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Wykaz stosowanych skrotow

4-pep — tetrapeptyd leucyna—alanina—glicyna—glicyna (ang. tetrapeptide leucine—alanine—
glycine—glycine)

8-pep — oktapeptyd glicyna—prolina—leucyna—glucyna—leucyna—alanina—glicyna—glicyna (ang.
octapeptide glycine—proline-leucine—glycine—leucine-alanine—glycine—glycine)

AFM — mikroskopia sit atomowych (ang. atomic force microscopy)

ASO - antysensowne oligonukleotydy (ang. antisense oligonucleotides)

Bcl-2 — heterogenna grupa biatek regulujaca proces apoptozy (ang. B-cell leukemia/lymphoma-
2)

Ceo — fuleren Ceo (ang. fullerene Ceo)

DBU - 1,8-diazabicyklo[5.4.0Jundek-7-en (ang. 1,8-diazabicyclo[5.4.0]-7-ene)

DCC — N,N -dicykloheksylokarbodiimid (ang. N, N -dicyclohexylcarbodiimide)

DCM — dichlorometan (ang. dichloromethane)

DDS - systemy dostarczajace leki (ang. drug delivery systems)

DFT — teoria funkcjonatu gestosci (ang. density functional theory)

DLS — dynamiczne rozpraszanie §wiatta (ang. dynamic light scattering)

DMF — dimetyloformamid (ang. dimethylformamide)

DNA — kwas deoksyrybonukleinowy (ang. deoxyribonucleic acid)

DOX — doksorubicyna (ang. doxorubicin)

FDA —Agencja Zywnosci i Lekow (ang. Food and Drug Administration)

Fmoc — grupa fluorenylometoksykarbonylowa (ang. fluorenylmethyloxycarbonyl group)
HPLC - wysokosprawna chromatografia cieczowa (ang. high performance liquid
chromatography)

HT-1080 — linia komérkowa wtokniakomigsaka (ang. human fibrosarcoma)

ICs0 — stgzenie zwiazku, przy ktérym proliferacja komorek jest zahamowana 0 50% w stosunku
do komorek kontrolnych (ang. half-maximal inhibitory concentration)

ITC — izotermiczna kalorymetria miareczkowa (ang. isothermal titration calorimetry)

LNP — nanoczastka lipidowa (ang. lipid nanoparticle)

MALDI/TOF — laserowa jonizacja wspomagana matrycg z detektorem czasu przelotu (ang. the
matrix-assisted laser desorption/ionization time of flight)

MDA MB 231 — linia komérkowa potrdjnie ujemnego gruczolakoraka piersi (ang. triple
negative breast adenocarcionoma)

MCF-7 — linia komodrkowa estrogenozaleznego raka sutka (ang. luminal A breast

adenocarcinoma)



MeOH — metanol (ang. methanol)

MMPs — metaloproteinazy macierzy zewnatrzkomorkowej (ang. matrix metalloproteninases)
MTT — bromek 3-(4,5-dimetyltiazol-2-yl)-2,5-difenylotetrazolowy  (ang.  3-[4,5-
dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide)

NMR — spektroskopia magnetycznego rezonansu jadrowego (ang. nuclear magnetic resonance)
NHS — N-hydroksysukcynoimid (ang. N-hydroxysuccinimide)

PC3 — linia komorkowa ludzkiego raka prostaty (ang. prostate adenocarcinoma)

PEG — poli(tlenek etylenu) (ang. polyethylene glycol)

RISC — indukowany przez RNA kompleks biatkowy (ang. RNA-induced silencing complex)
SD — odchylenie standardowe (ang. standard deviation)

SDS-PAGE - poliakrylamidowa elektroforeza w warunkach denaturujacych (ang. sodium
dodecyl sulfate-polyacrylamide gel electrophoresis)

SiRNA — maly interferujacy kwas rybonukleinowy (ang. small interfering rybonucleic acid)
SRB - sulfrodamina B (ang. sulforhodamine B)

T47D - linia komodrkowa estrogenozaleznego raka sutka (ang. luminal A breast
adenocarcinoma)

TEA — trietyloamina (ang. triethylamine)

TEM - elektronowy mikroskop transmisyjny (ang. transmission electron microscopy)

TFA — kwas trifluorooctowy (ang. trifluoroacetic acid)

WHO — Swiatowa Organizacja Zdrowia (ang. World Health Organization)

WST-1 — sol tetrazolowa 2-(4-jodofenylo_3-(4-nitrofenylo)-5-(2,4-disulfofenylu) (ang. 2-(4-
iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H tetrazolium monosodium salt)



Streszczenie

Ukierunkowane dostarczanie lekow przy udziale biomaterialow cieszy si¢ w ostatnich
latach znacznym zainteresowaniem, szczegolnie w odniesieniu do chemioterapii nowotworow.
Stanowi ono ciekawg strategi¢ pokonywania barier biologicznych, w tym chemioopornosci
komorek nowotworowych oraz pozwala na dostarczenie 1 kontrolowane lokalne uwalnianie
zwykle cytotoksycznego leku bez jednoczesnego uszkadzania zdrowych komorek 1 tkanek. Na
przestrzeni kilku ostatnich dekad obserwowany jest imponujacy postep W dziedzinie
biomateriatow. Wysitki badaczy zmierzaja do opracowania no$nika wykazujacego sie¢
biokompatybilnoscig oraz zwigkszong efektywnoscig dziatania. Nosniki wykorzystywane
obecnie réznig si¢ m. in. wielkoscig, tadunkiem, jak réwniez sposobem wigzania leku. Do
najczesciej stosowanych nalezg nanoczastki polimerowe i ich koniugaty oraz liposomy, czy
nanoczastki lipidowe. Pomimo istnienia szerokiego spektrum inteligentnych biomateriatow
o korzystnym dziataniu, wykazuja one réwniez wiele cech niepozadanych, tj. niska
efektywnos$¢ w dostarczaniu 1 uwalnianiu leku lub toksyczno$¢ wzgledem zdrowych komorek.
Uzasadnione wigc wydaje si¢ poszukiwanie kolejnych, lepszych nosnikéw, ukierunkowanych
ponadto na wybrane rodzaje nowotwordéw. Nosniki charakteryzujace si¢ ta ostatnig cecha
posiadaja znaczny potencjal kliniczny, przy czym ich opracowywanie nadal stanowi niemate

wyzwanie.

Celem niniejszej pracy doktorskiej byto zaprojektowanie, scharakteryzowanie
i zbadanie aktywnosci biologicznej no$nikoéw leku przeciwnowotworowego — doksorubicyny,
jako potencjalnych narzg¢dzi do ukierunkowanego dostarczania substancji aktywnej do komorek
nowotworowych. W ramach pracy doktorskiej opracowano trzy uktady stuzace do przenoszenia
doksorubicyny: (1) koniugat fuleren—doksorubicyna potaczony kowalencyjnie poprzez
poli(tlenek) etylenu, (2) koniugat wrazliwy na dzialanie metaloproteinaz macierzy
zewnatrzkomorkowej, ktorych wzrost aktywno$ci jest obserwowany w komorkach
zmienionych nowotworowo, oraz (3) nanoczastke lipidowa z doksorubicyng potaczong
kowalencyjnie z jej powierzchnig 1 enkapsulowanym matym interferujgcym RNA, w celu
represji genu bcl-2 prowadzacego do deregulacji ekspresji antyapoptycznego biatka Bcl-2.
Wszystkie no$niki zostaty zsyntezowane i poddane badaniom eksperymentalnym in vitro przy
wykorzystaniu kilku linii komérek nowotworowych. W przypadku najbardziej obiecujacego
uktadu wykonano rowniez badania in vivo. Dodatkowo, w celu doktadniejszej charakterystyki
badanych ukladow postuzono si¢ obliczeniami teoretycznymi, ktorych wyniki pozostajg

w dobrej zgodnosci z danymi eksperymentalnymi. Wykonane eksperymenty in vitro i in vivo
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dotyczace potencjalnych efektow cytotoksycznych i terapeutycznych sugerujg, ze koniugat
wrazliwy na dziatanie enzyméw oraz nanoczastki lipidowe sg obiecujacymi kandydatami na
efektywne nos$niki doksorubicyny. Podje¢ta tematyka i analizowane zagadnienia wydajg si¢
by¢ istotne z punktu widzenia wiedzy o biomateriatach jako uktadach stosowanych w terapii
przeciwnowotworowej, jak rowniez ich zastosowania w aspekcie potencjalnych aplikacji

i badan klinicznych.
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Abstract

Recently targeted drug delivery, in cancer chemotherapy in particular, has received
considerable attention. It seems to be an interesting strategy to overcome biological barriers,
including the chemoresistance of cancer cells which provides a controlled local release of

usually cytotoxic drug without damaging healthy cells and tissues.

The last few decades have seen impressive progress in the field of biomaterials.
Researcher’s efforts are aimed at developing a delivery platform that exhibits biocompatibility
and increased drug transportation efficiency. The currently used carriers differ in size, charge,
as well as the way how a drug is coupled to the carrier. The most commonly used cargo
platforms include polymer nanoparticles and their conjugates, liposomes, and lipid
nanoparticles. Despite the wide range of intelligent biomaterials, they suffer from numerous
drawbacks, i.e. low efficiency of drug delivery and release or toxicity to healthy cells.
Therefore, there is a need for new, more effective carriers, in addition selectively targeting
diverse types of cancer cells. The latter feature has significant clinical potential, but

development of such carriers still remains a challenge.

The present dissertation aimed at designing, characterizing, and studying the biological
activity of targeted drug carriers as potential tools for the delivery of an anticancer drug,
doxorubicin, to cancer cells. As a result of the current doctoral project, three systems for
doxorubicin transportation have been developed: (1) fullerene-doxorubicin conjugate linked
covalently via polyethylene glycol, (2) a conjugate sensitive to the increased activity of matrix
metalloproteinases, that is observed in neoplastic cells, and (3) lipid nanoparticles covalently
linked with doxorubicin and encapsulated small interfering RNA to repress the bcl-2 gene,
resulting in downregulation of the anti-apoptotic protein Bcl-2. All carriers were synthesized
and subjected to in vitro experimental studies, utilizing several cancerous cell lines. Then, the
most promising systems were additionally studied in vivo. Moreover, theoretical calculations
were performed to characterize the developed systems in a more detailed way. The results of
modeling were in agreement with the experimental data. The outcomes coming from the in vitro
and in vivo experiments, evaluating the potential cytotoxic and therapeutic effects of the
analyzed systems, suggest that the enzyme-sensitive conjugate and lipid nanoparticles are
promising doxorubicin carriers. The results of this doctoral dissertation contribute to our
knowledge regarding biomaterials as delivery systems used in anti-cancer therapy, as well as

suggest their potential role in medical applications and future clinical trials.
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I. Cele i zakres pracy

Systemy dostarczajace leki w sposob kontrolowany daja wiele korzysci. Leki uwalniane
miejscowo z takich no$nikow pozwalaja na zredukowanie skutkéw ubocznych wynikajacych
z prowadzonej terapii oraz zwigkszenie jej efektywnos$ci. Co najwazniejsze, systemy te stajg
si¢ coraz bardziej precyzyjne, wykorzystujgc zaawansowane biomateriaty, jak rowniez nowe

generacje lekdw, co W przysztosci moze przyczynié si¢ do powstania nowych form leczenia.

Glownym celem niniejszej rozprawy doktorskiej bylo zaprojektowanie i otrzymanie nosnikow
doksorubicyny, bedgcych  potencjalnymi  uktadami do zastosowania w terapii

przeciwnowotworowej.

Zakres pracy obejmuje przeglad literaturowy, ze szczegdlnym uwzglednieniem
informacji zawartych w pracy przegladowej, wchodzacej w sktad rozprawy doktorskiej [P5],
rozszerzony o obecny stan wiedzy. Gtowna cz¢$¢ rozprawy opiera si¢ na oOtrzymanych
wynikach eksperymentalnych, ktore dodatkowo poparte zostaly wynikami obliczen
teoretycznych. Rezultaty sktadajace si¢ na niniejszg prace zostaly przedstawione w formie
dwoch prac oryginalnych [P1-P2] oraz dwoch manuskryptow w recenzji [P3-P4].

W toku prac badawczych zrealizowano ponizsze cele:

e Synteza koniugatu fuleren Cgo—doksorubicyna potaczonego kowalencyjne poprzez
poli(tlenek etylenu) [P1].

e Synteza koniugatu wrazliwego na dzialanie metaloproteinaz  macierzy
zewnatrzkomoérkowej [P2, P3].

e Synteza nanoczastki lipidowej z kowalencyjnie polaczong doksorubicyng
i enkapsulowanym matym interferujacym kwasem rybonukleinowym [P4].

e Charakterystyka fizykochemiczna otrzymanych no$nikéw 1 identyfikacja kluczowych
parametrow do wydajnego dostarczania doksorubicyny [P1-P4].

e Badanie in vitro toksycznosci no$nikow wobec ludzkich linii komoérkowych [P1-P4].

e Badanie in vivo efektow terapeutycznych najlepiej rokujacego nosnika [P4].
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I1. Przeglad literaturowy

1. Systemy dostarczania lekow

XX wiek przynidst ogrom zmian w dziedzinie farmakologii, chemii materiatow
i inzynierii biomedycznej. Obserwowano coraz czgstsze uzycie systemow kontrolowanego
uwalniania lekéw (DDSs) przy stopniowej miniaturyzacji projektowanych uktadow.l?
29 grudnia 1959 roku podczas dorocznego spotkania Amerykanskiego Towarzystwa
Fizycznego w Caltech, Richard Feynman wyglosit jeden z najbardziej inspirujacych i
wizjonerskich wyktadow potowy XX w., pt. There’s Plenty of Room at the Bottom.?
Rozwazania Feyman’a dotyczace mozliwo$ci manipulacji materig i otrzymywania materiatow
o rozmiarach rzedu nanometréw mialy znaczacy wplyw na rozwoéj dziedziny jaka jest
nanotechnologia. Jednak koncepcja uzycia nanomateriatow jako DDSs, zostala wykorzystana

dopiero wiele lat pdznie;j.

