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Abstrakt

Rostouci vyskyt multirezistentnich kmenti bakterii zptisobuje poptavku po alternativeé
k antibiotické 1é¢bé a obecnéji po antimikrobialnich materialech jako soucasti prevence.
V popiedi zajmu je fotodynamicka inaktivace bakterii a dalSich patogent zplsobena
fotogenerovanym singletovym kyslikem.

Tato prace je zaméfena na oblast fotoaktivnich polymernich nanovlakennych
membran a nanocastic generujicich singletovy kyslik vhodnych pro aplikace v mediciné.

Byly pfipraveny rtzné typy modifikovanych fotoaktivnich polystyrenovych
nanovlakennych membran s enkapsulovanym nebo externé vazanym porfyrinovymi
fotosensitizery. Tyto materialy efektivné produkuji vysoce reaktivni, cytotoxicky singletovy
kyslik, schopny omezené difuze do vnéjsSiho prostiedi. Vysledky naSeho vyzkumu
demonstruji zasadni roli smacivosti tohoto typu materidld s kratkou difuzni drdhou
vznikajiciho singletového kysliku, objasiiuji vliv teploty a poukazuji na jejich mozné vyuziti
jakozto multifunkénich materiald. Diky jejich antimikrobidlnim vlastnostem jsou tyto
materialy vhodnou alternativou k lokalnimu vyuziti antibiotik a antiseptik. Diky dobré
prodysnosti a kratké difuzni draze singletového kysliku se daji oéekavat dobré vysledky v in
vivo testech.

Z téchto nanovlakennych materialti byly také pripraveny fotoaktivni, extrémné stabilni
polystyrenové nanocastice s enkapsulovanymi fotosensitizery, které jsou efektivnéjsi pro
sterilizaci nebo oxidaci véts§tho objemu vodnych roztokl. Predstavena byla i metoda
vyuzivajici pfipravené nanocastice k citlivé detekci kysliku ve vodnych roztocich.
Nanovldkenné membrany mohou slouzit nejen jako vychozi material pro piipravu
nanocastic, ale i jako filtr pro jejich odstranéni z roztoku.



Uvod

Aplikaci antibiotik v poslednich dekadach doslo k vyznamnému poklesu poctu timrti
nasledkem mikrobialnich, pfedevsim bakterialnich infekci. Naduzivani antibiotik ale vede
ke vzniku rezistentnich kmenti bakterii. Nozokomialni nakazy rezistentnimi bakteriemi
predstavuji vazny problém moderniho zdravotnictvi.'? Alternativni cestou pro likvidaci
bakterii nezahrnujici antibiotika je antimikrobidlni fotodynamicka inaktivace
(,,PhotoDynamic Inactivation”, PDI). Ta spoc¢ivd v kombinaci netoxického organického
barviva (fotosensitizeru) a viditelného zateni, které v ptitomnosti kysliku produkuje vysoce
cytotoxické reaktivni kyslikové castice, jako je singletovy kyslik Oz(lAg), na zakladé
fotosenzitizované reakce. Fotosensitizer v zdkladnim stavu S, je exitovan absorbovanym
svétlem do excitovaného singletového stavu S;. Tento se mulze spontanné deaktivovat
vyzarenim energie ve form¢ fluorescence (hvy) nebo vnitini konverzi (,,internal conversion*
IC) pfeménit prebyteCnou energii na teplo a vratit se tak do S, stavu v tadu nékolika
nanosekund.® Dal§im deaktivaénim procesem je mezisystémovy piechod (,intersystem
crossing“ ISC) do tripletového stavu (T;) s relativné dlouhou dobou zivota (v fadu
mikrosekund).* Pfipadny zafivy piechod do S, se projevuje jako fosforescence (hvy),
nicmén¢ hlavni deaktiva¢ni cestou T; stavu je pfenos energie na 02(32g’) za vzniku 02(1Ag)
(Obr. 1).
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Obr. 1. Modifikovany Jablonského diagram zobrazujici mechanismus fotosensitizované reakce.
Sy je fotosensitizer v zdkladnim stavu, hv je absorbované svételné kvantum, S, je excitovany singletovy
stav fotosensitizeru, T, je tripletovy stav fotosensitizeru, ISC je mezisystémovy piechod, IC je vnitini
konverze, hv, je fosforescence, hv je fluorescence.

Soucasny vyzkum antimikrobidlnich materialti se zamétuje k tém, kde je fotosensitizer
vazan na pevny nosi¢. Tento pfistup kombinuje moznost inaktivace bakterii, virt a dalSich
patogeni s jednoduchou aplikaci.

Perspektivnimi  nosi¢i  jsou polymerni nanovldkenné materidly. Excitace
fotosensitizeru enkapsulovaného v nanovlakennych membranach pomoci viditelného svétla
vede ke generovani 02('Ag) ktery efektivng nigi bakterie™®’ a viry®. Nanovlakenny material
tvofeny nanovlakny o priméru v rozsahu 100 — 400 nm, nabizi velky mérny povrch, dobrou
permeabilitu pro kyslik a transparentnost pro svétlo (v zavislosti na polymeru).’
Nanovlakenna struktura s mnoha vrstvami neuspofadanych vlaken zabrafiuje prichodu
bakterii a zachytiva je na povrchu.'® Hlavni nevyhodou polymernich nanovlikennych
materiald s enkapsulovanym fotosensitizerem je kratka doba zivota a z ni plynouci kratka
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difuzni draha Oz(lAg) (typicky desitky az stovky nanometrt),'" coz limituje efektivni
fotooxidaci chemickych nebo biologickych substrati na oblast bezprostfedniho okoli
nanovlakenného povrchu.'?

Cile prace

Hlavnim cilem prace bylo vyvinout nové fotoaktivni polystyrenové nanomaterialy
(nanovlakenné membrany ¢i nano¢astice) fotogenerujici Oz(lAg).

