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1 UvOD
Vazena étenagko, vazeny étenagi.

Tato habilitaeni prace si dalaza cil popsat vyuZiti jevufluorescence vruzni slozitych
koloidnich systémech, které zahrnuji jak micely, takruzné éasti Zivych systému na
buniéné urovni. Autor habilitaeni pracek timto obima tématum pgistupuje s respektem
k jejich Sigi a proto se vtéto praci objevi nikteré vybrané a zobecniné principy, jak

kvantovi mechanicky jev pomahav odhalovanivlastnosti a zakonitostiv Zivychinezivych
systémech.

Ruzné druhy luminiscence provazeji afascinuji lidstvo od nepamiti. Pozorovani
»horkého* Zhnutim uhliku?, obdiv nad,chladnym* svitélkovanim noenich Zivoéich&# nebo
obavy z ,kouzelného*modrého zageni zahgatych kamenu okolo ohnisti Tato fascinace
pozdiji pgechazela ve zvidavost a touhu vysvitlit a osvitlit puvod tohoto svitla. Tyto
aktivity dosahly vrcholu v intervalu od poloviny 19. do poloviny 20. stoleti, kdy byly
publikovany prulomové teorie a provedeny prvni katalogizace tichto jevu.

Obrazek 1 Fluorescenéni standardy excitované 36Bn. Zleva doprava: anthracen, ovalen, tetrafenylbutadi
sloueenina 610, Rhodami6G. Ze sady 6BF (Starna Ltd.).

V soueasnostise setkavane srozdilenim na tepelnou a elektronovou radiaci, ke
kterym muzZeme pgidat vysoce energetické fotony anihilaenich reakci (elektron
pozitron), které maji pgiéinu vjadernych procesech, a Eerenkovovo zagéntoto dilenti,
jisti ne idealni, pak muze mezi luminiscence (svitélkovani zpusobené zminou
elektronového stavu) zahrnout napgikladi mechanoluminiscenci, ktera je zaloZzena na

1 Zhnuti — inkadescence, specialni poddruh tepelného zagenilamen ohni je sam o sobi kombinaci
ruznych jevu od tepelného zageni po ruzné typy iomace.
Bioluminiscence.
Termoluminiscence tepelné ,uvolnini“ zakonzervovaného excitovanéhastavu.
Eastice s fazovou rychlosti vitsi nez je rychlost svitla zpisobuje polarizaci éastic prostgedi, jejichz
energie sepgi depolarizacivhodni séitd avytvogi tak elektromagnetickou razovou vinu.
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mechanickém pgeruseni chemickych vazébK luminiscencim pak gadime dle zpusobu
excitace elektroluminiscenci (LED), fotoluminiscent (fluorescence a fosforescence),
chemiluminiscenci s poddruhem bioluminiscence, sonolminiscencié a jiz zmidoovanou
mechano- a termoluminiscenci.Na nasledujicich strankach budou shrnuty a vysvitlaey
nikteré techniky fotoluminiscence, a to zejména fluorescence pro ,vlastni oko“, pro
standardni a vysoce specializované spektrofotometra velmi pokroeilé mikroskopy.

Postupem éasu se luminiscence statakuriozity videcky studovanym jevem, ktery
i na poeatku 21. stoleti je stale zZivy a stéle aktni rozvijeny v nepgeberné varianti
ruznych vyzkumnych technik. Podle souéasného vyvoje publikacich a na videckych
sympoziich jsou stale zmioovany dva hlavni zajmovésmiry ve fluorescenéni
spektroskopii — multiparametricka analyza (zahrnuje i ruzné hybridni techniky
zapojenim dalSich ,nesvitelnych” technik) a vysocerozliSena mikroskopie (ta se snazi
pomoci ruznych technik pgekonat difrakéni limity vzobrazovani). Myslenka klasické
multiparametrické analyzy, kdy ke spravné interpretad je zapotagebi znat vSechngmisni
charakteristiky, bude déale rozvijena wasledujicim textu.

Vyvoj chemie koloidnich systému nebo Iépe koloidni vidy? jako chemie a fyziky
eastic od 1 do 500nm je spjat smnoha velkymi jmény svitove vidy jako Albert Einstein,
George Gabriel Stokes, Marian Smoluchowski, Wilhelf®stwald, Wolfgang Ostwald,
Aladéar Buzagh a mnoho dalSich, jejichz jména nesou jevy nebo matematické postulaty,
které vysvitluji zakonitosti vtéto oblasti badani Samotné zaeatky tohad vidniho
odvitvi , a pgedevsim pojmenovanjsou spojeny se jménem Thomase Grahama, kterému
paipomnil zakal po chemické reakci roztok kihu.

Koloidni soustavy, nebo také koloidni disperzni sostavy, maji zdefinice spojitou a
nespojitou east, kdy nespojita east ma alespoo jedewwzmir ve vySe zmininém rozsahu
od 1 do 500 nm.Touto definici zahrnuje koloidni vida systémy od digperzi supramolekul
akrystalu po membrany—biologické membrany, piny atp.

Definice hranic koloidnich disperzi souvisi graktickym pohledem na problematiku.
Horni hranice byva udavana jako nejlepsi rozliSendptického mikroskopu, ktery se udaval
ve své dobi jako hodnota 1000 nm— hodnota 500nm se udéava jako stgedni hodnota
vinové délky viditelného svitla. VdnesSni dobi srozvojem objektivu s vysokou hodnotou
numerické apertury (N.A.>1,0) a rozvojem konfokalni (fluorescenéni) optické
mikroskopie a vysoce rozliSené mikroskopie se rozlisei pohybuje, dle pouzité vinove

5 Nejlépe Ize tento jev pozorovat tmavé mistnosti pgi rozlepovani obélek pgipadni ,izapy“ nebo pgi
drceni (kleStimi) tvrdych bonbénu.

6 Sonoluminiscence vznika implozi bublinek plynu Wkapalinach a vsouéasnosti nema svou konzistentni
teorii vzniku. V soueasnosti se gadi stdle mezi luminiscence, éili pgedpoklada, & za emisi fotonu je
zodpovidna excitace elektronu

7 Aladar Buzagh (18951962) a Wolfgang Ostwald (1883-1943) byliod zaeatku proti, aby bylo téma
koloidu pgigazeno jako vitev fyzikalni chemie, alelay byl pgitomny vzdy pohled jak chemicky tak i
fyzikalni a ,koloidni vida“ byla vniméana jako samosatna disciplina.

8 Hauser, E. A] Chem Edu(1955), 1



délky, okolo 180 nm?® u konfokalnich mikroskopu a az 15nm v pgipadi vysoce ozliSenych
mikroskopii (STED mikroskopie). Technikasouéasnosti tedy posunula migitko pro horni
hranici a tato definice jiz neni pouzitelnd. Spodni rozmir suvisi pak sfyzikalni -
chemickou definici povrchu, kdy se pgedpoklada, zebg bylo mozno rozliSit vniteni a
vnijSi atomy je nejmenSim Utvarem kulovity agregat poskadany z13 atomu a rozmirem
cca 1nm. Spravniji byva vsak spodni hranice koloidniho ,sita“ udavana mezi 1 a 5nm.

Tabulka 1Pgehled koloidnich systému

Disperz ni'podil
plyn kapalina pevna latka
Disperz nil plyn X aerosol (mlha) | aerosol (dym)
orostéed kapalina pina emulze sol
pevnallatka tuha pina gel tuhy sol

Podrobny vyzkum koloidnich soustavize spojit svyzkumem Zivych systému, neboe
zakladni funkéni slozky Zivych organismu (biopolymery membrany, organely, buoky)
patagi svymi vlastnostmi do oboru koloidni vidy. Souéasny rozvoj ,hanotechnologie*
(technologie systému velikosti narometru) je jen pokraeovanim vyzkumu zapoéatéo
v 19. stoleti a vyuziva takeka stoleti pul ziskanych vlasosti a technik vyvinutych pro
studium roztoku polymeru, suspenzi, emulzi, pin a solu. Kolidy jsou vSudypgitomné?,
jak jiz napsal zakladatel fyzikalni chemického vyzkumu na ,C.k. vysoké Skole technické
FrantiSka Josefa \Brni* (pgedtim Eeska vysoka Skola technicka, nyni \&pké uéeni
technické vBrni) , a proto existuje nepgeberné mnozstvi variant a typkoloidu, které Ize
studovat a prohloubit tak pochopeni zakonitosti paiody.

9 Pro rozliSeni optického mikroskopu plati spojeni Rajeighova kritéria s difrakci na kruhovém otvoru
(cloni) a udava se jako minimélni vzdalenost dvou bod, které je jeSti moZné rozlisit
I'min = 0,61 " #$N.A, kde pgi hodnotach = 400nm a N.A.(olejova imerze)= 1,4 jeXmin = 174 nm.

10 Baborovsky, JV3udypgitomné koloidy <ivod chemie a fysiky koloidniho stavuEin (1944), 1-207



2 OBECNII PRAKTICKY O FLURESCENCI VE VYZKUMU
KOLOIDU

Tato kapitola bude vinovana obecnym principum, jak ke vyuZit fluoresceneni
spektroskopii ke studiu koloidnich systému. Pro pochopeni konkrétnich pgipadbudou
na zaeatku shrnuty fluorescenéni charakteristiky, a jejichz zakladi pak definujeme
vlastnosti studovanych systému. Daldbude pgedstaven navrh obecného schématu pro
studium agreguijicich systému @udou zmininy limity, omezeni této techniky.

xXanthen naftalen kumarin fenoxazin akridin
RN 0 AN
=
0 0 0 N N
cyanin
=
NN
N~
N+ 7 N vitamin A
I
H3C " ,H CH3

0, N, S, P komplexy lanthanoidi
R R

auramin (\ /w
Ln”" kvantové tecky
3C\ /CHs
CH3 (:H3 >_<

Obrazek2 Vybrané struktury fluoroforu

Fluorescence je jey ktery je spjaty skonkrétnimi easticemi zvanymi fluorofory.
V pgedchozi viti je zamirni uzito slova ,eastice”, protoze fluorofory mohou byt celé
organické molekuly, éasti organickych supramolekul neo napg. ruzné druhy krystalu.
Tyto eastice jsou obklopeny svym okolim, které je vieei méni ovlivouje. Pokud je toto
ovlivnini znamo a je kvantifikovatelné pomoci dané fuorescenéni charakteristiky, stava
se zdaného fluoroforu silny nastroj ke zkoumani vlastnosi pravi toho to okoli. Je potgeba
mit vSak stale na mysli, Ze fluorofory jsou ovlivoovany lok&him prostgedim a Ze bihem
standardnich experimentu dostavame vysledné charaktestiky jako kombinaci signalu ze
vSech prostgedi, typu okoli, ve kterych se dany ftwofor nachazi. Nastisti vtomto i jinych
paipadech si fluorescenéni spektroskopie dokaze padit, a dokonce tato spektra od sebe
oddilit (technika éasovi rozliSena emisni spektroskopie). Lokalnost fluoroforu lze
vymezit obima smiry , a to pomoci jevu, kdy se excitovana energie fuoroforu ztrat i.
Prvni znich je tvorba excitovanych dimeru (obecni excitovarych komplexu), kdy
napgiklad u latky pyren byla stanovena vzdalenost 353 nm2l, Obecni tak nejmensi
vzdalenost pro ovlivnini fluoroforu Ize definovat jako rovnovazny bod, kdy jesti
nedochazi krepulzi elektronovych obalu. Nejvitsi vzdalenost, kly se ovlivouje konkrétni
fluorofor, pak muze byt vzata zdosahu jevu rezonanéni pgenos energie, kdy muze byt

11 Mezirovinna vzdalenost dimeru dleBirks, J. BRep Prog Phy88 (1975), 903-974



fluoroforu odebrana excitovana energie az na vzdaleost 10 nm (100 ). Samostatnou
kapitolou pak budou jevy, které ovlivouiji fluorofor vdzany na sipramolekularni komplex
vitSi nez 10 nm a zabraouji napgiklad rotaci toho komplexu.

Fluorofory tedy mohou byt od velikosti od cca 0,5hm (naftalen) po krystaly v gadu
stovek nanometru (kvantové teeky, nawdiamanty)l2. Rozmiry spoleéni schemicky
modifikovatelnou afinitou z nich dilaji vyborné nastroje pro vyzkum lokalnich vlastnosti
systému od jednotek do stovek nanometru +zv. koloidnich systému (Obrazek?).

2.1 FLUORESCHENI CHARAKTERISTIKY

Jako fluoresceneni charakteristiky minime vlastnosti svitla emitovaného
paislusnym fluoroforem nebo fluorescenéni éastici. deotlivy foton ma dvi zakladni
charakteristiky — energii (vinovou délku) a rovinu polarizace vuéi nami stanovenému
vztaznému systému. Soubor fotonu ze skupiny fluorofar pak ma pak SirSi distribuci
energii i rovin polarizace. Ty odpovidaji energetické a éasové naroenosti nezaguoty
procesu vexcitovaném stavu (ruzneé druhy relaxace, pgenosu naje) a pravdipodobnosti
relaxovaného)na ruzné vibraeni hladiny zakladniho stavu- Kashovo pravidlo RozloZeni
pravdipodobnosti (éetnosti) pgechodu pro jednotlivé energie emitovanych fotonu
oznaéujeme jako emisni spektrum a distribuci rovin ptarizace pak zjednoduSujeme
promitnutim jednotlivych rovin do dvou zakladnich rovin — horizontalni (x-y rovina) a
vertikalni (y-z rovina).

2.1.1 Stokesuv posun

VySe uvedené charakteristiky budou platné pro vSeahmy druhy luminiscence i
radiace bez ohledu na excitaéni mechanismus.Pokud je zdrojem excitace
elektromagnetické zageni, pak muzeme porovnat energekiou ztratu emitovaného svitla
neboli energetickou naroenost nezagivych procesu, porovném se svitlem excitaenim.
Tento posun kniz§im energiim a tim kvysSim vinovym délkam je obecnym Kashovym
pravidlem13 a posun mezi elektronovi ekvivalentnimi pgechody %Spro excitaci a
%S pro emisi Stokesovym posunem.Na tomto posunu jsou zaloZeny napgiklad
technologie optickych zjasoovacich prostgedku, ktérabsorbuji vblizké UV a viditelné
fialové oblasti (350-410 nm) a emituji svitlo v modré éasti spektra(400-480 nm). Tedy

12 Kvantové teeky, upkonverzni éastice apod. byvaji éasto oznaéovany Zliorescentni ,eastice” a
vymezuji se tak od fluoroforu, kde Ize vysledovat, fery z elektronu je zodpovidny za absorpci a emisi.
13 Jako klasicka vyjimka byva uvadin izomer naftalenwazulen, ktery, na rozdil od naftalenu, ma pomirni
vysoky dipolovy moment, protoZze je ve skuteénosti tvogeny tropyliovin kationtem a
cyklopentadienylovym aniontem. Vtomto pgipadi pak i takto mala organickd molekula emituje zageni
ve viditelném spektru s nenulovym kvantovym vytizkem z hladiny <.



k emisnimu spektru a distribuci polarizace pgibyl obech posun emisniho spektra od
excitaénho (absorpéniho)4.
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Obréazek3 Absorpéni a emisni spektrum komeréniho optickéhosgiavaciho prostgedku Leucophor SAC (Archroma). Vp
fotky roztoku komerenich OZPBeucophor.

2.1.2 Anisotropie

Pokud mame zdroj excitaéniho zageni definovanou rovinou polarizace, muzeme
projekce rovin polarizacejednotlivych fotonu vztahnout pravi k této rovini a obdrZet tak
stejnojmennou charakteristiku ,polarizace” nebo pgi zahrnuti vSech potencialnichovin
polarizace éastiji pouZivanou velieinu anisotropie. Pokud tedy stanovime intenzitu
fluorescence vrovini polarizace shodné sexcitaéni rovinou & a v rovini k ni kolmé &,

*, 4K *, 4K

muzeme polarizaci vyjadgit jako = — a anisotropii jako 3 = T

*[x
2.1.3 Doba zZivota

DalSi velmi dulezitou charakteristikou je stgedni doba, po kterou trva zageni, pokud
excitaeni zagenvyhasne.Jeden elektron se vrati na zékladni hladins daném konkrétnim
ease, elektrony skupinyfluoroforu vykazuji v éasenavratu distribuéni charakter, ktery
popisuje adekvatni kinetika prvniho gadu.Stgedni dobou trvani womto pgipadi je doba,
kdy poeet excitovanych elektronu klesne a hodnotu 1/2,71828... (reciproka hodnota
Eulerova éisla) Vtakovém pgipadi pak vdaném ease je 6P6 elektronu jiz v zakladnim
stavu a 33% zustava vexcitovaném stavu. Charakteristicky eas je tak rychlostni
konstantou této reakcea je oznaéovan jako doba zivota excitovaneého stavidokud nehraji
roli Zzddné nezagivé procesy, pak tato doba je oznaéana jako zagiva (radiaéni) doba
Zivota. Nezagivé procesy, které realnou dobu Zivotaxcitovaného stavu ovlivni,jsou
vitSinou vysledkem interakce realného fluoroforu srealnym prostgedim a stanovena

14 Dalsi vyjimka zpravidel se tyka dusledku Kashova zakona, ktery pasluje, Ze emisni spektrum je
nezavislé na pouzité excitaéni vinové délce. jistych pgipadech (polarni molekula ve viskdznim
polarnim prostgedi) vdusledku éasoveé shody relaxace okoli a doby Zivoexcitovaného stavu dochazi
k posunu maxima emise posunem excitaéni vinové délky -anglicky Red Edge Excitation Shift. Tento
posun muZe byt zajimavy zlediska prokazani slabé interakce fluoroforu napgs polymery, nebo
naopak nese informace o struktuge okolniho prostgedi

9



doba Zivota je tedy charakteristicka pro danou komimaci fluorofor—prostgedi. Pokud
srovname zagivou dobu fluorescence dobou ovlivninou v3emi dalSimi procesy
excitovaného stavu, dostavame efektivitu zagivého pcesu, ktera se nazyva kvantovy

vytizek (1).
2.1.4 Intenzita fluorescence

Nezanedbatelnou vlastnosti je samozgejmi i celkovy pmt fotonu vdaném
spektralnim rozmezi za jednotku easu —intenzita fluorescence. Z definice intenzity
fluorescence wplyvd omezeni této charakteristiky!> — je zavisla na tgech na sobi
nezavislych veliéinach: a) molarnim extinkenim koefi@ntu; b) koncentraci; c) kvantovém
vytizku. Tyto tei velieiny mohou vyrazni ovlivnit stanovenou hodnotu, a proto tato
hodnota nemusi byt spolehlivou charakeristikou ohledni informaci vlastnosti okoli.
Napgiklad pgi vybarvovani bunik neni reélni ovlivnitelny koneény poeet moleki
fluoroforu, ktery dana buoka absorbuje. Dale, pgi vysoké keentraci fluoroforu muze
dochazet interakci vexcitovaném stavu ke snizovani kvantového vytizku be ovlivnini
extinkéniho koeficientu (pyren a jeho derivaty) nebo dojde kruznym typum agregace,
které mini jak extinkeni koeficient, tak kvantovy vytizek (H a J typy agregace akridinova
oranz, hemicyaninova barviva, atd.)Ztoho plyne, Ze intenzita fluorescencemimo pgisni
definované podminky, neni vhodnou fluorescanéni charakteristikou a neni vhodné jitak
napgiklad pouzivat do rovnic vyjadgujici SterVolmerovu kinetiku nebo Fdérsteruv
rezonaneni pgenos energie.

Vyjimkou pro praktické pouziti intenzity fluorescence je ovSem vyuZiti dvou nebo
vice hodnot zemisniho nebo excitaéniho spektra, pokud pgisluseji paiklad ruznym
elektronovym stavum (lokalni excitované; stavy spgenosem naboje/elektronu/protonu)
nebo ruznym formédm (protonovanadeprotonovand). Prosté pomiry intenzity jsou
intenzivni vyuZzivany v automatizovanych analyzach jako jsou prutokové cytometry,
eteeky mikrodestieek apod. \koloidni vidi nenajdeme asi vyuzivanijSi pomir, nez je
pomir intenzit pro pgechody 5% % 58 a 5% % 5§ v molekule pyrenu. Tento pomir méa
mnoho nazvu, ale vyjadguje to samé jaka je polarita nejblizSiho okoli molekul pyrenu.
Ovyuziti a omezenitoho parametru bude pojednavatkapitola 2.4.Je dulezité zminit, Ze
vyuZziti pomiru intenzit muze byt uziteené i pro situace, kdy chceme kvantifikovajemny
posun emisniho/excitaéniho spektra, napgiklad o 25 nm.

2.1.5 Fluktuace fluorescence

//////

easova zmina ma periodicky charakter fluktuuje, muzeme pomoci vhodné matematické
metody tuto periodicitu odhalit a pgigadit jiamplitudu a charakteristicky éas. Ento eas

15 |ntenzita fluorescence F je definovana vztahem9 =:"&g";"<1>10*’d®'f) kde kje pgistrojova
konstanta, lo je intenzita dopadajiciho zageni, je kvantovy vytizek, " je molarni extinkéni koeficient,
¢ je molarni koncentrace fluoroforu/éastice al je opticka draha vcentimetrech. Pokud je pohlceno
méni nez 2 % dopadajiciho zageni, rovnice pgechaza tvar;9 =:"&g";"Er"G"H
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muze byt dale interpretovan podle zdrojefluktuaci jako translaéni nebo rotaéni difuzni
koeficient, rychlostni konstanta chemické reakce apd. Amplituda je pgigazena stgednimu
poétu eastic vdaném misti pozorovani. Pokud intenzita fluorescencenefluktuuje, ale
klesa nebo stoupd, jedna se o dalSi techniky, kterge vyuZzivaji na odhaleni mobility
jednotlivych fluoroforu nebo éastic tyto fluorofory nesouctch.

Pro analyzu koloidnich systému jsou tedy Idispozici:

tvar a pozice emisniho spektra,

doba Zivotajeji distribuce pro ruzné vinové deélky,

anisotropie — stgedni hodnota, rozloZeni bihem doby Zivota, distbuce pro
ruzné vinove délky,

intenzita fluorescence a jeji fluktuace.

Ke v8em vySe zmininym charakteristikAm lze pgigaditeti prostorovou distribuci pgi
pouziti napg. konfokalniho mikroskopu snoznosti skenovaninebo jeho ekvivalentni
varianty.

Intenzita fluorescence Posun spektra Doba Zivota
< I A i: F(t) = Fyee ',
__} 47/\ F A 1
& / P HrTrey —
_e" F ‘[ (4
£ /
_—
I 7/
ke, / A- A td
Intenzita fluorescence = f{¢as Zména tvaru Anisotropie
! ! HA A <f> T, TRT
F 60 (F(t) - F(t + 1)) F {r) Vi
(7)) =—m—m——
(F(e)? g «— 0000
0O
| | a
| | °°
e il N o _
.

Obréazek4 Pgehled fluorescenenich charakteristik a jejich vybrahyzavislosti.

2.2 NAVRH OBECNEHO STUDMSREGAENICH PROCESU

Vramci spoluprace skomerénimi vyrobci hydrofobni modifikovanych derivatu
polymeru vznikla potgeba stanovit koneenym poétem krok, zda vysledny derivat splouje
kvalitativni vlastnosti poZzadované pro nosieovy sygm. DalSi poZadavek byl aby se
nepouzivalo pgilis sofistikované vybaveni. Vytvogenim tohoto naku byl povigen autor

této habilitace.

NiZze uvedené schémgObrazek5) ukazuje takovyto navrh. Sleduje cestumoznych
jednoduchychtestu a navrhujei dalSi moznosti vyuZziti derivatu, které nesplni oe&avané
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hodnoty. Schéma neni vyeerpavajici rlediska finalizace nosieového systému, nicmeni
muze tvogit dobry zakladiako prvni série testu a pomoct tak vprvni fazi vygadit nevhodné
nebo neagregujici systémy.

Z&kladni testovani spoeiva ve vyuZziti tgi typovi olisnych fluorescenénich sond.
Perylen je velmi omezeni rozpustny ve vodi (1,58"10° mol'L1 pgi 25°C)16 a preferuje
nejnepolarnijsi éasti agregatu (logaritmicka hodnota rozdilovaciho koeficientu
log Kow=6,30)7. Pyren je nejpouzivanijSi sonda pro studium prubihu agregacediky
citlivijSi reakci na zminu polarity, coz mu pravi umo Zouje jehovyssi rozpustnost ve vodi
(6,68"107 mol'L1 pgi 25°C)18 a nizSi rozdilovaci koeficient olej/voda (log Kow = 4,88)19.
1-anilinonaftalen-8-sulfonat amonny (ANSA) je nejrozpustnijSi zuvaZzovanych sond (dle
produktového listu dodavatele0,16 mol'L-1)20, nicméni i tato vykazuje fluorescencipouze

po navazani do hydrofobnich domén bilkovin, micelarnpalisadovévrstvy apod.

Uvaha je nasledujici: pokud dany systém rozpustny weodi je schopny solubilizovat
perylen, znamena to, Ze i pges hydrofilni charakteobsahuje velmi nepolarni jadro.
Pomoci pyenu je pak mozno popsat agregaeni proces daného sgstu a rozhodnout,
jestli systém agreguje wamci jedné molekuly (roubované kopolymery formuijici
polymerni micely jako intramolekularni agregaty), nebo je to vicemolekulovy proces
(intermolekularni agregaty amfifilnich latek neboblokovych kopolymeru).

V pgipadi intramolekularnich agregatu odpadaji potize se zgedinim daného
systému, ovSem nastava otadzka rozmiru nepolarni doménw jeji schopnosti nejen nést,
ale zaroveo chranit nepolarni aktivni latku. Velké bioakivni molekuly nemaji vitSinou
jednotny charakter polarni/nepolarni, ale obsahuji éasto skupiny nebmblasti sruznou
afinitou k prostgedi. Takovéto molekuly se pak mohou éasteéni kdilizovat, easteeni
adsorbovat na nosié. \fomto pgipadi je takova latka vystavena prostgedi,tkré muze
ovlivnit jeji funkci nebo muze byt uvolnina na nevhodném misti, pgipadni adsorbovana
nepolarnimi doménami pgitomnych supramolekularnich agegatu. U tohoto typu
agregatu je pak potgeba solubilizaénimi nebo lokalizaénimi testyrokazat rozmir a
kvalitu hydrofobni domény alokalizaci aktivni latky.

Intermolekularni agregaty jsou tvogeny obvykle desitkami az stovkami
nizkomolekularnich amfifiinich latek pgipadni jednokami aZz desitkami molekul
blokovych kopolymeru (di-blok, tri-blok). Takovéto systémy jsou dle velikosti svych
monomeru a pgedpokladanému typu agregatu micely nebo vezikuly—predikovatelné co
do solubilizaénich schopnosti vuéi ruzni velkym solubilizatum. Utichto latek nastava

16 Yalkowsky, S.H., He, Yan, Jain,Handbook of Aqueous Solubility Dat8econd Edition. CRC Press, Boca
Raton, FL 2010, p. 1216

17 Andersson, J.T., Schrader, \Wnal Cheni71 (1999), 3610-3614

18 Miller, M.M. et al Environ Sci Technol9 (1985) 522-529

19 Hansch, C., Leo, A., Hoekman,American Chemical Society1995), 137
20https://www.sigmaaldrich.com/content/dam/sigma-
aldrich/docs/Sigma/Product_Information_Sheet/a3125pis.pdf (2.5.2018)
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problém sjejich praktickym pouzitim, kdy se napg. pgi intraveéznim podani nageddana
smis az 1000krat2. Vtomto pgipadi je vhodné volit pro tyto aplikace agreyaty na bazi
liposomu, které se po formovani ppgedini nerozpadaji. DalSim pomocnym migitkem
bude hydrofilni -lipofilni rovnovaha (hydrophilic-lipophilic balance), kter4 napgiklad
pomoci sumy pgispivku jednotlivych skupin pomuze ueéit afinitu amififi Ini latky

k polarnimu nebo nepolarnimu prostgedi.

Varianta, kdy ze systému svitign ANSAznamena, Ze hydrofobni domény jsou malé
a pouze na povrchurespektive Ze jsou dostupné pravi jen ty na povrchuVtomto pgipadi,
pokud ma systém nijakou pgidanou hodnotu, je pgipravypotgeba rozsSigit dyzikalni -
chemické postupy zahrnujici napgilad dialyzu zroztoku latek ve smisi rozpoustidel
vhodnych pro obi slozky oproti vodi, lyofilizaci roztoku latek ze smisi rozp oustidel apod.
Pgipadnésolubilizaty veformi fluorescenénich sond nebo aktivnich latek je ptgeba
pwgidavat vevitSini pgipadu do vychozsmisi pged napgdialyzou.

Poslednim migitkem bude rozmir samotného agregatu spoled s charakterem
jeho povrchu. Vpgipadi stanoveni rozmiru agregatu (hydrodynamickéhopolomiru), lze
s uspichem vyuzit metodu fluorescenéni korelaeni spektroskopigektera je vhodna i pro
studium stability nebo pgipadné sorpce ostatnich &k na systém vdaném prostgedi.
Obecni se uvadi, Ze pro uspisSnou dlouhodobou cirkwdci vtile (enhanced permeability
and retention effect, EPR effect)je potgeba drzet rozmiry agregatu mezi 5 az 200m
(nikde uvadino uzsi rozmezi 10-100 nm)22, coz jsou rozmiry, sekterymi idealni pracuje
metoda FC%3. Pro Uplnost zmininy charakter povrchu, ideélni bez sorpce bilkovin,
hydrofilni a nenabity, je charakterizovatelny pomod fluorescenéni spektroskopie,
nicméni je zde jednodusSeji vyuZitelna metoda stanovai zeta-potenciélu.

Metoda fluorescenéni sondy ma jednu vyhodu, ktera sgiva vtom, Ze netestuje
.prazdné“ agregaty, ale podava pgehled o tich, které obsahufiuorescenéeni sondu.
Migenim vlastnosti takovychto agregatu pak pokladaaklad pro solubilizaéni testovani
pgipadnych nosieovych systemu. Lze tedy gici, Ze pokse nepodagi ,vybarvit* agregat
fluorescenéni sondou, pak pravdipodobni nebude moznéento systém ,naplnit* aktivni
latkou stejného charakteru. Existuji aktivni latky, které fluoreskuji (vitaminy A, E, Bz;
cytostatikum doxorubicin apod.) a lzeje pouzit pro vyzkum i kvantifikaci solubilizace
danymi systémy. Diky velkémumnozstvi fluoreskujicich latek Ize takgka pro kazdou
nefluoreskujici a obtizni stanovitelnou aktivni latku najit fluoresceneni analog, ktery
poslouzi pro testovani nosieéového systému. Jako dvaakladni parametry shodnosti
aktivni latky a fluoroforu muzeme navrhnout solvodynamicky polomir a rozdilovaci
koeficient.

21 Ejslo zaloZzeno na administraci SnL roztoku do cca 5 L krve.
22 pPetros, R.A., DeSimone, J.Nat Rev Drug Disco9 (2010), 615-627
23 Velmi cenné reviewKoynov, K., Butt, H.-J., Curr Opin Colloid In 17 (2012) 377 -387
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Obrazek5 Workflow schéma vyuziti fluorescenéni spektroskopieopstudium agregujicich systému s uvazovan
vyuzitim vnosiéovych systémech.

Pokud tedy se systém ukaze jako vhodny pro pgenaané latky a vysledny komplex
opit bude vpgijatelném rozsahu velikosti, muze nasledovat pokrdejSi testovani
systému, které mohou byt zaloZzeny na pokroéilejSicHdorescenénich technikach.

Jako prvni muzeme uvést lokalizaci dané latky neboudbreskujiciho analoguv rdmci
agregatu pomocimistni selektivnich zhaSeeu fluorescence. Nejueinngim zhaseeem je
atom jodu, ktery muze byt pouZzity jako soueast orgaického nebo anorganického

komplexu. Pro exponované fluorofory umistiné ve vnijSich vrstvach agregatu je teinym
zhaSeéemanion iodu, ngeastiji ve formi Kl. Hloubiji zanogené fluorofory, které se
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pohybuji v palisddové wvrstvi, se pouziva 3iodpropanova kyselina nebo
cetyltrimethylamonium chlorid. Fluoreskujici latky zanogené do hydrofobniho jadrah&si
fenyliodid 24.

Druhou technikou, kterou Ize aspiSni vyuzit, je fluoresceneni korelaéni
spektroskopie, vyuZzitelna pro stanoveninizkych koncentraci latek a je tak pouzitelna ve
studiu uvoloovani aktivnich latek. Zmigeni zaroveo vyplyva, jestli fluoreskujici latka ¢
rozpustind v molekularni formi, nebo je soueasti vitSiho agregatu— tyto informace
poskytuje difazni koeficient.

Zavirem této easti lze shrnout, ze uvedené schémapges svou slozitostnakonec
odpovida logickym krokum pro studium podobnych systémuVpgipadi malého mnoZstvi
vzorku lze jednotlivé eleny agregaeni gady vyuzit #alSim experimentum napg. pro
stanoveni vlivu iontové sily nebo stanovenhydrodynamické polomiru apod.

2.3 OMEZENIPROBLEMY.A JEJICMMIOZNE @ESENI

Technika fluorescenéni spektroskopie bude citlivA a podobné problémy jako
jakakoliv spektroskopie vyuZzivajici spektralni oblast 200 az 800 nm, respektive az
1 500 nm.Problémy se mohou tykat jak samotné instrumentace, takcharakteru vzorku.
Opomenuti tichto omezeni pak vede ke Spatné intepretaci namigenych dat.

2.3.1 Excitace a detekce

Standardni spektrofluorimetry nebo luminiscenéni spé&trometry maji rozsah
excitaenich vinovych délek dany rozsahem excitaénihedroje, kterym byva nejéastiji
xenonova vybojka. Tyto vybojky jsou pro praktické puziti vybaveny vrstvou, ktera
absorbuje vinové délky do cca 250hm zduvodu omezeni tvorby ozonu, nicméni toto
zmensuje dostupnyexcitaéni rozsah. Kromi zdroju svice éi méni kontinualnim spektrem
emitovanych vinovych délek Ize pouzit jesti diskrétn laserové zdroje, které maji velm
Uzkou distribuci vinovych délek a je tak omezena jejich univerzalnostY soueasnosti jsou
na trhu dostupné takzvané ,bilé lasery'nebo ,superkontinualni lasery”, které kombinaci
krystalu nebo laserovych barviv pokryvaji aktualni spektralni rozsah 400-900 nm, coz
opit neni pgiliS praktické zduvodu chybijicich vinovych délek pod 400nm. Z hlediska

-----

rozptylu excitaeniho paprsku, ktery byva éasto padmny v koloidnich systémech.
2.3.2 Kompenzace rozptylu aysoké koncentrace fluoroforu

Rozptyl je nepgimo Umirny mocnini vinoveé délky a je tedy vyhodnijSi pouZit
vinovou délku 800 nm spiSe nez 400nm. Nutnou podminkou ovSem jeziskat shodné
informace pgi pouziti ruzné vinove délly. To Ize geSit pouzitim sond 8yrazni posunutou
absorpci kblizké infraéervené easti, které maji obdobnou reakma studovanou veliéinu.

24 Deumié M., El Baraka, M., Quinones, EPhotoch Photobio 87 (1995), 105-113
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Vtomto pgipadi je ale nutné mit i pgislusny detektorcitlivy na pgisluSnou oblast, coz
v souéasnosti neni jednoduch®.

Pokud neni mozné zminit fluorofor, je potgeba co nejice potlaeit rozptyl svitla
v takovychto systémech.Vtomto pgipadi se rozptyl tyka i emitovanych vinovychdélek,
protoZe o ty jde pgedevsim. Yasadi Ize pouzit tai ruzné pgistupy: 1) zminit tragktorii
excitace a emise; 2)pouzit polarizatory a 3) kompenzovat spektralni prostupnost pro

ruzné vinové délky pomoci absorpéni spektrofotometre - potlaeeni vnitgnich filtraenich
efektu I. a Il. druhu.

Ex. Ex. Ex.

Em.

Em. Em.

>

a) b) c)

Obrazek6 Ruzné zpusoby excitace za pouziti specialnich ky@irazek schematicky ukazuje, jak Ize za pouziti sgdeich
kyvet dosahnout riznych zpusobu excitace. a) prattdiexcitace (RA); b) excitace povrchové vrstvy {F€) mimostgedova

excitace (OC).

1) Zmina trajektorie souvisi s ruznym hlem mezi excitaénim emisnim paprskemVe
vitSini pgipadu ,klasickych stolnich spektrofluorimetru se uziva pravouhlé
uspogadani, které byva nazyvano anglicky ,rigkéingle” (Obrazek 6). DalSimi
moznostmi jak excitovat a posléze snimat jsou napgildazyv. ,front-face” (snimani
z pwedni povrchoveé vrstvy) pgipadni ,offcenter(mimostgedovaexcitace). Tyto
typy geometrii jsou vyuzivany pgednostni v pgipadechkdy jsou vzorky pgilis
koncentrované (z hlediska fluoroforu), zakalené neb pevné. Ve vitSini pgipadu
se pro tato migeni vyrabiji specialni kyvety, které jsou kompatibilni se
standardnim kyvetovym prostorem. Specialni variantou je i pouziti integraeni
sféry (integrating sphere). Tato sféricka dutina je pokrytatakgka 100% odrazivym
materialem (napgiklad slinuty PTFE tzv. Spectralon), ktergvySujevicenasobnym
odrazem od stin smirem ke vzorku pravdipodobnost absorpce, pokud fotony

VIS-NIR tj. voblasti mezi 800 a 900 nm. U standardnich fluorimetrise pgedpokladé vitsi pravdipodobnost
prace vUVVIS nez WIS-NIR oblasti, proto jevitSina fluorimetru vybavena fotonasobiéi, které efektivni
pokryvaji spektralni rozsah mezi 226800 nm. Pro oblast blizké NIR je pak pouzivan dalSi dekéor,
nejeastiji kapalnym dusikem chlazeny InGaAs detektos deklarovanou citlivosti 800-1500 nm. Vkazdém
paipadi je dle dostupnych charakteristik kvantova @innost detektort vdané oblasti okolo 10 %. Jsou

dostupné i excelentni citlivé detektory skvantovou Géinnosti ~10-15 % pgi 900nm (napg. keemikové
Excelitas® detektory).
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2)

3)

prvni pruchodem nebyly absorbovany Zaroveo sbira i rozptylené emitované
fotony, kterym umoznuje pruchod na detektor jen jedni vystupem.
Pouziti polarizatoru znaéni zeslabuje excitaéni a etekovany proud fotonu,
nicméni muze pomoci, zvlasti pokud je potgeba vykrekt spektrum latky s velmi
malym Stokesovym posuvemyv zakalené disperzi. Polarizatory se pouZivaji
v kolmé konfiguraci (horizontalni umistiny emisni polarizator odfiltruje vitSinu
rozptyleného vertikalni polarizovaného excitaéniho zageni, protoze rozptylené
svitlo udrZuje puvodni smir polarizace) nebo je ponechan excitaeni polarizator
vertikalni a emisni je nastaven na hodnotu magického thlu 54,7°. Toto
samozgejmi neplati vzdy idealni a podle typu materialu(pgitomnosti ruznych
chirélnich center) dochazi ruzni ke staéeni rovinypolarizace rozptyleného svitla.
Posledni pgistup je nejzasadnijsi a pro vykreslovérspekter a nasledné pouzivani
intenzity fluorescence, a« jako integral pod spektrem nebo pgi jedné vino& délce,
je absolutni nezbytny. Pomoci absorpéniho spektrofotometru Ize otestovat varek
pro spektralni propustnost na vSech excitaénich imisnich vinovych délkacha pro
danou optickou drahu (ruzna pgi ruznych geometriich). Standardni se vztahje
pozorovana intenzita fluorescence na transmitanci pgdané excitaéni a emisni
vinoveé délce. Prakticky se provadi migenv kyveti s optickou dradhou 1 cm tak, aby
absorpéni spektrum zahrnulo vSechny excitaéni a emig vinové délky. Obdrzené
hodnoty absorbance se vztahnou kodnoti optické drdhy a dostavame
univerzalni velieinu optickd hustota (optical densty, OD), ktera vyjadguje
zeslabeni vzorku absorpca rozptylem. Tato veliéina se pak nasobi danoaptickou
drahou | pro excitaci a emisi (v pravouhlé konfiguraci obi 05 cm) a jeji negativni
hodnota jako mocnina éisla deset pak putuje do jmenovatele pr korekci
pozorované intenzity fluorescenceKorekeni vztahpak je:

akLmIorQs= IRiTIKIOPQa. 10V WV 100y Why
Omezeni tohoto pgistupu bude omezenim rozsahu absa@piho spektrofotometru,
kdy soueasny stgizlivy limit pro migeni absorbance jelo hodnoty 3. Od této
hodnoty vySe pak pgistroje vykazuji znaeny, pgevazmahodny, Sum hodnot.

Nezbytnost korekce zvlasti pomoci posledni zmininého pgistupu lze jen izko

pominout, nicméni v mnoha videckych elancich tato korekce neni zminina. asti

Nrwos

patrné je to pgi migeni koncentrovanijSich roztoky nez je napgiklad 16 mol'L1 pro
fluorofory s extinkénim koeficientem 60 000-100 000 L'mol-1"cnmr® (viz Tabulka 2) nebo
pokud vzorek obsahuje jiné chromofory pgipadnifluorofory, které mohou absorbovat
ruzni pravdipodobni na ruznych vinovych délkach (na pg. pudni vyluhy).Zaroveo je toto
korigovani nezbytné i vpgipadi migeni rezonaneniho pgenosu energie se zvyiim se
mnozstvi akceptoru, ktery zprincipu metody ma absorbovat pgi emisnich vinovych
délkach donoru.
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Tabulka 2 Tabulkapro modelovy pgiklad nutnosti pouziti korekce vnitghifiltraénich efektu pro ruzni koncentrované
roztoky fluoroforu bez zahrnuti rozptylu nebo koabsorbcdalSimi fluorofory. Prvni sloupec pgedstavuje kontmaci
fluoroforu, druhy hodnotu extinkéniho koeficientu pgkeitaéni vinové délcetgeti sloupec zahrnuje vinové délky, kdy je
25% pravdipodobnost reabsorpcemitovaného fotonu druhym fluoroforem stejného druhétvrty sloupec pak ukazuje
hodnoty korigované hodnoty fluorescence pgi namigenédhoti fluorescencel00,0 pro vinové délky 25% Sanci
reabsorpce, Fkor 25 %g paty sloupeqro nulovou pravdipodobnost reabsorpce-kor 0 %.

extink$ni extink$ni!
koncentrace koeflgfcnittagiﬁil!! gﬁ\iﬁ:ﬁ/ Trg!(ljo\z!! Fkor 25 % Fkor 0 %
vinové!délce délce
mol L-1 L mol-1 cm? L mol-1 cm? a.u. a.u.
100 000 25 000 100,1 100,1
108 80 000 20 000 100,1 100,1
60 000 15 000 100,1 100,1
100 000 25 000 101,4 101,2
107 80 000 20 000 101,2 100,9
60 000 15 000 100,9 100,7
100 000 25000 115,5 112,2
106 80 000 20 000 112,2 109,6
60 000 15 000 109,0 107,2
100 000 25 000 4217 316,2
105 80 000 20 000 316,2 251,2
60 000 15000 237,1 199,5

2.3.3 Pgiprava vzorkipro spektroskopii

VitSina koloidnich systému nevykazuje fluorescenci sama o sobi, tzv.
autofluorescenci, ale je potgeba je fluorescenéniybarvit. Fluoresceneni barveni je
obecni dvou typu: a) metoda fluorescaneni znaeky (angl. Fluorescence labeling); b)
metoda fluorescereni sondy (angl. Fluorescence probing)

V prvnim pgipadi dochazi kchemickému navazani fluoroforu na danou koloidni
eastici, coz muze samozgejmi zminit jeji chovani xoztoku. Chemicka vazba fluoroforu je
tak pgijatelna povitSinou pro velké a rigidni polymery (polysacharidy, bilkoviny).
Nevyhody tohoto pgistupu jsoujiz zmininé ovlivnini vlastnosti koloidu a pgipadna
nestabilita vazby, protoZe fluorofor nema vitSinou sam o sobi afinitu k mistu, ke kterému
je fyzikalni vazan. Z migeni spekter, intenzity fluorescence nebo dobyi¥ota nelze uréit,
jestli je migen komplex koloid-znaeka nebo smis koloid+ fluorofor. To Ize odhalit
pokroéilejSimi  migenimi jako je fluorescenéni korelaéni spektroskopie nebo
anisotropie?6.

