jsou stale zminovany dva hlavni zajmové sméry ve fluorescencni
spektroskopii - multiparametrickd analyza (zahrnuje i rizné hybridni techniky
zapojenim dalSich ,nesvételnych” technik) a vysoce rozliSend mikroskopie (ta se snazi
pomoci raznych technik prekonat difrakéni limity v zobrazovani). Myslenka klasické
multiparametrické analyzy, kdy ke spravné interpretaci je zapotrebi znat vSechny emisni
charakteristiky, bude dale rozvijena v nasledujicim textu.

Vyvoj chemie koloidnich systémii nebo 1épe koloidni védy? jako chemie a fyziky
¢astic od 1 do 500 nm je spjat s mnoha velkymi jmény svétové védy jako Albert Einstein,
George Gabriel Stokes, Marian Smoluchowski, Wilhelm Ostwald, Wolfgang Ostwald,
Aladar Buzagh a mnoho dalSich8, jejichZ jména nesou jevy nebo matematické postulaty,
které vysvétluji zakonitosti vtéto oblasti badani. Samotné zacatky tohoto védniho
odvétvi, a predevsim pojmenovani, jsou spojeny se jménem Thomase Grahama, kterému
pripomnél zakal po chemické reakci roztok klihu.

Koloidni soustavy, nebo také koloidné disperzni soustavy, maji z definice spojitou a
nespojitou ¢ast, kdy nespojita ¢ast ma alespon jeden rozmér ve vySe zminéném rozsahu
od 1 do 500 nm. Touto definici zahrnuje koloidni véda systémy od disperzi supramolekul
a krystalli po membrany - biologické membrany, pény atp.

Definice hranic koloidnich disperzi souvisi s praktickym pohledem na problematiku.
Horni hranice byva udavana jako nejlepsi rozliSeni optického mikroskopu, ktery se udaval
ve své dobé jako hodnota 1000 nm - hodnota 500 nm se udava jako stiedni hodnota
vinové délky viditelného svétla. V dneSni dobé s rozvojem objektivli s vysokou hodnotou
numerické apertury (N.A.>1,0) a rozvojem konfokalni (fluorescen¢ni) optické
mikroskopie a vysoce rozliSené mikroskopie se rozliSeni pohybuje, dle pouZité vinové

5 Nejlépe lze tento jev pozorovat v tmavé mistnosti pii rozlepovani obalek pripadné ,izolepy” nebo pfti
drceni (klestémi) tvrdych bonboént.

6 Sonoluminiscence vznika implozi bublinek plyni v kapalinach a v soucasnosti nema svou konzistentni
teorii vzniku. V soucasnosti se radi stale mezi luminiscence, Cili se predpoklada, Ze za emisi fotonu je
zodpovédna excitace elektronu.

7 Aladar Buzagh (1895-1962) a Wolfgang Ostwald (1883-1943) byli od zacatku proti, aby bylo téma
koloidli ptirazeno jako vétev fyzikdlni chemie, ale aby byl pritomny vzdy pohled jak chemicky, tak i
fyzikalni a ,koloidni véda“ byla vnimdana jako samostatna disciplina.

8 Hauser, E. A.J Chem Educ (1955), 1



délky, okolo 180 nm® u konfokalnich mikroskoptia az 15 nm v pripadé vysoce rozliSenych
mikroskopii (STED mikroskopie). Technika soucasnosti tedy posunula méritko pro horni
hranici a tato definice jiZ neni pouZitelnd. Spodni rozmér souvisi pak s fyzikalné-
chemickou definici povrchu, kdy se predpoklada, Ze aby bylo moZno rozlisit vnitini a
vnéjsi atomy je nejmensim atvarem kulovity agregat poskladany z 13 atomt a rozmérem
cca 1 nm. Spravnéji byva vSak spodni hranice koloidniho ,svéta“ udavana mezi 1 a 5 nm.

Tabulka 1 Prehled koloidnich systémii

Disperzni podil
plyn kapalina pevna latka
Disperzni plyn X aerosol (mlha) | aerosol (dym)
prostredi kapalina péna emulze sol
pevna latka tuha péna gel tuhy sol

Podrobny vyzkum koloidnich soustav Ize spojit s vyzkumem Zivych systémi, nebot’
zdkladni funkéni slozky zivych organismi (biopolymery, membrany, organely, buiiky)
patfi svymi vlastnostmi do oboru koloidni védy. Soucasny rozvoj ,nanotechnologie”
(technologie systémi velikosti nanometrii) je jen pokracovanim vyzkumu zapocatého
v 19. stoleti a vyuziva takrika stoleti piil ziskanych vlastnosti a technik vyvinutych pro
studium roztokli polymerd, suspenzi, emulzi, pén a sold. Koloidy jsou vSudyptitomné1?,
jak jiz napsal zakladatel fyzikalné chemického vyzkumu na ,C.k. vysoké Skole technické
Franti$ka Josefa v Brné“ (predtim Ceska vysoka $kola technicka, nyni Vysoké uceni
technické v Brné), a proto existuje nepireberné mnozstvi variant a typt koloidd, které lze
studovat a prohloubit tak pochopeni zakonitosti prirody.

9 Pro rozliseni optického mikroskopu plati spojeni Rayleighova kritéria s difrakci na kruhovém otvoru
(clong) a udava se jako minimalni vzdalenost dvou bodd, které je jesté mozné rozlisit
Xmin = 0,61 - 1/N.A,, kde pii hodnotach A =400 nm a N.A.(olejova imerze) = 1,4 je Xmin = 174 nm.

10 Baborovsky, J. Viudypiitomné koloidy - tivod chemie a fysiky koloidniho stavu, Cin (1944), 1-207



2 OBECNE I PRAKTICKY O FLUORESCENCI VE VYZKUMU
KOLOIDU

Tato kapitola bude vénovana obecnym principim, jak lze vyuzit fluorescencni
spektroskopii ke studiu koloidnich systémi. Pro pochopeni konkrétnich pripadt budou
na zacatku shrnuty fluorescencni charakteristiky, na jejichz zakladé pak definujeme
vlastnosti studovanych systémi. Dale bude predstaven navrh obecného schématu pro
studium agregujicich systému a budou zminény limity, omezeni této techniky.
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Obrdzek 2 Vybrané struktury fluorofort

Fluorescence je jev, ktery je spjaty s konkrétnimi ¢asticemi zvanymi fluorofory.
V predchozi vété je zamérné uzito slova ,Castice”, protoze fluorofory mohou byt celé
organické molekuly, ¢asti organickych supramolekul nebo napft. rtizné druhy krystald.
Tyto Castice jsou obklopeny svym okolim, které je vice ¢i méné ovliviiuje. Pokud je toto
ovlivnéni znamo a je kvantifikovatelné pomoci dané fluorescencni charakteristiky, stava
se z daného fluoroforu silny nastroj ke zkoumani vlastnosti pravé tohoto okoli. Je potieba
mit vSak stale na mysli, Ze fluorofory jsou ovliviiovany lokalnim prostredim a Ze béhem
standardnich experimenti dostdvame vysledné charakteristiky jako kombinaci signalu ze
vSech prostredi, typl okoli, ve kterych se dany fluorofor nachazi. Nastésti v tomto i jinych
pripadech si fluorescencni spektroskopie dokaze poradit, a dokonce tato spektra od sebe
oddélit (technika Casové rozliSend emisni spektroskopie). Lokalnost fluoroforu lze
vymezit obéma sméry, a to pomoci jevil, kdy se excitovana energie z fluoroforu ztrati.
Prvni znich je tvorba excitovanych dimerl (obecné excitovanych komplexi), kdy
napriklad u latky pyren byla stanovena vzdalenost 0,353 nm!l. Obecné tak nejmensi
vzdalenost pro ovlivnéni fluoroforu lze definovat jako rovnovazny bod, kdy jesté
nedochazi k repulzi elektronovych oballi. Nejvétsi vzdalenost, kdy se ovlivituje konkrétni
fluorofor, pak muze byt vzata z dosahu jevu rezonancni pienos energie, kdy muize byt

11 Mezirovinnd vzdalenost dimeru dle Birks, J. B. Rep Prog Phys 38 (1975),903-974



fluoroforu odebrana excitovana energie az na vzdalenost 10 nm (100 A). Samostatnou
kapitolou pak budou jevy, které ovliviiuji fluorofor vazany na supramolekularni komplex
vétsi nez 10 nm a zabranuji napriklad rotaci toho komplexu.

Fluorofory tedy mohou byt od velikosti od cca 0,5 nm (naftalen) po krystaly v fadu
stovek nanometri (kvantové tecky, nanodiamanty)!2. Rozméry spolecné s chemicky
modifikovatelnou afinitou z nich délaji vyborné nastroje pro vyzkum lokalnich vlastnosti
systému od jednotek do stovek nanometrii - tzv. koloidnich systémii (Obrazek 2).

2.1 FLUORESCENCNI CHARAKTERISTIKY

Jako fluorescen¢ni charakteristiky minime vlastnosti svétla emitovaného
prislusnym fluoroforem nebo fluorescencni castici. Jednotlivy foton ma dvé zakladni
charakteristiky - energii (vinovou délku) a rovinu polarizace vii¢i ndmi stanovenému
vztaznému systému. Soubor fotoni ze skupiny fluorofort pak ma pak Sirsi distribuci
energii i rovin polarizace. Ty odpovidaji energetické a ¢asové naroc¢nosti nezarivych
procesti v excitovaném stavu (rtzné druhy relaxace, prenosu naboje) a pravdépodobnosti
zarivych prechodd znejnizsiho vibra¢niho stavu prvniho excitovaného stavu (i
relaxovaného) na rtizné vibrac¢ni hladiny zakladniho stavu - Kashovo pravidlo. RozloZeni
pravdépodobnosti (Cetnosti) prechodu pro jednotlivé energie emitovanych fotont
oznacujeme jako emisni spektrum a distribuci rovin polarizace pak zjednodusSujeme
promitnutim jednotlivych rovin do dvou zakladnich rovin - horizontalni (x-y rovina) a
vertikalni (y-z rovina).

2.1.1 Stokestiv posun

VySe uvedené charakteristiky budou platné pro vSechny druhy luminiscence i
radiace bez ohledu na excitacni mechanismus. Pokud je zdrojem excitace
elektromagnetické zateni, pak miZeme porovnat energetickou ztratu emitovaného svétla
neboli energetickou naro¢nost nezarivych procesti, porovnanim se svétlem excitacnim.
Tento posun k nizZ$im energiim a tim k vy$sim vinovym délkdm je obecnym Kashovym
pravidlem!3 a posun mezi elektronové ekvivalentnimi piechody S)—S%pro excitaci a
S-S0 pro emisi Stokesovym posunem. Na tomto posunu jsou zaloZeny napiiklad
technologie optickych zjasiiovacich prostiredkt, které absorbuji v blizké UV a viditelné
fialové oblasti (350-410 nm) a emituji svétlo v modré ¢asti spektra (400-480 nm). Tedy

12 Kvantové teCky, up-konverzni Castice apod. byvaji Casto oznacovany za fluorescentni ,Castice” a
vymezuji se tak od fluorofori, kde lze vysledovat, ktery z elektroni je zodpovédny za absorpci a emisi.
13 Jako klasicka vyjimka byva uvadén izomer naftalenu azulen, ktery, na rozdil od naftalenu, ma pomérné
vysoky dip6lovy moment, protoze je ve skutecnosti tvoreny tropyliovym Kkationtem a
cyklopentadienylovym aniontem. V tomto pripadé pak i takto mala organicka molekula emituje zatfeni
ve viditeIném spektru s nenulovym kvantovym vytézkem z hladiny SY.



k emisnimu spektru a distribuci polarizace pribyl obecné posun emisniho spektra od
excitatniho (absorpcniho)14.
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Obrdzek 3 Absorpcni a emisni spektrum komercéniho optického zjastiovaciho prostredku Leucophor SAC (Archroma). Vpravo
fotky roztokii komercnich OZP Leucophor.

2.1.2 Anisotropie

Pokud mame zdroj excitacniho zareni s definovanou rovinou polarizace, miizeme
projekce rovin polarizace jednotlivych fotonii vztadhnout pravé k této roviné a obdrzet tak
stejnojmennou charakteristiku ,polarizace“ nebo pti zahrnuti vSech potencialnich rovin
polarizace castéji pouzivanou veli¢inu anisotropie. Pokud tedy stanovime intenzitu
fluorescence v roviné polarizace shodné s excitacni rovinou I; a vroviné k ni kolmé I,

Iy—=Io

o i L-1I .
muzZeme polarizaci vyjadrit jako p = 1”+_1l a anisotropii jako r = PTTI
1+ I1+20y

2.1.3 Doba Zivota

Dalsi velmi dilezitou charakteristikou je stredni doba, po kterou trva zareni, pokud
excitaCni zareni vyhasne. Jeden elektron se vrati na zakladni hladinu v daném konkrétnim
Case, elektrony skupiny fluoroforii vykazuji v ¢ase navratu distribu¢ni charakter, ktery
popisuje adekvatné kinetika prvniho radu. Stredni dobou trvani v tomto pripadé je doba,
kdy pocet excitovanych elektronii klesne na hodnotu 1/2,71828... (reciproka hodnota
Eulerova ¢isla). V takovém pripadé pak v daném case je 67 % elektront jiz v zdkladnim
stavu a 33 % =zlstadva v excitovaném stavu. Charakteristicky Cas je tak rychlostni
konstantou této reakce a je oznacovan jako doba Zivota excitovaného stavu. Pokud nehraji
roli Zadné nezarivé procesy, pak tato doba je oznacovana jako zariva (radiacni) doba
zivota. Nezarivé procesy, které realnou dobu Zivota excitovaného stavu ovlivni, jsou
vétSinou vysledkem interakce realného fluoroforu srealnym prostiedim a stanovena

14 Dalsi vyjimka z pravidel se tyka disledku Kashova zakona, ktery postuluje, Ze emisni spektrum je
nezavislé na pouzité excitacni vlnové délce. Vjistych pripadech (polarni molekula ve viskéznim
polarnim prostiedi) v disledku casové shody relaxace okoli a doby Zivota excitovaného stavu dochazi
k posunu maxima emise s posunem excitacni vinové délky - anglicky Red Edge Excitation Shift. Tento
posun mize byt zajimavy z hlediska prokazani slabé interakce fluoroforu napt. s polymery, nebo
naopak nese informace o struktuie okolniho prostiedi.



doba Zivota je tedy charakteristickd pro danou kombinaci fluorofor-prostiedi. Pokud
srovname zarivou dobu fluorescence s dobou ovlivnénou vSemi dalSimi procesy
excitovaného stavu, dostdvame efektivitu zarivého procesu, ktera se nazyva kvantovy

s LV Vv

vytézek (o).
2.1.4 Intenzita fluorescence

Nezanedbatelnou vlastnosti je samoziejmé i celkovy pocet fotonli vdaném
spektralnim rozmezi za jednotku casu - intenzita fluorescence. Z definice intenzity
fluorescence vyplyva omezeni této charakteristiky!’®> - je zavisla na tfech na sobé
nezavislych veli¢inach: a) molarnim extink¢nim koeficientu; b) koncentraci; c) kvantovém
vytézku. Tyto tfi veliciny mohou vyrazné ovlivnit stanovenou hodnotu, a proto tato
hodnota nemusi byt spolehlivou charakteristikou ohledné informaci vlastnosti okoli.
Napriklad pti vybarvovani bunék neni realné ovlivnitelny kone¢ny pocet molekul
fluoroforu, ktery dana buiika absorbuje. Ddle, pti vysoké koncentraci fluoroforti miize
dochazet interakci v excitovaném stavu ke snizovani kvantového vytézku bez ovlivnéni
extink¢niho koeficientu (pyren a jeho derivaty) nebo dojde k riiznym typtim agregace,
které méni jak extinkcni koeficient, tak kvantovy vytézek (H a ] typy agregace - akridinova
oranZz, hemicyaninova barviva, atd.). Z toho plyne, Ze intenzita fluorescence, mimo prisné
definované podminky, neni vhodnou fluorescencni charakteristikou a neni vhodné ji tak
napiiklad pouzivat do rovnic vyjadiujici Stern-Volmerovu kinetiku nebo Forstertv

rezonanc¢ni prenos energie.

Vyjimkou pro praktické pouziti intenzity fluorescence je ovSem vyuziti dvou nebo
vice hodnot z emisniho nebo excitatniho spektra, pokud ptisluseji napriklad riznym
elektronovym staviim (lokalné excitované; stavy s prenosem naboje/elektronu/protonu)
nebo rlznym formam (protonovana-deprotonovand). Prosté poméry intenzity jsou
intenzivné vyuzivany v automatizovanych analyzach, jako jsou prilitokové cytometry,
CteCky mikrodesticek apod. V koloidni védé nenajdeme asi vyuZivanéjsi pomér, nez je
pomér intenzit pro prechody SY — S0 a S —» SZ v molekule pyrenu. Tento pomér ma
mnoho nazvy, ale vyjadiuje to samé - jaka je polarita nejbliz§tho okoli molekul pyrenu.
O vyuziti a omezeni toho parametru bude pojednavat kapitola 2.4. Je diileZité zminit, Ze
vyuziti poméru intenzit miize byt uzitecné i pro situace, kdy chceme kvantifikovat jemny
posun emisniho/excitacniho spektra, napriklad o 2-5 nm.

2.1.5 Fluktuace fluorescence

Dalsi vyuziti intenzity spocivd v zaznamenavani jeji ¢asové zmény. Pokud tato
Casova zména ma periodicky charakter, fluktuuje, mizeme pomoci vhodné matematické
metody tuto periodicitu odhalit a priradit ji amplitudu a charakteristicky ¢as. Tento cas

15 Intenzita fluorescence F je definovana vztahem F = k-1, -® - (1 — 107%2¢!), kde kje ptistrojova
konstanta, Iy je intenzita dopadajictho zareni, @ je kvantovy vytézek, i je molarni extinkéni koeficient,
¢ je molarni koncentrace fluoroforu/¢astice a I je optickd draha v centimetrech. Pokud je pohlceno
méneé nez 2 % dopadajiciho zareni, rovnice prechazinatvar: F =k -l ® -, -c- L.
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miZze byt dale interpretovan podle zdroje fluktuaci jako translacni nebo rotac¢ni difuzni
koeficient, rychlostni konstanta chemické reakce apod. Amplituda je prifazena strednimu
pocCtu Castic vdaném misté pozorovani. Pokud intenzita fluorescence nefluktuuje, ale
klesa nebo stoupd, jednad se o dalsi techniky, které se vyuZivaji na odhaleni mobility

jednotlivych fluorofori nebo ¢astic tyto fluorofory nesoucich.

Pro analyzu koloidnich systémii jsou tedy k dispozici:

e tvar a pozice emisniho spektra,

e doba Zivota jeji distribuce pro rtizné vinové délky,

e anisotropie - stfedni hodnota, rozloZeni béhem doby Zivota, distribuce pro

riizné vinové délky,

e intenzita fluorescence a jeji fluktuace.

Ke vSem vySe zminénym charakteristikam lze priradit jesté prostorovou distribuci pri
pouziti napt. konfokalniho mikroskopu s moZnosti skenovani nebo jeho ekvivalentni

varianty.

kel ®-(e-1-0)

F

Intenzita fluorescence =

Obrdzek 4 Prehled fluorescencnich charakteristik a jejich vybranych zdvislosti.
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2.2 NAVRH OBECNEHO STUDIA AGREGACNICH PROCESU

Vramci spoluprace s komercénimi vyrobci hydrofobné modifikovanych derivata
polymert vznikla pottfeba stanovit kone¢nym poctem kroki, zda vysledny derivat spliuje
kvalitativni vlastnosti poZadované pro nosicovy systém. DalsSi pozadavek byl, aby se
nepouzivalo piilis sofistikované vybaveni. Vytvorenim tohoto navrhu byl povéren autor
této habilitace.

NiZe uvedené schéma (Obrazek 5) ukazuje takovyto navrh. Sleduje cestu moznych
jednoduchych testd a navrhuje i dal$i moznosti vyuziti derivati, které nesplni ocekavané
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hodnoty. Schéma neni vycerpavajici z hlediska finalizace nosicového systému, nicméné
miiZe tvorit dobry zaklad jako prvni série testli a pomoct tak v prvni fazi vytradit nevhodné
nebo neagregujici systémy.

Zakladni testovani spociva ve vyuziti tfi typové odliSnych fluorescencnich sond.
Perylen je velmi omezené rozpustny ve vodé (1,58-10-2 mol-L-1 pri 25 °C)16 a preferuje
nejnepolarnéjsi casti agregatli (logaritmickd hodnota rozdélovaciho koeficientu
log Kow = 6,30)17. Pyren je nejpouZivanéjsi sonda pro studium pribéhu agregace diky
citlivéjsi reakci na zménu polarity, coZ mu pravé umozinuje jeho vyssi rozpustnost ve vodé
(6,68-107 mol-L-1 pri 25 °C)!8 a nizsi rozdélovaci koeficient olej/voda (log Kow = 4,88)1°.
1-anilinonaftalen-8-sulfonat amonny (ANSA) je nejrozpustnéjsi z uvazovanych sond (dle
produktového listu dodavatele 0,16 mol-L-1)20, nicméné i tato vykazuje fluorescenci pouze

po navazani do hydrofobnich domén bilkovin, micelarni palisddové vrstvy apod.

Uvaha je nasledujici: pokud dany systém rozpustny ve vodé je schopny solubilizovat
perylen, znamena to, Ze i pres hydrofilni charakter obsahuje velmi nepoldrni jadro.
Pomoci pyrenu je pak moZno popsat agregacni proces daného systému a rozhodnout,
jestli systém agreguje vramci jedné molekuly (roubované kopolymery formujici
polymerni micely jako intramolekularni agregaty), nebo je to vicemolekulovy proces
(intermolekularni agregaty amfifilnich latek nebo blokovych kopolymert).

V pripadé intramolekularnich agregati odpadaji potize se zredénim daného
systému, ovSem nastava otazka rozmeéru nepolarni domény a jeji schopnosti nejen nést,
ale zaroven chranit nepolarni aktivni latku. Velké bioaktivni molekuly nemaji vétSinou
jednotny charakter polarni/nepolarni, ale obsahuji ¢asto skupiny nebo oblasti s rtiznou
afinitou k prostredi. Takovéto molekuly se pak mohou ¢astecné solubilizovat, ¢astecné
adsorbovat na nosic. Vtomto piipadé je takova latka vystavena prostiedi, které miize
ovlivnit jeji funkci nebo miiZe byt uvolnéna na nevhodném misté, piipadné adsorbovana
nepolarnimi doménami pritomnych supramolekularnich agregati. U tohoto typu
agregati je pak potreba solubiliza¢nimi nebo lokaliza¢nimi testy prokazat rozmér a
kvalitu hydrofobni domény a lokalizaci aktivni latky.

Intermolekuldrni agregaty jsou tvoreny obvykle desitkami aZz stovkami
nizkomolekularnich amfifilnich latek pripadné jednotkami aZ desitkami molekul
blokovych kopolymert (di-blok, tri-blok). Takovéto systémy jsou dle velikosti svych
monomerd a piredpokladanému typu agregatti - micely nebo vezikuly - predikovatelné co
do solubiliza¢nich schopnosti vii¢i riizné velkym solubilizatim. U téchto latek nastava

16 Yalkowsky, S.H., He, Yan, Jain, P. Handbook of Aqueous Solubility Data Second Edition. CRC Press, Boca
Raton, FL 2010, p. 1216

17 Andersson, ].T., Schrader, W. Anal Chem 71 (1999), 3610-3614

18 Miller, M.M. et al. Environ Sci Technol 19 (1985) 522-529

19 Hansch, C., Leo, A.,, Hoekman, D. American Chemical Society. (1995), 137
20https://www.sigmaaldrich.com/content/dam/sigma-
aldrich/docs/Sigma/Product_Information_Sheet/a3125pis.pdf (2.5.2018)
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problém s jejich praktickym pouZitim, kdy se nap¥. pfi intraven6znim podani natredi dana
smés az 1 000krat?l. V tomto pripadé je vhodné volit pro tyto aplikace agregaty na bazi
liposomd, které se po formovani pii redéni nerozpadaji. Dalsim pomocnym méiitkem
bude hydrofilné-lipofilni rovnovaha (hydrophilic-lipophilic balance), ktera napriklad
pomoci sumy prispévki jednotlivych skupin pomize urcit afinitu amififilni latky
k polarnimu nebo nepolarnimu prostredi.

Varianta, kdy ze systému sviti jen ANSA, znamen4, Ze hydrofobni domény jsou malé
a pouze na povrchu, respektive Ze jsou dostupné pravé jen ty na povrchu. V tomto pripadé,
pokud ma systém néjakou pridanou hodnotu, je pripravu potieba rozsitit o fyzikalné-
chemické postupy zahrnujici napiiklad dialyzu z roztoku latek ve smési rozpoustédel
vhodnych pro obé slozky oproti vodé, lyofilizaci roztoku latek ze smési rozpoustédel apod.
Piipadné solubilizaty ve formé fluorescencnich sond nebo aktivnich latek je potieba
pridavat ve vétsiné piipadii do vychozi smési pied napft. dialyzou.

Poslednim méritkem bude rozmér samotného agregatu spolecné s charakterem
jeho povrchu. V pripadé stanoveni rozméru agregatu (hydrodynamického poloméru), Ize
s uspéchem vyuZit metodu fluorescencni korelacni spektroskopie, ktera je vhodna i pro
studium stability nebo pripadné sorpce ostatnich latek na systém v daném prostiedi.
Obecné se uvadi, Ze pro uspéSnou dlouhodobou cirkulaci v téle (enhanced permeability
and retention effect, EPR effect), je potreba drzet rozméry agregatu mezi 5 az 200 nm
(nékde uvadéno uzsi rozmezi 10-100 nm)?22, coz jsou rozmeéry, se kterymi idealné pracuje
metoda FCS23. Pro uplnost zminény charakter povrchu, idealné bez sorpce bilkovin,

hydrofilni a nenabity, je charakterizovatelny pomoci fluorescen¢ni spektroskopie,
nicméné je zde jednoduseji vyuZitelna metoda stanoveni zeta-potencialu.

Metoda fluorescen¢ni sondy ma jednu vyhodu, ktera spociva v tom, Ze netestuje
,prazdné“ agregaty, ale podava prehled o téch, které obsahuji fluorescenc¢ni sondu.
Mérenim vlastnosti takovychto agregatli pak poklada zaklad pro solubilizacni testovani
pripadnych nosicovych systémi. Lze tedy Fici, Ze pokud se nepodafi ,vybarvit” agregat
fluorescencni sondou, pak pravdépodobné nebude mozné tento systém ,naplnit” aktivni
latkou stejného charakteru. Existuji aktivni latky, které fluoreskuji (vitaminy A, E, Bz;
cytostatikum doxorubicin apod.) a lze je pouzit pro vyzkum i kvantifikaci solubilizace
danymi systémy. Diky velkému mnoZstvi fluoreskujicich latek lze takrka pro kazdou
nefluoreskujici a obtiZné stanovitelnou aktivni latku najit fluorescen¢ni analog, ktery
poslouZi pro testovani nosicového systému. Jako dva zdkladni parametry shodnosti
aktivni latky a fluoroforu mizeme navrhnout solvodynamicky polomér a rozdélovaci
koeficient.

21 (islo zalozeno na administraci 5 mL roztoku do cca 5 L krve.
22 Petros, R.A,, DeSimone, ].M. Nat Rev Drug Discov 9 (2010), 615-627
23 Velmi cenné review Koynov, K., Butt, H.-J., Curr Opin Colloid In 17 (2012) 377-387
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Obrdzek 5 Workflow schéma vyuZiti fluorescencni spektroskopie pro studium agregujicich systémii s uvaZovanym
vyuZitim v nosicovych systémech.

?  (CIL

Pokud tedy se systém ukaZze jako vhodny pro prenos dané latky a vysledny komplex
opét bude v prijatelném rozsahu velikosti, mize nasledovat pokrocilejsi testovani
systémt, které mohou byt zaloZeny na pokrocilejsich fluorescen¢nich technikach.

Jako prvni miZeme uvést lokalizaci dané latky nebo fluoreskujiciho analogu v ramci
agregatu pomoci mistné selektivnich zhaSeca fluorescence. NejucinnéjsSim zhasecem je
atom jodu, ktery muze byt pouZity jako soucadst organického nebo anorganického
komplexu. Pro exponované fluorofory umisténé ve vnéjsich vrstvach agregatti je u¢innym
zhaSeCem anion iodu, nejcastéji ve formé KI. Hloubéji zanorené fluorofory, které se
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pohybuji v palisdidové vrstvé, se pouzivd 3-iodpropanovd Kkyselina nebo
cetyltrimethylamonium chlorid. Fluoreskujici latky zanorené do hydrofobniho jadra zhasi
fenyliodid24.

Druhou technikou, kterou lze uspéSné vyuzit, je fluorescencni korelacni
spektroskopie, vyuZitelna pro stanoveni nizkych koncentraci latek a je tak pouZitelna ve
studiu uvolnovani aktivnich latek. Z méteni zaroven vyplyva, jestli fluoreskujici latka je
rozpusténa v molekuldrni formé, nebo je soucasti vétSiho agregatu - tyto informace
poskytuje difazni koeficient.

Zavérem této Casti Ize shrnout, Ze uvedené schéma i pres svou slozitost nakonec
odpovida logickym krokiim pro studium podobnych systémii. V pripadé malého mnozZstvi
vzorku lze jednotlivé ¢leny agregacni rady vyuzit k dal$im experimentiim napt. pro
stanoveni vlivu iontové sily nebo stanoveni hydrodynamické poloméru apod.

2.3 OMEZENI, PROBLEMY... A JEJICH MOZNE RESENi

Technika fluorescencni spektroskopie bude citliva na podobné problémy jako
jakakoliv spektroskopie vyuZivajici spektralni oblast 200 aZ 800 nm, respektive aZ
1 500 nm. Problémy se mohou tykat jak samotné instrumentace, tak i charakteru vzorku.
Opomenuti téchto omezeni pak vede ke Spatné interpretaci namérenych dat.

2.3.1 Excitace a detekce

Standardni spektrofluorimetry nebo luminiscen¢ni spektrometry maji rozsah
excita¢nich vlnovych délek dany rozsahem excitatniho zdroje, kterym byva nejcastéji
xenonova vybojka. Tyto vybojky jsou pro praktické pouziti vybaveny vrstvou, ktera
absorbuje vlnové délky do cca 250 nm z divodu omezeni tvorby ozonu, nicméné toto
zmensSuje dostupny excitacni rozsah. Kromé zdroji s vice ¢i méné kontinudlnim spektrem
emitovanych vinovych délek lze pouZit jeSté diskrétni laserové zdroje, které maji velmi
uzkou distribuci vinovych délek a je tak omezena jejich univerzalnost. V souc¢asnosti jsou
na trhu dostupné takzvané ,bilé lasery“ nebo ,superkontinualni lasery“, které kombinaci
krystalli nebo laserovych barviv pokryvaji aktudlné spektralni rozsah 400-900 nm, coZ
opét neni prilis praktické z diivodu chybéjicich vinovych délek pod 400 nm. Z hlediska
rozptylu excita¢niho paprsku, ktery byva casto pritomny v koloidnich systémech.

2.3.2 Kompenzace rozptylu a vysoké koncentrace fluorofort

Rozptyl je nepfimo imérny mocniné vinové délky a je tedy vyhodnéjsi pouZit
vlnovou délku 800 nm spiSe neZ 400 nm. Nutnou podminkou ovSem je ziskat shodné
informace pri pouZiti rtizné vinové délky. To lze feSit pouzitim sond s vyrazné posunutou
absorpci k blizké infracervené casti, které maji obdobnou reakci na studovanou velicinu.

24 Deumié, M., El Baraka, M., Quinones, E. ] Photoch Photobio A 87 (1995), 105-113
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V tomto piipadé je ale nutné mit i prislusny detektor, citlivy na prisluSnou oblast, coZ
v soucasnosti neni jednoduché?2>.

Pokud neni mozné zménit fluorofor, je potifeba co nejvice potlacit rozptyl svétla
v takovychto systémech. V tomto pripadé se rozptyl tyka i emitovanych vinovych délek,
protoZe o ty jde predevsim. V zdsadé lze pouzit tfi rizné pristupy: 1) zménit trajektorii
excitace a emise; 2) pouzit polarizatory a 3) kompenzovat spektralni prostupnost pro
rizné vinové délky pomoci absorp¢ni spektrofotometrie - potla¢eni vnitinich filtra¢nich
efektt L. a II. druhu.

Ex. Ex. Ex.

Em. Em.

Em.

B

a) b) )

Obrdzek 6 Riizné zpiisoby excitace za pouZiti specidlnich kyvet. Obrdzek schematicky ukazuje, jak Ize za pouZiti specidlnich
kyvet dosdhnout riiznych zpiisobii excitace. a) pravothld excitace (RA); b) excitace povrchové vrstvy (FF); c) mimostiedovd
excitace (0C).

1) Zmeéna trajektorie souvisi s riznym tthlem mezi excita¢nim emisnim paprskem. Ve
vétSiné piipada ,klasickych stolnich spektrofluorimetri se uZzivad pravouhlé
usporddani, které byva nazyvano anglicky ,right-angle“ (Obrazek 6). DalSimi
moZnostmi jak excitovat a posléze snimat jsou naprtiklad tzv. ,front-face“ (snimani
z predni povrchové vrstvy) pripadné ,off-center(mimostiedova excitace). Tyto
typy geometrii jsou vyuzivany prednostné v pripadech, kdy jsou vzorky prilis
koncentrované (z hlediska fluoroforu), zakalené nebo pevné. Ve vétsiné pripadi
se pro tato meéfeni vyrabéji specidlni kyvety, které jsou kompatibilni se
standardnim kyvetovym prostorem. Specidlni variantou je i pouziti integracni
sféry (integrating sphere). Tato sféricka dutina je pokryta takrka 100% odrazivym
materidlem (napriklad slinuty PTFE tzv. Spectralon), ktery zvySuje vicendsobnym
odrazem od stén smérem ke vzorku pravdépodobnost absorpce, pokud fotony

vvvvvv

VIS-NIR tj. v oblasti mezi 800 a 900 nm. U standardnich fluorimetri se ptedpoklada vétsi pravdépodobnost
prace v UV-VIS nez v VIS-NIR oblasti, proto je vétSina fluorimetrti vybavena fotonasobici, které efektivné
pokryvaji spektralni rozsah mezi 220-800 nm. Pro oblast blizké NIR je pak pouzivan dalsi detektor,
nejcastéji kapalnym dusikem chlazeny InGaAs detektor s deklarovanou citlivosti 800-1500 nm. V kazdém
pripadé je dle dostupnych charakteristik kvantova ucinnost detektord v dané oblasti okolo 10 %. Jsou
dostupné i excelentné citlivé detektory s kvantovou tcinnosti ~10-15 % pfi 900 nm (napft. kiemikové
Excelitas® detektory).
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2)

3)

prvni priichodem nebyly absorbovany. Zaroven sbird i rozptylené emitované
fotony, kterym umoznuje priichod na detektor jen jednim vystupem.
Pouziti polarizatori znacné zeslabuje excitatni a detekovany proud fotond,
nicméné mize pomoci, zvlasté pokud je potieba vykreslit spektrum latky s velmi
malym Stokesovym posuvem v zakalené disperzi. Polarizatory se pouZzivaji
v kolmé konfiguraci (horizontalné umistény emisni polarizator odfiltruje vétSinu
rozptyleného vertikdlné polarizovaného excitacniho zareni, protoze rozptylené
svétlo udrzuje plivodni smér polarizace) nebo je ponechan excitacni polarizator
vertikalné a emisni je nastaven na hodnotu magického uhlu 54,7°. Toto
samoziejmé neplati vzdy idedlné a podle typu materidlu (piitomnosti riiznych
chiralnich center) dochdazi riizné ke staceni roviny polarizace rozptyleného svétla.
Posledni pristup je nejzasadnéjsi a pro vykreslovani spekter a nasledné pouzivani
intenzity fluorescence, at jako integral pod spektrem nebo pfti jedné vinové délce,
je absolutné nezbytny. Pomoci absorpc¢niho spektrofotometru lze otestovat vzorek
pro spektralni propustnost na vSech excita¢nich i emisnich vinovych délkach a pro
danou optickou drahu (rGzna pri riznych geometriich). Standardné se vztahuje
pozorovana intenzita fluorescence na transmitanci pfi dané excitatni a emisni
vlnové délce. Prakticky se provadi méreni v kyveté s optickou drahou 1 cm tak, aby
absorp¢ni spektrum zahrnulo vSechny excita¢ni a emisni vinové délky. ObdrZené
hodnoty absorbance se vztdhnou khodnoté optické drahy a dostavame
univerzalni veli¢inu optickd hustota (optical density, OD), ktera vyjadruje
zeslabeni vzorku absorpci a rozptylem. Tato veli¢ina se pak nasobi danou optickou
drahou [ pro excitaci a emisi (v pravouhlé konfiguraci obé 0,5 cm) a jeji negativni
hodnota jako mocnina c¢isla deset pak putuje do jmenovatele pro Kkorekci
pozorované intenzity fluorescence. Korek¢ni vztah pak je:

Frorigovana = Fpozorovana " 10%exOPex « 1lem ODem,
Omezeni tohoto pristupu bude omezenim rozsahu absorpc¢niho spektrofotometru,
kdy soucasny strizlivy limit pro méreni absorbance je do hodnoty 3. Od této
hodnoty vysSe pak pristroje vykazuji znac¢ny, prevazné nahodny, Sum hodnot.

Nezbytnost korekce zvlasté pomoci posledné zminéného pristupu lze jen tézko

pominout, nicméné v mnoha védeckych clancich tato korekce neni zminéna. Zvlasté

patrné je to pri méreni koncentrovanéjsich roztokt, nez je napiiklad 10-7 mol-L-! pro
fluorofory s extinkénim koeficientem 60 000-100 000 L-mol-1-cm-! (viz Tabulka 2) nebo
pokud vzorek obsahuje jiné chromofory pripadné fluorofory, které mohou absorbovat

rizné pravdépodobné na riiznych vinovych délkach (napt. padni vyluhy). Zarovern je toto

korigovani nezbytné i v pripadé méreni rezonanc¢niho prenosu energie se zvySujicim se

mnozstvi akceptoru, ktery z principu metody ma absorbovat pfi emisnich vinovych

délkach donoru.

17



Tabulka 2 Tabulka pro modelovy priklad nutnosti pouZiti korekce vnitrnich filtracnich efektii pro riizné koncentrované
roztoky fluoroforti bez zahrnuti rozptylu nebo koabsorbce dalsimi fluorofory. Prvni sloupec predstavuje koncentraci
fluoroforu, druhy hodnotu extinkcniho koeficientu pri excitacni vinové délce, treti sloupec zahrnuje vinové délky, kdy je
25% pravdépodobnost reabsorpce emitovaného fotonu druhym fluoroforem stejného druhu. Ctvrty sloupec pak ukazuje
hodnoty korigované hodnoty fluorescence pri namérené hodnoté fluorescence 100,0 pro vinové délky s 25% sanci
reabsorpce, Fkor 25 %, a pdty sloupec pro nulovou pravdépodobnost reabsorpce, Fkor 0 %.

extinkéni extinkéni
koncentrace koeficie.nt Ph ko?fic,ient pf‘,i Fkor 25 % Fkor 0 %
excitacni emisni vinové
vinové délce délce
mol L1 L mol! cm1 L mol! cm1 a.u. a.u.
100 000 25000 100,1 100,1
108 80000 20000 100,1 100,1
60000 15000 100,1 100,1
100 000 25000 101,4 101,2
107 80000 20000 101,2 100,9
60000 15000 100,9 100,7
100 000 25000 115,5 112,2
106 80000 20000 112,2 109,6
60000 15000 109,0 107,2
100 000 25000 421,7 316,2
105 80000 20000 316,2 251,2
60000 15000 237,1 199,5

2.3.3 Priprava vzorkii pro spektroskopii

VétsSina koloidnich systémi nevykazuje fluorescenci sama o sobé, tzv.
autofluorescenci, ale je potfeba je fluorescentné vybarvit. Fluorescencni barveni je
obecné dvou typl: a) metoda fluorescen¢ni znacky (angl. Fluorescence labeling); b)
metoda fluorescenc¢ni sondy (angl. Fluorescence probing).

V prvnim piipadé dochazi k chemickému navazani fluoroforu na danou koloidni
Castici, coz mlZe samoziejmé zménit jeji chovani v roztoku. Chemicka vazba fluoroforu je
tak prijatelnd povétSinou pro velké a rigidni polymery (polysacharidy, bilkoviny).
Nevyhody tohoto pristupu jsou jiZz zminéné ovlivnéni vlastnosti koloidu a pripadna
nestabilita vazby, protoze fluorofor nema vétSinou sdm o sobé afinitu k mistu, ke kterému
je fyzikalné vazan. Z méreni spekter, intenzity fluorescence nebo doby Zivota nelze urcit,
jestli je méren komplex koloid-znacka nebo smés koloid + fluorofor. To lze odhalit
pokrocilejsSimi mérenimi jako je fluorescencni korelaéni spektroskopie nebo
anisotropie?®.

26 Prikladem mylného vyhodnoceni miize byt situace, kdy je vyuzito rezonancniho prenosu energie pro
studium zmény konformace proteinu. Vymizeni efektu prenosu energie mize byt zptisobeno oddalenim
segmentid nesoucich donor a akceptor, stejné tak ovSem mize byt zpisobena hydrolyzou vazby donoru
nebo akceptoru. Existuje vSak zplisob ovéreni, jestli jsou stale oba fluorofory soucasti jedné koloidni ¢astice,
a to dvoubarevna FCS, kdy dostavame nenulovy signal pii kroskorelaci donorového a akceptorového kanalu
jen v ptipadé, Ze jsou oba lokalizovany na stejné castici, ktera difunduje pozorovanym objemem.
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Metoda fluorescenc¢ni sondy prinasi jind dskali. Jedno znejvétsSich je konkrétni
lokalizace v heterogennich systémech, protoZe fluorofory se v tomto pripadé rozdéluji
v systému dle své afinity k danému prostiredi. Rozdélovani v mnoha pripadech podléha
rovnovaze a je tedy obtiZné najit jednu fluorescen¢ni sondu jen na jednom misté.
Piikladem miiZou byt dvé velmi Casto pouZzivané fluorescen¢ni sondy - perylen a
N,N-dimethyl-6-propionyl-2-naftylamin (prodan). V micelarnim systému je perylen, silné
hydrofobni polyaromaticky uhlovodik, z 99,9 % lokalizovany v nejhydrofobnéjsi casti
koloidniho systému - micelarnim jadre (dle 16 a 17). Substituovany naftalen prodan je
naopak zastoupen riiznou mérou ve vSech prostiedich micelarniho systému - volné
prostiedi, palisdidova vrstva a micelarni jadro??. Jednotliva prostredi v heterogennich
systémech se lisi polaritou, relaxacnim ¢asem okolniho prostiredi, lokalni hustotou naboje
v pripadé napft. ionogennich tenzidii. Toto vSechno se projevuje ve spektrech napriklad
posunem nebo rozdvojenim emisnich past, protoZe iluminovany a detekovany objem je
o nékolik radl vétsi, nez jsou struktury ve studovaném systému a pristroj detekuje signal
ze vSech domén. Velkou pomoci v tomto pripadé je stanoveni doby Zivota, ktera bude
vriznych castech odliSna a umozni pri znalosti rozlozeni dob Zivota pii emisnich
vlnovych délkach dekonvoluci takového signalu (¢asové rozliSena emisni spektroskopie,
time-resolved emission spectroscopy, TRES).

Dalsi problém miize predstavovat vnaseni fluorescenc¢ni sondy do systému.
V predchozim oddile jsme ukazali, Ze optimalni koncentrace fluoroforu pro méfeni na
klasickém spektrofluorimetru je fadové 10-7 mol-L-1. Minimaln{ objem vzorku pro méteni
ve standardni kyveté s optickou drdhou 1 cm je 3 mL resp. naplnéni kyvety o zakladné
1x1cm do vysSky 3 cm?8, Pokud tedy zvolime zakladni objem vzorku treba 5 mL, je
celkové latkové mnozstvi fluoroforu ve vzorku 5-10-10mol. Pri stfedni molekulové
hmotnosti 500 g-mol! je pak celkova navazka pro jeden vzorek 2,5-107 g, coZ je mimo
moZznosti pifimého vazeni. Toto se reSi dvéma rliznymi zptisoby s ohledem na rozpustnost
sondy ve vodé:

a) Fluorofory rozpustné ve vodé je mozno pripravit ve formé o tii rady
koncentrovanéjSitho zasobniho roztoku, nez je poZadovana finalni
koncentrace. V ptipadé vzorku o konecném objemu 5mL je moZné
k danému systému pridat napiiklad 5 pL zdsobniho roztoku a zapocitat
redéni, nebo redéni zanést jiz do pripravy daného sytému. V pripadé méreni
koncentracnich zavislosti koloidnich systémi lze rici, Ze oba pristupy jsou
ekvivalentni a zaleZi na sloZitosti piipravy samotného koloidniho systému.

b) Elegantnéjsi varianta je vyuzZivdna u vzorkli nerozpustnych ve vodé.
Obdobné se pripravi o tfi rady koncentrovanéjSi roztok fluoroforu
v tékavém rozpoustédle - idealné acetonu, pripadné chloroformu nebo

27 Napf. Karukstis, K., McDonough, ]. Langmuir, 2005, vol. 21, pp. 5716-5721.
28 SkuteCny profil paprsku, ktery dopadd na kyvetu je dany konecnou velikosti vystupni Stérbiny a
pripadnym dal$im fokusa¢nim prvkem, cockou, a tedy mize se ménit dle daného typu spektrofluorimetru.
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methanolu. Do prazdné vialky se napipetuje prislusSné mnozstvi zasobniho
roztoku a rozpoustédlo se necha vytékat, nebo se mu pomize zahratim,
sniZenim tlaku nebo proudénim vzduchu ¢i inertu (N2, Ar, He) okolo usti
vialky. Fluorofor na dné vialky rekrystalizuje do formy velmi malych
krystalkli (Obrazek 7), které pak mohou byt snadnéji solubilizovany
koloidnim systémem.

Obrdzek 7 Rekrystalizované barvivo Nilskd Cerveri z acetonového roztoku ve vialce. MnoZstvi barviva je Fddové veétsi pro lepsi
vizualizaci.

2.3.4 Priprava vzorkii pro mikroskopii

Priprava mikroskopickych vzorki je velmi rozmanita a zalezi na druhu vzorku a
poZadované analyze - jiné podminky budou platit pro méreni fluktuace fluorescence
v koloidech jiné pro mapovani pH vzZivych bunkach. Popsat komplexni pripravu
mikroskopickych vzorkli prekracuje ramec této prace, nicméné nékteré specifické
metody fixace a pripravy vzorki budou popsany v kapitolach s konkrétnimi praktickymi
priklady.

Pokud se zaméiime pouze na vybarvovani vzork(, pak mame pied sebou tii mozné
situace: 1) vzorek je fluorescentni; 2) vzorek je nefluorescentni; 3) vzorek nevykazuje
poZadovanou fluorescenci, a navic je Zivy.

V prvnim pripadé je problém, pokud je vzorek ,dobrym*“ (vysoka absorpce, vysoky
kvantovy vytézek) fluoroforem nebo fluorescentni ¢astici. Pro méreni parametri pomoci
fluorescencni korelacni spektroskopie plati omezeni poctu ¢astic v pozorovaném objemu.
Pokud je tedy studovana koncentra¢ni zavislost, musi se rozmezi drZzet v daném,
v absolutnich hodnotach nizkém, koncentra¢nim rozsahu. Dal$i variantou je tento
experiment provést s nefluorescentnimi ¢asticemi stejného druhu - fluorescentni ¢astice
by pak mély charakter fluorescen¢ni sondy. Toto je napriklad nezbytné, pokud studujeme
agregace pozorovanim zmény difizniho koeficientu naptiklad pomoci fluorescencné
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znacenych polymerii2°. Pokud toto neni moZné, tak je zde moZnost pouziti jiného dalSiho,
bathochromné posunutého, fluoroforu nebo jina varianta difazniho studia (alternativa
pro FCS by mohl FRAP - sledovani obnoveni fluorescence po fotovybélenti).

Pokud pracujeme s nefluorescentnim vzorkem, pak postup vybarveni bude zaviset
na charakteru vzorku a prislusné formy fluoroforu. Pro aplikace vyuZivajici fluktuaci
intenzity je opét nutné drZet koncentraci fluoroforu v nanomolarni koncentraci. Vzorky
o definované koncentraci se velmi obtiZzné pripravuji a finalni vzorek neni takika mozné
zkontrolovat jinym analytickym postupem. Jako nejoptimalnéjsi se jevi postup, kdy
pomoci znamého extinkéniho koeficientu nebo pripravené kalibracni zavislosti
stanovime koncentraci vzorku s absorbanci v rozmezi 0,1-0,5. Tento vzorek se pak
roziedi pomoci analytickych vah na pozadovanou koncentraci. Pri pripravé je potreba
uvazovat i zpisob jeho vneseni do vzorku, jestli nese kladny ndboj nebo je napriklad
hydrolyzovatelny. Pokud si ptipravujeme ziedény zasobni roztok, ktery hodlame dale
redit o 2 az 3 rady, je vhodné jej pripravit napriklad jako roztok v DMSO, ktery zabrani
hydrolyze (v ledni¢ce tuhne), ma nizkou tenzi par, vysoky bod varu a je reditelny vodou.

Treti varianta je nejkomplikovanéjSi a paradoxné zaroven nejjednodussi.
Jednoduchost spociva v existenci spousty piredpripravenych postupt a kitt, které celou
véc zna¢né ulehéuji. Zivé butiky je potieba s barvivem a pomocnymi latkami kultivovat
v optimalnim prostiedi, které umozni prinik latky pres membrany. Komplikovanost
souvisi s irovni vybarveni jednotlivych bunék, resp. organel. Pro analyzy zaloZené na
monitorovani doby Zivota nebo intenzity fluorescence na raznych kanalech toto neni
velkym problémem, ovSem pro koncentracné citlivou metodu jako je FCS to naopak
problémem je. U zivych systémii navic hraje roli i silnd autofluorescence v UV i VIS oblasti,
ktera bude fluktuacni analyzy rusit. Je potfeba samoziejmé pocitat, Ze tak komplexni
koloidni systémy jako jsou Zivé buriky, se chovaji autonomné.

2.4 PYREN JAKO FLUORESCENCN{ SONDA

v

Pyren, systematicky benzo[d,ef]fenanthren, je bezesporu nejpouzivanéjsi
fluorescen¢ni sondou pro studium agregacnich procesti v koloidnich systémech. Je rovnéz

hojné vyuzivan pro stanoveni agregacniho cisla pomoci zhaseni. Je to sudy alternujici
uhlovodik s D2h symetrii.

VyuZiti pyrenu jako fluorescené¢ni sondy je spojeno s jeho vcelku unikatni reakci na
polaritu svého mikrookoli. Obecné se da rici, Ze intenzita prvniho vibra¢niho prechodu
(52 - S2, lokalizovaného okolo 373 nm) a spole¢né s nim i druhy (S - SZ, lokalizovany

29 Pokud byl studovanym polymerem naptiklad nativni hyaluronan, predpoklada se, Ze prechod ze
ziedéného do poloziedéného rezimu nastava u jednotek grami na litr. Pfi primérné molekulové hmotnosti
nativniho hyaluronanu 1 000 kg mol! je koncentrace fetézcli v fddech mikromold na litr. Takto dlouhy
fetézec neni realné vybarvit pouze jednim fluoroforem - komercné dostupné jsou derivaty se stupném
substituce v jednotkach procent. Pfi primérném poctu monomer cca 2500 znamend i 1% stupen
vybarveni 25 molti barviva na jeden mol fetézce.
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okolo 378 nm) zvySuji svou hodnotu pti prechodu z nepoldarniho do polarniho prostiedi.
Ostatni prechody jsou ovlivnény pouze minimalné, a tak tfeti vibra¢ni prechod (S? — SZ,
lokalizovany okolo 383 nm) je pouzivany jako referencni. Pomér intenzit téchto prechodt
[1/13 (Py 1:3 apod.) je pak imérny polarité daného mikrookoli. Tento pomér bude nadale
oznacovany v praci jako emisni polaritni index se zkratkou EmPI.

—polérni EXC
nepolarni EXC
polarni EM

nepolarni EM

Fluorescence (a.u.)

)

300 350 400 450 500

Vlnova délka (nm)

Obrdzek 8 Excitacni a emisni spektra pyrenu v poldrnim a nepoldrnim prostredi.

Mezi nejstarsi a nejcitovanéjsi3? prace v této oblasti patii slavna publikace autorii
Dao Cong Donga a Mitchella Winnika vydana v roce 1984 v Casopise Canadian Journal of
Chemistry31, kterd navazuje na starsi praci obou autorii32 v této oblasti. V této a zminéné
starsi praci je shrnuti prvni dekady vyuziti pyrenu, sumarizace ranych praci ohledné
reakce pyrenu na polaritu, a predevsim ustaveni pyrenové polaritni $kaly (ang. Py scale)
ajeji korelaci v ramci protickych a aprotickych rozpoustédel s Kamlet-Taftovym modelem
a Dimroth-Reichardtovym rozpoustédlovym parametrem Er30. Autofi této prace
srovnavali 94 rozpoustédel a pyrenové pary a vznikl tak pomérné Siroky prehled hodnot
EmPI pro rlzna rozpoustédla. Navrhli navic vztahy EmPI pro stanoveni polaritnich
parametrt vSech v té dobé vyuzivanych popist interakce solut-solvent. Je potfeba ovSem
zminit nejplivodnéjsi praci Akiry Nakajimy33 z roku 1971 s 322 citacemi (WoS, kvéten
2018), ktera jako prvni popisuje vliv rozpoustédla na absorp¢ni a emisni vlastnosti
pyrenu.

30 677 citaci (kvéten 2018, Web of Science Core Collection)

31 Dong, D.C., Winnik, M.A. Can ] Chem 62 (1984), 2560-2565

32 Dong, D.C.,, Winnik, M.A. Photochem and Photobio 35 (1982), 17-21
33 Nakajima, A. Bull Chem Soc Jpn 44 (1971) 3272-3277
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Dal$im pouZivanym parametrem je tzv. excitacni polaritni index, oznacovany jako
v literature34 jako I333:1338 nebo [33s:1333, dale oznacovany jako ExPI. Tento pomér vychazi
z rozdilné absorpce pyrenu v polarnim (~333 nm) a nepolarnim (~338 nm) prostredi.
Tento pas patii prechodu oznacovanému jako La (So—S2)3°. ProtoZe neni vzdy
jednoduché presné urcit pozici maxima absorpce, vyuziva se faktu, ze pik pirechodu
nemeéni pri zméné polarity sviij tvar (pri zachovani stejné Sirky Stérbiny), ale jen se
hypsochromné/bathochromné posunuje. V tomto ptipadeé je rozsah ExPI $irsi neZ u EmPI.
Skute¢nou hodnotu poméru miZou ovlivnit vSechny efekty rozsirujici obecné spektralni

pasy.

Tretim parametrem, pochazejicim z emisniho spektra, je zastoupeni excimeru.
Excimer je tvoreny sandwichovou strukturou skladajici se zexcitované molekuly a
molekuly vzakladnim stavu. Vzdalenost mezi molekulami je 3,53 A [11]. Proces
formovani je bimolekulovy proces, ktery je zavisly na koncentraci a difiznim koeficientu.
Tento proces zhas$i monomerni emisi a sdm emituje zareni, které je posunuté k nizZsim
energiim (maximum 450-470 nm) a je posunuty i v Case.

3,354

Intenzita

monomer

Fluorescence (a.u.)

excitaéni puls

360 380 400 420 440 460 480 500 520 DOba ZIVOta (ns)

VInovéa délka (nm)

Obrdzek 9 Emisni spektrum monomeru a excimeru pyrenu (vlevo). Casovy profil intenzity fluorescence po krdtkém
excitacnim pulzu (zelené) z pohledu monomeru (Cervené) a excimeru (modrd).

Ctvrtym parametrem je intenzita fluorescence, ktera je oviem ovlivnéna extinkénim
koeficientem, koncentraci a kvantovym vytéZzkem. Spojenym parametrem je doba Zivota,
ktera je ovSem v pripadé pyrenu extrémné dlouha ve stovkach nanosekund3®. To
umozinuje vyuziti ¢asového rozliSeni od dalsich fluorofor, nicméné jeji délka je zaroven
komplikaci, protoze typické doby Zivota jsou v jednotkach nanosekud. Je jesté diilezité
zminit, Ze pokud v oblastech tvorby excimeru je potieba zizit (vhodnym emisnim filtrem,
monochromdatorem a Sifrkou Stérbiny) oblast detekce mimo emisi excimeru. Vzhledem

34 napr. Mohanty, A. K. et al. Prog Biomater 4 (2015), 89-100
Shen, Y. et al. Carbohyd Polym 77 (2009), 95-104

Zhang, ].X. et al. ] Biomed Mater Res A 76A (2006), 773-780
35 Wilhelm, M. et al. Macromolecules 24 (1991), 1033-1040
36 Nakajima, A. Bull Chem Soc Jpn 46 (1973), 2602-2604
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k tomu, Ze je Casové posunuty viici emisi monomeru, nebude vyhasinaci kirivka odpovidat
vazenému souctu jednotlivych exponencialnich krivek, ale projevi se jako proces, ktery je
nutné odecist a ma zapornou hodnotu amplitudy.

Vsechny ¢tyti parametry lze vyuzit ke studiu koloidnich systémii a nékteré priklady
jsou v nasledujici kapitole. Vybrané aplikace. V pouZiti pyrenu ve vyzkumu asociativnich
koloidii je potifeba zminit dtllezitou publikaci skupiny z Malagy3’. V roztoku roste
koncentrace tenzidu pies hodnotu kritické micelarni koncentrace za pritomnosti pyrenu
a pozorované emisni parametry EmPI a ExPI vykazuji typickou sigmoidni zavislost, kterou
popisuje Boltzmannova funkce (Obrazek 10). Tato Ctyrparametrickd funkce ma tri
charakteristické hodnoty - prvni zlom, poloha inflexniho bodu a druhy zlom. V této praci
byl porovnanim napf. s vodivostnim mérenim navrhnut parametr poméru hodnoty x-ové
souradnice inflexniho bodu a gradientu zmény. Tento parametr pak ukazuje, jestli jako
hodnotu kritické agrega¢ni (micelarni) koncentrace vyuzit inflexni bod nebo druhy zlom.
Jestli je vySsi neZ hodnota , 10 je vhodné jako agregacni koncentraci brat druhy zlom,
pokud je nizsi, tak inflexni bod.

1‘-‘1'-1.\ max
= *" |
& o dx max —min
5 . BmPlL ExPL= koncentrace—x,
£ ® 1+e dx
m )

min \..-lo-l‘n-'-.
(xo+ 2dx) Xo (x,+ 2dx)
Koncentrace

Obrdzek 10 Boltzmannova kiivka jako model priibéhu zmény polaritnich indexii na koncentraci agregujicich systémii okolo
kritické agregacni koncentrace.

37 Aguiar, J., Carpena, P., Molina-Bolivar, J.A., Ruiz, C.C. J Colloid Interface Sci 258 (2003), 116-122
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3 VYBRANE APLIKACE FLUORESCENCE VE VYZKUMU KOLOIDU

Tato kapitola si dava za cil na praktickych piikladech ukazat, jak platna je
fluorescenc¢ni spektroskopie ve vyzkumu riiznych koloidnich systémd. Jednotlivé shrnuti
aplikaci, které jsou soucasti publikaci, na nichz se autor této spolupodilel, bude doplnéno
i rozS§ifenym komentarem kjednotlivym technikam, které byly pouzity pro ziskani
vysledkd.

Pro lepsi prehlednost budou prace déleny do jednotlivych kapitol dle svého
zameéieni na dany koloidni systém. Jednotlivé citované prace pak budou priloZeny.

3.1 Nativni hyaluronan

Studium nativniho hyaluronanu, sodné soli kyseliny hyaluronové, pomoci
fluorescencni spektroskopie je velmi obtizné. Samotna Kkyselina hyaluronova
nefluoreskuje a je ji tak treba modifikovat. Chemicka modifikace (viz poznamka 29),
navazani fluorescenc¢ni znacky, pak miize zménit charakter a interak¢ni vlastnosti takto
modifikovaného polymeru. Takto znaCené polymery jsou financné nakladné nebo
narocné z hlediska pripravy - predevsim purifikace. Dals{ variantou je pouziti fyzikalniho
afinitniho znaceni, které v pripadé hyaluronanu zahrnuje nejvhodnéji s karboxylovym
aniontem D-glukoronové podjednotky.

