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4. Omowienie celu naukowego i uzyskanych wynikéw

4.1. Wprowadzenie

Nowotwory skéry (w tym podstawnokomérkowy nowotwér skéry) sg obecnie
jednymi z najczesciej wystepujacych nowotworéw u ludzi. Z roku na rok liczba
wykrywanych przypadkdéw rosniel. Najczesciej wystepujg one u mezczyzn o jasnym kolorze
skoéry na terenach o najwiekszej ekspozycji na promieniowanie UV. Ryzyko zachorowania
ros$nie z wiekiem, a mediana wieku zachorowania wynosi 68 lat?. Nalezy jednak zauwazy¢,
ze réwnoczesnie wzrasta Swiadomos¢ spoteczenstwa dotyczgca profilaktyki raka
podstawnokomodrkowego skoéry, co w konsekwencji prowadzi do wzrostu liczby
wykrywanych przypadkdéw.

Bez wzgledu jednak na przyczyne tego wzrostu, koniecznym pozostaje opracowanie
skutecznych metod leczenia. Do obecnie stosowanych metod mozna zaliczyé
chemioterapie, radioterapie czy terapie chirurgiczng, ktdra jest najczesciej wykorzystywana
w przypadku leczenia podstawnokomodrkowego nowotworu skory. Niestety techniki te
powodujg wiele efektéw ubocznych3, ktérych obecny stan wiedzy pozwala unikngé
opracowujgc skuteczniejsze terapie.

Terapia fotodynamiczna to nowoczesna metoda leczenia nowotwordw, ktéra
wykorzystuje trzy elementy: swiattoczuty lek, tzw. fotouczulacz, zrédto Swiatta oraz tlen
czgsteczkowy. Ich potgczenie prowadzi do rozpoczecia kaskady reakcji prowadzacych do
Smierci komoérek. Terapia ta nosi znamiona terapii celowanej, wywotujgc Smierc

komoérkowag jedynie w miejscu naswietlenia (Rysunek 1).

1Jones O.T. et al. (2020) Adv Ther., 37(1):603-616.
2 Peris K. et al. (2019) European Journal of cancer 118: 10-34.
3 Kirby JS, Miller CJ. (2010) J Am Acad Dermatol. 63(4):689-702.
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Rys. 1. Mechanizm dziatania terapii fotodynamicznej. Zrédto: Sztandera K. et al. (2020),

WIREs: Nanomedicine and Nanobiotechnology, zmodyfikowano.

Naswietlenie substancji fotouczulajacej sSwiattem o odpowiedniej dtugosci fali
prowadzi do absorpcji fotondw przez fotouczulacz, a nastepnie do przejscia
z podstawowego poziomu energetycznego w niestabilny, singletowy stan wzbudzony.
Wzbudzona czgsteczka fotouczulacza moze ulec przejsciu bezpromienistemu w znacznie
stabilniejszy stan trypletowy lub energia moze zostaé uwolniona w postaci fluorescenc;ji.
W stanie trypletowym energia moze zosta¢ uwolniona w postaci ciepta, fosforescencji lub
reakcji fotodynamicznych odpowiedzialnych za wywotanie efektu terapeutycznego.

Wyrdznia sie dwa rodzaje reakcji fotodynamicznych. W pierwszym typie reakcji
dochodzi do przeniesienia elektronu ze wzbudzonej czgsteczki fotouczulacza bezposrednio
na skfadniki wewngtrzkomaérkowe takie jak aminokwasy, kwasy ttuszczowe lub nukleinowe.
Reakcja ta prowadzi do powstania wolnych rodnikéw, takich jak anionorodnik
ponadtlenkowy czy rodnik wodoronadtlenkowy, ktdre uszkadzajg struktury komérkowe
lub mogg reagowac z tlenem tworzgc wewngatrzkomaérkowe reaktywne formy tlenu (RFT).
W drugim typie reakcji energia przenoszona jest na tlen czgsteczkowy, prowadzac do
powstania tlenu singletowego, réwniez bedacego silnym utleniaczem. Reakcje te
odpowiadajg za efekt cytotoksyczny oraz wyzwalajg silne reakcje zapalne prowadzac do

Smierci komorek (Rysunek 2). To, ktora reakcja przewaza, zalezy od dostepnosci tlenu oraz



zastosowanego fotouczulacza, dlatego tez dla otrzymania pozadanego efektu

terapeutycznego niezbedne jest dobranie odpowiedniej substancji fotouczulajgce;j.
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Rys. 2. Schemat aktywacji fotouczulacza. Zrédto: Sztandera K. et al. (2020), WIREs:

Nanomedicine and Nanobiotechnology, zmodyfikowano.

Jednym z wyrdzniajacych sie fotouczulaczy jest r6z bengalski (Rysunek 3). Jest to
nalezgca do rodziny ksantanéw pochodna fluoresceiny wykazujgca witasciwosci
fluorescencyjne. Pierwotnie réz bengalski byt stosowany jako barwnik wetny, ale pdzniej
znalazt zastosowanie w medycynie i obecnie jest powszechnie stosowany w okulistyce
w celu wykrywania uszkodzer spojéwki oraz rogéwki#, a takze bywa stosowany w leczeniu
nowotwordw skory®, przetyku czy gtowy i szyi®. R6z bengalski moze by¢ rowniez stosowany
w terapii fotodynamicznej raka podstawnokomdrkowego skéry’, lecz jego uzycie w tej
terapii jest ograniczone ze wzgledu na krétki okres pottrwania w organizmie, tendencje do

agregacji oraz ujemny tadunek, co powoduje ograniczony transport dokomdrkowy?.

4 Doughty. (2013) Contact Lens and Anterior Eye, 36.6: 272-280.
5 Thompson et al. (2008) Melanoma research, 18.6: 405-411.

6 Wang et al. (2014) Biomaterials, 35.6: 1954-1966.

7 Collier et al. (2020) Molecules, 25.22: 5398.

8 Demartis et al. (2021) Dyes and Pigments, 188, 109236.



Rys. 3. Struktura chemiczna rézu bengalskiego

Dzisiejszy stan wiedzy z zakresu nanotechnologii umozliwia zastosowanie
nanoukfadéw jako nosnikéw rézu bengalskiego. Zadaniem takiego nosnika jest ochrona
leku przed degradacja, zwiekszenie jego rozpuszczalnosci, wydtuzenie okresu péttrwania
w organizmie, a takze transport celowany i uwolnienie leku bezposrednio w obrebie
komodrek nowotworowych. Wsrdd duzej liczby dostepnych obecnie i dobrze
scharakteryzowanych nanoukfadéw nalezy wyrdzni¢ dendrymery oraz dendrymersomy
i polimersomy.

Dendrymery to rozbudowane zwigzki organiczne, ktére cechujg sie symetryczng,
dobrze scharakteryzowang strukturg. Sg to tréjwymiarowe polimery, ktdrych ksztatt zbliza
sie do kulistego wraz ze wzrostem generacji (liczby przytaczonych warstw monomerow).
Zbudowane sg z rdzenia, od ktdrego promieniscie rozchodzg sie ramiona zwane
dendronami. Na ich koncu znajdujg sie grupy funkcyjne, ktére w duzej mierze odpowiadajg
za witasciwosci catego dendrymeru. Ta budowa umozliwia przytaczenie leku za pomoca
niekowalencyjnych oddziatywan na zewnatrz i wewnatrz struktury, a takze przez znacznie
stabilniejsze, kowalencyjne wigzania. W pierwszym rozwigzaniu nie dochodzi do
jakiejkolwiek modyfikacji struktury fotouczulacza, czego skutkiem jest brak zmian jego
wiasciwosci fotodynamicznych, jednakie kompleks taki moze by¢ mniej stabilny

w warunkach in vivo w poréwnaniu do kowalencyjnego koniugatu®.

9 Jiang, Yan-Yan, et al. (2010) Journal of drug targeting, 18.5: 389-403.
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Alternatywnym rozwigzaniem jest enkapsulacja rézu bengalskiego wewnatrz
polimersomu lub dendrymersomu. S3 to zwigzki zbudowane z amfifilowych monomeréw,
ktére w srodowisku wodnym ulegajg samoorganizacji. Prowadzi to do powstania struktur

posiadajgcych dwuwarstwowg btone, podobnych do liposoméw (Rysunek 4).
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Rys. 4. Schemat budowy: (A) polimersomu oraz (B) dendrymersomu.

Oba rodzaje nanopecherzykéw posiadajg w swojej budowie réwniez elementy wrazliwe na
zmiane pH, ktére w $rodowisku kwasnym ulegajg protonacji, powodujgc rozluznienie
struktury btony. Witasciwos¢ ta umozliwia enkapsulacje leku wewnatrz struktury,
przetransportowanie go do docelowego miejsca dziatania i uwalnianie zalezne od pH
srodowiska. Do gtéwnych rdéznic miedzy tymi dwoma nanouktadami mozna zaliczy¢ sktad
ich bfony: dendrymersomy zbudowane sg z amfifilowych dendrondw, natomiast
polimersomy z kopolimeru blokowego. Zastosowany w niniejszej pracy polimersom
dodatkowo w swojej strukturze posiada ugrupowanie chemiczne umozliwiajgce
sieciowanie swiattem UV. Proces ten stabilizuje strukture polimersomu uniemozliwiajac jej

reorganizacje.

11



4.2, Cel pracy i hipoteza badawcza

Gtéwnym celem niniejszej pracy byto opracowanie najbardziej wydajnego nosnika rézu
bengalskiego oraz jego charakterystyka biofizyczna i ocena potencjatu fotodynamicznego
nanoukfadéw sktadajacych sie z badanego nanouktadu oraz rézu bengalskiego w badaniach
in vitro.

Hipoteza badawcza zaktadata, ze badane nanouktady zwiekszg efektywnos$é transportu
dokomodrkowego, co w konsekwencji zwiekszy aktywno$¢ fotodynamiczng roézu

bengalskiego.

4.3. Metodyka badan

Badania przeprowadzono z zastosowaniem czterech nanouktadéw sktadajgcych sie z:

1. Kompleksow komercyjnie dostepnych dendrymerdw poliamidoaminowych (ang.
poly(amidoamine), PAMAM)0 oraz polipropylenoiminowych (ang.
poly(propyleneimine), PPI)!! generacji trzeciej oraz czwartej potgczonych z rézem
bengalskim za pomoca oddziatywan niekowalencyjnych (PAMAM G3:RB, PAMAM
G4:RB, PPl G3:RB, PPI G4:RB)

2. Koniugatéw dendrymeréw fosforowych!? pierwszej, drugiej oraz trzeciej generacji
potgczonych z rdiem bengalskim za pomocg wigzania kowalencyjnego
z uzyciem tyraminy (G1-TYR-RB, G2-TYR-RB, G3-TYR-RB). Badane zwigzki zostaty
zsyntezowane przez zesp6t prof. Jeana Pierra Majorala z Laboratory of Coordination
Chemistry of CNRS w Tuluzie oraz dr Monike Marcinkowska z Katedry Biofizyki Ogdlne;j.

3. Polimersoméw skfadajgcych sie z syntetycznego, amififilowego blokopolimeru
z enkapsulowanym rdézem bengalskim (Psome RB). Blokopolimer ten zostat
zsyntezowany przez zespot prof. Dietmara Appelhansa z Leibniz Institute of Polymer
Research w Dreznie.

4. Dendrymersomow sktadajgcych sie z dendrondw triazynowo-karbokrzemowych
generacji drugiej oraz trzeciej z enkapsulowanym rézem bengalskim (Dsome G2/G3
RB), zsyntezowanych przez zespét dr. Evgeny’a Apartsina z Laboratory of Coordination

Chemistry of CNRS w Tuluzie.

10 Tomalia, Rookmaker, (2009) Oxford University Press, pp. 979— 982
11 Meijer, (1993) Angew. Chem. Int. Ed. Engl, 32: 1308-1311.
12 Caminade, Majoral, (2004) Accounts of chemical research, 37.6 (2004): 341-348.

12



Jako model in vitro postuzyty trzy mysie linie komérkowe raka podstawnokomadrkowego
skory (AsZ, BsZ, CsZ) otrzymane od Dr. Ervina Epsteina z Children's Hospital Oakland
Research Institute w USA. Badane linie komdrkowe wykazywaty mutacje w genie PTCH1
wystepujgcg u pacjentéw ze sktonnoscig do rozwijania raka podstawnokomorkowego
skory. Dodatkowo linie BsZ oraz CsZ miaty wyciszony gen P53, ktéry koduje biatko
supresorowe nowotworow. Guzy u myszy indukowane byty przy uzyciu promieniowania
UV- linia komdrkowa AsZ oraz promieniowania jonizujgcego- linia komdrkowa BsZ,
natomiast myszy od ktdérych wyizolowano linie CsZ nie byty poddane naswietlaniu. Nalezy
podkresli¢, ze mimo rdznic wystepujacych miedzy badanymi liniami komadrkowymi
uzyskane wyniki dla wszystkich linii byty zblizone, co swiadczy o uniwersalnym charakterze

obserwacji.

Badania przeprowadzono przy uzyciu ponizszych materiatéw oraz metod:

1. Pomiar intensywnosci fluorescencji w celu:

a. okreslenia wptywu koniugacji RB z dendrymerem fosforowym (G-TYR-RB),
kompleksowania RB z dendrymerami PAMAM/PPI (PAMAM G3:RB, PAMAM
G4:RB, PPl G3:RB, PPl G4:RB), enkapsulacji RB w dendrymersomie (Dsome
G2/G3 RB) i polimersomie (Psome RB)

b. Oznaczenia stechiometrii reakcji tworzenia komplekséw rézu bengalskiego
z dendrymerami PAMAM/PPI

c. Oceny wydajnosci enkapsulacji RB w dendrymersomie i polimersomie

2. Ocena $rednicy hydrodynamicznej badanych nanouktadédw za pomocg pomiaru
dynamicznego rozpraszania swiatta (ang. Dynamic Light Scattering, DLS).

3. Ocena powierzchniowego potencjatu elektrostatycznego badanych nanouktaddéw przy
pomocy pomiaru potencjatu zeta.

4. Pomiar szybkosci uwalniania leku z koniugatéw oraz dendrymersoméw
i polimersoméw z enkapsulowanym rézem bengalskim w pH 5 oraz pH 7,4 za pomoca
dializy rownowagowe;.

5. Pomiar produkgcji tlenu singletowego przez wolny réz bengalski, nanouktady z rézem
bengalskim i bez przy uzyciu sondy fluorescencyjnej (SOSG lub ABDA).

6. Pomiar produkcji reaktywnych form tlenu przez wolny réz bengalski oraz badane

nanouktady w mysich liniach komorkowych AsZ, BsZ, CsZ przy uzyciu sondy HDCFDA.

13



7. Transport dokomoérkowy badanych nanouktadéw w mysich liniach komérkowych Asz,
BsZ, CsZ przy uzyciu cytometrii przeptywowej.

8. Oznaczenie cytotoksycznosci wolnego rézu bengalskiego, nanouktaddw z rézem
bengalskim i bez po naswietlaniu oraz bez naswietlania w mysich liniach komérkowych
(AsZ, BsZ, CsZ) za pomocg metody MTT.

9. Oznaczenie lokalizacji wewnatrzkomoérkowej dendrymersomoéw z enkapsulowanym

rézem bengalskim przy uzyciu mikroskopii konfokalnej.

4.4, Omodwienie wynikow

W ramach niniejszej pracy przebadano cztery nanoukfady rdéznigce sie strukturg,
wtasciwosciami chemicznymi oraz sposobem przenoszenia rézu bengalskiego.

Pierwszy etap badan obejmowat wykorzystanie komercyjnie dostepnych oraz dobrze
scharakteryzowanych kationowych dendrymeréw PAMAM oraz PPl trzeciej i czwartej
generacji, ktére sg w stanie transportowa¢ rdéz bengalski dzieki tworzeniu
niekowalencyjnych komplekséw. Stechiometrie reakcji kompleksowania okreslono za
pomocg pomiaru intensywnosci fluorescencji oraz potencjatu zeta. W pierwszym
przypadku podczas miareczkowania rézu bengalskiego dendrymerem dochodzito do
stopniowego obnizenia intensywnosci fluorescencji, a nastepnie przesuniecia dtugosci fali
emisji w kierunku fal podczerwonych i ponownego wzrostu intensywnosci fluorescencji.
Takie przesuniecie maksimum emisji jest przypisywane w literaturze wigzaniu czgsteczek
do powierzchni dendrymeru?3. Nastepnie na podstawie tych danych wyznaczono stosunek
intensywnosci fluorescencji przy pierwotnej oraz przesunietej w kierunku fal
podczerwonych dtugosci fali emisji. Przy uzyciu metody Joba'* okre$lono maksymalne
stosunki molowe dendrymer:réz bengalski (D:RB), przy ktérych wszystkie czgsteczki rézu sg
zwigzane przez badany dendrymer. Wyniki te potwierdzono réwniez za pomocg pomiaru
potencjatu zeta, gdzie podczas miareczkowania dendrymeru rézem bengalskim dochodzito
do stopniowego obnizenia potencjatu zeta, az do osiggniecia plateau. Dodatkowo pomiar
potencjatu zeta wykazat, ze przy maksymalnych stosunkach molowych kompleksy

posiadaty silnie ujemny fadunek powierzchniowy, ktdry mdgtby byé przeszkoda

13 Klajnert, B., Bryszewska, M. (2002) CMBL, 7(4), 1087-1094.
14 Huang, C. Y. (1982) Methods Enzymol, 87, 509— 525.
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w transporcie dokomdérkowym?®, dlatego do dalszych eksperymentéw wybrano optymalny
stosunek molowy (1:10) czyli taki, przy ktérym caty uktad wykazuje dodani tadunek
powierzchniowy. Analiza tworzenia komplekséw i ocena wptywu kompleksowania na
geometrie dendrymerdw zostaty réwniez przeprowadzone przy uzyciu metod in silico przez
zespot prof. Marco A. Deriu z PolitoMedLab, Politecnico di Torino z Wtoch.

Dalsze badania wykazaty zwiekszong produkcje tlenu singletowego przez kompleksy
dendrymeréw generacji trzeciej, a takze zwiekszong produkcje wewngtrzkomérkowych
reaktywnych form tlenu przez kompleksy obu generacji dendrymeréw PPI. Transport
dokomérkowy byt znaczaco zwiekszony dla wszystkich komplekséw, a widoczne miedzy
nimi réznice mozna przypisa¢ réznicy potencjatéw powierzchniowych okreslonych na
podstawie badan in silico (kompleks, ktéry wykazywat najbardziej dodatni fadunek byt
transportowany do komdrek z najwyzszg wydajnoscig). W efekcie zostata zaobserwowana
najwyzsza fototoksyczno$¢ komplekséow rézu bengalskiego i dendrymerdw PPl generacji
trzeciej.

Kompleksy dendrymeréw z rézem bengalskim wydajnie przenosity lek do komérek
jednoczesnie zwiekszajgc jego aktywnos¢ fotodynamiczng. Nalezy zauwazy¢ jednak, ze
niekowalencyjne kompleksy dendrymer:lek w mniejszym stopniu niz kowalencyjne
koniugaty chronig lek przed biodegradacjg w organizmie. Dlatego do kolejnego etapu prac
wybrano bardziej stabilne koniugaty dendrymeréw fosforowych pierwszej, drugiej oraz
trzeciej generacji potaczonych z rézem bengalskim za pomocg wigzania kowalencyjnego
poprzez facznik na bazie tyraminy. Tyramina jest stabilnym tgcznikiem
o odpowiedniej dtugosci, pozwalajgcej wyeksponowac rdéz bengalski na powierzchni
dendrymeru. Obecnos$¢ grup fenolowych umozliwia wytworzenie wigzania
kowalencyjnego, majgcego za zadanie zwiekszyé stabilno$¢ nanouktadu i chroni¢ go przed
degradacjg w organizmie.

Stopniowa modyfikacja chemiczna rézu bengalskiego i przytgczanie do niego kolejnych
elementéw koniugatu za pomocg wigzan kowalencyjnych powodowata spadek
intensywnosci fluorescencji. Warto rowniez zauwazy¢, ze wraz ze zmniejszajgcy sie
generacjg dendrymeru fosforowego intensywnos¢ fluorescencji malata, do tego stopnia, ze

koniugat dendrymeru fosforowego generacji pierwszej w ogdle jej nie wykazywat.

5 Honary S, Zahir F. (2013) Trop J Pharm Res. 12(2):255-264.
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W zwigzku z tym do dalszej oceny wtasciwosci fotodynamicznych zostat wybrany koniugat
generacji trzeciej oraz réz bengalski potagczony z tyraming jako forma przejsSciowa miedzy
wolnym rézem a koniugatem.

Za pomocg DLS oraz pomiaru potencjatu zeta okreslono, ze G3-TYR-RB posiada srednice
hydrodynamiczng wynoszgca ok. 18 nm oraz dodani tadunek powierzchniowy wynoszacy
44,5 mV. Za pomaca dializy réwnowagowej okreslono, ze koniugat jest stabilny zaréwno
w pH 7,4 jak i pH 5, a r6z bengalski jest uwalniany w niewielkiej ilosci.

Transport dokomérkowy zbadany za pomocg cytometrii przeptywowej wykazat, ze
nawet niewielka modyfikacja rézu bengalskiego przez potgczenie go z tyraming powoduje
obnizenie wydajnosci transportu. Caty koniugat byt réwniez transportowany w mniejszym
stopniu niz wolny lek.

Modpyfikacja rézu bengalskiego powodowata obnizenie produkcji tlenu singletowego,
a dodatkowo ograniczony transport dokomaérkowy przektadat sie na zmniejszenie generacji
wewnatrzkomoérkowych reaktywnych form tlenu. W konsekwencji mozna byto
zaobserwowac zmniejszony efekt fototoksyczny.

Wyniki drugiego etapu badan wykazaty, ze modyfikacja kowalencyjna rézu bengalskiego
umozliwia wytworzenie stabilnego nanoukfadu, ale jednoczesnie zmniejsza aktywnos¢
fotodynamiczng leku. Ponadto koniugaty nie majg zdolnosci uwolnienia leku w $cisle
kontrolowanych warunkach. Takie wtasciwosci natomiast posiadajg dendrymersomy oraz
polimersomy analizowane podczas kolejnych etapdéw badan.

Badany polimersom zbudowany jest z amfifilowego kopolimeru blokowego
wzbogaconego o element odpowiedzialny za sieciowanie $wiattem UV oraz element
wrazliwy na zmiane pH. Pomiar srednicy hydrodynamicznej w kwasnym oraz obojetnym
Srodowisku wykazat stabilnos¢ polimersomu oraz zdolno$¢é do rozluzniania struktury btony
w Srodowisku kwasnym. Z kolei pomiar potencjatu zeta wykazat dodatni tadunek
powierzchniowy polimersomu, ktéry obnizat sie po enkapsulacji rézu bengalskiego. Za
pomocg dializy réwnowagowej potwierdzono réwniez mozliwo$¢ zatrzymywania rdézu
bengalskiego wewnatrz struktury w pH 7,4 oraz uwalniania w pH 5,5. Badania
spektroskopowe wykazaty wysokg wydajno$é enkapsulacji rézu bengalskiego
w polimersomie wynoszgcg okoto 60%, a dodatkowo przesuniecie maksimum emisji
wskazato na oddziatywania miedzy czasteczkami rézu bengalskiego a polimersomem, co

prawdopodobnie dodatkowo stabilizowato caty nanouktad.
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W dalszej czesci pracy zbadano generacje tlenu singletowego oraz reaktywnych form
tlenu, ktéra okazata sie znaczaco zwiekszona w przypadku rézu bengalskiego
enkapsulowanego w polimersomie. To wfasnie ten efekt bezposrednio przetozyt sie na
zwiekszong cytotoksyczno$¢ tego nanouktadu, poniewaz transport dokomodrkowy byt
jedynie w niewielkim stopniu zwiekszony, prawdopodobnie z powodu niewielkiego
dodatniego potencjatu powierzchniowego polimersomu.

W ostatnim etapie badan okreslono zdolnos¢ dendrymersoméw zbudowanych
z amfifilowych, triazynowo-karbokrzemowych dendrondw generacji drugiej oraz trzeciej do
transportu rézu bengalskiego. Dendrymersomy te sg wrazliwe na zamiany pH i ulegajg
protonacji w Srodowisku kwasnym, co prowadzi do rozluznienia ich struktury i daje
mozliwos¢ uwolnienia leku w obrebie guza.

Za pomocyg badan spektrofluoremetrycznych stwierdzono wysokg wydajnosc
enkapsulacji fotouczulacza w dendrymersomach. Zaobserwowano réwniez przesuniecie
dtugosci fali emisji, co moze swiadczy¢ o dodatkowych oddziatywaniach rézu bengalskiego
z dendrymersomem. Wysoki, dodatni tadunek powierzchniowy jest dodatkowym atutem
tego nanouktadu w kontekscie transportu dokomérkowego. Wyniki przeprowadzonej
dializy rownowagowej wykazaty, ze réz bengalski jest uwalniany znacznie wolniej
z dendrymersomu trzeciej generacji w srodowisku kwasnym. Dalsze badania wykazaty
zwiekszong produkcje tlenu singletowego przez dendrymersom generacji trzeciej
w poréwnaniu do wolnego leku oraz dendrymersomu generacji drugiej. Wszystkie te wyniki
wskazujg na wystepowanie silniejszych oddziatywan miedzy rézem bengalskim
a dendrymersomem generacji trzeciej niz drugiej.

Za pomocg cytometrii przeptywowej oraz mikroskopii konfokalnej wykazano znaczacy
wzrost dokomdrkowego transportu rézu bengalskiego za pomocg dendrymersoméw obu
generacji. Efekt ten znalazt odzwierciedlenie w  zwiekszonej  produkcji
wewnatrzkomérkowych reaktywnych form tlenu, co w konsekwencji spowodowato

znacznie zwiekszony efekt fototoksyczny.
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4.5.

Podsumowanie i wnioski

Na podstawie badan przeprowadzonych w ramach niniejszej rozprawy doktorskiej mozna

sformutowac nastepujgce obserwacje:

1.

Kompleksy dendrymerdw PPl z rézem bengalskim wykazujg zwiekszony transport
dokomérkowy oraz produkcje tlenu singletowego w stosunku do dendrymeréw
PAMAM, jednak oba rodzaje dendrymerdw kationowych mogg stuzy¢ jako wydajne
nosniki rézu bengalskiego w terapii fotodynamiczne;j.

Modyfikacja kowalencyjna rézu bengalskiego wptywa na jego witasciwosci
fluorescencyjne, obniza produkcje tlenu singletowego oraz transport dokomdrkowy
powodujgc zmniejszenie potencjatu fotodynamicznego.

Polimersomy zbudowane z syntetycznego blokopolimeru zdolne s3 do wydajnej
enkapsulacji rézu bengalskiego i jego uwalniania w s$rodowisku kwasnym.
Polimersomy wydajnie transportujg réz bengalski do wnetrza komérki oraz
powodujg zwiekszong produkcje tlenu singletowego, co w konsekwencji przektada
sie na zwiekszony efekt fototoksyczny.

Dendrymersomy zbudowane z dendronéw triazynowo-karbokrzemowych generacji
drugiej oraz trzeciej znaczaco zwiekszajg transport dokomérkowy rézu
bengalskiego, produkcje tlenu singletowego oraz wewnatrzkomérkowych
reaktywnych form tlenu, zwiekszajagc tym samym aktywnos$¢ fotodynamiczng

badanego fotouczulacza.

Whioski:

1.

2.

Przewage wsréd badanych nanonosnikdw rézu bengalskiego majg nanouktfady,
ktdre nie wymagajg chemicznej modyfikacji rézu bengalskiego. Optymalne w tym
kontekscie wydajg sie nanopecherzyki zapewniajgce wydajny transport i wysoka,
kontrolowang stabilnos¢.

Sposrdd przebadanych w niniejszej pracy nanouktadéw, najbardziej obiecujgcym
nosnikiem rézu bengalskiego w terapii fotodynamicznej raka
podstawnokomérkowego skéry jest dendrymersom, ktéry w najwyzszym stopniu
zwiekszat wydajnosc¢ transportu dokomadrkowego, co w konsekwencji przektadato

sie na zwiekszong aktywnos¢ fotodynamicznag.
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5. Streszczenie w jezyku polskim

Terapia fotodynamiczna to alternatywna metoda leczenia m.in. nowotwordéw skory,
ktdra w znaczacy sposdb ogranicza skutki uboczne dotychczas stosowanych technik takich
jak radioterapia czy chemioterapia. Podstawg jej dziatania jest jednoczesne zastosowanie
fotouczulacza, zrédfa Swiatta o odpowiedniej dla substancji fotouczulajgcej dtugosci fali
oraz tlenu czasteczkowego. Naswietlony lek oddziatuje z tlenem czgsteczkowym
produkujgc reaktywne formy tlenu, ktére powodujg $mieré komodrek. Jednym
z najwazniejszych czynnikéw decydujgcych o powodzeniu terapii jest fotouczulacz,
natomiast jego efekt terapeutyczny moze by¢ ograniczony przez niskg rozpuszczalnosc
i specyficznos$¢ leku czy niewystarczajacg akumulacje w obrebie guza. W zwigzku z tym
trwajg szeroko zakrojone badania majace na celu opracowanie nosnikéw fotouczulaczy. Do
dzisiaj zsyntezowano wiele nanouktadéw, z ktérych dendrymery, a takze dendrymersomy
i polimersomy zastugujg na uwage.

Gtéwnym celem niniejszej pracy byta charakterystyka czterech nanouktadéw,
réznigcych sie budowa oraz sposobem przenoszenia obiecujgcego fotouczulacza, jakim jest
roz bengalski, a takze ocena mozliwosci zastosowania tych nanouktadéw w terapii
fotodynamicznej.

Badania w ramach niniejszej pracy podzielone byty na cztery etapy. W kazdym zostat
przebadany inny nanouktad pod katem: (a) wtasciwosci biofizycznych takich jak $rednica
hydrodynamiczna, potencjat zeta, wtasciwosci spektralne, a takze zdolnos¢ do tworzenia
komplekséw lub enkapsulacji; (b) ocena generacji tlenu singletowego, produkcji
wewnatrzkomérkowych reaktywnych form tlenu, transportu dokomdrkowego jak
i fototoksycznosci. Taka dogtebna analiza pozwolita oszacowaé potencjat nanouktaddéw
w terapii fotodynamicznej raka podstawnokomérkowego skory.