Diléim cilem bylo modifikovat polystyrenové nanovldkenné membrany
s enkapsulovanym fotosensitizerem za Ucelem zvyseni jejich fotooxidacnich schopnosti,
ptipadné pfidanim nové funkcionality vytvofit multifunkéni nanovlakenné membrany. Dale,
vzhledem k pfedpokladanym aplikacim nanovldkennych membran jako krycich
antibakteridlnich materiald, testovat piimo tyto materialy pro fotoinaktivaci bakterii.

DalSim cilem bylo vyvinout nové fotoaktivni nanocastice pro detekci rozpusténého
kysliku ve vodnych prostfedich a fotooxidaci/fotodesinfekci vétSich objemti vodnych
roztokll s moznosti jednoduchého odstranéni nanocastic z ozafovaného roztoku.

Dulezitym cilem pro oba typy nanomaterialdi, bylo pfirozené charakterizovat jejich
vlastnosti a popsat vhodné podminky pro jejich efektivni vyuziti, pfedev§im pomoci
spektralnich metod, vcetné Casoveé rozliSenych, zaméfenych na monitorovani excitovanych
stavll fotosensitizerti a generovaného Oz(lAg).

Material a metodika

Nanovldkenné materidly ve formé membran byly piipraveny metodou
,electrospinning®.  Polystyrenové  (PS) nanovlakenné membrany snebo  bez
enkapsulovaného fotosensitizeru byly modifikovany riznymi metodami (sulfonaci, studenou
plazmou ¢i polydopaminovou vrstvou). Nanocastice (NPs) byly pfipraveny precipitacni
metodou z PS sulfonovanych nanovlakennych membran s enkapsulovanym 5,10,15,20-
tetrafenylporfyrinem (TPP).

Morfologie, struktura a fotofyzikalni vlastnosti téchto materialti byly charakterizovany
pomoci skenovaci elektronové mikroskopie, ,,steady-state” a ¢asové rozlisené fluorescenéni
a absorp¢ni spektroskopie. Nékteré materialy byly charakterizovany métenim zdéanlivych
kontaktnich uhli, dynamického rozptylu svétla nebo pomoci konfokalni fluorescenéni
mikroskopie a infraervené spektroskopie.

lontové vyménné kapacity byly zjistovany titraéng, adsorpce Pb>" pomoci atomové
absorp¢ni spektroskopie.

Pro testy fotooxidace externiho substratu byla vyuzita sodna sul kyseliny mocové,
nebo jodidové detekéni Cinidlo. Antibakteridlni a virucidni vlastnosti byly testovany vuci
E. coli K-12 nebo DH5a, respektive proti neobalenému mySimu polyomaviru a obalenému
baculoviru.



Vysledky a diskuze

Vysledky byly shrnuty ve ¢tyfech c¢lancich v mezinarodnich impaktovanych
Casopisech:

I Polystyrenové nanovlikenné materialy s externé vazanym fotosensitizerem.
Henke P., Lang K., Kubat P., Slouf M., Mosinger J.: Polystyrene Nanofiber Materials Modified with an
Externally Bound Porphyrin Photosensitizer; ACS Appl. Mater. Interfaces 2013, 5, 3776-3783.

Polystyrenové nanovlakenné membrany byly pfipraveny metodou ,.electrospinning®.
Po chlorsulfonaci této membrany a nasledné hydrolyze byl iontové navazan kationtovy
fotosensitizer 5,10,15,20-tetrakis(N-methylpyridinium-4-yl)porfyrin (TMPyP; Obr. 2A).
Takto byly ziskany fotoaktivni nanovldkenné membrany s velkym specifickym povrchem a
vysokou iontové vyménnou kapacitou (IEC = 4 mmol-g ™).
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Obr. 2. (A) 5,10,15,20-tetrakis(N-methylpyridinium-4-yl)porfyrinem (TMPyP), (B) zavislost
intenzity fluorescence na adsorbovaném mnozstvi TMPyP, (C) normalizovana emisni spektra vzorki
nanovlakenného materialu s externé vazanym TMPyP ponofeného ve vodé s pomérem TMPyP/-SO5
(1)2,5%x10%,(2) 7,5 x 107 a(3) 0,93.

Externé¢ vazany TMPyP vykazuje po ozafeni tvorbu tripletovych stavl, generuje
Oz(lAg) a singletovym kyslikem zptisobenou zpozdénou fluorescenci (SODF). Fotofyzikalni
vlastnosti nanovlaken jsou zavislé na mnozstvi navazaného TMPyP.

Analyza fluorescencnich spekter ukazala, ze adsorbovany tetrakation TMPyP se pri
niz§im poméru vuci IEC véaze na vice —=SO;  skupin, porfyrinovy kruh je zfejmé paralelni
s povrchem polystyrenovych nanovlaken a méné vystaven polarnimu prostiedi vodného
roztoku, nebot' jeho fluorescencni pasy jsou Iépe rozlisené. Pii vyS$im poméru
fotosensitizeru k IEC jsou molekuly TMPyP vazany pouze pfes jeden kladny naboj
N-methylpyridiniové skupiny, porfyrinovy kruh je vice vystaven/orientovan k polarnimu
prostiedi, coz je indikovano jeho nerozliSenymi emisnimi pasy (Obr. 2B, C).

Fotooxidac¢ni schopnosti tohoto materidlu byly demonstrovany na sodné soli kyseliny
mocové a jodidovém detekénim ¢Einidle. Na povrchu membran byl zjistén silny
antibakterialni ucinek vuéi bakteriim FEscherichia coli DHS5a. Navzdory tomu, Ze
nanovlakenny material s vazanym TMPyP fotogeneruje Oz(lAg) s niz§imi dobami zivota
(to= 0.7 pus) nez diivé publikované nanovlakenné membrany s fotosensitizerem
enkapsulovanym uvnité vlaken (t, = 13.5 us)°, oba materialy vykazuji porovnatelnou
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fotooxidaci substratu ve vodé. Diivodem miize byt lepsi kontakt mezi hydrofilnim povrchem
nanovlaken a vodnym prostiedim a kratsi potfebna difuzni draha Oz(lAg) k cilové molekule
substratu. Vzhledem k velké IEC je mozné nanovlakennou membranu (i s pevné vazanym
fotosensitizerem) vyuzit pro iontovou vyménu, a to napiiklad k odstranovani tézkych kovi
(Pb*") nebo fotooxidaénich produkti béhem &isténi a sterilizace vod.