Obrdzek 11 Sekunddrni struktura hyaluronanu, sodné soli kyseliny hyaluronové

Pro fyzikalni interakci tak bude nejvhodnéjsi pouZzit malé fluoreskujici kladné nabité
molekuly, jako je napriklad akridinova oranZ (AO). Hydrochlorid této fluorescencni sondy
(AO+) nese kladny naboj, ktery se mize vazat na karboxylové skupiny D-glukuronové
podjednotky hyaluronanu. Akridinova oranz je zaroven typem barviva, které od
koncentrace cca 5-10-5 mol-L! ve vodném prostredi tvori v zdkladnim stavu komplexy,
tzv. H-typ agregatl (sandwichovy typ agregace)38. Tyto komplexy, dimery a oligomery,

38 dal$im typem je J-typ agregace, oznacovany jako ,head-to-tail”
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jsou spojeny prenosem elektronu a vznikem excitonu (Obrazek 12)3°. Vysledkem
zformovani dimeri je hypsochromni posun absorpce (465 nm, [3-pas)*® oproti absorpci
monomeru (492 nm, a-pas), potla¢eni fluorescence monomeru a vznik bathochromné

MONOMER H-TYP
s o
e Y Exciton + \+

H3 ~ |)\/\N¥)\/K EHS 3

Sq . : Yeu, JH | CH3
f o : g CH, H CH,
=S v \
A 1t : Exciton -
T~ CHy H CH,

| | |
CHy H CHs

v : N N N
H Hye” //\f iy
= ‘ S HoC L/%\ CH
O O ’ IR N N
x CcH
N' N

CH, H CHj,

Obrdzek 12 Zjednoduseny Perrin-Jabtoniskiho diagram pro tvorbu excitonovych pdsi pri H-typu agregace Akridinové
oranZe. Zkratka ,A" znaci proces absorpce, ,F fluorescenci a ,IC + VR” nezdrivou deaktivaci procesem vnitrni konverze a
vibracni relaxace.

posunutého emisniho pasu dimeru, ktery je kvantové mechanicky zakazany, a proto velmi
slaby#1. Pokud je pritomné vhodné vazné misto pro molekulu AO+ (karboxylovy aniont),
je mozZno pozorovat formovani agregat uz pri fadové nizsich koncentracich. Zménou
koncentrace vaznych mist nebo AO+ pak muizeme studovat interakci a rozlozeni
dostupnych vaznych mist polymeru pro interakci s molekulou AO+. Pokud chceme
studovat zmény ve vétsSim rozsahu, miize byt prekazkou koncentrace, kdy se tvofi dimery
AO+ samostatné v roztoku. V pripadé hyaluronanu nas zajimaji vy$si koncentrace, proto
neni vhodné postupné pridavani AO+, protoZe by nebylo mozZné rozhodnout, jestli je
tvorba dimerli podminéna pritomnym volnym vaznym mistem, nebo vysokou
koncentraci AO+ v roztoku.

Pro popis koncentracnich zmén je pouzivan misto primych hodnot koncentrace
pomér poctu vaznych mist a molekul AO+, ktery se oznacuje jako pomér P/D.
Predpokladdame-li, Ze je pokles fluorescence spojen sformovanim agregatli, pak
teoreticky nejniZsi hodnota signdlu by méla nastat pti hodnoté P/D =0,5. Pri nizsich
hodnotach poméru bude v systému prebytek AO+, ktery bude fluoreskovat, pri vysSich
pomérech pak dojde k redistribuci AO+ na nadbytek vaznych mist a fluorescence opét
vzroste. Mistu s nejnizsi hodnotou fluorescence se rika bod ekvivalence, ktery byva
v literature oznacovan (P/D)e.

39 dle Bayda, M. et al. Dalton Trans 46 (2016), 1914-1926

40 oligomer absorbuje pii 450 nm a je oznacovan jako y-pas

41 napt. Costantino, L. et al. ] Chem Eng Data 29 (1984), 62-66

nebo Peyratout, C., Donath, E., Daehne, L. ] Photoch Photobio A 142 (2001), 51-57
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Velmi vhodnym doplnénim téchto experimenti je stanoveni poméru absorbance
dimeru vii¢i monomeru (pomér B a a pasu). Jak jiz bylo diskutovano v kapitole 2.1.4,
zména intenzity miize byt ovlivnéna i zplisobem piipravy vzorku. Porovnanim
fluorescence a absorpce se lze vyhnout Spatné interpretaci ziskanych dat. Modelové
pribéhy fluorescence a poméru absorbanci shrnuje Obrazek 13.

Pomoci agregujici sondy AO+ byla studovdna pomoci intenzity fluorescence
koncentrac¢ni rada nativniho hyaluronanu a vliv iontové sily na interakci sonda-polymer
pri konstantni koncentraci AO+. Byly obdrZeny atypické vysledky, které byly publikovany
jako cast rozsahlejsSiho c¢lanku zahrnujici i pozdéji intenzivné studované interakce
hyaluronanu a kladné nabitého tenzidu*z. Tyto vysledky, které navazuji a rozsituji drive
zpracovavané bakalarské a diplomové prace a projekty komercniho vyzkumu#3, vSak stoji
za to podrobnéji diskutovat.
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Obrdzek 13 Excitacni a emisni spektrum AO+ v nizké koncentraci (bez vyraznych pdst dimerti a oligomerti) a naznacend
zavislost intenzity fluorescence se stanovenim bodu ekvivalence. Doplnéno o priibéh zdvislosti poméru absorbance dimerti

vii¢i absorbanci monomerti.

Za prvni atypicky vysledek Ize povaZovat, Ze minimum zavislosti bylo nalezeno pri
hodnoté (P/D)e = 3. Tato hodnota je 6x vétsi neZ teoretickd hodnota bodu ekvivalence. To
miiZze mit nékolik diivodi. Jedno z vysvétleni by mohlo byt, Ze ne vSechny karboxylové
skupiny jsou stericky dostupné a Ze tuto dostupnost ovliviiuje konformace polymeru
vroztoku a samotnad nenulova velikost iontu AO+. To by ovSem znamenalo, Ze pro
interakci je dostupnych necelych 17 % pritomnych vaznych mist. Pokud vezmeme
v ivahu, Ze skutecna koncentrace v bodé ekvivalence je 20 mg-L-1, potom vime, Ze se
pohybujeme ve velmi zfredéném rezimu a mizeme vyloucit intermolekularni interakce.
Ze sekundarni struktury hyaluronanu plyne, Ze kazdy dal$si monomer je otocen viici
piredchozimu o 180°. Pokud by tedy struktura retézce v roztoku kopirovala povrch koule,

42 Mondek ]., Mravec, F. et al Langmuir 30 (2014), 8726-8734

43 nap¥. LONDINOVA, M. Fluorescence ve vyzkumu hydrofilnich oblast{ asociativnich koloidf. Brno: Vysoké
uceni technické v Brné, Fakulta chemicka, 2008. 68s. Vedouci diplomové prace doc. Ing. Miloslav Pekar, CSc.
nebo Mondek, J. Kationaktivni fluorescen¢ni sondy v systému polyanion-tenzid. Brno: Vysoké uceni
technické v Brné, Fakulta chemickd, 2010. 38 s. Vedouci bakalarské prace prof. Ing. Miloslav Pekar, CSc.
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ktery neni proniknutelny pro AO+, byla by, v nejhorSim moZném piipadé orientace
karboxylové skupiny kolmo ke kulové ploSe, dostupna jen polovina karboxylovych
skupin. Dals$i pokles by pak mohl ptipsan sterickym faktortim. Alternativni vysvétleni by
pak znamenalo, Ze vazna mista jsou stericky dostupna, ovSem nejsou ionizovana. Toto
alternativni vysvétleni ovSem stoji proti predpokladu, Ze hyaluronan je 100% sodnou soli
kyseliny hyaluronové a faktu, Ze i zbyvajici karboxylové skupiny maji své pKa** mezi
hodnotami 3-4, coz pti pH roztoku hyaluronanu 6-7 znamena plnou disociaci. Zde je na
misté ovSem poznamenat, Ze i podle Specifika¢nich listi vyrobci miize pH nabyvat
kyselého charakteru, coZ by v pripadé soli slabé kyseliny a silné zasady nemélo byt mozZné.

Dals$im atypickym vysledkem je chovani intenzity fluorescence a poméru Ap:Awm pri
zvySujici se koncentraci polymeru. Vtomto pripadé za bodem ekvivalence nastava
oCekdvany narist intenzity fluorescence a pokles poméru absorbanci. U poméru
absorbanci pak dochazi ke dvojité zméné trendu, kdy narist intenzity fluorescence je
doprovazen narlstem a naslednym poklesem poméru Ap:Am. Toto chaotické chovani
pomeéru lze snad dat do souvislosti i s faktem, Ze celkovy narust fluorescence neni prudky
a jsou zde oblasti se silné se prekryvajicimi chybovymi tise¢kami. Tyto zmény v chovani
pak Ize teoreticky pripsat zméné rozloZeni oligomert vic¢i dimerlim p¥i nardstajicim
obsahu potencionalnich vaznych mist v systému. Podporu pro tuto teorii piinasi Obrazek
14, ktery obsahuje dosud nepublikovana data zavislosti oligomeru. Z téchto dat vyplyva,
ze kdyZ roste zastoupeni dimeru, tak narlista i zastoupeni oligomert, cozZ je zvlasté
vnizSich P/D (niz§{ koncentrace polymeru) ocekavatelné diky prebytku barviva.
Zajimavym faktem je, Ze zastoupeni dimeru ve srovnani s oligomerem Kklesa, i kdyz
celkové oproti monomeru roste. Zavislost Ap:Ao tak kopiruje pribéh intenzity
fluorescence.
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Obrdzek 14 Srovndni nepublikovanych zdvislosti poméru absorpce oligomeru k monomeru (a, cernd) a zdvislost absorpce
dimeru k monomeru (b, oranzovd). Doplnéno o publikovanou zdvislost dimeru k monomeru (modrd).

44 Mero, A., Campisi, M. Polymers 6 (2014), 346-369
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Nejprekvapivéjsi vysledek ovsem nastava pii prekroceni hodnoty P/D = 100. V této
oblasti, kdy ma pocCet vaznych mist o dva rady prevySovat pocet molekul barviva dochazi
k opétovnému poklesu fluorescence spojené s nartistem obsahu dimeru. Pokles dosahuje
minima pii hodnoté P/D =1 000, coZ odpovida koncentraci hyaluronanu cca 7 g-L-1 (!).
V nasledujici oblasti P/D od 1000 do 3000 pak nasleduje strmy naridst intenzity
fluorescence spolu s poklesem obsahu dimeru. Pro toto podivné chovani pripada v avahu
teorie, kterd zahrnuje fakt, Ze pti hodnoté P/D = 142 je koncentrace hyaluronanu 1 g-L-1,
coZ znamena piechod ze zfedéné do poloziedéné oblasti*>. V této fazi pak retézce mohou
preferovat vzajemné interakce a tvorit vnitini, pro AO+ nedosazitelné, domény. Zaroven
miZe hrat roli i fakt, Ze nabitd AO+ bude zachytavana na povrchu takovychto agregati a
nebude penetrovat do vnitini ¢asti k volnym vaznym mistim. Tato teorie ovSsem dobie
nevysvétluje nahly nartst fluorescence se zvysujici se koncentraci, pokud ovSem pfri
koncentraci odpovidajici P/D = 1 000 nedojde k dalsi zméné systému, ktera by znamenala
uvolnéni domén pro snadnéjsi penetraci AO+ a roztok hyaluronanu by tak nepiesel do
»gelu podobné“ faze.

VySe zminéné uvahy Caste¢né podporuji v clanku zminéné mikroreologické
experimenty#6. Data v poloziedéném rezimu vykazuji postupny narist, ktery se zméni
v prudky po prekroCeni koncentrace zhruba 5 g-L-l. Mikroreologickd data vypadaji
posunuta k niz§im hodnotam koncentrace oproti hodnotam fluorescence, coz lze pripsat
teoreticky raddovym rozdiliim ve velikosti AO+ a mikroreologické Castice, ktera tak bude
reagovat diive na formovani sité.

SHRNUTI: Podrobnou analyzou absorpénich/excitaénich spekter a emisnich
muzeme podpofit nebo vyvratit domnénky o chovani koloidnich systémt. Na zakladé
tohoto ,tridéni“ hypotéz pak zlistanou konkrétni otazky, ze kterych vyplyva, jaké
instrumentalni techniky pouZzit k jejich zodpovézeni. Vyhoda fluorescencni spektroskopie
je v jejirelativni rychlosti, kdy lze prométit béhem jedné hodiny ptiblizné 40 vzorki. Vzdy
je vhodné doplnit fluorescen¢ni méreni absorpéni spektrofotometrii, pokud nejsou
pouzity piiliS nizké koncentrace fluoroforii. Spravné provedené spektrofotometrické
pomtze potvrdit nebo vyvratit zmény v koncentraci a interakce v zakladnim stavu.

45 Polozredéna oblast, oblast kde dochazi k propleteni retézcli (chain entanglement), byla stanovena
(Fouissac, E.; Milas, M.; Rinaudo, M. Macromolecules 26(1993), 6945-6951.) pomoci soucinu koncentrace a
relativni molarni hmotnosti na hodnotu 280 000 g L-%. To znamend, Ze v rozsahu relativnich molarnich
hmotnosti 300 000-1 400 000 jsou prechodové koncentrace 0,93-0,2 g L1
46 Byla pouzita varianta pasivni mikroreologie tzv. video particle tracking.

29



3.2 Derivaty hyaluronanu

Studium derivatl hyaluronanu, mj. hlavniho polymeru extracelularni matrix, bylo
soucasti obhajené disertacni prace autora*’. Na zakladé tohoto vyzkumu pak byly sepsany
ti publikacni vystupy*8 4950, pricemz nejdllezitéjSim byl vystup v Colloid and Polymer
Science [50], a poznatky byly prezentovany také vramci rGznych Kkonferencnich
prispévka.

Alkyl derivaty hyaluronanu®! jsou roubovanymi kopolymery hyaluronanu u kterych
1ze ménit typ alkylového retézce, stupen substituce a molekulovou hmotnost vychoziho
polymeru. U takovéhoto typu derivatu lze ocekavat koncentracné zavislé agregacni
chovani, které miize mit typové dva hlavni mechanismy a jeden ptechodny. Prvni
mechanismus je zaloZen na predpokladu, Ze dany modifikovany polymer neni schopen
vytvorit intramolekularni agregat (napt. kvili nizkému stupni substituce nebo
nedostatecné ohebnosti polysacharidové kostry) a bude tedy mit svou hodnotu agregacni
koncentrace. Druhy mechanismus je zaloZen na vzniku intramolekularnich derivatt.
Kombinovany agregat si lze predstavit jako intramolekularni agregat, ktery od jisté
koncentrace vaze dalsi retézce tak, Ze nevytvari nové hydrofobni domény.
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Obrdzek 15 Struktura hydrofobné modifikovaného hyaluronanu.

Vliv stupné substituce a vychozi molekulové hmotnosti na hodnotu agregacni
ni

koncentrace popisuje publikace v Colloid Polym Sci [50] a podrobné se ji vénuje disertacn
prace [47]. Sirsi diskusi si zaslouZi ovSem studium mechanismu agregace. Pravé pii
rozvahach, jak popsat nejlépe dany systém pomoci fluorescencni spektroskopie, vzniklo
schéma uvedené v kapitole 2.2 (Obrazek 5).

47 Mravec, F. Aggregation behavior of polysaccharides in aqueous solutions. Brno, 2008. 119 s. Diserta¢ni
prace na Fakulté chemické Vysokého uceni technického v Brné, Ustavu fyzikalni a spotfebni chemie.
Vedouci disertacni prace doc. Ing. Miloslav Pekar, CSc.

48 Mravec, F., Pekar, M. Chemické listy, 99 (2005), 594-595

49 Mravec, F. et al. Chemické listy, 2008, 102 (2008), 1096-1096

50 Mravec F., Pekat, M., Velebny, V. Colloid Polym Sci, 286 (2008), 1681-1685

51 Mlc¢ochova P. et al. Biopolymers 82 (2006), 74-79
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Zakladni myslenka rozdéleni intra- a intermolekularnich agregatii ve vodnych
roztocich spociva ve sledovani koncentra¢ni zmény vybraného parametru, napriklad
polarity okoli sondy. Méjme sondu s afinitou knepolarnimu prostiedi, u které
pozorovatelnd emisni charakteristika eviduje polaritu jejtho nejbliZz§iho okoli. Dale je
potireba uvést, Ze sonda ve vodném prostiredi neemituje nebo emise z vodného prostredi
je zanedbatelnd a nerusi emisi ze zformovanych agregati (témto podminkam c¢astecné
vyhovuje sonda Nilska Cerven nebo amonna sl 1-anilinonaftalen-8-sulfonové kyseliny).
V ptipadé, Ze systém tvori intramolekularni agregaty, pak budeme uZ od nejmensiho
pridavku  evidovat  konstantni  hodnotu daného polaritntho  parametru.
U intermolekuldrnich agregatli pak tuto hodnotu budeme evidovat az od jisté
koncentrace. U redlnych systému dochazi ovsem k fluktuacim at uz diky citlivosti systému
nebo riznym sorp¢nim efektlim na hydrofobnich ¢astech neagregovanych polymerd.
Vyhodou fluorescencni spektroskopie jako metody je, Ze malokdy méfime pouze jednu
jedinou charakteristiku. Méreni polaritniho parametru lze doplnit takika vzdy intenzitou
fluorescence, idealné vyjadrené jako integral pod emisnim spektrem. V pripadé
intramolekularnich agregati pak konstantni hodnotu polaritniho indexu doplni linearné
rostouci zavislost fluorescence (do bodu, kdy bude veSkera sonda solubilizovana jadry
agregatll), u intermolekuldrnich agregatii najdeme obdobnou kiivku ovSem posunutou
k agregactni koncentraci.
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Obrdzek 16 Schématické zndzornéni moznych koncentracnich zdvislosti fluorescen¢nich parametri z vodnych roztokii
roubovanych kopolymerti.

Pokud budeme systém sledovat pomoci polaritni sondy, kterd ovSem nema nulovou
emisi zvodného prostfedi (napf. pyren nebo prodan), bude situace sloZitéjsi.
U intramolekulovych agregatii bude postupné klesat hodnota polaritniho parametru a
rist intenzita do konstantni hodnoty. Zavislosti parametru a intenzity fluorescence budou
u intermolekuldrnich agregati mit tvar klesajici resp. u intenzity fluorescence rostouci
S-krivky. Je potfeba ovSem upozornit na vyznamné odchylky u fluorescen¢nich sond,
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které tvori excitované dimery, jako je pravé pyrens2. VySe popsané jednodussi piipady
shrnuje graficky Obrazek 16.

Samostatnou diskusi si zaslouZi i prechodny typ agregatu, kdy ke vznikajicim
agregatlim napft. intramolekularnim se od jisté koncentrace navazi dalsi retézce. Takovéto
agregaty maji prakticky dopad na vyuziti nosicovych systémi>3. Po navazani dalsiho
Fetézce se zvétsi agregat, ale neni vytvorena nova hydrofobni doména. Toto l1ze prokazat
napriklad tak, Ze se ke studovanym fluorescencnim charakteristikdm prida i sledovani
fluktuace intenzity (fluorescencni korelacni spektroskopie), ze které se pres stanoveni
difuzniho koeficientu pridd informace o velikosti agregatu. V takovém pripadé bude
sledovana velikost s koncentraci narfistat, aniz by se ménila intenzita fluorescence -
polarita hydrofobni domény se nebude ménit nebo bude jen velmi malo Kklesat
v souvislosti se zapojenim dalSich hydrofobnich retézcl do jiZz vzniklé domény>%.
Piedstavu o agregatech vzniklych z roubovanych kopolymert shrnuje Obrazek 17.

KOMBINOVANY

INTRAMOLEKULARNIAGREGAT INTERMOLEKULARNIAGREGAT AGREGAT

‘_ g ..polyaniont ’WV ...alkylovy fetézec

Obrdzek 17 Schématické zndzornéni typti agregdtii tvorenych roubovanym polymerem

Z publikovanych dat vyplyva, Ze pribéh zavislosti pro dany typ agregatu odpovida
formovani intermolekuldrniho agregatu. Zavislosti emisnich parametra tvori S-kiivku,
ktera znameng, Ze v jistém nizkém koncentra¢nim rozmezi pridavek derivatu nevytvari
hydrofobni domény schopné solubilizovat fluorescencni sondy. Polaritni parametry, jako

52V nizkych koncentracich agregatii, obecné nizké koncentrace intramolekulovych agregatli a za agregac¢ni
koncentraci intermolekulovych agregatii, dochazi k zakoncentrovani molekul pyrenu v jadrech a ke zhaseni
fluorescence monomeru. Takovyto systém pak nevykazuje u monomeru intenzitu fluorescence a jeho
spektrum se nescita s emisnim spektrem ostatnich molekul. To zptisobuje napriklad lokalni pokles intenzity
fluorescence v okoli agregac¢ni koncentrace. OvSem u pyrenu je vyhoda, Ze excimer je emitujici komplex a
jeho koncentracni zavislost lze vyuzit k popisu agrega¢niho chovani systému.

53 Pozitivni dopad mlzZe mit interakce v pripadé, Ze obali nebiokompatibilni nebo nestabilni ¢astici a
propujci ji tak ¢ast své biokompatibility. Negativni dopad bude spojen s dogmatem o velikosti agregatd, kdy
velikost takovéhoto kombinovaného agregatu pirekroci hranici 200 nm?22.

54 Rozeznavani jednotlivych typl agregatli je mozno provést i dalsimi technikami mimo fluorescencnich
technik (FCS, FRAP apod.), jako je napriklad stanoveni molekulové hmotnosti agregatu pomoci statického
rozptylu svétla pfi znalosti molarni hmotnosti jednoho retézce. Dalsi alternativou je stanoveni difizniho
koeficientu, naptiklad diftzni varianta NMR (DOSY NMR, diffusion ordered spectroscopy), nebo pomoci
diftznich cel.
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je EmPI od pyrenu nebo poloha maxima u Nilské Cervené, ziistavaji na hodnotach
odpovidajicich vodnému prostiedi. Za povSimnuti stoji ovSem celkovy pribéh S-krivky.
Pri podrobnéjsi analyze derivatu s nejnizsi molekulovou hmotnosti 30 kg-:mol-! a stupném
substituce 30 % je zavislost vyrazné komplikovanéjsi, neZ nabizi model Boltzmannovy
S-krivky. Pro stanoveni agrega¢ni koncentrace, jako inflexniho bodu zavislosti, je potieba
vyuzit fyzikalnich limitaci hodnot parametri, kterych mtize dosahnout dana fluorescencni
sonda. Ty se pak zadaji jako omezeni (constraints) pro fitovaci program. Obdrzena
hodnota je pak samoziejmé zatiZzena vétsi chybou z hlediska statistiky, nicméné mensi
chybou z hlediska skutecnosti. Je potieba i uvazit, Ze derivat s tak nizkou molekulovou
hmotnosti obsahuje jen cca 80 monomernich jednotek, které se mohou chovat rozdilné ve

srovnani s takika o dva rady vétsimi molekulami.

Rozdil v priibéhu agregace lze alternativné popsat pomoci gradientu poklesu dalSich
sledovanych parametri. Samotna hodnota gradientu, oznac¢ovana jako ,Ax“ nebo ,dx“, je
zavisla na koncentraCnim rozsahu. Pomér inflexniho bodu a gradientu, navrzZeny v praci
Aguiara [37], Iépe reflektuje strmost zmény polaritniho indexu (Obrazek 18). Dle tabulky
v obrazku pak miizeme porovnat strmost jednotlivych zavislosti.
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Obrdzek 18 Modelové zdvislosti polaritniho indexu na koncentraci pro riizné koncentracni rozsahy a hodnoty inflexniho
bodu. VloZend tabulka shrnuje hodnoty gradientu, pozice inflexniho bodu a hodnoty pomeéru.
Obrazek 19 ukazuje vybrana data se shodnym stupném substituce, z vloZenych hodnot
vyplyva, Ze pomér je nizky a nevykazuje vyznamny trend v ramci zmény molekulové
hmotnosti. S ohledem na vySe zminénou praci pak mizZeme Konstatovat, Ze agregace
vtomto typu agregati odpovidd agregaci ionogennich tenzidi, a tak tvorbé
intermolekularnich agregati.

SHRNUTI: Pii sou¢asné tirovni znalosti a dostupnosti technik by bylo vhodné zvolit
pii studiu téchto systémiu pokrocilejsi metody, jako je piedevsim fluorescenc¢ni korela¢ni
spektroskopie. Pfizpracovani disertacni prace a publikaci byla vétSina technik jen obtiZné
dostupnd, proto byl hledan alternativni pristup ke studiu pribéhu agregace. Na zakladé
experimentl s nativni formou hyaluronanu byla do experimenti zapojena napiiklad
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hydrofilni sonda akridinova oranZ podrobné popsana v predchozi kapitole. Zaroven bylo
v ramci disertace, i kdyZ ne vylozZené explicitné, pouzito schéma studia navrzené v ivodu
této prace.
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Obrdzek 19 Reinterpretované zdvislosti dle [47] s vloZenou analyzou poméru pozice inflexniho bodu a gradientu
zavislosti. Popis v legendé je molekulovd hmotnost v kg-mol-1/stuperi substituce v %.

3.3 Interakce polymeru a amfifilnich molekul

Vyzkum v této oblasti je vice nez vhodny pro studium pomoci fluorescencni
spektroskopie. Obecné lze od interakce mezi polymerem a amfifilni latkou ocekavat
drivéjsi vznik hydrofobnich domén a/nebo stabilizaci agregatii amfifilnich molekul.
Specidlnim ptipadem pak je tvorba fazové separovanych systémii, kdyz pies destabilizaci
koloidniho roztoku dostavame velmi stabilni hydrogelovou matrici.

Studium interakce mezi polymery, specifictéji mezi polyelektrolyty a opacné
nabitymi tenzidy, probiha v ramci Fakulty chemické VUT od roku 2008. Prvotni motivaci
pro studium téchto interakci byla tvorba stabilizovanych koloidnich castic, ktera by
v sobé kombinovala vyhody hydrofilnich, biokompatibilnich polyelektrolyti a zaroven
umozinovala solubilizaci nepolarnim a amfifilnim latkam. Takovéto systémy by byly
formovany na zakladé fyzikalnich sil, dominantné na zakladé nabojovych interakci.
Fyzikalné vazané agregaty by pak také nebranily biodegradaci jednotlivych sloZek
systému.

Nejcastéji se ve studiich objevuje biopolymer hyaluronan, u kterého je hlavnim
dlivodem vyuziti jeho biokompatibilita a zaroven biodegradabilita. Jak se podle ziskanych
vysledkt jevi, tak jeho nejvétsi slabinou je potieba interakce se silné kladnym tenzidem,
kvartérnim amoniovym iontem. Diskuse popisu interakce pomoci technik fluorescen¢ni
spektroskopie bude predmétem nasledujici podkapitoly, ktera navazuje na studium
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pomoci akridinové oranZe (kapitola 3.1) a prakticky pokracuje az do soucasnosti.
Soubézné se studiem struktury agregatli mezi hyaluronanen a amoniovymi tenzidy
probihaly i testy biokompatibility na vybranych bunéénych kmenech na spolupracujicim
pracovisti, které byly publikovany v zahrani¢nich c¢asopisech55 56, Soucasti téchto
vyzkumi nebyla fluorescencni spektroskopie, pouze navrh a priprava komplext, proto
nebudou dale podrobné rozebirany.

Dalsi kapitolu predstavuje tvorba komplexi tak, aby byly vSechny slozky co nejvice
biokompatibilni a zaroven byla zachovana interakce mezi polymerem a latkou formujici
hydrofobni doménu. V tomto pripadé bylo vyuzito smésnych amfifilnich systémd.

3.3.1 Interakce polyelektrolytii a opacné nabitych tenzidi

Zakladnim predpokladem je, Ze malé ionogenni amfifilni molekuly budou
v pritomnosti opacné nabitého retézce tvorit hydrofobni domény diive neZ v roztoku bez
polymeru za stejnych termodynamickych podminek. Pokud sledujeme rostouci
koncentraci tenzidu v pritomnosti polymeru ve vodném prostiredi, mizeme na zakladé
citlivosti metody sledovat vazani tenzidu na polymer spojenou s indukci a po vysyceni
vSech potencidlnich vaznych mist pak tvorbu volnych agregati v roztoku. Obecny vyvoj
z pohledu fluorescen¢ni sondy pyren, emisni polaritni index s intenzitou fluorescence a
zastoupenim excimeru, shrnuje Obrazek 20. Ve vyvoji parametri muiZeme najit pét
oblasti, oznacenych rimskymi cislicemi I-V, a které jsou graficky prezentovany.
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Obrdzek 20 Model zavislosti pyrenovych parametrii emisniho polaritniho indexu (e), intenzity fluorescence (M) a
zastoupeni excimeru (@) v pripadé konstantniho obsahu polyaniontu hyaluronanu (&) a rostouci koncentrace
kationaktivniho tenzidu (&) ve vodném prosti‘edi. Sipky oznacuji zacdtek indukované agregace (kritickou agregacni
koncentraci, CAC) a pri nasyceni retézce pak kritickou miceldrni agregaci (CMC). Protionty nejsou zobrazeny.

55 Kalbacova, M.; Verdanova, M.; Mravec, F.; Halasova, T.; Pekar, M. Colloid Surface A 460 (2014), 204-208
56 Sauerova, P., Verdanova, M.; Pilgrova, T. Venerova, T. Mravec, F.; Kalbacova, M.; Pekaf, M.
Colloid Surface A 483 (2015),155-161
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Vyse uvedeny model se snazi zachytit vSechny podstatné faze agregace:

Oblast I je typickd pro zvody emitujici fluorescentni sondu. Pyren
neinteraguje s hyaluronanem tak, aby meénil své emisni nebo excita¢ni
spektrum [47]. V pfitomnosti polymeru a pii nizké koncentraci tenzidu
nebudou tvoreny hydrofobni domény, i kdyZ se c¢ast tenzidu bude vazat na
pritomny retézec. Tuto domnénku lze doloZit experimentem publikovanym
v Casopise Langmuir [42] vroce 2014. Pomoci adsorbované akridinové
oranZze ve formé dimer® bylo moZno pozorovat vazani tenzidu hluboko pod
jeho kritickou micelarni koncentraci (od 2:10-7 mol-L-1, CMC ~ 1 mM>7) tak,
ze byl pozorovan rozpad dimeru a nartlst fluorescence. Oblasti I konci
poklesem fluorescence, coZ znamend, Ze molekuly pyrenu se lokalné
zakoncentrovavaji ve formujicich se nepolarnich doménach, které tak
obsahuji vice molekul pyrenu a roste pravdépodobnost tvorby excimeru,
jehoZ signdl tim nartista.

Oblast II odpovida poklesu polaritniho indexu, bud’ na zakladé mixovani
signalu z polarnich a nepolarnich ¢asti koloidniho roztoku nebo na zakladé
postupného formovani indukovanych micel, poklesu zastoupeni excimeru a
narustu fluorescence. Inflexni bod v této oblasti ze zavislosti EmPI = f{ctenzidu)
je pak bran jako bod kritické agrega¢ni koncentrace.

Oblast III je nejkomplikované;jsi oblasti, protoze zde miize dojit k velkému
mnozstvi jevli. Popsana zavislost predpoklada, ze dalsim pridavkem tenzidu
budou obsazena dal$i vazna mista polymeru, kde se budou indukovat micely.
Micely budou postupné plnit retézec, nicméné se predpoklada, Ze vznikne
stabilni struktura popisovana jako ,struktura perlového nahrdelniku” (pearl-
necklace structure). Micely sice vykompenzuji zaporny naboj polymeru, ale
samy jako makroionty budou obsahovat prebytek kladného naboje, ktery
bude stabilizovat strukturu v roztoku. ProtoZe nartista pouze mnozstvi micel
v roztoku, polaritni index zlistdva stejny a nartsta intenzita fluorescence,
kterd je ovSsem kompenzovana tvorbou excimert. Tato oblast bude tedy silné
citlivd na pomér molekul pyrenu vii¢i indukovanym miceldm a také na
celkovy obsah dostupnych vaznych mist na polymeru (problematika viz
kapitola 3.1). Oblast kon¢i po nasyceni vSech polymernich vaznych mist.
Oblast IV odpovida formovani prebytku tenzidu do volnych micel v roztoku.
Dochazi k vazani zbylych molekul pyrenu a poklesu polaritniho indexu, opét
nartsta zastoupeni excimeru. Nejobtiznéjsi je modelovat vyvoj intenzity
fluorescence, ktera by méla nartistat inkorporaci dalsich molekul pyrenu a
klesat formovanim excimert. V tomto modelu byla zvolena jako vysledny
stav dynamicka rovnovaha.

57 rlizni autori uvadéji CMCcras od 0,9 do 1 mM v zavislosti na metodé, napr. Sanchez, G. F. et al. ] Lumin 69

(2009), 2127
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e Oblast V je finalni oblasti, pridavek tenzidu navySuje pocet micel, polaritni
index se neméni, excimer se vytraci a intenzita fluorescence by méla
dosahnout maximalni hodnoty.

Navrzené schéma vsak piredpoklada jisté chovani polymeru a tenzidu. U tenzidu se
predpoklada, ze tvoii sférické micely a nedochazi u ného nad kritickou micelarni
koncentraci k fazovym prechodiim v daném koncentra¢nim rozsahu. U polymeru se
predpoklada vysoka stabilita a hydrofilita. Zarovenn se predpoklada, Ze iontova sila
roztoku neni navysSovana pridavkem nizkomolekularniho elektrolytu. Zvysena iontova
sila potlacuje interakci nabitych komponent, snizuje repulzi mezi shodnymi naboji a vede
tak ke sniZeni kritické micelarni koncentrace tenzidu a miZe negovat vliv piitomnosti
polymeru. Podrobnym studiem interakce mezi cetyltrimethylamonium bromidem
(CTAB) nebo carbethopendecinium bromidem (Septonex)a hyaluronanem se zabyva
prace publikovana v International Journal of Biological Macromolecules>® a interakci ve
vodném prostiredi se zvySenou iontovou silou spole¢na publikace v Colloid Surface A
z roku 201159,

Na zakladé téchto dat pak je nutné upravit tento model pro konkrétni pripad
interakce ve vodnych roztocich hyaluronanu a CTAB, jak shrnuje Obrazek 21. V tomto
obrazku pribyla mezi oblasti IIl a IV oblast oznacena pismenem ,S“ kde dochazi k fazové
separaci, tvorbé sraZeniny, ktera prechazi na gel. Tento gel l1ze pozorovat, pokud systém
obsahuje hydrofobni barvivo. To samo o sobé je diikazem, Ze tento gel zachovava
hydrofobni domény, které mohou solubilizovat nepolarni latky. O zachovani nepolarnich
domén svédc¢i i pozorovatelna emise Nilské cCervené, ktera je ve vodném prostiedi
zhasena.
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Obrdzek 21 Grafickd interpretace pripadu, kdy dochdzi k fazové separaci. Oblast oznacend pismenem ,S* koresponduje se
Zluté oznacenou oblasti na fotce, kde Ize vidét pod UV-lampou vzorky s pyrenem a Nilskou cerveni, u nichZ doslo k fazové
separaci a ndsledné depozici gelové fdze na okraje vialek. Vzorky doplnuje shodnd fotka s Olejovou cervent.

58 Pilgrova, T., Venerova, T., Mravec, F., Pekat, M. International Int ] Biol Macromol 112(2018), 241-249
59 Halasova, T., Krouska, ]., Mravec, F., Pekat, M. Colloid Surface A 391 (2011), 25-31
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MnozZstvi vznikajictho hydrogelu je proménné a v pracovnich koncentracich
fluoroforu velmi téZko odhalitelné (barevné) i pres depozici do relativné tenké vrstvy.
Interpretace pouze jednoho parametru, nejpouzivanéjSiho emisniho polaritniho indexu,
by vedla kchybné interpretaci zdmény vzorku vkoncentracni radé nebo Spatné
pripraveného vzorku. Pri pouziti dalsiho parametru, intenzity fluorescence se ukazuje, Ze
zatimco v oblasti fazové separace EmPI roste k ptivodnim hodnotam, fluorescence klesa
pod hodnotu pyrenu ve vodném roztoku. Posledni parametr, ktery vylouci, Ze pokles
fluorescence je zplisoben zakoncentrovanim pyrenu, je analyza zastoupeni excimeru.
V tomto pripadé je hodnota velmi nizka a znamena to, Ze se sonda nedostala se vzorkem
z vialky do mérici kyvety.

Metoda fluorescenc¢ni sondy je tedy velmi elegantni metodou studia interakce,
zvlasté pokud je k dispozici viceparametrovy systém, jako pyren. V kazdém pripadé je
méfreni vhodné doplnit i typem sondy, kterd neemituje z vodného prostredi a je tak
schopna prinést informace ohledné formované hydrofobni domény.

Pokud upravime iontovou silu roztoku na fyziologickou hodnotu 0,15 mol-L1,
vymizi dvojzlomovy pribeéh i pribéh s fazovou separaci, agregace odpovida jednoduché
Boltzmannové kiivce a zlomova ¢ast je posunuta k niz§im koncentracim (viz [59]). Jako
zajimavy miizeme oznacit vliv pridavku hyaluronanu, ktery naopak posouva agregacni
hodnoty k vy$$im hodnotam (Obrazek 22). Pokud porovname parametr xo/Ax pak pro
CTAB dostavame hodnotu 0,048, pro nizkomolekularni hyaluronan 0,095 a
vysokomolekularni 0,060. Jak lze pozorovat, pomér v pritomnosti hyaluronanu se zvysil,
nicméné zistava velmi nizky, a tak jako agregacni koncentrace je bran inflexni bod
proloZené zavislosti. Posun agregacni koncentrace dobre ilustruje i zavislost obsahu

excimeru.
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Obrdzek 22 Zdvislost emisniho polaritniho indexu (adaptovdno z [59]) a poméru excimer:monomer (nepublikovand data)
na koncentraci kationaktivniho tenzidu ve vodé v pritomnosti hyaluronanu o koncentraci 1 g-L1 a iontové sile 0,15 M
upravené NaCl.
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3.3.2 Fdzovd separace v systému polymer-tenzid za vysokych koncentracit

Z predchozi kapitoly vyplynulo, Ze pri specifické kombinaci podminek dochazi u
systému k fazové separaci a tvorbé hydrogelové faze. Toto by se dalo vyuzit ke tvorbé
nové tiidy hydrogelli, protoZe, jak je patrné z fotek (Obrazek 21), jsou i v prostredi
hydrogelu zachované nepolarni domény.

Takovyto systém by pak mohl kombinovat vyhody obou sloZek napt. pii mokrém
hojeni, kdy hydrofilni slozka zajisti vlhCeni, chlazeni a distribuci ve vodé rozpustnych
latek a nepolarni pak solubilizaci nebo uvolnovani hydrofobnich sloZek.

Pro praktické vyuziti je ovSem tvorbu hydrogelu potifeba vyrazné navysit. Z praxe
plyne, Ze toto nelze udélat ve vodném roztoku, protoze opacné nabité tenzidy vytvari
s hyaluronanem sraZeninu v procesu purifikace a izolace opa¢né nabitych polymert. Jak
bylo zjiSténo®, pokud je vsystému piitomné zvySené mnozstvi nizkomolekuldrniho
elektrolytu, prechazi systém ve vysokych koncentracich na hydrogel, obdobné jako

v nizkych koncentracich bez zvySené iontové sily.

Obrdzek 23 Fdzové separovany hydrogel z tenzidu CTAB a hyaluronanu. Mlécné zakaleni je zpiisobeno intenzivnim
protrepdnim na vortexu pred odstredénim. Tato opalizace vymizi do 48 h pri nerusenim stdni za laboratornich podminek.
Riizné formy hydrogelu pred ustdlenim ukazuji vliv molekulové hmotnosti - zleva doprava vysokd (~1 500 kDa),
stredni (~500 kDa) a nizkd (~80 kDa).

Obrazek 23 ukazuje vysledek fazové separace v systému, ktery byl pripraven
smichanim 3 mL 2% hm. vodného roztoku hyaluronanu a 3 mL 200 mM roztoku CTAB
v prostredi iontové sily 0,15 M upravené NaCl. Vzorky se lisi pouZzitou molekulovou

hmotnosti hyaluronanu a jsou zachyceny cca 4 hodiny od smichani, tedy pred ustalenim.

60 napt. Kratochvilova, 0. Novy zptisob pripravy hydrogelil. Brno: Vysoké uceni technické v Brné, Fakulta
chemickd, 2016. 45 s. Vedouci bakalaiské prace Ing. Filip Mravec, Ph.D. nebo HEGER, R. Vliv podminek na
tvorbu hydrogelii. Brno: Vysoké uceni technické v Brné, Fakulta chemicka, 2016. 44 s. Vedouci bakalarské
prace Ing. Filip Mravec, Ph.D.
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Obrdzek 25 Hydrogely na bdzi CTAB a hyaluronanu s inkorporovanymi ldtkami s riiznymi vlastnostmi. ANSA 8
anilinonaftalensulfondt amonny; R6G Rhodamin 6G.

Vznikly systém obsahuje jak vodnou fazi, tak i fazi micelarni, kterd se mize od
standardni micely lisit. Diky této struktufe mohou byt v gelu inkorporovany jak
hydrofilni, tak hydrofobni slozky, pripadné i supramolekularni castice, které budou
zadrzeny stericky. Priklady nékterych latek pod UV-lampou ukazuje Obrazek 25. Na
obrazku jsou zachyceny latky emitujici z nepolarnich ¢asti jako Nilska cervern, perylen a
ANSA a latky emituji i z vodného prostredi - Rhodamin 6G a Oregon green. U posledné
zminénych latek Ize pozorovat, Ze jejich emise je vyraznéjsi z hydrogelové faze. Poslednim
vzorkem na obrazku je fluoreskujici cytostatikum Doxorubicin, fluoreskujici pouze
z hydrogelové faze.
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Obrdzek 24 Vizualizace vysychdni a rehydratace hydrogelu pomoci sondy prodan.

Pokud do hydrogelu inkorporujeme vhodnou sondu, miizeme pozorovat napriklad
jeho prechod na xerogelovou formu. Vhodnou fluorescencni sondou je prodan, vykazujici
modrou emisi v nepolarnim prostiedi a zelenou emisi v prostiedi vodném. Ve fazové
separovaném hydrogelu pak diky pritomnosti polarnich i nepolarnich domén vykazuje
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smiSenou emisi, kterd se jevi pii pozorovani jako tyrkysova. Pfi postupném suseni se pak
emise posouva s ubytkem vody postupné do modré oblasti, ktera odpovida emisi pouze
nepolarnich domén. Pti pridavku vody se struktura s postupujici rehydrataci obnovuje a
emise hydrogelu pod UV-lampou je opét tyrkysova (Obrazek 24).

Dal$im zajimavym pokusem je bliZsi vyzkum fluidity hydrofobnich domén ve fazové
separovaném hydrogelu. Ktomuto pokusu lze vyuzit specidlni sondu P3P
(1,3-bis(pyren-1-yl)propan), ktera vykazuje ve fluidnim prostiedi tyrkysovou
excimerovou fluorescenci a v prostiredi o vysoké viskozité pak modrofialovou
fluorescenci monomeru. Jak bylo pozorovano, z miceldrniho prostiedi vykazuje P3P
tyrkysovou fluorescenci. To odpovida predpokladu vysoké fluidity micely. ZajimavéjSim
faktem je, Ze shodnou fluorescenci pak vykazuje i hydrogel (Obrazek 26 vlevo nahorte),
ktery je jinak mechanicky velmi pevny. To lze interpretovat tak, Ze:

v 7

a) micely jsou interakci s polymerem nezménéné,
b) micely fazuji do vétsich agregati, micelarnich kanali nebo supermicel,
c) pozorovana excimerni fluorescence nepochazi zformovani vnitiniho

excimeru, ktery vyZaduje vysokou fluiditu, ale z prekryvu jednotlivych
pyrenylovych skupin diky blizkému kontaktu a zakoncentrovani.
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Obrdzek 26 Vizualizace vysychdni a rehydratace hydrogelu pomoci viskozitni sondy P3P. Na grafu vpravo je excitacni a
emisni spektrum P3P a ve vloZeném grafu nepublikovand data zdvislosti poméru intenzity excimeru k intenzité
monomeru na viskozite. Viskozitni rada byla pripravena kombinaci methanolu a glycerolu v riiznych objemovych
pomeérech.
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Pokud zvaZime moZnost c), ta byla testovana monomernim pyrenem. Do gelu bylo
inkorporovano molarné dvojnasobné mnozstvi pyrenu nez sondy P3P. Hydrofobni sondy
jsou predsolubilizovany do roztoku tenzidu, ktery je nasledné smisen s roztokem
polymeru. Po excitaci 365 nm vzorek gelu s P3P vykazuje tyrkysovou fluorescenci a
vzorek s pyrenem fialovou fluorescenci monomeru. V tomto piipadé vylucujeme moznost

c).

MozZnost a) neni prili§ pravdépodobna na zakladé predchozich kapitol. I v pripadé
zvySené iontové sily pomoci nizkomolekularniho elektrolytu dochazi k interakci mezi
fetézci vnizkych Kkoncentracich obou slozek a kfazové separaci ve vysokych
koncentracich. Tato varianta miiZe i mit i svou specialni verzi, kdy budeme uvazovat, Ze
k vazani fetézcl je vyuzita jen velmi mala ¢ast tenzidu a zbylé micely se pohybuji volné
v disperznim prostiedi bez interakce s retézcem.

Jako nejpravdépodobnéjsi moZnost se pak jevi varianta b). K této varianté lze pridat
méfeni pomoci sledovani fluktuace fluorescence hydrofobni sondy Nilska cerven. V tomto

Kl‘“”l‘:l /K/’i\}lf*\)l pripadé pak nejsou zajimavé primo stanovené
Q0 QIO C I”\)JT/ hodnoty, ale samotny fakt, Ze fluktuaci lze namérit.

Qo O
gel: 2 % hm. 1400 kg-mol* + 200 mM CTAB

Vysvétleni pomoci micelarni fuze je pak velmi
pravdépodobné, i kdyz nelze vyloucit i vySe zminénou
specialni variantu, kdy systém obsahuje volné micely.

Vsoucasné dobé stale probiha intenzivni
vyzkum téchto systémi, ktery kromé fluorescencni
spektroskopie vyuZiva i reologii a pri spravné

Obrdzek 27 Porovndni emise P3P a pyrenu ve iNterpretaci nameéfenych dat miize prinést odpovédi
shodnych moldrnich mnoZstvich fluoroforii ghledné  vnitfniho usporadani téchto fazové

v prostredi fazové separovaného hydrogelu. i ..
separovanych systémi.

3.3.3 Interakce v systému polymer-lipid

V predchozich kapitolach jsme ukazali vyuziti fluorescencni spektroskopie pri
studiu interakce mezi standardnimi jednoretézcovymi Kkationaktivnimi tenzidy a
hyaluronanem s diskutabilnim stupném neutralizace/disociace. RozsirenéjSimu vyuZziti
téchto systému v mediciné brani prevazné tenzidova slozka.

Fluorescen¢ni spektroskopie byla pouzita pfi studiu ndhrady standardnich tenzidt
biologicky akceptovatelnymi variantami. Rlizné ptistupy shrnuji publikované prace®61.62.63,
Metody maji spolecny zaklad v pouziti smésnych systémui. Navrhovana zakladni avaha

61 Mravec, F.; Klucakova, M.; Pekar, M. Fluorescence Spectroscopy Study of Hyaluronan-Phospholipid
Interactions. In Advances in Planar Lipid Bilayers and Liposomes. Burlington: Academic Press, 2011. p. 235-
255.ISBN: 978-0-12-387720-8.

62 Burdikovs, J., Mravec, F., Pekat, M. Colloid Polymer Sci 294 (2016) 823-831

63 Burdikovs, |.; Solng, L.; Doskocil, L.; Mravec, F.; Pekar, M. Colloid Polymer Sci 295 (2017), 1131-1140
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stoji na myslence vyuziti amfoternich nebo neionogennich systémi dopovanych
amfifilnimi latkami nesoucimi kladny naboj.

O ~rn neionogenni tenzid

amfoterni lipid

z6na interakce )
/ \ o2 kationicky lipid

Obrazek 28 Grafickd reprezentace uvazZovanych smésnych agregacnich systémii.

Fluorescence byla vyuZita ve studiu pro potvrzeni nebo vyvraceni nabojové
interakce mezi fosfolipidem DPPC (dipalmitoylfosfatidylcholin) a hyaluronanem
obdobné, jak bylo popsano v kapitole 3.1. K danému mnozstvi hyaluronanu bylo pfidano
takové mnozstvi akridinové oranZe, aby pomér P/D dosdhl hodnoty 3. Dale byl do
systému pridan DPPC v konec¢né koncentraci 5, 20 a 50 mg-L-1, coZ jsou hodnoty nad
stanovenou agregacni (vesikularni) koncentraci pomoci pyrenovych charakteristik, ktera
je priblizné 1 mg-L1 (dle [61]). Jak jiZ bylo zminéno vySe, pro potvrzeni interakce je
vhodné sledovat nejen intenzitu fluorescence, ale zarovenn pomér zastoupeni dimeru k
monomeru z absorp¢niho/excitacniho spektra, jak shrnuje Obrazek 29.
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Obrdzek 29 Zavislost intenzity fluorescence a poméru dimer:monomer z emisniho, respektive absorpcniho spektra
akridinové oranZe v pritomnosti hyaluronanu (P/D = 3) za rostouci koncentrace fosfolipidu DPPC. Data dle [61], dopInéna.
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Zobrazena data ukazuji, Ze vramci chyby lze pozorovat narist intenzity
fluorescence az pri padesatindsobku stanovené agregacni koncentrace. Dilezitym
ukazatelem je fakt, Ze tento nartist nelze pripsat rozpadu dimert, ale naopak dochazi spise
k nartistu poméru D:M. V tomto pripadé mizeme tedy takika vyloucit, Ze by mezi DPPC a
hyaluronanem $lo o nabojovou interakci. Jedno z moZnych vysvétlenti je, Ze interakce mezi
fosfolipidovym agregatem (liposomem) pro retézec hyaluronanu nedostupna ze
sterickych diivodd, piipadné Ze liposomy z DPPC vykazuji velmi nizky negativni zeta-
potencial mezi -1 az -2 mVo4,

Velmi zajimavé vysledky dostaneme, pokud nechdme interagovat neionogenni
miceldrni systém dopovany DPPC. Zvolime-li naptiklad jako neionogenni systém
dodecylmaltosid, potfebujeme znat, kolik molekul tenzidu tvori jednu micelu. K tomu lze
opét vyuzit fluorescencni spektroskopii, kdyz stanovime zavislost zhaSeni pyrenu
cetylpyridinium chloridem, ze které lze urcit agregacni ¢islo micely dodecylmaltosidu
[62]. Ktakovéto micele bylo pridano takové mnozstvi DPPC, aby molarni pomér
npppc/Nmicel byl mezi 1 a 1,565, Takto pripraveny systém pridavame opét k hyaluronanu
s nasorbovanou akridinovou oranZi a vysledek shrnuje Obrazek 30.

Data z experimentu s komplexem ukazuji, Ze ,roziedéni“ amfoterniho fosfolipidu
v neionogenni micele prineslo zpohledu fluorescence uspéch ve formé narlstu
fluorescence doprovazena poklesem zastoupeni dimeru. V tomto pripadé lze povazovat
interakci mezi hyaluronanem a komplexem jako elektrostatickou.
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Obrdzek 30 Zdvislost intenzity fluorescence a poméru dimer:monomer z emisniho, respektive absorpcniho spektra akridinové
oranZe v pritomnosti hyaluronanu (P/D = 3) za rostouci koncentrace komplexu dodecyl maltosidu a DPPC v moldrnim poméru
98:1. Modré krizky indikuji vychozi hodnoty fluorescence a D:M pro systém bez pridavku komplexu.

64 Rlzni autofi, napriklad Henriksen, L. et al. Int ] Pharma 101 (1994), 227-236
65 Tento rozsah je dan Sirokym rozsahem agregacniho ¢isla. Dle dodavatele (Sigma-Aldrich) bylo agregacni
C¢islo 98 [61], nAmi stanovené pak 67 + 9 [62]
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Chovani smésnych systéml lze popsat velmi komplexné pomoci dalSich
fluorescencnich technik a sond. Smés amfoterniho fosfolipidu DPPC a kationaktivniho
lipidu DPTAP (1,2-dipalmitoyl-3-trimetylamonium-propan) byla popsana nejen pomoci
pyrenu z hlediska agregace, ale byly vyuZity i anizotropni difenylhexatrien pro studium
stupné organizace lipidové vrstvy (Lipid Order Parameter) a polaritni Laurdan, pro

Vv

stanoveni fazového prechodu lipidii ze zmény pritomnosti vody v nejblizsim okoli [63].

3.4 Fluorescentni ¢astice

Pokrocilé mikroskopické techniky byly vyuZzity ve studiu dvou odliSnych koloidnich
systému - nanodiamantli s dusikovymi vakancemi®® a kvantovych tecek®7.

3.4.1 Nanodiamanty

Velmi rozsahla, teoretickd i experimentdlni, studie pracoval s modelovanim,
pripravou a stanovenim magnetickych a optickych vlastnosti nanodiamanti s N-
vakancemi a riznym zpisobem terminace. Fluorescencni spektroskopie, ve formé casové
rozliSené fluorescencni mikroskopie (FLIM), byla vyuZita pro stanoveni dob Zivota
excitovaného stavu téchto systémi v pevném stavu. Pro rozsahlost této studie se
v publikaci objevily pouze shrnuté vysledky popisujici jednotlivé experimenty.

Z predchozich spektroskopickych méreni byly vybrany tri emisni oblasti pri dvou
riznych excitacich. Jako prvni byla pri excitaci 375 nm vzata oblast od 405 nm vyse a
porovnana s oblasti od 519 nm dale. Pro srovnani byl pak vzorek excitovan laserem o
vinové délce 510 nm a emise byla sbirdana od 519 nm dale. Pokud se podivime na
namérena data, je zifejmé, Ze systém nevykazuje monoexponencialni vyhasinaci krivku.
Doby Zivota byly métené pti 20 £ 0,5 °C. Pro zelenou excitaci se frakce s dobou Zivota nad
15 ns zvysSuje s pritomnosti kysliku. Pro ultrafialovou excitaci se zlomek nejdelsi doby
Zivota zvySuje v povrchové modifikaci rady hydrogenované-oxidované-oxidované po
zthani 750 °C. Pro vSechny terminace nanodiamantli pri excitaci vyssi vinovou délkou
(510 nm) je relativni mnozstvi delsich dob Zivota vysSsi nez pro krat$i vinové délky
excitace (375 nm). Pii vysokoenergetické excitaci je vétsi mnozstvi elektronti excitovano
z hlubokych defektli. Potom jsou tripletové elektrony v NV- defektech silné ovlivnény
nejen fonony a materialnimi defekty, ale i obrovskym mnozstvim dalSich excitovanych
elektroni - tyto interakce zkracuji dobu Zivota luminiscence.

66 Kratochvilovd, I.; Sebera, J.; Ashcheulov, P.; Golan, M.; Ledvina, M.; Mi¢ov4, J.; Mravec, F.; Kovalenko, A;
Zverev, D.; Yavkin, B.; OrlinskKii, S.; Zalis, S.; FiSerova, A.; Richter, J.; Sefc, L.; Turanek, J. ] Phys Chem C 118
(2014), 25245-25252

67 Nejdl, L.; Zitka, J.; Mravec, F.; Milosavljevi¢, V.; Zitka, O.; Kopel, P.; Adam, V.; Vaculovi¢ova, M. Microchim
Acta 184 (2017), 1489-1497.
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Obrazek 31 zachycuje emisi agregatu nanodiamantu (oxidovany a Zihany) pfi
excitaci 375 nm fluorescence byla zaznamenavana spektralné od 405 nm. Jak lze vidét,
v tuhém stavu jsou nanodiamanty agregované v rizné velkych Gtvarech, coZ stéZuje jejich
praktickou aplikovatelnost a zahrnuje pro znaceni bunék dalsi, dezintegracni, krok.

2168

ZH) VLIZNALNI

Obrdzek 31 Obrdzky agregdtu nanodiamantii ziskané pomoci FLIM. Vlevo je obrdzek interpretovdn pouze v intenzitnim
rozsahu, vpravo pak v kombinaci s rozsahem dob Zivota.

3.4.2 Kvantové tecky

Kvantové tecky patri jiz dlouhou dobu k oblibenym fluorofortim. Lze je pripravit
zruznych prekurzori naptiklad pomoci UV zareni za stabilizacniho efektu
2-sulfanylbutandiové kyseliny.

Pomoci Fluorescen¢ni korela¢ni spektroskopie byl studovan vznik a zména
emisnich a diftznich vlastnosti u systému Cd:Se. Jako prvni bylo potreba systém nastavit
pomoci méreni jiz vytvorenych kvantovych tecek pro spravné urceni doby Zivota,
difazniho koeficientu a koncentrace vznikajicich QD. Je tedy nutné stanovit parametry
konfokalniho objemu, nastavit pocet fotont dopadajici na detektor®8 a stanovit frekvenci
excitacniho pulzu laserové hlavice pro spravné stanoveni doby Zivota. K nastaveni tohoto
systému se tak pristupuje iterativné.

Obdobné obtiznym ukolem je pak i fyzickd priprava experimentu, nebot pro
spravnou genezi kvantovych tecek je potreba vinové délky ~250 nm. ProtoZe jadrem
systému je epifluorescenc¢ni inverzni mikroskop, bylo pristoupeno k iluminaci seshora.
Malé mnoZzstvi roztokil prekurzora bylo umisténo na kryci sklicko a nad néj byla umisténa
iluminacni dioda. Celkova vzdalenost nepiesahla 1 cm. Situace je schematicky zobrazena
na nasledujicim obrazku (Obrazek 32).

68 Pouzité detektory maji své omezeni, kdy pii celkové intenzité 2:106 fotond-s! se vypinaji. Celkovou
intenzitu ovliviiuje mimo jiné i frekvence laserové hlavice, ktera izce souvisi se stanovitelnym rozsahem
dob Zivota.
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Obrdzek 32 Schématickd reprezentace uspordddni experimentu pro stanoveni tempordlnich a difiiznich parametrii pri
fotogeneraci kvantovych tecek. V cerveném vyrezu je pak tmavé modre naznaceny iluminacni profil, svétle modre
konfokdlni objem a Zluté fluorofory.

Pii méreni a celkovém nastaveni je pak dilezity i vliv ilumina¢ni LED. Pokud by
dioda generovala néjaké pozadi, muselo by toto byt pak odeCteno od ziskanych
charakteristik. LED sviti kontinualné, proto se neocekava vyrazny vliv na temporalni
charakteristiky, nicméné napriklad celkovy intenzitni profil by ovlivnény byt mohl.
DalSim ovlivnénim by mohla byt luminiscence sklenénych soucasti experimentu. Proto pri
méreni charakteristik, jako stanoveni doby excitacniho profilu (Instrument response
function) a parametrti konfokalniho objemu, byl vliv iluminaé¢ni diody vzdy zahrnut.

Obrazek 33 shrnuje obdrzena data pfi monitorovani geneze kvantovych tecek a
ukazuje i Siroké moZnosti multiparametrické analyzy. V datech byly nalezeny oblasti, kde
stanovené parametry jsou zatizené nejnizsi chybou, které rozdéluji pribéh na pét oblasti.
Diky pouziti ¢asové rozliSenych detektord, lze takto surova data interpretovat bud’ jen
jako intenzitni zdznam, nebo je l1ze vztahnout k ¢asové znacce excitacniho pulzu a obdrZet
TCSPC histogram pro analyzu dob Zivota anebo korelovat ¢asové rozloZeni intenzity
fluorescence od desetin mikrosekund do jednotek sekund a obdrZet tak autokorelac¢ni
krivku pro analyzu difazniho koeficientu a koncentrace fluoroforu v konfokalnim objemu.
Vysledky jednotlivych analyz jsou soucasti publikace [67] a Obrazek 33 obsahuje i
nepublikované analyzy difiznich koeficientd.

Obdrzena data odpovidaji predpokladanému chovani kvantovych te¢ek. Cim del$i
doba iluminace, tim vice kvantovych teCek. Kvantové tecky se poté zvétSuji (nartst
difazniho koeficientu) a se zvétsujici se velikosti prodluzuji dobu Zivota.

Tento experiment tak ukazuje, Ze i pies slozitéjsi a casoveé narocnéjsi adaptaci méric
soustavy pro dany experiment, je fluorescence velmi elegantnim a silnym nastrojem pro
stanoveni koloidnich i luminiscen¢nich vlastnosti.
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Obrdzek 33 Priibéh ndriistu intenzity fluorescence v éase pri iluminaci prekurzortii Cd:Se. Sipky naznaluji oblasti
s obdobnym chovdnim (posuzovdno podle chyb stanoveni jednotlivych parametrii). U jednotlivych oblasti jsou
zaznamendny parametry doby Zivota zpriimérované pres intenzitu (Av. Lftie), doby Zivota zpriimérované pres amplitudu
(Av. Lftamp), priimérnou koncentraci a difiizni koeficient(y).

3.5 Biokoloidni systémy

Posledni kapitolou pro ilustraci Sirokého vyuZiti fluorescencni spektroskopie jsou
koloidni systémy v Zivych organismech. Jako biokoloidni jsou zde mysleny plazmatické
membrany, cytoplazma nebo inkluze zasobnich polymert v koloidnich rozmérech.

Fluorescence ve formé fluorescen¢ni mikroskopie je zadsadnim védeckym nastrojem
ve studiu bunék. Celou kapitolu by zabral asi jen vycet technik, které se pouZivaji pro
zobrazovani, detekci nebo studium téchto Zivych systémi (sekvenace DNA, DNA (cipy,
pritokova cytometrie, microscale thermophoresis, imunologie,...). Ve vyzkumu se pouZziva
bud’ fluorescence prirozené se vyskytujicich latek, nebo cilené vybarvovani. Obrazek 34
ukazuje kompozitni RGB obrazek ziskany z analyzy FLIM kvasinky Cystofilobasidium
capitatum a jednotlivé barevné kanaly, které prislusi typickym c¢astim ziskanym z globalni
fitovaci analyzy. Ta seCte Casové informace ze vSech bodl obrazku do jedné vyhasinaci
krivky. Pri excitaci 467 nm v rozsahu emisnich vinovych délek 520 * 35 nm jsou nalezeny
tfi Casy, znichz dva delsi odpovidaji rGznym formam flavini (riboflavin,
flavinmononukleotid, flavinadenindinukleotid) a posledni, velmi kratky, pak
karotenoidim.
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Obrdzek 34 Kompozitni RGB obrdzek autofluorescence C. capitatum z FLIM analyzy. Zeleny kandl zobrazuje
fluorescenci karotenoidii.