Historia DDSs sigga roku 1960, kiedy to Judah Folkman opracowat kapsutki z gumy
silikonowej (Silactic®) o przedluzonym uwalnianiu leku nasercowego.*® Dekade pozniej, Alza
Corporation, firma zatozona przez Alejandro Zaffaroniego wprowadzita na rynek wktadke do
oka zawierajacg lek przeciw jaskrze (Ocusert®) oraz wkiadke domaciczng uwalniajacy
steroidowy lek antykoncepcyjny.® W kolejnych latach, na rynku pojawit siec podskorny implant
antykoncepcyjny Norplant® wykorzystujacy poli(dimetylosiloksan), a takze kapsulka
osmotyczna zbudowana z octanu celulozy i niewielkiej ilosci poli(tlenku etylenu) (PEG).”®
Przetomowym odkryciem bylo opracowanie przez Roberta Langer’a i wspomnianego juz
Folkman’a makroskopowych niedegradowalnych uktadéw polimerowych umozliwiajacych
dostarczanie lekoéw wielkoczasteczkowych, jak biatka, w postaci aktywnej.® Jednak z czasem
koncepcja ta ewoluowata w stron¢ polimerow biodegradowalnych, co zaowocowato
wprowadzeniem na rynek preparatu Depot®, stosowanego w leczeniu raka prostaty i terapii

hormonalnej.1°
W jednym ze swoich wystgpien W roku 2016 Robert Langer, ktory uznawany jest za
autorytet w dziedzinie biomateriatdéw przedstawit uwagi krytyczne recenzentow, oceniajacych

jego aplikacje grantowe na przestrzeni 19801993 roku. Brzmialy one nast¢pujaco:

»This approach will not work because...

e The polymers cannot be synthesized (1981)
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e The polymers will react with encapsulated drug (1983)

e The polymers are fragile (1985)

e The polymer—drug system would be toxic (1986)

e The drug will not diffuse far enough to kill remaining tumor (1988)
e Evenifitdoes, itis a very poor drug (1990)

e The drug delivery systems cannot be manufactured (1993)”

Przytoczone uzasadnienia recenzentow doskonale pokazuja jak dlugg droge
przeszlismy podczas ostatnich czterech dekad prac nad DDSs. Po rozwigzaniu pierwszego
zasugerowanego przez recenzenta problemu badawczego i udowodnieniu, ze zaproponowane
polimery mozna zsyntezowaé, pojawil si¢ kolejny argument przeciwko pomystowi
zastosowania polimeréw jako DDSs. Przetomem byt rok 1996, gdy Agencja Zywnosci i Lekow
(FDA) zaakceptowata implant Gliadel® jako pierwsza w historii terapi¢ dostarczajaca lek

przeciwnowotworowy bezposrednio w okolicy guza, glejaka wielopostaciowego.!!

Systemy DDS zbudowane zarowno z naturalnych jak i syntetycznych polimerow,
wykazujg szereg wlasciwosci fizykochemicznych, ktore umozliwiajg celowany transport
lekow.!? Szerokie zastosowanie znalazty polikaprolakton, poliakrylamid, poli(metakrylan
metylu), czy wczesniej wspominany PEG, wchodzace w sktad polimerow syntetycznych.!®
Natomiast wérod polimeréw naturalnych najczeéciej wyrdzniany jest chitozan i algininian.*
Obecnie syntezowanych jest coraz wigcej DDSs, ktore roznig si¢ architektura, modyfikacja
powierzchni i specyficzno$cig, co wynika z konieczno$ci dostosowania nosnika do leku, ktory
ma by¢ transportowany. ldealne DDSs powinny charakteryzowac si¢ wysoka stabilno$cig
1 rozpuszczalnos$cia, oraz w sposob kontrolowany uwalniaé lek z nos$nika, np. poprzez dyfuzje
czy dysocjacje.'® Z biologicznego punktu widzenia, DDSs powinny wydtuzaé okres poltrwania
leku, by¢ biodegradowalne 1 biokompatybilne, a dodatkowo posiada¢ zdolnos¢ do gromadzenia

sie w tkankach nowotworowych, czyli wykazywac tzw. efekt zwigkszonej przepuszczalnosci
i retencji (EPR).1®

Na przestrzeni lat polimerowe DDSs stawaly si¢ coraz bardziej ztozone, tworzac np.
kopolimery, koniugaty polimer—lek i koniugaty polimer—biatko.}”'® Dodatkowo, wszystkie
wspomniane podklasy polimerowych DDSs zaczely stawaé sig uktadami o rozmiarach
nanometrycznych. Zgodnie z ogoélng definicja, za nanomaterialy uznaje si¢ materiaty

posiadajace w co najmniej jednym wymiarze rozmiar od 1 do 100 nm.'° Stad tez badania nad
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nanomateriatami skupiaty si¢ nie tylko na wspomnianych polimerowych DDSs, ale i na
czastkach 0 innym pochodzeniu lecz o rozmiarach w skali nanometréw (Rys. 1). Innymi
stosowanymi nanoczastkami wedtug doniesien literaturowych, ktore znajduja si¢ w centrum
uwagi naukowcoOw jako potencjalne DDSs sg nanoczastki pochodzenia weglowego (fuleren
Ce0, nanorurki), nanoczastki metaliczne (nanoczastki srebra czy ztota) oraz nanoczastki

magnetyczne (magnetyt FesOa).

(<FOPD),
P e
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\:.J
Polimerowe Nano-/micor- Hydrozele Micele Nanoczastki
nanoczastki Liposomy emulsje 2002, 2013 polimerowe wirusopodobne
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Lupron Depot® Doxil® Neoral® TracelT® Estrasorb szczepionka (HPV)
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Rysunek 1. Historyczna o$ czasu przedstawiajqca zmiany zachodzgce W dziedzinie DDSs wraz z
przyktadami komercyjnie dostepnych lekow.

W roku 1996 Harold Kroto, Robert Curl i Richard Smalley zostali uhonorowani
Nagroda Nobla za wktad w odkrycie alotropowej odmiany wegla — fulerenu Ceo (Rys. 2).2°
Z chemicznego punktu widzenia czasteczka fulerenu Ceo sktada si¢ ze sprz¢zonych dwunastu
pierscieni pentagonalnych 1 dwudziestu pierScieni heksagonalnych, ktore tworza pustg
w $rodku bryle geometryczng.?? Wiasnie ze wzgledu na strukture chemiczna fulerenu Ceo
wykazuje on wilasciwosci fizykochemiczne zblizone do sprzezonych weglowodorow
aromatycznych. Fuleren Cgo charakteryzuje si¢ wysokim powinowactwem elektronowym, Stad
wynika jego tatwo$é¢ do redukcji. Ponadto fuleren Ceo tatwo ulega reakcji addycji.???
Stosunkowo tatwa mozliwo$s¢ modyfikowania powierzchni fulerenu Ceo sktonita naukowcoéw
do poszukiwania nowych =zastosowan tej odmiany alotropowej wegla w naukach

farmaceutycznych i1 bioinZynieryjnych. Liczne badania naukowe wskazuja na potencjalne

wykorzystanie fulerenu Cgo jako $rodka kontrastowego do tatwego obrazowania tkanek
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zmienionych  chorobowo, czy tez nosnika lekow  przeciwnowotworowych

i przeciwbakteryjnych.?*

The Royal Siwedish Academy of JSéience has decided to award
the (996 Nobel Srize in Ghemistyy to
Robert T Gurd, Y., Jir Harold W, Sizoto and Richard &. Jmalley
. /1}/' thedr (//i)'('(/()(‘{‘y ‘q( /1}//(‘1‘(’//(‘4'.

Rysunek 2. Laureaci Nagrody Nobla w dziedzinie
chemii nagrodzeni w 1996 roku za odkrycie
fulerenow.

Dalsze badania pokazaty, ze nanoczgstki polimerowe, weglowe czy tez nieorganiczne
w polaczeniu z ligandami czy przeciwcialami moga prowadzi¢ do otrzymania DDSs
wykorzystywanych w terapiach celowanych.?® Wsréd stosowanych ligandéw duzym
zainteresowaniem cieszy si¢ kwas foliowy, aptamery 1 transferryna, ktéore oddziatujg
z receptorami znajdujacymi sie na powierzchni komorek nowotworowych.? Interesujace jest
rowniez wykorzystanie przeciwcial monoklonalnych, np. trastuzumab i alemtuzumab,
rozpoznajacych specyficznie antygeny.?’ Ponadto, ciekawg koncepcja modyfikacji DDSs jest
zmiana struktury chemicznej no$nikow w taki sposob, aby staly si¢ one wrazliwe na bodzce

zewngtrzne lub srodowisko charakterystyczne dla komorek nowotworowych.

Liczne dane literaturowe oraz powszechnie dostgpna wiedza w zakresie biologii
molekularnej nowotwordéw wskazuja, iz komoérki te wytwarzaja sSrodowisko odrézniajace je od
srodowiska charakteryzujacego zdrowe tkanki. Mikrosrodowisko guzow litych odgrywa istotng
role w progresji, przerzutowaniu i opornosci na terapie przeciwnowotworowe. Bez watpienia,
do charakterystycznych cech nowotworow naleza hipoksja, wysokie ci$nienie srodmigzszowe
oraz zaburzenia w dziataniu pompy jonowe;j.?8 Te ostatnie powoduja znaczny wyrzut jondw

H*, co skutkuje wzrostem pH wewnatrz komorki nowotworowej (7.3-7.6), a jego spadek do
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pH 6.8 w macierzy pozakomorkowej.?® W zwigzku z powyzszym zaczeto weielaé do struktury
DDSs wigzania wrazliwe na srodowisko kwasne, jak np. wigzanie hydrazonowe.*® Doskonatym
przyktadem zastosowania tego wigzania jest Aldorubicyna, inaczej nazywana INNO-206.
Aldorubicyna jest klinicznie przebadanym prolekiem doksorubicyny (DOX), posiadajgcym
w swojej strukturze wiazanie hydrazonowe oraz dodatkowa grupe maleimidowa.3! Zwigzek ten
po podaniu dozylnym wiaze si¢ z albuming przedluzajac okres poéltrwania DOX
w krwioobiegu, a nastepnie uwalnia ja w sSrodowisku kwasnym poprzez hydroliz¢ wigzania

hydrazonowego.*

W niektorych przypadkach nowotworéw obserwowana jest wzmozona ekspresja
metaloproteinaz macierzy zewnatrzkomorkowej (MMP).3* MMP naleza do grupy
metalozaleznych (Zn?*) enzyméw proteolitycznych nalezacych do endopeptydaz odkrytych
w 1962 roku.** Do tej pory opisano 22 rodzaje MMP wystepujacych u cztowieka, ktore ze
wzgledu na roéznice w budowie domenowej i swoistosci substratowej zostaty podzielone na
kilka grup, jak matrylizyny (MMP-7) czy zelatynazy (MMP-2/-9).>*> MMP biorg udzial
w wielu procesach fizjologicznych i wytwarzane sg przez wigkszo$¢ prawidtowych komorek,
m. in. przez fibroblasty oraz komorki dendryczne. Zwigkszong aktywnos¢ MMP obserwuje si¢
w procesach patologicznych, takich jak nowotworzenie.*® Zgodnie z literatura przedmiotu
tancuchy peptydowe wrazliwe na dziatanie MMP wprowadzone do struktury no$nikow ulegaja
hydrolizie, a co za tym idzie uwalniaja lek bezposrednio do komorek nowotworowych.3” Sam
Mechanizm uwalniania leku z no$nikow wrazliwych na MMP odbywa si¢ dwuetapowo.
W pierwszym etapie nastepuje hydroliza wigzania peptydowego przy udziale MMP,
prowadzaca do produktu posredniego, ktorego dalsza degradacja, katalizowana dziataniem
dodatkowych wewnatrzkomérkowych proteaz, skutkuje uwolnieniem leku (Rys. 3).%
W ostatnich latach opracowano sonde zawierajaca fragment peptydowy wrazliwy na MMP-2
do obrazowania guzéw, prolek bedacy koniugatem albuminy i DOX, jak rowniez micele

obnizajace efekty uboczne stosowanej terapii ze wzgledu na celowane uwalnianie

cytostatyku.*
dalsza
degradacja

DDSs Peptyd Lek _MMP _  DDSs Lek _degradacja ¢

Rysunek 3. Schemat dwuetapowego uwalniania leku z nosnika wrazliwego na dzialanie metaloproteinaz
macierzy zewngtrzkomorkowej (MMP).

18



Prawdziwy przetom w badaniach nad efektywnym dostarczaniem lekow nastgpit w roku
2020, kiedy to dopuszczono, w zaledwie kilka miesiecy, do awaryjnego uzytku szczepionke
przeciw wirusowi SARS-Cov2 (COMIRNATY®), ktora swoje dzialanie opiera na dostarczaniu

mRNA poprzez nanoczastki lipidowe (LNP).%°

Historia DDS pochodzenia lipidowego siega lat
90. XX wieku, kiedy otrzymywano nowe formy lipidowych DDS: uktady polimerowo-—
lipidowe, liposomy z enkapsulowang DOX (Doxil®), immunoliposomy oraz lipidy
kationowe.*! Liposomy zbudowane z fosfolipidéw ulegaja spontanicznej samoorganizacji
w pecherzyki, umozliwiajac umieszczenie leku wewnatrz ich struktury.*> Dodatkowo, lipidy
kationowe, rdznigce si¢ strukturg od liposoméw, umozliwiajg przenoszenie kwasow
nukleinowych, jednak wykazuja pewne ograniczenia w zastosowaniu in vivo ze wzgledu na
toksyczno$é w miejscu podania.*® Alternatywa dla lipidow kationowych sa LNP zbudowane
z czterech komponentéw pehlnigcych rézne funkcje: jonizowalnego lipidu, fosfolipidu,
cholesterolu i PEG potaczonego z tancuchem alkilowym zakotwiczonym w dwuwarstwie
lipidowej (PEG-lipid; Rys. 4).* Cholesterol, ze wzgledu na sztywng strukture stabilizuje LNP,
a fosfolipid przyczynia si¢ do fuzji z blonami komérkowymi i endosomalnymi, co sprzyja
wychwytowi komoérkowemu. Ponadto, PEG-lipid zmniejsza opsonizacje (zjawisko opornosci
swoistej) 1 poprawia rozpuszczalnos¢. Najwazniejszy komponent — jonizowalny lipid —
odpowiada za odpowiedz LNP na zmian¢ pH. LNP sg stosunkowo stabilne w pH
fizjologicznym, jednak w warunkach kwasowych panujacych migedzy innymi w endosomach
ulegaja jonizacji umozliwiajac ucieczke endosomalng.*® Mimo Ze mechanizm ten nie jest do
kofica poznany, zaklada si¢, ze LNP po sprotonowaniu ufatwiaja oddzialywania
elektrostatyczne i fuzj¢ z ujemnie natadowang btong endosomu. Fuzja powoduje destabilizacje
struktury LNP i wyrzut kwasu nukleinowego do cytoplazmy.*® Najnowsze doniesienia
literaturowe oraz liczba raportowanych badan klinicznych nad LNP wskazujg na wykorzystanie
tych no$nikoéw w wydajnym dostarczaniu kwaséw nukleinowych i ich znaczacy potencjat

aplikacyjny.*’

Cholesterol

Fosfolipid ..0' LN
Jonizowalny lipid

3
2 ... 900y

PEG-lipid E7 0 NN
Kwas nukleinowy

Rysunek 4. Schemat struktury nanoczgstki lipidowej (LNP).
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2. Terapie przeciwnowotworowe

Swiatowa Organizacja Zdrowia odnotowata w roku 2020 dziesie¢ milionow zgondw,
ktorych przyczyng byly choroby nowotworowe.*® Jest to znaczny wzrost w poréwnaniu do roku
2018, w ktorym zarejestrowano 9,4 milionéw przypadkow.*® Dlatego istotne wydaje sic lepsze
zrozumienie podtoza genetycznego 1 mechanizmow molekularnych promujacych
kancerogenezg, CO moze przyczyni¢ si¢ do opracowania nowych metod leczenia chorob
nowotworowych. Nowotwory petnoobjawowe sg tatwe do zdiagnozowania, jednak wykazuja
niski wskaznik wyleczalnosci i nierzadko wymagajg zastosowania Kilku terapii, tzw. terapia
skojarzona.®® Wsréd powszechnie stosowanych i taczonych ze soba metod leczenia choréb

nowotworowych wyroznia sie radioterapie, chemioterapie i leczenie chirurgiczne.>!