26 Pgikladem mylného vyhodnoceni muze byt situace, kdy jeyuzito rezonanéniho pgenosu energie pro
studium zminy konformace proteinu. Vymizeni efektu pg@osu energie muze byt zpusobeno oddalenim
segmentu nesouath donor a akceptor, stejni tak ovSem muze byt zpusobendnydrolyzou vazby donoru
nebo akceptoru. Existuje vSak zpusob ovigeni, jesisou stale oba fluorofory souéasti jedné koloidnéastice
atodvoubarevnd FCS, kdy dostavame nenulovy signal paoskorelaci donorového a akceptorového kanalu
jen v pgipadi, Ze jsou oba lokalizovany na stejné éastiditera difunduje pozorovanym objemem
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Metoda fluorescenéni sondy pginasi jina Uskalledno zejvitSich je konkrétni
lokalizace vheterogennich systémech, protozZe fluorofory se vomto pgipadi rozdiluji
v systému dle své afinity k danému prostgedi. Rozdilovél v mnoha pgipadech podléha
rovhovaze a je tedy obtizné najit jednu fluorescemdi sondu jen na jednom misti.
Pgikladem muzou byt dvi velmi éasto pouzivané fluoresmeéni sondy — perylen a
N,N-dimethyl-6-propionyl-2-naftylamin (prodan). V micelarnim systému jeperylen, silni
hydrofobni polyaromaticky uhlovodik, z 99,9% lokalizovany vnejhydrofobnijSi easti
koloidniho systému - micelarnim jadge(dle 16 a 17). Substituoany naftalen prodan je
naopak zastoupen ruznou mirou ve vSech prostgedich micelariio systému — volné
prostgedi, palisddova vrstva a micelarni jadrd. Jednotliva prostgedi \heterogennich
systémech se liSi polaritou, relaxaenim easem okolnitprostgedi, lokalni hustotou naboje
v pgipadi napg. ionogennich tenzidu. Toto vSechno s®ojevuje ve spektrech napgiklad
posunem nebo rozdvojenim emisnich pasu, protoze ilumiovany a detekovany objem je
o nikolik gadu vitsi, nez jsou struktury ve studovaném systému a pgistroj detekuje signal
ze vSech domeén. Velkou pomoci tomto pgipadi je stanoveni doby Zivota, kterdbude
vruznych eastech odliSna a umozni pgi znalosti rozkeni dob Zzivota pgi emisnich
vinovych délkach dekonvoluci takoveho signalu (éasa rozliSena emisni spektroskopie,
time-resolved emission spectroscopy, TRES).

DalSi probléem muze pgedstavovat vnaseni fluoresceneni sondy do $gmu.
V pgedchozim oddile jsme ukézali, Ze optimalni koncentca fluoroforu pro migeni na
klasickém spektrofluorimetru je gadovi 107 mol"L-1. Minimalni objem vzorku pro migeni
ve standardni kyveti soptickou drdhou 1 cm je 3 mLresp. naplnini kyvety o zékladni
1x1cm do vySky 3cmz8, Pokud tedy zvolime zakladni objem vzorku tgeba BiL, je
celkové latkové mnoZzstvi fluoroforu ve vzorku 5"10-10 mol. Pgi stgedni molekulové
hmotnosti 500 g‘'mol! je pak celkova navazka pro jeden vzorek 2,307 g, coZ je mimo
moznosti pgimého vazeni. Toto se geSi dvima ruznymi upoby s ohledem na rozpustnost
sondy ve vodi:

a) Fluorofory rozpustné ve vodi je mozno pgipravit ve formi o tgi @dy
koncentrovanijSiho zasobniho roztoku, nez je pozadeana finalni
koncentrace. Vpgipadi vzorku o koneeném objemu 5mL je mozné
k danému systému pgidat napgiklad 8L zasobniho roztoku a zapoeitat
gedini, nebo gedini zanést jiz do pgipravganého sytému. \pgipadi migeni
koncentraénich zavislosti koloidnich systému Ize dicze oba pgistupy jsou
ekvivalentni a zaleZi na slozitosti pgipravy samotr# koloidniho systému.

b) ElegantnijSi varianta je vyuzZivana u vzorku nerozpustnych ve vodi.
Obdobni se pgipravi o tgi gady koncentrovanijSi raok fluoroforu
v tikavém rozpoustidle — idedlni acetonu, pgipadni chloroformu nebo

27 Napg. Karukstis, K., McDonough Langmuir, 2005, vol. 21, pp. 5716-5721.
28 Skuteeny profil paprsku, ktery dopadéd na kyvetu jedany koneénou velikosti vystupni Stirbiny a
pgipadnym dalSim fokusaénim prvkem, éoekou, a tedy muze minit dle daného typu spektrofluorimetru.
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methanolu. Do prazdné vialky se napipetuje pgislusné mnozsteésobniho
roztoku a rozpoustidlo se necha vytikat, nebo se mu pomuze zahgatim,
snizenim tlaku nebo proudinim vzduchu eéi inertu (N2, Ar, He) okolo Usti
vialky. Fluorofor na dni vialky rekrystalizuje do formy velmi malych
krystalku (Obrazek 7), které pak mohou byt snadniji solubilizovany
koloidnim systémem.

i

Obrazek7 Rekrystalizované barvivo Nilské éervedezetonového roztoku ve vialce. MnoZstvi barvijegédovi vitsi pro leps
vizualizaci.

2.3.4 Pgiprava vzorkpro mikroskopii

Pgiprava mikroskopickych vzorku je velmi rozmanita a alezi na druhu vzorku a
poZadované analyze Hiné podminky budou platit pro migeni fluktuace fluorescence
v koloidech jiné pro mapovani pH vzivych buokach. Popsat komplexni pgipravu
mikroskopickych vzorku pgekraeuje ramectéto prace, nicméni nikteré specifické
metody fixace a pgipravyzorku budou popsany vkapitolach s konkrétnimi praktickymi
paiklady.

Pokud = zamigime pouze na vybarvovani vzorku, pak mame pgedou tgi mozné
situace: 1) vzorek je fluorescentni; 2) vzorek je efluorescentni; 3) vzorek nevykazuje
poZadovanou fluorescencia navic je Zivy.

V prvnim pgipadi je problém, pokud je vzorek ,dobrym* (wsoka absorpce, vysoky
kvantovy vytiZzek) fluoroforem nebo fluorescentni éadici. Pro migeni parametru pomoci
fluorescenéni korelaénispektroskopie plati omezeni poétu eastic ypozorovaném objemu
Pokud je tedy studovana koncentraéni zavislost, musse rozmezi drzet v daném,
v absolutnich hodnotach nizkém, koncentraénim rozsahuDalSi variantou je tento
experiment provést snefluorescentnimi easticemi stejného druhu fluorescentni éastice
by pak mily charakter fluorescenéni sondy. Toto je napgiklad zbytné, pokud studujeme
agregace pozorovanim zminy difuzniho koeficientu napgiklad paenoci fluorescenéni

20



znaeenych polymer@®. Pokud toto neni mozné, tak je zde moznost pouziti ji@ho dalSiho,
bathochromni posunutého, fluoroforu nebo jina varianta difazniho studia (alternativa
pro FCS by mohl FRAR sledovéani obnoveni fluorescence po fotovybileni).

Pokud pracujeme snefluorescentnim vzorkem, pak postup vybarveni bude aviset
na charakteru vzorku a pgislusné formy fluoroforu. R aplikace vyuZzivajici fluktuaci
intenzity je opit nutné drzet koncentraci fluoroforu v nanomolarni koncentraci.Vzorky
o definované koncentraci se velmi obtizni pgipravuji ainalni vzorek neni takeka mozné
zkontrolovat jinym analytickym postupem. Jako nejoptimalnijsi se jevi postup, kdy
pomoci znameého extinkeniho koeficientu nebo pgiprave kalibraéni zavislosti
stanovime koncentraci vzorku sabsorbanci v rozmezi 0,10,5. Tento vzorek se pak
rozgedi pomoci analytickych vama pozadovanou koncentraci Pgi pgipravi je potgeba
uvazovat i zptsob jeho vneseni do vzorku, jestli nese kladny naboj e je napgiklad
hydrolyzovatelny. Pokud si pgipravujeme zgediny zasmi roztok, ktery hodlame déle
gedit o 2 az 3 gady, je vhodné jej pgipravit naptl jako roztok v DMSO, kteryzabrani
hydrolyze (v ledniece tuhne), ma nizkou tenzi parvysoky bod varu a je geditelnywodou.

Togeti varianta je nejkomplikovanij§i a paradoxni z&ove0 nejjednodussi.
Jednoduchost spoéiva existenci spoustypgedpgipravenych postupu a kitu, které celou
vic znaéni ulehéuji. Zivé buoky je poteeh sbarvivem a pomocnymi latkami kultivovat
v optimalnim prostgedi, které umozni prunik latky pgesmembrany. Komplikovanost
souvisi surovni vybarveni jednotlivych bunik, resp. organel. Pro analyzy zaloZzené na
monitorovani doby Zivota nebo intenzity fluorescencena ruznych kanélechtoto neni
velkym problémem, ovSem pro koncentraéni citlivou metodu jako je FCS to naopak
problémem je. U Zivych systému navic hraje roli i sild autofluorescence WV i VIS oblasti,
kterd bude fluktuaéni analyzy rusit. Je potgeba samozgejmi poeitat, Ze tak kotegni
koloidni systémy jako jsou Zivé buoky, se chovaputonomni .

2.4 PYREN JAKO FLUORESEEN SONDA

Pyren, systematicky benzo[d,e,flfenanthren, je bezesporu nejpouzivanijsi
fluorescenénisondou pro studiumagregaenich procesu koloidnich systémech. Je rovniz
hojni vyuzivan pro stanoveni agregaéeniho eisla pon@ zhasSeni.Je to sudy alternujici
uhlovodik s D2h symetrii.

Vyuziti pyrenu jako fluoresceneni sondy je spojens jeho vcelku unikatni reakci na
polaritu svého mikrookoli. Obecni se da gici, Zentenzita prvniho vibraéniho pgechod
(5% % 58, lokalizovanéhookolo 373 nm) a spoleéni snim i druhy (58 % 5{, lokalizovany

29 Pokud byl studovanym polymerem napgiklad nativni hylwronan, pgedpokladd se, Ze pgechod ze
zgediného do polozgediného rezimu nastava u jednotefgramu na litr. Pgi prumirné molekulové hmotnosti
nativniho hyaluronanu 1 000 kg mol! je koncentrace getizcu wéadech mikromolu na litr. Takto dlouhy
getizec neni redlnévybarvit pouze jednim fluoroforem — komeréni dostupné jsou derivaty se stupnim
substituce vjednotkdch procent. Pgi prumirném poétu monomeru cca 200 znamend i 1% stupeo
vybarveni 25 molu barviva na jeden mol getizce.
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okolo 378 nm) zvysuji svou hodnotu pgi pgechodu mepolarniho do polarniho prostgedi
Ostatni pgechodysou ovlivniny pouze minimalni , a tak tgeti vibraéni pgechods¢ % 53,
lokalizovany okolo 383 nm) je pouzivany jako refereneni. Pomir intenzit tichto pgechodu
11/1 3 (Py 1:3 apod.) jepak umirny polariti daného mikrookoli. Tento pomir b ude nadéle
oznaéovany wraci jako emisni polaritni index se zkratkou EmPI.

—polérni EXC
nepolarni EXC
polarni EM

nepolarni EM

Fluorescence (a.u.)

)

300 350 400 450 500

Vinova délka (nm)

Obréazek8 Excitaéni a emisni spektra pyrenupolarnim a nepolarnim prostgedi.

Mezi nejstarSi a nejcitovanijSeo prace v této oblasti patgi slavngublikace autoru
Dao Cong Donga Mitchella Winnika vydana vroce 1984 veasopiseCanadian Journal of
Chemistry!, kterd navazuje na starSi praci obou autoré? v této oblasti. Vtéto a zmininé
starSi praci je shrnuti prvni dekady vyuziti pyrenu, sumarizace rarych praci ohledni
reakce pyrenu na polaritu,a pgedevsim ustavenpyrenové polaritni Skaly (ang. Py scale
a jeji korelaci vramci protickych a aprotickych rozpoustidel s Kamlet-Taftovym modelem
a Dimroth-Reichardtovym rozpoustidlovym parametrem Er30. Autogi této prace
srovnavali 94 rozpoustidel a pyrenoveé pary a vznikl tak pomirni Siroky pgehledhodnot
EmPI pro ruzné rozpoustidla. Navrhli navic vztahy EmPI pro stanoveni polaritnich
parametru vSech vté dobi vyuzivanych popisu interakcesolut-solvent. Je potgeba ovSem
zminit nejpuvodnijsi praci Akiry Nakajimy 33 z roku 1971 s 322 citacemi (WoSkviten
2018), ktera jako prvni popisuje vliv rozpoustidla na absorpéni a emisni vlastnosti
pyrenu.

30 677 citaci (kviten 2018, Web of Science Core Collectjon

31 Dong, D.C., Winnik, M.Aan J Cheré2 (1984), 2560-2565

32 Dong, D.C., Winnik, M.ARhotochem and Photobi85 (1982), 17-21
33 Nakajima, ABull Chem Soc Jp#4 (1971) 3272-3277
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DalSim pouzivanym parametrem je tzv. extaeni polaritni index, oznaeovany jako
v literatuge34 jako 1333:1338 nebo kss:l333, dale oznaéovany jako ExPT.ento pomir vychazi
zrozdilné absorpce pyrenu vpolarnim (~333 nm) a nepolarnim (~338 nm) prostgedi.
Tento pas patgi pgechodu oznaeovanémjako La (9% S)3°. ProtoZze neni vzdy
jednoduché pgesni ureit pozici maxima absorpce, vywé se faktu, ze pik pgechodu
nemini pgi zmini polarity svuj tvar (pgi zachovani stejné Sigky Stirbiny), ale jen se
hypsochromni/bathochromni posunuje. Vtomto pgipadi je rozsah ExPI SirSinez u EmPI.
Skuteenou hodnotu pomiru muzou ovlivnit vSechny efeky rozSigujici obecni spektralni

pasy.

Tgetim parametrem, pochazejicim emisniho spektra, je zastoupeni excimeru.
Excimer je tvogenysandwichovou strukturou skladajici se zexcitované molekuly a
molekuly v zakladnim stavu. Vzdalenost mezi molekulami je 3,53 [11]. Proces
formovani je bimolekulovy proces, ktery je zavisly na koncentraci difznim koeficientu.
Tento proces zhaSi monomerni emisi a sam emituje zageni,eké je posunuté kniz§im
energiim (maximum 450-470 nm) a je posunuty i vease

3,354

Intenzita

monomer

Fluorescence (a.u.)

excitaéni puls

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

VInovéa délka (nm)

Obrazek9 Emisni spektrum monomeru a excimeru pyrenu (vlev&asovy profil intenzity fluorescence po krétké
excitaénim pulzu (zeleni) ohledu monomeru (éerveni) a excimeru (modrd).

Etvrtym parametrem je intenzita fluorescence, ktera¢ oviem ovlivnina extinkénim
koeficientem, koncentraci a kvantovym vytizkem.Spojenym parametrem je doba Zivota,
kterd je ovSem vpgipadi pyrenu extrémni dlouha ve stovkach nanosekud3s. To
umozouje vyuziti éasového rozliSeni od dalSich fluoroforu, kméni jeji délka je zaroveo
komplikaci, protoZe typické doby Zivota jsou jednotkach nanosekud.Je jeSti dulezité
zminit, Ze pokud voblastech tvorby excimeru jepotgeba z0zit (vhodnym emisnim filtrem,
monochromatorem a Sigkou Stirbiny) oblast detekce mimo emisi excimeru. Vzhledem

34 napg. Mohanty, A. K. et aProg Biomater4 (2015), 89-100
Shen, Y. et alCarbohyd Polynv7 (2009), 95-104

Zhang, J.X. et al.Biomed Mater Res 26A (2006), 773-780
35 Wilhelm, M. et al.Macromolecule®4 (1991), 1033-1040
36 Nakajima, ABull Chem Soc Jp#6 (1973), 2602-2604
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k tomu, Ze je éasovi posunuty vuéi emisi monomeru, nebudeyhasinaci kgivka odpovidat
vazenému souéetyednotlivych exponencialnich kaivek, ale projevi s@ko proces, ktery je
nutné odeeist a ma zapornou hodnotamplitudy.

VSechny etygi parametry Ize vyuzit ke studikoloidnich systému a nikteré pgiklady
jsou v nasledujici kapitole Vybrané aplikace.V pouZiti pyrenu ve vyzkumu asociativnich
koloidu je potgeba zminit dulezitou pubikaci skupiny z Malagy3’. V roztoku roste
koncentracetenzidu pges hodnotu kritické micelarni koncentraceza pgitomnosti pyrenu
a pozorované emisni parametry EmPI a EXRykazuji typickou sigmoidni zavislost, kterou
popisuje Boltzmannova funkce Qbrazek 10). Tato étygparametricka funkce ma tai
charakteristické hodnoty —prvni zlom, poloha inflexniho bodu a druhy zlom. \této praci
byl porovnanim napg. srodivostnim migenim navrhnut parametr pomiru hodnoty x-ové
sougadnice inflexniho bodu a gradientu zminy. Tentgarametr pak ukazuje jestli jako
hodnotu kritické agregaéeni (micelarni) koncentrace yuzit inflexni bod nebo druhy zlom.
Jestli je vy3Si nez hodnota ,10, je vhodné jako aggaeni koncentraci brat druhy zlom
pokud je niZsi, tak inflexni bod.

1‘&‘1‘-—1.\ max
= ** _
] Y max —min
" '\P‘ EmPI, ExPI = koncentrace—x,
£ A 1+e dx
m [}

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

Obrazek10 Boltzmannova kgivka jako model prubihu zminy polaritith indexu na koncentraci agregujicich systému ok
kritické agregaéni koncentrace.

37 Aguiar, J., Carpena, P., Molina-Bddr, J.A., Ruiz, C.CColloid Interface S@A58 (2003), 116-122
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3 VYBRANE APLIKACE FIORESCENC¥E VYZKUMU KOLOIDU

Tato kapitola si dava za cil na praktickych pgiklagch ukazat, jak platna je
fluorescenéni spektroskopie ve vyzkumu ruznych kolmnich systému. Jednotlivé shrnuti
aplikaci, které jsou soueasti publikaci, naichZ se autortéto spolupodilel, bude dopinino
i rozSigenym komentagem lednotlivym technikam, které byly pouZzity pro ziskani
vysledku.

Pro lepSi pgehlednost budou prace dileny do jednoibych kapitol dle svého
zamigeni na dany koloidni systémJednotlivé citované prace pak budou pgilozeny

3.1 Nativni hyaluronan

Studium nativniho hyaluronanu, sodné soli kyseliny galuronové, pomoci
fluorescenéni spektroskopie je velmi obtizné. Samotnakyselina hyaluronova
nefluoreskuje a je ji tak tgeba modifikovat. Chemicka modifikacgviz poznamka 29),
navazani fluorescenéni znaékyak muze zminit charakter a interakéni vlastnosti takto
modifikovaného polymeru. Takto znaeené polymery jsou ifianeni nékladné nebo
naroené zhlediska pgipravy- pgedevsimpurifikace. DalSi variantou je pouziti fyzikalniho
afinitniho znaeeni, které vpgipadi hyaluronanu zahrnuje nejvhodniji skarboxylovym
aniontem D-glukoronové podjednotky.

Obrazekl1 Sekundarni struktura hyaluronanu, sodné soli kysaji hyaluronové

Pro fyzikélni interakci tak bude nejvhodnijsi pouzit malé fluoreskujici kladni nabité
molekuly, jako je napgikladikridinova oranz (AO).Hydrochlorid této fluoresceneni sondy
(AO+) nese kladny naboj, ktery se muze vazat na karboxyl@ skupiny D-glukuronové
podjednotky hyaluronanu. Akridinova oranz je zarove typem barviva, které od
koncentrace cca 5"16 mol"L! ve vodném prostgedi tvogi zakladnim stavu komplexy,
tzv. Htyp agregatu (sandwichovy typ agregacé38. Tyto komplexy, dimery a oligomery,

38 dalSim typem je dtyp agregace, oznaeovany jako ,heatb-tail
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jsou spojeny pgenosem elektronua vznikem excitonu QObrazek 12)39. Vysledkem
zformovani dimeru je hypsochromni posun absorpce (4651m,

*-pas)*0 oproti absorpci

monomeru (492 nm, +pas), potlaeeni fluorescence monomeru a vznik bathocomni
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Obrazek12 ZjednoduSeny Perriddab3ofiskino diagram pro tvorbu excitonovych pasu pgiypu agregace Akridinov
oranze. Zkratka ,A" znaéi proces absorpce, ,F* fluscenci a |G- VR" nezagivou deaktivaci procesem vnitgni konvea
vibraéni relaxace.

posunutého emisniho pasu dimeru, ktery je kvantovi mebanicky zakazany a proto velmi
slaby41 Pokud je pgitomné vhodné vazné ml'sto pro molekulu@+ (karboxylovy aniont)
koncentrace vaznych mist nebo A® pak muZzeme studovat interakci a rozlozem
dostupnych vaznych mist polymeru pro interakci smolekulou AO+. Pokud chceme
studovat zminy ve vitSim rozsahu, muze byt pgekazkou &ncentrace, kdy se tvogi dimery
AO- samostatni v roztoku. Vpgipadi hyaluronanu nas zajimajivyssi koncentrace proto
neni vhodné postupné pgidavani AO-, protoze by nebylo mozné rozdnout, jestli je
tvorba dimeru podminina pgitomnym volnym vaznym mistem nebo vysokou
koncentraci AO+ v roztoku.

Pro popis koncentraénich zmin je pouzivan misto pgimyt hodnot koncentrace
pomir poetu vaznych mist a molekul AO-, ktery se oznaéuje jako pomir P/D.
Pgedpokladamdi, Ze je pokles fluorescence spojen $formovanim agregatu, pak
teoreticky nejnizSi hodnota signaluby mila nastat pgi hodnoti P/D =0,5. Pgi nizSich
hodnotach pomiru bude v systému pgebytek AO-, ktery bude fluoreskovat, pgiygsich
pomirech pak dojde kredistribuci AO- na nadbytek vaznych mist a fluoresence op‘lt

e

% I|teratuze oznaeovan (P/Dy.

39 dle Bayda, M. et alDalton Trans46 (2016), 1914-1926

40 oligomer absorbuje pgi 450nm a je oznaeovan jako pas

41 napg.Costantino, L. et alJ Chem Eng Data9 (1984), 62-66

nebo Peyratout, C., Donath, E., DaehneJIPhotoch Photobio A42 (2001), 51-57
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Velmi vhodnym doplninim tichto experimentu je stanoveni pomiru absorbance
dimeru vuei monomeru (pomir * a + pasu). Jak jiz bylo diskutovano vkapitole 2.1.4,
zmina intenzity muZze byt ovlivnina i zpusobem pgipravy vzorku. Porovnanim
fluorescence a absorpce se Ize vyhnout Spatné intpretaci ziskanych dat. Modelové
prubihy fluorescence a pomiru absorbanci shrnuje Olazek 13.

Pomoci agregujici sondy AO+ byla studovana pomoci intenzity fluorescence
koncentraéni gada nativniho hyaluronanwa vliv iontoveé sily na interakci sondapolymer
p@i konstantni koncentraci AO-. Byly obdrzeny atypiké vysledky, které byly publikovany
jako east rozsahlejSiho elanku zahrnujici i pozdijiintenzivni studované interakce
hyaluronanu a kladni nabitého tenzidu#2. Tyto vysledky, které navazuji a rozSiguji dgive
zpracovavané bakaldgské a diplomové praeeprojekty komeréniho vyzkumut3, vSak stoji
za to podrobniji diskutovat.
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Obrazek13 Excitaeni a emisni spektrum AO+mzké koncentraci (bez vyraznych pasu dimeru a oligomg a naznaéen:
zavislost intenzity fluorescence se stanovenim bodwigilence. Doplnino o prubih zavislosti pomiru absorbae dimert
vuei absorbanci monomeru.

Za prvni atypicky vysledek Ize povaZovat, Ze minimumauvislosti bylo nalezeno pgi
hodnoti (P/D)e = 3. Tato hodnota je6x vitSi nez teoreticka hodnota bodu ekvivalence. ©
muze mit nikolik duvodu. Jedno arysvitleni by mohlo byt, Ze ne vSechny karboxylové
skupiny jsou stericky dostupné a Ze tuto dostupnost ovlivouje konformace polymeru
vroztoku a samotna nenulova velikostiontu AO+. To by ovSem znamenalo, Ze pro
interakci je dostupnych necelych 1®6 pgitomnych vaznych mist.Pokud vezmeme
v Uvahu, Ze skuteéna koncentrace kodi ekvivalence je 20mg'L1, potom vime, Ze se
pohybujeme ve velmi zgediném reZzimu a muzeme vyloueit irtrmolekularni interakce.
Ze sekundarni struktury hyaluronanu plyne, Ze kazdy dalS$i monomer je otoéen vuei
pgedchozimu o 180°. Pokud by tedy struktura getizceroztoku kopirovala povrch koule,

42 Mondek J.Mravec, F. et alLangmuir 30 (2014), 8726-8734

43 nap#. LONDINOVA, M. Fluorescence ve vyzkumu hydrofilnictblasti asociativnich koloidl. Brno: Vysoké
uéeni technické v Brni, Fakulta chemické, 2008. 68%edouci diplomové prace doc. Ing. Miloslav Peka&i €
nebo Mondek, J. Kationaktivni fluoresceneni sondy v sy&mu polyanion-tenzid. Brno: Vysoké ueeni
technické v Brni, Fakulta chemicka, 2010. 38 s. Vedri bakaldgské prace prof. Ing. Miloslav Pekag, CSc

27



ktery neni proniknutelny pro AO-, byla by, vnejhorSim mozném pgipadi orientace
karboxylové skupiny kolmo ke kulové ploSe dostupna jen polovina karboxylovych
skupin. DalSi pokles by pak mohl pgipsan sterickym faktorumAlternativni vysvitleni by
pak znamenalo, Ze vazna mista jsou stericky dostupnéySem nejsou ionizovana.Toto
alternativni vysvitleni ovSem stoji proti pgedpokladu, Ze hyaluronan je 100% sodnou soli
kyseliny hyaluronové a faktu, Ze i zbyvajickarboxylové skupiny maji své pKé&* mezi
hodnotami 3-4, coz pgi pH roztoku hyaluronanu 6/ znamené plnou disociaciZde je na
misti ovSem poznamenat, Ze i podle Specifikaenich ligt vyrobcu muze pH nabyvat
kyselého charakteru, coz by \pgipadi soli slabé kyseliny a silné zdsady nemilo biymoZzné.

DalSim atypickym vysledkemje chovani intenzity fluorescence a pomiru A:Av pgi
zvysujici se koncentracipolymeru. Vtomto pgipadi za bodem ekvivalence nastavéa
oeekavany narust intenzity fluorescence a pokles puiru absorbanci. U pomiru
absorbanci pak dochazi kedvojité zmini trendu, kdy narust intenzity fluorescence je
doprovazen narustem a naslednym poklese pomiru Ao:Au. Toto chaotické chovani
pomiru Ize snad dat do souvislosti i sfaktem, Ze celkovy narust fluorescence neni prudky
a jsou zde oblasti se silni se pgekryvajicimi chybgumi tseekami.Tyto zminy v chovani
pak lze teoreticky pgipsat zmini rozloZeni oligomeru vuéi dimerum pgi narustajicim
obsahu potencionalnich vaznych mist wystému.Podporu pro tuto teorii pginasi Obrazek
14, ktery obsahujedosud nepublikovana datazavislosti oligomeru. Ztichto dat vyplyva,
Ze kdyZ roste zastoupeni dimeru, tak narusta i zastmpeni oligomeru, coz je zvlasti
v nizSich P/D (niz§i koncentrace polymeru) oeekéavatelé diky pgebytku barviva.
Zajimavym faktem je, Ze zastoupeni dimeru ve srovnani adigomerem klesa, i kdyz
celkovi oproti monomeru roste. Zavislost Ab:Ao tak kopiruje prubih intenzity
fluorescence.
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Obrazek14 Srovnani nepublikovanych zavislosti pomiru absorpcégmmeru k monomeru (a, éernd) a zavisst absorpc
dimeru k monomeru (b, oranzova). Doplnino o publikovau zavislost dimeru k monomeru (modrd).

44 Mero, A., Campisi, MRolymers6 (2014), 346-369
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oblasti, kdy ma poéet vaznych mist o dva gady pgevy&d poeet molekul barviva dochazi
k opitovnému poklesu fluorescence spojené siarustem obsahu dimeru. Pokles dosahuje
minima pgi hodnoti P/D =1 000, coz odpovida koncentraci hyaluronanu cca @"L* (!).
V nasledujici oblasti P/D od 1000 do 3000 pak néasleduje strmy narust intenzity
fluorescence spolu s poklesem obsahu dimertro toto podivné chovani pgipad& Gvahu
teorie, ktera zahrnuje fakt, Ze pgi hodnoti P/D= 142 je koncentrace hyaluronanu 1g"L1,
coz znamena pgechod ze zgediné do polozgediné obidstVtéto fazi pak getizce mohou
preferovat vzajemné interakcea tvogit vnitgni, pro AO- nedosazitelné, domény. Zaveo
muze hrat roli i fakt, Ze nabita AO- bude zachytavaa na povrchu takovychto agregatia
nebude penetrovat do vnitgnieasti kvolnym vaznym mistum. Tato teorie ovSem dobge
nevysvitluje nahly narust fluorescence se zvysujicise koncentraci, pokud ovsem pgi
koncentraci odpovidajici P/D= 1 000 nedojde kdalsi zmini systému, ktera by znamenala
uvolnini domén pro snadnijSi penetraci AO- a roztok hyaluronanu by tak nepgeSel do
.gelu podobné“faze.

VySe zmininé Uvahy éasteéni podporuji \elanku zmininé mikroreologické
experimenty46. Data vpolozgediném rezimu vykazuji postupny narust, ktery & zmini
v prudky po pgekroeeni koncentrace zhruba §"L:l. Mikroreologicka data vypadaji
posunuta kniz§im hodnotam koncentrace oproti hodnotam fluorescene, coz Ize pgipsat
teoreticky gddovym rozdilum ve velikosti AO- a mikraeologické eastice, ktera tak bude
reagovat dgive na formovani siti

SHRNUTI: Podrobnou analyzou absorpénich/excitaénich spektera emisnich
muzeme podpogit nebo vyvratit domninky o chovani koladnich systému. Na zakladi
tohoto ,t@idini“ hypotéz pak zustanou konkrétni ot&ky, ze kterych vyplyva, jaké
instrumentalni techniky pouzit k jejich zodpovizeni. Vyhoda fluoresceneni spektroskopie
je vjeji relativni rychlosti, kdy Ize promigit bihem jed né hodiny pgiblizni 40 vzorku. VZdy
je vhodné doplinit fluorescenéni migeni absorpeni spektrofotometrii, pokud nejsou
pouzity p@iliS nizké koncentracefluoroforu. Spravni provedené spektrofotometrické
pomuZze potvrdit nebo vyvratit zminy v koncentraci a interakce vzakladnim stavu

45 Polozgedina oblast, oblast kde dochazi gropleteni getizcu (chain entanglement), byla stanovena
(Fouissac, E.; Milas, M.; Rinaudo, Mlacromolecule26(1993), 6945-6951.) pomoci souéinu koncentrace a
relativni molarni hmotnosti na hodnotu 280 000 g L. To znamend, Ze vozsahu relativhich molarnich
hmotnosti 300 000-1 400 000 jsou pgechodové koncemace 0,93-0,2 g L.

46 Byla pouZita varianta pasivni mikroreologie tzv. vdeo particle tracking.
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3.2 Derivaty hyaluronanu

Studium derivatu hyaluronanu, mj. hlavniho polymeru extracelularni matrix, bylo
souédsti obhajené disertaéni prace autofd. Na zakladi tohoto vyzkumu pak byly sepsany
tai publikaéni vystupy?8. 49.50 pgieemz nejdulezitijSim byl vystup vColloid and Polymer
Science [50], a poznatky byly prezentovany také vramci ruznych konferenénich
p@ispivku.

Alkyl derivaty hyaluronanud! jsou roubovanymi kopolymery hyaluronanuu kterych
Ize minit typ alkylového getizce, stupeo substitucea molekulovou hmotnost vychoziho
polymeru. U takovéhoto typu derivatu Ize oeekavat koncentrani zavislé agregaéni
chovani, které muze mit typovi dva hlavni mechanismy a jeden pgechodny Prvni
mechanismus jezalozen napgedpokladi, Ze dany modifikovany polymer neni schopen
vytvogit intramolekularni agregat (napg. kvuli nizkému stupni substituce nebo
nedostateéné ohebnosti polysacharidové kostrya bude tedy mit svou hodnotu agregaéni
koncentrace. Druhy mechanismuse zaloZzen na vznikuintramolekularnich derivatu.
Kombinovany agregat si lze pgedstavit jako intramolaklarni agregéat, ktery od jisté
koncentracevaze dalSi getizce tak, ze nevytvagi nove hydrofobdomeény.
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( 0\ OH \
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0 HO OH
1] | &0&/
0 NH
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(CHy)q

CH,

Obrazekl5 Struktura hydrofobni modifikovaného hyaluronanu.

Vliv stupni substituce a vychozi molekulové hmotnosti na hodnotu agregaeni
koncentrace popisuje publikace WColloid Polym Sdb0] a podrobni se ji vinuje disertaeni
prace [47]. Sirsidiskusi si zaslouzi ovidemstudium mechanismu agregacePravi pgi
rozvahéach, jak popsat nejlépe dany systém pomoci fluesceneni spektroskopie vzniklo
schémauvedenév kapitole 2.2 (Obrazek5).

47 Mravec, F. Aggregation behavior of polysaccharides in aqueous dauns. Brno, 2008. 119 s. Disertaeni
prace na Fakulti chemické Vysokéhouéeni technického v Brni, Ustavu fyzikalni a spotgeti chemie.
Vedouci disertaéni prace doc. Ing. Miloslav PekdeSc.

48 Mravec, F., PekagM. Chemickeé listy99 (2005), 594-595

49 Mravec, F. et al. Chemické listy2008, 102 (2008), 1096-1096

50 Mravec F., PekagM., Velebny, VColloid Polym S¢i286 (2008), 1681-1685

51 Mléochové P. et aBiopolymers82 (2006), 74-79
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Zakladni myslenka rozdileni intra- a intermolekularnich agregatu ve vodnych
roztocich spoeiva ve sledovani koncentraéni zminyybraného parametru, napgiklad
polarity okoli sondy. Mijme sondu safinitou k nepolarnimu prostgedi, u které
pozorovatelna emisni charakteristika eviduje polaritu jejiho nejblizSiho okoli. Déle je
potgeba uvest, Ze sonda ve vodném prostgedi neemitujebo emise zvodného prostgedi
je zanedbatelnd a neruSi emisi ze zformovanych agregga(timto podminkam easteeni
vyhovuje sonda Nilska eerveebo amonna sul tanilinonaftalen-8-sulfonové kyseliny).
V pgipadi, ze systém tvogi intramolekularni agregatypak budeme & od nejmensiho
pgidavku evidovat konstantni hodnotu daného polaritiho  parametru.
Uintermolekularnich agregatu pak tuto hodnotu budeme w@idovat az od jisté
koncentrace.U realnych systému dochazi ovSem #uktuacim ae uz diky citlivosti systému
nebo ruznym sorpenim efektum na hydrofobnich éastech neaggovanych polymeru.
Vyhodou fluorescenéni spektroskopigako metody je, ze malokdy migime pouze jednu
jedinou charakteristiku. Migeni polaritniho parametru Ize doplnit tak@gka vzdyintenzitou
fluorescence idealni vyjadgené jako integral pod emisnim spektrem. V pgipadi
intramolekularnich agregatu pak konstantni hodnotu laritniho indexu doplini linearni
rostouci zavislost fluorescence (do bodu, kdy budeeSkera sonda solubilizovana jadry
agregatu), u intermolekularnich agregatu najdeme obdobnou kgivku ovSemgsunutou

k agregaéni koncentraci.
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Obrazek 16 Schématické znazornini moznych koncentraénich zawssti fluorescenenich parametrt wodnych roztoki
roubovanych kopolymeru.

Pokud budeme systém sledovat pomoci polaritni sondktera ovSem nema nulovou
emisi zvodného prostgedi (napg. pyrennebo prodan), bude situace slozitijSi.
U intramolekulovych agregatu bude postupni klesat hodnota polaitniho parametru a
rust intenzita do konstantni hodnoty. Zavislosti parametru a intenity fluorescence budou
u intermolekularnich agregatu mit tvar klesajici resp.u intenzity fluorescence rostouci
Skaivky. Je potgeba oviem upozornit na vyznamné odchylky u fibescenénich sond,
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které tvogi excitované dimery, jako je pravi pyrer2. VySe popsané jednodussSi pgipady
shrnuje graficky Obrazek16.

Samostatnou diskusi si zaslouZi i pgechodny typ agyatu, kdy ke vznikajicim
agregatum napg. intramolekularnim se od jisté koncentracaeavazi dalSi getizce. Takovéto
agregaty maji prakticky dopad na vyuZzitinosieovych systémas. Po navazani dalSiho
getizce sezvitSi agregat, ale neni vytvogena novaydrofobni doména. Toto Ize prokéazat
napgiklad tak, ze se ke studovanym fluorescenénim afakteristikam pgidai sledovani
fluktuace intenzity (fluorescenéni korelaeni spektroskopie), ze kterése pges stanoveni
difuzniho koeficientu pgida informace o velikostiagregatu V t&kovém pgipadi bude
sledovana velikost skoncentraci narustat, aniz by seminila intenzita fluorescence —
polarita hydrofobni domény se nebude minit nebo bude jen velmi mélo klesat
v souvislosti se zapojenim dalSich hydrofobnich getizcu do jiz vznild domény>4.
Pgedstavu o agregatech vzniklychrmubovanych kopolymeru shrnuje Obrazekl?7.

KOMBINOVANY

INTRAMOLEKULARNIAGREGAT INTERMOLEKULARNIAGREGAT AGREGAT

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

Obrazekl7 Schématické znazornini typu agregatu tvogenych roubawan polymerem

Z publikovanych dat vyplyva, Ze prubih zavislosti prodany typ agregatuodpovida
formovani intermolekularniho agregéatu. Zavislosti emisich parametru tvogi Skaivku,
kterd znamena, Ze \istém nizkém koncentraenim rozmezi pgidavek derivatu evytvagi
hydrofobni domény schopné solubilizovat fluorescenei sondy. Polaritni paramery, jako

52 \/ nizkych koncentracich agregéatu, obecni nizké koncdrace intramolekulovych agregéatu a za agregaéni
koncentraci intermolekulovych agregétu, dochazi kakoncentrovani molekul pyrenu vjadrech a ke zhaseni
fluorescence monomeru. Takovyto systém pak nevykazuj@ monomeru intenzitu fluorescence a jeho
spektrum se neséitd £misnim spektrem ostatnich molekul. To zpusobuje napklad lokalni pokles intenzity
fluorescence vokoli agregaéni koncentrace. OvSem u pyrenu je vyhadZe excimer je emitujici komplex a
jeho koncentraéni zavislost Ize vyuzit kpopisu agregaeniho chovani systému.

53 Pozitivni dopad muZe mit interakce vpgipadi, Ze obali nebiokompatibilni nebo nestabilniééstici a
velikost takovéhoto kombinovaného agregéatu pgekrodiranici 200 nm22,

54 Rozeznavani jednotlivych typu agregatu je mozno pradst i dalSim technikami mimo fluorescenenich
technik (FCS, FRAP apod.jgko je napgiklad stanoveni molekulové hmotnosti agigétu pomoci statického
rozptylu svitla pgi znalosti molarni hmotnosti jednoho getizce. DalSi alternativou je stanoveni difaznib
koeficientu, napgiklad difuzni varianta NMR (DOSY NMR, diffusiardered spectroscopy) nebo pomoci
difuznich cel.

32



je EmPI od pyrenu nebo poloha maxima u Nilské eervenizustavaji na hodnotach
odpovidajicichvodnému prostgedi. Za povSimnuti stoji ovSem celkovgrubih S-kgivky.

Nrwos

Pai podrobnijSi analyze derivatu snejnizsi molekulovou hmotnosti 30kg'mol-1 a stupnim
substituce 30% je zavislost vyrazni komplikovanijSi, neZ nabizi model Boltzmamovy
Skwaivky. Pro stanoveni agregaeni koncentrace, jakofiexniho bodu zavislosti,je potgeba
vyuzit fyzikalnich limitaci hodnot parametru, kterych muze dosahnout dané fluoresceneni
sonda. Ty se pakzadaji jako omezeni(constraints) pro fitovaci program. ObdrZzena
hodnota je pak samozgejmi zatizena vitSi chybou hlediska statistiky, nicméni mensi
chybou z hlediskaskuteénosti. Je potgeba i uvazit, zderivat s tak nizkou molekulovou
hmotnosti obsahuje jencca 80 monomernich jednotek, které se mohou chovabzdilni ve

srovnani stakgkao dva gady vitSimi molekulami.

Rozdil vprubihu agregace lze alternativni popsat pomocigradientu poklesudalSich
sledovanych parametru. Samotna hodnota gradientu, oa@ovana jako , X" nebo ,dx", je
zavisla na koncentraenim rozsahu. Pomir inflexniho bdu a gradientu, navrzeny vpraci
Aguiara [37], Iépe reflektuje strmost zminy polaritniho indexu (Obrazek18). Dle tabulky
v obrazku pak muzeme porovnat strmost jednotlivych zaislosti.
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Obrazek18 Modelové zavislosti polaritniho indexu na koncentragro ruzné koncentraéni rozsahy a hodnoty inflexrd
bodu. VloZzena tabulka shrnuje hodnoty gradientu, pozicgléxniho bodu a hodnoty pomiru.
Obrazek 19 ukazuje vybrana data se shodnym stupnim substituce, loZzenych hodnot
vyplyva, Zze pomir je nizky a nevykazuje vyznamny tread vramci zminy molekulové
hmotnosti. S ohledemna vySe zmininou praci pak muzeme konstatovat, Ze aggace
vtomto typu agregatu odpovida agregaci ionogennich tezidu, a tak tvorbi
intermolekularnich agregatu.