Pfi studiu Zivych systémi je obecné nutné pouZit slozitéjsi pristup. Je nutné ziskat
zjednoho skenu tvarové a funkcéni informace. Tato nutnost vyplyva napriklad
z fotovybélovani nebo obtiZného zpilisobu fixace, kdy je malé mnozstvi bakteridlni
suspenze, typicky 50 uL, prevrstveno a promichano s horkym 2-3%roztokem agaré6zy na
krycim skle. Cim vy$3i je teplota agarézového solu, tim niz${ viskozita a 1épe se promicha
s bunécnou suspenzi. Vysokd teplota miZe ovSem vzorek ,rozvarit, vyextrahovat
fluorofory z cytoplazmy, coZ se projevi vysoce fluorescentnim pozadim. Pfi nizké teploté
se Spatné agardza davkuje a rychleji tuhne pfi styku s krycim sklem. Vytvoii se oblasti
gelovité agar6zy mezi nimiz je v mezi prostoru umisténa bakterialni suspenze. Pfi méreni
je nezarivymi procesy disipovana cast laserové energie, ktera pti dlouhém méreni miize
lokalné snizit viskozitu fixacniho gelu a umoZnit posun méreného objektu.

Z tohoto davodu je vhodné vyuziti multiparametrického meéfeni idedlné se
spektralné rozliSenymi informacemi, pokud je k dispozici vice detektorti. V opacném
pripadé je nutné pouZzit vicenasobnou excitaci a/nebo €asové rozliSeni.

3.5.1 Strukturni studie

Metoda fluorescen¢ni sondy v kombinaci s FLIM byla vyuZita pfi studiu akumulace
zasobniho polymeru polyhydroxyalkanoatu (PHA) v bakteriich Cupriavidus necator H16
pri kultivaci s porovnanim s neprodukénim mutantem C. necator PHB-469.

Z vyse uvedenych divodl bylo pouZito dvojnasobné barveni pro granule i pro
membranu pro stanoveni obrysového rozméru. To samo o sobé neni dostacujici, protoZe
lipofilni barvivo Nilska cerven spektralné zasahuje do zluté (lipofilni emise) i do ¢ervené
oblasti (emise z hydrofilnich oblasti). Pro vizualizaci vnéjsich vrstev bylo pristoupeno

69 Mravec, F.; Obruca, S. et al. FEMS Microbiol Lett 363 (2016), 1-6.
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k vyuziti modrého (Cervena excitace, Cervena emise) amfifilniho barviva DiD®79, které
neprochazi pres vnéjsi vrstvy. DiD® lze ovSem excitovat i vlnovou délkou pro excitaci
Nilské ¢ervené. Proto bylo pristoupeno ke kombinaci spektralniho ¢asového rozliseni se
stridajici se excitaci (PIE, pulsed-interleaved excitation). Pfi excitaci se stiidaly zeleny a
cerveny laser s frekvenci 20 MHz, signal byl rozdéleny na dva detektory ve spektralnich
oblastech Zlutd 550 = 49 nm a Cervena 690 = 70 nm. Zluty signal byl detekovan mezi
0-25 ns, cerveny mezi 25-50 ns. Tak bylo docileno, Ze jeden z kanalt zobrazoval pouze
emisi z granuli a druhy obrys bakterie. Situaci shrnuje Obrazek 35.

Pulse-Interleaved Excitation Spektralné rozlisené detektory Time-gating

G exc./Y det./0-25 ns

Cerveny
DiD +
NR signal**

TIME (ns)

- " signal z lipofilni fize
L | J St ** signal z povrchovych a relativné hydrofilnich oblasti

Obrdzek 35 Prehled nastaveni experimentu pro stanoveni zastoupeni granuli PHA v bakteriich. Adaptovdno dle [69].

Dal$im zajimavym vysledkem je intenzitni profil vybarvené granule, ktery lze
proloZit Gaussovou krivkou (Obrazek 36). Takové rozloZeni znamena, Ze lipofilni barvivo
probarvilo celou granuli a neni zachyceno jen na povrchu”!.

o Data
~—Fit

Intenzita (a.u)

\

0 1 2 3 4 8
Souradnice (um)

Obrdzek 36 Intenzitni profil granule PHA v C. necator H16 s proloZenim Gaussovou krivkou.

70 1,1'-Dioktadecyl-3,3,3',3'-tetramethylindodikarbocyanine, 4-chlorobenzenesulfonat
71 Uvaha je zaloZena na projekci elipsoidu, pozorovaného konfokalniho objemu s vy$kou 1 pm a $itkou
200 nm na vybarvenou granuli.
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Vysledky ziskané pomoci fluorescentni mikroskopie jsou v dobré shodé se
zjiSténymi vysledky pomoci elektronové mikroskopie a pomohly zjistit, Ze maximalni
objemové procento granuli je okolo 40 %.

3.5.2 Studie cytoplazmy

Pokud jsou bunky vystaveny stresu jako  teplota/chlad nebo
hypertonickému/hypotonickému prostiredi, miiZou byt ovlivnény vlastnosti cytoplazmy.
Z dilezitych vlastnosti cytoplazmy mohou byt ovlivnény viskozita nebo pH pripadné i
koncentrace nizkomolekuldrnich elektrolyti. Timto mohou byt ovlivnény transportni
vlastnosti cytoplazmy nebo elektrostatické interakce latek v cytoplazmé interagujici.

Pro studium fyzikalné-chemickych vlastnosti cytoplazmy se vyuZivaji napf.
prislusné sondy reagujici na pH, chelatacni €inidla pro ionty ¢i ,trackery” pro sledovani
déleni. Je zaroven mnoho technik, jak dostat fluoreskujici ¢inidlo do bunék?2. Nenabité
latky mohou prochazet pasivni difuzi pres bunécnou membranu. Takovy mechanismus
rozdéleni ale nepreferuje bunikku pred vnéjSim prostiedim a pii méreni by fluoreskujici
latky tvorily vysoky Sum. Jednim ze zplisobi, jak toto piekonat je blokovat fluorescenci
napfr. esterifikaci. V biologickém prostredi bunky pak hydrolyza za ucasti nespecifickych
hydrolytickych enzymi bude probihat vyrazné rychleji nez ve vnéjsim vodném prostiedi
(Obrazek 37). Tim roste kontrast mezi vnitrobunécnym prostorem a vnéjsim prostiedim.

enz. H,0
—_—

enz. H,0

Obrdzek 37 Schematické zndzornéni hydrolyzy izomeru esteru fluorescenc¢ni pH sondy BCECF (2',7'-bis-(2-karboxyethyl)-
5-karboxyfluorescein).

Pokud je k dispozici mérici systém, ktery ma vice detektor(, je mozné pouzit tyto
sondy na stanoveni fluidnich vlastnosti cytoplazmy pomoci méreni anizotropie.
V kombinaci se skenerem je tak moZné vytvorit anizotropni obrazek, ktery mapuje
rozloZeni anizotropie a tim i viskozitu cytoplazmy. V idedlnim pripadé pak lze signal

72 ATP, pinocytoza, elektroporace, fize s kationickymi lipidy, fize s Cervenymi krvinkami, mikroinjekce,
bombardovani mikroprojektily, sklenéné kuli¢ky, ultrasonifikace, ... viz. Molecular Probes Handbook, A
Guide to Fluorescent Probes and Labeling Technologies, 11th Edition, ISBN: 0982927916
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rozdélit podle roviny polarizace na dva Casové rozliSené detektory a ziskat tak doby Zivota

zaroven s anisotropii.

Tento pristup byl pouZit ve studii dopadu hypertonického prostredi na bakterie
produkujici granule (C. necator H16) a mutantni kmen (C. necator PHB-4)73. Fluorescen¢ni
mikroskopie byla jedna ztechnik zahrnujici elektronové mikroskopie, Ramanova
spektroskopie, plynova chromatografie a thermogravimetrie. Vysledky z fluorescen¢ni
¢asti vyzkumu ukazaly rozdily mezi H16 a PHB-4 v reakci na hypertonické prostiedi.
Zatimco priimérné pH u obou kmeni je bez vétSich rozdilii ve standardnim prostiedi
(7,4-7,5), v hypertonickém prostredi je pokles pH vyraznéjsi u neprodukéniho kmene
PHB-4. To by mohlo ukazovat na protrzeni bunétné membrany a rychlejsi rozvrat
neprodukujiciho PHB-4. FLIM obrazky také ukazuji jednotlivé PHB-4 bakterie velmi
neostie sdifiznimi okraji vhypertonickém prostiedi ve srovnani s prostiredim
standardnim.

doba Zivota anisotropie

m m
= =
H H
2 2
2 2
L4 Lt
(3] (2]
3 #
g g
Z &
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OAdesjosiuy

[su]dw

Obrdzek 38 FLIM a anizotropni obrdzek bakterie Cuprividus necator H16. V levém obrdzku jsou data $kdlovdna podle doby
Zivota priimérované pres amplitudy, vpravo je pak Skdlovdni na zdkladé anizotropie. Rozsah byl zvolen tak, Ze vlevo cervené
oblasti odpovidaji prevdzné deprotonované formé a vlevo jsou plné fluidni oblasti, uprostied Skdly s <r> = 0, zelené.
Mapovani viskozity prineslo v chovani obou kmenit rozdilné vysledky a podporilo
interpretaci zmény pH. Vliv hypertonického prostiedi znamenal zvySeni hodnoty
anisotropie u H16 a pokles u PHB-4, coZ by Slo vysvétlit tak, Ze u H16 doSlo k zahus$téni
vnitiniho prostredi v disledku osmoézy a u PHB-4 k protrZzeni membrany a roziedéni
vnéjSim prostiedim. Pozoruhodny fakt je, Ze ve standardnim prostiedi vykazuje
anisotropie sondy BCECF vys$si hodnotu u PHB-4 nez H16. Toto miiZe souviset
s mySlenkou lokalizace sondy nebo hydrolytického aparatu, ktery umoZznuje vyssi rota¢ni

pohyb sondy u H16 neZ u PHB-4.

Obdobné Ize pohlizZet i na rozloZeni intenzity fluorescence u FLIM obrazku. Zatimco
je u PHB-4 intenzita rozloZena viceméné rovnomérné v celé bakterii, u H16 jsou vidét
mista svyS$i a niz$i intenzitou. Jednim z moZnych vysvétleni je rozdilné misto, kde
probihd hydrolyza esteru fluorescen¢ni sondy. U PHB-4 by to pak znamenalo, Ze

73 Obruca, S., Sedlacek, P., Mravec, F. et al. New Biotechnol 39 (2017), 68-80
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hydrolyza probihd u buné¢né membrany, u H16 v mezigranularnim prostoru nebo na
povrchu granule.

3.5.3 UV protektivita

Fluorimetr lze pouZit i jinym zplsobem neZ jen k méreni emisnich/excitacnich
vlastnosti. Geometrie fluorimetru, kdy je excitacni a detek¢ni systém viici sobé v ihlu 90°,
umoziuje sledovat napriklad rozptylené svétlo. Tuto techniku je mozZno brat jako variantu
nefelometrie, kdy je pozorovan TyndallGv jev74.

Tato technika byla pouzita pfi studiu rozptylujicich vlastnosti PHB granulich7s.
Jeden z myslenych disledki pritomnosti granuli je ochrana bunéénych systémii proti UV
zateni. Tato myslenka byla testovana kultiva¢nimi testy, pritokovou cytometrii pro
stanoveni Reaktivnich forem kysliku a rozptylovymi technikami.

Pro méreni rozptylovych charakteristik je potreba nastavit fluorimetr tak, aby nebyl
poskozen detektor. V tomto pripadé je potieba suspenzi ru¢nim nastavenim otestovat pro
rizné vinové délky. Charakteristika je pak mérena metodou Synchronniho skenu, kdy se
nastavi nulova diference mezi excitacni a emisni vinovou délkou. DalSim diilezitym
nastavenim je detektorova algebra, kdy je potfeba emisni kandal vztahnout k referencnimu
pro potlaceni intenzitniho profilu lampy.

Pokud porovname pii shodném nastaveni pristroje a shodné absorbanci vzorku
kmen H16 a PHB-4, zjistime, Ze rozptyl H16 je vyraznéjsi nezZ u PHB-4 a to nejvice pravé
v UV oblasti. To by potvrzovalo zjisténé vysledky, kdy kmen H16 vykazoval v dalSich
testech vyssi odolnost proti UV zareni nez bez granuli kmen PHB-4.

74 Rozptyl svétla na koloidnich (a vétSich) casticich.
75 Slaninova, E., Sedlacek, P., Mravec, F. et al. Appl Microbiol Biotechnol 102 (2018), 1923-1931
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4 ZAVER

Tato habilitatni prace se zabyva vyuZitim vybranych fluorescen¢nich technik ve
studiu rtzné komplexnich koloidnich systémi - od roztokd polymerid po
mikroorganismy. Na praktickych prikladech bylo ukazano, Ze fluorescencni techniky od
spektroskopickych po mikroskopické jsou velmi silnym nastrojem pro vyzkum Zivé i
nezivé prirody. MnoZzstvi technik se neustale rozviji, zvlasté pak v oboru vysoce rozlisené
mikroskopie, a mnozZstvi fluorescenc¢nich sond a znacek pro riizné aplikace je obrovské.

Uvedené praktické priklady nemély ukazat jen Sifi fluorescenénich technik
dostupnych vramci Fakulty chemické, ale zabyvaly se i hlubSi interpretaci jiz
publikovanych vysledkd. Spravna interpretace ziskanych dat se da totiZ povazovat za
nejslozitéjsi cast pouziti fluorescencnich technik a to predevSim v piipadé, kdy
pozorované struktury nevykazuji vlastni fluorescenci. ObtiZnost interpretace
namérenych dat lze snizit, pokud je dostupnych vice technik. Jako vhodnym, ne-li rovnou
nezbytnym, doplitkem stacionarni fluorescen¢ni spektroskopie je dynamicka casové
rozliSend spektroskopie nebo obdobné dynamickd technika méreni fluorescencni
anisotropie (byt je vétSinou porizovana ve stacionarnim mddu). Pokud je k dispozici i
mikroskopicka technika fluktua¢ni spektroskopie (napft. FCS), jsou pak dostupné veSkeré
charakteristiky daného fluoroforu - interakce v excitovaném stavu a mobilita v daném
prostredi.

Tento souhrnny piehled pak také ukazuje, Ze je zde velmi Siroké pole pro rozvoj
dalSich technik na FCH VUT, které nebyly v praci zminéné, ale ve kterych pokracuje
vyzkum s pripravovanymi publika¢nimi vystupy. Za vSechny lze zminit napriklad
techniku Rezonan¢niho prenosu energie. Zaroven se pocitd srozsifenim
mikroskopického systému o mikroskop atomdarnich sil a do budoucna i o systém laserové
skenovaci mikroskopie, ktery umoZzni pouZiti stochastickych superrozliSovacich metod.
Pied technikami fluktua¢ni spektroskopie také stoji velky kol prevodu autokorelacnich
kiivek na frekvencni zavislosti elastického a ztratového modulu pro stanoveni
mechanickych vlastnosti na mikroskopické urovni. Techniky vyuZivajici fluorescenci se
tak budou nadale rozvijet a bude je moZno vyuzivat v novych oblastech vyzkumu a
aplikacich.
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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.“_14 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
7 ACS Publications
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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.”*>*
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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—

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 S X 107* to 15 gL' 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 1077 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 107> 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®

— 1/2(Aect+Aem)
Fcorr - Fobs x 10 (1)
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) = ) o exp(—t /)

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 % 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%
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suspension obtained from Sigma-Aldrich was added to 5 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) — x(t)]* + [y(t + 7) — y(t)]*) = 2dDt
©)
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 t, 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
D =
6mpr )
As the hydrodynamic radius (r), the radius of tracer particles reported

by the manufacturer was used (0.5 y#m). The final viscosity is the mean
value of the viscosities obtained from the MSD of at least 30 particles.

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 § 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 107° mol-L 7/, 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 L7\

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 f-bands, an isosbestic point can be found at around
470 nm. At a high concentration of AO in the system, the f-
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 1S 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

0.9 . 16
« Relative

Zos | fluorescence {
g } mviscosity E 125
2 { ©
807 1 { &
S06 | i ; I 2
2 L I 4 8
g%« I s
°©
B e e e L e o o ) 0

0 4 8 12 16

Hyaluronan concentration (g L)

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 oft 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

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 7! 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.e., the
absorbance increased), especially around the CTAB concen-
tration of 10~° 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 (i.e., 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
AO 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
AO. 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
AOQO 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).

12 . .
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—AO 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 y3*
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 107° 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 107> 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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Abstract Aggregation properties of hydrophobized hyalur-
onan with different molecular weights and degrees of
substitution were studied using pyrene and perylene as
fluorescence probes. Both probes in contrast to native
biopolymer confirmed aggregation of modified hyaluronan.
The critical aggregation concentration (cac) was determined
by the pyrene I;/I; and perylene fluorescence intensity
method. The cac value varied both with the molecular
weight and the degree of substitution and was between
0.610 and 0.003 g-L™'. Pyrene polarity scale confirmed
formation of hydrophobic domains.

Keywords Hyaluronate derivatives - Fluorescence probes -
Critical aggregation concentration - Core hydrophobicity

Introduction

Polysaccharides and their derivatives have become major
components in the development of biocompatible and
biodegradable materials with many areas of applications
(e.g., tissue engineering, drug delivery). Chemical modifi-
cation, which does not affect the biodegradability and does
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not suppress biological activity, can lead to further
expansion of medicine and engineering applications [1, 2].

Hyaluronan (HA) is a major component of pericel-
lular and extracellular matrices [3]. It is a linear polymer
formed by repeating disaccharide units composed of the
disaccharide unit formed by D-glucuronic acid-1-(3-3-N-
acetylglukosamine. It plays an important role in stabilizing
the extracellular matrix in many tissues by binding to
specific proteins called hyaladherines. The main hyalur-
onan fraction is localized in the skin tissue [4].

Synthesis of hyaluronan derivatives is generally based
on the esterification on the D-glucuronic subunit [5].
Recently, preparation of new type derivatives that are
subject of this study was reported [6]. Modification was
made on the secondary hydroxyls of the glucuronic subunit.
This way of modification leaves all carboxylic groups free
in contrast to common derivatives prepared via esterifica-
tion on the COOH group and enables to achieve high
substitution degrees while maintaining polyelectrolytic
character. Amphiphilic hyaluronan polyelectrolyte is thus
obtained (hydrophobized hyaluronan, hHA), which is
supposed to be still water-soluble and to aggregate in
aqueous solution forming micelle-like structures with a
non-polar core that will be able to entrap hydrophobic
species, e.g., drugs.

In this work, first results on studying their aggregation
capabilities are reported. Aggregation behavior of amphi-
philes can be studied by non-polar fluorescence probes,
which can be solubilized into this core. Fluorescence probe
techniques have been used successfully in the study of a
wide range of surfactants [7-9]. They are able to determine
not only the critical micellar or aggregation concentration
(cac) but also the polarity index of probe’s microenviron-
ment [10-12] and effective viscosity of the micellar core
[13, 14].
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Pyrene I,/I5 ratio method is a widely used method to
determine the cac value for many surfactant-based systems.
Its unique response to the microenvironment polarity is
well known and described [15]. In this method, the ratio of
the fluorescence intensity at 373 nm (I;) and at 383 nm (I3)
is plotted against the logarithm of the aggregating molecule
concentration. Below the cac, the pyrene I,/I; ratio does not
change in a wide range of concentration. Near the cac
value, this ratio sharply decreases with increasing concen-
tration up to a final, nearly constant, value.

To confirm the results obtained with pyrene, we used
also the perylene fluorescence method [16]. Using different
probes in aggregation studies is not common. Perylene is
non-fluorescent in aqueous environment. Fluorescence
intensity of the perylene increases with the number of
non-polar domains formed in the solution. No fluorescence
is observed until these domains are present in solution.
When the domains are formed, a sharp increase in the
fluorescence is observed. Straight lines can fit these two
trends and the concentration-coordinate of their point of
intersection define the cac value directly.

Materials and methods

Sodium hyaluronate and its alkyl derivatives (Fig. 1) were
obtained from CPN (Dolni Dobrou¢, Czech Republic).
Details on the synthesis of derivatives and their molecular
characteristics have been published elsewhere [6]. Hyalur-
onans were of the following weight-average molecular
weights: 97, 560, and 1,630 kg~m0171.

Derivatives were of the weight-average molecular
weights of 44, 134, 183, 360, and 1,470 kg‘molfl, and
their substitution degrees were in the range of 10-70%.
Substitution degree is defined as the ratio of the mole of
substituents per mole of the disaccharide unit [6], e.g., SD
100% means one alkyl chain per each disaccharide unit in
the hyaluronate chain. Molecular weights were determined
by size-exclusion chromatography/multi-angle laser light
scattering and the substitution degree is defined from the 'H
NMR spectra (for details, see [6]). All the molecular

_ Na
COoO0
H fo) O HO
HO 0 OH
o
® e
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R: a)H b) CONHC, H,,

Fig. 1 Schematic structure of the sodium hyaluronate (a) and its Cyq
alkyl derivative
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parameters were determined and provided by the producer.
The hyaluronate samples were dissolved in doubly distilled
water to the concentration 2 g-L™". This stock solution was
stabilized by addition of sodium azide (p.a., Lachema) in
final concentration 107> mol-L™". The alkyl-type abbrevia-
tion comes as the first followed by the original molecular
weight (before the derivatization) and the substitution
degree. For example, D 134/10 means C;y-derivate of the
molecular weight 134 kg'mol™' and with the substitution
degree 10%.

Sodium dodecylsulfate (p.a., Lachema) was dissolved in
water to obtain concentration of 2x 1072 mol-L™".

Pyrene and perylene (fluorescence grade) were obtained
from Fluka, acetone p.a. from Lachema.

The hyaluronate samples were listed in correspondence
to their characteristics. Stock solutions of pyrene and
perylene were prepared in acetone in final concentration
10 mol-L™". Probe stock solution was introduced into a
vial and acetone was evaporated. The concentration of both
probes in final samples was set to 5x10°® mol-L™". The
stock solution of HA or hHA was introduced into the vial
with the probe, diluted to the desired concentration, and the
resulting solution was sonicated for 4 h and stored during
next 20 h. The fluorescence emission spectra were
monitored with a luminescence spectrophotometer
(AMINCO-Bowman, Series 2) at 293.15+0.1 K. The
excitation and emission slit widths were set to 4 nm, and
the excitation wavelength was 335 and 408 nm for pyrene
and perylene, respectively.

The experimental data, i.e., the pyrene I,/I5 ratio (y)
dependency on concentration (x), were evaluated using
nonlinear fitting with Boltzman’s curve containing four
parameters—the maximum (a), the minimum (b), the inflex
point (xp), and the width of the step change (Ax; Eq. 1).

a—>b

(—x0)

—F+b. (1)
1 +e &

y =

The data were fitted using the nonlinear curve fitting
with Origin 75. The cac was obtained from the inflex point
of the nonlinear fitting. This is denoted as the cac; point.

Alternatively, we determined also the cac, point defined as
(cf. Fig. 2)

cacy = xg + 2Ax. (2)

Figure 2 shows the typical dependency of the I,/I5 on the
logarithm of the concentration in a model surfactant system,
sodium dodecyl sulfate, with two possible points, cac; and
cac,, which can determine the critical aggregation concen-
tration. Its critical aggregation concentration, 8.2x
107 mol-L™" in aqueous solution at 293.15 K, via surface
tension experiments was reported elsewhere [17]. Obtained
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Fig. 2 Typical dependency of the pyrene polarity ratio on the
concentration of an amphiphile (sodium dodecyl sulfate)

cac values from the fit are 8.3 and 10.2x 10> mol-L " for cac,
and cac,, respectively. It is obvious that the cac; value is
closer to surface tension value and it seems to be more
relevant as cac point.

Perylene data evaluation was based on a fit of two linear
trends. From equations of these straight lines, “x-coordinate”
of the point of intersection was evaluated as the cac.

Results and discussion
Aggregation properties
First measurements were focused on possible aggregation

behavior of native hyaluronan in aqueous solution. Three
molecular weights (97, 560, and 1,630 kg:mol ') were
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Fig. 3 Plot of the I;/I3 vs. log Cyya for native hyaluronan in aqueous
solution of different molecular weights

Fig. 4 Plot of the normalized integral fluorescence (/r) and the I,/1;
vs. the log Cya for the D134/30 sample. The perylene data are fitted
with two lines. The pyrene data are fitted by sigmoid curve with
marked cac; (X). The point of intersection (down arrow) from
perylene dependence (x-coordinate value=—0.747, which is equal to
0.179 g'L™") is identical with the pyrene cac, point (x-coordinate
value=—0.750, which is equal to 0.178 g-L ™"

selected to investigate possible aggregation of native
hyaluronan using the pyrene fluorescence method. Figure 3
shows that the I,/I; ratio, also called the polarity index,
ranges from 1.37 to 1.45 through a wide concentration range.
Value of the polarity index in this concentration range can be
taken as constant and invariant. Therefore, from the
hydrophobic polarity probe point of view, no aggregation
behavior was observed in these solutions. Hydrophobic
patches supposed to exist along HA chain [18] do not form
domains able to solubilize non-polar substances like pyrene.

On the contrary, hyaluronate derivatives manifested clear
aggregation behavior. Example of results obtained for
D134/10 is presented in Fig. 4. As explained above, there
are two possible cac points on the concentration dependency
of the pyrene I,/I; ratio. Aguiar et al. [15] suggested a
condition to select the cac value from the pyrene I,/1I; ratio.
If the xo/Ax (cf. Eq. 1) is less than 10, the cac point is
determined by the x-coordinate of the inflex point xo—cac;
in our case. Table 1 examples determined values of the xo/
Ax ratio of hyaluronate derivatives. All of them passed the
“less than 10 condition”.

Table 1 The representative samples of hydrophobized hyaluronan
with the xy, Ax, and criterion value obtained from curve fitting

Samples xo (gL Ax (gL Xo/ Ax R’

D44/10 0.54 1.42 0.38 0.99
D134/10 0.61 1.51 0.40 0.99
D183/30 0.15 1.55 0.10 0.98
D360/50 0.08 1.48 0.05 0.98
D1470/70 0.20 1.03 0.19 0.97
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Table 2 Overview of the cac values for hHA samples from pyrene and perylene, in brackets, experiments

My (kgrmol ™) SD (%)
10 30 50 70
cac (gL ) 44 0.540 (0.520) 0.045 (0.050) 0.003 (0.003) ND (ND)
134 0.610 (0.600) 0.179 (0.180) 0.130 (0.140) 0.030 (0.025)
183 0.190 (0.210) 0.150 (0.170) 0.110 (ND) ND (ND)
360 0.190 (0.200) 0.080 (ND) 0.110 (0.140) ND (ND)
1,470 ND (ND) 0.260 (0.280) 0.110 (0.130) 0.200 (0.160)

ND not determined

Perylene results confirmed the selection of cac; as the
proper critical concentration. In Fig. 4, the integral perylene
fluorescence intensity is plotted against the logarithm of
hyaluronate concentration. The perylene data, resolved by
two straight lines, lead to the cac value 0.179 gL', which
corresponds to the cac; value determined by the pyrene
method (0.178 gL "). Accordingly, we used cac; for the
evaluation of the pyrene data.

The cac values of various derivatives decrease when
the substitution degree increases, with a small exception
for samples D 1470 (Table 2). At constant substitution
degree, there is no clear trend of cac change with
molecular weight (Table 2). The greatest decrease of cac
values with increasing substitution degree was observed
for samples D 44. These samples have the shortest
biopolymer chain. Aggregation is driven by hydrophobic
interactions introduced by the alkylation of native
hyaluronan backbone. Formation of aggregates is accom-
panied by reorientation of hyaluronan chains and also by
changing its conformation. Short chains can be reoriented
and deformed more easily than long ones; therefore, their
cac values are more sensitive to the degree of substitu-
tion. But not only cac values are decisive for the final
selection of the derivative, which can be used in future
for an application in drug delivery system.

In comparison of cac values with another alkyl-
derivative of HA [19], pyrene as the cac probe was used
and the cac value was realized as the first decreasing of
the pyrene polarity index dependency on the derivative
concentration, our derivatives with high SD or MW have
the same or lower cac values. Similarly, in the same
orders of magnitude, range cac values of the alkyl-
chitosan [20, 21], cholesteryl-chitosan derivatives [22], or
heparin-deoxycholic acid derivative [23], where decreasing
tendency of the cac on increasing SD, were observed.

Domain hydrophobicity
As the base for determination of the hydrophobicity of

the non-polar core, the pyrene polarity scale (PPS) was
selected [24]. The limiting values of the I,/I5 ratio from the

@ Springer

concentration dependencies are shown in Table 3. Data
indicate a general trend of increasing hydrophobicity
(decreasing pyrene polarity parameter) with increase in
the substitution degree, which is easily understandable
and expectable. Closer inspection of data obtained for
samples of the same molecular weight of the native
hyaluronan does not always reveal simple trend (Table 3).
This can indicate different distribution of alkyl substitu-
ents along the polysaccharide backbone of varying
substitution degree, non-uniform alkyl distribution on
highly substituted hyaluronan, and also different changes
in conformational behavior of chains of various molec-
ular weights modified by alkyls to different degrees.

Conclusion

The novel hyaluronan derivatives show surfactant-like
aggregation behavior in aqueous solutions. Their critical
aggregation concentrations can be modified by the
molecular weight and substitution degree and ranges
between 0.610 and 0.003 g-L™'. Hydrophobic domains
are formed with the relative hydrophobic index (PPS)
nearby 0.85. This value is comparable to that of simple
surfactants. Novel hyaluronate hydrophobized deriva-
tives with preserved free carboxyl groups are thus
potential candidates for preparing systems for targeted
delivery of hydrophobic active substances.

Table 3 Overview of the hydrophobicity indexes for hHA samples

My (kgmol ™) SD (%)

10 30 50 70

Pyrene polarity parameter 44 096 0.83 0.89 —
134 0.88 0.86 0.79 0.82

183 0.89 0.80 0.82 -

360 096 0.83 0.8 -
1,470 - 0.84 0.81 0.81
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The effect of different concentrations of CTAB (in the range of 0.2 mM~2 mM, i.e., including its critical
micelle concentration) on viability of selected human cells (osteoblasts and keratinocytes) was stud-
ied by a variety of methods (immunocytochemical and biochemical), testing the cell viability and the
metabolism, to get a complex overview. All of the used methods confirmed the cytotoxic effect of CTAB,
which could, however, be suppressed by the presence of hyaluronan (molecular weight 806 kDa, in the

concentration of 1g/1) in the case of the lowest CTAB concentration used (0.2 mM) when the fetal bovine
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serum was also present in the cultivation medium. Thus, it could be concluded that hyaluronan can be
used as successful protector of specific cell types against cytotoxic CTAB at low concentrations.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Surfactants are indispensable components of many traditional
products in almost every chemical industry, e.g., cosmetics, paints,
dyestuffs, pharmaceuticals, agrochemicals, fibres, or plastics.

* Corresponding author. Tel.: +420 541149330; fax: +420 541149398.
E-mail address: pekar@fch.vutbr.cz (M. Pekar).

0927-7757/$ - see front matter © 2014 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.colsurfa.2013.12.048

Nowadays they also play a role in modern systems designed within
the area of nanotechnology, particularly in the development of
delivery systems for various biologically active compounds like
drugs, antioxidants, nutrients, or agents for gene therapy [1,2].
Biological aspects of surfactants are vital issues in all their appli-
cations. Often a biocidal effect of surfactant is faced which is the
result of the surfactant action on the cell membrane or on the
microorganism surface. This effect is favored by high surface activ-
ity and high surfactant unimer concentration [3]. The biological
effects of surfactants can be roughly classified with respect to their
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basic types. For example, the zwitterionic or non-ionic surfactants
are usually less skin irritant than the anionic types [3,4]. Many
surfaces, including the cell membranes, are negatively charged.
The cationic surfactants thus have a high tendency to adsorb on
these surfaces. The cell membrane can be subsequently damaged
by the surface activity and the solubilization ability of attached
surfactants. Most studies on the biological effects of surfactants
were related to environmental (biodegradation and biodegradabil-
ity, aquatic toxicity) or dermatological aspects [3,4]. This work
is focused on cetyl trimethyl ammonium bromide (CTAB) which
was also the subject of several studies on the surfactant effects on
microorganisms or cells. CTAB was included in the study on effects
of detergents on the proliferation and metabolism of human kera-
tinocytes [5]. Both tested surfactants (CTAB and anionic sodium
lauryl sulphate or SDS) showed the toxic effects on keratinocytes
at the concentrations as low as 3 mg/g. However, both surfactants
were found to activate keratinocytes at very low concentrations.
Serum partially protected keratinocytes against the toxic and sti-
mulatory activities of both surfactants. Inacio et al. [6] published an
in vitro study on the effects of various surfactants on the viability of
mammalian cell types typically encountered in vagina. All cationic
surfactants (including CTAB) were toxic at the concentrations far
below their critical micellar concentrations and showed signifi-
cant differences in their toxicity toward polarized cells compared to
non-polarized ones. Their toxicity was also dependent on the chem-
ical nature of the polar head group. The authors concluded that
cationic surfactants demonstrated an intracellular locus of action
and that their structure-activity relationships could be profitably
exploited for the prophylaxis in vaginal gel formulations. Hrenovic
and Jankovic [7] reported high acute toxicity of both CTAB and SDS
against Acinetobacter junii, a phosphate-accumulating bacterium.
Liu et al. [8] studied the toxicosis of surfactants targeted to albumin
isolated from bovine serum and the mechanism of detoxification.
They found that whereas sodium dodecyl benzene sulphate (SDBS)
induces the denaturalization of albumin, CTAB facilitates the refol-
ding of this protein. Small quantity of CTAB was found to combine
with preformed SDBS-BSA complex to form a three-component
complex and with the cumulation of quantity, CTAB captured SDBS
from the SDBS-BSA complex by the electrostatic attraction and the
CTMAB-SDBS complex was formed, while liberating BSA.

CTAB could be used for the preparation of nano- or microcarri-
ers, for example, after the complexation with oppositely charged
polyelectrolyte, preferably selected from a family of biopolymers.
Hyaluronic acid (usually in the sodium form; hyaluronan) is an
excellent example of such bio-polyelectrolyte which is produced
also in human body. Hyaluronan is naturally occurring polysac-
charide with a very simple structure but unusual properties and
a variety of functions [9]. It is a negatively charged monotonic
co-polymer with repeating disaccharide unit composed of D-
glucuronate and N-acetyl-D-glucosamine residues linked by (3(1-4)
and (3(1-3) bonds, which are connected to unbranched chains.
The biological or physiological functions of hyaluronan are mostly
determined either by its physical and physico-chemical proper-
ties or by the interactions with hyaluronan-binding proteins. At
physiological pH, the hyaluronan carboxyl groups are predomi-
nantly ionized, and hyaluronan behaves like a polyanion, which
can interact or associate with cationic counterions to maintain the
charge neutrality. Because it is an ubiquitous polysaccharidic com-
ponent of tissues and body fluids, it does not confer immunological
reactions and is metabolized in lysosomes of certain cells. Via the
interaction with a variety of receptors, such as CD44, RHAMM
(receptor for hyaluronan-mediated motility expressed protein),
LYVE-1 (lymphatic vessel endothelial hyaluronan receptor-1, and
HARE (hyaluronan receptor for endocytosis, stabillin-2), hyaluro-
nan is capable of acting as a signalling molecule [10], triggering
diverse signalling pathways, such as Ras, mitogen-activated protein

(MAP) kinases, c-Src, PI3kinase/Akt, and is involved in the reg-
ulation of cell growth, differentiation, adhesion, and motility,
thereby influencing the embryonic development, tumorigenesis,
atherosclerosis, and lung and kidney injury [10-12].

The interactions between hyaluronan and cationic surfactants
are well documented and the formation of complexes in different
colloidal forms ranging from sols to gels was found [ 13-16]. Binding
of surfactant to polymer may suppress its solubility, i.e., the pres-
ence in the solution either in monomeric or micellar form, which
could result in suppressed availability for undesired interactions
with cell membranes. Here we report on the results of a pilot study
testing this hypothesis.

2. Materials and methods
2.1. Surfactant and biopolymer

Cetyl trimethyl ammonium bromide (CTAB; Sigma-Aldrich,
USA) was used as cationic surfactant. Sodium hyaluronate (HyA;
Contipro Group, Czech Republic) of the molecular weight of 806 kDa
was used as anionic polyelectrolyte.

2.2. Cells and culture conditions

Human osteoblast-like cell line SAOS-2 derived from osteosar-
coma was obtained from DSMZ, Germany (Deutsche Sammlung
von Mikroorganismen und Zellkulturen, GmbH). SAOS-2 cells were
cultured in McCoy’s 5A medium without phenol red (PromocCell,
Germany) supplemented with 15% heat inactivated fetal bovine
serum (FBS; PAA, Austria), penicillin (20 U/ml, Sigma-Aldrich, USA)
and streptomycin (20 pg/ml, Sigma-Aldrich, USA).

Spontaneously immortalized human keratinocyte cell line
HaCaT was obtained as kind gift from Prof. Dr. N. Fusenig, Deutsches
Krebsforschungszentrum, Heidelberg, Germany. HaCaT cells were
grown in DMEM medium (Sigma-Aldrich, USA) supplemented with
10% heat inactivated FBS, 1% L-glutamine (Sigma-Aldrich, USA) and
0.1% gentamicin (Sigma-Aldrich, USA).

Both cell types were cultivated at 37°C and in 5% CO, atmo-
sphere.

2.3. Cell treatment with CTAB and HyA

Cells were collected in an exponential growth phase and
counted using the Biirker chamber. These cells were plated (20,000
or 40,000 cells/cm?) onto the 96-well plate in appropriate culture
medium with FBS and incubated for 24 h under the tissue culture
conditions.

After 24 h, cells were washed by PBS and different concentra-
tions of CTAB and/or HyA were added to cells. CTAB and HyA were
diluted in the culture medium with or without FBS.

2.4. Determination of metabolic activity

Metabolic activity test (Cell Titer 96 AQueous One Solution Cell
Proliferation Assay, MTS, Promega, USA) was performed according
to the standard protocol: the absorbance (490 and 655 nm as ref-
erence) of soluble formazan accomplished by metabolically active
cellular dehydrogenases was determined in 96-well plate 24 h after
the incubation of cells with CTAB and HyA. The results were nor-
malized (in percentage) with respect to the control cells without
the treatment.

2.5. Determination of live and dead cells

Viability/cytotoxicity test (LIVE/DEAD Viability/Cytotoxicity kit
for mammalian cells, Life Technologies, USA) was performed
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according to the standard protocol: stained cells (green - live cells
with calcein and red - dead cells with Ehidium homodimer-1) were
observed by the fluorescence microscope (Nikon Eclipse Ti-E). Sub-
sequent image analysis (cell number of live and dead cells from five
images from each sample) was performed using Image], Cell Pro-
filer (Broad Ins.) and NIS-Elements (Nikon) software. Live/Dead test
was performed after 5 and 24 h of incubation of cells with CTAB and
HyA.

2.6. Determination of cell index

SAO0S-2 cells were plated (20,000 cells/cm?2) onto the 16-well
E-plates with gold electrodes on the bottom (Roche, Switzerland)
and incubated in XCELLigence RTCA DP device (Roche, Switzerland)
at 37°C and in 5% CO, atmosphere for 24 h. After that, cells were
washed once with PBS and different concentrations of CTAB and
HyA were added to cells. The cell indexes were measured during
whole cultivation based on the change of impedance.

2.7. Statistical analysis

The results from MTS test and LIVE/DEAD kit were obtained from
two independent experiments performed in 3 parallels. One way
ANOVA was applied to analyze the data and the values were tested
for statistically significant differences at p<0.01. Extreme values
were excluded from the analysis. The results from xCELLigence
device were then obtained from one experiment performed in 2
parallels. The same ANOVA procedure was applied to obtained data.
The statistical evaluation was performed using Microsoft Excel soft-
ware.

3. Results and discussion

The experiments were realized in three series and in control:
with the addition of surfactant, with the addition of hyaluronan and
with the addition of both the surfactant and hyaluronan to cells;
in the control experiments no such treatment was applied. CTAB
was used at several concentrations-0.2, 0.4, 0.5, 1, and 2 mM. The
concentration range was selected to cover the interval from below
to above the CTAB aqueous critical micellar concentration (about
0.9mM [17]) taking into account also the charge ratio-electrostatic
interactions are expected between cationic CTAB and anionic
hyaluronan and the charge ratio CTAB:hyaluronan should not
exceed (preferably was lower than) one. Due to the ionic character
of the cell media the micellization during the cell cultivation can be
expected because the critical micellar concentration is decreased in
about an order of magnitude at the physiological salt concentration
[16]. Hyaluronan was applied at single concentration of 1 mg/ml
which is a standard in the studies of hyaluronan-surfactant inter-
actions [13-16] and corresponds to the concentration in tissues or
synovial fluid [18,19].

The metabolic activity of human osteoblasts was measured
after 24 h at different conditions (see Fig. 1). First, 20,000 and
40,000 cells/cm? were seeded for 24h in fully supplemented
medium and then CTAB of specific concentration or/and hyaluro-
nan was added. After 24 h of incubation the metabolic activity was
determined by MTS assay. Fig. 1 shows that the metabolic activity
was reduced with increased concentration of surfactant and that
starting from the surfactant concentration of 1 mM the metabolic
activity was reduced completely in both samples with different cell
concentrations. In case of the lowest concentration of surfactant
(0.2 mM), more concentrated cells in the sample (40,000 cells/cm?)
can better overcome the negative effect of surfactant. Higher num-
ber of cells and their tighter connection positively affect their fight
with toxic agents.

120
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Fig. 1. Metabolic activity of human osteoblasts cultivated with CTAB and/or
hyaluronan (HyA) for 24 h. Effect of different seeding concentrations, 20,000 (20k)
and 40,000 (40k) cells/cm?, and the presence (+) or absence (—) of FBS. Significant
differences at p <0.01 for 20k + FBS vs. 20k — FBS (**), for CTAB vs. CTAB and HyA (#),
for 20k vs. 40k (&).

The fetal bovine serum is a mixture of different not well
described proteins of multiple functions in the cultivation medium
(mediation of cell adhesion, binding, and sequestration of ions,
chaperones, growth factors, etc.). Its main component is a bovine
serum albumin (50% of all proteins in FBS) which can bind differ-
ent molecules (proteins, lipids, ions) and mediate their interactions.
The treatment with the surfactant and HyA could be highly affected
by the presence of FBS, thus the experiments were performed in
the presence of FBS but also in the medium without FBS (at the
concentration 20,000 cells/cm?). Fig. 1 shows that even the lowest
concentration of surfactant used (0.2 mM) has negative effect on
the cell metabolism when FBS is not present and that from 0.4 mM
surfactant cells do not respond at all. The addition of hyaluronic
acid to the samples treated with surfactant had positive effect on
the cell metabolic activity but only when the lowest concentra-
tion (0.2 mM) of surfactant was applied and in case when cells
were in optimal conditions, i.e. FBS was present in the cultivation
medium. This is in accordance with a certain protective effect of
serum found in previous study on keratinocytes [5] which used the
surfactants without the addition of hyaluronan. Cells in the cultiva-
tion medium without FBS were already stressed and the addition
of surfactant abolished their metabolic activity dramatically. As
expected, hyaluronan itself had no adverse effect.

Not only the cell metabolic activity but also the cell number
shows that there is a positive effect of hyaluronan present in the
sample with the lowest surfactant concentration (Fig. 2).

Since the surfactant together with hyaluronic acid could be
applied on the skin, keratinocytes were also tested for their
response to CTAB and its combination with hyaluronan. Human
keratinocytes were incubated at the same concentrations of surfac-
tant and HyA as osteoblasts for 24 h. Fig. 3 shows that as in previous
experiments the surfactant causes the decrease in metabolic activ-
ity of cells and in case of keratinocytes it has even stronger negative
effect. Just as in osteoblasts, HyA can suppress the negative effect
of surfactant but again only in case of the lowest surfactant con-
centration (0.2 mM).

The proliferative activity of cells was determined using the
xCELLigence system. Cells were plated on the 16-well plate and the
same concentrations of surfactant and HyA as in previous exper-
iments determining the metabolic activity were studied. Fig. 4
shows that cells treated with surfactant do not proliferate but
stay intact. This inhibitory effect was most probably caused by the
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Fig. 2. Cell number of osteoblasts cultivated with CTAB and/or hyaluronan (HyA) in
the presence of FBS for 24 h. Significant differences at p <0.01 for CTAB vs. CTAB and
HyA (#).

experimental setup; cells were monitored every 5 min during the
first hour, which has a negative effect on cells at even the low-
est surfactant concentration. However, the rescuing effect of HyA
on the lowest concentration of surfactant is apparent even in this
method.

The cell viability was determined by the fluorescent staining of
intracellular active esterases and the cell death by the staining of
cell DNA by intercalating fluorescent probe which enters the cells
with interrupted membrane (live/dead assay). Fig. 5 shows that
cells without surfactant treatment as well as cells treated with the
lowest surfactant concentration did not die. Higher surfactant con-
centrations caused significant reduction in the cells viability and
in case of the highest surfactant concentration (2 mM) all cells are
apparently dead. This robust method did not discriminate between
cells protected and not protected by hyaluronan as it was possi-
ble with more gentle and specialized methods for the metabolic
activity determination.

120
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W 20k-FBS

% of control (only cells)

Fig. 3. Metabolic activity of human keratinocytes (20,000 cells/cm?) cultivated with
CTAB and/or hyaluronan (HyA) for 24 h. Effect of the presence (+) or absence () of
FBS. Significant differences at p<0.01 for 20k + FBS vs. 20k — FBS (**) and for CTAB
vs. CTAB and HyA (#).
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Fig. 5. Effect of CTAB and/or hyaluronan (HyA) on osteoblasts viability determined
by live/dead assay after 24 h cultivation.
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Fig. 4. Effect of CTAB and/or hyaluronan (HyA) on osteoblasts proliferation measured by xCELLigence system (16-well chamber).
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The protective effect of hyaluronan described above was found
for in about an order of magnitude lower surfactant concentration
(0.2 mM) than that of the protecting hyaluronan unit (2.5 mM of
hyaluronan basic dimer unit). This indicates that the surfactant
molecules or micelles should be sufficiently wrapped within the
hyaluronan chain to prevent cells from damage. On average, a chain
of about 12 or 13 hyaluronan dimer units per one CTAB monomer
is necessary to suppress the harmful surfactant effect. Because the
protective effect was observed in the presence of the fetal bovine
serum it is probable that also the serum proteins are included in
the protection mechanism. Probably, a similar complex including
the surfactant, hyaluronan, and proteins as that described by Liu
et al. [8] was formed and responsible for the protection. The pres-
ence of hyaluronan can not only wrap the surfactant micelles and
thus protect cells but can also stimulate them positively via the
receptor-mediated pathway [10-12].

4. Conclusion

The adverse effect of CTAB on metabolic activity, proliferation,
and viability of selected human cells (osteoblasts and kerati-
nocytes) was found at all tested surfactant concentrations. The
addition of hyaluronan suppressed the effect and protected cells
only in the case of the lowest surfactant concentration used
(0.2 mM) and under optimal culture conditions, i.e., when the fetal
bovine serum was also present in the cultivation medium. This
is indicative of the formation of some complexes among the sur-
factant, hyaluronan, and probably proteinaceous components of
serum, similar to those reported in ref. [8].
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ABSTRACT
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surfactants in all tested concentrations. In addition, a significant role of fetal bovine serum (important
supplement of cell culture medium) in cell recovery under the stress conditions like CTAB or Septonex
presence was observed. Taken together, HyA could be a useful modulator of CTAB or Septonex effects on
cells at diverse levels. Drug or nucleic acid delivery system, diagnostic dye carriers or cosmetic industry
are the possible applications of prepared complexes.
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1. Introduction

Cationic surfactants are known for their cytotoxic properties
[1-4] but due to their interactions with negatively charged sub-
stances - some kinds of drugs, nucleic acids, cellular surfaces, etc.
- they can serve as an interesting tool in drug or gene cell delivery,
for the study of cell trafficking processes, or in other cell struc-
ture visualisation techniques. The ability to form micelles is another
positive property of surfactants and a benefit which is used in drug
carriers [5]. Cetyltrimethylammonium bromide (CTAB), in partic-
ular, is commonly used as a compound in drug delivery systems;
for example, it is an ideal “shape-inducing” agent [6]. In general, it
is known that cationic surfactants exhibit the highest cytotoxicity
in comparison to anionic and non-ionic ones [7]. In spite of this,
several studies have shown the anticancer effect of CTAB or other
molecules containing the quaternary ammonium group [8-11].
Additionally, it was showed that these surfactants can behave as
cytotoxic agents in dependence on the target cell type - surfac-
tants were substantially cytotoxic to non-polarized cells in contrast
to polarized cells [12]. Interestingly, it was shown that CTAB cyto-
toxicity can be depressed by polymers: Alkilany et al. reduced the
CTAB-induced cytotoxicity of a CTAB-capped nanorods solution by
PAA (polyacrylic acid) polymer over-coating [13].

The ideal polymer for our study, aimed at surfactant cytotox-
icity modulation by forming complexes with oppositely charged
biopolymer, appeared to be hyaluronan (HyA), because in our pre-
vious study, the reduction of the cytotoxic effects of CTAB on
specific cell types in the presence of free sodium hyaluronate
(HyA) was described [14]. Hyaluronan is a naturally occurring gly-
cosaminoglycan composed of repeating [3-1,4-p-glucuronic acid
and 3-1,3-N-acetyl-p-glucosamine disaccharide subunits [ 15]. HyA
exhibits a wide spectrum of functions at various organism lev-
els [16] and due to its favourable properties - biocompatibility,
biodegradability, unique biomechanical features, and modifiabil-
ity (functional groups) - HyA is called a biomaterial of the near
future. Many HyA functions are conditioned by interactions with
HyA-binding proteins, which are specific to the place of concrete
HyA action [17-20].

As mentioned above, surfactants cytotoxicity could be regulated
when complexed with hyaluronan. However, HyA in these com-
plexes can play more roles, not only cell protecting but also it can
also help the complex to bind onto the cell surface (via its receptors)
and subsequently to move within the cell. Thus, the surfactant-HyA
complex can serve as a carrier of non-polar drugs solubilized within
the cores of surfactant micelles. HyA is degraded by hyaluronidases
(Hyals), especially Hyal1l and Hyal2. Extracellular HyA is attached
to Hyal2 anchored in the cell membrane and then cleaved [21].
It seems that this process is in cooperation with the HyA recep-
tor CD44. HyA is then transferred into the cell by endocytosis. In
lysosomal vesicles, HyA is cleaved again, but by HyAll and then
by exoglycosidases into monomers [16,22,23]. This pathway alone
could be a way for the delivery of complexes to cells. The effects
of HyA on cells have been well described, mostly thanks to its
wide medical applications and the needs of regenerative medicine
[24-31].

In this work, CTAB-HyA and Septonex-HyA complexes were
prepared and their cytotoxicity was determined in comparison
to native surfactants. In contrast to the previous study [14], in
which the surfactant and hyaluronan were added to cells sepa-
rately one at a time, the pre-prepared surfactant-HyA complexes
were applied on cells. Further, Septonex, a structural analogue of
CTAB, was also investigated. In addition, we were interested in
the role of fetal bovine serum (FBS) in the ability of cells to over-
come stress conditions (i.e. the presence of native surfactants or
surfactants—-HyA complexes). FBS (the blood fraction after clotting,
free of blood cell elements) is a crucial component of the cell growth

Table 1
Composition of hyaluronan-surfactant complexes and their zeta potential (values
in parentheses represent the standard deviation).

CTAB (mM) HyA (mg/1) Zeta potential (mV)
0.04 5 —14(2)

0.05 5 -8(2)

0.05 30 -15(2)

0.05 50 —34(5)

0.08 30 -29(1)

0.08 50 -19(5)

0.10 30 -26(1)

0.10 50 —28(4)

Septonex (mM) HyA (g/1) Zeta potential (mV)
0.03 1 —70(1)

0.06 1 —72(2)

0.08 1 —68(3)

medium because it provides supplements important for cell culti-
vation in vitro (for adhesion, division, survival etc.). However, the
major compound of FBS, bovine serum albumin, is known to inter-
act with various molecules (it provides a variety of binding sites for
both hydrophobic and negatively charged hydrophilic moieties),
and the behaviour of surfactants in complexes could be affected by
this protein [33,34]. Moreover, it has already been demonstrated
that cell behaviour and morphology can be substantially influenced
by the presence or absence of FBS in general [14,35].

Surfactants with regulated cytotoxicity might play arole indrug,
gene, or diagnostic dye carriers (thanks to the use of the natural
HyA-transport system) and could exhibit only a moderate and con-
trollable antiseptic activity (thanks to HyA’s protective activity).
The results could help to raise the profile of surfactant-HyA com-
plexes with respect to their use in practical cell biology and clinical
applications.

2. Materials and methods
2.1. Surfactants and hyaluronan

Cetyltrimethylammonium bromide (CTAB) was purchased from
Sigma-Aldrich (Czech Republic) and carbethoxypendecinium bro-
mide (Septonex) from GNB chem (Czech Republic), both used as
received. Hyaluronan was purchased from Contipro Biotech (Czech
Republic); two batches were acquired—one with a weight-average
molecular weight of 1000 kDa was used in the preparation of com-
plexes with CTAB, while the other with a weight-average molecular
weight of 936 kDa was used in complexes with Septonex.

Solutions of complexes were prepared by mixing hyaluronan
and surfactant stock solutions, prepared in deionized water, to
obtain the desired final concentration. The surfactant solution was
always added dropwise to the hyaluronan solution. In the case of
CTAB-hyaluronan complexes, the hyaluronan concentration had
to be sufficiently low in order to prevent precipitation and prepare
homogeneous solutions of complexes. The concentrations of CTAB
in complex solutions were 40, 50, 80 and 100 wM; three hyaluro-
nan concentrations were tested: 5, 30 and 50 mg/l. In the case of
Septonex-hyaluronan complexes, only one hyaluronan concentra-
tion was used (1g/l) at three different surfactant concentrations:
30, 60 and 80 M. Eleven different samples of complexes were thus
prepared and used in experiments; their exact composition is given
in Table 1.

The prepared complexes were characterized by their particle
size distribution (measured by dynamic light scattering) and their
zeta potential (measured by laser Doppler micro-electrophoresis)
using a Zetasizer Nano ZS (Malvern Instruments, UK).
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2.2. Cell culture

Human osteoblasts were used because they are a well-
established and reproducible cell line suitable for this type of
primary testing. The cells were incubated under different condi-
tions for 24 h, when the treated cells were observed using light
microscopy. This time period was found to be reasonable to obtain
reproducible data and before all cells were destroyed in the pres-
ence of surfactants only. SAOS-2 cells (a human osteoblast-like cell
line derived from osteosarcoma, obtained from Deutsche Samm-
lung von Mikroorganismen und Zellkulturen (GmbH) in Germany)
were cultured at 37°C in a 5% CO, atmosphere and in McCoy’s 5A
medium without phenol red (PromoCell, Germany) supplemented
with 15% heat inactivated FBS (PAA, Austria), penicillin (20 U/ml,
Sigma-Aldrich, USA) and streptomycin (20 pg/ml Sigma-Aldrich,
USA).

2.3. Cell treatment with surfactant—-HyA complexes

SAOS-2 cells were suspended using trypsin/EDTA and plated
at a concentration of 20,000 cells/cm? onto a 96-well plate in the
above mentioned culture medium and under the abovementioned
conditions for 24 h. After 24 h, the cells were treated with com-
plexes diluted 1:9 in fresh medium, with “only HyA”, or with “only
surfactant” with or without FBS. In the latter, after 4 h of incuba-
tion without FBS, FBS was added to a final concentration of 15%
(non-standard conditions).

2.4. Light microscopy

Phase contrastimages of the cells were obtained using an Eclipse
Ti-S microscope (Nikon, Japan) and a DS-Qi1Mc DigitalCamera
(Nikon). Images were acquired with a 10x lens and adjusted by
Image] (Rasband, W.S., Image], US National Institutes of Health,
Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 1997-2015)
and Cell Profiler (Broad Institute, USA) software. Fig. 1 shows typical
examples of obtained images.

2.5. Measurement of cell metabolic activity

A metabolic activity test (Cell Titer 96 AQueous One Solution Cell
Proliferation Assay, MTS, Promega, USA) was performed according
to the standard protocol (the reduction of MTS reagent to a coloured
formazan product was induced by viable cells). 24 h after the addi-
tion of surfactant, the absorbance was measured in a 96-well plate
using a multi-detection micro-plate reader (Synergy™ 2, BioTek,
USA). The measured results were expressed relative to the control
(“only cells™).

2.6. Statistical analysis

Results from MTS tests were obtained from two independent
experiments performed in four parallels. Data were statistically
analysed by the Wilcoxon rang test; the obtained values were
tested for statistically significant differences at an alpha level of
0.05.The statistical evaluation was performed using Statistica (Stat-
Soft CR, s.r.0.) and Microsoft Excel software.

3. Results and discussion

Our previous study [14] revealed that osteoblasts treated with
low CTAB concentrations did not show significantly reduced cell
viability; however, their metabolic activity decreased with increas-
ing CTAB concentrations. A 1mM or higher CTAB concentration
caused a dramatic reduction in cell metabolic activity. Adding HyA
to the medium CTAB cytotoxicity was moderated, but only at the

low CTAB concentration (not exceeding 0.2 mM). Consequently,
low surfactant concentrations were used in the present work. These
low concentrations were also dictated by the effort to avoid the
precipitation of hyaluronan-surfactant aggregates which occurs
at elevated surfactant concentrations [36,37] and to obtain clear
colloidal solutions of hyaluronan-surfactant complexes.

In contrast to the previous study [14], the surfactant and
hyaluronan were added to cells just in the form of the pre-prepared
complexes. The formation of complexes between oppositely
charged surfactants and polyelectrolytes, mainly on the basis of
their electrostatic interactions, is a well-known fact [32,36,37].
The complexes were characterized by the two parameters rel-
evant for their supposed interactions with cells—the size and
charge. Measurements of particle sizes showed no clear depend-
ence on concentration; all complexes were polydisperse with a
main peak around 30 nm and a minor peak around 250 nm. A typ-
ical example of the measured size distribution is given in Fig. S1
in Supplementary material. Because the surfactant concentrations
were well below their standard critical micellar concentrations,
the polydispersity is believed to have been caused essentially by
the presence of hyaluronan chains containing different numbers
of attached induced micelles or even by the presence of struc-
tures formed by several biopolymer chains attached to the same
induced micellar structure. The induced micelles are the micellar
structures which are formed in solutions containing a polyelec-
trolyte and an oppositely charged surfactant at a concentration
lower than their critical micellar concentration [32]. Zeta poten-
tial values are given in Table 1. They had negative values in all
cases, indicating the prevailing negative charge of the complexes.
This is an indication of the “elimination” of the surfactant’s positive
charges by interactions with hyaluronan. Complexes prepared from
Septonex had significantly lower values due to the higher concen-
tration of anionic hyaluronan. In the case of CTAB-based complexes,
a lower hyaluronan concentration usually resulted in increased
values of zeta potential. A typical example of the measured
zeta potential distribution is shown in Fig. S2 in Supplementary
material.

Fig. 2 shows that under standard conditions, the metabolic activ-
ity of cells treated with all of the used “only CTAB” concentrations
was significantly decreased in comparison to the “only cells” con-
trol. Levels of cell metabolic activity after 4 wuM or 5uM CTAB
treatments reached 75% or 80%, respectively. This is on the edge of
cytotoxicity. Cytotoxicity is often defined by a drop in cell metabolic
activity to under 75% [38], thus 8 wM or 10 wM CTAB concentra-
tions (cf. Fig. 2) were already determined to be cytotoxic (inducing
cell viabilities of 72% or 59%, respectively). The lowest HyA concen-
tration (0.5 mg/l) was able to reduce the negative effect of “only
CTAB” at its lowest concentration (4 wM). Higher HyA concen-
trations (3 mg/l and 5mg/l) were able to significantly reduce the
negative effects of all higher CTAB concentrations (5 uM, 8 wM and
10 wM). The contrast between the protective effects of the low-
est and higher HyA concentrations is clearly apparent at the 5 pM
concentration of CTAB and its complexes (see Fig. 2). As shown in
the graph, the regenerative ability of HyA increased proportionally
with the increase in CTAB concentration. All “only HyA” concen-
trations exhibited a positive effect on cell viability. Taken together,
statistically significant differences between “only CTAB” and their
complex analogues with higher HyA concentrations (3 mg/l and
5mg/l) were observed in all cases. Thus, HyA in CTAB complexes
is able to moderate the cytotoxicity induced by CTAB in general.
Our results are more or less analogous to a reduction in CTAB cyto-
toxicity achieved by coating particles with polymers (specifically
PAA)[13]. The moderation of cytotoxicity by HyA could be used for
CTAB applications in which this surfactant plays the role of an effec-
tive disinfectant [4]. Thus, HyA could be used to regulate surfactant
antiseptic effects.
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Septonex
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without FBS

Fig. 1. Phase contrastimages (10x magnification) of human osteoblasts (SAOS-2) after 24 h treatment with surfactants (CTAB or Septonex (B)) or with complexes of surfactants
and HyA (C) in the presence of FBS (with FBS) or in the absence of FBS (without FBS) during first 4 h of cultivation. (A)—untreated cells (only cells).
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Fig. 2. Human osteoblast metabolic activity after 24 h treatment with CTAB or CTAB-HyA complexes. FBS was present during the whole period of treatment (standard
conditions). $—significance at alpha level 0.05 compared to control (only cells); *—significance at alpha level 0.05 compared to surfactant alone at the corresponding

concentration based on the Wilcoxon rang test.