Sztandarowym przyktadem leku stosowanego w chemioterapii jest DOX, nalezaca do
grupy antybiotykow antracyklinowych, wyizolowanych ponad 50 lat temu ze szczepu
Streptomyces percentus var. caesius.®> DOX stosowana jest w leczeniu wielu typow
nowotworow, tj. biataczki i chtoniakow Hodgkin’a, jak rowniez w przypadku nowotworow
litych piersi.>® Ztozony mechanizm dziatania przeciwnowotworowego DOX zdeterminowany
jest poprzez jej struktur¢ chemiczng. DOX sktada si¢ aglikonu potgczonego wigzaniem
glikozydowym z daunozaming (Rys. 5).>* Jedng z propozycji wyjasniajacych dzialanie DOX

0 OH O

HO

NH,
Rysunek 5. Struktura chemiczna doksorubicyny (DOX).

jest mechanizm oparty o interkalacje czgsci aglikonu do dwuniciowego DNA, co prowadzi do
zahamowania proceséw replikacyjnych i biosyntezy makromolekut.”>® Dodatkowo, DOX moze
generowa¢ wolne rodniki, ktére powadza do uszkodzenia DNA oraz utleniania lipidow,
sieciowa¢ miedzytancuchowo DNA i hamowa¢ dziatanie topoizomerazy I1.5° Najsilniejsze
dziatanie DOX obserwowane jest w fazie G2/M cyklu komoérkowego, prowadzac do apoptozy,
czyli kontrolowanego procesu $mierci komoérkowej. Pomimo skutecznosci klinicznej, DOX
wykazuje wiele skutkow ubocznych, jak wysoka kardiotoksyczno$¢, moze wywieraé

niekorzystny wpltyw na watrobe 1 nerki oraz powodowa¢ martwice tkanek ze wzgledu na
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dozylna/dotetnicza forme podawania cytostatyku.>® Ponadto coraz czesciej obserwowana jest
wielolekowa oporno$¢ komorek nowotworowych (MDR, ang. multiple drug resistance) na
cytostatyki poprzez hamowanie procesow apoptycznych, co skutkuje obnizeniem skutecznosci
dziatania chemioterapii pomimo zwigkszania dawki leku lub zastosowania kombinacji r6znych

chemioterapeutykow.>®

Dane literaturowe wskazuja, ze zjawisko opornosci komoérek nowotworowych na
apoptoze¢ zachodzi poprzez kilka mechanizméw, w tym przez mechanizmy naprawy DNA oraz
nadekspresje biatek antyapoptycznych.%’ Jednym z kluczowych czynnikéw regulujacych
apoptoz¢ s3 biatka nalezace do rodziny Bcl-2 (ang. B-cell leukemia/lymphoma-2) odkryte
ponad 30 lat temu w wyniku badan nad chtoniakami nieziarnicznymi.®! Stwierdzono réwniez,
ze w przypadku pacjentow leczonych wedtug schematu CHOP (cyklofosfamid, winkrystyna,
doksorubicyna i prednizon) ekspresja biatka Bcl-2 wigze sie z gorszym rokowaniem.®? Biatko
Bcl-2 odpowiada za regulacje mitochondrialnego szlaku apoptozy, hamujac uwalnianie

cytochromu ¢ i szlaku kaspaz (Rys. 6).°% Ze wzgledu na wazng role biatka Bcl-2
o
' BAK

q®
000

Kas3|;a72a s Kaspaza9 <¢— Kaspaza9£>
l ° Cytochrom ¢

Apoptoza @ Apoptotyczny czynnik aktywujacy
proteaze 1

Rysunek 6. Schemat mitochondrialnego szlaku apoptozy
regulowanego przez biatko Bcl-2.

w szlakach apoptycznych zacz¢to poszukiwaé nowych strategii hamowania lub deregulacji
ekspresji biatka Bcl-2.%4 Duzym sukcesem okazalo si¢ zastosowanie antysensownych
oligonukleotydow (ASO, ang. antisense oligonucleotides), np. Oblimersen, SPC2996 LNP czy
PNT2258, testowanych klinicznie przeciwko szpiczakom mnogim i biataczkom.%5% Dziatanie
ASO opiera si¢ na tworzeniu kompleksu z mRNA, aktywacji RNAzy H, a nastepnie
enzymatycznemu pocieciu heterodupleksu, prowadzacemu do degradacji mRNA.%" W roku
2016 otrzymano selektywny inhibitor biatka Bcl-2 — wenetoklaks, ktory zostat zatwierdzony

przez FDA do monoterapii w leczeniu przewleklej biataczki limfocytowej.%® Ze wzgledu na

21



ograniczone korzy$ci wspomnianych monoterapii, coraz wiecej trwajacych obecnie badan
klinicznych taczy monoterapie z cytostatykami takimi jak DOX.®%’® Ekspresja
antyapoptycznego biatka Bcl-2 moze jednak przeciwdziata¢ farmakologicznemu efektowi
DOX. Dlatego w ostatnich latach skupiono si¢ rowniez na wykorzystaniu Bcl-2 SiIRNA i DOX
w terapiach skojarzonych ukierunkowanych m. in. na raka jajnika czy glejaka.”>"? siRNA jest
dwuniciowym fragmentem RNA o dtugosci okoto 21-23 par zasad indukujacym wyciszanie
ekspresji wybranego genu.” Mechanizm wyciszania genéw przy uzyciu siRNA zachodzi
kilkuetapowo. W pierwszym etapie egzogenny dsRNA poddany zostaje hydrolizie przy udziale
rybonukleazy Dicer, co skutkuje powstaniem sIRNA. Nastepnie, siRNA wigze si¢
z efektorowym kompleksem biatkkowym RISC, w sktad ktorego wchodzg biatka AGO2, Dicer
i TRBP (Rys. 7). W kolejnym etapie, z kompleksu usuwana jest tzw. ni¢ pasazerska,
a pozostawiona zostaje ni¢ wiodaca, ktorej koniec 5’ wigze si¢ z obecnym w kompleksie
biatkiem AGO2. Pojedyncza ni¢ siRNA wilaczona w kompleks RISC przylacza
komplementarne mRNA, powodujac jego przecinanie, co skutkuje zahamowaniem ekspresji
odpowiedniego transkryptu.’
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Rysunek 7. Sposob dziatania interferujgcych RNA (opis w
tekscie).

Na przestrzeni ostatnich lat poczyniono ogromny progres w badaniach nad
zastosowaniem siRNA w leczeniu. Pierwszym lekiem opierajacym swoje dziatanie na siRNA,
ktory zostat dopuszczony przez FDA do uzytku w sierpniu 2018 roku byt Onpattro®.”

Wskazaniem do stosowania tego leku byta dziedziczna amyloidoza transtyretynowa
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U pacjentéw z polineuropatiag. W listopadzie 2019 roku, FDA dopuscito do uzytku Givosiran®,
jako drugi zaakceptowany lek na bazie siRNA i pierwszy uzywany w leczeniu ostrej porfirii
watrobowej.’® Natomiast Komitet Europejskiej Agencji Lekow dopuscit do obrotu Givosiran®
w marcu 2020 roku. Jednak efekty terapeutyczne i sukces kliniczny stosowania RNA wymaga
pokonania kilku gtéwnych barier biologicznych, jak np. degradacja RNA w wyniku dziatania
RNAz. Ponadto, egzogenny RNA charakteryzuje si¢ silng immunogennoscig oraz moze by¢
tatwo wydalany przez nerki. Wyzwaniem jest rowniez dostarczenie ujemnie natadowanego

i stosunkowo duzego RNA przez hydrofobowa btone cytoplazmatyczng.’’

Badania kliniczne przeprowadzone w ciggu ostatnich kilku lat wskazuja, ze mozliwe
jest bezpieczne i skuteczne stosowanie siRNA w celu wyciszania wybranego genu. Terapia ta
jest poteznym i wszechstronnym narzedziem do walki z chorobami réznego pochodzenia,
prowadzacym tym samym do polepszenia obecnych standardow leczenia. Faktycznie, liczba
nowych lekéw RNA bedacych w trakcie opracowywania 1 poddanych badaniom klinicznym
gwaltownie wzrosta, co jest spowodowane stopniowym rozwigzywaniem problemu stabilnosci,
dostarczania i immunogennosci RNA. Otrzymywanie zaawansowanych platform do transportu

RNA w celu pokonania barier biologicznych wydaje si¢ zatem obiecujagcym kierunkiem badan.
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I1]. Badania wlasne

1. Dostarczanie doksorubicyny przy uzyciu fulerenu C60 jako nosnika [P1]

Na podstawie inspirujacych doniesien literaturowych, postanowitam otrzymac koniugat
fulerenu Cgo z DOX (Ful-DOX), do stosowania w potencjalnej terapii przeciwnowotworowej
(Rys. 8 oraz Schemat 1 w P1). W pierwszym etapie prac badawczych otrzymatam malonian
bis(14,14-dimetylo-12-0x0-3,6,9,13-tetraoxopentadekanowy) 1, ktéry stanowil tancuch
taczacy fuleren Ceo z DOX. Struktura otrzymanego zwigzku 1 zostata potwierdzona metoda
spektrometrii mas (MALDI-TOF) oraz magnetycznego rezonansu jadrowego (NMR).
Obecnos¢ w strukturze fulerenu Ceo atoméw wegla zwigzanych wigzaniem podwojnym czyni
go podatnym na reakcje cykloaddycji. W celu sprzegniecia 1 z Ceo zastosowatam wigc reakcje
Bingela-Hirsha, ktora polega na cykloaddycji [2+1] przy udziale bromopochodnej kwasu
malonowego W obecnosci zasady, np. DBU.”® Tak otrzymany malonian—Ceo bis(14,14-
dimetylo-12-0x0-3,6,9,13-tetraoxopentadekanowy 2 poddatam hydrolizie przy uzyciu TFA.
Nastepnie, grupy karboksylowe produktu hydrolizy 3 aktywowatam stosujac uktad DCC/NHS.
W kolejnym kroku ester aktywny 4 sprzggatam z DOX, otrzymujac produkt koncowy Ful—
DOX 5. Wszystkie produkty przejsciowe 1-4 oraz ostateczny koniugat Ful-DOX 5 oczy$citam
przy uzyciu kolumnowej preparatywnej chromatografii cieczowej z wykorzystaniem
DCM/MeOH jako eluentu i zelu krzemionkowego jako fazy stacjonarnej. Otrzymane zwiazki
zidentyfikowatam przy uzyciu metody MALDI-TOF. Fachowa literatura sugeruje, iz, uktady
zawierajace w swojej strukturze fuleren Ceo ulegaja fragmentacji podczas jonizacji probki, co
rowniez ma miejsce w przypadku zwigzkow zawierajacych czasteczke DOX.’980
Rzeczywiscie, na wszystkich zarejestrowanych widmach masowych obserwowatam szereg
pikow powstajacych w wyniku fragmentacji otrzymanych produktow, gtéwnie na drodze utraty
1-oxy-2-hydroksyetylu lub daunozaminy.

24



Ho/\(\/o\/)ﬁrotBu Jol\/loj\
o —I tBuO. _ o OtBu

O CBr4/DBU @

DOX'-NH;*CI/NEt;

Rysunek 8. Schemat syntezy koniugatu Ful-DOX 5.

Otrzymany  koniugat Ful-DOX  scharakteryzowatam  kilkoma  metodami
fizykochemicznymi, jak roéwniez przy uzyciu obliczen kwantowochemicznych DFT.
Poczatkowo, za pomoca spektroskopii UV-vis porownatam widma absorpcyjne Ful-DOX,
wolnej formy DOX oraz samego fulerenu (Rys. 9A oraz Rys. 3A w P1). Widmo zarejestrowane
dla DOX przyjeto typowy dla tego zwigzku ksztatt z maksimum absorpcji przy 484 nm.
W przypadku fulerenu obserwowatam dwa charakterystyczne piki przy dtugosci fal 387 nm
oraz 493 nm. Widmo absorpcyjne Ful-DOX 5 wydaje si¢ by¢ natozeniem obu wcze$niej
wspomnianych widm, co moze $wiadczy¢ 0 udanym sprzeggnieciu fulerenu Ceo z DOX.
Eksperymentalne dane spektralne pozostaja w bardzo dobrej zgodno$ci z wynikami obliczen
DFT, dodatkowo sugerujac silne oddziatywania pomigdzy czasteczkag DOX a fulerenem Ceo
(Rys. 9B-9E oraz Rys. 2A-2C i Rys. 3B w P1).

Poniewaz czasteczka DOX nalezy do molekut fluoryzujacych, zdecydowatam si¢ na
przeprowadzenie pomiarow intensywnosci fluorescencji w funkcji wzrastajacego stezenia Ful—
DOX. Eksperyment ten mial umozliwi¢ zaobserwowanie agregacji koniugatu, mozliwej ze
wzgledu na obecno$¢ hydrofobowej czasteczki fulerenu w molekule Ful-DOX. Faktycznie,
poczatkowo intensywnos$¢ fluorescencji wzrastata liniowo, jednak po przekroczeniu stezenia

53 uM zaobserwowatam spadek jej intensywnosci i zmiang ksztattu widma (Rys. 9G oraz Rys.
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4 w Pl). Wynik ten moze sugerowaé¢ powstawanie agregatow Ful-DOX skutkujacych
wygaszaniem fluorescencji. Obecno$¢ agregatow potwierdzitam dodatkowo przy uzyciu
techniki DLS. Wyniki eksperymentu dynamicznego rozpraszania $wiatta wskazuja, ze
w badanym roztworze najlepiej reprezentowane sg agregaty o promieniu hydrodynamicznym
okoto 800 nm (Rys. 9F oraz Rys. 5 w P1). Tak duzy rozmiar Ful-DOX jest niekorzystny dla

wychwytu komérkowego i moze zaburzaé dziatanie przeciwnowotworowe DOX.
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Rysunek 9. Charakterystyka fizykochemiczna koniugatu Ful-DOX. A. Eksperymentalnie otrzymane
widmo absorbancji dla DOX, fulerenu Ce oraz koniugatu Ful-DOX, zarejestrowane w zakresie
dlugosci fal 350-700 nm. B. Teoretyczne widmo absorbancji otrzymane dla DOX, fulerenu Ceo Oraz
koniugatu Ful-DOX przy uzyciu metod kwantowochemicznych DFT. C. Zoptymalizowana struktura
fulerenu Ceo PM6 D. Zoptymalizowana struktura DOX. E. Zoptymalizowana struktura koniugatu Ful-
DOX. F. Rozkiad sredniego promienia hydrodynamicznego zarejestrowany dla koniugatu Ful-DOX.
G. Widmo fluorescencji rejestrowane wraz ze wzrastajgcym stezeniem koniugatu Ful-DOX.
Szczegolowy opis zaprezentowanych wynikow znajduje sie¢ w publikacji P1.