)] Vliv smacivosti nanovlikennych materiali s enkapsulovanym fotosensitizerem
na antibakterialni efekt.

Henke P., Kozak H., Artemenko A., Kubat P., Forstova J., Mosinger J.: Superhydrophilic Polystyrene

Nanofiber Materials Generating O,('A,): Postprocessing Surface Modifications toward Efficient

Antibacterial Effect; ACS Appl. Mater. Interfaces 2014, 6, 13007-13014.

Pfi feseni této Casti prace byla modifikovana dfive publikovana PS nanovlakenna
membrana s enkapsulovanym fotosensitizerem 5,10,15,20-tetrafenylporfyrinem (TPP,
Obr. 2A).° Byly pouzity tfi rizné modifikace povrchu nanovlikenného materialu. Pomoci
sulfonace, aplikaci studené radiofrekvencni kyslikové plazmy a pokrytim tenkou vrstvou
polydopaminu (PD). VSechny modifikace vyznamné zvysily smacivost puvodné
hydrofobniho PS nanovlakenného materidlu bez poskozeni nanovlaken, vymyti
fotosensitizeru nebo zmén ve spektralnich charakteristikaich TPP, dobach Zivota T; stavu
nebo Oz(lAg). Také nebyla pozorovana zmeéna kyslikové permeability v polymernich
nanovlaknech.

Predpoklad, ze smacivost téchto membran (metend jako zdanlivy kontaktni thel) ma
vliv na uc¢innost fotooxidace substratu generovanym Oz(lAg) byla testovana na jodidovém
detekénim ¢inidle (Obr. 2B). Metoda je zalozena na fotooxidaci I na I3~ ve vodném roztoku.
Relativni G¢innost fotooxidace (PE) vzorkd byla vypocitana jako smérnice zavislosti
A(I7)/ZI(1-107") na ozafovacim &ase, kde A(Iy") byla absorbance fotoprodukovaného Iy pii
351 nm a =, (1-10"") byla suma absorbované intenzity svétla pii vlnovych délkach A,
(400-700 nm), tato smérnice pak byla vztaZzena k smérnici u nemodifikovaného materialu.
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Obr. 3. (A) 5,10,15,20-tetrafenylporfyrin (TPP) (B) Zavislost absorbance I3 pii 351 nm v
jodidového detekéniho Cinidle na dobé ozafovani (kinetika tvorby I3) korigovand na absorbované
excitaéni zafeni, pro jednotlivé vzorky. (C) Pocéty zivotaschopnych bakterii (CFU) v procentech
ozafované slepé kontroly (bez TPP). Odectenych po inkubaci bakteridlniho inokula ozafovaného na
povrchu jednotlivych vzorkd solarnim simulatorem. (1, ¢ernd) - nemodifikovany vzorek nanovlakenné
membrany, (2, modrd) - sulfonovany vzorek, (3, Cervend) - vzorek oSetfeny studenou plazmou a (4,
zelena) - vzorek pokryty vrstvou PDA (pievzato z %)

PE hydrofobniho nemodifikovaného vzorku (1,0) byla vyrazné¢ niz$§i nez u
modifikovanych vzorkt. Sulfonovany vzorek (PE = 3,47) a vzorek modifikovany studenou

vy

plazmou (PE = 3,50) mély téméf identické hodnoty. Niz$i hodnoty PE mél vzorek s PD



filmem (PE = 1,44), to je zpusobeno vrstvou PD filmu, ktery redukuje (oproti
nemodifikovanému vzorku) transmitanci v oblasti, ve které TPP absorbuje, o 8 - 14,5 %.
Vsechny modifikace podstatné zvysily fotoindukovanou antibakterialni GEinnost
nanovlakennych materiald vii¢i bakteriim Escherichia coli K-12 (Obr. 2C). Rozdily rostou
s ozafovacim ¢asem, napfiklad u plazmovaného vzorku po 20 minutach ozafovani solarnim
simulatorem (simulujicim denni svétlo) klesl pocet zivotaschopnych bakterii méfeny poctem
vzniklych kolonii CFU (,,colony forming units*) pod 10 % hodnoty nalezené pro stejny
vzorek udrzovany ve tmé. Oproti tomu pocet CFU odectenych po ozafovani nemodifikované
membrany s TPP za stejnych podminek piedstavoval pouze 90 % jeho temné kontroly.

III) Vliv teploty na fotofyzikilni a antibakteridlni vlastnosti nanovlikennych
materiali

Suchanek J., Henke P., Mosinger J., Zelinger Z., Kubat P.: Effect of Temperature on Photophysical

Properties of Polymeric Nanofiber; J. Phys. Chem. B 2014, 118, 6167-6174.

Byl pozorovan vyznamny vliv teploty na uc¢innost fotooxidace a antibakteridlnich
vlastnosti pfipravenych nanovldkennych materialti s enkapsulovanym ¢i externé vazanym
porfyrinovym fotosensitizerem. Teplota ma vliv na fotofyzikalni parametry fotosensitizeru
(doby zivota tripletovych stavil), a na vlastnosti jeho bezprostiedniho okoli (napf. je
ovlivnéna permeabilita pro kyslik v polymerech!® a na rozpoustédle zavislé nezafivé
deaktivace Oz(lAg)”).