Przeprowadzone badania wykazaty znaczacy wptyw rodzaju oddziatywania rdézu
bengalskiego z nanouktadem na jego potencjat fotodynamiczny. Dzieki temu pordwnaniu
mozna byto stwierdzié, ze najwydajniejszg formg przenoszenia tego fotouczulacza jest jego
enkapsulacja, ktéra powoduje znaczace zwiekszenie generacji tlenu singletowego oraz
transportu dokomodrkowego, co z kolei prowadzi do poprawienia koricowego efektu

fototoksycznego.
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6. Streszczenie w jezyku angielskim

Photodynamic therapy (PDT) is an alternative method for the treatment of skin cancer,
which significantly reduces the side effects of commonly used techniques such as
radiotherapy or chemotherapy. PDT is based on the simultaneous use of a photosensitizer,
a light source of an appropriate wavelength for the photosensitizing agent, and molecular
oxygen. The exposed drug interacts with molecular oxygen producing reactive oxygen
species that cause cell death. One of the most important factors determining the success
of the therapy is a photosensitizer. Its therapeutic effect may be limited by low solubility
and specificity of the drug or insufficient accumulation within the tumor. To date, many
nanosystems have been developed and synthesized, of which dendrimers as well as
dendrimersomes and polymersomes deserve attention.

The main goal of the present work was to characterize four nanosystems, differing in
composition and mode of transport of rose bengal, and to evaluate the applicability of
these nanosystems in a photodynamic therapy.

The research was divided into four stages. In each, a different nanosystem was
evaluated for: (a) biophysical properties such as hydrodynamic diameter, zeta potential,
spectral properties and also the ability to form complexes with rose bengal or encapsulate
rose bengal; (b) singlet oxygen generation, intracellular reactive oxygen species production,
intracellular transport and phototoxic properties. Such in-depth analysis allowed us to
estimate the potential of nanocarriers in photodynamic therapy of basal cell skin cancer.

The performed study showed a significant effect of the type of interaction between
rose bengal and nanosystems on its photodynamic potential. Through this comparison, it
can be determined that the most efficient form of transfer of this photosensitizer is its
encapsulation, which results in a significant increase in singlet oxygen generation and

intracellular transport, which in turn leads to an improvement in the final phototoxic effect.
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Abstract

Photodynamic therapy (PDT) is a minimally invasive technique which has proven
to be successful in the treatment of several types of tumors. This relatively simple
method exploits three inseparable elements: phototoxic compound (photosensitizer
[PS]), light source, and oxygen. Upon irradiation by light with specified wave-
length, PS generates reactive oxygen species, which starts the cascade of reactions
leading to cell death. The positive therapeutic outcome of PDT may be limited due
to several aspects, including low water solubility of PSs, hampering their effective
administration and blood circulation, as well as low tumor specificity, inefficient
cellular uptake and activation energies requiring prolonged illumination times. One
of the promising approaches to overcome these obstacles involves the use of carrier
systems modulating pharmacokinetics and pharmacodynamics of the PSs. In the
present review, we summarized current in vitro and in vivo studies regarding the
use of nanoparticles as potential delivery devices for PSs to enhance their cellular

uptake and cytotoxic properties, and thus—the therapeutic outcome of PDT.
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Therapeutic Approaches and Drug Discovery > Nanomedicine for Oncologic

Disease
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1 | MAIN ASPECTS OF ANTICANCER PHOTODYNAMIC THERAPY

Population growth, technological development, and lifestyle changes entail more frequent occurrence of civilization diseases,
including cancers. Several treatment methods including chemotherapy, radiotherapy, hormone therapy, targeted therapy, and
surgery are being used so far (Sztandera et al., 2019). One of the promising strategies of treatment involves photodynamic
therapy (PDT), which has its roots in antiquity, when Indians were applying psoralens for repigmentation of vitiliginous skin,
and Egyptians were using light to threat vitiligo, rickets, psoriasis, and even skin cancer (Abdel-Kader, 2014; Ackroyd, Kelty,
Brown, & Reed, 2001; Daniell & Hill, 1991). However, these methods have been forgotten until 1900s when scientists man-
aged to accurately describe molecular mechanisms of action of phototoxic compounds (Moan & Peng, 2003), hence enabling
successful clinical application of PDT nowadays.
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https://doi.org/10.1002/wnan.1599
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PDT is a minimally invasive technique which has proven to be useful for several types of tumors (Phua et al., 2019), such
as esophageal cancer (Wu, Minamide, & Yano, 2019), melanoma (Nackiewicz, Kliber-Jasik, & Skonieczna, 2019), and
multidrug-resistant breast cancer (Aniogo, Plackal Adimuriyil George, & Abrahamse, 2019). Moreover, it shows antibacterial
potential (Oda et al., 2019), and may be successfully used in actinic keratoses, benign skin disease (Spring, Rizvi, & Hasan,
2015) or Condyloma acuminatum (S. Hu et al., 2019). This relatively simple technique exploits three inseparable elements:
photosensitizer (PS), light source, and oxygen (Figure 1).

In the classic anticancer PDT, the PS is administered to the cancer cells and the area in which the drug is localized is
exposed to the light source (Figure 2).

As a result, singlet oxygen and free radicals are generated. This process is associated with the characteristic effect of the
PS, which after exposure to the specific wavelength absorbs the quantum of light and goes into an excited singlet state. Upon
the absorption, the compound can emit the light (fluorescence), heat, or undergo intersystem crossing leading to excited triplet
state, characterized by much longer duration (microseconds) in comparison to the singlet state (nanoseconds). This time is
enough for the incidence of phosphorescence returning the PS to its basal state or the occurrence of photochemical reactions
of type I or II. During the reaction of type II, the electrons are transferred from PS to molecular oxygen, resulting in the pro-
duction of singlet oxygen. In the case of type I, the triplet PS directly transfers energy to molecular oxygen in the triplet state,
which leads to the formation of free radicals and the oxidation of intracellular structures, causing cell death. The ratio of type I
to II reactions varies and depends on the PS used, however, it is postulated that the type II reaction is the basis of PDT
(Abrahamse & Hamblin, 2016; MacDonald & Dougherty, 2001; Nishiyama, Morimoto, Jang, & Kataoka, 2009). The process
of light absorption together with the following reactions is demonstrated in Figure 3.

These reactions lead to direct cytotoxic effects on tumor (Dabrzalska et al., 2017; Vandenbogaerde et al., 1997), damage to
the tumor vasculature (Chen, Pogue, Hoopes, & Hasan, 2012), or induction of robust inflammatory responses (Castano, Mroz,
Wu, & Hamblin, 2008), leading ultimately to cell death. Three main mechanisms of cell death may be triggered (Mroz,
Yaroslavsky, Kharkwal, & Hamblin, 2011; Plaetzer, Kiesslich, Verwanger, & Krammer, 2003) (Figure 4). Usually the advan-
tage of one of them is observed.

The best anticancer outcome is achieved through the regulated and highly controlled mechanism of cell death—apoptosis.
The apoptosis pathway triggered by PDT has been very well presented and described in 1991 by the Oleinick's group
(Agarwal et al., 1991). In this process, chromatin condensation, DNA fragmentation, and the formation of apoptotic bodies

Light

FIGURE 1 Three inseparable elements of photodynamic therapy

Application

e | - Accumulation of PS
Irradiation Il - Activation of PS
Il - Cell death FIGURE 2 The mechanism of photodynamic therapy
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FIGURE 3 The scheme of photosensitizer
activation

FIGURE 4 Possible pathways of cell
death induced during photodynamic therapy.
(Reprinted with permission from Carella,
Feist, Bignell, and De Vico (2015).
Copyright 2019 with permission of Elsevier)
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are observed, with the latter being subsequently removed by phagocytes. Numerous novel drugs are developed to interact with
cancer cells and specifically trigger apoptotic pathways (C. Lin et al., 2019; Nackiewicz et al., 2019; Qi et al., 2019; Xu et al.,
2019). Ali and Olivo showed that the uptake and localization of PS as well as its cellular concentration and light fluence have
an impact on induction of apoptosis (Ali & Olivo, 2002). Noteworthy, this mechanism does not lead to the emergence of side
effects associated with the other types of cell death, including necrosis. This process is fast, leading to the rapid destruction of
cellular organelles and, as a consequence, inflammation (Kim-Campbell, Gomez, & Bayir, 2019). The third possible way of cell
death induced by PDT, autophagy (Buytaert, Dewaele, & Agostinis, 2007; Kessel & Oleinick, 2010; Martins et al., 2019), is pos-
tulated as the second type of programmed cell death due to its nature (Napoletano, Baron, Vandenabeele, Mollereau, & Fanto,
2019; Yu, Lenardo, & Baehrecke, 2004). Autophagy is based on the closing of the cytoplasm and organelles in autophagosomes,
which subsequently combine with lysosomes and their content is degraded. Since this process, similarly to apoptosis, is highly
controlled, it is also a desirable way of cell death in PDT (Kessel, Vicente, & Reiners, 2006).

For the development of efficient PDT for the particular type of cancer, it is crucial to select proper PS and light source. PSs
are generally divided into several main groups: derivatives of porphyrins (Gomes, Neves, & Cavaleiro, 2018), chlorins
(Garcez et al., 2007), or phthalocyanines (Amin, Hauser, Kinzler, Rueck, & Scalfi-Happ, 2012). Each of these groups is char-
acterized by different photophysical properties, primarily with regards to the excitation wavelengths (De Rosa & Bentley,
2000) and the activation of specific cell death mechanisms (Foster et al., 2011). This diversity of PSs and their activities is a
huge advantage for the development of successful anticancer therapy. However, the maximum absorption of a potential PS
should be in the range between 650 and 850 nm (so-called “therapeutic window”), in which the light has the optimal energy
to penetrate tissues and activate PS for reactive oxygen species (ROS) production (Plaetzer, Krammer, Berlanda, Berr, &
Kiesslich, 2009). At the same time, PS cannot show any "dark toxicity" in the absence of a light source, exhibit mutagenic
properties or cause allergic reactions that could significantly limit the use of PDT.

As for the light source, one of its crucial features involves the ability to generate polarized light with a specific wavelength
due to the characteristic of PSs. Nowadays many types of light sources are in use or under development, for example, argon/
dye lasers, metal vapor lasers, KTP:YAG/dye lasers, or light-emitting diode (LED) lasers. The second group of light sources
includes so-called nonlaser sources in which the light beam can be controlled electronically (Mang, 2004) or by the applica-
tion of specific filters (Dabrzalska et al., 2017). However, most of the above-mentioned light sources have a serious disadvan-
tage: they are large, which makes them suitable only for external illumination. Fortunately, modern technology enables the
use of optical fibers (Mortier et al., 2014), which are much smaller and already widely used in other therapies. Due to their
size, it is possible to bring light even to small blood vessels. This technology opens the gate for PDT and its use in the treat-
ment of cancers found in different locations of the body.

2 | PDT—COULD IT BE ANY BETTER?

The advantages of PDT over different types of anticancer chemotherapy undoubtedly include its specificity. Due to the use of
PS and an accurate source of light, it is possible to trigger reactions only in a specific place and time. A large number of avail-
able compounds exhibiting phototoxic properties enables the choice of proper treatment strategy (Dykman & Khlebtsov,
2011; Robertson, Evans, & Abrahamse, 2009).

However, despite the large number of studies and great effort put in the development and optimization of effective antican-
cer PDT, in most cases, the positive therapeutic outcome is limited due to several aspects. PSs are usually hydrophobic mole-
cules, which greatly affects their solubility, hampering efficient administration and blood circulation, as well as favorable
biodistribution and cellular uptake (Dabrzalska, Zablocka, Mignani, Majoral, & Klajnert-Maculewicz, 2015). Disadvantageous
distribution of the PS in the organism may result in long-lasting skin sensitivity to light, forcing patients to stay in subdued
light for a significant periods of time (Plaetzer et al., 2009). Further, upon administration, PSs may be subjected to rapid degra-
dation or removal from the organism by the cells of reticuloendothelial system (RES) (Kakde, Jain, Shrivastava, Kakde, &
Patil, 2011). Their anticancer activity may be also reduced due to the low tumor specificity and activation energies requiring
prolonged illumination times.

3 | NANOTECHNOLOGY FOR ENHANCED EFFICIENCY OF PDT

One of the promising approaches to overcome above-mentioned obstacles involves the use of carrier systems which will
increase the solubility of the drugs, protect them from degradation, and provide efficient transport directly to the cancer cells.
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TABLE 1 Examples of nanoparticles most suited for drug delivery in photodynamic therapy

Nanocarrier

Liposomes (Allen & Cullis,
2013; Sercombe et al., 2015)

Dendrimers Gorzkiewicz &
Klajnert-Maculewicz, 2018;
Klajnert, Rozanek, &
Bryszewska, 2012)

Gold and silver nanoparticles
(AuNPs and AgNPs) (Austin,
MacKey, Dreaden, & El-
Sayed, 2014; Sztandera,
Gorzkiewicz, & Klajnert-
Maculewicz, 2019)

Metal oxide nanoparticles
(Falcaro et al., 2016; Ficai,
Oprea, Ficai, & Holban, 2016)

Mesoporous silica nanoparticles
(Bharti, Gulati, Nagaich, &
Pal, 2015; Kwon et al., 2013)

Description

Closed bilayer phospholipid systems, the first nanomedicine delivery vehicles applied clinically.
Since they are mimicking natural biological structures, they are nontoxic and highly
biocompatible. A liposome has an aqueous solution core surrounded by a hydrophobic membrane
composed of lipid bilayer, making them fine candidates for the delivery of both hydrophobic and
hydrophilic drugs. Hydrophilic compounds may be entrapped inside the liposome core, while
hydrophobic ones associate with the bilayer. The lipid bilayer may fuse with cellular membranes,
thus delivering the liposome contents intracellularly. However, this process is complex and may
not be spontaneous. Therefore, liposomes are designed to provide triggered release of their
content.

Their disadvantages include low stability in the biological environment and rapid clearance from the
organism. The latter may be overcome with suitable surface modifications, which may
additionally ensure targeted delivery.

Highly branched, monodisperse, polyvalent polymers of well-defined, regular, usually spherical
structure, which enables the transport of therapeutics either physically entrapped inside the
dendritic scaffold or bound to the terminal groups (either covalently or noncovalently). In case of
PDT, since photosensitizers do not always have to be released from the nanocarrier, the
incorporation of the drug into the internal branches or the core of the dendrimer is also possible.

Dendrimers are characterized by high solubility, biopermeability, and high loading capacity.
Unfortunately, the use of dendrimers in PDT may be limited due to the reduction of phototoxic
properties of the drug caused by the interactions with the polymer. Moreover, cationic dendrimers
are featured with significant cytotoxicity, which can be nullified by surface modification of these
macromolecules with neutral moieties, additionally providing targeting properties.

Gold/silver nanoparticles are the particles of gold/silver with the size usually between 1 and 100 nm.
They have been studied for the drug delivery potential mainly due to their ability to form stable
complexes with active compounds and possibility of covalent bonding with therapeutics and
targeting molecules.

A wide range of possible synthesis methods allows obtaining nanogold and nanosilver particles with
specific architecture and characteristics, depending on the intended use. AuNPs and AgNPs have
been shown to exhibit size- and shape-dependent biodistribution and cellular uptake. As for their
toxicity, the data remain inconsistent, indicating either lack of toxicity or cell type-specific
cytotoxic activity.

High reactivity and surface area enable their further modifications and functionalization, improving
bioavailability and targeting potential. Moreover, gold and silver nanoparticles show significant
diagnostic potential due to their tunable optical and physicochemical properties, which distinguish
them from other nanoparticles.

The class of inorganic-based particles with metal oxide core (e.g., ZnO, Fe;0,), which may be
additionally coated by either inorganic (e.g., silica, gold) or organic materials (phospholipids,
polysaccharides, peptides, and surfactants). Although primarily used for visualization techniques
(such as magnetic resonance imaging, MRI) due to their paramagnetic properties, they may be
used as drug delivery vehicles, providing high loading capacity and controlled release. Based on
their inducible magnetization, they can be directed to a defined location and applied for
magnetically assisted transfection of cells. They have been shown to be nontoxic and highly
biocompatible.

The mesoporous structure of silica allows effective drug loading, homogenous distribution of guest
molecules in porous space, and controlled release of therapeutics at their site of action. The
characteristics of such nanostructures, including pore size and level of porosity can be altered
depending on the application. Additionally, active surface with high area enables functionalization
providing targeting properties and stable covalent bonding of the drug molecules.

Biodegradable mesoporous silica nanoparticles possess favorable chemical properties, thermal
stability, and biocompatibility. They can provide efficient intracellular transport of the drugs and
increased solubility of water-insoluble molecules.

The major disadvantage of silica nanoparticles is associated with the surface density of silanol
groups interacting with phospholipids of cellular membranes, causing, for example, hemolysis.

(Continues)
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TABLE 1 (Continued)

Nanocarrier Description

Prolonged retention of silica in the organism may also lead to metabolic changes, and in extreme
cases—carcinogenesis.

Chitosan (Bernkop-Schniirch & Chitosan is a natural biopolymer, a linear polysaccharide composed of f-(1—4)-linked, deacetylated
Diinnhaupt, 2012; J. J. Wang D-glucosamine and acetylated N-acetyl-D-glucosamine. Physicochemical properties of this
etal., 2011) polymer depend mainly on its molecular weight and degree of acetylation/deacetylation. Chitosan

nanoparticles may serve as safe drug carriers due to their good biocompatibility and
biodegradability. On the industrial scale, they may be prepared by three techniques (ionic
gelation, precipitation with tripolyphosphate, or crosslinking using glutaraldehyde). The choice of
appropriate method allows to modify the drug loading efficiency and particle size. It also enables
the introduction of modifications to change the polymer's properties.

Hydrophilic chitosan nanoparticles have been shown to provide improved solubility and stability,
sustained release, and efficient transport of both hydrophilic and hydrophobic drugs across various
biological barriers in vivo, including blood—brain barrier. Moreover, chitosan itself shows certain
antitumor activity, which may offer additive or synergistic effect with PDT.

Polymeric nanoparticles These nanoparticles possess favorable characteristics in terms of simple design and preparation,
(Andrieux, Nicolas, Moine, & good stability in suspension, good biocompatibility, and a great variety of possible structures
Barratt, 2013; El-Say & El- enabling bioimitative performance. Due to the well-optimized methods of synthesis, it is possible
Sawy, 2017) to efficiently control their superficial features and particle size, adjust solubility, enhance

elasticity, and modify drug loading capacity and release patterns.

Polymeric nanoparticles have been shown to increase solubility, modulate biodistribution, and
prolong blood circulation times of therapeutics.

However, since these particles are not natural compounds commonly found in the organism, they
may exhibit toxic and immunogenic properties. Moreover, it is difficult to scale up the process of
production and to completely remove toxic organic solvents used during the synthesis.

For this purpose, drug delivery systems must hold an adequate amount of the therapeutic and remove problems such as disad-
vantageous biodistribution or rapid clearance from the organism. The delivery systems should ensure prolonged blood circula-
tion, accumulation in the tumor area, and efficient uptake of the drugs by cancer cells (Kakde et al., 2011). In the latest
clinical applications, lipidic or organic formulations of PSs are being used in order to meet these requirements. However, such
compounds may be responsible for unpredictable biodistribution patterns, allergic reactions, hypersensitivity, and systemic
toxicity (Master, Livingston, & Sen Gupta, 2013). Thus, the attention of scientists turned to the solutions from the area of
nanoscience and nanotechnology. Considering an exceptional growth of research and applications in these fields in the past
few decades, it is believed that the introduction of nanoparticles in medicine will improve the diagnosis and treatment of many
diseases. Nowadays several nanosized compounds are under investigation for drug delivery, particularly for cancer therapy
(A. Z. Wang, Langer, & Farokhzad, 2012).

Nanotechnology is commonly defined as the development of functional systems on the molecular level. Regarding biologi-
cal and medical aspects, nanotechnology concerns compounds with the structure and function relevant for small sizes (from
nanometers to micrometers), similar to those of most fundamental biological macromolecules and cells. At this level, the fea-
tures, responsible for the specific phenomena in both artificial systems and living organisms, are determined just above the
scale of a single atom (Sztandera, Gorzkiewicz, & Klajnert-Maculewicz, 2019). Therefore, nanomaterials with defined proper-
ties can be useful for biomedical research and applications both in vivo and in vitro, effectively interacting with cellular com-
ponents or mimicking various chemical and biological compounds. Bionanotechnology may contribute to the elaboration of
diagnostic tools, contrast and drug delivery agents, or drugs per se.

Due to the highly optimized methods of synthesis, it is possible to obtain nanoscale particles with precisely defined fea-
tures, characterized by monodispersity, high biocompatibility, controllable biodistribution patterns, and specific mechanisms
of interaction with biological targets, making them potentially finest tools for modern medicine (I. Y. Wong, Bhatia, & Toner,
2013). Currently there is a growing interest in the production of biodegradable nanomaterials, which would ensure their safe
administration and eliminate possible adverse effects associated with prolonged circulation of nanoparticles in the
bloodstream.

In case of drug delivery applications, nanoparticles have been shown to protect the drugs from degradation, improve their
solubility, prolong blood half-life and modulate pharmacokinetic properties, as well as to provide the targeted delivery and
controlled drug release (Bertrand, Wu, Xu, Kamaly, & Farokhzad, 2014). What is more, it has been found that nanoparticles
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FIGURE 5  The structure of: (a) porphyrin, (b) protoporphyrin IX, (c) mesotetra (carboxyphenyl) porphyrin (TCPP), and
(d) 5,10,15,20-Tetrakis(3-hydroxyphenyl) porphyrin (mTHPP)

can accumulate in tumors by passive retention mechanism (so-called enhanced permeability and retention effect, EPR), due to
the irregular epithelium, decreased interstitial fluid uptake, and weakened lymphatic drainage of tumor vasculature (Bertrand
et al., 2014; H. Li, Jin, Wan, Wu, & Wei, 2018). The possibility of conjugation of nanoparticles with targeting moieties such
as peptides, antibodies, carbohydrates, or folic acid can further enhance specific transport of the drugs to their sites of action
(Friedman, Claypool, & Liu, 2013). All these features make the drug delivery nanosystems a promising alternative to tradi-
tional PDT, enabling the modification of its critical steps, particularly PS transport, location, and intensity of the photody-
namic reaction.

Drug molecules may be bound with the nanocarrier in several ways—either encapsulated inside the nanoparticles, conju-
gated or physically complexed on their surface, or incorporated into their structure. The nanocarrier should provide efficient
transport of the therapeutic without its significant loss before reaching the target area. Thus, the physical entrapment of the
drug molecules within the vehicle core or covalent bonding may have an advantage over the adsorption of the therapeutic on
the surface of the nanoparticle. The latter option is usually based on noncovalent interactions, which may be responsible for
premature release of the therapeutic. The drug-nanoparticle binding should be optimized to ensure the protection of the active
compound in the bloodstream and its specific release inside the target cells, as it may significantly affect the cytotoxic effect.
In the case of PDT, however, the release of the PS from nanocarrier may not be necessary, since the nanoparticle does not
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TABLE 2
in vivo studies are italicized
Photosensitizer Nanoparticle
Photofrin F3-targeted polymeric
nanoparticles
Nanoporous zinc oxide
Liposomes
Protoporphyrin IX Gold nanoparticles

Polyethylenimine
nanoparticles

Carbon dots

Silver core silica shell
nanoparticles

Polymersomes

Poly(ethylene glycol)—
polycaprolactone
(PEG-PCL) micelles

Magnetoliposomes

SZTANDERA ET AL.

Outcome

o High rate of cellular uptake of
nanoparticles
e Significant improvement in
survival rate
(MDA-MB-435 cell line—breast
cancer, rat 9 L gliomas)

e Enhanced ROS generation
e Enhanced cytotoxic effect
(A549 cell line—lung cancer)

e Higher phototoxic effect of
liposomal photofrin compared
to free drug

(Athymic, nude rats, strain Cr:

NIH-rna with U97 cells)

e Increased cytotoxic effect of
conjugates
(HeLa cell line—cervical cancer)

e Enhanced apoptosis
(HeLa cell line—cervical cancer)

e Enhanced singlet oxygen
generation
(male neonate National Medical

Research Institute [NMRI] mice)

e Ability to generate singlet
oxygen after irradiation with
light of 635 nm wavelength

e Enhanced singlet oxygen
generation
e Additional bioluminescence
effect
e Increased phototoxic effect
(MMC-7721 cell line—
hepatocellular carcinoma)

e Enhanced singlet oxygen
generation

(U251MG cell line—glioblastoma
astrocytoma, HepG2 cell line—

hepatocellular carcinoma)

e Increased cytotoxic effect

e Selective cytotoxic effect on
melanoma cells

(A375 cell line—malignant
melanoma)

e Synergistic activity with
erlotinib

(MDA-MB-231 cell line—breast
cancer)

e Increased cytotoxic effect
(MCEF-7 cell line—breast cancer)

In vivo and in vitro experiments on porphyrins and porphyrin derivatives as photosensitizer agents in photodynamic therapy. The

In vitro In vivo

(Reddy et al., 2006)

(Fakhar-E-Alam et al., 2012)

(Jiang et al.,
1998)

(Savarimuthu, Gananathan,
Rao, Manickam, &
Singaravelu, 2014)

(Juérez, Alvarado, &
Gallegos, 2019)

(Ashjari, Dehfuly, Fatehi,
Shabani, & Koruji, 2015)

(Ning et al., 2019)

(Yang et al., 2019)

(Lismont, Dreesen, Heinrichs, &
Paez, 2016)

(M. Wang, Geilich, Keidar, &
Webster, 2017)

(L. Yan et al., 2017)

(Basoglu, Bilgin, & Demir, 2016)

(Continues)
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TABLE 2 (Continued)

Photosensitizer Nanoparticle Outcome In vitro In vivo

Mucin 1-targeted ZnSe/ e Selective activity toward cancer (Singh et al., 2016)
ZnS quantum dots cells
(HeLa cell line—cervical cancer,
RAW cell line—murine
macrophages)

Mesotetra Poly(lactic-co-glycolic
(carboxyphenyl) acid)
porphyrin (TCPP) (PLGA) nanoparticles

Rapid cellular uptake (Z. Hu et al., 2009)
Clathrin-dependent endocytosis

High phototoxic effect

Significant tumor-inhibiting

efficacy

(SW480, HT-29 and LS174T cell

lines—colorectal

adenocarcinoma, J774 cell

line—murine macrophages,

athymic mice (athymic nu/nu—))
5,10,15,20- N-sulfonato-N,O- e High efficacy of drug loading (Reza Saboktakin,
Tetrakis carboxymethyl o Increased cellular uptake Tabatabaie, Maharramov, &

(3-hydroxyphenyl) chitosan e Increased cytotoxic effect Ali Ramazanov, 2011)
porphyrin (mTHPP) (14C cell line)

Micelles High loading capacity (Ding, Mora, Gao, &
Increased phototoxic effect Sumer, 2011)
Low dark cytotoxicity
Increasing intracellular
fluorescence
(HNS cell line—head and neck
cancer, H2009 cell line—lung

cancer)

constitute an obstacle for the interaction of the drug with oxygen and generation of ROS, which favors for example the crea-
tion of permanent, not-cleavable covalent bondings. Nevertheless, it should be noted that complexation or covalent conjuga-
tion of PS with nanocarrier may significantly alter the physicochemical properties of the drug, affecting its phototoxic
capacity. Further, although for the standard chemotherapeutics higher drug loading usually translates to enhanced therapeutic
outcome, high concentrations of PS may result in self-quenching effect and reduction of phototoxic activity. Thus, it is crucial
to find the right balance between the PS loading and photodynamic action of obtained nanoformulation, as well as to compre-
hensively characterize the novel delivery device upon drug binding before commencing biological research stage (Master
et al., 2013).

All these aspects should be considered upon the design of the specific nanocarrier system in order to fully exploit its thera-
peutic potential and to address challenges of treatment associated with particular clinical target.

So far, a number of nanoparticles have been tested for the potential of the delivery of PSs, the enhancement of their cellular
uptake and cytotoxic properties both in vitro and in vivo. The variety of nanosystems gives a huge range of possibilities to
develop a specific drug delivery system that would contribute to the circumvention of various limitations of PDT. The most
promising nanocarriers of PSs have been briefly described in the Table 1 to outline the topic for the readers and allow them to
choose the solution most suited to their purpose.

4 | NANOCARRIERS FOR PHOTOSENSITIZERS—IN VITRO AND IN VIVO
STUDIES

As mentioned before, PS is one of three inseparable PDT components, which determines all settings such as the time of incu-
bation, light wavelength, light dose, and molecular response of cells to the therapy. To date, many compounds have been
tested both in vitro and in vivo for the application in PDT. Comprehensive understanding of the molecular mechanism of a
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PS's action, the efficiency of singlet oxygen generation, the cellular uptake and affinity for cell structures as well as the pre-
dominant type of triggered cell death is crucial for the development of an effective method of cancer treatment. Well character-
ized compound may proceed to in vivo tests where the parameters such as pharmacokinetics, pharmacodynamics, and
biodistribution are examined (Gorzkiewicz, Buczkowski, Patecz, & Klajnert-Maculewicz, 2019).

4.1 | Porphyrins

Porphyrins (Figure 5) constitute a class of compounds most commonly used as PSs (X. Li, Xiao, Guo, Xiao, & Xiao, 2019).
These include macrocyclic molecules with various physicochemical properties such as anion binding, stabilization of metals
with unusual oxidation states, electron transfer, and formation of infrequent supramolecular assemblies that enable their use in
PDT (Ivanov & Boldyrev, 2014). In nature, they play crucial roles in photosynthesis, oxygen transport, biological oxidation,
and reduction reactions (Gouterman, 1961). As positively charged molecules, these compounds are well soluble (Huang,
Song, Rieffel, & Lovell, 2015), exhibit high affinity for cell structures (including negatively charged DNA and RNA), and the
capacity for production of singlet oxygen in contrast to their negatively charged or neutral analogs (Carneiro et al., 2018).
Their first application in modern PDT has been reported in 1913, and the first drug of this class of PSs (Photofrin) has been
approved in Canada in 1993 (Dolmans, Fukumura, & Jain, 2003). Most porphyrins are activated in the 400 nm range in vitro,
and 630 nm in vivo due to the presence of several Q-bands (Abrahamse & Hamblin, 2016). Table 2 shows the type of porphy-
rin used as PS in PDT and the nanoparticle which it is combined with.
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FIGURE 6 The structure of (a) chlorin, (b) verteporfin, and (c) 2-[1-hexyloxyethyl]-2-devinyl pyropheophorbide-a (HPPH)
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4.2 | Chlorins

Another class of compounds widely used in PDT includes chlorins (Figure 6), derivatives of chlorophyll commonly found in
Spirulina species. Chemically, they are reduced porphyrins showing improved absorption properties (Spikes & Bommer,
1993), which may be further altered by chelated metal ions (Spikes, 1990). Depending on the structure, they are activated by
light with a wavelength of 650-700 nm.