Kolejnym celem projektu byto wyjasnienie czy pomimo duzego rozmiar Koniugatu
kowalencyjne zwigzanie DOX ze stosunkowo nietoksycznym no$nikiem prowadzi do uktadu
o wiasciwosciach terapeutycznych. Badania in vitro przeprowadzono na réznych liniach
komorkowych raka piersi (MCF-7, T47D i MDA MB 231) oraz raka prostaty (PC3) przy
zastosowaniu dwoch testow cytotoksycznosci — SRB i WST-1 (Rys. 10A-H oraz Rys. 9A-F
i Rys. 7 w P1). Wyniki otrzymane dla poszczegdlnych linii komérkowych sugeruja brak
aktywnosci przeciwnowotworowej koniugatu. Dla poroéwnania, wolna forma DOX
powodowata wyrazny spadek zywotnosci komorek wraz ze wzrostem st¢zenia. Przy
najwyzszym stosowanym st¢zeniu redukowata zywotno$¢ do okoto 40%. Natomiast w catym
zakresie badanych stezen Ful-DOX obserwowatam zywotnos¢ w zakresie 95-100% dla

wszystkich uzytych linii komorkowych. Przypuszczatam, iz moze by¢ to efekt powstajacych
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agregatow. Aby to potwierdzi¢ komorki linii MCF-7 inkubowatam z DOX oraz Ful-DOX,
a nastepnie wizualizowatam stosujgc mikroskopig¢ konfokalng (Rys. 101 oraz Rys. 8 w P1). Jak
oczekiwatam, wolna forma DOX akumulowala si¢ w jadrze komorkowym, czego nie
obserwowatam w przypadku koniugatu Ful-DOX. Zarejestrowane obrazy mikroskopowe
pokazuja, iz koniugat Ful-DOX nie wnikat do jadra komérkowego, lecz agregowat na btonie
jadrowej, co pozostaje w zgodzie z faktem, iz rozmiar poréw znajdujacych si¢ w blonie
jadrowej nie przekracza 25 nm.8! Akumulacja Ful-DOX na blonie jadrowej i brak penetracji
do wnetrza jadra komoérkowego uniemozliwiajg cytotoksyczne dziatanie DOX, jakim jest
m. in. jej interkalacja pomig¢dzy pary zasad DNA. Dalsze badania i ewentualne modyfikacje

koniugatu Ful-DOX zostaty wigc zaniechane.
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Rysunek 10. Analiza biologiczna in vitro koniugatu Ful-DOX. A, B. Zywotnosé¢ komoérek MDA MB
231 inkubowanych przez 28 godzin wolng formg DOX (lewy panel) oraz koniugatem Ful-DOX (prawy
panel) w zakresie stezen od 0 do 4 uM. C, D Zywotnos¢ komérek MCF-7 inkubowanych przez 28 godzin
wolng formg DOX (lewy panel) oraz koniugatem Ful-DOX (prawy panel) w zakresie stezen od 0 do 4
uM.E, F Zywotnosé¢ komérek TATD inkubowanych przez 28 godzin wolng formg DOX (lewy panel) oraz
koniugatem Ful-DOX (prawy panel) w zakresie stezen od 0 do 4 uM.G, H Zywotnos¢ komérek PC3
inkubowanych przez 28 godzin wolng formg DOX (lewy panel) oraz koniugatem Ful-DOX (prawy
panel) w zakresie stezen od 0 do 4 uM. | Obrazy otrzymane przy wykorzystaniu mikroskopii konfokalnej
dla komorek MCF-7 inkubowanych wolng formq DOX oraz koniugatem Ful-DOX. Jgdro komorkowe
zostato wybarwione przy uzyciu Hoechst 33342. Szczegotowy opis zaprezentowanych wynikow znajduje
sie w publikacji P1.
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2. Dostarczanie doksorubicyny poprzez nos$nik wrazliwy na dzialanie metaloproteinaz

macierzy pozakomorkowej [P2, P3]

Wyniki otrzymane w pierwszym etapie projektu i opisane w pracy P1 nadaty nowy
kierunek dalszym badaniom. W kolejny etapie postanowitam wykorzysta¢ nosnik wrazliwy na
dziatanie wybranej klasy enzymoéw, ktorych nadekspresja jest obserwowana w przypadku
komorek nowotworowych. W tym celu wytypowatam MMP-2 oraz MMP-9 (MMP-2/-9) jako
jedne z ciekawszych i dobrze opisanych markerow nowotworowych. Dane literaturowe
proponujg szereg sekwencji peptydowych specyficznych wzgledem MMP-2/-9, ktérych
degradacja odbywa sie dwuetapowo, prowadzac do uwolnienia transportowanego leku. 8283
Kratz i wspotpracownicy zaprezentowali szereg danych jakos$ciowych 1 ilosciowych,
charakteryzujac uwalnianie DOX w funkcji czasu z nosénika wrazliwego na MMP.®
Poczatkowo obserwowany jest produkt posredni jako wynik dziatania MMP na DDSs,
a dopiero w drugim etapie nastgpuje catkowite uwolnienie DOX. Produkt posredni (powstajacy
w pierwszym etapie trawienia) obserwowany jest nawet do 10 godzin po rozpoczeciu inkubacji
z MMP. Obserwacje Kratza’a sklonily mnie do glgbszych rozwazan nad molekularnym

mechanizmem dziatania produktu posredniego na DNA.

Poniewaz jednym z glownych mechanizméw dziatania DOX jest jej interkalacja do
dwuniciowego DNA postanowitam zbada¢ zachodzenie tego procesu dla produktu
posredniego.®® W tym celu, zaproponowatam oktapeptyd (8—pep) o sekwencji glicynai—
prolina,—leucynas—glicynas—leucynas—alaninas—glicynar—glicynas, jako substrat ulegajacy
hydrolizie w obecnosci MMP. W pierwszej kolejnosci zbadatam czy zaprojektowany 8—pep
ulega hydrolizie w obecnosci MMP. Z punktu widzenia badan nad no$nikami wrazliwymi na
dziatanie MMP istotne jest, aby substrat byt wydajnie trawiony przez wybrany enzym. Dzigki
wykorzystaniu wysokosprawnej chromatografii cieczowej (HPLC) i analizie MALDI-TOF
wykazatam, iz hydroliza wigzania peptydowego zachodzi w pozycji ...—glicynas—leucynas—.....
Doktadna analiza ilociowa potwierdzila, ze zaproponowany 8-pep jest odpowiednim
substratem do opracowania nosnika DOX wrazliwego na MMP. Po 12 godzinach inkubacji 8—
pep z MMP obserwowatam mniej niz 20% substratu (Rys. 12A,B oraz Rys. 2A,B w P2). Aby
scharakteryzowa¢ zachowanie produktu przejsciowego przeprowadzitam jego dwuetapowa
synteze (Rys. 11 oraz Rys. 3 w P2) stosujac tetrapeptyd (4—pep) leucynas—alaninas—glicynar—
glicynag (produkt trawienia 8—pep), posiadajacy dodatkowo ostong Fmoc w celu tymczasowej

ochrony grupy a-aminowej N-koncowego aminokwasu (Fmoc—4—pep).8®
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W pierwszym etapie chroniony 4—pep sprzegatam z DOX uzywajac metody mieszanych
bezwodnikow, ktora polegata na kondensacji chloromrowczanu isobutylu (CICOOiBu) z N-
chronionym 4-pep w obecnosci trietyloaminy (TEA) w DMF.®” Nastepnie, do otrzymanej
mieszaniny dodatam DOX otrzymang w wyniku osobnej reakcji chlorowodorku DOX z TEA
w DMF. Otrzymany produkt Fmoc—4-—pep-DOX 6 oczyszczatam z wykorzystaniem
kolumnowej preparatywnej chromatografii cieczowej. Drugim krokiem, byta deprotekcja
Fmoc—4—pep—DOX 6 przy zastosowaniu 50% roztworu morfoliny w DMF. Otrzymany produkt
koncowy 4—pep—DOX 7 oczyszczatam za pomocg HPLC.
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Rysunek 11. Schemat syntezy 4-pep-DOX.

Do scharakteryzowania oddziatywan 4-pep—-DOX oraz wolnej formy DOX
z fragmentem DNA o dlugosci 20 par zasad zastosowatam szereg technik instrumentalnych,
wlaczajac W to spektrofotometri¢ UV-vis, spektrofluorymetrig, i izotermiczng kalorymetri¢
miareczkowg (ITC, ang. isothermal titration calorimetry). Spektrofotometria UV-vis pozwolita
na zidentyfikowanie oddziatywan DOX i 4-pep—DOX z DNA poprzez poréwnanie widma
ligandow (DOX i 4-pep—-DOX) z widmem powstatego kompleksu ligand/DNA w trakcie
miareczkowania ligandow wzrastajaca iloscia DNA (Rys. 12C,D oraz Rys. 4A,B w P2).
Wedlug literatury, cecha charakterystyczng powstawania kompleksow jest przesunigcie
maksimum absorbcji kompleksu w kierunku fal dhuzszych.® Faktycznie, w przypadku
miareczkowania DOX wodnym roztworem DNA zaobserwowalam nieznaczne przesunigcie

widma w tym kierunku. W przypadku spektrofluorymetrii, do badania wspomnianych wyzej

29



oddziatywan stosuje si¢ miareczkowanie fluorescencyjne. Fluorofory, tutaj DOX i 4—pep—DOX
byly miareczkowane kolejnymi porcjami DNA, a nastgpnie dokonywano pomiaru
intensywnosci fluorescencji (Rys. 12E,F oraz Rys. 5A,B w P2). Unieruchomienie fluoroforow
w kompleksie z DNA moze powodowaé wygaszenie wraz ze wzrostem stezenia wygaszacza
(DNA) w mieszaninie. Otrzymane dane jednoznacznie wskazujg na mechanizm gaszenia
statycznego, ktore w przeciwienstwie do gaszenia dynamicznego polega na natychmiastowym
odebraniu energii wzbudzenia DOX i 4-pep-DOX przez DNA. Interesujaca metoda
pomiarowa dajacg informacje o pelnym profilu termodynamicznym reakcji oddzialywania
liganda z DNA jest ITC.% Zachodzacy proces wiazania liganda do DNA powoduje efekty
cieplne — cieplo moze by¢ wydzielane lub pochtaniane w zaleznosci od obserwowanego
oddzialywania.

W kazdym z powyzszych eksperymentow wodne roztwory DOX oraz 4—pep-DOX
miareczkowano roztworem DNA. Wykorzystujac odpowiednie réwnania obliczono state
wigzania/asocjacji (Ka) i dysocjacji (Kp) oraz energi¢ swobodng (AG) procesu interkalacji
DOX i 4—pep-DOX do DNA. Dodatkowe parametry termodynamiczne jak entalpia (AH)
1 entropia (AS) zostaly wyznaczone na podstawie izoterm otrzymanych z pomiarow
kalorymetrycznych. Uzyskane dane, pozwolily stwierdzi¢, ze produkt posredni hydrolizy jest
w stanie oddziatywa¢ z DNA. Przyktadowo, AGirc obliczona na podstanie danych
kalorymetrycznych wynosi odpowiednio -8,26 kcal/mol dla ukladu DOX - DNA
i -5.78 kcal/mol dla 4-pep—DOX. Ujemne wartosci AGitc $wiadcza o spontanicznym
zachodzeniu procesu interkalacji dla obu zwigzkow. Godnym podkreslenia jest fakt, ze state
termodynamiczne otrzymane eksperymentalnie, zarowno dla procesu interkalacji DOX, jak
I 4—pep—DOX sg porownywalne z danymi teoretycznymi. Stosujagc dynamike molekularng,
przeanalizowano profile energii swobodnej wigzania ligandow z DNA (AG), ktore dodatkowo
ujawnily rozne miejsca interkalacji wolnej formy DOX i 4-pep—DOX (Rys. 12G oraz Rys.
10A,B w P2). Moze by¢ to wynik modyfikacji DOX poprzez wprowadzenie do struktury
tancucha peptydowego, ktory ukierunkowal wigzanie si¢ 4-pep—-DOX do DNA
w duzym rowku, tak jak zachodzi to w przypadku wigkszych molekut (np. biatka, Rys. 12H
oraz Rys. 11 w P2).%° Oddziatywania tego typu nie obserwowano dla wolnej formy DOX, ktora
interkaluje w matym rowku.®® Ponadto zgodnie z literatura, DOX tworzy kompleksy
interkalacyjne z DNA w miejscach zawierajgcych sekwencje¢ 5’-GC-3" i 5°-CG-3’, co wplywa

bezposrednio na elastyczno$é¢ podwojnej helisy, powodujac jej relaksacje.®? Dlatego wszystkie
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opisane pomiary przeprowadzitam dla dwuniciowego oligonukleotydu zawierajagcego

powtarzajace si¢ pary zasad 5°-CG-3°.

Na podstawie otrzymanych wynikéw mozna przypuszczaé, ze uwolnienie DOX
z produktu przejsciowego nie jest konieczne do efektywnego dziatania cytotoksycznego
zwigzku 1 juz sam 4-pep—DOX moze znaczaco zaburza¢ procesy komorkowe. Dlatego
w kolejnym etapie postanowitam otrzymac no$nik wrazliwy na dzialanie MMPs, postugujac

si¢ wezesniej opisanym 8—pep (PEG-8—pep-DOX, P3).