Kinetika OQ(IAg), a tripletovych stavii fotosensitizeru generovanych ozafenim
nanovlakenného materidlu na vzduchu a ve vzduchem nasycené vodé¢ byla méfena pomoci
Casové rozliSené spektroskopie vrozsahu 5-60°C. U testovanych membran
s enkapsulovanym TPP vede zvySeni teploty ke zvySeni difuze kysliku v polymernich
nanovlaknech. To se projevi v krat$ich dobach zivota tripletovych stavi fotosensitizeru (tr),
kratSich dobach zivota Oz(lAg) (ta) a zesilenému signalu zpozdéné fluorescence
fotosensitizeru (,,Singlet Oxygen Delayed Fluorescence™ SODF). Kratsi tp pii vyssi teploté
jsou dany tim, ze tripletové stavy fotosensitizeru jsou efektivnéji zhaSeny, predevSim
kyslikem 02(3Eg') za vzniku Oz(lAg). Snadnéjsi dostupnost Oz(lAg) k tripletovym stavim
sousednich molekul fotosensitizeru je pfi¢inou zesileného signalu SODF. Divod kratsi t,
pii vyssi teploté ma komplexnéjs$i vysvétleni, a zavisi na okoli nanovldken. Je zptisobena
zvySenym, teplotné zavislym neradiatnim zhaSenim Oz(lAg) molekulami polymeru, ale i
tim, Ze Oz(lAg) snadnéji difunduje z polymernich nanovlaken do vnéjsiho prostredi (napf.
H,0), kde méa kratsi dobu zivota. Nanovladkenné membrany s externé vazanym
porfyrinovym fotosensitizerem (TMPyP) mély vyznamné nizsi zavislost t, na teploté nez
polymerni nanovlakenné membrany s enkapsulovanym porfyrinem.

Fotofyzikalni data, pfedevs§im rostouci kyslikovy difuzni koeficient s rostouci
teplotou, odpovidaji rostouci antibakteridlni Gcinnosti PS nanovldkennych membran
s enkapsulovanym TPP.

Bylo zjisténo, Ze SODF je vhodnou metodou pro sledovani kinetiky Oz(lAg)
v polymernich matricich.



IV) Polymerni nanocastice s enkapsulovanym fotosensitizerem pFipravené
z nanovlakennych materiali.

Henke P., Kirakci K., Kubat P., Fraiberk M., Forstova J., Mosinger J.: Antibacterial, Antiviral, and

Oxygen-Sensing Nanoparticles Prepared from Electrospun Materials; ACS Appl. Mater. Interfaces

2016, 8, 25127-25136.

Velmi stabilni fotoaktivni polystyrenové nanocastice (NPs) byly pfipraveny
ze sulfonované PS nanovldkenné membrany s enkapsulovanym TPP nebo Pt-
oktaethylporfyrinem (Pt-OEP, Obr.4A). Nanocastice byly pfipravené vysrazenim
ptidavkem vody z roztoku THF, vnémz byla rozpusSténa dlouhodobé sulfonovana
polystyrenova nanovlakenna membrana s enkapsulovanym porfyrinem. Pfipravené NPs
(30£10 nm) maji negativni povrchovy naboj kvili dlouhodobé sulfonaci vychoziho
materialu, diky tomu nepodléhaji agregaci ani sedimentaci ve vodné suspenzi.

Nanocastice s TPP maji vysoky antibakterialni a virucidni ucinek pii ozareni
viditelnym svétlem a mohou byt pouzity pro fotooxidaci externiho substratu pomoci
Oz(lAg). Pti porovnani s nanovlakennymi membranami s limitovanym fotooxidaénim
ucinkem na povrchu jsou NPs schopné fotooxidovat/sterilizovat cely objem chemického ¢i
biologického substratu.

Antibakteridlni a virucidni ucinek NPs s TPP byl ovéfen na Escherichia coli,
neobalenych mysich polyomavirech a obalenych rekombinantich pVL-VP1 baculovirech.
Pfi antibakterialnich testech poklesl po pétiminutovém ozatfovani bakterialni suspenze s NPs
TPP viditelnym svétlem pocet CFU z cca 900 na 7 (Obr. 4C). Po desetiminutovém ozareni
nebyly zadné CFU pozorovany. Viry se ukdzaly byt jesté citlivéjsi na pfitomnost
fotogenerovaného Oz(lAg). Zvlasté neobaleny polyomavirus byl velmi snadno
fotoinaktivovan v ptfitomnosti NPs s TPP, pravdépodobné diky lepsi dostupnosti
aminokyselin, které jsou snadno oxidovany 02('Ag), jelikoz neobalené viry jsou chranény
pouze proteinovou kapsidou®

Polystyrenové NPs jsou transparentni pro viditelné svétlo a maji vysokou permeabilitu
pro kyslik,® toho lze také vyuzit pro konstrukci kyslikového nanosenzoru. Koncentrace
kysliku ve vodnych roztocich mize byt snadno monitorovana pomoci luminiscence
enkapsulovaného Pt-OEP v NPs. Pfipravené NPs s Pt-OEP vykazovaly linearni odezvu
luminiscence na koncentraci kysliku ve vodnych roztocich (v celém rozsahu, Obr. 4B).

Bylo téz demonstrovano, ze nanovlakenné membrany mohou byt vyuzity nejen jako
vychozi material pro piipravu NPs, ale také k jejich efektivnimu odstranéni z roztoku.
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Obr. 4. (A) Pt-oktaethylporfyrin (B) Stern—Volmer zavislost luminiscence NPs s Pt-OEP na
koncentraci rozpusténého kysliku ve vodé. (C) Praimérny pocet CFU odecteny pro bakterialni suspenze
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Zaver

Nanovlakenné PS materidly sulfonované pomoci HSO;CI jsou idealnimi nosici pro
kationtové fotosensitizery (napt. TMPyP). Kombinace nanovlakenného materidlu a pevné
iontové vazanych fotosensitizeri umoziuje vyuzit vyhody velkého specifického povrchu
nanomaterialu, snadné expozice molekul fotosensitizerti svétlu a kysliku, flexibility, nizké
hmotnosti a vysoké porozity nanovlakennych materialti. Efektivni fotogenerace Oz(lAg) pro
fotooxidaci chemickych substrati ¢i antibakterialni aplikace tak mize byt doplnéna o dalsi
funkcionalitu, vyuZzivajici iontové vymeénou kapacitu, napf. pro snadné vychytavani
kontaminujicich kationtt téZkych kovi z vodnych prostredi.