Results obtained under non-standard conditions with CTAB are
shown in Fig. 3. A significant decrease in cell viability in most of
the “only CTAB” samples (but not at the 4 wM CTAB concentration)
compared to the “only cells” control was observed. Surprisingly,
cells under non-standard conditions withstood the presence of
4 M CTAB better than those under standard conditions, which
could be explained by mild stress inducing higher mitochondrial
activity (and, hence, the detection of higher metabolic activity). On

the other hand, higher CTAB concentrations (5 wM and above) were
tolerated by cells under non-standard conditions substantially
worse than under standard conditions. This indicates higher cell
sensitivity to higher CTAB concentrations under non-standard con-
ditions compared to standard conditions. The differences between
“only CTAB” and its complex analogues were statistically signif-
icant in all cases. Moreover, the differences were more marked
when compared to standard conditions. In contrast to standard
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Fig. 3. Human osteoblast metabolic activity after 24 h treatment with CTAB or CTAB-HyA complexes. FBS was added after the first 4 h of treatment (non-standard conditions).
$—significance at alpha level 0.05 compared to control (only cells); *—significance at alpha level 0.05 compared to surfactant alone at the corresponding concentration based

on the Wilcoxon rang test.

conditions, even the lowest HyA concentration (0.5 mg/l) statis-
tically significantly reduced the negative effects caused by the
5 wM CTAB concentration. Higher HyA concentrations (3 mg/l and
5mg/l) in complexes with CTAB exhibited a highly positive effect
on cell metabolic activity—this effect again rose proportionally with
increasing CTAB concentration.

Generally, our results obtained with CTAB suggest that (i) cells
are more sensitive to CTAB cytotoxicity (at concentrations above
5 M) in the absence of FBS (non-standard conditions) compared
to the setup with FBS present (standard conditions), (ii) FBS plays
a positive role under the stress conditions induced by the presence
of surfactant, and (iii) the cell protection offered by HyA is greater
in the temporary absence of FBS (non-standard conditions). These
results are in agreement with those from our previous study [14],
in which free HyA was added to CTAB treated cells under standard
and non-standard conditions. Furthermore, the protective effect of
serum was also previously observed on keratinocytes [39]. FBS pos-
itive role could be ascribed to its binding on the cell surface and/or
formation of aggregates between the Hya-surfactant complexes
and proteinaceous components of serum [14].

Cells under standard conditions treated by Septonex showed a
significant decrease in metabolic activity when treated with “only
Septonex” and also with all of the Septonex complexes with HyA
in comparison to the “only cells” control (see Fig. 4). However,
cytotoxicity was observed only at higher concentrations (6 WM and
8 wM). Statistically significantly higher levels of cell viability were
observed in all Septonex complexes with HyA compared to “only
Septonex”. Although these differences were not as apparent as in
the case of CTAB, the positive effect of HyA rose proportionally
with increasing Septonex concentration. Thus, HyA in complexes
was again able to reduce cytotoxicity—in this case, the cytotoxicity
induced by Septonex. In addition, the use of a comparable concen-
tration of Septonex and CTAB (8 wM) indicated that Septonex was
more cytotoxic. This could point to differences in CTAB and Sep-
tonex binding to cell membrane due to their structural differences.

Fig. 5 shows that under non-standard conditions, the data
revealed a significant drop in cell metabolic activity under the “only
Septonex” treatment and also under all of the Septonex/complex
treatments in comparison to the “only cells” control (similarly
to standard conditions). Cytotoxicity was observed when Sep-

tonex at concentrations of 6 WM and above was used (see Fig. 5).
This cytotoxicity was higher under non-standard conditions com-
pared to standard conditions. Nevertheless, significantly higher cell
metabolic activities were detected when Septonex complexes were
added to cells in comparison to “only Septonex”, the one excep-
tion being Septonex at a concentration of 3 WM. Interestingly, the
cell metabolic activities corresponding to 3 WM Septonex and the
3 wM Septonex-HyA complex were comparable. It seems that 3 uM
Septonex under non-standard conditions acted as a mitochondrial
activator. Itis possible that very low Septonex concentrations could
provoke cells to increase their metabolic activity. A similar effect
was also observed in a previous study, when low concentrations of
detergents caused increases in proliferative activity and mitochon-
drial metabolism in keratinocytes [39]. The cytotoxicity induced by
higher Septonex concentrations (6 .M and 8 wM) was substantially
reduced by the presence of HyA—this effect again rose proportion-
ally with increasing Septonex concentration. The trend of metabolic
activity in the presence and absence of FBS was similar, but cell via-
bility under non-standard conditions was reduced overall. Thus,
similarly to the results obtained for CTAB, a positive effect of FBS
on cells treated by Septonex was observed. More significant HyA
protection under non-standard conditions compared to standard
conditions was also detected. In general, surfactant cytotoxicity
reduction induced by HyA under higher surfactant concentrations
could be due to the formation of stable micellar structures anchored
on the biopolymer chain under these concentration conditions,
preventing surfactant molecules from interactions with cell mem-
branes.

Direct comparison with previous results, in which HyA and sur-
factants were not in the form of complexes, is very difficult due to
the differences in concentrations which can be used in the prepa-
ration of complexes. The differences in cytotoxicity between plain
surfactant and surfactant combined with hyaluronan were found
to be more profound if hyualuronan was present in the form of a
complex with surfactant. Therefore, it can be generally concluded
that the protective effect of hyaluronan is greater when complexed
with surfactant.

Taken together, all the presented results indicate the potential
of HyA as a useful modulator of CTAB or Septonex induced cytotox-
icity.
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Fig.4. Human osteoblast metabolic activity after 24 h treatment with Septonex or Septonex-HyA complexes. FBS was present during the whole period of treatment (standard
conditions). $—significance at alpha level 0.05 compared to control (only cells); *—significance at alpha level 0.05 compared to surfactant alone at the corresponding

concentration based on the Wilcoxon rang test.
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Fig. 5. Human osteoblast metabolic activity after 24 h treatment with Septonex or Septonex-HyA complexes. FBS was added after the first 4 h of treatment (non-standard
conditions). $—significance at alpha level 0.05 compared to control (only cells); *—significance at alpha level 0.05 compared to surfactant alone at the corresponding

concentration based on the Wilcoxon rang test.

4. Conclusion

In our study, HyA demonstrated the ability to protect cells
against toxic cationic surfactants (CTAB and Septonex) when
present in the form of a pre-prepared surfactant-HyA complex. The
results also confirm and emphasize the role of FBS in cell response
to stress conditions. Cells were more sensitive to surfactant toxicity
in the absence of FBS. At the same time, cell protection by HyA was
more efficient during the temporary absence of FBS. The combina-
tion of HyA and FBS thus provides the most efficient form of cell
protection.
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tion of 0.15 M NaCl led to their disintegration. Finally, systems prepared in a 0.15 M NaCl solution showed that

interactions are suppressed and no aggregation below the standard critical micellar concentration was observed.
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1. Introduction interactions between charged polymers and low molecular counter-

Hyaluronan is a naturally occurring polysaccharide formed by re-
peating disaccharide units composed of D-glucuronate and N-acetyl-
D-glucosamine residues linked by B(1 — 4) and B(1 — 3) bonds,
which are connected to unbranched chains. The name hyaluronan com-
monly denotes a sodium salt of hyaluronic acid which is the form that
occurs in various living organisms, including human bodies. Hyaluronan
is a principal component of the extracellular matrix and plays important
roles in lubrication, water sorption, water retention, and a number of
cellular functions, such as attachment, migration, and proliferation. In
the human body, hyaluronan is found mainly in connective tissues,
such as the vitreous, the umbilical cord, joint fluid, etc. [1]. Hyaluronan
is, therefore, an attractive building block for preparing new biocompat-
ible and biodegradable materials that could find applications in drug de-
livery, tissue engineering, viscosupplementation or cosmetics [2-5].

In an aqueous solution, the carboxyl group on hyaluronan is in a dis-
sociated form giving, theoretically, each repeating unit a negative
charge, consequently, hyaluronan can be generally described as a nega-
tively charged polyelectrolyte. Interactions between polyelectrolytes
and an oppositely charged surfactant are an area of vital scientific re-
search. This is due to the theoretical significance of the understanding
electrostatic and other (e.g., hydrophobic or excluded volume)
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partners and also due to practical applications of polyelectrolyte-surfac-
tant colloidal systems [6-9]. For instance, when prepared from biocom-
patible polymers, they can find applications in pharmaceutical and
medical industries. They can stabilize encapsulated proteins or may be
prepared as materials responsive to external stimuli [10]. Other applica-
tion fields include detergency, the modification of rheological proper-
ties, or paints [11]. Also, their surface (interfacial) effects are
important [12].

Hyaluronan-surfactant interactions were the subject of several pre-
vious studies. Perhaps the most detailed study was published in a series
of papers by Swedish researchers [13-16] who investigated the phase
behavior of systems containing water, hyaluronan, alkyl
trimethylammonium bromides (a tetradecyl derivative was the most
studied type) and salt (mostly NaBr). The binding of the surfactant to
the hyaluronan was detected for surfactants with an alkyl chain
consisting of at least ten carbon atoms. A ternary phase diagram of
tetradecyltrimethylammonium bromide (TTAB)-hyaluronan (300 or
240 kDa)-water was constructed in the ref. [14]. It consisted of a drop-
let-shaped two-phase region emerging from the water apex of the tri-
angular diagram and entirely enclosed by a one-phase area. The
diagram shape demonstrated marked dissymmetry - for example, con-
centrated surfactant solutions almost immediately phase-separated
upon the addition of hyaluronan in contrast to systems with high
hyaluronan concentrations in which a rather large amount of surfactant
could be added without phase separation. The effect of the surfactant
alkyl chain length and the hyaluronan molecular weight was
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investigated in the ref. [17]. Hyaluronans of molecular weights of 250,
90, 60, and 23 kDa (weight average) were used. A decrease in the mo-
lecular weight resulted in a slight shift in position of the two-phase re-
gion while its size remained almost unaffected. This size was much
more sensitive to the alkyl chain length of the surfactant - the longer
the chain, the larger the size. Due to the prevailing electrostatic nature
of the hyaluronan-cationic surfactant interactions, the phase behavior
is affected by the presence of salt also. The effect of sodium bromide
on the TTAB-hyaluronan system was described in the paper by Thalberg
et al. [18]. The addition of low concentrations of NaBr reduced the size of
the two-phase region of the phase diagram and this region disappeared
at 250 mM NaBr. Another type of phase separation was observed with
high NaBr concentrations (at and above 500 mM). Generally, oppositely
charged polyelectrolyte-surfactant systems are characterized by associ-
ation without added electrolyte, miscibility at intermediate electrolyte
concentration and segregative phase separation at high ionic strength
[7].

Fukada et al. [19] investigated the interaction between hyaluronan
and decyltrimethylammonium bromide by rheological methods. Also,
they presented a part of the phase diagram in a hyaluronan concentra-
tion region below 10 g/L and a surfactant concentration below 1 mol/L.
The phase separation region was indicated when the surfactant concen-
tration was between 0.03 and 0.35 mol/L and the hyaluronan concen-
tration was above ca 0.05 g/L. Eventually, the authors focused their
study on the isotropic region with a large surfactant excess.

In the referred experiments, concentrated solutions of hyaluronan
and surfactants were usually investigated. Our preliminary fluorescence
probe study of similar systems prepared in water did not reveal depen-
dencies of fluorescence indices on the surfactant concentration, which
are typical for the formation of micellar aggregates on polyelectrolyte
chains, prior to the phase separation. In other words, the fluorescence
data did not indicate the formation of hyaluronan-micelle aggregates
in isotropic, clear solutions, which would occur well below the critical
micellar concentration of a pure surfactant. From the previous studies,
only ref. [20] reports on the solubilization of the fluorescence probe
(pyrene), but in a single system of a high surfactant excess. Actually,
our work in this area was initiated by an attempt of a hyaluronan pro-
ducer to get hyaluronan-decorated micelles and test their applicability
as delivery systems for hydrophobic substances. Therefore, we focused
on interactions in a dilute (with respect to hyaluronan), and clear solu-
tions that have not been directly investigated thus far. Some diluted so-
lutions were mentioned by Fukada et al. [19] but they eventually
studied rheological properties of concentrated systems only. Our main
purpose was not to prepare delivery systems, but to investigate the di-
luted region for hyaluronan-surfactant interactions and for stability
properties of the hyaluronan-micelle aggregates. In this study, we re-
vealed that the phase behavior in diluted systems is not as simple as
could be expected from previous studies.

2. Materials and method
2.1. Materials

Hyaluronan (a sodium salt of hyaluronic acid; HyA) of several chain
lengths were purchased from Contipro, Ltd., Czech Republic. Here they
are denoted as low (LMW, 75-100 kDa), medium (MMW, 650-750
kDa) and high (HMW, 1400-2000 kDa) molecular weight hyaluronan
(the values in parentheses give the range of the weight of the averaged
molecular weights of the used batches, determined by the producer
using the SEC-MALLS technique). Cationic  surfactant
cetyltrimethylammonium bromide (CTAB) was purchased from
Sigma-Aldrich, Czech Republic and carbethopendecinium bromide
(Septonex) was purchased from GBNchem, Czech Republic. The surfac-
tants were of the best available quality and used as received without
further purification.

Stock solutions of hyaluronan and surfactants were prepared in de-
ionized water, in a phosphate buffer solution or in a model physiological
solution (0.15 M NaCl).

The fluorescence probe pyrene (Fluka, purity 299.0%; Sigma Aldrich,
Czech Republic) was used for the fluorescence measurements. The stock
solution of the fluorescence probe was prepared in a volatile solvent
(acetone). An appropriate amount of the stock solution was added to
a glass vial and acetone was evaporated under reduced pressure to ob-
tain the final concentration of pyrene in the samples equal to 10~ M.
Subsequently, samples of the required composition and solvent were
prepared in these vials by mixing corresponding volumes of hyaluronan
and surfactant solutions. All samples were stirred for 24 h, at least, at
laboratory temperature before the acquisition of their fluorescence
spectra. In this way, series of samples were prepared with constant
hyaluronan and increasing surfactant concentrations.

Samples with varying surfactant concentration and no hyaluronan
were prepared by simple dilution of the surfactant stock solution of
the concentration about ten times higher than the critical micelle
concentration.

2.2. Methods

The aggregation and solubilization properties were studied by
means of pyrene as the fluorescence probe. The fluorescence emission
spectra were recorded on a FLUOROLOG (Horiba Scientific, France) fluo-
rescence spectrometer. For the emission spectra, recording the excita-
tion wavelength was set at 336 nm and the emission scan was
acquired in the range from 360 to 530 nm. In the excitation measure-
ments, the emission wavelength was set at 392 nm and the excitation
scan was acquired in the range from 310 to 340 nm.

Pyrene experiments were evaluated by plotting the fluorescence in-
tensity ratio of the first and third vibronic peaks from the emission scan
at 373 and 383 nm, respectively (EmPI - the pyrene emission polarity
index), against the surfactant concentration. The pyrene polarity index
is the reflection of the polarity in the vicinity of the pyrene environment
and it is used to detect the localization of pyrene in the system. A typical
sigmoidal curve was obtained indicating the formation of nonpolar do-
mains (micelles with hydrophobic cores) solubilizing pyrene molecules.
Ideally, a sharp decrease would be observed at the critical aggregation
or micellar concentration. Curves were fitted by the Boltzmann model
and the concentration at the inflex point can be considered as the criti-
cal micelle (or critical aggregation) concentration.

The Boltzmann model equation is given by:

where the variable y corresponds to the EmPI value, the independent
variable (x) is the total concentration of the surfactant, A; and A, are
the upper and lower limits of the sigmoid, respectively, X is the center
of the sigmoid, and Ax is directly related to the independent variable
range, where the abrupt change of the dependent variable occurs.

Thus, from the Boltzmann equation, the width of the concentration
interval in which the sharp intensity decrease occurred can be obtained.
This interval spreads from the onset up to the offset of the aggregates
(micelles) formation, i.e., to the concentration range in which aggre-
gates capable of pyrene solubilization are progressively formed.

The pyrene experiments were also evaluated by the ratio of fluores-
cence intensities at 470 nm, which corresponds to the excimer emission
maximum, and the first vibronic peak (at 373 nm). This ratio is referred
to as the Ex:Mo. It is an indicator of the probability of the excimer for-
mation in the system and reflects the accumulation of pyrene molecules
in hydrophobic domains.

In addition, the pyrene experiments were evaluated by the ratio of
fluorescence intensities at 333 and 338 nm of the excitation spectra
also. This ratio is called the pyrene excitation polarity index (ExPI) and



T. Pilgrova et al. / International Journal of Biological Macromolecules 112 (2018) 241-249

it is the reflection of the polarity in the vicinity of the pyrene environ-
ment. The dependency of the ExPI on the surfactant concentration typ-
ically has a sigmoidal shape and can be fitted to the Boltzmann model
also. The lines in the figures showing the concentration dependences
of EmPI or EXPI represent examples of data fitting by the Boltzmann
equation.

The stability of the hyaluronan-surfactant systems under various
conditions like storage stability, response to temperature changes, addi-
tion of electrolyte and dilution effects were investigated using fluores-
cence spectroscopy and dynamic light scattering (Zetasizer Nano ZS,
Malvern Instruments, standard measurement procedure). The
hyaluronan-surfactant systems for the stability studies contained the
final hyaluronan concentration of 15 mg/L and the final concentration
of the surfactant of 0.05 or 0.07 mM, which correspond to the area of
the formation of clear systems containing hyaluronan-micelle aggre-
gates. The hyaluronan of two molecular weights (LMW and HMW)
was used in this study. In the case of storage stability experiments, the
tested system was measured every week over one month. All samples
were stored at 4-6 °C and equilibrated to the laboratory temperature
before the measurement. In the case of the study of the effect of in-
creased ionic strength, 121 pL of the saturated solution of sodium chlo-
ride (6.2 mol/L) was added to the sample, so that the final concentration
of sodium chloride was 0.15 mol/L and the sample volume remained al-
most unchanged (the dilution factor about 0.98). Temperature stability
was studied in the temperature range of 10-50 °C. The dilution stability
was realized by adding hyaluronan solution (15 mg/L) to the clear
hyaluronan-surfactant system to obtain ten times lower surfactant
concentration.

All measurements were performed in triplicate at least. The error
bars in the figures represent the standard deviations.

3. Results and discussion
3.1. CMC of CTAB and Septonex

The critical micelle concentrations of CTAB and Septonex were first
determined using the pyrene fluorescence spectroscopy method. The
concentration dependency of the EmPI was fitted to the Boltzmann
model and the concentration at the inflex point was considered as the
critical micelle concentration (CMC). The effect of ionic environments
on the CMC was studied using a phosphate buffer (pH = 7.0) and an
NaCl solution (0.15 M). The results are shown in Table 1, which also
shows good agreement with published data.

3.2. Interactions with CTAB in water - concentration effect of hyaluronan

Preliminary experiments were performed to find the reasonable (di-
lute) concentration region of hyaluronan, where the formation of sur-
factant aggregates could be detected at no phase separation (no
formation of cloudiness or precipitates) upon its mixing with CTAB.
The experiments showed that the suitable region lies in the range of mi-
crograms or tens of micrograms per liter. For the first time in
hyaluronan-containing systems, “double” S-curves (see below) could
be measured with the pyrene method at the hyaluronan concentration
above about 2 mg/L, in contrast to previous studies with higher
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hyaluronan concentrations. More detailed experiments in the selected
concentration region (2-100 mg/L) followed and revealed a more com-
plex behavior; their results are reported below.

The presence of hyaluronan at the constant concentration of 2 mg/L
had an insignificant effect on the “aggregation curve” of CTAB, i.e., the
dependence of ExPI or EmPI on the surfactant concentration. Only a
very minor effect on the standard critical micellar concentration was ob-
served - in the presence of hyaluronan, it was about 0.8 mM as detected
from the inflex point of the ExPI-concentration dependence and the
maximum on the Ex:Mo-concentration curve. Thus, only a similar effect
to that of the salt addition was observed. In this case, the pyrene probe
method did not reveal the formation of the CTAB micelles, below its
standard critical micellar concentration, induced by the presence of
hyaluronan. This can be caused by the long-range electrostatic interac-
tions between the hyaluronan polyions and by the related hydrolysis
of the hyaluronan carboxyl groups - these effects become important
in dilute polyelectrolyte solutions with no added salt [30,31] and lead
to decreased charge density on the hyaluronan chain.

Increasing the hyaluronan concentration to 5 mg/L, the “double” S-
curve, mentioned above, was observed, clearly indicating a surfactant
aggregation well below its standard critical micellar concentration
(Fig. 1). At surfactant concentrations lower than about 0.005 mM and
0.05 mM, the curves measured for pure CTAB and for CTAB in the pres-
ence of hyaluronan, respectively, coincide, indicating the presence of no
aggregates which could solubilize a hydrophobic fluorescence probe in
their interior, in both cases. The first sharp decrease of ExPI in the pres-
ence of the hyaluronan and CTAB concentration of about 0.005-0.02
mM characterizes the polymer-induced aggregation of the surfactant
and it is this interval where the critical aggregation concentration
should be located (this is taken as the inflex point within this interval).

When the surfactant concentration in the system increases, surfac-
tant molecules are bound on the polymer chain. The local concentration
of the surfactant on the polymer chains increases because of the electro-
static binding of the positively charged surfactant head on the nega-
tively charged dissociated carboxylic group of hyaluronan. Hyaluronan
reduces the mobility of the surfactant molecules in a solution, the sur-
factant molecules aggregate at a lower concentration than in a pure so-
lution and induced micelle-like aggregates are created on the polymer
chain. Pyrene molecules are solubilized in these aggregates and ExPI
decreases.

The decrease of EXPI observed both in the pure surfactant solution
and in the presence of hyaluronan around the CTAB concentration of
0.9 mM corresponds to the standard micellization of the free surfactant
molecules at normal critical micellar concentration.

It should be noted that the pyrene fluorescence intensity (and the
corresponding values of ExPI) measured in the aggregation regions is
generally composed of signals coming from different environments, ba-
sically from the pyrene molecules dissolved in water and from those sol-
ubilized in the aggregates.

Fig. 1 also shows an unexpected finding - a rather strange increase of
ExPI up to the values measured in pre-micellar regions, in a concentra-
tion interval centered around 0.1 mM. This means a sudden loss of sol-
ubilization abilities of the system. The cause was revealed only after a
change from brown to clear vials and a careful inspection of their con-
tent. In the reported concentration region, a thin rim of gelled material

Table 1
Critical micelle concentrations determined from the pyrene emission polarity index (25 °C).
CMC (mM)
CTAB Septonex
This work Published value This work Published value
Water 0.98 + 0.01 0.89 [21]; 0.91 [22]; 0.92 [23]; 0.96 [24] 0.75 + 0.02 0.81 [27]; 0.78 [28]; 0.77 [29]
Phosphate buffer 0.086 + 0.004 - - -
0.15 M NacCl 0.062 + 0.002 0.062 [25]; 0.07 [26] 0.078 + 0.002 0.11[29]*

¢ 0.1 M Nacl.
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Fig. 1. Effect of hyaluronan addition (MMW, 5 mg/L) on the aggregation behavior of CTAB
in water; the region between the dashed lines represents the gel phase separation.

was observed on the walls of the vials along the liquid surface. Using a
UV lamp, intensive pyrene fluorescence was observed from the gel
phase (see Fig. SF1 in the Supplementary material). Thus, most of the
pyrene molecules were collected in micelles participating in the forma-
tion of a tiny amount of the gel phase. Only the free pyrene molecules
remained in the liquid phase which was actually transferred into fluo-
rescence cuvettes and only their fluorescence from the aqueous envi-
ronment was measured in that concentration interval. The gel-like
phase separation can be viewed as a specific example of complex coac-
ervation known for systems containing two oppositely charged
macroions [9]. Complex coacervation should occur subsequent to the
binding of macromolecular ions on micellar colloids which is consistent
with our findings. The separated hyaluronan-surfactant complexes
were not formed when an excess of the surfactant was present which
also accords with previous findings [7,9,14,18].

The conclusions made on the basis of the polarity index were further
confirmed by the dependence of Ex:Mo ratio on the surfactant concen-
tration (Fig. SF2 in the Supplementary material). The ratio starts to in-
crease as micelles are formed and the probability of the formation of
the excited dimer between the pyrene molecules solubilized inside
the micelles increases. Induced micelles, i.e., micelles bound on the
polyelectrolyte chain, are reported to be smaller than free micelles
[32], which contributes to the increased probability of excimer forma-
tion. In the region of gel-phase separation, a sharp decrease of Ex:Mo in-
dicates the presence of (only) free pyrene monomers in the measured
solution - pyrene molecules remaining in the supernatant are not solu-
bilized in the hydrophobic environment and the probability of excimer
formation is very low there. When the gel phase disappears, the Ex:Mo
ratio increases due to the presence of the induced micellar structures in
the homogeneous colloidal solution. Another decrease of this ratio
above the standard critical micellar concentration is attributed to the
progressive distribution of pyrene molecules in the increasing number
of (free) micelles, which decreases the probability of finding more
than one pyrene molecule in a micelle.

Similar behavior was observed for systems with an increased
hyaluronan concentration also, i.e., 15, 30, 50, and 100 mg/L, except
that two concentration intervals of gel-phase separation were found.
The second interval was found at surfactant concentrations higher
than those of the first interval, but still lower than the standard critical
micellar concentration of the pure surfactant; an example can be seen
in Fig. 2. The second interval is narrower and its existence was, in fact,
indicated in the system with hyaluronan concentration of 5 mg/L also,
cf. the point of EXPI corresponding to the CTAB concentration of 0.35
mM in Fig. 1. The values of both the ExPI and Ex:Mo ratio (Fig. SF3 in
the Supplementary material) in the second interval are more scattered
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Fig. 2. Effect of hyaluronan addition (MMW, 15 mg/L) on the aggregation behavior of
CTAB in water; the regions between the dashed lines represent the gel phase separation.

upon replicated measurements than in any other part of measured de-
pendencies. This probably indicates the formation of some metastable
structures in the second interval in which the distribution of pyrene be-
tween the aqueous and hydrophobic environments is not easily exactly
reproducible in the replicated measurements.

The ExPI gradually decreases behind the second region of the gel-
phase separation - here, the surfactant concentration becomes closer
and closer to the normal critical micellar concentration and free micelles
are supposed to be formed. The comparison of the two curves is shown
in Fig. 2, it is shown that in this region, in the presence of hyaluronan,
the formation of free micelles proceeds in a broader interval of surfac-
tant concentration than in the case of the pure surfactant. A similar
broadening was observed in a previous study on hyaluronan interac-
tions with surfactants of a different ionic type in the presence of NaCl
at a physiological concentration [25].

Table 2 collects charge ratios of hyaluronan:surfactant and their
changes for all studied CTAB+MMW hyaluronan systems where the
gel-phase separation was observed. The charge ratio was calculated tak-
ing the determined hyaluronan molecular weight into account and sup-
posing the existence of one charge on each surfactant molecule and one
charge per hyaluronan basic dimeric unit (sodium form) with a molec-
ular weight of 401.299 g/mol. It is clearly seen that the charge ratio need
not be the controlling parameter, either for the critical aggregation con-
centration or for the phase separation in contrast to the situation found
in more concentrated systems [6,7]. The critical aggregation concentra-
tion is located between the charge ratio values from 1.3 to 50 depending
on the hyaluronan concentration; the value of the charge ratio corre-
sponding to the critical aggregation concentration seems to increase
with the increasing hyaluronan concentration. On the other hand, re-
gardless of the hyaluronan concentration, the value of the critical aggre-
gation concentration is located approximately around the same
surfactant concentration value of 0.01 mM (specific values of the critical
aggregation concentration are shown in Table 3). Thus, the hyaluronan
concentration seems to be a much more important parameter for the in-
duced micellar aggregation in (very) diluted hyaluronan solutions.

Except for the lowest and highest hyaluronan concentrations, the
first gel-phase separation occurs when the charge ratio decreased
somewhat below 1 (viz.0.4-0.9), i.e., when the surfactant concentration
slightly exceeded the point of the charge equilibration. In the case of the
lowest hyaluronan concentration, this occurs at a higher surfactant con-
centration still (i.e., lower charge ratio), whereas at the highest
hyaluronan concentration, this occurs at a lower surfactant concentra-
tion (higher charge ratio) already. The gel-phase evidently contains mi-
celles, which should be considered as crosslinking points of the formed
gel. The destabilization caused by the charge equilibration around the
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Table 2

Charge ratios of investigated samples; the blue lines indicate the location of the critical aggre-
gation concentrations; the values initalics indicate the phase separated samples. System with

CTAB and MMW hyaluronan.

cctap (mM)  Hyaluronan concentration (mg/L)

5 15 30 50 100

Charge ratio

0.0005 25 75 150 249 498
0.001 12 37 75 125 249
0.002 6 19 37 62 125
0.005 2 7.5 15 25 50
0.01 1.25 3.7 7.5 12 25
0.02 0.62 1.9 3.7 6 12
0.03 0.42 1.2 2.5 4 8
0.04 0.31 0.9 1.9 3 6
0.05 0.25 0.7 1.5 2.5 5
0.06 0.21 0.6 1.2 2.1 4
0.08 0.16 0.47 0.9 1.6 3
0.1 0.12 0.37 0.7 1.2 2.5
0.15 0.08 0.25 0.5 0.8 1.7
0.2 0.06 0.19 0.4 0.6 1.2
0.25 0.05 0.15 0.3 0.5 1.0
0.3 0.042 0.12 0.25 0.42 0.8
0.35 0.036 0.11 0.21 0.36 0.7
0.4 0.031 0.09 0.19 0.31 0.6
0.5 0.025 0.07 0.15 0.25 0.5
0.6 0.021 0.06 0.12 0.21 0.42
0.7 0.018 0.05 0.11 0.18 0.36
0.8 0.016 0.047 0.09 0.16 0.31
0.9 0.014 0.042 0.08 0.14 0.28
1 0.012 0.037 0.07 0.12 0.25
1.5 0.008 0.025 0.05 0.08 0.17
2 0.006 0.019 0.04 0.06 0.12
3 0.004 0.012 0.02 0.04 0.08

charge ratio of one proceeds via attaching, on average, one micelle to at
least two hyaluronan chains, thus forming a crosslink. When the
hyaluronan concentration is too low, this type of “bridging” is more dif-
ficult due to the increased distance between the encountered chains
and needs a higher concentration of surfactant (micelles). On the
other hand, at a sufficiently high polymer concentration, such “bridg-
ing” is more likely to occur even at a lower surfactant concentration.

The second gel-phase separation is found for a relatively broad inter-
val of charge ratio ranging from 0.036 to 0.7. The corresponding surfac-
tant concentration region is much narrower - from 0.35 to 0.6 mM -
and particularly, the concentration of the starting point of the second
gel-phase separation was always the same (0.35 mM). Thus, as in the
case of critical aggregation concentration, it seems that a specific surfac-
tant concentration is more substantial for the occurrence of the second
gel-phase separation. Upon an increased hyaluronan concentration, an
increased amount of the gel phase was observed - more biopolymer
chains are available for the gel formation.

The values of EXPI provide some information about the hydropho-
bicity-hydrophilicity of the environment of the fluorescing pyrene mol-
ecules. The two parameters of the Boltzmann model equation giving the
(limiting) ExPI values at the maximum and minimum of the corre-
sponding S-curve are shown in Table ST1 in the Supplementary mate-
rial. The parameter A; and A, reflect the situation before aggregation
(micellization) and after its completion, respectively. Regardless of the
hyaluronan concentration, A is around 3.2-3.3 in the region of the in-
duced aggregation. This ExPI value corresponds to the pyrene fluores-
cence from the aqueous environment and its independence from the
hyaluronan concentration indicates that pyrene does not interact with
it or with surfactant monomers before the onset of the aggregation
and that there are no aggregates with a hydrophobic core in the system.
The lowered value of A, in the region of the induced aggregation is due
to the pyrene solubilization in the hydrophobic core of the formed mi-
cellar structures. Its value decreases somewhat with the increasing
hyaluronan concentration which is probably the result of the formation

Table 3
Critical aggregation (CAC) and micelle (CMC) concentration summary.
M,, HyA (kDa) ¢ HyA (mg/L) CAC (mM) CMC (mM)
CTAB Septonex CTAB Septonex
MMW 5 0.009 + 0.001 - 0.92 + 0.70 -
LMW 15 0.007 £ 0.001 0.022 + 0.001 0.79 4+ 0.02 0.90 + 0.03
MMW 15 0.007 £ 0.001 - 0.77 £ 0.16 -
HMW 15 0.008 £ 0.001 0.024 + 0.001 0.74 + 0.13 0.88 + 0.02
MMW 30 0.014 £ 0.001 - 0.74 + 0.08 -
MMW 50 0.014 £ 0.001 - 0.81 +0.15 -
MMW 100 0.009 £ 0.001 - 0.97 £ 0.01 -
Water - - 0.98 + 0.01 0.75 £ 0.02
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of a higher number of solubilizing aggregates on the higher number of
hyaluronan chains in the system.

A similar dependence on hyaluronan concentration is observed for
the values of the parameter A; in the micellization region which brings
information on the system before the free micelle formation. Its values
are comparable to those of A, in the aggregation region as expected.
The value of A, evaluated for the micellization region is independent
to the hyaluronan concentration and corresponds to the values found
for free micelles of the pure surfactant solution in water. This is in agree-
ment with the supposed formation of free micelles in this region.

The effect of the molecular weight of hyaluronan on the aggregation
of CTAB in water was studied. The concentration series of the surfactant
with hyaluronan at a concentration of 15 mg/L and different molecular
weights were prepared. When hyaluronan of different molecular
weights was used, no significant changes were observed during the ag-
gregation process and the curves of all the measured parameters had
very similar shapes. This was confirmed by the fact that Boltzmann
fits to these curves also, which resulted in very similar parameter values
for all investigated hyaluronan molecular weights.

Finally, Table 3 summarizes the critical aggregation and micelle con-
centration values for the different hyaluronan concentrations as well as
for the different hyaluronan molecular weights. These values were cal-
culated as averages of the values obtained from the Boltzmann model
equations for EmPI and ExXPI dependencies. It can be seen that the criti-
cal aggregation concentration values are about two orders of magnitude
lower than the critical micelle concentration values. The hyaluronan
molecular weight had no significant effect on the interactions in these
systems.

Based on our results, the phase diagram of this system could be spec-
ified in the (very) diluted area. The diagrams published in refs. [14,17]
are very crude in this domain and indicate a broad, single, two-phase re-
gion with a notice on the “larger uncertainty in this region”. Although
the diagram published by Fukada et al. [19] gives more details (for
decyltrimethylammonium bromide), it is still rather crude and does
not report on the gel separation. The phase diagram constructed on
the basis of our florescence measurements for the MMW hyaluronan
system is shown in Fig. 3 and includes, not only areas of macroscopic
phase separations, but different states of aggregates formation also.
The surfactant concentration is given in a logarithmic scale due to the
broad range of the tested concentrations; a cut-out containing the low
surfactant concentrations in a linear scale can be seen in the Supple-
mentary material (Fig. SF4 in the Supplementary material).
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Fig. 3. Phase diagram of the CTAB-hyaluronan (MMW) system in the diluted region
estimated on the basis of the fluorescence measurements.

3.3. Salt effect on CTAB-hyaluronan interactions

The effect of ionic environment was studied with hyaluronan at all
three different molecular weights and at the concentration of 5 mg/L.
A phosphate buffer at pH = 7.0 was used instead of water. In all cases,
the dependencies of the EXPI or EmPI parameters on the surfactant con-
centration had a simple sigmoidal shape with the inflex point at around
the same surfactant concentration. In other words, no formation of the
induced micelles at concentrations below the critical micellar concen-
tration of the pure surfactant was detected. Furthermore, no gel-phase
separation was observed. An example of the experimental data is
shown in Fig. 4. The critical aggregation concentrations and the fitted
parameters of the Boltzmann equation can be found in the Supplemen-
tary material (Table ST2). Again, no significant effect of the hyaluronan
molecular weight was found. The value of the A, parameter of the fit
with the Boltzmann equation was about 1.08 for all studied samples
which indicates a similar polarity of the pyrene environment in all sys-
tems. A slightly more abrupt EmPI (or ExPI) decrease was observed in
the presence of hyaluronan (see the inset in Fig. 4) giving somewhat
smaller values of the parameter Ax.

These observations can be explained in accordance with the pub-
lished experience as a result of screening the electrostatic interactions
between the surfactant and hyaluronan which are the main cause of
the sub-micellar aggregation and the formation of the induced micelles,
as well as the formation of the gel-phase. Increased ionic strength is
known to lead to dissolution of complexes made by polyelectrolytes
and oppositely charged colloids [9,18].

3.4. Septonex

In addition, the aggregation of hyaluronan with the Septonex surfac-
tant was investigated. The purpose was to check the effect of small var-
iations in the surfactant structure. Septonex differs from CTAB in the
presence of an ethoxycarbonyl-group close to the trimethylammonium
group and has a hydrophobic chain of fifteen carbon atoms. The princi-
pal difference is, thus, in the structure of the polar head. Hyaluronan of
two molecular weights (LMW and HMW) at the concentration of 15
mg/L was selected for this study. Generally, no principal differences
were found - “double” S-curves were also observed indicating the for-
mation of the induced and free micelles. However, in contrast to CTAB,
only one separation region of the gel-phase was observed, see Fig. SF5
in the Supplementary material. This separation was observed in the sur-
factant concentration range from 0.07 to 0.6 mM, which is in a broader
interval compared to CTAB. It seems that Septonex has a broader region
in contrast to CTAB which had two narrower regions of the gel-phase
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Fig. 4. EmPI dependence on the surfactant (CTAB) concentration in the phosphate buffer
without the addition of hyaluronan and with the addition of MMW hyaluronan at a
concentration of 5 mg/L. The inset shows the aggregation region only, in a linear scale.
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separation in the approximate same concentration interval. At the same
time, the region of the (induced) aggregation is broader and the first de-
crease of ExPI is less steep than in the case of CTAB (see also the
Boltzmann model parameters in Table ST3 in the Supplementary mate-
rial). As a results of the width of the aggregation region and of the cor-
responding steepness of EXPI decrease, the critical aggregation and
micelle concentration are higher for Septonex compared to CTAB
(Table 3): This is probably result of the more bulkier structure of the
ethoxycarbonyl-substituted charged group of Septonex which sterically
complicates the formation of Septonex aggregates on the hyaluronan
chain. The critical micelle concentration of pure Septonex in water is
somewhat lower than that of CTAB (Table 1) which can be also due to
the effects of the bulky Septonex polar head - the liquid surface is filled
at a lower concentration of the more spacious Septonex monomers and
then the micellar aggregation in the bulk begins at the lower
concentration.

3.5. Stability of CTAB/Septonex-hyaluronan system

Due to the potential applications of hyaluronan-surfactant aggre-
gates as delivery systems, a basic stability study was performed testing
their storage stability and resistance to temperature changes, with the
addition of an electrolyte and against dilution. The stability was checked
by detecting changes in fluorescence probe characteristics and in parti-
cle sizes measured by dynamic light scattering.

The stability experiments were realized with a single hyaluronan
concentration of 15 mg/L and two surfactant concentrations located be-
hind the critical aggregation concentration in the homogeneous region,
just before the gel-phase separation (0.02 and 0.03 mM in the case of
CTAB, 0.05 and 0.07 mM in the case of Septonex). Hyaluronans of two
molecular weights (LMW and HMW) were tested.

Generally, no significant differences in the stability between the
CTAB and Septonex systems were found. The size distributions of both
types of the systems before any temperature changes or composition
modifications, were almost the same or very similar. Shifts of maximum
of size distribution showed no significant trends which would depend
on the surfactant. The fluorescence indices EmPI and ExPI indicated a
similar polarity in both systems under the given conditions, whereas
the Ex:Mo parameters were slightly lower for systems containing
Septonex compared to the system with CTAB, probably due to various
critical aggregation and critical micelle concentrations in the systems
with CTAB and Septonex. Only the results obtained for the Septonex sys-
tems are discussed.

ExPI1
Ex:Mo

ad oy o B
Ll S " 6\0“'\ o

d \) > S
WY a o
A ® \\‘\ »\’0\0 3\\\0

Fig. 5. Dependency of the EXPI and Ex:Mo parameters on the storage time for systems
containing 0.05 mM of Septonex and 15 mg/L of HMW hyaluronan.
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Fig. 6. Dependency of the EXPI and Ex:Mo parameters on an increasing (full symbols) or
decreasing (empty symbols) temperature for systems containing 0.05 mM of Septonex
and 15 mg/L of LMW hyaluronan.

3.5.1. Time stability

The pyrene polarity indices did not show changes pointing to disag-
gregation during the three months of storage at 4 °C; for example, see
Fig. 5. EXPI values of about 1.3 correspond to the occurrence of the in-
duced micelles in the systems after the critical aggregation concentra-
tion. This indicates the stability of the formed hydrophobic domains
and their solubilization abilities. The excimer to monomer ratio de-
creased in time, especially after about one month of storage. This points
to an uneven distribution of the solubilized pyrene molecules just after
the preparation of the samples. During storage, pyrene is redistributed
more evenly and, thereby, the probability of excimer formation is re-
duced. This can be viewed like some “ripening” of the system containing
solubilized hydrophobes. All of the studied systems showed similar
trends in the fluorescence parameters.

From the point of view of the particle size distribution, it was found
that distributions changed only negligibly and systems remained mono-
disperse. Particle sizes were mostly in the range of 100-400 nm (see Fig.
SF6 in the Supplementary material).

3.5.2. Temperature stability
The polarity indices EmPI and ExPI slightly increased or were around
constant values with the increasing temperature in the investigated

3.0 0.7
0.6
0.5

0.4

ExPI
Ex:Mo

0.3

-0.2

0.1

t 0.0

Fig. 7. Polarity index of the EXPI and Ex:Mo ratio changes after the NaCl addition to the
Septonex (0.05 mM)-hyaluronan (15 mg/L) system.
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Fig. 8. Particle size distribution of the Septonex (0.05 mM)-hyaluronan (15 mg/L) system
in water (solid line) and after the NaCl addition (dashed line).

range of 10-50 °C. The most significant change of polarity indices
showed the system with the surfactant concentration of 0.05 mM in
combination with LMW hyaluronan (Fig. 6). The recorded polarity
changes showed that the aggregate shell becomes less compact at a
higher temperature, probably due to the increased mobility of the sur-
factant molecules, and enables water penetration closer to the hydro-
phobic inner core. The polarity indices values at high temperatures
were not far from the situation where micelle aggregates are
disintegrated and pyrene molecules emit from the aqueous environ-
ment. The Ex:Mo ratio decreased with the increased temperature corre-
sponding to the decreased probability of excimer formation. This is,
again, a result of pyrene redistribution also connected to the loosened
aggregates structure. It should be noted that structural changes in the
system are reversible, the fluorescence parameters approximately re-
turn to the original values after returning the temperature from 50 °C
to 10 °C. The aggregates can be viewed as stable in a heating-cooling
cycle.

3.5.3. Effect of ionic strength

As stated in Section 3.3 above, the presence of a low molecular
weight electrolyte in the system during the mixing of the hyaluronan
and surfactant solutions had a profound effect on their mutual interac-
tions. Here, the stability of the hyaluronan-surfactant aggregates pre-
pared in pure water against the addition of NaCl at a physiological
concentration was tested. The polarity indices showed significant in-
creases after the addition of NaCl (remember the negligible volume
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Fig. 9. The polarity index ExPI and the Ex:Mo ratio in the Septonex (0.05 mM)-hyaluronan
(15 mg/L; two different molecular weights) system before (darker columns) and after
dilution (lighter columns).

change, i.e. dilution) indicating the disintegration of the aggregates in
the system which corresponds to the EmPI and ExPI values of about
1.5 and 2.6, respectively. The Ex:Mo parameter decreased which corre-
sponds to the structural changes in the system, which occurs as a result
of the screening of the electrostatic attraction in the system after the
NaCl addition (Fig. 7). Structural changes showed up in the size distribu-
tion of the system too. In the case of an aqueous solution, the system
was monodisperse and the particle sizes were in the range of 100-
150 nm. After the NaCl addition (in the physiological solution), the sys-
tem became polydisperse and the particle sizes were in the range from
30 nm to 2200 nm with three maxima (Fig. 8).

3.54. Effect of dilution

After dilution by hyaluronan solution, the polarity indices increased
and the probability of excimer formation (the Ex:Mo ratio) decreased
significantly (Fig. 9); the values of all fluorescence ratios roughly
corresponded to the values found before the induced aggregates forma-
tion during the experiments discussed in Section 3.4 above. These
changes should be attributed to the disintegration of the aggregates in
the system and demonstrate the reversibility of the aggregates forma-
tion. Consequently, the aggregates are not sufficiently stable to maintain
a hydrophobic solute in their interior upon dilution. In comparison to
the gel phase, which could not be dissolved in pure water, the electro-
static and hydrophobic [26] interactions holding the aggregates in
non-separated, clear systems are weaker.

4. Conclusions

The phase behavior of aqueous systems containing hyaluronan and
oppositely charged surfactants was investigated in a very diluted region,
i.e., at hyaluronan concentrations between 2 and 100 mg/L. The fluores-
cence probe technique with pyrene showed a typical double-S depen-
dency of pyrene polarity indices on the surfactant concentrations in
non-phase separating systems for the first time in hyaluronan-contain-
ing systems, no previous worked reported this. This confirmed the for-
mation of micellar structures induced by the presence of the
oppositely charged hyaluronan well below the standard critic al micel-
lar concentration. Moreover, regions of the gel-phase separation were
also revealed. The gels incorporated the majority of the micellar struc-
tures, which are supposed to form the crosslinks in the gel network.
The phase diagram could be specified in the very diluted region. The
hyaluronan concentration, not the polyelectrolyte:surfactant charge
ratio was found to be the main parameter controlling the phase
behavior.

Aggregates formed in the homogeneous systems, represented by
hyaluronan chains with induced micelles attached, were stable during
storage for three months, but were sensitive to various disturbances.
The smallest effect was found for the heating and cooling cycle, which
caused reversible changes in the aggregates structure. Significant
changes, the destabilization of the aggregates and the release of a solu-
bilized hydrophobic substance, were observed upon dilution (by
hyaluronan solution) or the increase of the ionic strength. Their poten-
tial application as delivery systems of hydrophobes is, thus,
questionable.
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Interactions of hyaluronan of two molecular weights with surfactants of different types were studied in
NaCl solution. Results showed that although the presence of NaCl may suppress interactions between
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by fluorescence probe techniques whereas tensiometry detected only minor effects. Fluorescence data
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tions than in a single point, especially in the presence of hyaluronan. The greatest influence of hyaluronan
was observed on nonionic Tween 20 and cationic cetyl trimethylammonium bromide.
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1. Introduction

Hyaluronan is a naturally occurring polysaccharide, commonly
found in connective tissues in the body such as vitreous, umbil-
ical cord and joint fluid [1]. As a component of the extracellular
matrix, hyaluronan plays an important role in lubrication, water
sorption, water retention, and a number of cellular functions such
as attachment, migration, and proliferation [2-6]. Hyaluronan is
therefore an attractive building block for new biocompatible and
biodegradable polymers that have applications in drug delivery, tis-
sue engineering, and viscosupplementation [7-9]. It is a negatively
charged monotonic co-polymer with repeating disaccharide unit
composed of b-glucuronate and N-acetyl-D-glucosamine residues
linked by B(1-4) and [(3(1-3) bonds, which are connected to
unbranched chains [10].

Hyaluronanis a unique molecule not only from the view of phys-
ical properties but also from the view of its biological properties.
It is of great interest that such a simple molecule that hyaluronan
can exercise so many biological functions. In tissues, hyaluronan is
mostly found as a high-molecular compound. In addition to these
macromolecules there are also products of hyaluronan degrada-
tion in tissues, fragments with much lower molecular weight. Just
in different molecular weights of hyaluronan lies the diversity of
its biological functions [4,5].

* Corresponding author. Tel.: +420 541149330; fax: +420 541149398.
E-mail addresses: xchalasova@fch.vutbr.cz
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Cells posses several specific receptors recognizing hyaluronan,
among them CD44 is probably the most important, which further
enhances its potential for application in targeted drug delivery sys-
tems. Hyaluronan is highly hydrophilic biopolymer with massive
hydration shell and cannot be directly used to carry nonpolar sub-
stances. Because many efficient drugs, e.g. for fighting cancer, are
hydrophobic, hyaluronan has been chemically modified, hydropho-
bized, to induce micelle-like properties or directly conjugated with
hydrophobic biologically active molecules (drugs). Besides chem-
ical modifications which could change also biological activity or
compatibility of hyaluronan, physical interactions with suitable
molecular partner may be another way to solubilize hydrophobes in
the presence of hyaluronan. For example, combination of hyaluro-
nan with surfactant may lead to formation of associates in which
the surfactant hydrophobic domains solubilize hydrophobes and
hyaluronan plays a role of biocompatible carrier and targeting
agent.

Hyaluronan-surfactant interactions were subject of several pre-
vious studies. Because of negative hyaluronan charge almost all of
them used cationic surfactants. Only Yin et al. [11] reported some
results obtained with anionic and nonionic surfactants. Hyaluronan
interactions with cationic surfactants were studied as a specific case
of general polyelectrolyte-surfactant interactions to elucidate their
phase behavior and physical causes of their interactions including
the effect of electrolytes. Little is still known about solubilization in
hyaluronan-surfactant associates, especially at physiological ionic
conditions.

Detailed study on phase behavior of systems containing
water, hyaluronan, alkyl trimethylammonium bromides (tetrade-
cyl derivative was the most studied type) and salt (mostly NaBr)
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was published in a series of papers by Swedish researchers[12-18].
They found that there is a certain cationic surfactant concentra-
tion below which only general electrostatic interactions take place
and only above it marked formation of hyaluronan-surfactant com-
plexes can be observed. Their results indicated strong cooperativity
of surfactant binding on hyaluronan macromolecule resulting in
binding in the form of micelle-like clusters in which both hyaluro-
nan carboxylates and background electrolyte anions participate
as counterions. Increasing electrolyte (salt) concentration disfa-
vored formation of hyaluronan-bound micelles in comparison to
free micelles. The authors constructed phase diagrams for stud-
ied systems which essentially contain an area of homogeneous
single phase surrounding two-phase region. Phase separation was
observed as formation of precipitate or gel-like phase upon increas-
ing surfactant concentration. Increasing concentration of added salt
reduced the two-phase area unless the salt concentration was very
high when phase separation occurred again. Binding of surfactant
to hyaluronan was detected for surfactants with alkyl chain con-
sisting from at least ten carbon atoms. The longer the surfactant
alkyl chain the larger two-phase region was observed.

Yin et al. [11] used pyrene fluorescence to investigate interac-
tions of (high molecular weight) hyaluronan with anionic sodium
dodecyl sulfate (SDS) and nonionic Cremophor EL and Tween 80 in
water. Practically no interactions between hyaluronan and nonion-
ics were detected whereas certain decrease of SDS critical micellar
concentration was observed. Hyaluronan in SDS solutions thus acts
similarly as low molecular weight electrolyte as demonstrated by
similar experiments with surfactant solutions free of hyaluronan
but containing sodium chloride. This was explained by interactions
of SDS polar heads with domains formed by hyaluronan hydroxyls.

The aim of this work was to obtain additional information on
hyaluronan-surfactant interactions in solutions with physiological
salt concentration by tensiometry and fluorescence probe tech-
niques. Tensiometry gives information primarily on the solution
surface layers and interactions therein and indirectly informa-
tion on the bulk solution, especially on micellization (aggregation).
Fluorescence probe informs on its local environment in solution,
on domains where it can be dissolved or solubilized in solution.
From this information deductions on aggregation in solution can
be also made and on solubilizing properties of domains formed by
aggregates. All this information is a base for design of hyaluronan-
surfactant systems for targeted delivery of nonpolar biologically
active substances (e.g., drugs). Fluorescence technique is not lim-
ited here to pyrene, perhaps the most popular probe for aggregation
studies and determining critical micellar concentrations. Nile red
was used as an additional, comparative probe that can also pro-
vide additional information on solubilizing hydrophobic domains
[19-21]. Though pyrene is considered to be nonpolar its limited
solubility in water is still high enough to produce remarkable fluo-
rescence signal. Nile red fluorescence is quenched by water [22,23]
therefore only those molecules give sufficient fluorescence inten-
sity that is in the water-free domains. Pyrene as well as nile red
can interact with charged parts of ionic surfactants. This means
that both probes are located in the micellar palisade layer which
still contains some water molecules. Whereas pyrene fluorescence
occurs also from aqueous environment the nile red fluorescence
from the water-rich palisade layer should be quenched. In the case
of non-ionic surfactant also hydrogen bond interactions can be
expected between nile red and surfactant. Direct interaction of this
probe with surfactant can decrease its fluorescence intensity.

2. Materials and methods

Hyaluronan of two molecular weights (90kDa and 1.4 MDa,
i.e. the low and high molecular weight, respectively) was pur-

chased from CPN, Ltd., Czech Republic. Surfactants tetradecyl
trimethylammonium bromide (TTAB, cationic), cetyl trimethy-
lammonium bromide (CTAB, cationic), cetyl trimethylammonium
p-toluene sulfonate (CTAT, cationic), sucrose monolaurate (non-
ionic), octyl-3-p-glucopyranoside, and Tween 20 (nonionic) were
from Sigma-Aldrich (Czech Republic); sodium dodecyl sulfate (SDS,
anionic) and n-dodecyl-[3-p-maltoside (nonionic) were purchased
from Fluka (Czech Republic). Zwitterionic betaine surfactants
Betadet THC 2 and cetyl betaine were purchased from Chemos
(Czech Republic). All surfactants were of the best available quality
and used as received without further purification.

Stock solutions of hyaluronan in physiological solution
(0.15mol/l NaCl) were prepared in concentration of 0.5% (w/v)
by slowly adding solid hyaluronan to the salt solution under stir-
ring, followed by 24 h stirring in closed vessel to ensure complete
dissolution. Hyaluronan stock solution was then used to prepare
samples for tensiometry and fluorescence measurements with final
constant hyaluronan concentration of 0.1% (w/v).

Samples with varying surfactant concentration and no hyaluro-
nan were prepared by simple diluting surfactant stock solution
prepared in 0.15 mol/l NaCl at concentration about ten times higher
than its critical micellar concentration in this salt solution. Samples
with varying surfactant concentration and containing hyaluronan
(0.1%, w/v) were prepared by mixing hyaluronan (10 ml) and sur-
factant stock solutions and diluting with the physiological solution
to the final volume of 15 ml (no phase separation was observed).
The samples with hyaluronan were stabilized with NaN3 (0.05%,
w/v) and stirred overnight.

Surface tension measurement was performed with a plat-
inum/iridium Du Noiiy ring (diameter 9.545 mm) on tensiometer
KSV Sigma 701 at room temperature.

Aggregation and solubilization properties were studied by
means of two fluorescence probes — pyrene and nile red. Stock solu-
tions of both fluorescence probes were prepared in volatile solvent
- acetone (10~4 mol/1). An amount of stock solution to obtain final
concentration of pyrene or nile red in samples equal to 106 mol/I
was added to glass vial and acetone was evaporated under reduced
pressure. Then 3 ml of hyaluronan or hyaluronan-surfactant solu-
tion was added to vial with fluorescent probe and incubated for
24 h at laboratory temperature.

Fluorescence emission spectra were recorded on AMINCO Bow-
man Series 2 fluorescence spectrometer. In the case of pyrene the
excitation wavelength was 336 nm and emission scan was acquired
in the range from 360 to 540 nm. Nile red was excited at 550 nm
and emission spectra were recorded from 610 to 700 nm.

All measurements were done in duplicates, at least. Confidence
intervals in table and error bars (shown when not smaller than the
symbols) in figures represent the standard deviation.

Pyrene experiments were evaluated by plotting the intensity
ratio I;/Is (the pyrene polarity index or the ratio of fluorescence
intensities at 373 and 383 nm) against surfactant concentration
[24]. Typical sigmoidal curve was obtained indicating formation of
nonpolar domains (micelles with hydrophobic cores) solubilizing
pyrene molecules. Ideally, a sharp step change would be observed
at the critical micellar concentration. However, the change was
usually more or less broadened indicating micellization (aggrega-
tion) region (concentration range within which the polarity index
decreases) rather than single point. Curves were fitted by Boltz-
mann equation and inflex point in the micellization region was
considered as an estimate of critical micellar concentration. From
the Boltzmann equation also points (concentrations) of beginning
and end of the micellization region, i.e. the width of this region, can
be obtained.

Nile red fluorescence spectra were evaluated by two methods.
The first one was plotting normalized values of the total integral
of fluorescence intensity (in the wavelength range 610-700 nm)
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Effect of low (LMW) and high (HMW) molecular weight hyaluronan (HyA) on the critical micellar concentration (CMC) as determined by pyrene (upper) and surface tension

(bottom) methods.

Surfactant CMC (mmol/1)
no HyA LMW HyA HMW HyA
Sucrose monolaurate 0.288 + 0.006 0.26 + 0.05 0.25 + 0.03
0.25 + 0.02 0.26 + 0.03 0.3 +0.1
n-Dodecyl-B-p-maltoside 0.160 + 0.001 0.150 + 0.003 0.160 + 0.002
0.149 + 0.007 0.136 + 0.006 0.19 + 0.08
Octyl-B-p-glucopyranoside 20.2 £ 0.1 199 £ 03 199 +0.3
20.6 +£ 0.4 19+1 21+2
Tween 20 0.048 + 0.001 0.014 + 0.001 0.014 + 0.002
0.072 + 0.003 0.053 + 0.004 0.05 + 0.02
SDS 1.04 + 0.01 0.740 + 0.001 0.80 + 0.03
0.87 £ 0.05 0.7 £ 0.1 0.7 £0.2
TTAB 0.52 + 0.03 0.51 + 0.03 0.61 + 0.01
0.49 + 0.02 0.58 + 0.01 0.5+ 0.2
CTAB 0.062 + 0.002 0.12 £ 0.02 0.11 £+ 0.02
0.030 + 0.004 0.025 + 0.006 0.040 + 0.001
CTAT 0.056 + 0.001 0.072 + 0.001 0.15 + 0.05
0.036 + 0.004 0.099 + 0.007 0.058 + 0.008
Cetyl betaine 0.016 + 0.001 0.009 + 0.001 0.021 + 0.005
0.009 =+ 0.001 0.010 + 0.001 0.051 + 0.003
Betadet THC2 0.14 £+ 0.01 0.10 + 0.01 0.100 + 0.001
0.13 + 0.03 0.10 + 0.03 0.27 + 0.03

against surfactant concentration. The integrals (I;) were normal-
ized with respect to maximum value which was usually measured
for the highest surfactant concentration, i.e. the normalized values
ranged from O to 1 within each measured system. At low surfactant
concentrations the integral intensity is zero or very low and not
changing with concentration. At a certain concentration the inten-
sity starts to increase, usually linearly. This is the point of the critical
micellar concentration (the intersection of two linear branches).
In the second method dependence of the maximum emission
wavelength on surfactant concentration was plotted giving simi-
lar sigmoidal curve as the pyrene polarity index - mathematical
treatment was then similar as for this index.

3. Results and discussion
3.1. Surface tension

Measurement of surface tension detects, in fact, surfactant accu-
mulation on the liquid surface (adsorption). Indirectly it provides
information on surfactant behavior in solution, specifically on its
micellization which is supposed to start when the sharp drop
of surface tension with increasing surfactant concentration stops.
Measurements with hyaluronan solutions confirmed no hyaluro-
nan surface activity [25] up to the concentration of about 2 g/l
which is consistent with findings of Riberio et al. [26]. All mea-
sured data for the dependence of the surface tension on surfactant
concentration in physiological solution showed no or small effect
of hyaluronan (of any molecular weight) on surface activity and
particularly on micellization, i.e. the value of the critical micellar
concentration as determined by tensiometry was practically not
affected by the addition of hyaluronan, see Table 1. Examples of
tensiometry results are given in Fig. 1 for sucrose monolaurate and
CTAB. In the case of sucrose monolaurate all three data curves are
practically identical and are typical examples of most measured
surface tension data. Thus from the point of view of tensiometry
there are no specific interactions between hyaluronan and sucrose
monolaurate (and most of the other surfactants) and the surface
and micellization behavior of this surfactant is not influenced by
the presence of hyaluronan chains. CTAB is oppositely charged
than hyaluronan therefore some electrostatic interactions could be
expected. Fig. 1b shows that hyaluronan of both molecular weights
seems to slightly decrease the surface tension of CTAB physiological

solutions in the premicellar region. However, the value of the crit-
ical micellar concentration (CMC), as determined by tensiometry,
is not affected. Tensiometry thus indicates that hyaluronan influ-
ences only the interactions within the CTAB surface layer and does
not intervene in the micellization process. No effect on micelliza-
tion is a result of screening the electrostatic interactions between
hyaluronan and CTAB by the presence of NaCl in physiological solu-
tion which seems to be more effective in the bulk solution than in
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on surface tension of sucrose monolaurate (a) and CTAB (b) solutions.
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Fig. 2. Effect of low (LMW) and high (HMW) molecular weight hyaluronan (HyA)
on nile red integral intensity dependence on dodecyl maltoside concentration.

its surface layers. Because the CMC value, as determined by ten-
siometry, was not influenced by hyaluronan, it probably does not
change the amount of CTAB on the solution surface in the premi-
cellar region but changes only interactions in this layer which are
the cause of (lowered) surface tension. The lower surface tension
may be also caused by larger binding of sodium from the added salt
to hyaluronan as counterions. Similar decrease of surface tension
in premicellar region was observed also for SDS and for TTAB in
the presence of high molecular weight hyaluronan. Specific results
obtained for Tween 20 are discussed below.

3.2. Fluorescence probes — nonionic surfactants

Fluorescence probes, in contrast to tensiometry, provide infor-
mation directly from the bulk solution or even directly from the
formed micelles or from their close vicinity. Pyrene is considered
to be insoluble in water. However, it has some though limited solu-
bility in water and its location in water is detected by the high value
of the pyrene polarity index. Fluorescence of nile red is quenched
in water and its emission maximum wavelength decreases with
decreasing polarity.

