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I. Wstep
1. Terapia fotodynamiczna

Terapia fotodynamiczna jest metoda leczenia szeregu schorzeri, m.in. litych guzéw
nowotworowych (rak skdry, piersi, glowy i szyi, prostaty, przewodu pokarmowego, ptuc),
zmian dermatologicznych (np. tradzik pospolity, tuszczyca, brodawczak wirusowy,
rogowacenie stoneczne), malformacji naczyniowych, choréb oczu (neowaskularyzacja
naczyniéwki, zwyrodnienie plamki Zo6ttej), a takze infekcji bakteryjnych grzybiczych i
wirusowych [1-6]. Polega ona na miejscowym lub systemowym podaniu pacjentowi
$wiattoczutej substancji nazywanej fotouczulaczem (fotosensybilizatorem), a nastepnie
miejscowym naswietleniu $wiatlem o odpowiedniej dtugosci fali (Swiatlo czerwone lub
bliska podczerwien)). Naswietlenie to, pod warunkiem obecnosci tlenu w Srodowisku,
doprowadza do inicjacji przez fotouczulacz szeregu reakcji wolnorodnikowych, na skutek
ktorych dochodzi do zniszczenia chorej tkanki [1,7,8]. Zaleta tego typu terapii jest wysoka
selektywnos$é (ze wzgledu na miejscowe naswietlanie, a czasem réwniez selektywna
akumulacje fotouczulacza) minimalna toksyczno$¢ ogélnoustrojowa, bezbolesnos¢ oraz
dobry efekt kosmetyczny.

Wzbudzony $wiattem fotouczulacz moze ulec dwém typom reakcji fotodynamiczne;.
W warunkach niskiego stezenia tlenu w otaczajacym $rodowisku wymienia on elektrony
bezposrednio z otaczajacymi go biomolekutami, co prowadzi do wytworzenia ich form
wolnorodnikowych (reakcja fotodynamiczna typu I). Te z kolei, reagujac z tlenem, generuja
wolne rodniki tlenowe, tj. anionorodnik ponadtlenkowy, rodnik wodoronadtlenkowy oraz
rodnik hydroksylowy. W reakgcji typu II fotouczulacz znajdujacy sie w stanie singletowym
wzbudzonym przechodzi do stanu trypletowego (przejscie miedzysystemowe), w ktérym
z latwodcia reaguje z tlenem czasteczkowym, co prowadzi do powstania wysoce
reaktywnego tlenu singletowego. Formy tlenu powstale w obu typach reakcji sa bardzo
aktywnymi utleniaczami, ktére reagujac z nienasyconymi kwasami tluszczowymi,
zasadami azotowymi i cukrami w kwasach nukleinowych oraz resztami
aminokwasowymi (Cys, Met, Tyr, His, Trp) w biatkach , doprowadzaja do destrukcji
tkanek [9,10]. Uwaza sie, w przypadku wiekszosci stosowanych obecnie fotouczulaczy
przewaza mechanizm reakcji fotodynamicznej typu II [11,12].

Rodzaj fotouczulacza zastosowany w terapii fotodynamicznej jest kluczowym

czynnikiem decydujacym o jej powodzeniu. Idealny fotouczulacz to substancja cechujaca
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sie: 1) czystodcia chemiczna, 2) dobra rozpuszczalno$cia w wodzie, 3) silna absorpcja
$wiatla w tzw. oknie terapeutycznym (600 — 800 nm), 4) wysoka wydajnoscia generacji
reaktywnych form tlenu, 5) brakiem toksycznosci ciemnej, 6) brakiem niepozadanej
fototoksycznosci wobec skéry, oczu i blon $luzowych, 7) stabilnoscia i latwoscia
przechowywania, 8) selektywnoscia akumulacji.

Funkcje fotouczulaczy moga petni¢ zwiazki o réznorodnej strukturze, najczesciej
jednak sa to nienasycone, skoniugowane uklady heterocykliczne, takie jak tetrapirole
(porfiryny, chloryny, ftalocyjaniny), barwniki syntetyczne (blekit metylenowy, 16z
bengalski) lub naturalne (hiperycyna, kurkumina) [13,14]. Tradycyjne fotouczulacze
porfirynowe, opracowane w latach 70 — 80. XX wieku, okresla sie mianem fotouczulaczy I
generacji. Nalezy do nich pierwszy zaakceptowany przez amerykariska Agencje ds.
Zywnosci i Lekéw (FDA) i stosowany obecnie w praktyce klinicznej Photofrin®. Stanowi on
mieszanine kilkudziesieciu zwiazkéw makrocyklicznych z grupy porfiryn. Lek ten
posiada szereg wad, do ktérych naleza: staba absorpcja $wiatla, aktywacja w obszarze
widma stabo penetrujacym tkanke, oraz dtugo utrzymujaca sie nadwrazliwos¢ pacjenta na
Swiatto [15]. Z powodu tych ograniczen stale poszukuje sie fotouczulaczy o lepszych
wlasciwosciach (fotouczulacze II generacji). Fotouczulacze II generacji cechuja sie SciSle
okre$lonym skladem chemicznym, korzystniejszymi witasnodciami spektralnymi oraz
wyzsza preferencyjnoscia lokalizacji w poréwnaniu z fotouczulaczami I generacji [16].
Wiele fotouczulaczy II generacji jest obecnie zaakceptowanych do uzytku w praktyce
klinicznej, m.in. w terapii nowotworéw gltowy i szyi (Foscan®, Photochlor®), zmian
skérnych (Levulan®, Metvix®) oraz zwyrodnienia plamki z6ttej (Visudyne®) [16]. Pracuje
sie takze nad fotouczulaczami III generacji, stanowiacymi koniugaty fotouczulaczy II
generacji z innymi czastkami np. przeciwcialami, weglowodanami, aminokwasami,
peptydami lub tez poddanymi enkapsulacji w nosnikach np. liposomach, micelach czy
nanoczastkach [13]. Takie modyfikacje maja na celu zwiekszenie ich biodostepnosci oraz

specyficznosci akumulacji.
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1. 1 Pochodne chlorofilu jako fotouczulacze

Mimo zdolnoéci do wywolania efektu fotodynamicznego, chlorofile i
bakteriochlorofile, ze wzgledu na nierozpuszczalno$¢ w wodzie oraz niska stabilnos¢, nie
nadaja sie do zastosowar farmaceutycznych. Stanowia one jednak dobre substraty do
syntezy fotouczulaczy o lepszych wlasciwosciach [17]. Jedna 2z pochodnych
bakteriochlorofili, palladowy bakteriofeoforbid zostata juz zaakceptowana do uzytku w
wielu krajach pod handlowa nazwa TOOKAD®. Stosowana jest ona w terapii nowotworéw
prostaty z grupy niskiego ryzyka [18]. Inny zwiazek z tej grupy, 2-[1-heksyloksyetylo]-2-
dewinylo-pirofeoforbid-a (HPPH, Photochlor®) jest obecnie poddawany badaniom
klinicznym (faza I lub II w zaleznosci od jednostki chorobowej) pod katem zastosowania w
terapii fotodynamicznej nowotworéw i stanéw przednowotworowych glowy i szyi oraz
niedrobnokomérkowego raka ptuc [19-21].

Obiecujacymi fotouczulaczami sa takze podstawione metalami pochodne chlorofilu
a: chlorofilid oraz cynkowy feoforbid. Ten pierwszy otrzymuje sie z chlorofilu a w reakcji
hydrolizy katalizowanej przez enzym chlorofilaze, ktéra prowadzi do usuniecia silnie

hydrofobowego podstawnika fitylowego z pozycji C-17° (Rys. 1) [17].

CHs CHs CHs

Rys. 1 Struktura czasteczki chlorofilu a

Chlorofilid a mozna poddawac dalszym modyfikacjom, np. sprzeganiu z peptydami

lub hormonami zwiekszajacymi selektywnosc¢ ich akumulacji [22]. Mozna takze usunaé¢ w
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srodowisku kwasnym centralny jon magnezu (produktem reakcji jest feoforbid a), a
nastepnie zastapi¢ go jonem innego metalu, np. cynku, otrzymujac cynkowy feoforbid a
[23]. W poréwnaniu z chlorofilidem, feoforbid cynkowy cechuje sie wyzsza stabilnoscia, a
takze wyzsza preferencyjnodcia lokalizacji w guzach nowotworowych (prawdopodobnie
ze wzgledu na silniejsze wiazanie z biatkami) [24]. Zaréwno chlorofilid a, jak i cynkowy
feoforbid a posiadaja wiele cech idealnych fotouczulaczy: cechuja sie niska toksycznoscia
ciemna, dlugim czasem zycia stanu trypletowego oraz silna absorpcja $wiatla w regionie
bliskiej podczerwieni, pokrywajacym sie z tzw. oknem terapeutycznym tkanek ludzkich
[23,25]. Ponadto wykazuja one silng fluorescencje, ktéra umozliwia aplikacje precyzyjnie
odmierzonej dawki, a nawet ich detekcje in vivo [25].

Pozbawiona metalu centralnego pochodna chlorofilu jaka jest feoforbid a réwniez
wykazuje wilasnosci fotouczulajace, jednakze w poréwnaniu z pochodnymi
podstawionymi metalami cechuje sie on nizszym wspoétczynnikiem absorpcji przy 660 nm
oraz sltabsza rozpuszczalno$cia w wodzie. Zaleta jego jest natomiast stosunkowo wysoka

stabilno$é, zaréwno w ciemnosci, jak i w obecnosci $wiatla [17,26].

2. Opornos$é wielolekowa

Jedna z gléwnych przyczyn niskiej skutecznosci chemioterapii przeciwnowotworo-
wych jest tzw. zjawisko opornosci wielolekowej, za ktéra odpowiada w duzej mierze ak-
tywnos$¢é blonowych biatek transportowych z nadrodziny ABC (ang. ATP-Binding Casette).
Biatka te aktywnie usuwaja z komorek leki wbrew gradientowi ich stezen, przeciwdziata-
jac w ten sposéb ich akumulacji w stezeniach umozliwiajacych efektywne dziatanie. Nad-
rodzina ABC stanowi duza grupe szeroko rozpowszechnionych w §wiecie Zzywym biatek o
wysoce konserwatywnej strukturze. Wszystkie transportery ABC wyposazone sa w dome-
ne wiazaca ATP i przeprowadzajaca jego hydrolize oraz w domene transblonowa, ktorej
struktura decyduje o specyficznosci substratowej biatka [27]. GIéwnymi transporterami
przyczyniajacymi sie do wystapienia opornoéci wielolekowej u ludzi sa: glikoproteina P
(P-gp), biatko opornosci wielolekowej 1 (MRP1) oraz biatko opornosci raka piersi (ang.
Breast Cancer Resistance Protein, BCRP) [28].

Poniewaz fotouczulacze, podobnie jak chemioterapeutyki, moga by¢ substratami
transporteréw przyczyniajacych sie do opornosci wielolekowej, zjawisko to dotyczy

réwniez terapii fotodynamicznej. Szczeg6lnie istotna z punktu widzenia tej terapii wydaje
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sie by¢ aktywno$¢ biatka BCRP, jako transportera rozpoznajacego i usuwajacego z komorek
zwiazki o strukturze porfiryn i chloryn [29-32]. Biatko BCRP (ABCG2) nalezy do rodziny
G nadrodziny ABC. Jest ono tzw. poéltransporterem, co oznacza Ze pojedyncza jego
czasteczka zawiera tylko jedna domene transblonowa i jedna wiazaca ATP, dlatego do
funkcjonowania wymaga dimeryzacji lub oligomeryzacji [33]. Transporter BCRP cechuje
sie bardzo szeroka specyficznoscia substratowa, z nielicznymi tylko cechami wspélnymi
dla jego substratéw, takimi jak: obecno$¢ w strukturze regionéw hydrofobowych i

aromatycznych, mozliwo$¢ przyjmowania konformacji plaskiej oraz obecnos¢ grup
funkcyjnych zawierajacych tlen i azot, ktére moga stanowi¢ donory lub akceptory wiazan
wodorowych [32]. Gtéwna fizjologiczna funkcja BCRP polega na usuwaniu z komorek
toksycznych substancji pochodzenia egzo- i endogennego. Z tego wzgledu szczegélnie
wysoka jego ekspresja cechuja sie narzady narazone na bezposrednia stycznosé z
ksenobiotykami lub wymagajace szczegblnej ochrony, tj. odpowiadajace za wchlanianie
jelito cienkie, przeprowadzajace procesy eliminacji watroba i nerki oraz w warunkujace
dystrybucje komorki srédbtonka, ktére tworza bariere krew-moézg i bariere tozyskowa [34].
Wysoka ekspresja BCRP jest takze charakterystyczna dla komérek macierzystych, zaréwno
prawidiowych, jak i nowotworowych, stanowiac w tych ostatnich marker tzw. populacji
pobocznej (ang. side population) [35]. Z tego wzgledu macierzyste komoérki nowotworéw
cechuja sie szczegélnie wysoka opornosScia na terapie z wykorzystaniem lekéw
stanowiacych substraty BCRP [14,35].

Udziat transportera BCRP w transporcie fotouczulaczy zostat odkryty przypadkowo
w roku 2003, kiedy okazatlo sie, ze u myszy z nokautem tego biatka pojawiaja sie zmiany
nekrotyczne indukowane $wiattem. Zmiany te okazaly sie by¢ wynikiem akumulacji w
organizmach zwierzat fotouczulaczy pochodnych chlorofilu pochodzacych ze spozywanej
przez nie karmy [29]. PéZniejsze badania wykazaty, ze wiele innych fotouczulaczy takze
stanowi substraty transportera BCRP [14]. Analiza oddziatywan fotouczulaczy z biatkiem
BCRP stanowi zatem niezbedny element badann przedklinicznych, pozwalajacy
przewidzie¢ ich farmakokinetyke, ktéra jest niezwykle istotna, zaréwno z punktu

widzenia wydajnosci terapii, jak i bezpieczeristwa pacjenta.
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II. Cel i zakres rozprawy

Cykl publikacji stanowiacych niniejsza rozprawe dotyczy oddzialywania
fotouczulaczy pochodnych chlorofilu a, tj. chlorofilidu a oraz cynkowego feoforbidu a z
biatkiem opornosci raka piersi (BCRP, ABCG2) oraz albumina, a takze wpltywu tych
oddzialywan na efekt fotodynamiczny indukowany z udzialem badanych zwiazkéw. W
temacie pracy transporter BCRP oraz albumine ujeto pod wspélna nazwa biatek
transportowych, majac na uwadze, iz mimo Ze rola tej ostatniej w organizmie wykracza
daleko poza procesy transportu, pelni ona jednak niezmiernie istotna funkcje w
farmakokinetyce i dystrybucji lekéw i ksenobiotykéw w organizmie [36].

Chlorofilid a oraz cynkowy feoforbid a byly juz badane w kontekscie ich
zastosowania w terapii fotodynamicznej, zaréwno in vitro jak i in vivo [23-25]. Badania
farmakokinetyki in wvivo wykazaly, ze metal centralny determinuje czas retencji
fotouczulacza w organizmie [24]. Pochodna cynkowa okazata sie pozostawac w tkankach o
wiele dluzej niz magnezowa (okresy poéltrwania odpowiednio ok. 44 godz. i 13,5 godz.).
Przyczyna tego zjawiska nie zostala dotychczas wyjasniona, jednak podejrzewano, ze
moze mie¢ ono zwiazek z aktywnoScia transportera BCRP, o ktérym wiadomo, ze bierze
udzial w aktywnym usuwaniu z komoérek feoforbidu a [29,37]. Przypuszczano, ze
pochodna cynkowa moze by¢ transportowana przez to biatko wolniej niz chlorofilid, a by¢
moze nawet zupelnie przez nie nierozpoznawana. Zasadnym zatem bylo zbadanie
oddzialywania podstawionych metalami feoforbidéw z biatkiem BCRP oraz poréwnanie
tempa ich transportu. Uwaza sie, ze transport substratéw o strukturze porfiryn przez
biatko BCRP sprzezony jest z ich przekazaniem na albumine (lub inne biatko
rozpuszczalne) [38]. Poniewaz jednocze$nie wiele fotouczulaczy wiaze sie do albuminy,
biatko to wydaje sie pelni¢ w ich farmakokinetyce role podwdjna tj. poprzez
kompleksowanie fotouczulaczy regulowac ich akumulacje komoérkowa, ale réwniez
odbierac te zwiazki z zewnatrzkomoérkowej petli transportera BCRP, tuz po ich usunieciu z
wnetrza komorki (Rys.2). Charakterystyka oddziatywan pochodnych chlorofilu z albumina
byta zatem niezbedna do zbadania ich transportu przez BCRP i stanowita réownolegly cel

rozprawy.
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Rys. 2 Schemat transportu pochodnej chlorofilu przez biatko ABCG2 z udziatem albuminy

W toku prowadzonych badan pochodna cynkowa, ktéra ze wzgledu na swoj wysoki
potencjal fotodynamiczny, brak toksycznosci ciemnej i stabilno$é¢ (wyzsza niz w
przypadku chlorofilidu) stanowi obiecujacy do zastosowania w terapii fotouczulacz,
okazala sie stosunkowo silnie wiaza¢ do albuminy (stala wiazania K, rzedu 10° M™).
Kompleksowanie to jest z jednej strony zjawiskiem korzystnym, poniewaz zapobiega
przedwczesnemu wydaleniu fotouczulacza z organizmu, z drugiej jednak znaczaco obniza
wnikanie fotouczulacza do komoérek nowotworowych, co w przypadku terapii guzéw
litych moze wymuszaé stosowanie wysokich dawek [39]. Z tego powodu postanowiono
zbadaé aktywnosc¢ tej pochodnej wobec komoérek srédblonka naczyni krwiono$nych, ktére
z jednej strony cechuja sie ekspresja receptoréw dla albuminy (gp18, gp30, gp60), z drugiej
za$ sa istotne z punktu widzenia terapii fotodynamicznej, nie tylko guzéw
nowotworowych ale i szeregu innych schorzen [5,40-46]. Podejrzewano, ze cynkowy
feoforbid moze indukowac¢ S$mieré komorek srédbtonka w niskich stezeniach, nawet
wystepujac w formie komplekséw z albumina. Weryfikacja tej hipotezy stanowita trzeci,

obok badania oddziatywan fotouczulaczy z BCRP i albumina, cel rozprawy.
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W ramach rozprawy wykonano nastepujace zdania badawcze:

1.
2.

10.

11.

12.

13.

14.

15.
16.

Przygotowanie fotouczulaczy

Hodowla komoérek (linie MCF-7 i HUVEC) i transfekcja ludzkim genem ABCG2 (li-
nia MCEF-7)

Oznaczanie ekspresji biatka BCRP w komoérkach (cytometria przeptywowa + reak-
cja PCR w czasie rzeczywistym)

Fluorescencyjna analiza akumulacji fotouczulaczy w komoérkach

Eksperymenty transportowe na plytkach z wykorzystaniem linii MCF-7 o podsta-
wowej i podwyzszonej ekspresji transportera BCRP

Badanie transportu blonowego w komérkach linii MCF-7 metoda cytometrii prze-

plywowej

. Zalezna od czasu analiza aktywnosci fotodynamicznej pochodnych chlorofilu (test

MTT)

Analiza wplywu kompleksowania fotouczulaczy z albumina na ich wnikanie do ko-
morek nowotworowych (cytometria przeptywowa)

Izolacja frakcji membranowej z komorek linii MCF-7 i oznaczanie aktywnosci ATP-
azowej

Oznaczanie wiazania fotouczulaczy do albuminy ludzkiej (spektroskopia absorpcyj-
na i emisyjna)

Identyfikacja miejsc wiazania fotouczulaczy w strukturze albuminy poprzez analize
ich wypierania przez specyficzne markery

Analiza zmian konformacyjnych albuminy pod wplywem wiazania fotouczulaczy
(synchroniczny pomiar fluorescencji)

Dokowanie molekularne pochodnych feoforbidu a do albuminy ludzkiej (analiza in
silico)

Oznaczanie lokalizacji komérkowej cynkowego feoforbidu a (mikroskopia konfokal-
na)

Oznaczanie rodzaju $mierci komoérkowej (mikroskopia, cytometria przeptywowa)
Badanie transportu cynkowego feoforbidu a przez warstwe komoérek srédbtonka

naczyn krwionoénych

17. Oznaczanie ekspresji genéw zaangazowanych w proces apoptozy w komoérkach linii

HUVEC (reakcja PCR w czasie rzeczywistym)
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18. Statystyczna analiza wynikéw
Szczegdtowa metodologia poszczegdlnych zadan opisana jest w odpowiednich publi-

kacjach.

III. Wyniki
1. Oddzialywanie fotouczulaczy z transporterem ABCG2 (publikacja 1)

Transport fotouczulaczy (tj. zaréwno pochodnych podstawionych metalami, jak i
samego feoforbidu a, stanowiacego kontrolny substrat BCRP) badano w linii komérkowej
MCEF-7 (rak piersi) o podstawowej (podlinia MCF-7/mock) oraz podwyzszonej
(MCE-7/ABCG2) ekspresji transportera BCRP. Transport w komoérkach o podwyzszonej
ekspresji BCRP badano zaréwno przy braku, jak i w obecnosci specyficznego inhibitora
biatka BCRP, fumitremorginu C. Pierwszym etapem eksperymentu bylo wchtanianie
fotouczulaczy do komérek w nieobecnosci surowicy. Nastepnie roztwory fotouczulaczy
usuwano i zastepowano pozywka zawierajaca 10% surowicy bydlecej pozwalajac na
wyplyw fotouczulaczy. Poziom fotouczulaczy oznaczano fluorymetrycznie w kolejnych
punktach czasowych (0, 15 min, 30 min, 45 min, 1 godz., 2 godz., 3 godz., 4 godz., 5 godz.,
6 godz., 12 godz., 16 godz. 20 godz i 24 godz.). Przy analizie wynikéw poziom
fotouczulaczy w inhibowanych komoérkach linii MCF-7/ABCG2 przyjeto za 100%,
natomiast ich poziomy w kolejnych punktach czasowych obliczono proporcjonalnie.

Réwnolegle z eksperymentami transportowymi prowadzono zalezne od czasu
eksperymenty fotodynamiczne, w ramach ktérych po odpowiednim czasie uwalniania
fotouczulacza, komérki poddawano naswietlaniu, a nastepnie testowi zywotnosci MTT.
Eksperymenty te prowadzone byly zaréwno w obecnosci, jak i przy braku surowicy na
etapie uwalniania fotouczulacza. Poréwnanie zywotnosci komoérek pomiedzy dwoma
typami eksperymentéw fotodynamicznych, jak réwniez zestawienie z odpowiednimi
poziomami fotouczulaczy ~wyznaczonym w opisanym wyzej eksperymencie
transportowym, pozwolilo zaobserwowaé wplyw surowicy na tempo transportu
fotouczulaczy.