Some of them are already available commercially (e.g., Foscan®, Verteporfin®, Bremachlorin®) (Abrahamse & Hamblin,
2016), however, several synthetic chlorins such a mesotetrakis (m-hydroxyphenyl) chlorin (m-THPC) or benzoporphyrin
derivative BPDMA (Calixto et al., 2016) are still under development. Others are subjected to in vitro and in vivo tests as well
as to nanotechnology modifications as presented in Table 3.

4.3 | Phthalocyanines

Initially, due to their properties such as thermal stability, intense color, or high inertness, they were used in the industry as
dyes since 1928. Later, their application was extended to other fields such as electronics, photovoltaics, electrophotography,
electrocatalysis, or PDT. In PDT, they work as PSs due to their high absorption in the 670-700 nm range, the field of red visi-
ble light, which enables deep penetration of tissues, high singlet oxygen generation, and high photostability (R. C. H. Wong,
Lo, & Ng, 2019). Moreover, phthalocyanines (Figure 7) possess the ability to coordinate metal ions within their core, which
offers numerous options to control or change their physical properties by synthetic modifications. The application of nanotech-
nology to increase the phototoxic properties of these compounds involves primarily the enhancement of singlet oxygen quan-
tum yield and varied intracellular delivery, since phthalocyanines accumulate mainly in mitochondria (R. C. H. Wong et al.,
2019) (Table 4).

4.4 | Synthetic dyes
4.4.1 | Rose bengal

Synthetic dyes constitute the third class of PS agents used in PDT, however, most of them are still underdeveloped.
Among these compounds, rose bengal (4,5,6,7-tetrachloro-2',4",5',7'-tetraiodofluorescein, RB) (Figure 8) is the most com-
monly used both as anticancer and antimicrobial agent, being tested alone as well as in complexes or conjugates with
nanoparticles (summarized in Table 5). Rose bengal exhibits strong fluorescence after excitation with light at 520 nm.
However, its applicability may be limited due to the hydrophilic nature of RB, leading to its poor cellular uptake (Gianotti
et al., 2014). Thus, the main advantage of nanotechnology in this case is based on increased transmembrane transport of
the drug.

/ N \
H

A H N
N

N>~ —N

FIGURE 7 The structure of phthalocyanine
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TABLE 4 In vivo and in vitro experiments on phthalocyanines as photosensitizer agents in photodynamic therapy. The in vivo studies are
italicized

Nanoparticle Outcome In vitro In vivo

Gold nanoparticles

Poly(ethylene glycol) (PEG)
gold nanoparticles

Poly(ethylene glycol) (PEG)-
and polyethylenimine (PEI)-
functionalized zinc(II)
phthalocyanine (ZnPc)-loaded
mesoporous silica
nanoparticles (MSNs)

Dendrimer phthalocyanine
(DPc)-encapsulated polymeric
micelle (DPc/m)

Self-assembled zinc
phthalocyanine nanoparticles

Poly(ethylene glycol) methyl
ether-block-poly(lactide-co-
glycolide) (PLGA-b-PEG)

Amino-functionalized magnetic
nanoparticles (AMNPs)

e Biocompatible carrier

e Passive targeting to the tumor site

e Highly efficient drug delivery (reduced to 2 hr)
(Male nude mice)

e Enhanced retention in the serum
e [ncreased retention of the nanoparticles in the
tumor
(C57/BL6 mice bearing a subcutaneously
transplanted B78H1 amelanotic melanoma)

e Enhanced cytotoxic effect

o Significant loss of mitochondrial membrane
potential after treatment

(H22 cell line—murine ascitic hepatoma, female
BALB/c nude mice)

e Accumulation in the endolysosomes

e Release to the cytoplasm and mitochondria after
irradiation

e Higher in vivo PDT efficacy than clinically used
Photofrin

e No skin phototoxicity

(A549 cell line—lung cancer, female nude mice
(BALB/c nu/nu)

e Good stability and biocompatibility

e Absorption in the appropriate NIR region
e High photothermal conversion efficiency
(1929 cell line—fibroblasts)

e The same photochemical properties as free ZnPc
e Increased solubility in organic solvents

o Efficient drug encapsulation

e Increased phototoxicity

(A549 cell line—lung cancer)

e Increased triplet quantum yields

e Increased phototoxic effect

e Increase in drug concentration in cells
(MCE-7 cell line—breast cancer)

(Cheng et al., 2008)

(Camerin et al., 2016)

(Tu et al., 2012)

(Nishiyama et al., 2009)

(Z. Wang et al.,
2019)

(Mehraban,
Musich, &
Freeman, 2019)

(Matlou, Oluwole, &
Nyokong, 2019)

4.4.2 | Phenothiazinium salts

Among this class of PSs, two of them are most widely studied: methylene blue and toluidine blue (Figure 9). Methylene blue,
characterized by two absorption peaks (635 and 670 nm) (Giannelli & Bani, 2018), is commonly used in medicine due to its
low dark toxicity and generation of singlet oxygen together with hydroxyl radicals and induction of apoptosis (Orth, Beck,
Genze, & Riick, 2000), and has been subjected to several studies focusing on the application of nanoparticles (Table 6). On
the other hand, toluidine blue with absorption peak at 620—660 nm did not acquire much attention as a PS agent in PDT of
tumors, although several nanoparticles containing toluidine blue have been developed for this purpose, for example, toluidine
blue O-silver nanoparticle (Misba, Kulshrestha, & Khan, 2016) or gold nanoparticle-toluidine blue conjugate (Sherwani,
Tufail, Khan, & Owais, 2015).
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FIGURE 8 The structure of rose bengal

TABLE §

italicized
Nanoparticle
Fe;0,@Au@mSiO2

Gold nanoparticles

Silica nanoparticles

Chitosan

Cationic phosphorus dendrimer

Poly(amidoamine) (PAMAM)
dendrimer

Mesostructured silica
nanoparticles

Barium titanate and rose bengal
composite nanoparticles
(BT@PAH/RB/PAH)

Carboxymethyl chitosan

Rose bengal-loaded surface-
modified albumin
nanoparticles

Outcome

e Enhanced singlet oxygen generation

e Enhanced cellular uptake

e Enhanced PDT effect

e Enhanced therapeutic effects against oral cancer

(Cal-27 cell line—oral squamous cell carcinoma, male Syrian golden
hamsters)

e Enhanced uptake of noncovalent complex
e Enhanced toxicity compared to free RB
(4451 cell line—squamous carcinoma, MCF-7 cell line—breast cancer)

e [ow dark toxicity
e Enhanced phototoxic effect
(MCF-7 cell line—breast cancer)

e Enhanced singlet oxygen generation

e Enhanced phototoxic effect

e Increased cellular uptake

e Enhanced PDT activity in case of noncovalent complex
(ASZ, BSZ, CSZ cell lines—murine basal cell carcinoma)

e Decreased dark toxicity
e Enhanced phototoxic effect
(DLA cell line—Dalton's lymphoma ascites)

e Enhanced singlet oxygen generation

e Enhanced singlet oxygen generation
e Increased PDT effect
(Hela cell line—cervical cancer)

e Enhanced PDT efficacy
(Cal-27 cell line—oral cancer)

e Controlled drug release
e Protection against enzymatic degradation

In vivo and in vitro experiments on rose bengal as a photosensitizer agent in photodynamic therapy. The in vivo studies are

In vitro In vivo

(Rosa-Pardo et al.,
2017)

(B. Wang et al., 2014)

(Uppal, Jain,
Gupta, & Das,
2011)

(X. L. Wang et al.,
2011)

(Dabrzalska et al.,
2017)

(Karthikeyan, Babu,
Kim,
Murugesan, &
Jeyasubramanian,
2011)

(Martins Estevao
et al., 2015)

(Sun, Ji, & He,
2019)

(X. Zhang et al.,
2019)

(W. Lin et al., 2001)
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FIGURE 9 The structures of (a) CH .. (b) CH
(a) methylene blue and | 3 3

(b) toluidine blue
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Among many classes of compounds acting as PSs, one can also distinguish those occurring naturally. Of the most com-
monly used natural PSs, hypericin, hypocrellins, riboflavin, and curcumin are worth mentioning (Figure 10). All these com-
pounds are featured with very good photochemical and photophysical properties enabling their use for the improvement
of PDT.

4.5 | Natural compounds

4.5.1 | Hypericin

Hypericin is a natural pigment extracted from Hypericum perforatum. It exhibits low cytotoxicity in the dark and significant
anticancer properties in combination with irradiation (Skalkos et al., 2006). A 590 nm light is used for its photoactivation,
enabling fluorescence emission at the orange/red wavelength spectrum. The blood half-life equals 2 hr and the complete elimi-
nation from the organism takes approximately 38.5 hr (Davids & Maduray, 2011). The compound exhibits a dose-dependent
effect and location, being most frequently found intracellulary in the endoplasmatic reticulum (ER). Classically after irradia-
tion, it triggers the production of ROS. Moreover, hypericin has been found to cause cellular stress and activation of immune
cells upon irradiation, stimulating an increase of interleukin-6 (IL-6) level, correlating with the rate of apoptosis and caspase
activity (Sharma & Davids, 2012). The mechanism of action by the p53-independent pathway was also detected (Saw,
Heng, & Olivo, 2012). In vivo tests confirmed the effectiveness of this compound, with the final effect depending on its loca-
tion during exposure. However, hypericin does not remain without flaws, therefore, the scientists focus on the improvement of
the efficiency of its action or the protection the drug against enzymatic degradation. For this purpose, they have encapsulated
hypericin in P-123 copolymeric micelles (P123-Hyp) (Sakita et al., 2019) and in tetraether liposome conjugates with high
specificity toward cancer cells (slow uptake by normal cells) ( Davids & Maduray, 2011).

4.5.2 | Hypocrellins

Among this group of compounds, hypocrellin A and B can be used as PSs in PDT thanks to their ability to produce singlet
oxygen (Miller et al., 1997). Hypocrellins and their derivatives show strong absorption in the range of 600-900 nm (Y.-Y.

TABLE 6 Invivo and in vitro experiments on methylene blue as a photosensitizer agent in photodynamic therapy. The in vivo studies are

italicized
Nanoparticle Outcome In vitro In vivo
Silica-coated cobalt ferrite e Singlet oxygen generation similar to free drug (Gandhi & Roy,
nanoparticles e Enhanced effect in photothermal therapy 2019)

Phosphonate-terminated
silica nanoparticles

Calcium phosphate
nanoparticles

Polyacrylamide
nanoparticle platforms

Supramolecular protein
cages

e Enhanced singlet oxygen generation

e Protection against enzymatic degradation
e [nduced photodynamic damage

(BALB/c [Balb/C-nu] mice)

e Protection against enzymatic degradation

e Enhanced phototoxic effect with apoptosis as an
end point

(MCEF-7 cell line—breast cancer)

e Protection against enzymatic degradation
(C6 cell line— rat glioma)

e Enhanced singlet oxygen generation
e Increased cytotoxic effect
(MCF-7 cell line—breast cancer)

(X. He, Wu, Wang, Shi, & Hai, 2009)

(Seong & Kim,
2015)

(Tang, Xu, Park,
Philbert, &
Kopelman, 2008)

(F. Yan, Zhang,
Kim, Yuan, & Vo-
Dinh, 2010)



16 of 24 WI LEY— WIREs SZTANDERA ET AL.
(a) HO (b)

Q "
HO

HO 0

(d)

~0

FIGURE 10 Chemical structures of natural photosensitizer (PS): (a) hypericin (ex. 590 nm, em. 640 nm); (b) hypocrellin (ex. 470 nm,
em. 650 nm); (c) riboflavin (ex. 440 nm, em. 540 nm); and (d) curcumin (ex. 450 nm, em. 510 nm)

He, Liu, An, Han, & Jiang, 2002). However, they are strongly hydrophobic, which makes it difficult to prepare and administer
the solution of the drug. By combining these compounds with ceramic-based nanoparticles, metallic nanoparticles or biode-
gradable polymer-based nanoparticles improved solubility can be obtained (Zhou et al., 2009). Nanotechnology also allows to
create nanoparticles such as poly lactide-co-glycolide nanoparticle formulations with nanosilver (HBS-NPs), increasing the
production of singlet oxygen in vitro (Natesan et al., 2017). In addition, liposomes were used as carriers of hypocrellin B
(LBH). Low dose of such formulations effectively led to choroidal neovascularization occlusion with minor damage to the col-
lateral retina or retinal pigment epithelium after irradiation. The LHB-treated mice exhibited low skin phototoxicity under sim-
ulated sunlight irradiation at 24 hr after dosing (T. Li et al., 2015).

4.5.3 | Riboflavin

Riboflavin (vitamin B2) is described as a compound with the appropriate photophysical and photochemical properties to act
as a PS, having two peaks in UVA at 360 and 440 nm. Riboflavin was coupled with nanoparticles such as pectin-coated silver
nanoparticles to increase the production of singlet oxygen (De Melo et al., 2012; Rivas Aiello et al., 2018).
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4.5.4 | Curcumin

Curcumin is a polyphenolic compound naturally occurring in Curcuma longa. Due to its characteristic color and function
(plant dye), it is commonly used as a food additive. Curcumin exhibits many biological features, including antiproliferative,
antibacterial, or antioxidant properties (Tao et al., 2019), which enable various medical applications of this compound
(e.g., the treatment of wounds, liver diseases, or joint inflammation). However, it has one serious limitation: its poor water sol-
ubility, causing serious problems for bioavailability. Thus, curcumin is subjected to modifications aimed at increasing the effi-
ciency of its action. After encapsulation, increased phototoxic activity was obtained for chitosan nanoparticles, while
curcumin alone did not show any significant effect (Tsai, Yu, Huang, & Lee, 2018). Further, liposomes (Duse et al., 2018)
and lipoproteins (Jutkova, Chorvat, Miskovsky, Jancura, & Datta, 2019) were used as carriers to increase biocompatibility of
this compound. The combined therapy of curcumin and 5-aminolevulinic acid (5-ALA) also increased the cytotoxic effect on
Caco-2 cells in in vitro studies (Sueki, Ruhi, & Giilsoy, 2019).

S | FUTURE PERSPECTIVE: NANOPARTICLES FOR TWO-PHOTON PDT

In the nearest future, nanoparticles may serve as carriers for nonclassical, specifically designed PSs. As showed above, the
chemical structure of compounds commonly used in PDT is not very diverse, therefore, the elaboration and synthesis of dif-
ferent types of PSs may open new perspectives, especially in the context of nanomedicine. Particularly noteworthy in this
matter are compounds with two-photon absorption properties, potentially showing superior phototoxic activities (Bolze,
Jenni, Sour, & Heitz, 2017). The idea of application of nanoparticles for two photon PDT is relatively new (Gao, Agayan,
Xu, Philbert, & Kopelman, 2006; Sourdon et al., 2019), and has been reviewed elsewhere (Shen, Shuhendler, Ye, Xu, &
Chen, 2016).

6 | CONCLUSIONS AND CRITICAL REMARKS

Due to the significant development of nanotechnology and nanoscience over the past few years, numerous compounds of dif-
ferent architectures, shapes, and nanoscale sizes are currently available to scientists. Various methods of synthesis enable the
elaboration of nanoparticles with specific structure and properties, depending on the intended application. In most cases, their
reactivity allows further modification and functionalization, modulating bioavailability and biodistribution patterns of
nanoparticles, and thus broadening the scope of possible biomedical application.

All these aspects contribute to the use of nanosized compounds as drug delivery devices for PSs in PDT. The aim of the
present work was to concisely review in vitro and in vivo analysis of drug nanocarriers in PDT. Numerous studies indicate that
nanoparticles may improve solubility of PSs, protect them from degradation, modulate their biodistribution, and prolong blood
half-life. Nanosized compounds may also provide controlled release, enhanced cellular uptake and improved specificity
toward cancer cells, thus eliminating detrimental side effects and systemic toxicity. Moreover, drug-nanoparticle formulations
have been shown to modulate phototoxic activity of PSs, providing additive or synergistic effect. These properties bring hope
for the development of innovative anticancer PDT that constitute a promising alternative for the most commonly used
methods.

However, it may be noticed that only a small number of nanoformulations reported for PDT reached the stage of in vivo
tests. This is a huge limitation which must be overcome on the way to clinical application. Nanosystems that provided positive
results during in vitro studies on cell line models may turn out to be unstable or ineffective in vivo, exhibiting drastically
altered properties and decreased phototoxic activity.

Moreover, it is necessary to develop methods of synthesis and chemical characterization that enable the obtainment of
compounds that are reproducible in terms of structure, purity, and properties. Also, there are still many questions concerning
biological effects of nanoparticles themselves, primarily due to the differences in in vitro and in vivo models, doses, or experi-
mental procedures presented in currently available scientific data. The insightful evaluation of biocompatibility of
nanoparticles, not only at the level of cytotoxicity, but also overall cellular homeostasis is crucial. Several analyzes concerning
this aspect indicate its complexity and multilevel nature. Therefore, it is a must to better understand cellular and molecular
mechanisms triggered by nanoparticles, including inflammatory processes and impact on epigenetics and various omics. This
is particularly important due to the fact that such activities may cause long-lasting effects or toxicity, undermining the bio-
safety of nanomaterials. Thus, in order to fully exploit the therapeutic potential of nanoparticles, it is crucial to continue and
expand the studies both on in vitro cultured cell lines and in more complicated animal models.
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Last but not least, it should be noted that complexation or conjugation of PSs with nanoparticles may have a significant
impact on physicochemical properties of these drugs, resulting in the decrease of their phototoxicity, and thus—hampering the
delivery potential of nanomaterials. Drug-nanoparticle formulations should be subjected to in-depth biophysical characteriza-
tion before proceeding to biological tests in order to bring positive outcome.

Taking all those aspects into consideration, it can be assumed that the clinical application of nanoparticles as delivery vehi-
cles for therapeutics in PDT still requires a lot of work and can be far from success. Nevertheless, the number of available
reports on the biological activities of PS-nanoparticle formulation in vitro and in vivo allows to hope that in the future we will
be able to significantly boost the efficacy of PDT by improved drug delivery.
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Abstract: Photodynamic therapy (PDT) is a skin cancer treatment alternative to chemotherapy
and radiotherapy. This method exploits three elements: a phototoxic compound (photosensitizer),
light source and oxygen. Upon irradiation by light of a specific wavelength, the photosensitizer
generates reactive oxygen species triggering the cascade of reactions leading to cell death. The positive
therapeutic effect of PDT may be limited due to low solubility, low tumor specificity and inefficient
cellular uptake of photosensitizers. A promising approach to overcome these obstacles involves
the use of nanocarrier systems. The aim of this initial study was to determine the potential of the
application of phosphorus dendrimers as carriers of a photosensitizer—rose bengal (RB). The primary
goal involved the synthesis and in vitro studies of covalent drug—dendrimer conjugates. Our approach
allowed us to obtain RB-dendrimer conjugates with the use of tyramine as an aromatic linker between
the carrier and the drug. The compounds were characterized by FI-IR, TH NMR, 13C NMR, 3P NMR,
size and zeta potential measurements and spectrofluorimetric analysis. The dialysis to check the
drug release from the conjugate, flow cytometry to specify intracellular uptake, and singlet oxygen
generation assay were also applied. Finally, we used MTT assay to determine the biological activity
of the tested compounds. The results of our experiments indicate that the conjugation of RB to
phosphorus dendrimers via the tyramine linker decreases photodynamic activity of RB.

Keywords: skin cancer; photodynamic therapy; phosphorus dendrimers; rose bengal (RB)
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1. Introduction

According to World Health Organization (WHO), the incidence of both non-melanoma and
melanoma skin cancers has been increasing over the past decades. Currently, between two and
three million non-melanoma skin cancers and 132,000 melanoma skin cancers occur globally each
year [1]. Chemotherapy and radiotherapy are used successfully in the treatment of these types of
cancer, but cause many complications and side effects [2,3]. Limited specificity of those therapies
provokes the search for safer and more effective treatment strategies [4]. Photodynamic therapy (PDT)
is a very interesting alternative method of skin cancer therapy [5]. In particular, the effectiveness of
PDT depends on three factors: the presence of molecular oxygen, a specific wavelength of light, and the
use of special particles called photosensitizers or photosensitizing agents (PSs) [6].

In the first step of PDT, photosensitizer absorbs the quantum of light and goes into the singlet
excited state. Then, due to the non-radiant intercrossing transition, the PS reaches the excited triplet
state. This form is capable of exciting biomolecules around it. The excess of energy is transferred
to oxygen which triggers the production of reactive oxygen species (ROS), causing tissue damage.
The result of such mechanism involves the accumulation of superoxide anion radicals. However,
another mechanism seems to be more significant in photodynamic therapy. After the occurrence
of the excited triplet state of the photosensitizer, there is a direct transfer (without participation of
biomolecules) of energy to the oxygen, which leads to the formation of singlet oxygen. Singlet oxygen
belongs to very strong oxidizers, so its life in tissue is very short. Both mechanisms (Figure 1) take
place in photosensitization and they share the resultant outcome of toxicity, which depends on the
concentration of oxygen in the tissue, the pH, the dielectric constant of the tissue and other factors [7-9].

intersystem
crossing

PS excited singlet state

PS triplet state

fluorescence

PS5 ground singlet state

cancer cells .I‘&‘ l)
CCCT
(50933

Figure 1. Two possible mechanisms of the photodynamic effect.

normal cells —>

Some recent studies proved that covalent attachment of photosensitizers to nanomaterials
can increase phototherapy outcome and reduce their side effects [10,11]. Metal nanoparticles [12],
polymeric micelles [13], and ceramic-based nanoparticles [14] were recognized as potential carriers of
photosensitizers. Moreover, it was previously demonstrated that the use of nanoparticles avoids the
transfer of the photosensitizer to healthy tissues [15,16].
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Phosphorus dendrimers are very promising carriers, e.g., for therapeutic siRNA [17]. Polycationic
phosphorus dendrimers [18] are also able to transport negatively charged molecules, such as rose
bengal (RB) [19]. Combining cationic charges present on the surface of phosphorus dendrimers and
anionic charges of the RB allows to obtain complexes in which the photosensitizer retains its properties
in vitro [20]. However, the complexes can show a very serious disadvantage—low stability in vivo.

Therefore, in the initial study, we decided to design more stable conjugates containing RB and
polycationic phosphorus dendrimers using a linker—a small particle working as a bridge between RB
and phosphorus dendrimers.

The aim of our work was to chemically modify rose bengal in order to graft it on the surface of
phosphorus dendrimers and to investigate the influence of the resulting conjugates on the effectiveness
of phototherapy in vitro.

2. Results

2.1. Synthesis and Characterization of Conjugates

Our approach allowed to obtain rose bengal-phosphorus dendrimer conjugates using tyramine
as a linker. The compounds were characterized by FT-IR, 'H NMR, *C NMR and 3'P NMR. Synthesis
of rose bengal-phenol (RB-TYR) required a two-step reaction. The first step involves the conversion
of the carboxylic group of rose bengal to an acid chloride group which in turn reacts with tyramine,
forming an amide bond. The progress of reactions was confirmed by TLC, MALDI-TOF, 'H NMR
and FI-IR spectroscopy (Figure 2). For example, the reaction was monitored by FI-IR: we observed
the disappearance of the band at 1780 cm™! (for acid chloride) on behalf of a new one at 1614 cm™!
(for amide group), which confirmed the conversion of acid chloride into the corresponding phenol
(Figure 2C).
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Figure 2. Results for rose bengal-phenol: (A) chemical formula; (B) THNMR spectra (DMSO-d6; ppm),
(C) FT-IR spectra (neat), (D) MALDI-TOF spectrum of obtained rose bengal-phenol at m/z = 1117.57.
The calculated molecular weight is M: 1116.
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The second step of the reaction concerns the partial grafting of such a modified RB derivative
(65 umol) onto the surface of phosphorus dendrimers (21 umol). For this purpose we prepared
phosphorus dendrimers of generation 1 to 3 (G1, G2 and G3) with P(S)Cl,-terminal groups according
to the synthesis pathway previously described [21]. The third step involved the addition of amino
groups on the remaining P-Cl bonds on the outer shell of the phosphorus dendrimers followed by
protonation of the grafted amino groups with HCL

3P NMR spectra for G1-3RB (A) and G1-3RB-9 amine (B) are presented in the Figure 3. On the
upper panel (A), we observed the presence of a signal at 73.13 ppm characteristic for the P(S)CIRB group
occurring on the surface of modified phosphorus dendrimer and a signal at 61.99 ppm characteristic
for unmodified P(S)Cl, groups. The signals at 8.09 ppm (6A) and 8.07 ppm (6B) correspond to
the core (P3N3). On the lower panel (B), after the grafting of amino groups, we observed the
disappearance of both chemical shifts (73.13 and 61.99 ppm), on behalf of two new signals at 68.45 ppm
(-P(S)RB-pyrrolidine) and 68.80 ppm (-P(S)(pyrrolidine),). H NMR values were in agreement with the
presence of three molecules of RB and nine molecules of pyrrolidine on the surface of the dendrimer.
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Figure 3. 3'P NMR spectra for: (A) G1-3RB (THF-d8; ppm), (B) G1-3RB-9 pyrrolidine (G1-3RB-pyrro)
(CDCly; ppm).
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Using the same technique, we modified the surface of the G2 phosphorus dendrimer containing
12P(S)Cl,-terminal groups with 3 equivalents of RB derivative and 21 equivalents of amine. In Figure 4,
3P NMR spectra for G2-3RB (A) and G2-3RB-21 amine (B) are presented. On the upper panel (A) we
observed a chemical shift at 73.26 ppm characteristic for the P(S)CIRB group occurring on the surface
of the modified phosphorus dendrimer and signals at 8.39 (core), 62.40 (-P(S)Cl,) and 62.24 (P;) ppm.
The signal at 8.39 ppm corresponds to the core (P3N3). On the lower panel (B), after the addition
of pyrrolidine, we observed the appearance of new signals at the 68.76 (-P(S)RB—pyrrolidine) and
69.40 ppm (-P(S)(pyrrolidine)y). 'H NMR values were in agreement with the presence of 3 molecules
of RB and 21 molecules of pyrrolidine on the surface of the dendrimer.
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Figure 4. 3'P NMR spectra for: (A) G2-3RB (THF-d8; ppm), (B) G2-3RB-21 pyrrolidine (G2-3RB-pyrro)
(CDCly; ppm).

Finally, we modified the surface of the G3 phosphorus dendrimer containing 24 P(S)Cl,-terminal
groups with three equivalents of RB derivative and 45 equivalents of amine. In Figure 5, 3'P NMR
spectra for G3-3RB (A) and G3-3RB—45 pyrrolidine (B) are presented. On the upper panel (A) we
observed new chemical shift at 72.55 ppm characteristic for the P(S)CIRB group occurring on the
surface of the modified phosphorus dendrimer and other signals at 8.30 (core), 61.90 (P5), 62.24 (Py),
62.78 (P3) ppm. On the lower panel (B), after the addition of pyrrolidine, we observed the appearance
of new signals at 67.69 (-P(S)RB—pyrrolidine) and 68.38 ppm (-P(S)(pyrrolidine);). 'H NMR values
were in agreement with the presence of 3 molecules of RB and 45 molecules of pyrrolidine on the
surface of the dendrimer.



Int. J. Mol. Sci. 2020, 21, 4456 6 of 20

N om T o
o NS =]
roed o1
~ wwuwo -3
| —t— ]
P3 Pl P2
a RIS 8
N Ee3 i
; ity i
PsN;
P(SICIRB |
i Mah_ ., :
73 71 69 67 65 63 61 9.1 89 8.7 85 8.3 8.1 /.9
f1 {ppm} 1 {ppm}
P(s)Cl,
LA |
85 75 65 55 45 35 25 15 5 -5 ~k5 <250 =3
f1 (ppm)
B P
Ao c e ~
o R o
E=RC - - - w
—n, i

|P(S)(pyrrolidine) ,
P(S)RB-pyrrolidine

L6207
61.69
-8.02

P, P, PsN,

GOGBG7 G605 64636261 BB B4 BD /6 F7 6
i1 (ppm) 1 (ppm)

Ll_i' |

110 100 90 80 0 60 50 40 30 20 10 0 -10 -20 -30
L (ppm)

Legend: b P(S)CIRB/ P{S)RB-pyrrolidine
P(5)(pyrrolidine) ,

©
P(S)Cl,

Figure 5. 3'P NMR spectra for: (A) G3-3RB (CDCl3; ppm); (B) G3-3RB-45 pyrrolidine (G3-3RB-pyrro)
(CDCly; ppm).

2.2. Spectroscopy Studies

Spectrofluorimetric analysis showed drastic changes of the spectral properties of RB upon
modification with tyramine and subsequent conjugation to phosphorus dendrimers (Figure 6).
The attachment of tyramine to RB caused a two-fold decrease in fluorescence intensity. Furthermore,
the fluorescence of all conjugates was extremely low: GI1-3RB-pyrro was non-fluorescent,
the fluorescence of G2-3RB—pyrro and G3-3RB-pyrro was only slightly higher, and the fluorescence
of G3 conjugate was sufficient for the next experiments. Moreover, the results showed the emission
wavelength shift from 565 for RB and RB-TYR, to 575 and 580 nm for G3-3RB—pyrro and
G2-3RB-pyrro, respectively.
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Figure 6. Fluorescence of rose bengal (RB), rose bengal modified with tyramine (RB-TYR) and
conjugates of phosphorus dendrimers of the second and the third generation with three molecules of
RB (G2-3RB-pyrro and G3-3RB-pyrro, respectively), dissolved in distilled water. Concentration of all
compounds was calculated for RB and equaled 2.5 uM. Due to the lack of fluorescence activity of the
G1-3RB—pyrro conjugate, data are not shown. Excitation wavelength: 525 nm.

2.3. Size and Zeta Potential Measurements

It was shown that the G3-3RB—pyrro conjugate retained the nanometric size and significant
surface positive charge (Table 1), potentially favoring efficient endocytosis and cell entry [22]. However,
when compared with our previous research [23], the size of the tested conjugate was enlarged,
suggesting the possibility of aggregation.