Critical micellar concentrations determined by the pyrene probe
method are summarized in Table 1 and data obtained by all three
different fluorescence approaches can be seen in Table S1 (Supple-
mentary material) but the whole measured curves (concentration
dependences) are more convenient for discussion of results.

First, the results for nonionic surfactants will be discussed. Data
for dodecyl maltoside measured with pyrene and for the nile red
emission maximum showed no effect of hyaluronans. Nile red
integral intensity detected no change in critical micellar concen-
tration but revealed increased slope of intensity dependence on
concentration after formation of micelles (see Fig. 2). Increased flu-
orescence intensity is supposed to be caused by increased number
of solubilized nile red molecules. Hyaluronan thus influences the
solubilization capacity of dodecyl maltoside probably through the
influence on shape, size or number of its micelles.

Pyrene and nile red curves measured for sucrose monolaurate
showed no differences when hyaluronans were added.

Pyrene data for octyl glucopyranoside showed slight broaden-
ing of micellization region and slight increase of CMC upon addition
of hyaluronan with no specific effect of its molecular weight. The
CMC increase was observed also on the nile red emission max-
imum curve but here the effect of the high molecular weight
hyaluronan was more distinct. Nile red intensity data showed
increasing CMC value in the order of solutions with: no hyaluro-
nan<low <high molecular weight hyaluronan. Hyaluronan also
slightly increased slope of intensity dependence on concentration
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Fig. 3. Effect of low (LMW) and high (HMW) molecular weight hyaluronan (HyA)
on pyrene polarity index dependence on Tween 20 concentration. Solid lines show
fits by Boltzmann curve.

in post micellar region. Octyl glucopyranoside is relatively small
molecule (monosaccharide with relatively short alkyl) what prob-
ably facilitates interactions of single surfactant molecules with
hyaluronan through their hydroxyl groups disturbing thus the
micellization process.

Pyrene data for Tween 20 revealed significant effects of hyaluro-
nan of both molecular weights on the behavior of this surfactant
in physiological solution (see Fig. 3). In the presence of hylauro-
nans, the CMC was substantially decreased and the concentration
interval where micellization occurs was significantly broadened.
Very similar results were obtained also for the nile red emis-
sion maximum measurements (the curves are not shown - their
shapes are very similar to those for pyrene in Fig. 3). On con-
trary, the nile red integral intensity showed increased CMC upon
addition of hyaluronans; this increase was a little bit higher for
the low molecular weight hyaluronan. The latter also gave some-
what smaller slope of intensity dependence on concentration in
post micellar region, i.e. decreased solubilization. The apparently
contradictory results can be explained by different photophysical
basis of detection by the two different fluorescence probes quoted
in introduction. Pyrene polarity index in the region of its decrease
from the value corresponding to aqueous medium to the value cor-
responding to low polarity environment is composed from signals
coming from pyrene molecules located in the formed micelles, from
free pyrene molecules in water, and probably also from (“premi-
cellar”) aggregates formed by hyaluronan-surfactant interactions
which consist of domains of higher polarity (higher water con-
tents) than regular Tween micelles. Similarly, the nile red emission
maximum measures the polarity of environment within which the
nile red molecules are located or solubilized; the shift of this max-
imum is detectable even when the fluorescence intensity is very
low, i.e. when most nile red molecules are surrounded by water
that quenches their fluorescence. On contrary, the nile red fluo-
rescence intensity is principally determined by the number of nile
red molecules located in non-aqueous environment, i.e. solubilized
within the nonpolar aggregates or micelles. Sufficient number of
solubilized molecules, i.e. of micelles with the true non-aqueous
interior, is formed in the presence of hyaluronan only at sufficiently
high surfactant concentration. This probably occurs when interac-
tions between Tween 20 and hyaluronan are “saturated”, formation
of hyaluronan-surfactant premicellar aggregates (of higher polar-
ity than standard Tween micelles) is essentially completed and free
Tween micelles start to be formed.

In contrast to the other used sugar-based surfactants, Tween
20 has relatively bulky polar head with several end hydroxyl
groups on oligoethylene glycol chains, projecting from the head like
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Fig. 4. Effect of low (LMW) and high (HMW) molecular weight hyaluronan (HyA)
on surface tension of Tween 20 solutions.

“antennas”. One cause for formation of aggregates in the presence of
hyaluronan may thus be steric exclusion by voluminous hyaluronan
coils. Further, Tween “antenna” hydroxyl groups may participate
in hydrogen bonding with hyaluronan hydroxyls or even car-
boxyls. Molecular modeling of hyaluronan hydration demonstrated
numerous hydrogen bonds between hyaluronan disaccharide units
and water molecules - some of them even form water bridges
between adjacent hydroxyls of monosaccharide subunits [27,28].
Water thus can participate in the premicellar aggregate formation
or can be entrapped within their structure. Formation of premi-
cellar aggregates is not reflected in the value of critical micellar
concentration as determined by surface tension but some effect of
hyaluronan on the surface tension of Tween 20 physiological solu-
tions can be seen (Fig. 4). Below the regular CMC value the solution
surface tension is lower in the presence of hyaluronans which could
confirm the hypothesis on hydrogen bonding between hyaluronan
and surfactant which occurs also in the surface layers and decreases
the surface energy. Constant and higher surface tension behind the
regular CMC in the presence of hyaluronans could point to steric
exclusion by hyaluronan of additional surfactant molecules to enter
the surface layer and forcing them to form free micelles only.

Yin et al. [11] reported no interactions of hyaluronan with
similar nonionic surfactant, Tween 80. However, this refers to
experiments carried out in water. Sensitivity of hyaluronan con-
formation to ionic strength is well documented, e.g., by rheological
properties of its solutions [29,30]. Also the hydration of hyaluronan
chain and hydrogen bonds formed between hyaluronan functional
groups and water molecules are influenced by the presence of
added electrolyte ions [28]. Even Yin et al. [11] present influence
of NaCl on the pyrene I /I3 ratio in the presence of hyaluronan but
give it only for five selected surfactant concentrations and do not
show the whole curve. Nevertheless, the trends observed by Yin
et al. upon addition of NaCl correspond to those seen in Fig. 3. Pres-
ence of NaCl thus influences interactions between hyaluronan and
Tween surfactants despite of their nonionic nature.

3.3. Fluorescence probes — anionic surfactants

Representative data of pyrene polarity index measured for ionic
surfactants can be seen in Figs. S1-S3 (Supplementary material).
SDS was the only one anionic surfactant tested. Pyrene curves mea-
sured for SDS showed slight broadening of micellization region and
slight decrease of CMC in the presence of hyaluronan. Yet more
expressive broadening and CMC decrease was indicated by nile
red emission maximum (Fig. 5). Nile red integral intensity showed
almost no change of CMC but a change of the shape of its depen-
dency on surfactant concentration in post micellar region. Solutions
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Fig. 5. Effect of low (LMW) and high (HMW) molecular weight hyaluronan (HyA)
on dependence of nile red emission maximum wavelength on SDS concentration.
Solid lines show fits by Boltzmann curve.

without hyaluronan had usual linear shape while in the presence of
hyaluronans S-shape appeared indicating some saturation of nile
red solubilization. Decreased CMC is consistent with findings of Yin
et al. [11] where aqueous solutions (no added salt) were studied;
because there was the added saltin our case the results seem to con-
firm hypothesis on hydrogen bonding nature of the CMC decrease
[11]. The saturation of nile red solubilization probably points to
formation of smaller micelles in the presence of hyaluronan with
limited space to dissolve relatively large nile red molecule.

3.4. Fluorescence probes - cationic surfactants

Three cationic surfactants were included in this study. Pyrene
polarity index curves measured for TTAB in the presence of hyaluro-
nan were close to that obtained when no hyaluronan was present.
Similar results were obtained from the nile red emission max-
imum curves, except somewhat broadened micellization region
found especially when the high molecular weight hyaluronan was
present. Nile red integral intensity data were also close for all three
systems except slightly increased slope in the postmicellar region
in the presence of the low molecular weight hyaluronan. Hyaluro-
nan is known to induce aggregation in aqueous TTAB solutions at
lower surfactant concentrations than is the CMC which is explained
by surfactant cooperative binding on the biopolymer backbone and
forming micelle-like aggregates. Salts are known to depress these
interactions. Pyrene data thus show that the added salt proba-
bly completely screened interactions and the formed aggregates
are free micelles of (non-bound) TTAB in saline solution. In other
words, no solubilization was detected at surfactant concentrations
below the CMC in physiological solution. Similar conclusions can
be drawn from the nile red intensity data. Broadening of depen-
dencies measured for the nile red emission maxima show that the
probe molecules may be located in environments of different polar-
ity. Whereas pyrene is a “pure” hydrocarbon of limited solubility
in water, nile red is a heterocyclic compound containing also nitro-
gen atoms and in the solution can interact with heteroatoms of
the other components also when it is not solubilized in nonpolar
domains.

In the case of CTAB, hyaluronan of both molecular weights
increased the critical micellar concentration detected by the inflex
point on the pyrene polarity index curve. Also the micellization
region was broadened especially in the case of the high molecu-
lar weight preparation (Fig. 6). Similar results were obtained from
the nile red emission maximum. Increased CMC was also demon-
strated by the nile red integral intensity data but here no differences
were detected between the two hyaluronans. Interactions between
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hyaluronan and CTAB are demonstrated by increased CMC and
broadening of micellization regions as detected by the pyrene and
nile red sigmoidal curves. Aggregation of CTAB, in comparison with
TTAB, is much more affected by the presence of hyaluronan which
could be attributed to the longer surfactant alkyl chain. Increased
CMC of CTAB in the presence of hyaluronan can be caused by
stronger hydrophobic interactions between longer cetyl chain and
hydrophobic patches on hyaluronan backbone [31,32]. Hydropho-
bic interactions are supposed not to be screened by the added salt
as much as is the case of electrostatic interactions. Hydrophobi-
cally bound surfactant molecules are then not able to participate in
micelles formation.

Pyrene polarity index curves measured for CTAT only and for
CTAT with the low molecular weight hyaluronan are similar except
slightly higher value of this index for the former in the premicellar
region. Presence of the high molecular weight hyaluronan again
shifted the inflex point to higher surfactant concentrations and
broadened the micellization region. Nile red emission maximum
showed increased CMC values for both hyaluronans, higher for
the low molecular weight preparation; the high molecular weight
type gave very narrow micellization region. The nile red integral
intensity showed the same and increased CMC in the presence
of both hyaluronans. CTAT results are thus somewhere between
the results for TTAB and CTAB. Introducing different types of polar
head (aromatic, with sulfate counterion) into cationic surfactant
did not substantially change its interactions with hyaluronan and
solubilization properties of formed aggregates.

3.5. Fluorescence probes - zwitterionic surfactants

Finally, two amphoteric surfactants were tested. Nile red data
obtained for cetyl betaine were similar regardless the presence of
hyaluronan. Only pyrene polarity index showed a minor decrease of
CMCin the presence of the low molecular weight hyaluronan. Thus
no significant hyaluronan-cetyl betaine interactions were observed
in physiological solution. In the case of Betadet THC 2 nile red
intensity showed certain difference - increased CMC in the pres-
ence of both hyaluronan samples. Betadet is a commercial cosmetic
product based on disodium cocoamphodiacetate with unspecified
additional ingredients. Hyaluronans added to this composition thus
did not intervene its interactions too much except changing the
number or size of aggregates capable to solubilize nile red.

4. Conclusions

Although the presence of NaCl may suppress interactions
between oppositely charged polyelectrolyte and surfactant results

of this work showed that they are still present in some hyaluronan-
surfactant systems regardless the surfactant ionic nature. These
interactions were demonstrated mainly by fluorescence probe
techniques whereas tensiometry detected only minor effects. Fluo-
rescence data demonstrated that formation of aggregates (micelles)
occurs rather in a certain interval of surfactant concentrations
than in a single point. It is thus more appropriate to speak about
micellization (aggregation) region than single critical micellar
(aggregation) concentration, especially in the presence of hyaluro-
nan because its main effect on fluorescence data was broadening of
concentration interval in which the fluorescence probe starts to be
and is solubilized in nonpolar domains. Broadening of this interval
usually changes the value of its mid-point which can be considered
as a point estimate of the critical micellar (aggregation) concentra-
tion. Tensiometry did not detected changes in the critical micellar
concentration, only in several systems slight decrease of surface
tension in the premicellar region was observed in the presence of
hyaluronan.

The greatest differences between surfactant physiological solu-
tion and surfactant + hyaluronan physiological solution were found
for nonionic Tween 20 and cationic CTAB. This was rather sur-
prising for the former, first because of its nonionic nature and
second because of no such differences were observed for the other
nonionic surfactants. Specificity of Tween 20 was attributed to
its structural features - relatively bulky and sugar-based polar
head capable of weak physical interactions, preferably hydro-
gen bonding, with hyaluronan chain. Interactions of hyaluronan
with CTAB, an oppositely charged molecule, were expected,
however, in contrast to aqueous solution, in physiological solu-
tion used here they manifested in increased CMC or, more
precisely, they shifted solubilization capability to higher surfac-
tant concentrations. This is probably a result of hydrophobic
interactions of sufficiently long surfactant alkyl chain with low-
polarity parts of hyaluronan backbone which are promoted in
physiological solution where the electrostatic interactions are
screened.

Fluorescence data also demonstrated that there can be dif-
ferences in results obtained with different fluorescence probes
which are caused by their different location and solubility in
studied system and by differences in the nature of their photo-
physical behavior. Pyrene seems to be a useful probe to detect
the onset of micellization process and the width of concen-
tration interval where this process occurs. Wavelength of the
nile red fluorescence emission maximum can provide similar
information whereas its intensity determines when a sufficient
number of really hydrophobic domains is formed in studied sys-
tem.

From the point of view of targeted delivery it is important
to note that fluorescence probes demonstrated that solubiliza-
tion properties of all tested surfactants were retained in the
presence of hyaluronan, i.e. eventual hyaluronan-surfactant inter-
actions do not destroy aggregates containing non-polar domains
(micelles).
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Abstract

Capability of phospholipids with positive charge to form complexes with hyalur-
onan in aqueous solutions, in a similar way as traditional cationic surfactants,
was investigated by fluorescence probes. DPPC and lecithin aggregate in aque-
ous solution to form micelle-like structures capable to solubilize hydrophobic
molecules. Changes in aggregation behavior after adding hyaluronan were
observed only in the case of lecithin. Further, nonionic biocompatible surfactant
was used as additional dispersion environment in phospholipid-hyaluronan
system with phospholipid molecules acting as a physical linker bonding
micelles and biopolymer.
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1. INTRODUCTION

Polysaccharides and their derivatives have become major components
in the development of biocompatible and biodegradable materials with
many areas of applications especially in beauty and health care (e.g., cos-
metics, tissue engineering, or drug delivery). Phospholipids are another class
of biomolecules with specific function particularly in forming cellular
structures. Also, phospholipids have found practical applications in cosmetic
and medical products, mainly in the form of liposomes.

Among polysaccharides, hyaluronan (HA) can be viewed as a rather
unique macromolecule which has very simple chemical structure (repeating
unit) but several and different physiological functions. Hyaluronan is a
common name for hyaluronic acid or, more precisely, its sodium salt.
Hyaluronan is a naturally occurring linear high molecular polysaccharide
composed of repeating B-(1—4)-D-glucuronic acid B-(1—3)-N-acetyl-
D-glucosamine disaccharide units [1-3] (see Fig. 1).

Hyaluronan is a polymer with a wide range of naturally occurring
molecular masses from several hundred to 10 million g mol™ ' [1,3] posses-
sing one carboxylate group per disaccharide repeating unit, and is therefore
a polyelectrolyte bearing a negative charge. Hyaluronan can be found
primarily in the extracellular matrix [1-3] of all higher organisms, especially
in connective tissues, synovial fluid, and eye vitreous and is produced by
certain strains of bacteria. The biological functions of hyaluronan include
maintenance of elastoviscosity of liquid connective tissues such as joint
synovial fluid and eye vitreous, control of tissues hydration and water
transport due to its immense ability to retain water [4,5]. Hyaluronan
participates in supramolecular assembly of proteoglycans in the extracellular
matrix and in numerous receptor-mediated roles in cell detachment, mito-
sis, migration, tumor development, metastasis, and inflammation [2,4,6].
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Figure 1 Structural unit of hyaluronan.
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For these functions, multivalent interactions of HA with specific cell surface
receptors such as CD44 and RHAMM are important [1,3,4,6]. Various
tumors overexpress hyaluronan-binding receptors and consequently these
tumor cells show enhanced binding and internalization of HA. Thus, HA
coupled with, for instance, cytotoxic agents represents a nontoxic prodrug
[6] and such conjugate is internalized into tumor cells through receptor-
mediated endocytosis, followed by a release of active drugs, thus restoring
their original toxicity.

Hyaluronan has, therefore, found important applications in drug
delivery and surgery, and has been found to enhance absorption of drugs
and proteins through mucus tissues [1,3,7]. It is used as an adjuvant for
ophthalmic drug delivery [1,3] as a viscosity enhancing polymer for eye
drops [1,8]. Hyaluronan has found important applications in the field of
visco-surgery, visco-supplementation, and wound healing, furthermore as a
supplementation of the synovial fluid in patients with osteoarthritis [3,7].
Hyaluronan is increasingly used in cosmetics, mainly as a moisturizing,
epidermal renewal, and antiaging agent.

Phospholipids and phosphatidylcholine, in particular, are found as the
most important constituents of many biological membranes. In cells, they
work not only as a semipermeable barrier separating and protecting the cell
from its environment and enabling transfer of ions but participate also in
various cellular events. When used in cosmetic products, phospholipids show
conditioning, softening, nourishing, and refattening effects. Conveniently,
they are applied in liposomal form which is perhaps the most natural form of
these molecules. However, just this form is not really substantial for turning
out the desirable functions of phospholipids and their effectiveness is more a
matter of the chemical composition of the cosmetic product than of the
liposomal structure. Liposomes also have limited bearing capacity especially
for lipophilic cosmetic ingredients and are not very suitable for lipid-rich
cosmetic products. Difterent colloids or even nanosystems like nanoemul-
sions are, therefore, sought to extend applicability of phospholipids [8].

From the colloid chemistry point of view, phospholipids can be consid-
ered as a special type of surfactants. Hyaluronan, because of its negative
charge, is known to interact with cationic surfactants, in particular, forming
hyaluronan-surfactant complexes at concentrations well below the critical
micellar concentration of pure surfactant. In this work, positively charged
phospholipids were viewed and used as “common surfactants” and tested
for their interactions with hyaluronan.

Study of hyaluronan—surfactant interactions is not a completely new field
but the interest has been focused preferably on interactions between hya-
luronan and liposomes.

The interactions of high molecular weight hyaluronan with di-palmitoyl
phosphatidylcholine (DPPC) liposomes in aqueous buffer were investigated
by Crescenzi et al. |9]. The superstructures resulting from co-incubation in vitro
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were observed by means of negative staining and rotary shadowing electron
microscopy. The existence of supramolecular complex between hyaluronan
and DPPC was demonstrated. The complex would exist in vivo in the synovial
fluid and should be responsible for the unique physiological properties.

Gomez-Gaete ef al. [10] described the supramolecular organization of
hybrid microparticles encapsulating dexamethasone (DXM) prepared by
spray drying DPPC and hyaluronic acid. The effect of DXM concentration
on size distribution and encapsulation efficacy was evaluated as a function of
concentration of hyaluronic acid. In vitro release studies showed that
hyaluronic acid does not influence DXM release kinetics. In the dry
microparticles, DXM 1is probably mostly in amorphous domains within
the DPPC-hyaluronic matrix. Upon hydration, the majority of the drug
is released and only a small amount of DXM interacts with DPPC.

The chain flexibility of solutions of hyaluronan of different molecular
weights in the absence and presence of the DPPC by "H-NMR spectros-
copy, gel permeation chromatography, and multi-angle laser-light-scatter-
ing photometry were studied in [11] and [12]. Authors demonstrated that
the sonication of high or low molecular weight hyaluronan with DPPC for
periods markedly increased the chain flexibility of hyaluronan. They pro-
posed that DPPC competes for the hydrophobic centers along the hyalur-
onan chain which are normally responsible for the inter and intra chain
interactions and which confer stiffness to the molecule of hyaluronan.

Japan authors in [13] examined the effects of DPPC on the flexor tendon
and its protective effect against postoperative adhesion. The friction coeffi-
cient was significantly lower with the mixture of DPCC and hyaluronan
than with saline solution of hyaluronan. They concluded that the decreased
friction coefficient indicates that DPPC could complement the boundary-
lubricating ability of the tendon.

The lubrication systems in many sites in the body were reviewed in [14].
The systems consist of fluid adjacent to surfaces coated with an oligolamellar
lining of surface-active phospholipid (SAPL) acting as a back-up boundary
lubricant wherever the fluid film fails to support the load—a likely event at
physiological velocities. It was explained how proteoglycans and hyaluronic
acid could have carrier functions for the highly insoluble SAPL, while
hyaluronic acid has good wetting properties needed to promote hydrody-
namic lubrication of a very hydrophobic articular surface by an aqueous
fluid wherever the load permits.

A standard (four-ball) test were used to study the anti-wear capabilities of
ovine synovial fluid, the phospholipid extracted from it, a synthetic synovial
fluid, and the phospholipid removed from the articular surface by a lipid
solvent. The results were discussed as consistent with the hypothesis that the
joints are lubricated by oligolamellar phospholipid as a lamellated solid
(graphite-like) lubricant adsorbed onto the articular surface or otherwise
deposited from synovial fluid [15].



Fluorescence Spectroscopy Study of Hyaluronan-Phospholipid Interactions 239

Kawano ef al. [16] examined in vivo the effects of a mixture of high
molecular weight hyaluronic acid plus L-6-dipalmitoyl phosphatidylcholine
liposomes on joint lubrication and articular cartilage degeneration.
Experimental osteoarthritis of the right knee was induced by anterior
cruciate and medial collateral ligament in rabbits. The injected knees had
a tendency to demonstrate less damage to the articular cartilage compared
with control group.

The lubricating abilities of hyaluronic acid and the DPPC and mixture
of both hyaluronic acid and DPPC were assessed in an in vitro model.
Lubrication was found not to be concentration dependant for hyaluronic
acid, but concentration was key for DPPC lubrication. Penetration of
hyaluronic acid into bovine cartilage by up to 300 pm from the surface
was observed over a 48-h period. It was observed that hyaluronic acid
specifically targeted the chondrocytes as it was primarily found within the
lacunae surrounding the cells [17].

Pasquali-Ronchetti ef al. [18] studied in vitro interactions between
hyaluronan of different molecular weights and phospholipids (DPPC and
egg lecithin) in the form of either unilamellar particles or multilamellar
vesicles. Both phospholipids changed their organization in the presence of
hyaluronan, giving rise to the formation of huge perforated membrane-like
structures lying on the substrate or thick cylinders with a tendency to
aggregate and to form sheets. These structures were seen only in the
presence of high-molecular weight hyaluronan, whereas low-molecular-
weight one induced fragmentation of liposomes and formation of a few
short rollers. They proposed that such interactions may not be as efficient in
arthritic joints, where hyaluronan is degraded to low-molecular-weight
fragments.

Steftan ef al. [19] studied interactions of various polyanionic polysac-
charides, including hyaluronic acid, with multilamellar dimyristoyl phos-
phatidylcholine liposomes. They concluded that the interactions of anionic
polysaccharides with phospholipid membranes is due to the presence of
divalent cations which require a certain electron configuration and ionic
radius. They depend (among others) on chain length and on the kind of
involved phospholipid. The observed temperature shift of the lipid phase
transition is caused by a strong dehydration of the membrane surface, which
can be inhibited by high concentrations of NaClL

Taglienti et al. [20] utilized diffusional NMR techniques for investiga-
tion of the interactions between hyaluronan and phospholipids (DPPC and
1,2-Dipalmitoyl-sn-glycero-3-phospho-rac-(1-glycerol) sodium salt). They
showed that they are dependent both on charge and hydrophobicity factors.

The complex of hyaluronic acid and egg lecithin (named Haplex) was
prepared by film dispersion and sonication in [21]. The physico-chemical
properties, studied by IR spectrometry and differential scanning calorime-
try, of Haplex were different from hyaluronic acid or lecithin or their
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mixture. After Haplex was administered to rats orally, the serum concentra-
tion of hyaluronic acid increased when compared with the mixture or
control groups.

The role of hyaluronic acid in protecting SAPLs from lysis by exogenous
phospholipase A, (PLA,) was studied in [22]. It was found that hyaluronic
acid adhered to the phospholipid membrane (liposomes), inhibited their
lysis by PLA,. However, in its degraded form, hyaluronic acid not only
failed to inhibit PLA,-lysing activity, but accelerated it. They concluded
that when the rate of degradation of hyaluronic acid exceeds that of
synthesis, there will be insufficient replacement of hyaluronic acid and/or
SAPLs, resulting in denudation of the articular surfaces. These are then
exposed to increasing friction, and hence increased danger of degenerative
joint changes.

An active cosmetic solution based on hyaluronic acid and phospholipids
in combination with other active substance (e.g., ceramide-6, chitosan
derivative, vitamin C) was tested in order to improve health of very dry
skin (xerosis). The obtained results were compared with simultaneously
used placebo consisting phospholipids as vehicle for the active components.
It was found that the improvement starts to be evident after 4 weeks of daily
treatment, even if remarkable differences between the skin surface treated
with vehicle and the active cream were not so strong. Probably that is due to
the specific activity of the phospholipids which surely improve the skin
appearance for their hydrating and restructuring properties [23].

Here, we investigate capability of phospholipids with positive charge to
form complexes with hyaluronan in aqueous solutions in a similar simple
way as traditional single- or double-alkyl chain cationic surfactants do. In
particular, we were interested in solubilization properties of formed colloids
towards hydrophobic molecules. For this purpose, fluorescence probe
method is a suitable technique giving information both on complexation
(aggregation) and solubilization behavior.

2. FLUORESCENCE PROBE TECHNIQUES

Determination of aggregation properties of phospholipid systems was
based on fluorescence spectroscopy, a fluorescence probe method. Pyrene is
a hydrophobic polyaromatic hydrocarbon with low solubility in water
(~10~ 7" mol L™ ). Excitation and emission spectra of pyrene can be used
to determine aggregation behavior of colloids. From these spectra, two
polarity indexes are obtained—the emission polarity index (EmPI) and the
excitation polarity index (ExPI). Photophysical origin of these two indexes
is slightly different. The ExPI is based on the fact that in ground state the
maximum absorption band is shifted bathochromically in nonpolar
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environment. Because of extremely narrow interval of wavelengths, from
~333 nm to ~338 nm, it is difficult to precisely determine a maximum of
excitation, consequently, the ExPT as a ratio of fluorescence intensity at two
wavelengths is used.

The emission spectrum of pyrene presents a fine vibrational structure
(Fig. 2) where the relative peak intensities are highly influenced by the
polarity of the solvent molecules by which this probe is surrounded. The
ratio of the fluorescence intensity of the highest energy vibrational band to
that of the third highest energy band correlates with the solvent polarity and
is denoted as EmPI. This unique property is based on the fact that the dipole
moment of pyrene (3.24 + 0.1 D) predicts in situations when some apolar
domain exists in an aqueous solution that the pyrene is situated in less polar
area and indicates local environment by changes in the value of EmPI. Both
of these indexes, ExPI and EmPI, brought fully comparable results in our
case.

In a system where the aggregation occurs, both indexes show the
sigmoid decrease with increasing concentration of the aggregating mole-
cules which form apolar domains within the aggregates (e.g., surfactants
aggregating into micelles). The sigmoidal plots can adequately described by
a decreasing Boltzmann curve, which is given by
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Figure 2 Fluorescence properties of pyrene in environments of different polarity.
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where the independent variable x is the total surfactant concentration, max
and min are the upper and lower limits of the sigmoid curve, x; is the center
of the sigmoid (inflection point), and Ax is directly related to the indepen-
dent variable range where abrupt change of dependent variable occurs.
In this case, as aggregation concentration the x, point was taken.

In case of determination of surfactant binding on hyaluronan, a different
type of fluorescence probe is appropriate. Acridine orange (AO), as a
hydrochloride, has a positive charge located at the central nitrogen atom.
Structure and fluorescence spectra and of AO are shown in Fig. 3. This type
of dye forms in solution at high concentration the H-type of dye aggregate,
an AO dimer. The AO dimers have the blue-shifted absorption band, from
492 nm to 465 nm and the fluorescence is forbidden (weak emission band at
650 nm). The monomer emission band has its maximum localized
around 530 nm. In DNA, structure of AO dimer is sterically stabilized
and probability of radiative transition in dimer strongly increases—e.g.,
DNA-AO associates show the red fluorescence instead of RNA-AO
aggregates, which exhibits the green fluorescence.

The formation of nonfluorescent AO dimers in solution of polyanions is
dependent on the number of dye molecules (D) and of polymer binding
sites (P)—in our case, the number of negatively charged groups. This is
described by the P/D ratio. In an ideal situation, when all negative groups
are associated to AO dimers, the P/D value is 0.5.

Forming or breaking up of AO dimer can be observed in two different
ways. Because of forbidden radiative transition from excited state of dimer,
fluorescence intensity is inversely proportional to the dimer formation.
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Figure 3 Fluorescence properties of acridine orange in aqueous environment.
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As second parameter, a relative absorbance of dimer is used, expressed
as ratio of absorbance at 465 nm (AO dimer) to absorbance at 492 nm
(AO monomer) and denoted as “D:M.”

As stated in introduction, our goal was an investigation of interactions
between phospholipids and sodium salt of hyaluronic acid when the
phospholipids play role of common surfactants.

The interaction between quaternary nitrogen and negatively charged
carboxylic group can lead to the formation of electrostatically stabilized
complex. This complex may result in the physically grafted copolymer,
hydrophobically modified hyaluronan. The partially water-insoluble poly-
mer can form aggregates with hydrophobic core and hydrophilic shell. This
aggregate can solubilize amphiphilic and hydrophobic matters, for example,
biologically active substances.

As was reported in introduction, phospholipids are mainly used in
vesicular form. Phospholipid vesicles, liposomes, are initial colloidal
particles in aqueous mixtures above the specific concentration, critical
aggregation concentration. This fact is due to their packing parameter.

3. MATERIALS AND METHODS

Selected phospholipids, DPPC (1,2-Dipalmitoyl-sn-glycero-3-phos-
phocholine, CAS # 63-89-8) and lecithin (1,2-diacyl-sn-glycero-3-fosfo-
cholin, type XVI-E, CAS 8002 43 5) were purchased from Sigma-Aldrich.
n-Dodecyl B-D-maltoside (Cjomaltoside, CAS # 69227-93-6) was also
purchased from Sigma-Aldrich company. Hyaluronan in different molecu-
lar weights were purchased from CPN Ltd., Czech Republic. All fluores-
cence probes, pyrene, and AO were of fluorescence grade and were
purchased from Sigma-Aldrich. Solvents in this study were in spectropho-
tometric grade, and water was triple distilled.

Fluorescence spectra were recorded on AMINCO-Bowman Series
2 luminiscence spectrometer (ThermoSpectronics, Inc.) and absorption
spectra were collected on Cary 50 (Varian, Inc.).

Stock solution of hyaluronan was prepared in triple distilled water and
was stirred during 48 h at room temperature. Stock solutions of the phos-
pholipids were prepared in chloroform. Pyrene’s stock solution was
prepared in acetone; on the other hand, stock solution of AO was prepared
in triple distilled water.

In samples with lecithin or DPPC, phospholipid stock solution in
chloroform was introduced into a vial and chloroform was evaporated.
After evaporation stock solution of hyaluronan and/or dodecyl-maltoside

was added.
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Samples containing pyrene. Pyrene stock solution was introduced into a
vial and acetone was evaporated. Final concentration of the pyrene in
samples was ~10~° mol L™ ".The stock solution of the studied system
was introduced into a flask with evaporating probe, was diluted to the
desirable concentration, and the resulting solution was sonicated during
4 h and stored during next 20 h.

Samples containing acridine orange. AO stock solution was introduced into
a vial. Final concentration of AO in samples was held to 5 x 10~ ®mol L™
The stock solution of the studied system was introduced into a flask with
probe solution.

4. PHOSPHOLIPID AGGREGATION

As reported elsewhere [24], even phospholipids have their critical
micelle concentrations. Above this concentration, only micelles or
micelle-like aggregates are present in solution.

Concentration dependency of the aggregates formation process in solu-
tions looks to be smooth. In a wide region of concentration, vesicles and
micelles are coexisting in equilibrium. This can be one of the explanations
of dependency of the ExPI on concentration of the phospholipid DPPC
(see Fig. 4). From the Boltzman S-type curve the values of three indepen-
dent wvariables, concentrations, which determine start and end of
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Figure 4 Dependency of the excitation polarity index (ExPI) on concentration of
DPPC. Data were fitted by Boltzman sigmoidal curve and fitted parameters were used
to characterize aggregation process, see Table 1.
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the aggregation and the inflex point, were directly evaluated as the fit
parameters.

The obtained fitted values of data from Fig. 4 are listed in Table 1
including fit parameters and goodness-of-fit statistics. As the data show,
there is a wide range of concentrations between “start” and “end” point.
The difference between these two points is nearby two orders of magnitude.
As follows from the Boltzman equation, the parameter Ax is directly
connected to the intensity of function decreasing.

This very slow decrease of polarity parameter can be explained in two
different ways. At first, the resulting spectrum of fluorescence probes from
each sample is a superposition of different signals coming from different
probe’s localizations. The solubility of pyrene probe in aqueous environ-
ment is sufficient to interfere with the signal of probe from nonpolar cores,
especially in case when the system contains a small amount of these cores.
Due to a low quantum yield of pyrene in aqueous environment, this effect
takes a place only at extremely low micellar concentrations, or when a high
amount of fluorescence probe is present in the sample. At second, when the
concentration of phospholipid is increasing, the whole amount of added
molecules is not used to form aggregates with nonpolar cores, or to form
domains that are able to solubilize this type of probe. It is possible that added
molecules are incorporated in existing aggregates and they are increasing the
aggregation number of these aggregates. The enlargement of these aggre-
gates leads to the phase transition of formed colloidal particles from micellar
to vesicular type.

The other studied phospholipid, lecithin, showed similar aggregation
behavior in aqueous solution like DPPC (see Fig. 5). Lecithin is 1,2-diacyl-
sn-glycero-3-fosfocholin (type XVI-E, Sigma Aldrich, ~ 99%, CAS 8002~
43-5). Lecithin is composed of different types of fatty acids—approx. 33%
16:0 (palmitic acid), 13% 18:0 (stearic acid), 31% 18:1(oleic acid), 15% 18:2
(linoleic acid), and minor residues. Compared to DPPC, the lecithin
samples were transparent even at high phospholipid concentrations. Mea-
surements performed with lecithin did not need to be corrected for the

Table 1 Fitted values from the Boltzmann fit of the dependency of ExPl on DPPC
concentration (error given as the standard deviation)

Concentration Error
Value (gL ") gL
start 0.004 0.002 R-Sq  0.9998 y*/DoF’ 10~ *
inflex  0.016 0.005
end 0.072 0.004

* Goodness-of-fit—reduced chi-square is obtained by dividing the residual sum of squares by the
degrees of freedom.
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Figure 5 Dependency of the emission polarity index (EmPI) on concentration of
lecithin. Data were fitted by Boltzman sigmoidal curve and fitted parameters were
used to characterize aggregation process of lecithin, see Table 2.

Table 2 Fitted values from the Boltzmann fit of the dependency of EmPI on lecithin
concentration (error given as the standard deviation)

Concentration Error
Value (gL (gL
start 0.007 0.001 R-Sq 0.9925 »*/DoF* 10~ *
inflex  0.021 0.003
end 0.059 0.003

* Goodness-of-fit—reduced chi-square is obtained by dividing the residual sum of squares by the
degrees of freedom.

inner filter effect. Aggregation concentration of lecithin was determined
from the dependency of the EmPI on PL concentration and obtained data
are summarized in Table 2.

5. PRESENCE OF HYALURONAN

If we focus on aggregation behavior, expressed as a concentration
dependency of some proper physical quantity, we should be able to prove
interaction between phospholipid and hyaluronan. The phospholipid
aggregation can be influenced by condensation of monomeric form of PL
in solution on hyaluronan’s chain. This condensation leads to formation of
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some kind of different aggregates directly connected to the polymeric chain.
This type of aggregate can form nonpolar cores, which are able to solubilize
nonpolar species, one, two, or even more orders of magnitude below the
critical aggregation concentration of phospholipid in pure aqueous solution.
Formation of these aggregates is manifested as an “earlier” decrease of
polarity index on the concentration axis. This decrease does not need to
be intensive, but always should be marked. The intensity of this decrease is
related to the fraction of pyrene molecule solubilized in these aggregates
relatively to the amount of pyrene remaining in water. This fact must be
taken into account especially in cases, when values of the polarity indexes
are assigning to the polarity (relative permittivity, Af function, etc.) of
environment.

The aggregation behavior of lecithin, in the presence of native hyalur-
onan, is shown in Fig. 6. It is obvious that dependencies of the EmPI in the
presence of hyaluronan are slightly shifted to the lower values comparing to
the case when no hyaluronan is present in the solution. Numerical evalua-
tion of this shift based on inflection points shows that aggregation in the
presence of hyaluronan occurs at ~3.8 mg L™ ' compared with 5.6 mg L™
in solution without biopolymer.

One can take into account that the added biopolymer is in fact a salt.
With the biopolymer chain an equivalent amount of counter ions are added.
These lead to increasing ionic strength, which can be responsible for slight
shift of the aggregation dependencies. On the other hand, in case of absolute
dissociation of sodium cation from hyaluronan backbone, the ionic strength
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Figure 6 Aggregation behavior of lecithin in the presence of native hyaluronan (MW
73,000 g mol ') shown as dependency of the EmPI on the concentration of lecithin.
(A) without HA; (B) with HA, c = 1 gL~ %; (C) with HA, c = 15 mg L™ .
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increases only for 0.0025 mol L™ '. In addition, showed dependencies for
significantly different hyaluronan concentrations (1 g L™ ' and 15 mg L™ ")
seem to be independent on hyaluronan concentration.

The slight decrease of aggregation concentration can be directly
connected to the interaction with hyaluronan chain (Fig. 7). This interac-
tion is not strong but is present. This resulted in slightly “earlier” formation
of the phospholipid aggregates. In this place, it can be noted that fluorescence
spectroscopy refers only to cores which are able to solubilize hydrophobic
species. These cores are in the center of interest, because they are potentially
binding sites for drugs. This also means that in solution the phospholipid/
biopolymer aggregates exist without a stable hydrophobic core.

Further experiments brought interesting information. Lecithin mole-
cules were mixed with hyaluronans with higher molecular weight, viz.
300 kg mol™' and 1460 kg mol™'. Individual dependencies, together
with the obtained aggregation concentration, clearly show that aggregation
and the value of aggregation concentration are completely independent not
only on the hyaluronan concentration but also on its molecular weight (see
Table 3). Note that hyaluronan concentration spanned a broad region from
15 mg to 1 g per liter, which means that the concentration of biopolymer
chains rapidly decreased in comparison with the first experiments described
above but the number of monomers remained the same.

17 4

Figure 7 TIllustration of supposed interaction between phospholipid and hyaluronan
anion.
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Table 3 Summary of hyaluronan effect on phospholipids aggregation concentration

Aggregation concentration
(mg L")

HA MW (kg mol™ ') HA conc. (gL~ ") Lecithin DPPC
Without HA 56 £ 0.1 0.8 £0.1
73 1 3.8 +0.3 0.9 £ 0.1

0.015 33+£05 1.0 £ 0.1
300 1 3.8 £ 0.1 0.8 £0.1
0.015 35+0.3 1.4 £0.1
1460 1 3.9+ 0.1 0.8 £ 0.1
0.015 3.8 £ 0.1 0.9 £0.1

Another information extractable from the fluorescence experiments can be
described as a “core quality.” The final value of polarity index can be taken as
its descriptor. From this point of view, formed aggregates are equal and there is
no difference between free-formed aggregates and hyaluronan-complexed
ones. Values of polarity indexes can be hardly assigned to a proper value of
polarity, but can act as a good criterion for comparison of samples.

On the other hand, our experiments with DPPC in the presence of
hyaluronan gave different results. Aggregation of free DPPC and in solution
with biopolymer showed no difference. The obtained aggregation concen-
tration values and other parameters of fit remained unchanged on the
specified level of confidence.

Obtained results are summarized in Table 3. As can be seen, results for
the DPPC only fluctuate around the mean value of 1 g L™ '. There is no
obvious trend for this phospholipid.

Differences between aggregation behavior of lecithin and DPPC are
quite interesting. This fact can be explained if we take into account what the
name “lecithin” exactly covers. Lecithin used in this study consisted of 33%
of DPPC the rest being various saturated and unsaturated analogues. The
heterogeneity of this mixture allows the system to aggregate easily and to
form smaller particles, which resulted in a clear solution even at higher
concentrations in comparison with opalescent DPPC samples. This fact is
inspiring for next work, which include combination of phospholipid and
suitable surfactant. Another attempt was realized to prove interactions
between DPPC and HA. Possible polymer binding sites were marked by
AO dimers. These dimers showed no fluorescence when condensed on
hyaluronan chain. If there is a stronger interaction between phospholipid
and hyaluronan, than between AO and HA, AO dimers break-down and
free monomers increase the fluorescence intensity from the sample.
Of course, changes in absorption spectra, related to the absorbance of
dimer, were also expected.
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Figure 8 Dependency of the fluorescence intensity of acridine orange (as total inte-
gral) and D:M ratio on concentration of DPPC in the presence of hyaluronan (MW
73,000 gmol '; 15 mg L™ ).

From Fig. 8, itis obvious that increasing concentration of DDPC caused
slightly increasing fluorescence intensity. The increasing intensity is accom-
panied by small increase of D:M ratio. These two opposite dependencies
mean that there are no notable changes in this system and from the
fluorescence-point-of-view there is no interaction between DPPC and
native hyaluronan in aqueous solution.

6. MIXED SYSTEM

Results obtained for DPPC failed to prove interactions of this
phospholipid with hyaluronan but in the same time inspired additional
experimentation. DPPC was further used only as an “interaction mediator.”
Main solubilization responsibility was transferred to suitable nonionic
biocompatible surfactant and phospholipid should act as a linker to
the hyaluronan macromolecule. In fact, formation of mixed surfactant-
phospholipid micelles was supposed.

As surfactant for the experiments with mixed micelles, n-dodecyl
B-D-maltoside (Cyomaltoside, CAS #69227-93-6), a nonionic sugar-based
amphiphile, was selected. The main idea was to use the nonionic surfactant
as a medium for phospholipid dispergation and also as a solubilizing
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environment. Phospholipid can act as a linking agent that bonds micelles
and biopolymer together and also can act as an active nutritive component.

First, aggregation of nonionic surfactant in the presence of DPPC was
investigated. Aggregation behavior as demonstrated by the dependency of
the EmPI on surfactant concentration in the presence and absence of DPPC
is shown on Fig. 8. Concentration of DPPC was set to 5 mg L™ . From
Fig. 9, it is evident that aggregation of Ci,maltoside is quite simple, repre-
sented as simple sigmoidal curve, on contrary to the case when DPPC is
present. Dependency of Cyomaltoside aggregation in the presence of phos-
pholipid showed local minimum nearby 0.05 mM. This concentration
belongs to the induced aggregates of DPPC and maltoside. This fact is
taken as a confirmation of interaction between DDPC and C;,maltoside
surfactant. DPPC is directly solubilized into the sugar micelles and act as co-
surfactant (Fig. 10).

These aggregates were used to interact with the AO labeled hyaluronan.
From the previous measurements with DDPC, it was found out that the
proper value of the dye amount on hyaluronan chain is nearby 0.3 mol of
dye per mol of theoretical carboxylic groups. Complex of phospholipid and
maltoside surfactant was prepared in the ratio of components PL:C12Mal
1:98. Value 98 came from aggregation number of maltoside surfactant in
aqueous solution in region above its CMC, as were reported by producer
[25]. In other words 1 mol of PL was present in the solution per 1 mol of
theoretical C;,maltoside micelle.

EmPI (=)
-
——

1

0.9 I— e
0.0001 0.001 0.01 0.1 1 10
Concentration of C12maltoside (mM)

Figure 9 Dependency of the emission polarity index (EmPI) on Cj,maltoside
concentration in the presence (®) and absence (<) of DPPC.
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Figure 10 Illustration of supposed phospholipid—C;,maltoside complex.

The presence of the third component changes initial condition (besides
the changed environment). Phospholipid was now only a minor part of the
system from the “mass-point-of-view,” but still remained the most impor-
tant component. Phospholipid was used below its aggregation concentra-
tion and its presence could induce formation of nonionic surfactant micelles
at lower concentration. All this made the experimental design a little bit
problematic. A lot of parameters should be covered, for example, the ratio
between PL and surfactant. Another problem was how to prove interactions
between the amphiphiles complex and the biopolymer. One possible way
was to mark the binding sites by the AO dimer, as reported above in the case
of interaction of DPPC with hyaluronan.

Figure 11 displays dependencies of the fluorescence intensity of AO and
D:M ratio on the concentration of the PL-surfactant complex. Addition of
the complex increased fluorescence intensity that is related to the AO dimer
breakdown. This was confirmed by the D:M dependency which showed
that the amount of dimer in the system decreased. D:M ratio, as observable
parameter, looked to be more sensitive to the changes in this complex
solution. With respect to the error bars, there are three plateaus in this
dependency. The plateaus indicate that complex should interact with non-
labeled parts of biopolymer. These parts can be primarily nonlabeled, due to
interaction with complex these part are coming accessible for interaction, or
they are firstly bonded aggregates and coming complexes only increase their
aggregation number.

Fluorescence intensity slightly increased up to concentration around
5 mg L™, After this concentration, the fluorescence intensity increased
rapidly. With respect to the D:M dependency, this increase can be
explained as dimer breaking.
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Figure 11 Dependency of the fluorescence intensity of acridine orange (as total
integral; 4) and D:M (O) ratio on concentration of DPPC-C;,maltoside complex.

7. CONCLUSION

Fluorescence probes showed that phospholipids, DPPC and lecithin,
aggregate in aqueous solution to form micelle-like structures capable to
solubilize hydrophobic molecules. Only in the case of lecithin, changes in
its aggregation behavior were observable after adding hyaluronan. Presence
of hyaluronan shifted aggregation concentration of the lecithin to the lower
values. On the other hand, experiments with DPPC did not bring any
evidence of interaction.

As a novel approach of this work in forming hyaluronan—phospholipid
complexes, nonionic biocompatible surfactant was used as a dispersion
environment for phospholipid molecules. Phospholipid than could act as a
physical linker which bonds micelles and biopolymer together by physical
forces and could also serve as an active nourishing agent. This new type
complex can be used as a part of cosmetic formulation combining hydrating
and nourishing effects or in pharmaceutics for the delivery of water insolu-
ble active molecules.
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Abstract The aggregation of sugar surfactants and the incor-
poration of phospholipids into sugar surfactant micelles were
investigated by means of fluorescence spectroscopy. Two rep-
resentatives from the family of alkyl glucosides were studied:
dodecyl-p-D-maltoside and octyl-(3-D-glucopyranoside. The
presence of 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcho-
line (DPPC) in the sugar surfactant system promoted the for-
mation of new structures at sugar surfactant concentration
below its critical micelle concentrations. According to the ag-
gregation number measurements studied by a fluorescence
quenching of hexadecylpyridinium chloride measurements,
the premicellar aggregates formed from octyl-3-D-
glucopyranoside and DPPC were composed of the third of
molecules compared to the octyl-f-D-glucopyranoside mi-
celles. Interactions of the formed mixed micelle systems com-
posed of sugar surfactant and DPPC with hyaluronan were
explored. The addition of hyaluronan had different effects
on the dodecyl-p-D-maltoside/DPPC and octyl-[3-D-
glucopyranoside/DPPC mixed systems. In addition, the mixed
system of dodecyl-[3-D-maltoside and lecithin was studied,
but possibly, only a coexistence of lipid aggregates and sugar
surfactant micelles was observed.
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Abbreviations
DM Dodecyl-{3-D-maltoside
oG Octyl-3-D-glucopyranoside

EmPI  Emission polarity index

ExPI  Excitation polarity index
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CPC  Hexadecylpyridinium chloride monohydrate
DPPC 1,2-Dipalmitoyl-sn-glycero-3-phosphatidylcholine
Hya Hyaluronan

CBA  Concentration at the beginning of an aggregation

R’ Reliability

Introduction

Hyaluronan, an important and multifunctional polysaccharide,
is known to form aggregates with oppositely charged
(cationic) surfactants [1, 2]. These aggregates could be con-
sidered as potential candidates for the delivery of non-polar
drugs—hyaluronan forms biocompatible and targeting enve-
lope whereas micelle-like structures formed by surfactant
molecules on the biopolymeric chain provide solubilization
ability. However, cationic surfactants are also known for their
cytotoxic effects which are only moderately suppressed in the
presence of hyaluronan [3]. In our previous study [4], we tried
to replace cationic surfactants by phospholipids bearing posi-
tive charge, but their interactions with hyaluronan were weak.
In this work, we elaborate on the idea of combining phospho-
lipids with sugar-based non-ionic surfactant formulated in ref.

[4].
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Non-ionic surfactants, a category of non-ionic amphiphiles,
are generally considered to be mild and relatively non-dena-
turing, as they break lipid—lipid interactions and lipid—protein
interactions rather than protein—protein interactions [5].
Sugar-based surfactants are widely (or predominantly) used
for membrane protein extraction in the study of protein—lipid
interactions [6—10] and membrane protein structure and func-
tion [11, 12]. The combination of sugar-based surfactants and
the principal component of cell membranes, with phospho-
lipids can result in interesting aggregates which can find po-
tential applications in the area of biocompatible drug carrier
systems generally.

Because of the combination of a relatively large amphoteric
double-tail phospholipid with a small non-ionic single-tail
one, the resulting structure of the aggregates will be strongly
dependent on their molar ratio [13—16]. There are two main
types of expected aggregates—Iliposome-based with a domi-
nant fraction of phospholipids and micelle-based with a dom-
inant fraction of single-tail surfactant. The phase transition of
a lipid from a membranous to a micellar state is assumed to
run through three stages. First, the non-micellar surfactant
incorporates into the phospholipid bilayer, the surfactant
micelles serving as a reservoir to continually replenish
the amount of non-micellar surfactant which is removed
by the interaction with the membrane. In the second
stage, phospholipid membranes saturated with incorpo-
rated surfactant coexist in thermodynamic equilibrium
with mixed phospholipid/surfactant micelles saturated
with phospholipid, whereas in the last stage, the phos-
pholipid is fully solubilized by its uptake into surfactant
micelles and mixed micelles are formed [14, 16]. This
second aggregate type is subject of this work.

It has been reported that both dodecyl-f3-D-maltoside
(DM) and octyl-3-D-glucopyranoside (OG) have high ability
to solubilize liposomes [17] and that below the critical micelle
concentration (CMC), the unbound surfactant incorporates in-
to the membranes and a strongly cooperative binding process
occurs [16]. The dependence of mixed micelle stoichiometry
on the concentration of aqueous OG is consistent with the
assumptions that ideal mixing of the two amphiphiles in the
mixed micelles takes place and that mixed micelles can be
treated as a distinct phase [18].

These two surfactants were used in this work which
is organized as follows. First, results of study on 1,2-
dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC)
aggregation are described. In the second part, the for-
mation of mixed micelles of sugar surfactants and
DPPC is studied. Following parts report on surfactant
aggregation numbers and (very weak) interactions of
DM with lecithin. In the last part, interactions of mixed
surfactant-DPPC micelles with hyaluronan are investi-
gated. Fluorescence techniques were used throughout
the whole study.

@ Springer

Materials and methods
Materials

Hyaluronic acid, sodium salt (0.31 MDa) was purchased from
Contipro (Czech Republic); dodecyl-[3-D-maltoside from
Fluka (99.0 %); octyl-3-D-glucopyranoside (98.0 %), DPPC
(99.0 %), hexadecylpyridinium chloride monohydrate (CPC,
99.0 %), lecithin (type XVI-E), and chloroform from Sigma-
Aldrich. These structures are shown in the Supplementary
Material, Fig. S1. Pyrene (p. a. for fluorescence), perylene
(for fluorescence), Nile Red (for fluorescence), and sudan
red (96.0 %) were purchased from Fluka. All experiments
were performed in ultrapure water.

Fluorescence probe technique

All systems were studied by fluorescence spectroscopy using
a Fluorolog HORIBA Jobin Yvon instrument; CMC values
were obtained using fluorescence spectroscopy with pyrene
as a fluorescence probe. Pyrene emission spectra were mea-
sured in the range of 360-540 nm with an excitation wave-
length of 335 nm. From these spectra, the emission polarity
index (EmPI) was obtained from the ratio of the fluorescence
intensities of the first (373 nm) and third (383 nm) bands
[19-24]. Fluorescence intensities of the excimer band
(470 nm) and monomer band (373 nm) were used to calculate
the excimer/monomer ratio (Ex/Mo).

Excitation spectra of pyrene were recorded in the range of
330-340 nm with an emission wavelength of 392 nm. The
excitation polarity index (ExPI) was calculated as the ratio
of fluorescence intensities at 333 and 338 nm [25-27]. The
dependence EmPI or ExPI on the surfactant concentration was
then fitted by means of a Boltzmann sigmoid curve (Eq. 1),
where y corresponds to EmPI (ExPI), the independent variable
x to the surfactant concentration with the point of inflection xy,
parameter Ax is connected to the slope of the curve, and 4; and
A, are y-coordinates of the first and second breaks. The CMC
was obtained as its point of inflection.

A — A
:%JrAz (1)
l+ex

The DPPC aggregation was also studied using Nile
Red as fluorophore. Nile Red is suitable for this appli-
cation. Since this hydrophobic dye is poorly soluble in
water, its fluorescence is sensitive to polarity of local
environment [28, 29]. Emission spectra of Nile Red were
recorded in the range of 500-750 nm with an emission
wavelength of 490 nm, and the total integral of Nile Red
emission spectra was monitored.
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Aggregation of sugar surfactants

The required amount of sugar surfactant was dissolved in
water. Then, pyrene dissolved in acetone was pipetted into
vials to achieve final pyrene concentrations in the order of
magnitude 1077 or 10 M. After the evaporation of acetone
under reduced pressure, an increasing amount of surfactant
stock solution was pipetted into the vials and water was added
to achieve a series of sugar surfactant concentrations in the
range of 0.001-2 mM (in some cases, 0.0001-10 mM). Then,
after 24 h of agitation, their critical micelle concentrations
were measured by fluorescence spectroscopy as described in
Fluorescence probe technique section. Results of this basic
study are given in Supporting Information.

Aggregation of DPPC
With usage of Nile Red

DPPC was dissolved in chloroform in a vial. After evapora-
tion of the chloroform, water was added to achieve a DPPC
concentration of 1 g dm > and the solution was sonicated for
30 min at 45 °C. Then, Nile Red dissolved in acetone was
pipetted into the series of vials to achieve a final Nile Red
concentration in DPPC samples in the order of magnitude
1077 M. After evaporation of the acetone, different amount
of stock solution of DPPC was added to these vials to obtain
a concentration series of DPPC. Samples were refilled with
water to total volume of 4 ml. Samples were measured by
fluorescence spectroscopy after 24 h of agitation. In the case
of phospholipids, micelles are formed at very low concentra-
tions (nM); thus, the concentration at which the nature of
aggregates changes from micelles to liposomes was measured
and called the critical aggregation concentration (CACp) of
phospholipids.

With usage of saturated pyrene solution

A stock solution of DPPC was prepared as described above
(With usage of Nile red section), but, instead of water, a sat-
urated aqueous solution of pyrene was added to DPPC film
after evaporation of chloroform. The stock solution was dilut-
ed by the saturated aqueous solution of pyrene to prepare
solutions with lower concentrations of DPPC.

Formation of mixed micelles

DPPC (or lecithin) was dissolved in chloroform. The
required amount of this solution was pipetted into vials
(to achieve a final DPPC concentration of 0.005 or
0.07 g dm > or a final lecithin concentration of 0.5 or
5 g dm®). The chloroform was evaporated, an increas-
ing amount of surfactant stock solution was pipetted

into the vials containing DPPC (or lecithin), and water
was added to achieve the required volume. The solu-
tions were then sonicated for 30 min and, after 24 h
of agitation, pipetted into vials preprepared with pyrene
as described above (from an acetone solution). Then,
after 24 h of agitation, the critical aggregation concen-
tration of mixed sugar-based surfactant/lipid system
(CACy) and critical micelle concentration of sugar-
based surfactants (DM and OG) were determined as
the first and second point of inflection on the EmPI or
ExPI dependence on sugar-based surfactant concentra-
tion. To distinguish aggregation in mixed system from
that of pure phospholipids, subscript “M” was used in
the former.

Interaction of mixed micelles with hyaluronan

A stock solution of hyaluronan was prepared by dissolving the
required amount of hyaluronan in water. Then, the procedure
was the same as described above in Formation of mixed mi-
celles section. The same amount of hyaluronan stock solution
was pipetted into each vial already containing the sugar-based
surfactant solution and pyrene, then, after 24 h of agitation, the
critical aggregation concentration of mixed sugar-based
(CACyy) surfactant/DPPC/hyaluronan system.

Determination of aggregation number of sugar
surfactants

A series of solutions with the same concentration of sugar
surfactant and pyrene and increasing concentrations of CPC
were prepared as mentioned above in Aggregation of sugar
surfactants section. An increasing amount of bulk solution of
CPC was pipetted into pyrene-containing vials immediately
after the sugar surfactant was added. Then, fluorescence spec-
tra of pyrene were measured, and the aggregation number of
the sugar surfactants was calculated. The concentration of
sugar surfactant was above its CMC, and, in the case of the
sugar surfactant and DPPC mixture, the concentration of sugar
surfactant was above the CACy, and below the CMC of the
mixture.

The aggregation number depends on the surfactant
concentration according to Eq. 2, where ¢, is the sur-
factant concentration, CMC is the critical micelle con-
centration of this surfactant, /, is the fluorescence inten-
sity in the absence of a quencher, / is intensity of fluo-
rescence in the presence of a quencher, and [Q] is the
quencher concentration [30].

¢, — CMC
Nagg - 1n(10/]) [Q} (2)
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Table1 Concentration of the beginning of an aggregation (CBA) and
CACpL of DPPC
Fluorescence probe  Dependence CBA (g dm ) CAC (g dm™>)
Pyrene EmPI 0.0043 0.0138

ExPI 0.0026 0.0110
Nile Red Tot. integral ~ 0.0045 0.0147
Average 0.0038 0.0132
Deviation 0.0011 0.0019

Results and discussion
Aggregation of DPPC

The aggregation behavior of DPPC was examined by two
methods to compare results. First, the CACp in saturated
pyrene solution was measured. Figure 1 shows the depen-
dence of pyrene EmPI and ExPI on DPPC concentration; the
obtained CACpy, values are listed in Table 1.

In the second method, the CACp;, of DPPC was measured
with Nile Red as the fluorescence probe. Figure 2 shows the
dependence of the total integral of Nile Red emission spectra
in the range of 525-750 nm on DPPC concentration. Two
breaks are evident—the dependence was fitted by three
straight lines, and two breaks were obtained. The first break
corresponds well to the first break of the Boltzmann curve
from the measurement mentioned above. We can assume that
a two-break dependence indicates a rather gradual transforma-
tion from micelles to vesicles, rather than a fast one. Thus, the
concentration at the first break was called the concentration at
the beginning of an aggregation (CBA), while the second was
labeled as the CACp; of DPPC. In solution, the transformation
from micelle-like structures to other aggregates (liposomes,
vesicles) probably begins at CBA and ends at CACp;, when
these new aggregates (new type of aggregates) are formed. All
measured concentrations are listed in Table 1. The data

15 . 3.0
EmPI
oo ExPI 425
134
o H +2.0 T
E 124 &
115
1.4
L i .' .
1.0+ S SR 410
e : } f
10° 10* 107 107 10" 10°

DPPC concentration (g dm'a}

Fig. 1 Dependence of pyrene EmPI and ExPI on DPPC concentration.
The first break in the Boltzmann curve corresponds to the concentration at
the beginning of an aggregation (CBA), while the point of inflection
corresponds to the CACpp of DPPC
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Fig. 2 Dependence of total integral of Nile Red emission spectra on
DPPC concentration, fitted by three straight lines. The first point of
intersection corresponds to CBA, while the second corresponds to
CACp. of DPPC

obtained from measurements of pyrene EmPI and the Nile
Red total integral are in good agreement with each other. On
the other hand, the CBA and CACypp. obtained from measure-
ments of pyrene ExPI are slightly lower.

For further measurements of mixed micelle formation, a
DPPC concentration of 5 mg dm > (close to CBA) was cho-
sen. Next, samples with higher concentrations of DPPC were
tested to choose a higher concentration of DPPC for further
study (higher than its CACpr ). Figure S2 shows samples with
different DPPC concentrations; only in the case of the sample
with the lowest DPPC concentration (0.07 g dm ) was com-
plete dissolution achieved, leaving the sample transparent.
Thus, this concentration of DPPC was also chosen for subse-
quent experiments.

Mixed micelle formation

Results of preliminary study on the aggregation of pure sur-
factants are given in Supporting Material. At the beginning of
the mixed micelle formation study, it was necessary to choose
an optimal concentration of pyrene. In Fig. S5 in the
Supplementary Material, the dependences of pyrene EmPI
on DM concentration for different concentrations of pyrene
are shown. The pyrene concentration of 5 x 10~" M was cho-
sen as the best, because, at lower pyrene concentrations, data
did not show sigmoidal dependence and standard deviations
were too large, while at higher pyrene concentrations, there
was no smooth dependence on DM concentration just before
CMC appeared.