Zauwazono, ze transport wszystkich fotouczulaczy (tj. zaréwno pochodnych
podstawionych metalami, jak i samego feoforbidu a), zachodzi juz pod nieobecnos¢
surowicy w pozywece. Poziomy wszystkich fotouczulaczy w czasie zero byly podobne i

wynosity ok. 85% dla linii MCF-7/mock oraz ok. 75% dla linii MCF-7/ABCG2. Usuniecie
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fotouczulaczy i podanie pozywki zawierajacej surowice skutkowato dalszym obnizeniem
ich poziomu, ktére bylo najszybsze w przypadku feoforbidu (spadek do ok. 40% w obu
podliniach), nieco wolniejsze w przypadku pochodnej cynkowej (ok. 60% w MCF-7/mock
i 44% w MCEF-7/ABCG?2), a najwolniejsze w przypadku chlorofilidu (70% w MCF-7/mock
i 59 % w MCF-7/ABCG2).

Statystycznie istotna réznice w poziomie feoforbidu a pomiedzy podliniami
komoérkowymi rézniacymi sie poziomem ekspresji BCRP zaobserwowano jedynie dla
czasu zero. Dtuzsze czasy inkubacji skutkowaty zréwnaniem poziomu tego fotouczulacza
w obu podliniach. W przypadku pochodnych podstawionych metalami natomiast,
obserwowane byly znaczace réznice pomiedzy podliniami przez caly czas trwania
eksperymentu. Wskazuje to, ze transport metalopochodnych zachodzi wolniej niz
transport feoforbidu a. Wyplyw wszystkich fotouczulaczy z komérek byt hamowany przez
fumitremorgin C, jednakze inhibicja ta w przypadku Zzadnego z fotouczulaczy nie byla
kompletna (spadek ponizej 100%). Wyniki eksperymentu transportowego na plytkach
zostaly potwierdzone oznaczeniami cytometrycznymi przeprowadzonymi w puntach
czasowych 0, 15 min, 3 godz. i 24 godz.

Tak jak przypuszczano, zywotnos¢ komoérek poddanych traktowaniu
fotodynamicznemu zwiekszala sie w miare wydtuzania czasu uwalniania fotouczulaczy.
Wzrost zywotnosci byt szybszy dla linii MCF-7/ABCG2 w poréwnaniu z linia
MCEF-7/mock, niezaleznie od obecnosci surowicy w pozywce. Réznice w zywotnosci
podlinii o réznej ekspresji BCRP traktowanych feoforbidem byly wieksze w przypadku
braku surowicy w pozywce niz w jej obecnosci. Wskazuje to na przyspieszenie transportu
tego fotouczulacza przez surowice. Fumitremorgin C zwiekszal podatnos¢ komorek na
traktowanie fotodynamiczne przy udziale wszystkich fotouczulaczy, przy czym jego
dziatanie bylo bardziej efektywne w pozywce pozbawionej surowicy (zerowa zywotnosé
komorek przez caly czas trwania eksperymentu) niz w jej obecnosci.

Wiazanie fotouczulaczy z albumina wolowa badano spektrofluorymetrycznie
poprzez analize wzmocnienia fluorescencji fotouczulacza przy wzrastajacym stezeniu
albuminy. Pozorne state dysocjacji wyznaczone w tym eksperymencie wnosity: 26 pM dla
teoforbidu, 5,5 pM dla chlorofilidu oraz 3,8 pM dla pochodnej cynkowej. Eksperyment
cytometryczny wykazal, ze kompleksowanie z albuming znaczaco obniza wchlania

fotouczulaczy do komoérek MCF-7.
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Aktywnos¢ ATPazowa frakcji membranowej komoérek MCF-7/ABCG2 byla
hamowana przez wszystkie fotoczulacze przy ich stezeniach réwnych ok. 100 pM.
Najsilniejsza inhibicje wykazywatl chlorofilid, nieco stabsza pochodna cynkowa, a

najstabsza feoforbid.

2. Wiazanie fotouczulaczy z albumina ludzka (publikacja 2)

Oddziatywanie chlorofilidu oraz cynkowego feoforbidu a z albumina ludzka
analizowano metodami spektroskopowymi (absorpcja i fluorescencja w obszarze UV-Vis)
oraz za pomoca dokowania molekularnego. Aby zbada¢ czy fotouczulacze tworza
kompleksy z albumina, wykonano pomiary ich widm absorpcyjnych w buforze PBS z
dodatkiem DMSO w obecnosci i przy braku albuminy. Zaobserwowane zmiany w
widmach dowodza powstawania komplekséw albumina-fotouczulacz. Widma
komplekséw zmierzone przy réznych stezeniach DMSO (1, 5 i 15%) byty identyczne, co
Swiadczy o tym, ze wiazanie z albumina powoduje maksymalna dezagregacje
fotouczulaczy, zatem state dysocjacji komplekséw mozna wyznaczy¢ stosujac 1% stezenie
DMSO. Tworzenie komplekséw albumina-fotouczulacz potwierdzit réwniez eksperyment
polegajacy na pomiarze wygaszenia fluorescencji biatka w obecnosci fotouczulaczy.
Wykazano, ze zwiazanie pochodnych chlorofilu prowadzi zaréwno do wygaszenia
fluorescencji reszt tyrozyny, ktére sa rozproszone w strukturze bialka, jak i fluorescencji
reszty tryptofanu zlokalizowanej w subdomenie ITA.

Stale wiazania wyznaczono na podstawie analizy wzmocnienia fluorescencji
fotouczulaczy przy wzrastajacym stezeniu albuminy. Krzywe wiazania o najlepszym
dopasowaniu do wynikéw pomiarowych uzyskano zakladajac obecno$¢ w strukturze
albuminy dwoch klas miejsc wiazacych fotouczulacze. Wartosci statych wiazania

przedstawiono w Tabeli 1.

Tabela 1. Stale wiazania fotouczulaczy do albuminy ludzkiej wyznaczone na podstawie pomiaru
wzmocnienia fluorescencji fotouczulaczy.

Fotouczulacz Stale wiazania/10° [M"]
Ki'=0,40 + 0,08
chlorofilid a
K4 =0,02 +0,02
K4'=1,82+0,39
cynkowy feoforbid a

K4=0,05+ 0,02
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Miejsca wiazania fotouczulaczy zidentyfikowano za pomoca eksperymentu
wypierania fotouczulaczy przez markery miejsc wiazacych: hemine dla miejsca wiazacego
hem (subdomena IB), warfaryne dla miejsca Sudlow I (subdomena IIA) oraz ibuprofen dla
miejsca Sudlow II (subdomena IIIA). Oba fotouczulacze okazaly sie by¢ wypierane przez
wszystkie trzy markery przy czym wypieranie chlorofilidu bylo silniejsze niz pochodnej
cynkowej, co $wiadczy o stabszym wiazaniu tego pierwszego.

Synchroniczny pomiar fluorescencji albuminy w obecnosci fotouczulaczy wykazat
jedynie nieznaczne przesuniecie (2 nm) ku krétszym dlugosciom fal widma generowanego
przed reszty Tyr w obecnosci pochodnej cynkowej i brak takiego przesuniecia w obecno$ci
chlorofilidu. Wskazuje to, ze cynkowy feoforbid, lecz nie chlorofilid a indukuje nieznaczna
zmiane konformacyjna czasteczki biatka. Widma synchroniczne reszty Trp nie podlegaty
przesunieciu, co wskazuje, ze konformacja biatka w domenie IIA pozostaje niezmieniona
w obecnodci fotouczulaczy.

Dokowanie molekularne potwierdzito, ze pochodna cynkowa cechuje sie silniejszym
niz chlorofilid wiazaniem do albuminy. Wyzsze stale wiazania dla tego pierwszego
uzyskano dla wszystkich trzech potencjalnym miejsc wiazania, tj. miejsca wiazacego hem,
oraz miejsc Sudlow I i II. Ponadto w przypadku pochodnej cynkowej zidentyfikowano
wiecej niz w przypadku magnezowej reszt aminokwasowych wykazujacych bezposrednie
wiazanie z fotouczulaczem. Zidentyfikowane oddzialtywania miaty gléwnie charakter
hydrofobowy, w mniejszej liczbie wystepowatly wiazania wodorowe. Nie zidentyfikowano
natomiast wiazania reszt aminokwasowych w pozycji aksjalnej, jakie wystepuje pomiedzy
czasteczkami chlorofili i bialek anten fotosyntetycznych, a takze pomiedzy hemem i

apoproteinami hemoglobiny i mioglobiny.

3. Aktywno$¢é fotodynamiczna cynkowego feoforbidu a wobec komérek srédblonka
naczyn krwionosnych (publikacja 3)

Komoérki linii HUVEC, stanowiace model srédbtonka naczyn krwionosnych, zostaty
poréwnane z linia nowotworowa MCF-7 pod wzgledem akumulacji cynkowego feoforbidu
a oraz wywolywanego przezen efektu fotodynamicznego w obecnosci i przy braku
albuminy ludzkiej. Akumulacja fotouczulacza przy braku albuminy w pozywce byta w

obu liniach podobna, a fotouczulacz w stezeniu 1 pM przy dawce $wiatla 2J/cm?
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powodowatl $mier¢ blisko 100% komoérek. W obecnosci wysycajacego stezenia albuminy
(250 pM) natomiast, akumulacja fotouczulacza w linii HUVEC byta 2-krotnie wyzsza niz w
linii MCF-7, przezywalno$¢ komoérek natomiast wynosita odpowiednio 100% w linii MCF-
7 i ok. 20% w linii HUVEC.

Linia HUVEC (niezaleznie od obecnosci albuminy) okazala sie cechowac wyzsza
podatnoscia na traktowanie fotodynamiczne z udzialem cynkowego feoforbidu a w
poréwnaniu z linia MCF-7 (warto$¢ wspoétczynnika IC50 wynosita ok. 20 nM dla linii
HUVEC i ponad 500 nM dla linii MCF-7).

Ekspresja genu ABCG2 oznaczona metoda real-time PCR okazata sie ok. dwukrotnie
nizsza w linii HUVEC niz w linii MCF-7, co czeSciowo tlumaczy wyzsza podatnosé tej
pierwszej na traktowanie fotodynamiczne z udziatem cynkowego feoforbidu a.

Oznaczenie akumulacji cynkowego feoforbidu a réwnolegle z wywolywanym
przezen efektem fotodynamicznym przy réznych stezeniach albuminy pozwolito
stwierdzi¢, ze kompleks albumina-fotouczulacz wnika do komorek srédbtonka i wykazuje
dziatanie fotodynamiczne silniejsze niz wolny fotouczulacz. Analiza metoda mikroskopii
konfokalnej wykazata z kolei, ze kompleksowanie z albumina zwieksza lizosomalna
akumulacje fotouczulacza.

Eksperyment z wykorzystaniem komorek linii HUVEC hodowanych na wkladach
membranowych pozwolil stwierdzié, ze fotouczulacz wystepuje w komorkach gléwnie w
formie wolnej (nieskompleksowanej z albumina), a jego wydajne usuwanie wymaga
obecnosci surowicy/albuminy w przestrzeni zewnatrzkomoérkowej.

Analiza $mierci komoérkowej metodami mikroskopii konfokalnej oraz cytometrii
przeplywowej wykazala, ze w obecnosci niskiego stezenia (100 nM) feoforbidu a, a takze
stezenia wyzszego (1 puM) lecz w formie skompleksowanej z albumina, komoérki linii
HUVEC podlegaja gltéwnie apoptozie. Z kolei 1 puM stezenie fotouczulacza w formie

wolnej indukuje $mier¢ komorek gtéwnie na drodze nekrozy.

IV. Dyskusja

Niniejsza praca posSwiecona byla badaniu oddzialywan regulujacych
farmakokinetyke fotouczulaczy pochodnych chlorofilu tj. ich transportu przez biatko
btonowe BCRP oraz wiazaniu z albumina, a takze wplywu tych oddzialywani na

efektywnos$¢ fotodynamiczna fotouczulaczy.
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Analiza transportu i zaleznej od czasu efektywnosci fotodynamicznej fotouczulaczy
wykazata, ze, podobnie jak sam feoforbid a, jego pochodne podstawione metalami,
stanowia substraty transportera bfonowego ABCG2, a tempo ich transportu zalezne jest od
stezenia albuminy w przestrzeni zewnatrzkomoérkowej. Przyspieszenie transportu
pochodnych chlorofilu przez albumine moze by¢ interpretowane jako efekt ich wiazania z
tym biatkiem, ktére przeciwdziata ich zwrotnemu wchtanianiu, a tym samym przyczynia
sie do obnizenia ich poziomu w komérce. Znaczny jednak wzrost tempa transportu stabo
wiazacego sie z albumina feoforbidu a w obecnoéci tego biatka, kaze przypuszczad, ze
ograniczenie zwrotnego wchlaniania nie jest jedynym mechanizmem decydujacym o
przyspieszeniu transportu fotouczulaczy przez albumine. Prawdopodobnie albumina
bierze réwniez bezposredni udziat w transporcie poprzez odbiér substratéw BCRP z jego
zewnatrzkomoérkowej domeny ECL3, co postulowane jest takze dla innych substratéw tego
biatka o podobnej strukturze [38]. Albumina reguluje zatem biodostepnos$¢ pochodnych
chlorofilu w dwojaki sposéb: poprzez ich kompleksowanie, ktére ogranicza wchtanianie
fotouczulaczy do komoérek, a takze poprzez ich odbiér z zewnatrzkomérkowej domeny
biatka BCRP tuz po wytransportowaniu z komoérki, cho¢ mechanizm tego ostatniego
zjawiska nie jest jeszcze dobrze poznany.

Poniewaz pochodna cynkowa wiaze sie do albuminy silniej niz chlorofilid, a wiazanie
to znaczaco oslabia jej wnikanie do komoérek, obserwowany we wczesniejszych badaniach
in vivo efekt dluzszej retencji tej pierwszej w tkankach wynika najprawdopodobniej nie z
jej szybszego transportu przez BCRP, ale z zalegania w plynie $rédmiazszowym
(interstitium) w formie kompleksu z albumina. Przypuszczalnie zaleganie to moze by¢
dtuzsze w obrebie guzéw nowotworowych niz w zdrowych tkankach, ze wzgledu na ich
niedojrzata, stabo zorganizowana i nieszczelna sie¢ naczyn krwionosnych (efekt EPR) [47-
49].

Wydajny transport fotouczulaczy zachodzi juz przy bardzo niskich stezeniach
albuminy, dlatego wystepujaca przy réznych schorzeniach hipoalbuminemia
prawdopodobnie nie bedzie wplywaé na tempo ich transportu. Prawdopodobnie jednak
bedzie miala ona wplyw na ogélnoustrojowy poziom fotouczulaczy, poniewaz zwiazek
wolny podlegad bedzie szybszemu wydalaniu niz skompleksowany.

Ponadto farmakokinetyka podstawionych metalami feoforbidéw bedzie uzalezniona

od obecnoéci innych ligandéw albuminy. Hem, o silnym powinowactwie do albuminy
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(K,~10® M) bedzie wypieral zwiazane z albumina fotouczulacze z najsilniej wiazacego je
miejsca zlokalizowanego w subdomenie IB [50]. Zjawisko to moze mieé znaczenie u
pacjentéw z silna hemoliza, u ktérych zdolnos¢ wiazaca gtéwnego biatka kompleksujacego
hem, jakim jest hemopeksyna, moze by¢ niewystarczajaca, przez co znaczna jego frakcja
bedzie wiazac sie z albumina. Wypierania fotouczulaczy z miejsc wiazacych albuminy nie
beda jednak wywolywac naturalnie dostajace sie do organizmu pochodne chlorofilu
(feofityna, feoforbid), ktérych powinowactwo do albuminy jest niskie [51]. Stezenie
wolnych form fotouczulaczy w surowicy bedzie natomiast wzrasta¢ u pacjentow
przyjmujacych leki silnie wiazace sie z albumina, np. ibuprofen. Silniejsze powinowactwo
do albuminy cynkowego feoforbidu w poréwnaniu z chlorofilidem wskazuje, ze r6znice w
farmakokinetyce obserwowane u zwierzat, najprawdopodobniej wystapia réwniez u ludzi.
Silne wiazanie z albumina nie eliminuje mozliwo$ci zastosowania klinicznego cynko-
wej pochodnej feoforbidu a. Przeciwnie, moze by¢ ono postrzegane jako zaleta tego foto-
uczulacza, gdyz przeciwdziala jego przedwczesnemu wydaleniu z organizmu, zapewnia-
jac jego optymalny czas retencji w tkankach. Jednoczeénie efektywnosc¢ terapii wykorzy-
stujacej ten fotouczulacz moze by¢ zadowalajaca dzieki wysokiej podatnosci komorek
$rédbtonka naczyn krwionos$nych na traktowanie fotodynamiczne z jego udziatem.
Cynkowy feoforbid a potencjalnie moze znaleZé zastosowanie w terapii fotodyna-
micznej skierowanej przeciwko naczyniom krwiono$nym (ang. Vascular-Targeted Photody-
namic therapy, VIP), zaréwno w leczeniu guzéw litych, jak i szeregu schorzen naczynio-
wych. Jego kompleksowanie z albumina jest silniejsze od stosowanego w praktyce klinicz-
nej fotouczulacza o podobnej budowie, pochodnej palladowego bakteriofeoforbidu (nazwa
handlowa TOOKAD®Soluble) [52]. Daje mu to pewna przewage nad tym ostatnim, gdyz
wydluza czas retencji w organizmie umozliwiajac, po pierwsze przezskérny monitoring
jego koncentracji w organizmie, po drugie przeprowadzenie wielu naswietlaii po jednej
tylko aplikacji. Dodatkowo aktywno$¢ fotodynamiczna feoforbidu cynkowego wobec ko-
morek Srodbtonka jest wyzsza niz bakteriofeoforbidu palladowego (warto$¢ wspoétczynni-
ka IC50 réwna odpowiednio 20 nM przy dawce $wiatla 2 J/cm? dla pierwszego oraz 1 uM
przy 12 J/cm? dla drugiego) [52]. Jednoczesnie, feoforbid cynkowy, syntetyzowany z chlo-
rofilu a, czyli zwiazku taniego i dostepnego w praktycznie nieograniczonych ilo$ciach, a
ponadto niewymagajacy skomplikowanych modyfikacji chemicznych jest fotouczulaczem

mniej kosztownym niz TOOKAD®Soluble [53].
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V. Wnioski

1.

10.

11

12.

Pochodne feoforbidu a podstawione w centrum pierScienia makrocyklicznego
jonami magnezu i cynku sa substratami transportera blonowego ABCG2. Obie
pochodne transportowane sa wolniej niz sam feoforbid, a ponadto pochodna
magnezowa (chlorofilid) nieco wolniej niz cynkowa.

Wydajny transport pochodnych chlorofilu wymaga obecnodci w Srodowisku
zewnatrzkomoérkowym albuminy (lub innego biatka rozpuszczalnego).
Przyspieszenie transportu pochodnych chlorofilu w obecnosci albuminy /surowicy
obniza wydajno$¢ inhibicji z udzialem fumitremorginu C.

Réznice w farmakokinetyce fotouczulaczy obserwowane we wczesniejszych
badaniach in vivo wynikaja najprawdopodobniej nie z r6znic w ich oddziatywaniu z
BCRP, ale z albumina.

Feoforbid a i jego pochodne w wysokich stezeniach (> 50 ptM) hamuja aktywno$¢
ATPazowa transportera ABCG2.

Chlorofilid a oraz cynkowy feoforbid a wiaza sie z albumina ludzka ze stalymi
wiazania odpowiednio rzedu 10°i 10° M.

Gléwne miejsce wiazania podstawionych metalami feoforbidéw w strukturze
albuminy znajduje sie prawdopodobnie w subdomenie IB (miejsce wiazace hem).
Ponadto slabsze wiazanie wystepuje w subdomenach IIA T IIIA (miejsca wiazace
Sudlow I Sudlow II).

Wiazanie feoforbidéw do albuminy wynika gltéwnie z oddzialywan hydrofobowych
oraz tworzenia wiazan wodorowych przez podstawniki boczne ligandéw.
Zwiazanie pochodnej cynkowej, ale nie magnezowej, indukuje niewielka zmiane
konformacyjna czasteczki albuminy.

Komoérki sréodbtonka naczyr krwionoénych (HUVEC) sa bardziej podatne na efekt
fotodynamiczny z udziatem cynkowego feoforbidu a od komérek nowotworowych

(MCE-7).

. Kompleks cynkowego feoforbidu a z albumina wnika do komorek $rédbtonka i

lokalizuje sie w lizosomach, gdzie komponent biatkowy najprawdopodobniej ulega
degradacji, natomiast uwolniony fotouczulacz zachowuje swoja aktywnos¢.
Lokalizacja lizosomalna sprzyja nasileniu efektu fotodynamicznego przy udziale

cynkowego feoforbidu a w linii komérkowej HUVEC.
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(8]

[9]

[10]

13. Efektywne usuwanie cynkowego feoforbidu a z komérek HUVEC jest zalezne od
obecnodci albuminy w przestrzeni zewnatrzkomoérkowe;j.

14. Cynkowy feoforbid a w niskich stezeniach (~nM) i przy niskiej dawce $wiatta (2
J/cm?) indukuje $mieré komoérek linii HUVEC na drodze apoptozy, stezenie 1 pM
fotouczulacza przy tej samej dawce §wiatla zabija te komoérki na drodze nekrozy.

15. Wiazanie cynkowego feoforbidu a z albumina, poprzez regulacje jego poziomu
komoérkowego, ma wplyw na rodzaj Smierci komoérkowej indukowanej

traktowaniem fotodynamicznym z udziatem tego fotouczulacza.
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Streszczenie

Farmakokinetyka zwiazkéw stosowanych jako fotouczulacze w terapii
fotodynamicznej jest niezwykle istotna zaréwno z punktu widzenia efektywnosci terapii,
jak i bezpieczeristwa pacjenta. W niniejszej pracy poddano analizie dwa istotne dla
dystrybucji w organizmie oddzialywania, tj. transport przez bialko blonowe BCRP
(ABCG2) oraz wiazanie z albuming fotouczulaczy bedacych pochodnymi feoforbidu a,
produktu degradacji chlorofilu a wystepujacego w przyrodzie. Badane byly dwie
pochodne feoforbidu a podstawione w centrum pierécienia magnezem (chlorofilid a) oraz
cynkiem (cynkowy feoforbid a). Oddziatywania pochodnych chlorofilu a z BCRP i
albumina badane byly réwnolegle z analiza ich wplywu na efektywnos¢ fotodynamiczna
fotouczulaczy.