Dalsi moznosti smérem k efektivnéjsim fotoaktivnim nanovlakennym PS materialim
je modifikace jejich povrchu. Povrchy materiald byly modifikovany sulfonaci, pisobenim
radiofrekvenéni kyslikové studené plazmy a pokrytim polydopaminovym filmem. Takto
modifikované nanovlakenné membrany efektivné fotogeneruji Oz(lAg). Modifikace silné
zvySuji smacivost hydrofobnich polystyrenovych nanovlaken. Zvysena
hydrofilicita/smacivost povrchu generujiciho Oz(lAg) s kratkou diftizni drahou ma klicovou
roli pro dosazeni efektivni fotooxidace chemického substratu/ biologického terce ve
vodnych prostiedich.

Byl studovan vliv teploty na kinetiku generace a deaktivace 02(1Ag) po ozéfeni
porfyrinovych fotosensitizeri uvnitf nebo na povrchu polymernich nanovlakennych
materialti. Se zvysujici se teplotou u testovanych membran s enkapsulovanym TPP dochazi
ke zvyseni difuze kysliku v polymernich vlaknech. To se projevi v kratSich dobach Zzivota
tripletovych stavii fotosensitizeru (tr), kratSich dobach Zivota Oz(lAg) (15) @ zesilenému
signalu SODF. Nebyl vSak pozorovan vliv teploty na kvantové vytézek Oz(lAg). Pro
nanovlakenné materialy s externé vazanym fotosensitizerem (TMPyP) zavisi doba Zivota
Oz(lAg) T, na teplot¢ vyrazn¢ méné€ nez pro polymerni nanovldkenné materidly s
enkapsulovanym TPP, kde 02('Ag) musi difundovat skrze polymer s teplotné zavislou
permeabilitou. V pfipadé membran s enkapsulovanym TPP byl pozorovan vyznamné silng;si
antibakterialni ucinek s rostouci teplotou, v souladu s rostouci kyslikovou difuzi v PS
nanovlakennych membranach.

Déle byla pfedstavena jednoducha “top-down” metoda pfipravy fotoaktivnich
polystyrenovych NPs z nanovlakennych membran. Nanocastice s TPP maji pfi ozafeni silné
antibakteridlni a virucidni vlastnosti. V porovnani s nanovlakennymi membrany
s limitovanym  fotooxida¢nim  U¢inkem na  povrchu jsou NPs  schopné
fotooxidovat/sterilizovat cely objem chemického ¢i biologického substratu. Nanocastice s
enkapsulovanym Pt-OEP vykazuji reverzibilni luminiscenci s linearni Stern—Volmerovou
zavislosti na koncentraci rozpusténého kysliku a mohou byt pouzity pro stanoveni kysliku.
Bylo téZ demonstrovano, ze polyuretanové nanovlakenné membrany mohou byt aplikovany
jako ucinné filtry k odstrafiovani bakterii a nanoc¢astic z vodnych roztoka.
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Abstract

The increasing number of multidrug-resistant strains of bacteria call for alternatives to
antibiotic therapy and, more generally, for the antimicrobial material as a component of
prevention. Of particular interest is the photodynamic inactivation of bacteria and other
pathogens caused by photogenerated singlet oxygen.

This work is focused on the field of photoactive polymer nanofiber membranes and
nanoparticles, generating singlet oxygen, suitable for medical applications. We prepared
different types of photoactive modified polystyrene nanofiber membranes with encapsulated
or externally bound porphyrin photosensitizers. These materials efficiently produce highly
reactive and cytotoxic singlet oxygen capable of restricted diffusion into to the external
environment. Our results demonstrate the crucial role of wettability for materials of this type
with a short diffusion length of generated singlet oxygen, illustrate the effect of temperature
and indicate their potential use as multifunctional materials. Due to their antimicrobial
properties, these materials are suitable alternative to antibiotics and local antiseptics. With
good breathability and short diffusion length of singlet oxygen good results can be expect in
in vivo tests.

From these nanofiber materials we also prepared photoactive extremely stable
polystyrene nanoparticles with encapsulated photosensitizers that are effective for
sterilizing/oxidation of a larger volume of aqueous solutions. We also presented method
which is using nanoparticles for sensitive detection of oxygen in aqueous solution. The
nanofiber material can be applied not only as source of nanoparticles but also as an effective
filter for their removal from solution.
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Introduction

For several decades, antibiotics have been critical in the fight against infectious
disease caused by bacteria. The overuse of antibiotics has allowed many pathogens to
develop resistances to these drugs. A Nosocomial infection (healthcare associated infections)
caused by resistant bacteria poses a serious problem for modern health care.' Alternative
way to kill bacteria not involving antibiotics is antimicrobial photodynamic inactivation. It
is the combination of non-toxic organic dyes (photosensitizers) and harmless visible light
that, in the presence of oxygen, produce highly toxic reactive species such as singlet oxygen
Oz(lAg) by process called photodynamic effect. During this process photosensitizer absorbs
visible light and is promoted from a lower-energy “ground state” (Sy) to a higher energy
singlet state (S;). This state can be spontaneously deactivated by emitting energy in the form
of light by fluorescence (hvy) or by internal conversion (IC) converts excess energy into heat
and returns back to the S, state in a matter of nanoseconds.® Another deactivation process is
intersystem crossing (ISC) to the triplet state (T,) with a relatively long life (microseconds)
due to spin-forbidden transition to S,.* Radiative deactivation to S, manifests as
phosphorescence (hv,), but the main deactivation way is electron energy transfer from T,
state to oxygen in ground state 02(3Eg') resulting in 02('Ag) (Fig. 1).
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Fig. 1. Modified Jablonski showing with mechanism photosensitized reaction. S, is
photosensitizer in the ground state; hv is absorbed quantum of light; S, is excited singlet state of
photosensitizer; T, is triplet state of photosensitizer; ISC is intersystem crossing; IC is internal
conversion; hv, is phosphorescence and hvr is fluorescence.