Table 1. Size and zeta potential of the G3-3RB—pyrro conjugate. Data presented as mean + SD.

Hydrodynamic Diameter (nm) Zeta Potential (mV)
G3-3RB 18.17 + 4.96 4454 +2.42

2.4. Drug Release Studies

The release of RB from the G3-3RB—pyrro conjugate was evaluated under two pH conditions
(pH 5 and pH 7.4) (Figure 7). The results showed that in both cases, the release of RB is extremely
low, plateauing after 8 h at 15% release. Furthermore, there was no significant difference between the
release rates under both pH conditions.
- pH5
269 = pH7
20
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N
>
g

\y

-
o
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+ T T T
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Figure 7. Release of RB from the G3-3RB—pyrro conjugate under different pH conditions. Data presented
as mean =+ SD.
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2.5. Cellular Uptake Assay

Uptake experiments showed significant differences in cell uptake rates between both compounds
tested and cell lines (Figure 8). First, in all cell lines, RB showed similar potential to enter the cells,
with its cellular uptake being the most efficient in comparison to other compounds. The modification
of RB with tyramine decreased uptake level approximately by half, independently of cell line. Finally,
the G3-3RB conjugate was characterized by moderate but slowed down cellular transport compared to
free RB in the AsZ cell line, while for the BsZ and CsZ lines, cellular uptake was similar to RB-TYR.
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Figure 8. Cellular uptake of tested compounds (RB, RB-TYR, G3-3RB—pyrro at 5 uM final concentration
of RB) by AsZ, BsZ and CsZ cell lines. Data presented as mean + SD. * p < 0.05.

2.6. Singlet Oxygen Generation

Singlet oxygen generation by the compounds under evaluation was assessed with the use of
a highly selective Singlet Oxygen Green Sensor (SOSG) probe. It was found that the modification
of RB with tyramine and subsequent attachment of such construct to the G3 dendrimer gradually
reduced singlet oxygen production (Figure 9). The RB-tyramine conjugation caused a decrease in
singlet oxygen generation in comparison with free RB, and the covalent binding of RB-TYR to the
dendrimer further reduced the level of fluorescence.
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Figure 9. Comparison of singlet oxygen generation by free rose bengal (RB), rose bengal modified with
tyramine (RB-TYR) and conjugate of phosphorus dendrimer of the third generation with rose bengal
(G3-3RB—pyrro). Data presented as mean + SD. * p < 0.05.

2.7. Phototoxicity

Cytotoxicity studies performed with the use of MTT assay allowed to demonstrate an evident
decrease in phototoxic activity with increasing modification of RB. In all cell lines, free RB showed
the highest toxicity after irradiation, with RB-TYR being less toxic and G3-3RB-pyrro being almost
non-toxicin the tested concentration range (Figure 10). Additionally, tested compounds were completely
non-toxic without irradiation.
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Figure 10. Phototoxic activity of rose bengal (RB), rose bengal modified with tyramine (RB-TYR)
and conjugate of phosphorus dendrimer of the third generation with rose bengal (G3-3RB—pyrro).
Data presented as mean + SD. * p < 0.05.
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3. Discussion

Photodynamic therapy is based on the application of a photosensitizer that, upon irradiation by
light of a specified wavelength, produces reactive oxygen species and singlet oxygen [24], the generation
of which starts a cascade of reactions ultimately leading to cell death [25]. The ideal photosensitizer
is characterized by the following: maximum absorbance between 650 and 850 nm, high efficiency
of free radical production, fluorescence emission, low photodegradation, non-toxicity in the dark,
lack of allergic reactions and other side effects [26]. Unfortunately, despite many years of research on
photosensitizers, so far, no drug has been developed that would be characterized by all of these features.
Therefore, photosensitizers are being subjected to chemical modifications, e.g., being combined
with nanoparticles. Major benefits of using nanoparticles in PDT include protection of the drugs
from degradation, improvement of their solubility, prolongation of blood half-life, modulation of
pharmacokinetic properties and targeted delivery [11,27]. Modern techniques of nanotechnology
allow to synthesize numerous nanoparticles with various shapes, sizes and properties. Among them,
dendrimers deserve special attention. These highly branched, monodisperse, polyvalent polymers
of well-defined, regular structure are characterized by high solubility, biopermeability, and high
loading capacity. Dendrimers, due to their shape, structure and nanometric size, may also efficiently
penetrate into the tumor environment and retain in tumor interstitium, which is described as enhanced
permeability and retention (EPR) effect [28]. Due to their three-dimensional architecture, they provide
the possibility of covalent conjugation of the drug to the functional surface groups or encapsulation
inside the dendritic structure [29].

In order to create covalent bonding between the drug and the dendrimers, the choice of appropriate
linker is crucial. Linkers are molecules possessing two functional sides that can be used for joining
chemical compounds together. Capability to design different kinds of linkers enable their application in
drug development, proteomics, imaging and DNA sequencing. Nowadays it is possible to manufacture
linker with strictly defined chemical composition and properties, including high stability in changeable
environment or, on the other hand, the possibility of specific cleavage. By using different linkers, it is
possible to release the therapeutic compound in a specified place and time, which can contribute to
the reduction of side effects of classical drug application. This includes linkers that are sensitive to
the change of pH or temperature, enzymatic or redox reactions, light irradiation, and hypoxia [30,31].
However, it has been shown that in case of PDT, the drug does not have to be released due to the
specificity of its anticancer activity [11,32].

Previously, non-covalent complexes based on a phosphorus dendrimer and RB have been evaluated
in vitro. The formation of non-covalent complexes [19,33] and their promising application in PDT [20]
have been described. In the present paper, we focused on the evaluation of the ability of phosphorous
dendrimers of different generations covalently modified with RB to act as efficient carriers for this drug.
Thus, we used tyramine as a stable linker with suitable length to ensure proper exposition of RB on the
surface of the dendrimer [34]. The presence of the phenol group allows for the formation of stable O-P
bonds in the framework of the phosphorus dendrimer, as demonstrated previously [35]. Our main goal
involved the increase in the stability of the delivery system, which may be vital in the case of in vivo
experiments in comparison to non-covalent complexes. In the initial in vitro studies, we examined the
properties and stability of conjugates of phosphorus dendrimers with RB-TYR, as well as their ability
to generate singlet oxygen and exert phototoxic effect in vitro.

Three conjugates of phosphorus dendrimers of different generations with RB (G1-, 2—, 3-3RB—pyrro)
were successfully synthesized and characterized. Interestingly, the spectrofluorimetric studies revealed
that even a small chemical modification of RB by the attachment of tyramine reduces its fluorescence
two-fold in comparison to free RB. The conjugation of RB to phosphorus dendrimers using a tyramine
linker caused further reduction of fluorescence. This effect is not unexpected and was previously
described by Li et al. [36]. In general, we observed a decrease in fluorescence intensity with a
decreasing generation of phosphorus dendrimers to such an extent that the G1 dendrimer did not
show any fluorescence. Thus, in the next experiments we used RB, RB-TYR as an intermediate form,
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and G3-3RB—pyrro as the conjugate with the highest fluorescence, which is important for effective
PDT [37]. This conjugate retained its nano-size and positive surface electrostatic potential, which
is important for efficient cellular uptake [22]. Furthermore, G3-3RB-pyrro was stable both in pH
conditions of the bloodstream (pH 7.4) and the tumor environment (pH 5)—only a small amount of the
drug was released from the conjugate, even after 24 h.

Since RB is a hydrophilic compound, it cannot penetrate the cell membrane by passive diffusion
and most probably require specific membrane transporters. Repeated administration of the drug may
lead to down-regulated of expression of those transporters, subsequently leading to drug resistance [38].
Therefore, we evaluated the cellular uptake of the tested compounds in order to check if the conjugation
can improve intracellular delivery of the photosensitizer. First, we observed that the uptake level of
RB-TYR was decreased approximately two-fold in comparison with free RB in all tested cell lines.
This result may be caused by a reduced affinity of the chemically modified drug to membrane protein
transporters. However, the conjugate in the AsZ cell line was uptaken as efficiently as the free drug,
which indicated that the tested phosphorus dendrimer could act as an efficient nanocarrier. On the other
hand, the uptake in the BsZ and CsZ cell lines was decreased to the level of RB-TYR. This phenomenon
can be caused by differences in endocytosis processes in different cell lines, which was previously
shown, e.g., for poly(propyleneimine) (PPI) glycodendrimers [39,40].

Since one of the most important feature of a photosensitizer is the generation of singlet oxygen,
which is the basic mechanism responsible for death of cancer cells [41,42], we evaluated this process
under the influence of the tested compounds. However, the results showed that RB-TYR exhibits
decreased production of singlet oxygen in comparison to free RB, while G3-3RB-pyrro practically does
not show this ability. These observations were consistent with the results of the analysis of fluorescence
properties of the tested compounds and, moreover, they translated into the results of cytotoxicity
tests, which showed that free RB has the highest phototoxicity, and with its progressive modification
(attachment of tyramine and then the G3 dendrimer), the reduction of toxic effect occurs.

4. Materials and Methods

4.1. Materials

Phosphorus dendrimers (and their conjugates with RB) of the first, second and third generation
were synthesized in the Laboratoire de Chimie de Coordination, CNRS (Figure 11).
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Figure 11. The schemes of G1, G2, G3 phosphorus dendrimers.

Rose bengal, tyramine, cesium carbonate, thionyl chloride, 1-(2-aminoethyl)pyrrolidine,
triethylamine (TEA), N,N-diisopropylethylamine (DIPEA), fetal bovine serum, penicillin/streptomycin
solution, trypsin—-EDTA solution, and MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide) were purchased from Sigma-Aldrich, Taufkirchen, Germany and TCI, Zwijndrecht, Belgium.
Dulbecco’s phosphate buffered saline with no calcium and no magnesium (DPBS) was purchased
from Biowest, France. 154 CF culture medium was obtained from Gibco, Thermo Fisher Scientific,
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Waltham, MA, USA. Chelex 100 Resin was obtained from Bio-Rad. Singlet oxygen sensor green
(SOSG) was purchased from Molecular Probes, ThermoFisher, Waltham, MA, USA. Dimethyl sulfoxide
(DMSO) was purchased from POCH (Gliwice, Poland). Snake-Skin™ Dialysis Tubing, 3.5K MWCO,
22 mm was obtained from ThermoFisher, Waltham, MA, USA. Murine basal cell carcinoma lines
(AsZ, BsZ, CsZ) were kindly provided by Dr. Ervin Epstein (Children’s Oakland Research Institute,
Oakland, CA, USA).

4.2. Methods

4.2.1. Preparation of Drug-Dendrimer Conjugates—General Information

All reactions were carried out in organic solvents using standard high vacuum and dry-argon
techniques. All purchased chemicals were used without further purification. All solvents were dried
and purified with the MBraun SPS 800 solvent purification system before use. 'H, 13C, and 3'P NMR
spectra were recorded with DPX300 and AV400 spectrometers (Bruker, Billerica, MA, USA). All 1B¢C
NMR and 3!'P NMR spectra were generally recorded decoupled {!H}. The signal of the nondeuterated
solvent served as an internal standard.

IR spectra were recorded with Perkin Elmer Frontier (Waltham, MA, USA) and MALDI-TOF
spectra with MALDI TOF MICROMASS WATERS (Milford, MA, USA).

4.2.2. Synthesis of the Rose Bengal Acid Chloride

Rose bengal disodium salt (2 g; 2 mmol) was dried, dissolved in 20 mL of chloroform and cooled
to 0 °C. Thionyl chloride (10 mL) was added and the resulting solution was stirred for 2 h at 60 °C
under reflux and then stirred overnight at room temperature (RT). The reaction was carried out in an
argon atmosphere. After completion of the reaction (checked by TLC), the solvent was removed under
vacuum line at 50 °C. Solid residue was characterized by IR with appearance of a band at 1780 cm™*
corresponding to acid chloride. Crude solid residue was carried forward as such for next step, because
purification leads to the conversion of chloride into acid.

4.2.3. Synthesis of Rose Bengal-Tyramine

RB acid chloride (0.5 g, 0.5 mmol) was mixed with tyramine (0.1 g; 0.65 mmol), dried and kept
in THF (30 mL). In the next step TEA (0.65 mmol) was added. The resulting mixture was stirred for
24 h. After completion of the reaction (checked by TLC), the solvent was evaporated under vacuum.
Crude residue was purified on silica column using ethyl acetate and methanol as a mobile phase (20%
of methanol and 80% of ethyl acetate). The scheme of the rose bengal modification is presented in
Figure 12.

The rose bengal modified with tyramine was characterized by NMR ('H and '3C NMR). 'H NMR
(DMSO-d6; ppm): § 9.36 (s, 1H, NHCO), 7.84 (s, 2H, OH), 7.32 (s, 2H, ArHgg), 7.00 (d, ] = 8.4 Hz, °H,
CHArtyRr), 6.69 (d, ] = 8.4 Hz,2H, CHArryR), 2.90 (t, ] = 8.6 Hz, 2H, CH,NHCO), 2.70 (t, ] = 8.6 Hz, 2H,
CH2ArryR). *C NMR (DMSO-d6; ppm): & 172.09 (Argp=0, Argp-O-), 162.09 (NCO), 157.88 (Args-O),
156.63 (A]T—C-Cl), 137.37 (A]TRB—CI, CTYR'CHZ)/ 130.91 (ArTYR)r 130.26 (A]TRB—CI), 115.81 (AI‘TYR), 111.61,
97.12 (Argp-1), 97.07 (Argg-I), 76.18 (C-CONH), 44.09 (CHpTyRr), 34.01 (CHy1YR). IR spectra (neat) show
the disappearance of the band at 1780 cm™! and the appearance of a new band at 1614 cm™!, which
confirms the conversion of acid chloride into the corresponding phenol. Mass spectra corroborate the
formation of the desired RB-tyramine derivative (Figure 13).
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Figure 13. The scheme of the synthesis of the G1-, 2—, 3-RB-pyrrolidine conjugates.

4.2 4. Synthesis of Rose Bengal-G1, G2, G3 Phosphorus Dendrimers—Pyrrolidine Conjugates

Preparation of the PS-Cl, G1, G2, G3 Dendrimer Conjugates Containing Three Molecules of
Rose Bengal

RB-TYR (65 umol) and cesium carbonate (65 pmol) were dried under vacuum, dissolved in 20 mL
of THF and kept in dark at RT. A total of 21 pmol of PS-Cl, G1 or PS-Cl, G2, or PS-Cl, G3 dendrimer
were added. The resulting mixtures were stirred for 72 h in an argon atmosphere. After completion of
the reaction, the solvent was evaporated under reduced pressure. The residue was dissolved in 10 mL
THF and precipitated in 100 mL pentane.

The structure of the G1-3RB conjugate was controlled by 3P NMR, 'H NMR, 13C NMR in
THEF-d8. 3P NMR: § 8.09 (s, Py), 61.99 (s, P1), 73.13 (s, P;-tyramine) ppm; 'H NMR: 7.60 (m, 18H,
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ArHpe, and CH=N), 7.24-6.99 (m, 24H, ArHp,,, ArHgg, ArHtyg), 6.68 (d, ] = 7.2 Hz, 6H, ArHryg),
3.52-3.38 (m, 18H, P-N-CH3), 3.10 (s, 6H, CH,-NH), 2.94 (s, 6H, CH,-Arqyg); *C NMR: § 162.37 (NCO),
158.39(Ca0), 156.32 (Arryr-O), 152.34 (Car.pen), 139.44 (CH=N), 139,22 (Cgg-Cl), 137.18 (C=C-I),
136.65 (Crp-CO), 135.81 (Arqyr), 131.04 (Car-Den), 129.49 (ArTyRr), 129.06 (Crg-Cl), 129.03 (Car-pen),
128.11 (Cgg-Cl), 127.74 (Cgp-Cl), 124.53(Car.rp), 120.94 (Car-pen), 115.16 (Artyr), 94,49 (Cgg-I), 78,20
(CRB)r 44.09 (CHZTYR)/ 34.01 (CHZTYR)r 29.72(]31‘.5., P-N-CH3).

The structure of the G2-3RB conjugate was controlled by 3'P NMR, 'H NMR, *C NMR in
THF-d8. 3'P NMR: 6 8.39 (s, Py), 62.24 (s, P1), 62.40 (s, Py), 73.26 (s, Pp-tyramine) ppm; 'H NMR:
8 7.76-7.55 (m, 54H, ArHp., and CH=N), 7.27 (d, ] = 16.8, d, ] =8.8 Hz, 36H, ArHp,,), 7.09-7.06
(m, 6H, ArHtyg), 7.02-7.00 (m, 6H, ArHgg), 6.68 (d, ] = 2.6 Hz, 6H, ArHryR), 3.46 (d, ] = 14.0 Hz,
36H, P-N-CH3), 3.34 (d, ] = 10.4 Hz, 18H, P-N-CH3), 2.88-2.63 (m, 12H, CH,-NH, CH,-Ar); 13C
NMR: § 162.42 (NCO), 158.39(C;0), 156.27 (Artyr), 151.92 (Car-pen), 151.36 (Car.Den), 148.13 (Crp-Cl),
141.88 (CH=N), 139.48 (CH=N), 136.66(Crp-Cl), 135.86(ArryR), 132.38 (Crp-Cl), 131.85 (CAr.pen), 131.07
(Car-Den), 129.55(Artyr), 128.51 (Crg-Cl), 128.10(Car-Den), 127.76 (Car-pen), 124.90 (Crg-Cl), 123.93
(CarrB), 121.64(Car-Den), 121.10(Car.Den), 115.19 (C arrp-OH), 78.82 (Cgrg-I), 78.26 (Crgp), 44.00 (CHotyRr),
34.11 (CHoryRr), 31.30 (br.s.P-N-CHj).

The structure of the G3-3RB conjugate was controlled by 3!P NMR, 'H NMR, '*C NMR in CDCl;.
3IP NMR: § 8.30 (s, Pp), 61.90 (s, Py), 62.24 (s, Py), 62.78 (s, P3), 72.55 (s, P3-tyramine) ppm; 'H NMR: &
7.97-7.35 (m, 116H, ArHpe, and CH=N), 7.21 (m, 72H, ArHpey), 7.02-6.90 (m, 6H, ArHry,), 6.90 (s,
6H, ArHgg), 6.70 (d, ] = 6.8 Hz, 6H, ArHryg), 3.46-3.18 (m, 126H, P-N-CH3), 2.84 (d, ] = 11.4 Hz, 6H,
CH,-NH, CH,-Ar), 2.72(s, 6H, CH,-Arryr); °C NMR: § 156.81 (NCO), 155.22 (C4,0), 151,79 (Artyr),
151.79 (Ar-CCl), 151.73 (Car-Den), 151.35 (C Ar-pen), 140.86 (Crp-Cl), 140,68 (CH=N), 139.10 (CH=N),
136.24 (Artygr), 132.21 (Cgp-Cl), 131.52 (Car-Den), 130.05 (Car-Den), 129.42 (Arryr), 128.75 (CAr-Den,
Crg-Cl), 128.35 (Car-Den), 121.81 (Car-Den), 121.28 (CAr-Den, ATrp), 115.72 (CArgg-OH), 77.33 (Cgrgp-I),
74.08 (Crp-1), 68.57 (Crp), 42.84 (CHyryR), 33.14 (CHotyRr), 30.62 (br.s. P-N-CHj).

Preparation of the PS-Cl, G1, G2, G3 Dendrimer Conjugates Containing Three Molecules of Rose
Bengal and 9, 21 and 45 Molecules of Pyrrolidine, Respectively

The conjugates (16 pmol) bearing 3 RB units on their surface and 9, 21 or 45 terminal P-Cl bonds
in 20 mL of THF were mixed with the excess of anhydrous sodium sulphate. The solution was cooled
to 0 °C. (DIPEA) (144, 336 and 730 umol, respectively) was added, followed by the slow addition of
1-(2-aminoethyl)pyrrolidine (144, 336 and 730 umol, respectively), and then the solution was stirred
for 6h. After completion of the reaction controlled by 3!P NMR, the solvent was evaporated under
reduced pressure. The residue was extracted with dichloromethane (DCM) (20 mL) and 10% K,COs3
in water (10 mL). The organic layer was dried over magnesium. The residue was again dissolved in
10 mL THF and precipitated in 100 mL pentane. The last step involved the protonation of the grafted
amino groups with HCI, subsequently leading to the formation of charged phosphorus dendrimers
G1-3RB-9 pyrrolidinium, G2-3RB-21 pyrrolidinium and G3-3RB-45 pyrrolidinium (Figure 14).

The structure of the G1-RB—pyrrolidine conjugate was controlled by 3P NMR, 'H NMR, 13C
NMR in CDClz. 3'P NMR: § 8.07 (s, Py), 68.45 (s, P1-RB), 68.80 ppm (s, P1-pyrrolidine); 'H NMR: &
7.46 (d, ] = 10.6 Hz, 18H, ArHpe,, and CH=N), 7.18-6.50 (m, 30H, ArHpe,, ArHgg, ArHryr), 3.15 (d,
] =9.4 Hz, 18H, P-N-CH3), 3.07-2.97 (m, 30H, CH,-Ar, CH,NH), 2.58-2.52 (m, 54H, CH,N, NCH,),
1.79-1.76 (m, 36H, CH,); '3C NMR of G1-RB-pyrrolidine: & 158.19(C4,0), 156.80 (NCO) 156.32
(Arryr), 152.34 (Car-pen), 151.79 (Ar-CCl), 139.44 (CH=N) 139,22 (C-Cl), 137.18 C-I), 136.60 (Crg-CO),
135.75 (Artyr),131.04 (Car-Den), 129.49 (ArTyr), 129.06 (Crp-Cl), 129.03 (Car-pen), 128.11 (C-Cl), 127.74
(CAr-Den)r 127.51 (ArTYR/ AI‘RB), 121.12 (ArTYR)/ 121.05 (CAr-Den)/ 84.88 (CRB-I), 56.44 (CHz), 39,81
(N-CHy), 39.81 (CH,-N), 37.07 (CH,yr-NH), 36.56 (CHy1yR), 31.91 (P-N-CHs), 25.59 (CHy).
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Figure 14. The structures of the G1-, 2—, 3-RB—pyrrolidinium conjugates. Black spheres are graphical
representation of non-modified phosphorus dendrimer.

The structure of the G2-RB-pyrrolidine conjugate was controlled by 3'P NMR, 'H NMR, *C
NMR in CDCl3. 3'P NMR: 5 8.48 (s, Py), 62.89 (s, P1), 68.76 (s, P,-RB), 69.40 (s, P,-pyrrolidine) ppm; H
NMR: b (m, 54H, ArHpe, and CH=N), 7.18 (s, 36H, ArHpep), 7.10 (d, ] = 6.8 Hz, 6H, ArHryg), 7.04 (s,
6H, ArHRgg), 6.7 (d, ] = 6.8 Hz, 6H, ArHtyRr), 3.40-3.27 (m, 36H, P-N-CH3), 3.26 (d, ] = 5.8 Hz, 18H,
P-N-CH3), 3.19 (d, ] = 6.2 Hz, 6H, CH,-NHPS), 3.15-3.07 (m, 48H, CH,NHCO, CH;-ArryRr), 2.53-2.48
(m, 126H, CH,N, NCHj); '*C NMR: § 171.96 (NCO), 164.85 (Ca,0), 137.21 (Car.pen, Crs-Cl), 129.16
(Car-Den, CHTYR), 127.80 (CAr-Den), 127.15 (Car-Den, Crp-Cl), 124.86 (Car.Den), 121.30 (Car-pen), 115.03
(Ar-C-OH), 84.18 (Cgp-I), 53.67 (CH,-NHy), 39.75 (CHatyr), 39.73 (CH,-N, N-CHy), 39.04 (CHa1yR),
32.60 (P-N-CH3), 29.72 (P-N-CH3), 26.96 (CHo,).

The structure of the G3-RB-pyrrolidine conjugate was controlled by 3'P NMR, 'H NMR, '*C NMR
in CDCl3. 3P NMR: 6 8.02 (s, Pp), 61.69 (s, P»), 62.07 (s, P1), 67.69 (s, P3-RB), 68.38 (s, P3-pyrrolidine)
ppm; 'H NMR: § 7.69-7.40 (m, 116H, ArHpe, and CH=N) 7.25-6.51 (m, 102H, ArHp.,, ArHgg,
ArHryg), 3.17-3.02 (m, 90H, CH,-NHPS), 3.14-3.00 (m, 126H, P;-N-CH3), 2.67-2.52 (m, 12H, CH,-NH,
CH,-ArryRr), 2.50-2.41 (m, 270H, CH,-N, N-CHy), 1.89-1.69 (m, 180H, CH,); '3C NMR: 5 156.80 (NCO),
156.32 (ArtyRr), 152.34 (Car-Den), 151.69 (Ar-CCl), 136.60 (Crp-CO, 135.40 (CH=N) 133,12 (C-Cl), 132.18
C-I), 135.75 (AI’TYR),131.04 (CAr—Den)/ 129.49 (ArTYR)r 129.06 (CRB-CI), 129.03 (CAr—Den)r 128.11 (C—Cl),
127.74 (CAr-Den/)/ 12751 (ArTYR/ AI‘RB), 121.12 (ArTYR)/ 121.05 (CAr-Den)/ 84.88 (CRB-I), 56.44 (CHQ), 39,81
(N-CHy), 39.81 (CH;-N), 37.07 (CHpyr-NH), 36.56 (CHy1yR), 30.98 (P-N-CH3), 23.58 (CHy).

4.2.5. Spectroscopy Studies

Fluorescence spectra were acquired using a PerkinElmer LS-50B spectrofluorometer (Waltham,
MA, USA). All measurements were performed in distilled water, at RT. The excitation wavelength was
set to 525 nm and spectra were collected in a wavelength range from 540 nm to 640 nm. Excitation
and emission slits were 5 nm and 7 nm, respectively. The measurements were carried out for tested
compounds: RB, RB-TYR, and G1-, 2—, 3-RB—pyrrolidinium (G1-, 2-, 3-3RB—pyrro) conjugates
(Figure 14) at 2.5 uM concentration of RB.
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4.2.6. Size and Zeta Potential Measurements

Measurements of size and zeta potential were performed with the use of Zetasizer Nano ZS
(Malvern Instruments Ltd., Malvern, UK). Water solutions containing the studied compound at the
final dendrimer concentration of 10 uM were placed in the low volume sizing cuvettes (ZEN0112,
Malvern) for size determination or in the folded capillary cells (DTS 1070, Malvern) for zeta potential
measurements and measured at 25 °C. The data were analyzed using the Malvern software.

4.2.7. Drug Release Studies

In order to evaluate the rate of photosensitizer release from the conjugate (G3-3RB—pyrro) under
different pH conditions, a 50 pM solution of G3-3RB—pyrro in DPBS was enclosed in a dialysis
membrane tubing (SnakeSkin™ Dialysis Tubing, 3.5K MWCO, 22 mm, ThermoFisher, Waltham, MA,
USA) and immersed in DPBS at a pH of 5 or 7.4 at RT. Samples from the internal phase were collected
at subsequent intervals (0.5, 1, 2, 4, 8, 24 h) and the RB-TYR fluorescence similarly to spectroscopy
studies. Percentage of release was determined with regards to the first sample, where the drug was not
released from the conjugate (100% of initial fluorescence). The experiment was performed three times.

4.2.8. Cell Culture

Murine basal cell carcinoma lines were cultured in 154-CF medium with 5% penicillin/streptomycin,
0.05 mM calcium, and 2% chelexed, heat-inactivated fetal bovine serum (FBS). Cells were cultured in
T-75 culture flasks at 37 °C, 5% CO, and subcultured every 2 or 3 days. The number of viable cells
was determined by trypan blue exclusion assay with the use of Countess Automated Cell Counter
(Invitrogen, Carlsbad, CA, USA). For the harvesting of the cells, a 0.25% (w/v) trypsin—0.03% (w/v)
EDTA solution was used.

4.2.9. Cellular Uptake Determination

To define cellular uptake of tested compounds, AsZ, BsZ and CsZ cells were seeded into 12-well
plates at a density of 2 x 10° cells per well. After 24 h incubation (37 °C, 5% CO5) cells were treated with
selected compounds (RB, RB-TYR, G1-3-3RB—pyrro) at 5 uM of the final concentration of RB up to 5 h.
Following the incubation, cells were collected using the trypsin-EDTA solution, washed with DPBS
and suspended in fresh medium. To estimate the cellular uptake, fluorescence of the samples was
measured using flow cytometer (LSRII, Becton Dickinson, BD Biosciences, city, if any state, San Jose,
CA, USA). The excitation and the emission filters were 520 and 570 nm, respectively.

4.2.10. Singlet Oxygen Generation Assay

To determine singlet oxygen production, Singlet Oxygen Sensor Green (SOSG) probe at 1 uM
concentration was used. The solutions of RB, RB-TYR and G3-3RB—pyrro were prepared in DPBS.
The samples were prepared at 0.25, 0.5, 0.75 and 1 uM concentration of RB. Upon sample preparation,
100 pL of each solution was transferred to the 96-well black plate. All measurements were recorded
using fluorescence microplate reader (Fluoroscan Ascent FL, ThermoFisher, Waltham, MA, USA).
The excitation wavelength was 500 nm, and the emission wavelength was 538 nm. Samples were
shaken before every measurement. The first measurement was recorded with no SOSG probe to
determine whether RB, RB-TYR or G3-3RB-pyrro emit fluorescence in this range. Following the first
measurement, SOSG was added to each well, and the fluorescence of the probe without irradiation was
checked. Next, the plate was immediately placed under the Q.Light Pro Unit lamp equipped with a
filter emitting visible light in the range of 385—780 nm (Q.Light, Rorschach, Switzerland). The plate was
irradiated, and the fluorescence of the probe was measured in the course of irradiation time (5-60 min).
Then, the slopes of the fluorescence curves were considered for the measurement of singlet oxygen
generation. The results were presented as percentage of singlet oxygen generation in control (PBS).
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4.2.11. Cytotoxicity Studies

To measure the cytotoxicity, AsZ, BsZ and CsZ cells were seeded into 96-well plates at a density of
3 x 10* cells per well. After 24 h incubation, the culture medium was aspirated from the wells. Then,
100 pL of the free photosensitizer (RB, RB-TYR or G3-3RB—pyrro) was added to the cells at final RB
concentrations of 0.25, 0.5, 0.75 and 1 uM in fresh culture medium. Cells were incubated with tested
compounds for 5 h (37 °C, 5% COy,). Then, the medium was replaced with fresh DPBS buffer, and cells
were irradiated with visible light using a lamp (Q.Light Pro Unit Q.Light, Rorschach, Switzerland).
The time of irradiation was 30 min. Immediately after irradiation, DPBS was replaced with fresh
culture medium, and cells were incubated for 24 h as post PDT incubation. Additionally, the “dark”
toxicity (without irradiation) was evaluated. Then, cell viability was measured using MTT assay.
MTT was added to the wells at a concentration of 0.5 mg/mL and the plates were incubated for 3 h
(37 °C, 5% COy). After incubation, formazan crystals were dissolved in DMSO and the absorbance was
read at 570 nm using the PowerWave HT Microplate Spectrophotometer (BioTek, Winooski, VT, USA)

4.2.12. Statistical Analysis

For statistical significance testing, one-way ANOVA for concentration series and post hoc Tukey’s
test for pairwise difference testing were used. In all tests, p-values < 0.05 were considered to be
statistically significant. Data are presented as arithmetic mean =+ SD.