Transport fotouczulaczy badano w linii komérkowej MCF-7 (rak piersi) o
podstawowej oraz podwyzszonej na drodze transfekcji ekspresji transportera BCRP.
Réwnolegle z analiza transportu okre$lano efekt fotodynamiczny wywolywany przez
fotouczulacz pozostajacy w komorkach po okreslonym czasie transportu. Wykazano, ze
zaréwno pochodna magnezowa, jak i cynkowa feoforbidu a sa substratami transportera,
jednak tempo ich transportu jest nieco nizsze niz w przypadku feoforbidu a, bedacego
potwierdzonym wczeéniej substratem biatka BCRP. Dodatkowo, nizsze tempo transportu
zaobserwowano dla chlorofilidu niz dla pochodnej cynkowej. Wynika to
najprawdopodobniej z réznic w sile ich wiazania z zewnatrzkomérkowa petla ECL3
transportera. Jednoczes$nie zaobserwowano, ze tempo transportu obu pochodnych,
podobnie jak feoforbidu a, jest znacznie obnizone przy braku w Srodowisku
zewnatrzkomoérkowym surowicy/albuminy, podobnie jak obserwowano to w przypadku
innych zwiazkéw o podobnej budowie. Tempo transportu wzrasta ze wzrostem stezenia
albuminy, osiagajac poziom plateau przy stezeniu ok. 250 pM. Przyspieszenie transportu
moze wynikaé ze zwiazania fotouczulacza z albumina, ktére powoduje, ze utworzony
kompleks nie wnika zwrotnie do komoérki. Mozliwe jednak, Ze nie jest to jedyny
mechanizm tego zjawiska, poniewaz nie zaobserwowano zaleznoéci pomiedzy tempem
transportu fotouczulaczy a ich powinowactwem do albuminy. Zaobserwowano, ze
pochodne podstawione metalami wiaza sie z albumina znacznie silnej niz feoforbid a.

Wiazanie to jest silniejsze dla pochodnej cynkowej niz dla magnezowe;.

23/89



Najprawdopodobniej réznica ta, a nie jak wczeéniej przypuszczano, réznica w tempie
transportu przez BCRP, odpowiada za obserwowany we wczedniejszych badaniach
wydluzony czas retencji w organizmie pochodnej cynkowej w poréwnaniu z
chlorofilidem.

Aby szczegélowo scharakteryzowad wiazanie fotouczulaczy z albumina ludzka,
przeprowadzono badania spektroskopowe oraz dokowanie molekularne. State wiazania
wyznaczono poprzez pomiar wzmochienia fluorescencji fotouczulacza przy wzrastajacym
stezeniu albuminy. Prawdopodobne miejsca wiazania wskazano natomiast na drodze
pomiaru wygaszenia fluorescencji albuminy przy wzrastajacych stezeniach fotouczulaczy
oraz dokowania molekularnego. Badania te wykazaly, ze pochodne chlorofilu wiaza sie
najsilniej w miejscu wiazacym hem zlokalizowanym w subdomenie IB, stabiej natomiast w
glownych miejscach wiazania albuminy tj. Sudlowl i Sudlow2, zlokalizowanych
odpowiednio w subdomenach IIA i IIIA. Wiazanie to jest oparte gléwnie o oddziatywania
hydrofobowe, a w mniejszym stopniu wiazania wodorowe. Wyznaczone stale wiazania sa
nieco nizsze dla chlorofilidu niz dla cynkowego feoforbidu. Ponadto, liczba
zidentyfikowanych reszt aminokwasowych zaangazowanych w wiazanie z albuming jest
dla tego pierwszego nizsza niz dla drugiego. To pozwala przypuszczad, ze réznice w ich
farmakokinetyce zaobserwowane u zwierzat, beda wystepowad réwniez u ludzi.

Ze wzgledu na stosunkowo silne wiazanie cynkowego feoforbidu z albumina, ktére
hamuje jego wnikanie do komoérek nowotworowych, a z drugiej strony wysoka wydajnosé
fotodynamiczna tej pochodnej, postanowiono zbada¢, czy kompleks albumina-cynkowy
feoforbid wnika do komoérek Srédbtonka naczyn krwionosnych. Komoérki Srédbtonka
naczyn posiadaja zdolnoé¢ pobierania albuminy na drodze endocytozy, a jednoczesnie
stanowia istotny cel terapii fotodynamicznej skierowanej przeciwko réznym jednostkom
chorobowym. Eksperymenty z udzialem modelowej linii HUVEC (komoérki endotelium
pozyskane z zyly pepowinowej) potwierdzily, ze kompleks jest transportowany do
komérek. Ponadto kompleksowanie fotouczulacza z albumina podwyzsza jego akumulacje
lizosomalna, wzmacniajac tym samym indukowany efekt fotodynamiczny. Wykazano
takze, ze linia HUVEC jest bardziej podatna na traktowanie fotodynamiczne z udziatem
cynkowego feoforbidu niz nowotworowa linia MCF-7. Warto$¢ wspoétczynnika IC50 dla
linii HUVEC przy dawce $wiatta réwnej 2 J/cm?® i 3-godzinnym czasie akumulacji wynosi

ok. 20 nM, podczas gdy dla linii MCF-7 warto$¢ ta jest ok. 25-krotnie wyzsza. Wykazano
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takze, ze rodzaj $mierci komorkowej indukowanej traktowaniem fotodynamicznym
zalezny jest od poziomu cynkowego feoforbidu a zakumulowanego w komérkach. Przy
niskim poziomie fotouczulacza komoérki podlegaja apoptozie, a przy wysokim nekrozie.
Poniewaz wysokie stezenia albuminy znaczaco obnizaja akumulacje komodrkowa
fotouczulacza, beda one takze kierowac komorki na szlak apoptozy, co moze by¢ efektem

korzystnym, ze wzgledu na ograniczenie stanu zapalnego.
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Abstract

Pharmacokinetics of drugs used in photodynamic therapy is of crucial importance for
both the efficacy of therapy and patient safety. In the present study, two factors critical for
the distribution of chlorophyll-derived photosensitizers (PSs) in the body, i.e. their
transport via the breast cancer resistance protein (BCRP, ABCG2) and binding to serum
albumin, were analyzed. The investigated compounds were chlorophyllide a and zinc-
pheophorbide a, differing only in central metal ion substituting the tetrapyrrole ring.
Interactions of these drugs with BCRP and albumin were studied in parallel with the
analysis of their impact on the photodynamic efficacy of the PSs.

Transport studies were performed using the MCF-7 cell line (breast cancer) with
basal and transiently up-regulated expression of BCRP. In parallel, photodynamic effect
induced by the PSs remaining in the cells after a defined period of transport was
determined. It was shown that both magnesium- and zinc-substituted derivatives of
pheophorbide a are substrates of the transporter, but their transport rate is lower than that
of pheophorbide a, which is a previously confirmed substrate of BCRP. Additionally, lower
transport rates were observed for chlorophyllide than for zinc pheophorbide. This is most
likely due to differences in their affinity to the extracellular loop ECL3 of the transporter.
At the same time, it was observed that the transport rate of both derivatives, like that of
pheophorbide a, is significantly reduced in the absence of serum/albumin in the
extracellular environment, similarly as for other compounds of similar structure. The rate
of transport increases with increasing concentration of albumin, reaching a plateau at
about 250 pM of the protein. The accelerated transport may be due to the binding of a PS to
albumin, which prevents the complex from re-entering the cell. However, this might not be
the only mechanism of this phenomenon, since no correlation was observed between the
rate of PS transport and its affinity for albumin. It was observed that metal substituted
derivatives bind to albumin much stronger than pheophorbide a. Additionally, this
binding is stronger for the zinc-substituted derivative than for the magnesium one.
Presumably, this difference, rather than the difference in the rate of transport by BCRP as
previously speculated, is responsible for the prolonged retention time in the body of the

zinc derivative compared to chlorophyllide observed in previous in vivo studies.
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To thoroughly characterize the binding of the PSs to human serum albumin,
spectroscopic and molecular docking studies were performed. Binding constants were
determined by the measurement of the PSs fluorescence enhancement with increasing
concentration of albumin. Probable binding sites, in turn, were identified by fluorescence
quenching studies and molecular docking. These studies showed that chlorophyll
derivatives bind most strongly at the heme binding site located in subdomain IB, and
weaker at the major albumin binding sites, i.e. Sudlowl and Sudlow2, located in
subdomains IIA and IIIA, respectively. This binding is predominantly based on
hydrophobic interactions and, to a lesser extent, hydrogen bonding. The determined
binding constants were lower for chlorophyllide than for zinc pheophorbide. Moreover, the
number of identified amino acid residues involved in the binding to albumin was lower for
the former than for the latter. This suggests that the differences in their pharmacokinetics
observed in animals are also likely to occur in humans.

Because of relatively strong binding of zinc pheophorbide a to albumin, which
hinders its uptake by cancer cells, and on the other hand high photodynamic potential of
this derivative, it was reasonable to investigate whether the complex of albumin with zinc
pheophorbide enters vascular endothelial cells, which express the albumin receptor, gp60,
involved in the uptake of this protein by endocytosis. The experiments performed using
the HUVEC model cell line (endothelial cells isolated from the umbilical vein) confirmed
that the complex is incorporated into the cells. Moreover, complexation of the PS with
albumin increases its lysosomal accumulation, thus enhancing the induced photodynamic
effect. It was also shown that HUVECs are much more susceptible to photodynamic
treatment with zinc pheophorbide than MCF-7 cancer cells. The IC50 value for the HUVEC
cell line at a light dose of 2 ]/ cm? and a 3-hour accumulation time was about 20 nM, while
for the MCF-7 line this value is approx. 25 times higher. It was also shown that the type of
cell death induced by photodynamic treatment depends on the level of zinc pheophorbide
a accumulated in the cells. At low levels of the PS, cells undergo apoptosis and at high
levels, necrosis. Since high concentrations of albumin significantly reduce cellular
accumulation of the PS, they will also direct cells into the apoptosis pathway, which may

be a beneficial effect, due to the reduction of inflammation.
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ARTICLE INFO ABSTRACT

Keywords: Breast cancer resistance protein (BCRP, ABCG2) is a member of the ATP-binding-cassette (ABC) superfamily of
Multidrug resistance membrane transporters. It is involved in the efflux of a broad range of xenobiotics of highly diverse structures.
ABCG2

BCRP activity greatly influences drug distribution in vivo and is often associated with cancer multidrug resis-
tance, which is observed in the case of both chemotherapy and photodynamic therapy. The set of ABCG2 sub-
strates includes porphyrins and chlorins such as heme, hemin, protoporphyrin IX, chlorin e6, pheophorbide a,
and their derivatives. Here we provide an evidence that magnesium- and zinc-substituted derivatives of pheo-
phorbide a, which are very promising photosensitizers for use in photodynamic therapy, are also recognized and
transported by ABCG2. Interestingly, despite minor structural differences, they clearly differ in the transport rate,
both between each other and compared to pheophorbide a. In addition, their transport rate, like those of other
structurally similar compounds, is strictly dependent on the level of serum albumin in the extracellular envi-
ronment. The results that we present here are crucial for the use of metal-substituted pheophorbides in clinical

Serum albumin
Photodynamic therapy
Pharmacokinetics
Anticancer drugs

practice but also provide an important insight into the mechanism of porphyrin transport by ABCG2.

1. Introduction

Photodynamic therapy is based on the photoactivation of non-toxic
drugs (photosensitizers, PSs) with visible or near-infrared light in
order to generate cytotoxic reactive oxygen species in a selected treat-
ment site. Originally developed as an anti-neoplastic therapy, it con-
tinues to expand its use in the treatment of benign skin lesions, age-
related macular degeneration, as well as the inactivation of patho-
genic microorganisms (Effron et al., 2015; Marcus and McIntyre, 2002;
Plaetzer et al., 2013). Over last decades, a plethora of PSs have been
developed and studied in preclinical and clinical trials (Bellnier et al.,
2003; Brandis et al., 2007; Uchoa et al., 2015). Among them, several
metal-substituted porphyrins, chlorins, bacteriochlorins and phthalo-
cyanines have been shown to possess ideal photophysical properties for
their use in clinics (Josefsen and Boyle, 2008; McFarland et al., 2020;
Tuhl et al, 2012). One of them, palladium-metalated bacter-
iopheophorbide, known by its trade name TOOKAD® (Negma Lerads/-
Steba Biotech), has already been approved in Europe and Israel for the
treatment of low-risk prostate cancer (Gill et al, 2018). Also
metal-substituted  derivatives of pheophorbide a (Pheide),

chlorophyllide a (Chlide) and zinc-pheophorbide a (Zn-Pheide) have
been thoroughly studied, which revealed their high potential in the
treatment of human adenocarcinoma and mouse melanoma (Jaku-
bowska et al., 2013; Szczygiet et al., 2014). Moreover, an in vivo phar-
macokinetic study showed a prolonged retention of Zn-Pheide over
Chlide in several animal tissues, which is of crucial importance from the
point of view of both their therapeutic efficacy and patient safety
(Szczygiet et al., 2014, 2008). It has been hypothesized that these dif-
ferences in the pharmacokinetics of Pheide derivatives are due to the
substrate specificity of the membrane transporter ABCG2, which rec-
ognizes Chlide but not Zn-Pheide (Szczygiel et al., 2008). This prompted
us to further investigate the transport of these two PSs, particularly with
regard to the activity of ABCG2, as it has been shown that both Pheide
and structurally similar compounds were substrates of this transporter
but not of other multidrug transporters, such as Pgp or MRP1 (Jonker
etal., 2002; Robey et al., 2004, 2005). Thus, the aim of the present study
was to investigate the ABCG2-mediated transport of Chlide and
Zn-Pheide and its impact on the photodynamic effect induced with these
compounds. For comparison, we used Pheide as a bona fide substrate of
ABCG2, which allowed to confirm the functionality of the applied
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experimental system and to compare the transport rate of the
metal-substituted pheophorbides with their related metal-free com-
pound. We studied the transport and photocytotoxic activity of Pheide
and its derivatives (structures shown in Fig. 1) in time-dependent ex-
periments using the sublines of the human breast cancer cell line
(MCF-7) differing in ABCG2 expression levels. We chose MCF-7 model,
since breast cancer is one of photodynamic therapy targets and its
multidrug resistance is primarily due to BCRP activity (Banerjee et al.,
2017; Lamberti et al., 2014; Ross et al., 1999). We analyzed the levels of
the PSs in the cells by fluorescence measurement and flow cytometry,
and correlated them with the efficacy of photodynamic treatment (PDT),
assessed by MTT assay. The light dose applied to the cells (2 J/cm?) was
relatively low, as our goal was not to obtain a maximal PDT efficacy, but
to compare the PSs on the basis of their transport rate and the corre-
sponding PDT effect. Both, efflux and PDT studies were performed in the
presence or absence of the ABCG2-specific inhibitor, fumitremorgin C
(FTC). Moreover, ATPase activity was measured in isolated membranes
of MCF-7 cells overexpressing ABCG2, to analyze the behavior of the
transporter in the presence of the PSs. We also confirmed that, like other
compounds of similar structures, the effective transport of Chlide and
Zn-Pheide by ABCG2 requires the presence of an extracellular partner
which could be serum albumin (Desuzinges-Mandon et al., 2010; Ogino
et al., 2011). On the other hand, the complexation with albumin greatly
influences their cellular uptake, therefore it should be taken into account
when analyzing the transport both inside and outside the cell. Our
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Fig. 1. Chemical structures and nomenclature of the investigated PSs (A).
Normalized absorption and emission (inset) spectra of Pheide, Chlide and Zn-
Pheide recorded in ethanol (B). The emission spectra were measured after
excitation in the Soret band.
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findings provide an important insight into the factors regulating the
pharmacokinetics of chlorophyll-derived PSs and should be considered
when planning their application in clinical practice.

2. Materials and methods
2.1. Photosensitizers

Chlorophyll a was isolated from frozen spinach leaves according to a
previously described method (Nowak et al., 2013). Chlide was prepared
from chlorophyll a via enzymatic removal of phytol, using a plant
enzyme chlorophyllase, according to a previously described procedure
(Fiedor et al., 2003). Pheide, in turn, was obtained from Chlide via
demetallation with trifluoroacetic acid, and Zn-Pheide was obtained
from Pheide via direct metalation with zinc acetate in methanol. All
compounds were purified as described earlier and their purity was at
least 96% according to HPLC analysis (Szczygiet et al., 2008). The
concentrations of the PSs were determined spectrophotometrically in
ethanol, using the extinction coefficients at Qy bands equal to 44,500
M~ em™! for Pheide and 71,500 M~ ¢cm™! for Chlide and Zn-Pheide.
Aliquots of the PSs were stored dry at -20°C under nitrogen atmo-
sphere. For each experiment, fresh solutions of the PSs were prepared by
dissolving them in appropriate volumes of DMSO. All experiments were
carried out under dim light to prevent degradation of the PSs and un-
controlled photodamage of the cells.

2.2. Cells and transfection

The human breast carcinoma cell line MCF-7 was obtained from the
American Type Culture Collection (ATCC, Manassas, VA, USA). The cells
were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% (v/v) fetal bovine serum (FBS), 2 mM gluta-
mine, 1 mM sodium pyruvate, penicillin (100 units/ml), and strepto-
mycin (100 ug/ml) at 37°C in a humidified atmosphere containing 5%
CO;. The full length wild-type ¢cDNA of human ABCG2 (IDT) was
inserted into the pcDNA3.1(-) vector (Invitrogen) between the EcoRI
and HindIII restriction sites. Then, the pcDNA3.1(-)/ABCG2 construct
was subcloned in E. coli XL1-Blue and its presence and proper orienta-
tion to the CMV promoter was confirmed by sequencing. The cells were
transfected with the pcDNA3.1(-)/ABCG2 using LipofectamineTMZOOO
Transfection Reagent (Invitrogen) according to the manufacturer’s
protocol. Selection of transfectants was performed using 500 pg/ml of
G418 with further population enrichment by fluorescence-activated
cell-sorting using a BD FACSAria cell sorter and cell staining with the
anti-human ABCG2 Alexa Fluor 488-conjugated antibody, clone 5D3
(Bio-Techne). As a control, MCF-7 cells were also transfected with the
empty pcDNA3.1(-) and selected by cultivation in medium containing
500 ug/ml of G418. The cell subline transfected with the ABCG2 gene
was named MCF-7/ABCG2, and the one transfected with the empty
vector, MCF-7/mocKk.

2.3. Cellular accumulation of the photosensitizers

For uptake studies, MCF-7 cells were seeded into a 96-well plate
(3x10* cells per well) in complete growth medium and incubated
overnight for attachment. Then, the PSs were applied to the cells at a
concentration of 1 uM in 50 pl of serum-free medium, together with 2.5
uM FTC, to inhibit a potential efflux mediated by BCRP. The cells were
incubated for 1, 2, 3, 4, 5, 6, 16 or 24 hours. Afterwards, the cells were
rinsed with PBS, the accumulated PS was extracted with 100 ul of
ethanol/DMSO mixture (1:1, v/v) and fluorescence emission was
measured at 670 nm after the excitation at 430 nm. The measurement
was performed using a Spectra Max i3 plate reader (Molecular Devices).
The concentrations of the PSs were calculated on the basis of simulta-
neously obtained calibration curves.
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2.4. Plate-based and flow cytometry efflux studies

For efflux studies, MCF-7/mock and MCF-7/ABCG2 cells were
seeded into 96-well plates (3 x 10* cells per well) and incubated over-
night for attachment. On the other day, the PSs were applied to the cells
at a concentration of 1 pM in 50 pl of serum-free DMEM without phenol
red and with or without 5 uM FTC. After 3 hours of uptake, the cells were
rinsed with PBS and covered with 50 pl of fresh medium containing 10%
charcoal-stripped FBS, with or without 5 uM FTC, respectively, and
allowed to efflux the PSs. The efflux times were: 0, 0.25,0.5,1, 2, 3, 4, 5,
6, 12, 16, 20 and 24 hours. At the end of each efflux period, the cells
were rinsed with PBS, the accumulated PS was extracted with 100 pL 1:1
(v/v) ethanol/DMSO mixture and its level was determined by fluores-
cence measurement using a Spectra Max i3 plate reader (Molecular
Devices). All transport experiments were carried out at least twice and
within a single experiment the measurements were performed in
triplicates.

To examine the distribution of the PSs among the cells after various
efflux periods, a flow cytometry experiment was performed. Briefly,
MCEF-7/mock and MCF-7/ABCG2 cells were seeded into 6-well plates (6
x 10° cells per well) and cultured overnight. Transport of the PSs was
analyzed under the same conditions as in the plate-based assay, except
that the volume of medium was 1 ml. The efflux times were 0, 0.25, 3
and 24 hours. After the efflux, the cells were trypsinized, fixed with 4%
paraformaldehyde and kept at 4°C in the dark until the analysis using a
BD LSRFortessa flow cytometer.

To determine the impact of albumin concentration on the transport
rate of the PSs, a plate-based efflux assay was performed using pure
bovine serum albumin (BSA) at varying concentrations. In this case,
after 3 hours of accumulation, MCF-7/ABCG2 cells were allowed to
efflux the PSs for 1 hour into phenol-red free DMEM containing fatty
acid-free BSA at concentrations of 0, 1, 5, 10, 25, 50 100, 250 or 500 uM.
After that, the level of the PSs in cell extracts was measured as described
above. The experiment was performed twice, in triplicates.

2.5. Photodynamic treatment and cell viability assessment

For photodynamic experiments, MCF-7/mock and MCF-7/ABCG2
cells were seeded into 96-well plates (3 x 10 cells per well) and incu-
bated overnight for attachment. On the other day, the PSs were applied
to the cells at a concentration of 1 uM in serum-free DMEM without
phenol red, and with or without 5 uM BCRP inhibitor, fumitremorgin C
(FTC). After 3 hours of uptake, the cells were rinsed with PBS and
covered with fresh DMEM containing 10% of charcoal-stripped FBS,
with or without 5 pM FTC, respectively, and allowed to efflux the PSs.
The efflux times were the same as in the plate-based efflux assay. At the
end of each efflux period, the cells were rinsed with PBS, covered with
100 pl of HBSS and illuminated with 2 J/cm? using a 1.3 mW/cm? LED
illuminator equipped with a 600 nm cut-off filter. After the treatment,
the cells were covered with full growth medium and incubated for 48 h
at 37°C in the dark. Then, photocytotoxicity (relative viability compared
to PS-free cells) was determined by the MTT (3-[4,5-dimethylthiazol-2-
yl1-2,5-diphenyltetrazoliumbromide) assay. The same experiment was
also conducted in the absence of serum at the efflux stage. Similarly to
the plate-based efflux assays, the viability assays were conducted at least
twice, in triplicates. Dark cytotoxicity of the PSs was also examined
using the MTT assay, after incubation for 3 h in serum-free medium, and
after incubation for 24 h both in the presence and absence of 10% serum.

2.6. Albumin binding assay

To investigate the binding of the PSs to BSA, steady state fluores-
cence binding studies were carried out. Briefly, fatty-acid free BSA (Carl
Roth) was dissolved in PBS, pH 7.4, at concentrations equal to 0, 0.125,
0.25, 0.5, 1, 2, 5, 10, 25, 50, 100, 250, 500 and 750 uM. Next, a PS
solution in DMSO was added to obtain its concentration of 1 uM. The
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final concentration of DMSO in the mixture was 1%. The samples were
incubated for 15 min at 37°C to reach equilibrium. After that, fluores-
cence spectra of the PSs were recorded after excitation at 430 nm using a
JASCO FP-8500 spectrofluorometer. The recorded fluorescence maxima
were plotted against the concentration of BSA and fitted with rectan-
gular hyperbola in the Origin software, version 2021.