Recently, research efforts have been extended toward the design of novel materials in
which photosensitizers are fixed to a solid support. This approach combines high efficiency
in killing bacteria and viruses with a simple application.

Excitation of photosensitizers encapsulated in electrospun nanofiber membranes by
visible llght leads to the formation of Oj(' A,) that efficiently kill the bacteria>®” and
viruses.® The membranes are characterized by a high surface area, transparency to light;
high oxygen diffusion coefficient and nanoporous structure,” which prevent passing bacteria
and other pathogens through the nanofiber membranes as they are detained on the surface. '
The main drawback of these polymeric nanofiber membranes with encapsulated
photosensmzer is a low lifetime and diffusing length of O,(' A,) (typically tens to hundreds
nm),'" which limits efficient ph0t00x1dat10n of chemical/biological targets only to close
proximity of nanofiber surfaces. ">
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Aims of the study

The main aim of the thesis was to develop new photoactive polystyrene nanomaterials
(nanofiber membranes or nanoparticles) based on photogenerated Oz(lAg).

Partial goal was to modify polystyrene nanofiber membranes with encapsulated
photosensitizers in order to increase their ability to photo-oxidate, or by adding new
functionality to create a multi-functional nanofiber membranes. Also we wanted directly test
these materials for photoinactivation of bacteria, because expected applications of nanofiber
membrane are antibacterial materials for covering wounds.

Another aim was to develop new photoactive nanoparticles for detection of dissolved
oxygen in the aqueous media and for photooxidation/photodisinfection of larger volumes of
aqueous solutions with a simple method for removal of nanoparticles from the irradiated
solution.

An important goal for both types of nanomaterials, was to characterize their properties
and describe appropriate conditions for their effective use, especially by using spectral
methods, including time-resolved methods aimed at monitoring the excited states of
photosensitizers and generated Oz(lAg),

Material and methods

Nanofibrous materials in the form of membranes were prepared by the
electrospinning. The surface of electrospun polystyrene (PS) nanofiber materials with or
without photosensitizer was modified by sulfonation, RF oxygen plasma, and polydopamine
coating. Nanoparticles were prepared by simple nanoprecipitation method.

The morphology, structure, and photophysical properties of these nanofiber materials
were characterized by scanning electron microscopy and steady-state and time-resolved
fluorescence and absorption spectroscopies. Some materials were characterized by apparent
contact angle measurements, Fourier transforms infrared spectroscopy, confocal
fluorescence or fluorescence lifetime imaging microscopic methods and by dynamic light
scattering.

Ion Exchange Capacity (IEC) of the sulfonated materials was determined by titration.
Atomic absorption spectroscopy was used for determining Pb>" adsorptions.

Photo-oxidation ability was tested against iodide detection solution and uric acid.
Antibacterial tests were made on a culture of E. coli K-12 or DH5a suspended in phosphate
buffer saline. Nonenveloped mouse polyomavirus and enveloped recombinant pVL-VPI
baculovirus were used for testing of antiviral effect of NPs.

13



Results and discussion
The results were summarized in four articles in international peer-reviewed journals:

I)  Polystyrene Nanofiber Materials Modified with an Externally Bound Porphyrin
Photosensitizer. Henke P., Lang K., Kubat P., Slouf M., Mosinger J.: ACS Appl.
Mater. Interfaces 2013, 5, 3776-3783.

Polystyrene ion-exchange nanofiber materials with large surface areas and adsorption
capacities (IEC = 4 mmol g ') were prepared by electrospinning followed by the sulfonation
with  chlorosulfonic acid and adsorption of a cationic 5,10,15,20-tetrakis(1-
methylpyridinium-4-yl)porphyrin (TMPyP, Fig. 2A) photosensitizer on the nanofiber
surfaces. The externally bound TMPyP can be excited by visible light to form triplet states
and singlet oxygen O,( lAg) and singlet oxygen sensitized delayed fluorescence (SODF). The
photophysical properties of the nanofibers were strongly dependent on the amount of bound
TMPyP molecules and their organization on the nanofiber surfaces.
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Fig. 2. (A) 5,10,15,20-tetrakis(1-methylpyridinium-4-yl)porphyrin (TMPyP) (B) Fluorescence
intensity as a function of adsorbed TMPyP on the sulfonated nanofibers for different TMPyP/IEC. (C)
Normalized fluorescence (excited at 430 nm) spectra of the TMPyP nanofiber material immersed in
water for (1) low (TMPyP/SO;™ = 2.5 x 107), (2) medium (TMPyP/SO;™ = 7.5 x 107), and (3) high
(TMPyP/SO;5™ = 0.93) loadings of TMPyP.

Our results showed that the adsorption of tetracationic TMPyP molecules from
aqueous solution started preferentially with the multiple binding of TMPyP to a few —SO;~
groups, where most porphyrin units were parallel/nearly parallel to the nanofiber surface.
Thus, the contact between water molecules and porphyrin rings located near the surface was
limited, and the effect of a less polar environment was accompanied by well resolved
fluorescence bands. At high loading, the TMPyP molecules can be attached to the surface by
only one N-methylpyridinium group and the porphyrin rings are inclined or perpendicular to
the surface. Orientation toward more polar environments is indicated by the unresolved
fluorescence bands (Fig. 2B, C).