SHRNUTI:Pgi souéasné Grovni znalost dostupnosti technik by bylo vhodné zvolit
p@i studiu tichto systému pokroeilejSi metody, jako ¢ pgedevsim fluorescenéni korelaéni
spektroskopie.Pgi zpracovani disertaeni praca publikacibylavitSina technik jen obtizni
dostupna, proto byl hledan alternativni pgistupke studiu prubihu agregace. Na zakladi
experimentu snativni formou hyaluronanu byla do experimenti zapojena napgiklad
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hydrofilni sonda akridinova oranz podrobni popsana v pgedchozi kapitoleZaroveo bylo
v ramci disertace, i kdyZ ne vylozeni explicitni, pouZzito schéma studia navrzenés Gvodu
této prace.

1,54
» ‘\\ = 30/30
’ ® 134/30
A 360/30
134 ¥ 1470/30
,
~ 1'2 n
< Model Boltzmann
— y= A2+ (A1-A2)/(1 + exp((x-x0)/dx))
QE- 1'1 B Equation
Value Standard Err 0 / dx
= x0 0,03895 0,0012
30730 ax 0,02413 o9E4 Mt
1,0 » x0 0,1622 0,2085
134/30 ax 0,1847 oozez %8
x0 0068 002352
094 360730 dx 0,05996 0,0054 113
o x0 02205 006402
1470/30 008 o028, ¢
0,8 WY V¥

10° 10° 10" 10°

Koncentrace (g / L)

Obrazek19 Reinterpretované zavislosti dle47] s vioZenou analyzou pomiru pozice inflexniho bodu gradientu
zavislosti. Popis legendi je molekulovd hmotnost v kg-mdlstuped substituce v %.

3.3 Interakce polymeru a amfifilnich molekul

Vyzkum vtéto oblasti je vice nez vhodny pro studium pomocifluoresceneni
spektroskopie. Obecni Ize od interakce mezi polymerem a amfifilni latlou oeekavat
Specialnim pgipadenpak jetvorba fazovi separovanych systému, kdyz pges destéizaci
koloidniho roztoku dostavame velmi stabilni hydrogebvou matrici.

Studium interakce mezi polymery, specifietiji mezi polyelektrolyty a opaeni
nabitymi tenzidy, probiha vradmci Fakulty chemické VUTod roku 2008. Prvotni motivaci
pro studium tichto interakci byla tvorba stabilizovanych koloidnich eastic, ktera by
v sobi kombinovala vyhody hydrofilnich, biokompatibilnich polyelektrolytu a zaroveo
umozoovala solubilizaci nepolarnim a amfifilnim latkam. Takovéto systémy by byly
formovany na zakladi fyzikalnich sil, dominantni na zékladi nabojovych interakci.
Fyzikalni vazané agregaty by pak také nebrany biodegradaci jednotlivych sloZek
systému.

Nejéastiji se ve studiich objevuje biopolymer hyaluonan, u kterého je hlavnim
duvodem vyuZiti jeho biokompatibilita a zaroveo biodegradabilita. Jak se podle ziskanych
vysledku jevi, tak jeho nejvitSi slabinou je potgeh interakce se silni kladnym tenzidem,
kvartérnim amoniovym iontem. Diskuse popisu interakcepomoci technik fluorescenéni
spektroskopie bude pgedmitem nasledujici podkapitoly, ktera navazig na studium
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pomoci akridinové oranze (kapitola 3.1) a prakticky pokraéuje az do souéasnosti.
Soubizni se studiem struktury agregatu mezi hyaluronanen a amoniovymi tenzidy
probihaly i testy biokompatibility na vybranych buni enych kmenechna spolupracujicim

pracovisti, které byly publikovany v zahraniénich eéasopisect 6. Soueasti tichto
vyzkumu nebyla fluoresceneni spektroskopie, pouzeavrh a pgiprava komplexu proto

nebudoudéle podrobni rozebirany.

DalSi kapitolu pgedstavuje tvorba komplexu tak, abpyly vSechny slozky co nejvice
biokompatibilni a zaroveo byla zachovana interakcanezi polymerem a latkouformujici
hydrofobni doménu. Vtomto pgipadi bylo vyuzito smisnych amfifilnich systemua.

3.3.1 Interakce polyelektrolytu a opaeni nabitych tenzidu

Zakladnim pgedpokladem je, Zze malé ionogenni amfifilnimolekuly budou

vV pgitomnosti opaéni nabitého getizce tvogit hydrofobi domény dgive nez voztoku bez
polymeru za stejnych termodynamickych podminek. Pokud ledujeme rostouci
koncentraci tenzidu vpgitomnosti polymeru ve vodném prostgedi muzeme na zakladi
citlivosti metody sledovat vazani tenzidu na polymerspojenou sindukci a po vysyceni
v8ech potencialnich vaznych mispak tvorbu volnych agregatu vroztoku. Obecny vyvoj
z pohledu fluoresceneni sondy pyrengmisni polaritni index s intenzitou fluorescence a
zastoupenin excimeru, shrnuje Obrazek 20. Ve vyvoji parametru muzZeme najit pit
oblasti,oznaéenych gimskymi eislicem-V, a které jsou graficky prezentovany.
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Obrazek 20 Model zavislosti pyrenovych parametru emisniho polariho indexu (), intenzity fluorescence 1() a
zastoupeni excimeru () vpgipadi konstantniho obsahu polyaniontu hyaluronang™~@) a rostouci koncentrac
kationaktivniho tenzidu @~~~ ) ve vodném prostgedi. Sipegnaéuji zadatek indukované agregace (kritickou agregd
koncentraci, CAC) a pgi nasyceni getizce pak kriticknicelarni agregaci (CMC). Protionty nejsou zobrazen

55 Kalbaeova M.; Vedanova, M.;Mravec, F.; Halasovg T.; Rekag M.Colloid Surface A60 (2014), 204-208
56 Sauerova, P., érdanovd M.; Rigrova, T.; \énerovd, T.; Mravec, F. Kalbdéovg M.; Rekag M.
Colloid Surface A83 (2015),155-161
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VySe uvedeny model se snazi zachytit vSechny podsted faze agregace:

Oblast | je typicka pro zvody emitujici fluorescenéni sondu. Pyren
neinteraguje s hyaluronanem tak, aby minil své emisni nebo excitaéni
spektrum [47]. V pgitomnosti polymeru a pgi nizké koncentraci tenzidu
nebudou tvogeny hydrofobni domeényi kdyz se east tenzidu bude vazat na
pgitomny getizec. Tuto domninku Ize doloZit experimatem publikovanym
v easopise Langmuir [42] vroce 2014. Pomoci adsorbovanéakridinové
oranze ve formi dimeru bylo mozno pozorovat vazani terzidu hluboko pod
jeho kritickou micelarni koncentraci (od 2-10-7 mol-L-1, CMC ~ 1 mM?) tak,
Ze byl pozorovan rozpad dimeru a narust fluorescence Oblasti | konei
poklesem fluorescence, coz znamena, Ze molekuly pyrense lokalni
zakoncentrovavaji ve formujicich senepolarnich doménach, které tak
obsahuji vice molekul pyrenu a roste pravdipodobnosttvorby excimeru,
jehoz signal tim narusta.

Oblast Il odpovida poklesu polaritniho indexu, bui na zakladi mixovani
signalu zpolarnich a nepolarnich éasti koloidniho roztoku nebo na zaklad
postupného formovani indukovanych micel, poklesu zasiupeni excimeru a
narustu fluorescence. Inflexni bod wtéto oblasti ze zavislosti EmPE f(Ctenzidu)
je pak bran jako bod kritické agregaeni koncentrace

Oblast Il je nejkomplikovanijSi oblasti, protoZze zde muZze dait k velkému
mnozstvi jevl. Popsana zavislost pgedpoklada, Ze dah pgidavkem tenzidu
budou obsazena dalSi vazna mista polymeru, kde se bowd indukovat micely.
Micely budou postupni plnit getizec, nicméni se pgepoklada, Ze vznikne
stabilni struktura popisovana jako ,struktura perloveho nahrdelniku“ (pearl-
necklace structure). Micely sice vykompenzuji zapary naboj polymeru, ale
samy jako makroionty budou obsahovatpgebytek kladného naboje, ktery
bude stabilizovat strukturu v roztoku. ProtoZe narusta pouze mnoZzstvi micel
v roztoku, polaritni index zustava stejny a narusta mtenzita fluorescence
ktera je ovSem kompenzovana tvorbou excimertTato oblast bude tedy silni
citivh na pomir molekul pyrenu vuei indukovanym miceldm a také na
celkovy obsah dostupnych vaznych mist na polymeru (pblematika viz
kapitola 3.1). Oblast konéi po nasyceni vSech polymernichaznych mist.
Oblast IV odpovida formovani pgebytku tenzidu do volnych micel roztoku.
Dochazi kvadzani zbylych molekul pyrenu a poklesu polaritnihandexu, opit
narusta zastoupeni excimeru. NejobtiznijSi je modeloat vyvoj intenzity
fluorescence, ktera by mila narustat inkorporaci dagich molekul pyrenu a
klesat formovanim excimeru. Vtomto modelu byla zvolenajako vysledny
stav dynamickéa rovnovaha.

57 ruzni autogi uvadiji CMGrasod 0,9 do 1 mM vzavislosti na metodi, napg. Sanchez, G. F. ethLumin69
(2009), 2127
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Oblast V je finalni oblasti, pgidavek tenzidu navysuje poéehicel, polaritni
index se nemini, excimer se vytraci a intenzita fluoescence by mila
dosahnout maximalni hodnoty.

Navrzené schéma vSak pgedpoklada jisté chovani polynuea tenzidu. U tenzidu se
poedpoklada, Ze tvogi sférické micely a nedochazi niho nad kritickou micelarni
koncentraci k fazovym pgechodum daném koncentraénim rozsahu. U polymeru se
pgedpoklada vysoka stabilitaa hydrofilita. Zaroveo se pgedpoklada, Ze iontova sila
roztoku neni navysSovana pgidavkem nizkomolekularnihelektrolytu. ZvySena iontova
sila potlaéuje interakci nabitych komponent, sniZug repulzi mezi shodnymi naboji a vede
tak ke snizeni kritické micelarni korncentrace tenzidu a muzenegovat vliv pgitomnosti
polymeru. Podrobnym studiem interakce mezi cetyltrimethylamonium bromidem
(CTAB) nebo carbethopendecinium bromidem (Septone®) hyaluronanem se zabyva
prace publikovana v International Journal of Biological Macromoleculé$ a interakci ve
vodném prostgedi se zvySenou iontovou silou spoleenpublikace vColloid Surface A
z roku 201159,

Na zakladi tichto dat pak je nutné upravit tento model pro konkrétni pgipad
interakce ve vodnych roztocichhyaluronanu a CTAB, jak shrnujeObrazek21. V tomto
obrazku pgibyla mezi oblasti lll a IV oblast oznaéenpismenem ,S*, kde dochazi tazové
separaci, tvorbi srazeniny, ktera pgechazi na gelento gel Ize pozorovat, pokud systém
obsahuje hydrofobni barvivo. To samo o sobi je dukaem, Ze tento gel zachovava
hydrofobni domény, které mohousolubilizovat nepolarni latky. O zachovani nepolarnich
domén svidéi i pozorovatelnd emise Nilské eerveni, terd je ve vodném prostgedi
zhaSena.
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Obrazek21 Graficka interpretace pgipadu, kdy dochazfézové separaci. Oblast oznaéena pismenem ,S* koregpjense
Zluti oznaéenou oblasti na fotce, kde Ize vidit pod L¥mpou vzorky pyrenem a Nilskou eerveni, u nichz doslddzove
separaci a nasledné depozici gelové faze na okrajdeka\VVzorky doplouje shodna fotka@lejovou éerveni.

58 Pilgrovd, T., Venerov4, TMravec, F., Pekag, Mnternational Int J Biol Macromol112(2018), 241-249
59 Halasov4, T., Krouska, Mravec, F., Pekag, MColloid Surface 891 (2011), 25-31
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Mnozstvi vznikajiciho hydrogelu je prominné a vpracovnich koncentracich
fluoroforu velmi tizko odhalitelné (barevni) i pges depozici dorelativni tenké vrstvy.
Interpretace pouze jednoho parametru, nejpouzivanij$ho emisniho polaritniho indexu,
by vedla kchybné interpretaci zaminy vzorku vkoncentraéni gadi nebo Spatni
paipraveného vzorku. Pgi pouziti dalSiho parametruntenzity fluorescencese ukazuije, Ze
zatimco voblasti fazové separaceEmPI roste kpuvodnim hodnotam, fluorescence klesé
pod hodnotu pyrenu ve vodném roztoku. Posledni parante, ktery vylouei, Ze pokles
fluorescence je zpusoben zakoncentrovanim pyrenu, janalyza zastoupeni excimeru.
Vtomto pgipadi je hodnota velmi nizka a znamena to, Zse sonda nedostala se vzorkem
z vialky do migici kyvety.

Metoda fluorescenéni sondy je tedy velmi elegantni miedou studia interakce,
zvlasti pokud je k dispozici viceparametrovy systém, jako pyren. azdém pgipadi je
migeni vhodné doplnit i typem sondy, ktera neemituje zvodného prostgedi a jetak
schopnapginést informaceohledni formované hydrofobni domény.

Pokud upravime iontovou silu roztoku na fyziologicka hodnotu 0,15mol-L1,
vymizi dvojzlomovy prubih i prubih s fazovou segraci, agregace odpovida jednoduché
Boltzmannovi kgivce a zlomova éast je posunuta kizSim koncentracim (viz [59]). Jako
zajimavy muZzeme oznaéit vliv pgidavku hyaluronanu, ktery naogaposouvé agregaeni
hodnoty k vy$8im hodnotam (Obrazek 22). Pokud porovname parametr xo/ X pak pro
CTAB dostavame hodnotu 0,048 pro nizkomolekularni hyaluronan 0,095 a
vysokomolekularni 0,060. Jak Ize pozorovat, pomir vpgitomnostihyaluronanu se xysil,
nicméni zustava velmi nizky, a tak jako agregaénikoncentrace je bran inflexni bod
proloZzené zavislosti Posunagregaéni koncentrace dobge ilustruje i zavislostbsahu

excimeru.

13 CTAB
1 M HyA
o 1M HyA

EmPI (-)

Lo
0,0001 0,001 0,01 0.1 1

CCTAB

LM =90 kg'mol! T™ =1 400 kg'mol!

Obrazek22 Zavislost emisniho polaritniho indexu (adaptovano[z9]) a pomiru excimer:monomer(nepublikovana data
na koncentraci kationaktivniho tenzidu ve vodi pgitomnosti hyaluronanu o koncentraci @#L! a iontové sile 0,15/
upravené NacCl.
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3.3.2 Fazova separace systému polymeitenzid za vysokych koncentraci

Z pwedchozi kapitoly vyplynulo, Ze pgi specifické kohinaci podminek dochazi u
systému kfazové separaci a tvorbi hydrogelové faze. Toto bge dalo vyuzit ke tvorbi
nové tgidy hydrogelu, protoZe, jak je patrné Zotek (Obrazek 21), jsou i vprostgedi
hydrogelu zachované nepolarni domény.

Takovyto systém by pak mohl kombinovat vyhody obou sizek napg. pgi mokrém
hojeni, kdy hydrofilni slozka zajisti vlheeni, chlaeni a distribuci ve vodi rozpustnych
latek a nepolarni pak solubilizaci nebo uvoloovanhydrofobnich sloZek.

Pro praktické vyuziti je ovSem tvorbu hydrogelu pot@ba vyrazni navysit. Z praxe
plyne, Ze toto nelze udilat ve vodném roztoku, prot@e opaéni nabité tenzidy vytvagi
s hyaluronanemsraZeninu vprocesu purfikace a izolace opaéeni nabitych polymeruJak
bylo zjiStino €0, pokud je vsystému pgitomné zvySené mnozstvi nizkomolekularniho
elektrolytu, pgechazi systém ve vysokych koncentracich na hydyel, obdobni jako
v nizkych koncentracich bez zvySené iontové sil

Obrazek 23 Fazovi separovany hydrogel #enzidu CTAB a hyaluronanuMIlééné zakaleni je zpusobeno intenzivr
protgepanim na vortexu pged odstgedinim. Tato opatie vymizi do 4& pgi nerusenim stani za laboratornich podmin
Ruzné formy hydrogelu pged ustdlenim ukazuji vliv mlallové hmotnosti— zleva doprava vysoka ~1 500kDa)
stgedni (~50kDa) a nizka (~80kDa).

Obrazek 23 ukazuje vysledek fazové separaces systému, ktery byl pgipraven
smichanim3 mL 2% hm.vodného roztoku hyaluronanu a 3 mL 200 mM roztoku CTAB
v prostgedi iontové sily 0,15M upravené NaCl.Vzorky se liSi pouZzitou molekulovou

hmotnosti hyaluronanu a jsou zachyceny cca 4 hodingd smichani, tedy pged ustalenim.

60 napg. Kratochvilova, ONovy zpusob pgipravy hydrogel8rno: Vysoké ueeni technické v Brni, Fakulta

chemicka, 2016. 45 s. Vedouci bakaldgské prace Ikg@ip Mravec, Ph.Dnebo HEGER, RVliv podminek na

tvorbu hydrogelu.Brno: Vysoké ueeni technické v Brni, Fakulta chemicka, 2@L 44 s. Vedouci bakalagské
prace Ing. Filip Mravec, Ph.D.
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Obrazek 25 Hydrogely na bazi CTAB a hyaluronanu s inkorporovaniyidtkami s ruznymi vlastnostmi. ANSA
anilinonaftalensulfonat amonny; R6G Rhodamin 6G.

Vznikly systém obsahuje jak vodnoufazi, tak i fazi micelarni, kterd se muzeod
standardni micely liSit. Diky této struktuge mohou by v gelu inkorporovany jak
hydrofilni, tak hydrofobni sloZky, pgipadni i supranolekularni éastice, které budou
zadrzeny stericky. Pgiklady nikterych latekpod UV-lampou ukazujeObrazek 25. Na
obrazku jsou zachyceny latky emitujici z:mepolarnich éasti jako Nilska eerveo, perylen a
ANSAa latky emituji i zvodného prostgedi -Rhodamin 6G a Oregon green. U posledni
zmininych latek Ize pozorovat, Ze jejich emise je vyaznijSi z hydrogeloveé faze. Poslednim

vzorkem na obrazku je fluoreskujici cytostatikum Doxorubicin, fluoreskujici pouze
z hydrogelové faze.

uv VIS

ptvodni

vysuseny

rehydratovany

gel: 2 % hm. 650 kg-mol* + 100 a 200 mM CTAB
Obrazek24 Vizualizace vysychéani a rehydratace hydrogelu pomsohdy prodan.
Pokud do hydrogelu inkorporujeme vhodnou sondu, muzeme pozorovahapgiklad
jeho pgechod na xerogelovou formu. Vhodnou fluoresnéni sondou je podan, vykazujici

modrou emisi vnepolarnim prostgedi a zelenou emisi prostgedi vodném. Ve fazovi
separovanémhydrogelu pak diky pgitomnosti polarnich i nepolarrich domén vykazuje
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smiSenou emisi, ktera se jevi pgi pozorovani jako tkysova. Pgi postupném suseni se pak
emise posouva sibytkem vody postupni do modré oblasti, ktera odpovida emisi pouz
nepolarnich domén. Pgi pgidavku vody se strukturapostupujici rehydrataci obnovuje a
emise hydrogelu pod UViampou je opit tyrkysova (Obrazek 24).

~ v s

DalSim zajimavym pokusenje blizsi vyzkum fluidity hydrofobnich domén ve faovi
separovaném hydrogelu. Ktomuto pokusu Ize vyuzit specialni sondu P3P
(1,3-bis(pyren-1-yl)propan), kterd vykazuje ve fluidnim prostgedi tyrkysovou
excimerovou fluorescenci a \prostgedi o vysoké viskoziti pak modrofialovou
fluorescenci monomeru. Jak bylopozorovano, zmicelarniho prostgedi vykazuje P3P
tyrkysovou fluorescenci. To odpovida pgedpokladu goké fluidity micely. ZajimavijSim
faktem je, Ze shodnou fluorescenci pak vykazujehydrogel (Obrdzek26 vlevo nahoge)
ktery je jinak mechanicky velmi pevny. To Ize interpetovat tak, Zze

a) micely jsou interakcis polymeremnezmininé ,
b) micely fazuji do vitSich agregatu, micelarnich kanalthebo supermicel,

c) pozorovana excimerni fluorescence nepochézi farmovani vnitgniho
excimeru, ktery vyZaduje vysokou fluiditu, ale zpgekryvu jednotlivych
pyrenylovych skupin diky blizkému kontaktu a zakonentrovani.
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Obrazek26 Vizualizace vysychani a rehydratace hydrogghomoci viskozitni sondy P3P. Na grafu vpravo je excitaa
emisni spektrum P3P a ve vlozeném grafu nepublikovadata zavislosti pomiru intenzity excimeru k intenzit
monomeru na viskoziti. Viskozitni gada byla pgiprawerkombinaci methanolu a glycerolw ruznych objemovyc
pomirech.
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Pokud zvazimemoznost c), ta byla testovana monomernim pyrenembDo gelu bylo
inkorporovano molarni dvojnasobné mnozstvi pyrenu nezsondy P3P. Hydrofobni endy
jsou pgedsolubilizovany do roztoku tenzidu, ktery ¢ nasledni smisen sroztokem
polymeru. Po excitaci 365 nm vzorek gelu s P3P vykag tyrkysovou fluorescenci a
vzorek s pyrenem fialovou fluorescenci monomeru. Yomto pgipadi vylueéujeme moznost
C).

Moznost a) neni pgiliS pravdipodobna na zakladi padchozich kapitol. | vpgipadi
zvySené iontové sily pomoci nizkomolekularniho elekblytu dochazi kinterakci mezi
getizci vnizkych koncentracich obou slozek a kazové separaci ve vysokych
koncentracich. Tato varianta muze i mit i svou specléi verzi, kdy budeme uvazovat, Ze
k vdzani getizcu je vyuzita jen velmi mala east tenzida zbylé micely se pohybuji volni
v disperznim prostgedi bez interakce wetizcem

migeni pomoci sledovani fluktuace fluorescencbydrofobni sondy Nilska eerveoV tomto
)

g O . U .

\L\J o Vysvitleni pomoci micelarni fuze je pak velmi

Jako nejpravdipodobnijSi moZnost se pak jevi variama b). Ktéto varianti |ze pgidat
_ fﬂ?‘”"’“’i‘jl )(//\)lﬂ pgipadi pak nejsou zajimavé pgimo stanovené
QO QIO L\I”‘}JT/ hodnoty, ale samotny fakt, Ze fluktuaci Ize namigit.
pravdipodobné, i kdyZ nelze vylouéit i vySe zmininau
specialni variantu, kdy systém obsahuje volné micely

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

Vsoueasné dobi stale probihd intenzivni
vyzkum tichto systému, ktery kromi fluoresceneni
spektroskopie vyuziva i reologii a pgi spravné
Obréazek27 Porovnani emise P3P a pyrenu  INtE€rpretaci namigenych dat muze pginést odpovidi
shodnych molarnich mnozstvich fluorofo - ghledni  vniteniho  uspogéadani tichto  fazovi

v prostgedi fazovi separovaného hydrogelu B .
separovanych systému.

3.3.3 Interakce vsystému polymetlipid

V pgedchozich kapitolach jsme ukazali vyuziti fluoresméni spektroskopie pgi
studiu interakce mezi standardnimi jednogetizcovymi kaionaktivnimi tenzidy a
hyaluronanem sdiskutabilnim stupnim neutralizace/disociace. RozSigaijSimu vyuziti
tichto systému v medicini brani pgevazni tenzidova sbzka.

Fluoresceneni spektroskopie byla pouzita pgi studimahrady standardnich tenzidu
biologicky akceptovatelnymi variantami.Ruzné pgistupy shrnuji publikované pracé 62,63,
Metody maji spoleeny zaklad \pouziti smisnych systému. Navrhovana zakladni Gvaha

61 Mravec, F. Klueadkovg M.; Rekag M. Fluorescence Spectroscopy Study of Hyalurond®hospholipid
Interactions. In Advances in Planar Lipid Bilayers and Liposomé&urlington: Academic Press, 2011. p. 235-
255. ISBN: 978-0-12-387720-8.

62 Burdikové, J.Mravec, F., PekagM.Colloid Polymer S294 (2016) 823-831

63 Burdikova, J.;Solnj |.; Doskoeil, L.;Mravec, F.; Pekag M.Colloid Polymer Sc295 (2017), 1131-1140
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stoji na myslence vyuziti amfoternich nebo neionogenich systému dopovanych
amfifilnimi latkami nesoucimi kladny nabo;.

D s neionogenni tenzid

D=za~  amfoterni lipid

zo6na interakce
\ m kationicky lipid

Obrazek28 Graficka reprezentace uvazovanych smisnych agregaenggstému.

Fluorescence byla vyuzita ve studiupro potvrzeni nebo vyvraceni nabojové
interakce mezi fosfolipidem DPPC (dipalmitoylfosfatidycholin) a hyaluronanem
obdobni, jak bylo popsano vkapitole 3.1. Kdanému mnoZzstvi hyaluronanu bylo pgidano
takové mnozstvi akridinové oranze, aby pomir P/D dos&l hodnoty 3. Dale byl do
systému pgidanDPPC \koneéné koncentraci 5, 20 a 50ng"L%, coZ jsou hodnoty nad
stanovenouagregaeni(vesikularni) koncentraci pomoci pyrenovychcharakteristik, ktera
je poiblizni 1 mg"L® (dle [61]). Jak jiz bylo zminino vySe, pro potvrzeni interakceje
vhodné sledovat nejen intenzitu fluorescence, aleazoveo pomir zastoupeni dimeru k
monomeru zabsorpeniho/excitaéniho spektra, jak shrnuje Obraze29.
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Obrazek 29 Zavislost intenzity fluorescence a pomiru dimer:monomez emisniho, respektive absorpéniho spek
akridinové oranze wpgitomnosti hyaluronanu (P/D= 3) za rostouci koncentrace fosfolipidu DPPC. Data [i¢], doplnina.
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Zobrazena data ukazuji, Zze vamci chyby lze pozorovat narust intenzity
fluorescence az pgi padesatinasobku stanovené agesmi koncentrace. Dulezitym
ukazatelem je fakt, Ze tento narust nelze pgipsat mpadudimeru, ale naopak dochéazi spise
k narustu pomiru D:M. Vtomto pgipadi muzZzeme tedy takaka vyloueit, Ze bynezi DPPC a
hyaluronanem $lo o nadbojovou interakciJedno zmoznych vysvitleni je, Zeinterakce mezi
fosfolipidovym agregatem (iposomem) pro getizec hyaluronanu nedostupna ze
sterickych duvodu, pgipadni 2 liposomy z DPPC vykagi velmi nizky negativni zeta
potencial mezi-1 az-2 mVe4,

Velmi zajimavé vysledky dostaneme, pokud nechame integavat neionogenni
micelarni systém dopovany DPPC. Zvoliré napgiklad jako neionogenni systém
dodecylmaltosid, potgebujeme znat, kolik molekul tenzidu tvogi jednu neielu. Ktomu Ize
opit vyuzit fluoresceneni spektroskopii, kdyZz stano/ime zavislost zhaSeni pyrenu
cetylpyridinium chloridem, ze které lzeureit agregaeni eislo micely dodecylmaltosidu
[62]. Ktakovéto micele bylo pgidano takové mnozstvi DPPC, ybmolarni pomir
NoppdN micel Dyl mezi 1 a 1,55, Takto pgipraveny systém pgidavame opit kyaluronanu
s nasorbovanou akridinovou orarzi a vysledek shrnuje Obrazeld0.

Data z experimentu s komplexemukazuji, Zze ,rozgedini* amfoterniho fosfolipidu
v neionogenni micele pgineslo pohledu fluorescence Uspich ve formi narustu
fluorescence doprovazena poklesem zastoupeni dimeri. tomto pgipadi Ize povazovat
interakci mezi hyaluronanem a komplexem jako elektrostéickou.
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Obrazek30 Zavislost intenzity fluorescence a pomiru dimer:monome emisniho, respektive absorpéniho spektra akridine
oranze vpgitomnosti hyaluronanu (P/D=3) za rostouci koncentrace komplexu dodecyl maltdgia DPPC wmolarnim pomiru
98:1. Modré kgizky indikuji vychozi hodnoty fluoresce a D:M pro systém bez paicku komplexu.

64 Ruzni autogi, napgiklad Henriksen, I. et dht J Pharmal01 (1994), 227-236
65 Tento rozsah je dan Sirokym rozsahem agregaéniho s Dle dodavatele (Sigma&Aldrich) bylo agregaéni
eislo 98[61], nami stanovené pak 67 9 [62]
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Chovani smisnych systému lze popsat velmi komplexni poraci dalSich
fluorescenénich technik a sondSmis amfoterniho fosfolipidu DPPC a kationaktivniho
lipidu DPTAP (1,2-dipalmitoyl-3-trimetylamonium-prop an) byla popsana nejen pomoci
pyrenu z hlediska agregace, ale byly vyuZity i anizotropni dlenylhexatrien pro studium
stupni organizace lipidové vrstvy (Lipid Order Parameter) a polaritni Laurdan, pro

v s

stanoveni fazového pgechodu lipidue zminy pgitomnosti vody vnejblizSim okoli [63].

3.4 Fluorescentni eastice

Pokroeilé mikroskopické techniky byly vyuZity ve studiu dvou odliSnych koloidnich
systému —nanodiamantu s dusikovymi vakancemp¢ a kvantovych teeek’.

3.4.1 Nanodiamanty

Velmi rozsahla, teoreticka i experimentalni, studie pacoval smodelovanim,
pgipravou a stanovenim magnetickych a optickych vlasbsti nanodiamantu s N-
vakancemi a ruznymzpusobem erminace. Fluorescenéeni spektroskopie, ve formi éasovi
rozliSené fluorescenéni mikroskopie (FLIM), byla vydita pro stanoveni dob Zzivota
excitovaného stavu tichto systému vpevném stavu Pro rozsahlost této studie se
v publikaci objevily pouze shrnuté vysledky popisujid jednotlivé experimenty.

Z pwedchozich spektroskopickych migeni byly vybrany t@emisni oblasti pgi dvou
ruznych excitacich. Jako prvni byla pgi excitaci $/nm vzata oblast od 405nm vySe a
porovnana soblasti od 519nm déale. Pro srovnani byl pak vzorek excitovan lasem o
vinové délce 510nm a emise byla sbirana od 51%m dale. Pokud se podivame na
namigena data, je zgejmeé, Ze systém nevykazuje monoerpacialni vyhasinaci kaivku.
Doby Zivotabyly migené pgi 20+ 0,5 °C. Pro zelenou excitaci se frakcedobou zivotanad
15 ns zvySuje s pgitomnostikysliku. Pro ultrafialovou excitaci se zlomek neje@lSi doby
Zivota zvySuje v povrchové modifikaci gady hydrogenovanéxidované-oxidované po
Zzihani 750°C. Pp vSechny terminacenanodiamantu pgi excitacivyssi vinovou délkou
(510 nm) je relativni mnozstvi delSich dob Zivota vysSi BZ pro kratSi vinové délky
excitace (375 nm). Bi vysokoenergetickéexcitacije vitSi mnozstvi elektronu excitovano
z hlubokych defektu. Potom jsou tripletové elektrony v NV defektech silni ovlivniny
nejen fonony amaterialnimi defekty, ale i obrovskymmnozstvim dalSich excitovanych
elektronu - tyto interakce zkracuji dobu Zivota luminiscence

86 Kratochvilova, |.; &bera, J.; Ashcheulov, P.; Golan, M.; Ledvina, Migov4 J.;Mravec, F.; Kovalenko, A.;
Zverev, D.; Yavkin, B.; Orlinskii, S.AHS, S.; Berov4, A.; Richter J.; $fc, L.; Tiranek, J.J Phys Chem C18
(2014), 25245-25252

67 Nejdl, L.; 4tka, J.;Mravec, F., Milosavljeviee V.; 4tka, O.; Kopel, P.; Adam, V.avuloviéovg M.Microchim
Acta184 (2017), 1489-1497.
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Obrazek 31 zachycuje emisiagregau nanodiamantu (oxidovany a zihany) pgi
excitaci 375 nm fluorescence byla zaznamenavana spektralnbd 405 nm. Jak Ize vidit,
v tuhém stavu jsou nanodiamanty agregované xizni velkych Gtvarech, coz stizuje jejich
praktickou aplikovatelnost a zahrnuje pro znaeeni bunik dalSidezintegraeni, krok.

Obrazek31 Obrazky agregatu nanodiamantu ziskané pomoci FLIM. Xdge obrazek interpretovan pouze wntenzitnim
rozsahu, vpravo pak kombinaci srozsahem dob Zivota.

3.4.2 Kvantové teeky

Kvantové teeky patgi jiz dlouhou dobu loblibenym fluoroforum. Lze je pgipravit
zruznych prekurzort napgiklad pomoci UV zageniza stabilizaéniho efektu
2-sulfanylbutandiové kyseliny.

Pomoci Fluoresceeni korelaéni spektroskopie byl studovan vznik a zmia
emisnich a difaznich vlastnostiu systémuCd:SeJako prvni bylo potgeba systém nastavit
pomoci migeni jiz vytvogenych kvantovych teéelkpro spravné uréeni doby Zivota,
difuzniho koeficientu a koncentracevznikajicich QD. Je tedy nutné stanovit parametry
konfokalniho objemu, nastavit poéet fotonu dopadajicna detektoré® a stanovit frekvenci
excitaeniho pulzu laserové hlavice pro spravné stasveni doby Zivota.K nastaveni tohoto
systému se tak pgistupuje iterativni.

Obdobni obtiznym ukolem je pak i fyzickd pgiprava eperimentu, neboe pro
spravnou genezi kvantovych teeek je potgeba vinovéélky ~250 nm. ProtoZze jadrem
systému je epifluorescenéninverzni mikroskop, bylo pgistoupenok iluminaci seshora.
Malé mnozstvi roztoku prekurzoru bylo umistino na kryci skliekoa nad nij byla umistina
iluminaéni dioda. Celkova vzdalenost nepgesahlacin. Situace je schematicky zobrazena
nanasledujicim obrazku (Obrazel32).

68 PouZzité detektory maji své omezeni, kdy pgi celkovéntenziti 2-10 ¢ fotonu-st se vypinaji. Celkovou
intenzitu ovlivouje mimo jiné i frekvence laserové hhvice, kterd Gzce souvisi se stanovitelnym rozsahem
dob Zivota.
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Obrazek32 Schématicka reprezentace uspogadani experimentu pamsveni temporalnich a diftznich parametru p
fotogeneraci kvantovych teéek. Berveném vygezu je pak tmavi modge naznaeeny iluraimaprofil, svitle modg

konfokalni objem a Zluti fluorofory.




Obrazek 33 Prubih narustu intenzity fluorescence ®ase pgi iluminaci prekurzori Cd:Se. Sipky naznaéoflast
sobdobnym chovanim (posuzovano podle chyb stanoveni jednotlivyparametrt). U jednotlivych oblasti jso

zaznamenany parametry doby Zivota zprumirované pgegenzitu (Av. Lfint), doby Zivota zprumirované pges amplitug
(Av. Lftamp), prumirnou koncentraci a difizni koeficient(y).




Obrazek 34 Kompoitni RGB obrazek autofluorescence C. capitatunFlZIM analyzy. Zeleny kandl zobraz

luorescenci karotenoidu.




Obrazek35 Pgehled nastaveni experimentu pro stanoveni zastaugranuli PHA vbakteriich. Adaptova dle [69].

Obrazek36 Intenzitni profil granule PHA \C. necator H16 proloZenim Gaussovou kgivkou.




Obrazek37 Schematické znazornini hydrolyzy izomeru esteru flu@eenéni pH sondy BCECF (2hirs-(2-karboxyethyl)

5-karboxyfluoresceii.




Obrazek38 FLIM a anizotropni obrazek bakterie Cuprividus necatétl6. Vievém obrazku jsou data Skalovanaodle dob
Zivota prumirované pges amplitudy, vpravo je pak Sk&ani na zakladi anizotropie. Rozsah byl zvolenkaze vievo eerve

oblasti odpovidaji pgevazni deprotonované formi a vleysou pini fluidni oblasti, uprostged Skaly<s> = 0,zelené.
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Formation and Dissociation of the Acridine Orange Dimer as a Tool
for Studying Polyelectrolyte! Surfactant Interactions
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Steady-state and time-resolvadrescence and
UV! vis techniques were used to study the formation and
dissociation of acridine orange dimer in order to investigate
hyaluronanacridine orange, hyalurdn@TAB (cetyltrimethy-
lammonium bromide), polystyrenesulfbratédine orange, and
polystyrenesulfonat€ TAB interactions in aqueous solution.
Steady-state and time-resolvedrescence 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 enhancemenestence
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-taditle-brushstructure.

1. INTRODUCTION charge of a surfactant or a polyanion, monomers of AO
condense on these sites and the dimer form of AO is preferred,
which changes Itsorescence intensity and a dimerescent

ak appears in theorescence spectrum at around 657 nm.

is depends on the concentration of both AO and binding

The solubilization of hydrophobic molecules in! waitzllar
environments is a very well known phenorieharhich
enables further investigation of micelle microenvironmentsgﬁ

interfaces by uorescence techniques. For example, critic > .
micelle concentrations (Cl\/fb'ﬁ and micellar aggregation sites, and above a critical concentration, AO starts to form

. . |
numberd °are widely studied by steady-state or time-resolv&@" uorescent condensate dimers or even oligoers. .
! uorescence spectroscopy. The aggregation of acridine dy fidine orange aggregates were used to study negatively
also a well-described phenoméfidh. Negative charge, charged polyelectrolytégrobé DNA |nteraqt|on%? and
represented for example by a polyelectrolyte or surfactdfioP¢ protein or proteinsurfactant interactioffs.
added to a solution of acridine dye causes the aggregation §f this study, acridine orange was usetmsescent label
these molecules into dimers due to van der Waals forces 4fch is physically attached to the oppositely charged
the strong coupling of molecular transition dipole momentBC!Yelectrolyte. Physical (electrostatic) binding is supposed to
Coupling causes a wavelength shift in the absorption spectr@fgvide an advantage over traditional chemical (covalent)
When a red or blue shift occurs, aggregates are called Urescence labeling in the study .of interactions between
aggregates or H-aggregates, respetiivete H-type (labeled) .polyelectrolyyes and opppsnely pharged sur.factants.
aggregates have forbidden radiative decay from the exchbs Igbel is attached directly to the interaction site, butllts weak
state, and their absorption band is blue-shifted. From PRYsical bond should not prevent interactions with the
spectroscopic point of view, therescence of the sample at surfac.tant, which can pe detected by changes in the aggregation
nearly 530 nm decreases with an increasing amount of dghavior of the acridine orange label. Systems comprising
aggregate; the probability of absorption at 492 nm (monom@pPositely charged polyelectrolytes and surfactants are of
band, the -band) decreases with a concomitant increase Bfowing interest not only as a subject of pure research but also
absorption at 465 nm (dimer bahdand) and at 450 nm dge to their various practical appllgatlons. For an overview of
(oligomer band, thigband). The formation of dye aggregatesthis area see several excellent rédiédvs.
is, of course, concentration-dependent, and in the case—of
acridine orange (AO) the aggregates appear at and above s May 23, 2014
concentration of 5 10 ® molL' *in aqueous solutidhin the Revised: July 7, 2014
presence of a negative binding site, for example, the nega®ivgished: July 8, 2014

W ACS Publications ! 2014 American Chemical Society 8726 dx.doi.org/10.1021/1a502011jd. angmuir2014, 30, 87268734



Hyaluronan (more precisely, the sodium salt of hyaluronicange hydrochloride hydrate were purchased from Sigma-Aldrich.
acid), one of the most important polysaccharides originatifgPck solutions of hyaluronan, polystyrenesulfonate, surfactant, and
from the mammalian body, was selected as the anioAftidine orange were prepared in deionized water. For experiments in
polyelectrolyte for this study due to our long-term interest i e presence of NaCl, 0.15 or 0.5 M NacCl solution was used. Samples

its behavior and its potential applications in delivery syste ﬁacridine orange and polyelectrolyte interaction were prepared as

h d di fits i has | dd - foflows: 25L of acridine orange stock solution were added to plastic
The understanding of its importance has increased dramaticgllis 5ng auorescent probe was diluted with an appropriate volume

over the last two decades. Many studies have focused omitfyaluronan and solvent to achieve a concentration range for
physicalchemical behavior, its role in tissues, and its celylauronan from 5 104 to 15 gL' ! and that for polystyrenesul-
proliferation capacity, and methods have been developed tofasete from 1.25 10 5to 3.6 §_' 1. Samples for polyrheurfactant

this polysaccharide in the healing of injuries, drug delivémeraction were prepared with a constant concentration of acridine
systems, antiaging applications, and so on. Hyaluronan igrange and polymer (respective equivalence point for each polymer
biocompatible and biodegradable polysaccharide consistinge§3rmined by the formation of acridine orange dimer) and with an
disaccharide units.glucuronic acid anN-acetyb-glucos- creasing concentration of surfactant ranging froh@ 3 to 4!