2.7. Albumin-dependent flow cytometry uptake study

To examine whether the PS-BSA complexes are incorporated into the
cells, a flow cytometric study was carried out. Briefly, the PSs at a
concentration of 1 uM were incubated with 250 pM of fatty acid-free BSA
in phenol red-free DMEM at 37°C for 15 min in order to achieve equi-
librium. Next, solutions of either free PSs in DMEM or as PS-BSA com-
plexes were applied to MCF-7 cells growing on 6-well culture plates and
incubated for 3 hours. After that, the cells were rinsed with PBS con-
taining 0.046% EDTA, trypsinized and collected in 1 mM benzamidine
in PBS. Right after trypsinization, the cells were rinsed with cold PBS,
fixed with 4% paraformaldehyde and kept at 4°C in the dark until the
analysis using a BD LSRFortessa flow cytometer. The experiment was
performed in triplicates with 10 000 of cells analyzed in each
measurement.

2.8. Isolation of plasma membranes and ATPase assay

For the measurement of ATPase activity, plasma membrane fraction
of MCF-7/ABCG2 cells was isolated. Briefly, cell monolayers from five
175 cm? culture flasks were rinsed with PBS, covered with hypotonic
buffer (10 mM Tris-HCI pH 7.5, 10 mM KCI, 1 mM MgCl,, 1 mM ben-
zamidine, 5 pg/ml leupeptin, 5 ug/ml pepstatin A and 1 mM PMSF) and
left on ice for ca. 20 minutes. After visible cell disruption, the lysate was
harvested and homogenized with a Potter-Elvehjem homogenizer. After
centrifugation at 2000 g, the supernatant was further centrifuged at
100,000 g for 30 min. The resulting pellet was suspended in 0.25 M
sucrose containing 10 mM Tris-HCl, pH 7.4. The crude membrane
fraction was layered over 40% (w/v) sucrose solution and centrifuged at
100,000g for 30 min. The turbid layer at the interface was collected,
suspended in 0.25 M sucrose containing 10 mM Tris-HCl, pH 7.5 and
centrifuged at 100,000 g for 30 min. The membrane fraction was
collected and resuspended in 1 ml of 0.25 M sucrose containing 10 mM
Tris-HCI, pH 7.5. Protein concentration was determined using Pierce™
660nm Protein Assay Reagent (Thermo Fisher Scientific). ATPase ac-
tivity of the isolated membranes (2.5 ug of total protein) was measured
in ATPase assay buffer: 50 mM Tris-HCl pH 7.0, 50 mM KCl, 1 mM
ouabain, 2 mM EGTA, 5 mM NaNsj. At first, the measurements were
performed at various concentrations of ATP, and then in the presence of
1 mM ATP and various concentrations of the PSs. After the incubation at
37°C for 30 min, the reactions were terminated by the addition of equal
volume of 5% SDS solution. The liberated inorganic phosphate (Pi) was
measured by the colorimetric reaction with ammonium molybdate in
the presence of ascorbic acid (Bartolommei and Tadini-Buoninsegni,
2016). Background samples were prepared by denaturation of the pro-
tein with SDS prior to the addition of ATP.

2.9. Statistical analysis

The unpaired Student’s t-test was conducted to compare the cellular
levels of the PSs and cell viabilities between MCF-7/mock and MCF/
ABCG2 cells, as well as between inhibited and uninhibited MCF-7/
ABCG2. The same test was used to examine the differences in cellular
accumulation of the PSs in the presence and absence of BSA, determined
by flow cytometry. The transport rates at various concentrations of BSA,
were compared by the two-way Anova followed by Tukey post-hoc
analysis to reveal the differences between the particular PSs. The inhi-
bition of ATPase activity in the presence of 100 and 200 uM PSs, in turn,
was analyzed for statistical significance using the one-way Anova, also
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with Tukey post-hoc test. All statistical analyses were performed in
Origin 2021 considering p-values below 0.05 as significant.

3. Results
3.1. Cell transfection

After the transfection and pre-selection with G418, the maximal
number of ABCG2-positive cells obtained among various transfection
protocols was 30% (according to flow cytometry measurement, data not
shown). After further enrichment by FACS, the level of ABCG2-positive
cells reached 94%. The cells were tested for ABCG2 activity using the
standard ABCG2 substrates, Hoechst 33342 and Pheide (data not
shown). The results of flow cytometric analysis of ABCG2 expression in
MCF-7/ABCG2 and MCF-7/mock cells are shown in Fig. 2.

3.2. Cellular accumulation of the photosensitizers

The accumulation of the PSs in MCF-7 cells was examined to deter-
mine the optimal incubation time for efflux and PDT studies. Since FBS
greatly affected the accumulation, the incubation was performed in
serum-free medium. To obtain the maximal accumulation, the study was
performed in the presence of a specific ABCG2 inhibitor, FTC, the con-
centration of which was previously optimized (Fig. S1). The amounts of
the PSs accumulated in the cells were calculated on the basis of the
respective calibration curves. The PSs differed significantly in their
accumulation kinetics. Thus, after the first hour of incubation the
highest cellular level was observed for Zn-Pheide, and the lowest for
Pheide (Fig. 3). Longer incubation times, in turn, resulted in a significant
increase in the level of Pheide, while the levels of its metal-substituted
derivatives increased only slightly. Despite these differences, it could
be observed that after 3 hours of incubation the amounts of the PSs
accumulated in the cells were almost equal (Fig. 3). On the basis of this
observation, a 3-hour incubation time was set for further experiments.

3.3. Efflux and PDT studies

ABCG2-mediated efflux of the PSs was studied in a 24-hour plate-
based assay with fluorometric determination of the PSs after every
efflux period. In this assay, the value of fluorescence (after the sub-
traction of background) recorded from the FTC-inhibited cells at zero
time was set as 100% and the values for the subsequent time points were
calculated proportionally. Additionally, flow cytometric analyses were
performed for selected efflux periods, to visualize the distribution of the
PSs among the cells. In parallel, PDT experiments were conducted, by
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Fig. 2. Expression of ABCG2 on the surface of MCF-7/mock and MCF-7/ABCG2
cells. Analysis performed by flow cytometry with the usage of Alexa Fluor 488-
conjugated anti-ABCG2 clone 5D3 antibody.
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Fig. 3. Accumulation of the PSs in MCF-7 cells in the presence of 2.5 pM
ABCG?2 inhibitor, FTC.

illuminating the cells after the same efflux periods as in the plate-based
efflux assay. The viability of the cells after PDT was assessed by MTT
assay and calculated as % of control (PS-free cells). Since a constant
number of cells was required to obtain reliable results, all types of ex-
periments were performed with the use of charcoal-stripped FBS, in
order to deprive the cells of steroid hormones and thus impair their
proliferation (Villalobos et al., 1995; Wiese et al., 1992). For the same
reason, phenol-red free DMEM was used, considering that phenol red
can act as a weak estrogen, inducing breast cancer cells proliferation
(Berthois et al., 1986). The transport in the absence of serum was not
analyzed, since long-term serum deprival could lead to reduction of the
overall cell viability, including the impairment of membrane transport.
However, the results of PDT experiments performed in the absence of
serum, when compared to the corresponding experiments with FBS, may
serve as an indirect measure of the amount of the PSs in the cells. In
these experiments, a separate control was prepared for each time point,
which allowed the estimation of the effect induced by the PSs inde-
pendently of the cell attenuation caused by the lack of serum. For a
convenient comparison, the results of the plate-based efflux assays, as
well as PDT experiments are summarized in a single panel (Fig. 4),
whereas the results of flow cytometry study are presented in Fig. 5. As
shown in Fig. S2, at a concentration of the PSs equal to 1 uM, their dark
cytotoxicity was not observed for both 3 h and 24 h of incubation.
Therefore, the reduction in cell viability in the PDT experiment is due
solely to the photodynamic activity of the PSs.

3.3.1. Plate-based efflux assays

All three investigated PSs were to some extent effluxed from the cells
in the absence of FBS, already at the accumulation step, as at time zero
their levels in MCF-7/mock and uninhibited MCF-7/ABCG2 cells were
~85% and ~75%, respectively (Fig. 4A, B and C). A striking difference
between Pheide and its metal-substituted derivatives was its very rapid
transport in MCF-7/mock cells during the first 15 minutes after the
addition of FBS (Fig. 4A). In this short period, the level of Pheide
decreased almost by half, while the corresponding decrease was ~27%
for Zn-Pheide and only ~17% for Chlide (Fig. 4B and C). Additionally, in
contrast to the metal-substituted PSs, a significant difference in the level
of Pheide between MCF-7/mock and MCF-7/ABCG2 cells was only
noticeable at time zero. At longer efflux periods, the levels of Pheide in
both sublines were virtually the same (Fig. 4A). Whereas, the levels of
Chlide and Zn-Pheide, differed significantly between the sublines
throughout the experiment (Fig. 4B and C). Approximate half-lives of
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Fig. 4. Efflux (A, B, C) and time-dependent photocytotoxicity (D —I) of the PSs analyzed in MCF-7/mock and MCF-7/ABCG2 cells, with and without ABCG2 inhibitor,
5 uM FTC. The levels of the PSs in the efflux study are presented as a percentage of their initial accumulation (in the presence of 5 uM FTC). For photocytotoxicity
study, before illumination the cells were allowed to export the PSs to the medium containing 10% of charcoal-stripped FBS (D, E, F) or to serum-depleted medium (G,
H, I). Cell viability after the PDT was determined by MTT assay. The first row of graphs relates to Pheide, the second to Chlide, and the third to Zn-Pheide. The data

are presented as mean + SD from at least three values.

the PSs in MCF-7/mock cells were 15 minutes for Pheide, 3 hours for
Chlide and 1 hour for Zn-Pheide. The half-lives in the ABCG2-
ovexpressing subline, in turn, were below 15 minutes for Pheide and
Zn-Pheide, and about 1 hour for Chlide. The levels of all PSs reached a
plateau between 5 and 12 hours of the efflux. The plateau level estab-
lished at about 18% of Pheide in both sublines (Fig. 4A). Whereas, for
Chlide the plateau levels were ~ 30% and 10% and for Zn-Pheide ~18%
and 7% in MCF-7/mock and MCF-7/ABCG2 cells, respectively. Impor-
tantly, the concentration of FTC used in the uptake study (2.5 uM) was
not high enough to fully inhibit the efflux of the PSs in the presence of
FBS. Even at 10 uM of FTC, the efflux of all PSs was still significant and
did not differ much from that observed at 5 uM. Moreover, incomplete
transport inhibition was observed even in the case of MCF-7/mock cells
(data not shown). Therefore, 5 uM FTC was applied throughout the
efflux and PDT studies. Similarly to the uninhibited cells, the PSs levels
in the presence of FTC dropped relatively fast during the first 5 hours,
and then reached a plateau which corresponded to ~35% of Pheide,
~60% of Chlide, and ~25% of Zn-Pheide. For most efflux periods, the
differences between MCF-7/mock and MCF-7/ABCG2 cells affecting the
transport of Chlide and Zn-Pheide were statistically significant (see
Supplementary materials, Table S1, column A). Also, significant

differences were observed between the inhibited and uninhibited MCF-
7/ABCG2 cells for all PSs (Table S1, column B).

3.3.2. Time-dependent PDT studies

As expected, the viability of the cells after PDT increased over time in
the case of all three PSs (Fig. 4D —I). The MCF-7/ABCG2 subline was less
susceptible to PDT than control cells, regardless of the PS, and both, in
the presence and absence of FBS. However, in the case of Pheide, when
FBS was present, the difference between the sublines was noticed only at
short efflux periods, similarly as it was in the efflux assay (Fig. 4A and
D). FTC increased the susceptibility of the cells to PDT in the case of all
three PSs. The inhibition, however, was clearly more pronounced in the
absence than in the presence of FBS, as in the former case nearly 100% of
the cells were killed by all three PSs and at all efflux periods. The PDT
experiments performed in the absence of FBS clearly show that the
transport rate of all three PSs at serum-free conditions was reduced but
not completely abolished. Importantly, a visible difference occurred
between Pheide-treated MCF-7/mock and MCF-7/ABCG2 cells in the
viability profiles obtained at FBS-free conditions, which was not
observed when FBS was present (Fig. 4D and G). As shown in Supple-
mentary materials, the differences between MCF-7/mock and MCF-7/
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Fig. 5. Representative histograms from the flow cytometry transport study (see the text for details).

ABCG2 as well as between inhibited and uninhibited MCF-7/ABCG2
cells were statistically significant at shorter efflux periods in the pres-
ence of FBS and at longer efflux periods in the absence of FBS (Tables S2
and S3).

3.3.3. Flow cytometry transport studies

The results obtained by flow cytometry were largely consistent with
the ones of the plate-based assay. Both MCF-7 sublines transported all
three PSs and the transport was inhibited by FTC, though at longer in-
cubation times, the efflux was noticed even in the inhibited cells. The
populations of MCF-7/mock and MCF-7/ABCG2 transporting Pheide
were to a large extent overlapping, while for Chlide and Zn-Pheide their
separation was observed. After 3 hours of efflux, the slowly and rapidly-
transporting subpopulations of both the MCF-7/mock and MCF-7/
ABCG2 cells could be distinguished, which resulted from the uneven
ABCG2 expression within the sublines (Fig. 5).

3.4. Albumin binding assay

Since we observed that both the uptake and efflux of the PSs depend
on the concentration of BSA and this dependence is different for each PS,

we decided to describe the binding of the PSs to albumin quantitatively,
by determining their apparent dissociation constants (K,pp). We took
advantage of the fact that the fluorescence of the PSs is enhanced upon
their binding to the protein. This is because BSA promotes solubilization
of PS aggregates formed in aqueous media. We measured the fluores-
cence spectra of the PSs in PBS, pH 7.4 at increasing concentrations of
BSA and plotted the obtained fluorescence maxima against BSA con-
centration. Since Chlide and Zn-Pheide show a significant fluorescence
in aqueous media even in their unbound form, to calculate the dissoci-
ation constants, the signal from their albumin-bound fraction had to be
separated from that of free PS. We therefore performed a correction
which is fully described in Supplementary materials. Since unbound
Pheide in PBS emits only very weak fluorescence, it could be neglected.
The corrected plots are shown in Fig. 6A. No non-specific binding was
observed and the single binding site model was found to best approxi-
mate the obtained results (R® > 0.99, in each case). The calculated Kapp
are shown in Fig. 6A. Among the investigated PSs, Zn-Pheide showed the
strongest affinity to BSA (Kypp = 3.8 uM), Chlide bound moderately
(Kapp = 5.5 uM), while Pheide showed only a very weak binding (Kapp =
26 uM). It should be noted, however, that these values of K,p, can differ
from the corresponding intrinsic dissociation constants, particularly for
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Fig. 6. A) Binding of the PSs to BSA and the calculated apparent dissociation constants (K,pp). Solid lines are curve-fitting results assuming 1:1 binding. B) The levels
of the PSs in MCF-7/ABCG2 cells after 1 hour of efflux in the presence of various concentrations of BSA. The values on y axis are calculated as a percentage of the
initial PS content (at the end of 3-hour uptake). The data are presented as mean + SD, n = 6. C) Representative histograms showing the cellular accumulation of the
PSs (1 puM) in the presence (yellow histograms) and absence (green histograms) of 250 uM BSA in the culture medium. The percentage of the PS uptake in the
presence of BSA compared to the uptake of free PS (100 %) was indicated as ugss and calculated on the basis of mean fluorescence intensity (n = 3). The differences
between the BSA-containing and BSA-free samples were statistically significant (p < 0.05).

Pheide, as at physiological conditions (1% DMSO used in the binding
assays) this PS may be more prone to self-association than to BSA
binding.

3.5. Albumin-dependent efflux and uptake studies

The plate-based efflux assay carried out at various concentrations of
BSA showed that the transport rate of all three PSs increases with
increasing concentration of BSA and the maximal rate of transport is
reached at ~250 uM of BSA for all of them (Fig. 6B). The decrease in the
cellular level of all PSs with increasing concentration of BSA was found
to be statistically significant. The greatest impact of BSA on the transport
rate was observed in the case of Zn-Pheide, for which a ~44% decrease
in 500 uM BSA-containing cells compared to BSA-free cells was
observed. The corresponding values for Chlide and Pheide were close to

37%. The difference in the impact of albumin between Zn-Pheide and
the other two PSs was also found to be statistically significant. A rapid
increase in the transport rate was observed when BSA concentration
increased from 0 to ~50 pM. Further increase of BSA concentration did
not affect much the transport rate. This shows that the transport rates
observed in the time-dependent transport studies were only slightly
lower than the maximal rates, since BSA concentration in 10% FBS is
about 50 — 65 uM. Flow cytometric uptake study, performed at the
saturating concentration of BSA (250 uM) confirmed the notion that the
affinity to albumin in inversely correlated to the cellular accumulation
of the PSs (Fig. 6C).

3.6. ATPase activity

As seen in Fig. 7A, the ATPase activity of isolated MCF-7/ABCG2
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Fig. 7. ATPase activity of the isolated MCF-7/ABCG2 membranes. A) ATP-
dependent ATPase activity. B) PS-dependent ATPase activity in the presence
of 1 mM ATP. The data are presented as mean + SD from three values.

membranes was a function of ATP concentration. The highest values of
the ATPase activity were observed in the range 1 — 4 mM ATP, therefore
to analyze the PS-dependent ATPase activity, the concentration of 1 mM
ATP was chosen. Low concentrations of the PSs had virtually no effect on
the ATPase activity, whereas at high concentrations (starting from 100
uM) a decrease was observed for all three PSs. Its values, expressed as %
of the basal activity were 87% for Pheide, 57% for Chlide and 77% for
Zn-Pheide. Further decrease of the ATPase activity was observed at 200
uM concentration of the PSs, reaching 43%, 5% and 8% for Pheide,
Chlide and Zn-Pheide, respectively (Fig. 7B). Importantly, we did not
observe a biphasic effect of Pheide on ABCG2 previously seen in the
High Five insect cell membranes (Wu et al., 2007). In addition, the
decrease in the activity was much slower than in that case. Statistical
analysis revealed that at the concentration of 100 uM, Chlide inhibited
the ATPase activity significantly stronger that the other two PSs. At the
concentration of 200 pM, in turn, the metal-substituted PSs acted
significantly stronger than Pheide.

4. Discussion

The present study demonstrates that, in spite of very similar
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structures, the investigated chlorophyll derivatives differ significantly in
their pharmacokinetics. This is due to differences in the kinetics of their
cellular absorption, interaction with the ABCG2 transporter, as well as
binding to serum albumin. Efflux and PDT assays performed in MCF-7
cells showed that all PSs are transported by ABCG2 and this transport
depends on the concentration of albumin in the extracellular space. We
took into account that the studied PSs might undergo metabolic con-
version in the cells, which would interfere with both transport and PDT
studies. However, numerous observations indicate that membrane
transport rather than metabolic conversion is the determinant of intra-
cellular PS level. Firstly, clear differences in viability between the
Pheide-treated MCF-7/mock, uninhibited and inhibited MCF-7/ABCG2
sublines (Fig. 4G) demonstrate that degradation of the porphyrin ring
over the course of the experiment is negligible. Secondly, since after
reaching a plateau, the level of Chlide did not decrease further (Fig. 4B),
apparently its demetallation inside the cells does not occur. And because
Zn-Pheide is more resistant to demetallation than Chlide, it is reasonable
to assume that also the former one remains in its unchanged form
(Szczygiet et al., 2008).

Since there was virtually no difference in Pheide transport between
MCF-7/mock and MCF-7/ABCG2 cells (Fig. 4A) and, moreover, trans-
port of all PSs was not completely inhibited by FTC in the presence of
FBS, the involvement of another membrane transporter could also be
suspected. However, we consider this unlikely for two reasons. Firstly,
Pheide has been shown to be a specific substrate of ABCG2, at least not
transported by the other most common multidrug transporters, Pgp and
MRP1 (Robey et al., 2004). Secondly, in the absence of FBS we observed
no viability of the cells treated with FTC (Fig. 4G - I), even in the case of
Pheide, which is a relatively weak PS. This suggests a complete inhibi-
tion, and since FTC is considered a specific inhibitor of ABCG2, this
transporter is probably the only one involved (Rabindran et al., 2000).
Therefore, we suggest that the equal transport of Pheide by the control
and ABCG2-ovexpressing cells results simply from its very high trans-
port rate, due to which ABCG2 is not saturated, even if its expression is
low. At the same time, intracellular Pheide cannot drop below a certain
level which is regulated by its binding to intracellular structures, e.g.
mitochondria (Tang et al., 2006). In contrast to Pheide, significant dif-
ferences were observed in the transport rates between MCF-7/mock and
MCF-7/ABCG2 for the metal-substituted PSs (Fig. 4B and C). This
demonstrates that ABCG2-mediated transport of Chlide and Zn-Pheide is
slower than that of Pheide. The transport of all PSs was significantly
accelerated by albumin. This acceleration was shown to be the same for
Pheide and Chlide but significantly stronger for Zn-Pheide (Fig. 6B).
However, taking into account the impaired reabsorption of the PSs due
to their binding to albumin (Fig. 6C), we postulate that the impact of
albumin on the transport process itself is the same for all studied com-
pounds. The lack of difference between Chlide and Pheide, however,
confirms that the former is transported much slower than the latter.

It is already known that the transport of porphyrin compounds by
ABCG2 involves their transfer onto albumin via the large extracellular
loop ECL3. Our studies confirm this notion, as the export of the PSs was
diminished when the medium was deprived of serum, and greatly
enhanced when serum was added. This was probably because in the
absence of serum, PS molecules that occupied ECL3 could not be easily
removed, and further transport through ABCG2 was blocked. The
dissociation constant of Pheide to ECL3 has already been determined
and is equal to 3.4 £ 0.5 uM (Desuzinges-Mandon et al., 2010). Also the
interaction of Pheide with BSA has been analyzed, revealing the asso-
ciation constant at pH 7.4 and 37°C equal to 8.97x10* M}, which
corresponds to Kg = 11.1 uM (Ye et al., 2013). It should be noted that the
authors performed the binding experiments at ~17% dimethylforma-
mide concentration, which ensured a complete disaggregation of
Pheide, therefore they determined the intrinsic dissociation constant,
which is lower from the apparent dissociation constant determined in
the present study (26 pM), and which is probably more useful for efflux
analysis, since in this case Pheide is likely to be received from ECL3 in its
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monomer form. Still, however, the binding of Pheide to BSA is much
weaker than to ECL3. Therefore, considering the fact that a great
transport acceleration of Pheide is observed upon the addition of FBS, it
appears that although the presence of albumin increases the rate of
transport, the affinity of the PS to albumin is of minor importance to the
transfer from ECL3 to albumin and that this transfer is not a competition.
Rather the opposite can take place, namely, weaker albumin complex-
ation promotes faster transport, as an easily dissociating albumin-PS
complex gives a large number of free albumin molecules ready for the
next transport round. Basing on this assumption, and considering only
first 15 minutes of the transport studies, when the reabsorption of the
PSs can be neglected, a conclusion arises that the binding to ECL3 is the
strongest for Chlide, moderate for Zn-Pheide, and the weakest for
Pheide. This is not surprising, since ECL3 region is hydrophilic in nature
(Khunweeraphong et al., 2017). A similar situation was observed for
zinc and cobalt-substituted derivatives of protoporphyrin IX (PPIX),
which are bound to ECL3 much stronger than PPIX itself (Desu-
zinges-Mandon et al., 2010).