The nanofibers demonstrated photooxidative activity toward inorganic and organic
molecules and antibacterial activity against Escherichia coli DH5a due to the sensitized
formation of Oz(lAg) that is an effective oxidation/cytotoxic agent. Despite that the TMPyP
nanofiber materials generate Oz(lAg) with lower lifetimes (tp = 0.7 ps) than the previously
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reported nanofiber material with porphyrin immobilized inside the polystyrene nanofibers
(ta = 13.5 ps)®, both materials exhibited a comparable photooxidation activity in aqueous
media. The reasons can consist in a good contact of the hydrophilic surface of the TMPyP
nanofiber materials with biological targets or polar chemical substrates and in the fact that
Oz(lAg) does not diffuse through the polymer bulk to aqueous media. The nanofiber
materials also adsorbed heavy metal cations (Pb*") and removed them from the water
environment.

II) Superhydrophilic Polystyrene Nanofiber Materials Generating OZ(IAg):
Postprocessing Surface Modifications toward Efficient Antibacterial Effect.
Henke P., Kozak H., Artemenko A., Kubat P., Forstova J., Mosinger J.: ACS Appl.
Mater. Interfaces 2014, 6, 13007-13014

In this part of project we modified exist hydrophobic polystyrene (PS) nanofiber
materials with encapsulated 5,10,15,20-tetraphenylporphyrin (TPP, Fig. 2A). We used three
post-electrospinning modifications: sulfonation, oxygen plasma treatment and the
application of a thin polydopamine coating on the surface of the nanofiber material. All
modifications strongly increased the wettability/hydrophilicity of the hydrophobic PS
nanofibers without causing damage to the nanofibers, leakage of the photosensitizer or any
change in the spectral characteristics of TPP, the lifetime of the triplet state or singlet
oxygen or even the oxygen permeability of the polymer nanofibers.

The assumption that the wettability (inversely proportional to the apparent contact
angles) contributes to the photo-oxidation capability of the nanofiber materials was tested
using a sensitive method based on the photo-oxidation of I" to I3~ in aqueous solutions (Fig.
2B). The relative photo-oxidation efficacy (PE) of the samples was calculated as the slope of
the dependence of A(I;)/Z1,(1-10"") on irradiation time, where A(I3’) is the absorbance of
the photoproduced I3 at 351 nm and 2/, (1-107") is the sum of all absorbed light intensities
at wavelengths A; (400-700 nm), which was compared with that of the unmodified sample.
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Fig. 3. (A) 5,10,15,20-tetraphenylporphyrin (TPP) (B) Time profiles of I;” absorbance at 351 nm
related to absorption of excitation light in iodide detection solution. (C) Photoantibacterial activity
estimated as a proportion of the CFU of E. coli observed on agar plates after inoculation with bacteria
collected from the surfaces of sample with and without TPP. (1, black) — unmodified membrane, (2,
blue - sulfonated membrane, (3, red) — sample after oxygen plasma treatment (4, green) — sample with
PD. (adapted from '%)

The PE of the hydrophobic sample was accelerated by all post-processing
modifications. For samples with sulfonation (PE = 3.47) and plasma tretmend (PE = 3.50),
the increase in photo-oxidation was nearly identical. The lower PE of sample with PD
coating (PE = 1.44) can be primarily attributed to the filter effect of the light grey PD
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coating, which reduced the transmittance of the pristine PS material in the TPP absorption
region by 14.5-8 %.

Although the antibacterial efficiencies of the samples with and without the
photosensitizer can be directly compared under the same experimental conditions, the
efficiencies of samples with different surfaces are difficult to compare with each other. In
addition to the lack of homogeneity of the samples with a defined degree of derivatization
and different intakes of nutrients, we also must consider the filter effect of the PD coating.
Nevertheless, the results clearly indicate that all hydrophilic modifications strongly
increased the photo-antibacterial activity toward Escherichia coli K-12 (Fig. 2C). The
differences arise with irradiation time. For example, 20 min of irradiation of material
modified with oxygen plasma treatment under simulated daylight caused a significant
decrease in the number of colony forming units CFUs (approximately 0-10% of the
corresponding CFUs in the dark) in contrary to unmodified material (approximately 90% of
the corresponding CFUs in the dark).

IIT) Effect of Temperature on Photophysical Properties of Polymeric Nanofiber
Suchanek J., Henke P., Mosinger J., Zelinger Z., Kubat P.: J. Phys. Chem. B 2014,
118, 6167-6174.

We also expected that the photooxidation and/or antibacterial efficiency of prepared
nanofiber materials (with encapsulated or externally bound porphyrin photosensitizers) are
influenced by temperature-dependent changes in photophysical parameters of the
photosensitizer and the properties of its environment (e.g. diffusion of oxygen in polymers'
and solvent-dependent channel for nonradiative deactivation of Oz(lAg)M).

The kinetics of formation and the decay of both singlet oxygen Oz(lAg) and porphyrin
triplet states that are generated by irradiation of nanofiber materials in an air atmosphere or
in an air-saturated aqueous solution were measured and evaluated by luminescence and
transient absorption spectroscopy in the temperature range between 5 and 60 °C. We found
shortening of the 02('Ag) lifetime and a significant increase in singlet oxygen-sensitized
delayed fluorescence at higher temperatures. Nanofiber materials with externally bound
porphyrin have a considerably weaker temperature dependence for Oz(lAg) lifetimes than
polymeric nanofiber materials with encapsulated porphyrin. These photophysical data show
an increase in the diffusion coefficient for Oz(lAg) with temperature, and they are consistent
with a stronger antibacterial effect of the nanofiber material with TPP on Escherichia coli at
higher temperature. The diffusion of Oz(lAg) toward bacteria control the antibacterial
properties of PS nanofiber materials with encapsulated TPP.