Po nieudanej probie otrzymania aktywnego biologicznie nosnika Ful-DOX opisanego
w publikacji P1, wykazujacego tendencj¢ do agregacji ze wzgledu na obecno$é hydrofobowego
fulerenu, zdecydowatam nie wykorzystywa¢ go do dalszych modyfikacji tancuchem
peptydowym. Za no$nik poshuzyl natomiast wczesniej otrzymany ester aktywny 3 (nie
zawierajacy w strukturze czasteczki fulerenu Ceo; Rys. 8). W celu otrzymania koniugatu PEG—
8-pep—DOX przeprowadzitam trzyetapowa synteze (Rys. 13 oraz Rys. 1 w P3). Poczatkowo,
oktapeptyd (8—pep) chroniony Fmoc sprzegatam z DOX przy uzyciu wczesniej opisanej
metody mieszanych bezwodnikow. W drugim kroku, otrzymany Fmoc—-8-pep—DOX 8
traktowatam 50% morfoling w celu usuniecia ostony Fmoc, a nastepnie otrzymany 8—pep—
DOX poddatam reakcji z estrem aktywnym 3, otrzymujac koncowy produkt PEG-8—pep—DOX
9. Koniugat PEG-8-pep—DOX oczyszczatam przy uzyciu metody HPLC. Ponadto, koniugat
PEG-8-pep—DOX zidentyfikowatam za pomoca techniki MALDI-TOF. Otrzymane widmo
MALDI-TOF byto w dobrej zgodnosci z widmami obserwowanymi w przypadku fragmentacji
koniugatu Ful-DOX 5 i rozpadem czasteczki doksorubicyny.
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Rysunek 12. Analiza fizykochemiczna oraz teoretyczna procesu interkalacji DOX i 4-pep-DOX
do DNA. A. Chromatogramy HPLC zarejestrowane dla 8-pep inkubowanego z MMP w czasie 12
godzin. B. Wydajnosé¢ trawienia 8—pep w funkcji czasu. C. Zmiany widma absorpcyjnego DOX w
trakcie miareczkowania roztworem DNA zarejestrowane w zakresie diugosci fal 350-600 nm. D.
Zmiany widma absorpcyjnego 4-pep—DOX w trakcie miareczkowania roztworem DNA
zarejestrowane w zakresie diugosci fal 350-600 nm. E. Intensywnos¢ flurescencji DOX
miareczkowania roztworem DNA. F. Intensywnos¢ flurescencji 4-pep—DOX miareczkowania
roztworem DNA. G. Interkalacja DOX i 4-pep—DOX do DNA wraz z profilem energii swobodnej
tworzenia kompleksu ligand/DOX. H. Miejsca interkalacji DOX i 4-pep-DOX do DNA.
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Szczegotowy opis zaprezentowanych wynikow znajduje sie w pracy P2.
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W celu scharakteryzowania koniugatu PEG-8-pep—DOX zdecydowatam si¢ na pomiar
potencjatu zeta, ktory daje informacjg¢ o tadunku powierzchniowym. Koniugat PEG—-8—pep—
DOX wykazywal ujemny tadunek, co moze ostabia¢ wychwyt komoérkowy ze wzgledu na
réwniez ujemnie natadowang btong komérkowa. Morfologie koniugatu scharakteryzowatam
przy uzyciu mikroskopii sit atomowych (AFM, ang. atomic force microscopy) Zarejestrowatam
szereg obrazow AFM, przedstawiajacych agregaty 0 ksztalcie fibryli (Rys. 14B-F oraz
Rys. 3B-F w P3). Wysokos¢ obserwowanych fibryli wynosita 6, 12, 15 i 24 nm, i odpowiadata
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Rysunek 13. Schemat syntezy PEG-8-pep—-DOX (o0znaczonego jako DOX—-8—pep—PEG-8—pep—DOX).

wielokrotnosci wysokos$ci pojedynczej czasteczki koniugatu wynoszacej okoto 3 nm (Rys. 14A
oraz Rys. 3A w P3), co $wiadczy o silnych oddzialywaniach pomiedzy czasteczkami
koniugatu.®® Obserwowana zdolno$¢ do agregacji sugeruje obnizona aktywno$¢ biologiczng
PEG-8—pep-DOX. Postanowilam zatem zbada¢ mechanizm agregacji, tak aby okresli¢ czy
wigzanie peptydowe ulegajace hydrolizie w wyniku dziatania MMP jest dostgpne dla enzymu
pomimo tworzenia fibryli. W tym celu wykorzystatam symulacje dynamiki molekularnej dla
monomeru, dimeru, tetrameru oraz oktameru PEG-8-pep-DOX (Rys. 15A,B oraz Rys. 4
I Rys. 5A-C w P3). Wyniki obliczen MD sugeruja, ze czasteczki wykazuja wysoka tendencje
do tworzenia fibryli. Dla wszystkich uktadow wyznaczono procentowy udzial fragmentu DOX,
8-pep i tancucha PEG w zewnetrznej warstwie agregatow (Rys. 15C oraz Rys. 6A,B w P3).
W przypadku DOX jest to okolo 39%, dla peptydu 37%, a fragment PEG to jedynie 24%
powierzchni zewngtrznej fibryli. Taka struktura agregatow i eksponowanie fragmentu
peptydowego moze swiadczy¢ 0 tym, ze pomimo agregacji fragment peptydowy wrazliwy na

dziatanie MMP jest dostepny dla efektywnego dziatania enzymu. W celu doktadniejszej analizy
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mechanizmu agregacji zidentyfikowano fragmenty koniugatu majace najwickszy udziat
podczas zachodzenia tego procesu. Analiza kontaktow wykazata, ze proces ten zachodzi

poprzez oddziatywania pomig¢dzy czasteczkami DOX oraz fragmentu peptydowego z DOX.

Wysokos$¢ (nm)
Wysokos$¢ (nm)

Dtugos$é (nm) Dtugos$é (nm)

Rysunek 14. Analiza AFM koniugatu PEG-8-pep-DOX. A. Obraz pojedynczej czgsteczki koniugatu
PEG-8-pep-DOX (lewy panel) wraz z przekrojem poprzecznym (prawy panel). B-F. Obrazy
zarejestrowane dla obserwowanych fibryli (lewy panel). Wraz z ich przekrojami poprzecznymi (prawy
panel). Szczegotowy opis zaprezentowanych wynikow znajduje si¢ w manuskrypcie P3.

Otrzymane wyniki sugeruja, ze pomimo agregacji koniugatu PEG-8-pep—DOX
powinien on nadal by¢ aktywny biologicznie, ze wzgledu na ekspozycj¢ wrazliwego na MMP
fragmentu peptydowego. Zdecydowatam si¢ wiec na przeprowadzenie testu MTT, w celu
okreslenia dziatania cytotoksycznego koniugatu w st¢zeniach 0, 0,1 i 1 uM (Rys. 15D oraz Rys.
7 w P3). Test przeprowadzitam dla trzech wybranych linii komoérek nowotworowych:
wiokniakomigsaka HT-1080, raka piersi MDA-MB-436 (linia wykazujace wysoka ekspresje¢
MMP) oraz raka piersi MCF-7 (linia komorkowa wykazujaca niskg ekspresje MMP). PEG-8—
pep—DOX przejawiat wlasciwosci cytotoksyczne wzgledem linii HT-1080 i MDA-MB-436,
skutkujac obnizeniem zywotno$ci o 25% dla najwyzszego st¢zenia koniugatu. Efekt ten nie byt
obserwowany w przypadku linii MCF-7 (zywotno$¢ >100%), co moze by¢ bezposrednio
zwigzane z brakiem wzmozonej ekspresji MMP. Dodatkowo, zaskakujacy efekt wzrostu
zywotnosci komorek MCF-7 mozna wytlumaczy¢ potencjalnym rozpoznawaniem peptydu
przez inne receptory blony komorkowej, co skutkuje promowaniem wzrostu komorek. Wyniki

te moga wskazywac, iz koniugat redukuje wzrost komorek wykazujacych nadekspresjc MMP
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i wykazuje tym samym selektywno$¢, jednak efekt cytotoksyczny jest nizszy niz spodziewany.
Tak niski  efekt mozna tlumaczy¢  niewystarczajgcym  stgzeniem  enzymu

w badanym uktadzie lub za krotkim czasem inkubacji.

Podsumowujac, koniugat PEG-8-pep—-DOX pomimo obserwowanej agregacji
wykazuje umiarkowang aktywno§¢ biologiczng wzglgdem linii  komoérkowych
charakteryzujacych si¢ nadekspresja MMP. Doniesienia literaturowe oraz przeprowadzone
przeze mnie analizy sugeruja, ze DDSs wrazliwe na dzialanie MMP sg interesujgcym
1 dynamicznie rozwijajacym si¢ kierunkiem badan, ktore w przysziosci mogg zaowocowac

nowsa grupa terapeutykow. %%
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Rysunek 15. Analiza procesu agregacji koniugatu PEG-8-pep-DOX. A. Przyktadowe struktury
agregatow zawierajgce kolejno 2, 4 i 8 czgsteczek koniugatu PEP-8—pep-DOX. B. Srednia wartosé
promienia zyracji oraz moment bezwtadnosci wzgledem gtownych osi wraz z przyktadowq strukturg
agregatu dla 16 czgsteczek koniugatu PEP-8-pep—-DOX. C. Pole powierzchni agregatow koniugatu
PEP-8—pep-DOX dostepne dla rozpuszczalnika oraz liczba kontaktow pomiedzy DOX, PEG i 8—pep.
D. Zywotnosé¢ komorek MCF-7, MDA-MB-436 oraz HT-1080 inkubowanych koniugatem PEP—8—pep—
DOX w czasie 72 godzin. Szczegotowy opis zaprezentowanych wynikow znajduje sie w manuskrypcie
P3.

3. Dostarczanie doksorubiciny oraz siRNA za pomoca nanoczastek lipidowych [P4]

Nanoczastki lipidowe (LNP), posiadajace dobrze zorganizowang sferyczng strukture
1 pozadane wilasciwosci wymagane do wydajnego wychwytu komoérkowego, sg idealnymi
systemami do dostarczania kwaséw nukleinowych.®®%" Dodatkowe wprowadzenie do LNP

zawierajaceg0 RNA (RNA-LNP) leku przeciwnowotworowego, np. DOX, moze zaburzaé
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strukturg LNP 1 zmniejszaé wydajnos¢ enkapsulacji RNA oraz bezposrednio wplywa¢ na
destabilizacje struktury.®® W zwigzku z powyzszym zaproponowalam i otrzymatam RNA-
LNP, ktora nastepnie zostata zmodyfikowana powierzchniowo poprzez wprowadzenie DOX.
Ze wzgledu na coraz czestsza opornos¢ komorek nowotworowych na dzialanie
chemioterapeutykow i na sukcesy terapii przy uzyciu siRNA, zdecydowalam si¢ na uzycie
SIRNA powodujacego represje genu bcl-2 i deregulacje ekspresji antyapoptycznego biatka
Bcl-2.
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zastosowaniu mieszania mikroprzeptywowego oraz reakcja addycji przy wykorzystaniu PTE i
Aldorubicyny.

W pierwszym etapie badan zoptymalizowatam proces otrzymywania LNP, stosujac
SiRNA wyciszajacy gen lucyferazy (siLuc). LNP otrzymatam przy uzyciu techniki mieszania
mikroprzeptywowego, polegajacej na potaczeniu fazy wodnej zawierajagcej RNA z fazg
etanolowa w sktadzie: jonizowalny lipid (C12-200), fosfolipid posiadajacy grupe tiolowa
(PTE), cholesterol oraz PEG-lipid (C14-PEG2000).%°1% Mieszanie odbywato sie przy uzyciu
systemu pomp podigczonych do jednokanatowej plytki wykonanej z poli(dimetylosiloksanu),
posiadajacej dwa wejscia, odpowiednio na fazg woda i etanolowa, oraz jedno wyjscie
umozliwiajgce zebranie utworzonej mieszaniny (Rys. 16 oraz Rys. 1A w P4). Jednym
z najistotniejszych parametrow podczas procesu otrzymywania LNP jest stosunek molowy
jonizowalnego lipidu i siRNA, poniewaz wplywa on na wydajnos¢ enkapsulacji. Zastosowane
przeze mnie stosunki molowe wytypowane zostaly na podstawie danych literaturowych
I wynosity 5:1 (LNP1) oraz 15:1 (LNP2). Wszystkie LNP scharakteryzowatam przy uzyciu

DLS i pomiaru potencjatu zeta. Sredni promien hydrodynamiczny otrzymanych LNP miescit
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si¢ w zakresie od 65 do 95 nm, a nanoczgstki charakteryzowaly si¢ niewielkim tadunkiem
ujemnym. Nastepnie zbadatam otrzymane LNP in vitro. Aby oceni¢ potencjalne efekty
cytotoksyczne oraz wydajnos¢ wyciszania genu lucyferazy zastosowatam lini¢ komorkowsa
chloniaka Burkitt’a (Raji) wykazujacg wysoka aktywnos$¢ genu reporterowego lucyferazy.
Traktowanie komoérek Raji LNP1 prowadzito do znaczacego spadku zywotnos$ci, jednak tego
efektu nie obserwowatam dla nanoczastek LNP2 (Rys. 17A oraz Rys. 2A w P4).
Zaprojektowane LNP wyciszaty ekspresje¢ lucyferazy w komorkach Raji (Rys. 17B oraz Rys.
2B w P4). W przypadku LNP1 obserwowalam nieznaczne obnizenie luminescencji hatomiast
dla LNP2 obnizenie intensywnos$ci fluorescencji wynosito az 58% wzgledem kontroli (RYs.
17C oraz Rys. 2C w P4). Na podstawie powyzszych wynikow do dalszych badan
wytypowatam LNP2 jako uktad o najkorzystniejszych parametrach fizykochemicznych, nie

wywolujacy efektow cytotoksycznych oraz prowadzacy do wydajnego wyciszania genu

lucyferazy.
120 8 80
[i+]
o
~ 100 = y
2 $ I L% 6 2 6ol 58.6%
= 80 bl O =, . <
:8 3 Hkk c 8 3
g v 58 ! 2«
£ 4w e 2 T
g % c 2 B 2
NO20 —g g
0 r : = o r . . 0 r
> N 14 > A S i & & Ngv oy S
& & & F& &L SR £ & & S &EE
& & v ey & & Y % e & v VS L
<) 2 2 N &
© o D&‘e ¢ © (@&‘ ot -3‘4\
& J o

Rysunek 17. Analiza biologiczna in vitro zaprojektowanych LNP. A. Zywotnos¢
komorek Raji traktowanych otrzymanaych LNP w stezeniu 50 nM w czasie 48 godzin.
B. Ekspresja lucyferazy obserwowana w komorkach Raji inkubowanych otrzymanymi
LNP w stezeniu 50 nM. C. Wydajnos¢ wyciszania genu lucyferazy obliczona na
podstawie intensywnosci luminescencji. Szczegotowy opis zaprezentowanych wynikow
znajduje si¢ w manuskrypcie P4.