AP R 103 moll'!. All samples were stirred overnight to ensure
aminé (Figure 1). Hyaluronasurfactant or hyalurohan equilibration. The concentration of therescent probe (AO) in

all samples was 1.0 > molL' * to avoid the presence of the dimer
absorption band in the bulk solulibithe 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 intrinsicKp (3.23. It can therefore be reasonably
expected that hyaluronan was fully dissociated. PSS is fully ionized in
the 6.2 8.9 pH rang# 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 mad&Cat 22

2.2. UV Vis and Fluorescence SpectroscopyAbsorption
spectra were recorded on a Varian Cary 50i&J8pectrophotometer
with a wavelength range from 200 to 700 nnhuanglscence spectra
were recorded on a FluoroLog Horiba Jobin Yvon Spedtreeter.
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 inrdter efect, the correction of emission
spectra was made according to the eqtiation

- /
Figure 1.Structure of (a) acridine orange, (b) CTAB, and (c) Feorr= Fobs 10 28 A (1)

hyaluronic acid. whereFy,,, and F, are the corrected and obserbedrescence
intensities, respectively, Agdand A, represent absorbance at the
liposome interactions provide a useful model for anticanaecitation and emission wavelengths, respectively. Time-resolved
drug delivery systems based on hyaluronan sensitivity to theasurements were performed with a Fluorocube Horiba Jobin
CD44 recept 3 27 Delivery systems based on hyaluronan'von spectrometer by means of a time-correlated single photon
should be quite selective for tumor cells because CD44Cfinting technique. A 469 nm LED was used as the e'>l<citation source.
overexpressed in cancer dlficelles provide, in this model, Fluoresce”‘:l? %eca_li’zcwere collected with a 435 éﬁ” Ictet.—_oAd .

a good environment for drug solubilization and controIle%'lae'to'ampltu e (TAC) converter was set to the 50 ns window for

| d hval id led ) f e measurement of acridine orange and the acridined orange
release, and hyaluronan provides controlled targeting o luronan system. During measurements of polystyrensulfonate

drug. ) ) . acridine orange, the TAC range was changed from the 50 ns to the 200
The paper is organized as follows. Ifré@art, we present  ns window because of the increase ihuthrescence lifetime. The

a study of the interaction between hyaluronan and acridirepetition rate was set to 1 MHz, and the delay of the signal caused by

orange in the absence of surfactant; in the following part, tthe cable path was always set 15 ns higher than the respective TAC

interaction between cationic surfactant and a hyaluk@han range. ] )

system is presented. Then, a comparative study of thelime-resolveduorescence decays were analyzed by the iterative

interaction between polystyrenesulfonate (PSS) and acridl %onvolutlon procedure"ting the model function to experimental

; N . a, and thét was judged by nonlinear least-squares afafysis.
orange in the presence of cationic surfactant is added e-resolved data analyses were performed with DAS6 software from

compare a synthetic polymer with a higher charge density{giha jobin Yvon using models for multiexponential decay with
astronger polyelectrol§feand hyaluronan biopolymer. PSS components using the equation

was selected because it is a well-known "aretl gmlymer
and a strong polyelectrolyte and because interactions between _ a

PSS and cationic surfactants have been proven and investigated — _ 2)
in other studie¥:?°0n the other hand, hyaluronan is known
to have a low charge density and to interact relatively wea|

re ; is a preexponential factor which relates to the amount of each
rescent component present in the systegpisutioe! uorescence

with cationic surfactadits. lifetime of2 theth component. The goodness'bfvas judged by
reducedSy’, which evaluates a mismatch between the data and the
2. MATERIALS AND METHODS "tted function and is independent of the number of degrees of

2.1. Materials.All reagents and solvents were used as received, anéedont>
their purity was higher than 97%. Hyaluronan (molecular weight of2.3. Microrheology. For microrheology experiments, a concen-
300 kDa) was purchased from CPN spol. s.r.o. (Czech Republication series of hyaluronan solutions in water was prepared by diluting
Polystyrenesulfonate (molecular weight 70 kDa), CTAB, and acridaetock solution. Ten microliters of@amlpolystyrene particle 2.5%

8727 dx.doi.org/10.1021/1a50201 14 angmuir2014, 30, 87268734



suspension obtained from Sigma-Aldrich was added to 5 mL ofFigure 3a shows the dependency of the rélanescence

sample. Samples were stirred using a vortex stirrer for 10 s and tfigensity measured at 527 nm (the emission maximum shown
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 720 in a darkeld. Open source program ImageJ
with the ParticleTracking plugin was used for image analysis and the
determination of particle trajectories. This program yieldechtlye
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

SHXt+" " xt + y+ """ ytsb=  dDt
(3)
whered is the dimensionality or spatial eXfefit our case two
dimensions)D is the diusion cogcient, x(t) and y(t) are the
positions of particlat timet, and " represents an average over time.
For the determination of the microviscosity of the medium in the
vicinity of tracer particles, the StoEasstein equation was uetf

#$ 4
As the hydrodynamic radids {he radius of tracer particles reported

by the manufacturer was used®®p The" nal viscosity is the mean
value of the viscosities obtained from the MSD of at least 30 particles.

Figure 3.Dependency of the relativmrescence intensity on the P/
3. RESULTS AND DISCUSSION Dgof the sygtem witr)(a constant concentration of acr>i/dine orange of
Results are displayed as the dependency of the studied physjzal 10 ® molL' *. Fluorescence is relative to the sample in which
quantity on the polymer/dye ratio (P/D). The P/D ratio hyaluronan is not present. The concentration of hyaluronan in (a)
represents moles of binding sites (carboxylic groups @ivers the range from 0.5 to 400 Mgib (b), we expanded the
hyaluronan or sulfonate groups of polystyrenesulfonate) géncentration range up to 15'g L
moles of dye. For hyaluronan, the molecular weight of its basic

dimer unit bearing one carboxyl group is 401.299 g/mol. in Figure 2) on the P/D. (A table of P/D values and the

3.1. Interaction of Hyaluronan with Acridine Orange.  respective hyaluronan concentrations is shown in the
The spectral properties of AO are shown in Figure 2. At Qupporting Information.) Relativmrescence was relative to
the luorescence 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 relativeiorescence 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
Figure 2.Spectral properties of acridine orange in agueous solutiongint of equivalence can easily be predicted (for each carboxylic
a concentration of 5 10 ® molL' * of the dye and the absorption  anion two probe molecules are necessary). As is obvious from
spectrum for the aqueous solution at a concentration! o1d.7 Figure 3a, theuorescence intensity starts to decrease only at a
molL' %, ' . i )

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
concentration of around 510 ° molL'?, it is clearly shown three dferent ways. First, hyaluronan is not fully dissociated
that the monomer absorption band is joined by the dimamder these experimental conditions, but the pH of samples
absorption band. The absorption band of the dye oligomesaggests the full dissociation of hyaluronan. Second, some
appears as a shoulder at 450 nm. These results also deterngadabxylic groups are not accessible for AO molecules, or AO
the experimental setup of measurements with AO. To avoid tiener formation is prevented probably because of interchain
formation of AO dimers in solution, we used a loweinteractions. Third, interactions between AO and hyaluronan
concentration of acridine orange in samples (07 mol are weak, which contributes to the high value of the equivalence
L' ); the absorption spectrum is shown in Figure 2. To covergint. It is possible that AO dimers are formed via interchain
wide range of P/D, our experiments were carried out withiateractions which could cause the inaccessibility of other
constant amount of dye and with changing polyelectrolytarboxylic groups. The value P/D = 3 means that only (100/
concentration. 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 minimunhulerescence intensity. In
other words, P/D = 3 represents a 6-fold $asismet 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'fagAL this
concentration we are dealing with a highly diluted polymer
regime; therefore, the polyelectrolyte hyaluronan should be
stretched and fully dissociafedowever, in the presence of Figure 4.Comparison of dependencies of the relativescence
oppositely charged acridine orange, a similar phenomenon ofténsity and dimer:monomer ratio on the P/D. The concentration of
partial collapse may occur, as observed in polyeléctrolyteyaluronan covers the range from 0.5 higtd 15 g L%
surfactant syste%ﬁm which the chain extension is decreased;luorescence is relative to the sample in which hyaluronan is not
which may also result in the hiding of hyaluronan carboxyRtesent.
groups. If this is the case, then the hyaluronan concentration for . . .
such collapse in the presence of AO should be around 0.02 gi@llected according tatelient photophysical processes, they
The relatively high (P/Ryvalue is also consistent with the €xhibit correlation behavior. In the region whenescence
observation of no phase separation in hyalli@asystems, dgcreases, an increasing dimer:monomer ratio can be found and
which again indicates some similarity with polyelektrolyte/!C€ vVersa. i i o
surfactant systems in which the formation of electrostaticallyt c@n also be shown that interactions between acridine
stabilized colloidal dispersions was observed at high pd{ange .a.nd hyaluronan have an glectrostatlc origin. In this case,
electrolyte-to-surfactant ratfos. the a_ddmon (_)f Iow?molecular-_wel_ght salt can directly suppress
Above the (P/D) the number of available polymer bindingthe interaction via the shielding of charges. Figure 5
sites increases with a concomitant increase! uothecence
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! uorescence intensity measured for'P#D
is lower than the values at low P/D. This suppressed
luorescence 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 §Y)Lanother decrease in
I uorescence intensity is observed; a second minimum canFiggire 5.Dependencies of relatiuerescence intensity on P/D at
found at P/D = 882 (when the concentration of hyaluronan idi#ferent ionic strengths of the solution. The ionic strength was
around 6 g !|_1)_ !n! uer_1ced by sodlum_ chloride. Fluorescence is relative to the sample
At "rst sight it seems that this decrease cannot be eadily'ch nyaluronan is not present.
explained by dimer condensation because the theoretical
number of polymer binding sites is too high. On the othesummarizes the results from these experimehtst gight,
hand, the decrease and subsequent incréaseestence is the addition of sodium chloride to the environment leads to
statistically relevant. Because of the sensitivity of the exciéa@pression of the interaction between probe and polymer.
state with respect to many conditions (e.g., viscosity, polaritysis is manifested in higher values of relatiwescence
the presence of ions,...) another method tbrncothe around (P/D), with increasing ionic strength. The value of (P/
obtained results would be useful. In the case of AO, absorptio), remains roughly the same for 0.15 M and decreases slightly
spectroscopy can yield important information. from 3 to 2 for 0.5 M NaCl. Also, for the region between (P/
The absorption maximum of the monomeric form of AO i®), and a P/D of around 147, values of relatigeescence
located at 492 nm and is often calletl4hend. In absorption  follow changes in ionic strength.
spectra, another two peaks can be foundrsthéhe'-band, A remarkable phenomenon occurs in the second-decrease
is located at 465 nm and is related to the dimer peak. Betwaegion. This decrease is still present, and for 0.15 M NaCl, it
the! - and"-bands, an isosbestic point can be found at aroursgems not to be suppressed as much as the decrease around (P/
470 nm. At a high concentration of AO in the systery, the D).. This phenomenon is interesting because hyaluronan
band is replaced by thband a#450 nm. This band is related occurs in mammalian tissue in units of grams per liter, and 0.15
to the absorption band for AO oligomrs. M is the ionic strength of the human physiological environ-
In our study we comparkdorescence and absorption datament. However, the mechanism behind it is open to discussion.
(Figure 4). For the absorption spectra we used the ratio ofThus, it can be concluded that the obtained results from the
dimer to monomer absorbance determined at 465 and 492 raprescence measurements are a relevactiae of
respectively (in Figure 4 depicted as dimer:monomer, whidimer:monomer proportions in solution and that changes in
directly réects changes in dimer presence in the sample)uorescence intensities are not caused by probe concentration
Despite the fact that theorescence and absorption data weré uctuations. AO labels at least a portion of hyaluronan
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carboxylic groups with the equivalence point of {B/3) hyaluronan because at this concentration the chain domains
which corresponds to some saturation of the label on tis¢art to overlap.
labeled groups. However, these results do not directly explaiklere it can be concluded that changes in the occupation of
the second decrease or rather the second region where ploéymer binding sites by cationic probes are commensurate
amount of AO dimer sigoantly increases. with changes in viscosity. Especially in the region from 1 to 5 or
One of the possible explanations of this phenomenon coid) L' * it seems that polymer chains added to the solution form
be found in conformational changes in hyaluronan chainssoeme kind of aggregate which does#aot the microviscosity
solution or intrachain interactions. In units of grams per liteand shields charged binding sites against interactions with
hyaluronan should take a conformation that makes masitionic probes.
binding sites inaccessible for electrostatic interaction with3.2. Interaction of CTAB with the Acridine Orangé
acridine orange. We showed changes in conformation ugihgaluronan System.In this part of our study we were
microrheology. This method allows the determination of thaterested in whether the cationic surfactant CTAB is able to
mean viscosity of the microstructure of a sample because smealbce acridine orange dimers attached to the hyaluronan
sensors used for microrheology determine the microviscositglodin. We used a constant concentration of hyaluronan and
the microenvironment in contrast to macroscopic rheology acridine orange corresponding to the equivalence point
viscosity measurements. These small sensors!leettenrall ~ determined in the previous section.
conformational changes in a sample. Of course, hyaluronahhe absorption spectra showed a"sgymti increase in
solutions, especially at concentrations above tens of milligrainsorbance when eveh’IfiolL' * CTAB was added to the
per liter, are non-Newtonianids, so the obtained micro- acridine orangdyaluronan system (spectra are shown in
viscosity values from microrheology are relevant only fSupporting Information; they are represented also by the
comparison between them. The microrheology method wdisner:monomer ratio in Figure 7, see further in the text). In the
calibrated to the viscosity of water.
Figure 6 compares the obtaihadrescence and viscosity
data. Both types of data were obtained for hyaluronan with a

Figure 7.Dependencies of theorescence intensity and dimer:mo-
nomer ratio as a function of CTAB concentration in tHe AO
hyaluronanCTAB system (concentrations of AO and hyaluronan
Figure 6.Dependencies of theorescence intensity and viscosity correspond to the equivalence point (P#D3).
obtained from microrheology experiments on the hyaluronan

concentration. Fluorescence is relative to the sample in which . .
hyaluronan is not present. 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
molecular weight of 300 kg mah aqueous solution. The and with increasing CTAB concentration were caused by the
dependency of viscosity on concentration increases steeplgl@ttrostatic interaction of CTAB with hyaluronan. CTAB
"rst and then shows a levelitigvith a weak maximum within started to replace the acridine orange dimers, the dimers
the range of roughly B g of hyaluronan per liter. It then dissociated, and the dimer:monomer ratio decreased (i.e., the
exhibits an abrupt increase, which corresponds to the reincredms®rbance increased), especially around the CTAB concen-
in relativel uorescence (after the second minimum in Figurération of 10° M. An interesting phenomenon occurred around
4). the critical micelle concentration (in the literature, the CMC of
More accurately, after (P[3)3 (hyaluronan concentration CTAB is 0.921 mM) as the dimer:monomer ratio increased
of 0.02 g L, cf. Table S1), there is a region where the viscosiagain (i.e., the absorbance decreased). CTAB probably started
as well asuorescence intensity (or dimer:monomer ratio)to form free micelles, which led to electrostatic attraction
increases. This can be explained by the increasing concentrdt@gween acridine orange monomers in bulk solution and
of polymer in solution, with more polymer chains meanindissociated carboxylic groups. Acridine orange dimers were
more binding sites and more barriers. An increase in viscositpisned again, which was the reason for the increase in the
hindered in the region around 1'§ hyaluronan, and at this dimer:monomer ratio. The reaggregation of acridine orange
point, the!uorescence starts to decrease'agitly with dimers caused both an increase in absorbance and a change in
increasing hyaluronan concentration. Thus, in the concehe dimer:monomer ratio.
tration region of 1 to 5 or 6 §'i.it appears that more chains  The interaction of CTAB with the AByaluronan system
in solution mean fewer binding sites and a srialiéoa the was further studied by steady-staieescence (Figure 7). The
viscosity of the solution. In the region between 5 ant'6 g L! uorescence intensity of acridine orange in a sample at the
both dependencies have their minimum, and above this regémuivalence point (P/Pyithout the addition of CTAB was
the viscosity as welllamrescence intensity increases linearlysignicantly smaller than thHelorescence intensity in the
This increase can be explained by interchain interactionspoésence of CTAB at the lowest concentration used, which
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indicates that, at the equivalence point, there should B@mation of aggregates is detected at higher concentrations by
signicant occupation of carboxylic groups of hyaluronan ldecreasing ExPI (and by the levetirg-the AO! uorescence
AO dimers. The AO dimer has a reported emission band iatensity).
around 650 nif*?4%n our case, no such peak appeared Fluorescence lifetimes were determined in the pure AO
around this region in any sample, which would suggest eitsetution and in hyalurodafO and hyaluronaiO!
no or very weak aggregation of AO on carboxylic groups @afrfactant systems. In a diluted solution of acridine orange,
hyaluronan. However, the dependency of both relativee assumed monoexponential decay; in th@yaldronan
luorescence and the dimer:monomer ratio on P/D depictesystem, we assumed bi- or triexponential decay according to the
in Figure 4 shows changes in!therescence intensity and formation of the AO dimer and/or oligomer with longer
dimer:monomer ratio, respectively, antrmsrthe formation  lifetimes than that of the monomer becausescence from
of AO dimers. the AO dimer excited state is a forbidden précessn, we

After the addition of surfactant at a concentration lower thassumed that after the addition of surfactant there should be an
its CMC, the! uorescence intensity increased rapidly (Figuracrease in the relative amplitude of the acridine orange
7). This increase ihuorescence intensity (as well as themonomer lifetime and that the decay should be monoexpo-
decrease in absorbance described above in the text) couldhéetial after the dissociation of all of the dimers. We obtained a
ascribed to the electrostatic interaction between hyaluronaonoexponential decay for diluted pure acridine orange
and CTAB and to the dissociation of AO dimers. When theolution with a lifetime of 1.75 ns as expected. The lifetime
surfactant concentration was close to its CMQjdhescence  calculated from the decay curve of the equivalence point in
intensity decreased (Figure 7). Such a phenomenon may HyaluronanAO was 1.78 ns (i.e., very close to the value
caused by the aggregation of some AO monomers into diméetermined for pure AO). The equivalence point was
again. Before the critical micelle concentration was reached disiermined by steady-statmrescence as described in the
electrostatic interaction caused the molecules of the surfactmetious section, where we also showed that the decrease in
not to remain at the &water interface but to bind to !uorescence intensity suggests the formation of AO aggregates.
carboxylic groups of hyalurotfaf® When the CMC of  Lifetime measurements do not"conthe formation of AO
CTAB was reached, the surfactant molecules formed micetlesers, but uorescence from acridine orange aggregates is a
not only on the hyaluronan chain but also in bulk water, whidbrbidden process, which means that the lifetimes of acridine
may again have led to the reavailability of some binding sitesdi@nge aggregates may not appear lrutiescence decay.
AO. We believe that after the formation of micelles there aée assume that in steady-state measurements of samples
again some free binding sites on the hyaluronan chain whareund the equivalence point all we can see is the weak
acridine orange forms dimers and that this is the reason that therescence of remaining nonaggregated acridine orange
luorescence intensity decreased. This situation was seen alswimomers. This was also assumed from uibrescence
absorption spectra, where the ratio of acridine orange dinspectra, where no dimeworescence peak appeared. The
and monomer absorption increased when the CMC of CTABteraction between acridine orange and hyaluronan is probably
was reached. In our study, the polyelectrolyte caused the singleas strong as we assumed (also we have to consider that only
surfactant molecules to be pulled electrostatically into the watéo of binding sites appear to be available); however, there is
environment and to bind to the polymer chain before thetill a weak electrostatic interaction and the dimers are still
critical micelle concentration was reached. Therefore, formed, which could be the reason that! tlerescence
general, electrostatic interactions must be stronger thimensity decreased so rapidly before the equivalence point
repulsion between the surfactant chain and bulk watéFigure 4). Yet, the probability bfiorescence in these
Molecular dynamics simulations performed by Liu*'et al.aggregates is low; thus, we do not see any other (dimer or
showed the formation of the so-c&bedtle-brushstructure oligomer) uorescence peak in addition to the monomer
caused by the adsorption of surfactants on the polyelectrolytetime. But if we had observed no increaseonescence
chain. We believe that this structure can also explain our resulsnsity, it would have meant that the surfactant had not
with AO. This hypothesis is supported by (unpublished) dataplaced acridine orange. It is also possible that the hydrophilic
from our other! uorescence study, which used traditionahead of CTAB is too large to bond electrostatically to
luorescent probe pyrene to investigate the polarity of tlwarboxylic groups of hyaluronan because of the hydration of
microenvironment of the probe. The pyrene excitation polaritiye hyaluronan chain; however, we believe that this is not the
index (ExPI) as a function of surfactant concentration was usede because we see chandagiascence intensities as a
to evaluate this measurement. The ExPI is based on the factction of surfactant concentration. The hyaluronan hydration
that in the ground state the pyrene absorption band is shiftsdell was probably the reason that acridine orange formed
bathochromically in a nonpolar environment. The ExPI @imers with no sidrdant! uorescence and why we saw only
obtained when thHauorescence intensities at two positions oflecreasing (or increasing in the case of interaction with the
the excitation monochromator (333 and 338 nm) are measursuffactant) uorescence from acridine orange monomers.
while the position of the emission monochromator (392 nm) 3.3. Interaction of CTAB with an Acridine Orangé
remains constafft. An example of data collected for Polystyrenesulfonate System.According to the uores-
hyaluronan is shown in Figure S3 in the Supportingence and absorption spectra of acridine orange in the presence
Information, together with the data from this work. At lowof polystyrenesulfonate (PSS), we assume that acridine orange
surfactant concentrations (before the critical aggregatiforms dimers in the presence of polystyrenesulfonate (Figure
concentration) we can see no change in ExPl when compa8&dAs in the case of hyaluronan,! tlewescence intensity of
to water, while thieuorescence intensity of AO increases (cfAO decreased with a concomitant increase in PSS concen-
Figure 7). This means that surfactants bind to thération; the minimum was very shallow (Figure 8a) and it was
polyelectrolyte chain but do not form any micellelike aggregatesd easy to determine the equivalence point. Apparently, the
(i.e., they probably form the bottle-brush structure). Thereak pointis at a P/D close to 1, in agreement with Peyratout
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determined equivalence point of (R} 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 orang®SS complex, as reported for acridine brange
DNA complexé®.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 P\A 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 td data around the equivalence
point was used because the correlation between the measured
data and"tting 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) afd the
value decreased from 2.3 to 1.2 when compared to the
biexponential function. After the addition of the above-

Figure 8.(a) Ratio of relativeuorescence and absorbance (D:M) of . . 5 .
acridine orange monomer and dimer in the ASSsystem. mentioned concentration of surfactant®(h@ol/L), !uo

Fluorescence is relative to the sample in which PSS is not presg?ﬁcence decay became monoexponential with a lifetime of 1.8

(b) Emission spectrum of acridine orange from a sample without P& . o o
and with PSS (at the equivalence point determined in this section, PON the basis of the above results, the titration of acridine
D =4). orange and PSS solution with CTAB was performed with an

automatic titrator, and the emission spectrum of acridine
et a*? in which, however, a very narrow range of P/D wagrange was measured after every addition of surfactant. We
used. Taking into account the numerical vallesrescence ~managed to obtain a micro- to millimolar concentration range
intensities at P/D above 1 (and up tb20), their error bars, Wwith minimized human error during the preparation of such
the corresponding D:M absorbance, and the relativ@mall concentrations and the pipetting of such small volumes.
representation of dimbunorescence lifetimes (see further in From the plot of uorescence intensity as a function of CTAB
the text), the equivalence point for (Ras determined to  concentration, it is obvious that after the addition of a
be around 4 (0.825 mg/L). We assume that this value and ti@cromolar concentration theorescence intensity increased
shallow minimum are a result of stronger AO interactions withigure 9a). The increase uorescence intensity means that
PSS because of the formation of AO oligomers, which wér@nomeric surfactant molecules replaced acridine orange
determined using time-resolvatbrescence as described dimers. These assumptions arérewd in a plot of the
further in the text. Fluorescence spectra also showed th@nomer:dimeruorescence intensity ratio as a function of
formation of a new (dimer) peak at around 650 nm (see théTAB concentration (Figure 9b). The monomer/dimer
example of the system at the equivalence point in Figure 8ljorescence intensity ratio increased aftérsthaddition of
when the PSS concentration was inc €this result  surfactant until this ratio stabilized. The stabilization suggests
suggests that AO dimer formation is much stronger in tibe replacement of most of the AO dimers with surfactant
presence of polystyrenesulfonate than in the presence nuilecules. Figure 9b suggests that the monomer:dimer ratio
hyaluronan. At a P/D of around 10, there was an increasevias stable after the addition of more thdn 10° M
luorescence intensity accompanied by a decrease in ¢e@centration of surfactant. This means that, as suggested in
dimer:monomer absorbance ratio, which was obviously causigire 9a, the decreaseuarescence intensity was caused by
by the dissociation of acridine orange dimers due to tiike dilution of the sample while the system was titrated by the
existence of too many binding sites to occupy. At this momesitirfactant.
acridine orange binds to the PSS chain, preferably in3.4. Comparison of the Two Polyelectrolytes. A
monomeric form. comparison of Figures 4 and 8a shows that labeling the two
After the addition of a premicellar concentration of surfactapolyelectrolytes with acridine orange initially followed the same
(10 > mol/L) to the PSBAO system, the absorbance of the pattern (at low values of P/D) except for'tisétwo or three
dimer:monomer ratio rapidly decreased, which suggests figénts where the polymer concentration was very low, when
dissociation of acridine orange dimers. Most importantihe ! uorescence intensity decreased with increasing P/D, and
however, the dimer peak at around 650 nm disappeared andttieeabsorbance ratio of dimer:monomer decreased in the same
luorescence intensity increased rapidly (results not showtine. After the equivalence (saturation) point was reached, the
This means that the surfactant replaced the acridine orahgerescence intensity in the case of PSS (the polyelectrolyte
dimers on the polystyrenesulfonate chain. The acridine oramgth higher charge density) started to increase and the
dimers dissociated, which caused an incrdasmascence dimer:monomer ratio decreased, which corresponded to the
intensity and the disappearance of the emission band of the il§€reasing number of AO bound in monomeric form to the
dimer. Fluorescence lifetime measuremefitsnednsteady- increased number of available sulfonate groups. In the case of
state data. Theuorescence decay of acridine orange at thieyaluronan, the polyelectrolyte with low charge density, the
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surface tension measurenfertist the value for hyaluronan
was in excellent agreement with the critical binding
concentration determined from NMR s#ifsiibn measure-
ments® The ! uorescence 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 dsi@escent label attached to
oppositely charged functional groups of biopolymer or
synthetic polyelectrolyteyaluronan and polystyrenesulfonate,
respectively. The labeling changed!tfemescence 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 theorescence 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 polymesurfactant interactions. The interactions

Figure 9.(a) Plot of the acridine oranggorescence intensity as a
function of increasing CTAB concentration. (b) Plot of the AObetween hyaluronan and AQ or surfactant were found to be

monomer/dimefuorescence intensity ratio as a function ofsurfa(:tau)ﬂ“':‘aker than the interactions with polystyrenesulfonate,

concentration. The concentrations of AO and PSS were held const2fgPably due to the high hydration of hyaluronan chains.
in all samples. Critical aggregation concentrations of CTAB determined by the

l uorescence method wete B0 ° M for hyaluronan and!4

10® M for PSS. In the presence of both polyelectrolytes,
situation above the equivalence point was more complex. Bugfactant molecules were pulled into the solution before the
l'uorescence intensity showed a second minimum accompaigdcal micelle concentration was reached. The formation and
by a maximum in the dimer:monomer ratio dependence. Thilissociation of acridine orange dimer exhibited the formation of
was probably caused by overlapping hydrated biopolyntlee bottle-brush structure caused by the adsorption of
chains and related microrheologisite at high hyaluronan surfactants on the polyelectrolyte chain.

concentrations. In the hyaluronan-containing systems, fo
I uorescence characteristics (either stationary or time-resolv!d)ASSOUATED CONTENT

corresponding to the AO dimer were detected. In thest Supporting Information

systems, AO dimknorescence was quenched/bgts of the  Hyaluronan and PSS concentrations and respective P/D and
dimer microenvironment, and dimer existence could kgH values. UWis spectra of acridine orange in the presence of
followed by absorption spectroscopy only. Both hyaluronamyaluronan with increasing concentration of CTAB. This
and PSS-based systems prepared at the equivalence pa#itrial is available free of charge via the Internet at http://
composition responded to the addition of CTAB already @ubs.acs.org.

very low concentrations. Th®rescence intensity increased int'.|

comparison to both the surfactant-free system and with AUTHOR INFORMATION

increasing surfactant concentration, and at the same time:(ﬂ@)‘?responding Author
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Abstract Aggregation properties of hydrophobized hyalur-not suppress biological activity, can lead to further
onan with different molecular weights and degrees oéxpansion of medicine and engineering applicatiang][
substitution were studied using pyrene and perylene as Hyaluronan (HA) is a major component of pericel-
fluorescence probes. Both probes in contrast to natiMelar and extracellular matrice8][ It is a linear polymer
biopolymer confirmed aggregation of modified hyaluronanformed by repeating disaccharide units composed of the
The critical aggregation concentration (cac) was determinetisaccharide unit formed by-glucuronic acid-1--3-N-
by the pyrene I and perylene fluorescence intensityacetylglukosamine. It plays an important role in staligizi
method. The cac value varied both with the moleculathe extracellular matrix in many tissues by binding to
weight and the degree of substitution and was betweespecific proteins called hyaladherines. The main hyalur-
0.610 and 0.003 g't. Pyrene polarity scale confirmed onan fraction is localized in the skin tissug. [
formation of hydrophobic domains. Synthesis of hyaluronan derivatives is generally based
on the esterification on the-glucuronic subunit 5.
Keywords Hyaluronate derivative$-luorescence probes  Recently, preparation of new type derivatives that are
Critical aggregation concentratioBore hydrophobicity subject of this study was reportel].[ Modification was
made on the secondary hydroxyls of the glucuronic subunit.
This way of modification leaves all carboxylic groups free
Introduction in contrast to common derivatives prepared via esterifica-
tion on the COOH group and enables to achieve high
Polysaccharides and their derivatives have become majsubstitution degrees while maintaining polyelectrolytic
components in the development of biocompatible andharacter. Amphiphilic hyaluronan polyelectrolyte is thus
biodegradable materials with many areas of applicationsbtained (hydrophobized hyaluronan, hHA), which is
(e.g., tissue engineering, drug delivery). Chemical modifisupposed to be still water-soluble and to aggregate in
cation, which does not affect the biodegradability and doesqueous solution forming micelle-like structures with a
non-polar core that will be able to entrap hydrophobic
species, e.g., drugs.

F. Mravect )- M. Peka In this work, first results on studying their aggregation
Institute of Physical and Applied Chemistry, capabilities are reported. Aggregation behavior of amphi-
Faculty of Chemistry, Brno University of Technology, philes can be studied by non-polar fluorescence probes,
gfékgooé?ntl,gézech Republic which can be solubilized into this core. Fluorescence probe
e-mail: filip.mravec@centrum.cz technigues have been used successfully in the study of a
URL: www.hyaluronan.cz wide range of surfactant49]. They are able to determine

. not only the critical micellar or aggregation concentration
(F:'Pl\lflri‘;? \S/:r_\f"ebn! (cac) but also the polarity index of présenicroenviron-
Doln" Dobro 401, ment [L0x12] and effective viscosity of the micellar core
561 02 Doln" Dobro# Czech Republic [13, 14).
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Pyrene {/I; ratio method is a widely used method to parameters were determined and provided by the producer.
determine the cac value for many surfactant-based systerifie hyaluronate samples were dissolved in doubly distilled
Its unique response to the microenvironment polarity isvater to the concentration 2 §*L This stock solution was
well known and described §]. In this method, the ratio of stabilized by addition of sodium azide (p.a., Lachema) in
the fluorescence intensity at 373 np) @nd at 383 nm §)  final concentration 6 mol'L' *. The alkyl-type abbrevia-
is plotted against the logarithm of the aggregating moleculiéon comes as the first followed by the original molecular
concentration. Below the cac, the pyregglratio does not  weight (before the derivatization) and the substitution
change in a wide range of concentration. Near the categree. For example, D 134/10 meang-@erivate of the
value, this ratio sharply decreases with increasing concemolecular weight 134 kg'mdi and with the substitution
tration up to a final, nearly constant, value. degree 10%.

To confirm the results obtained with pyrene, we used Sodium dodecylsulfate (p.a., Lachema) was dissolved in
also the perylene fluorescence methb).[Using different  water to obtain concentration of 2# £amol'L' *.
probes in aggregation studies is not common. Perylene is Pyrene and perylene (fluorescence grade) were obtained
non-fluorescent in aqueous environment. Fluorescendmm Fluka, acetone p.a. from Lachema.
intensity of the perylene increases with the number of The hyaluronate samples were listed in correspondence
non-polar domains formed in the solution. No fluorescenct their characteristics. Stock solutions of pyrene and
is observed until these domains are present in solutioperylene were prepared in acetone in final concentration
When the domains are formed, a sharp increase in tH# * mol'L'*. Probe stock solution was introduced into a
fluorescence is observed. Straight lines can fit these twgal and acetone was evaporated. The concentration of both
trends and the concentration-coordinate of their point gfrobes in final samples was set to 5#%lénol’L'%. The
intersection define the cac value directly. 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
Materials and methods next 20 h. The fluorescence emission spectra were

monitored with a luminescence spectrophotometer
Sodium hyaluronate and its alkyl derivatives (Figwere  (AMINCO-Bowman, Series 2) at 293.15%$0.1 K. The
obtained from CPN (Doln" Dobrgu Czech Republic). excitation and emission slit widths were set to 4 nm, and
Details on the synthesis of derivatives and their moleculahe excitation wavelength was 335 and 408 nm for pyrene
characteristics have been published elsewl@rddfalur-  and perylene, respectively.
onans were of the following weight-average molecular The experimental data, i.e., the pyren#éslratio ()
weights: 97, 560, and 1,630 kg mbl dependency on concentratior),(were evaluated using

Derivatives were of the weight-average moleculanonlinear fitting with Boltzmas curve containing four
weights of 44, 134, 183, 360, and 1,470 kg“rhoand paramete® the maximum4), the minimum ), the inflex
their substitution degrees were in the range af700. point (x), and the width of the step chandexX Eq. 1).
Substitution degree is defined as the ratio of the mole of
substituents per mole of the disaccharide fjitd.g., SD ,, a" b 4 b 1%
100% means one alkyl chain per each disaccharide unit in 1# e*",'.*f%
the hyaluronate chain. Molecular weights were determined ] ] ) o
by size-exclusion chromatography/multi-angle laser light The data were fitted using the nonlinear curve fitting

scattering and the substitution degree is defined froftthe With Origin 75. The cac was obtained from the inflex point
NMR spectra (for details, see]] All the molecular of the nonlinear fitting. This is denoted as the,cpaint.
Alternatively, we determined also the g@oint defined as

(cf. Fig. 2)

cag ! x# 2" x 2%

Figure2 shows the typical dependency of thé3on the
logarithm of the concentration in a model surfactant system,
sodium dodecyl sulfate, with two possible points,; Gatd
cac, which can determine the critical aggregation concen-
tration. Its critical aggregation concentration, 8.2#

Fig. 1 Schematic structure of the sodium hyaluronajeatd its Go 10 ® mol'L’* in aqueous solution at 293.15 K, via surface
alkyl derivative tension experiments was reported elsewhkrg Obtained
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Fig. 4 Plot of the normalized integral fluorescentg and the {/13
. ) ) ) vs. the log G for the D134/30 sample. The perylene data are fitted
Fig. 2 Typical dependency of the pyrene polarity ratio on theyith two lines. The pyrene data are fitted by sigmoid curve with
concentration of an amphiphile (sodium dodecyl sulfate) marked cag (X). The point of intersectiondown arrow from
perylene dependence-¢oordinate value:0.747, which is equal to

) 3 0.179 dL'Y) is identical with the pyrene cagoint (x-coordinate
cac values from the fit are 8.3 and 10.2#1®0l L * for cag Va|uej_g0_75)30’ which is equal to 0.]?;/81.9‘] 5 apoint

and cag, respectively. It is obvious that the ¢a@lue is

closer to surface tension value and it seems to be more

relevant as cac point. selected to investigate possible aggregation of native

Perylene data evaluation was based on a fit of two linedryaluronan using the pyrene fluorescence method. Fyure

trends. From equations of these straight litegoordinaté  shows that the I3 ratio, also called the polarity index,

of the point of intersection was evaluated as the cac. 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

Results and discussion hydrophobic polarity probe point of view, no aggregation
behavior was observed in these solutions. Hydrophobic
Aggregation properties patches supposed to exist along HA chaig do not form

domains able to solubilize non-polar substances like pyrene.
First measurements were focused on possible aggregationOn the contrary, hyaluronate derivatives manifested clear
behavior of native hyaluronan in agqueous solution. Threaggregation behavior. Example of results obtained for
molecular weights (97, 560, and 1,630 kg'mMjolwere D134/10 is presented in Fig. As explained above, there

are two possible cac points on the concentration dependency

of the pyrene I3 ratio. Aguiar et al. I5] suggested a

condition to select the cac value from the pyrefig tatio.

If the xo/! x (cf. Eq. 1) is less than 10, the cac point is

determined by th&-coordinate of the inflex poingP cag

in our case. Tablé examples determined values of thé

I x ratio of hyaluronate derivatives. All of them passed the

aless than 10 conditién

Table 1 The representative samples of hydrophobized hyaluronan
with thexg, ! X, and criterion value obtained from curve fitting

Samples X (gL'h I x(gL'h X! X R
D44/10 0.54 1.42 0.38 0.99
D134/10 0.61 151 0.40 0.99
D183/30 0.15 1.55 0.10 0.98
D360/50 0.08 1.48 0.05 0.98
Fig. 3 Plot of the I/I3 vs. log Gua for native hyaluronan in aqueous p1470/70 0.20 1.03 0.19 097

solution of different molecular weights
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Table 2 Overview of the cac values for hHA samples from pyrene and perylene, in brackets, experiments

Mw (kg'mol' %) SD (%)
10 30 50 70
cac (gL'h 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,@& the concentration dependencies are shown in Tabl®ata
proper critical concentration. In Fig,. the integral perylene indicate a general trend of increasing hydrophobicity
fluorescence intensity is plotted against the logarithm ofdecreasing pyrene polarity parameter) with increase in
hyaluronate concentration. The perylene data, resolved ltlye substitution degree, which is easily understandable
two straight lines, lead to the cac value 0.179 §'which  and expectable. Closer inspection of data obtained for
corresponds to the cawalue determined by the pyrene samples of the same molecular weight of the native
method (0.178 ' Y). Accordingly, we used cador the hyaluronan does not always reveal simple trend (Table
evaluation of the pyrene data. This can indicate different distribution of alkyl substitu-

The cac values of various derivatives decrease whemnts along the polysaccharide backbone of varying
the substitution degree increases, with a small excepticubstitution degree, non-uniform alkyl distribution on
for samples D 1470 (Tabl@). At constant substitution highly substituted hyaluronan, and also different changes
degree, there is no clear trend of cac change witm conformational behavior of chains of various molec-
molecular weight (Tabl®). The greatest decrease of cacular weights modified by alkyls to different degrees.
values with increasing substitution degree was observed
for samples D 44. These samples have the shortest
biopolymer chain. Aggregation is driven by hydrophobicConclusion
interactions introduced by the alkylation of native
hyaluronan backbone. Formation of aggregates is accorfithe novel hyaluronan derivatives show surfactant-like
panied by reorientation of hyaluronan chains and also bgggregation behavior in aqueous solutions. Their critical
changing its conformation. Short chains can be reorientejgregation concentrations can be modified by the
and deformed more easily than long ones; therefore, theimolecular weight and substitution degree and ranges
cac values are more sensitive to the degree of substithetween 0.610 and 0.003 gL Hydrophobic domains
tion. But not only cac values are decisive for the finalare formed with the relative hydrophobic index (PPS)
selection of the derivative, which can be used in futur@earby 0.85. This value is comparable to that of simple
for an application in drug delivery system. surfactants. Novel hyaluronate hydrophobized deriva-

In comparison of cac values with another alkyl-tives with preserved free carboxyl groups are thus
derivative of HA [L9], pyrene as the cac probe was usedootential candidates for preparing systems for targeted
and the cac value was realized as the first decreasing @élivery of hydrophobic active substances.
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

- ) . Table 3 Overview of the hydrophobicity indexes for hHA samples
chitosan 20, 21], cholesteryl-chitosan derivatived?], or

heparin-deoxycholic acid derivatived, where decreasing My (kg'mol' ') SD (%)

tendency of the cac on increasing SD, were observed. 10 30 50 70

Domain hydrophobicity Pyrene polarity parameter 44 0.96 0.83 0.89
134 0.88 0.86 0.79 0.82

As the base for determination of the hydrophobicity of 183 0.89 0.80 082z
360 0.96 0.83 0.8 *

the non-polar core, the pyrene polarity scale (PPS) was

N ) 1,470 £ 084 0.81 081
selected 44]. The limiting values of the.ll5 ratio from the
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abstract

Nowadays they also play arole 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 classied with respect to their



[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. CTABwas 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 aslow 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 signi -
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 pro tably
exploited for the prophylaxis in vaginal gel formulations. Hrenovic
and Jankovic [7] reported high acute toxicity of both CTABand 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 detoxi cation.
They found that whereas sodium dodecyl benzene sulphate (SDBS)
induces the denaturalization of albumin, CTABfacilitates the refol-
ding of this protein. Small quantity of CTABwas found to combine
with preformed SDBS-BSAcomplex to form a three-component
complex and with the cumulation of quantity, CTABcaptured SDBS
from the SDBS-BSAcomplex by the electrostatic attraction and the
CTMAB-SDBScomplex was formed, while liberating BSA.

CTABcould 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 b (1-4)
and b (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 uids, 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 asRas,mitogen-activated protein

(MAP) kinases, c-Src, PI3kinase/Akt,
ulation of cell growth, differentiation, adhesion, and motility,
thereby inuencing 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.

and is involved in the reg-

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. Cellsand culture conditions

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

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

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

2.3. Celltreatment with CTABand HyA

Cells were collected in an exponential growth phase and
counted using the Burker chamber. These cells were plated (20,000
or 40,000 cells/cm 2) onto the 96-well plate in appropriate culture
medium with FBSand incubated for 24 h under the tissue culture
conditions.

After 24 h, cells were washed by PBSand different concentra-
tions of CTABand/or HyA were added to cells. CTABand 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 CTABand 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

test (LIVE/DEAD Viability/Cytotoxicity kit
USA) was performed

Viability/cytotoxicity
for mammalian cells, Life Technologies,



[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 uid [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 2 were seeded for 24h in fully supplemented
medium and then CTABof specic 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 2)
can better overcome the negative effect of surfactant. Higher num-
ber of cells and their tighter connection positively affect their ght
with toxic agents.

Fig. 1 shows that even the lowest
concentration of surfactant used (0.2 mM) has negative effect on
the cell metabolism when FBSis 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. FBSwas 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. Cellsin the cultiva-
tion medium without FBSwere 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 asosteoblasts for 24 h. Fig. 3 shows that asin previous
experiments the surfactant causesthe decrease in metabolic activ-
ity of cells and in case of keratinocytes it has even stronger negative
effect. Just asin 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 CTABand/or hyaluronan (HyA) in
the presence of FBSfor 24 h. Signi cant differences at p<0.01 for CTABvs. CTABand
HyA (#).

experimental setup; cells were monitored every 5min during the
rst 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 uorescent staining of
intracellular active esterases and the cell death by the staining of
cell DNA by intercalating uorescent probe which enters the cells
with interrupted membrane (live/dead assay). Fig. 5 shows that
cells without surfactant treatment aswell ascells treated with the
lowest surfactant concentration did not die. Higher surfactant con-
centrations caused signi cant 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 asit was possi-
ble with more gentle and specialized methods for the metabolic
activity determination.
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Fig. 4. Effect of CTABand/or hyaluronan (HyA) on osteoblasts proliferation measured by XCELLigence system (16-well chamber).



[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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[1-4] but due to their interactions with negatively charged sub-
stances — some kinds of drugs, nucleic acids, cellular surfaces, etc.
—they can serve asan interesting tool in drug or gene cell delivery,
for the study of cell traf cking processes, or in other cell struc-
ture visualisation techniques. The ability to form micelles is another
positive property of surfactants and abenet 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 CTABor 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 CTABcyto-
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
specic cell types in the presence of free sodium hyaluronate
(HyA) was described [14] . Hyaluronan is a naturally occurring gly-
cosaminoglycan composed of repeating b-1,4- d-glucuronic acid
and b-1,3- N-acetyl- d-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 modi abil-
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 specic 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 asacarrier of non-polar drugs solubilized within
the cores of surfactant micelles. HyA is degraded by hyaluronidases
(Hyals), especially Hyall 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 away 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 acrucial 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 (mgl/l) 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/l) 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 avariety 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 in uenced

by the presence or absence of FBSin general [14,35] .