Then, a series of mixtures of sugar surfactant (DM or OG)
with DPPC (0.005 and 0.07 g dm ) was prepared, with in-
creasing sugar surfactant concentrations. In the case of the
mixtures of sugar surfactant with the higher DPPC concentra-
tion (0.07 g dm>), incomplete dissolution was achieved at
concentrations of sugar surfactant lower than their CMC, the
measured data showing large deviations (Fig. S6). At higher
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concentrations of sugar surfactant, samples were entirely clear
and standard deviations in the data were narrow. At a DPPC
concentration of 0.07 g dm >, the system is in a biphasic
micellar region up to a DM concentration of 0.15 mM (DM/
DPPC molar ratio 1.5). Above this concentration, only one
micellar phase is present in the solution [14]. The presence
of two micellar phases may be the cause of system instability.

Figure 3 shows the dependences of EmPI on DM concen-
tration for DM and its mixtures with DPPC. In the dependence
for the mixture of DM and DPPC, the decrease in EmPI at a
DM concentration of about 0.01 mM and the following in-
crease in the range of DM concentrations of 0.04-0.1 mM are
obvious. This variation in EmPI could indicate the formation
of premicellar aggregates and their disintegration just before
CMC and micelle formation. This dependence was analyzed
in two different ways—by fitting it according to one or two
Boltzmann curves. In the case of two Boltzmann curves, the
first point of inflection was labeled CACy, (the formation of
the first aggregates with a hydrophobic core), while the second
was labeled CMC. If the dependence was fitted by only one
Boltzmann curve, the only point of inflection was labeled
CMC. Table 2 presents the parameters of the Boltzmann
curves. For the mixture of DM and DPPC, it is evident that
fitting by two Boltzmann curves is better (the reliability is
greater (values shown in Table S2, Supplementary Material),
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1446 620092, 8 =B g
13+ - ® 0 o
& 12
£ L
wl 1.1"‘ 8
I o 0G
1-0‘[ O 0G+DPPC
09l 0G + DPPC + Hya
ool AeBoo
aial i PR | i i i saaal i i aiaaal i dd i aaial
. T 1 ] L] ]
0.01 0.1 1 10 100

OG concentration (mM)

Fig.4 Dependences of pyrene EmPI on the OG concentration of OG and
its mixture with DPPC and DPPC with Hya

and lower chi” are calculated from the difference between the
measured values and the fitting curve).

From the obtained CMC:s listed in Table 2, it is apparent
that CMC decreases with the addition of DPPC to DM. In the
case of the mixture of DM and DPPC, CAC,, is localized
approximately at a ten times lower concentration than CMC.

Figure 4 shows the dependences of EmPI on OG concen-
tration for OG and its mixtures with DPPC. The mixture con-
taining OG and DPPC exhibits a first decrease in EmPI at an
OG concentration of about 2 mM. This can indicate, as with
the mixture of DM and DPPC, the formation of premicellar
aggregates before micelle formation. However, in contrast to
the DM and DPPC mixture, there is no increase in EmPI—
probably, the formed premicellar aggregates do not disinte-
grate but instead transform into micelles. This difference of
DM and OG behavior in the presence of DPPC could be
hidden in their different molecular shapes. Probably due to
dimeric head group of DM molecule, DM micelles have larger
shell thickness compared to OG and phosphocholines [31,
32], which could cause the DPPC/DM aggregates’ nestability.
Then, the dependence shows a sharp decrease in EmPI, and its
point of inflection corresponds to the CMC of the system.
Table 3 lists the obtained values of CACy; and CMC and
clearly shows that the addition of DPPC to OG slightly lowers

Table 2 Parameters of

Boltzmann curves for DM and its AddeFl Ng  CACy CMC

mixtures with DPPC and Hya— constituents

CMC, CACyy, and chi?, EmPI  Chi’ ExPI Chi? EmPI Chi® ExPI Chi®

according to the number of (mM)  (10°)  (@M)  (10°)  (mM) 107  (mM)  (107°)

Boltzmann curves (NVg) used for

fitting - [ - - - 0.2126 4.05 0.1917 4438
DPPC J - - - 0.1589 85.9 0.1497 1200

2 00162 1.02 00149 681 0.1557 53.5 0.1432 144

DPPC;Hya 1  — - - - 0.1286 23.8 0.1215 180
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Table 3 Parameters of

Boltzmann curves for OG and its Adde_d Ny CACy CMC
mixtures with DPPC and Hya— constituents
CMC, CAC,yy, and chi?, EmPI Chi® ExPI Chi® EmPI Chi® ExPI Chi®
according to number of mM)  (10°) @M 107)  (mM)  (107)  (mM) (107
Boltzmann curves (NVg) used for
fitting - 1 - - - 21.2 8.76 19.7 204
DPPC 1 - - - 17.3 87.2 18.0 932
2 1.80 9.37 1.60 91.5 19.9 6.39 19.3 3.88
DPPC; Hya 1 - - - 20.4 155 14.5 1180
2 0.44 18.7 0.45 242 20.11 23.6 19.94 114

the CMC of the system. Note that the CACy; of the OG and
DPPC mixture is approximately ten times lower than its CMC.

It has been reported [15] that the solubilization of PC ves-
icles by OG begins with the transformation to vesicles with a
lower radius of curvature, which then open with narrow and
wide pores before collapsing to long cylindrical micelles that
coexist with small spheroidal micelles, which are the domi-
nant structure at high surfactant concentrations. In spite of the
different approach in this work, where the DPPC concentra-
tion was fixed in the region where vesicles are not formed, it
can be assumed that at concentrations where CACy; was
found, cylindrical micelles are formed, which are transformed
into mixed micelles at CMC.

Aggregation number of sugar surfactant determination

The aggregation numbers of DM and OG were determined to
find the number of sugar surfactant molecules needed to form
amicelle for comparison with mixtures of sugar surfactant and
DPPC at the sugar surfactant concentration at which
premicellar aggregates are present (the concentration of sugar
surfactant above its CACy; but below its CMC). The DPPC
concentration was 0.005 g dm > as in previous measurements.
Critical micellar concentration of CPC, which was used as a
quencher in the determination of aggregation numbers, was

20+ s
15+
= 104
p- _
05+ 4 DM
m OG
L A OG+DPPC
0.0+
C Il " 1l " 1 " 4 n 4 " i i L

Ll T T L] T

1 "

T L] L

0.00 002 004 0.06 0.08 0.10 0.12 0.14
CPC concentration (mM)

Fig.5 Dependences of In /// on CPC concentration for determination of
the aggregation numbers of DM, OG, and the mixture of OG and DPPC

@ Springer

also measured—for method and results, see Supporting
Information.

Figure 5 shows the obtained dependences. /j is the fluores-
cence intensity in the absence of a quencher (CPC), and / is the
fluorescence intensity in the presence of a quencher. In the
case of the DM and DPPC mixture, the obtained data did
not show any dependence and an aggregation number for this
mixture was not determined. This was probably because of the
disintegration of the formed premicellar aggregates just before
CMC as described in Mixed micelle formation section.
Elsewhere, aggregation numbers were calculated from the
slopes of straight lines; they are listed in Table 4. The mea-
sured values for the DM and OG aggregation numbers (Npg)
are in good agreement with those from literature. The wide
range of reference values results from the wide variety of
shapes that surfactants can form. It can be seen that N,4, of
the OG and DPPC mixture is approximately three times lower
than N,e, of OG alone. From this, we can conclude that
premicellar aggregates are slightly smaller than OG micelles.

DM and lecithin mixed systems

Finally, the aggregation of DM in the presence of lecithin was
investigated (in the same way as in the case with DPPC pres-
ent). The first concentration of lecithin was approximately
5 mg dm > [36], its concentration at the beginning of aggre-
gation, and second concentration was ten times lower
(0.5 mg dm™).

Figure 6 shows the dependence of Ex/Mo on DM concen-
tration for the DM mixture with lecithin, which is compared
with that for DM. Table 5 lists the CMCs obtained from these
measurements by fitting the dependences of pyrene EmPI

Table 4 Measured and reference values for aggregation numbers of
DM, OG, and the mixture of OG and DPPC

System Measured value Reference value

DM 69 +7 132 [33]; 70-140 [34]
oG 105+3 27-100 [35]

OG + DPPC 36+ 1 -
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Fig. 6 Dependences of pyrene Ex/Mo on the DM concentration of DM
and on the DM concentration of DM mixtures with lecithin at a concen-
tration 0.5 g dm > and with lecithin at a concentration of 5.0 g dm™>

(Fig. S8) and ExPI to the DM concentration. It is evident that
the CMC is slightly reduced with the addition of lecithin. The
presence of lecithin at a low concentration (0.5 mg dm>)
probably supports micelle formation, but the CMC is reduced
only slightly; therefore, this may be caused by the presence of
another amphiphilic substance in the system. This assumption
was confirmed by the following measurement of the DM mix-
ture with lecithin at a concentration of 5 mg dm>. Figure 6
shows the dependence of Ex/Mo on DM concentration for this
measurement. Note that, in the case of the DM mixture with
lecithin of a higher concentration at the region with a low con-
centration of DM, the Ex/Mo ratio is higher than in the case of
the other mixtures. The explanation may be the formation of
aggregates in the system regardless of the addition of DM.

Interactions of mixed micelles with hyaluronan

Based on previous experiments, mixed micelles of DM or OG
with DPPC were investigated for their interactions with Hya.
Figure 3 shows the dependences of EmPI on surfactant con-
centration for DM-based mixed micelles. Just one Boltzmann
curve was necessary to fit the data which showed a decrease of
CMC in the presence of Hya (see also Table 2).

The OG-based micelles showed different behavior in the
presence of Hya—two decreases on the dependence of polar-
ity indices on surfactant concentration were detected. The first

Table 5 CMCs of DM and lecithin mixed systems

CLec (Mg dm™) EmPI ExPI Average

0 0213 0.192 0.202 + 0.015
0.5 0.169 0.177 0.173 + 0.006
5.0 0.139 0.141 0.140 + 0.001

decrease in the dependence of pyrene EmPI on the OG con-
centration occurred at an OG concentration of about 0.4 mM,
and then, no increase in EmPI was observed, but it decreased
sharply at about an OG concentration of 20 mM, the point of
inflection corresponding to the CMC of system (Fig. 4). In the
case of ExPI, the dependence was quite similar.

The dependence of pyrene EmPI (and also ExPI—data not
shown) on the OG concentration in the mixture of the OG-
DPPC mixed micelles and Hya was fitted both by one and by
two Boltzmann curves (in contrast to the analogous system
based on DM), and CACy;s and CMCs were obtained. In the
case of both mixtures (OG with DPPC and OG, DPPC with
Hya), fitting by two Boltzmann curves was again better than
fitting by only one (in most cases, fitting by two curves
exhibited higher reliability, see Table S3 in the
Supplementary Material, and lower chi®). All obtained data
are listed in Table 3.

The addition of Hya to OG and DPPC mixtures decreases
the CACy; to values lower by an order of magnitude, but the
CMC does not change. Thus, the CACy; of the OG, DPPC,
and Hya mixture is nearly 50 times lower than its CMC.

Conclusion

In this work, we demonstrated that the interaction of DPPC
with non-ionic surfactants (sugar-based surfactants) is possi-
ble, but lecithin does not interact with these surfactants.

After the addition of DPPC (at a concentration of
5 mg dm ) to both sugar surfactants DM and OG, their
CMCs were reduced, premicellar aggregates were probably
formed, and the CACy, of the systems could be detected at
approximately ten times lower concentration than CMCs were
found. The aggregation number of OG was found to decrease
from 105 (OG micelles) to 36 (DPPC/OG premicellar aggre-
gates). After the addition of Hya to the DM/DPPC mixed
system, no change was observed; however, after the addition
of Hya to the OG/DPPC mixed system, the CACy, of the
system was reduced. Thus, preferably, the OG/DPPC/Hya
system can be recommended for potential applications in drug
delivery.
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Abstract The aggregation behavior of the biocompatible and
naturally occurring zwiterionic phospholipid 1,2-dipalmitoyl-
sn-glycero-3-phosphatidylcholine (DPPC) combined with its
synthetic cationic analogue 1,2-dipalmitoyl-3-
trimetylammonium-propan (DPTAP) was studied. Further, the
physical properties of the formed DPPC/DPTAP liposomes
were determined. The phase transition temperature of
DPPC/DPTAP mixtures was studied using the steady-state fluo-
rescence of laurdan, and the results were compared with those
obtained from microcalorimetry measurements. The phase tran-
sition temperature was higher for all DPPC/DPTAP mixtures
compared to that for pure DPPC and DPTAP, this increase being
particularly pronounced for equimolar mixtures of DPPC and
DPTAP. Membrane fluidity was determined by means of 1,6-
diphenyl-1,3,5-hexatriene fluorescence anisotropy measure-
ments. While the ratio of DPPC in DPPC/DPTAP liposomes
was increased, the results suggest the formation of more tightly
packed membranes. The interaction of DPPC/DPTAP lipo-
somes with hyaluronan (Hya) was also studied. The formation
of complexes was observed at a specific DPTAP/Hya concen-
tration ratio independently of DPPC concentration or the molec-
ular weight of Hya.
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Introduction

Liposomes are important delivery systems composed of lipid
bilayers, which have considerable potential for application in
medicine and cosmetics. Liposomes can undergo aggregation,
fusion, and flocculation due to interactions with serum proteins
under physiological conditions [1]. They have the capability to
solubilize various forms of bioactives, regardless of hydrophi-
licity. Bioactives soluble in water can be loaded into hydrophilic
regions while hydrophobic therapeutics can be captured in lipid
regions at high densities. Lipid encapsulation can provide pro-
tection of the loaded bioactive from harsh environmental con-
ditions and limits systemic exposure, which is advantageous in
the case of therapeutics having undesired cytotoxic side effects
[2]. Cationic liposomes have been shown to be absorbed by
immature vascular endothelial cells due to the negative electric
charge of their outer cell membrane. The antitumor efficacy of
paclitaxel encapsulated in cationic liposomes was demonstrated
as a promising new method for the treatment of prostate cancer
reducing the primary tumor mass [3].

The instability of membrane conformation, which is essen-
tial to the delivery function of liposomes, could be improved by
inclusion of a helper lipid. Stable and relatively small
unilamellar vesicles were obtained by the insertion of lipid with
cationic head groups such as 1,2-dioleyl-3-trimetylamonium-
propan (DOTAP) in zwitterionic phosphatidylcholine (PC)
membranes [4]. The mixture of 1,2-dipalmitoyl-sn-glycero-3-
phosphatidylcholine (DPPC) and 1,2-dipalmitoyl-3-
trimetylammonium-propan (DPTAP) is widely used in a vari-
ety of applications, e.g., for the formation of lipoparticles [5, 6]
or the coating of superparamagnetic iron oxide nanoparticles
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[7]. The proportion of each one in the formulation controls the
cationic charge of the vesicle surface [8]. Independently of
DPPC/DPTAP molar ratios, DPPC and DPTAP spontancously
assemble into vesicles in water media. Significant electrostatic
interactions between lipids can be demonstrated by a higher
phase transition temperature compared to that of pure lipids.
The strongest interactions were found in the case of equimolar
mixtures of DPPC and DPTAP revealing the tightest packing
density of lipids [9].

Phospholipids are in the gel or liquid crystalline phase at
physiological temperature. The DPPC phase transition tem-
perature is around 41.5 °C and can be modified by the incor-
poration of other lipids. This change in phase transition tem-
perature depends both on the length and saturation of the acyl
chain and the type of polar residues [10]. For example, the
incorporation of DOTAP into DPPC membranes causes a de-
crease in its phase transition temperature [4], while DPTAP
has the opposite effect [9]. For steady-state fluorescence re-
search into phase transition temperature, the prodan derivative
laurdan can be utilized, this containing the lauric acid tail; this
compound is thus tightly anchored within the hydrophobic
core by cooperative van der Waals interactions between the
lauric acid tail and the lipid hydrocarbon chains [11]. Due to
the presence of naphthalene moiety, it is sensitive to both the
polarity of the local environment and the membrane phase
state [12, 13]. The essence of this sensitivity to polarity is
subsumed in the partial charge separation between the 2-
dimethylamino and 6-carbonyl residues forming a dipole mo-
ment, which increases upon excitation and may cause reori-
entation of the surrounding solvent dipoles. This solvent re-
orientation consumes energy and decreases the probe’s excit-
ed state energy resulting in a continuous red shift of the
probe’s emission spectrum [12, 14]. Thus, the red shift in
laurdan emission spectra indicates the increased concentration
of water in the bilayer and its increased mobility [12].

Fluorescence anisotropy can be utilized for the investiga-
tion of lipid order. For this purpose, the fluorescent probe 1,6-
diphenyl-1,3,5-hexatriene (DPH) allows information about
the degree of membrane fluidity or physical changes in mem-
branes to be obtained on the basis of the determination of the
molecular orientational order and reorientational dynamics of
the fluorescent probe in the core of the membrane bilayer [15,
16]. DPH is a rather rigid, linear, rod-like fluorophore charac-
terized by an absence of polar groups; therefore, it is distrib-
uted spontaneously into the hydrophobic acyl chain region of
the membrane [17], oriented such that the long axis of DPH
along its rod-like shape is approximately aligned normal to the
bilayer, thus reflecting the ordering of lipid acyl chains [17,
18]. The fluorescence anisotropy of DPH works well for stud-
ies of membrane fluidity in systems that are in the liquid-
disordered phase. In the liquid-ordered phase, the fluorescence
anisotropy of DPH serves well as a qualitative tool, while the
quantitative accuracy is limited [19].

@ Springer

Hyaluronan (Hya) is a carbohydrate polymer occurring
naturally in all living organisms. Hya is a linear, unbranched
polymer, which is composed of a repeating disaccharide struc-
ture [20]. It can be several thousands of disaccharide units
long [21] but can also exist as small fragments or oligosac-
charides. At physiological pH, Hya exists mostly as a sodium
salt and is therefore highly charged. This highly charged na-
ture of Hya provides its solubility and ability to bind water
extensively [22]. Hya plays a critical role in the physiology of
joint function, including lubrication of the synovial surfaces.
Interactions between Hya and phospholipids were studied as a
simplified model of synovial fluid. Phospholipids could facil-
itate Hya binding to cells due to its strong affinity to cell
surfaces. A complex of Hya and phospholipids (Haplex) was
prepared using the film dispersion and sonication method,
resulting in the enhancement of the oral absorption of Hya
[23]. After the addition of Hya to monolamellar or
multilamellar phospholipid suspensions, phospholipid organi-
zation was significantly affected by the presence of Hya in
dependence on its molecular weight, not by the initial organi-
zation of the phospholipid or its nature (DPPC or egg lecithin)
[24]. The presence of liposomes (DPPC) leads to an abrupt
decrease in the viscosity of Hya because DPPC membranes
bound to Hya cause the collapse of Hya chains. The possible
explanation is that DPPC membranes bind to hydrophobic
“patches” situated along the Hya polymer resulting in the
collapse of the Hya chain [25, 26].

This work is aimed at preparation and characterization of
DPPC/DPTAP vesicles with positive charge and study of their
interactions with negatively charged Hya.

Experimental section
Materials

Sodium hyaluronate (137, 458, 1697 kDa) was purchased
from Contipro (Czech Republic); 1,2-dipalmitoyl-3-
trimetylammonium-propan, chloride salt (DPTAP) was pur-
chased from Avanti Polar Lipids. 1,2-Dipalmitoyl-sn-
glycero-3-phosphatidylcholine (DPPC), 1,6-diphenyl-1,3,5-
hexatriene (DPH), pyrene, and chloroform were purchased
from Fluka. All experiments were performed in water purified
by an ELGA lab system (PURELAB flex).

Vesicle formation

The required amount of DPTAP or DPPC and DPTAP (with
molar ratios 0:100, 50:50, 75:25, 80:20, 90:10) was dissolved
in chloroform. After the removal of chloroform by evapora-
tion, the required amount of water was added and the solution
was sonicated at a temperature above the phase transition tem-
perature until opalescent.
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Microcalorimetry measurements

Microcalorimetry studies were conducted using a TAM 11
thermal activity monitor (TA Instruments, New Castle, DE,
USA). Two-and-a-half-gram lipid or lipid mixture samples
prepared as described previously in vesicle formation (with a
total lipid concentration of 2.7 mM) were placed into dispos-
able crimp seal ampoules. Samples were equilibrated for
15 min at 25 °C. The scanning rate was set to 2 °C/h. Any
heat generated or absorbed by the sample was measured con-
tinuously over time. Measurements were carried out in the
temperature range 25-65 °C. The baseline was subtracted.

Samples for fluorescence measurements

A fluorescence probe (laurdan, DPH, pyrene) dissolved in
acetone was added to vials. After the evaporation of acetone
under reduced pressure, an increasing amount of DPTAP or
DPPC/DPTAP bulk solution and water was added into the
vials to achieve a DPTAP or DPPC/DPTAP concentration
series (in the range of 10 *~1 mM) or to achieve a specific
lipid concentration (in the case of samples containing laurdan
or DPH). Eventually, a given amount of Hya bulk solution
was added. Samples were measured after 24 h of agitation.

Laurdan generalized polarization

The characteristics of the laurdan emission spectrum describ-
ing the presence/absence of water molecules in the vicinity of
laurdan naphthalene moiety may be expressed by the general-
ized emission polarization (GP) value [10, 27] given by the
following:

Laa0—1
Gp — a1
Lag0 + 1490

where 144 and 149 are the fluorescence intensities measured at
440 and 490 nm [10, 12], the wavelengths at which laurdan
emission maxima occur in the gel phase and in the liquid
crystalline phase, respectively [12, 14]. The phase transition
temperature was determined from the first intersection of
straight-line segments fitting plots of the laurdan GP value
versus temperature.

All steady-state fluorescence measurements were per-
formed using a Fluorolog Horiba Jobin Yvon spectrofluorim-
eter. Laurdan emission spectra were collected in the range
380-550 nm using an excitation wavelength of 329 nm. All
samples were measured as a function of temperature in the
range 35-65 °C or wider when necessary. Temperature was
controlled by a circulating water bath. Sample temperature
homogeneity was maintained by magnetic stirring.

Phospholipid CAC determination

For samples containing pyrene as a fluorescence probe, exci-
tation spectra (in the range 330-340 nm with an emission
wavelength of 392 nm) and emission spectra (in the range
360-540 nm with an excitation wavelength of 335 nm) were
measured. The emission polarity index (EmPI) was obtained
from the emission spectrum by dividing the fluorescence in-
tensity of the first emission band (373 nm) by that of the third
emission band (383 nm). The excimer to monomer (Ex/Mo)
ratio was determined by dividing the fluorescence intensity of
the excimer band (470 nm) by that of the monomer (383 nm)
band. The excitation polarity index (ExPI) was calculated
from excitation spectra as the ratio of fluorescence intensities
at 333 and 338 nm. The dependences of EmPI (or ExPI) on
lipid concentration were analyzed using the OriginLab soft-
ware by fitting a Boltzmann sigmoid with the following form:
_AA

T

where y corresponds to EmPI or ExPI, A and A, are the upper
and lower limits of the sigmoidal curve, the independent var-
iable x represents the total concentration of surfactant, x, rep-
resents the point of inflection, and Ax is the gradient at which
the step change takes place. Critical concentrations of aggre-
gation (CACs) were obtained as the point of inflection (x).

Anisotropy of DPH determination

Samples were prepared as described earlier in “Samples for
fluorescence measurements” section. The concentration of the
DPPC/DPTAP mixture was above the concentration corre-
sponding to the second break in the sigmoidal curve. DPH
anisotropy was measured using a time-resolved fluorescence
spectrometer (FluoroCube Horiba). Samples were excited at
372 nm using a laser diode with an appropriate filter, and the
DPH emission was measured at 426 nm with the slit adjusted
to 8 nm.

For each vesicle composition with different DPPC/DPTAP
ratios, fluorescence intensities were measured under four sep-
arate polarizer conditions: 7,;, (vertically polarized excitation
and horizontally polarized emission), 7,,, (vertically polarized
excitation and emission), 7, (horizontally polarized excitation
and emission), and I, (horizontally polarized excitation and
emission).

These intensities were then fitted by impulse reconvolution
using the general equation:

F(¢) = R(inf) + Biexp (7’)

where R(inf) corresponds to the intrinsic anisotropy, ¢ is the
fluorescence lifetime, 7; is the rotational correlation time, and
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B, a pre-exponential factor. The actual DPH fluorescence de-
cay (/(¢)) is assumed to follow a double exponential model:

1(t) = R(inf") + Byexp (:_f) +Bexp <7__2t>

Then, the G-factor was calculated as the average value of
the intensity ratio to minimize the consequences of the fact
that monochromators do not transmit polarized components of
light equally.

Iy(t
6= (20)
1 hh ([ )
Using the G-factor and intensity values, the anisotropy ()
was then calculated according to the relationship:

_ 1y(6)=GlL,(1)
) = T 2610

Lipid order parameter calculation

The lipid order parameter (S) and effective lipid order param-
eter (Se) were calculated using values of fluorescence anisot-
ropy as follows [28, 29]:

5= () e )"

where 7 is the observed anisotropy and ry is the intrinsic an-
isotropy of the molecule. The term ry is used to refer to the
anisotropy observed in the absence of other depolarizing pro-
cesses such as rotational diffusion or energy transfer. For
DPH, 7, values as high as 0.39 have been measured. The
anisotropy of 0.39 corresponds to an angle of 7.4° between
the dipoles, whereas an r value of 0.4 corresponds to an angle
of 0° [30].

Results and discussion

The phase transition temperature was studied by means of
fluorescence spectroscopy and microcalorimetry. The results
of microcalorimetry measurements are shown in Fig. 1. A
sharp phase transition is clearly observable in the case of pure
lipids (DPPC, DPTAP) and mixtures with a DPPC/DPTAP
ratio of 50:50. The phase transition temperatures for DPPC
and DPTAP are localized at 42 and 43 °C, respectively, while
it moves to higher temperatures in the case of mixed vesicles
prepared from these two lipids. The highest phase transition
temperature was found for a mixture with a DPPC/DPTAP
ratio of 50:50 and was localized approximately at 57 °C.
The reason for the shift of the phase transition temperature
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to higher values in the case of all DPPC/DPTAP mixtures
probably lies in the DPPC headgroup dipole orientation
resulting from the presence of DPTAP. Charge repulsion be-
tween DPTAP and the terminal N*(CH3); group in DPPC
hinders the dipole reorientation that accompanies melting
(from perpendicular to the interface to parallel to the interface)
and prolongs the gel phase [7].

The dependences of normalized heat flow on temperature
corresponding to DPPC/DPTAP mixtures with an excess of
DPPC (90:10, 80:20, and 75:25) are noticeably broader than
the others. Vesicles of these compositions are probably not
homogenous through the entire sample volume; thus, they
do not exhibit a sharp phase transition, but rather a continuous
one.

The spectral shifts with increasing temperature in laurdan
emission spectra were quantified using generalized polariza-
tion (GP) values. GPs as a function of temperature are shown
in Fig. 2 and have a sigmoid character for all studied mixtures.
We observed the same character in all dependencies—a slight
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Fig. 2 Laurdan generalized polarization (GP) as a function of
temperature in DPPC/DPTAP vesicles
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decrease in GP in the first stage, followed by sharp GP de-
cline, and then a further slight decrease in GP at the end. We
quantified the differences between the location and slope of
the intermediate area, which are both summarized and com-
pared with results obtained by microcalorimetry in Fig. 3. The
small deviation between the obtained results can be explained
on the basis of the different principles of these two techniques.
The phase transition temperature was higher for all studied
mixtures compared to that for pure lipids, this increase being
the highest for the equimolar DPPC/DPTAP mixture.

It is worth noting the low values of GP at low temperatures
for mixtures with DPPC/DPTARP ratios of 25:75 and 0:100.
According to the literature, GP ranges from —0.3 to 0.3 for the
liquid phase of lipid bilayers and from 0.5 to 0.6 for the gel
phase [12, 14]. According to these values, mixtures consisting
mainly of DPTAP should not be in the gel state. However, if
we consider the essence of GP, the decrease in GP is caused by
an increase in the laurdan emission band located at around
490 nm, resulting from an increased polar head group area
and the presence of some water molecules in the vicinity of
laurdan naphthalene moiety, this indicating a larger head
group area per molecule as a consequence of repulsion due
to the presence of the positive charge located at the
trimethylammonium group.

Another point of interest is the slope of the rapidly decreas-
ing part in the dependences of GP on temperature. Figures 2
and 3 clearly show that all dependences have nearly the same
slope for the intermediate part, except for the mixture with a
DPPC/DPTAP ratio of 50:50, where the slope is doubled. This
high slope could indicate the fastest transition from gel to
liquid crystalline phase, as observed in microcalorimetry
experiments.

This observation suggests tightly packed membranes, as
was observed in equimolar dimyristoylphosphatidylcholine
(DMPC)/dimyristoyltrimethylammonium propane (DMTAP)
mixtures [31].
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Fig. 3 Phase transition temperature in DPPC/DPTAP vesicles obtained
using laurdan generalized polarization and microcalorimetry and the
slope (absolute value) of the dependence of laurdan GP on temperature

Lipid order parameter

The change in the order of the lipid membrane was expressed
by the effective lipid order parameter (Sg), determined from
the anisotropy of DPH fluorescence measurements. All mea-
sured values (Fig. 4) were higher than those reported in liter-
ature for different membrane constructs formed by 16:0-18:1
PC and cholesterol [28]. The reason for the high measured
values probably lies in the presence of only one acyl chain
type in each lipid, forming a relatively ordered membrane.
The Se values increased slightly with the increasing propor-
tion of DPPC in the DPPC/DPTAP mixture. This gentle flu-
idization of membranes at low DPPC portions may be caused
by repulsive forces between positively charged DPTAP head
groups, which are suppressed by an increasing amount of
DPPC in the mixture. This would be in good agreement with
the low values of laurdan GP obtained with high proportions
of DPTAP.

These results are in agreement with literature, where the
increase of hydration of the lipid headgroup region was ob-
served with increasing DMTAP portion in DMPC/DMTAP
system, because pure TAP membranes are less packed [32].

Aggregation of DPTAP with Hya

To study the influence of Hya on DPTAP aggregation, we
used Hya of different concentrations and molecular weights
(137, 458, 1697 kDa). On systems containing pyrene as a
fluorescence probe, we measured steady-state fluorescence
excitation and emission spectra and obtained EmPI (and
ExPI) as described earlier.

The dependencies of pyrene EmPI on DPTAP concentra-
tion for pure DPTAP and its mixtures with Hya of different
concentrations (5, 15, 50, 100, and 1000 mg dm73) and a
molecular weight of 458 kDa are shown in Fig. 5. The

il
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Fig. 4 Detail of the effective lipid order parameter of DPPC/DPTAP
vesicles with different DPPC/DPTAP ratios
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dependence corresponding to DPTAP has a sigmoid character,
with high EmPI values at low DPTAP concentrations indicat-
ing fluorescence from a polar (water) environment. At high
DPTAP concentrations, EmPI values are low, because fluores-
cence occurs from the hydrophobic region.

In the presence of Hya, a reincrease in pyrene EmPI was
observed at a DPTAP concentration dependent on the concen-
tration of Hya, not only a smooth decrease in pyrene EmPI as
observed in the case of pure DPTAP. This pyrene EmPI
reincrease was accompanied by the formation of precipitate.
From this behavior, we can suggest that almost all lipids in the
sample are consumed for precipitate formation. Thus, a small
amount of lipids remains in the solution, and high values of
EmPI are found. The measured values of CAC for systems
containing DPTAP and Hya are listed in Table 1. The

parameters of pyrene EmPI reincrease are also shown.
Values of the Cpprap/Chy, ratio were 1.67 or 2.00. It can be
said, with regard to the number of samples and the concentra-
tion step, that the Cpprap/Crya ratio of the EmPI increase is
always the same (approaching a value of 2). No reincrease in
EmPI was observed at the Hya concentration of
1000 mg dm >, because this concentration of Hya was too
high to achieve a Cpprap/Chya ratio of “2.” In contrast, a
double Boltzmann sigmoid was used to fit the data obtained
at the Hya concentration of 5 mg dm . The concentration of
the first point of inflection was lower than that at the Hya
concentration of 15 mg dm >, and the concentration of the
second point of inflection was nearly the same as CAC in
the case of pure DPTAP. This may be a result of the mixture
separating into two different systems, one of which contains a

Table 1 Measured values of

CAC of DPTAP mixtures with Hya CAC (mg dm ) Pyrene EmPI reincrease
Hya of different concentrations
and molecular weights and M,, (kDa) ¢ (mg dm ) EmPI Coprap Coprar/Chya
parameters of pyrene EmPI (mg dm ) (mg dm )
reincrease
- - 52.7+3.1 - -
137 15 52+0.2 25 1.67
458 5 45+0.2 8.33 1.67
55.9+2.5"
15 78+14 30 2.00
50 8.9+0.1 100 2.00
100 9.6+0.7 200 2.00
1000 18.3+0.1 - -
1697 15 6.0+0.7 25 1.67

# Parameter of the point of inflection of the second Boltzmann sigmoid
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predominant amount of Hya, while the other behaves rather
like pure DPTAP. A second explanation could be that the
DPTAP concentration (for a Cpprap/Cuya ratio of 2 and the
Hya concentration of 5 mg dm ) is too low to form vesicles
which should interact with Hya and form a precipitate.

The aggregation was also observed in the case of cationic
liposomes (EPC/DOPE/DOTAP) and low molecular weight
Hya. The increase of size of aggregates occurs in the concen-
tration range of Hya 3 to 20% [33].

The values of CAC for DPTAP mixtures with Hya of dif-
ferent concentrations and a molecular weight of 458 kDa ob-
tained using EmPI are also graphically depicted in Fig. 6. As
can be clearly seen, a slight increase in CAC was observed
with increasing Hya concentration but was not as pronounced
as that obtained in the case of pure DPTAP. For the mixture of
DPTAP with Hya of concentration 5 mg dm73, two values of
CAC are shown, as described earlier.

The reincrease in EmPI (and also ExPI) was accompanied
visually by the formation of precipitate on the wall of the vial
(Fig. S1). Only in the case of samples with the Hya concen-
tration of 50 mg dm > was the precipitate formed at a three
times lower concentration than the concentration at which an
increase in EmPI occurred. In this case, the appearance of the
formed precipitate was different. Then, samples with higher
DPTAP and Hya concentrations were prepared, the Cpprap/
Chya ratio remaining at 2 (Fig. S2).

The dependencies of pyrene ExPI on DPTAP concentration
(not shown) had a similar character to those of EmPI on
DPTAP concentration; only slightly lower CACs values were
obtained.

In addition, the influence of the molecular weight of Hya
on precipitate formation with DPTAP was studied. Three
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Fig. 6 CAC of DPTAP and Hya mixtures with different Hya
concentrations determined by pyrene EmPI. In the case of a Hya
concentration of 5 mg dm >, a double Boltzmann curve was used to fit
the dependence of pyrene EmPI on DPTAP concentration, and two points
of inflection were obtained
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Fig. 7 Dependence of pyrene EmPI on DPPC and DPTAP concentration
for different DPPC/DPTAP ratios in the presence of Hya (15 mg dm °,
458 kDa)

molecular weights of Hya were used (137, 458, and
1697 kDa), and its concentration was 15 mg dm ™ in all cases.
No influence of Hya molecular weight was observed (see
Fig. S3), and the measured values of CAC were nearly the
same (Table 1). An abrupt increase in pyrene EmPI (and also
ExPI) was observed in all cases at the same concentrations,
and the formed precipitate had the same appearance.

Aggregation of DPPC/DPTAP mixture in the presence
of Hya

Four mixtures with different DPPC/DPTAP molar ratios
(50:50, 75:25, 80:20, and 90:10) were prepared to study the
effect of Hya on DPPC/DPTAP aggregation. In the case of the
DPPC/DPTAP mixture with a molar ratio of 50:50, the results
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Fig. 8 Dependence of pyrene EmPI on DPPC and DPTAP concentration
for a DPPC/DPTAP ratio of 75:25 in the presence and absence of Hya
(15 mg dm 3, 458 kDa)
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Break

CAC (M)

Table 2 Measured values of the CAC of DPPC/DPTAP mixtures with Hya (15 mg dm >, 458 kDa) and the parameters of breaks in the Boltzmann curve of DPPC/DPTAP mixtures with Hya
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DPTAP
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270.86
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show that the molecular weight of Hya had no influence on
either the dependence of EmPI on DPPC/DPTAP concentra-
tion (not shown) or CAC values (see Table S1). Therefore,
further experiments were focused only on Hya of middle mo-
lecular weight (458 kDa).

Figure 7 compares the dependencies of EmPI on
DPPC/DPTAP concentration as a function of different
DPPC/DPTAP ratios. It is obvious that with a decreasing
DPTAP ratio in the mixture, the reincrease in pyrene EmPI
is localized at higher DPPC/DPTAP concentrations. Figure 8
shows an example of the dependences of EmPI on DPPC and
DPTARP concentration (for a DPPC/DPTAP molar ratio 75:25)
with and without Hya (of concentration 15 mg dm > and mo-
lecular weight 458 kDa). After the addition of Hya, a
reincrease in EmPI was observed (similarly as in the case of
DPTAP and Hya mixtures); however, CAC values increased
for all DPPC and DPTAP mixtures (Table 2, Fig. 9), which
was in contrast to the addition of Hya to DPTAP, when CAC
values decreased by approximately ten times.

Even here, we monitored the parameters when the
reincrease in pyrene EmPI was observed. Similarly as in the
case of DPTAP mixtures with Hya, we monitored the concen-
tration ratio, Cpprap/Cuya, and, moreover, Cpppc/Chya
(Table 2).

Cpppc/Chya ratio increases with decreasing portion of
DPPC in DPPC/DPTAP mixture with Hya; therefore, the de-
pendence of Cpppc/Chyy, ratio on DPPC/DPTARP ratio is rather
inconclusive.

Vice versa, the Cpprap/Ciy, ratio approached a value of 2
for all DPTAP and DPPC mixtures with Hya. It should be
noted that the Cpprap/Chya ratio was also equal to 2 in the
case of DPTAP/Hya mixtures (Table 1). Thus, aggregation is
evidently controlled by the DPTAP concentration and
Cpprap/Crya concentration ratios. It seems that the presence
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Fig. 9 Concentration of DPTAP and DPPC at the CAC (determined by
pyrene EmPI) of various DPPC and DPTAP mixtures with Hya
(15 mg dm 3, 458 kDa)
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of DPPC does not affect the aggregation behavior of these
systems, although the concentration of DPTAP at the CAC
value of the DPPC/DPTAP/Hya mixture decreases with a de-
creasing amount of DPTAP in these mixtures (Fig. 9). The
concentration of DPPC at the CAC of these mixtures shows
no dependence on DPPC/DPTAP ratio (Fig. 9). Therefore, we
can say that DPPC participates in the formation of
DPPC/DPTAP/Hya aggregates but does not affect this forma-
tion directly.

After the addition of higher concentration of Hya
(1000 mg dm>), no reincrease in EmPI was observed and
the influence on CAC values was insignificant.

Conclusion

In this work, we studied the influence of Hya on vesicles
formed by DPTAP and DPPC/DPTAP mixtures. The forma-
tion of vesicles and their interactions with Hya was confirmed
by fluorescence spectroscopy. In case of DPTAP, the presence
of Hya caused the significant decrease of CAC of the system.
On the other hand, in DPPC/DPTAP mixed system, addition
of Hya resulted in only slight decrease of CAC of the studied
system independently on DPPC/DPTAP ratio. In addition, the
interaction between studied lipid systems caused the forma-
tion of precipitate, which was controlled only by the DPTAP
concentration, even in the case of DPPC/DPTAP mixtures
with Hya. The precipitate was formed after reaching a specific
DPTAP/Hya ratio, not only in the case of DPTAP and Hya
mixtures, but also in the case of DPPC, DPTAP and Hya
mixtures. Thus, the formation of precipitate is managed by
DPTAP. We also focused on the study of DPPC/DPTAP mem-
brane properties. Membrane fluidity was studied by means of
the fluorescence anisotropy of DPH. It was shown that with an
increasing proportion of DPPC, the DPPC/DPTAP membrane
was more rigid. Phase transition was studied by laurdan
steady-state fluorescence and microcalorimetry. The phase
transition temperature was shown to increase for mixtures of
DPPC/DPTAP, this increase being particularly pronounced for
an equimolar mixture of DPPC and DPTAP.

CAC, critical concentration of aggregation; DOTAP, 1,2-
dioleyl-3-trimetylammonium-propan; DPH, 1,6-diphenyl-
1,3,5-hexatriene; DPPC, 1,2-dipalmitoyl-sn-glycero-3-phos-
phatidylcholine; DPTAP, 1,2-dipalmitoyl-3-
trimetylammonium-propan; EmPI, emission polarity index;
ExPI, excitation polarity index; GP, generalized polarization;
Hya, hyaluronan; PC, phosphatidylcholine; S, lipid order pa-
rameter; Seff, effective lipid order parameter.
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ABSTRACT: In this paper, new steps toward a better
understanding and utilization of high-pressure high-temper-
ature nanodiamonds (NDs) containing nitrogen-vacancy
(NV) centers have been taken. NV~ -related long-term
luminescence of oxygenated particles increased in comparison
to plasma hydrogenated NDs” NV~ luminescence. The
optically detected NV~ electron spin resonance process can
be also significantly affected by ND termination. For H-
terminated ND particles the NV~ to NV° conversion energy is
lower than the NV~ excitation energy, so that the delocalized
triplet electrons can be more easily released from the original positions and drawn to the electron-attracting localities in the
material. The final result of this study was application of luminescent NDs in cells, showing the detectability of luminescent NDs
in a standard confocal microscope and ND subcellular distribution in the cells by TEM.

1. INTRODUCTION

helium ions), followed by vacuum annealing. Two types of
NV centers with different emission spectra are formed in the

Nanodiamond (ND) particles belong to a broad family of
nanocarbon-based materials with a structural diversity given by
specific synthesis conditions, postsynthesis processes, and
modifications."~"" ND particles with sizes up to several tens
of nanometers currently find broad applicat‘.ions.lz_18 Recently,
controlled doping of NDs and on-demand production of
defects has caused a major breakthrough that can open a new
area of quantum information processing and quantum
computing, nanoscale imaging magnetometry, and photo-
luminescent probes for biomedical imaging.'~>"°

A defect of particular importance in NDs is the nitrogen-
vacancy (NV) center. NV centers can be created by irradiating
diamonds with high-energy particles (electrons, protons,

i i © 2014 American Chemical Society
7 ACS Publications

diamond—neutral (NV°) and negatively charged (NV~), with
different zero phonon line emission wavelength properties, i.e.,
575 nm for NV° and 638 nm for NV™.

The luminescence from NV centers is stable without any
photobleaching or photoblinking, and compared to better
known quantum dots, ND brings additional advantages such as
high biocompatibility and simple C-surface chemistry. This
allows grafting of biomolecules that are interesting for the
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cellular targeting or biomolecular drug delivery.">'® The NV~
center ground state consists of two unpaired electrons in a
triplet configuration leading to a zero-field splitting. It is
possible to selectively address transitions between the m, = 0
and m, = 1 (or m, = —1) states with microwave radiation and
manipulate a two-level spin triplet. Laser-assisted detection of
the NV spin state makes use of differences in the absorption
and emission properties of the spin states (Figure 1). A sensor
capable of detecting such magnetic fields with nanometer
spatial resolution would enable detection of magnetic signals in
biological molecules or nuclear spin memory."'~**

b3A

.~~~ Vacanc:
c s ' 4 a1A
C

3 mg = 1
aA I‘ms=0

Figure 1. Nitrogen-vacancy (NV~) center in a diamond (left) and its
energy levels and transitions (right). The ground state is an orbital
singlet and spin triplet.'>'* Optical pumping initializes the center into
the m, = 0 spin state via specific spin-selective transition into the
metastable singlet state, 'A. A green arrow represents an excitation of a
nitrogen-vacancy center. The mechanism responsible for optical
pumping also provides a means for spin-sensitive detection, as the
rate of fluorescence differs for the m; = 0 and mg = +1 states.

In this paper, new steps toward a better understanding and
utilization of high-pressure high-temperature NDs 20—50 nm
in size containing NV centers have been taken.'”~" Great
effort was devoted to proper chemical termination of these
particles. Most importantly, we studied NDs terminated by
oxygen-containing groups and NDs hydrogenated in micro-
wave-excited H plasma—NDs were functionalized by hydro-
gen, hydrogen/carbonyl or hydroxyl groups, and hydroxyl/
carbonyl groups. The principle of surface functionalization
driven luminescence, related to switching the occupation of
NY(—S/NVO states has been developed in works of Petrakova et
al.”

In the scope of ND research we employed Raman
spectroscopy, fluorescence lifetime measurements, electron
paramagnetic resonance (EPR), transmission electron micros-
copy (TEM), and confocal microscopy. Using density func-
tional theory (DFT), time-dependent density functional theory
(TD-DFT), and density functional-based tight-binding
(DFTB) methods™®*'®™*° we acquired parameters that
influence the NDs’ optical and magnetic properties. A. S.
Zyubin et al® used TD-DFT for the analysis of optical
properties of approximately 100 atoms containing ND particles
with neutral and negatively charged vacancy-related point
defects (N,V° and N,V™). DFT methods have also been used
for calculations of the optical gap, absorption spectrum, and
luminescence of small Si nanocrystals, with hydrogen and
oxygen at the surface.® >* In this work we were able to
describe the impact of nanodiamond defects and surface states
on the optical and magnetic properties of the whole
nanoparticle, both qualitatively and quantitatively. Finally, we
showed that luminescent oxygen-terminated NDs are visible in
cells under a confocal microscope. The results and models
reported in this work show a way toward surface-sensitive and
stable nanodevices based on nanodiamonds.

2. EXPERIMENTAL SECTION

2.1. Sample Preparation. Monocrystalline diamond
powder of HPHT NDs with particle sizes ranging from 20 to
50 nm (Qty 100 carats) was purchased from the Microdiamant
AG. A commercial solution of HPHT NDs was lyophilized and
heated in a slow stream of air at 510 °C for 6 h to remove any
sp* carbon from the ND surfaces. After that, NDs were oxidized
in a mixture of concentrated H,SO,—HNO; (9:1, v/v) at 80 °C
for 3 days and proton irradiated (3—20 MeV). Irradiated NDs
were thermally annealed in vacuo at 900 °C for 1 h forming
either neutral (NV°) or negatively charged (NV™).

The NDs were then air-oxidized at 510 °C for 6 h (oxidized
ND). Part of the oxidized NDs were annealed in vacuum at 750
°C for 2 h (sp2 termination surface NDs/oxidized 750 °C
annealed). The quartz plate with part of NDs was exposed to
microwave-excited hydrogen plasma for 30 min at a temper-
ature of 500 °C and at 1 mbar pressure to produce a H-
terminated surface (hydrogenated).

2.2. Photoluminescence of NV°/NV~ Centers. The
presence of NV° and NV~ centers in our ND samples was
confirmed by a Renishaw InVia Raman Microscope at 300 K,
514 nm excitation wavelength. The centers acted as an ion
embedded in an inert solid matrix with long-term observation
of a single diamond nanocrystal.

2.3. Electron Paramagnetic Resonance Spectroscopy.
Continuous wave (CW) and ESE-detected EPR experiments
were performed with a W-band (94 GHz) EPR spectrometer
(Bruker ElexSYS E680, equipped with an Oxford Instruments
CF-1200 cryostat) at T = S0 K. For CW-EPR experiments, a
high frequency (100 kHz) field modulation at amplitudes of 0.5
mT and microwave power of 7 X 107> mW was applied. For
ESE-detected EPR experiments the two-pulse Hahn echo
sequence 7/2-T—m—7-echo was applied where 7/2 = 24 ns and
7 = 300 ns. The simulations of ESE-detected EPR sg)ectra were
performed using the EasySpin package for Matlab.”®

2.4. Fluorescence Lifetime Measurements. Determi-
nation of fluorescence lifetime was performed at 20 + 0.5 °C in
a fluorescence microscopy system MicroTime 200 (Picoquant
GmbH). Samples were excited at 375 and 510 nm by pulsed
laser diodes with 20 MHz repetition frequency. For ultraviolet
excitation, two simultaneous detection channels were used with
different long-pass cutoff filters (ThorLabs) at 405 and 519 nm,
respectively. Diode pulse width (fwhm) was below 70 ps for the
375 nm diode and below 80 ps for the 510 nm diode. Timing
resolution of used detectors was better than 150 ps. For lifetime
measurements, data were collected to reach 10000 counts in
the maximum peak channel. Fluorescence lifetime data were
obtained within the FLIM technique, and in this case just
multiexponential decay analysis can be used (software
SymphoTime). The number of curves followed the current
statistical accuracy by comparing the model with the data,
typically containing 2—3 exponentials. IRF was deconvoluted.
Also, Lim et al.*® applied multiexponential analysis for ND
particle fluorescence lifetime interpretation.

The number of lifetimes is related to the number of the used
model parameters (number of exponential decays). Parameters
were set according to the chi-square values; chi square was kept
between 1.10 and 0.95 and the shape of residual analysis.

2.5. Computer Experiments. Modeling was performed
using DFT/TD-DFT and density-functional-based tight-bind-
ing methods (DFTB)s—Gaussian 09" and Turbomole 6.3%°
program packages in clusters having from 82 to 695 carbon
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atom defects free or containing one NV center either neutrally
or negatively charged. The ND particle surfaces were
terminated by hydrogen, hydrogen/carbonyl, or hydroxyl
groups and hydroxyl/carbonyl groups. Clusters with positions
of the NV defect either in the center or close to the particle
surface were modeled. The lowest-lying excited states were
calculated by a TD-DFT method, which is an extension of DET
determined to investigate the excited states and nonequilibrium
properties of many-body systems in the presence of time-
dependent potentials. This method enables analysis of the
character and localization of individual excited states. In this
work we modeled bigger clusters (containing even more than
1000 atoms,2.3 nm) than was presented in refs 8 and 22—24.

Geometries were optimized by two DFT functionals, B3LYP
and BLYP. The calculations with BLYP were done with the
Multipole Accelerated Resolution of Identity method, which
enables us to speed up calculation of the Coulomb terms.
Geometries of large nanodiamonds (no. of C atoms >200)
were optimized by the DFTB method giving reasonably proper
geometry of nanodiamonds with respect to the experimental
data and B3LYP results.

The electron affinity, conversion energy (energy to convert
the NV~ into NV°), electronic transitions, and change in
electron density were calculated by the BALYP method with the
use of 6-31G(d) basis set at optimized ground state geometry
of the nanodiamonds. Vertical electron affinities (EAs) were
calculated as an energy difference between the matter system
and the system with one electron added.”* From calculated
Mulliken charges for full hydrogenated and oxygen groups
containing NDs we obtained electron density per atom inside
the ND (the surface was defined as consisting of noncarbon
and non-nitrogen atoms).

2.6. Microscopic Techniques. 2.6.1. Cultivation of Cells.
AS49 (adenocarcinomic human alveolar basal epithelial cells;
ATCC CCL-185) were cultivated according to ATCC protocol
in F-12 K medium suplemeted by 10% fetal bovine serum.
HeLa cells (epithelial cells from human cervical adenocarcino-
ma; HeLa (ATCC CCL2) were cultivated according to ATCC
protocol in E-MEM +10% fetal bovine serum + Pen/Strep.
Culture Conditions: Atmosphere: air, 95%; carbon dioxide
(C0O,), 5%; Temperature: 37 °C; CO, incubator: HERA Cell
150i (Thermoscientific).

2.6.2. Confocal Microscopy. Hela cells were seeded to a
glass-bottom petri dish at a concentration of 2 X 10* cells/mL
and incubated in E-MEM medium supplemented with 10%
FBS (IMG,CAS,CZ) and incubated for 24 h. NDs were well
dispersed in an ultrasound bath. The quality of the dispersion
was checked by dynamic light scattering using Zetasizer ZS
(Malvern, UK). The dispersed NDs were added to the cells
(final concentration 25 pg/mL), and the cells were incubated
for 24 h in a serum-free H-MEMd medium (37 °C, 5% CO,
HERA Cell 150i incubator (Thermoscientific)). Before micro-
scopic observation, the cells were rinsed two times with PBS to
remove nonendocytosed NDs. In vivo laser-scanning confocal
microscopy (Olympus FV-1000 instrument) was performed to
observe the localisation of the ND particles within the cells.
100X magnification with was used for image acquisition (e.g.,
561 nm, emmission window: 630—730 nm).

2.6.3. Transmission Electron Microscopy (TEM): Ultrathin
Section Method. Glutaraldehyde-fixed cells (3%) exposed to
fluorescent nanodiamonds were centrifuged, and the pellet was
rinsed in Milonig buffer, postfixed in 1% OsO, solution in
Milonig buffer, dehydrated in 50, 70, 90, and 100% ethanol,

embedded in an Epon-Durcupan mixture (Epon 812 Serva,
Germany; Durcupan, ACM Fluka, Switzerland), and poly-
merized at 60 °C for 72 h. Ultrathin sections (the thickness of
60 nm) were cut with glass knives in a UC 7 ultramicrotome
(UC 7, Leica, Austria). Afterward, they were directly observed
without being previously contrasted (uranyl acetate and lead
citrate) to prevent objectionable artifacts. The sections were
examined under a Philips EM 208 S Morgagni transmission
electron microscope (FEI, Czech Republic).

3. RESULTS AND DISCUSSION

3.1. Photoluminescence of NV°/NV~ Centers. Photo-
luminescence spectra were taken from proton-irradiated NDs
with oxidized and hydrogenated surfaces. NV’ and NV™-
related luminescence was observed at 575 and 637 nm,
respectively, for oxidized ND particles. It should be noted that
both before proton beam irradiation and after irradiation
without annealing, no luminescence was observed.>® Proton
irradiation enhances number of vacancies and following
annealing finally increases number of nitrogen-vacancy pairs.
All spectra were normalized to the diamond Raman peak. From
the zero-phonon luminescence line (dotted gray line in Figure
2) we found that the NV~/NV° ratio is higher for oxidized NDs

300
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Figure 2. Photoluminescence spectra taken from proton-irradiated
NDs with oxidized and hydrogenated surfaces. NV’- and NV -related
luminescence was observed at 575 and 637 nm, respectively, for
oxidized ND particles.*® Zero-phonon luminescence lines are marked
by dotted gray lines. All spectra were normalized to the diamond
Raman peak, room temperature. Spectra were measured using a
Renishaw InVia Raman Microscope at 300 K, 514 nm excitation
wavelength, on solid state NDs.

compared to hydrogenated NDs, as also found in the work of
Petrakova et al.*® Relatively strong luminescence background
originates from the complex surface of ND particles: variously
terminated mixture of sp*- and sp>-hybridized carbon.

Changes in the photoluminescence spectra of oxidized NDs
when interacting with charged polymers were also measured.’
The luminescence of the NV~ centers decreased when
interacting with positively charged molecules, while after
adding negatively charged polymers the luminescence was
restored to the original level.

3.2. Electron Paramagnetic Resonance Spectroscopy.
Figure 3 shows the W-band CW EPR (a) and the first
derivative of ESE-detected EPR (b) spectra measured in O- and
H-terminated nanodiamond samples at T = 50 K. From the
simulation of ESE-detected EPR spectra (Figure 3), it was
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Figure 3. Experiment/simulation of two differently terminated ND
samples: (top) O-terminated and (bottom) H-terminated: CW EPR
(a) and the first derivative ESE-detected EPR (b) spectra, sum of
simulated EPR spectra components (c), simulated N° center (d), and
I1-13 simulated components (Voigtian line shape) of EPR spectra
(e—g); W-band, T = 50 K.

found that in O-terminated ND the ESE-detected EPR
spectrum consists of three components (N° I1, I2), while the
ESE-detected EPR spectrum of H-terminated samples could be
described using four spectral components (N, 11, 12, I13). The
zero-charged nitrogen atom (N°) representing a triplet that
could be described by effective spin Hamiltonian with spin S =
1/2 and nuclear spin I = 1>*** was observed in two samples.
The corresponding g-tensor obtained in ref 26 and recently
updated for ND? is found to be isotropic with g = 2.0024, A, =
A, = 84 MHz, and A, = 117 MHz. This uncharged nitrogen is
the most common impurity in natural and synthetic diamonds
as well as in the nanodiamonds of differing nature.

The 11-13 paramagnetic centers are mainly not observed in
the diamonds of macroscopic size and could be attributed to
the radicals generated by breaking down the C—O and C—-H
bonds and formation of the condensed carbon (C) ring
structure during the termination processes. In this case, the
unpaired electron can be located on a C atom or oxygen (O)
atoms and form two types of C radicals, namely: C-centered

radicals and C-centered radicals with an adjacent O atom. The
observation of a strong I1 signal (g = 2.0030 + 0.0002, width
~2 # 0.5 mT) of relatively similar intensity in all three types of
samples could be explained either by a C-centered radical®® or
by sp® C—C dangling bonds. The parameters of the surface
defects normalized to the intensity of the N® center are
presented in Table 1. 'H nuclei used in the termination possess
nuclear spins and could be detected in the electron—nuclear
double resonance experiment (ENDOR). The results obtained
from the ENDOR spectra of the surface defects are promising
in the interpretation of the differences for differently terminated
samples.”**

EPR spectra of ND particles consisted only of several signals
with § = 1/2. Three of them are surface defects (I1-13), and
we did not observe any hyperfine interaction (HFI) from these
defects. This is because centers themselves do not have HFI,
and ligand HFI (superhyperfine interaction) is small in
comparison with EPR line width (we observe HFI with distant
fluorine and hydrogen nuclei in ENDOR spectra of these
centers and can assign these defects to the surface of the ND
particles without ambuguities). The only line with observable
HFI in EPR spectra is N° (neutral nitrogen, not NV) defect S =
1/2 with normal HFI with its own nucleus (I = 1). The N°
defect has triplet line structure, and we clearly observe it in EPR
spectra (Figure 3). This defect is observable at lower
temperatures also. The NV defect is also observable at EPR;
however, it has strong orientation dependence, and its EPR
spectrum is quite broad (it is averaged out in the powder
spectra for more than 200 mT). We did not observe the signals
from NV centers.

3.3. Fluorescence Lifetime Measurements. Fluores-
cence lifetimes measured at 20 + 0.5 °C for NDs with different
terminations are listed in Table 2. For green excitation the
fraction of lifetimes above 1S ns increases with oxygen content.
For ultraviolet excitation the fraction of long lifetimes increases
in the surface modification series hydrogenated—oxygenated—
oxygenated after 750 °C annealing.

For all ND terminations, at longer wavelength excitation
(510 nm) the relative amount of longer lifetime processes is
higher than for shorter wavelength excitations (375 nm). For
high-energy excitation, a higher amount of electrons is also
excited from the deep defects. Then, the triplet electrons in
NV~ defects are strongly affected not only by phonons and
material defects but also by a huge amount of other excited
electrons—all these interactions shorten the lifetime of the
luminescence. Moreover, our previous theoretical approach”
has shown that surface termination can affect the interlaying
singlet state, which also plays a significant role in the NV~
luminescence properties.

As far as differences between various terminations are
concerned, mainly oxygen on the ND sp’-terminated surface
increases the fraction of longer lifetime states—e.g, O
terminations on the C sp® surface (oxygenated, 750 °C
annealed) keep settings of the original defects in basic and

Table 1. Summary of the EPR Fitting Results

termination N°
O-terminated intensity 1
g 2.00245(5)
H-terminated intensity 1
g 2.00245(7)

25248

11 9] 13
13.6(4) 24(2) —
2.0028(5) 2.0037(3) —
11.6(4) 0.42(5) 0.06(1)
2.0029(5) 2.0034(3) 2.0020(2)
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Table 2. Various Terminations of NDs’ Fluorescence Lifetimes

excitation 375 nm

cut off 405 nm

excitation 510 nm

cut off 519 nm cut off 519 nm

lifetimes amplitudes lifetimes amplitudes lifetimes amplitudes
termination ns - ns - ns -

oxygen 16.81 3% 18.40 3% 20.00 27%
3.51 21% 3.68 20% 4.00 25%
1.07 32% 1.15 31% 0.81 48%
0.32 44% 0.33 46%

hydrogen 15.40 3% 15.01 4% 14.93 10%
2.36 10% 2.03 20% 2.64 29%
0.76 28% 0.53 76% 0.61 61%
0.25 59%

oxygen, 750 °C annealed 17.12 12% 20.07 15% 21.5 38%
1.61 27% 2.94 19% 3.57 34%
0.27 61% 0.64 66% 0.73 28%

excited states and do not allow (NV~) excited electrons to be
so much drawn by the electron-attracting localities in the
diamond. Oxygen-terminated negative surface potential plays
an important role in this case. Specific shortening of the
fluorescence lifetimes in the case of hydrogenated NDs may be
caused by a number of processes—e.g. different spin/orbital
settir;gs and triplet electrons delocalized in the NV~ defect
area.

As a whole, ND luminescence parameters may be changed by
the surrounding particles. A specific ND environmental state
can lead to quenching, changes of luminescence lifetimes, or a
spectral shift of emission.

3.4. Computer Modeling. New experimental findings
bring the need for theoretical analysis. Here, we extend our
previous theoretical results” and present a qualitatively new
model/interpretation of NV centers containing ND particles’
optical properties. It should be noticed that the calculated
parameters such as excitation energies, electron affinities of
particles, and geometry of NV centers are in a good
correspondence with the experimental findings***” and change
with the calculated particles’ dimensions. Particularly, the values
of electron affinities calculated for defect-free O/H-terminated
nanodiamond particles were: C,¢sHggOy,, calculated electron
affinity +1.7 eV, experimental +1.7 eV; C,¢Hjg, calculated
electron affinity —2.2 eV, experimental —1.3 eV.** Due to the
substitution of hydrogen- or oxygen-containing functional
groups, the values of electron affinities increased.