SODF is a very sensitive method for sensing of Oz(lAg) in trace concentrations inside
polymeric objects; however, the exact calculation of lifetimes of the porphyrin triplet states
and Oz(lAg) may provide different values than phosphorescence and transient absorption
measurements. A significant increase in SODF at high temperature corresponds with higher
diffusion of Oz(lAg) toward triplet porphyrin molecules in the polymer matrix.
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IV) Antibacterial, Antiviral, and Oxygen-Sensing Nanoparticles Prepared from
Electrospun Materials. Henke P., Kirakci K., Kubat P., Fraiberk M., Forstova J.,
Mosinger J.: ACS Appl. Mater. Interfaces 2016, 8,25127-25136.

In respect of drawbacks of nanofibers mentioned before, polymeric nanoparticles
(NPs) are advantageous thanks to size effects that allow overcoming singlet oxygen
diffusion limitations

The simple nanoprecipitation method was used for preparation of stable photoactive
polystyrene NPs (diameter 30£10 nm) from sulfonated electrospun polystyrene nanofiber
membranes with encapsulated TPP or Pt-octacthylporphyrin (Pt-OEP, Fig. 4A). Resulting
NPs have a negative charged surface due to extensive sulfonation, which prevent
aggregation in aqueous environment and allows to travel and release of Oz(lAg) in the close
proximity of the chemical/biological targets. As prepared NPs with TPP have strong
antibacterial and antiviral properties and can be applied for photooxidation of external
substrates based on photogenerated singlet oxygen. In contrast to nanofiber membranes with
limited photooxidation ability nearby the surface, NPs are able to travel towards target
species/structures. The antiviral and antibakterial effect of NPs with TPP was evaluated for
Escherichia coli, non-enveloped mouse polyomavirus and enveloped recombinant pVL-VP1
baculovirus as described in publication. During antibacterial test, after 5 minute of
irradiation by visible light, the number of CFUs drops from ca 900 to 7. No colonies were
found after 10 min of irradiation (Fig. 4C). Viruses appeared to be even more sensitive to
Oz(lAg) caused inactivation. Especially, non-enveloped polyomaviruses are extremely
sensitive to the presence of irradiated NPs TPP probably due to higher accessibility of the
amino acid residues that are sensitive to Oz('Ag) as non-enveloped viruses are enclosed in
protective, protein-only capsids.®

Polystyrene core is transparent to visible light, has a high oxygen diffusion
coefficient® and the oxygen concentration can be easily monitored by luminescence of
encapsulated Pt-OEP. NPs with Pt-OEP can be used for oxygen sensing in aqueous media
and they presented high and linear responses to a broad range of oxygen concentrations (Fig.
4C). The nanofiber membranes can be applied not only as a source of NPs but also as an
effective filter for their removing from the solution.
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Fig. 4. (A) Pt-octaethylporphyrin (Pt-OEP) (B) Stern-Volmer plot for NPs Pt-OEP luminescence
intensity and dissolved oxygen concentrations. (C) Photoantibacterial activity estimated as an average
number of the CFUs of Escherichia coli observed on agar plates after irradiation by visible light. NPs
without TPP (blue), with TPP (red) and NPs TPP stored at dark (blue).
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Conclusions

The electrospun polystyrene nanofiber materials sulfonated with chlorosulfonic acid
are ideal substrates for the adsorption of porphyrin assemblies (namely TMPyP) that can
effectively generate singlet oxygen. The combination of the electrospinning technique and
electrostatic assembly allows us to take advantage of the highly specific surface area, easy
exposure of the porphyrin molecules to light and oxygen, flexibility, lightweight, and high
porosity of the nanofiber materials while simultaneously providing versatile properties that
can be fine-tuned by varying the porphyrin/-SO; ratio, including the rapid, selective
adsorption of cationic species, such as heavy metal cation contaminants or organic
pollutants, and the killing of bacteria by singlet oxygen.

Second approach to more efficient antibacterial effect was focused on modification of
existing electrospun polystyrene nanofiber materials with encapsulated TPP photosensitizer.
Materials were modified through sulfonation, radio-frequency oxygen plasma treatment and
polydopamine coating. The nanofiber materials exhibited efficient photogeneration of
singlet oxygen. The post-processing modifications strongly increased the wettability of the
pristine hydrophobic PS nanofibers. The increase in the surface wettability yielded a
significant increase in the photo-oxidation of external polar substrates and in the
antibacterial activity of the nanofibers in aqueous surroundings. The results reveal the
crucial role played by surface hydrophilicity/wettability in achieving the efficient photo-
oxidation of a chemical substrate/biological target at the surface of a material generating
Oz(lAg) with a short diffusion length.

We studied the influence of temperature on the generation and decay of Oz(lAg) by
irradiation of porphyrin photosensitizers inside and outside of polymeric nanofiber
materials. It provides insight into a potential application of photoactive nanofiber materials
at different temperatures. An increase in temperature led to an increase in diffusion of the
Oz(lAg) and oxygen in the ground state toward quenchers (quenching groups, porphyrin
triplets) and a corresponding shortening in its lifetime but did not significantly influence the
yield of Oz(lAg) formation. In conclusion photoantibacterial properties increase at higher
temperature. Nanofiber materials with externally bound porphyrin have a considerably
weaker temperature dependence for Oz(lAg) lifetimes than polymeric nanofiber materials
with encapsulated porphyrin.

We have demonstrated a fast and simple top-down process for fabrication of stable
photoactive polystyrene NPs from polystyrene electrospun nanofiber material. NPs with
TPP had strong antibacterial and antiviral properties. Reasons were short lifetime of Oz(]Ag)
(several microsecond in aqueous media) and NPs ability to “travel” to close proximity of the
chemical/biological targets and allow their more efficient photooxidation than those for
electrospun membranes with limited oxygen diffusion to the target structures. NPs with
encapsulated Pt-OEP exhibited reversible luminescent response and linear Stern—Volmer
quenching behavior over the whole range of dissolved oxygen concentrations and can be
applied for oxygen sensing. The polyuretane nanofiber membranes prepared by industrial
electrospinning method can be used as an efficient filter to remove bacteria and prepared
NPs from solution.
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