Surfactants with regulated cytotoxicity might play arole in drug,
gene, or diagnostic dye carriers (thanks to the use of the natural
HyA-transport system) and could exhibit only amoderate and con-
trollable antiseptic activity (thanks to HyA's protective activity).
The results could help to raise the prole 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 aweight-average
molecular weight of 1000 kDa was used in the preparation of com-
plexes with CTAB,while the other with aweight-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 nal 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 suf ciently 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 mM; 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 (1 g/l) at three different surfactant concentrations:
30, 60 and 80 mM. 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).



http://imagej.nih.gov/ijj , 1997-2015)
and Cell Pro ler (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 MTSreagent to acoloured
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 signicant 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 signicantly 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 signi cantly lower values due to the higher concen-
tration of anionic hyaluronan. In the caseof 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 signi cantly decreased in comparison to the “only cells” con-
trol. Levels of cell metabolic activity after 4mM or 5mM CTAB
treatments reached 75%or 80%,respectively. This is on the edge of
cytotoxicity. Cytotoxicity is often de ned by adrop in cell metabolic
activity to under 75%7([38], thus 8 mM or 10 mM 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 mM). Higher HyA concen-
trations (3 mg/l and 5mg/l) were able to signicantly reduce the
negative effects of all higher CTABconcentrations (5 mM, 8 mM and
10 mM). The contrast between the protective effects of the low-
est and higher HyA concentrations is clearly apparent at the 5 mM
concentration of CTABand 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 signi cant 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 CTABin general.
Our results are more or less analogous to areduction in CTABcyto-
toxicity achieved by coating particles with polymers (speci cally
PAA) [13] . The moderation of cytotoxicity by HyA could be used for
CTABapplications in which this surfactant plays the role of an effec-
tive disinfectant [4].Thus, HyA could be used to regulate surfactant
antiseptic effects.



Fig. 3. A signicant decrease in cell viability in most of
the “only CTAB”samples (but not at the 4 mM CTABconcentration)
compared to the “only cells” control was observed. Surprisingly,
cells under non-standard conditions withstood the presence of
4mM 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 CTABconcentrations (5 mM and above) were
tolerated by cells under non-standard conditions substantially
worse than under standard conditions. This indicates higher cell
sensitivity to higher CTABconcentrations 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



[14],
in which free HyA was added to CTABtreated cells under standard
and non-standard conditions. Furthermore, the protective effect of
serum was also previously observed on keratinocytes [39] . FBSpos-
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
signi cant 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 mM and
8 mM). Statistically signicantly higher levels of cell viability were
observed in all Septonex complexes with HyA compared to “only
Septonex”. Although these differences were not as apparent asin
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 mM) indicated that Septonex was
more cytotoxic. This could point to differences in CTABand Sep-
tonex binding to cell membrane due to their structural differences.

Fig. 5 shows that under non-standard conditions, the data
revealed asigni cant 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 MM and above was used (see Fig. 5).
This cytotoxicity was higher under non-standard conditions com-
pared to standard conditions. Nevertheless, signicantly 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 mM. Interestingly, the
cell metabolic activities corresponding to 3mM Septonex and the
3 mM Septonex—HyA complex were comparable. It seems that 3 mM
Septonex under non-standard conditions acted asa mitochondrial
activator. It is possible that very low Septonex concentrations could
provoke cells to increase their metabolic activity. A similar effect
was also observed in aprevious 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 mM and 8 mM) was substantially
reduced by the presence of HyA—this effect again rose proportion-
ally with increasing Septonex concentration. Thetrend of metabolic
activity in the presence and absence of FBSwas 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 signicant 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 dif cult 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 asauseful modulator of CTABor Septonex induced cytotox-
icity.
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The phase behavior of aqueous systems containing hyaluronan, at concentrations between 2 and 100  mg/L, and
oppositely charged surfactants was investigated. A ! uorescence probe technique revealed the formation of mi-
cellar structures on the hyaluronan in homogeneous systems well below the surfactant standard,
concentration. Moreover, regions of gel-phase separation were revealed. A detailed phase diagram was, thus,
constructed in the very diluted region and the hyaluronan concentration was found to be the main parameter
controlling the phase behavior, in contrast to the charge ratio. The stability of hyaluronan-s

in the homogeneous systems while in storage at 4 "C (up to three months), against dilution, salt
heating-cooling (between 10 and 50 "C) was also investigated. The aggregates were stable while in storage or
upon increasing and decreasing the temperature. The dilution of hyaluronan-surfactant complexes

critical, micellar

urfactant aggregates
addition and on

or the addi-

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.
# 2018 Elsevier B.V. All rights reserved.

1. Introduction

Hyaluronan is a naturally occurring polysaccharide formed by re-
peating disaccharide units composed of D-glucuronate and N-acetyl-
D-glucosamine residues linked by ! (1! 4) and !(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 ! uid, etc. [1]. Hyaluronan
is, therefore, an attractive building block for preparing new biocompat-
ible and biodegradable materials that could " nd 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 scienti " c re-
search. This is due to the theoretical signi " cance of the understanding
electrostatic and other (e.g., hydrophobic or excluded volume)
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interactions between charged polymers and low molecular counter-
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 " nd 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 " elds include detergency, the modi " cation 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
etal. [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 ! uorescence
probe study of similar systems prepared in water did not reveal depen-
dencies of ! uorescence 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 ! uorescence
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 ! uorescence 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 puri " cation.

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! uorescence probe pyrene (Fluka, purity ! 99.0%; Sigma Aldrich,
Czech Republic) was used for the ! uorescence measurements. The stock
solution of the ! uorescence 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 " nal concentration of pyrene in the samples equal to 10 7 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 ! uorescence
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 ! uorescence probe. The ! uorescence emission
spectra were recorded on a FLUOROLOG (Horiba Scienti" ¢, France)! uo-
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 ! uorescence in-
tensity ratio of the " rst 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 re! ection 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 " tted by the Boltzmann model
and the concentration at the in ! ex point can be considered as the criti-
cal micelle (or critical aggregation) concentration.

The Boltzmann model equation is given by:

A A
y! 1 e% A2;

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,  xq is the center
of the sigmoid, and #x 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 ! uores-
cence intensities at 470 nm, which corresponds to the excimer emission
maximum, and the " rst 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 re ! ects the accumulation of pyrene molecules
in hydrophobic domains.

In addition, the pyrene experiments were evaluated by the ratio of
! uorescence intensities at 333 and 338 nm of the excitation spectra
also. This ratio is called the pyrene excitation polarity index (ExPI) and
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it is the re ! ection 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 " tted to the Boltzmann model
also. The lines in the " gures showing the concentration dependences
of EmPI or ExPI represent examples of data " tting 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 ! uores-
cence spectroscopy and dynamic light scattering (Zetasizer Nano ZS,
Malvern Instruments, standard measurement procedure). The
hyaluronan-surfactant systems for the stability studies contained the
" nal hyaluronan concentration of 15 mg/L and the " nal 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 #L of the saturated solution of sodium chlo-
ride (6.2 mol/L) was added to the sample, so thatthe " nal 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 " gures represent the standard deviations.

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

The critical micelle concentrations of CTAB and Septonex were " rst
determined using the pyrene ! uorescence spectroscopy method. The
concentration dependency of the EmPI was " tted to the Boltzmann
model and the concentration at the in ! ex 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 performedto " nd 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 "rst 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

Table 1
Critical micelle concentrations determined from the pyrene emission polarity index (25 "C).

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 insigni " cant 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 in ! ex 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 ! uorescence probe in
their interior, in both cases. The " rst 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 in ! ex 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 ! uorescence 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. 1also shows an unexpected " nding " arather 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

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 NaCl 0.062 $0.002 0.062 [ 25]; 0.07 [ 26] 0.078 $0.002 0.11[ 29]*

2 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 ! uorescence 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 ! uo-
rescence cuvettes and only their ! uorescence from the aqueous envi-
ronment was measured in that concentration interval. The gel-like
phase separation can be viewed as a speci” ¢ 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 " ndings. The separated hyaluronan-surfactant complexes
were not formed when an excess of the surfactant was present which
also accords with previous " ndings [7,9,14,18].

The conclusions made on the basis of the polarity index were further
con" rmed 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 " nding 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 " rst 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

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. Itis 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 (speci " ¢ 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
"rst 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 in italics indicate the phase separated samples. System with

CTAB and MMW hyaluronan.

cctas (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 25 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 $is more dif-
" cult due to the increased distance between the encountered chains
and needs a higher concentration of surfactant (micelles). On the
other hand, at a suf" ciently high polymer concentration, such  #bridg-
ing$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 0.35to 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 speci " ¢ 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.

Table 3
Critical aggregation (CAC) and micelle (CMC) concentration summary.

The values of ExPI provide some information about the hydropho-
bicity-hydrophilicity of the environment of the ! uorescing 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; re! ect 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 ! uores-
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

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$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 signi " cant changes were observed during the ag-
gregation process and the curves of all the measured parameters had
very similar shapes. This was con " rmed by the fact that Boltzmann
" ts 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 ExPI 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 signi " cant effect on the interactions in these
systems.

Based on our results, the phase diagram of this system could be spec-
i" ed 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 #arger 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 ! orescence 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).

Fig. 3. Phase diagram of the CTAB-hyaluronan (MMW) system in the diluted region
estimated on the basis of the ! uorescence 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 thein ! ex 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 " tted
parameters of the Boltzmann equation can be found in the Supplemen-
tary material (Table ST2). Again, no signi " cant effect of the hyaluronan
molecular weight was found. The value of the A, parameter of the "t
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 insetin Fig. 4) giving somewhat
smaller values of the parameter " x.

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 " fteen 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

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 andthe " rstde-

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 polarhead " the liquid surfaceis " lled
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/Septonethyaluronan 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 ! uorescence 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 signi " cant 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
modi " cations, were almost the same or very similar. Shifts of maximum
of size distribution showed no signi " cant trends which would depend
on the surfactant. The ! uorescence 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.

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.

Fig. 6. Dependency of the ExPIl 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 #ipening $of the system containing
solubilized hydrophobes. All of the studied systems showed similar
trends in the ! uorescence 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

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 signi" cant 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 ! uorescence 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 signi " cant in-
creases after the addition of NaCl (remember the negligible volume

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).

3.5.4. Effect of dilution

After dilution by hyaluronan solution, the polarity indices increased
and the probability of excimer formation (the Ex:Mo ratio) decreased
signi” cantly ( Fig. 9); the values of all ! uorescence 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 suf " ciently 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 agueous 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 ! uores-
cence probe technigue with pyrene showed a typical double-S depen-
dency of pyrene polarity indices on the surfactant concentrations in
non-phase separating systems for the " rst time in hyaluronan-contain-
ing systems, no previous worked reported this. This con " rmed 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 speci" ed 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. Signi " cant
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,
guestionable.
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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
oppositely charged polyelectrolyte and surfactant, the interactions are still present in some hyaluronan-
surfactant systems regardless the surfactant ionic nature. These interactions were demonstrated mainly
by uorescence probe techniques whereas tensiometry detected only minor effects. Fluorescence data
showed that formation of aggregates (micelles) occurs rather in acertain interval of surfactant concentra-
tions than in asingle point, especially in the presence of hyaluronan. The greatest in uence of hyaluronan
was observed on nonionic Tween 20 and cationic cetyl trimethylammonium

bromide.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Hyaluronan is a naturally occurring polysaccharide, commonly
found in connective tissues in the body such as vitreous, umbil-
ical cord and joint uid [1]. As a component of the extracellular
matrix, hyaluronan plays an important role in lubrication, water
sorption, water retention, and anumber 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 d-glucuronate and N-acetyl- d-glucosamine residues
linked by b(1-4) and b(1-3) bonds, which are connected to
unbranched chains [10] .

Hyaluronan is aunique 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].
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Cells posses several specic 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 ef cient drugs, e.g.for ghting cancer, are
hydrophobic, hyaluronan hasbeen chemically modied, hydropho-
bized, to induce micelle-like properties or directly conjugated with
hydrophobic biologically active molecules (drugs). Besides chem-
ical modications 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 asaspecic 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)



[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 asformation 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 uorescence to investigate interac-
tions of (high molecular weight) hyaluronan with anionic sodium
dodecyl sulfate (SDS)and nonionic Cremophor ELand Tween 80 in
water. Practically no interactions between hyaluronan and nonion-
ics were detected whereas certain decrease of SDScritical micellar
concentration was observed. Hyaluronan in SDSsolutions thus acts
similarly aslow molecular weight electrolyte as demonstrated by
similar experiments with surfactant solutions free of hyaluronan
but containing sodium chloride. This was explained by interactions
of SDSpolar 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 uorescence probe tech-
nigues. 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 uo-
rescence signal. Nile red uorescence is quenched by water [22,23]
therefore only those molecules give sufcient uorescence 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 uorescence
occurs also from aqueous environment the nile red uorescence
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 uorescence intensity.

2. Materials and methods

Hyaluronan of two molecular weights (90 kDa 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- b-d-glucopyranoside, and Tween 20 (nonionic) were
from Sigma-Aldrich (Czech Republic); sodium dodecyl sulfate (SDS,
anionic) and n-dodecyl- b-d-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 asreceived without further purication.

Stock solutions of hyaluronan in physiological  solution
(0.15 mol/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 uorescence measurements with nal
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 nal volume of 15 ml (no phase separation was observed).
The samples with hyaluronan were stabilized with NaNj3 (0.05%,
w/v) and stirred overnight.

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

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

Fluorescence emission spectra were recorded on AMINCO Bow-
man Series 2 uorescence spectrometer. In the case of pyrene the
excitation wavelength was 336 nm and emission scanwas 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. Con dence
intervals in table and error bars (shown when not smaller than the
symbols) in gures represent the standard deviation.

Pyrene experiments were evaluated by plotting the intensity
ratio 1,/13 (the pyrene polarity index or the ratio of uorescence
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. ldeally, 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 tted by Boltz-
mann equation and inex 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 uorescence spectra were evaluated by two methods.
The rst one was plotting normalized values of the total integral
of uorescence intensity (in the wavelength range 610-700 nm)



Surfactant CMC (mmol/l)
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 03 01
n-Dodecyl- b-d-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-d-glucopyranoside 202 0.1 199 03 199 03
206 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 02
TTAB 0.52 0.03 0.51 0.03 0.61 0.01
049 0.02 0.58 0.01 05 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 0to 1 within each measured system. At low surfactant
concentrations the integral intensity is zero or very low and not
changing with concentration. At acertain 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 asthe pyrene polarity index — mathematical
treatment was then similar asfor 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, specically on its
micellization  which is supposed to start when the sharp drop
of surface tension with increasing surfactant concentration stops.
Measurements with hyaluronan solutions conrmed no hyaluro-
nan surface activity [25] up to the concentration of about 2 g/l
which is consistent with ndings 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 specic interactions between hyaluronan and sucrose
monolaurate (and most of the other surfactants) and the surface
and micellization behavior of this surfactant is not inuenced 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 CTABphysiological

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 inu-
ences only the interactions within the CTABsurface layer and does
not intervene in the micellization process. No effect on micelliza-
tion is aresult of screening the electrostatic interactions between
hyaluronan and CTABby the presence of NaClin physiological solu-
tion which seems to be more effective in the bulk solution than in
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Table 1 and data obtained by all three
different uorescence approaches can be seenin 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 u-
orescence intensity is supposed to be caused by increased number
of solubilized nile red molecules. Hyaluronan thus inuences the
solubilization capacity of dodecyl maltoside probably through the
inuence 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 CMCupon addition
of hyaluronan with no specic 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). In the presence of hylauro-
nans, the CMC was substantially decreased and the concentration
interval where micellization occurs was signi cantly 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 uorescence 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 uorescence intensity is very
low, i.e. when most nile red molecules are surrounded by water
that quenches their uorescence. On contrary, the nile red uo-
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. Sufcient number of
solubilized molecules, i.e. of micelles with the true non-aqueous
interior, is formed in the presence of hyaluronan only at suf ciently
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 re ected 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
conrm 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 inuenced by the presence of
added electrolyte ions [28]. Even Yin et al. [11] present in uence
of NaCl on the pyrene 1,/13 ratio in the presence of hyaluronan but
give it only for ve 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 seenin Fig. 3. Pres-
ence of NaCl thus in uences interactions between hyaluronan and
Tween surfactants despite of their nonionic nature.

3.3. Fluorescenceprobes — anionic surfactants

Representative data of pyrene polarity index measured for ionic

surfactants can be seen in Figs. S1-S3 (Supplementary material) .

SDSwas the only one anionic surfactant tested. Pyrene curves mea-
sured for SDSshowed 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 SDSconcentration.
Solid lines show ts 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 CMCis consistent with ndings of Yin
et al. [11] where aqueous solutions (no added salt) were studied,;
because there was the added salt in our casethe results seem to con-
rm 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. Fluorescenceprobes — cationic surfactants

Three cationic surfactants were included in this study. Pyrene
polarity index curves measured for TTABin 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 CMCwhich 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 in ex
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
CTATwith 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 inex 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 TTABand 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. Fluorescenceprobes — 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 aminor decrease of
CMCin the presence of the low molecular weight hyaluronan. Thus
no signi cant 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 acommercial cosmetic
product based on disodium cocoamphodiacetate with unspeci ed
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 uorescence 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 uorescence data was broadening of
concentration interval in which the uorescence 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
asapoint 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, rst because of its nonionic nature and
second because of no such differences were observed for the other
nonionic  surfactants. Specicity 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 sufciently 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 uorescence 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 uorescence emission maximum can provide similar
information whereas its intensity determines when a suf cient

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 uorescence 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 phospholipidthyaluronan
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 chemicalsteycepeating
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 repeatinig-(1" 4)-p-glucuronic acidb-(1" 3)-N-acetyl-
p-glucosamine disaccharide ufilts3] (seeFig. 1).

Hyaluronan is a polymer with a wide range of naturally occurring
molecular masses from several hundred to 10 million"g'jioB] 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 matiik+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 wadeb]. 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 inflamrniatdos)]

Na*
Oi
o OH
H 0 °  Ho 0o
HO o
OH
OH NH
HsC
n
o)

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 importgn8,4,6] 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 tiss{e8,7] It is used as an adjuvant for
ophthalmic drug deliverjl,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 heélirigermore as a
supplementation of the synovial fluid in patients with osteoartl3itis
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 deitalp lipid-rich
cosmetic products. Different colloids or even nanosystems like nanoemul-
sions are, therefore, sought to extend applicability of phosphf#ipids

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 2common surfactants® and tested
for their interactions with hyaluronan.

Study of hyaluronantsurfactant 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 Crescenatal[9]. The superstructures resulting from co-incubati@itro
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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 wouldiexigtan the synovial

fluid and should be responsible for the unique physiological properties.

Gémez-Gaeteet 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 acidn vitro release studies showed that
hyaluronic acid does not influence DXM release kinetics. In the dry
microparticles, DXM is probably mostly in amorphous domains within
the DPPCzthyaluronic 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 DPPE-BMR spectros-
copy, gel permeation chromatography, and multi-anglellgbéscatter-
ing photometry were studied {il] 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 jh3] 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 reviejet.in
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 loadba likely event at
physiological velocities. It was explained how proteagl/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 flujdi5].
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Kawanoet al [16] examinedin vivothe effects of a mixture of high
molecular weight hyaluronic acid plug-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 witromodel.
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 30 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 cgll3].

Pasquali-Ronchettet al [18] studiedin vitrointeractions 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.

Steffanet 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 NaCl.

Taglientiet al [20] utilized diffusional NMR techniques for investiga-
tion of the interactions between hyaluronan and phospholipids (DPPC and
1,2-Dipalmitoylsnglycero-3-phosphaae(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 sonicatiofRitj. 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 APLAy) was studied if22]. 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 propgtigs

Here, we investigate capability of phospholipids with positive charge to
form complexes with hyaluronan in agueous 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" “ mol L* 1. Excitation and emission spectra of pyrene can be used
to determine aggregation behavior of colloids. From these spectra, two
polarity indexes are obtainedbthe 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 ExPI 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 (3.2% 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

max# min .
5 ' .
EmPt ExPI& = s ! min;

emission
(non-polar environment)

©©©

excitation
(polar environment)

emission
(polar environment)

0.25 |

Normalized fluorescence (a.u.)
o
(6)]

Wavelen

Figure 2 Fluorescence properties of pyrene in environments of different polarity.
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where the independent variablés the total surfactant concentration, max
and min are the upper and lower limits of the sigmoid cuxgis,the center

of the sigmoid (inflection point), arigk is directly related to the indepen-

dent variable range where abrupt change of dependent variable occurs.
In this case, as aggregation concentratiorgtheint 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 shéwn i@ 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 increasesbe.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)Pin 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.

0.75

emission

excitation

N\

200 300 400 500
Wavelen

0.25

Normalized fluorescence (a.u.)
o
(6]

Figure 3 Fluorescence properties of acridine orange in aqueous environment.



Author's personal copy

Fluorescence Spectroscopy Study of HyaluronantPhospholipid Interactions 243

As second parameter, a relative absorbance of dimer is used, expressec
as ratio of absorbance at 465 nm (AO dimer) to absorbance at 492 nm
(AO monomer) and denoted as 2D: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 waisoluble 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 agueous 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-diasylglycero-3-fosfo-
cholin, type XVI-E, CAS 8002 43 5) were purchased from Sigma-Aldrich.
n-Dodecyl b-p-maltoside (G maltoside, 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 sSerie
2 luminiscence spectrometer (ThermoSpectronics, Ind.)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 pyRmene stock solution was introduced into a
vial and acetone was evaPorated. Final concentration of the pyrene in
samples wa® 107 ® 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 wasated during
4 h and stored during next 20 h.

Samples containing acridine &v@rggeck solution was introduced into
avial. Final concentration of AO in samples was held tdl§" ® mol L* *.

The stock solution of the studied system was introduced into a flask with
probe solution.

> 4. Phospholipid Aggregation

As reported elsewhef@4], even phospholipids have their critical
micelle concentrations. Above this concentration, onlceli@s 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
(seeFig. 4. From the Boltzman S-type curve the values of three indepen-
dent variables, concentrations, which determine start and end of

0.6
0.000001 0.00001 0.0001 0.001 0.01

Concentration of DPPC

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, seéable 1
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the aggregation and the inflex point, were directly evaluated as the fit
parameters.

The obtained fitted values of data fréfy. 4 are listed inTable 1
including fit parameters and goodness-of-fit statistics. As the data show,
there is a wide range of concentrations between astart® and 2end® point.
The difference between these two points is nearby two orders of magnitude.
As follows from the Boltzman equation, the parameéreris 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 concentrationghen 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 (sige 5. Lecithin is 1,2-diacyl-
snglycero-3-fosfocholin (type XVI-E, Sigma Aldrich,99%, CAS 8002-

43-5). Lecithin is composed of different types of fatty acidsBapprox. 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 ®t of the dependency of ExPl on DPPC
concentration (error given as the standard deviation)

Concentration Error
Value (gL*%h (gL*h
start 0.004 0.002 R-Sq 0.9998 wf/DoF? 10°*
inex 0.016 0.005
end 0.072 0.004

& Goodness-of-fitbreduced 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, Sedle 2

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

Concentration Error
Value (gL*? (gL*Y
start 0.007 0.001 R-Sq 0.9925 w/DoF? 10**
inex 0.021 0.003
end 0.059 0.003

& Goodness-of-fitbreduced 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 ihable 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



Author's personal copy

Fluorescence Spectroscopy Study of HyaluronantPhospholipid Interactions 247

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 2earlier® 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 permittividf/ function, etc.) of
environment.

The aggregation behavior of lecithin, in the presence of native hyalur-
onan, is shown ifrig. & 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 occur$ &t8 mg I * compared with 5.6 mg™i.*
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

EmPI (1)
=
N

eA OB aC

1.14

0.9 T T T T +
0.000001  0.00001 0.0001 0.001 0.01 0.1 1

Concentration of lecithin (g L*1)

Figure 6 Aggregation behavior of lecithin in the presence of native hyaluronan (MW
73,000 g mof' ) shown as dependency of the EmPI on the concentration of lecithin.
(A) without HA; (B) with HA, c& 1gL*%; (C) with HA, c& 15 mg L* %,
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increases only for 0.0025 mdl L In addition, showed dependencies for
significantly different hyaluronan concentrations (1 gand 15 mg £ %)
seem to be independent on hyaluronan concentration.

The slight decrease of aggregation concentration can be directly
connected to the interaction with hyaluronan chaiig (7). This interac-
tion is not strong but is present. This resulted in slightly 2earlier® 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 mof* and 1460 kg mél*. 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.

Figure 7 lllustration 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. (g L¥Y) Lecithin DPPC
Without HA 56%0.1 0.8% 0.1
73 1 3.89% 0.3 0.9%0.1

0.015 3.3% 0.5 1.0%0.1
300 1 3.8%60.1 0.8% 0.1
0.015 3.5%0.3 1.4%0.1
1460 1 3.900.1 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 able 3 As can be seen, results for
the DPPC only fluctuate around the mean value of I § 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 2lecithin® 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 g mof' 1; 15 mg L* 1.

FromFig. § 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 mixethstant-
phospholipid micelles was supposed.

As surfactant for the experiments with mixed micelles, n-dodecyl
b-p-maltoside (gmaltoside, CAS #69227-93-6), a honionic 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 orFig. 8 Concentration of DPPC was set to 5 mg*L From
Fig. 9 itis evident that aggregation of Saltoside is quite simple, repre-
sented as simple sigmoidal curve, on contrary to the case when DPPC is
present. Dependency of, £naltoside 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 ajyyin@ltoside
surfactant. DPPC is directly solubilized into the sugar micelles and act as co-
surfactantig. 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 Gomaltoside micelle.

15
1.4 o * o o R

13

EmPI ()
=
N

11

0.9
0.0001 0.001 0.01 0.1 1 10

Concentration of C12maltoside (mM)

Figure 9 Dependency of the emission polarity index (EmPI) on @naltoside
concentration in the presenced() and absenceq) of DPPC.
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Figure 10 lllustration of supposed phospholipidtGmaltoside complex.

The presence of the third component changes initial condition (besides
the changed environment). Phospholipid was now only a rpaxdof 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 11displays 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 1. After this concentration, the fluorescence intensityeased
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;! ) and D:M (! ) ratio on concentration of DPPCxGomaltoside 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 incokeywords Sugar-based surfactantdyaluronan:

poration of phospholipids into sugar surfactant micelles werg,2-Dipalmitoytsn-glycero-3-phosphatidylcholine

investigated by means of fluorescence spectroscopy. Two rdpremicellar aggregatéluorescence spectroscofyrene

resentatives from the family of alkyl glucosides were studied:

dodecyl- -D-maltoside and octyl-D-glucopyranoside. The

presence of 1,2-dipalmitoginglycero-3-phosphatidylcho- Abbreviations

line (DPPC) in the sugar surfactant system promoted the fobM Dodecyl- -D-maltoside

mation of new structures at sugar surfactant concentratiddG Octyl- -D-glucopyranoside

below its critical micelle concentrations. According to the agEmPI  Emission polarity index

gregation number measurements studied by a fluoresceriEgePl  Excitation polarity index

quenching of hexadecylpyridinium chloride measurement§&MC  Critical micelle concentrations

the premicellar aggregates formed from octyD- CPC  Hexadecylpyridinium chloride monohydrate

glucopyranoside and DPPC were composed of the third @PPC 1,2-Dipalmitoybn-glycero-3-phosphatidylcholine

molecules compared to the octyb-glucopyranoside mi- Hya Hyaluronan

celles. Interactions of the formed mixed micelle systems con€BA  Concentration at the beginning of an aggregation

posed of sugar surfactant and DPPC with hyaluronan weR¢ Reliability

explored. The addition of hyaluronan had different effects

on the dodecyl--D-maltoside/DPPC and octyl-D-

glucopyranoside/DPPC mixed systems. In addition, the mixdaitroduction

system of dodecyl-D-maltoside and lecithin was studied,

but possibly, only a coexistence of lipid aggregates and sugHiyaluronan, an important and multifunctional polysaccharide,

surfactant micelles was observed. is known to form aggregates with oppositely charged

(cationic) surfactantsl] 2]. These aggregates could be con-

Electronic supplementary material The online version of this article ~ sidered as potential candidates for the delivery of non-polar

(doi:10.1007/s00396-016-3840-8) contains supplementary material, drugs—hyaluronan forms biocompatible and targeting enve-

which is available to authorized users. 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 hyalurona8][ In our previous study], we tried
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Brno University of Technology, Purkgva 118/464, 612 tive charge, but their interactions with hyaluronan were weak.

00 Brno, Czech Republic In this work, we elaborate on the idea of combining phospho-
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Technology, Purkyova 118/464, 612 00 Brno, Czech Republic [4].
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Non-ionic surfactants, a category of non-ionic amphiphiledViaterials and methods
are generally considered to be mild and relatively non-dena-
turing, as they break lipidipid interactions and lipigprotein ~ Materials
interactions rather than proteprotein interactions5].
Sugar-based surfactants are widely (or predominantly) usétyaluronic acid, sodium salt (0.31 MDa) was purchased from
for membrane protein extraction in the study of preteid Contipro (Czech Republic); dodecytD-maltoside from
interactions§—10] and membrane protein structure and func+luka (99.0 %); octyl--D-glucopyranoside (98.0 %), DPPC
tion [11, 12]. The combination of sugar-based surfactants an(P9.0 %), hexadecylpyridinium chloride monohydrate (CPC,
the principal component of cell membranes, with phosph®9.0 %), lecithin (type XVI-E), and chloroform from Sigma-
lipids can result in interesting aggregates which can find p&ldrich. These structures are shown in the Supplementary
tential applications in the area of biocompatible drug carridviaterial, Fig.S1 Pyrene (p. a. for fluorescence), perylene
systems generally. (for fluorescence), Nile Red (for fluorescence), and sudan
Because of the combination of a relatively large amphoteried (96.0 %) were purchased from Fluka. All experiments
double-tail phospholipid with a small non-ionic single-tailwere performed in ultrapure water.
one, the resulting structure of the aggregates will be strongly
dependent on their molar ratib3-16]. There are two main
types of expected aggregatdgposome-based with a domi- Fluorescence probe technique
nant fraction of phospholipids and micelle-based with a dom-
inant fraction of single-tail surfactant. The phase transition okl systems were studied by fluorescence spectroscopy using
a lipid from a membranous to a micellar state is assumed g Fluorolog HORIBA Jobin Yvon instrument; CMC values
run through three stages. First, the non-micellar suriactawere obtained using fluorescence spectroscopy with pyrene
incorporates into the phospholipid bilayer, the surfactaras a fluorescence probe. Pyrene emission spectra were mea-
micelles serving as a reservoir to continually replenisisured in the range of 36840 nm with an excitation wave-
the amount of non-micellar surfactant which is removedength of 335 nm. From these spectra, the emission polarity
by the interaction with the membrane. In the seconéhdex (EmPI) was obtained from the ratio of the fluorescence
stage, phospholipid membranes saturated with incorp@tensities of the first (373 nm) and third (383 nm) bands
rated surfactant coexist in thermodynamic equilibriunf19-24]. Fluorescence intensities of the excimer band
with mixed phospholipid/surfactant micelles saturated470 nm)and monomer band (373 nm) were used to calculate
with phospholipid, whereas in the last stage, the phoghe excimer/monomer ratio (Ex/Mo).
pholipid is fully solubilized by its uptake into surfactant Excitation spectra of pyrene were recorded in the range of
micelles and mixed micelles are formet4,[16]. This  330-340 nm with an emission wavelength of 392 nm. The
second aggregate type is subject of this work. excitation polarity index (ExPI) was calculated as the ratio
It has been reported that both dodecylD-maltoside of fluorescence intensities at 333 and 338 @&27]. The
(DM) and octyl- -D-glucopyranoside (OG) have high ability dependence EmPI or ExPI on the surfactant concentration was
to solubilize liposomed[7] and that below the critical micelle then fitted by means of a Boltzmann sigmoid curve (Bg.
concentration (CMC), the unbound surfactant incorporates im¢herey corresponds to EmPI (ExPI), the independent variable
to the membranes and a strongly cooperative binding procesto the surfactant concentration with the point of infleckign
occurs 1L6). The dependence of mixed micelle stoichiometryparameter xis connected to the slope of the curve, Apdnd
on the concentration of aqueous OG is consistent with th&, arey-coordinates of the first and second breaks. The CMC
assumptions that ideal mixing of the two amphiphiles in thevas obtained as its point of inflection.
mixed micelles takes place and that mixed micelles can be
treated as a distinct phadd]] A A
These two surfactants were used in this work whiclty ¥4 o P A alp
is organized as follows. First, results of study on 1,2- ’
dipalmitoytsn-glycero-3-phosphatidylcholine (DPPC)
aggregation are described. In the second part, the for- The DPPC aggregation was also studied using Nile
mation of mixed micelles of sugar surfactants andRed as fluorophore. Nile Red is suitable for this appli-
DPPC is studied. Following parts report on surfactantation. Since this hydrophobic dye is poorly soluble in
aggregation numbers and (very weak) interactions ofater, its fluorescence is sensitive to polarity of local
DM with lecithin. In the last part, interactions of mixed environment 28, 29]. Emission spectra of Nile Red were
surfactant-DPPC micelles with hyaluronan are investirecorded in the range of 56060 nm with an emission
gated. Fluorescence techniques were used throughowavelength of 490 nm, and the total integral of Nile Red
the whole study. emission spectra was monitored.
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Aggregation of sugar surfactants into the vials containing DPPC (or lecithin), and water

was added to achieve the required volume. The solu-
The required amount of sugar surfactant was dissolved tions were then sonicated for 30 min and, after 24 h
water. Then, pyrene dissolved in acetone was pipetted intd agitation, pipetted into vials preprepared with pyrene
vials to achieve final pyrene concentrations in the order ais described above (from an acetone solution). Then,
magnitude 1& or 10®° M. After the evaporation of acetone after 24 h of agitation, the critical aggregation concen-
under reduced pressure, an increasing amount of surfactéwgtion of mixed sugar-based surfactant/lipid system
stock solution was pipetted into the vials and water was addé@AC,,) and critical micelle concentration of sugar-
to achieve a series of sugar surfactant concentrations in thased surfactants (DM and OG) were determined as
range of 0.0042 mM (in some cases, 0.00a0 mM). Then, the first and second point of inflection on the EmPI or
after 24 h of agitation, their critical micelle concentration€ExPl dependence on sugar-based surfactant concentra-
were measured by fluorescence spectroscopy as describediam. To distinguish aggregation in mixed system from
Fluorescence probe technigsection. Results of this basic that of pure phospholipids, subscriB¥1® was used in
study are given in Supporting Information. the former.

Aggregation of DPPC
Interaction of mixed micelles with hyaluronan

With usage of Nile Red

A stock solution of hyaluronan was prepared by dissolving the
DPPC was dissolved in chloroform in a vial. After evaporarequired amount of hyaluronan in water. Then, the procedure
tion of the chloroform, water was added to achieve a DPP@as the same as described abovedmmation of mixed mi-
concentration of 1 g dﬁ?j and the solution was sonicated for cellessection. The same amount of hyaluronan stock solution
30 min at 45 °C. Then, Nile Red dissolved in acetone wa#as pipetted into each vial already containing the sugar-based
pipetted into the series of vials to achieve a final Nile Re@urfactant solutionand pyrene, then, after 24 h of agitation, the
concentration in DPPC samples in the order of magnitud@/itical aggregation concentration of mixed sugar-based
10 M. After evaporation of the acetone, different amounfCACw) surfactant/DPPC/hyaluronan system.
of stock solution of DPPC was added to these vials to obtain
a concentration series of DPPC. Samples were refilled with o )
water to total volume of 4 ml. Samples were measured byetermination of aggregation number of sugar
fluorescence spectroscopy after 24 h of agitation. In the Caggrfactants

of phospholipids, micelles are formed at very low concentra- . . . )
tions (nM); thus, the concentration at which the nature o series of solutions with the same concentration of sugar

aggregates changes from micelles to liposomes was measu?é'&faaam and pyrene and increasing concentrations of CPC

and called the critical aggregation concentration (GAef ~ Were prepared as mentioned abové\ggregation of sugar
phospholipids. surfactantsection. 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

A stock solution of DPPC was prepared as described abO\t}%e sugar surfactants was calculated. The concentration of
(With usage of Nile regection), but, instead of water, a sat-Sugar surfactant was above its CMC, and, in the case of the

urated aqueous solution of pyrene was added to DPPC filgy9ar surfactant and DPPC mixture, the concentration of sugar

after evaporation of chloroform. The stock solution was dilutStfactant was above the Cf@nd below the CMC of the

ed by the saturated aqueous solution of pyrene to prepdigXture. _
solutions with lower concentrations of DPPC. The aggregation number depends on the surfactant
concentration according to EQ, wherecs is the sur-

factant concentration, CMC is the critical micelle con-
centration of this surfactanly is the fluorescence inten-

DPPC (or lecithin) was dissolved in chloroform. TheSity in the.absence of a quencheis intensity of fluo_-
required amount of this solution was pipetted into viald€Scence in the presence of a quencher, and [Q] is the
(to achieve a final DPPC concentration of 0.005 ofuéncher concentratiors(.

0.07 g dn¥® or a final lecithin concentration of 0.5 or

5 g dnt™®). The chloroform was evaporated, an increasy_ 1, % CMC op

. . . agg 741 1 4

ing amount of surfactant stock solution was pipetted In "5 R

With usage of saturated pyrene solution

Formation of mixed micelles
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Table 1 Concentration of the beginning of an aggregation (CBA) and
CACp_ of DPPC

Fluorescence probe  Dependence CBA (dggt)lm CAC (g dn§3)

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 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 correspto
The aggregation behavior of DPPC was examined by tWEAC,, of DPPC

methods to compare results. First, the GAD saturated

pyrene solution was measured. Figlrehows the dep_en? obtained from measurements of pyrene EmPI and the Nile
dence of pyrene EmPI and ExPI on DPPC concentration; the. 1ot integral are in good agreement with each other. On

obtained CAG_ values are listed in Table the other hand, the CBA and CACobtained from measure-
In the second method, the CAGof DPPC was measured ments of pyrene ExPI are slightly lower.

with Nile Red as the fluorescence probe. Figustiows the For further measurements of mixed micelle formation, a

dependence of the total integral of Nile Red emission spectffbpc concentration of 5 mg cﬁ(close to CBA) was cho-

in the range Of_ 528750 nm on DPPC concgntraﬂon. TWO gen, Next, samples with higher concentrations of DPPC were
breaks are evidentthe dependence was fitted by threeegiaq to choose a higher concentration of DPPC for further
straight lines, and two breaks were obtained. The first bre%udy (higher than its CAG). FigureS2shows samples with
corresponds well to the first break of the Boltzmann cunV@iterent DPPC concentrations; only in the case of the sample
from the measurement mentioned above. We can assume that, ihe |owest DPPC concentration (0.07 g%mvas com-

a two-break dependence indicates a rather gradual transformgsie gissolution achieved, leaving the sample transparent.

tion from micelles to vesicles, rather than a fast one. Thus, tlf\cf1us this concentration of DPPC was also chosen for subse-
concentration at the first break was called the concentration &\Sent experiments.

the beginning of an aggregation (CBA), while the second was
Iabeled_as the_CAQ of DPPC. In solution, the transfo_rmatlon Mixed micelle formation
from micelle-like structures to other aggregates (liposomes,

vesicles) probably begins at CBA and ends at sA@hen Results of preliminary study on the aggregation of pure sur-

these new aggregates (_new type C,)f aggr.egates) are formed'é@tants are given in Supporting Material. At the beginning of

measured concentrations are listed in Tabl@he data the mixed micelle formation study, it was necessary to choose
an optimal concentration of pyrene. In Fig5 in the
Supplementary Material, the dependences of pyrene EmPI
on DM concentration for different concentrations of pyrene
are shown. The pyrene concentration of 5 ®’ M0 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 d) was prepared, with in-
creasing sugar surfactant concentrations. In the case of the

] _ mixtures of sugar surfactant with the higher DPPC concentra-
Fig. 1 Depend_ence of pyrene EmPI and ExPI on DPPC concentra}tmﬁ.?n (0.07 g drﬁs) incomplete dissolution was achieved at
The first break in the Boltzmann curve corresponds to the concentration al : ’ .
the beginning of an aggregation (CBA), while the point of inflectioncOncentrations of sugar surfactant lower than their CMC, the
corresponds to the CA¢ of DPPC measured data showing large deviations (&&). At higher
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Fig. 3 Dependences of pyrene EmPI on DM concentration of DMand itgjg 4 pependences of pyrene EmPI on the OG concentration of OG and
mixture with DPPC and DPPC with Hya its mixture with DPPC and DPPC with Hya

concentrations of sugar surfactant, samples were entirely clear
and standard deviations in the data were narrow. At a DPP4hd lower cHi are calculated from the difference between the
concentration of 0.07 g di the system is in a biphasic measured values and the fitting curve).
micellar region up to a DM concentration of 0.15 mM (DM/  From the obtained CMCs listed in Taldeit is apparent
DPPC molar ratio 1.5). Above this concentration, only onghat CMC decreases with the addition of DPPC to DM. In the
micellar phase is present in the solutidd]][ The presence case of the mixture of DM and DPPC, CAGs localized
of two micellar phases may be the cause of system instabilitgpproximately at a ten times lower concentration than CMC.
Figure3 shows the dependences of EmPI on DM concen- Figure4 shows the dependences of EmPI on OG concen-
tration for DM and its mixtures with DPPC. In the dependencération for OG and its mixtures with DPPC. The mixture con-
for the mixture of DM and DPPC, the decrease in EmPI at taining OG and DPPC exhibits a first decrease in EmPI at an
DM concentration of about 0.01 mM and the following in-OG concentration of about 2 mM. This can indicate, as with
crease in the range of DM concentrations of 800BmM are  the mixture of DM and DPPC, the formation of premicellar
obvious. This variation in EmPI could indicate the formatioraggregates before micelle formation. However, in contrast to
of premicellar aggregates and their disintegration just befothe DM and DPPC mixture, there is no increase in EmPI
CMC and micelle formation. This dependence was analyzgstobably, the formed premicellar aggregates do not disinte-
in two different ways-by fitting it according to one or two grate but instead transform into micelles. This difference of
Boltzmann curves. In the case of two Boltzmann curves, theM and OG behavior in the presence of DPPC could be
first point of inflection was labeled CAL(the formation of  hidden in their different molecular shapes. Probably due to
the first aggregates with a hydrophobic core), while the secorttimeric head group of DM molecule, DM micelles have larger
was labeled CMC. If the dependence was fitted by only onghell thickness compared to OG and phosphocholiBigs [
Boltzmann curve, the only point of inflection was labeled32], which could cause the DPPC/DM aggregatestability.
CMC. Table2 presents the parameters of the BoltzmaniThen, the dependence shows a sharp decrease in EmPI, and its
curves. For the mixture of DM and DPPC, it is evident thapoint of inflection corresponds to the CMC of the system.
fitting by two Boltzmann curves is better (the reliability is Table 3 lists the obtained values of CACand CMC and
greater (values shown in Tal#€, Supplementary Material), clearly shows that the addition of DPPC to OG slightly lowers

Table 2 Parameters of

Boltzmann curves for DM and its Added Ng CACy cMmC

mixtures with DPPC and Hya constituents

CMC, CAGy, and chf, EmPlI  Ch? ExPI Ch#? EmPI Ch#? ExPI Ch#?

according to the number of (mM)  (10%) (mM) (10%) (mM) (10%) (mM) (10%)

Boltzmann curves\g) used for

fitting - 1 — - — - 0.2126 4.05 0.1917 44.8
DPPC 1 — — — — 0.1589 85.9 0.1497 1200

2 0.0162 1.02 0.0149 6.81 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 Added Ng CACy cmc
mixtures with DPPC and Hya constituents
CMC, CAG,, and ch?, EmPI Ch?? ExPI Ch#? EmPI Ch#? ExPI Ch??
according to number of (mM) (10  (mm)  (10%)  (mM) 10®)  (mm) (109
Boltzmann curves\g) 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 GAGf the OG and also measuredfor method and results, see Supporting
DPPC mixture is approximately ten times lower than its CMClnformation.