On the basis of the results obtained, we conclude that even in the
cases of severe hypoalbuminemia (albumin level below 10 g/1 = 151
uM), ABCG2-mediated transport of the PSs will remain virtually un-
changed (Zemlin et al., 2009). However, significantly lowered albumin
concentration in serum will result in an increase of free PS fraction,
which can be easily absorbed by the cells either via passive diffusion or
receptor-independent endocytosis. Obviously, the absorption will occur
not only in lesions but throughout the body, also in the liver, where the
PSs are likely to undergo metabolic conversion. This is particularly
important while considering the application of the PSs in cancer treat-
ment and in patients malnourished or with severe liver diseases, since
albumin levels in these disorders can be significantly reduced (Carr and
Guerra, 2017; Carvalho and Machado, 2018; Lee et al., 2015; Navalkele
et al., 2016; Takaaki et al., 2020). It cannot be excluded that the PSs are
transferred by ABCG2 not only to albumin but also to other serum
components such as hemopexin or lipoproteins. Thus, their transport
rates in a living organism may be somewhat different than observed in
the present study. However, as albumin constitutes the bulk of serum
proteins, we hypothesize that its role in the transport as well as in
cellular accumulation of the PSs is predominant.

When analyzing the cellular transport in vitro, at some point an
equilibrium occurs between the BCRP-mediated active transport and the
backflow absorption, which is observed as a plateau in the transport
profiles (Fig. 4 A-C). It may seem that in a living organism, where there
is a constant flow of free (unbound) albumin and other blood proteins,
the effluxed PSs can be easily expelled, without their reabsorption,
therefore a complete removal of the PSs from the cell might be achieved
in a relatively short time. On the other hand, however, it is well known
that the majority of albumin is present not in the circulation but in the
interstitial space, where its flow is not as intense as in the bloodstream
and once entered the interstitium, albumin requires about 24 h to return
to the plasma compartment (Levitt and Levitt, 2016, Prinsen and De
Sain-Van Der Velden, 2004). Moreover, when it comes to solid tumors,
they are commonly equipped with an immature, highly permeable
vasculature with a concomitant poor and disorganized lymphatic
network, which results in vascular leakage and the accumulation of
macromolecules (> 40 kDa) within the interstitium. This is known as the
enhanced permeation and retention phenomenon (Carmeliet and Jain,
2000; Merlot et al., 2014; Welter and Rieger, 2013). We postulate that
such a microenvironment, at least partially resembles our model system
of cultured cells, incubated for several hours without a medium ex-
change. The PS fraction bound to albumin will remain in the interstitium
for a long time, and only its free fraction will be able to diffuse back into
the circulation and get expelled from the organism. And as we show,
even at saturating concentration of albumin, the PSs are still able to
enter the cells, therefore the inward and outward transport cycles will
repeat, and the PS level inside the cell will remain in equilibrium. We
also postulate that the previously observed long retention of Zn-Pheide
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in the tissues results exactly from its accumulation in interstitium in an
albumin-complexed form, not as previously hypothesized, from being
unrecognized by ABCG2 (Szczygiel et al., 2008). Free fraction of a
weaker albumin binder, Chlide, is larger than that of Zn-Pheide, there-
fore the former is more likely to leave the interstitium and be excreted
from the organism than the latter.

According to the recently proposed mechanism of ABCG2 activity,
there are two substrate-binding cavities in the structure of the trans-
porter: the larger central cavity formed primarily by the transmembrane
helices and the smaller upper cavity, being a part of the extracellular
polar lid, in which ECL3 is a major structural element. These two cavities
are separated by a di-leucine valve, which determines substrate access to
the upper cavity (Khunweeraphong et al., 2019; Orlando and Liao,
2020). Both, the valve and the lid are elements that control the rate of
substrate transport. Since no correlation was observed between the af-
finity of the PSs to albumin and their transport rates, it is likely that
albumin not only receives the substrate from BCRP but also participates
directly in the transport by influencing the conformation of the trans-
porter. This hypothesis is very plausible because, firstly, albumin has
been shown to bind directly to ECL3 and, secondly, it also accelerates
the transport of substrates that do not bind to it (Deng et al., 2016;
Desuzinges-Mandon et al., 2010). An issue worth considering is also the
inhibition of ABCG2 by FTC in the presence of serum. The observed
weak inhibition of chlorophyll derivatives efflux by FTC in the presence
of FBS might simply result from the fact that the concentration of the
inhibitor was not high enough to block all ABCG2 molecules. However,
since no significant increase in inhibition was observed with increasing
concentrations of FTG, it is suspected that the inhibitory activity of FTC
in the presence of serum is diminished. The mechanism of action of
Kol43, a BCRP inhibitor closely related to FTC, has already been
revealed. It is bound to the central inward-facing cavity of ABCG2,
blocking access for substrates and preventing conformational changes
required for ATP hydrolysis (Jackson et al., 2018). Assuming that the
mechanism of FTC inhibition is similar to that of Ko143, it seems likely
that albumin counteracts the inhibitory activity of FTC by promoting the
outward-facing conformation of the transporter. However, contradic-
tory results were obtained by examining the inhibition of PPIX transport
by FTC in the presence of albumin, as the efflux of PPIX was inhibited
completely (Ogino et al., 2011). This aspect therefore requires further
detailed research.

The fastest decrease of ATPase activity with PS concentration was
found for Chlide, slightly slower for Zn-Pheide, and the slowest for
Pheide (Fig. 7B). Interestingly, this order of inhibitory activities (Chlide
> Zn-Pheide > Pheide) corresponds with the order of putative affinities
to ECL3. This can also give an insight into the studies on the mechanism
of porphyrin transport by BCRP, which is so far poorly understood.
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Supplementary Materials
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Figure S1. Optimization of FTC concentration used in the uptake and efflux studies. The MCF-7/ABCG2
cells were incubated in serum-free medium with various concentrations of FTC, for 3 hours. Then, Pheide
concentration was determined in cell lysates by fluorescence measurement.
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Figure S2. Dark cytotoxicity of the PSs towards MCF-7 cells after 3 h (A) and 24 h (B) of incubation in

the absence of serum and after 24 h of incubation in the presence of 10% FBS (C). The results are
presented as means + SD for n = 3.

45/89



Calculation of the apparent dissociation constants of the PSs to BSA

For calculation of the K,,, of Chlide and Zn-Pheide to BSA, we assumed that the fluorescence of a PS
measured at a given concentration of BSA is given as:

F=F, B+F;(T—-B), (1)
where F is the experimentally determined fluorescence at a given concentration of BSA, F} is the specific
molar fluorescence intensity of bound PS, B is the concentration of bound PS, F; is the specific molar
fluorescence intensity of free PS, and 7 is the total PS concentration (equal tol uM in the present study).
The equation (1) can be written as:

F=F B+F; T—F:B, (2)

or when we substitute F,=F T as a PS fluorescence in the absence of BSA:

FO
F=F, B+F,~—B 3)

We checked that up to 1 pM of the PSs, their fluorescence signals are linearly dependent on the
concentration, therefore F, has a constant value, which can be easily determined from an appropriate
calibration curve.

Thus:

F
EZ—b'B+1—l'B 4)
F, F, T

And rearranging yields:

F
£_1: fp 1 ‘B )
F, F, T
Therefore:
F 4
B= Fy 6
F, 1 (6)
F, T

At sufficiently high BSA concentrations a saturation of the fluorescence signal was observed. As upon
saturation all the ligand is bound (B = T), the maximal obtained fluorescence signal, F., is equal to:
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Fmax:Fb.T H

therefore:

(7

@®)
F

or:

©)

(10)

And the fluorescence of bound ligand fraction, F(B), equals to:

@

-F
F

max
max

-1
F,

F|BJ=

(11

Bmax "X
y:

K, +x’

app

The calculated F (B) values were plotted against the corresponding BSA concentrations and fitted with
rectangular hyperbolas, according to the equation:

from where the values of K, were read.

(12)
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Table S1. Statistical significance of differences in the levels of the PSs after particular efflux periods
between MCF-7/mock and MCF-7/ABCG?2 sublines (column A) and between inhibited and uninhibited
MCF-7/ABCG?2 cells (column B). Analysis performed by the two-sample Student’s t-test in Origin 2021.
Asterisks represent significant differences (p < 0.05).

time [h]

Pheide

A

B

Chlide

A

B

Zn-Pheide

A

B

0.25
0.5

12
16
20
24

*

*

*

*

*

*

%

%k

%k

*
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Table S2. Statistical significance of differences in the viability of MCF-7/mock and MCF-7/ABCG2 cells
(column A) and inhibited and uninhibited MCF-7/ABCG2 cells (column B) recorded after particular
efflux periods in serum-containing medium. Analysis performed by the two-sample Student’s t-test in
Origin 2021. Asterisks represent significant differences (p < 0.05).

time [h] Pheide Chlide Zn-Pheide
A B A B A B

O * * %

1 * * * * *
2 * * * *
3 % % k
4 * *
5 * *
6 * *
12 *

16

20

24
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Table S3. Statistical significance of differences in the viability of MCF-7/mock and MCF-7/ABCG2 cells
(column A) and inhibited and uninhibited MCF-7/ABCG2 cells (column B) recorded after particular
efflux periods in serum-free medium. Analysis performed by the two-sample Student’s t-test in Origin
2021. Asterisks represent significant differences (p < 0.05).

time [h] Pheide Chlide Zn-Pheide
A B A B A B
O * *
0.25 * *
0.5 * *
1 * *
2 * *
3 * * % %
4 * * % %
5 * * * *
6 * * * *
12 * % * k *
16 * * * *
20 * * * *
24 * k % k %
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ABSTRACT

Two structurally similar derivatives of chlorophyll a, chlorophyllide a (Chlide) and zinc-pheophorbide a
(Zn-Pheide), differing only in central metal ion (Mg>" or Zn®>", respectively) substituting the tetrapyr-
role ring, were investigated with regard to their binding to human serum albumin (HSA). Chlide and
Zn-Pheide are very promising photosensitizers with potential application in photodynamic therapy,
therefore it is desirable to investigate their interactions with serum proteins. The studies included
absorption and steady-state fluorescence spectroscopy, as well as molecular docking. It was found
that both investigated compounds form complexes with HSA. Experimental data revealed two classes
of binding sites for each compound. The affinities (K,) for the first class were in the range of 10° and
10® M~ for Chlide and Zn-Pheide, respectively, while the second class was characterized by the affin-
ities of the order of 10* M~" for both derivatives. Molecular docking simulations together with dis-
placement studies revealed that the primary binding site of the studied compounds is the heme site,
localized in the subdomain IB, however the best characterized binding sites of HSA, namely the Sudlow’s
sites | and Il are also involved. The interactions between the derivatives of chlorophyll and HSA were
found to be predominantly hydrophobic and to a lesser extent hydrogen bonding. Our results demon-
strate that the centrally bound metal ion determines both the affinity and mode of binding to HSA, which
may be a feature differentiating these compounds in terms of their pharmacokinetics.
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Introduction significant difference between Chlide and Zn-Pheide regard-
ing their binding to bovine serum albumin (Szafraniec &
Fiedor, 2021). This prompted us to thoroughly investigate
the interaction of these compounds with HSA, which is of
crucial importance from the point of view of their potential
application as intravenously administered drugs. Binding to
HSA is likely to significantly affect the pharmacokinetics and
pharmacodynamics of the PSs and, as a consequence, an
ultimate photodynamic effect resulting from their applica-
tion. It can also attenuate the undesirable effect of dark cyto-
toxicity, which can occur at high doses of the PSs, and
regulate the bioavailability of other drugs present in the
organism simultaneously with the PSs.

Human serum albumin consists of a single chain with

Chlorophyllide a (Chlide) and zinc-pheophorbide a (Zn-
Pheide) are semi-synthetic derivatives of chlorophyll a with
potential application in photodynamic therapy. They possess
several features of ideal photosensitizers (PSs), including
strong light absorption in the part of visible spectrum, coin-
ciding with the therapeutic window of human tissue, and a
high efficiency of reactive oxygen species generation. Both,
in vitro and in vivo studies have demonstrated a high photo-
dynamic potential of Chlide and Zn-Pheide, making them
good candidates for clinical use (Jakubowska et al., 2013;
Szczygiet et al., 2014). Since the application of the PSs
involves their direct administration into the bloodstream, the
first issue to be taken into account when analyzing their

pharmacokinetics is the interaction with the components of
circulating blood. This involves binding to proteins, lipids
and lipoproteins as well as to cell membranes of erythrocytes
and leukocytes. Chlide and Zn-Pheide are relatively well
water-soluble molecules, therefore they are expected to be
transported by albumins and globulins rather than by lipo-
proteins and cell membranes (Maziere et al.,, 1991). And since
albumin constitutes a bulk of serum proteins, it is predicted
to be the main binder of the PSs, acting right after their
application. In our previous studies, we observed a

three structurally similar domains (I, Il and lll), each contain-
ing two subdomains, A and B (Carter et al., 1989). The sub-
domains IIA and IlIA are recognized as the principal sites of
ligand binding (Sudlow et al, 1975; Sudlow et al, 1976;
Kragh-Hansen et al, 2002). HSA is equipped with one Trp
residue (Trp214), located in subdomain IlA, which, being its
dominant intrinsic fluorophore, is often used in the associ-
ation studies of HSA with endo- and exogenous ligands by
fluorescence spectroscopy techniques (Lakowicz, 2006;
Roufegarinejad et al, 2019). In the present study,
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spectroscopic analyses on the binding of chlorophyll-derived
PSs to HSA were performed together with molecular docking
studies in order to determine their binding affinities and
binding sites. Absorption as well as fluorescence enhance-
ment and quenching studies revealed the formation of com-
plexes between the PSs and HSA. Additionally, fluorescence
quenching and displacement studies showed the existence
of at least two binding sites for the investigated compounds,
which was further confirmed by molecular docking. The
obtained comprehensive data were applied to explain the
binding mechanism between chlorophyll derivatives and
HSA, which may contribute to a better understanding of
their transportation, distribution and metabolism and as a
consequence their efficacy as PSs applied in vivo.

Materials

Human serum albumin (fatty acid free) was obtained from
PAN-Biotech (Aidenbach, Germany). The protein was dissolved
daily in PBS (10mM phosphate, 140 mM NaCl, 2.68 mM KCl, pH
74). Chlorophyllide a was kindly provided by Prof. Leszek
Fiedor and Dr. Matgorzata Szczygiet (Faculty of Biochemistry,
Biophysics and Biotechnology, Jagiellonian University, Krakow,
Poland). Zn-Pheide was obtained from pheophorbide a
(Cayman Chemical, Ann Arbor, MI, USA) by direct metalation
with zinc acetate, as described previously (Szczygiet et al,
2008). The purity of both compounds determined by HPLC ana-
lysis was at least 96%. The concentrations of the PSs were
determined spectrophotometrically in their ethanol solutions,
using the extinction coefficent at the Q, band
71,500M~'cm™". For each experiment, fresh solutions of the
PSs were prepared by their suspension in appropriate volumes
of DMSO. The structure of the PSs is shown in Figure 1.

Methods
Absorption measurements

Absorption spectra in the ultraviolet-visible region (UV-Vis) were
obtained using an Evolution 201 spectrophotometer (Thermo
Scientific, Waltham, MA, USA) equipped with xenon flash lamp.
The spectra were recorded in the range 230 — 800 nm at room
temperature, using a 1cm pathlength quartz cuvette. The con-
centrations of HSA and PSs were 50 and 25 puM, respectively.
The spectra were recorded for the protein and ligands separ-
ately, as well as for their complexes. The measurements were
carried out in PBS (pH 7.4) at three concentrations of DMSO:
1%, 5% and 15%. In each measurement, the reference sample
was the dissolution medium: PBS with appropriate concentra-
tion of DMSO.

Fluorescence measurements

Steady-state fluorescence spectra were recorded using a Jasco
FP-8500 spectrofluorometer (Jasco, Pfungstadt, Germany)
equipped with a 150 W xenon lamp. The measurements were
performed in a Hellma fluorescence cuvette with 100 uL cham-
ber volume. Each sample was incubated for 10 minutes at

desired temperature to reach equilibrium before the measure-
ment. The temperature was controlled using an ETC-815 water-
cooled Peltier thermostatic cell holder (Jasco). In all measure-
ments, the excitation and emission slits were set to 5 and
10 nm, respectively. Each spectrum was measured twice, using
a fresh aliquot of the same sample, in order to avoid a poten-
tial photodamage of HSA resulting from a PS excitation. Two
types of fluorometric experiments were performed:

a. Fluorescence enhancement of 1 uM PSs at increasing
concentrations of HSA (0, 0.125, 0.25, 05, 1, 2, 5, 10, 25,
50, 100, 250 and 500 pM), with excitation at 430 nm and
emission collection between 600 and 800 nm, at 310 K.
In these experiments the samples were prepared in PBS,
pH 7.4 containing 1% DMSO.

b. HSA (1 uM) fluorescence quenching after excitation at
two different wavelengths, 280 nm (for Trp, Tyr and Phe
residues) and 295 (for Trp only), and emission collection
between 305 and 500 nm or 320 and 500 nm for these
two excitation wavelengths, respectively. The PSs were
added to HSA at concentrations of 0, 0.5, 1, 2.5, 5, 10,
25, 50 and 100 uM and the measurements were per-
formed at two temperatures, 298 and 310 K. The final
concentration of DMSO was 5%. The recorded fluores-

cence intensities were corrected for the inner filter
effect, according to the equation:
A CH, i
{ /" CHy
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Figure 1. (A) General structure of the investigated compounds. M =Mg for
Chlide and Zn for Zn-Pheide. (B) Normalized absorption and emission (inset)
spectra of Chlide and Zn-Pheide recorded in ethanol. The emission spectra
were measured after excitation in the Soret band.
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where F,, is the corrected fluorescence intensity, Fps is the

measured fluorescence intensity, and A and Aq, are the

absorbances of the measured solutions at the excitation

and emission wavelengths, respectively (Lakowicz, 2006).
For the calculation of dissociation constants, the fluorescence
maxima corresponding to the bound fractions of the PSs
recorded in the PSs fluorescence enhancement study were
plotted against HSA concentration and fitted with two-site
binding curve (birectangular hyperbola) in the Origin 2021
(Origin, Version, 2021).

Fcorr = Fobs

Synchronous fluorescence measurements

Synchronous fluorescence spectra of HSA in the presence or
absence of the PSs were collected using a FS5 spectrofluor-
ometer (Edinburgh Instruments Ltd., Livingston, UK)
equipped with a 150 W xenon lamp. The excitation and emis-
sion slits were set at 3nm. The interval between the excita-
tion end emission wavelength was set at 15 or 60nm to
observe the spectral behavior of Tyr and Trp residues,
respectively. The measurements were performed in 1cm
quartz cell in PBS pH 7.4, at 310K, maintained by a SC-20
water bath regulated thermostatic sample holder (Edinburgh
Instruments Ltd.). In each assay, HSA (1 uM) was titrated with
a PS at concentrations of 5, 10, 25 and 50 uM. The obtained
fluorescence spectra were corrected for the inner filter effect
using the Equation (1).

Displacement studies

Competitive binding studies were performed using three dif-
ferent site probes: hemin, warfarin and ibuprofen (all from
Pol-Aura, Poland) for sites IB, IIA and llIA, respectively. The
concentrations of HSA (100 uM) and PS (1uM) were kept
constant and various concentrations of the site probes (0.5,
1, 2, 5 and 10uM) were added to the system. After every
addition of a probe, the sample was incubated for 10 min at
310K to reach equilibrium. Fluorescence measurements were
carried out using a FS5 spectrofluorometer (Edinburgh
Instruments Ltd.) using 430nm excitation wavelength and
600 — 800 nm emission range. The excitation and emission
slit widths were set at 2nm. The measurements were per-
formed in PBS pH 7.4, at 310K.

Molecular docking

The three-dimensional coordinates of HSA (PDB ID: 1AQ6)
were downloaded from the RSCB Protein Data Bank. Only
the monomer chain A was retained and solvent molecules
were deleted. ChemSketch 2020.1.2 software was used to
draw the structures and pre-optimize them in 3 dimensions
(ACD/ChemSketch, version 2.1, 2020). Further 3D structure
optimization, as well as the calculation of partial (Mulliken)
charges were performed in the ORCA 4.2 software using the
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Figure 2. Absorption spectra of 25 uM Chlide (A) and Zn-Pheide (B) in PBS pH
7.4 containing 1% DMSO matched with the corresponding spectra with the
addition of 50 uM HSA and the spectrum of sole HSA. The spectra were normal-
ized to obtain the absorption of free PS equal to 1 in the Soret band.

300

BP86 functional with ZORA relativistic approximation and
def2-SVP SARC/J basis set (Neese et al., 2020). The calculated
charges were manually introduced into the pdbqt files. For
each PS, eight active torsions in the side chains were
included, and the tetrapyrrole ring was considered rigid. The
protonation state corresponding to pH of 7.4 was set for
HSA using OpenBabel 3.0.0 and Kollman charges were added
to it in the AutoDock 4.2 (Morris et al.,, 2009; O'Boyle et al.,
2011). A grid box covering the amino acid residues specific
either to Sudlow’s I, Sudlow’s Il or heme site was generated
using the AutoGrid 4. Docking simulations were carried out
in the AutoDock 4.2 using the Lamarckian Genetic Algorithm
with at least 100 iterations for every binding site. Other
AutoDock parameters were used with default values.
Visualization of docking results was performed in the PyMOL
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Figure 3. Fluorescence enhancement of Chlide (A) and Zn-Pheide (B) in the presence of HSA. The experimental points of the binding curves correspond to the
fluorescence maxima of the bound PS fraction. The spectra originating from total (free + bound) PS fluorescence are shown in the insets. Solid lines are curve-fit-

ting results assuming 2:1 (PS: HSA) binding.

and BIOVIA Discovery Studio Visualizer using the conforma-
tions with the lowest binding free energy (BIOVIA, 2021;
Schrodinger, LLC,, 2010). The association constants (K,) for
protein — ligand interactions were calculated from the
obtained free energy change (AG) of docking using the
equation:

AG = —RTInK, 2)

Table 1. Summary of the dissociation constants (Ky) determined on the basis
of the fluorescence enhancement experiments and the binding constants (K,)
calculated as their reciprocals.