5. Conclusions

The present work demonstrates that it was possible to (1) modify the structure of rose bengal—a
well-known photosensitizer used for photodynamic therapy studies—with a linker in the form of
tyramine; (2) to graft selectively three modified rose bengal units onto the surface of phosphorus
dendrimers of generation 1, 2 and 3 used as nanocarriers; (3) to modify these new nanoobjects
via the grafting with pyrrolidino groups, followed by their protonation; (4) to study in depth their
physicochemical and biological properties; (5) to point out the key role of the linker between phosphorus
dendrimers and rose bengal in limiting fluorescence and phototoxic properties of the photosensitizer.

Investigations are underway with the aim of preparing similar conjugates in order to examine the
impact of the nature of the linker, the generation of the dendrimers, the nature of the amino groups,
and the number of grafted rose bengal units (or other photosensitizers) on the in vitro and in vivo
properties of these macromolecules.

Dendrimers are chemically well-designed drug nanocarriers, and the application of an appropriate
linker allows to prepare stable compounds for in vitro tests. However, we observed a weakened
photodynamic effect of RB upon conjugation of the drug to phosphorus dendrimers via the tyramine
linker, which excludes this type of linker from further studies on dendrimer-based carriers for this
photosensitizer. The most promising strategy in this case would be the selection of a linker that ensures
stability in systemic circulation and specific release of the unmodified drug inside the tumor cells,
thus ensuring its unchanged structure and phototoxic properties. In subsequent studies, we plan to
screen different linkers and types of drug-dendrimer bonding in order to choose the best solution for
the preparation of a RB-phosphorus dendrimer conjugate.
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ABSTRACT: Rose bengal is an anionic dye considered as a
potential photosensitizer for anticancer photodynamic therapy.
The clinical utility of rose bengal is hampered by its short half-life,
limited transmembrane transport, aggregation, and self-quenching;
consequently, efficient drug carriers that overcome these obstacles
are urgently required. In this study, we performed multilevel in
vitro and in silico characterization of interactions between rose
bengal and cationic poly(amidoamine) (PAMAM) and poly-
(propyleneimine) (PPI) dendrimers of the third and fourth
generation and assessed the ability of the resultant complexes to
modulate the photosensitizing properties of the drug. We focused
on explaining the molecular basis of this phenomenon and proved
that the generation- and structure-dependent binding of the dye by

ROS preduction

Phototoxicity

" Dendrimer:Rose Bangal 1
complexes

the dendrimers increases the cellular uptake and production of singlet oxygen and intracellular reactive oxygen species, leading to an
increase in phototoxicity. We conclude that the application of dendrimer carriers could enable the design of efficient photodynamic

therapies based on rose bengal.

1. INTRODUCTION

Photodynamic therapy (PDT) is one of the most promising
methods for the treatment of basal cell carcinoma and different
types of skin cancer." This highly specific approach is primarily
based on the application of a light-sensitive compound (so-
called photosensitizer, PS), which, upon excitation with light of a
certain wavelength, generates reactive oxygen species (ROS).
This, in turn, leads to the oxidation of cellular nucleic acids,
lipids, and proteins, disrupting cell signaling cascades or gene
regulation and ultimately activating several cell death pathways.”
Such a specific mechanism enables treatment to be targeted
precisely to the area of a neoplastic lesion upon direct
application of PS and light.” Thus, the benefits of PDT are its
noninvasiveness and lack of adverse side effects. However, the
level of damage and the mechanisms of cell death depend not
only on the clinical setup (e.g, time of irradiation and light
intensity) but also on the properties, concentration, and
subcellular localization of PS.* Consequently, to take full
advantage of the potential of PDT, it is essential to select the
appropriate phototoxic drug.

The ideal PS should have the following properties: maximum
absorbance between 650 and 850 nm, high efficiency of free
radical production, low photodegradation, and nontoxicity in
the dark. Additionally, PSs should have long half-lives and
efficient cellular uptake, enabling sufficient intracellular

© XXXX The Authors. Published by
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accumulation to trigger a toxic effect.”” Despite many years of
research, clinically used PSs remain far from perfect.

Rose bengal (4,5,6,7-tetrachloro-2’,4’,5’,7'-tetraiodofluores-
cein; RB) is a dianionic fluorescent dye belonging to the class of
xanthenes. RB is currently approved as an ocular diagnostic tool
and has been designated by the Food and Drug Administration
(FDA) for the treatment of several types of cancers and skin
Due to its high efficiency of singlet oxygen
generation,6 RB is considered a good candidate to serve as a
PS in anticancer PDT. However, the potential use of RB in the
photodynamic therapy of neoplasms is limited mainly by its
short half-life, hydrophilic nature, and tendency to aggregate. RB
is negatively charged at physiological pH, hindering trans-
membrane transport and preventing the accumulation of
clinically relevant intracellular concentrations. Its half-life
(~30 min) further limits distribution and tissue accumulation;
consequently, multiple dosing may be needed to reach the

e S
conditions.
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Figure 1. Changes in the fluorescence spectrum of RB (1 4M) upon titration with (A) PPI G3, (B) PPI G4, (C) PAMAM G3, and (D) PAMAM G4,
maintaining a dendrimer:RB molar ratio of 1:50 to 1:1. The insets show the determination of the stoichiometry of complexes fully saturated with RB
using Job’s method based on the plots of Fs4,/Fs;5 vs RB:dendrimer molar ratio. Data are presented as means & SD; n = 3.

optimal therapeutic effect. In addition, RB forms aggregates in
solutions, which affect the spectral properties of the dye and
cause a decrease in its photodynamic activity, including the
ability to generate singlet oxygen and other ROS.’

To overcome the limitations associated with photo-instability,
poor Dbiodistribution, and cellular uptake, the use of the
appropriate RB formulation or delivery system may be a
promising approach. Clinically used lipidic and organic
formulations of PSs may yield unpredictable distribution
patterns, allergic reactions, hypersensitivity, and systemic
toxicity.7 To overcome these problems, researchers have turned
to the field of nanotechnology, which has the potential to
generate nanoscale particles with precisely defined features.”’
Here, dendrimers are a class of nanoparticles that has been
studied comprehensively both in vitro and in vivo in the context
of anticancer drug delivery.'"~"* These sphere-shaped, water-
soluble polymers of symmetrical, well-defined structure protect
drugs from degradation, extend their half-life, promote intra-
cellular transport,® and provide semispecific accumulation in
tumor regions; the latter phenomenon is referred to as the
enhanced permeability and retention (EPR) effect.'*

The three-dimensional architecture and chemical composi-
tion of dendrimers offer several options for the attachment of
drugs. In particular, therapeutics can be physically entrapped
inside the dendritic scaffold or linked by noncovalent
interactions or covalent bonds, both on the surface and within
the dendrimer structure.'® In the context of PDT, an additional

advantage is that optimized release of PS from the carrier at the
target site is not required for the cytotoxic effect so long as the
nanocarrier does not limit the diffusion of molecular oxygen.®
However, although dendrimer/drug conjugates are generally
more stable in solutions and in vivo, the use of covalent linkers
can drastically alter the photosensitive properties of PS, thus
decreasing its phototoxicity." Therefore, numerous studies on
the use of nanoparticles, including dendrimers, as RB carriers
have focused on noncovalent interactions,’ demonstrating the
efficient intracellular uptake and superior photodynamic
properties of such formulations.'*™"® Because complex for-
mation is usually based on ionic interactions, the process itself,
as well as the physicochemical and biological properties of
dendrimer/drug complexes, is greatly influenced by pH; ionic
strength; buffer composition; and, most importantly, the
structure of the dendritic carriers.'”

In this study, we focused on well-characterized and
commercially available cationic poly(amidoamine) (PAMAM)
and poly(propyleneimine) (PPI) dendrimers of the third (G3)
and fourth (G4) generation. We took a holistic approach,
performing an in-depth characterization of dendrimer:RB
interactions both in vitro and in silico, and performed further
assessment of the multilevel biophysical and biological activity of
the resultant complexes: singlet oxygen generation, cellular
uptake, intracellular ROS production, and phototoxicity. To the
best of our knowledge, this is the first attempt to compare the
ability of cationic dendrimers of different types and generations
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Figure 2. Titration curves for the measurements of zeta potential: effects of titration of 10 uM solutions of (A) PPI G3, (B) PP1 G4, (C) PAMAM G3,
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Job’s method to determine the stoichiometry of complexes fully saturated with RB. Data are presented as means + SD; n = 3.

to serve as carriers for anionic RB, and to link the dendrimer
structure to the activity of complexes.

2. RESULTS

2.1. In Vitro Evaluation of Dendrimer:RB Complex-
ation. To characterize the complex formation between the
tested dendrimers and RB, we exploited their characteristic
properties, ie., dye fluorescence and the zeta potential of
nanoparticles in solutions. Spectrofluorimetric studies revealed
that the addition of a dendrimer to an RB solution caused a sharp
reduction in dye fluorescence. Subsequent titration caused a
progressive quenching of RB fluorescence until a red shift of the
emission wavelength from 564 to 575 nm was observed, with a
subsequent increase in the fluorescence signal (Figure 1),
indicating polarity changes in the vicinity of the chromophore
molecule.”’ Based on this phenomenon, the Fyq,/Fj,s ratio was
calculated and ;lotted vs the RB:dendrimer molar ratio. Using
Job’s method,”* we approximated the stoichiometry of binding
in fully saturated complexes as 1:27 for PPI G3:RB, 1:33 for PPI
G4:RB, 1:20 for PAMAM G3:RB, and 1:34 for PAMAM G4:RB
(Figure 1, insets). This outcome was confirmed by the
measurement of changes in the zeta potential of dendrimers
during titration with RB. Upon the addition of subsequent
portions of RB to the solution, the initial positive zeta potential
of the dendrimers began to decrease until it reached a plateau at
approximately —30 mV, indicating the full saturation of the
polymers with PS. Based on the titration curves, we determined
the stoichiometry of the formed complexes; the resultant values
were similar to those obtained by spectrofluorimetric analyses:

1:21 for PPI G3:RB, 1:33 for PPI G4:RB, 1:22 for PAMAM
G3:RB, and 1:26 for PAMAM G4:RB (Figure 2).

For the following experiments, the 1:10 dendrimer:RB molar
ratio was used to ensure the stability of the complex and to
maintain its positive surface potential, as positively charged
nanoparticles have a %reater ability to cross the barrier of
biological membranes.””**

2.2. In Vitro Photodynamic and Phototoxic Properties
of RB and Dendrimer:RB Complexes. Singlet oxygen
generation assays using the ABDA probe showed that the tested
compounds were able to increase the singlet oxygen levels. At
the highest concentration tested, free RB caused a ~3-fold
increase in singlet oxygen generation relative to the control,
slightly less than for the case of complexes with dendrimers of
the fourth generation (~4-fold for PAMAM G4 and ~6-fold for
PPI G4). On the other hand, complexes of RB with dendrimers
of the third generation caused a greater increase in the
generation of singlet oxygen (~16-fold for PAMAM G3 and
~19-fold for PPI G3), significantly exceeding the effect observed
with free PS (Figure 3). Free dendrimers did not generate singlet
oxygen (data not shown).

The cytotoxicity of tested compounds was evaluated in three
basal cell carcinoma cell line models, as basal cell carcinoma is
the most common form of skin cancer and the most frequently
occurring form of cancer overall.*>*° The complexes revealed a
higher phototoxicity relative to free RB (Figure 4A and Figure
S1), and this trend was maintained in all tested cell lines: RB in
complex with PPI dendrimers was more toxic than RB in
complex with PAMAM dendrimers, regardless of the generation.
Cells treated with the free RB solution exhibited the highest
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dendrimers of the same type (p < 0.0S).

viability. We did not observe cytotoxicity of free dendrimers or
dark toxicity of RB and dendrimer:RB complexes (data not
shown). The cell lines exhibited a range of susceptibilities to all
treatments, with AsZ cells being the most susceptible [e.g.,
PPI:RB complexes with the highest RB concentration reduced
the viability of AsZ cells to ~20%; in the case of BsZ cells,
viability was ~30%, and for CsZ cells, viability was ~50%
(Figure 4A and Figure S1)]. Accordingly, we used AsZ for
intracellular ROS production and cellular uptake assays.

The outcome of the intracellular ROS production assay
coincided with the results of the cytotoxicity evaluation (Figure
4B). The tested compounds induced the production of ROS,
with PPI:RB complexes exerting the greatest effect. The activity
of the PAMAM:RB complexes was significantly lower but still
exceeded the effect observed for free PS. The phenomenon was
independent of the generation of dendrimers. Free dendrimers
did not generate ROS (data not shown).

Complexation of RB with the tested dendrimers significantly
increased the intracellular concentration of PS (Figure 4C). The
PPI G4 dendrimer turned out to be the most effective carrier,
with PAMAM G3 being the least efficient, but even in the latter
case, the uptake of RB was almost 2-fold higher than when AsZ
cells were treated with free PS. The effects of the PPI G3 and
PAMAM G4 dendrimers were similar and intermediate between
the PPI G4 and PAMAM G3. Overall, when comparing
dendrimers of the same type, fourth-generation dendrimers
had a greater ability to transport RB intracellularly than third-
generation dendrimers. When comparing dendrimers of the
same generation, PPI dendrimers were more efficient carriers
than PAMAM dendrimers.

2.3. Molecular Modeling. 2.3.1. Single-Dendrimer Con-
formational Dynamics. We assessed the geometrical properties
of dendrimers over the last 50 ns of two independent 200 ns MD
simulations. The RoG, which represents a reliable metric for
assessing the overall size of a dendrimer, and shape descriptors
aspect ratio and asphericity (§) were calculated as described in
the Experimental Section. Geometrical properties of the two
MD replicas were averaged over the last 50 ns of simulation, with

snapshots taken every 2 ps (Table 1). The data obtained were in
close agreement with in silico and experimental data from the
previous literature for all the simulated systems (as reported in
detail in Table S2), confirming that the dendrimer structures
were well equilibrated.

Figure S shows the probability density function (PDF) of the
RoG during the last 50 ns of MD replicas, highlighting the
greater flexibility of PAMAM dendrimers relative to PPI
dendrimers. Time series of the RoG during the entire
simulations are reported in Figure S2.

2.3.2. Dendrimer:RB Complexation and Interaction
Dynamics. To assess the structural effects of RB on each
dendrimer type and analyze the mode of dendrimer/drug
interaction, dendrimer structures from the previous equilibra-
tion were simulated in the presence of 10 RB molecules
(maintaining a 1:10 dendrimer:RB stoichiometry). MD
trajectories showed the early and stable complexation of all 10
RB molecules after <16 ns, with no unbinding events observed
throughout the 200 ns simulations (see also Figures S3—S5 and
Videos S1—S4).

We assessed the structural effects of RB on the dendrimers
again using RoG, aspect ratios, and asphericity measures, but we
observed no remarkable effects upon ligand complexation (see
Figure S6 and Figure S7). Similarly, the particle density of
dendrimers with respect to the dendrimer central core was not
remarkably altered in the presence of RB molecules (see Figure
S8).

The radial distribution function (RDF) of the RB with respect
to the dendrimer core (Figure 6) revealed that PPI dendrimers
had a greater ability to internalize RB molecules. On the other
hand, drug molecules were more exposed to the external solvent
when bound to PAMAM dendrimers. It is worth mentioning
that, despite this difference in ligand internalization, we
observed no marked differences in the dendrimer:RB interaction
surface among the dendrimers examined (see Figure S9).

The RDFs for the external amino groups, water molecules,
and chlorine and sodium ions are shown in Figure 7, in the
presence and absence of RB, to compare the effects of the drug
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Figure 4. (A) Phototoxic effect of RB and dendrimer:RB complexes in
1:10 molar ratio in AsZ cells. Cell viability was determined using MTT
assay. Data are presented as percentages of the viability of control
(untreated) cells; means =+ SD; n = 6. *Statistically significant difference
vs free RB; p < 0.0S. *Statistically significant difference vs dendrimers of
different type, regardless of generation; p < 0.0S. (B) ROS production
in AsZ cells triggered by RB and dendrimer:RB complexes in 1:10
molar ratio upon irradiation determined with the use of the 2,7’-
dichlorodihydrofluorescein diacetate (H,DCFDA) probe. Data are
presented as percentages of intracellular ROS generation in control
(untreated) cells; means + SD; n = 4. *Statistically significant difference
vs free RB; p < 0.0S. *Statistically significant difference vs dendrimers of
different type, regardless of generation; p < 0.05. (C) Uptake of RB and
dendrimer:RB complexes in 1:10 molar ratio by AsZ cells as determined
by flow cytometry assay. Data are presented as the percentage of cells in
the population exhibiting RB-associated fluorescence; means + SD; n =
S. For statistical analysis, see Table S1.

inclusion. The RDF trends of the external amines were unaltered
in the presence of the RB for PPI dendrimers, confirming the
more rigid behavior of these dendrimers (green and blue lines in
Figure 7A,E). On the other hand, the RDF peaks of external
amines of PAMAM dendrimers changed markedly upon drug
complexation (black and red lines in Figure 7A,E), suggesting a
major conformational change in the dendrimer structure. The
reduced values of water molecules RDF in the internal layers are
also indicative of the fact that these molecules are forced out by
the entrance of RB, especially in the case of PPI dendrimers
(Figure 7B,F). Similarly, the presence of RB leads to the ejection
of chlorine ions from the internal layers of the dendrimers of the
third generation (Figure 7C,G). The positively charged sodium
ions on the other hand were not noticeably displaced with
respect to the dendrimer core in the presence of RB if compared
to the neat systems (Figure 7D,H).

We further assessed the structural characteristics of both the
free dendrimers and their complexes with RB molecules by
analyzing hydrogen bonds (H-bonds). As highlighted in Figure
8A, PAMAM dendrimers of both G3 and G4 are able to form an
intramolecular network of H-bonds, mainly due to the presence
of acceptor oxygen atoms within their underlying chemical
structure.”” No intramolecular network of hydrogen bonds was
observed for PPI dendrimers. Interestingly, the number of
intramolecular H-bonds in PAMAM dendrimers did not seem to
be influenced by the presence of RB. H-bonding between
dendrimers and the surrounding water was more prominent in
PAMAM dendrimers than in PPI dendrimers, with only a
marginal decrease caused by RB complexation (Figure 8B).

Overall, PPI dendrimers formed fewer H-bonds with the
solvent than PAMAM dendrimers, whereas fourth-generation
dendrimers formed more H-bonds with the solvent, as expected
from the increase in the number of surface amino groups.
Finally, PAMAM dendrimers formed significantly more H-
bonds with RB than PPI dendrimers, with no difference between
dendrimer generations (Figure 8C). Overall, PAMAM
dendrimers formed the largest number of H-bonds internally,
with both the solvent and RB molecules.

Void volume analysis revealed that the presence of RB reduces
the internal volumes of PAMAM dendrimers, whereas internal
cavities of PPI dendrimers were not altered by the drug (Figure
9; see also Figure S10). Specifically, the ratios between the void
volumes in the presence and absence of RB were 0.82 for
PAMAM G3, 0.77 for PAMAM G4, 0.98 for PPI G3, and 0.97
for PPI G4.

Finally, we investigated the surface electrostatic potential of
the complexes by extracting frames from the dendrimer:RB
simulations and evaluating the dendrimer electrostatic potential
in the presence of RB (Figure 10). We observed predominantly
positive potential up to 5 kT /e on the dendrimer surface for all
simulated systems; only PAMAM G3 had a prominent number
of neutral surface patches (Figure 10A), indicating the ability of
RB to locally neutralize the surface electrostatic potential of this
specific dendrimer more effectively than for other systems.
Overall, dendrimers of the fourth generation (Figure 10B,D)
were characterized by a more positive surface potential even in
the presence of bound RB, whereas third-generation dendrimers
(Figure 10A,C) had a more neutral surface potential resulting
from the shielding effect of bound RB.

3. DISCUSSION AND CONCLUSIONS
Photodynamic therapy (PDT), which relies on the use of a PS
and a light source to induce singlet oxygen and ROS formation
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Table 1. Radius of Gyration (RoG), Aspect Ratios, and Asphericity Values for the Simulated Dendrimers, Presented as Means +

SD
RoG [nm] L/1L, o
PAMAM G3 1.460 + 0.058 0.708 + 0.128 0.581 + 0.087 0.026 + 0.012
PAMAM G4 1.859 + 0.064 0.839 + 0.086 0.705 + 0.069 0.012 + 0.006
PPI G3 1.284 + 0.024 0.792 + 0.080 0.685 + 0.068 0.013 + 0.006
PPI G4 1.590 + 0.020 0.826 + 0.050 0.746 + 0.042 0.008 + 0.003
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Figure S. Probability density function (PDF) of the radius of gyration
during the last 50 ns of two independent MD simulations.
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Figure 6. Radial distribution function (RDF) of RB with respect to the
dendrimer central core for (A) PAMAM and (B) PPI dendrimers;
dotted lines represent the radius of gyration for each dendrimer.

in the presence of molecular oxygen, is a promising therapeutic
strategy against basal cell carcinoma. The use of dendrimers as
drug carriers has the potential to overcome the known
drawbacks of currently investigated PSs, such as self-quenching,
short half-life, and suboptimal cellular uptake. In this work, we
performed an in-depth characterization of the complexes of
cationic poly(amidoamine) (PAMAM) and poly-
(propyleneimine) (PPI) dendrimers of the third and fourth
generation with anionic rose bengal. A combined in vitro and in
silico approach allowed for a complementary characterization of
the effects of the dendrimers’ physical and chemical properties
on their interactions with RB and ultimately on the phototoxic
activity of the latter. Interestingly, most previous research
concentrated on RB as a model molecule, which, due to its
spectral properties, was used to study interactions with
dendrimers (usually PAMAM,; less often PPI and other types
of macromolecules).'**™** Significantly fewer studies have
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Figure 7. Radial distribution functions of external amines (A, E), TIP3P
water (B, F), chlorine ions (C, G), and sodium ions (D, H) with respect
to the dendrimer core from the concatenated trajectory of the last 50 ns
of simulation of two independent MD replicas in the absence (A—D)
and presence (E—H) of RB.

analyzed the phototoxic activity of the dendrimer:RB com-
plexes.'™®

The PAMAM and PPI dendrimers used in this study were
inspected at atomic resolution at the single-dendrimer level. The
analysis of neat dendrimer trajectories yielded geometrical shape
descriptors consistent with the existing literature’* ™ in terms
of RoG, asphericity, and aspect ratios, implying well-converged
simulations. Both types of dendrimers are spherical in shape. In
general, G3 dendrimers have a smaller radius and smaller
internal cavities than G4 macromolecules. When comparing
dendrimers of the same generation, PPIs are smaller, more rigid,
and more compact than PAMAMs. PAMAM dendrimers form
intramolecular H-bonds (more in the case of the fourth
generation), whereas PPI dendrimers do not; moreover,
PAMAM dendrimers form more hydrogen bonds with water
than PPI dendrimers.

In our initial studies of the formation of dendrimer:RB
complexes and the determination of their stoichiometry, we
analyzed the changes in the spectral properties of the dye upon
complexation. As a result of the titration of the RB solution with
dendrimers, the fluorescence intensity of RB decreased followed
by a red shift of the spectral peak and subsequent increase in
fluorescence. A similar red shift of both RB absorbance®’ and
fluorescence®” most often indicates the binding of the dye to the
dendrimer surface.”’ We exploited this phenomenon to
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to simulations of the dendrimer:RB complexes.

determine binding stoichiometry. As we expected, G4
dendrimers could bind more RB molecules (approx. 35 per
dendrimer molecule) than G3 dendrimers (20—25 RB
molecules per dendrimer molecule), likely due to differences
in the dendrimers’ volume and the level of protonation.*">*
The interactions of RB with the cationic phosphorus dendrimer

were analyzed in an analogous manner, but the binding
stoichiometry was significantly lower. This is probably due to
the use of a different buffer (HEPES vs PBS) since it has been
shown that the buffer composition has a significant influence on
the formation of the complex’”" Furthermore, stoichiometry
was affected by NaCl concentration; consistent with our
hypothesis, this indicates the essential role of electrostatic
interactions in the formation of complexes between anionic RB
and cationic dendrimers.”” These results were confirmed by
Fourier transform infrared spectroscopy (FTIR). Additionally,
RB does not form complexes with anionic phosphorus
dendrimers.”” Other research groups also identified electrostatic
interactions as the main driving force for the formation of
complexes between RB and surface-modified PAMAM and PPI
dendrimers'®*" and also reported a stron§ influence of the type
of solvent on the binding stoichiometry."

The determined stoichiometry of the PAMAM:RB and
PPI:RB complexes was confirmed by titration of the dendrimer
solutions with RB with the accompanying measurement of the
zeta potential. The findings roughly coincided with those of the
spectrofluorimetric method, with minor variations attributable
to differences in the specificities of the two techniques. The

-5 kTle

+5 kTle

Figure 10. Front and side electrostatic maps for dendrimer:RB complexes (1:10): (A) PAMAM G3, (B) PAMAM G4, (C) PPI G3, and (D) PPI G4.
Potential isocontours (obtained by the solution of the NLPBE at 150 mM ionic strength with a solute dielectric of 4 and solvent dielectric of 78.4) in

the range from +5 kT/e (blue) to —S kT /e (red).
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results indicated that complexes fully saturated with RB exhibit
negative zeta potential values. Assuming a surface binding
mechanism, we can conclude that, in the final stages of titration,
anionic RB molecules completely covered the outer layer of
positively charged dendrimers.” In light of these observations,
in subsequent investigations, we set a subsaturating concen-
tration of RB (namely, 1:10 dendrimer:RB molar ratio), which
retained a residual positive surface charge for increased cellular
uptake and decreased aggregation of complexes.”*

Our molecular investigation of 1:10 dendrimer:RB complexes
was carried out in silico, allowing the characterization of the
binding mechanism and its effect on dendrimer geometry.
Previous computational investigations of PPLI:RB complexes
clearly demonstrated the potential of atomistic simulations to
complement experimental analzfses by elucidating dendri-
mer:RB interaction dynamics.”> Herein, we extended the
computational approach to substantially longer timescales, as
well as to different dendrimer types and generations, and
expanded the analysis by including a higher number of ligands as
well as by randomizing their initial placement in the solvent.
Although these differences hinder a direct comparison of the
present and earlier results, the strong complexation of RB with
positively charged dendrimers is confirmed. Indeed, MD
simulations revealed short complexation times, below 16 ns,
and the ability of the investigated dendrimers to carry all 10 RB
molecules, with no subsequent unbinding event detected over
200 ns in each MD replica, suggesting binding energies
significantly exceeding thermal fluctuation (kT) and a strong
tendency of RB to bind to each type of dendrimer. This behavior
was primarily driven by electrostatics (see also Figure S11),
consistent with previous observations. Interestingly, despite the
predominant role of electrostatic interactions, we also observed
the formation of H-bonds between dendrimers and RB, more
strongly in the case of PAMAM than PPL

The binding of RB did not significantly affect the geometrical
characteristics of the dendrimers, and the estimated dendri-
mer:RB interaction areas were similar in all investigated systems.
The volumes of the internal cavities decreased in the case of
PAMAM dendrimers while remaining unchanged for PPI
dendrimers. This was also reflected in the arrangement of the
surface amino groups, which was influenced by RB binding only
for PAMAM dendrimers. The attachment of RB also caused the
displacement of water molecules (more evident in case of PPI
dendrimers) and negatively charged chlorine ions (in the case of
G3 dendrimers) from the inside of the dendritic scaffolds.

Notably, we found that RB has the ability to penetrate the
structure of dendrimers, positioning itself preferentially inside
the scaffold rather than on the surface. Comparison of these
findings with the previously discussed fluorescence red shift
indicates that the dendrimer:RB binding mechanism is more
complex than indicated solely by spectrofluorimetric studies.
Overall, the in silico investigation highlighted the greater ability
of PPI dendrimers to internalize RB molecules within the inner
dendrimer branches (see RDF data, Figure 6B). The size of the
dendrimers and the specific arrangement of the RB molecules
also influenced the surface potential of the complexes, which was
significantly reduced (to values close to neutral) in the case of
G3 dendrimers. Given the characteristics of the surface
potential, it is plausible that interactions among multiple
dendrimers occur in the presence of RB. This idea is consistent
with preliminary data concerning interacting systems consisting
of two dendrimers and 20 RB molecules, in which G3 complexes
exhibited a marked tendency to engage in dendrimer—

dendrimer interactions (see Figure S12 and Videos SS and
S6). Interestingly, the complexes with PPI G4 also showed a
tendency to aggregate during longer measurement times, which
was consistent with the results of the analysis of the
hydrodynamic diameter of the complexes by dynamic light
scattering (DLS) (Table S3).

Our approach allowed us to highlight significant differences in
complex formation and interaction patterns as a function of
dendrimer type and generation. Because the photodynamic
properties of RB are determined by several factors, including the
chemical environment, it seems reasonable that these observed
differences could significantly influence the ultimate cytotoxic
effect.