It has been reported ] that the solubilization of PC ves-  Figure5 shows the obtained dependentgis the fluores-
icles by OG begins with the transformation to vesicles with @ence intensity in the absence of a quencher (CPC))jsitiee
lower radius of curvature, which then open with narrow andluorescence intensity in the presence of a quencher. In the
wide pores before collapsing to long cylindrical micelles thatase of the DM and DPPC mixture, the obtained data did
coexist with small spheroidal micelles, which are the dominot show any dependence and an aggregation number for this
nant structure at high surfactant concentrations. In spite of tiheixture was not determined. This was probably because of the
different approach in this work, where the DPPC concentratisintegration of the formed premicellar aggregates just before
tion was fixed in the region where vesicles are not formed, €MC as described iMixed micelle formationsection.
can be assumed that at concentrations where CA@s Elsewhere, aggregation numbers were calculated from the
found, cylindrical micelles are formed, which are transformedlopes of straight lines; they are listed in Tabl&he mea-
into mixed micelles at CMC. sured values for the DM and OG aggregation numidéys)(

are in good agreement with those from literature. The wide
range of reference values results from the wide variety of
Aggregation number of sugar surfactant determination shapes that surfactants can form. It can be seeMfhaof
the OG and DPPC mixture is approximately three times lower
The aggregation numbers of DM and OG were determined than N4 0f OG alone. From this, we can conclude that
find the number of sugar surfactant molecules needed to forpremicellar aggregates are slightly smaller than OG micelles.
a micelle for comparison with mixtures of sugar surfactant and
DPPC at the sugar surfactant concentration at whicBy and lecithin mixed systems
premicellar aggregates are present (the concentration of sugar
surfactant gbove its CAFbut be!ow itS_CMC)- The DPPC Finally, the aggregation of DM in the presence of lecithin was
concentration was 0.005g a?ras In previous measurements. jestigated (in the same way as in the case with DPPC pres-
Critical micellar concentration of CPC, which was used as gn) The first concentration of lecithin was approximately
quencher in the determination of aggregation numbers, WaSmg dms3 [36], its concentration at the beginning of aggre-
gation, and second concentration was ten times lower
(0.5 mg dn?).

Figure6 shows the dependence of Ex/Mo on DM concen-
tration for the DM mixture with lecithin, which is compared
with that for DM. Tabléb 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 B3]; 70-140 [34]
oG 105+ 3 27100 [35]

Fig. 5 Dependences of lig/l on CPC concentration for determination of OG + DPPC 361 -

the aggregation numbers of DM, OG, and the mixture of OG and DPPE
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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 (Bigln the

case of ExPI, the dependence was quite similar.

The dependence of pyrene EmPI (and also-Bdaita 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 CAgs 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

Fig. 6 Dependences of pyrene Ex/Mo on the DM concentration of DMfitting by only one (in most cases, fitting by two curves
and on the DM concentration of DM mixtures with lecithin at a concen-

tration 0.5 g dr° and with lecithin at a concentration of 5.0 gm exhibited higher r_e“ablllty’ see ,Tab|33 in the
Supplementary Material, and lower hiAll obtained data

are listed in Tabl&.

The addition of Hya to OG and DPPC mixtures decreases
(Fig. S8 and ExPI to the DM concentration. It is evident thatthe CAG to values lower by an order of magnitude, but the
the CMC is slightly reduced with the addition of lecithin. TheCMC does not change. Thus, the GA®Gf the OG, DPPC,
presence of lecithin at a low concentration (0.5 mg3im and Hya mixture is nearly 50 times lower than its CMC.
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 assumpti@onclusion
was confirmed by the following measurement of the DM mix-
ture with lecithin at a concentration of 5 mg ¥nFigure6  In this work, we demonstrated that the interaction of DPPC
shows the dependence of Ex/Mo on DM concentration for thigith non-ionic surfactants (sugar-based surfactants) is possi-
measurement. Note that, in the case of the DM mixture witble, but lecithin does not interact with these surfactants.
lecithin of a higher concentration at the region with a lomcco  After the addition of DPPC (at a concentration of
centration of DM, the Ex/Mo ratio is higher than in the case 06 mg dn?3) to both sugar surfactants DM and OG, their
the other mixtures. The explanation may be the formation @@MCs were reduced, premicellar aggregates were probably
aggregates in the system regardless of the addition of DM. formed, and the CAg 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-
@ates). After the addition of Hya to the DM/DPPC mixed

Based on previous experiments, mixed micelles of DM or O system, no change was observed; however, after the addition
with DPPC were investigated for their interactions with Hya: ' ) ' '
g y f Hya to the OG/DPPC mixed system, the GAGF the

Figure3 shows the dependences of EmPI on surfactant coft:
centration for DM-based mixed micelles. Just one BoltzmanﬁyStem was reduced. Thus, preferably, the OG/DPPC/Hya

curve was necessary to fit the data which showed a decreasé éfit/eer?ycan be recommended for potential applications in drug

CMC in the presence of Hya (see also Té)le d
The OG-based micelles showed different behavior in the : _
Acknowledgments This work was supported by Project Nr. LO1211,
prgse_nce of Hyatwo decreases On_ the dependence of pOIa.'i\'/IateriaIs Research Centre at FCH BUT-Sustainability and Development
ity indices on surfactant concentration were detected. The firglational Program for Sustainability 1, Ministry of Education, Youth and
Sports of the Czech Republic).
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CLec (Mg dmés) EmPI ExPI Average Confllcts of interest The authors declare that they have no conflict of
interest.
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Abstract The aggregation behavior of the biocompatible and&eywords Liposome- Lipid - Phase transition temperature
naturally occurring zwiterionic phospholipid 1,2-dipaéiyl-  Lipid order parameterluidity - Hyaluronan
sn-glycero-3-phosphatidylcholine (DPPC) combined with i
synthetic cationic analogue 1,2-dipalmitoyl-3-
trimetylammonium-propan (DPTAP) was studied. Further, thiIntroduction
physical properties of the formed DPPC/DPTAP liposomes
were determined. The phase transition temperature @fposomes are important delivery systems composed of lipid
DPPC/DPTAP mixtures was studied using the steady-state flubilayers, which have considerable potential for appticati
rescence of laurdan, and the results were compared with thaaedicine and cosmetics. Liposomes can undergo aggregation
obtained from microcalorimetry measurements. The plaase tr fusion, and flocculation due to interactions with serungme
sition temperature was higher for all DPPC/DPTAP mixturesnder physiological conditions][ They have the capability to
compared to that for pure DPPC and DPTAP, this increase beisglubilize various forms of bioactives, regardless of dyyfair
particularly pronounced for equimolar mixtures of DPPC anticity. Bioactives soluble in water can be loaded into hytilc
DPTAP. Membrane fluidity was determined by means of 1,6regions while hydrophobic therapeutics can be capturgsidn |
diphenyl-1,3,5-hexatriene fluorescence anisotropy measuregions at high densities. Lipid encapsulation can prqorioe
ments. While the ratio of DPPC in DPPC/DPTAP liposomesection of the loaded bioactive from harsh environmental co
was increased, the results suggest the formation of mbiig tig ditions and limits systemic exposure, which is advantagieou
packed membranes. The interaction of DPPC/DPTAP lipahe case of therapeutics having undesired cytotoxic diteisef
somes with hyaluronan (Hya) was also studied. The formatidiz]. Cationic liposomes have been shown to be absorbed by
of complexes was observed at a specific DPTAP/Hya conceimnmature vascular endothelial cells due to the negativgiele
tration ratio independently of DPPC concentration or tHeeno charge of their outer cell membrane. The antitumor effiohcy
ular weight of Hya. paclitaxel encapsulated in cationic liposomes was deratetst
as a promising new method for the treatment of prostatercance
reducing the primary tumor mas.[

The instability of membrane conformation, which is essen-

Electronic supplementary material The online version of this article
(d0i:10.1007/s00396-017-4103-z) contains supplementary material,

which is available to authorized users. tial to the delivery function of liposomes, could be imprblog
inclusion of a helper lipid. Stable and relatively small
*  Jana Burdikova unilamellar vesicles were obtained by the insertion af ligih
xcszewieczkovaj@fch.vutbr.cz cationic head groups such as 1,2-dioleyl-3-trimetylaomoni

propan (DOTAP) in zwitterionic phosphatidylcholine (PC)
Institute of Physical and Applied Chemistry, Faculty of Chemistry, membrane_SA"' The m'Xture of 1,2-d|palmltoyl-gn-glygero-3-
Brno University of Technology, Purkynova 118/464, 612 phosphatidylcholine (DPPC) and 1,2-dipalmitoyl-3-
00 Brno, Czech Republic trimetylammonium-propan (DPTAP) is widely used in a vari-

2 Materials Research Centre, Faculty of Chemistry, Bro University 0Bty of applications, e.g., for the formation of lipopaesdb, €]
Technology, Purkynova 118/464, 612 00 Brno, Czech Republic  or the coating of superparamagnetic iron oxide nanogeticl
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[7]. The proportion of each one in the formulation controls the Hyaluronan (Hya) is a carbohydrate polymer occurring
cationic charge of the vesicle surfaé [ndependently of naturally in all living organisms. Hya is a linear, unbranched
DPPC/DPTAP molar ratios, DPPC and DPTAP spontaneousfolymer, which is composed of a repeating disaccharide struc-
assemble into vesicles in water media. Significant eiatio  ture R0]. It can be several thousands of disaccharide units
interactions between lipids can be demonstrated by a higheng [21] but can also exist as small fragments or oligosac-
phase transition temperature compared to that of purs.lipiccharides. At physiological pH, Hya exists mostly as a sodium
The strongest interactions were found in the case of equimolsalt and is therefore highly charged. This highly charged na-
mixtures of DPPC and DPTAP revealing the tightest packinture of Hya provides its solubility and ability to bind water
density of lipids ¢]. extensively 22]. Hya plays a critical role in the physiology of
Phospholipids are in the gel or liquid crystalline phase gbint function, including lubrication of the synovial surfaces.
physiological temperature. The DPPC phase transition terimteractions between Hya and phospholipids were studied as a
perature is around 41.5 °C and can be modified by the incosimplified model of synovial fluid. Phospholipids could facil-
poration of other lipids. This change in phase transition tenitate Hya binding to cells due to its strong affinity to cell
perature depends both on the length and saturation of the asyrfaces. A complex of Hya and phospholipids (Haplex) was
chain and the type of polar residudg][ For example, the prepared using the film dispersion and sonication method,
incorporation of DOTAP into DPPC membranes causes a deesulting in the enhancement of the oral absorption of Hya
crease in its phase transition temperatdfevwhile DPTAP  [23]. After the addition of Hya to monolamellar or
has the opposite effecd][ For steady-state fluorescence re-multilamellar phospholipid suspensions, phospholipid organi-
search into phase transition temperature, the prodan derivatizegion was significantly affected by the presence of Hya in
laurdan can be utilized, this containing the lauric acid tail; thisependence on its molecular weight, not by the initial organi-
compound is thus tightly anchored within the hydrophobiation of the phospholipid or its nature (DPPC or egg lecithin)
core by cooperative van der Waals interactions between tfi24]. The presence of liposomes (DPPC) leads to an abrupt
lauric acid tail and the lipid hydrocarbon chaih$][ Due to  decrease in the viscosity of Hya because DPPC membranes
the presence of naphthalene moiety, it is sensitive to both the®und to Hya cause the collapse of Hya chains. The possible
polarity of the local environment and the membrane phasexplanation is that DPPC membranes bind to hydrophobic
state 12, 13]. The essence of this sensitivity to polarity is Bpatche$ situated along the Hya polymer resulting in the
subsumed in the partial charge separation between the @llapse of the Hya chai¥, 26].
dimethylamino and 6-carbonyl residues forming a dipole mo- This work is aimed at preparation and characterization of
ment, which increases upon excitation and may cause reoblPPC/DPTAP vesicles with positive charge and study of their
entation of the surrounding solvent dipoles. This solvent rénteractions with negatively charged Hya.
orientation consumes energy and decreases the peoloi-
ed state energy resulting in a continuous red shift of the
probés emission spectruni®, 14]. Thus, the red shift in Experimental section
laurdan emission spectra indicates the increased concentration
of water in the bilayer and its increased mobilitg] [ Materials
Fluorescence anisotropy can be utilized for the investiga-
tion of lipid order. For this purpose, the fluorescent probe 1,6Sodium hyaluronate (137, 458, 1697 kDa) was purchased
diphenyl-1,3,5-hexatriene (DPH) allows information aboufrom Contipro (Czech Republic); 1,2-dipalmitoyl-3-
the degree of membrane fluidity or physical changes in mentrimetylammonium-propan, chloride salt (DPTAP) was pur-
branes to be obtained on the basis of the determination of thbased from Avanti Polar Lipids. 1,2-Dipalmitoyl-sn-
molecular orientational order and reorientational dynamics gflycero-3-phosphatidylcholine (DPPC), 1,6-diphenyl-1,3,5-
the fluorescent probe in the core of the membrane bilager [ hexatriene (DPH), pyrene, and chloroform were purchased
16]. DPH is a rather rigid, linear, rod-like fluorophore characfrom Fluka. All experiments were performed in water purified
terized by an absence of polar groups; therefore, it is distrilpy an ELGA lab system (PURELAB flex).
uted spontaneously into the hydrophobic acyl chain region of
the membranel[/], oriented such that the long axis of DPH Vesicle formation
along its rod-like shape is approximately aligned normal to the
bilayer, thus reflecting the ordering of lipid acyl chaibhg [ The required amount of DPTAP or DPPC and DPTAP (with
18]. The fluorescence anisotropy of DPH works well for stud-molar ratios 0:100, 50:50, 75:25, 80:20, 90:10) was dissolved
ies of membrane fluidity in systems that are in the liquidin chloroform. After the removal of chloroform by evapora-
disordered phase. In the liquid-ordered phase, the fluorescerimm, the required amount of water was added and the solution
anisotropy of DPH serves well as a qualitative tool, while thevas sonicated at a temperature above the phase transition tem-
quantitative accuracy is limited9]. perature until opalescent.
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Microcalorimetry measurements Phospholipid CAC determination

Microcalorimetry studies were conducted using a TAM llIFor samples containing pyrene as a fluorescence probe, exci-
thermal activity monitor (TA Instruments, New Castle, DE tation spectra (in the range 3320 nm with an emission
USA). Two-and-a-half-gram lipid or lipid mixture sampleswavelength of 392 nm) and emission spectra (in the range
prepared as described previously in vesicle formation (with 360-540 nm with an excitation wavelength of 335 nm) were
total lipid concentration of 2.7 mM) were placed into disposmeasured. The emission polarity index (EmPI) was obtained
able crimp seal ampoules. Samples were equilibrated fnom the emission spectrum by dividing the fluorescence in-
15 min at 25 °C. The scanning rate was set to 2 °C/h. Anjensity of the first emission band (373 nm) by that of the third
heat generated or absorbed by the sample was measured @mission band (383 nm). The excimer to monomer (Ex/Mo)
tinuously over time. Measurements were carried out in thetio was determined by dividing the fluorescence intensity of
temperature range 255 °C. The baseline was subtracted. 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
Samples for fluorescence measurements at 333 and 338 nm. The dependences of EmPI (or ExPI) on
lipid concentration were analyzed using the OriginLab soft-
A fluorescence probe (laurdan, DPH, pyrene) dissolved iware by fitting a Boltzmann sigmoid with the following form:
acetone was added to vials. After the evaporation of acetone A A
under reduced pressure, an increasing amount of DPTAP pt/, 1 xz;o b A
DPPC/DPTAP bulk solution and water was added into the *

vials to achieve a DPTAP or DPPC/DPTAP concentratioq)vherey corresponds to EmPI or Exi¥ andA, are the upper
series (in the range of 181 mM) or to achieve a specific 4, jower limits of the sigmoidal curve, the independent var-

lipid concentration (in the'case of samples containing Iau.rdqgmex represents the total concentration of surfackgmep-
or DPH). Eventually, a given amount of Hya bulk solutionesents the point of inflection, and is the gradient at which

was added. Samples were measured after 24 h of agitationye step change takes place. Critical concentrations of aggre-
gation (CACs) were obtained as the point of inflectigj. (

Laurdan generalized polarization , o
Anisotropy of DPH determination

The characteristics of the laurdan emission spectrum describ-

ing the presence/absence of water molecules in the vicinity

laurdan naphthalene moiety may be expressed by the gene éHé)lgeCs/(I:DeS;:_’igwea_sureméYEecttl)on. Thhe Concentrathn ofthe
ized emission polarization (GP) valug] 27] given by the mixture was above the concentration corre-

following: sponding to the second break in the sigmoidal curve. DPH
anisotropy was measured using a time-resolved fluorescence
I 440 1490 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

mples were prepared as described earliBsamples for

GP Y,
“Ta20b Tago

wherel 150andl 400are the fluorescence intensities measured & 8 M- _ o

440 and 490 nm1[0, 17], the wavelengths at which laurdan For each vesicle gompo_s_|t|on with different DPPC/DPTAP

emission maxima occur in the gel phase and in the quuiEJat'OS’ fluorgscence |_n_tenS|t|es Were measu.red undgr fgursep—

crystalline phase, respectivell?] 14). The phase transition arate pc_>|anzer cond|t|_onli,'h (V(_eru_cally polqr|zed exmtguon

temperature was determined from the first intersection Gnd horizontally polarized emissioh), (vertically polarized

straight-line segments fitting plots of the laurdan GP valugXcitation and emissiorij, (horizontally polarized excitation

versus temperature. anq em|55|on), anldy, (horizontally polarized excitation and
All steady-state fluorescence measurements were p&Rission). B _ _ _

formed using a Fluorolog Horiba Jobin Yvon spectrofluorim- These intensities were then fitted by impulse reconvolution

eter. Laurdan emission spectra were collected in the ran§y&nd the general equation:

380-550 nm using an excitation wavelength of 329 nm. All t

samples were measured as a function of temperature in thét P ¥Rainf b pBiexp —

range 3565 °C or wider when necessary. Temperature was '

controlled by a circulating water bath. Sample temperatuighereR(inf) corresponds to the intrinsic anisotropys the

homogeneity was maintained by magnetic stirring. fluorescence lifetime; is the rotational correlation time, and
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B; a pre-exponential factor. The actual DPH fluorescence de-
cay ((t)) is assumed to follow a double exponential model:

& b ¥Rainf b pB;exp t b B2exp t
1 2

Then, theG-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.

(e 4=

v,
G ¥ [l B

Using theG-factor and intensity values, the anisotrofty
was then calculated according to the relationship: Fig. 1 Normalized heat flow in DPPC/DPTAP vesicles

, 1n3PGl&b
rab v AP PGl AP 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"({CHs)3 group in DPPC

hinders the dipole reorientation that accompanies melting

- L (from perpendicular to the interface to parallel to the interface)
The lipid order parameteg)(and effective lipid order param- ?_nd prolongs the gel phasd.[

eter were calculated using values of fluorescence aniso .
Eer) 9 The dependences of normalized heat flow on temperature

ropy as follows £8, 29: corresponding to DPPC/DPTAP mixtures with an excess of
PS Pois DPPC (90:10, 80:20, and 75:25) are noticeably broader than
SYy — Sett Va —  ° the others. Vesicles of these compositions are probably not
lo 0:4 h ; .
omogenous through the entire sample volume; thus, they
wherer is the observed anisotropy angis the intrinsic an- do not exhibit a sharp phase transition, but rather a continuous
isotropy of the molecule. The temyis used to refer to the ONe.
anisotropy observed in the absence of other depolarizing pro- The spectral shifts with increasing temperature in laurdan
cesses such as rotational diffusion or energy transfer. FBISsion spectra were quantified using generalized polariza-
DPH, ro values as high as 0.39 have been measured. THEN (GP) values. GPs as a function of temperature are shown
anisotropy of 0.39 corresponds to an angle of 7.4° betwedR Fig.2and have a sigmoid character for all studied mixtures.
the dipoles, whereas agvalue of 0.4 corresponds to an angle Ve observed the same character in all dependereisBght

of 0° [30.

Lipid order parameter calculation

Results and discussion

The phase transition temperature was studied by means of

fluorescence spectroscopy and microcalorimetry. The results

of microcalorimetry measurements are shown in EicA

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 °Cgig. 2 Laurdan generalized polarization (GP) as a function of
The reason for the shift of the phase transition temperatutenperature in DPPC/DPTAP vesicles
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decrease in GP in the first stage, followed by sharp GP déipid order parameter
cline, and then a further slight decrease in GP at the end. We
quantified the differences between the location and slope @he change in the order of the lipid membrane was expressed
the intermediate area, which are both summarized and cofy the effective lipid order paramet&), determined from
pared with results obtained by microcalorimetry in BiJ-the  the anisotropy of DPH fluorescence measurements. All mea-
small deviation between the obtained results can be explainsdred values (Figl) were higher than those reported in liter-
on the basis of the different principles of these two techniqueature for different membrane constructs formed by-11&Q1
The phase transition temperature was higher for all studid®iC and cholesteroRf]. The reason for the high measured
mixtures compared to that for pure lipids, this increase beingalues probably lies in the presence of only one acyl chain
the highest for the equimolar DPPC/DPTAP mixture. type in each lipid, forming a relatively ordered membrane.

Itis worth noting the low values of GP at low temperature§ he S; values increased slightly with the increasing propor-
for mixtures with DPPC/DPTAP ratios of 25:75 and 0:100tion of DPPC in the DPPC/DPTAP mixture. This gentle flu-
According to the literature, GP ranges froth3 to 0.3 for the idization of membranes at low DPPC portions may be caused
liquid phase of lipid bilayers and from 0.5 to 0.6 for the gelby repulsive forces between positively charged DPTAP head
phase 12, 14]. According to these values, mixtures consistinggroups, which are suppressed by an increasing amount of
mainly of DPTAP should not be in the gel state. However, iDPPC in the mixture. This would be in good agreement with
we consider the essence of GP, the decrease in GP is causethaylow values of laurdan GP obtained with high proportions
an increase in the laurdan emission band located at arouatiDPTAP.
490 nm, resulting from an increased polar head group area These results are in agreement with literature, where the
and the presence of some water molecules in the vicinity aficrease of hydration of the lipid headgroup region was ob-
laurdan naphthalene moiety, this indicating a larger heagkrved with increasing DMTAP portion in DMPC/DMTAP
group area per molecule as a consequence of repulsion daystem, because pure TAP membranes are less pa&cked [
to the presence of the positive charge located at the
trimethylammonium group. . .

Another point of interest is the slope of the rapidly decread 99regation of DPTAP with Hya
ing part in the dependences of GP on temperature. Figures ) )
and3 clearly show that all dependences have nearly the sarH-Q study the |r_1fluence of Hya on DPTAP aggregatlon,_ we
slope for the intermediate part, except for the mixture with gsed Hya of different concentrations and mqlecular weights
DPPC/DPTAP ratio of 50:50, where the slope is doubled.Thi§137' 458, 1697 kDa). On systems containing pyrene as a
high slope could indicate the fastest transition from gel tguorescence probe, we measured steady-state fluorescence

liquid crystalline phase, as observed in microcalorimetrgXCItatlon and emission spectra and obtained EmP!I (and
experiments xPl) as described earlier.

This observation suggests tightly packed membranes, asThe dependencies of pyrene EmPI on DPTAP concentra-

was observed in equimolar dimyristoylphosphatidylcholin(—gion for pure DPTAP and its mixtures with Hya of different

(DMPC)/dimyristoyltrimethylammonium propane (DMTAP) concentrations (5, 15, 50, 100, and 1000 mg Yrand a
mixtures B1]. molecular weight of 458 kDa are shown in Fkg.The

Fig. 3 Phase transition temperature in DPPC/DPTAP vesicles obtained
using laurdan generalized polarization and microcalorimetry and theig. 4 Detail of the effective lipid order parameter of DPPC/DPTAP
slope (absolute value) of the dependence of laurdan GP on temperatuvesicles with different DPPC/DPTAP ratios
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Fig. 5 Dependence of pyrene
EmPI on DPTAP concentration
for DPTAP and its mixtures with
Hya of different concentrations
and the same molecular weight of
458 kDa

dependence corresponding to DPTAP has a sigmoid characigarameters of pyrene EmPI reincrease are also shown.
with high EmPI values at low DPTAP concentrations indicatValues of theCppradCiiya ratio were 1.67 or 2.00. It can be
ing fluorescence from a polar (water) environment. At higlsaid, with regard to the number of samples and the concentra-
DPTAP concentrations, EmPI values are low, because fluoretion step, that th€pprad/Chya ratio of the EmPI increase is
cence occurs from the hydrophobic region. always the same (approaching a value of 2). No reincrease in
In the presence of Hya, a reincrease in pyrene EmPI w&mP| was observed at the Hya concentration of
observed at a DPTAP concentration dependent on the concdi®00 mg dm®, because this concentration of Hya was too
tration of Hya, not only a smooth decrease in pyrene EmPI d8gh to achieve &ppradChiya ratio of “2.” In contrast, a
observed in the case of pure DPTAP. This pyrene EmRlouble Boltzmann sigmoid was used to fit the data obtained
reincrease was accompanied by the formation of precipitai&t the Hya concentration of 5 mg dinThe concentration of
From this behavior, we can suggest that almost all lipids in thidne first point of inflection was lower than that at the Hya
sample are consumed for precipitate formation. Thus, a smabncentration of 15 mg dmy and the concentration of the
amount of lipids remains in the solution, and high values ofecond point of inflection was nearly the same as CAC in
EmPI are found. The measured values of CAC for systenthe case of pure DPTAP. This may be a result of the mixture
containing DPTAP and Hya are listed in TaldleThe 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 My (kDa) c(mg dm?) EmPI Coprap CoptadCiiya
parameters of pyrene EmPI (mg dm?3) (mg dm?3)
reincrease
- - 52.7+3.1 - -
137 15 52+0.2 25 1.67
458 5 45+0.2 8.33 1.67
559+28
15 78+1.4 30 2.00
50 89+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

aParameter 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 @pprar/Cya ratio of 2 and the
Hya concentration of 5 mg drf) 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 2093 §].
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&ig\.s
can be clearly seen, a slight increase in CAC was observed
with increasing Hya concentration but was not as pronounced
as that ObFalned in the case of Pure DPTAP. For the mixture @fg. 7 Dependence of pyrene EmPI on DPPC and DPTAP concentration
DPTAP with Hya of concentration 5 mg ditwo values of  for different DPPC/DPTAP ratios in the presence of Hya (15 mg,dm
CAC are shown, as described earlier. 458 kDa)
The reincrease in EmPI (and also ExPI) was accompanied
V|§ually by the formatlon of precipitate on the wall of the Vlalmolecular weights of Hya were used (137, 458, and
(Fig. S1). Only in the case of samples with the Hya concen- ; . i
i . 1697 kDa), and its concentration was 15 mgdimall cases.
tration of 50 mg dn¥ was the precipitate formed at a threey, . .
: . . . _No influence of Hya molecular weight was observed (see
times lower concentration than the concentration at which gn
|g. S3), and the measured values of CAC were nearly the

increase in EmPI occurred. In this case, the appearance of th . .
. . ' .~ same (Tabl&). An abrupt increase in pyrene EmPI (and also
formed precipitate was different. Then, samples with high ( ) b Py (

DPTAP and Hya concentrations were preparedOfiead xPl) was observed_ in all cases at the same concentrations,
. o ) and the formed precipitate had the same appearance.
Chya ratio remaining at 2 (Figs2).
The dependencies of pyrene ExPl on DPTAP concentration
(not shown) had a similar character to those of EmPI opggregation of DPPC/DPTAP mixture in the presence
DPTAP concentration; only slightly lower CACs values werepf Hya
obtained.
In addition, the influence of the molecular weight of HyaFour mixtures with different DPPC/DPTAP molar ratios
on precipitate formation with DPTAP was studied. Threg50:50, 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

Fig. 6 CAC of DPTAP and Hya mixtures with different Hya

concentrations determined by pyrene EmPI. In the case ofaa Hy

concentration of 5 mg dm, a double Boltzmann curve was used to fit Fig. 8 Dependence of pyrene EmPI on DPPC and DPTAP concentration
the dependence of pyrene EmPI on DPTAP concentration, and two poirits a DPPC/DPTAP ratio of 75:25 in the presence and absence of Hya
of inflection were obtained (15 mg dm?, 458 kDa)
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Break

CAC ( M)

Table 2 Measured values of the CAC of DPPC/DPTAP mixtures with Hgan{@ dm >, 458 kDa) and the parameters of breaks in the Boltzmann ofiB@PC/DPTAP mixtures with Hya

DPPC/
DPTAP

@ Springer

Coprapr

Coprap

(M)

DPPC DPTAP Coppc Coppc

DPPC +
DPTAP

Cop1arLhya
(mg dm?®)

CDPPCCHya

(mg dm?)

)

(mg dm?3) (mg dm

(M)

28.65
42.4

28.65
424

57+2

50:50
50:50

2.15

32.32

50

2.45

36.70

50

85+ 14

11.8
215

35.2
64.6

Hya
47+ 4

75:25
75:25

1.43

21.50

33

4.88

73.22

100

86+ 3

10.5
2

42.3
107.0

53+2
134 + 28

Hya

80:20
80:20

38.79 2.59

60

11.74

176.17

240

6.8

3.1
5.2

27.6
46.6

31+2

Hya
90:10

1.77

26.51

41

18.06

270.86

369

52+1

90:10

Hya

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 Tall®. 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
shows an example of the dependences of EmPI on DPPC and
DPTAP concentration (for a DPPC/DPTAP molar ratio 75:25)
with and without Hya (of concentration 15 mg drand 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 (Tatfe 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,Cpoprad/Chya and, moreoverCpppdCrya
(Table2).

CoppdCrya ratio increases with decreasing portion of
DPPC in DPPC/DPTAP mixture with Hya; therefore, the de-
pendence o€pppdCiiyaratio on DPPC/DPTAP ratio is rather
inconclusive.

Vice versa, th€ppradCya ratio approached a value of 2
for all DPTAP and DPPC mixtures with Hya. It should be
noted that theCppradChya ratio was also equal to 2 in the
case of DPTAP/Hya mixtures (Tadle Thus, aggregation is
evidently controlled by the DPTAP concentration and
CopradChya cOncentration ratios. It seems that the presence

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?, 458 kDa)
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of DPPC does not affect the aggregation behavior of theg§e@mpliance with ethical standards

systems, although the concentration of DPTAP at the CAC
value of the DPPC/DPTAP/Hya mixture decreases with a d
creasing amount of DPTAP in these mixtures (B)g.The
concentration of DPPC at the CAC of these mixtures shows
no dependence on DPPC/DPTAP ratio (B)gTherefore, we
can say that DPPC participates in the formation o
DPPC/DPTAP/Hya aggregates but does not affect this forma-
tion directly. L
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. 2.

Conclusion 3.

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 confirmeda.
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, addition5.
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 6.
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 7.
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—y_
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 membrané:
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, 1,2-1,
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- 12
trimetylammonium-propan; EmPI, emission polarity index;
EXPI, excitation polarity index; GP, generalized polarization; 5
Hya, hyaluronan; PC, phosphatidylcholine; S, lipid order pa-

rameter; Seff, effective lipid order parameter.
14.
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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.”N®lated long-term
luminescence of oxygenated particles increased in comparison
to plasma hydrogenated ND¢V* luminescence. The
optically detected N\electron spin resonance process can
be also sigigantly &ected by ND termination. For H-
terminated ND patrticles the Nié NV° conversion energy is
lower than the N¥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. Thenal 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 terent emission spectra are formed in the

Nanodiamond (ND) particles belong to a broad family of X ;
nanocarbon-based materials with a structural diversity giverdiggnonéneutral (NV) and negatively charged (Wvwith

spedic synthesis conditions, postsynthesis processes, &h@rent zero phonon line emission wavelength properties, i.e.,

modi cationd*1! ND particles with sizes up to several tens?/> nm for N¥and 638 nm for NV _ _
of nanometers currentiyd broad applicatioté® Recently, The luminescence from NV centers is stable without any

controlled doping of NDs and on-demand production ophotobleaching or photoblinking, and compared to better
defects has caused a major breakthrough that can open a Ke@ywn quantum dots, ND brings additional advantages such as
area of quantum information processing and quantuhigh biocompatibility and simple C-surface chemistry. This
computing, nanoscale imaging magnetometry, and pho@diOWS grafting of biomolecules that are interesting for the
luminescent probes for biomedical im&girg.
A defect of particular importance in NDs is the nitrogen- July 28, 2014
vacancy (NV) center. NV centers can be created by irradiatRgvised: September 22, 2014
diamonds with high-energy particles (electrons, protorBuyblished: September 30, 2014

W ACS Publications ! 2014 American Chemical Society 25245 dx.doi.org/10.1021/jp507581k). Phys. Chem. ZD14, 118, 2524625252



cellular targeting or biomolecular drug delitéffhe NV/ 2. EXPERIMENTAL SECTION
center ground state consists of two unpaired electrons in

triplet cohguration leading to a zémdd splitting. It is 2.1, Sample Preparation. Monocrystalline diamond

. . iy powder of HPHT NDs with particle sizes ranging from 20 to
possmlie to selecilvely address transitions betwegrride 50 nm (Qty 100 carats) was purchased from the Microdiamant
andms =1 (orm,=#1) states ‘.N'th mlcrowave.radlatmn ar}d G. A commercial solution of HPHT NDs was lyophilized and
manipulate a two-level spin triplet. Laser-assisted detectlorp]é)gted in a slow stream of air at!&Lfr 6 h to remove any
the NV spin state me}kes use Oér@mces in the absorption s carbon from the ND surfaces. After that, NDs were oxidized
and emission properties of the spin states _(Flgure 1). Asen L mixture of concentrategSi@# HNO, (9:1. v/v) at 80 C
capa_lble of d(_atectmg such magne;ﬂ(_is with nanometer ¢, 3 days and proton irradiate#tZ8 MeV). Irradiated NDs
spatla! resolution would enable det.ect|on of magnetic S|gnal§vg}e thermally annealed in vacuo at @0@r 1 h forming
biological molecules or nuclear spin meridfy. either neutral (N or negatively charged (R

The NDs were then air-oxidized at!%1for 6 h (oxidized
ND). Part of the oxidized NDs were annealed in vacuum at 750
IC for 2 h (sp termination surface NDs/oxidized 780
annealed). The quartz plate with part of NDs was exposed to
microwave-excited hydrogen plasma for 30 min at a temper-
ature of 500C and at 1 mbar pressure to produce a H-
terminated surface (hydrogenated).

Ei . . . . 2.2. Photoluminescence of NWNV* Centers. The

igure 1.Nitrogen-vacancy (N)/center in a diamond (left) and its f Nvand NV . ND |

energy levels and transitions (right). The ground state is an orbif€sence o na N cent_ers in our ND samples was

singlet and spin tripf&t**Optical pumping initializes the center into ¢OM rmed by a Renishaw InVia Raman Microscope at 300 K,

the m, = O spin state via sgecispin-selective transition into the 514 nm excitation WaVG'ength. The centers acted as an ion

metastable singlet stdfe A green arrow represents an excitation of &émbedded in an inert solid matrix with long-term observation

nitrogen-vacancy center. The mechanism responsible for optishla single diamond nanocrystal.

pumping also pl’OVid(_-Z‘S a means for spin-sensitive detection, as thg 3. Electron Paramagnetic Resonance Spectroscopy.

rate offuorescence"dirs for them, = 0 andm, = $1 states. 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
: : -1200 cryostat) at= 50 K. For CW-EPR experiments, a

In this paper, new steps toward a better understanding a?fﬁg . !

R . . gh frequency (100 kHz3ld modulation at amplitudes of 0.5

_ut|||z_at|on of h|g_h pressure high-temperature NEEO 20m mT and microwave power of 7L.0° mW was applied. For

in size containing NV centers have been ‘tAkérGreat .

gort was devoted to proper chemical termination of thedeSE-detected EPR experiments the two-pulse Hahn echo

uenck/2-"#!#"-echo was applied whefz = 24 ns and

particles. Most importantly, we studied NDs terminated tﬁp_q . :
oxygen-containing groups and NDs hydrogenated in micro= 300 ns. The simulations of ESE-detected EPR spectra were

wave-excited H plasmiDs were functionalized by hydro- Performed using the EasySpin package for #atlab.
gen, hydrogen/carbonyl or hydroxyl groups, and hydroxyl/ 2-4- Fluorescence Lifetime MeasurementsDetermi-
carbonyl groups. The  principle of surface functionalizatiGjtion ofuorescence lifetime was performed&i®®! C in
driven luminescence, related to switching the occupation &fuorescence microscopy system MicroTime 200 (Picoguant

NV-/NVO states has been developed in works of Petrakova@PH). Samples were excited at 375 and 510 nm by pulsed
al®® laser diodes with 20 MHz repetition frequency. For ultraviolet

In the scope of ND research we employed Ramag¥xcitation, two simultaneous detection channels were used with

spectroscopy#uorescence lifetime measurements, electrdff €rent long-pass cuitdters (ThorLabs) at 405 and 519 nm,
paramagnetic resonance (EPR), transmission electron micfg§pectively. Diode pulse width (fwhm) was below 70 ps for the
copy (TEM), and confocal microscopy. Using density funé’/5 nm diode and below 80 ps for the 510 nm diode. Timing
tional theory (DFT), time-dependent density functional theor§gsolution of used detectors was better than 150 ps. For I|fet|m_e
(TD-DFT), and density functional-based tight-bindingneasurements, data were collected to reach 10000 counts in
(DFTB) method%®*®2° we acquired parameters that the maximum peak channel. Fluorescence lifetime data were
infuence the NDsoptical and magnetic properties. A. S.obtained within the FLIM technique, and in this case just
Zyubin et df. used TD-DFT for the analysis of optical multiexponential decay analysis can be used (software
properties of approximately 100 atoms containing ND partic@gmphoTime). The number of curves followed the current
with neutral and negatively charged vacancy-related pgitatistical accuracy by comparing the model with the data,
defects (BW° and NV#). DFT methods have also been usedtypically containing#3 exponentials. IRF was deconvoluted.
for calculations of the optical gap, absorption spectrum, afl$o, Lim et af applied multiexponential analysis for ND
luminescence of small Si nanocrystals, with hydrogen araiticle#uorescence lifetime interpretation.

oxygen at the surf&8&* In this work we were able to  The number of lifetimes is related to the number of the used
describe the impact of nanodiamond defects and surface statedel parameters (number of exponential decays). Parameters
on the optical and magnetic properties of the wholwere set according to the chi-square values; chi square was kept
nanoparticle, both qualitatively and quantitatively. Finally, Wwetween 1.10 and 0.95 and the shape of residual analysis.
showed that luminescent oxygen-terminated NDs are visible i2.5. Computer Experiments.Modeling was performed

cells under a confocal microscope. The results and moda$eng DFT/TD-DFT and density-functional-based tight-bind-
reported in this work show a way toward surface-sensitive amgl methods (DFTB)sGaussian 9and Turbomole 63

stable nanodevices based on nanodiamonds. program packages in clusters having from 82 to 695 carbon
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atom defects free or containing one NV center either neutraffijnbedded in an Epon-Durcupan mixture (Epon 812 Serva,
or negatively charged. The ND particle surfaces we@ermany; Durcupan, ACM Fluka, Switzerland), and poly-
terminated by hydrogen, hydrogen/carbonyl, or hydroxyherized at 60C for 72 h. Ultrathin sections (the thickness of
groups and hydroxyl/carbonyl groups. Clusters with positio6® nm) were cut with glass knives in a UC 7 ultramicrotome
of the NV defect either in the center or close to the particl®JC 7, Leica, Austria). Afterward, they were directly observed
surface were modeled. The lowest-lying excited states weitbout being previously contrasted (uranyl acetate and lead
calculated by a TD-DFT method, which is an extension of DFitrate) to prevent objectionable artifacts. The sections were
determined to investigate the excited states and nonequilibriekamined under a Philips EM 208 S Morgagni transmission
properties of many-body systems in the presence of tinedectron microscope (FEI, Czech Republic).

dependent potentials. This method enables analysis of the

character and localization of individual excited states. In tRisRESULTS AND DISCUSSION

work we modeled bigger clusters (containing even more tharg.1. Photoluminescence of N¥/NV* Centers. Photo-

1000 atoms,2.3 nm) than was presented in refs 8#&@#d 22 |uminescence spectra were taken from proton-irradiated NDs

Geometries were optimized by two DFT functionals, B3LYigith oxidized and hydrogenated surface’. aid NV-
and BLYP. The calculations with BLYP were done with thelated luminescence was observed at 575 and 637 nm,
Multipole Accelerated Resolution of Identity method, whictespectively, for oxidized ND particles. It should be noted that
enables us to speed up calculation of the Coulomb ternp@th before proton beam irradiation and after irradiation
Geometries of large nanodiamonds (no. of C atoms >20@jithout annealing, no luminescence was ob$®mion
were optimized by the DFTB method giving reasonably properadiation enhances number of vacancies and following
geometry of nanodiamonds with respect to the experimentémnealing nally increases number of nitrogen-vacancy pairs.
data and B3LYP results. All spectra were normalized to the diamond Raman peak. From

The electron®nity, conversion energy (energy to convertthe zero-phonon luminescence line (dotted gray line in Figure
the NV into NVP), electronic transitions, and change in2) we found that the NYNV °ratio is higher for oxidized NDs
electron density were calculated by the B3LYP method with the
use of 6-31G(d) basis set at optimized ground state geometry
of the nanodiamonds. Vertical electfomities (EAs) were
calculated as an enerd\edince between the matter system
and the system with one electron atfiedom calculated
Mulliken charges for full hydrogenated and oxygen groups
containing NDs we obtained electron density per atom inside
the ND (the surface was! ded as consisting of noncarbon
and non-nitrogen atoms).

2.6. Microscopic Techniques2.6.1. Cultivation of Cells.

A549 (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 ConditionsAtmosphere air, 95%; carbon dioxide rjgyre 2. Photoluminescence spectra taken from proton-irradiated
(COy), 5%;Temperature37!C; CO, incubator: HERA Cell  NDs with oxidized and hydrogenated surfac&saMNV -related

150i (Thermoscieht). luminescence was observed at 575 and 637 nm, respectively, for

2.6.2. Confocal MicroscogyeLa cells were seeded to a oxidized ND particlé$ Zero-phonon luminescence lines are marked
glass-bottom petri dish at a concentratiori df® cells/mL by dotted gray lines. All spectra were normalized to the diamond
and incubated in E-MEM medium supplemented with 10%aman peak, room temperature. Spectra were measured using a
FBS (IMG,CAS,CZ) and incubated for 24 h. NDs were Welﬁemshaw InVia R_aman Microscope at 300 K, 514 nm excitation
dispersed in an ultrasound bath. The quality of the dispersi§ivelength. on solid state NDs.
was checked by dynamic light scattering using Zetasizer ZS
(Malvern, UK). The dispersed NDs were added to the celtompared to hydrogenated NDs, as also found in the work of
(!nal concentration 2&/mL), and the cells were incubated Petrakova et &f Relatively strong luminescence background
for 24 h in a serum-free H-MEMd medium!@75% CQ originates from the complex surface of ND particles: variously
HERA Cell 150i incubator (Thermosciej)i Before micro-  terminated mixture of’smnd sphybridized carbon.
scopic observation, the cells were rinsed two times with PBS t@hanges in the photoluminescence spectra of oxidized NDs
remove nonendocytosed NDs. In vivo laser-scanning confoghkn interacting with charged polymers were also measured.
microscopy (Olympus FV-1000 instrument) was performed he luminescence of the N\enters decreased when
observe the localisation of the ND particles within the celisteracting with positively charged molecules, while after
100 magnication with was used for image acquisition (e.gadding negatively charged polymers the luminescence was
561 nm, emmission window: %380 nm). restored to the original level.