Compound Kg (M) K,/10° (M)

Chlide 2.50+0.50 0.40+0.08
50.42 +41.81 0.02+0.02

Zn-Pheide 0.55+0.12 1.82+0.39
21.15+5.45 0.05+0.02
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where R (8.314) mol™' K™") is the gas constant and T is the
absolute temperature.

Results and discussion

The absorption spectra of the PSs in the presence of HSA dif-
fered significantly from the corresponding spectra of free
PSs, which indicates the formation of complexes (Figure 2).
The increase in absorbance was connected with the blue
shift of Q, maxima for both Chlide and Zn-Pheide, while in
the Soret band blue shift was observed for Chlide and red
shift for Zn-Pheide. Importantly, the increase in absorption
maxima observed after the addition of HSA was larger for
Zn-Pheide than for Chlide. Thus, in the Soret band we
observed the increase of 0.27 for Chlide and 0.53 for Zn-
Pheide. In Q, bands, in turn, the increase for Chlide was

Table 2. Stern-Volmer quenching constants (Ksy) and the quenching rate
constants (kq) of HSA fluorescence in the presence of Chlide and Zn-Pheide
after the excitation at 295 nm.

Compound T(K) Koyy M) kg (M's™) Keya M) kg (M7 s7)
Chlide 298 23,809 2.381 x 10" 13,122 1.312x 10'?
310 27,753 2.775 x 10" 9,19 0.912 x 10"
Zn-Pheide 298 48,931 4893 x 10" 16,836 1.684 x 10"
310 40,648 4,065 x 10" 13,621 1.362 x 102
hex = 280 Nm Aex = 295 NM
3.5 3.5-
B 298 K
301 e 310K 3.01
254 2.5
L. L
=) >
. 2.0 L 2.04
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Figure 5. Stern-Volmer plots of HSA fluorescence quenching by Chlide and Zn-Pheide at 298 (black squares) and 310K (red dots). HSA concentration was 1M in
all experiments. The straight lines represent fitted curves. The left panel corresponds to the quenching observed after HSA excitation at 280 nm, and the right panel

after excitation at 295 nm.

Zn-Pheide [uM]
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Figure 6. Synchronous fluorescence spectra of HSA (1 uM) in the presence of Chlide (A and C) and Zn-Pheide (B and D) measured at emission offset A1=15 (A
and B) and 60nm (C and D), at pH 7.4 and 310K. The concentrations of the PSs were equal to 5, 10, 25 and 50 uM. The arrows indicate the increase in PS

concentration.

equal to 0.12, while for Zn-Pheide 0.39. Taking into account
that DMSO concentrations below 20% do not influence the
structure of HSA, we measured the absorption spectra at
three concentrations of DMSO: 1%, 5% and 15% (Batista
et al, 2014). We observed that the absorption spectra of PS-
HSA complexes measured at various DMSO concentrations
were exactly the same, though the free PSs showed a pro-
gressive disaggregation with increasing DMSO concentration
(data not shown). This indicates that HSA causes the maximal
possible disaggregation of the PSs already at 1% of DMSO,
and further increase in DMSO concentration is not necessary
to increase the efficiency of binding. The subsequent fluores-
cence enhancement studies were therefore performed at
1% DMSO.

The fluorescence of both Chlide and Zn-Pheide was found
to substantially increase with increasing concentration of
HSA, which can be explained by the fact that HSA acted as a
solubilizer for PSs aggregates, as these compounds, though
relatively hydrophilic, are not completely soluble in aqueous
media (Figure 3, insets). In the case of Chlide, apart from the
increase in fluorescence signal, about 6 nm blue shift of

fluorescence maximum was observed (Figure 3(A), inset). This
effect is most likely due to the loss of axially coordinated
water molecules and a consequent change in the conform-
ation of the tetrapyrrole ring (Bonnett, 2003; Fiedor et al.,
2008; Szczygiet et al, 2008). No spectral shift was observed
for Zn-Pheide (Figure 3(B), inset), probably due to stronger
chelation of Zn?", ion and different coordination properties
(Hartwich et al., 1998; Szczygiet et al., 2008).

Since both PSs show a significant fluorescence in aqueous
media even in their unbound state, to calculate their dissoci-
ation constants, the signal from their albumin-bound fraction
had to be separated from that of free PS fraction. We there-
fore performed a correction of the obtained fluorescence sig-
nal which is fully described in Supplementary materials. To
obtain the binding curves, the calculated bound PS fraction
was plotted against corresponding HSA concentration
(Figure 3). We observed that the obtained binding curves are
much better fitted with two-binding site model than with a
single binding site model (R* = 0.95 vs. 0.99, respectively).
Further increasing the number of binding sites did not
improve the fit, but increased the inaccuracy of the
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Figure 7. Relative fluorescence intensities at 670 nm (compared to the con-
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100 uM HSA and various concentrations of hemin (A), warfarin (B) and ibupro-
fen (C). The results are presented as means + SD from three measurements.

determined coefficients. The dissociation constants deter-
mined on the basis of the fluorescence enhancement study
are presented in Table 1.

To further investigate the interactions between HSA and
the PSs, we measured the intrinsic HSA fluorescence before
and after the addition of the ligands at variable concentra-
tions. In HSA there are three types of fluorescent residues:
tryptophan (Trp), phenylalanine (Phe) and tyrosine (Tyr), of
which the strongest signal is obtained from Trp, due to its
higher molar absorptivity and intrinsic fluorescence quantum
yield (Jahanban-Esfahlan et al., 2017, 2021). The contribution
of Phe residues to the intrinsic fluorescence of protein is
negligible by virtue of its low absorptivity and a very low
quantum yield (Lakowicz, 2006; Roufegarinejad et al., 2019).
In the structure of HSA, there is only one Trp residue
(Trp214), localized in its subdomain IlA, while Tyr residues
are dispersed within all three domains (Hosainzadeh et al,,
2012). In order to determine the participation of Trp214 and
other fluorescent residues in the formation of the PS-HSA
complexes, we performed the quenching experiments using
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two excitation wavelengths, i, = 280 nm for all fluorescent
residues and Aex = 295nm for Trp only. The maximum of
free HSA fluorescence, irrespectively of the excitation wave-
length, was recorded at 363 or 364 nm. At very low concen-
trations of the PSs (up to 0.5pM) we observed a slight
increase in HSA fluorescence signal and the quenching
started from 1M of the PSs (Figure 4). This biphasic effect is
probably due to aggregation of HSA in the presence of
DMSO and its disaggregation upon binding of ligands.

The quenching of HSA fluorescence can result from the
transfer of energy between its fluorescent residues and the
chromophores present in the PSs molecules. Such a transfer
is possible when the distance between the donor and
acceptor does not exceed 10 nm, which can result from com-
plex formation (Ghisaidoobe & Chung, 2014). The quenching
mechanism between the PSs and HSA can be described by
the Stern-Volmer equation:

Fo

F=1+KSV'[Q]

where F and F, are the fluorescence emission intensities in
the presence and absence of the quencher, respectively, Ksy
is the Stern-Volmer constant and [Q] is the concentration of
quencher (Lakowicz, 2006). The Stern-Volmer quenching
constant Ksy is given by Ksy =k; x 19, where k; is the
bimolecular quenching constant (or the efficiency of quench-
ing), and 1, is the lifetime of the fluorophore in the absence
of quencher. The value of 1y for biopolymers is reported to
be 1078 s (Cui et al., 2009). The quenching described by the
Stern-Volmer equation may be both static and dynamic. It is
considered that the threshold value of k; below which the
quenching is predominantly diffusion-controlled equals to
2x10"° M s (Ge et al., 2010).

For the measurements of quenching performed after the
excitation at 280nm, we obtained non-linear, downward
facing Stern-Volmer plots in the case of both PSs (Figure 5,
left panel). This shape is characteristic for fractional accessi-
bility of fluorophores to a quencher (Lakowicz, 2006).
Corresponding plots obtained after the excitation at 295nm
were linear but biphasic, which shows that two binding
classes of binding sites are responsible for the quenching
(Figure 5, right panel). These results show that a part of Tyr
residues present in HSA is not accessible to the PSs. The
Trp214 residue, in turn, is quenched by the ligands bound to
two classes of binding sites. Possibly, these are Sudlow’s site
I and the heme site as they are closest to the Trp214 residue
(Kamal & Behere, 2005; Sudlow et al.,1975). In each case, the
quenching decreased with increasing temperature, which
ensures the static type of quenching, resulting from complex
formation (Figure 5).

The Stern-Volmer constants for the quenching of HSA
after the excitation at 295 nm were determined as the slopes
of the curves fitted to the Stern-Volmer plots (Figure 5, right
panel). The obtained values of Ksy and corresponding kq are
summarized in Table 2.

Since all calculated k; values are of the order of
102 M s, and, additionally, their decrease with increas-
ing temperature is observed, we suggest that in the investi-
gated systems the quenching of Trp214 was not primarily

(3)
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Sudlow’s site |

heme binding site

Sudlow’s site Il

Figure 8. Superimposition of the best score docking poses in the HSA structure
obtained for Chlide (green) and Zn-Pheide (blue) by molecular docking (the
structures are to a large extent overlapping). The Trp214 residue is marked in
red. Figure generated with the PyMOL software.

caused by dynamic collision, but resulted from the formation
of non-fluorescent ground-state complexes (Quameur et al.,
2005). The quenching was in each case weaker for Chlide
than for Zn-Pheide, which suggests the stronger binding of
the latter. However, we did not use the fluorescence quench-
ing data to determine the exact binding constants, because
due to the fluorescence enhancement at low concentrations
of the PSs, these results could be inaccurate.

To investigate the conformational changes of HSA
induced by the PSs, we performed synchronous fluorescence
measurements. Synchronous fluorescence spectroscopy is a
useful method enabling the characteristics of polarity
changes in the microenvironment of the chromophores
(Hosainzadeh et al, 2012; Jahanban-Esfahlan et al., 2015).
Synchronous spectra are collected through the simultaneous
scanning of excitation and emission at a constant wave-
length interval (AZ), which equals to 15nm for Tyr and
60 nm for Trp residues (Jahanban-Esfahlan et al., 2015, 2017).
Figure 6 presents the impact of the PSs on the synchronous
fluorescence spectra of HSA at A\ values of 15 and 60 nm.
At low concentration (5 uM), Zn-Pheide quenched Tyr fluores-
cence visibly stronger and Trp fluorescence slightly stronger
than Chlide. At higher concentrations, both PSs similarly
reduced the fluorescence signal. No shift in the maximum
emission wavelength was observed in the case of Trp (Figure
6(C,D)), while slight blue shift (2nm) was observed in the
emission of Tyr residues in the presence of Zn-Pheide (Figure
6(B)), indicating a decrease in polarity and increase in hydro-
phobicity near these chromophores (Barakat & Patra 2013;
Hosainzadeh et al., 2012; Jahanban-Esfahlan et al., 2006).
Interestingly, no such shift was observed for Chlide.
Therefore, binding of Zn-Pheide but not Chlide leads to
slight conformational changes in HSA.

As probable binding sites for the PSs, we targeted the
Sudlow’s sites | and Il, being the major binding sites of HSA,

and the heme site, chosen due to the structural similarity
between the PSs and heme. The Sudlow’s sites | and Il are
localized in the subdomains IIA and IlIA, respectively, while
the heme site is in the subdomain IB (Nicoletti et al., 2008;
Sudlow et al., 1975, 1976). In order to determine the binding
sites of the PSs in HSA structure and compare the affinities
of Chlide and Zn-Pheide, a displacement study was per-
formed, using site-specific markers: hemin, warfarin and ibu-
profen for subdomains IB, IIA and IllA, respectively (Ascenzi
et al., 2005; Baroni et al.,, 2001; Podr et al., 2013). Since the
fluorescence intensity strongly differs between free and
bound forms the PSs (Figure 3), and, at the same time, the
applied site markers do not give any fluorescent signal in
the range of PS emission (600 — 800 nm), molecular displace-
ment of the PSs from HSA can be investigated by monitoring
a decrease in their emission intensity. As can be seen from
Figure 7, fluorescent signals of both PSs were reduced in the
presence of all the site markers, though relatively high con-
centrations of the markers were required to significantly
decrease the emission of the PSs, particularly Zn-Pheide. The
most prominent displacement was observed in the case of
hemin, which indicates that heme site is probably the main
binding site of the investigated compounds. However, taking
into account that hemin affinity to HSA is of nanomolar
order, at 10 uM concentration of hemin almost all its binding
sites would be occupied (Zunszain et al., 2003). At the same
time, the fluorescence of the PSs still significantly exceeded
that of their free forms. This confirms the assumption that
several binding sites are involved in the binding of the PSs.
Indeed, the emission of the PSs decreased also in the pres-
ence of two other site markers, though their relatively high
concentrations were required to obtain a significant
decrease. At low concentrations of warfarin and ibuprofen
(€2uM) the fluorescence of Zn-Pheide was not reduced.
Interestingly, low concentrations of ibuprofen even increased
the emission of Zn-Pheide (Figure 7(C)). This effect could be
explained by the fact that ibuprofen induces significant
structural alteration in the heme binding cavity (subdomain
IB), which may increase the affinity of Zn-Pheide to this site,
similarly as it is in the case of heme (Nicoletti et al., 2008).
Importantly, the decrease of the fluorescence signal was in
each case higher for Chlide than for Zn-Pheide, confirming
that the binding of the latter is stronger. The largest differ-
ence between the PSs were observed in their displacement
by warfarin, suggesting that they considerably differ in the
affinities of binding to Sudlow’s site I.

Molecular docking studies were performed using the
AutoDock 4.2 software to structurally investigate possible
interactions sites between the PSs and HSA. Similarly to the
displacement study, three probable binding sites were
chosen, based on literature reports in the field of binding
porphyrin-like compounds to albumin (Chaves et al., 2015;
Sutkowski et al., 2016, 2020). These were Sudlow’s sites | and
I, as well as the heme site. The study revealed favorable
interactions (AG < 0) of both PSs with all binding sites. The
cluster with the lowest binding energy was in each case the
most numerous cluster. The obtained docking poses with the
lowest binding energies are shown in Figure 8, and the
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Figure 9. Interactions between the PSs and HSA in the heme site revealed by molecular docking. The positions with the lowest binding energies are shown. (A)
Chlide, (B) Zn-Pheide. H-bonds are shown in green and hydrophobic interactions (alkyl, -alkyl and n-G) in violet.

interactions of the PSs with the residues within particular
binding sites are presented in Figures 9-11.

In Figures 9-11 we show the interactions of Chlide and
Zn-Pheide with the heme site and the Sudlow’s sites corre-
sponding to the lowest binding energy positions.
Additionally, in Table 3 we summarize the main residues

involved in the interactions with particular binding sites
together with the calculated binding energies. Despite the
fact that the lowest energy positions obtained for Chlide and
Zn-Pheide largely overlapped (Figure 8), their interactions
with the amino acid residues forming each binding site were
not the same. Generally, more residues were involved in the
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Hydrophobicity
3,00
2,00
1,00
0,00

-1,00
-2.00.
-3,00

Figure 10. Interactions between the PSs and HSA in Sudlow’s site | revealed by molecular docking. The positions with the lowest binding energies are shown. (A)
Chlide, (B) Zn-Pheide. H-bonds are shown in green, hydrophobic interactions (alkyl, t-alkyl and ©-) in violet and mt-anion interactions in orange]

interactions with Zn-Pheide than with Chlide, which resulted
in lower values of the binding energies obtained for the for-
mer in each binding site (Table 3). The only residue interact-
ing with Chlide but not with Zn-Pheide was Lys519, which
participated in the H-bond formation in the heme site.
Importantly, we did not observe the characteristic axial
coordination of His, Met, Lys or Cys residues, which occurs
between chlorophylls and proteins of light harvesting

complexes or between heme and apoproteins of hemoglo-
bin, myoglobin or cytochromes (Buchler et al., 1976; Hoober
et al, 2007; Lu et al.,, 2001). Instead, binding of the metal-
substituted pheophorbides to HSA seems to be driven pre-
dominantly by hydrophobic interactions.

The PSs were found to be buried deeply inside the hydro-
phobic pockets of the heme site and Sudlow’s site | and their
binding was stabilized predominantly by alkyl-alkyl m-alkyl
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Figure 11. Interactions between the PSs and HSA in Sudlow’s site Il revealed by molecular docking. The positions with the lowest binding energies are shown. (A)
Chlide, (B) Zn-Pheide. H-bonds are shown in green and hydrophobic interactions (alkyl, m-alkyl and n-G) in violet.

and m-c interactions. The largest number of hydrophobic
interactions was observed for both PSs in the heme site.
Amino acid residues involved in these interactions were
Leu115, Arg117, Tyr138, lle142, His146, Phe149, Phel57,
Tyr161, Leu185, Arg186, Lys190 for both PSs, and additionally
Arg145, Leu154, Leu182 for Zn-Pheide. Compared to the
heme site, the number of residues participating in hydropho-
bic interactions was significantly lower in Sudlow’s site I. The
residues common for both PSs were in this case Tyr452, Val
455, Ala191 and Lys 195, and for Zn-Pheide additionally
Trp214. Direct interaction of Zn-Pheide with Trp214 was

reflected in stronger HSA fluorescence quenching by Zn-
Pheide than by Chlide (Figure 5). Only one residue involved
in hydrophobic interactions in Sudlow’s site Il common for
both PSs was identified. This was Leu 394. Three additional
residues participated in these interactions in the case of Zn-
Pheide. These were Leu398, Ala406 and Lys545.

In addition, at the hydrophilic entrances to the binding
cavities, hydrogen bonds were formed with the participation
of the PS side chains. The residues involved in these interac-
tions were common to both PSs in the Sudlow’s sites but dif-
fered in the heme site, where only one residue (Lys519)
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Table 3. Characteristics of the PS-binding sites in the structure of HSA predicted on the basis of molecular docking.

Compound Binding site Main interacting residues AG (kJ/mol) K,/10° (M)
Chlide Heme Leu115, Arg117, Tyr138, lle142, His146, Phe149, —51.09 410.14
Phe157, Tyr161, Asp183, Leu185 Arg186,

Lys190, Lys519
Sudlow | Ala191, Lys195, Arg218, Glu292, Asp451, —34.89 0.76
Tyr452, Val455
Sudlow Il Leu394, Arg410, Lys413, Thr540, —33.68 0.48
Lys541, Lys545
Zn-Pheide Heme Arg114, Leu115, Arg117, Tyr138, lle142, Arg145, —52.43 689.86
His146, Phe149, Leu154, Phe157, Tyr161,
Leu182, Leu185, Arg186, Lys190, Glu425
Sudlow | Ala191, Lys195, Trp214, Arg218, Glu292, —35.61 1.01
Asp451, Tyr452, Val455
Sudlow Il Leu394, Leu398, Arg406, Arg410, Lys413, —35.10 0.85

Thr540, Lys541, Lys545

Data obtained using the AutoDock 4.2 and Discovery Studio Visualizer software. Amino acid residues forming hydrogen bonds are written in bold. The residues
interacting with only one of the PSs are underlined. The binding affinities (K,) are calculated for the temperature of 310K.

formed a H-bond with Chlide but 3 residues (Arg114, Leu115
and Glu425) with Zn-Pheide (Figure 9).

In summary, the results of molecular docking study indi-
cate that the primary binding site for the investigated PSs is
the heme site, however the binding of lower affinity is likely
to occur in the other sites. Additionally, the binding of Zn-
Pheide to HSA is stronger than that of Chlide, showing that
a slight structural difference in the form of central metal ion
exchange regulates the affinity of chlorophyll derivatives
to HSA.

Conclusions

The results obtained in the present study indicate that the
heme site, and to a lesser extent Sudlow’s sites | and Il of
HSA are involved in the binding of metal-substituted pheo-
phorbides. The binding to all identified binding sites occurs
primarily via hydrophobic interactions. The determined bind-
ing affinities of both PSs to HSA are much lower than that of
heme (~10% M) but comparable to that of protoporphyrin
IX (~10° M™"), and stronger than that of other plant-derived
porphyrin, pheophytin (~10* M™"), at least in one of the
binding sites (Chaves et al., 2015; Kamal & Behere, (2005);
Sutkowski et al., 2016). Since the identified binding sites are
of the same order as that for protoporphyrin IX, it is likely
that the investigated PSs may compete with this endogen-
ous PS for binding to HSA. On the other hand, ligands with
strong affinities to the Sudlow’s sites and the heme site are
likely to displace the bound PSs, thus increasing the concen-
tration of their free forms. This can have a profound influ-
ence on the bioavailability of the PSs and as a consequence,
on their efficacy in vivo (Szafraniec & Fiedor, 2021).
Additionally, the concentrations of free PSs are likely to
increase in patients with hypoalbuminemia, which is a state
often associated with cancer (Navalkele et al., 2016; Takaaki
et al, 2020). The affinities of binding determined for Zn-
Pheide are higher than the corresponding affinities for
Chlide, indicating that the central metal noticeably influences
the binding. This may explain the previously observed differ-
ences in the pharmacokinetics of the investigated com-
pounds and confirm that, similarly to animals, they are also
likely to occur in humans (Szafraniec & Fiedor, 2021;
Szczygiet et al., 2008).
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Supplementary materials
Calculation of HSA-bound PS fluorescence

For calculation of the HSA-bound fraction of Chlide and Zn-Pheide in the fluorescence
enhancement study, we assumed that the fluorescence intensity of a PS measured at a given
concentration of HSA is given as:

F=F, B+F(T-B), 1)

where F is the experimentally determined fluorescence at a given concentration of HSA, F, is
the specific molar fluorescence intensity of bound PS, B is the concentration of bound PS, Fyis
the specific molar fluorescence intensity of free PS, and T is the total PS concentration (equal
to 1 uM in the present study).

The equation (1) can be written as:
F=F,B+F, T—F,"B, @)
or when we substitute F;=F; T as a PS fluorescence in the absence of HSA:

FO
F=F, B+F,——B (©)

We observed that up to 1 pM of the PSs, their fluorescence signals are linearly dependent on
the concentration, therefore Fy has a constant value, which can be easily determined from an
appropriate calibration curve.