Because the level of singlet oxygen generation is thought to be
directly related to the efficacy of photodynamic therapy,”* we
assessed the activity of tested compounds in this regard. RB
complexes with G3 dendrimers exhibited a significantly higher
production of singlet oxygen, whereas the effect of G4
dendrimers was only slightly higher than that of free RB. At
the same time, free dendrimers did not generate singlet oxygen.
A similar effect was previously observed for supramolecular
complexes of PSs and various polymers,” including RB and
cationic dendrimers.'® On the other hand, no increase in singlet
oxygen production was observed in the case of RB complexed
with anionic half-generation PAMAM dendrimers;'” for
PEG2000-modified PPI and PAMAM G4 dendrimers, the
singlet oxygen level was reduced upon encapsulation of RB. In
the latter case, however, the effect was attributed to RB
aggregation and quenching due to the high local concentration
of PS inside dendrimers (approx. 180 RB molecules per
dendrimer).'® Such complexes exhibited no increase in
phototoxic activity (relative to free RB) in HeLa cells. These
observations underlie the influence of both the dendrimer:RB
interaction and their molar ratio on the ultimate photodynamic
effect.

The increase in singlet oxygen production can be explained by
the immobilization of RB by the nanoparticle in more than one
dimension, translating into a change in optical properties.
Analysis of the Jablonski diagram reveals that excited RB can
return to the ground state through photon emission or the
transition to the triplet excited state responsible for singlet
oxygen generation." Considering the decrease in fluorescence
during RB binding by the tested dendrimers, it is likely that, in
this case, the second process is favored.”® Nanoparticles can
affect the fluorescence of the dye in the solution in several ways,
including the internal fluorescence filter effect, dynamic
quenching, static quenching, surface enhancement, and
modulation of the quantum yield of the fluorophore. These
phenomena are related to the binding-induced conformational
changes in the structure of PS.””>" Furthermore, the patterns of
interaction between the dye, nanoparticle, and solvent can
significantly affect aggregation, causing changes in the behavior
and properties of PS in the vicinity of different nanoparticles
suspended in the same solvent.

Indeed, the effect of dendrimer binding on RB-triggered
singlet oxygen generation might be directly linked to the fact that
RB tends to aggregate under physiological conditions™ due to 7-
stacking and that PS aggregation has a detrimental effect on
singlet oxygen generation due to the self-quenching of excited
states.®® Hence, better encapsulation of individual RB molecules
by dendrimers would lead to a reduction in RB—RB aggregation
and thus of self-quenching, yielding more efficient generation of
singlet oxygen.
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From this standpoint, the difference in the generation of
singlet oxygen by G3 and G4 complexes is worth noting and
remains difficult to explain at this stage of our research. The
difference may be associated with the better prevention of RB
aggregation and improved stabilization of the excited state by G3
dendrimers. Further stabilization of the transition state might
also be achieved through complex—complex interactions. In
addition, given the observed displacement of anions from inside
the G3 dendrimers caused by RB, we can assume that anions
play an active thermodynamic role in RB binding; thus, the latter
might be more favored for G3 than G4 dendrimers. Such a
binding strength- and mode-dependent production of singlet
oxygen by PSs has already been observed during interactions
with DNA.®" These observations highlight the need for further
biophysical analyses, including confirmation using more direct,
probe-independent methods of singlet oxygen detection; such
techniques are currently under development in our laboratory.

Surprisingly, the results of the singlet oxygen generation assay
were not reflected in our studies of cellular models. In these
analyses, we observed the highest phototoxic activity in basal cell
carcinoma models using PPL:RB complexes, regardless of
generation. A similar lack of dependence on generation was
observed in the case of PAMAM:RB complexes, whose
cytotoxicity was intermediate between the action of PPI:RB
complexes and free RB. It should be emphasized that, in the
tested concentration range, free dendrimers did not exhibit
phototoxicity, and no dark toxicity was observed for any of the
compounds examined. Similar results were obtained when
analyzing the production of intracellular ROS. Because the
cellular factor is the most important difference between the
singlet oxygen generation assay and subsequent studies, we
hypothesized that the differences observed in cellular models are
related to another crucial aspect of RB application: cellular
uptake and subcellular localization. Indeed, dendrimer:RB
complexes were able to deliver PS intracellularly much more
effectively than intracellular transport of free RB.'

The efficiency of the intracellular transport of complexes
perfectly matched the differences in their surface potential,
evaluated based on the APBS electrostatic map analysis (Figure
10) of dendrimer:RB MD simulations: the PAMAM G3:RB
complex with the surface electrostatic potential closest to neutral
was the least efficient carrier, whereas the most cationic PPI
G4:RB complex had the greatest intracellular transport capacity.
These observations are consistent with reports of the efficient
crossing of cell membranes by positively charged nanoparticles
and allow us to predict the behavior of complexes depending on
their surface potential.”>>*%>

The different delivery capacities of the investigated
dendrimers may also be related to their chemical composition,
as well as mechanical and structural properties. In this regard,
PAMAM and PPI dendrimers exhibited differences in flexibility
throughout the MD simulations, with PPIs exhibiting higher
rigidity than PAMAMs. This behavior was emphasized by (i) the
RDF, which showed that external amines of PPI dendrimers
were not affected by the presence of RB; (ii) the RoG, which
indicated that PAMAM dendrimers were more flexible; and (iii)
the void volume, which revealed that the volumes of PPI internal
cavities were not affected by the inclusion of the drug. Thus, the
rigid and compact structure of PPI dendrimers may favor the
intracellular delivery of RB.

On its own, the more efficient singlet oxygen generation is
insufficient to explain the ultimate effects on cell viability, as the
efficacy of PDT also depends on the cellular uptake and

subcellular location of PS.°* Indeed, because the generation of
singlet oxygen outside the cell is unlikely to significantly affect
cell viability due to the limited lifespan of singlet oxygen
molecules,” the ability of dendrimers to efficiently cross the cell
membrane might be a decisive factor. Therefore, the observed
cytotoxic effect, likely related to the production of intracellular
ROS, may be the result of an increase in the cellular RB uptake
and production of singlet oxygen. The latter effect, in turn, may
differ significantly between cellular and extracellular systems due
to the difference in light penetration and the changes in
properties of the complexes upon transfer from a buffer with a
limited composition into the culture medium and subsequently
into the cell interior.

The joint effects of dendrimer structural and mechanical
properties, the tendency of RB to penetrate the dendrimer, and
the dendrimer surface electrostatics are thus crucial factors
determining the ability of complexes to induce cell death. Based
on our results, we conclude that cationic PAMAM and PPI
dendrimers can serve as efficient carriers of RB in photodynamic
therapy. Due to their structural properties, the patterns of
interaction with RB, and the characteristic features of the
dendrimer:RB complexes, PPI dendrimers outperform PAMAM
dendrimers, providing the most efficient uptake in the case of
PPI G4 and significantly increasing generation of singlet oxygen
in the case of PPI G3. Particular attention should be paid to the
selection of appropriate drug and dendrimer concentrations,
ensuring a uniform distribution of RB within the structure of the
dendrimer, thus preventing the aggregation of the PS and
allowing the maintenance of a positive surface charge of the
delivery system.

4. EXPERIMENTAL SECTION

4.1. Materials. The RB, fetal bovine serum (FBS), penicillin/
streptomycin solution, trypsin—EDTA solution, ABDA probe [9,10-
antherachenediyl-bis(methylene) dimalonic acid], MTT [3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide], and
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) were
purchased from Sigma-Aldrich (Taufkirchen, Germany). Dulbecco’s
phosphate-buffered saline without calcium and magnesium (DPBS)
was purchased from Biowest (Nuaillé, France). HBSS (Hanks’
balanced salt solution) and the 154 CF culture medium were obtained
from Gibco/ThermoFisher Scientific (Waltham, MA, USA). Chelex
100 Resin was obtained from Bio-Rad (Hercules, CA, USA).
H,DCFDA (2',7'-dichlorodihydrofluorescein diacetate) was pur-
chased from Invitrogen/ThermoFisher Scientific. Dimethyl sulfoxide
(DMSO) was purchased from POCH (Gliwice, Poland). Murine basal
cell carcinoma lines (AsZ, BsZ, and CsZ) were provided by Dr. Ervin
Epstein (Children’s Oakland Research Institute, Oakland, CA, USA).

Poly(propyleneimine) (PPI) dendrimers of the third and fourth
generation” with 32 or 64 primary amino surface groups, respectively,
were obtained from Symo-Chem (Eindhoven, the Netherlands).
Poly(amidoamine) (PAMAM) dendrimers of the third and fourth
generation with 32 and 64 primary amino surface groups, respectively,
were obtained from Sigma-Aldrich.

4.2, Methods. 4.2.1. Spectrofluorimetric and Zeta Potential
Studies on the Interaction between PAMAM or PPl Dendrimers and
RB. Fluorescence (F) emission spectra were obtained on an LS S5
fluorescence spectrometer (PerkinElmer, Waltham, MA, USA) at a
constant temperature of 25 °C. All samples were prepared in HEPES
buffer (10 mM, pH 7.4) and measured in quartz cuvettes. The
excitation wavelength was set to 525 nm, and spectra were recorded
between 540 and 650 nm. Excitation and emission slits were S and 7.5
nm, respectively. The RB solution in a constant concentration of 1 #M
was titrated with dendrimer solutions in concentrations ranging from
0.02 to 1 4#M to maintain the molar ratio of dendrimer:RB complexes
between 1:50 and 1:1. The experiments were performed in three
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independent replicates. To determine the stoichiometry of the
polymer/dye complexes, plots of Fgg/Fs;5 vs the RB:dendrimer
molar ratio were evaluated using Job’s method.

Zeta potential measurements were performed using electrophoretic
mobility assays on a Zetasizer Nano ZS (Malvern Instruments Ltd.,
Malvern, UK) at a constant temperature of 25 °C. All samples were
prepared in a HEPES buffer (10 mM, pH 7.4). Dendrimer solutions of
constant concentration (10 uM) were placed in DTS 1070 folded
capillary cells, and their zeta potentials were measured. The solutions
were subsequently titrated with RB solution to obtain final RB
concentrations ranging from 10 to 500 uM, corresponding to
dendrimer:RB molar ratios of 1:1 to 1:50. The experiments were
performed in three independent replicates. Analysis of the titration
curves for all studied systems enabled the evaluation of the
stoichiometry of complexes as follows: the decreasing dependence of
dendrimer zeta potential on dendrimer:RB mixture stoichiometry was
extrapolated to the intersection with the eventual zeta potential value of
the fully saturated dendrimer, and binding stoichiometry was
determined from the intersection point (Job’s method).

4.2.2. Preparation of Complexes for Further In Vitro Studies.
Dendrimers were dissolved in double-distilled water to a final
concentration of 40 uM. Dendrimer solutions were prepared fresh
and used on the same day. RB (dissolved in double-distilled water) was
added to the dendrimer solutions in a dendrimer:RB molar ratio of 1:10
(to a final RB concentration of 400 gM). This molar ratio ensures the
complete complexation of RB molecules by all tested dendrimers. The
mixtures were stirred for 0.5 h at the ambient temperature. Stock
solutions were prepared just before the experiments.

4.2.3. Singlet Oxygen Generation Assay. The singlet oxygen
generation was studied using the ABDA probe (final concentration: §
uM) as an indicator. Solutions of RB, PAMAM G3:RB, PAMAM
G4:RB, PPI G3:RB, PPI G4:RB, and free dendrimers in the highest
concentration used for complex formation (0.1 M) were prepared in
10 mM HEPES. The complexes were prepared at RB concentrations of
0.125, 0.25, 0.5, 0.75, and 1 gM. Upon sample preparation, 100 yL of
each solution was transferred to a 96-well black plate. All measurements
were performed on a fluorescence microplate reader (Fluoroskan
Ascent FL, ThermoFisher Scientific) at an excitation wavelength of 355
nm and an emission wavelength of 430 nm. Samples were mixed before
each measurement. The first measurement was recorded without the
ABDA probe to determine whether RB, dendrimers, or their complexes
exhibit any fluorescence in this range. Following the first measurement,
ABDA was added to each well, and the fluorescence of the probe
without irradiation was measured. Next, the plate was immediately
placed under a Q.Light Pro Unit lamp (Q.Light, Rorschach,
Switzerland) equipped with a filter emitting visible light in the
wavelength range 385—780 nm. Fluorescence was measured in S min
intervals during irradiation for 5—60 min. The experiments were
performed in four independent replicates. The slopes of the
fluorescence curves were considered to be a measurement of singlet
oxygen generation. The results were presented as percentages of the
singlet oxygen generation in the control sample (HEPES buffer
irradiated with probe).

4.2.4. Cell Culture. AsZ, BsZ, and CsZ (murine basal cell carcinoma)
cell lines were cultured in the 154 CF medium with 5% penicillin/
streptomycin, 0.05 mM calcium, and 2% Chelex-purified, heat-
inactivated FBS. Cells were cultured in T-75 culture flasks at 37 °C/
5% CO, and subcultured every 2 or 3 days. Cells were harvested using
0.25% (w/v) trypsin/0.03% (w/v) EDTA. The number of viable cells
was determined by Trypan blue exclusion assay on a Countess
Automated Cell Counter (Invitrogen, Carlsbad, CA, USA).

4.2.5. Cytotoxicity Studies. AsZ, BsZ, and CsZ cells were seeded in
96-well transparent plates at a density of 3 X 10* cells per well in 90 L
of the medium and incubated for 24 h before experiments. Then, using
stock solutions (according to 4.2.2), the samples (PAMAM G3:RB,
PAMAM G4:RB, PPI G3:RB PPI G4:RB, and free RB solutions) were
prepared in the HEPES buffer and added to the cells to obtain final RB
concentrations of 0.25, 0.5, 0.75, and 1 yM. The cytotoxicity of free
dendrimers was also evaluated at the highest concentration used for the
preparation of complexes. Cells were incubated with tested compounds

for Sh (37 °C, 5% CO,). The medium was replaced with DPBS, and the
cells were irradiated with visible light using the Q.Light Pro Unit lamp
for 30 min. Immediately after irradiation, DPBS was replaced with the
fresh culture medium, and the cells were incubated for 24 h (post-PDT
incubation). The so-called ”"dark” toxicity (without irradiation) was
evaluated in parallel.

The cell viability was measured by the MTT assay. MTT was added
to the wells at a final concentration of 0.5 mg/mL, and the plates were
incubated for 2 h (37 °C, 5% CO,). After incubation, formazan crystals
were dissolved in DMSO, and the absorbance was read at 570 nm using
a PowerWave HT Microplate Spectrophotometer (BioTek, Winooski,
VT, USA). Experiments were performed in six independent replicates.
Cell viabilities are presented as percentages of the viability in the
untreated control.

4.2.6. ROS Generation Assay. An H,DCFDA probe was used to
investigate the intracellular production of ROS. For this purpose, AsZ
cells were seeded in 96-well black plates at a density of 1 X 10* cells per
well in 90 yL of the medium. After incubation for 24 h, the samples
(PAMAM G3:RB, PAMAM G4:RB, PPI G3:RB PPI G4:RB, and free
RB solutions) were prepared in the HEPES buffer and added to the cells
to obtain final RB concentrations of 0.25, 0.50, 1, or 2 M. The ROS-
generating activity of free dendrimers was also evaluated at the highest
concentration used for the preparation of complexes. Cells were
incubated with tested compounds for 5 h (37 °C, 5% CO,). The
medium containing the tested compounds was removed, a 2 uM
solution of H,DCFDA in HBSS was added to each well, and the plates
were incubated for the next 20 min in the dark (37 °C, 5% CO,). Next,
the cells were washed with HBSS, and the background fluorescence
(excitation: 485 nm; emission: 530 nm) of nonirradiated cells
submerged in 100 L HBSS was measured on a PowerWave HT
Microplate reader (BioTek). The cells were then irradiated using
Q.Light Pro Unit lamp for 30 min, and 2/,7’-dichlorofluorescein (DCF)
fluorescence was measured. The experiments were performed in four
independent replicates. The ROS level was calculated as the DCF
fluorescence intensity and was presented as a percentage of the ROS
production in control samples (without treatment). Each measurement
was corrected by subtraction of the background fluorescence intensity
(before irradiation).

4.2.7. Cellular Uptake Assay. AsZ cells were seeded into 24-well
plates at a density of 1 X 10° cells per well and incubated for 24 h (37 °C,
5% CO,). Next, RB, PAMAM G3:RB, PAMAM G4:RB, PPI G3:RB,
and PPI G4:RB (S uM final concentration of RB) were added to each
well, and the cells were incubated with the compounds for up to 4 h.
Following incubation, the compounds were removed, and the cells were
washed with DPBS and detached using the trypsin—EDTA solution.
The fresh culture medium was added to the cells, and the samples were
gently mixed and collected for measurements. To estimate cellular
uptake, the fluorescence of the samples was measured using flow
cytometry (LSRII, Becton Dickinson, Franklin Lakes, NJ, USA). The
excitation and emission filters were 520 and 570 nm, respectively. The
experiments were performed in five independent replicates. The results
are presented as the percentage of cells in the population that
internalized RB.

4.2.8. Statistical Analysis. Statistical significance was tested using
two-way ANOVA for concentrations and compound series followed by
post hoc Tukey’s test for pairwise difference testing. In all tests, p values
<0.0S were considered statistically significant. Data were collected from
at least three independent experiments and presented as arithmetic
means + SD.

4.2.9. In Silico Studies. 4.2.9.1. System Setup. Initial configurations
for PAMAM and PPI dendrimers were built using the Dendrimer
Builder Toolkit (DBT)** and the General Amber Force Field
(GAFF).*® The protonation state was chosen based on neutral pH,
as reported previously.>**>***” Under these conditions, the amine
groups in the external layers of PAMAM dendrimers were fully
protonated, whereas all the primary amines present at the periphery and
the tertiary amines in alternating layers of the PPI dendrimers were
protonated, resulting in 2/3 protonation according to the Ising
model.”>% The assigned protonation states resulted in a total charge of
+32, +64, +42, and +84 for PAMAM G3, PAMAM G4, PPI G3, and PPI
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G4, respectively. RB was described by the GAFF force field, and partial
charges were assigned using the AM1-BCC charge method (see also
Figure S13).% Topology and parametrization were constructed using
antechamber and GROMACS tools.”*”"

4.2.9.2. Single-Dendrimer Conformational Dynamics. Each
dendrimer was positioned in a dodecahedral box filled with TIP3P
(transferable intermolecular potential 3P) water molecules’” and ions
to neutralize the system charge at a physiological NaCl concentration
(0.15 M). Each system was energy-minimized using the steepest
descent energy minimization algorithm (2000 steps). After randomly
initializing atom velocities following a Maxwell—Boltzmann distribu-
tion, a 100 ps position-restrained molecular dynamics (MD) was
performed in the canonlcal ensemble (NVT) at 300 K using the v-
rescale algorlthm for temperature coupling. Then, an NPT posmon-
restrained MD was executed for 500 ps using a v-rescale thermostat”®
and a Berendsen barostat’* to equilibrate temperature (300 K) and
pressure (1 atm), respectively. Finally, an unrestrained 200 ns MD
simulation was performed in the isothermal—isobaric ensemble (NPT)
at 300 K and 1 atm using the v-rescale and Parrinello—Rahman coupling
algorithms.”>”®> The GROMACS 2020 package was used for all MD
simulations.”® Long-range electrostatic interactions were calculated at
every step with the particle mesh Ewald method”” with a cutoff radius of
1.2 nm; the same cutoff was also applied to Lennard—Jones
interactions. The simulation time ste7g was 2 fs using the LINCS
(LINear Constraint Solver) algorithm.”® To ensure the reproducibility
of the data, a second replicate was performed after re-initializing
velocities after the minimization step and following the same simulation
protocol as described above. The final 50 ns of MD simulations was
considered as a single ensemble trajectory representing the structural
stability of each treated system.

4.2.9.3. Dendrimer:RB Complexation and Interaction Dynamics.
The final configuration from the aforementioned equilibrium
ensembles was extracted for each dendrimer type. The structure was
again inserted into a dodecahedral box, and 10 RB molecules were
added in random positions around the dendrimer to obtain a 1:10
molar concentration ratio. The box was filled with TIP3P water
molecules and NaCl at a physiological concentration (0.15 M) to
neutralize the system charge. The systems were then simulated using
the same simulation protocol described in the previous section. Two
replicates were performed to ensure data reproducibility, and the last SO
ns of these MD simulations was considered as a single ensemble
trajectory representing the structural stability of each investigated
system.

4.2.9.4. Simulation Analysis. As reported previously,
geometrical characterization of the investigated dendrimers was
evaluated using the radius of gyration (RoG), which measures the
size of the dendrimers, and three main geometrical descriptors (I,/I,,
/I, and &) that evaluate the shape of the dendrimers. In more detail,
we calculated the three principal momenta of inertia (I, I,, and I,) and
derived two aspect ratios (I /I,and /1 ) and asphericity {5) as defined
by Rudnick and Gaspari:”

34,35,43,48
the

<> (1)

where I, = I, + I, + I, I, = LI, + LI, + LI, and angle brackets denote
time averaging. In this formulation, the closer to zero the value of 6 is,
the more spherical the molecule is.

The volumes of dendrimer internal cavities were calculated as
described previously.*>®' First, volumes associated with accessible
surface areas (V,,,) were calculated at different probe radii. Then, a
linear fitting on the cubic root values of V,,, was performed at different
probe radii, starting from 0.4 nm. The deviation of the calculated
volume from the aforementioned fitting line, at a probe radius of 0.3
nm, provides an estimate of the volumes of internal voids. Internal
cavities have been evaluated both for the neat dendrimer systems and
for the dendrimer:RB complexes. In the latter case, to ensure a
consistent comparison, the volumes of dendrimer cavities were
evaluated after removing RB molecules from the complex snapshots,
thus excluding the volume occupied by RB molecules from the

calculations. This ensures that we evaluated the actual structural effects
on the dendrimer itself rather than the volume occupancy of RB.

We also analyzed the dendrimer:RB complexes by comparing
electrostatic potentlals in the absence and presence of bound RB using
the APBS package.®” Specifically, the nonlinear Poisson—Boltzmann
equation was applied using single Debye—Huckel sphere boundary
conditions on a 200 X 200 X 200 grid with a spacing of 1 A centered at
the center of mass (CoM) of the molecular system. The relative
dielectric constants of the solute and the solvent were set to 4 and
78.4,%>3 respectively. The ionic strength was set to 150 mM, and the
temperature was fixed at 300 K.

The visual inspection of simulations and all molecular rendermgs was
carried out with the Visual Molecular Dynamics (VMD) package.**
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B ABBREVIATIONS

DCEF, 2/,7'-dichlorofluorescein; DLS, dynamic light scattering;
H,DCEDA, 2',7’-dichlorodihydrofluorescein diacetate; LINCS,
LINear Constraint Solver; MD, molecular dynamics; NPT,
isothermal—isobaric ensemble; NVT, canonical ensemble;
PAMAM G3:RB, complex of PAMAM dendrimer third
generation with rose bengal; PAMAM G4:RB, complex of
PAMAM dendrimer fourth generation with rose bengal; PDF,
probability density function; PPI G3:RB, complex of PPI
dendrimer third generation with rose bengal; PPI G4:RB,
complex of PPI dendrimer fourth generation with rose bengal;
PS, photosensitizer; RB, rose bengal; RDF, radial distribution
function; RoG, radius of gyration; TIP3P, transferable
intermolecular potential 3P

B ADDITIONAL NOTE

“According to ref 65, the nomenclature for Tomalia-type
PAMAM dendrimers can be used for PPI dendrimers. Hence,
we adopted the suggested classification, describing the
commercially available PPI dendrimer of the fifth generation
(DAB-Am-64) as fourth generation, and fourth generation
(DAB-Am-32) as third generation.
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Background: The search for new formulations for photodynamic therapy is intended to improve the outcome of skin cancer treatment
using significantly reduced doses of photosensitizer, thereby avoiding side effects. The incorporation of photosensitizers into
nanoassemblies is a versatile way to increase the efficiency and specificity of drug delivery into target cells. Herein, we report the
loading of rose bengal into vesicle-like constructs of amphiphilic triazine-carbosilane dendrons (dendrimersomes) as well as
biophysical and in vitro characterization of this novel nanosystem.

Methods: Using established protocol and analytical and spectroscopy techniques we were able to synthesized dendrons with strictly
designed properties. Engaging biophysical methods (hydrodynamic diameter and zeta potential measurements, analysis of spectral
properties, transmission electron microscopy) we confirmed assembling of our nanosystem. A set of in vitro techniques was used for
determination ROS generation, (ABDA and H,DCFDA probes), cell viability (MTT assay) and cellular uptake (flow cytometry and
confocal microscopy).

Results: Encapsulation of rose bengal inside dendrimersomes enhances cellular uptake, intracellular ROS production and conce-
quently, the phototoxicity of this photosensitizer.

Conclusion: Triazine-carbosilane dendrimersomes show high capacity as drug carriers for anticancer photodynamic therapy.
Keywords: dendrons, amphiphiles, carbosilane, photodynamic therapy, rose bengal, dendrimersomes

Introduction

As the incidence of basal cell carcinoma continues to rise, novel methods of treatment are urgently required.' One of the
most promising approaches for treating these cancers is photodynamic therapy, which is based on the interplay between
molecular oxygen, photosensitizer (PS), and light.? This technique is non-invasive and has high efficacy with relatively
few side effects. The photodynamic reaction starts with absorption of a light quantum (photon) by the photosensitizer,
which then enters an excited singlet state. Because the singlet form is unstable, it is transformed into the triplet state,
which triggers a cascade of reactions leading to formation of singlet oxygen and other reactive oxygen species (ROS).
This, in turn, leads to uncontrolled oxidation of intracellular structures and ultimately to cell death. Because PS plays a
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pivotal role in this technique,”* it is important to choose a compound with relevant photodynamic properties, significant
half-life, and accumulation inside cancer cells.” Rose bengal (RB), an anionic, water-soluble fluorescein derivative that
generates singlet oxygen after irradiation with light of 520 nm wavelength, is one of the most extensively tested
photosensitizers and holds great promise for medical applications.*” However, the anionic nature of RB limits its use
in PDT due to low cellular uptake,® necessitating the use of appropriate drug delivery systems. Modern nanotechnology
methods can overcome this obstacle, yielding nanoparticles with strictly defined properties that can act as carriers for
drugs in various therapies, including PDT.*? A number of PS nanocarriers has been reported so far,'” including

12715 and polymersomes'® as well as dendrimersomes.'”*°

liposomes,'! dendrimers

Dendrimersomes are three-dimensional structures built of self-assembling amphiphilic dendrons.?® The final proper-
ties of dendrimersomes are dependent on the number of hydrophilic branches, which decide about dendrimersomes
generation, the distribution of chemical groups inside or outside the branches, as well as appropriately selected pH-
responsive or hydrophobic elements. Optimized synthesis of dendrons from carefully adjusted elements results in
properties that enable the formation of a bilayers, similar to the liposomes, wherein drugs can be loaded.”'** The
present work focus on triazine—carbosilane dendrimersomes of the second (G2) and third (G3) generation. These
compounds have a branched hydrophobic part, a triazine cycle (the protonation of which, depending on the pH of the
environment, allows the structure of the dendrimersome to loosen or shorten), a piperazine ring (which plays the role of
the linker), and the hydrophilic part. The obtained dendrimersomes have a compact (closed) structure in a neutral pH,
opening in an acidic environment.”’ This allows for a selective delivery and release of the cargo only in the tumor
environment.” In this study, we report the assembly of triazine—carbosilane dendron-based dendrimersomes loaded with
rose bengal, as well as proof-of-concept studies of their efficacy in PDT.

Materials and Methods

Materials

RB, fetal bovine serum (FBS), penicillin/streptomycin solution, trypsin-EDTA solution, ABDA probe [9,10-antherache-
nediyl-bis(methylene) dimalonic acid], MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide], and
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) were purchased from Sigma-Aldrich (Taufkirchen,
Germany). Dulbecco’s phosphate buffered saline without calcium and magnesium (DPBS) was purchased from
Biowest (Nuaillé, France). HBSS (Hanks’ Balanced Salt Solution) and 154 CF culture medium were obtained from
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Gibco/ThermoFisher Scientific (Waltham, MA, USA). Chelex 100 Resin was obtained from Bio-Rad (Hercules, CA,
USA). H,DCFDA (2',7' dichlorodihydrofluorescein diacetate) was purchased from Invitrogen/ThermoFisher Scientific
(Waltham, MA, USA). Dimethyl sulfoxide (DMSO) was purchased from POCH (Gliwice, Poland). Murine basal cell
carcinoma lines (AsZ, BsZ, CsZ) were provided by Dr. Ervin Epstein (Children’s Oakland Research Institute, Oakland,
CA, USA).

Organic solvents were dried and freshly distilled under argon prior to use. Chemicals were obtained from commercial
sources and used as received. Water solutions of chemicals, amphiphiles and buffer solutions were prepared using
milliQ®™ deionized water. Sonication of amphiphile solutions was done in a Sonorex Super RK 31 H ultrasonic bath
(Bandelin Electronic, Berlin, Germany).

Methods

Analytical and Spectroscopic Techniques

'H and "*C spectra were recorded on Varian Unity VXR-300 (Varian Inc., Palo Alto, CA) and Bruker AV400 (Bruker,
Karlsruhe, Germany) instruments. Chemical shifts (5, ppm) were measured relative to residual 'H and '*C resonances for
CDCl; used as solvent. ESI-TOF analysis was carried out in an Agilent 6210 TOF LC/MS mass spectrometer (Agilent,
Santa Clara, CA). UV-vis absorbance spectra were acquired using a Jasco V-650 spectrophotometer (Jasco, Cremella,
Italy). Fluorescence emission spectra were obtained on an LS 55 fluorescence spectrometer (PerkinElmer, Waltham, MA,
USA) at 25°C.

Synthesis of Dendritic Amphiphiles

Vinyl-terminated dendron precursors G2, G3 bearing bromine in the focal point were obtained as described elsewhere.**
2,4-dodecylamino-6-chloro-1,3,5-triazine, 2,4-dodecylamino-6-piperazino-1,3,5-triazine, vinyl-terminated dendron G2
and amphiphilic dendron G2 were synthesized as previously described.”® Only the synthesis of new compounds is
described herein.

Vinyl-Terminated Dendron G3

b
1
a d
NSNS NH g h m q r tU v
c e #N>_/—\ ik \S_/\/p\\ PN
N N N | : =
\\_’\: TN o S| s SIC

2,4-didodecylamino-6-piperazino-1,3,5-triazine (350 mg, 0.66 mmol), vinyl-terminated carbosilane dendron
BrG;Vg (544 mg, 0.6 mmol), K,CO;5 (124 mg, 0.9 mmol) were mixed in 30 mL acetone in a sealed ampule with
catalytic amounts of 18-crown-6 and KI added. The reaction mixture was stirred for 24 h at 90 °C. The reaction
completion was monitored by TOCSY 'H NMR following the disappearance of BrCH, protons. When the reaction
was over, the solvent was removed under vacuum, the residue was dissolved in ethyl acetate and washed with brine.
The organic phase was dried over Na,SO,, and the solvent was removed. The crude product was purified by silica
gel column chromatography (eluent: ethyl acetate:hexane 1:1) to yield functionalized dendron as light-yellow oil
(590 mg, 72%).