W celu przytaczenia DOX do powierzchni LNP2 uzytam klinicznie przebadanej Aldorubicyny,
posiadajace] w swojej strukturze grupg maleinowg oraz wigzanie hydrazonowe, ktore moze
sprzyja¢ selektywnemu uwalnianiu DOX w obnizonym pH. Ze wzgledu na obecnos$¢ grupy
maleinowej w strukturze Aldorubicyny zdecydowatam si¢ na zastosowanie reakcji addycji typu
Michaela. Reakcja Michaela polega na addycji nukleofilowej do a,B-nienasyconego wigzania
C=C wystepujacego, np. w grupie maleimidowe;j.’? Nalezy wspomnie¢, iz nukleofilem
w przypadku tej reakcji jest anion tiolowy powstaty w wyniku odszczepienia atomu wodoru
z grupy tiolowej.1%% Dlatego w pierwszym kroku, otrzymana wczesniej LNP2 zawierajaca grupe
tiolowa (obecng w strukturze uzytego PTE) traktowatam Aldorubicyng i inkubowatam przez

2 godziny (Rys. 16 oraz Rys. 1A w P4). Nastepnie mieszaning poddatam dializie w PBS
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1 przefiltrowatam przy uzyciu filtrow strzykawkowych, otrzymujac produkt koncowy LNP2—
DOX. LNP2-DOX charakteryzowat si¢ zblizonym promieniem hydrodynamicznym oraz zeta
potencjatlem do LNP2. Kolejnym etapem, byla analiza widm absorpcyjnych LNP2, wolnej
formy DOX oraz produktu koncowego LNP2-DOX (Rys. 18A oraz Rys. 3A w P4). Widmo
absorpcyjne LNP2-DOX przypomina sume¢ widma LNP2 oraz DOX z ich charakterystycznymi
maksimami, przy czym pasma te charakteryzuja si¢ obnizong intensywno$cig w porownaniu do
widm LNP2 i DOX. Wynik ten $wiadczy 0 udanej koniugacji LNP2 z Aldorubicyng. Oprocz
pomiarow DLS zastosowatam rdéwniez transmisyjng mikroskopie elektronows (TEM, ang.
transmission electron microscopy) (Rys. 18B oraz Rys. 3B w P4). Obrazy TEM przedstawiaty
pojedyncze sferyczne struktury o §rednim rozmiarze okoto 70 nm, co byto w dobrej zgodnosci
z wynikami DLS (Rys. 18C oraz Rys. 3B w P4). Poniewaz LNP2-DOX posiada w strukturze
wigzanie hydrazonowe, wrazliwe na $rodowisko kwasne zbadatam profil uwalniania DOX
z LNP2-DOX w warunkach fizjologicznych oraz przy pH 5.1, ktére odpowiada pH
obserwowanemu w endosomach lub pdznych lizosomach. Tak jak oczekiwatam, profil
uwalniania DOX z LNP2-DOX zalezat od wartosci pH buforu w ktérym si¢ znajdowat badany
nosnik (Rys. 18D oraz Rys. 3D w P4). Wyniki eksperymentu dla pH 5.1 wskazaty, ze 80%
DOX zostato uwolnione z nosnika juz po 8 godzinach inkubacji, natomiast w przypadku pH
fizjologicznego byto to jedynie 40%. Otrzymane rezultaty badania uwalniania leku z LNP2—
DOX, pozwalajg przypuszcza¢, ze LNP2-DOX moze zredukowaé systemowsa toksyczno$é
DOX i zwigkszy¢ akumulacje leku w komorkach nowotworowych.
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Rysunek 18. Charakterystyka fizykochemiczna LNP2. A. Widma absorpcyjne zarejestrowana dla
LNP2, DOX oraz LNP2—-DOX w zakresie diugosci fal 350-650 nm. B. Rozkiad sredniego promienia
hydrodynamicznego dla LNP2-DOX. C. Obraz LNP2-DOX zestresowany przy uzyciu TEM. Skala:
200 nm. D. Profil uwalniania DOX z LNP2-DOX w buforach o pH 5.1 oraz 7.4 zarejestrowany w czasie
24 godzin. Szczegotowy opis zaprezentowanych wynikow znajduje si¢ w manuskrypcie P4.

Ocene wychwytu komoérkowego i uwalniania DOX in vitro przeprowadzitam
z wykorzystaniem mikroskopii konfokalnej (Rys. 19A oraz Rys. 4A w P4). Komorki Raji
z wybarwionym jadrem komoérkowym traktowatam LNP2-DOX w czasie 0, 3, 6 oraz
10 godzin. Uzyskane wyniki wskazuja, iz po uptywie 6 godzin DOX stopniowo akumuluje si¢

w jadrze komorkowym, przy jednoczesnym pojawianiu si¢ sygnalu fluorescencji DOX
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w cytoplazmie. Obrazy otrzymane po 10 godzinach inkubacji jednoznacznie wskazujg na

catkowitg akumulacje DOX w jadrze komérkowym.
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Rysunek 19. Analiza biologiczna in vitro LNP2-DOX. A. Wychwyt komérkowy
i uwalnianie DOX w komorkach Raji inkubowanyach LNP2-DOX w czasie 3, 6
i 10 godzin. Obrazy zarejestrowane przy uzyciu mikroskopii konfokalnej. Skala:
10 um. B. llos¢ biatka Bcl-2 w komorkach Raji traktowanych siBcl2 LNP2 oraz
siLuc LNP2 wyznaczona przy uzyciu metody Western Blot. C. Zywotnosé komorek
Raji inkubowanych siBcl-2 LNP2 i siBcl-2 LNP2-DOX w zakresie stezen od 0 do
100 nM w czasie 24 i 48 godzin. D. Wyznaczenie aktywnosci kaspazy 3
w komorkach Raji przy uzyciu cytometrii przeplywowej. Szczegolowy opis
zaprezentowanych wynikéw znajduje sie w pracy P4.

Wazng kwestia do rozwazenia przy zastosowaniu LNP2-DOX jest zwigkszenie
cytotoksycznosci DOX, gdy komérkowe antyapoptyczne mechanizmy sg ostabione ze wzgledu
na wyciszanie genu bcl-2 poprzez wprowadzenie do komorki SIRNA. Dlatego wymagane byto
potwierdzenie wygaszenia genu bcl-2, a tym samym obnizenie ekspresji biatka Bel-2. W tym
celu zastosowatam metode Western Blot. Zastosowanie tej metody pozwolito mi na analizg
ilosciowa eksprymowanego biatka Bcl-2 w komorkach Raji traktowanych LNP2, ktore
transportowaty SiIRNA wyciszajacy gen bcl-2 (SiBcl2 LNP2). Obserwowatam znaczace
obnizenie poziomu ekspresji biatka Bcl-2 wynoszace 55% w poréwnaniu do siLuc LNP2 (Rys.

19B oraz Rys. 4B w P4). Jednakze, wyciszenie genu bcl-2 byto niewystarczajgce do osiggniecia
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efektow cytotoksycznych, co wykazaty wyniki testu CellTirer-Glo (Rys. 19C oraz Rys. 4C
w P4). siBcl2 LNP2 nawet po uptywie 48 godzin nie hamowaty proliferacji komoérek Raji
w catym spektrum uzytych stg¢zen. Dopiero siBcl2 LNP2 z przylaczong DOX (siBcl2 LNP2—
DOX) przejawiaty wtasciwosci cytotoksyczne. siBcl2 LNP2—-DOX po inkubacji z komorkami
Raji przez dwie doby obnizaty zywotnos¢ do 60% juz przy stezeniu 25 nM. Spadek zywotnosci
obserwowalam wraz ze wzrostem stezenia siBcl2 LNP2-DOX. Przy najwyzszym uzytym

stezeniu nanoCzastek zywotnos¢ komorek Raji wyniosta jedynie 6%.

Weczedniejsze doniesienia literaturowe wskazujg, ze DOX jest skutecznym czynnikiem
proapoptycznym, inicjujacym apoptoze komoérek nowotworowych.!%® Kluczowa role w tym
procesie odgrywaja kaspazy, w tym kasapaza 3, ktora indukuje apoptoz¢ poprzez szlak
mitochondrialny.’* W celu oceny proapoptycznych wiasciwosci siBcl2 LNP2 oraz siBcl2
LNP2-DOX zastosowatam cytometri¢ przeptywowa (Rys. 19D oraz Rys. 4D w P4). siBcl2
LNP2 nie powodowaly istotnych statystycznie zmian aktywnosci kaspazy 3. Najwigksze
zmiany w aktywnos$ci kaspazy 3 obserwowatam w przypadku komorek traktowanych siBcl2
LNP2-DOX. Tutaj aktywnos¢ kaspazy 3 byta 1,5 razy wieksza w poréwnaniu do pozostatych
badanych grup. Otrzymane wyniki sugeruja, iz siBcl2 LNP2-DOX moze wpltywaé na
aktywno$¢ kaspazy 3 i wywotywac apoptoze w linii komérkowej Raji.

Kluczowym etapem badan byta analiza potencjatu terapeutycznego siBcl2 LNP2-DOX
na modelu mysim. Na przeprowadzenie badan uzyskano zgod¢ University of Pennsylvania
Institution of Animal Care and Use Committee. W badaniach tych postuzytam si¢ dojrzatymi
samcami myszy szczepu NSG (ang. NOD scid gamma) charakteryzujgcymi si¢ niedoborem
immunologicznym. Dwa tygodnie po podskornej inokulacji w prawa konczyng miedniczng
komorek linii nowotworowej Raji wykazujacej aktywno$¢ genu reporterowego lucyferazy
osobniki zostaly podzielone na odpowiednie grupy: kontrola (podawano PBS), siLuc LNP2,
siBcl2 LNP2 oraz siBcl2 LNP2-DOX. Badane zwiazki, w ilo$ci 1 pg/mysz, byty wstrzykiwane
bezposrednio do guza co trzy dni (Rys. 20A oraz Rys. 5A w P4). Badania zakonczono 11 dni
po rozpoczeciu terapii. Wielko$¢ guza przez caly okres trwania eksperymentu monitorowatam
poprzez pomiar bioluminescencji, a nastegpie otrzymane dane znormalizowalam wzgledem dnia
0 (Rys. 20B oraz Rys. 5B w P4). Otrzymane wyniki pokazuja znaczacy wzrost guza w grupie
kontrolnej. Zarejestrowany ostatniego dnia badan sygnat luminescencji pochodzacy z guza byt
10-krotnie intensywniejszy w poréwnaniu do dnia 0 (Rys. 20C oraz Rys. 5C w P4). Grupa
poddana terapii przy uzyciu siLuc LNP2 wykazywata podobny trend w przyroscie guza, co

sugeruje brak aktywnosci przeciwnowotworowej. Interesujaca obserwacja byto spowolnienie
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wzrostu guza w grupie poddanej terapii z siBcl2 LNP2. Wynik ten znaczgco rézni si¢ od
otrzymanych przeze mnie rezultatdw badan in vitro. Przeprowadzona analiza in vitro nie
wskazywata na jakiekolwiek efekty cytotoksyczne wzgledem linii komoérkowej Raji, jednak
efekt taki obserwowatam w przypadku badan in vivo. Ta jakze ciekawa obserwacja moze by¢
ttumaczona potencjalnym brakiem dodatkowych czynnikéw proapoptycznych w badaniach in
vitro, jak np. hipoksja.1® Co istotne, po 11 dniach terapii z uzyciem siBcl2 LNP2-DOX rozmiar
guza nie wykazywat przyrostu, sugerujac, iz terapia skojarzona z zastosowaniem siBcl-2 i DOX
jest najefektywniejszg formg leczenia. Dodatkowo, podczas catego okresu trwania terapii nie
zaobserwowalam spadku masy ciata osobnikéw oraz zadnych niepokojacych zmian w ich

zachowaniu (Rys. 20D oraz Rys. 5D w P4).
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Rysunek 20. Analiza biologiczna in vivo LNP2-DOX. A. Os czasu zastosowana podczas badan in
vivo. B. Przykladowe obrazy myszy NSG podczas pomiaru luminescencji na poczqtku i koncu
prowadzonej terapii. C. Krzywe wzrostu guza podczas 11 dni terapii. Dane znormalizowane
wzgledem dnia 0. D. Srednia masa osobnikéw w trakcie trwania terapii. Szczegélowy opis
Zaprezentowanych wynikow znajduje si¢ w manuskrypcie P4.

Podsumowujac, opracowany system siBcl2 LNP2-DOX, wykazujacy silne efekty
terapeutyczne poprzez zastosowanie terapii skojarzonej, w przyszto$ci moze by¢ obiecujgcym
kandydatem w terapiach przeciwnowotworowych. Zaprojektowany uktad moze postuzy¢ do

transportu innych rodzajow kwasu nukleinowego, jak rowniez zosta¢ ukierunkowany na inne

geny.
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1VV. Podsumowanie

Tematyka przedtozonej rozprawy doktorskiej obejmuje zagadnienia zwigzane
z projektowaniem i otrzymaniem potencjalnych DDSs, stuzacych do wydajnego dostarczania
DOX oraz siRNA. Podjeta tematyka badan wpisuje si¢ w obecne trendy opisywane
w literaturze. Przeprowadzone badania mialy na celu wyselekcjonowanie DDSs, ktory
wykazuje najlepsze wiasciwosci fizykochemiczne, efekty terapeutyczne i potencjat

aplikacyjny.

Uzyskane w toku badan wyniki wykazaty, ze:

e Badane DDSs charakteryzowaly si¢ roznorodng aktywnoscig biologiczng, wynikajaca
z ich struktury chemicznej 1 wiasciwosci.

e Koniugat Ful-DOX cechowat si¢ wysoka tendencja do agregacji, co skutkowato jego
akumulacja w blonie jadrowej i1 brakiem efektow cytotoksycznych wzgledem
badanych linii nowotworowych.

e Produkt przejsciowy potencjalnego trawienia DDSs przez MMP (4—pep—DOX)
posiada wtasciwos$ci umozliwiajace interkalacje do DNA.

e Interkalacja 4—pep—DOX odbywa si¢ w duzym rowku DNA, co jest charakterystyczne
dla makromolekut i odréznia ten uktad od wolnej formy DOX, interkalujacej w matym
rowku.

e Koniugat PEG-8—pep-DOX tworzy fibryle w wyniku agregacji zachodzacej poprzez
oddziatywania DOX z DOX oraz fragmentu peptydowego z DOX.

o Efekty cytotoksyczne dla koniugatu PEG-8-pep-DOX byly obserwowane
w przypadku linii komorkowej wykazujacej wzmozong ekspresj¢ MMP.

e Uwalnianie DOX z LNP2-DOX zachodzi wydajniej w pH 5.1 niz w pH
fizjologicznym, co moze skutkowaé¢ zwickszong akumulacja leku w komorkach
nowotworowych.

e siBcl-2 LNP2-DOX wykazuje znaczace efekty cytotoksyczne wzgledem badanej linii
komorkowej, nawet przy najnizszym zastosowanym stezeniu.

e siBcl-2 LNP2-DOX hamuje ekspresje antyapoptycznego biatka Bcl-2 oraz podwyzsza
aktywnos$¢ kaspazy 3.

e Terapia skojarzona przy uzyciu DOX i Bcl-2 silnie hamuje wzrost guza w modelu

mysim chtoniaka Burkitt’a.
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Podsumowujac, przeprowadzone przeze mnie badania i uzyskane wyniki uzupetniaja
dotychczasowy stan wiedzy na temat DDSs stosowanych w transporcie DOX i siRNA. Ponadto
stanowig one doskonaty punkt wyjsciowy do dalszych badan, zwlaszcza nad no$nikiem LNP2
opisanym w manuskrypcie P4, ktory charakteryzuje sie znakomitymi wlasciwosciami

terapeutycznymi wzgledem chioniaka Burkitt’s.
Zastosowanie DDSs w transporcie lekow niesie za sobg wielki potencjat i w przysztosci

platformy te zostang zapewne wykorzystane jako skuteczna forma terapii

przeciwnowotworowych.
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Abstract

Conjugating an anticancer drug of high biological efficacy but large cytotoxicity with a “transporting” molecule of low toxicity
constitutes a valuable approach to design safe drug delivery system. In the present study, doxorubicin (DOX) a drug of large
cardiotoxicity was chemically conjugated to a Cgo-fullerene. The synthesized molecule, a fullerene-doxorubicin conjugate (Ful-
DOX), was characterized using the "H NMR and MALDI TOF mass spectrometry. The absorption and fluorescence spectra and
dynamic light scattering of the conjugate were recorded in an aqueous solution, while the impact on viability of several cancer
cell lines of the free DOX and the conjugate was compared using the SRB and WST-1 assays. A low antiproliferative activity of
the conjugate as compared to the free DOX is a consequence of the presence of fullerene moiety in the former, which is also
responsible for the conjugate aggregation in an aqueous solution. Unlike free DOX, these aggregates cannot pass through the
nuclear membrane (as demonstrated by the confocal microscopy measurements), which makes them marginally cytotoxic.