Thus:
F
F_ v gy1-1.B (4)
F, F, T
And rearranging yields:
F
E—lz fp 1 ‘B (5)
F, F, T
Therefore:
L
=t 6
F, 1 (6)
F, T

At sufficiently high HSA concentrations, a saturation of the fluorescence signal was
observed. Since upon saturation all the ligand is bound (B = T), the maximal obtained
fluorescence signal, F.., is equal to:
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Fmax_Fb'T

7

therefore:

(7)

(8)
F

or:

©)

(10)

And the fluorescence of bound ligand fraction, F(B), equals to:

F(B):@

.Fmax
Fmax
-1
FO

(11)
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Abstract: The present study focuses on the photodynamic activity of zinc-substituted pheophorbide
a against human endothelial cells. Previously, zinc pheophorbide a has been shown to be a very
potent photosensitizer but also a strong albumin binder. Binding to albumin significantly reduces
its availability to cancer cells, which may necessitate the use of relatively high doses. Here we show
that zinc pheophorbide a is very effective against vascular endothelial cells, even in its albumin-
complexed form. Albumin complexation increases the lysosomal accumulation of the drug, thus
enhancing its efficiency. Zinc pheophorbide a at nanomolar concentrations induces endothelial cell
death via apoptosis, which in many cases is considered a desirable cell death mode because of its anti-
inflammatory effect. Additionally, we demonstrate that in comparison to tumor cells, endothelial cells
are much more susceptible to photodynamic treatment with the use of the investigated compound.
Our findings demonstrate that zinc pheophorbide a is a very promising photosensitizer for use
in vascular-targeted photodynamic therapy against solid tumors, acting as a vascular shutdown
inducer. It can also possibly find application in the treatment of a range of vascular disorders.
Numerous properties of zinc pheophorbide a are comparable or even more favorable than those of
the well-known photosensitizer of a similar structure, palladium bacteriopheophorbide (TOOKAD®).

Keywords: zinc pheophorbide a; chlorophyll derivatives; photodynamic therapy; serum albumin;
apoptosis; endothelium; HUVEC

1. Introduction

Photodynamic therapy is an evolving modality for the treatment of a range of both
neoplastic and non-neoplastic diseases. It involves either the systemic or local administra-
tion of a photosensitive drug (photosensitizer, PS) followed by site-specific irradiation with
visible light of a specific wavelength. This induces either the electron transfer processes
(type I reaction) or a formation of highly reactive singlet oxygen (type II reaction), which
destroy a diseased tissue [1,2].

A particular variant of photodynamic therapy is vascular-targeted photodynamic ther-
apy (VIP), which uses a PS accumulated not in tumor tissue itself, but in the surrounding
blood vessels. Vascular damage due to VTP results in vessel constriction, blood flow stasis,
and thrombus formation, which consequently blocks the supply of oxygen and nutrients,
causing tumor necrosis [3]. The advantages of VTP over traditional photodynamic therapy
include: (1) the use of hydrophilic PSs, which, due to their short retention time, do not
generate adverse photosensitization of a patient; (2) the rapid localization of a PS in en-
dothelium; (3) the availability of molecular oxygen required for a photochemical reaction;
(4) the amplified effect on tumor cells resulting from the supply of multiple tumor cells
through a single vessel [3,4]. Currently, three vascular-targeted photosensitizers, namely
palladium bacteriopheophorbide (TOOKAD®), its water-soluble derivative padeliporfin
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(WST11), and verteporfin (Visudyne®), are approved for clinical use [5,6]. Nevertheless,
new vascular-targeted PSs with increased selectivity and efficacy are still being sought.
Their design often includes the usage of different types of targeting moieties, such as
peptides, antibodies, or nanocarrier systems, which allow acting on specific molecular
pathways [3,7].

Pheophorbide a is a natural product of chlorophyll a breakdown, formed via its
demetallation and the removal of phytol. Zinc pheophorbide a (Zn-Pheide, Figure 1) is a
semi-synthetic derivative of pheophorbide a with a much higher water solubility compared
to its precursor [8]. It possesses excellent photodynamic properties, including strong
light absorption in the therapeutic window of human tissue, low dark toxicity, and high
efficiency of reactive oxygen species generation [8-12]. Zinc pheophorbide a has already
been shown to exert a very strong photodynamic effect against human adenocarcinoma and
mouse melanoma in vivo [10,11]. On the other hand, however, in our previous studies we
showed that Zn-Pheide binds strongly to albumin, which significantly impairs its uptake
by tumor cells, thus reducing it efficacy [13,14]. Considering that, we hypothesized that
the strong photodynamic effect of Zn-Pheide observed in vivo might be due to its high
activity against tumor vessels endothelium, since endothelial cells are known to express
albumin-binding receptors potentially involved in the uptake of PS-albumin complexes.
The most thoroughly characterized albumin receptor is gp60 (albondin), which initiates the
process of the caveolin-mediated endocytosis of albumin, in which caveolin-1 plays the
major role [15].

CH,

Figure 1. Chemical structure of zinc pheophorbide a.
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In light of the above, a question arose whether the Zn-Pheide—albumin complex
is recognized by gp60 and internalized via caveolin-1-mediated endocytosis, similarly
to free albumin and albumin-bound paclitaxel (Abraxane®) [15-17]. Moreover, given
the antioxidant properties of albumin, we also considered whether the possible uptake
of the PS in its albumin-complexed form would affect its photodynamic activity [18].
Revealing a photodynamic potential of Zn-Pheide against endothelial cells would make it
a candidate for a vascular-targeted PS, applicable not only in the treatment of solid tumors
but also several vascular anomalies, such as hemangiomas, venous and arteriovenous
malformations, as well as capillary malformations known as port-wine stains [19,20].

The aim of the present study was therefore to investigate the photodynamic activity
of Zn-Pheide against human endothelial cells, particularly in the context of its naturally
occurring complexation with serum albumin and transport via the breast cancer resistance
protein (BCRP, ABCG2), which are interrelated [13]. The experiments were carried out using
human umbilical vein endothelial cells (HUVECs), being one of the most commonly used
model systems to study vascular biology in vitro and shown to perform the transcytosis
of albumin via the gp60 receptor and caveolin-1 protein [21]. We evaluated the impact of
binding to albumin on the cellular accumulation, localization, and efflux of the PS, as well
as on the photodynamic effect induced with its application. In addition, we compared
HUVEC cells with human breast carcinoma cells (MCF-7) in terms of their susceptibility
to Zn-Pheide-mediated photodynamic treatment (PDT), particularly in the context of the
binding of the PS to albumin. Furthermore, we investigated the type of cell death induced
by Zn-Pheide both in the presence and absence of albumin. Additionally, based on literature
reports, we compared the photophysical and pharmacokinetic parameters of Zn-Pheide
with those of other PSs of similar structure used in VTP, thus assessing the applicability of
the former in the VTP of cancer and other diseases.

2. Results

The experiments on the MCE-7 and HUVEC cell lines with the use of Zn-Pheide were
initiated by determining the dark cytotoxicity of the PS. The results of these assays are
presented in Figure S1 (Supplementary Materials). The PS at a concentration of 1 uM with a
3 h incubation was found to be nontoxic to both lines, therefore this concentration or lower
concentrations were used in subsequent studies.

In our previous studies, we observed that at a human serum albumin (HSA) con-
centration 250 times higher than the concentration of Zn-Pheide, saturation occurs, i.e.,
Zn-Pheide is completely bound to HSA [14]. Therefore, we compared the accumulation and
the corresponding PDT effect induced by Zn-Pheide in MCF-7 and HUVEC cells, both in
the absence of albumin and at its saturating concentration. The results of these experiments
are shown in Figure 2A,B. In the absence of albumin, the accumulation of Zn-Pheide in
MCEF-7 and HUVEC cells was similar (Figure 2A). At the saturating concentration of HSA,
in turn, the level of Zn-Pheide was significantly decreased in both cell lines, although the
HUVECs accumulated roughly a two-fold higher amount of the PS than MCF-7. The pho-
todynamic effect induced by 1 uM Zn-Pheide in MCF-7 cells at the applied PDT conditions
was completely abolished in the presence of HSA (Figure 2B). On the other hand, in the
case of HUVECs, as much as 80% of the cells were killed when Zn-Pheide was complexed
with HSA.

The observed decrease in accumulation of Zn-Pheide in the presence of HSA could
be due to HSA-PS complex formation as well as the efflux of Zn-Pheide via the BCRP
(ABCG?2) transporter, which is significantly increased in the presence of albumin [13]. To
evaluate the involvement of BCRP in the regulation of the PS level in both cell lines, the
expression of this transporter was determined at the mRNA level by quantitative real-time
PCR. The expression of BCRP was found to be two-fold lower in HUVECs than in MCF-7
cells (Figure 2C).
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Figure 2. Comparison of cellular accumulation of Zn-Pheide (A), cell viability after Zn-Pheide-
induced PDT (B), and expression of the ABCG2 gene (C) in MCF-7 and HUVEC cells. Cellular
accumulation of the PS and cell viability after PDT were measured in the presence and absence of
HSA (250 uM). The concentration of Zn-Pheide in both experiments was equal to 1 uM. Expression
of BCRP was determined by quantitative real-time PCR. Data are presented as mean £ SD, n = 3.
Significant differences between HUVECs and MCE-7 cells are indicated by asterisks (*), p < 0.05.
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Lower expression of BCRP in HUVECs compared to MCEF-7 cells is undoubtedly one
of the factors determining the stronger photodynamic effect observed in these cells in
the presence of HSA. However, other HSA-independent factors may also contribute to
the higher susceptibility of the former cell line to Zn-Pheide-mediated PDT. To explain
this, we examined the photodynamic effect induced with the use of a range of Zn-Pheide
concentrations in both cell lines in the absence of HSA and plotted the dose-response
curves (Figure 3). Different concentrations of the PS were applied to the cells in order to
show the expected sigmoidal shape of the curves.

1201 o HUVEC

-+ MCF-7

100+

= -+
30. IC50 =527 = 6 nM

00 IC50 = 20 + 11 nM

40

cell viability [%]

20+

0 1 10 100 1,000 10,000
Zn-Pheide [nM]

Figure 3. Dose-response curves of MCF-7 and HUVEC cells treated with Zn-Pheide (see the text for
details). Cell viability was determined by MTT assay. The results are shown as mean & SD, n = 3.

We found that HUVECs were much more susceptible to Zn-Pheide-induced PDT than
MCE-7 cells, regardless of the PS complexation with HSA. The IC50 value was an order of
magnitude lower for the former than for the latter cell line. Additionally, a higher slope was
observed for MCF-7 than for HUVECs, showing that the cytotoxicity of Zn-Pheide towards
the latter cell line increases relatively slowly with increasing concentration of the PS.

At high concentrations of HSA (250 uM), required for the complete binding of 1 pM
Zn-Pheide, the uptake of the PS-HSA complex by the HUVEC cells might be difficult
to identify, because at such conditions a significant fraction of gp60 will be occupied by
free albumin. Therefore, we investigated the accumulation of Zn-Pheide in HUVECs at
concentrations as low as 50 nM, and accordingly adjusted the concentrations of HSA,
ranging from 10 nM to 12.5 uM. We observed that in the range of HSA concentrations from
0to 1 uM, the accumulation of Zn-Pheide remained unchanged, while higher concentrations
of the protein significantly reduced the PS level (Figure 4, grey bars). The photodynamic
effect, in turn, increased with the increasing concentration of HSA, leading to a decrease in
cell survival from 30% in the absence of HSA to 4% at 200 and 1000 nM of the protein, and
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then gradually decreased (Figure 4, black dots). This shows that the HSA-PS complex is
internalized into the cells and its absorption causes an increase in the photodynamic activity
of Zn-Pheide, probably due to the alteration of its cellular localization. Unfortunately, direct
visualization of the PS in caveolae was infeasible, since it required permeabilization of the
cells, which in turn caused the PS release.

Zn-Pheide accumulation -@- PDT outcome

= 12 - 60

T

o T | 150

o

S 08} 140 ¥
5 >
o

E 0.6 130 =
S o
o 0.4} 120 >
O O
Q )
E. 0.2 | 110

| =
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Figure 4. Accumulation of Zn-Pheide (50 nM) in HUVEC cells and the corresponding photodynamic
effect at various concentrations of HSA. The results are presented as mean + SD, n = 3. Single
asterisks (*) indicate significant differences in cell viability compared to HSA-free cells (p < 0.05).
Double asterisks (**) indicate significant differences in Zn-Pheide level compared to HSA-free cells
(p < 0.05).

To evaluate the impact of HSA on the cellular localization of Zn-Pheide, we con-
ducted a confocal microscopy study, the results of which are shown in Figures 5 and 52
(Supplementary Materials). We observed a statistically significant increase in the lysosomal
localization of Zn-Pheide in the presence of HSA compared to HSA-free conditions, while
the mitochondrial localization of the PS remained unchanged. It should be noted that the
increase in the lysosomal localization of Zn-Pheide could probably be greater at lower
concentrations of the PS and HSA than used in the microscopic experiment, because in this
case a smaller fraction of gp60 would be occupied by free HSA. However, such an exper-
iment was not feasible to perform, since the detection of the PS by confocal microscopy
required sufficiently high concentrations. Interestingly, we observed that in the absence of
HSA, the fluorescence emitted by Zn-Pheide inside the cells appeared almost uniformly
distributed in the covered area, while in the presence of HSA it was in the form of dots
of varying intensity. This effect causes a visual impression that the PS colocalization with
mitochondria is enhanced by HSA (Figure 5A, right panel), which, as shown by correlation
analysis (Figure S2), was not the case.

73189



Pharmaceuticals 2022, 15, 235 7 of 19

-HSA +HSA -HSA +HSA
Lampl-GFP MitoTracker Green

Zn-Pheide Zn-Pheide

Figure 5. Colocalization analysis performed by confocal microscopy. The HUVEC cells stained
with the CellLight™ Lysosomes-GFP, BacMam 2.0 reagent (fusion construct of Lamp1 and GFP) and
Zn-Pheide (left panel), or with MitoTracker™ Green and Zn-Pheide (right panel), in the absence and
presence of HSA. Maximum intensity projections of the representative 3D fluorescent images are
shown. The scale bars represent 25 pm.

Once inside the endothelial cell, Zn-Pheide can leave it in two ways: either via BCRP,
when it is in its free form, or by exocytosis, when it is either aggregated or complexed
with albumin. Except for BCRP, probably no other transporter is involved in the efflux
of free Zn-Pheide, as described in our previous paper [13]. At the same time, HUVEC
cells cultured on plates are very imperfect models of the human endothelium, since they
are unable to perform the transcytosis of albumin, which requires free space at both the
luminal and abluminal sides of the cell [22]. Therefore, we conducted an experiment using
HUVEC:s cultured on transwell inserts to enable the removal of the PS from both sides of
the cells. After 3 h of incubation with the PS-HSA complex, the PS-containing medium
was removed and replaced with fresh medium, either serum-free or supplemented with
2% fetal bovine serum. The cells were allowed for Zn-Pheide transport for the next 3 h and
then illuminated, as described in the Materials and Methods section. The viability of cells
that exported the PS to the serum-containing medium turned out to be significantly higher
than that of the cells that were deprived of serum during the transport period (Figure 6).
The presence of the BCRP inhibitor, quercetin, however, restored the cell susceptibility to
PDT, decreasing their viability to the level only slightly higher compared to the FBS-free
cells (Figure 6).
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Figure 6. Viability (assessed by MTT assay) of HUVEC cells cultured on membrane inserts and
allowed for the efflux of Zn-Pheide to either serum-depleted (-FBS) or serum-containing (+FBS)
medium, in the presence or absence of quercetin (QRC). Cells that were not given time to remove the
PS were indicated as control. Data are presented as mean & SD from 3 inserts. Asterisks indicate
significant differences between the groups, (*) indicates significant differences in cell viability between
the groups, p < 0.05.

We compared the morphology of HUVEC cells subjected to PDT after the incubation
with 1 uM Zn-Pheide in the presence and absence of 250 uM HSA. In the cells treated
with the Zn-Pheide-HSA complex, we observed a characteristic apoptotic morphology,
including cell shrinkage, loss of adhesion, and the formation of apoptotic bodies (Figure 7E).
When HSA was absent, in turn, the characteristic features of necrosis were observed, such
as the increase in cell volume and plasma membrane blebbing (Figure 8B). These features
were observed as early as 30 min after the PDT. After longer periods following PDT, we
observed a significant shrinkage and detachment of the cells treated with the Zn-Pheide-
HSA complex, while the cells treated solely with Zn-Pheide attached firmly to the culture
vessel and appeared swollen, with plasma membrane blebs (Figure 7C). Importantly, no
difference was observed between the control cells incubated with the PS in the dark with
and without HSA (Figure 7A,D).

-HSA

+HSA

Figure 7. Morphology of HUVEC cells 30 min or 12 h after PDT. The cells accumulated Zn-Pheide
(1 uM) in the absence (A-C) or presence (D-F) of HSA (250 uM). The control cells were incubated in
the dark. The arrows indicate the apoptotic bodies formed after PDT performed in the presence of
HSA. The scale bars represent 50 pm.
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The observed differences in the morphology of PDT-subjected cells prompted us to
confirm the type of cell death with additional methods: flow cytometric analysis with
Annexin V/propidium iodide staining and confocal microscopy study after the staining of
the nuclei with Hoechst 33342. In order to examine whether albumin has a direct effect on
the type of cell death, or if its role is limited to the decrease of the PS absorption, in these
experiments we included three groups of cells. The first group was incubated with 1 uM
Zn-Pheide without HSA, the second with 100 nM Zn-Pheide also without HSA, and the
third with 1 uM Zn-Pheide in the presence of 250 uM HSA. We chose the concentration
of 100 nM, since it resulted in a similar intracellular level of Zn-Pheide, as in the case
of the incubation performed with 1 pM Zn-Pheide in the presence of 250 pM HSA (data
not shown). Additionally, the corresponding controls were prepared by the treatment of
the cells with either HSA-free or HSA-containing culture medium with the appropriate
concentration of DMSO. Since no visible differences were observed between these controls,
we only present the results obtained for the cells incubated in the presence of HSA.

Staining with Hoechst revealed the shrinkage of nuclei (pyknosis) and chromatin
condensation in the cells subjected to PDT after the incubation with 100 nM Zn-Pheide
or 1 pM Zn-Pheide in the presence of HSA (Figure 8C,D). Counting the cells in which
chromatin condensation was observed gave the same result of 66% apoptotic nuclei in both
groups. Intranuclear chromatin condensation was widespread with a variable distribution.
In some nuclei, clumps of chromatin were visible over their entire surface, while in others
they were mostly adjacent to the nuclear membrane. These features were much less
prominent in the cells treated with 1 pM Zn-Pheide (Figure 8B).

A

Figure 8. The HUVEC cells stained with Hoechst 33,342 to visualize the morphology of nuclei after
PDT. (A) Control cells, (B) cells treated with 1 uM Zn-Pheide without HSA, (C) cells treated with
100 nM Zn-Pheide without HSA, and (D) cells treated with 1 uM in the presence of 250 uM HSA. The
staining was performed 30 min after PDT. The arrows indicate the areas of condensed chromatin.
The scale bars represent 25 um.
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propidium iodide

The apoptotic/necrotic effect occurring as a consequence of the Zn-Pheide-induced
PDT was further validated by cytometric analysis with Annexin V/propidium iodide
double staining. Since, in the cytometric assay, similarly as in the nuclear staining assay,
there was virtually no difference between the control samples prepared by incubating the
cells in HSA-containing and HSA-free medium, we only present the result for the former
control sample. In the group treated with 1 uM Zn-Pheide without serum, the majority of
the cells were identified as late apoptotic/necrotic and very few living cells were present
(Figure 9B). In contrast, among the cells treated with 100 nM Zn-Pheide or with the Zn-
Pheide-HSA complex, a higher percentage of early apoptotic than late apoptotic/necrotic
cells was observed (Figure 9C,D). Additionally, in the gate with low signal from both
fluorophores, which is identified as living cells, the fluorescence of Annexin V is higher
than in the control group. This suggests that these cells are likely to undergo apoptosis in a
short period of time.
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Annexin V - Pacific Blue

Figure 9. Flow cytometry analysis of HUVEC cells death mode after Zn-Pheide-induced PDT. The
cells were stained with Pacific Blue-conjugated Annexin V and propidium iodide (PI), 30 min after
irradiation. (A) Control cells, (B) cells treated with 1 uM Zn-Pheide without HSA, (C) cells treated
with 100 nM Zn-Pheide without HSA, and (D) cells treated with 1 uM in the presence of 250 uM
HSA. The percentage of cells undergoing early apoptosis (Annexin V—positive, Pl—negative) and
late apoptosis/necrosis (double-positive) is given.

Interestingly, a higher percentage of early apoptotic cells was observed in the group
treated with 100 nM Zn-Pheide than with the Zn-Pheide-HSA complex (Figure 9C,D),
suggesting that the process of apoptosis occurs more rapidly in the former group. We sus-
pected that this effect might result from differential pro- and antiapoptotic gene expression
between these groups. Therefore, the expression of BAX, BCL2, and CASP3 genes at the
mRNA level was analyzed in HUVECs after Zn-Pheide-induced PDT. Gene expression was
assessed 30 min after PDT using quantitative real-time PCR. In the group of cells treated
with 1 pM Zn-Pheide in the presence of HSA, we observed an increase in the expression of
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BAX and CASP3, while the expression of BCL2 remained unchanged (Figure 10). In con-
trast, the cells treated solely with 100 nM Zn-Pheide showed a decrease in expression of all
three genes. Importantly, increased levels of BAX and CASP3 mRNA were recorded in the
control cells incubated in serum and the HSA-free medium, but not in the HSA-containing
medium. This effect most likely results from the previously confirmed protective activity
of albumin towards endothelial cells from apoptosis [23,24]. Importantly, in the cytomet-
ric study, we did not observe an increased number of apoptotic or necrotic cells in the
HSA-free control compared to the HSA-containing control (data not shown). However, an
increased expression of the BAX gene in the former may render these cells more susceptible
to apoptosis, which consequently occurs more rapidly in the HSA-deprived cells than in
the HSA-containing cells (Figure 9 C,D). This experiment shows that intracellular albumin
has no effect on the PDT-induced expression of the analyzed genes, but pre-PDT serum
starvation accelerates the induction of apoptosis.
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Figure 10. Relative quantification using real-time quantitative PCR of mRNA expression of BAX,
BCL2, and CASP3 genes in HUVEC cells upon Zn-Pheide-induced PDT. Data are shown as mean + SD
(n=4).* p <0.05 compared to HSA-containing control.

3. Discussion

In the present study, we investigated the photodynamic effect induced with Zn-
Pheide against HUVEC cells, including the type of cell death, particularly in the context
of the binding of this PS to HSA. We found that Zn-Pheide induces a dose-dependent
photodynamic effect in HUVECs with an IC50 value close to 20 nM, which is about 25-fold
lower than the corresponding value for MCF-7 cells. At nanomolar concentrations, Zn-
Pheide induces the death of HUVECs by apoptosis. The concentration of Zn-Pheide equal
to 100 nM, which induces apoptotic cell death, at the same time kills almost 100% of the
cells. Therefore, it is possible that the conditions of PDT can be adjusted to induce the death
of the majority of endothelial cells by apoptosis. For comparison, low concentrations of

78189



Pharmaceuticals 2022, 15, 235 12 of 19

Zn-Pheide (below 125 nM) had no effect on the viability of MCF-7 cells. In turn, increasing
the concentration above this threshold leads to a rapid decrease in MCEF-7 cell viability,
which is observed as a steep dose-response curve. This difference in the susceptibility to
Zn-Pheide-mediated PDT is interesting, particularly regarding that, in the case of a widely
known photosensitizer, Photofrin, already approved for clinical use, equal sensitivity of
endothelial and tumor cells to PDT was observed [25]. We hypothesize that the resistance
of MCF-7 cells to Zn-Pheide-induced apoptosis may be, similarly as it is in the case of other
treatment types, due to the lack of caspase-3 expression and a persistent PDT-induced cell
cycle arrest in the phase G2 [26-28]. Caspase-3 is considered the most important effector
caspase, responsible for the cleavage of several proteins and DNA fragmentation [29,30].
Although other caspases have been reported to function in lieu of the lack of caspase-3, the
efficiency of this substitution varies for different treatment types [31,32]. It should be noted
that the MCF-7 response to Zn-Pheide-mediated PDT is similar as those of other cancer
cells [10]. This means that the high susceptibility to Zn-Pheide-mediated PDT in general
distinguishes endothelial cells from cancer cells, and thus makes the first ones a good target
for treatment. In light of the above, possibly the previously observed excellent therapeutic
effects achieved with Zn-Pheide were due to the vascular shutdown effect rather than the
direct killing of tumor cells [10,11].