"H NMR (400 MHz, CDCl;) & —0.11 (s, 6H, Hg), —0.10 (s, 3H, Hy), 0.11 (s, 12H, H,), 0.45 (m, 2H, H;), 0.51 (m, 6H
H,, Hp, Hy), 0.69 (m, 8H, Hy), 0.86 (t, J = 6.7 Hz, 6H, H,), 1.21-1.38 (m, 50H, Hy, H,, Hy, Ho, Hy), 1.51 (t, J = 7.3 Hz,
6H, Hy, H;), 2.34 (t, J=7.9 Hz, 2H, H;), 2.43 (m, 4H, Hy), 3.31 (m, 4H, H,), 3.77 (s, 4H, H.), 4.81 (s, 2H, Hy), 5.63-6.19
(m, 24H, H,). >*C NMR (101 MHz, CDCl3) § =5.2, —5.1, =5.0, 13.9, 14.1, 18.3, 18.5, 18.7 (m), 18.9, 22.1, 22.7, 26.9,
29.1-29.9 (m), 30.7, 30.9, 31.9, 40.7, 42.9, 53.2, 58.7, 132.6, 137.2, 164.7, 166.1. MS: [M+H]" 1357.03 amu (calcd
1357.67 amu).
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Amphiphilic Dendron G3
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Functionalized vinyl-terminated dendron (400 mg, 0.3 mmol), 2-(dimethylamino) ethanethiol hydrochloride (340 mg,
2.4 mmol) and dimethoxyphenylacetophenone (DMPA) (16 mg, 0.06 mmol) were dissolved in 5 mL of mixture THF:
CH;O0H (1:2). The reaction mixture was deoxygenated by bubbling argon and irradiated by UV for 2 h (365 nm, 120W).
Then, another 16 mg (0.06 mmol) of DMPA was added, and the reaction mixture was irradiated for another 2 h. The
reaction completion was monitored by 'H NMR. After the reaction was completed, the solvents were removed under
vacuum and then the residue was dissolved in methanol. Afterward, it was precipitated in diethyl ether, and after the
solvent was separated, the solid was dried under vacuum to afford the desired dendron as light-yellow solid (500 mg,
68%). For characterization, the dendron was deprotonated with K,COs.

"H NMR (400 MHz, CDCl3) § —0.11 (m, 9H, H,,, Hy), —0.02 (s, 6H, H,), 0.50 (m, 16H, H;, H,,, H,, H,), 0.58 (m, 8H,
Hy), 0.86 (s, 22H, H,, H,), 1.18-1.33 (m, 50H, H,, H, Hy, H,, Hy), 1.49 (m, 6H, Hy, H;), 2.23 (s, 24H, H,), 2.32 (m, 2H,
H;), 2.39 (m, 4H, Hy), 2.46 (m, 16H, Hy), 2.53 (m, 16H, H,,), 2.60 (m, 16H, H,), 3.30 (s, 4H, H,), 3.73 (s, 4H, H.), 4.70
(s, 2H, Hp). ">C NMR (101 MHz, CDCl3) & —5.3, =5.1, —=5.0, 14.0, 14.1, 14.6, 18.3, 18.4, 18.7, 22.1, 22.6, 27.0, 27.8,
29.3-30.0 (m), 30.9, 31.9, 37.0, 40.6, 42.9, 45.4, 53.3, 59.3, 127.7, 128.5, 165.0, 166.2.

Preparation of Rose Bengal-Loaded Dendrimersomes

Solutions of rose bengal (5 uL, 10 mM) and dendron (G2 or G3, 10 uL, 10 mM) were quickly mixed in 1 mL of
deionized water (mQ). The mixture was sonicated for 30 min and then incubated for 48 h at room temperature (RT).
Empty dendrimersomes were prepared analogously. A UV-vis spectrum of the mixture was recorded (before dialysis). In
the next step dendrimersomes loaded with RB (G2-RB and G3-RB) were purified by dialysis in SnakeSkin™ Dialysis
Tubing (3.5K MWCO, 22 mm, ThermoFisher, Waltham, Massachusetts, USA) against deionized water (mQ) for 6 h,
changing water three times during this time. A UV-vis spectrum of the mixture was recorded (after dialysis). The
percentage of encapsulated drug (encapsulation efficency) was estimated from the ratio of absorbance values at 565 nm
(before and after dialysis).

Hydrodynamic Diameter

The water solution of RB-loaded dendrimersomes (G2-RB or G3-RB, 400 pL) was mixed with 20 pL phosphate buffer
(200 mM, pH 7) and incubated in RT for 2 h. The solutions were subsequently placed in the low volume sizing cuvettes
(ZENO0112, Malvern). Measurements of hydrodynamic diameter were performed with the use Dynamic Light Scattering
(DLS) on Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern, UK) at 25°C. The data were analyzed using the
Malvern software.

Zeta Potential

For zeta potential measurements, 50 pL of G2-RB or G3-RB was added to 1 mL of deionized water (mQ). Then the
solutions were places in the folded capillary cells (DTS 1070, Malvern) and the zeta potential was measured with the use
of Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern, UK) at 25°C. The data were analyzed using the Malvern
software.

Transmission Electron Microscopy
Transmission electron microscopy (TEM) images were obtained using a Veleta digital camera (EM SIS, Muenster,
Germany) mounted on a JEM 1400 transmission electron microscope (JEOL, Japan) at the accelerating voltage of 80 kV.
Samples were stained with 0.1% uranyl acetate.
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Spectroscopy Studies

Absorbance MeasurementAll measurements were performed in mQ water at RT on a Jasco V-650 spectrophotometer.
Spectra were recorded in a wavelength range from 300 to 650 nm. Optical path length was 1 cm. The measurements were
carried out for tested compounds at 5 uM concentration of RB. Deionized water (mQ) was used as a reference for all
measurements.

Fluorescence MeasurementAll samples were prepared in mQ water and measured in quartz cuvettes on LS 55
fluorescence spectrophotometer (PerkinElmer, Waltham, MA, USA). The excitation wavelength was set to 525 nm, and
spectra were recorded between 540 and 650 nm. Excitation and emission slits were 5 and 7.5 nm, respectively. The
measurements were carried out for tested compounds at 1 UM concentration of RB.

Release Studies

To evaluate the rate of RB release from the dendrimersomes, 1 mL solution of G2-RB or G3-RB (50 uM of RB)
dissolved in distilled water was enclosed in a dialysis membrane tube (SnakeSkin™ Dialysis Tubing, 3.5K MWCO,
22 mm, ThermoFisher, Waltham, Massachusetts, USA) and dialyzed against phosphate buffer (pH 5.5) at RT, changing
buffer after each two hours of dialysis. Aliquots from the internal phase were collected after 0, 0.25, 0.5, 1, 2, 4, 6 and 24
h, and the RB absorbance was analyzed similarly to spectroscopy studies. The percentage of release was determined
regarding the first sample (0 h, 100% of initial absorbance). The experiment was performed in triplicates.

Singlet Oxygen Generation

The singlet oxygen generation assay was performed with use of ABDA probe. The solution of free photosensitizer (RB),
G2 and G3 empty dendrimersomes, G2-RB and G3-RB were prepared in DPBS at 0.25, 0.5, 1, 2 uM final concentration
of RB. Then 100 pL of each solution was transferred to the 96-well black plate. All measurements were recorded using
fluorescence microplate reader (Fluoroskan Ascent FL, ThermoFisher, Waltham, MA, USA). The excitation and emission
wavelength were set to 355 and 430 nm, respectively. First measurement was recorded without probe in order to verify
whether compounds under study exhibit fluorescence in this range. Then, 20 uL of 30 uM ABDA was added to each
sample and the fluorescence intensity of samples with ABDA was measured. Subsequently, the plate was irradiated for 5
min with the lamp equipped with a filter emitting visible light in the range of 385—780 nm and the light dose of 2.4 J/cm®
per minute (Q. Light Pro Unit, Q. Products AG, Switzerland). Fluorescence intenstiy of probe was measured after each 5
minutes of irradiation up to 1 h. Then, the slopes of the fluorescence intensity curves were considered for the
measurement of singlet oxygen generation, and the results were presented as percentage of singlet oxygen generation
in control (DPBS irradiated with probe).

Cell Cultures

Murine basal cell carcinoma lines (AsZ, BsZ and CsZ) were cultured in 154-CF medium with 5% penicillin/streptomy-
cin, 0.05 mM calcium, and 2% chelexed, heat-inactivated fetal bovine serum (FBS). Cells were cultured in T-75 culture
flasks at 37 °C, 5% CO, and subcultured every 2 or 3 days. The number of viable cells was determined by trypan blue
exclusion assay with the use of Countess Automated Cell Counter (Invitrogen, Carlsbad, California, USA). For harvest-
ing the cells, 0.25% (w/v) trypsin—0.03% (w/v) EDTA solution was used.

ROS Generation Assay

AsZ, BsZ, CsZ cells were seeded into 96-well plates at a density of 1x10* cells per well. After 24 h of incubation (37 °C,
5% CO,), 100 pL of free photosensitizer (RB), G2 or G3 empty dendrimersomes, G2-RB or G3-RB dissolved in fresh
culture medium was added to the cells at final RB concentrations of 0.25, 0.5, 1, 2 uM. Cells were incubated with tested
compounds for 5 h (37 °C, 5% CO,). Then the medium was replaced with 100 pL fresh Hank’s Balanced Salt Solution
(HBSS). The 20 pL of H,DCFDA solution (final concentration: 2 pM) was added to each sample and cells were
incubated for 20 min in dark (37 °C, 5% CO,). Cells were subsequently washed with 100 uL of HBSS and fluorescence
intensity of non-irradiated cells was measured using fluorescence microplate reader PowerWave HT Microplate
Spectrophotometer (BioTek, USA). Then the cells were irradiated for 30 min (2.4 Jem? per minute) with use of Q.
Light Pro Unit lamp and the fluorescence intensity of DCF was measured. The ROS level was calculated as DCF
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fluorescence intensity increase and presented as a percentage of ROS production in control samples (without tested
compounds). Every measurement was corrected by subtraction of the background fluorescence intensity.

Cellular Uptake

AsZ, BsZ, CsZ cells were seeded into 24-well plates at a density of 1x10° cells per well and incubated for 24 h (37 °C,
5% CO,). Next, 300 uL of free photosensitizer (RB), G2-RB or G3-RB was added to the cells in fresh culture medium at
the final RB concentration of 5 uM. The cells were incubated with compounds up to 4 h. Following the incubation, the
compounds were discarded, and cells were washed with DPBS. Next, the cells were detached from the plates using
trypsin-EDTA solution. Then the fresh culture medium was added to the cells, the samples were gently mixed and
collected for measurements. For estimation of the cellular uptake, the fluorescence of the samples was measured using
flow cytometry (LSRII, Becton Dickinson). The excitation and the emission filters were 520 and 570 nm, respectively.

Confocal Microscopy

AsZ, BsZ, CsZ cells were seeded into 96-well black plate with transparent glass bottom at a density of 1x10* cells per
well. After 24 h of incubation in standard conditions, medium was replaced with 100 pL of free photosensitizer (RB),
G2-RB or G3-RB dissolved in fresh culture medium at the final RB concentration of 5 uM. The plates were incubated for
4 h in the dark (37 °C, 5% CO,). Cells were subsequently washed with PBS and fixed with 4% formaldehyde solution for
15 min. Then the solution of Phalloidin—Atto 633 (1:400) was added to each well for 20 minutes to stain F-actin in cell
membrane. The cells were washed with DPBS and the solution of 5 uM Hoechst 33342 was added to the cells for
additional 15 min to stain DNA in cell nucleus. Following the incubation, cells were washed with DPBS and submerged
in 100 pL of fresh DPBS. The images were taken with Leica TCS SP8 confocal microscope.

Cytotoxicity Studies

AsZ, BsZ, CsZ cells were seeded into 96-well plates at a density of 2.5x10* cells per well. After 24 h of incubation (37°
C, 5% CO,) 100 pL of free photosensitizer (RB), G2 or G3 empty dendrimersomes, G2-RB or G3-RB dissolved in fresh
culture medium were added to the cells at 0.25, 0.5, 1, 2 uM final concentrations of RB. Cells were incubated with tested
compounds for 5 h (37 °C, 5% CO,). Then the medium was replaced with DPBS buffer and cells were irradiated for 30
min (2.4 J/em® per minute) with Q. Light Pro Unit lamp. Immediately after irradiation, DPBS was replaced with fresh
culture medium, and cells were incubated for 24 h as post-PDT incubation. Additionally, the “dark™ toxicity (without
irradiation) was evaluated. The cell viability was measured using MTT assay. MTT was added to the wells at a final
concentration of 0.5 mg/mL and the plates were incubated for 2 h (37 °C, 5% CO,). After incubation, formazan crystals
were dissolved in DMSO, and the absorbance was read at 570 nm using the PowerWave HT Microplate
Spectrophotometer (BioTek, USA).

Statistical Analysis

Mann—Whitney test was used for testing statistical significance in release studies. For the rest of the experiments, two-
way ANOVA for concentration series and compounds followed by post-hoc Tukey’s test for pairwise difference testing
were used. In all tests, p-values < 0.05 were considered statistically significant. Data were collected from at least three
independent experiments and presented as arithmetic mean +SD.

Results
Amphiphilic triazine—carbosilane dendrons (Figures 1 and 2) were synthesized in a convergent way by a conjugation of
hydrophobic triazine block and vinyl-terminated dendrons G2 and G3 by a piperazine linker followed by the functio-
nalization of dendron periphery with cationic groups via a thiol-ene reaction. Amphiphilic dendron G2 was reported
recently,20 the dendron G3 has been obtained herein for the first time. Features of the architecture, such as combination of
hydrophobic and hydrophilic fragments in the structure, allow for the self-association of dendrons into supramolecular
constructions — dendrimersomes.

Dendrimersomes formed at neutral pH have mean diameter of 40—50 nm and in the acidic conditions they reorganize
into larger particles (100-150 nm diameter) (Figure 3).
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Figure 2 Structures of amphiphilic triazine-carbosilane dendrons of 2nd and 3rd generation.

The zeta potential as well as hydrodynamic diameter of evaluated compounds is similar, regardless generation of
dendrimersomes (Table 1).

Both absorbance and fluorescence emission spectra of RB-loaded dendrimersomes showed a red shift of the
maximum and a decrease in the intensity compared with free RB. After purification by dialysis, absorbance (Figure 4)
and fluorescence intensities (Figure 4 inset) were further decreased. Based on changes in absorbance, the estimated
percentage of RB encapsulation was 76% for G2 and 89% for G3.

Because the structures of both G2 and G3 dendrimersomes were compact (“closed”) at neutral pH and more loose
(“open”) in slightly acidic pH (Figure 3), we monitored release of RB from the dendrimersomes at pH 5.5.%° The RB
release rate differed significantly between the two generations of dendrimersomes (G2-RB and G3-RB). RB release from
G3-RB was much slower during dialysis, although the release of RB from the two types of dendrimersomes was similar
after 24 h of dialysis (Figure 5). Generation of singlet oxygen by RB and G2-RB at the highest concentration of PS was

approx. 3-fold higher than in the control, with no significant differences between the two compounds. We observed a
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Figure 3 DLS profiles for supramolecular associates of the amphiphilic dendron G3 (100 uM) exposed to different pH in 10 mM Na-phosphate buffer.

statistically significant difference between free RB and G3-RB; in the case of the latter, the level of singlet oxygen was 5-
fold higher than in the unstimulated control (Figure 6).

Cellular uptake of G2-RB and G3-RB was significantly higher in comparison to free RB. In all cell lines almost 80%
of tested cells absorbed RB encapsulated in dendrimersomes. Moreover, the percentage of RB-positive cells reached a
plateau after 0.5 h from the start of the experiment (Figure 7A and Figure S1). Consistent with the results of flow
cytometry experiments, confocal micrographs of the AsZ (Figure 7B), BsZ (Figure S2), and CsZ (Figure S3) cell lines
revealed that both G2-RB and G3-RB were taken up to a greater extent than free RB.

Encapsulation of RB in both dendrimersomes caused a significant increase in ROS production in all cell lines to a
similar degree. Figure 8A shows representative results from AsZ cell lines, and ROS production in BsZ and CsZ cell
lines is shown in Figure S4. At RB concentrations of 1 and 2 pM, we observed statistically significant differences
between free RB and G2-RB or G3-RB. At the highest concentration, fluorescence intensity of the probe increased 10-
fold for both RB-loaded dendrimersomes relative to the untreated control. The phototoxic effect was observed in all cell
lines under study (AsZ, BsZ, and CsZ) (Figures 8B and SS5). Both RB-loaded dendrimersomes (G2-RB and G3-RB)
exerted significantly higher cytotoxic effects after irradiation, and this trend was maintained in all cell lines. At the

Table 1 Size and Zeta Potential of Rose Bengal-Loaded Dendrimersomes (G2-RB and G3-RB) as Well as Free Dendrimersomes (G2
and G3).

G2-RB G3-RB G2 G3
PDI 0.38 £ 0.14 0.31 £0.10 0.27 £ 0.007 0.31 £0.012
Hydrodynamic diameter 55.47 + 23.97 72.64 + 36.49 36.68 + 7.933 55.75 + 9.696
[nm]
Zeta potential [mV] 39.17+ 3.17 39.50 + 3.59 37.25 £ 2.60 4424 + 2.26
Drug loading capacity [%] >22.5 >17.6
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Figure 4 Changes in fluorescence and absorbance spectra of RB after encapsulation within dendrimersomes. The measurements of absorbance and fluorescence intensity
were carried out for the tested compounds at RB concentrations of 5 and | pM, respectively.

highest concentration, the viability of cells decreased to approx. 25%, whereas free RB decreased cell viability only to
approx. 75%. 1Cs, values are presented in Table S1. We also observed a lack of dark toxicity of the tested compounds in
all cell lines (Figure S6). Moreover, empty dendrimersomes exerted neither phototoxicity nor dark toxicity (Figure S7).

Discussion

Basal cell carcinoma is the most frequently diagnosed type of skin cancer in humans, but accurate estimation of the
number of cases is difficult due to the fact that only a small fraction of the cancers is correctly diagnosed. However, we
do know that over a lifetime, the likelihood of developing this type of cancer is as high as 30%, irrespective of genetic
aspects and environmental factors. Currently, basal cell carcinoma is treated using several conventional techniques:
surgery, chemotherapy, and radiotherapy; however, all of these approaches are associated with numerous side effects.'’
Accordingly, highly efficient novel treatment methods are urgently required.

Photodynamic therapy (PDT) is a noninvasive alternative to the aforementioned techniques. PDT exploits three
inseparable elements (photosensitizer, oxygen, and light) that act together and start a cascade of reactions generating
singlet oxygen (II type of PDT reactions) and/or reactive oxygen species, and the oxidation of intracellular structures
such as fatty acids, nucleic acids, and proteins (type I PDT reactions).* Rose bengal (RB) deserves special attention
because it generates singlet oxygen with higher efficiency than other photosensitizers.”*?” However, free RB has a
tendency to aggregate in aqueous solutions and is characterized by limited cell membrane penetration.® Hence, the search
for an appropriate carrier for RB is still ongoing. A promising way to increase bioavailability of RB is to deliver it in
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Figure 5 Release of RB from G2-RB and G3-RB dendrimersomes at pH 5.5. Percentage of release was determined relative to the first sample (0 h, 100% of initial
absorbance). *Statistically significant difference at p < 0.05 between the two generations of dendrimersomes. Data are presented as means * SD, n=3.
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Figure 6 Singlet oxygen generation by free RB and dendrimersomes loaded with RB (G2-RB and G3-RB), determined using an ABDA probe. *Statistically significant
difference at p<0.05 between G3-RB or G2-RB and RB. * Statistically significant difference at p<0.05 between G2-RB and G3-RB. Data are presented as means * SD, n=3.

nanoformulations.® To date, various types of RB-loaded nanocarriers have been designed for skin cancer PDT in vitro

28-30 31-33 34,35

and in vivo, including lipid-based formulations polymeric nanoparticles, upconversion nanoparticles,

inorganic nanoparticles®® and so on.

1148  "ee= International Journal of Nanomedicine 2022:17
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Sztandera et al

100+ I I

E f
T
1=
b
Eal
e + RB
.g * G2-RB
3 # G3-RB
m
©
: . 3
¢
—
2 3 4
Time [h]
Untreated cells G2-RB G3-RB

Figure 7 (A) Uptake of free RB and dendrimersomes loaded with RB (G2-RB and G3-RB) by AsZ cells. Data are presented as means + SD, n=3. *Statistically significant
difference at p<0.05 between evaluated compounds and RB. (B) Confocal micrographs: (1) Phalloidin—Atto 633; (2) Hoechst 33342; (3) rose bengal; (4) bright field image; (5)
merge of channels |, 2, and 3. Scale bar represents 20 pm.

International Journal of Nanomedicine 2022:17 hetps: 1149
Dove:


https://www.dovepress.com
https://www.dovepress.com

Sztandera et al Dove

A 14001 s e
+* G2-RB
12004 _ O3.RB

ROS generation [% of control]

0.0 0.5 1.0 1.5 2.0
Concentration of RB [uM]

w

Cell viability [% of control]

0 T T T T
0.0 0.5 1.0 1.5 2.0

Concentration [uM]
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A promising approach for the design of therapeutic formulations is based on hyperbranched molecules - dendrimers
and dendrons. Their advantages include monodisperse and reproducible molecular structure, combined with inherent
multivalency.>’® Such a feature provides dendritic molecules with considerable activity at nano-bio interface, both as

drug carriers and therapeutic entities themselves. Nanoformulations based on dendrimers and dendrons have been used to

deliver low-molecular bioactive compounds,®**° therapeutic nucleic acids,*'*** peptides and proteins*® into target cells.
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In particular, using amphiphilic dendrons as building blocks, it is possible to obtain supramolecular formulations with
micellar or vesicular architecture.?’***> The properties and morphology of dendritic assemblies depend on the size and
topology of the dendron scaffold, the arrangement of chemical moieties within the dendron structure, and specifically
selected hydrophilic and hydrophobic elements. Upon assembly, low-molecular weight drugs can be encapsulated either
in the inner cavity or in the bilayer and can also be retained on the vesicle surface through complexation. Encapsulation
protects a drug from degradation en route to the tumor.*> Carbosilane dendritic architecture is versatile for designing
functional systems for therapy,*®*’ imaging®® and nanoparticle decoration.’’>* Furthermore, the chemical structure of
carbosilane dendrons containing two orthogonal functionalities favors the synthesis of amphiphilic derivatives self-

4 : 2
5456 or dendrimersomes.?®

organizing into micelles

In this study, we examined the performance of triazine—carbosilane dendrimersomes as nanocarriers for RB in PDT. A
previous study showed that due to the presence of protonatable triazine fragments inside the scaffold, dendrimersomes
are pH-sensitive. Under slightly acidic conditions, reorganization of the vesicular structure occurs, as evidenced by the
change in hydrodynamic diameter of dendrimersomes (Figure 3) and shrinkage of a hydrophobic bilayer observed in
TEM images (Figure S8). This behavior can be exploited to achieve drug delivery directly into the tumor acidic
environment.”’>’ In the first part of the reaserch, we studied the loading of RB into dendrimersomes of triazine—
carbosilane dendrons of the second and third generation. We observed wavelength shifts of maximum absorbance or
fluorescence of the RB—dendrimersome formulations in comparison to free RB. This finding indicates interaction

between anionic RB and protonated dendrons, as described in the literature,®>°

providing evidence for the formation
of stable RB-dendrimersome formulations. Moreover, we observed visible changes in the absorbance and fluorescence
intensity before and after dialysis used to purify RB-loaded dendrimersomes from the non-bound RB in solution. These
changes could be used to determine the encapsulation efficiency and drug loading capacity (Table 1), as reported
previously.?’ Zeta potential measurements revealed highly positive surface potential, which may be beneficial for cellular
uptake.®” Because these dendrimersomes formed at neutral pH, and the structure of dendrimersomes reorganizes at acidic
conditions to enable drug release, we tested the release of RB from dendrimersomes of both generations at pH 5.5.
Release was much slower for G3, which may explain why singlet oxygen generation was significantly higher for G3-RB.
Because interactions with cationic polymers increase singlet oxygen production by RB, we believe the slower release is
due to the fact that RB interacts with G3 more strongly than with G2 dendrimersomes.®' The specific activities of
different generations of dendrons/dendrimersomes require further study. However, for photodynamic therapy, PS does
not need to be released from the carrier if the carrier allows diffusion of molecular oxygen.**

In an in vitro model using basal cell carcinoma cell lines, both flow cytometry and confocal microscopy revealed that
cellular uptake of RB encapsulated in dendrimersomes was significantly greater than uptake of RB. This dramatic
increase is likely due to the shielding of negatively charged groups in the RB structure by the positive surface charge of
dendrimersomes. Nanoparticles with positive surface charges exhibit much more efficient intracellular transport. This
phenomenon has been widely described in the literature and allows us to predict the behavior of nanosystems.®* ¢ In the
case of RB, increased cellular uptake seems to be critical for phototoxic activity: regardless of the level of singlet oxygen
generation, RB-loaded dendrimersomes generate significantly higher levels of intracellular ROS, which translates into a
stronger phototoxic effect. The ICso values for RB-loaded dendrimersomes in vitro are remarkably low (~1 uM RB for
both formulations), considerably lower than those for most formulations mentioned above (for instance?®30-3%:36),
Importantly, the dark toxicity of RB-loaded dendrimersomes is negligible in the concentration range used. It should be
also noted that under the same conditions, empty dendrimersomes did not exert cytotoxic or phototoxic activity, so the

observed results should not be attributed to additive or synergistic effects.

Conclusion

Our findings suggest that dendrimersomes built of amphiphilic triazine—carbosilane dendrons are robust vehicles for
delivering RB into basal skin cancer cells, increasing the therapeutic performance of the PS through increased cellular
uptake and intracellular ROS generation. This highly encouraging outcome sheds new light on PDT of skin cancers.
However, further research is needed to answer the fundamental questions: how does RB interact with the carrier? How
strong are these interactions? What is the localization of RB in the dendrimersome? What influences the difference in the
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interactions of G2 and G3 with RB? Further studies on this system are also needed in term of intracellular localization of
RB-loaded dendrimersomes and possibility of lysosomal escape, as well as in vivo activity.
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Abstract:

Photodynamic therapy is one of the best alternatives to chemo-, radio- or surgical therapy, as it is
noninvasive and causes no severe side effects. The mechanism of photodynamic therapy involves
activation of the drug (photosensitizer) with light of appropriate wavelength, which combined with
molecular oxygen, leads to production of reactive oxygen species. This starts a cascade of reactions
leading to cell death. Thus, the efficiency of this therapy is based mainly on the properties of a
photosensitizer, including singlet oxygen yield and accumulation in the tumor area. Current research is
aimed at applying nanosystems for the improvement of availability and photodynamic properties of
photosensitizers. In order to improve the activity and increase photodynamic potential of rose bengal,
one of the most promising drugs in anticancer photodynamic therapy, several drug delivery systems
were developed. Among them, polymersomes represent a group of innovative polymeric vesicles
mimicking membranous cell structures. Polymersomes are nanosystems made of amphiphilic block
copolymers, possessing a spherical, liposome-like architecture. Within this study we present biophysical
and in vitro biological characterization of this novel pH-stable nanosystem, which due to the
improvement of singlet oxygen and ROS production by rose bengal is a good candidate for nanocarrier
in photodynamic therapy.

Key words: Rose bengal, photodynamic therapy, polymersome, skin cancer

1. Introduction

Due to the undoubted advantages such as non-invasiveness and lack of severe side effects,
photodynamic therapy (PDT) is gaining more and more popularity (Karges, 2022), providing a
promising alternative to traditional methods of cancer treatment, such as chemo-, radio-, or surgical
therapy. It encompasses three fundamental elements: a photosensitizer (PS), a light source, and
molecular oxygen. The mechanism of PDT involves activation of the photosensitizer with light of
appropriate wavelength, which combined with molecular oxygen, leads to production of reactive oxygen
species. The products of this reaction initiate a cascade of effects leading to cell death (Sztandera et al.,



2020a). Such a specific mechanism, with the activation of the photosensitizer only in the irradiated area,
gives PDT the hallmarks of targeted therapy (Hong et al., 2016). The ideal PS should exhibit absorbance
in a range of 650-850 nm, efficiently produce reactive oxygen species, resist photodegradation and show
lack of toxicity in the absence of light. PS should be also characterized by efficient cellular uptake and
significant half-life (Allison et al., 2004).

One of the most promising photosensitizers for anticancer therapy is rose bengal (RB), an anionic, water-
soluble fluorescein derivative that generates singlet oxygen after irradiation with light of 525 nm
wavelength (Dabrzalska et al., 2017; Sztandera et al., 2021, 2020b). This compound has been already
approved for use in PDT (Dees et al., 2015; Dees and Scott, 2001; Prokopovich and Perni, 2017), which
proves its great application potential. Current research is aimed at applying innovative nanosystems for
the improvement of availability and photodynamic properties of RB (Demartis et al., 2021; Sztandera
et al., 2020a, 2020b). Nanocarriers are meant to protect photosensitizer from degradation and rapid
clearance from the organism, improve solubility and transport the drug directly to its site of action. The
delivery systems should ensure prolonged blood circulation, accumulation in the tumor area and efficient
uptake of the drugs by cancer cells (Kakde et al., 2011).