2.6.3. Transmission Electron Microscopy (TEM): Ultrathin 3.2. Electron Paramagnetic Resonance Spectroscopy.
Section MethodGlutaraldehyde<ed cells (3%) exposed to Figure 3 shows the W-band CW EPR (a) and! rdte
#uorescent nanodiamonds were centrifuged, and the pellet desvative of ESE-detected EPR (b) spectra measured in O- and
rinsed in Milonig Ber, podtxed in 1% OspPsolution in H-terminated nanodiamond sampleB at50 K. From the
Milonig buer, dehydrated in 50, 70, 90, and 100% ethandjmulation of ESE-detected EPR spectra (Figure 3), it was
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Figure 3.Experiment/simulation of twd'éiently terminated ND

radicals and C-centered radicals with an adjacent O atom. The
observation of a strong 11 siggat .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-centeretf mdical
by sp C#C dangling bonds. The parameters of the surface
defects normalized to the intensity of tRecéhter are
presented in Table'H nuclei used in the termination possess
nuclear spins and could be detected in the efeuicdear
double resonance experiment (ENDOR). The results obtained
from the ENDOR spectra of the surface defects are promising
in the interpretation of the'drences for ‘teérently terminated
sample&3°

EPR spectra of ND particles consisted only of several signals
with S= 1/2. Three of them are surface defectd3)1and
we did not observe any hyperinteraction (HFI) from these
defects. This is because centers themselves do not have HFI,
and ligand HFI (superhypee interaction) is small in
comparison with EPR line width (we observe HFI with distant
#uorine 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 i€ kheutral nitrogen, not NV) defé&st
1/2 with normal HFI with its own nucleus=(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

samples: (top) O-terminated and (bottom) H-terminated: Cw EPRrOom NV centers. -
(a) and thel rst derivative ESE-detected EPR (b) spectra, sum of 3.3. Fluorescence Lifetime MeasurementsFluores-

simulated EPR spectra components (c), simufateatsr (d), and

cence lifetimes measured & 206! C for NDs with dierent

11#13 simulated components (Voigtian line shape) of EPR specttarminations are listed in Table 2. For green excitation the

(e#9); W-bandT = 50 K.

fraction of lifetimes above 15 ns increases with oxygen content.
For ultraviolet excitation the fraction of long lifetimes increases

found that in O-terminated ND the ESE-detected EPHD the surface modation series hydrogenétexiygenated

spectrum consists of three componerfsiINI2), while the

oxygenated after 78D annealing.

ESE-detected EPR spectrum of H-terminated samples could ge0r all ND terminations, at longer wavelength excitation

described using four spectral componefit$1(N2, 13). The

zero-charged nitrogen atonf)(Kepresenting a triplet that

could be described Byeetive spin Hamiltonian with sBin

(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

1/2 and nuclear spin= 1>>**was observed in two samples. €xcited from the deep defects. Then, the triplet electrons in
The corresponding g-tensor obtained in ref 26 and recent{y” defects are stronglyeated not only by phonons and

updated for NEP is found to be isotropic wigkr 2.00244, =

material defects but also by a huge amount of other excited

= 84 MHz, and, = 117 MHz. This uncharged nitrogen is electronis all these interactions shorten the lifetime of the
the most common impurity in natural and synthetic diamondgminescence. Moreover, our previous theoretical a@pproach

as well as in the nanodiamonds "ariig nature.

has shown that surface termination 'tact ¢he interlaying

The 1313 paramagnetic centers are mainly not observed #inglet state, which also plays a! santi role in the NV
the diamonds of macroscopic size and could be attributedlteninescence properties.

the radicals generated by breaking down#@ea@d GtH

As far as Uderences between various terminations are

bonds and formation of the condensed carbon (C) ringoncerned, mainly oxygen on the Nitesminated surface
structure during the termination processes. In this case, thereases the fraction of longer lifetime Istatgs O
unpaired electron can be located on a C atom or oxygen (@rminations on the C %purface (oxygenated, 78D

atoms and form two types of C radicals, namely: C-centeradnealed) 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

1 12 13
13.6(4) 2.4(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 NOHuorescence Lifetimes

excitation 375 nm excitation 510 nm
cut d 405 nm cut ©519 nm cut 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, 750C annealed 17.12 12% 20.07 15% 215 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*(Nakcited 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. Speshortening of the
#uorescence lifetimes in the case of hydrogenated NDs may be
caused by a number of procésseas dierent spin/orbital
settings and triplet electrons delocalized in tfieddféct

area? ; : o
. isodensity surface of the®N\ddntaining clusterssdzoN* (left),
As a whole, ND luminescence parameters may be changeég%zﬁpz N* (middle), and %EHWSIS(N# (ri&éht)g.o The( N\)?

the surrounding particles. A dmedlD environmental state center is located in the second layer in the left top part of both

can lead to quenching, changes of luminescence lifetimes, pictares.

spectral shift of emission.
3.4. Computer Modeling. New experimentdindings Figure 5 indicates that for ND particle-containinty NV

bring the need for theoretical analysis. Here, we extend @@nters with H-surface termination the unpaired/triplet

previous theoretical resulasd present a qualitatively new

model/interpretation of NV centers containing ND pdrticles

optical properties. It should be noticed that the calculated

parameters such as excitation energies, el&atites aof

particles, and geometry of NV centers are in a good

correspondence with the experiméntihg3®2’and change

with the calculated partittimmensions. Particularly, the values

of electron &nities calculated for defect-free O/H-terminated

nanodiamond particles wergsdd;¢Oq4 calculated electron

B nity +1.7 eV, experimental +1.7 eVHsy, calculated

electron &nity #2.2 eV, experimental.3 e\* Due to the Figure 5.Plots of spin densities in the *Nyéntaining clusters

substitution of hydrogen- or oxygen-containing function&seHsoN* (Ieft) and GedH160015N* (right).

groups, the values of electi®ni@ies increased.

In the case of hydrogen-terminated NRHGN" the glecirons from the N\tenter %ect electron spin density on
surface is positively charged, and after replacement of par@f positively charged surface very modertitelyspin
the hydrogen atoms by O groups the surface potential dgnsity is located in the vicinity of the’ Nenter. Similar
strongly modled. For God1;64015d\" the electrostatic surface yesyits are obtained in the case of ND with oxidized surface,
pof[ent|al is negative in the place of _substltutlon _and 1850dH1600:50\*, where the spin density is slightly spread out to
neighborhodd see Figure 4 (corresponding to experimentajne O centers. In agreement with EPR results we concluded
resultd**)). Surface groups including oxygen are electrofhat the unpaired electron can be located on C or O atoms and
acceptors, which causes the change of Mulliken charges fafgh two types of C radicals, namely, C-centered radicals and
electron density in NDs. Redistribution of electrons in NDg-centered radicals with an adjacent O atom.
in#uences behavior of N¥fiplet electrons. On the basis of The TD-DFT calculated lowest allowed triplet excitation
our calculations, we have proposed that in the case of éhergy for GH,JN* is 2.063 eV (close to experimental data).
containing group-terminated ND surfaces the excited electrphe oxidation of the surface slightly shifts the excitation energy
will be kept (surface potential) inNdénters, so that standard to a lower value of 1.971 eV fogd€,d.gN*. All lowest-
luminescence conditions can be preserved. It should be naigdg excitation transitions are betve@pin down) orbitals.
that if we want to change the positive surface potential of H-Another important parameter is the energy necessary to
terminated ND to a negative surface potential & égesti to convert the N¥to N\P centers. The DFTB calculated’ Xty
replace just 9% of the Céroups by carbonyl grodps. NV? conversion energy is 1.47, 2.58, and 4.65 eV for clusters

Figure 4 Mapping of the electrostatic potential onto the ground-state
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CoodH30N", CooH160050N", and GogH1d0:59N", 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-terminatéccéhters
containing NDs, the conversion energies are higher than NV
center excitation endrgiy these types of particles it is easier
to excite electrons in the Nyenter than to convert the NV
centers into N4#*
Moreover, it follows from our calculations that electrons
excited from the triplet ground state to the triplet excited state
and relaxed to the triplet statd ban drop to triplet ground
state 3A (standard emission) or to singlet ground state a
lying below the triplet excited state"édéent NV
luminescence conditions). Since in oxidized NDs containing
NV# centers the singlet stat& anergy level has higher energy
than the excited triplet stata knergy level, the conditions for Figure 7.Subcellular localization of NDs in the A 549 cell viewed by
transition between the excited triplet and singlet ground stateM. NDs (black points) are localized in the cytoplasm outside the
a@A are changed. For neutrally charged NV centers sin leus. Clusters of NDs are formed around vesicles (black arrows);
electrons are kept in the area of M&hters, and standard Is'e"etf"i: 'tso.:atfed {\'Dls are reco.grl“zed in tg% Cﬁgp'alsrg. (.‘g’h'tleNaE;rOW)'
luminescence condiions are preserved: et et ofoonlasc veice covred by Mo Inchicual Nos are
3.5. Imaging of ND Particles in Living CellsBy using
confocal microscopy we investigated the ability of luminiscent

ND particles to enter living cells (Figure 6). Oxygen-terminatggtobes (antibody as well as DNA) that could measure,
structure, or even alter biological components in sindfe cells.
NDs could serve not as only as probes but also as delivery
systems for various ageritsctng processes in the cell. In
vitro studies were designed and are running to answer some
questions on thé ect of NDs on some cellular functions (e.qg.,
induction of apoptosis, inhibition of intercellular communica-
tion, mitochondrial respiration, stability of microsomes, etc.)

4. CONCLUSIONS

In this article we show how surface chemigtrgnioes ND
magnetic and optical properties for modern devicks. NV
related long-term luminescence of oxygenated particles
increased in comparison to plasma hydrogenatedWDs

i ; ) . luminescence. Due to the ND small size, the charge at the ND
nanodiamonds in HelLa cells. Left: confocal im e$cent NDs : : .
in the cell, right: HeLa cell in transition Iigfﬂm\:/rith incorporateasgrface can penetrate into the bulk of the ND and intermingles
#uorescent nanodiamond particles. The image shows numer(‘Mgh the _electronlc N\states. . .
clusters of ND particles within the cytoplasm clearly showing theAttaching oxygen to a graphitized ND surface increased the
absence of any particles within the nucleus. share of states with longer lifetime and preserved ground and
excited states#orescence lifetime measurements). Plasma
hydrogenation of ND particles gave rise to characteristic defects
NDs were clearly visible within the cytoplasm of humawith short lifetimes. Oxygen on the Nftepninated surface
epithelial cells and at the same time we could see numertugeases the fraction of longer lifetime !statgs O
clusters of ND particles within the cytoplasm, clearly showiterminations on the C?%sgurface keeps settings of the original
the absence of amyorescent particles within the nucleus.(NV) defects in basic and excited states.
Namely, Figure 6 shows a representation of the confocal imagePR spectroscopy tomed the presence of paramagnetic
of HelLa cells with incorporatarescent ND particles. This centers that are not observed in the diamonds of macroscopic
interestind nding has been Vexd by electron microscopy size. These centers could be attributed to radicals generated by
using other cell lines (e.g., A549). In general, NDs tend the breakage of the#O and GH bonds as well as to
accumulate around some vesicles in the cytoplasm. formation of a condensed carbon ring structure during the

Our study shows that NDs are able to penetrate through ttermination processes.

cell membrane in a targeted manner and probe changes in th@ur theoretical models demonstrated that for H-terminated
inner cellular spdceubcellular localization of nanodiamondsND particles the N\Vto NVP conversion energy is lower than
was clearly viewed by transmission electron microscopy (Figine NV excitation energy, so that the delocalized triplet
7). Combined with the exquisite molecular recognition aflectrons can be more easily released from the original
antibody ligands, ND-derived sensors could thus serve pasitions and drawn to the electron-attracting localities in the
powerful tools capable of exploring multiprotein moleculanaterial. For a mix of oxygen-group-terminatéccéiers
machineries in a living cell. Spetipes of surface-sensitive containing NDs, the KMo N\ conversion energy is higher
ND-derived sensors could also be developed as multifunctichahn the N¥ center excitation energy. We also showed that the

Figure 6.Confocal microscopy analyses of localizatioarescence
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surface terminatior' exts the singlet metastable state (4) Domhan, M.; Wittmann, C.; Popa, I.; Jelezko, F.; Rabeau, J.;
Optical pumping initializes the center intorgve0 spin state ~ Greentree, A.; Prawer, S.; Trajkov, E.; Hemmer, P. R.; Wrachtrup, J.
via spin-selective transition into the metastable singl& statePhotochromism in Single Nitrogen-Vacancy Defect in Di&pphd.
(Figure 1). The mechanism responsible for optical pumpiriglys: B: Lasers Q@06 82 243246. _ ,
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Abstract The authors report on a systematic study on th&eywords Nanocrystat Capillary electrophoresis
low-cost, low-temperature, and fast synthesis of water solubleadiation- Fluorescence
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:Tatroduction
Cd, Zn:S, Zn:Se and Zn) are described. Best results are
achieved with a mixture of precursors containing cadmiunfluorescent nanoparticles with a size range of units or tens of
selenium and MSA where a 10-min irradiation with 254-nmmanometers, better known as quantum dots (QDs), possess
light gives CdSe QDs with a quantum yield of 13.5%. Theunique propertiesl]. Their optical and semiconductor prop-
authors also describe the preparation and monitoring of tlegties are tunable by changing the size, shape, spatial arrange-
formation of QDs in sub-mg, subg and sub-ng quantities, ment, conductivity, and surface modification (i.e. conjugation
the smallest concentration being 258 pg in volume of 4 nlLwith ligands) P] QDs have been applied in (bio)sensors, in
The growth of the QDs can be monitored in real time bybiosciences such as in vivo imaging, drug delivery and diag-
absorption, fluorescence and dynamic light scattering. Theostic, or in vitro labeling of molecules, cells and tiss@es [
solutions of the particles also are characterized by fluored}. Due to their small size they not only retain properties of the
cence correlation spectroscopy and detected by LEDmaterial from which they originate, but also adopt new fea-
induced fluorescence. The preparation of such QDs by Utures related to their siz&][ For biological applications,
radiation is simple, easily controllable, and inexpensivenanocrystals of CdSe, CdSe/ZnS, CdTe, CdTe/CdS are the
Conceivably, it can be integrated with lab-on-chip, micro totaiost widely usedd]. However, potential toxicity of heavy
analysis systems or other instrumentation. metals attracted a great attention to safety concerns for health
and environment?]. For this reason, QDs made from less
toxic materials, such as zing][and carbon9] were devel-
Electronic supplementary material The online version of this article ~ oped. The photo-physical properties, which make QDs inter-
(di:10.1007/s00604-017-2149-8) contains supplementary material, esting compared to classic organic dyes include very narrow
which is available to authorized users. 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[0]. Generally, the techniques for synthesis
of different nanopatrticle types are categorized either as a top-
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Brmo, Zemedelska 1, 613 00 Bmo, CZ, Czech Republic down or bottom-up approach; 12]. Top-down (physical)

2 Central European Institute of Technology, Brno University of methOd_S‘ includes different type.s of I'thOgrfaph'C techniques
Technology, Purkynova 123 3058/10, -612 00 Brno, CZ, (laser, ion and X-ray) or etching and grinding3{18].
Czech Republic Among the more popular methods belongs bottom-up

3 Materials Research Centre, Faculty of Chemistry, Brno University fchemical) approach. Usually it is a synthesis of the nanopar-
Technology, Purkynova 118, 612 00 Brno, Czech Republic ticles in non-aqueous solvents (organometallic synthesis
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along with toxic instable precursors at high temperatl®s [ Fluorescence and absorbance analysis
20]. Due to the complexity of these procedures, alternative
method using aqueous solvents were develogédZ?].  Fluorescence was acquired by multifunctional microplate
Both variants (non-aqueous or aqueous solvents) lead to feeader Tecan Infinite 200 M PRO (TECAN, Switzerland).
mation of nanocrystals in the presence of stabilizing ligand$yavelength of 250 nm was used for excitation and the fluo-
which prevent aggregation of QDs in the reaction mediunrescence scan was measured within the range from 300 to
The bottom-up processes include a variety of methods such#&30 nm using 2-nm steps. The detector gain was set to 80.
microwave-assisted technique, ultrasonic-assisted technidliee samples (50L) were placed in UV-transparent 96 well
[23], photochemicals-assisted techniq@d],[ high tempera- microplate with flat bottom by CoStar (Corning, USA).
ture technique and biosynthesis (in microorganistls &n-  Absorption spectra were recorded under the same conditions
imals [26], plant [27], fungi and actinomycete?B, 29]).  in the range 248600 nm. All measurements were performed
Another option is the interaction with UV light. Earlier, num-at 25 °C controlled by Tecan Infinite 200 PRO (TECAN,
ber of nanoparticles able to interact with UV radiation wasSwitzerland).
described including Ti©nanorods 30], ZnO nanoparticles
[31] and others 32]. The processes of photoactivation, Particle size and zeta-potential analysis
photoenhancement or photobrightening ware intensively stud-
ied, e.g. Guo-Yu Lan et al. in his work described a photoZetasizer MALVERN, Malvern Instruments Ltd.
assisted synthesis of highly fluorescent ZnSe QDs in aqueoWbrcestershire WR14 1XZ, United Kingdom was used.
solution stabilized with mercaptosuccinic acid (MSA3]]
Uematsu et al. dealt with photoetching of CdTe nanocrystaRarticle size assessment (dynamic light scattering)
[34], Shang Yazhuo et al. synthesized gold nanoparticles by
reduction of HAuCJ} under UV irradiation 35|, Kao  The particle size measurements were performed considering a
Mahalieo et al. presented the synthesis of indium nitrideefraction index of the dispersive phase of 3.00 and 1.33 for
nano- and microstructures by UV-assisted proce@éie [ the dispersive environment. The absorption coefficient in both
The study is focused primarily on investigation of low costcases was 16. The measuring temperature was set at a con-
low temperature, and fast synthesis of water soluble QDs ststant value of 25 °C, while the viscosity was 0.8872 cP. For
bilized by MSA by UV irradiation, where the optimal condi- each measurement, disposable cuvettes type ZEN 0040, were
tions are found. Moreover, the use three methods for synthesised, containing 40L of sample. The equilibration time was
of QDs were compared and their pros and cons are discuss&&0 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.
Experimental section
Zeta potential assessment
Chemicals
The particle size measurements were performed considering
Working solutions (buffers and standard solutions) were prehe same refraction index, pH and absorption coefficient as
pared daily by diluting the stock solutions. Standards andescribed in particle size measurements. Furthermore, the pa-
other chemicals were purchased from Sigma-Aldrich (Stameters such as, temperature and viscosity were the same as
Louis, MO, USA) in ACS purity unless noted otherwise.  in particle size measurements. Calculations considered the
diminishing of particles concentration based Smoluchowsky
Synthesis of quantum dots by UV model, with a F(a) of 1.50 and an equilibrating time of 120 s.
For the measurements, a disposable cell DTS1070 was
3 mL of prepared solution (precursors) was taken in a 4 memployed. In each case, the number of runs varied between
guartz cuvette (Hellma GmbH & Co. KG, Miullheim, 20 and 40. The measurements were carried out in triplicates
Germany) and irradiated by UV, = 254 nm) transillumi- and were performed under the automatic setting of attenuation
nator (Vilber Lourmat, Marne-la-Vallee Cedex, France). Thand voltage selection.
sample area of 20 x 20 cm was illuminated by 6 UV emitting
tubes with power of 15 W each. The intensity of UV radiationDetermination of quantum yields (QY)
incoming to the quartz cuvette was recorded by optical power
meter (PM100D, sensor SV120VC, Thorlabs Inc., NewtonThe quantum yields were determined by analysis of emission
NJ, USA). Based on these measurements the intensity of imaxima with the excitation at 250 (ZnS, ZnSe and Zn) or
coming UV energy into the sample was determined a880 nm (CdSe, CdTe and Cd). The absorbance was analyzed
E = 0.14 mW-mn?. using the same excitation wavelength. The quantum yields
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were calculated on the basis of integration of absorption argpectra (¢, = 250 nm and .,,= 380 to 800 nm) were record-
emission value. Absolute values were calculated using theel (data not shown). If the fluorescence was observed, the QY
standard samples (quinine sulfate), with known fluoresceneeas calculated (Tablelp For most studied precursors, QY
QY value, according to the following ER1: below 1% was observed. An exception was the sample la-
5 belled as CdTe red, which exhibited a significant increase in
Gr_ad( X alp QY increasing with temperature. Increasing the temperatu
Gradst & caused a bathochromic shift of the emission spectrgm (
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

respectively@ is the fluorescence quantum yiel@ ( R . . o
. . 4 . The high Y h
ST = 0.54),Grad the gradient from the plot of integrated (53 rr:;x(?SSSS)rzm QeY _lgzoe slto /S was achieved at 95 °C
em - ] - . .

fluorescence intensity vs. absorbance
(GradST = 80,000,0Q(nd the refractive index of the sol-
vent (1.33).

Kx Y2 Kst

where the subscriptSTand X denote standard and test

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

Capillary electrophoresis with LED-induced fluorescence | the next step, the influence of UV irradiatiors 254 nm)
(CE-LED-IF) detection on formation of QDs from precursors was tested. The samples
(3 mL) were pipetted in to the quartz cuvette and placed to the
CdSe QDs were analyzed by CE (PACE MDQ, Beckmaranter of the illumination area of the UV transilluminator and
Coulter, USA) with blue LED (em= 380 nm) as an excitation jryadiated in time (0, 10, 20 and 30 min). The temperature
source. Unmodified fused silica capillary with internal diam4nside transilluminator increased from 25 to 35 °C (depending
eter of 75 m and with the total length of 64.5 cm (14 cm to agp, the time of irradiation). For all investigated samples, inter-
special window for optical fiber and 54 cm to detector Win-ction with UV light was observed. The values gf maxima
dow) was used. Optical fiber (diameter 91t Core  gng QY are summarized in Tals@ The lowest QY ( 1) was
Multimode, High-OH for 2561200 nm, Thorlabs Inc., recorded after 10-min irradiation in case of ZnS, ZnS red
USA) was focused to a capillary in the special window angnote: utilization of the reduction agent is noticed by a label
connected with the UV LED with ball lensem = 250 nm,  ged) and ZnSe. Longer intervals of irradiation (20 and
1 mW (Thorlabs Inc., USA). Hydrodynamic injection by 5 psi3g min) caused a fluorescence loss in ZnS and ZnS red. For
for 5 s was employed. As pretreatment the separation voltaggse QY 1% was observed for all times of irradiation. On
20 kvand waiting time of 0, 5, 10, 15, 20, 25 and 30 min (forthe other hand, the best result was achieved in case of CdSe.
synthesis of QDs in special window) was used and after thak 5| times of irradiation, QY of 13.4% was observed. For all
30 kV separation voltage was applied. 20 mM sodium borat@yestigated samples, a bathochromic shift of the emission

buffer pH 9 was used as a separation electrolyte. maxima was observed depending on the duration of
illumination.
Results and discussion Formation of CdSe - QDs from precursors monitored

by spectroscopic techniques
Temperature testing of precursors

Based on previous experiments, precursor solution composed
For biological applications, nanocrystals of CdSe, CdTe, Zn®f Cd and Se was chosen for fluorescence and spectrophoto-
ZnSe are usually use®,[38, 39]. For these reasons these metric analysis. Precursors (3 mL) were pipetted into the
common precursors (Cd:Se, Cd:Te, Zn:S, Zn:Se, Zn, Cd iguartz cuvette and placed in the center of UV transilluminator
combination with and without reducing agent, Note: utiliza{emission spectrum of UV lamps, Fibg and irradiated for
tion of the reduction agent is noticed by a laBeld*) with  0-60 min. In five-minute intervals, 50L aliquots were taken
MSA as a capping agent were tested. First, the temperatuaad absorption spectra were measured-@a@nm), Figlb.
dependent behavior was monitored (25, 35, 45, 55, 65, 75, 86is shown that increasing the illumination time caused an
and 95 °C, samples were incubated at each temperature fiocrease in the intensity and a shift of the absorption maximum
30 min). In this experiment, twelve aliquots of precursor®f CdSe QDs, Figlc. Absorption maximum of CdSe QDs
were prepared. These aliquots contained various combinaticaféer 5 min irradiation was.x = 324 nm. After another
of precursors, as described in Supplementary materidd5 min was shifted for about 54 nmy{3= 378 nm).
Samples (1 mL) were heated and afterwards cooled to the Subsequently, the emission maxima of these samples
temperature of 25 °C, the samples were immediately anaere measured {, = 250 nm a ¢, = 330-700 nm),
lyzed. Absorption spectra in range 2800 nm and emission Fig. 1d. An increase in the emission intensity was
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Fig. 1 Spectral analysis of UV-formed QR&mission spectrum of UV dependent on illumination time-{60 min),e Emission maximum shift
tubes in the transilluminatdp, Absorption spectra of CdSe QDs (240 dependent on illumination timé,Particle size distribution and zeta
600 nm) obtained after illumination of precursors6@min) by UV light potentials of the UV-formed QDs, Photographs of the UV-formed
(spectrum shown in lag Absorbance maximum shift dependent on QDs under UV illuminationh Photographs of the UV-formed QDs
illumination time,d Fluorescence emission spectra (3810 nm)  under ambient light

observed during first 30 min of illumination, however in surface. The exposed hydrophobic surface of the partidesa
the time interval 3560 min of illumination, the fluores- subsequent aggregation of the crystals resulting in thesaised
cence intensity decreased. In addition, the emissioparticle size and therefore the red shift in the spectra.
spectrum exhibited a bathochromic shift as shown in Using the dynamic light scattering technique the incrgasin
Fig. 1e After 5 min of illumination, the emission max- particle size dependent on the time of illumination wasrooed
imum was .m max = 420 nm, but after 60 min, the (Fig.1f). It was observed that after 5-min illumination, QDs with
maximum increased for 158 nm to 578 nm. The prethe size of 2.3 (+0.4) nm and zeta potential48 (+6) mV were
sented results confirm that the UV illumination cause$ormed and after 15-min illumination, the size and incrkse
formation of the fluorescent nanocrystals3.1 (x0.3) nm. Finally, the illumination for 30 min caused th
([CA(CHCO,), + NaSe CdSe + 2Na(CHCO,)]), formation of nanoparticles with the size of 4.1 (+0.4) nnzatal
stabilized by the MSA via the thiol group, demonstrated by thpotential of 45 (£5) mV. From the values of zeta potential, the
red shift of the absorption and emission spectra. The chlemicstability of the colloidal solution is commonly evaluatétde
principle of this observation was explained elsewhiilegtat-  results suggested that the solution resulting by the UVilligh

ing that the thiol groups are photo-oxidized by the apphicatf ~ mination was stable, because the solution with zeta @btehti
the UV light forming disulfide bridges in the molecules @& th value above 30 mV or30 mV is generally considered non-
capping agents. These molecules are afterwards dissglved dggregating and stabl€l]. The photographs of the QD solutions
the surrounding aqueous solution and released from tlieepart in UV and ambient light are shown in Fitg, h, respectively
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Fluorescence lifetime and concentration of CdTe QDs fitted to the equation, see in supplementary material. In this
as a function of the duration of UV exposure manner, CdSe QDs synthesis from precursors was recorded in
real time, as evidenced in Figb. According to the time of

In this experiment, conventional fluorescence correiatiooccurrence of individual CdSe - QDs the genesis of QDs may
spectroscopy (fluorescence correlation spectroscopy measure-subdivided into five parts QDs8. Each part is character-
ment is described in Supplementary material.) was modifigded by the length of interval (QDs 1 =270's, QDs 2 = 269 s,
as shown in Figa The solution of Cd:Se precursors (15)  QDs 3 =207 s, QDs 4 =101 s a QDs 5 = 39 s). Thanks to the
was pipetted on quartz glass (Fig—a) and on the top of this  deconvolution of the temporal waveform can be the intervals
sample UV LED (em = 250 nm, 1 mW), Fig2a— b was  studied in separately. The measured decay curves are found
placed. After turning on the UV LED, the QDs started to bdest represented by a tetraexponential diffusion analysis func-
formed and observed in the confocal volume (B ¢) as  tion of the form I(t) = aexp.(x/ 1) + & exp.(X/ 2) + &
schematically shown in Figa—d. This process was recorded €XP.( X/ 3) + a; exp.( x/ 4), where 1, ,, sand 4 are the
in real time by microscope objective with water immersiorlifetime components and g, & and a are the correspond-
(Fig. 2a— e) and excitation laser §m= 367 nm and 1 MHz ing amplitudes. The lifetime components 4, average life-
repetition). Finally, beam continued through the optical elelime of components , average amplitudes a and approxi-
ments (50 m pinhole and longpass emission filter, Fig—f, ~ Mated concentration c, estimated using= ( 1+ 2+ 3t
g) in to the detector, Fi®a— h. /4, a =(a+a + ag+ a)/4 and approxc ¥a -y are in

FCS is based on monitoring of the variations in the intendetail collected in Tabl&3 From the values in the table is
sity of fluorescence of substances diffusing through a vemlear that the longer the time of UV irradiation the new quan-
small volume (1 fL) observed. Temporal fluctuations of thdum dots are detected, which resulted in increasing average
intensity of fluorescence are recorded and analyzed using tlemgth lifetime . From the initial 40 ns (interval QDs 1)
autocorrelation function G ). The correlation curves were the time decay was growing up to 112.2 ns (2.8 times), interval

Fig. 2 a Schematic representation of the UV LED modified FCS a)elements (50 m pinhole and longpass emission filter) and h) deteator.
15 L drop of precursors (Cd:Se) on quartz glass, b) UV LEDFormation of CdSe QDs from precursors (Cd:Se) recorded in real time
( em = 250 nm), c) idealized confocal volume, d) schematic(0-15 min). c Approximated concentration of CdSe QDs generated
representation of the QDs formation in a confocal volume, €) lens wittluring the UV irradiation

water immersion, f, g) laserd,= 367 nm, 1 MHz repetition), optical
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QDs 5. With increasing time, decay is directly proportiooal First, CdSe QDs prepared by UV synthesis in a milliliter
increasing average lifetime amplitude a . Besides increasisgale (using the transilluminator) were analyzed by CE-LIF.
and a there were also noted increasing concentrations A§ shown in the electropherograms in . Bright fluores-
CdSe QDs, Fig2c. The sharp increase in the concentration otent signals were observed and their intensity was increasing
CdSe QDs was mainly reflected in the tenth minute after UWith increasing time of UV illumination. Moreover, this effec-
irradiation. The fluorescent intensity depends on the concetive separation technique showed that the solution was a mix-
tration of the fluorophore; however, the lifetime of theture of different nanoparticles (various particle sizes) formed

fluorophore is independent of concentration. during the illumination process. For demonstration, four most
distinct signals were labelled (QDs1QDs 4). There were
In-capillary formation of CdSe QDs probably more components present in the mixture; however,

it was not the aim of the study to separate the mixture
Finally, the work was focused on the direct synthesis of CdSsompletely. The dependence of the peak heights on the illu-
QDs in nanoliter scale (in capillary). For these purposes, thaination time is summarized in Fgcand it is shown that the
standard CE instrument was used with a little modification ggeak with migration time of 7 min is exhibiting the highest
shown in the schematic drawing, Fig. 3a. For the synthesis @fiorescence intensity, reaching even fluorescence intensity
CdSe QDs, the UV LED was used. It was connected to thever the detector range. However, it is shown that with in-
capillary by optical fiber, Fig3a— a. The capillary pathway creasing the illumination time, also other fluorescent signal
was partially modified by its local direction out of the coolingstarted to be observed, which, as it is believed, belong to the
tube, Fig.3a— b. An optical fiber was focused into the ex- QDs with higher particle sizes or to the QD aggregates.
posed capillary, where a special window was made 8ig. Finally, the in-capillary formation of QDs by UV light was
¢). The QDs precursors were hydrodynamically injected (5 psested, which can be applied in microfluidic devices to signif-
for 5 s) into the capillary and the procedure was stopped for @;antly decrease the amount of chemicals used and meeting
5, 10, 15, 20, 25 and 30 min (to ensure the formation of QDs ithe requirements of green chemistry/analysis.
special window, Fig3a—d). Subsequently, separation voltage As describe above, the optical fiber guiding the UV light
of 30 kV was applied and formed CdSe QDs (Hg.- €  from the UV LED was focused into the special window made
migrated to the detection window, FRp—f. at the injection end of the capillary (14 cm from the start).

Fig. 3 a Scheme of modified capillary pathway and special windowexcitation.b Electropherograms of CdSe QDs formed by UV
position, a) conventional capillary cartridge with the capillary inside thélumination in transilluminator ¢80 min) c Dependence of UV light
cooling tube, b) capillary directed out of the cooling tube, ¢) UV LEDillumination time on peak heights of four main fluoresceghals

( em= 250 nm) connected to the optical fiber focusing the light into thQDst QDs4).d Electropherograms of CdSe QDs formed after in-
capillary, d) zone of QD precursors injected into the capilUV capillary UV LED illumination (830 min).e Dependence of UV light
LED off, e) formation of QDs using UV LED on, f) CE illumination time on peak heightsin-capillary QD formation

separation of formed QDs and LED-IF detection by 380 nm LED

@ Springer
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Subsequently, the solution of precursors was hydrodynamicdl5 L, 4 nL) were observed and the amount of QDs formed
ly injected into the capillary and illuminated for 5, 10, 15 orwas investigated. To quantify this amount, a sufficient amount
20 min. After the illumination time, the CE separation startedf QDs powder was prepared by UV illumination (irradiation
and the formed QDs were conventionally detected. The eleof the 21 mL of precursts solution (CdSe)). The solution
tropherograms are shown in F&g. The fluorescent signals was filtered through Amicons Ultra 0.5 mL 3 K Centrifugal
were observed with maximum in migration time of 4.3 min.Filters and dried overnight at 50 °C. The powder was resus-
The lower migration time compared to Fiipis given by the  pended in 5 mM borate buffer pH 9 to create the calibration
shortened effective capillary length. In addition, the fluoreseurve.

cence intensity was lower due to the lower optical power of The concentration of QDs formed during large-volume
the UV LED. However, the signal-to-noise ratio was satisfad3 mL), middle-volume (15L) and low-volume (4 nL) syn-
tory. It has to be noted that the maximum fluorescence intethesis was determined as 8§.mL , 31.6 g-mL * and
sity in this arrangement was reached after 20 min of illuming4.5 g-mL *, respectively. The higher concentration of
tion and with increasing time, the intensity decreased signif@Ds formed in capillary format (4 nL) was caused by higher
cantly. On the other hand, only one signal is observed sugadiation power because maximum of the light from the UV
gesting lower polydispersity of the QDs prepared by thi$ ED was focused into the capillary volume by optical fiber

technique. while in case of 15 L drop, the light was distributed in a much
In general, it can be stated that in situ (or flow through)arger area.
synthesis of QDs by elevated temperatdte 43] is conve- The absolute amount in the given volume (Bjgcalculat-

nient and effective; however for some, mostly biological, aped for each method demonstrates the possibility of the
plications, the excessive heating may interfere the processdapillary-based methods to monitor the formation of very
the fluidic device (e.g. protein denaturation, cell damage etclpw amounts of QDs, which can be further transferred by
For these purposes, the in-line formation of QDs for automaglectric field.

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 inConclusion

capillary interactions may take place without the need of in-

teraction by the operator. Even though the quantum dots will not probably replace con-
ventional fluorescent labels based on organic fluorophores,
Quantification of CdSe QDs formed by UV light they have several significant benefits (e.g. tuneability of opti-

cal properties and simplicity of synthesis compared to organic
Using three different optical arrangements, QDs formed bgyes) and therefore they will find their place in the family of
UV light illumination in three different volumes (3 mL, fluorescent tracers.

Fig. 4 Schematic representation
of UV synthesis of CdSe QDs by
a large-volume (3 mLp middle-
volume (15 L), ¢ low-volume

(4 nL)

@ Springer
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Based on a systematic study formation of QDs by UV light
illumination from the most commonly used precursors, Cds?o

nanoparticles exhibited the best optical properties such as QY
(13.4%). The formation of QDs was observed in milliliter11.

(quartz cuvette), microliter (solution drop), and nanoliter (in-
capillary) scale by spectrophotometry, fluorescence correl’i\é

tion spectroscopy and capillary electrophoresis with LED-IF

detection, respectively.

The biggest advantage of formation of QDs by UV light is13.

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 be4.
easily integrated into the lab-on-chip, micro-total-analysis
15.

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 fluot®

rescence or electrochemical detection) may be beneficial for
certain analytical purposes.
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Cells of Cupriavidus necator increase their length during PHA accumulation in order to mai
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ABSTRACT

Many bacteria are capable of accumulating intracellular gra
developed confocal microscopy analysis of bacterial cells to
during growth and PHA accumulation in the bacterium
envelope was stained by DiD
based on their spectral and "uorescence life-time propertie
increased their length but the width of the cells remained co
during PHA accumulation, nevertheless, its value did not exc
that bacterial cultures lengthen the cells in order to contr
length were also observed in a PHA non-accumulating mutant, it
regulates the prolongation of the cells with respect to PHA g
length of cells are in"uenced by the same external stimuli suc

Keywords: Polyhydroxyalkanoates; intracellular granules; confocal "

nules of polyhydroxyalkanoates (PHA). In this work, we

study changes in the diameters of cells as well as PHA granules
Cupriavidus necator H16 (formerly Ralstonia eutropha). The cell
® "uorescent probe and PHA granules by Nile Red. Signals from bo

th probes were separated

s. During growth and PHA accumulation, bacterial cells
nstant. The volume fraction of PHA granules in cells increased
eed 40 vol. % regardless of the PHA weight content. It seems
ol the PHA volume portion. However, since similar changes in ¢ ell

seems that there is no direct control mechanism, which

ranules volume. It is more likely that PHA biosynthesis and th e
h as nutrient limitation.

uorescence microscopy; bacterial cell diameters

INTRODUCTION

Polyhydroxyalkanoates (PHA) are linear polyesters accumula ted
by a wide variety of taxonomically different groups of mi-

croorganisms under nutrient-limited conditions when a carbo n

source is readily available. It is generally proposed that PHA
serve primarily as a carbon- and energy-storage material; h ow-

ever, there is also evidence that the capacity to accumulate P HAs
enhances the resistance of bacterial cells to various stres S 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 matterbund er
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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 supramole cu-
lar complexes with specilc 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 b een
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 prope r-
ties of such cells. For instance, such fundamental informati on
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 i S usu-

ally observed by Transmission Electron Microscopy (TEM) (Tian,
Sinskey and Stubbe 2005; Wahl et al. 2012; Rodr 8guez-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 cytopl asm
by means of dual-staining time-resolved confocal "uorescen ce
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 “uorescent probes Nile Red and DD (1,1 2
Dioctadecyl-3,3,3 °3%Tetramethylindodicarbocyanine, 4-
Chlorobenzenesulfonate Salt) were purchased from Sigma
Aldrich (Munich, Germany) and Molecular Probes (Thermo
Fisher Scientilc, 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 "asks (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 b y
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, 8000 £ g, 5 min) and subjected to
"uorescent microscopy analysis. In the same cell samples, t he
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 parameter s
of granules and cells, "uorescence lifetime imaging micros copy

Downloaded from https://academic.oup.com/femsle/article-abstract/363/10/fnw094/2197680

by VUT Brno user
on 29 January 2018

was employed. Cells were stained with two different "uores-
cence probesbamphiphilic 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 |
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 fractio n),
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 resoluti
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 cellimage. 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  » 102 cells per mL) was performed by the
addition of 1 1 | of Nile Red (0.01 mg/ml)inDMSO and1 L ofDiD
(0.01 mg/ml) in acetone. The cells were left to stain in the da rk
for 30 min at laboratory temperature. Afterwards, about 10 1Lof
the bacterial suspension was placed on the cleaned and dust-
free surface of a coverslip (20 £ 20! m, 150 * m thick) and then
superimposed by 200 * L of 2% agarose aqueous solution with

ow

ons of

temperature of about 45 *C.

From each sample, at least 20 different cells were selected fo r
precise scanning. The scanning method was designed with re-
spect to random orientation and the elongate shape of bacteri al

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 prolle.

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. necatoris 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 len

was taken as the average of three measurements. PHA granules
were approximated to spheres and analyzed individually. Th e
volume of each granule was determined using the average of

three diameter measurements taken from different sides.

gth

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 (
21 1) placed in special carrier was frozen in a high pressure
freezer (Leica EM Pact) and transferred under liquid nitroge n
into a freeze substitution unit (Leica EM AFS). Two percent 0s-
mium tetroxide in acetone was used as a substitution solution.

The substitution protocol began at a temperature of +90 *C and
lnished at 4 *C after 160 h of slow temperature increase. At
room temperature, the sample was in!ltrated and embedded

in Polybed (SPI, acetone:resin ratios of 2:1, 1:1 and 1:2, for

» 0,

1h
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of each and overnight in pure embedding media under vacuum

using a desiccator). Polymerization was conducted for 48 h a t
62*C. Ultrathin sections were cut on an Ultracut UCT ultrami-
crotome (Leica) using a diamond knife (Diatome) with a cuttin g

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 digitall y
using a Megaview Il 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 intr acel-
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 ster eol-
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 f ac-
tors in"uencing the fate of the cells, because changes in cell
volume or surface area can have profound effects on metabolic

"ux, 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 eflciently,

meet the requirements imposed by cell division, attach them -

selves to external surfaces, take advantage of passive disp ersal
mechanisms, move purposefully to pursue nutrients or avoid in-
hibitors and avoid predation by other organisms (Marsahll etal

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 Irst, 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 PHBi 4, which is not capable of PHA accumulation (Raberg
et al. 2014). The results of TEM analysis are shown in Fig. la
and b. Generally, TEM provides impressive pictures of PHA gr an-
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 in"uenced b y
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 statisti cal
analysis, microphotographs acquired by TEM are not ideal fo r
estimation of the sizes and shapes of bacterial cells and PHA
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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 perfor m
the image analysis of TEM microphotographs described above.
Hence, we calculated the volume content of PHA granules in
cells of C. necatorH16 to be 35 § 3%.
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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%

2), which was used to study the morphology of cells and of CDW, which indicates that the cells slowly utilized their in-

PHA granules during the growth of C. necator H16. In general, tracellular storage of PHA. It seems that the polymer might
this technique allows the analysis of bacterial cultures to be per- represent a carbon substrate which the bacteria use to cover en
formed at the single-cell level, which means that each parame - ergy demands during adaptation from one medium (the inocu-
ter can be estimated individually for each cell, which, in turn, lum was prepared in complex NB medium) to another (a fructose
allows the degree of cellular heterogeneity to be described. and mineral medium).

The time courses of the biomass and PHA concentrations Further, the data describing cell diameters during growth are
during cultivation are shown in Fig 3a; the weight content of shown in Fig. 3b and the volume content of PHA granules in cells

Downloaded from https://academic.oup.com/femsle/article-abstract/363/10/fnw094/2197680
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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 sinc e
it remained constant (about 0.7 * m) during the whole period of

cultivation.