In the case of hydrogen-terminated ND CgosH;0,N™ the
surface is positively charged, and after replacement of part of
the hydrogen atoms by O groups the surface potential is
strongly modified. For CyosH 40O ,5oN" the electrostatic surface
potential is negative in the place of substitution and its
neighborhood—see Figure 4 (corresponding to experimental
results®® "), Surface groups including oxygen are electron
acceptors, which causes the change of Mulliken charges and
electron density in NDs. Redistribution of electrons in NDs
influences behavior of NV triplet electrons. On the basis of
our calculations, we have proposed that in the case of O-
containing group-terminated ND surfaces the excited electron
will be kept (surface potential) in NV~ centers, so that standard
luminescence conditions can be preserved. It should be noted
that if we want to change the positive surface potential of H-
terminated ND to a negative surface potential it is sufficient to
replace just 9% of the CH, groups by carbonyl groups.®

Figure 4. Mapping of the electrostatic potential onto the ground-state
isodensity surface of the NV -containing clusters CgosH;,N~ (left),
CeosHps0Os5oN~ (middle), and CgosH 500150N~ (right). The NV~
center is located in the second layer in the left top part of both
pictures.

Figure S indicates that for ND particle-containing NV~
centers with H-surface termination the unpaired/triplet

Figure S. Plots of spin densities in the NV -containing clusters
CoosHiaN™ (left) and Cyo5H 600,50N " (right).

electrons from the NV~ center affect electron spin density on
the positively charged surface very moderately—the spin
density is located in the vicinity of the NV~ center. Similar
results are obtained in the case of ND with oxidized surface,
CgosH1600150N~, where the spin density is slightly spread out to
the O centers. In agreement with EPR results we concluded
that the unpaired electron can be located on C or O atoms and
form two types of C radicals, namely, C-centered radicals and
C-centered radicals with an adjacent O atom.

The TD-DFT calculated lowest allowed triplet excitation
energy for C,g,H ;N is 2.063 eV (close to experimental data).
The oxidation of the surface slightly shifts the excitation energy
to a lower value of 1.971 eV for C 4,H;,,0,sN". All lowest-
lying excitation transitions are between S (spin down) orbitals.

Another important parameter is the energy necessary to
convert the NV~ to NV? centers. The DFTB calculated NV~ to
NV conversion energy is 1.47, 2.58, and 4.65 eV for clusters
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CeosH302N ™, CgosH 6005oN ™, and CyosH 500 50N ", respectively.
For H-terminated ND particles the conversion energy is lower
than the NV~ excitation energy, so that the delocalized triplet
electrons can be more easily released from the original
positions and drawn to the electron-attracting localities in the
material. For a mix of oxygen group-terminated NV~ centers
containing NDs, the conversion energies are higher than NV~
center excitation energy—in these types of particles it is easier
to excite electrons in the NV~ center than to convert the NV~
centers into NV°.*!

Moreover, it follows from our calculations that electrons
excited from the triplet ground state to the triplet excited state
and relaxed to the triplet state b®A can drop to triplet ground
state a’A (standard emission) or to singlet ground state a'A,
lying below the triplet excited state (different NV~
luminescence conditions). Since in oxidized NDs containing
NV~ centers the singlet state a'A energy level has higher energy
than the excited triplet state b>A energy level, the conditions for
transition between the excited triplet and singlet ground state
a'A are changed. For neutrally charged NV centers singlet
electrons are kept in the area of NV centers, and standard
luminescence conditions are preserved.

3.5. Imaging of ND Particles in Living Cells. By using
confocal microscopy we investigated the ability of luminiscent
ND particles to enter living cells (Figure 6). Oxygen-terminated

Figure 6. Confocal microscopy analyses of localization of fluorescence
nanodiamonds in HeLa cells. Left: confocal image of fluorescent NDs
in the cell, right: HeLa cell in transition light with incorporated
fluorescent nanodiamond particles. The image shows numerous
clusters of ND particles within the cytoplasm clearly showing the
absence of any particles within the nucleus.

NDs were clearly visible within the cytoplasm of human
epithelial cells and at the same time we could see numerous
clusters of ND particles within the cytoplasm, clearly showing
the absence of any fluorescent particles within the nucleus.
Namely, Figure 6 shows a representation of the confocal image
of HeLa cells with incorporated fluorescent ND particles. This
interesting finding has been verified by electron microscopy
using other cell lines (e.g, AS49). In general, NDs tend to
accumulate around some vesicles in the cytoplasm.

Our study shows that NDs are able to penetrate through the
cell membrane in a targeted manner and probe changes in the
inner cellular space—subcellular localization of nanodiamonds
was clearly viewed by transmission electron microscopy (Figure
7). Combined with the exquisite molecular recognition of
antibody ligands, ND-derived sensors could thus serve as
powerful tools capable of exploring multiprotein molecular
machineries in a living cell. Specific types of surface-sensitive
ND-derived sensors could also be developed as multifunctional

Figure 7. Subcellular localization of NDs in the A 549 cell viewed by
TEM. NDs (black points) are localized in the cytoplasm outside the
nucleus. Clusters of NDs are formed around vesicles (black arrows);
several isolated NDs are recognized in the cytoplasm (white arrow).
Inset: detail of cytoplasmic vesicle covered by NDs. Individual NDs are
well visualized. N: nucleus, C: cytoplasm.

probes (antibody as well as DNA) that could measure,
structure, or even alter biological components in single cells."®
NDs could serve not as only as probes but also as delivery
systems for various agents effecting processes in the cell. In
vitro studies were designed and are running to answer some
questions on the effect of NDs on some cellular functions (e.g,,
induction of apoptosis, inhibition of intercellular communica-
tion, mitochondrial respiration, stability of microsomes, etc.)

4. CONCLUSIONS

In this article we show how surface chemistry influences ND
magnetic and optical properties for modern devices. NV™-
related long-term luminescence of oxygenated particles
increased in comparison to plasma hydrogenated NDs’ NV~
luminescence. Due to the ND small size, the charge at the ND
surface can penetrate into the bulk of the ND and intermingles
with the electronic NV~ states.

Attaching oxygen to a graphitized ND surface increased the
share of states with longer lifetime and preserved ground and
excited states (fluorescence lifetime measurements). Plasma
hydrogenation of ND particles gave rise to characteristic defects
with short lifetimes. Oxygen on the ND sp’-terminated surface
increases the fraction of longer lifetime states—e.g, O
terminations on the C sp” surface keeps settings of the original
(NV) defects in basic and excited states.

EPR spectroscopy confirmed the presence of paramagnetic
centers that are not observed in the diamonds of macroscopic
size. These centers could be attributed to radicals generated by
the breakage of the C—O and C—H bonds as well as to
formation of a condensed carbon ring structure during the
termination processes.

Our theoretical models demonstrated that for H-terminated
ND particles the NV~ to NV° conversion energy is lower than
the NV~ excitation energy, so that the delocalized triplet
electrons can be more easily released from the original
positions and drawn to the electron-attracting localities in the
material. For a mix of oxygen-group-terminated NV~ centers
containing NDs, the NV~ to NV conversion energy is higher
than the NV~ center excitation energy. We also showed that the
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surface termination affects the singlet metastable state 'A.
Optical pumping initializes the center into the m, = 0 spin state
via spin-selective transition into the metastable singlet state, 'A
(Figure 1). The mechanism responsible for optical pumping
also provides a means for spin-sensitive detection, as the rate of
fluorescence differs for the m, = 0 and m; = +1 states. This
optically detected NV~ electron spin resonance process can be
significantly affected by ND termination. In oxidized ND NV~
centers the 'A level is shifted to a higher energy in comparison
with the hydrogenated ND NV~ singlet level. For small NDs
the influence of surface chemistry is more significant—the
singlet level shift to higher energies for small oxygenated NDs is
more relevant. In agreement with EPR results we concluded
that the unpaired electron can be located on C or O atoms and
form two types of the C radicals, namely, C-centered radicals
and C-centered radicals with an adjacent O atom.

The final part of our study concerned application of NDs in
cells. Luminescent ND particles are able to penetrate through
the cell membrane and accumulate in the cytoplasm (confocal
microscopy and TEM), where they form clusters surrounding
cytoplasmic vesicles. Luminescent ND particles are precisely
detectable by confocal microscopy, and their subcellular
distribution is easy to follow by this technique, making ND
particles perfect luminescence probes.
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Abstract The authors report on a systematic study on the
low-cost, low-temperature, and fast synthesis of water soluble
quantum dots (QDs) stabilized by mercaptosuccinic acid by
UV irradiation. The effects of UV irradiation (at 254 nm and
250 nm) and temperature on the precursors (Cd:Se, Cd:Te,
Cd, Zn:S, Zn:Se and Zn) are described. Best results are
achieved with a mixture of precursors containing cadmium,
selenium and MSA where a 10-min irradiation with 254-nm
light gives CdSe QDs with a quantum yield of 13.5%. The
authors also describe the preparation and monitoring of the
formation of QDs in sub-mg, sub-ug and sub-ng quantities,
the smallest concentration being 258 pg in volume of 4 nL.
The growth of the QDs can be monitored in real time by
absorption, fluorescence and dynamic light scattering. The
solutions of the particles also are characterized by fluores-
cence correlation spectroscopy and detected by LED-
induced fluorescence. The preparation of such QDs by UV
radiation is simple, easily controllable, and inexpensive.
Conceivably, it can be integrated with lab-on-chip, micro total
analysis systems or other instrumentation.
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Introduction

Fluorescent nanoparticles with a size range of units or tens of
nanometers, better known as quantum dots (QDs), possess
unique properties [1]. Their optical and semiconductor prop-
erties are tunable by changing the size, shape, spatial arrange-
ment, conductivity, and surface modification (i.e. conjugation
with ligands) [2] QDs have been applied in (bio)sensors, in
biosciences such as in vivo imaging, drug delivery and diag-
nostic, or in vitro labeling of molecules, cells and tissues [3,
4]. Due to their small size they not only retain properties of the
material from which they originate, but also adopt new fea-
tures related to their size [5]. For biological applications,
nanocrystals of CdSe, CdSe/ZnS, CdTe, CdTe/CdS are the
most widely used [6]. However, potential toxicity of heavy
metals attracted a great attention to safety concerns for health
and environment [7]. For this reason, QDs made from less
toxic materials, such as zinc [8] and carbon [9] were devel-
oped. The photo-physical properties, which make QDs inter-
esting compared to classic organic dyes include very narrow
emission spectra, broad absorption spectra, long fluorescence
lifetime, high quantum yield, high molar extinction coeffi-
cient, large effective Stokes shift, and high stability against
photobleaching [10]. Generally, the techniques for synthesis
of different nanoparticle types are categorized either as a top-
down or bottom-up approach [11, 12]. Top-down (physical)
methods includes different types of lithographic techniques
(laser, ion and X-ray) or etching and grinding [13—18].
Among the more popular methods belongs bottom-up
(chemical) approach. Usually it is a synthesis of the nanopar-
ticles in non-aqueous solvents (organometallic synthesis)
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along with toxic instable precursors at high temperatures [19,
20]. Due to the complexity of these procedures, alternative
method using aqueous solvents were developed [21, 22].
Both variants (non-aqueous or aqueous solvents) lead to for-
mation of nanocrystals in the presence of stabilizing ligands,
which prevent aggregation of QDs in the reaction medium.
The bottom-up processes include a variety of methods such as
microwave-assisted technique, ultrasonic-assisted technique
[23], photochemicals-assisted technique [24], high tempera-
ture technique and biosynthesis (in microorganisms [25], an-
imals [26], plant [27], fungi and actinomycete [28, 29]).
Another option is the interaction with UV light. Earlier, num-
ber of nanoparticles able to interact with UV radiation was
described including TiO, nanorods [30], ZnO nanoparticles
[31] and others [32]. The processes of photoactivation,
photoenhancement or photobrightening ware intensively stud-
ied, e.g. Guo-Yu Lan et al. in his work described a photo-
assisted synthesis of highly fluorescent ZnSe QDs in aqueous
solution stabilized with mercaptosuccinic acid (MSA) [33].
Uematsu et al. dealt with photoetching of CdTe nanocrystals
[34], Shang Yazhuo et al. synthesized gold nanoparticles by
reduction of HAuCl, under UV irradiation [35], Kao
Mabhalieo et al. presented the synthesis of indium nitride
nano- and microstructures by UV-assisted procedure [36].
The study is focused primarily on investigation of low cost,
low temperature, and fast synthesis of water soluble QDs sta-
bilized by MSA by UV irradiation, where the optimal condi-
tions are found. Moreover, the use three methods for synthesis
of QDs were compared and their pros and cons are discussed.

Experimental section
Chemicals

Working solutions (buffers and standard solutions) were pre-
pared daily by diluting the stock solutions. Standards and
other chemicals were purchased from Sigma-Aldrich (St.
Louis, MO, USA) in ACS purity unless noted otherwise.

Synthesis of quantum dots by UV

3 mL of prepared solution (precursors) was taken in a 4 mL
quartz cuvette (Hellma GmbH & Co. KG, Miillheim,
Germany) and irradiated by UV (Aep, = 254 nm) transillumi-
nator (Vilber Lourmat, Marne-la-Vallee Cedex, France). The
sample area of 20 x 20 cm was illuminated by 6 UV emitting
tubes with power of 15 W each. The intensity of UV radiation
incoming to the quartz cuvette was recorded by optical power
meter (PM100D, sensor SV120VC, Thorlabs Inc., Newton,
NJ, USA). Based on these measurements the intensity of in-
coming UV energy into the sample was determined as
E=0.14 mW-mm .
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Fluorescence and absorbance analysis

Fluorescence was acquired by multifunctional microplate
reader Tecan Infinite 200 M PRO (TECAN, Switzerland).
Wavelength of 250 nm was used for excitation and the fluo-
rescence scan was measured within the range from 300 to
700 nm using 2-nm steps. The detector gain was set to 80.
The samples (50 puL) were placed in UV-transparent 96 well
microplate with flat bottom by CoStar (Corning, USA).
Absorption spectra were recorded under the same conditions
in the range 240-600 nm. All measurements were performed
at 25 °C controlled by Tecan Infinite 200 PRO (TECAN,
Switzerland).

Particle size and zeta-potential analysis

Zetasizer MALVERN, Malvern Instruments Ltd.
Worcestershire WR14 1XZ, United Kingdom was used.

Particle size assessment (dynamic light scattering)

The particle size measurements were performed considering a
refraction index of the dispersive phase of 3.00 and 1.33 for
the dispersive environment. The absorption coefficient in both
cases was 10 °. The measuring temperature was set at a con-
stant value of 25 °C, while the viscosity was 0.8872 cP. For
each measurement, disposable cuvettes type ZEN 0040, were
used, containing 40 uL of sample. The equilibration time was
120 s, at a measurement angle of 173° backscatter and pH of
solution was 9. All measurements were triplicate and the data
was expressed as the average value.

Zeta potential assessment

The particle size measurements were performed considering
the same refraction index, pH and absorption coefficient as
described in particle size measurements. Furthermore, the pa-
rameters such as, temperature and viscosity were the same as
in particle size measurements. Calculations considered the
diminishing of particles concentration based Smoluchowsky
model, with a F(ka) of 1.50 and an equilibrating time of 120 s.
For the measurements, a disposable cell DTS1070 was
employed. In each case, the number of runs varied between
20 and 40. The measurements were carried out in triplicates
and were performed under the automatic setting of attenuation
and voltage selection.

Determination of quantum yields (QY)

The quantum yields were determined by analysis of emission
maxima with the excitation at 250 (ZnS, ZnSe and Zn) or
380 nm (CdSe, CdTe and Cd). The absorbance was analyzed
using the same excitation wavelength. The quantum yields
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were calculated on the basis of integration of absorption and
emission value. Absolute values were calculated using the
standard samples (quinine sulfate), with known fluorescence
QY value, according to the following Eq. [37]:

Grad, 7

x =09 Gaae) (%) g

where the subscripts S7 and X denote standard and test,
respectively, @ is the fluorescence quantum yield (I
ST = 0.54), Grad the gradient from the plot of integrated
fluorescence intensity vs. absorbance
(GradST = 80,000,000, and 7 the refractive index of the sol-
vent (1.33).

Capillary electrophoresis with LED-induced fluorescence
(CE-LED-IF) detection

CdSe QDs were analyzed by CE (PACE MDQ, Beckman
Coulter, USA) with blue LED (A.,,, = 380 nm) as an excitation
source. Unmodified fused silica capillary with internal diam-
eter of 75 um and with the total length of 64.5 cm (14 cm to a
special window for optical fiber and 54 cm to detector win-
dow) was used. Optical fiber (diameter 910 um Core
Multimode, High-OH for 250-1200 nm, Thorlabs Inc.,
USA) was focused to a capillary in the special window and
connected with the UV LED with ball lens, A, = 250 nm,
1 mW (Thorlabs Inc., USA). Hydrodynamic injection by 5 psi
for 5 s was employed. As pretreatment the separation voltage
20 kV and waiting time of 0, 5, 10, 15, 20, 25 and 30 min (for
synthesis of QDs in special window) was used and after that
30 kV separation voltage was applied. 20 mM sodium borate
buffer pH 9 was used as a separation electrolyte.

Results and discussion
Temperature testing of precursors

For biological applications, nanocrystals of CdSe, CdTe, ZnS,
ZnSe are usually used [6, 38, 39]. For these reasons these
common precursors (Cd:Se, Cd:Te, Zn:S, Zn:Se, Zn, Cd in
combination with and without reducing agent, Note: utiliza-
tion of the reduction agent is noticed by a label “red”) with
MSA as a capping agent were tested. First, the temperature
dependent behavior was monitored (25, 35, 45, 55, 65, 75, 85
and 95 °C, samples were incubated at each temperature for
30 min). In this experiment, twelve aliquots of precursors
were prepared. These aliquots contained various combinations
of precursors, as described in Supplementary material.
Samples (1 mL) were heated and afterwards cooled to the
temperature of 25 °C, the samples were immediately ana-
lyzed. Absorption spectra in range 230—-600 nm and emission

spectra (Aex = 250 nm and A, = 380 to 800 nm) were record-
ed (data not shown). If the fluorescence was observed, the QY
was calculated (Table S1). For most studied precursors, QY
below 1% was observed. An exception was the sample la-
belled as CdTe red, which exhibited a significant increase in
QY, increasing with temperature. Increasing the temperature
caused a bathochromic shift of the emission spectrum (A¢p,
max = 494 nm (35 °C), 498 nm (45 °C), 506 nm (55 °C),
516 nm (65 °C), 520 nm (75 °C), 528 nm (85 °C), and
534 nm (95 °C)). The highest QY was achieved at 95 °C
(Ao max = 534 nm, QY = 20.1%).

UV (Aem = 254 nm) synthesis of QDs from precursors
by transilluminator

In the next step, the influence of UV irradiation (A = 254 nm)
on formation of QDs from precursors was tested. The samples
(3 mL) were pipetted in to the quartz cuvette and placed to the
canter of the illumination area of the UV transilluminator and
irradiated in time (0, 10, 20 and 30 min). The temperature
inside transilluminator increased from 25 to 35 °C (depending
on the time of irradiation). For all investigated samples, inter-
action with UV light was observed. The values of A, maxima
and QY are summarized in Table S2. The lowest QY (< 1) was
recorded after 10-min irradiation in case of ZnS, ZnS red
(Note: utilization of the reduction agent is noticed by a label
“red”) and ZnSe. Longer intervals of irradiation (20 and
30 min) caused a fluorescence loss in ZnS and ZnS red. For
ZnSe, QY < 1% was observed for all times of irradiation. On
the other hand, the best result was achieved in case of CdSe.
At all times of irradiation, QY of 13.4% was observed. For all
investigated samples, a bathochromic shift of the emission
maxima was observed depending on the duration of
illumination.

Formation of CdSe - QDs from precursors monitored
by spectroscopic techniques

Based on previous experiments, precursor solution composed
of Cd and Se was chosen for fluorescence and spectrophoto-
metric analysis. Precursors (3 mL) were pipetted into the
quartz cuvette and placed in the center of UV transilluminator
(emission spectrum of UV lamps, Fig. 1a) and irradiated for
0—60 min. In five-minute intervals, 50 pL aliquots were taken
and absorption spectra were measured (240-600 nm), Fig. 1b.
It is shown that increasing the illumination time caused an
increase in the intensity and a shift of the absorption maximum
of CdSe QDs, Fig. lc. Absorption maximum of CdSe QDs
after 5 min irradiation was A, = 324 nm. After another
55 min was shifted for about 54 nm (A,.x = 378 nm).
Subsequently, the emission maxima of these samples
were measured (A, = 250 nm a A, = 330-700 nm),
Fig. 1d. An increase in the emission intensity was
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Fig. 1 Spectral analysis of UV-formed QDs a Emission spectrum of UV
tubes in the transilluminator, b Absorption spectra of CdSe QDs (240—
600 nm) obtained after illumination of precursors (0—60 min) by UV light
(spectrum shown in la), ¢ Absorbance maximum shift dependent on
illumination time, d Fluorescence emission spectra (330-700 nm)

observed during first 30 min of illumination, however in
the time interval 35-60 min of illumination, the fluores-
cence intensity decreased. In addition, the emission
spectrum exhibited a bathochromic shift as shown in
Fig. le. After 5 min of illumination, the emission max-
imum was A.,, max = 420 nm, but after 60 min, the
maximum increased for 158 nm to 578 nm. The pre-
sented results confirm that the UV illumination causes
formation of the fluorescent nanocrystals
([Cd(CH3CO,), + Na,Se — CdSe| + 2Na(CH;CO,)]),
stabilized by the MSA via the thiol group, demonstrated by the
red shift of the absorption and emission spectra. The chemical
principle of this observation was explained elsewhere [40], stat-
ing that the thiol groups are photo-oxidized by the application of
the UV light forming disulfide bridges in the molecules of the
capping agents. These molecules are afterwards dissolved by
the surrounding aqueous solution and released from the particle
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60 min

60 min

Irradiation (A = 254 nm) in time

0 min

dependent on illumination time (0—60 min), e Emission maximum shift
dependent on illumination time, f Particle size distribution and zeta
potentials of the UV-formed QDs, g Photographs of the UV-formed
QDs under UV illumination, h Photographs of the UV-formed QDs
under ambient light

surface. The exposed hydrophobic surface of the particle causes
subsequent aggregation of the crystals resulting in the increased
particle size and therefore the red shift in the spectra.

Using the dynamic light scattering technique the increasing
particle size dependent on the time of illumination was confirmed
(Fig. 11). It was observed that after 5-min illumination, QDs with
the size of 2.3 (+0.4) nm and zeta potential of —48 (£6) mV were
formed and after 15-min illumination, the size and increased to
3.1 (#0.3) nm. Finally, the illumination for 30 min caused the
formation of nanoparticles with the size of 4.1 (+0.4) nm and zeta
potential of —45 (+5) mV. From the values of zeta potential, the
stability of the colloidal solution is commonly evaluated. The
results suggested that the solution resulting by the UV light illu-
mination was stable, because the solution with zeta potential of
value above 30 mV or =30 mV is generally considered non-
aggregating and stable [41]. The photographs of the QD solutions
in UV and ambient light are shown in Fig. 1g, h, respectively.
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Fluorescence lifetime and concentration of CdTe — QDs
as a function of the duration of UV exposure

In this experiment, conventional fluorescence correlation
spectroscopy (fluorescence correlation spectroscopy measure-
ment is described in Supplementary material.) was modified
as shown in Fig. 2a. The solution of Cd:Se precursors (15 pL)
was pipetted on quartz glass (Fig. 2a — a) and on the top of this
sample UV LED (A, = 250 nm, 1 mW), Fig. 2a — b was
placed. After turning on the UV LED, the QDs started to be
formed and observed in the confocal volume (Fig. 2a - ¢) as
schematically shown in Fig. 2a—d. This process was recorded
in real time by microscope objective with water immersion
(Fig. 2a — e) and excitation laser (Ao, = 367 nm and 1 MHz
repetition). Finally, beam continued through the optical ele-
ments (50 pm pinhole and longpass emission filter, Fig. 2a—f,
2) in to the detector, Fig. 2a — h.

FCS is based on monitoring of the variations in the inten-
sity of fluorescence of substances diffusing through a very
small volume (1 fL) observed. Temporal fluctuations of the
intensity of fluorescence are recorded and analyzed using the
autocorrelation function G (t). The correlation curves were

fitted to the equation, see in supplementary material. In this
manner, CdSe QDs synthesis from precursors was recorded in
real time, as evidenced in Fig. 2b. According to the time of
occurrence of individual CdSe - QDs the genesis of QDs may
be subdivided into five parts QDs 1-5. Each part is character-
ized by the length of interval (QDs 1 =270 s, QDs 2 =269 s,
QDs 3=207s,QDs 4 =101 saQDs 5 =39 s). Thanks to the
deconvolution of the temporal waveform can be the intervals
studied in separately. The measured decay curves are found
best represented by a tetraexponential diffusion analysis func-
tion of the form I(t) = a; exp.(—x/T;) + a, exp.(—X/T,) + a3
exp.(—x/T3) + a4 exp.(—x/14), where Ty, T,, T3 and T4 are the
lifetime components and a,, a,, a; and a4 are the correspond-
ing amplitudes. The lifetime components T; - T4, average life-
time of components T, average amplitudes a and approxi-
mated concentration ¢, estimated using T = (T; + T, + T3+

T4)/4, a = (ay + ap + a3+ a4)/4 and approx. ¢ = /;VN are in
€ av

detail collected in Table S3. From the values in the table is
clear that the longer the time of UV irradiation the new quan-
tum dots are detected, which resulted in increasing average
length lifetime T . From the initial 40 ns (interval QDs 1)
the time decay was growing up to 112.2 ns (2.8 times), interval
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Fig. 2 a Schematic representation of the UV LED modified FCS a)
15 nL drop of precursors (Cd:Se) on quartz glass, b) UV LED
(Aem = 250 nm), c) idealized confocal volume, d) schematic
representation of the QDs formation in a confocal volume, ) lens with
water immersion, f, g) laser (A.,, = 367 nm, 1 MHz repetition), optical

elements (50 um pinhole and longpass emission filter) and h) detector. b
Formation of CdSe QDs from precursors (Cd:Se) recorded in real time
(0—15 min). ¢ Approximated concentration of CdSe QDs generated
during the UV irradiation
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QDs 5. With increasing time, decay is directly proportional to
increasing average lifetime amplitude a . Besides increasing
T and a there were also noted increasing concentrations of
CdSe QDs, Fig. 2¢. The sharp increase in the concentration of
CdSe QDs was mainly reflected in the tenth minute after UV
irradiation. The fluorescent intensity depends on the concen-
tration of the fluorophore; however, the lifetime of the
fluorophore is independent of concentration.

In-capillary formation of CdSe QDs

Finally, the work was focused on the direct synthesis of CdSe
QDs in nanoliter scale (in capillary). For these purposes, the
standard CE instrument was used with a little modification as
shown in the schematic drawing, Fig. 3a. For the synthesis of
CdSe QDs, the UV LED was used. It was connected to the
capillary by optical fiber, Fig. 3a — a. The capillary pathway
was partially modified by its local direction out of the cooling
tube, Fig. 3a — b. An optical fiber was focused into the ex-
posed capillary, where a special window was made (Fig. 3a —
¢). The QDs precursors were hydrodynamically injected (5 psi
for 5 s) into the capillary and the procedure was stopped for 0,
5,10, 15,20, 25 and 30 min (to ensure the formation of QDs in
special window, Fig. 3a — d). Subsequently, separation voltage
of 30 kV was applied and formed CdSe QDs (Fig. 3a - ¢)
migrated to the detection window, Fig. 3a — f.

First, CdSe QDs prepared by UV synthesis in a milliliter
scale (using the transilluminator) were analyzed by CE-LIF.
As shown in the electropherograms in Fig. 3b, Bright fluores-
cent signals were observed and their intensity was increasing
with increasing time of UV illumination. Moreover, this effec-
tive separation technique showed that the solution was a mix-
ture of different nanoparticles (various particle sizes) formed
during the illumination process. For demonstration, four most
distinct signals were labelled (QDs1 — QDs 4). There were
probably more components present in the mixture; however,
it was not the aim of the study to separate the mixture
completely. The dependence of the peak heights on the illu-
mination time is summarized in Fig. 3¢ and it is shown that the
peak with migration time of 7 min is exhibiting the highest
fluorescence intensity, reaching even fluorescence intensity
over the detector range. However, it is shown that with in-
creasing the illumination time, also other fluorescent signal
started to be observed, which, as it is believed, belong to the
QDs with higher particle sizes or to the QD aggregates.

Finally, the in-capillary formation of QDs by UV light was
tested, which can be applied in microfluidic devices to signif-
icantly decrease the amount of chemicals used and meeting
the requirements of green chemistry/analysis.

As describe above, the optical fiber guiding the UV light
from the UV LED was focused into the special window made
at the injection end of the capillary (14 cm from the start).
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' T | 1 - L
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Fig. 3 a Scheme of modified capillary pathway and special window
position, a) conventional capillary cartridge with the capillary inside the
cooling tube, b) capillary directed out of the cooling tube, ¢) UV LED
(Aem = 250 nm) connected to the optical fiber focusing the light into the
capillary, d) zone of QD precursors injected into the capillary UV
LED off, e) formation of QDs using UV LED on, f) CE
separation of formed QDs and LED-IF detection by 380 nm LED
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excitation. b Electropherograms of CdSe QDs formed by UV
illumination in transilluminator (0—30 min) ¢ Dependence of UV light
illumination time on peak heights of four main fluorescent signals
(QDs1— QDs4). d Electropherograms of CdSe QDs formed after in-
capillary UV LED illumination (030 min). e Dependence of UV light
illumination time on peak heights — in-capillary QD formation
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Subsequently, the solution of precursors was hydrodynamical-
ly injected into the capillary and illuminated for 5, 10, 15 or
20 min. After the illumination time, the CE separation started
and the formed QDs were conventionally detected. The elec-
tropherograms are shown in Fig. 3d. The fluorescent signals
were observed with maximum in migration time of 4.3 min.
The lower migration time compared to Fig. 3b is given by the
shortened effective capillary length. In addition, the fluores-
cence intensity was lower due to the lower optical power of
the UV LED. However, the signal-to-noise ratio was satisfac-
tory. It has to be noted that the maximum fluorescence inten-
sity in this arrangement was reached after 20 min of illumina-
tion and with increasing time, the intensity decreased signifi-
cantly. On the other hand, only one signal is observed sug-
gesting lower polydispersity of the QDs prepared by this
technique.

In general, it can be stated that in situ (or flow through)
synthesis of QDs by elevated temperature [42, 43] is conve-
nient and effective; however for some, mostly biological, ap-
plications, the excessive heating may interfere the process in
the fluidic device (e.g. protein denaturation, cell damage etc.).
For these purposes, the in-line formation of QDs for automat-
ed, low-volume synthesis by UV light irradiation is advanta-
geous. The UV light may be focused in the extremely low
volume and the powerful lasers may be used, which increases
the effectivity of the proposed method. Afterwards, the in-
capillary interactions may take place without the need of in-
teraction by the operator.

Quantification of CdSe QDs formed by UV light

Using three different optical arrangements, QDs formed by
UV light illumination in three different volumes (3 mL,

15 uL, 4 nL) were observed and the amount of QDs formed
was investigated. To quantify this amount, a sufficient amount
of QDs powder was prepared by UV illumination (irradiation
of the 21 mL of precursor’s solution (CdSe)). The solution
was filtered through Amicons Ultra 0.5 mL 3 K Centrifugal
Filters and dried overnight at 50 °C. The powder was resus-
pended in 5 mM borate buffer pH 9 to create the calibration
curve.

The concentration of QDs formed during large-volume
(3 mL), middle-volume (15 pL) and low-volume (4 nL) syn-
thesis was determined as 88 ug.mL™', 31.6 ug'mL™"' and
64.5 pg'mL™', respectively. The higher concentration of
QDs formed in capillary format (4 nL) was caused by higher
radiation power because maximum of the light from the UV
LED was focused into the capillary volume by optical fiber
while in case of 15 pL drop, the light was distributed in a much
larger area.

The absolute amount in the given volume (Fig. 4) calculat-
ed for each method demonstrates the possibility of the
capillary-based methods to monitor the formation of very
low amounts of QDs, which can be further transferred by
electric field.

Conclusion

Even though the quantum dots will not probably replace con-
ventional fluorescent labels based on organic fluorophores,
they have several significant benefits (e.g. tuneability of opti-
cal properties and simplicity of synthesis compared to organic
dyes) and therefore they will find their place in the family of
fluorescent tracers.

Fig. 4 Schematic representation
of UV synthesis of CdSe QDs by
a large-volume (3 mL) b middle-
volume (15 pL), ¢ low-volume
(4 nL)

a Quartz cuvette !

Concentration total amount of
m of QDs in 3 ml QDs
5 min UV 88 264 ug

3 mL e— pg-mL-!

Concentration total amount of

™  ofQDsin15uL QDs
N7 L 5 min UV
g 15],1L_ 31.6 476 ng
pgmL!
c Ca_pillary Concentration total amount of
4 nL }"—‘ of QDs in 4 nL QDs
n
‘ 5 min UV 645 258 Pg

- s po-ml-!
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Based on a systematic study formation of QDs by UV light
illumination from the most commonly used precursors, CdSe
nanoparticles exhibited the best optical properties such as QY
(13.4%). The formation of QDs was observed in milliliter
(quartz cuvette), microliter (solution drop), and nanoliter (in-
capillary) scale by spectrophotometry, fluorescence correla-
tion spectroscopy and capillary electrophoresis with LED-IF
detection, respectively.

The biggest advantage of formation of QDs by UV light is
in the possibility of synthesis of QDs in very small volumes
(nanoliters), which meets not only the requirements on green
chemistry (low consumption of chemicals) but also can be
easily integrated into the lab-on-chip, micro-total-analysis
microfluidic devices or other methods.

For some applications, the QY of the UV-synthesized QDs
may be insufficient. However, the flow-through method of
synthesis requiring extremely low amount of precursors in
combination with sensitive detection (i.e. laser-induced fluo-
rescence or electrochemical detection) may be beneficial for
certain analytical purposes.
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One sentence summary: Cells of Cupriavidus necator increase their length during PHA accumulation in order to maintain an intracellular PHA granule
volume content of no more than 40%.

Editor: Alexander Steinbiichel

ABSTRACT

Many bacteria are capable of accumulating intracellular granules of polyhydroxyalkanoates (PHA). In this work, we
developed confocal microscopy analysis of bacterial cells to study changes in the diameters of cells as well as PHA granules
during growth and PHA accumulation in the bacterium Cupriavidus necator H16 (formerly Ralstonia eutropha). The cell
envelope was stained by DiD® fluorescent probe and PHA granules by Nile Red. Signals from both probes were separated
based on their spectral and fluorescence life-time properties. During growth and PHA accumulation, bacterial cells
increased their length but the width of the cells remained constant. The volume fraction of PHA granules in cells increased
during PHA accumulation, nevertheless, its value did not exceed 40 vol. % regardless of the PHA weight content. It seems
that bacterial cultures lengthen the cells in order to control the PHA volume portion. However, since similar changes in cell
length were also observed in a PHA non-accumulating mutant, it seems that there is no direct control mechanism, which
regulates the prolongation of the cells with respect to PHA granules volume. It is more likely that PHA biosynthesis and the
length of cells are influenced by the same external stimuli such as nutrient limitation.

Keywords: Polyhydroxyalkanoates; intracellular granules; confocal fluorescence microscopy; bacterial cell diameters

INTRODUCTION ever, there is also evidence that the capacity to accumulate PHAs
enhances the resistance of bacterial cells to various stress con-
ditions (Kadouri, Jurkevitch and Okon 2005; Obruca et al. 2016).
PHA are accumulated in bacterial cytoplasm in the form of
inclusions called granules in varying numbers and sizes de-
pending on culture conditions (Volova et al. 2013). PHA gran-
ules can represent a large fraction of cellular dry matter—under

Polyhydroxyalkanoates (PHA) are linear polyesters accumulated
by a wide variety of taxonomically different groups of mi-
croorganisms under nutrient-limited conditions when a carbon
source is readily available. It is generally proposed that PHA
serve primarily as a carbon- and energy-storage material; how-
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extreme conditions, up to 90% (Obruca et al. 2014a). The PHA
granules harbor a considerable number of proteins on their
polymer surface, suggesting that they represent supramolecu-
lar complexes with specific functions rather than only simple
sacks rich in carbon and energy. Therefore, the designation ‘car-
bonosome’ was suggested to indicate the multifunctionality and
complex role of PHA granules (Jendrossek 2009). A detailed de-
scription of PHA granule-associated proteins has recently been
provided in an excellent review by Jendrossek and Pfeiffer (2014).

Generally, the most studied bacterium in the context of PHA
accumulation, granule formation and mobilization is the Gram-
negative bacterium Cupriavidus necator H16 (formerly Ralstonia
eutropha, Wautersia eutropha and Alcaligenes eutrophus), which
represents the model organism for PHA metabolism (Reinecke
and Steinbuchel 2009).

To our knowledge, only little attention has been paid to PHA
granules with respect to bacterial cell morphology and even less
to the effects of their presence in bacterial cells on the proper-
ties of such cells. For instance, such fundamental information
as the volume fraction of PHA granules in cells is missing. The
morphology of PHA accumulating cells as well as the numbers,
sizes and localizations of PHA granules in bacterial cells is usu-
ally observed by Transmission Electron Microscopy (TEM) (Tian,
Sinskey and Stubbe 2005; Wahl et al. 2012; Rodriguez-Contreras
et al. 2013). In order to overcome the problems associated with
TEM analysis and to shed light on the basic features of the mor-
phology of PHA accumulating bacterial cells, we developed the
analysis of bacterial cells and PHA granules in their cytoplasm
by means of dual-staining time-resolved confocal fluorescence
microscopy. This analytical protocol was used to study cells
of C. necator during their growth in a medium supporting PHA
accumulation.

MATERIALS AND METHODS
Materials and microorganisms

The fluorescent probes Nile Red and DiD (1,7-
Dioctadecyl-3,3,3',3'-Tetramethylindodicarbocyanine, 4-
Chlorobenzenesulfonate Salt) were purchased from Sigma
Aldrich (Munich, Germany) and Molecular Probes (Thermo
Fisher Scientific, Waltham, MA USA), respectively. Cupriavidus
necator H16 (CCM 3726) was obtained from the Czech Col-
lection of Microorganisms, Brno, Czech Republic. The PHA
non-producing strain C. necator PHB-4 (DSM-541) was pur-
chased from the Leibnitz Institute DSMZ-German Collection of
Microorganism and Cell Cultures, Braunschweig, Germany.

Cultivations and determination of intracellular PHA

Erlenmeyer flasks (volume 250 mL) containing 100 mL of Min-
eral Salt medium described elsewhere (Obruca et al. 2014a) with
fructose (20 g/l) as the sole carbon source were inoculated by
5 mL of the overnight culture of a particular strain of C. necator
grown in Nutrient Broth medium. Subsequently, samples were
taken in regular intervals during 80 h of cultivation, and the cells
were harvested (centrifugation, 8000x g, 5 min) and subjected to
fluorescent microscopy analysis. In the same cell samples, the
content of biomass and PHA were determined as described pre-
viously (Obruca et al. 2014b).

Fluorescent microscopy analysis of bacterial cells

To determine the relative content and geometrical parameters
of granules and cells, fluorescence lifetime imaging microscopy

was employed. Cells were stained with two different fluores-
cence probes—amphiphilic DiD and hydrophobic Nile Red. DiD
serves as a membrane probe since its dominant fraction can be
found in the outer part of the bacterial cells. Nile red has a low
quantum yield in an aqueous microenvironment and high quan-
tum yield in a non-polar environment. Different fractions of Nile
red can be found localized in granules (the dominant fraction),
inside membranes, or on proteins.

The determination of cell dimensions and particular gran-
ules requires the gathering of all necessary information from
one scan. This approach suppresses the possibility of photo-
bleaching or misalignment. To resolve these two probes, Pulsed-
Interleaved Excitation with spectral and temporal resolutions of
detection was used. As a result, we obtained two different im-
ages from one scan, an NR-based granules image and a DiD-
based whole cell image. For detailed information on the method,
see Supporting Information.

Prior to staining, bacterial cells were washed twice by PBS
buffer, permeabilized by ice-cold 20% ethanol for 10 min and
washed by PBS buffer again. The staining of 1 mL of cell sus-
pension (cell density ~10® cells per mL) was performed by the
addition of 1 ul of Nile Red (0.01 mg/ml) in DMSO and 1 uL of DiD
(0.01 mg/ml) in acetone. The cells were left to stain in the dark
for 30 min at laboratory temperature. Afterwards, about 10 uL of
the bacterial suspension was placed on the cleaned and dust-
free surface of a coverslip (20 x 20 um, 150 um thick) and then
superimposed by 200 uL of 2% agarose aqueous solution with
temperature of about 45°C.

From each sample, at least 20 different cells were selected for
precise scanning. The scanning method was designed with re-
spect to random orientation and the elongate shape of bacterial
cells. For details of the procedure, see Supporting Information.

Calculation of cell and PHA granule volumes

For every cell from the precise scan, two different images were
obtained. From the red channel, information about the overall
dimensions of the cell was extracted from the intensity profile.
The total volume of the cell was calculated with the cell shape
approximated to a cylinder. To determine the volume of a cylin-
der, it is necessary to know its diameter and length. The shape
of C. necator is slightly different from an ideal cylinder; therefore,
a correction was necessary. The width, i.e. the cylindrical diam-
eter, of the cells was taken as the average of at least 10 width
measurements at different locations along the cell. The length
was taken as the average of three measurements. PHA granules
were approximated to spheres and analyzed individually. The
volume of each granule was determined using the average of
three diameter measurements taken from different sides.

TEM analysis of bacterial cells

Bacterial cells must be prepared to a thickness which allows
electrons to transmit through the sample. The specimen prepa-
ration protocol began with the addition of a cryoprotectant
(20% BSA (Fluka)) to cell suspensions. Then, the sample (~0,
2 ul) placed in special carrier was frozen in a high pressure
freezer (Leica EM Pact) and transferred under liquid nitrogen
into a freeze substitution unit (Leica EM AFS). Two percent os-
mium tetroxide in acetone was used as a substitution solution.
The substitution protocol began at a temperature of -90°C and
finished at 4°C after 160 h of slow temperature increase. At
room temperature, the sample was infiltrated and embedded
in Polybed (SPI, acetone:resin ratios of 2:1, 1:1 and 1:2, for 1 h
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of each and overnight in pure embedding media under vacuum
using a desiccator). Polymerization was conducted for 48 h at
62°C. Ultrathin sections were cut on an Ultracut UCT ultrami-
crotome (Leica) using a diamond knife (Diatome) with a cutting
angle of 45°. Sections were transferred on 300Mesh copper grids
and stained with uranyl acetate and lead citrate solutions.

The ultrastructure of PHA accumulating cells was examined
using a JEOL 1010 transmission electron microscope operating at
an accelerating voltage of 80 kV. Images were recorded digitally
using a Megaview III CCD camera (Olympus).

Image analysis of TEM microphotographs

From the TEM micrographs, the average volume fractions of PHA
granules in the cells were determined. For this purpose, im-
age processing and analysis were performed using the HarFA
software application developed at the Faculty of Chemistry,
Brno University of Technology. Using this software, the TEM
micrographs (10 micrographs in total) were subjected to a
black/white thresholding process followed by two-dimensional
wavelet analysis. According to this analysis, for each individual
micrograph, appropriate threshold levels were chosen in order
to separately visualize PHA granules and the remaining intracel-
lular space. Respective area fractions of PHA granules in the cells
were then determined by simple B/W pixel counting (for more
details on image analysis, see Supporting Information). Estima-
tion of the respective volume fractions was based on the stereol-
ogy formula stating that, in systems with random morphology,
the volume fraction and the area fraction in a random section
through the system are approximately equal (Slouf et al. 2015).

RESULTS AND DISCUSSION

The morphology and diameters of bacterial cells are crucial fac-
tors influencing the fate of the cells, because changes in cell
volume or surface area can have profound effects on metabolic
flux, biosynthetic capacity and nutrient exchange (Young 2007;
Marsahll et al. 2012). Therefore, bacteria precisely control their
sizes and shapes in order to import nutrients most efficiently,
meet the requirements imposed by cell division, attach them-
selves to external surfaces, take advantage of passive dispersal
mechanisms, move purposefully to pursue nutrients or avoid in-
hibitors and avoid predation by other organisms (Marsahll et al.
2012). Since little is known about the impact of PHA accumu-
lation on the diameters and morphology of bacterial cells, we
decided to investigate this phenomenon in C. necator.

At first, we performed TEM analysis of the PHA accumulat-
ing bacterial culture C. necator H16 (the weight content of PHA
in the cell dry weight was 78%) and its mutant strain C. neca-
tor PHB™, which is not capable of PHA accumulation (Raberg
et al. 2014). The results of TEM analysis are shown in Fig. 1la
and b. Generally, TEM provides impressive pictures of PHA gran-
ules in bacterial cells; nevertheless, the method lacks the poten-
tial to provide morphological details on the level of single cells.
The preparation of samples requires the very thin slicing (e.g.
70 nm) of bacterial suspensions in which the bacterial cells are
randomly oriented and the overall picture can be influenced by
various spherical effects (Fig. 1c). In fact, the reliability of the re-
sults of TEM depends on the positions of cells at the point where
the thin section was performed. Only in the case of bacterial
cells and granules which were cut exactly through the middle
can determine diameters accurately. Hence, without statistical
analysis, microphotographs acquired by TEM are not ideal for
estimation of the sizes and shapes of bacterial cells and PHA

Mravecetal. | 3

000000

Figure 1. Cells of (a) PHA accumulating Cupriavidus necator H16 and (b) PHA non-
accumulating C. necator PHB* observed by TEM and (c) the effect of the prepa-
ration of thin-slices for TEM on observed morphologies and diameters of PHA
accumulating cells and granules.

granules. Further, during sample preparation for TEM analysis,
the infiltration of the specimen by epoxy resin, embedding and
polymerization can lead to the shrinkage of cells, which may
influence the size of PHA granules (Mollenhauer 1993). In addi-
tion, the cutting process is connected with section compression,
which is directly proportional to the value of the cutting angle
(Studer and Gnaegi 2000). This phenomenon affects the shape
of PHA granules (Fig. 1), causing them to be oval rather than
circular.

On the other hand, TEM can be used to estimate the volume
content of PHA granules in bacterial cells, since we can perform
the image analysis of TEM microphotographs described above.
Hence, we calculated the volume content of PHA granules in
cells of C. necator H16 to be 35 + 3%.
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Figure 2. (a) Chemical formulas of individual fluorescent probes used in dual-staining confocal fluorescence microscopy analysis, (b) principle of separation of fluo-
rescence signals from both probes (c) and the basic principle of data analysis.
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Figure 3. Development of following parameters during cultivation of Cupriavidus necator H16 in mineral medium with fructose as the sole carbon source (a) biomass
and PHA concentration (b) length and width of bacterial cells (c) volume content of PHA granules in cells and weight content of PHA per cell dry weight.

To overcome the above-mentioned problems with TEM anal-
ysis, we developed an advanced confocal fluorescence mi-
croscopy technique (the principles of staining and data evalua-
tion are described in the Materials and Methods and also shown
in Fig. 2), which was used to study the morphology of cells and
PHA granules during the growth of C. necator H16. In general,
this technique allows the analysis of bacterial cultures to be per-
formed at the single-cell level, which means that each parame-
ter can be estimated individually for each cell, which, in turn,
allows the degree of cellular heterogeneity to be described.

The time courses of the biomass and PHA concentrations
during cultivation are shown in Fig 3a; the weight content of

PHA in the cell dry weight (CDW) is shown in Fig. 3c. During the
lag-phase of the growth curve (the initial eight hours of culti-
vation), the bacterial culture did not grow and, further, we ob-
served a decrease in PHA content from 20.8% of CDW to 14.1%
of CDW, which indicates that the cells slowly utilized their in-
tracellular storage of PHA. It seems that the polymer might
represent a carbon substrate which the bacteria use to cover en-
ergy demands during adaptation from one medium (the inocu-
lum was prepared in complex NB medium) to another (a fructose
and mineral medium).

Further, the data describing cell diameters during growth are
shown in Fig. 3b and the volume content of PHA granules in cells
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Figure 4. Length and width of the cells of PHA non-producing strain Cupriavidus
necator PHB~* during growth in mineral medium with fructose as the sole carbon
source.

is presented in Fig. 3c. The utilization of PHA during the initial
eight hours of cultivation was accompanied not only by a re-
duction in the weight content of PHA in biomass, but also by a
reduction in the volume content of PHA granules in cells as well
as a decrease in the length of the cells. In contrast, the width of
the cells appeared to be independent of the stage of growth since
it remained constant (about 0.7 um) during the whole period of
cultivation.

After the lag-phase, the bacterial culture started to grow and
accumulate PHA, the weight content of PHA in bacterial cells
reaching up to 75% of the CDW at the end of cultivation. Further-
more, despite the fact that the distributions of cell length in the
samples were rather wide, after the lag-phase we also observed
a considerable increase in cell length with increasing cultivation
time.

The volume content of PHA granules in cell cytoplasm
reached a maximum close to 40% (after 24 h of cultivation) and,
thereafter, remained more or less constant (Fig. 3c). Therefore,
the results obtained by confocal fluorescence microscopy for
cells with high PHA content seem to be in agreement with TEM
microscopy. It seems that bacterial cells compensate for the in-
crease in the amount of PHA per cell by increasing their length
in order to keep the PHA granule volume content per cell to a
maximum of no more than ~40 vol. %.

The fact that cells of PHA accumulating bacteria possess a
regulatory mechanism to maintain capacity for granule storage
was suggested by Tian, Sinskey and Stubbe (2005). To investi-
gate whether the elongation of C. necator cells is directly con-
trolled by the presence of PHA granules in cells, we also per-
formed confocal fluorescence microscopy analysis of the PHA
non-producing mutant C. necator PHB~#; data are shown in Fig. 4.
Thus, we found that both the cell lengths and cell widths of the
mutant strain are very similar to those of the wild type. It indi-
cates that there is no direct control mechanism regulating the
prolongation of cells in response to the presence of PHA gran-
ules. It seems more likely that the cell size is controlled by ex-
ternal factors. For instance, the bacterium Caulobacter crescentus
increases its cell volume in phosphate-poor conditions in order
to improve the uptake of this crucial nutrient (Young 2007). It is
a well-known fact that PHA accumulation in C. necator H16 is in-
duced by limitations on phosphate, nitrogen and other nutrients
(Jendrossek and Pfeiffer 2014). Therefore, we can hypothesize
that rather than by the existence of a direct control mechanism
between PHA granules and cell length to maintain PHA volume

Table 1. Development of number of PHA granules per cell in C. neca-
tor H16 culture with respect to time of cultivation and PHA weight
content.

Time of Weight PHA content Number of PHA

cultivation [h] [% of cell dry weight] granules per cell
0 208 + 2.4 6.6 £ 2.0
4 16.2 £ 1.5 3.0 £ 1.0
8 14.1 + 0.4 3.6 £ 17
12 29.7 £ 0.1 6.2 £ 3.2
24 523 + 1.3 13.7 +£ 3.1
34 559 + 4.7 13.8 + 1.8
48 66.0 + 1.4 153 +£ 3.3
56 69.1 + 1.0 10.2 £ 6.2
72 68.5 + 0.1 13.1 £ 5.0
80 721 +£ 1.2 10.9 £+ 3.9

content to below 40 vol. %, the regulation of maximum PHA vol-
ume content is enabled by the fact that both PHA biosynthesis
and cell length are influenced by the same factors (e.g. nutrient
limitation).

Apart from the volume of PHA granules, we were also
able to determine the number of PHA granules per cell
(Table 1). The number of PHA granules in cells correlated
with the PHA weight and volume content, since the cells
contained ~6.6 granules per cell at the beginning of cul-
tivation, and the number of granules in cells further de-
creased during the lag-phase of growth but increased as
the cells started to accumulate PHA. However, it should be
pointed out that due to the limitations of optical microscopy
we were probably unable to distinguish possible clusters of mul-
tiple small granules which can be expected during the initial
phase of PHA accumulation, as suggested by Jendrossek and
Pfeiffer (2014). The average number of granules per cell during
the PHA accumulation phase varied between 10 and 15, which
is in accordance with reports of Anderson and Dawes (1990) and
Tian, Sinskey and Stubbe (2005).

CONCLUSION

The dual-staining confocal fluorescence microscopy method de-
veloped in this work seems to be a very promising technique for
the simultaneous study of the fundamental diameters of bacte-
rial cells and intracellular PHA granules at the single cell level.
On the basis of our results, cells of C. necator H16, during PHA ac-
cumulation, appear to increase their length in order to maintain
an intracellular PHA granule volume content of no more than
40%. However, rather than there being a direct control mecha-
nism between PHA granule content and cell length, it is more
likely that both parameters are dependent on the same external
stimuli, such as nutrient limitation.
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Numerous prokaryotes accumulate polyhydroxybutyrate (PHB) intracellularly as a storage material. It
has also been proposed that PHB accumulation improves bacterial stress resistance. Cupriavidus necator
and its PHB non-accumulating mutant were employed to investigate the protective role of PHB under
hypertonic conditions. The presence of PHB granules enhanced survival of the bacteria after exposure to
hypertonic conditions. Surprisingly, when coping with such conditions, the bacteria did not utilize PHB to

Keywords: harvest carbon or energy, suggesting that, in the osmotic upshock of C. necator, the protective mechanism
Eg‘g(}hydm"yb”tymte) of PHB granules is not associated with their hydrolysis. The presence of PHB granules influenced the

overall properties of the cells, since challenged PHB-free cells underwent massive plasmolysis
accompanied by damage to the cell membrane and the leakage of cytoplasm content, while no such
effects were observed in PHB containing bacteria. Moreover, PHB granules demonstrated “liquid-like”
properties indicating that they can partially repair and stabilize cell membranes by plugging small gaps
formed during plasmolysis. In addition, the level of dehydration and changes in intracellular pH in
osmotically challenged cells were less pronounced for PHB-containing cultures, demonstrating the
important role of PHB for bacterial survival under hyperosmotic conditions.

© 2017 Elsevier B.V. All rights reserved.

Cupriavidus necator
Hyperosmotic conditions
Plasmolysis

Stress conditions

Introduction Driven by the difference of osmotic pressure inside and outside

the cell, a rapid increase in external salt concentration is inevitably

The fluctuation of external osmolarity is one of the most
frequently encountered types of environmental stress factor for
numerous microorganisms. For example, soil bacteria are often
exposed to rapid alterations in external osmolarity as the water
activity of soil is dependent on quickly changing weather
conditions [1]. Therefore, the ability to adapt to fluctuations in
external osmolarity is fundamental to survival and bacteria
(regardless of their salinity preference) have developed different
strategies to cope with osmotic pressure and changes in
extracellular osmolarity [2].
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accompanied by water efflux, resulting in dehydration of the
cytoplasm [1]. The cell envelope of Gram-negative bacteria
consists of an outer membrane, murein wall and cytoplasmic
membrane, which contract together forming a kind of composite
material. When cells dehydrate as a consequence of exposure to
osmotic upshock, the cytoplasmic membrane separates from the
outer layers of the cell envelope in order to cover a smaller volume
of cytoplasm. Such a process is called “plasmolysis” and is
accompanied by the formation of a periplasmic space, which
depending on the conditions can represent 5-70% of cell volume
[3]. The ability to undergo plasmolysis indicates that a semiper-
meable membrane is functioning and able to maintain protoplast
integrity [4]. However, plasmolysis may also be a problem because
the cytoplasmic membrane is unable to shrink by more than 2-5%,
so that massive plasmolysis might result in its damage and collapse
[5].

Polyhydroxyalkanoates (PHAs) are storage polyesters accumu-
lated in the form of intracellular granules by a wide range of
prokaryotic microorganisms. Among PHAs, the polymer of 3-
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hydroxybutyrate, poly(3-hydroxybutyrate) (PHB) is commonest
and best studied [6-8]. PHB granules can represent a large fraction
of cellular dry matter — under extreme conditions, up to 90% [9].
However, bacterial cells control their size to restrict the volume
content of PHB granules to a maximum of 40% [10]; hence,
geometric factors are assumed to determine the upper limit of
intracellular PHB content [11]. The biosynthesis and hydrolysis of
intracellular PHB granules occur simultaneously; thus, PHB
metabolism exhibits a cyclic mechanism. Biosynthesis prevails
when an external carbon source is present in excess and, on the
contrary, hydrolysis and utilization of PHB granules is dominant
when an external carbon source is lacking [12]. Therefore, it is
generally proposed that PHAs are primarily utilized as carbon and
energy storage materials when exogenous carbon sources are
exhausted.

Nevertheless, there are several reports indicating that the
presence of PHA granules in the cytoplasm enhances the survival of
bacteria under various stress conditions, including osmotic
pressure. Zhao et al. observed that the disruption of the PHA
synthase gene in Aeromonas hydrophila reduced its resistance
against numerous environmental stress factors, including high
osmotic pressure [13]. Breedveld et al. reported that Rhizobium
leguminosarum TA-1 and Rhizobium meliloti SU-47 cultures
responded to osmotic stress exposure by degrading the intracellu-
lar storage of PHB and simultaneously increasing trehalose content
[14]. Wang et al. tested the stress durability of recombinant
Escherichia coli strains. The first of these harbored only PHA
synthetic genes, whereas the second recombinant strain harbored
both PHB synthetic genes and intracellular PHB depolymerase. It
was observed that both strains were more resistant against several
stresses, including osmotic pressure, than the wild type which was
incapable of PHB synthesis. However, the recombinant strain
capable of synthesizing and degrading PHB was more resistant
than the strain incapable of PHB degradation [15]. Further, it was
reported that the application of mild osmotic pressure (about 10 g/
L NaCl) supports PHB biosynthesis in Cupriavidus necator [16,17].
Moreover, the capacity to accumulate PHA was observed in many
halotolerant and halophilic prokaryotes, while several Gram-
negative halophiles such as Haloferax mediterranei or Halomonas
sp. are considered as potential candidates for the industrial
production of PHAs [18,19]. Recently, Gram-positive halotolerant
strains have also been described as potential PHA producers under
fluctuating salinities [20].

Therefore, we proposed to shed light on the effects of the
presence of PHB granules in bacterial cells on the viability,
morphology and other properties of osmo-mesophilic cells when
exposed to a hypertonic environment. We employed the most
studied organism in the context of PHA metabolism, namely the
Gram-negative soil bacterium Cupriavidus necator H16 [21] and its
mutant strain Cupriavidus necator PHB~* which, due to the
mutation in the gene encoding PHB synthase, is incapable of
accumulating PHB [22].

Methods
Microorganisms

The PHB-producing strain Cupriavidus necator H16 (CCM 3726)
was obtained from the Czech Collection of Microorganisms, Brno,
Czech Republic, and its PHA non-producing mutant strain
Cupriavidus necator PHB-4 (DSM-541) was purchased from the
Leibnitz Institute DSMZ-German Collection of Microorganism and
Cell Cultures, Braunschweig, Germany.

Cultivations and hyperosmotic challenge

Cultivations were performed in Erlenmeyer flasks (volume
250mL) containing 100mL of Mineral Salt (MS) medium.
Composition of MS medium was: 20g fructose, 3g (NH4)2SOy4,
1g KH,PO4, 11.1g Na,HPO,4-12H,0, 0.2g MgS0,4-7H,0, 1mL of
microelement solution, and 1L of distilled water; the microele-
ment solution was composed of 9.7¢g FeCls, 7.8 g CaCl,, 0.156¢g
CuS04-5H,0, 0.119 g CoCl,, and 0.118 g NiCl, in 1L of 0.1 M HCI. The
flasks were inoculated with 5mL of the overnight culture of a
particular strain of C. necator grown in Nutrient Broth medium
consisting of 10 g peptone, 10 g beef extract, and 5g NaCl in 1L of
distilled water. After 72 h of cultivation, the cells were harvested
(centrifugation, 8000 x g, 5min), washed with Na-phosphate
buffer (pH 7.4; 50 mM), and exposed to various concentrations
of NaCl (0, 50, 100 and 200 g per liter of Na-phosphate buffer) for
3h at 30°C. Afterwards, various analyses of the challenged
bacterial cells were performed as described below.

Analysis of cell viability

First, cell viability was assayed by the analysis of colony forming
units (CFU/mL). Cells of both C. necator strains (between 1 x 108
and 1 x10° cells/mL) were exposed to various concentrations of
NacCl for 3 h as described above. The numbers of viable cells (CFU/
mL) were determined by dilution plating on Petri dishes with NB
medium agar prior to and at the end of incubation (three
replicates). NB medium agar consisted of 10 g peptone, 10 g beef
extract, and 5g NaCl and 20 g agar per 1L of distilled water.

Secondly, the viability of challenged bacterial populations was
assessed by flow cytometry, using a membrane integrity assay
employing propidium iodide staining. The protocol described by
Coder was employed [23]. From each sample, 100 L aliquots were
taken, washed with PBS buffer, and diluted to a cell count of
approximately 1 x 10° cells/mL. Then, 1 mL of cell suspension was
stained with 1 L of 1 mg/mL propidium iodide in the dark for
5 min. Subsequently, cell viability was analysed by flow cytometry
(Apogee A50, Apogee, GB) using a 488 nm laser for excitation and
the red channel (FL3) for fluorescence detection.

Analysis of intracellular PHB content

To determine the biomass concentration and PHB content in
cells after exposure to a hypertonic environment, samples (10 mL)
were centrifuged and the cells washed twice with distilled water
and dried at 80°C until they achieved constant mass. The PHB
content of the dried cells was analysed by gas chromatography
(Trace GC Ultra, Thermo Scientific, USA), as reported previously
[24].