Apart from the concentration of a PS, its cellular localization is also a factor determin-
ing the type of PDT-induced cell death mode. It has been shown that PSs accumulating
in mitochondria induce a faster apoptotic effect than those localized in lysosomes or cell
membranes [33,34]. Possibly, this can also be the reason for a fast apoptosis observed in the
HUVECs. Previous studies on the cellular localization of Zn-Pheide showed that, in cancer
cells, it does not colocalize with mitochondria, whereas in the HUVECS, its mitochondrial
localization, though relatively low, was observed [10].

We found that HSA-bound Zn-Pheide enters HUVEC cells, which promotes its lyso-
somal localization, thereby increasing its photodynamic activity. The protein component
of the complex is most likely degraded in lysosomes, whereas free Zn-Pheide can be
transported outside the cell as long as free albumin is present in the environment. The
HSA-Zn-Pheide complex can be internalized into the cells via the gp60 receptor (albondin),
but possibly also other receptors present on endothelial cells, such as gp18 or gp30. The
latter two receptors are believed to be scavenger receptors, which bind modified albumin
molecules and direct it for degradation [35]. Since HSA undergoes slight conformational
changes upon Zn-Pheide binding, it seems likely that these receptors are involved in its
internalization, after which the protein component of the complex is degraded in lyso-
somes [14]. On the other hand, however, since the uptake of Zn-Pheide significantly
decreases at high concentrations of HSA, the involvement of gp60 cannot be excluded. It is
also important to note that, even at the saturating concentration of HSA, Zn-Pheide is likely
to enter the cells in its free form, which occurs transiently within the equilibrium of its
binding to HSA. It should be noted that the effect induced by Zn-Pheide in cancer patients
will be probably strictly dependent on their serum albumin level. In hypoalbuminemia,
which is a condition commonly encountered in patient with solid tumors, the cellular level
of Zn-Pheide may be higher, and thus the photodynamic effect stronger, possibly leading
to necrosis rather than apoptosis of endothelium [36,37].

In the transport-PDT study using HUVECs cultured on membrane inserts, a significant
difference in viability was observed between the cells transporting Zn-Pheide to the serum-
free and serum-containing medium. This allows to conclude on the way of the PS removal
from the cells. There is no reason to assume that the transcytosis of albumin requires the
presence of serum in the abluminal space. At the same time, the transport of Zn-Pheide
was significantly accelerated by serum. This suggests that Zn-Pheide is effluxed from the
cells predominantly in its free form, via BCRDP, since this type of transport is accelerated in
the presence of serum/albumin [13]. Thus, Zn-Pheide present inside HUVECs is probably
predominantly in its free form. This can be an effect of HSA degradation in lysosomes, as
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well as the uptake of the PS in its free form, which occurs transiently within the equilibrium
of its binding to albumin.

Zinc pheophorbide a is structurally similar to another PS, palladium bacteriopheophor-
bide (Pd-BPheide, WST09), known under its trade name TOOKAD®. Palladium bacterio-
pheophorbide is a derivative of bacteriochlorophyll a, isolated from the photosynthetic
bacteria Rhodovolum sulfidophilum [38]. TOOKAD®, together with its water soluble deriva-
tive, padeliporfin (WST11, TOOKAD® Soluble), are now approved in Europe and Israel
for the VTP of low-risk prostate cancer [5]. TOOKAD® has a strong light absorption
(e ~10° M~ cm™1) in the near infrared region (A = 763 nm), lying in the so-called thera-
peutic window of human tissue. In comparison, Zn-Pheide shows a similar absorption in
its Qy band, which is, however, localized at shorter wavelengths (Amax ~ 670 nm) [9]. This
gives Pd-BPheide a slight advantage over Zn-Pheide, since the light of higher wavelengths
penetrates deeper into tissues [39]. TOOKAD® is cleared from the circulation within hours
and its soluble derivative within minutes [40,41]. The rapid clearance of these PSs can be
considered an advantage in terms of patient safety; however, their retention time might be
too short to perform several irradiations upon a single PS injection, which is possible with
Zn-Pheide (mean t; , = 44 h) [42].

The quantum yield of singlet oxygen generation (®,) by TOOKAD® has been shown
to reach 1 in organic solvents and 0.5 in TX-100 micelles. The aqueous environment, in
turn, significantly reduced its singlet oxygen yield, instead promoting the generation of
superoxide and hydroxyl radicals [43]. TOOKAD® Soluble in water did not generate even
traces of singlet oxygen [44]. In comparison, @, of Zn-Pheide was equal to 0.49 in ethanol,
0.54 in F-127 micelles, 0.39 in DPPC, and 0.13 in water [45]. Superoxide anion generated
by Zn-Pheide was also detected in water containing 5% of DMSO [46]. Similar values of
@, in micelles suggest that both PSs will be equally efficient in the generation of singlet
oxygen in biological membranes. In the cytoplasm (water), in turn, TOOKAD® will act
almost solely via the type I reaction, and Zn-Pheide via both type I and type IL

Solubility in water, expressed by the octanol/water partition coefficient, is similar for
TOOKAD® (24) and Zn-Pheide (32) [38,41]. The former, however, is believed to require
a nonionic surfactant, Cremophor, at the stage of administration, while the latter was
administered to animals both with and without Cremophor, giving satisfactory treatment
results in both cases [11]. This could result from a higher affinity of Zn-Pheide to serum
proteins, and possibly also lipoproteins, which promotes its disaggregation and at the same
time increases its retention time.

Although the exchange of the Mg ion for the Zn ion increases the stability of chloro-
phylls, Zn-Pheide shows a relatively high yield of photobleaching in water (0.55). This
value is significantly decreased in ethanol (0.01) [45]. In comparison, the photobleaching
of TOOKAD® was also observed in methanol and acetone [47]. Complexation with al-
bumin is likely to increase the photostability of both PSs, as was similarly observed for
hematoporphyrin [48]. Moreover, since Zn-Pheide has a stronger bind to albumin than
Pd-BPheide, the complexation of the former may increase its stability to a greater extent.
This hypothesis, however, requires experimental confirmation.

Both Pd-BPheide and Zn-Pheide can be monitored in vivo for their proper dosime-
try [11,49]. In the case of the former, it is, however, more difficult due to the very weak
fluorescence and the low affinity to albumin, since the fluorescent signal from the albumin-
bound PS is enhanced, as we showed for Zn-Pheide [14]. An additional factor that hinders
the monitoring of TOOKAD® is its very short retention time, which, in the case of Zn-
Pheide, is much longer [42].

To the best of our knowledge, the interaction of WST09 and WST11 with BCRP has
not been analyzed. Since these PSs are derived from a natural compound of a tetrapyrrole
structure (bacteriochlorin), they are possibly ABCG2 substrates. However, as long as this
hypothesis is not confirmed, the BCRP inhibitors cannot be used to prolong their retention
time in tissues.
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Experiments similar to those performed in the present study were conducted for
WST11 with the usage of the murine endothelial cell line H5V. The LC50 value of WST11
determined in the absence of serum at the 2 h incubation time and the light dose of 12J/cm?
was as high as 1 uM [41]. In comparison, the LC50 value of Zn-Pheide against HUVECs
was only 20 nM at 3 h accumulation time and the light dose of 2 J/cm?.

It has been shown that WST11, similarly to Zn-Pheide, is partially incorporated
into the cells via receptor-dependent endocytosis. However, given that the association
constant of WST11 to albumin (K, ~ 10* M™1) is two orders of magnitude lower than
the corresponding value for Zn-Pheide, the role of albumin in trafficking the PS into the
endothelium is probably more significant for the latter. Similarly, as in the case of Zn-Pheide,
both the serum and the pure albumin accelerated the removal of WST11 from the cells. This
indicates that WST11 leaves the cells in its free form, possibly via BCRP [13,41].

A drawback of bacteriochlorophyllide-based PSs is their high production cost [50].
This does not apply to Zn-Pheide, which is produced from chlorophyll a, available in virtu-
ally unlimited quantities, and which does not require complex chemical modifications [10].

In summary, since the applicability of a PS for therapy is determined by a number of
features, it is difficult to state unequivocally whether Zn-Pheide is superior to TOOKAD® in
terms of its application in VTP. Undoubtedly, however, it possesses several characteristics
that make it a noteworthy candidate for a potential use in both the vascular-targeted
treatment of solid tumors, as well as a range of vascular abnormalities.

4. Materials and Methods
4.1. Photosensitizer

Zinc pheophorbide a (Zn-Pheide) was obtained from pheophorbide a (Cayman Chem-
ical, Ann Arbor, MI, USA) via direct metalation with zinc acetate in methanol at 50 °C and
purified, as described earlier [10]. Purity of the compound according to HPLC measurement
was at least 96%. The concentration of Zn-Pheide was determined spectrophotometrically
in ethanol, using the extinction coefficients at the Qy band equal to 71,500 M~} em™1.
Aliquots of the PS were stored dry at —20 °C under nitrogen atmosphere. For each experi-
ment, fresh solutions of the PS were prepared by dissolving them in appropriate volumes
of DMSO. All experiments were performed under dim light to avoid degradation of the PS
and uncontrolled photodamage of the cells.

Complex of the PS with HSA was prepared by addition of the PS stock solution in
DMSO to solution of albumin in PBS, pH 7.4, and incubation at room temperature for
10 min to reach the binding equilibrium.

4.2. Cell Lines

Human umbilical vein endothelial cells (HUVECSs) pooled from multiple donors
were obtained from PromoCell (Heidelberg, Germany). The cells were cultured in the
endothelial cell growth medium (ECM, PromoCell, Heidelberg, Germany) supplemented
with 2% fetal bovine serum (FBS), 4 pL/mL endothelial cell growth supplement, 0.1 ng/mL
epidermal growth factor, 1 ng/mL basic fibroblast growth factor, 90 ug/mL heparin, and
1 pg/mL hydrocortisone. The human breast carcinoma cell line MCF-7 was obtained
from the American Type Culture Collection (ATCC, Manassas, VA, USA). The cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM, Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 10% (v/v) FBS, 2 mM glutamine, 1 mM sodium
pyruvate, penicillin (100 units/mL), and streptomycin (100 ug/mL). Both cell lines were
cultured at 37 °C in a humidified atmosphere of 5% CO,.

4.3. Photodynamic Treatment and Cell Viability Assays

Cytotoxicity of Zn-Pheide, both in the dark and after irradiation, was determined
by MTT assay. For cytotoxicity studies, 3 x 10* cells were seeded onto 96-well plates.
After an overnight growth, the cells were incubated in the dark for 3 h with Zn-Pheide at
various concentrations. Control cells were incubated with the appropriate concentration
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of DMSO (below 0.5%) without the PS. For PDT, the cells were rinsed with PBS, covered
with HBSS, and illuminated with 2 J/cm? delivered by a LED illuminator equipped with
a 600 nm cut-off filter. After that, they were covered with complete culture medium
and incubated for another 24 h. Then, 0.5 mg/mL MTT (3-(4,5-dimethylthiazol-2-yl1)-2,5-
diphenyltetrazolium bromide), (Carl Roth, Karlsruhe, Germany) was added to each well,
and the cells were incubated for another 3 h. The precipitated formazan crystals were
dissolved in an ethanol/DMSO mixture (v/v, 1:1) and the absorbance of the solutions at
570 nm was measured using a SpectraMax i3 plate reader (Molecular Devices, San Jose, CA,
USA). The signal from the treated cells was compared to that of the vehicle-only control cells
(100%) to calculate the percentage viability. All experiments were performed in triplicates.
Dose-response curves were fitted and IC50 values determined in Origin 2021 [51].

4.4. Cellular Localization of Zn-Pheide

Cellular localization of Zn-Pheide in HUVEC cells in the presence or absence of HSA
was assessed by confocal microscopy using single organelle staining. Lysosomes were
labelled using CellLight™ Lysosomes-GFP, BacMam 2.0 reagent (Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer’s protocol. Then, the cells were incu-
bated with either 0.5 uM Zn-Pheide alone for 2 h or with 1 uM Zn-Pheide and 250 uM
HSA overnight. After removal of the PS, mitochondria were stained with 100 nM Mito-
Tracker™ Green (Thermo Fisher Scientific, Waltham, MA, USA) for 45 min. Then, the cells
were washed with PBS and fixed with 4% paraformaldehyde in PBS at room temperature
for 10 min. Confocal images were collected using an upright confocal microscope Leica
SP8. Stacks of confocal 12-bit images with a voxel size of 0.186 x 0.186 x 0.999 um were
acquired using o0il 40 x objective (HC PL APO CS2 40 x /1.3 OIL). The organelle markers
were excited with laser 488 nm, while the Zn-Pheide was excited with laser 647 nm. The
emission was collected in the range 495-590 nm for the organelle markers, and 643-730 nm
for Zn-Pheide. The acquisition was performed in sequential mode. Colocalization anal-
ysis was performed using the JACoP plugin tool in Fiji Image] to calculate the Pearson’s
correlation coefficients [52,53].

4.5. Efflux Assay

The HUVECs were seeded onto PET ThinCert® cell culture inserts with 0.4 um pores
(Greiner Bio-One, Kremsmiinster, Austria, cat. no. 665640) at a density of 10° of cells
per insert and left for attachment. Next day, Zn-Pheide at a concentration of 1 uM in the
presence of 250 pM HSA was applied to both top and bottom chambers. After 3 h of
incubation, the PS-containing medium was replaced with either serum-free or complete
ECM medium (containing 2% FBS) in both chambers. The cells were incubated for the next
3 h for the PS efflux and then irradiated with 2 J/cm? of red light. Control (100% viability)
cells were prepared by incubation of the cells without Zn-Pheide and with or without
serum, respectively. Additional control, for assessment of the PS efflux rate, was prepared
by illuminating the cells right after the incubation with PS-HSA complex, without the
transport period. The experiments were performed in triplicates and in the presence or
absence of BCRP inhibitor, quercetin, at a concentration of 100 uM. The viability of the cells
was examined by MTT assay 24 h after the PDT.

4.6. Hoechst Staining Assay

The HUVEC cells were seeded onto 10 mm glass slides (approximately 2.5 x 10* cells
per well) and cultured overnight. Photodynamic treatment was performed after 3 h of cell
treatment either with sole 1 uM and 100 nM Zn-Pheide in serum-free culture medium or
1 uM Zn-Pheide in the presence of 250 pM HSA. Control cells were incubated in serum-free
ECM medium, with or without 250 uM HSA, containing an appropriate concentration of
DMSO. Thirty minutes after the PDT, the cells were fixed with 4% paraformaldehyde for
10 min at room temperature, washed twice with PBS, and stained with 5 ug/mL Hoechst
33,342 for 10 min at room temperature. Then, they were washed again, mounted onto
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microscope slides, and imaged using an inverted confocal microscope Zeiss Cell Observer.
Stacks of confocal 16-bit images with a voxel size of 0.167 x 0.167 x 0.24 um were acquired
using oil 40x objective (Plan Apochromat 40x /1.4 OIL DIC (UV) Vis-IR M27), exposure
time 100 ms, and depth of focus 0.72 pm. Hoechst 33,342 was excited with laser 405 nm. The
emission was collected using filters: RQFT 405/488/568/647 and BP 450/50 nm. Image]
(Fiji) was used for image analysis [52].

4.7. Analysis of Cell Death Mode by Flow Cytometry

The HUVEC cells were seeded onto a 6-well plate (2.5 x 10° cells per well) and cultured
overnight. Next day, PDT was performed after 3 h of cell treatment with either sole 1 uM
and 100 nM Zn-Pheide in serum-free culture medium or 1 uM Zn-Pheide in the presence of
250 uM HSA. Control cells were incubated in serum-free ECM medium, with or without
250 HSA, containing an appropriate concentration of DMSO. Heat-treated cells (55 °C for
20 min) served as a positive control. Thirty minutes after the PDT, the cells were harvested
by trypsinization, washed with PBS, and suspended in Annexin V-binding buffer (10 mM
HEPES pH 7.4, 140 mM NaCl, 2.5 mM CaCl,) at a density of 10° cells/mL. The cells were
stained with Annexin V, Pacific Blue™ conjugate (Thermo Fisher Scientific) and propidium
iodide (BD Biosciences, Franklin Lakes, NJ, USA) for 15 min at room temperature. Then,
after 5-fold dilution with Annexin V-binding buffer, the cells were analyzed using a BD
FACSCanto II flow cytometer. Data were processed using the BD FACSDiva 8.0.1 and
FlowCal software [54].

4.8. Quantitative Real-Time PCR

For the analysis of pro- and antiapoptotic genes expression in PDT-subjected cells,
HUVECs were seeded on a 6-well plate (3 x 10° cells per well) and cultured overnight. Next
day, the cells were treated with either 100 nM Zn-Pheide in serum-free medium or with 1 pM
Zn-Pheide in the presence of 250 pM HSA, for 3 h. Control cells were incubated in serum-
free ECM medium, with or without 250 uM HSA, containing an appropriate concentration
of DMSO (below 0.5%). Then, the cells were irradiated as described earlier. Thirty minutes
after the PDT, total RNA was isolated from the cells using the GeneMATRIX Universal RNA
kit (EURx, Gdarnisk, Poland). The RNA concentration was measured using a NanoDrop
8000 spectrophotometer (Thermo Fisher Scientific). Reverse transcription was performed
using the NG dART RT kit (EURx, Gdarisk, Poland) with oligo(dT) primer. Quantitative
real time PCR was performed using the iProof™ High-Fidelity DNA Polymerase (Bio-Rad,
Hercules, CA, USA), together with SYBR Green dye (Sigma-Aldrich, St. Louis, MO, USA)
and the primers listed in Table 1. The analysis was performed using a Rotor Gene Q
thermocycler (Qiagen, Hilden, Germany). The relative fold change in the mRNA expression
of the target gene was quantified using the 2~22Ct method. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as a housekeeping gene. Nontreated cells were used as
a calibrator for quantification.

Table 1. Primers used for quantitative real-time PCR.

Gene Forward Primer Sequence (5'—3') Reverse Primer Sequence (5'—3')

BAX AGTGGCAGCTGACATGTTTIT GGAGGAAGTCCAATGTCCAG

BCL2 GCCCTGTGGATGACTGAGTA GGCCGTACAGTTCCACAAAG
CASP3 TGTGAGGCGGTTGTGGAAGAGT AATGGGGGAAGAGGCAGGTGCA
GAPDH CGGAGTCAACGGATTTGGTCGTAT AGCCITCTCCATGGTGGTGAAGAC

For the determination of ABCG2 expression at the mRNA level, total RNA was
isolated from untreated MCF-7 and HUVEC cells and reverse transcription was performed
as described above. Quantitative real-time PCR was performed using human ABCG2-
specific TagMan® system (Thermo Fisher Scientific). The expression was determined by the
absolute quantification using a standard curve generated on the basis of an ABCG2 gene
containing plasmid construct.
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4.9. Statistical Analysis

To assess statistical significance of differences between two sets of data, the two-
sided unpaired Student’s t-test was conducted in Origin 2021. The p-values < 0.05 were
considered statistically significant as indicated by asterisks.

5. Conclusions

In the present study, the in vitro effects of Zn-Pheide-based PDT on human umbilical
vein endothelial cells (HUVECs) were determined through viability and cell death mode
assays. We compared HUVECs with MCE-7 cells in terms of their susceptibility to Zn-
Pheide-induced PDT, showing that the 50% inhibitory concentration (IC50) is roughly
25 times lower for the former line. We have also shown that nanomolar concentrations of
Zn-Pheide combined with low doses of light effectively kill HUVECs by apoptosis, whereas
concentrations as low as 1 uM induce their death primarily by necrosis. Additionally, we
found that albumin-complexed Zn-Pheide enters HUVECs and increases the efficacy of
PDT, probably by directing the PS to lysosomes. Based on photodynamic experiments
performed with the use of culture inserts, we also showed that albumin complexed with
Zn-Pheide is apparently degraded in HUVECs, whereas free Zn-Pheide can leave the cells
via BCRP-mediated transport.

Additionally, we compared Zn-Pheide with a clinically approved photosensitizer,
TOOKAD®, in terms of their photophysical and pharmacokinetic properties, showing that
the former may serve as a valuable alternative to the latter.

The results obtained contribute to a better understanding of the mechanism of action
of Zn-Pheide and demonstrate that it is a promising PS for the VTP of solid tumors and
possibly a range of vascular anomalies.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ph15020235/s1, Figure S1. Dark cytotoxicity of Zn-Pheide against
MCE-7 and HUVEC cells in the absence of albumin; Figure S2. Correlation analysis of Zn-Pheide
colocalization in lysosomes and mitochondria in the absence and presence of HSA; Figure S3. Ab-
sorption and emission spectra of Zn-Pheide recorded in ethanol; Figure S4. Positive controls included
in the experiments.
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3.

controls and were assigned 100% viability. Cells treated with doxorubicin (DOX) at a concentration of 1 uM served as

presence of 250 pM HSA (B). Cells treated with appropriate concentration of DMSO without the PS served as negative
positive controls. Analysis performed by MTT assay after 3 h of incubation. The results are shown as mean + SD, n

Figure S1. Dark cytotoxicity of Zn-Pheide against MCF-7 and HUVEC cells in the absence of albumin (A) and in the
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Figure S2. Correlation analysis of Zn-Pheide colocalization in lysosomes and mitochondria in the absence and presence
of HSA. The graph shows the Pearson’s correlation coefficients determined with the JACoP plugin from the Image]
software. Significant differences between HSA-free and HSA-containing samples were indicated by asterisk (*), p < 0.05.
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Figure S3. Absorption and emission (inset) spectra of Zn-Pheide recorded in ethanol. The emission spectrum was
measured after excitation in the Soret band (430 nm).
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Figure S4. Positive controls included in the experiments: (A) HUVEC cells treated with 1 pM doxorubicin for 24 h, (B)
Annexin V/PI staining of heat-treated HUVEC cells (incubation at 55°C for 20 min).
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