After the lag-phase, the bacterial culture started to grow a nd
accumulate PHA, the weight content of PHA in bacterial cells
reaching up to 75% of the CDW at the end of cultivation. Furthe r-
more, despite the fact that the distributions of cell length in the
samples were rather wide, after the lag-phase we also observe d

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 "uorescence microscopy for
cells with high PHA content seem to be in agreement with TEM
microscopy. It seems that bacterial cells compensate for th
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 stor age
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 "uorescence microscopy analysis of the PHA
non-producing mutant  C. necatorPHB! #; 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 th e
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). Itis
a well-known fact that PHA accumulation in C. necatorH16 is in-

ein-

duced by limitations on phosphate, nitrogen and other nutrien ts
(Jendrossek and Pfeiffer 2014). Therefore, we can hypothesize
that rather than by the existence of a direct control mechanis m

between PHA granules and cell length to maintain PHA volume
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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.

Number of PHA
granules per cell

Time of
cultivation [h]

Weight PHA content
[% of cell dry weight]

0 208 § 2.4 6.6 § 2.0
4 16.2 § 1.5 3.08 10
8 141 8 04 368§ 17
12 29.7 § 0.1 6.2 8§ 32
24 523 § 1.3 13.7 8§ 3.1
34 55.9 § 4.7 138 8§ 1.8
48 66.0 § 1.4 153 § 33
56 69.1 § 1.0 10.2 § 6.2
72 68.5 8§ 0.1 13.1 8§ 5.0
80 7218 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 in"uenced by the same factors (e.g. nutri
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 microscop y
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).

ent

CONCLUSION

The dual-staining confocal "uorescence 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, cellsof ~ C. necatorH16, during PHA ac-
cumulation, appear to increase their length in order to maint ain
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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ABSTRACT

Numerous prokaryotes accumulate polyhydroxybutyrate (PHB) intracellularly as a storage material. It
has also been proposed that PHBaccumulation 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 PHBgranules enhanced survival of the bacteria after exposure to
hypertonic conditions. Surprisingly, when coping with such conditions, the bacteria did not utilize PHBto
harvest carbon or energy, suggesting that, in the osmotic upshock of C.necator, the protective mechanism
of PHB granules is not associated with their hydrolysis. The presence of PHB granules in! uenced 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 2liquid-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.

Introduction

Driven by the difference of osmotic pressure inside and outside
the cell, arapid increase in external salt concentration is inevitably

The ! uctuation of external is one of the most accompanied by water ef! ux, resulting in dehydration of the
frequently encountered types of environmental stress factor for cytoplasm [1]. The cell envelope of Gram-negative bacteria
numerous microorganisms. For example, soil bacteria are often consists of an outer membrane, murein wall and cytoplasmic

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 ! uctuations 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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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 asmaller volume
of cytoplasm. Such a process is called 2plasmolysis® 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%,
sothat 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]. PHBgranules can represent alarge 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 PHAsare primarily utilized as carbon and
energy storage materials when exogenous carbon sources are
exhausted.

Nevertheless, there are several reports indicating that the
presence of PHAgranules in the cytoplasm enhancesthe 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 PHBand simultaneously increasing trehalose content
[14]. Wang et al. tested the stress durability of recombinant
Escherichia coli strains. The "rst 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 aspotential PHA producers under
! uctuating 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 ! asks (volume
250 mL) containing 100mL of Mineral Salt (MS) medium.
Composition of MS medium was: 20g fructose, 3g (NH4)>SQy,
1g KHyPQy, 11.1g Na;HPO,"12 H,0, 0.2g MgS0O,"7 H,0, 1 mL of
microelement solution, and 1L of distilled water; the microele-
ment solution was composed of 9.7g FeCk, 7.8g CaCh, 0.1569g
CuSQ,"5 H,0,0.119 g CoCh, and 0.118 g NiCl, in 1 Lof 0.1 M HCI. The
I asks 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 # 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 assayedby the analysis of colony forming
units (CFU/mL). Cells of both C.necator strains (between 1# 108
and 1# 10° cells/mL) were exposed to various concentrations of
NaClfor 3h asdescribed 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 59 NaCl and 20 g agar per 1L of distilled water.

Secondly, the viability of challenged bacterial populations was
assessed by ! ow cytometry, using a membrane integrity assay
employing propidium iodide staining. The protocol described by
Coder was employed [23] . From each sample, 100 ML aliquots were
taken, washed with PBS buffer, and diluted to a cell count of
approximately 1# 10° cells/mL. Then, 1 mL of cell suspension was
stained with 1ML of 1 mg/mL propidium iodide in the dark for
5min. Subsequently, cell viability was analysed by ! ow cytometry
(Apogee A50, Apogee, GB) using a 488 nm laser for excitation and
the red channel (FL3) for ! uorescence 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 Scienti" ¢, USA), as reported previously
[24] .

Raman spectroscopy

Approximately 20 mNnL of cells from C. necator H16 cultures
exposed for 3h to various concentrations of NaCl were pipetted
onto Cak, (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
asexcitation source. The laser beam was focused onto a sample by
the microscope objective (Leica, Wetzlar, Germany, 50# , NA
(Numerical aperture) 0.5), with a laser spot diameter of
approximately 2Nmm# 10 mMm. Overview spectra were acquired
in the range 700+1800 cm' *. Spectra from different parts of the
sample were measured for 15 s, to a total of 3 measurements per
sample; the results were averaged.
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Cryo-SEM

Athin 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
5min. 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 NaClconcentrations 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 ML) was placed in a special carrier, frozen
in a high pressure freezer (Leica EM Pact), and transferred under
liquid N, into afreeze substitution unit (Leica EM AFS).2%o0smium
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% Cfor
24h (5 $Cper hour) and " nally the temperature was increased at
43 C after 8h (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 in" ltrated
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 JEOL1010 transmission electron microscope operating at
an accelerating voltage of 80kV. Images were recorded digitally
using a Megaview Il CCDcamera (Olympus).

The volumes of the periplasmatic spacesof 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 " uorescencemicrospectroscopy

This section covers two different measurement techniques. The
"rst, Fluorescence Lifetime Imaging (FLIM), was used to resolve
lifetime changes in differently localized ! uorophores. A ! uores-
cent probe (carboxy! uorescein) is formed in situ by enzymatic
hydrolysis from BCECF-AM(Molecular Probes). The lifetime of the
I uorescence of this probe is dependent on the local pH value of a
cytosol (see Supplementary material for calibration of this
dependence). The second method. ! uorescence anisotropy imag-
ing, is directly related to the free rotational motion of the
! uorophore and so to the local viscosity. Carboxy! uorescein 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

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) ! ow cytometry using propidium iodide staining.
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emission light were collected via an UPlanSapoobjective with 60#
magni" cation, water immersion, Numerical Aperture 1.2 (Olym-
pus, Inc.). Fluorescence signal was collected through a 50 mMm
pinhole, 520/35 emission " Iter (Semrock) and with asingle photon
avalanche-photodiode detector (MPD S.r.l.). Samples were " xed
using a pre-heated 2% agarose solution in water and in a salt
solution with aconcentration 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 carboxy! uorescein lifetimes
from hydrolysed BCECF-AMon different pH values was studied. It
was found that the average lifetime of a! uorophore exhibits anon-
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
TGAanalyzer, the sample was heated instantaneously to 60 *Cand
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 aswell asafter 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
In" uence of PHBaccumulation on survival of osmotic stress

In the " rst experiment, both bacterial cultures were exposed to
osmotic shock induced by 50, 100, and 200 g/L of NaCl for 3h;
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,
necator H16 exhibited a higher survival rate than its PHB non-
accumulating mutant.

Secondly, the viability of the cultures was further assessedby
I ow cytometry using propidium iodide as the viability probe. In
principle, staining easily penetrates cells with damaged mem-
branes, which consequently reveal high ! uorescence 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 PHBaccumulating culture
demonstrated higher resistance to osmotic shock, its viability
decreasing only slightly with increasing NaCl concentration, while
the viability of the PHBnon-accumulating mutant strain dropped
dramatically when exposed to 100 and 200 g/L NaCl. Theseresults
suggest that the presence of PHB granules in bacterial cytoplasm
provides protection for cell membranes against the effects of

the culture of C.

osmotic stress. Nevertheless, due to substantial differences in the
results obtained by plating assayand ! ow 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.

Changein PHBcontent 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 PHBcontent in bacterial cells
before and after exposure of C. necator H16 to hyperosmotic
challenge (Table 1). It was observed that a substantial decreasein
polymer content occurred only in cells which were incubated in
the absenceof additional NaCl.In this case,prior to incubation, PHB
content amounted to 85.0% of cell dry mass (CDM); after 3h 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 GCanalysis. 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 " ndings of Breedveld et al., who
observed that osmotic upshock is associated with mobilization of
PHA storage [14] .

The state of PHBin upshocked cells was determined by Raman
spectroscopy. Under normal conditions, intracellular PHBgranules
consist of amorphous polymer which is also the substrate for
intracellular PHBdepolymerases [26] . However, we observed that
in some casesthe amorphous state changed such that crystalliza-
tion was clearly identi " able 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 crystaline 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
wo6)

Prior to exposition 85.0& 3.2
0g/L NaCl 80.7&21
50 g/L NaCl 87.2&0.9
100 g/L NaCl 90.9&2.0
200 g/L NaCl 90.7&0.8
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Fig. 2. Crystallization of PHBgranules of upshocked cells of C.necator H16 recorded by Raman spectroscopy. (A) Whole Raman spectrum in the range 800+1800 cm' *; (B)
detail of crystallization indicating shift of PHBpeak 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 signi" cant
changes (Fig. 2). The most signi" cant changesin the line intensities
of PHB during the process of crystallization were at 1260 and
841 cm' L. Theline shift related to the process of crystallization can
also be observed for the PHBband 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 causesthe partial
crystallization of PHBgranules, 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 2string-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 2string-
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 PHBnon-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 2string-like ° structures present in up-shocked PHB positive cells. Scale
bar =5 mm. (For interpretation of the references to colour in this " gure legend, the reader is referred to the web version of this article.)
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Fig. 4. TEManalysis of cells of the PHBnon-accumulating strain C.necator PHB “ exposed to 0 (A+C),50 g/L (D+F), 100g/L (Gzl), and 200 g/L NaCl (¥L). Redarrows indicate the
following observations: 1 + endocytotic vesicles; 2 + unsymmetrical plasmolysis of bacterial cells resulting in the formation of 2hole-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 mm, others: scale bar =2 mm). (For interpretation of the references to colour in this " gure 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 PHBnon-accumulating mutant are shown in
Fig. 4. Generally, the exposure of bacterial cells to hyperosmotic
conditions induced massive plasmolysis in bacterial cells (the
periplasmatic spacerepresented 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
PHBnon-accumulating cells was not symmetrical or situated at the
poles of the cells, asreported by others [3,5,32]; in numerous cases,
ahole-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 2holes® 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 PHBaccumulating 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 2liquid-like °© behavior associated
with their in! ux 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 200 g/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 " uorescencemicroscopy analysis of upshocked
bacterial cells

The ! uorescence properties of labelled cytosol determined by a
BCECF-AM! uorogenic probe were studied using two different



S.Obruca et al./ New Biotechnology 39 (2017) 68+80 75

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 (*L). Red arrows indicate the
following observations: 1+the wrinkling of the outer layers of the cell envelope and symmetrical plasmolysis; 2+the in! ux of PHBgranules into the periplasmatic space; 3+the
massive aggregation of PHBgranules. (A,D,G,J:scale bar =5 nm; B,E,H K: scale bar =2 nm; C,F,l,L:scale bar =1 nm). (For interpretation of the references to colour in this " gure

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 caseof standard environments. In both cell types, intracellular
pH was in the range 7.4+7.5, with ahomogenous distribution inside
the cells. However, osmotic upshock shifted the intracellular pH
value differently in each tested bacterial culture. For C.necator, the
pH decreasedto avalue of 7.0 & 0.1. In contrast, ascan be seenfrom
the ! uorescence 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. 6a,
which displays images with time-resolved information. Cells
under standard conditions are very well de" ned; 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 ! uorescence probe into the external space.
Another ! uorescence parameter which can uncover changesin
properties of bacterial cells is steady-state ! uorescence anisotropy.
This describes the possibility of the free-rotation of the ! uorescent
probe and therefore is usually associated with the 2viscosity ° 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 ! uorophore exhibited a relatively high
value of anisotropy, 0.214 & 0.005. The addition of salt caused a
decreasein 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
! uorescence anisotropy imaging con"rm 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 seemsthat, unlike in the PHBnegative strain, no substantial
leakage of cytoplasm content occurred, implying that membranes
were not heavily damaged by osmotic upshock (in agreement with
the results of ! ow cytometry and TEM). Typical results are
displayed as anisotropy-resolved images in Fig. 6b. The anisotropy
values are scaled using arainbow scale,with green dedicated to the
free rotation of molecules and the low viscosity region. Redrelates
to the hindered rotation of ! uorophores and high viscosity.
Moreover, taking into account the homogeneity of the distribution

of anisotropy values inside the cells, afurther 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. Theln! uence of salt addition on cells stained with carboxy! uorescein. A) Fluorescence lifetimes, averaged by intensity, are displayed asrainbow scales.Inserted values
are average values of lifetimes found for each sample. Corresponding pH values are for nonchallenged cells (7.4+7.5), which decreasewith salt addition to 7.0& 0.1in C.necator
H16 and to 6.5& 0.3in C.necator PHB “. B) Anisotropy of carboxy ! uorescein inside the studied cells. Steady-state anisotropy values are displayed asrainbow scalesin 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

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

gure legend, the reader is referred to the web version of this article.)

point in the drying curve of a cell sample (i.e. the point where the
evolution of sample massversus time suddenly changesits course)
simply asaboundary 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

Fig. 7. The effect of osmotic challenge on drying curves determined by isothermal TGAexperiments at 60 *Con 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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Fig. 8. Critical water content of the PHB-positive culture C.necator H16 and its PHB non-producing mutant C.necator PHB “ exposed (3 h) to various NaCl concentrations

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. Becausethis critical
point always represents the moment when the rate of sample
drying begins to fall rapidly, a signi" cant 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
iN Qwater /9aryweight ) Was found for C.necator H16 bacterial cultures,
in which the dry mass of the cell samples was signi" cantly
increased by the presence of PHB granules.

A more interesting " nding arises, however, from the compari-
son of unchallenged and osmotically upshocked cell samples. It
was found that the critical water content was signi" cantly
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 NacCl).

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 signi" cant 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 in! uences 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 ! uctuations 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 "Il 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 possesschemical 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 speci” c 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 speci”c
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 ! ow cytometry
using propidium iodide (Fig.1B), TEM microphotographs (Figs. 4
and 5), and the results of the time-resolved ! uorescence
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 PHBnon-accumulating bacterial cells
exposure to hypertonic environments resulted in the formation of
ahole-like © structures and the leakage of cytoplasmic content into
the periplasmatic space,no such fatal consequenceswere 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
PHBgranules 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 ef! ux into the periplasmatic spacewhen
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
! exible 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,l 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 PHBgranules leading to the formation of
one or several non-spherical granules per cell. Such behavior can
explain the creation of the 2string-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 2carbosomes® [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'scytosol [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. Regardlessof the mechanism of granule aggregation, it is
likely that this process damages the cell's ability to divide, since in
numerous casesgranular 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 ! ow 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 ! ow cytometry in the PHBnon-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 in! uences 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 PHBnon-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 dif" cult to interpret the exact origin of the
critical water content without further empirical justi" cation,
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 simpli " ed 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 decreasein total intracellular
(i.e. cytoplasmic plus periplasmatic) water would inevitably be
accompanied by a signi" cant 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 PHBpositive and negative cells isin
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 ! uorescence microscopy
analyses. Nevertheless, it seemsthat the presence of PHBgranules
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 PHBto harvest carbon or
energy in order to cope with osmotic stress, which can be
attributed to partial crystallization of PHB granules in challenged
cells. Theresults show that the effect of PHBis rather indirect since
the presence of PHB granules in! uences 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
awild type PHBsynthase 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 granulémaridyrction of
PHA is the storage of carbon and energy. Nevertheless, there are numerous reports that the presenemafdHifrgicrobial
cells enhances their stress resistance and fithness when exposed to various stress factors. In this wigrtt thee wtoig ctive
mechanism of PHA granules against UV irradiation emplo@ngriavidus necatoas a model bacterial strain. The PHA-
accumulating wild type strain showed substantially higher UV radiation resistance than the PHA non-asgumudartit.
Furthermore, the differences in UV-Vis radiation interactions with both cell types were studied usirg) sfeiitoscopic
approaches (turbidimetry, absorption spectroscopy, and nephelometry). Our results clearly demansttegteetiular PHA
granules efficiently scatter UV radiation, which provides a substantial UV-protective effect for beelisrimhd, moreover,
decreases the intracellular level of reactive oxygen species in UV-challenged cells. The protectiesmitperf?HA granules
are enhanced by the fact that granules specifically bind to DNA, which in turn provides shield-like prot&itérasfthe most
UV-sensitive molecule. To conclude, the UV-protective action of PHA granules adds considerable valygritméngistorage
function, which can be beneficial in numerous environments.

KeywordsPolyhydroxyalkanoatesCupriavidus necatorUV radiation- Turbidity - Integrating sphereNephelometry

Introduction numerous ecological niches. UV radiation in sunlight is
among the most common stressors and has many harmful
Bacteria are fascinating organisms due to their capability impacts on living cells such as induction of oxidative pressure
cope with widely fluctuating environmental conditions suctor the inducing of fatal changes to the molecular structure
as changes in nutrient availability, temperature, pH value, onainly of DNA, but also of RNA, lipids, and proteins
osmolarity. In addition, also radiation, which can be defined agabani and Singh013. Generally, UV radiation is consid-
energy manifested in the form of electromagnetic waves, cated to be one of the most detrimental abiotic factors influenc-
be considered an important stress factor and occurs 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
*  Stanislav Obruca end of the twenty-first century, the intensity of UV radiation at
Stana.O@seznam.cz the Eartts surface will increase by approximatef16% in
Faculty of Chemistry, Bmo University of Technology, Purkynova temperate latitudes and by about 20% in high Iatitudes_ (Pérez
118, 612 00 Brno, Czech Republic etal.2017). It can therefore be expected that the evolutionary
significance of UV radiation and ability to face this stressor

Institute of Scientific Instruments, Academy of Sciences of The

Czech Republic, Wi, Kralovopolska 147, 612 may even increase- o _
64 Brno, Czech Republic To cope with UV radiation, bacteriaand among them

3 Institute of Chemistry, NAWI Graz, University of Graz, especially extremophiles inhabiting harsh environments ex-
Heinrichstrasse 28/IIl, 8010 Graz, Austria posed to harmful solar radiatierhave evolved various strat-

4 ARENA Arbeitsgemeinschaft fiir Ressourcenschonende and egies mainly based on efficient DNA repair mechanisms and
Nachhaltige Technologien, Inffeldgasse 21b, 8010 Graz, Austria active defense against UV-induced oxidative stress. Moreover,
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many pro- and eukaryotic microorganisms also rely on preet al. 007 compared the stress resistance of the wild
duction of UV-protective metabolites such as pigmentsype of Aeromonas hydrophiland its PHA synthase neg-
mycosporine-like amino acids, scytonemin, ectoinesative mutant incapable of PHA synthesis. As the major
bacterioruberin, sphaerophorin, pannarin, or melanin (Kollesutcome, the wild type was substantially more resistant
et al.2014 Singh and Gabara011). to several stress factors, including UV irradiation.
Polyhydroxyalkanoates (PHAS) are polyesters accumdrurthermore, the UV-radiation protective capacity of
lated by numerous prokaryotes in the form of intracellulaPHA granules was also confirmed with genetically modi-
granules (Tan et ak014). The number of granules can fied Escherichia colivhich harbored genes enabling either
reach up to 1615 granules per cell and their average di-PHA biosynthesis or both PHA biosynthesis and hydroly-
ameter is about 26@00 nm, though individual values par- sis. Both transgenic strains warmre resistant to UV ra-
ticularly depend upon the specific microorganism and thdiation and other stress factors than the PHA non-
physiological state of the bacterial culture (Vadlja et alproducing wild type (Wang et a2009.
2016. The weight content of PHA in bacterial cells can Nevertheless, despite the fact that numerous studies have
reach up to 90% of cell dry weight, though bacteria regureported that the presence of PHA granules in microbial cells
late their diameters to confine the volumetric content oprovides protection against UV radiation; to our best knowl-
PHA granules at a level below 40 vol% (Mravec et al.edge, there are no studies exploring the potential mechanism
2019. The PHA polymer itself represents the hydrophobiof the protective action. Therefore, we experimentally con-
core of the granules which is covered by numerous speciffirmed the UV-protecting effect of PHA granules for
proteins with various functions. These proteins includé€upriavidus necatora soil bacterium which is considered
PHA synthase, PHA depolymerases, regulatory proteinthe most important model strain for PHA metabolism.
and various PHA granule structural proteins which creat8ubsequently, various spectroscopic approaches were
a functional interface between the hydrophobic polymeemployed to shed light on the interaction of PHA granules
and water-containing cytoplasm. These proteins are al$o bacterial cells with UV radiation and to provide an expla-
responsible for intracellular localization of granulethimi  nation for their UV-protective mechanism.
bacterial cells. To emphasize their complexity and multi-
functionality as de facto organelles, these granules swe al
referred to agcarbonosomés(Jendrossek009.
The primary function of PHAs is the storage of carbon andVlaterials and methods
energy. However, recent research has shown that the biologi-
cal function of PHAs is much more complex and that theMicroorganisms and cultivation
capability to accumulate PHA has many biochemical and bio-
physical consequences, enhancing the survival and fithessTdie PHA-producing strai@upriavidus necatoH16 (CCM
bacterial cells when exposed to numerous stress factors Bi726) was obtained from the Czech Collection of
cluding but not limited to high temperature (Ph2ad®4 Wu  Microorganisms, Brno, Czech Republic, and its PHA non-
etal.2011), low temperature (Tribelli and Lop&911), freez-  producing mutant straiGupriavidus necatoPHB # (DSM-
ing (Obruca et al2016a Pavez et al2009, or osmotic up- 541) was purchased from the Leibnitz Institute DSMZ-
shock (Obruca et a2017). German Collection of Microorganism and Cell Cultures,
Moreover, there are reports stating that the presence Bfaunschweig, Germany.
PHA granules in microbial cells also protects bacteria Cultivations were performed in Erlenmeyer flasks (vol-
against UV radiation. For instance, a protective effect aime 250 mL) containing 100 mL of mineral salt (MS)
PHA granules in bacterial cells against UV irradiation wasnedium. The composition of the MS medium was 20 ¢
observed inAzospirillum brasilensevhen PHA-rich  fructose, 1 g (NH)>SO;,, 1 g KH,POy, 11.1 g NaHPO, -
(about 40 wt.% of PHA in cell dry weight) and PHA- 12 H,0O, 0.2 g MgSQ - 7 H,O, 1 mL of microelement
poor cells (about 5 wt.% of PHA in cell dry weight) were solution, and 1 L of distilled water; the microelement so-
compared (Tal and Okoh985. The importance of PHA lution in turn was composed of 9.7 g FgCI.8 g CaCj,
for the UV-radiation survival ofA. brasilencewas con- 0.156 g CuSQ@-5 H,0, 0.119 g CoGJ, and 0.118 g NiGl
firmed in following studies by Kadouri et al., who ob- in 1L of 0.1 M HCI. The flasks were inoculated with 5 mL
served that the wild type was more resistant to numerowsd an overnight culture of a particular strain@fnecator
stressors, including UV radiation, than the PHA synthasgrown in Nutrient Broth medium consisting of 10 g pep-
deletion mutant incapable of accumulating PHA (Kadourtone, 10 g beef extract, and 5 g NaCl in 1 L of distilled
et al. 20033. It was also more resistant than the PHAwater. The cells were cultivated for 72 h. The PHA content
depolymerase deletion mutant, which was not capable @i microbial cells was determined by gas chromatography
PHA hydrolysis (Kadouri et al2003h. Similarly, Zhao as described previously (Obruca et24114).
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UV challenge of bacterial strains C. necator H16 and Cexcitation source (a 150-W xenon lamp), intensity was de-

necator PHB* tected relative to the diode. The scan rate was set to 5 nm-
s tand spectra were collected with a 1-nm resolution in the

The suspension of bacterial cells cultivated for 72 h as deange 256700 nm.

scribed above was first diluted 30 times. Thereafter, the sus-

pension of bacterial cells @upriavidus necatoH16 was

diluted to reach the cell density of the suspension of its mutatnalysis of intracellular ROS by flow cytometry

strain Cupriavidus necatoPHB “. The solutions thus pre-

pared were further diluted into approx®X0FU and 3 mL  Determination of the intracellular level of reactive oxygen

of the cell suspension was placed on a sterile Petri dish to forspecies (ROS) in bacterial cells ©f necatorH16 andC.

a thin layer (approx. 1 mm). After this, cells were exposed taecatorPHB # before and after 15 min exposition to UV

UV radiation emitted by an UVA lamp (46820 nm, height irradiation (in details described above) was performed by flow

25 cm) and samples were taken at regular intervals (15, 3®ytometry employing CM-H2CFDA (Thermo Fisher

45 min). From these samples, the number of viable cells w&kientific), a fluorescent stain used as general oxidative stress

determined as CFU by plating of appropriately diluted celindicator. Suspensions of cells with cell density of approk. 10

suspensions on NB agars. cells per mL were washed twice with PBS buffer; after that,
5 L of CM-H2CFDA dissolved in HPLC-grade DMSO (the

UV-Vis spectroscopy and nephelometry of bacterial final concentration of the stain in 1 mL of the sample was

cells 5 M) was added to the suspensions, and the cells were then
left to incubate in the dark at laboratory temperature for

For UV-Vis spectroscopy characterization, the same cultk0 min. After that, the fluorescence of stained as well as

vation suspension as described above was used. Firsthgn-stained cells was immediately measured at single-cell lev-

both the suspension of bacterial cells®fnecatorH16 el using the green fluorescence collecting channel (535 +

and the suspension of its mutant bacterial strain were d85 nm) of the used flow cytometer (Apogee A50,

luted step by step five times. The dilution process waspogeeFlow Systems).

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 modéesults

and also in a spatially integrating mode (integration spher

attachment 60mmDIA for Hitachi U-3900H spectropho-UV exposure of C. necator cells

tometer). Simultaneously with the preparation of samples

for UV-Vis spectroscopy, the number of viable cells wadn the first experiment, cells of the PHA-accumulating strain

determined as described above. C. necatoH16 (the PHA content in microbial cells was 74%

Similarly, diluted bacterial suspensions of defined celbf cell dry weight as determined by gas chromatography) and

concentration were also investigated by means of nephis mutant strain which is not capable of accumulating PHA

lometry. As a simple nephelometer, we used a fluorometelue to a mutation of the PHA synthase (Raberg ei(dl4)

(AMINCO-Bowman Series 2 luminescence spectrometewere exposed to a UV challenge. The viability of both bacte-

Thermo Inc.) which was employed to detect scattered lightal strains was assessed during their exposition to UV irradi-

at a fixed scattering angle of 90° to the incidental beamation in regular intervals; the results, expressed as the percent-

Furthermore, this device offers the advantageous passibége of viable cells, are shown in Fig.Generally, the PHA-

ity of using different wavelengths ranging from 250 nmcontaining culture demonstrated substantially higher resis-

(ozone-free xenon lamps lowest wavelength) to approxtance to UV radiation during the entire period of UV exposure,

mately 850 nm (highest range of PMT detectors). To supghus confirming the UV-protective effect of PHA granules

press detection of fluorescence or phosphorescence, whiehich has been reported also for other microbial strains

is common for biological samples at different excitationKadouri et al.2003a b; Tal and Okon1985 Wang et al.

wavelengths (~340 nm for NADH, ~470 nm for flavo- 2009 Zhao et al2007). The decrease in viability of reference

noids, etc.) a synchronous scan method was applied, whesamples of both cultures, which were exposed to the same

excitation and emission monochromators were set to ttenditions but without being UV irradiated, was negligible

zero wavelength difference during scanning. In order t¢<5%). Therefore, it can be stated that accumulation of PHA

obtain more accurate results and also to protect the detegranules in cytoplasm represents a potent and generally ob-

tor, slits were set to the minimum (1 nm bandpass). Tserved strategy which protects bacterial cells from the harmful

compensate for the non-flat intensity profile of theeffects of UV irradiation.

@ Springer
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Fig. 1 Survival of both strains of. necatorduring their exposition to
UV irradiation

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 PeFig. 2 Example of typical UV-Vis spectra @, necatorH16 (full line)
formed both for the PHA-accumulating stra fiecator  andC. necatorPHB™ (dashed line)a Turbidity measurement of disper-
H16) and the non-accumulating muta@t GecatorPHB 4)_ sions with cell density 1 x #CFU.b Absorbance measurement of dis-
Three different optical arrangements were used for thiersions with cell density 1 x 1€FU

purpose.

Firstly, turbidity measurements were performed using at al.2014). Therefore, turbidity measurements such as those
standard UV-Vis spectrometer, where the intensity of thdescribed above do not provide a relevant explanation of a
transmitted light is measured and optical density is calculatddrmful effect of light on the cells with light because they
for the particular wavelength of the incident light. As theprovide no direct information about the relative involvement
wavelengths are altered to cover the whole UV-Vis regiomf the light absorption and light scattering, respectively, in the
spectra such as those shown in Flg.are collected. It is interaction of the cells and their constituent with light.
evident that except for the shortest measured wavelengthsWith respect to this, we further measured the spectra of cell
(close to 200 nm), the PHA-accumulating strain shows a sighspersions using the same UV-Vis spectrometer equipped
nificantly higher optical density of the cell dispersion withwith an integrating sphere accessory, specially designed for
comparable cell density compared to the non-accumulatirtge absorbance measurement of turbid samples. Examples of
strain. It should be emphasized that the optical density methe collected spectra are shown in Fl. In these spectra,
sured this way comprises two individual contributions. On theffective suppression of the light-scattering artifacts can be
one hand, the intensity of the transmitted light is decreased videarly seen. No significant light absorption was found in the
absorption of the specific wavelengths by the photoactive céllis region, which confirms the assumption that in this wave-
components. Absorption of the radiant energy then initiatdength region, the optical density of the sample can be
diverse photophysical (e.g., light emission in the form of fluointerpreted solely as a consequence of light scattering. With
rescence) or photochemical processes, where the latter onespect to this finding, additional interesting outcomes can
may often (mainly in the case of light in the UV spectralfurther be deduced from the previously described differences
region) have harmful or even fatal effects on the cell fitnesén the turbidity spectra of dispersions of PHA-accumulating
The other contribution to the optical density is represented tgnd non-accumulating strains with the same cell density.
the light scattered away from the direction of the incidenGenerally, a significant increase in light scattering in the case
beam. Unlike the light absorption, light scattering is rarelyf the PHA-accumulating cells of tkk necatorH16 strain is
damaging. On the contrary, it can even have a protectivevidently caused by light scattering on the cell ultrastructure,
Bshielding' effect on the photo-labile cell components causedamely on the PHA granules present in the cell cytoplasm.
by attenuation of the local intensity of the incident light in the  Figure3 presents results from both types of spectroscopic
cell, which might reduce the level of cell damage (Paunesassays in a more quantitative way. F3g.shows very good
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Fig. 3 Summarized results from
UV-Vis turbidimetry and absor-
bance assays of cell suspensions
of PHA-accumulating. necator
H16 strain (x) and PHA non-
accumulatingC. necatorPHB *
strain (+), respectivelg, b
Dependency of optical density at
630 and 254 nm on cell density.

d Dependency of absorbance at
630 and 254 nm on cell density

linearity of the dependency of optical density at 630 nm on theith the synchronous scan method as was described above.
cell density for both strains. Evidently, light-scattering effect§Ve focused on monitoring the changes in scattered light in-
are cumulative regardless of a contribution of the lightensity between the PHA-accumulating and non-accumulating
scattered by PHA granules. @f@appears to represent a ro- strain suspension of the same cell density, where a high sen-
bust parameter suitable for quantification of cell densitysitivity of the fluorimeter photomultiplier and its strong light
Nevertheless, careful calibration is needed wherever intracslburce provide an undisputed instrumental advantage.
lular light scatters occur, as is the case when PHA granulesBigure 4 shows the ratio of the intensities of scattered light
other cell inclusions occur. However, it is evident from. Fig normalized per unit CFU fd€. necatorH16 andC. necator
3b that in the case df. necatorH16 strain, contributions PHB™, respectively, vs. the wavelength. We use this means of
of light scattering and light absorption in UV wavelengthdata demonstration in order to suppress experimental artifacts
region are no longer cumulative (the dashed fitting linecoming from uneven light intensity emitted from the xenon
does not cross the origin of coordinates). Nevertheless, iamp of the fluorimeter at different wavelengths (we assume
this region, the crucial results are shown in Baywhere a that the results for both strains will be affected equally).
relative decrease of around 30% in the single cell absorp- From the spectrum, it is evident that the nephelometry ex-
tion coefficient at 254 nm can be deduced. Finally, Bay. periments confirmed the higher intensity of scattered light for
is shown in order to illustrate the negligible residual appa the PHA-accumulating strain in the whole tested optical re-
ent absorbance of the cell suspensions in the VIS regiogion. Furthermore, the relative efficiency of light scattering by
This apparent absorbance represents an experimental attie PHA producer as compared to the mutant strain increases
fact coming from the scattered light which does not reachignificantly in the UV-region, where the light absorbance
the aperture of the integrating sphere. measurement revealed the most profound differences in inten-
In order to provide an experimental verification of the assity in the light absorption of the two strains. This finding was
sumption that the difference between the optical density anéproducible as far as similar results were found regardless of
absorbance of the cell suspensions is correctly assigned to the particular suspension cell density. Therefore, it can be
intensity of scattered light, we performed also a basic nephstmmarized that nephelometry confirmed the conclusions of
lometry assay of the same samples. Measurement was ddhe previous two spectroscopic assays.
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Fig. 4 Ratio of the intensities of
single-cell scattered light f@.
necatorH16 strain and PHA non-
accumulatingC. necatorPHB *
strain at 90° as determined by
nephelometry

ROS analysis by flow cytometry non-stained cells increased about 1.8-fold and, moreover,
green fluorescence of CM-H2CFDA stained cells raised 3.6-

To investigate whether scattering of UV irradiation on PHAfold. This clearly indicates that UV irradiation induces forma-

granules influences the intracellular level of ROS in UV4ion of substantially higher amount of ROS in PHA negative

challenged cells, the amount of ROS before and after U¥ells than in PHA-rich cells.

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 alDiscussion

2015. Hence, at single-cell level, we analyzed intensity of

green fluorescence of both bacterial cultures prior and aft&olar UV radiation on Earth can be considered an important

their exposition to UV irradiation in stained as well as nonstress factor which influences numerous living systems.

stained bacterial cells; the results are demonstrated i5.Fig. Therefore, the influence of UV radiation on whole ecosystems

The mean value of intensity of green fluorescence of PHAas been studied for various aquatic environments (Hader

granules containing bacterial was only slightly (appro%)l et al. 2007, or high-altitude regions (Farias et adD09

increased after exposition of the cells to UV irradiatiamtli@  Pérez et al2017. Moreover, UV-radiation resistance is also

contrary, when the culture of cells not containing PHA granan important topic for astrobiology (Khodadad et24l17).

ules was exposed to UV irradiation, green autofluorescence ©he harmful effect of UV radiation is complex and it includes

Fig. 5 Mean intensity of green
fluorescence of stained and non-
stained cells of. necatorH16
andC. necatoPHB “ prior and
after UV exposition as determined
by flow cytometry
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numerous cell-damaging mechanisms. First and foremost, Udapable of efficient scattering of UV radiation as was indicated
radiation is known for its mutagenic potential because DNAn the present study by the comparison of turbidity (E&.
directly absorbs UVB radiation and this radiation induces nuand absorbance measurement (Bm.of the cells of PHA-
merous grave changes in DNA structure, among which thecaimulatingC. necatorand its PHA negative mutant.
formation of dimeric pyrimidines, photo-adducts, and BNA Furthermore, the fact that PHA granules efficiently scatter
protein cross-links are considered the most importariV radiation was also confirmed by nephelometry measure-
(Ravanat et al2001). Furthermore, despite the fact thatment (Fig4). Because no considerable changes in cell dimen-
DNA does not absorb UVA radiation, UVA can be absorbedions were found for both strains in our previous work
by endogenous photosensitizers which may damage DN@Mravec et al2016, the significant increase in the light scat-
throughout subsequent reactions (Ravanat 208ll). Apart  tering of theC. necatorH16 strain can be ascribed to the
from DNA, also other photosensitive biomolecules such afaction of light scattered on the cell ultrastructure, namely
RNA, proteins, or lipids can be damaged by direct or indireabn the PHA granules in the cell cytoplasm. This finding is in
absorption of UV radiation, though changes in these moldact not surprising; a similar observation of an increase of the
cules structure do not have such fatal consequences as is thiagle cell light turbidity as a result of light scattering on
case for DNA due to their quick turnover. In addition, UV inclusion bodies has previously been reported, e.cE, fooli
radiation induces the formation of reactive oxygen specie&/3110 (Hwang and Feldbet®90. Nevertheless, to the best
(ROS) which may further damage crucial cell componentsf our knowledge, our results represent the first convincing
such as DNA, RNA, proteins, and lipids (Kim et2015. experimental confirmation that intracellular PHA granules
There are numerous reports that the capability to accumserve as effective in situ light-scatterers. Furthermore, accord-
late PHA enhances the stress resistance of bacteria againgtto the results presented in Fillp, it is evident that UV
various stressors (Ayub et &l009 Kadouri et al.2003a b;  radiation is absorbed by the bacterial cells quite effectively.
Obruca et al2016ab, 2017 Tal and Okorl1985 Wang etal. The absorption band centered around 254 nm can be assigned
2009 Zhao et al2007). This can be considered an importantto nucleic acid, especially to DNA. Nevertheless, from the
Badded value to their primary biological functiehstorage  comparison of the absorption spectra of cell suspensions with
of carbon, energy, and also reduction power. Generally, it hélse same cell density, it can be seen that UV-radiation absorp-
been observed that the presence of PHA granules influend@m in this wavelength region is considerably suppressed in
the overall biophysical properties of bacterial cells, which furthe case of the PHA-accumulating strain. Bearing in mind that
ther increases stress survival when they are exposed to varidkisre is no significant difference in the cellular content of
stress factors. For instance, the presence of PHA granulBslA for the two strains, this result supports the assumption
enhanced the rate of water transport out of the cells duriraf Bshielding* effects of PHA granules resulting from their
freezing, which subsequently protected bacterial cells fromreat light-scattering ability. Moreover, it can be stated that,
formation of intracellular ice; this substantially contributes t@part from protecting DNA as the most sensitive molecule,
PHASs cryo-protective effect (Obruca et20163. Moreover,  scattering of UV irradiation on PHA granules also reduces
PHA polymers in native intracellular granules represent kevel of intracellular ROS (see Fif). generated by UV radi-
unigue amorphous form of matter which resemBRger-  ation. This new finding very likely substantially contributes to
cooled liquid in its properties (Bonthrone et 4992. The  complex UV-protective function of PHA granules.
liquid-like properties of PHA granules seem to play a crucial It should be pointed out that in natural producers, PHA
role in the protective mechanism of PHA against osmotic umgranules are not randomly distributed in bacterial cells, but
shock, since the presence of PHA granules turned out to riaey are specifically attached to DNA. @ necator the at-
duce the level of plasmolysis in challenged cells and, moréachment is performed via the protein PhaM which simulta-
over, according to the results of transmission electron microseously binds to DNA and the PHA associated-protein PhaP5
copy analysis, PHA granules were even capable of stabilizin@Vahl et al.2012. Similarly, in Pseudomonas putigddhe
membranes of bacterial cells by closing the holes in the cytdrinding of PHA granules to DNA is enabled by the protein
plasmic membrane (Obruca et2017). Therefore, even the PhaF. This protein serves as a transcriptional regulator of PHA
simple presence of PHA granules in cytoplasm can be beneetabolism but it is also responsible for proper segregation of
ficial for bacterial cells when exposed to stress conditions. granules during cell division and ensures, under balanced con-
Moreover, the enhancement of the UV resistance of PHAditions, equal distribution of granules between daughter cells.
accumulating bacteria which was reported in this work (FigPhaF directs the PHA granules to the center of the cells,
1), as well as by other authors (Kadouri e24l03a Tal and  forming a characteristic needle array in the close vicinity of
Okon1985 Wang et al2009 Zhao et al2007), is most likely  DNA (Galan et al2011). This might substantially contribute
primarily based on the biophysical consequence of the pre® a UV-protective effect since PHA granules represent a
ence of PHA granules in cells. According to our results, PHAshield* attached to the nucleoid which scatters UVB radia-
granules do not considerably absorb UV radiation but they at®n away from the most sensitive molecdd®A. Here, it
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has to be emphasized that very recent findings by Karmarfhical approval This article does not contain any studies with human
et al. 017 show that, under carbon-limited conditions, theP2"iciPants or animals performed by any of the authors.

distribution of granules to daughter cells in statu nascendi
occurs in an asymmetric way; the culture segregates into
PHA-rich and a PHA-poor subculture, thus displaying

Boistable behavigr. Future investigations might provide in- o )
sights if the PHA-rich subculture is definitely better protectedy!? ND: Tribelli PM, Lopez NI (2009) Polyhydroxyalkanoates are es-
sential for maintenance of redox state in the Antarctic bacterium

when challenged by UV irradiation. Pseudomonasp. 14-3 during low temperature adaptation.
PHA metabolism reveals a cyclic nature, the so called PHA  Extremophiles 13(1):5%6. https:/doi.org/10.1007/s00792-008-

cycle, since in microbial cells the polymer is simultangous ~ 0197-z

synthesized and degraded (Kadouri e2@05. According to Bonthrone KM, Clauss J, Horowitz DM, Hunter BK, Sanders JKM

. . (1992) The biological and physical chemistry of
the results of Kadouri et al2Q03h, also the capability of polyhydroxyalkanoates as seen by NMR spectroscopy. FEMS

intracellular PHA degradation is an important factor ecingn Microbiol Lett 103(24):269-277. https://doi.org/10.1111/].1574-

the UV-protective effect of PHA, since a PHA depolymerase  6968.1992.th05848.x

deletion mutant strain @zospirillum brasilensimcapable of Pong TG, Dong S, Catalano C, Moore R, Liang X, Mekalanos JJ (2015)
. o . Generation of reactive oxygen species by lethal attacks from com-

P.HA degradation was shown 'to be more sengltlve to UV irra- peting microbes. Proc Natl Acad Sci USA 112(7): 24EI86.

diation than the wild type strain. The explanation can bie tha  https://doi.org/10.1073/pnas.1425007112

due to the cyclic nature of PHA metabolism and activity ofFarias ME, Fernandez-Zenoff V, Flores R, Orddiiez O, Estévez C (2009)

PHA depolymerase, a substantial amount of PHA monomers Impact of solar radiation on bacterioplankton in Laguna Vilama, a

is present in bacterial cells. For instance, the intrdaeton- hypersaline Andean lake (4650 m). J Geophys Res Biogeosci 114:

eferences

. . . . G00D04
centration Of_3'hydroxybuwr?-te (3HB)in the W'ld typeisttd  Gapani P, Singh OV (2013) Radiation-resistant extremophiles and their
C. necatoris 16.5-fold higher than in its PHA non- potential in biotechnology and therapeutics. Appl Micobbi

accumulating mutant. This is important since 3HB conssitut Biotechnol 97(3):9931004. https://doi.org/10.1007/s00253-012-

a potent chemical chaperone capable of preventing a model 46427 .
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enzyme, lipase, against denaturation caused by high @mper ", s 3. and Prieto MA (2011) Nucleoid-associated PhaF phasin
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