Keywords Fullerene - Doxorubicin - Covalent conjugate - Drug delivery - Nanoparticle - Cancer cells

Introduction

Doxorubicin (DOX; for its chemical structure, see Fig. 1) is
well known for its anticancer activity. Furthermore, it is com-
monly used in clinics against various types of cancer in adults
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and children [1, 2]. Many studies have attributed DOX anti-
cancer activity to intercalation into tumor cellular DNA, DNA
cross-linking, binding to proteins involved in DNA replication
and transcription, like topoisomerase II, as well as to genera-
tion of reactive oxygen species [3, 4]. Unfortunately, DOX
cannot be applied at optimal doses mainly due to its
cardiotoxic effects [5]. Although doxorubicin affects the
brain, kidney, and liver, the heart seems to be the preferential
target for its toxicity [6]. Actually, acute cardiotoxicity is ob-
served in about 11% of patients exposed to DOX [7, 8], while
the incidences of chronic myopathy are much less common
and estimated to occur in ca 1.7% of cases [9].

Despite the fact that DOX-induced cardiotoxicity has been
observed and studied for many years, the mechanism lying
behind the toxic effect is still unclear [2]. Several models of
cardiotoxicity have been proposed so far. Topoisomerase I,
which is suppressed by DOX, was identified as a
cardiotoxicity mediator [10]. On the other hand, oxidative
stress, mediated by doxorubicin via enzymatic route
employing intracellular or intramitochondrial oxidant en-
zymes, produces hydroxyl radicals that trigger DNA damage,
protein modification, lipid peroxidation, and finally cell death
by apoptosis or necrosis, which is considered as the main
reason for DOX cardiotoxicity [2]. In the context of
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cardiotoxicity, the literature mentions also that DOX impaired
Ca’* handling [11], activated p53-dependent pathways [12],
and cytochrome ¢ mediated apoptosis via activation of cas-
pase 9 and 3 [13].

As indicated above, the DOX-induced cardiotoxicity is
coupled to an interaction between the anthracycline and a
number of proteins. Therefore, a promising way of alleviating
its toxic effects seems to be DOX binding into a sufficiently
large molecule that would impair the protein-DOX interac-
tions necessary to trigger the DOX toxicity. After accumula-
tion in cancer cells, such a conjugate should release DOX,
which only then could cause the lethal effects.

Fullerenes seem to be suitable drug carriers due to the sta-
bility of their cage and a relative ease to functionalization [14].
The literature shows that there were already several attempts
to employ fullerenes as drug carries [ 15]. Both van der Waals
(vdW) complexes between the delivered drugs and a fullerene
as well as fullerene-drug covalent conjugates were considered
for this purpose. For instance, fullerene-DOX complexes, in
which the release of DOX was pH-dependent, were prepared
and characterized with capillary electrophoresis [16].
Similarly, a complex of fullerene-based carrier with cisplatin
(well-known anticancer agents) was tested against lung cancer
[17]. Eventually, the enhancement, as compared to the free
drugs, of anticancer activity of DOX and cisplatin vdW com-
plexes with a Cg-fullerene derivative, has been reported re-
cently [18]. On the other hand, a C4-fullerene-paclitaxel co-
valent conjugate was proposed as a slow release drug-delivery
system [19]. Furthermore, a molecular system in which DOX
is conjugated to the Cg fullerene via a reactive thioketal linker
sensitive to the reactive oxygen species (ROS) was tested on a
mouse model [20]. The conjugate, of excellent stability in
physiological environment, releases DOX due to the photoin-
duced generated ROS by the excited Cgo-fullerene that in turn
leads to the breakage of the linker. A conjugate strategy was
also tested on poly(ethylene glycol) (PEG) connected to DOX
and fullerene [21, 22].

Surprisingly, DOX coupled to Cgq through a PEG spacer
showed similar cytotoxicity against the MCF-7 cells as the

OH

NH,
Fig. 1 Chemical structure of DOX

@ Springer

free DOX [20]. The observed effect was explained by differ-
ent mode of action related to the free DOX and fullerene-DOX
conjugate. The latter was claimed to be capable of inducing
toxic effects in the cytoplasm; thus, in the light of ref. [21], the
accumulation of DOX in nucleus might not be a prerequisite
of the drug activity. These unexpected and anti-intuitive re-
sults prompted us to investigate the cytotoxicity of a similar
fullerene-DOX conjugate. In the following, we describe a
five-step chemical synthesis of a C4o-DOX conjugate coupled
by a PEG linker. Using "H NMR spectroscopy and high-
resolution MALDI-TOF mass spectrometry, we prove the
identity of all intermediate products and the final conjugate.
The structure of obtained conjugate is characterized physico-
chemically with the help of several techniques like absorption
and emission spectroscopy as well as dynamic light scattering.
Furthermore, the toxicity of the obtained material is tested
using two viability assays: SRB and WST-1. Finally, the dis-
tribution of the conjugate or the drug in the MCF-7 cells after
2-day incubation with the conjugate or DOX is shown by
confocal microscopy. Our investigations unequivocally indi-
cate that DOX covalently conjugated to Cg-fullerene is non-
toxic in concentrations in which the free drug reduces cell
viability by ca 50%.

Experimental and computational
Chemicals and reagents

t-Butyl 12-hydroxy-4,7,10-trioxadodecanoate, carbon
tetrabromide, 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU),
dicyclohexylcarbodiimide (DCC), doxorubicin hydrochlo-
ride, fullerene-Cgo, malonyl chloride, N-hydroxysuccinimide
(NHS), trifluoroacetic acid (TFA), trimethylamine (TEA), and
dimethyl sulfoxide (DMSO) were purchased from Sigma-
Aldrich. Dichloromethane (DCM) was dried and distilled
using standard procedures. Anhydrous N,N-
dimethylformamide (DMF) and toluene were both available
from Sigma-Aldrich. Column chromatography was per-
formed using silica gel NORMASIL 60 (40-63 mesh, VWR
Chemicals). Thin-layer chromatography was performed with
silica gel plates, 60G, F254 (Sigma-Aldrich). RPMI cell cul-
ture medium, penicillin/streptomycin antibiotic mixture, and
fetal bovine serum were purchased from Corning, while F12
medium in Kaingh modification (F12K) from Gibco. Hoechst
33342 was purchased from ThermoFisher Scientific.

Synthesis of bis(14,14-dimethyl-12-oxo-3,
6,9,13-tetraoxapentadecyl) malonate 3
(for the structure see Scheme 1)

Malonyl chloride 1 (0.22 mL, 2.29 mmol) was added to the
solution of #-butyl 12-hydroxy-4,7,10-trioxadodecanoate 2
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(1.34 g, 4.81 mmol) in dry DCM (10 mL). The mixture was
cooled to 0 °C and TEA (0.80 mL, 5.73 mmol) was added.
The solution was allowed to warm to room temperature and
stirred for 72 h. The reaction was quenched with water (5 mL).
The organic layer was separated and the remaining water
phase was extracted with DCM (3 x 15 mL). Combined or-
ganic layers were dried over MgSO, and evaporated. The
resulting residue was purified by column chromatography
using DCM/MeOH 30/1 as an eluent to give the desired prod-
uct as a yellowish oil in a 58% yield.

"HNMR (Bruker AVANCE III, 500 MHz, CDCls), §: 1.47
(s, 18H, CH3), 2.52 (t, 4H, J=6.6, CH;), 3.47 (s, 2H)
3.62-3.69 (m, 16H, CH,), 3.73 (t, 8H, J=5.6, CH,),
4.32 (t, 4H, J=4.7, CH,); HRMS (AB SCIEX MALDI
TOF/TOF 5800), m/z: [M—H] calcd for C29Hs5,0,4
623.7140, found 623.2510 (see Figs. S1 and S2,
Supplementary Information).

Synthesis of bis(14,14-dimethyl-12-oxo-
3,6,9,13-tetraoxapentadecyl) Cso—malonate 4 (for
the structure see Scheme 1)

To a solution of Cgo-fullerene (50 mg, 0.069 mmol) in dry
toluene (20 mL), malonic ester derivative 3 (37 mg,
0.059 mmol), CBry4 (20 mg, 0.059 mmol), and DBU (10 pL,
0.066 mmol) were added. The mixture was stirred overnight at
room temperature. After that, toluene was evaporated and the
crude product was purified by column chromatography using
toluene, to remove the unreacted fullerene-Cg(, and then

0. OtBu
Hi /\(\/ \/);\n/ INEt,
o 2

DCM/MeOH 50/1 as an eluent to give the desired product
as a brown solid in a 63% yield.

HRMS (AB SCIEX MALDI TOF/TOF 5800), m/z: [M —
H] caled for CgoHy9O14 1342.3412, found 1342.1563 (see
Fig. S3, Supplementary Information).

Synthesis of 15-C¢o-14,16-dioxo-4,7,10,13,17,20,
23,26-octaoxanonacosane-1,29-dioic acid 5 (for
the structure see Scheme 1)

The derivative 4 (50 mg, 0.037 mmol) was dissolved in DCM
(15 mL) and TFA (15 mL) was added. The reaction was mon-
itored by TLC analysis, and after the complete disappearance
of the product (about 30 min), the mixture was evaporated and
the crude product was purified by column chromatography
using DCM/MeOH 30/1 as an eluent to give the desired com-
pound as a brown solid in a quantitative yield.

HRMS (AB SCIEX MALDI TOF/TOF 5800), m/z: [M —
H] caled for Cg,H330,4 1230.1286, found 1230.1058 (Fig.
S4, Supplementary Information).

Synthesis of bis(2-(2-(2-(3-((2,5-dioxopyrrolidin-1-yl)
oxy)-3-oxopropoxy)ethoxy)ethoxy)ethyl)
Cgo—malonate 6 (for the structure see Scheme 1)

To a solution of the derivative 5 (50 mg, 0.041 mmol) in DCM
(20 mL), NHS (21 mg, 0.180 mmol) and a solution of DCC
(21 mg, 0.102 mmol) in DCM (5 mL) were added. The reaction
mixture was left overnight. Then, the solvent was evaporated

éwo\)/\ )S_%Lo/(\/ \)/\[r b DOX-NH,‘CI/NEt, - T(\(\/ \/)’\ /S_ej\o/‘(x/o\wwoox

Scheme 1 Reaction route for the synthesis of Ful-DOX conjugate 7

7 Ful-DOX
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and the crude product was purified by column chromatography
using DCM/MeOH 30/1. At this point, we eventually got a
mixture of the desired product and DCU — a byproduct from
the reaction of activation of carboxylic groups in 5.

HRMS (AB SCIEX MALDI TOF/TOF 5800), m/z: [M +
Na]" caled for CgoHyoN,NaO g 1448.2633, found 1447.1733
(see Fig. S5, Supplementary Information).

Synthesis of bis-doxorubicinyl amide

of 15-C¢0-14,16-dioxo-4,7,10,13,17,20,23,
26-octaoxanonacosane-1,29-dioic acid 7 (Ful-DOX 7)
(for the structure see Scheme 1)

The raw product 6 (50 mg, 0.035 mmol) was dissolved in dry
DMF (2 mL). In the other flask, a solution of doxorubicin
hydrochloride (41 mg, 0.070 mmol) in DMF (16 mL) was
prepared. To the second mixture, TEA (10 puL, 0.070 mmol)
was added. After 2-3 min, the DOX solution was added
dropwise to the DMF solution of 6. After 48 h of stirring at
room temperature, the reaction mixture was evaporated
azeotropically with toluene. The final product was purified
by column chromatography using as an eluent, at first DCM/
MeOH 30/1 (to remove DCU from the activation procedure)
and then DCM/MeOH 20/1.

HRMS (AB SCIEX MALDI TOF/TOF 5800), m/z: [M —
H] caled for Cy35Hg7N,O54 2281.1365, found 2280.7888
(see Fig. S6, Supplementary Information).

NMR and MS analyses

The NMR spectrum was recorded on a Bruker AVANCE 1II,
500 MHz spectrometer. Chemical shifts are reported in ppm
relative to the residual solvent peak (CDCl; = 7.28 ppm for
'H). Coupling constants are given in Hertz. The MS measure-
ments of the intermediates and final product were done with
use of MALDI TOF/TOF 5800 (ABSciex, Germany). As a
matrix, 2,5-dihydroxybenzoic acid (DHB, Sigma-Aldrich)
was used. The measurements were done in reflectron negative
ion mode with previous mass calibration with commercial
standard (Sciex) for bis(14,14-dimethyl-12-0x0-3,6,9,13-
tetraoxapentadecyl) malonate 3, (14,14-dimethyl-12-oxo0-
3,6,9,13-tetraoxapentadecyl) Cgo—malonate 4, 15-Cg-14,16-
dioxo-4,7,10,13,17,20,23,26-octaoxanonacosane-1,29-dioic
acid 5 and bis-doxorubicinyl amide of the 15-Cgp-14,16-
dioxo-4,7,10,13,17,20,23,26-octaoxanonacosane-1,29-dioic
acid 7. For bis(2-(2-(2-(3-((2,5-dioxopyrrolidin-1-yl)oxy)-3-
oxopropoxy)ethoxy)ethoxy)ethyl) Cg—malonate 6, the mea-
surement was done in reflectron positive ion mode. Samples
were prepared using the dried droplet preparation method by
mixing 0.6 mL of an analyte solution with 0.6 mL of matrix
solution (directly on a plate). After air drying, the plate was
introduced directly to the instrument. MS spectra were ac-
quired from 499 to 2509 m/z for a total of 1000 laser shots
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by a 1-kHz OptiBeam laser (ND-YAG). Laser intensity
remained fixed for all the analyses. Registered spectra were
analyzed with Data Explorer software.

Theoretical calculations

The molecular structures of DOX, Fullerene Cg, and Ful-
DOX conjugate 7 (see Fig. 2) were optimized at the PM6-
D3 [23, 24] level of theory. Next, for geometries obtained at
the PM6-D3 level, the UV-Vis spectra were calculated using
the TD-DFT/B3LYP-D3 [25] method with the Def2SVP [26,
27] basis set and the PCM [28, 29] model to account for water
solvation. This combination of functional and basis set was
successfully applied before for the prediction of UV-Vis spec-
tra of fullerene conjugates [30]. For fullerene and DOX, 50
states were computed, while for the larger structure of Ful-
DOX, we calculated 150 states. All calculations were per-
formed using the Gaussian(09 suite [31].

Spectrophotometric measurements

Visible absorption spectra were measured on SPECORD 50
PLUS spectrophotometer (Analytik Jena AG, Jena, Germany)
with stabilized temperature (25+0.1 °C) in the wavelength
range of 350-700 nm with 0.5 nm intervals. Spectra were
measured in a quartz cuvettes (1 cm light path) containing
2 mL of 0.2 M sodium phosphate buffer, pH 6.8, and an
aqueous DMSO (DMSO concentration up to 10%) solution
containing 0.036 mM DOX, 0.029 mM Ful-DOX conjugate
7, and 0.029 mM Cg,-fullerene.