Raman spectroscopy

Approximately 20 pL of cells from C. necator H16 cultures
exposed for 3 h to various concentrations of NaCl were pipetted
onto CaF; (Raman grade glass) and analysed using a Renishaw Invia
system (Renishaw inVia Raman Spectrometer, Renishaw plc.,
Wotton-under-Edge, UK), with a 785 nm single-mode diode laser
as excitation source. The laser beam was focused onto a sample by
the microscope objective (Leica, Wetzlar, Germany, 50 x, NA
(Numerical aperture) 0.5), with a laser spot diameter of
approximately 2 pm x 10 wm. Overview spectra were acquired
in the range 700-1800 cm™~. Spectra from different parts of the
sample were measured for 155, to a total of 3 measurements per
sample; the results were averaged.
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Cryo-SEM

A thin layer of bacterial cultures of C. necator H16 and C. necator
PHB-4 exposed to hypertonic environments induced by various
NaCl concentrations on a TEM mesh grids were frozen quickly in
liquid nitrogen and moved into a cryo-vacuum chamber (ACE600,
Leica Microsystems), where they were sublimated at —95°C for
5 min. Further, the samples were moved under high vacuum using
a shuttle (VCT100, Leica Microsystems) into a Scanning Electron
Microscope (Magellan 400/L, FEI) equipped with a cold stage, and
the samples were observed in a 1keV electron beam at 120°C
without metal coating.

Transmission electron microscopy analysis of bacterial cells

Bacterial cells of both C. necator strains exposed to osmotic
upshock induced by various NaCl concentrations were analysed by
Transmission Electron Microscopy (TEM). After exposure to stress
conditions, 1 mL of the suspension was centrifuged (1000 rpm for
15 min) and the preparation protocol was initiated by the addition
of a cryoprotectant (20% BSA (Fluka)) to cell suspensions. Then,
each sample (approx. 0.2 wL) was placed in a special carrier, frozen
in a high pressure freezer (Leica EM Pact), and transferred under
liquid N5 into a freeze substitution unit (Leica EM AFS). 2% osmium
tetroxide in acetone was used as a substitution solution. The
substitution protocol was initiated at a temperature of —90° C for
96 h, and subsequently the samples were warmed up at —20° C for
24 h (5 ° C per hour) and finally the temperature was increased at
4° C after 8 h (3° C per hour), at which the samples were kept for
18 h. The samples were washed at room temperature in anhydrous
acetone (15 min, three times). Next, the samples were infiltrated
and embedded with Polybed resin (SPI) using acetone:resin

mixtures (2:1, 1:1 and 1:2, each set-up embedded for 1h and
then overnight in pure embedding media under vacuum using a
desiccator). Polymerization was perfomed by heat treatment (48 h
at 62°C). Ultrathin sections were cut on an Ultracut UCT
ultramicrotome (Leica) using a diamond knife (Diatome) with a
cutting angle of 45°. Sections were transferred onto 300Mesh
copper grids and stained with uranyl acetate and lead citrate
solutions.

The ultrastructure of PHA-accumulating cells was examined
using a JEOL 1010 transmission electron microscope operating at
an accelerating voltage of 80kV. Images were recorded digitally
using a Megaview III CCD camera (Olympus).

The volumes of the periplasmatic spaces of upshocked cells (the
measure of plasmolysis) were determined by image analysis of
TEM microphotographs using Harfa software, as described in
Supplementary materials and our previous publication [10].

Time-resolved fluorescence microspectroscopy

This section covers two different measurement techniques. The
first, Fluorescence Lifetime Imaging (FLIM), was used to resolve
lifetime changes in differently localized fluorophores. A fluores-
cent probe (carboxyfluorescein) is formed in situ by enzymatic
hydrolysis from BCECF-AM (Molecular Probes). The lifetime of the
fluorescence of this probe is dependent on the local pH value of a
cytosol (see Supplementary material for calibration of this
dependence). The second method. fluorescence anisotropy imag-
ing, is directly related to the free rotational motion of the
fluorophore and so to the local viscosity. Carboxyfluorescein was
excited with a pulsed laser at 467 nm and 40 MHz repetition
(PicoQuant). Samples were scanned with the objective using a
piezoelectric scanner (PhysikInstrumente, GmbH). Excitation and
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Fig 1. Viability of the PHB positive culture C. necator H16 and its PHB non-producing mutant C. necator PHB~# exposed (3 h) to various NaCl concentrations assayed by (A)

plating and (B) flow cytometry using propidium iodide staining.
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emission light were collected via an UPlanSapo objective with 60 x
magnification, water immersion, Numerical Aperture 1.2 (Olym-
pus, Inc.). Fluorescence signal was collected through a 50 um
pinhole, 520/35 emission filter (Semrock) and with a single photon
avalanche-photodiode detector (MPD S.r.l.). Samples were fixed
using a pre-heated 2% agarose solution in water and in a salt
solution with a concentration of 200 g/L of NaCl. About 10 L of cell
suspension was placed onto a microscopy cover slide and
superimposed with 2% agarose at ~40°C. In the case of pH
measurement, the dependency of carboxyfluorescein lifetimes
from hydrolysed BCECF-AM on different pH values was studied. It
was found that the average lifetime of a fluorophore exhibits a non-
linear dependency on the pH of the environment. The calibration is
presented in Supplementary materials.

Thermogravimetry of bacterial cells

A thermogravimetric analyzer (TGA, TA Instruments, Q5000IR)
was used to quantitatively analyze the dehydration of osmotically
challenged bacterial cultures. Prior to TGA analysis, a correspond-
ing cell sample, cultivated and osmotically challenged by the
procedures described above, was centrifuged and the supernatant
was carefully decanted. About 15mg of the remaining cell
suspension were weighed into the aluminium TGA pan. In the
TGA analyzer, the sample was heated instantaneously to 60 °C and
subsequently kept at this temperature for 40 min. Then, the
temperature was raised to 200°C and maintained for further
20 min in order to determine the dry mass of the sample. Both
bacterial cultures (C. necator H16 and C. necator PHB~*) were
analysed in unchallenged form as well as after exposure to 50, 100
and 200 g/L NaCl, respectively. Every experiment was performed in
four replicates; for each replicate, a fresh bacterial culture was
prepared. All the thermograms were analysed according to
Uribelarrea et al. [25] in order to determine critical water contents
(i.e. the points in the drying curves corresponding to a sudden
change in the drying rate) as a quantitative measure of the
respective intracellular water content.

Results
Influence of PHB accumulation on survival of osmotic stress

In the first experiment, both bacterial cultures were exposed to
osmotic shock induced by 50, 100, and 200g/L of NaCl for 3 h;
control exposure to buffer without the addition of NaCl was also
performed. First, cell viability was assayed by comparing the
numbers of cultivable cells (CFU/mL) in samples prior to and after
incubation; data are shown in Fig. 1A. The results demonstrated
that the application of NaCl decreased the number of cultivable
cells in both cultures and this adverse effect increased with
increasing concentration of NaCl. Importantly, the culture of C
necator H16 exhibited a higher survival rate than its PHB non-
accumulating mutant.

Secondly, the viability of the cultures was further assessed by
flow cytometry using propidium iodide as the viability probe. In
principle, staining easily penetrates cells with damaged mem-
branes, which consequently reveal high fluorescence and can be
discriminated from intact cells. Therefore, propidium iodide is
considered to be a membrane integrity probe [23]. The results are
presented in Fig. 1B. Also in this case, the PHB accumulating culture
demonstrated higher resistance to osmotic shock, its viability
decreasing only slightly with increasing NaCl concentration, while
the viability of the PHB non-accumulating mutant strain dropped
dramatically when exposed to 100 and 200 g/L NaCl. These results
suggest that the presence of PHB granules in bacterial cytoplasm
provides protection for cell membranes against the effects of

osmotic stress. Nevertheless, due to substantial differences in the
results obtained by plating assay and flow cytometry (especially in
C. necator H16), it appears that membrane damage caused by
plasmolysis is not the only factor causing a reduction in the
number of cultivable cells during osmotic challenge. The cultiva-
bility of PHB containing cells may be reduced by other mecha-
nisms, despite the fact that they cells are able to maintain
membrane integrity even at very high salt concentrations.

Change in PHB content and the state of the polymer in cells during
hyperosmotic challenge

Since some authors have reported that the increased stress
resistance of PHA accumulating bacteria against osmotic pressure
is associated with the degradation of intracellular polymer
granules [14,15], we determined the PHB content in bacterial cells
before and after exposure of C. necator H16 to hyperosmotic
challenge (Table 1). It was observed that a substantial decrease in
polymer content occurred only in cells which were incubated in
the absence of additional NaCl. In this case, prior to incubation, PHB
content amounted to 85.0% of cell dry mass (CDM); after 3 h of
incubation the polymer represented 80.7% of CDM. Thus, it seems
that the absence of an external carbon source shifted the PHB
metabolism from accumulation to degradation, which is in
agreement with previous reports for this organism [21]. Converse-
ly, when the cells were exposed to hyperosmotic shock, no PHB
degradation occurred and, in contrast, a slight increase in PHB
content was observed in the cell material with increasing NaCl
concentration in the buffer. It is unlikely that the exposure of
bacterial cells to such a high concentration of NaCl induced PHB
biosynthesis in the absence of an external carbon substrate. The
slight increase in PHB content was probably caused by the partial
hypotonic lysis of upshocked cells, which were subsequently
washed during the preparation of samples for GC analysis. Hence,
the results suggest that the involvement of PHB granules in the
response to suddenly induced high osmotic stress in C. necator is
rather metabolically passive and most likely not connected with
their degradation, in contrast to findings of Breedveld et al., who
observed that osmotic upshock is associated with mobilization of
PHA storage [14].

The state of PHB in upshocked cells was determined by Raman
spectroscopy. Under normal conditions, intracellular PHB granules
consist of amorphous polymer which is also the substrate for
intracellular PHB depolymerases [26]. However, we observed that
in some cases the amorphous state changed such that crystalliza-
tion was clearly identifiable from Raman spectra. The process of
crystallization is associated with enhancement of the intensity/
shift of particular PHB Raman peaks. Thus, it was possible to
estimate the state of the polymer in samples which were exposed
to 100 and 200g/L NaCl, and to enable the start of the
crystallization process within the cells to be visualized. Here,
qualitative differences between crystalline and amorphous

Table 1
The PHA content of intracellular polymer in cells of C. necator H16 exposed to
hypertonic conditions induced by various NaCl concentrations.

PHA content in biomass

[w%]
Prior to exposition 85.0+3.2
0g/L NaCl 80.7+2.1
50g/L NaCl 87.2+0.9
100 g/L NaCl 90.9+2.0
200g/L NaCl 90.7+0.8
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Fig. 2. Crystallization of PHB granules of upshocked cells of C. necator H16 recorded by Raman spectroscopy. (A) Whole Raman spectrum in the range 800-1800cm™'; (B)
detail of crystallization indicating shift of PHB peak at 1736 cm ™! for samples exposed to 100 and 200 g/l NaCl; (C) formation of peak at 1260 cm™" also indicating partial PHB

granule crystallization.

polymer states can readily be evaluated by the naked eye using a
set of 3 Raman emission lines which show quite significant
changes (Fig. 2). The most significant changes in the line intensities
of PHB during the process of crystallization were at 1260 and
841 cm . The line shift related to the process of crystallization can
also be observed for the PHB band from 1736 cm™~! (the amorphous
state) to about 1725cm~! (the crystalline state), as reported
previously [27-29]. Hence, it seems that the exposure of PHB
containing bacterial cells to hyperosmotic shock causes the partial
crystallization of PHB granules, which in turn might complicate its
further mobilization by PHB depolymerases.

Observation of the morphology of challenged cells by Cryo-SEM

Cryo-SEM was used to analyze the surface morphologies of
bacterial cells of both bacterial cultures exposed to hyperosmotic

shock. This technique, in general, should reveal changes in the
shapes or sizes of challenged cells. The results are shown in Fig. 3.
In fact, no substantial differences in the shapes of PHB
accumulating and non-accumulating cells were recorded during
their exposure to osmotic stress, which indicates that the outer
layers of the cell envelope are not drastically damaged by
hyperosmotic treatment. Nevertheless, cryo-SEM analysis revealed
another interesting phenomenon. Surprising “string-like” struc-
tures were observed in the areas where the cells were ripped
during sample preparation (see the structures indicated by red
arrows in Fig. 3). These structures were observed only in PHB
accumulating culture, which indicates that they were formed by
plastically deformed PHB granules. Plastic deformation of freeze-
fractured PHB granules investigated by Cryo-SEM has also been
observed by other authors [30,31]. It is interesting that “string-
like” structures were absent in bacterial culture incubated in buffer
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Fig. 3. Cryo-SEM analysis of PHB-accumulating C. necator H16 exposed to 0 (A), 50 g/L (B), 100 g/L (C), and 200 g/L NaCl (D); morphology of PHB non-accumulating strain C.
necator PHB~ exposed to 0 (E), 50 g/L (F), 100 g/L (G), and 200 g/L NaCl (H). Red arrows indicate “string-like” structures present in up-shocked PHB positive cells. Scale
bar=5 m. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig.4. TEM analysis of cells of the PHB non-accumulating strain C. necator PHB~* exposed to 0 (A-C), 50 g/L (D-F), 100 g/L (G-I), and 200 g/L NaCl (J-L). Red arrows indicate the
following observations: 1 - endocytotic vesicles; 2 - unsymmetrical plasmolysis of bacterial cells resulting in the formation of “hole-like” structures accompanied by the
release of cytoplasm content into the periplasmatic space; 3-the wrinkling of the outer layers of the cell envelope - the outer membrane and murein layers. (A,D,G,J: scale
bar=5 pm, others: scale bar=2 pm). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

without NaCl and that their number as well as width seem to
increase with increasing NaCl concentration. Evidently, the
exposure of bacterial culture to osmotic upshock alters the
properties of intracellular PHB granules, resulting in the more
intensive formation of string-like structures. It is unlikely that the
crystallization observed by Raman spectroscopy would support
the formation of string-like structures requiring considerable
plastic deformation of the polymer granules. Hence, it can be
expected that hypertonic conditions induce further change(s) in
the properties of PHB granules.

Transmission electron microscopy analysis of upshocked cells

Changes in the morphologies of the challenged cells of both
bacterial cultures were also observed by TEM. Microphotographs of
upshocked cells of the PHB non-accumulating mutant are shown in
Fig. 4. Generally, the exposure of bacterial cells to hyperosmotic
conditions induced massive plasmolysis in bacterial cells (the
periplasmatic space represented about 44-49 vol% of the cells) and
wrinkling of the outer layer of the cell envelope. The intensity of
plasmolysis only changed slightly with increasing NaCl concen-
tration and was accompanied by the formation of endocytotic
vesicles in some bacterial cells and the formation of tubular
structures and Scheie structures as described by Koch [3].
Surprisingly, the formation of the periplasmic space of upshocked
PHB non-accumulating cells was not symmetrical or situated at the
poles of the cells, as reported by others [3,5,32]; in numerous cases,
“hole-like” structures (reminiscent of incompletely formed endo-
cytotic vesicles) randomly distributed in the outer volume of
bacterial cell cytoplasm were observed. It is very likely that such
asymmetrical plasmolysis causes damage to the cytoplasmic

membrane. In these “holes” it is possible to observe darker areas,
which may be attributed to the leakage of cytoplasmic content
through the damaged membrane.

Fig. 5 shows the morphology of the PHB accumulating bacterial
strain of C. necator exposed to various NaCl concentrations. In this
case, osmotic challenge also resulted in wrinkling of the outer layer
of the cell envelope and plasmolysis; however, the plasmolysis was
considerably less intense since the periplasmatic space repre-
sented only about 20-24% of cell volume and no tubular or Scheie
structures were observed. Furthermore, unlike in the PHB-non-
accumulating mutant, plasmolysis in C. necator H16 did not result
in the formation of hole-like structures accompanied by the
leakage of cytoplasm content. On the contrary, when plasmolysis
occurred in the close vicinity of PHB granules, the polymer
granules exhibited unexpected “liquid-like” behavior associated
with their influx into the periplasmic space. Thus, it seems that
PHB granules are able to decrease the degree of plasmolysis and
change its nature; it is also likely that, due to their liquid-like
properties, they might partially protect membranes from damage
and decrease the leakage of cytoplasm content.

In addition, when PHB-positive bacterial cells were exposed to
100 and 200g/L of NaCl, the aggregation of PHB granules was
clearly obsered, usually resulting in the formation of one or several
non-spherical PHB granule(s) per cell.

Time-resolved fluorescence microscopy analysis of upshocked
bacterial cells

The fluorescence properties of labelled cytosol determined by a
BCECF-AM fluorogenic probe were studied using two different
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Fig. 5. TEM analysis of cells of the PHB-accumulating strain C. necator H16 exposed to 0 (A-C), 50 g/L (D-F), 100 g/L (G-I), and 200 g/L NaCl (J-L). Red arrows indicate the
following observations: 1-the wrinkling of the outer layers of the cell envelope and symmetrical plasmolysis; 2-the influx of PHB granules into the periplasmatic space; 3-the
massive aggregation of PHB granules. (A,D,G,J: scale bar =5 pwm; B,E,H, K: scale bar =2 um; C,EIL: scale bar =1 wm). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

approaches. Fluorescence lifetimes, dependent on the pH of the
environment (see Supplementary material), were comparable in
the case of standard environments. In both cell types, intracellular
pH was in the range 7.4-7.5, with a homogenous distribution inside
the cells. However, osmotic upshock shifted the intracellular pH
value differently in each tested bacterial culture. For C. necator, the
pH decreased to a value of 7.0 & 0.1. In contrast, as can be seen from
the fluorescence probe lifetimes, intracellular pH in cells of the
PHB non-containing mutant decreased more substantially to
values around 6.5 +0.3 when exposed to hypertonic conditions.
A further important effect of salt addition can be seen in Fig. 63,
which displays images with time-resolved information. Cells
under standard conditions are very well defined; however, after
exposure to osmotic stress, some cells, especially in PHB non-
containing culture, reveal hazy edges, which can imply the partial
leakage of the fluorescence probe into the external space.
Another fluorescence parameter which can uncover changes in
properties of bacterial cells is steady-state fluorescence anisotropy.
This describes the possibility of the free-rotation of the fluorescent
probe and therefore is usually associated with the “viscosity” of the
environment; its mapping can be used to study the rheology of
bacterial cell cytoplasm [33]. Generally, anisotropy directly
correlates with the viscosity of the environment - the higher
the anisotropy, the higher the viscosity. In the PHB non-
accumulating mutant, the fluorophore exhibited a relatively high
value of anisotropy, 0.214 +0.005. The addition of salt caused a
decrease in anisotropy (0.176 + 0.008), which can be related to the
decrease in viscosity of the intracellular matrix due to its partial
leakage through the damaged membrane. Thus, the results of
fluorescence anisotropy imaging confirm our observation of the

leakage of cytoplasm content in upshocked PHB non-containing
cells obtained by TEM (see Fig. 5, arrow number 2). In contrast,
anisotropy increased in C. necator H16 when the cells were exposed
to osmotic upshock, indicating an increase in the viscosity of
cytoplasm content associated with cell dehydration and plasmol-
ysis. It seems that, unlike in the PHB negative strain, no substantial
leakage of cytoplasm content occurred, implying that membranes
were not heavily damaged by osmotic upshock (in agreement with
the results of flow cytometry and TEM). Typical results are
displayed as anisotropy-resolved images in Fig. 6b. The anisotropy
values are scaled using a rainbow scale, with green dedicated to the
free rotation of molecules and the low viscosity region. Red relates
to the hindered rotation of fluorophores and high viscosity.
Moreover, taking into account the homogeneity of the distribution
of anisotropy values inside the cells, a further effect of salt addition
can be seen. Both cell-types exhibit a homogenous distribution of
anisotropy values before salt addition, whileafter exposure to the
hypertonic environment, the anisotropy values are distributed
more randomly inside the cells.

Quantitative analysis of the cell dehydration of up-shocked bacterial
cells by TGA

Thermogravimetry (TGA) was employed to provide a quantita-
tive estimate of the degree of osmotically-induced cell dehydration
in PHB positive and negative bacterial cells. Centrifuged cell
samples were continuously dried at 60°C while corresponding
changes in sample mass were recorded. Total water content in the
sample was subsequently calculated from the residual mass
content after further drying at 200°C [34]. The results on both
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Fig. 6. The Influence of salt addition on cells stained with carboxyfluorescein. A) Fluorescence lifetimes, averaged by intensity, are displayed as rainbow scales. Inserted values
are average values of lifetimes found for each sample. Corresponding pH values are for nonchallenged cells (7.4-7.5), which decrease with salt addition to 7.0 + 0.1 in C. necator
H16 and to 6.5 + 0.3 in C. necator PHB~“. B) Anisotropy of carboxy fluorescein inside the studied cells. Steady-state anisotropy values are displayed as rainbow scales in which
green relates to low viscosity regions (an anisotropy value of approx. 0) and red to high viscosity regions (an anisotropy value close to 0.4). Inserted values are average values of
anisotropy found for each sample. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

tested bacterial cultures are shown in the form of drying curves in
Fig. 7A, C.

It has been proposed that changes in the rate of water
elimination from cell samples can be used as indicators of the
quantitative content of various forms of water in cell samples
[25,35,36]. For instance, Uribelarrea et al. interpret the critical

point in the drying curve of a cell sample (i.e. the point where the
evolution of sample mass versus time suddenly changes its course)
simply as a boundary point where the drying of extracellular water
ends and the elimination of intracellular water starts [25].

To obtain such critical points from the results of our TGA
experiments, derivation of the water loss over time is given as a
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Fig. 7. The effect of osmotic challenge on drying curves determined by isothermal TGA experiments at 60 °C on C. necator H16 (A, B) and C. necator PHB-4 (C, D). Solid lines
represent unchallenged bacterial samples, dashed lines represent samples exposed to 200 g/L NaCl. The heights of the derivative weight loss curves (B, D) were normalized for

clarity. Arrows indicate respective critical water contents.
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determined by TGA (isothermal drying at 60°C).

function of residual water content in the sample (see Fig. 7B, D).
The drying rate curves of all the bacterial cells included in this
study revealed a single critical point, corresponding to two
distinguishable water contents in the samples. Because this critical
point always represents the moment when the rate of sample
drying begins to fall rapidly, a significant change in the drying
process evidently occurs at this point. In Fig. 8, the relative water
content at this critical point is shown for both tested bacterial
cultures exposed to different concentrations of NaCl. It is evident
from the comparison of unchallenged bacterial cultures that lower
critical water content (i.e. water content at the critical point, given
N Swater/Edryweight) Was found for C. necator H16 bacterial cultures,
in which the dry mass of the cell samples was significantly
increased by the presence of PHB granules.

A more interesting finding arises, however, from the compari-
son of unchallenged and osmotically upshocked cell samples. It
was found that the critical water content was significantly
decreased for osmotically challenged PHB negative cells. This
decrease corresponds to about 50% of the original water content,
determined for the unperturbed culture regardless of the
concentration of NaCl in the medium. However, for PHB positive
cells, the osmotically induced decrease in the critical water
content, which can also be found in Fig. 8, was less pronounced at
all NaCl concentrations (the average critical water content
decreased by about 20% regardless of the concentration of NaCl).

Discussion

Since PHA is one of the most widespread storage materials in
bacteria, it can be assumed that the ability to accumulate PHA
represents a significant advantage in natural environments. The
most obvious advantage is probably the possibility to utilize PHAs
when external carbon sources are depleted. Nevertheless, PHAs
play a much more complex role in stress survival and the
adaptation of bacteria to various environments. There are reports
that the capacity for PHA accumulation and degradation enhances
the resistance of bacterial cells to stress conditions such as high
temperature [37,38], low temperature and freezing [34,39], and
oxidative stress [37,40]. However, the mechanisms by which PHA
enables stress alleviation are not yet fully understood. It is likely
that PHA granules offer physical protection under various stress
conditions and it is also possible that their presence influences the
overall properties of bacterial cells supporting their survival.
Nonetheless, normally functioning PHA anabolic and catabolic
pathways are considered to be essential in providing increased
stress protection [12].

Although the ability to adapt to fluctuations in external
osmolarity is fundamental to the survival of microorganisms and
despite the fact that there are reports showing that the
accumulation of PHA helps bacterial cells to survive osmotic
challenge [13-15,41], we are not aware of any study investigating
the possible protective mechanisms of PHA against hypertonic
and/or hypotonic environments. To fill this gap, we have studied
the possible protective mechanisms offered by the presence of
PHB granules during hypertonic conditions by employing the
common soil non-halophilic Gram-negative bacterium Cupriavi-
dus necator, which is often in use as a model organism for PHB
metabolism [21].

According to the results (Fig. 1), the presence of PHB in cell
cytoplasm clearly supports the survival of C. necator cells exposed
to osmotic challenge. Nevertheless, the mechanism of its protec-
tive action is unclear. Generally, the accumulation of a wide
spectrum of so-called compatible solutes is the major strategy
adopted by most bacteria under conditions of hyperosmotic stress.
Along with balancing the external osmotic pressure, compatible
solutes possess chemical chaperone activity providing protection
for biomacromolecules, particularly proteins, against denaturation
induced by various stressors [1,42]. It was recently reported that
the monomer of PHB, 3HB, serves as a potent chemical chaperone
protecting enzymes against various stress factors [43]. Alterna-
tively, the hydrolysis of PHB can be used as a source of carbon and
energy for the biosynthesis of other compatible solutes, as
reported by Breedveld et al. [14]. Therefore, it was expected that
upshocked PHB-containing cells hydrolyse PHB granules with the
help of 3HB and/or other compatible solute(s) in order to cope with
exposure to hypertonic environments. Nevertheless, no mobiliza-
tion of PHB granules during the exposure of bacterial culture to
hypertonic challenge was observed (Table 1).

Intracellular polymer in C. necator is hydrolysed by a battery of
PHB depolymerases which are specific to the amorphous state of
PHB [26]. Using Raman spectroscopy (Fig. 2), it was observed that
the exposure of bacterial cells to hypertonic conditions initiated
partial crystallization of the polymer, which, as a consequence,
probably inhibited the mobilization of PHB granules by specific
enzymes. According to Barnard and Sanders, a small amount of
water is an integral component of PHB granules, acting as a
plasticizer of the polymer [44]. Therefore, it seems likely that the
partial dehydration of PHB granules during hypertonic challenge
results in partial crystallization of the polymer and the inhibition
of its hydrolysis. The results demonstrated that PHB hydrolysis
yielding compatible solutes is not the mechanism by which PHB
increases the survival of osmotically upshocked cells of C. necator.
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The fact that the enhancement of stress tolerance in PHA
producers can be achieved without mobilization of the previously
accumulated granules was also reported by Goh et al., who
observed that E. coli cells harboring PHA biosynthetic genes, but
which were incapable of PHA mobilization, exhibited higher
resistance to oxidative stress [40].

The results of viability analysis by means of flow cytometry
using propidium iodide (Fig. 1B), TEM microphotographs (Figs. 4
and 5), and the results of the time-resolved fluorescence
microscopy analysis (Fig. 6) indicated that the presence of PHB
in bacterial cell cytoplasm stabilized cytoplasmic membranes
against damage by hypertonic environments and the leakage of
cytoplasm content. Generally, osmotic upshock leads to the
dehydration and plasmolysis of bacterial cells. Due to the fact
that the cell membrane is not able to shrink by more than 2-5%,
intensive plasmolysis might be harmful, leading to cell membrane
damage and even collapse [5]. The results of TEM analysis show
that plasmolysis in PHB negative cells is much more intensive
(Fig. 4) than in PHB-containing cells (Fig. 5). In addition, TEM
demonstrated that while in PHB non-accumulating bacterial cells
exposure to hypertonic environments resulted in the formation of
“hole-like” structures and the leakage of cytoplasmic content into
the periplasmatic space, no such fatal consequences were observed
in PHB-containing cells. It seems that intracellular PHB granules
serve as a scaffold protecting bacterial cells from adverse massive
and unsymmetrical plasmolysis.

In addition, Bonthrone et al. reported that native intracellular
PHB granules are formed by highly mobile amorphous elastomer,
which is reminiscent of a supercooled liquid in terms of its
properties [45]. When bacterial cells were exposed to hypertonic
conditions, PHB granules revealed surprising liquid-like proper-
ties accompanying their efflux into the periplasmatic space when
plasmolysis occurred in their close vicinity (see Fig. 5, red arrows
number 2). Cryo-SEM observation also revealed PHB granules to
have unusual plastic-like properties in challenged bacterial cells,
as demonstrated by string-like structures in cells ripped during
sample sublimation (Fig. 3). It should be pointed out that these
deformations were formed at extremely low temperatures
(-95°C), demonstrating intracellular PHB granules to have very
flexible liquid-like properties even at temperatures at which all
the other components of bacterial cells are unambiguously
crystalline and brittle. Taking into account their extraordinary
liquid properties, it seems likely that PHB granules can partially
repair and stabilize cell membranes by plugging small gaps in
their structure which are formed during plasmolysis (see, for
instance, Figs. 5F, [ and L demonstrating a possible mechanism for
this protective action).

Furthermore, when bacterial cells were exposed to higher NaCl
concentrations (100 and 200 g/L), TEM microphotographs (Fig. 5,
red arrow number 3) demonstrated another interesting phenom-
enon - the aggregation of PHB granules leading to the formation of
one or several non-spherical granules per cell. Such behavior can
explain the creation of the “string-like” structures observed by
cryo-SEM (Fig. 3). As bacterial cells were exposed to increasing
concentrations of NaCl, the PHB granules aggregated, and wider
and more numerous string-like structures were formed when the
cells were torn open during sample preparation for cryo-SEM
analysis.

PHB granules, also designated “carbosomes” [46], are supra-
molecular structures consisting of a hydrophobic PHB polymer
core and a proteinaceous surface layer preventing polymer
granules from aggregating and coming into direct contact with
the aqueous environment of the cell’s cytosol [47]. The aggregation
of PHB granules in upshocked cells was, therefore, probably
induced by the dehydration-mediated partial injury of the protein
layer, which allowed hydrophobic polymer to aggregate into larger

particles. Regardless of the mechanism of granule aggregation, it is
likely that this process damages the cell’s ability to divide, since in
numerous cases granular aggregates were situated in the central
parts of cells (see Fig. 5), where cell division is usually initiated and
takes place [48]. This could explain the differences between the
viabilities of the PHB-containing cultures determined by plating or
by flow cytometry (Fig. 1A,B). Generally, plating underestimates
the number of viable cells in cultures when the fraction of the
original culture loses the capacity to grow [32]. Therefore, a
considerable fraction of PHB-containing bacterial culture might
retain non-damaged membranes and functional metabolism even
when exposed to very high concentrations of NaCl but is not
capable of division and growth.

Nonetheless, the numbers of viable cells determined by plating
and flow cytometry in the PHB non-accumulating mutant strain of
C. necator are also disproportionate (although to a much lesser
degree). Therefore, membrane damage is obviously not the only
mechanism reducing the cultivability of bacterial cells exposed to a
hypertonic environment. Another harmful consequence of osmotic
upshock is cell dehydration, which can cause denaturation of
proteins and other macromolecules, leading to irreversible loss of
their biological activity. Therefore, it was also investigated how the
presence of PHB granules in bacterial cells influences the critical
water content (the water content at the moment of a sudden
change in the drying mechanism) in bacterial cells exposed to
hyperosmotic conditions (Fig. 7). In agreement with previous
reports [34], it was observed that the critical water content is
considerably lower in PHB-containing bacterial strains of C. necator
than in PHB non-containing cells prior to their exposure to osmotic
challenge (Fig. 7A). Nevertheless, when cells were exposed to
hyperosmotic conditions, the PHB-non containing culture under-
went more pronounced elimination of this more strongly-bound
water than the PHB-containing strain (Fig. 7B).

In general, it is difficult to interpret the exact origin of the
critical water content without further empirical justification,
because the bacteria studied represent a complex combination of
diverse aqueous structures. This is especially true for osmotically
challenged plasmolysed cultures with a growing periplasmatic
volume. The simplified interpretation by Uribelarrea et al. [25] and
others that the critical water content equals the total content of
water in the cell seems inappropriate in the case of plasmolysed
cell samples, because such a massive decrease in total intracellular
(i.e. cytoplasmic plus periplasmatic) water would inevitably be
accompanied by a significant decrease in the total cell volume. In
fact, no such decrease in the volume delimited by the outer
membrane of the cell was found in the TEM microphotographs of
the PHB negative cells.

On the other hand, the value of the observed decrease in the
critical water content for both PHB positive and negative cells is in
striking accord with the relative volume of the periplasmatic
space, estimated from the image analysis of TEM microphoto-
graphs. This indicates that the critical volume content could be
closely linked to the water content in the cell cytoplasm. In fact,
the quantity of cytoplasmic water, calculated from the TGA
experiment, may be underestimated for PHB negative cells as a
result of leakage from the damaged cytoplasmic membrane,
indicated by the results of electron and fluorescence microscopy
analyses. Nevertheless, it seems that the presence of PHB granules
protects cells against the intensive loss of water from the
cytoplasm. Our results are in agreement with those of Kadouri
et al, who observed that the mutant strain of Azospirillum
brasilense incapable of intracellular PHB hydrolysis is more
resistant to desiccation than its parental strain, suggesting that
the presence of intracellular polyester itself may be needed to
protect the cell against the harmful effects of desiccation and
dehydration [41].
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Conclusions

Using Cupriavidus necator H16 and its PHB non-accumulating
mutant strain it was demonstrated that presence of PHB granules
in cytoplasm of bacterial cells substantially improves stress
resistance of the bacterial culture against osmotic up-shock.
Surprisingly, bacterial cells did not utilize PHB to harvest carbon or
energy in order to cope with osmotic stress, which can be
attributed to partial crystallization of PHB granules in challenged
cells. The results show that the effect of PHB is rather indirect since
the presence of PHB granules influences overall properties of the
bacterial cells reducing membrane damage caused by plasmolysis
and, moreover, it seems that PHB granules themselves are able to
partially repair and stabilize membranes of challenged cells.
Nevertheless, PHB granules in bacterial cells exposed to osmotic
upshock aggregate, which probably complicates further division
and reproduction of the bacterial cells.

Since C. necator PHB-4 is a chemically induced mutant, it would
be useful to include a complementation control (reintroduction of
a wild type PHB synthase gene copy into PHB™*) or to perform the
study with a chromosomal PHB synthase and/or PHB depolymer-
ase gene deletion mutant of the wild type. A follow-up study
focused on the osmotic down-shock would be welcome in order to
complete the overall concept of the role of PHB granules in the
response of bacteria to osmotic stress.
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Abstract

Numerous prokaryotes accumulate polyhydroxyalkanoates (PHA) in the form of intracellular granules. The primary function of
PHA is the storage of carbon and energy. Nevertheless, there are numerous reports that the presence of PHA granules in microbial
cells enhances their stress resistance and fitness when exposed to various stress factors. In this work, we studied the protective
mechanism of PHA granules against UV irradiation employing Cupriavidus necator as a model bacterial strain. The PHA-
accumulating wild type strain showed substantially higher UV radiation resistance than the PHA non-accumulating mutant.
Furthermore, the differences in UV-Vis radiation interactions with both cell types were studied using various spectroscopic
approaches (turbidimetry, absorption spectroscopy, and nephelometry). Our results clearly demonstrate that intracellular PHA
granules efficiently scatter UV radiation, which provides a substantial UV-protective effect for bacterial cells and, moreover,
decreases the intracellular level of reactive oxygen species in UV-challenged cells. The protective properties of the PHA granules
are enhanced by the fact that granules specifically bind to DNA, which in turn provides shield-like protection of DNA as the most
UV-sensitive molecule. To conclude, the UV-protective action of PHA granules adds considerable value to their primary storage
function, which can be beneficial in numerous environments.

Keywords Polyhydroxyalkanoates - Cupriavidus necator - UV radiation - Turbidity - Integrating sphere - Nephelometry

Introduction

Bacteria are fascinating organisms due to their capability to
cope with widely fluctuating environmental conditions such
as changes in nutrient availability, temperature, pH value, or
osmolarity. In addition, also radiation, which can be defined as
energy manifested in the form of electromagnetic waves, can
be considered an important stress factor and occurs in
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numerous ecological niches. UV radiation in sunlight is
among the most common stressors and has many harmful
impacts on living cells such as induction of oxidative pressure
or the inducing of fatal changes to the molecular structure
mainly of DNA, but also of RNA, lipids, and proteins
(Gabani and Singh 2013). Generally, UV radiation is consid-
ered to be one of the most detrimental abiotic factors influenc-
ing microorganisms at both the community and single-cell
level, thus severely affecting the diversity and dynamics of
microbial communities. Moreover, it is expected that by the
end of the twenty-first century, the intensity of UV radiation at
the Earth’s surface will increase by approximately 5-10% in
temperate latitudes and by about 20% in high latitudes (Pérez
et al. 2017). It can therefore be expected that the evolutionary
significance of UV radiation and ability to face this stressor
may even increase.

To cope with UV radiation, bacteria—and among them
especially extremophiles inhabiting harsh environments ex-
posed to harmful solar radiation—have evolved various strat-
egies mainly based on efficient DNA repair mechanisms and
active defense against UV-induced oxidative stress. Moreover,
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many pro- and eukaryotic microorganisms also rely on pro-
duction of UV-protective metabolites such as pigments,
mycosporine-like amino acids, scytonemin, ectoines,
bacterioruberin, sphaerophorin, pannarin, or melanin (Koller
et al. 2014; Singh and Gabani 2011).

Polyhydroxyalkanoates (PHAs) are polyesters accumu-
lated by numerous prokaryotes in the form of intracellular
granules (Tan et al. 2014). The number of granules can
reach up to 1015 granules per cell and their average di-
ameter is about 200—400 nm, though individual values par-
ticularly depend upon the specific microorganism and the
physiological state of the bacterial culture (Vadlja et al.
2016). The weight content of PHA in bacterial cells can
reach up to 90% of cell dry weight, though bacteria regu-
late their diameters to confine the volumetric content of
PHA granules at a level below 40 vol% (Mravec et al.
2016). The PHA polymer itself represents the hydrophobic
core of the granules which is covered by numerous specific
proteins with various functions. These proteins include
PHA synthase, PHA depolymerases, regulatory proteins,
and various PHA granule structural proteins which create
a functional interface between the hydrophobic polymer
and water-containing cytoplasm. These proteins are also
responsible for intracellular localization of granules within
bacterial cells. To emphasize their complexity and multi-
functionality as de facto organelles, these granules are also
referred to as “carbonosomes” (Jendrossek 2009).

The primary function of PHAs is the storage of carbon and
energy. However, recent research has shown that the biologi-
cal function of PHAs is much more complex and that the
capability to accumulate PHA has many biochemical and bio-
physical consequences, enhancing the survival and fitness of
bacterial cells when exposed to numerous stress factors in-
cluding but not limited to high temperature (Pham 2004; Wu
etal. 2011), low temperature (Tribelli and Lopez 2011), freez-
ing (Obruca et al. 2016a; Pavez et al. 2009), or osmotic up-
shock (Obruca et al. 2017).

Moreover, there are reports stating that the presence of
PHA granules in microbial cells also protects bacteria
against UV radiation. For instance, a protective effect of
PHA granules in bacterial cells against UV irradiation was
observed in Azospirillum brasilense when PHA-rich
(about 40 wt.% of PHA in cell dry weight) and PHA-
poor cells (about 5 wt.% of PHA in cell dry weight) were
compared (Tal and Okon 1985). The importance of PHA
for the UV-radiation survival of A. brasilence was con-
firmed in following studies by Kadouri et al., who ob-
served that the wild type was more resistant to numerous
stressors, including UV radiation, than the PHA synthase
deletion mutant incapable of accumulating PHA (Kadouri
et al. 2003a). It was also more resistant than the PHA
depolymerase deletion mutant, which was not capable of
PHA hydrolysis (Kadouri et al. 2003b). Similarly, Zhao
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et al. (2007) compared the stress resistance of the wild
type of Aeromonas hydrophila and its PHA synthase neg-
ative mutant incapable of PHA synthesis. As the major
outcome, the wild type was substantially more resistant
to several stress factors, including UV irradiation.
Furthermore, the UV-radiation protective capacity of
PHA granules was also confirmed with genetically modi-
fied Escherichia coli which harbored genes enabling either
PHA biosynthesis or both PHA biosynthesis and hydroly-
sis. Both transgenic strains were more resistant to UV ra-
diation and other stress factors than the PHA non-
producing wild type (Wang et al. 2009).

Nevertheless, despite the fact that numerous studies have
reported that the presence of PHA granules in microbial cells
provides protection against UV radiation; to our best knowl-
edge, there are no studies exploring the potential mechanism
of the protective action. Therefore, we experimentally con-
firmed the UV-protecting effect of PHA granules for
Cupriavidus necator, a soil bacterium which is considered
the most important model strain for PHA metabolism.
Subsequently, various spectroscopic approaches were
employed to shed light on the interaction of PHA granules
in bacterial cells with UV radiation and to provide an expla-
nation for their UV-protective mechanism.

Materials and methods
Microorganisms and cultivation

The PHA-producing strain Cupriavidus necator H16 (CCM
3726) was obtained from the Czech Collection of
Microorganisms, Brno, Czech Republic, and its PHA non-
producing mutant strain Cupriavidus necator PHB™ (DSM-
541) was purchased from the Leibnitz Institute DSMZ-
German Collection of Microorganism and Cell Cultures,
Braunschweig, Germany.

Cultivations were performed in Erlenmeyer flasks (vol-
ume 250 mL) containing 100 mL of mineral salt (MS)
medium. The composition of the MS medium was 20 g
fructose, 1 g (NH4),SOy4, 1 g KH,POy, 11.1 g Na,HPO, -
12 H,0, 0.2 g MgS0O,4 - 7 H,O, 1 mL of microelement
solution, and 1 L of distilled water; the microelement so-
lution in turn was composed of 9.7 g FeCls, 7.8 g CaCl,,
0.156 g CuSOy, - 5 H,0, 0.119 g CoCl,, and 0.118 g NiCl,
in 1 L of 0.1 M HCI. The flasks were inoculated with 5 mL
of an overnight culture of a particular strain of C. necator
grown in Nutrient Broth medium consisting of 10 g pep-
tone, 10 g beef extract, and 5 g NaCl in 1 L of distilled
water. The cells were cultivated for 72 h. The PHA content
in microbial cells was determined by gas chromatography
as described previously (Obruca et al. 2014).
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UV challenge of bacterial strains C. necator H16 and C.
necator PHB™

The suspension of bacterial cells cultivated for 72 h as de-
scribed above was first diluted 30 times. Thereafter, the sus-
pension of bacterial cells of Cupriavidus necator H16 was
diluted to reach the cell density of the suspension of its mutant
strain Cupriavidus necator PHB ™. The solutions thus pre-
pared were further diluted into approx. 10° CFU and 3 mL
of'the cell suspension was placed on a sterile Petri dish to form
a thin layer (approx. 1 mm). After this, cells were exposed to
UV radiation emitted by an UVA lamp (400-320 nm, height
25 cm) and samples were taken at regular intervals (15, 30,
45 min). From these samples, the number of viable cells was
determined as CFU by plating of appropriately diluted cell
suspensions on NB agars.

UV-Vis spectroscopy and nephelometry of bacterial
cells

For UV-Vis spectroscopy characterization, the same culti-
vation suspension as described above was used. Firstly,
both the suspension of bacterial cells of C. necator H16
and the suspension of its mutant bacterial strain were di-
luted step by step five times. The dilution process was
repeated until the final solutions were diluted by a factor
of 100. All solutions prepared this way were analyzed by
UV-Vis absorption spectrophotometry (in a U-3900H,
Hitachi) both in a regular transmission measurement mode
and also in a spatially integrating mode (integration sphere
attachment 60mmDIA for Hitachi U-3900H spectropho-
tometer). Simultaneously with the preparation of samples
for UV-Vis spectroscopy, the number of viable cells was
determined as described above.

Similarly, diluted bacterial suspensions of defined cell
concentration were also investigated by means of nephe-
lometry. As a simple nephelometer, we used a fluorometer
(AMINCO-Bowman Series 2 luminescence spectrometer,
Thermo Inc.) which was employed to detect scattered light
at a fixed scattering angle of 90° to the incidental beam.
Furthermore, this device offers the advantageous possibil-
ity of using different wavelengths ranging from 250 nm
(ozone-free xenon lamps lowest wavelength) to approxi-
mately 850 nm (highest range of PMT detectors). To sup-
press detection of fluorescence or phosphorescence, which
is common for biological samples at different excitation
wavelengths (~340 nm for NADH, ~470 nm for flavo-
noids, etc.) a synchronous scan method was applied, where
excitation and emission monochromators were set to the
zero wavelength difference during scanning. In order to
obtain more accurate results and also to protect the detec-
tor, slits were set to the minimum (1 nm bandpass). To
compensate for the non-flat intensity profile of the

excitation source (a 150-W xenon lamp), intensity was de-
tected relative to the diode. The scan rate was set to 5 nm-
s " and spectra were collected with a 1-nm resolution in the
range 250-700 nm.

Analysis of intracellular ROS by flow cytometry

Determination of the intracellular level of reactive oxygen
species (ROS) in bacterial cells of C. necator H16 and C.
necator PHB™* before and after 15 min exposition to UV
irradiation (in details described above) was performed by flow
cytometry employing CM-H2CFDA (Thermo Fisher
Scientific), a fluorescent stain used as general oxidative stress
indicator. Suspensions of cells with cell density of approx. 10°
cells per mL were washed twice with PBS buffer; after that,
5 uL of CM-H2CFDA dissolved in HPLC-grade DMSO (the
final concentration of the stain in 1 mL of the sample was
5 uM) was added to the suspensions, and the cells were then
left to incubate in the dark at laboratory temperature for
10 min. After that, the fluorescence of stained as well as
non-stained cells was immediately measured at single-cell lev-
el using the green fluorescence collecting channel (535 +
35 nm) of the used flow cytometer (Apogee AS5O,
ApogeeFlow Systems).

Results
UV exposure of C. necator cells

In the first experiment, cells of the PHA-accumulating strain
C. necator H16 (the PHA content in microbial cells was 74%
of cell dry weight as determined by gas chromatography) and
its mutant strain which is not capable of accumulating PHA
due to a mutation of the PHA synthase (Raberg et al. 2014)
were exposed to a UV challenge. The viability of both bacte-
rial strains was assessed during their exposition to UV irradi-
ation in regular intervals; the results, expressed as the percent-
age of viable cells, are shown in Fig. 1. Generally, the PHA-
containing culture demonstrated substantially higher resis-
tance to UV radiation during the entire period of UV exposure,
thus confirming the UV-protective effect of PHA granules
which has been reported also for other microbial strains
(Kadouri et al. 2003a, b; Tal and Okon 1985; Wang et al.
2009; Zhao et al. 2007). The decrease in viability of reference
samples of both cultures, which were exposed to the same
conditions but without being UV irradiated, was negligible
(< 5%). Therefore, it can be stated that accumulation of PHA
granules in cytoplasm represents a potent and generally ob-
served strategy which protects bacterial cells from the harmful
effects of UV irradiation.
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UV-Vis spectroscopy of bacterial cells

In order to understand how intracellular PHA granules interact
with light, complex spectroscopic characterizations of the cell
dispersions in the ultraviolet and the visible region were per-
formed both for the PHA-accumulating strain (C. necator
H16) and the non-accumulating mutant (C. necator PHB ™).
Three different optical arrangements were used for this
purpose.

Firstly, turbidity measurements were performed using a
standard UV-Vis spectrometer, where the intensity of the
transmitted light is measured and optical density is calculated
for the particular wavelength of the incident light. As the
wavelengths are altered to cover the whole UV-Vis region,
spectra such as those shown in Fig. 2a are collected. It is
evident that except for the shortest measured wavelengths
(close to 200 nm), the PHA-accumulating strain shows a sig-
nificantly higher optical density of the cell dispersion with
comparable cell density compared to the non-accumulating
strain. It should be emphasized that the optical density mea-
sured this way comprises two individual contributions. On the
one hand, the intensity of the transmitted light is decreased via
absorption of the specific wavelengths by the photoactive cell
components. Absorption of the radiant energy then initiates
diverse photophysical (e.g., light emission in the form of fluo-
rescence) or photochemical processes, where the latter ones
may often (mainly in the case of light in the UV spectral
region) have harmful or even fatal effects on the cell fitness.
The other contribution to the optical density is represented by
the light scattered away from the direction of the incident
beam. Unlike the light absorption, light scattering is rarely
damaging. On the contrary, it can even have a protective
“shielding” effect on the photo-labile cell components caused
by attenuation of the local intensity of the incident light in the
cell, which might reduce the level of cell damage (Paunescu
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Fig. 2 Example of typical UV-Vis spectra of C. necator H16 (full line)
and C. necator PHB™ (dashed line). a Turbidity measurement of disper-
sions with cell density 1 x 10° CFU. b Absorbance measurement of dis-
persions with cell density 1 x 10° CFU

et al. 2014). Therefore, turbidity measurements such as those
described above do not provide a relevant explanation of a
harmful effect of light on the cells with light because they
provide no direct information about the relative involvement
of the light absorption and light scattering, respectively, in the
interaction of the cells and their constituent with light.

With respect to this, we further measured the spectra of cell
dispersions using the same UV-Vis spectrometer equipped
with an integrating sphere accessory, specially designed for
the absorbance measurement of turbid samples. Examples of
the collected spectra are shown in Fig. 2b. In these spectra,
effective suppression of the light-scattering artifacts can be
clearly seen. No significant light absorption was found in the
Vis region, which confirms the assumption that in this wave-
length region, the optical density of the sample can be
interpreted solely as a consequence of light scattering. With
respect to this finding, additional interesting outcomes can
further be deduced from the previously described differences
in the turbidity spectra of dispersions of PHA-accumulating
and non-accumulating strains with the same cell density.
Generally, a significant increase in light scattering in the case
of the PHA-accumulating cells of the C. necator H16 strain is
evidently caused by light scattering on the cell ultrastructure,
namely on the PHA granules present in the cell cytoplasm.

Figure 3 presents results from both types of spectroscopic
assays in a more quantitative way. Fig. 3a shows very good
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linearity of the dependency of optical density at 630 nm on the
cell density for both strains. Evidently, light-scattering effects
are cumulative regardless of a contribution of the light
scattered by PHA granules. ODg3( appears to represent a ro-
bust parameter suitable for quantification of cell density.
Nevertheless, careful calibration is needed wherever intracel-
lular light scatters occur, as is the case when PHA granules or
other cell inclusions occur. However, it is evident from Fig.
3b that in the case of C. necator H16 strain, contributions
of light scattering and light absorption in UV wavelength
region are no longer cumulative (the dashed fitting line
does not cross the origin of coordinates). Nevertheless, in
this region, the crucial results are shown in Fig. 3d where a
relative decrease of around 30% in the single cell absorp-
tion coefficient at 254 nm can be deduced. Finally, Fig. 3c
is shown in order to illustrate the negligible residual appar-
ent absorbance of the cell suspensions in the VIS region.
This apparent absorbance represents an experimental arti-
fact coming from the scattered light which does not reach
the aperture of the integrating sphere.

In order to provide an experimental verification of the as-
sumption that the difference between the optical density and
absorbance of the cell suspensions is correctly assigned to the
intensity of scattered light, we performed also a basic nephe-
lometry assay of the same samples. Measurement was done

x10¢ CFU

with the synchronous scan method as was described above.
We focused on monitoring the changes in scattered light in-
tensity between the PHA-accumulating and non-accumulating
strain suspension of the same cell density, where a high sen-
sitivity of the fluorimeter photomultiplier and its strong light
source provide an undisputed instrumental advantage.
Figure 4 shows the ratio of the intensities of scattered light
normalized per unit CFU for C. necator H16 and C. necator
PHBA, respectively, vs. the wavelength. We use this means of
data demonstration in order to suppress experimental artifacts
coming from uneven light intensity emitted from the xenon
lamp of the fluorimeter at different wavelengths (we assume
that the results for both strains will be affected equally).

From the spectrum, it is evident that the nephelometry ex-
periments confirmed the higher intensity of scattered light for
the PHA-accumulating strain in the whole tested optical re-
gion. Furthermore, the relative efficiency of light scattering by
the PHA producer as compared to the mutant strain increases
significantly in the UV-region, where the light absorbance
measurement revealed the most profound differences in inten-
sity in the light absorption of the two strains. This finding was
reproducible as far as similar results were found regardless of
the particular suspension cell density. Therefore, it can be
summarized that nephelometry confirmed the conclusions of
the previous two spectroscopic assays.
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Fig. 4 Ratio of the intensities of 15
single-cell scattered light for C.
necator H16 strain and PHA non-
accumulating C. necator PHB™*
strain at 90° as determined by
nephelometry
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ROS analysis by flow cytometry

To investigate whether scattering of UV irradiation on PHA
granules influences the intracellular level of ROS in UV-
challenged cells, the amount of ROS before and after UV
exposition was analyzed by flow cytometry employing fluo-
rescent stress indicator CM-H2CFDA. Green fluorescence of
this stain is activated by its reaction with ROS (Dong et al.
2015). Hence, at single-cell level, we analyzed intensity of
green fluorescence of both bacterial cultures prior and after
their exposition to UV irradiation in stained as well as non-
stained bacterial cells; the results are demonstrated in Fig. 5.
The mean value of intensity of green fluorescence of PHA
granules containing bacterial was only slightly (approx. 10%)
increased after exposition of the cells to UV irradiation. On the
contrary, when the culture of cells not containing PHA gran-
ules was exposed to UV irradiation, green autofluorescence of

300 400 500

wavelength [nm]

600 700

non-stained cells increased about 1.8-fold and, moreover,
green fluorescence of CM-H2CFDA stained cells raised 3.6-
fold. This clearly indicates that UV irradiation induces forma-
tion of substantially higher amount of ROS in PHA negative
cells than in PHA-rich cells.

Discussion

Solar UV radiation on Earth can be considered an important
stress factor which influences numerous living systems.
Therefore, the influence of UV radiation on whole ecosystems
has been studied for various aquatic environments (Héder
et al. 2007), or high-altitude regions (Farias et al. 2009;
Pérez et al. 2017). Moreover, UV-radiation resistance is also
an important topic for astrobiology (Khodadad et al. 2017).
The harmful effect of UV radiation is complex and it includes
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numerous cell-damaging mechanisms. First and foremost, UV
radiation is known for its mutagenic potential because DNA
directly absorbs UVB radiation and this radiation induces nu-
merous grave changes in DNA structure, among which the
formation of dimeric pyrimidines, photo-adducts, and DNA—
protein cross-links are considered the most important
(Ravanat et al. 2001). Furthermore, despite the fact that
DNA does not absorb UVA radiation, UVA can be absorbed
by endogenous photosensitizers which may damage DNA
throughout subsequent reactions (Ravanat et al. 2001). Apart
from DNA, also other photosensitive biomolecules such as
RNA, proteins, or lipids can be damaged by direct or indirect
absorption of UV radiation, though changes in these mole-
cules’ structure do not have such fatal consequences as is the
case for DNA due to their quick turnover. In addition, UV
radiation induces the formation of reactive oxygen species
(ROS) which may further damage crucial cell components
such as DNA, RNA, proteins, and lipids (Kim et al. 2015).
There are numerous reports that the capability to accumu-
late PHA enhances the stress resistance of bacteria against
various stressors (Ayub et al. 2009; Kadouri et al. 2003a, b;
Obruca et al. 2016a, b, 2017; Tal and Okon 1985; Wang et al.
2009; Zhao et al. 2007). This can be considered an important
“added value” to their primary biological function—storage
of carbon, energy, and also reduction power. Generally, it has
been observed that the presence of PHA granules influences
the overall biophysical properties of bacterial cells, which fur-
ther increases stress survival when they are exposed to various
stress factors. For instance, the presence of PHA granules
enhanced the rate of water transport out of the cells during
freezing, which subsequently protected bacterial cells from
formation of intracellular ice; this substantially contributes to
PHA’s cryo-protective effect (Obruca et al. 2016a). Moreover,
PHA polymers in native intracellular granules represent a
unique amorphous form of matter which resembles “super-
cooled” liquid in its properties (Bonthrone et al. 1992). The
liquid-like properties of PHA granules seem to play a crucial
role in the protective mechanism of PHA against osmotic up-
shock, since the presence of PHA granules turned out to re-
duce the level of plasmolysis in challenged cells and, more-
over, according to the results of transmission electron micros-
copy analysis, PHA granules were even capable of stabilizing
membranes of bacterial cells by closing the holes in the cyto-
plasmic membrane (Obruca et al. 2017). Therefore, even the
simple presence of PHA granules in cytoplasm can be bene-
ficial for bacterial cells when exposed to stress conditions.
Moreover, the enhancement of the UV resistance of PHA-
accumulating bacteria which was reported in this work (Fig.
1), as well as by other authors (Kadouri et al. 2003a; Tal and
Okon 1985; Wang et al. 2009; Zhao et al. 2007), is most likely
primarily based on the biophysical consequence of the pres-
ence of PHA granules in cells. According to our results, PHA
granules do not considerably absorb UV radiation but they are

capable of efficient scattering of UV radiation as was indicated
in the present study by the comparison of turbidity (Fig. 2a)
and absorbance measurement (Fig. 2b) of the cells of PHA-
accumulating C. necator and its PHA negative mutant.
Furthermore, the fact that PHA granules efficiently scatter
UV radiation was also confirmed by nephelometry measure-
ment (Fig. 4). Because no considerable changes in cell dimen-
sions were found for both strains in our previous work
(Mravec et al. 2016), the significant increase in the light scat-
tering of the C. necator H16 strain can be ascribed to the
fraction of light scattered on the cell ultrastructure, namely
on the PHA granules in the cell cytoplasm. This finding is in
fact not surprising; a similar observation of an increase of the
single cell light turbidity as a result of light scattering on
inclusion bodies has previously been reported, e.g., for E. coli
W3110 (Hwang and Feldberg 1990). Nevertheless, to the best
of our knowledge, our results represent the first convincing
experimental confirmation that intracellular PHA granules
serve as effective in situ light-scatterers. Furthermore, accord-
ing to the results presented in Fig. 2b, it is evident that UV
radiation is absorbed by the bacterial cells quite effectively.
The absorption band centered around 254 nm can be assigned
to nucleic acid, especially to DNA. Nevertheless, from the
comparison of the absorption spectra of cell suspensions with
the same cell density, it can be seen that UV-radiation absorp-
tion in this wavelength region is considerably suppressed in
the case of the PHA-accumulating strain. Bearing in mind that
there is no significant difference in the cellular content of
DNA for the two strains, this result supports the assumption
of “shielding” effects of PHA granules resulting from their
great light-scattering ability. Moreover, it can be stated that,
apart from protecting DNA as the most sensitive molecule,
scattering of UV irradiation on PHA granules also reduces
level of intracellular ROS (see Fig. 5) generated by UV radi-
ation. This new finding very likely substantially contributes to
complex UV-protective function of PHA granules.

It should be pointed out that in natural producers, PHA
granules are not randomly distributed in bacterial cells, but
they are specifically attached to DNA. In C. necator, the at-
tachment is performed via the protein PhaM which simulta-
neously binds to DNA and the PHA associated-protein PhaP5
(Wahl et al. 2012). Similarly, in Pseudomonas putida, the
binding of PHA granules to DNA is enabled by the protein
PhaF. This protein serves as a transcriptional regulator of PHA
metabolism but it is also responsible for proper segregation of
granules during cell division and ensures, under balanced con-
ditions, equal distribution of granules between daughter cells.
PhaF directs the PHA granules to the center of the cells,
forming a characteristic needle array in the close vicinity of
DNA (Galan et al. 2011). This might substantially contribute
to a UV-protective effect since PHA granules represent a
“shield” attached to the nucleoid which scatters UVB radia-
tion away from the most sensitive molecule-DNA. Here, it
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has to be emphasized that very recent findings by Karmann
et al. (2017) show that, under carbon-limited conditions, the
distribution of granules to daughter cells in statu nascendi
occurs in an asymmetric way; the culture segregates into a
PHA-rich and a PHA-poor subculture, thus displaying a
“bistable behavior.” Future investigations might provide in-
sights if the PHA-rich subculture is definitely better protected
when challenged by UV irradiation.

PHA metabolism reveals a cyclic nature, the so called PHA
cycle, since in microbial cells the polymer is simultaneously
synthesized and degraded (Kadouri et al. 2005). According to
the results of Kadouri et al. (2003b), also the capability of
intracellular PHA degradation is an important factor enhancing
the UV-protective effect of PHA, since a PHA depolymerase
deletion mutant strain of Azospirillum brasilense incapable of
PHA degradation was shown to be more sensitive to UV irra-
diation than the wild type strain. The explanation can be that,
due to the cyclic nature of PHA metabolism and activity of
PHA depolymerase, a substantial amount of PHA monomers
is present in bacterial cells. For instance, the intracellular con-
centration of 3-hydroxybutyrate (3HB) in the wild type strain of
C. necator is 16.5-fold higher than in its PHA non-
accumulating mutant. This is important since 3HB constitutes
a potent chemical chaperone capable of preventing a model
enzyme, lipase, against denaturation caused by high tempera-
ture or oxidative damage (Obruca et al. 2016b). Therefore, it is
likely that the complete PHA cycle might in this way also
prevent bacterial cells against oxidative pressure generated by
UV radiation. Moreover, Ayub et al. (2009) suggested that PHA
metabolism is essential for the maintenance of the redox state in
Pseudomonas sp. 14-3 during oxidative pressure induced by
exposure of bacterial cells to low temperatures.

In summary, the presence of PHA granules in bacterial cells
has numerous biophysical and metabolic consequences,
which alter the stress survival capacity of bacterial cells during
their exposition to various stress factors. Their UV-protective
action might be explained by their efficient UV-radiation scat-
tering properties with high scattering efficiency in the wave-
lengths close to the DNA absorption maxima. Furthermore,
presence of PHA granules in bacterial cells also protects them
from ROS generated by UV irradiation since scattering of UV
radiation on granules decreases levels of generated ROS and,
moreover, PHA metabolism also provides efficient protection
against oxidative stress induced by UV irradiation.
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