In order to improve the activity of RB and increase its photodynamic potential, several drug delivery
systems were developed (Dabrzalska et al., 2017; Sztandera et al., 2020b; Thambi and Lee, 2018) and a
few of them were already patented (Bottiroli et al., 1996; Hasan, 2006; Pouge et al., 2005). Among them,
polymersomes (Psomes) represent a group of innovative polymeric vesicles (Kyropoulou et al., 2020;
Sood, 2014; Wang et al., 2017) made of amphiphilic block copolymers (Discher et al., 1999; Gaitzsch
et al., 2016, 2011; Moreno et al., 2020b; Peters et al., 2014; Tu et al., 2016), possessing a spherical,
liposome-like architecture (Discher et al., 1999). To develop new Psome nanosystem for intra- and
extracellular matrix applications, it is desirable to establish pH-stable structures with swelling and
shrinking membrane characteristics upon transition from physiological to slightly acidic pH. This is
preventing any disassembly processes when nanosystem is guided through different environments. Our
own established, photo-crosslinked and pH-responsive Psomes have been used for the design and
fabrication of enzymatic nanoreactors, artificial organelles, protein targeted therapeutics and
extracellular matrix therapeutics (Gaitzsch et al., 2012; Geervliet et al., 2021; Moreno et al., 2021; Wang
etal., 2021b, 2021a). The post-loading process of pH-responsive Psomes allows us to control the loading
of cargo with Psomes’ compartments (Geervliet et al., 2021; Gumz et al., 2019; Moreno et al., 2021).
For protein post-loading (Scheme 1), preferred locations involve the membrane and shell/membrane
interface. On the other hand, low-molecular weight compounds are preferentially located in the
membrane or lumen, which is dependent on the structural characteristic and charge of cargo molecules
during loading at acidic conditions (swollen state) and purification at neutral/slightly basic conditions
(collapsed state). This principle of pH-responsive Psomes have an undoubted advantage in the case of
drug delivery to tumor environment. Thus, the ability of Psomes to switch the membrane structure into
diffusible state only at the pH characteristic for the tumor environment may further increase the
selectivity of the action of drug molecules by controlled release, as well as protect the drug from
degradation during blood circulation. This gives a chance to reduce the dose rate while maintaining the
therapeutic effect.

The overall aim of the study was to investigate the potential of RB post-loaded polymersome B (RB-
Psome B) for PDT (Scheme 1). We focused on its biophysical properties, as well as the ability to
encapsulate RB, to deliver it to the cytoplasm of basal cell carcinoma cells and to modulate phototoxic
activity of photosensitizer.
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2. Materials and methods
2.1. Materials

Rose bengal, fetal bovine serum, penicillin/streptomycin solution, trypsin—-EDTA solution, ABDA(9,10-
Anthracenediyl-bis(methylene)dimalonic acid) and MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide) were purchased from Sigma-Aldrich, Taufkirchen, Germany. Dulbecco’s
phosphate buffered saline with no calcium and no magnesium (DPBS) was purchased from Biowest,
France. 154 CF culture medium was obtained from Gibco, Thermo Fisher Scientific, Waltham,
Massachusetts, USA. Chelex 100 Resin was obtained from Bio-Rad. H.DCFDA were purchased from
Molecular Probes, ThermoFisher, Waltham, Massachusetts, USA. Dimethyl sulfoxide (DMSO) was
purchased from POCH (Gliwice, Poland). Snake-Skin™ Dialysis Tubing, 3.5K MWCO, 22 mm was
obtained from ThermoFisher, Waltham, Massachusetts, USA. Murine basal cell carcinoma lines (AsZ,
BsZ, CsZ) were kindly provided by Dr. Ervin Epstein (Children’s Oakland Research Institute, Oakland,
USA). Materials for the fabrication of rose bengal-loaded polymersomes are listed in the SI.

2.2. Methods
2.2.1.1. Synthesis of block copolymer (BCP-B)

BCP-B was obtained from a previous study (Wang et al., 2021a). The corresponding synthesis of all
intermediates and final BCP-B and molecular parameters of BCP-B determined by '"H NMR and GPC
are described in the SI.

2.2.2. Preparation of rose bengal-loaded polymersomes

A solution of BCP-B (0.5 mg/mL) in 10 mM HCI was prepared and stirred for 30 min until the polymer
was totally dissolved. Then, 1 M NaOH was added dropwise until pH value between 5.8 and 5.9. The
solution was stirred in the dark (150 rpm) for 3 days. The final solution was passed through a cellulose



ester syringe filter (0.8 um) and placed in the UV chamber (OmniCure S2000%, Excelitas Technologies)
under irradiation for 180 seconds (1.5 mL at each irradiation). After irradiation, 0.4 M PBS was added
to the solution of cross-linked polymersome (Psome B) to reach the final PBS concentration of 10 mM
and titrated to pH 5 with 1 M HCI. After this step, rose bengal (50 uM) was added to the solution and
stirred overnight. The RB-loaded Psome B (RB-Psome B) was subsequently compacted by NaOH
titration to pH 7.4 and moved to dialysis tube (SnakeSkin™ Dialysis Tubing, 3.5K MWCO, 22 mm,
ThermoFisher), submerged in PBS (pH 7.4) and stirred in the dark overnight, with several changes of
PBS. After this time, sample fluorescence was measured on PerkinElmer LS-50B spectrofluorometer
and compared to the sample obtained before dialysis to define the level of encapsulation of RB as
described in point 2.2.5.

2.2.3.Measurements of hydrodynamic diameter and zeta potential

Hydrodynamic diameter measurements were performed using 10 puL of 0.5 mg/mL solution of Psome
B and RB-Psome B, which was diluted in 1 mL of distilled water (mQ) and placed in the low volume
sizing cuvettes (ZENO112, Malvern). For zeta potential measurements, 50 uL of Psome B and RB-
Psome B solution was added to 1 mL of distilled water (mQ), then the solutions were places in the folded
capillary cells (DTS 1070, Malvern). Measurements were performed with the use of Zetasizer Nano ZS
(Malvern Instruments Ltd., Malvern, UK) at 25 °C. The data were analyzed using the Malvern software.

2.2.4.Asymmetrical flow field flow fraction study

Asymmetrical flow field flow fractionation (AF4) in combination with multidetection (MD) was applied
to quantify the loading of RB-Psome B, according to the protocol previously established for RB and
drug loading of branched glycopolymers (Boye et al., 2010; Gorzkiewicz et al., 2019). Furthermore,
AF4-MD was used for the determination of conformation properties. All experimental details can be
found in SI.

2.2.5.Spectroscopy studies

Fluorescence spectra were acquired using a PerkinElmer LS-50B spectrofluorometer (Waltham,
Massachusetts, USA). Measurements were performed in PBS (pH 7.4 or pH 5), at RT. The excitation
wavelength was set to 525 nm and spectra were collected in a wavelength range from 540 nm to 640
nm. Excitation and emission slits were 5 nm and 7 nm, respectively. The measurements were carried
out for tested compounds at 1 uM concentration of RB.

2.2.6. Release studies

To determine the rate of photosensitizer release from RB-Psome B under different pH conditions, a 5
ml solution of RB-Psome B in PBS (10 mM, pH 7.4) was enclosed in a dialysis membrane tubing
(SnakeSkin™ Dialysis Tubing, 3.5K MWCO, 22 mm, ThermoFisher, Waltham, Massachusetts, USA)
and immersed in 10 mM PBS at a pH of 5 or 7.4 at RT. Samples from the internal phase were collected
after 0, 2, 4, 8, and 24 h and the RB fluorescence was analyzed as described in the point 2.2.5. Percentage
of release was determined with regards to the first sample, where the drug was not released from RB-
Psome B (100% of initial fluorescence).

2.2.7. Singlet oxygen generation

The singlet oxygen generation was studied using the ABDA probe (final concentration: 5 uM). Solutions
of RB, RB-Psome B, and free Psome B were prepared in 10 mM HEPES. Evaluated compounds were
prepared at RB concentrations of 0.125, 0.25, 0.5, 0.75, and 1 uM. Upon sample preparation, 100 pL of
each solution was transferred to a 96-well black plate. All measurements were performed on a



fluorescence microplate reader (Fluoroskan Ascent FL, ThermoFisher Scientific) at an excitation
wavelength of 355 nm and an emission wavelength of 430 nm. Samples were mixed before each
measurement. The first measurement was recorded without ABDA probe to determine whether RB,
Psome B, or RB-Psome B exhibit any fluorescence in this range. Following the first measurement,
ABDA was added to each well, and the fluorescence of the probe without irradiation was measured.
Next, the plate was immediately placed under a Q.Light Pro Unit lamp (Q.Light, Rorschach,
Switzerland) equipped with a filter emitting visible light in the wavelength range 385—780 nm (2.4
J/em2 per minute). Fluorescence was measured in 5 min intervals during irradiation for 5—60 min. The
slopes of the fluorescence curves were considered to be a measure of singlet oxygen generation. The
results were presented as percentages of the singlet oxygen generation in the control sample (HEPES
buffer irradiated with probe).

2.2.8. Cell culture

Murine basal cell carcinoma lines (AsZ and CsZ) were cultured in 154-CF medium with 5%
penicillin/streptomycin, 0.05 mM calcium, and 2% chelexed, heat-inactivated fetal bovine serum (FBS).
Cells were cultured in T-75 culture flasks at 37 °C, 5% CO; and subcultured every 2 or 3 days. The
number of viable cells was determined by trypan blue exclusion assay with the use of Countess
Automated Cell Counter (Invitrogen, Carlsbad, California, USA). For harvesting the cells, a 0.25%
(w/v) trypsin—0.03% (w/v) EDTA solution was used.

2.2.9. ROS generation assay

An H,DCFDA probe was used to investigate the intracellular production of ROS. For this purpose, AsZ
and CsZ cells were seeded in 96-well black plates at a density of 1 x 10 cells per well in 100 uL medium.
After incubation for 24 h, the samples (free RB solutions or RB-Psome B) were prepared in Hank’s
Balanced Salt Solution (HBSS) buffer and added to the cells to obtain final RB concentrations of 0.25,
0.50, 1, or 2 uM. ROS-generating activity of free Psome B was also evaluated at the highest
concentration used for preparation of RB-Psome B. Cells were incubated with tested compounds for 5
h (37°C, 5% CO»). The medium was subsequently removed, 2 uM solution of H,DCFDA in HBSS was
added to each well, and the plates were incubated for the next 20 min in the dark (37°C, 5% CO,). Next,
the cells were washed with HBSS, and background fluorescence (excitation: 485 nm; emission: 530 nm)
of nonirradiated cells in 100 uL HBSS was measured on a PowerWave HT Microplate reader (BioTek).
The cells were then irradiated using Q.Light Pro Unit lamp for 30 min (2.4 J/cm2 per minute), and 2°,7’-
dichlorofluorescein (DCF) fluorescence was measured immediately. ROS level was calculated as
increase in DCF fluorescence intensity and was presented as a percentage of the ROS production in
control samples (without treatment). Each measurement was corrected by subtraction of the background
fluorescence intensity (before irradiation).

2.2.10. Cytotoxicity

AsZ and CsZ cells were seeded into 96-well transparent plates at a density of 3 x 10* cells per well in
100 pL medium and incubated for 24 h before experiments. Then, free RB and RB-Psome B solutions
were prepared in PBS buffer and added to the cells to obtain final RB concentrations of 0.25, 0.5, 0.75,
and 1 uM. Cytotoxicity of free Psome B was also evaluated at the highest concentration used for the
preparation of RB-Psome B. Cells were incubated with tested compounds for 5 h (37°C, 5% CO,). The
medium was replaced with PBS, and the cells were irradiated with visible light using the Q.Light Pro
Unit lamp for 30 min. Immediately after irradiation, PBS was replaced with fresh culture medium, and
the cells were incubated for 24 h (post-PDT incubation). So-called “dark” toxicity (without irradiation)
was evaluated in parallel. The cell viability was measured by MTT assay. MTT was added to the wells



at a final concentration of 0.5 mg/mL, and the plates were incubated for 2 h (37°C, 5% CO,). After
incubation, formazan crystals were dissolved in DMSO, and the absorbance was read at 570 nm using
the PowerWave HT Microplate Spectrophotometer (BioTek, Winooski, VT, USA). Cell viabilities are
presented as percentages of the viability in the untreated control.

2.2.11. Cellular Uptake

AsZ and CsZ cells were seeded into 24-well plates at a density of 1 x 10° cells per well and incubated
for 24 h (37°C, 5% CO»). Next, RB and RB-Psome B (5 uM final concentration of RB) were added to
each well, and the cells were incubated with the compounds for up to 4 h. Following incubation, the
compounds were removed, and the cells were washed with PBS and detached using trypsin-EDTA
solution. Fresh culture medium was added to the cells, and the samples were gently mixed and collected
for measurements. To estimate cellular uptake, the fluorescence of samples was measured using flow
cytometry (LSRII, Becton Dickinson, Franklin Lakes, NJ, USA). The excitation and emission filters
were 520 and 570 nm, respectively. The results are presented as the percentage of cells in the population
that internalized RB.

2.2.12. Statistics

For statistical significance testing, one-way ANOVA for concentration series and post hoc Tukey’s test
for pairwise difference testing were used. In all tests, p-values < 0.05 were considered to be statistically
significant. Data are presented as arithmetic mean + SD.

3. Results
3.1. Biophysical characterization of nanocarrier system

The formation of Psome B was carried out by the self-assembly of BCP-B through the use of pH-switch
method (Pearson et al., 2013) and photo-crosslinking for 180 s under UV irradiation as presented in
Scheme 1. The corresponding details on the synthesis of well-established BCP-B are presented in the
SI. BCP-B is attributed by a hydrophilic block, a PEG chain, and a hydrophobic block, composed of
pH-responsive monomer, 2-(N, N '-di-iso-propylamino)ethyl methacrylate, and photo-active crosslinker,
6-(3,4-dimethylmaleimidio)hexyl methacrylate (Scheme 1).

To characterize and evaluate Psome B formation, post-loading of RB in swollen Psome B at pH 5, and
the purification of RB-Psome B at pH 7.4, we performed dynamic light scattering measurements of
nanoparticles at each preparation step. We were able to obtain preferentially uniform nanoparticles with
hydrodynamic diameters of 170 nm at pH 7.4 (Psome B with collapsed membrane) and 200 nm at pH 5
(Psome B with swollen membrane) (Table 1, Figure S5). As expected from previous study,” low values
of PdI thoroughly indicate the pH-stability after UV-crosslinking and post-loading of RB by swollen
Psome B at pH 5. This does not lead to any disassembly processes of swollen Psome B at acidic pH.
The surface charge of empty Psome is slightly positive and rises under acidic conditions, indicating the
protonation of tertiary amino groups within Psome membrane (Scheme 1). After preparation and
purification of RB-Psome B by dialysis in PBS pH 7.4, the zeta potential of RB-Psome B drops to 0.57
+ 1.40 mV, and its hydrodynamic diameter is 190.10 = 2.12.

Table 1. Hydrodynamic diameter and zeta potential of Psome B at different stages of preparation.

Sample Name Pdl Z-Average [nm] Zeta potential [mV]
Psome B before crosslinking 0.14 £0.03 163.40+2.34 -
Psome B after crosslinking pH 5 0.17+£0.02 200.10 £ 6.64 7.60 £1.56



Psome B after crosslinking pH 7.4 0.22+0.01 171.50+11.70 2.19+0.54

Analysis of spectral properties of empty Psome B and RB-Psome B show that empty Psome B has no
emission in the spectrum range specific for RB, thus the presence of evaluated Psome B would not
disturb further measurements. Moreover, pH conditions have no impact on fluorescence intensity of RB-
Psome B. In both states, impermeable (“closed” at pH 7.4) and permeable (“open” at pH 5) RB-Psome
B have similar maximum emission wavelength, shifting from 565 (for free RB) to 580 nm (Figure 1).
Moreover, based on the reduction of fluorescence intensity of RB-Psome B before and after purification

by equilibrium dialysis, encapsulation efficiency can be determined. In case of this nanosystem the
encapsulation efficiency is approx. 60%.
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Figure 1. Fluorescence and absorbance spectra of RB, Psome B, “open‘ RB-Psome B (pH 5) and

“closed RB-Psome B (pH 7.4). The measurements of fluorescence were carried out for the tested
compounds at RB concentration of 1 uM and 5 uM, respectively.

3.2 Quantitative and qualitative characterization of RB-Psome B by AF4-MD

In order to quantify the amount of loaded RB as well as to obtain information about the influence of the
RB-loading on the Psome B’s structure AF4 in combination with multidetection (AF4-MD) was applied.
AF4 enables a versatile separation under gentle conditions without affecting the conformation of Psome
B. The quantification of the RB amount was determined using the ultrafiltration effect of the membrane
with MWCO of 10k with downstream UV detection. After the calibration of UVssonm signal areas
according to the injected RB amount, the free RB of the unpurified RB-Psome B mixture was determined
and correlated to the loaded RB (Figure S6). It was shown that 31 % of the initial RB amount is loaded
into Psome B at pH 6.5 (Table S2). Physico-chemical properties of RB-Psome B were determined by
optimized separation by AF4. The multidetection system enables the determination of radius of gyration
(R¢) and hydrodynamic radius (Rx) and the consideration of conformation properties. In the fractograms
of empty Psome B before and after hollow fiber filtration it is clearly visible that the purification removes
smaller species such as non-crosslinked BCPs or smaller micelles in the size region of 10-30 nm (Figure



S7a). The p parameter (Rg/Rpn) 1.0-1.2 is characteristic for hollow spheres with loaded cargo (Figure
S7b) as known from previous studies (Moreno et al, 2021; Wang et al, 2021a).
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Figure 2. Burchard-Stockmayer plots of Psomes (empty PsomeB -black; RB-PsomeB -red) obtained by
AF4-MD, UV signals (before purification -dashed lines, after purification - solid lines) and p (Ry/Ry)
parameter (before purification - empty circles; after purification -filled circles) vs. elution time, region
of characteristic p values for hollow spheres is highlighted in yellow.

3.3.Release of RB from RB-Psome B

Release studies proved that at pH 7.4, RB-Psome B are stable, without any significant leak of RB from
the system. Due to the swollen membrane of Psome B at pH 5, RB is released from the system in a time-
dependent manner. Moreover, the majority of RB is released during the first 4 hours of the experiment
(Figure 3).
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Figure 3. Release of RB from RB-Psome B in pH 5 and pH 7.4 using equilibrium dialysis against PBS.

Data presented as mean £ SD, n = 3. * Statistically significant difference at p < 0.05 between pH 5 and
pH7.4.

3.4.1In vitro photodynamic and phototoxic properties of RB-Psome B

Singlet oxygen generation by the compounds under evaluation was assessed with the use of a highly
selective ABDA probe. RB encapsulated in Psome B shows significantly higher ability to generate
singlet oxygen than free RB (Figure 4). The effect of RB-Psome B is already visible at the lowest
concentration tested, whereas the activity of free RB is only detected at higher concentrations. At the
highest tested concentration, free RB causes ~2-fold, and RB-Psome B ~6-fold increase in singlet
oxygen production relative to the control. At the same time, empty Psome B does not generate singlet
oxygen (data not shown).
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Figure 4. Singlet oxygen generation by free RB and RB-Psome B. The singlet oxygen generation assay
was performed using the ABDA probe as an indicator. Data presented as mean £ SD, n=3. * Statistically
significant difference at p < 0.05 between the RB and RB-Psome B.

Further studies involved the evaluation of uptake, intracellular ROS generation and phototoxicity in two
basal cell carcinoma cell line models. The time course of drug uptake in studied cell lines was highly
similar for the free and encapsulated form of RB. However, the percentage of cells exhibiting RB-
specific fluorescence is significantly higher for AsZ and CsZ lines treated with RB-Psome B, although
incubation was performed at equimolar concentration with regard to drug molecules (Figure 5).
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Figure 5. Cellular uptake of free RB and RB-Psome B by: (4) AsZ and (B) CsZ cell lines, evaluated by
flow cytometry. Data presented as mean = SD, n = 3. * Statistically significant difference at p < 0.05
between the RB and RB-Psome B.

RB-Psome B generates intracellular ROS more efficiently than free RB (Figure 6) in both studied cell
lines. This results in a significantly higher phototoxicity of RB co-delivered with Psome B (Figure 7 A
and B). In AsZ cell line, ICso values for free RB and RB-Psome B are 1.38 and 0.53 uM, respectively.
In case of CsZ cell line, ICsy values equal 0.99 and 0.33 uM for free RB and RB-Psome B. Noteworthy,
we do not observe any cytotoxicity of Psome B (data not shown) or dark toxicity of free RB and RB-
Psome B under given conditions (Figure 7 C and D).
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Figure 6. ROS generation by free RB and RB-Psome B. (A) AsZ cell line and (B) CsZ molar ratio upon
irradiation determined with the use of the 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA)
probe. Data are presented as percentages of intracellular ROS generation in control (untreated) cells
as mean = SD, n = 3. * Statistically significant difference at p < 0.05 between the RB and RB-Psome B.
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Figure 7. Cytotoxic activity of free RB and RB-Psome B: after irradiation of (4) AsZ, (B) CsZ cell lines,
and without irradiation of (C) AsZ and (D) CsZ cell lines. Cell viability was determined using MTT
assay. Data are presented as percentages of the viability of control (untreated) cells as mean = SD, n =
3. * Statistically significant difference at p < 0.05 between the RB and RB-Psome B.

4. Discussion

Considering the growing interest in anticancer photodynamic therapy, it is necessary to develop novel
compounds allowing to overcome the limitations of currently used photosensitizers. One of the methods
involves the use of nanomaterials to act as drug carriers, providing efficient cellular uptake and
increasing photodynamic activity. In the living organisms, membranes of cell structures are crucial
elements separating different compartments and maintaining controlled transport between them. Thus,
current studies focus on the development of nanocarriers mimicking this natural cellular structures, but
with controllable shape, size, responsivity and stability in different environments (Igbal et al., 2020;
Kauscher et al., 2019; Messager et al., 2016). Amphiphilic constructs of low-molecular weight and
polymeric compounds used for this purpose allow the spontaneous assembly of vesicles with double-
layer membrane similar to the cellular ones, which promotes the placement of lipophilic compounds in
the membrane and hydrophilic compounds in the core (Moquin et al., 2018). This in turn may protect
the drugs from biodegradation, prolong their half-life and increase cellular uptake. Further application
of pH-responsive elements within the vesicle’s shell may increase selectivity of the therapy via release
of cargo only in the tumor environment (Feng et al., 2018).

Rose bengal is a dianionic fluorescent dye derived from xanthans, commonly used as an ocular
diagnostic tool. Due to the high efficiency of generation of singlet oxygen, RB is considered as PDT
agent in anticancer treatment (Demartis et al., 2021; Redmond and Gamlin, 1999). However, its short
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half-life, hydrophilic nature, and tendency to aggregation limits the use of RB in PDT of tumors. Due
to the short half-life (approx. 30 min), favorable distribution of RB is reduced, necessitating multiple
dosing. The tendency of RB to form aggregates in aqueous solutions affects spectral properties of this
PS and decreasing the desired singlet oxygen generation, which is the main PDT reaction (Demartis et
al., 2021). Finally, RB has a negative charge in physiological environment, which also hampers cellular
uptake. Due to this fact, the accumulation of proper RB concentration may be difficult in tumor cells.
The above-mentioned limitations can be overcome by the use of appropriate nanocarrier for intracellular
delivery of RB.

In our studies, we investigated specific pH-stable polymersome (Psome B) as nanocarrier, composed of
amphiphilic block copolymers enriched in UV-crosslinkable and pH-sensitive units (Scheme 1).
Amphiphilic architecture enables self-assembling into globular Psome B in aqueous environment (Wang
etal.,2021a), whereas cross-linking increases stability of structure and enables modulation of membrane
permeability by change of pH (Wang et al., 2021a). Thus, this allowed us to carry out a controlled drug
post-loading process with a preferred membrane-integration of RB in RB-Psome B, while the direct
loading of RB during the formation of Psome B in aqueous solution may result in undesired aggregation
process of RB. Psome B used in this study is designed to swell “open” at pH < 6.0 and shrink “close” at
pH > 6.0 (Wang et al., 2021a). This key characteristic of Psome B is advantageous for our approach in
a such way that the swelling (and thus, drug release) would correspond to the pH of tumor environment
(Feng et al., 2018). The completely swollen state of Psome B is only given at pH 5 (Moreno et al., 2021).
Thus, pH values between 5 and 6 also allow to induce a retarded release profile, when Psome B is only
semi-swollen (Wang et al., 2021a). The opening and closing pH values for Psome B can be slightly
varied to values up to 6.5 due to varying environmental conditions (Wang et al., 2021a). Swollen state
of Psome B during the post-loading process of RB at pH 5 is also indicated by higher cationic surface
charge due to protonation state of di-iso-propylaminoethyl units in Psome B membrane (Scheme 1).
Thus, spherical vesicles can be assumed, supported by first cryo-TEM images (SI) and AF4-MD for
both Psome B.

DLS and zeta potential results allowed to postulate the desired encapsulation of RB by Psome B. We
observed an increase in hydrodynamic diameter of Psome B at pH 7.4 after RB loading. At the same
time surface charge of RB-Psome B is nearly neutral compared to more positively charged empty Psome
B (Table 1). This may indicate that RB is integrated in the hydrophobic membrane of Psome B at pH
7.4. Reduction in surface charge of protein post-loaded Psomes (Geervliet et al., 2021; Gumz et al.,
2019; Moreno et al., 2021) was also observed and supports the assumption of membrane-integrated RB
molecules in Psome B. Furthermore, spherical vesicles can be assumed for empty Psome B, while cauli-
flower-like shape with rough surface are visible for RB-Psome B, supported by first cryo-TEM images
(SI). Both types of Psome B possess diameters in the range of 100 and 130 nm. Cryo-TEM images of
RB-Psome B also outline a different state of density for cauli-flower-like shape. Results of AF4-MD
study support the assumption of vesicular architectures through typical p parameters of cargo-loaded
hollow spheres (= vesicular structures) in comparison to protein-loaded polymersomes (Geervliet et al.,
2021; Gumz et al., 2019; Moreno et al., 2021, 2020a; Wang et al., 2021a). With increasing size, the p
parameter increases due to higher heterogeneity and potential aggregation. Furthermore, the AF4 results
show a shift to higher elution times and a significant increase in size of Psome B with RB loading (Table
S3). It can be assumed that the RB molecules accumulate both within the membrane and on the surface
due to their small size. The location on the surface facilitates the accessibility to undergo undesired
intermolecular interactions resulting in aggregation. However, the p parameters reveal still hollow
spheres with rough surface on the level of individual RB-Psome B molecules with increasing
heterogeneity due to aggregation processes at larger dimensions.
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Spectroscopy results allowed to estimate encapsulation rate with significant efficiency (approx. 60%)
which is lower in comparison to nanosystem consisting of dendrimersomes but higher than in previously
described in the literature (Apartsin et al., 2020; Sztandera et al., 2022; Xu et al., 2019). The experiment
showed also red shift of emission wavelength for RB molecules, observed in our previous studies on
nanoparticle-based delivery systems. This undoubtedly suggests the emerging interaction of RB with
Psome B membrane, (Dabrzalska et al., 2015; Klajnert and Bryszewska, 2002; Sztandera et al., 2021)
which is in accordance with the detection of lowered surface charge and increased diameter for RB-
Psome. Results from AF4-MD confirm the RB complexation by Psome B with lower loading efficiency.
Due to use of different loading parameters (e.g. static vs. flow conditions or use of different MWCO for
separating non-complexed RB molecules) for both methods one cannot compare final loading efficiency
of RB.

The release study of RB from RB-Psome B smoothly implies the desired stability of the complete
nanosystems at physiological pH over the time. On the other hand, the placement of RB-Psome B in
acidic conditions makes its membrane permeable for RB, which is released in higher rate than in pH
7.4. Thus, the key characteristic of tunable Psome B membrane brings great promise for the delivery of
different anticancer drugs. However, it should be noted that a full release is not necessary in case of
photosensitizers, due to the diffusible properties of molecular and singlet oxygen through closed vesicle
membranes (Axthelm et al., 2008; Sztandera et al., 2020a). Similar behavior of Psome B is also
expected, when RB-Psome should act with closed, semi-permeable or swollen membrane in intra- and
extracellular matrix at different pH values.

Considering the application of our nanosystem in the PDT, it must be noted that there are two main
mechanisms involved in cell death for this therapy. One of them is previously mentioned generation of
singlet oxygen in response to irradiation of photosensitizer. Thus, in the first step we determined the
extent of its production by RB and RB-Psome B. The level of singlet oxygen is much higher in the whole
concentration range for RB-Psome B compared to free photosensitizer. It should be highlighted that
empty Psome B does not generate singlet oxygen by itself. Similar effects were previously observed
after RB encapsulation inside dendrimersomes (Sztandera et al., 2022) and complexation of RB with
PPI and PAMAM (Sztandera et al., 2021) or cationic phosphorus dendrimers (Dabrzalska et al., 2017).
Moreover, the molecular mechanism for all dendritic nanosystems is probably associated with non-
covalent interactions of (anionic) RB molecules with (positively charged) structure units of the
nanocarrier during the loading and storage process. This preferentially prevents undesired aggregation
of RB molecules in the dendritic scaffold of PPI and PAMAM dendrimers (Sztandera et al., 2021).
Interestingly, no such effect is observed when RB was conjugated covalently with the same phosphorus
dendrimers (Sztandera et al., 2020b). This thoroughly proves the advantage of non-covalent preparations
for the delivery of this photosensitizer. Our in vitro models additionally confirm the increase of
intracellular ROS production by RB-loaded Psome B, leading to enhanced cell death upon irradiation.
Interestingly, the cellular uptake is only slightly increased after encapsulation of RB in Psome B. The
lack of more profound increase in cellular uptake is most probably due to the almost neutral surface
charge of RB-Psome B. The effect of positive surface charge is broadly described in the literature as
enabling factor for transmembrane drug delivery (Frohlich, 2012). Comparing this effect in our study
with positively-charged dendrimersome system, we observed a significantly boosted cellular uptake of
RB encapsulated in triazine-carbosilane dendrimersomes (Sztandera et al., 2022). Thus, it is reasonable
to conclude that the enhanced phototoxic effect of RB-Psome B is solely associated with the increased
production of singlet oxygen. Such phenomena undoubtedly show the potential of the developed RB-
Psome B nanosystem in anticancer PDT.
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5. Conclusions

In summary, we demonstrated the fabrication of RB-loaded polymersome for photodynamic therapy.
The developed nanosystem was thoroughly characterized in terms of drug encapsulation, delivery, and
release in the tumor environment as well as in vitro photodynamic activity. The pH-stable and photo-
crosslinked polymersome proved to be suitable systems for loading, storing, and releasing RB
molecules. Encapsulation of RB within the polymersome advantageously increases the production of
singlet oxygen, which can be immediately transferred into the final photodynamic effect. This gives
hope for the development of an efficient drug delivery system in the photodynamic therapy for basal
cell carcinoma of the skin. Further in vivo studies are necessary to determine the pharmacokinetic and
pharmacodynamic parameters of this nanosystem and its performance in living organisms.
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