Spectrofluorimetric measurements

All fluorescence measurements were carried out on a Jasco
FP-8500 Spectrofluorometer equipped with a 150 W xenon
lamp with stabilized temperature (25+0.1 °C), using 1 cm
quartz cuvettes in the wavelength range of 500-750 nm with
0.5 nm intervals. Experiments were done in 2 mL of 0.2 M
sodium phosphate buffer, pH = 6.8. The Ful-DOX conjugate 7
fluorescence spectrum (excitation wavelength =476 nm and
emission wavelength = 548-650 nm) was measured (concen-
tration range: 0.003-0.163 mM) and maximum fluorescence
peak was observed at 593 nm. The obtained data are expressed
in the mean relative fluorescence units (RFU).

Dynamic light scattering (DLS) characterization

DLS analysis was performed on Zetasizer Nano ZS (Malvern,
Worcestershire, UK) by measuring the intensity of the
scattered light for aqueous DMSO solution of 0.015 mM
Ful-DOX conjugate 7. DLS uses a 4-mW He-Ne 633 nm laser
ata 173° scattering angle in 2.0-mL 0.2 M sodium phosphate
buffer, pH=6.8.
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Cell culture

Monolayers of breast cancer cell lines: MDA-MB-231, T47D,
and MCF-7 (purchased from CLS Cell Lines Service) were
maintained in RPMI medium supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin. Monolayers
of the prostate cancer cell line — PC3 (purchased from
American Type Culture Collection — ATCC) — were main-
tained in the F12K supplemented with 9% fetal bovine serum
and antibiotics, as described in ref. [32]. Each cell line was
maintained at 37 °C in a humidified atmosphere with 5% CO,.
Ful-DOX and DOX stock solutions in concentration of
1.3 mM and 1 mM, respectively, were prepared in DMSO
(for molecular biology use). Control cells were treated with
equal amount of pure vehicle (DMSO). The concentration of
DMSO in each well was equal to 1%.

Confocal microscopy

MCF-7 cells were incubated with DOX (2 uM) and Ful-DOX
conjugate 7 (2 uM) for 48 h at 37 °C. Nuclei were stained
using Hoechst 33342 (10 pg/mL). Specimens were imaged
using a confocal laser scanning microscope (LeicaSP8X
equipped with an incubation chamber for the live analysis)

Fig. 2 Ball and stick
representation of
PM6-D3-optimized structures
used for TD-DFT calculations: a
fullerene, b DOX, ¢ Ful-DOX
conjugate 7 with the linker shown
as lines for clarity

with a 63 x oil immersion lens (Leica, Germany). For DOX,
the excitation wavelength was set to 476 nm and emission was
detected at 548-650 nm and for Hoechst 33342-405 nm and
449-490 nm, respectively. 3D analyses were made using
Leica Application Suite X.

Wst-1 (2-(4-iodophenyl)-3-(4-nitrophenyl)
-5-(2,4-disulfophenyl)-2H tetrazolium monosodium
salt) assay

Cells viability was determined by the WST-1 assay (in which
the mitochondrial metabolic activity of cells is measured) as
described previously [33]. A total of 4 x 10° cells per well
were seeded ata 96-well plate and allowed to attach overnight.
Cells were maintained at 37 °C in a humidified atmosphere
with 5% CO,. Next day, the medium was replaced with fresh
one supplemented with the tested compounds (in concentra-
tion equal to 0.3, 0.5, 1, 2, 3, or4 uM) or with the pure vehicle
(DMSO). Then, the cells were incubated for 48 h. After this
time, the WST-1 solution was added and cells were incubated
for 3 h. The absorbance values in wells were measured at
440 nm (with the reference wavelength 660 nm) in an
EnSpire (PerkinElmer) microplate reader. The viability of
control was taken as 100%. Data were obtained from at least
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two independent experiments, each treatment condition
assayed in triplicate.

SRB (sulforhodamine B) assay

SRB assay was performed as described in [34]. Briefly, 4 x
10* cells/well were seeded at 96-well plate. Next day, cells
were exposed to indicated concentrations of DOX, Ful-
DOX, or pure vehicle (DMSO, control) for 48 h. After this
time, medium was removed, and 100 pL/well of 10% trichlo-
roacetic acid was added for 1 h in 4 °C. Afterwards, wells
were washed with water, stained with 0.4% sulforhodamine
B solution in 1% acetic acid for 15 min, and extensively
washed with 1% acetic acid. After addition of 150 uL/well
of 10 mM Tris base (pH 10.5), the absorbance was measured
at 570 nm with a reference filter of 660 nm in a Victor micro-
plate reader (PerkinElmer). The absorbance of control was
taken as 100%. Data were obtained from two independent
experiments, each treatment condition assayed in triplicate.

Statistical analysis of Wst-1 and SRB results

The results were analyzed with the use of GraphPad Prism
software. The statistical evaluation of treated samples and un-
treated control was calculated using one-way analysis of var-
iance (ANOVA) followed by Dunnett’s multiple compar-
ison test. The data were obtained from at least two
independent experiments, and each treatment condition was
assayed in triplicate. The differences were considered signifi-
cant at ov=0.05.

Results and discussion

Forming a covalent bond between DOX and fullerene should
lead to the lowered cytotoxicity of the drug and its improved
pharmacokinetics. Indeed, polymer-drug conjugates may in-
crease tumor-specific download through their enhanced per-
meability and retention [35]. Moreover, a drug coupled to a
polymer may possess increased solubility and resistance to
proteolysis, which leads to a better control of pharmacokinet-
ics, including the rate of drug release [36]. Hence, the main
idea behind binding of an anticancer drug, which is usually
extremely toxic toward healthy cells, to a biocompatible poly-
mer is a safe transportation of the cytostatic to the tumor cells
and releasing it only at the target site. However, despite the
mentioned above, intuitively understandable idea, there are
literature reports, which demonstrate that a doxorubicin con-
jugate with fullerene is equally toxic as the free DOX. Indeed,
in ref. [20], it was demonstrated that the cytotoxicity, mea-
sured with the MTT assay using MCF-7 breast cancer cell line,
of a fullerene conjugate and DOX was very similar. In order to
verify this surprising finding and to reassess the suitability of
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Ful-DOX conjugates in a possible anticancer therapy, we syn-
thesized a very similar system and studied its physicochemical
properties as well as cytotoxicity. Additionally, in order to
determine cellular distribution of the studied conjugate, we
carried out confocal microscopy analysis of the cells exposed
to the conjugate or to the free drug. The results obtained using
all methods employed in our study demonstrate that the prop-
erties of the conjugate and DOX itself are completely differ-
ent. Moreover, our findings suggest that binding of DOX to
Ceo-fullerene dramatically lowers its antiproliferative activity.
The reason which might explain all discrepancies between our
and ref. [20] findings seems to be a considerable contamina-
tion of conjugate Il [20] with the free DOX and its toxic
derivatives.

Conjugate synthesis

There are many synthetic methods for the preparation of
fullerene-containing compounds. Fullerene residue exhibits a
negative induction effect, which is connected with their elec-
trophilic propensities and possibility to react with different
nucleophiles giving fullerene anion intermediates. These in-
clude a reaction with C-nucleophiles: (a) Bingel-Hirsch reac-
tion [36] (a formed fullerene anion intermediate is stabilized
by an internal addition reaction) and (b) with lithium- [37] or
magnesium-organic compounds [38] (a formed fullerene an-
ion intermediate is stabilized by the reaction with various
electrophiles). The other example of the nucleophilic reaction
with fullerenes is the addition of cyanides followed by the
reaction with various nucleophiles [39]. Moreover, fullerenes
act as dienophiles, which implicates their ability to undergo
cycloaddition. Two types of the aforementioned process are
distinguished in the chemical literature: cycloaddition [4+2],
i.e., with cyclopentadiene [40], and [3+2], i.e., with
diazomethane [41]. Furthermore, fullerenes can be aminated
[42], halogenated [43], or hydrogenated [44].

In this study, we obtained a Ful-DOX 7 conjugate using a
modified synthetic procedure described by Lu et al. [20]. For
the whole synthetic route and chemical structures of all de-
scribed compounds, see Scheme 1.

In the first step, we obtained a bis(14,14-dimethyl-12-oxo-
3,6,9,13-tetraoxapentadecyl) malonate 3 via the reaction of
malonyl chloride 1 with #-butyl 12-hydroxy-4,7,10-
trioxadodecanoate 2 in dry DCM. 2 differs from a correspond-
ing chain shown in ref. [20] by a single —~CH,— group. We
were not able to find a commercial substrate that would enable
the synthesis of exactly the same structure as described in ref.
[19]. Nevertheless, due to size of the system under consider-
ation, two methylene groups (the end-product contains two
poly(ethylene glycol) chains each differing by one methylene
group from the conjugate described in ref. [20] difference
should not influence considerably the physicochemical and/
or biological properties of the conjugate.

61



Struct Chem (2019) 30:2327-2338

2333

After 24 h, the reaction was quenched with water, evapo-
rated, and loaded onto the silica gel column. Compound 3 was
detected on a TLC plate with the help of iodine to visualize it.
Next, a direct functionalization of the malonyl ester derivative
3 was conducted with use of the Bingel-Hirsch reaction.
Bis(14,14-dimethyl-12-0x0-3,6,9,13-tetraoxapentadecyl)
Cgo—malonate 4 was obtained by treating the derivative 3 with
1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU), carbon
tetrabromide (CBry), and fullerene-Cg in dry toluene. The #-
butyl ester functions in derivative 4 were subsequently selec-
tively hydrolyzed in the presence of primary esters with
trifluoroacetic acid (TFA) [45]. The carboxylic groups present
in such obtained 15-Cg-14,16-diox0-4,7,10,13,17,20,23,26-
octaoxanonacosane-1,29-dioic acid 5 were then activated with
dicyclohexylcarbodiimide (DCC)/N-hydroxysuccinimide
(NHS) system to give bis(2-(2-(2-(3-((2,5-dioxopyrrolidin-1-
yl)oxy)-3-oxopropoxy)ethoxy)ethoxy)ethyl) Cs—malonate 6.
At this point, 1,3-dicyclohexylurea (DCU) was obtained as a
byproduct and it was impossible to separate it from the com-
pound 6 due to the similarity in their chemical polarity. In the
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Fig.3 UV-Vis spectra of DOX, fullerene Cgg, and Ful-DOX: a measured

in aqueous DMSO solution; b based on the TD-DFT calculations; the

oscillator strengths indicated by dotted vertical lines. The scales of

oscillator strengths differ for different compounds (cf. the height of

vertical lines with the respective oscillator strengths in Table S1)

next step, the contaminated active ester 6 was coupled with
doxorubicin, freshly obtained via the reaction of doxorubicin
hydrochloride with triethylamine in DMF, to give the final
Ful-DOX conjugate 7. At this stage, it was possible to remove
DCU from the mixture, because compound 7 is more polar
than DCU. The crude product was purified by column chro-
matography using as an eluent, at first DCM/MeOH 30/1 (to
remove DCU from the activation procedure) and then DCM/
MeOH 20/1. Initially, we tried to use the eluent suggested by
Lu et al. [20] (CHCl;/MeOH 19/1), but it resulted in getting
the product 7 contaminated by DCU and other reddish
byproducts, presumably derivatives of doxorubicin (for TLC
from the last reaction step, see Fig. S7). The structures of
compounds 3-7 were determined and confirmed by the
MALDI-TOF analysis and, in case of compound 3 addition-
ally by the "H NMR spectrum (see Figs. S1, S2, S3, S4, S5,
and S6 in Supplementary Information). In the course of syn-
thesis, it turned out that an electrospray ionization technique is
unsuitable to study the structure of the conjugate 7 due to its
very weak solubility in polar solvents. The usage of ionization
mode employed by the MALDI method resolved the solubil-
ity problem. The chemical literature suggests that fullerene-
containing compounds tend to fragment, while being irradiat-
ed by the laser beam during MALDI analysis [46]. Moreover,
in the MALDI ionization source, the doxorubicin moiety can
lose the daunosamine and the 1-oxo0-2-hydroxyethyl fragment
[47]. In consequence, beside a molecular ion peak, fragmen-
tation signals are present on all MALDI spectra included in the
supplementary information. The identities of fragments,
formed along with their molecular masses, are depicted below
particular spectra (see Electronic supplementary material).

Physicochemical characteristics

In order to determine the structural features of the new mate-
rial, aqueous solutions of conjugate 7 were studied by UV-Vis
spectrophotometry, spectrofluorimetry, and dynamic light
scattering (DLS). All these measurements were carried out
using concentrations similar or somewhat larger than those
used in biological assays which were primarily a consequence
of sensitivity of specific technique. Thus, the UV-Vis spectra
were recorded in a 30 uM buffered solution (Fig. 3), fluores-
cence was measured for Ful-DOX concentrations between 3
and 160 uM and DLS spectrum was obtained for a 15 uM
solution of Ful-DOX. Here, it is also worth emphasizing that
all the spectra were recorded for Ful-DOX solutions contain-
ing, besides buffer, certain amount of DMSO (up to 10%). In
all biological tests, Ful-DOX was obtained from a DMSO
stock solution and the cells were treated with media contain-
ing ca 1% (v/v) of DMSO.

The absorption spectra of Ful-DOX (29 uM) along with
the spectrum of free DOX and Cg,-fullerene are depicted in
Fig.3a. The experimental absorption maximum for DOX
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occurs at 481 nm, while for the fullerene, two characteristic
peaks at 387 nm and 493 nm are observed. Furthermore, the
Ful-DOX spectrum seems to be a superposition of DOX and
fullerene features (see Fig.3a). The simulations of experimen-
tal spectra based on the TD-DFT calculations are shown in
Fig.3b and the most important electronic transitions along
with their molecular orbitals are demonstrated in Electronic
supplementary material (see Table Sland Fig. S8).

In water, the fullerene forms aggregates and, due to interac-
tions in the solid phase and light scattering, its UV—Vis spec-
trum is stronger, red-shifted, and broader than the spectra re-
corded in solvents in which Cg, forms true solution [48]. The
shape of the main long-wavelength absorption peak for Ful-
DOX, red-shifted (with regard to DOX) to 506 nm, seems to
be a superposition of doxorubicin and fullerene features.
However, the maximum extinction coefficient of the conjugate
is much smaller than the sum of C4, and DOX epsilons (see
Fig.3a). Interestingly, the noted above non-additive effect
concemning the intensity of electronic transitions was not ob-
served for the UV-Vis spectra published in ref. [20]. Actually,
the maximum extinction coefficient of the conjugate (contain-
ing two DOX molecules) was ca. 2-fold bigger than that ob-
served for DOX (an additive effect), which suggests lack of
interactions between doxorubicin and the fullerene cage for
the system studied by Lu et al. [20]. Contrary to their findings,
our results indicate strong interactions between doxorubicin
and the fullerene cage. Indeed, our quantum chemical calcula-
tions suggest that even in water, the conjugate possesses strong
tendency to adopt a closed conformation, shown in Fig. 2, in
which both DOX molecules interact via stacking with the
delocalized 7-electrons of the fullerene cage. The geometry
optimization that started from the open conformation (both
poly(ethylene glycol) chains extended) spontancously
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Fig. 4 Concentration effect on the fluorescence spectrum of Ful-DOX
conjugate
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converged to the close one depicted in Fig. 2. Here, it is worth
of emphasizing a very good correspondence between the mea-
sured and calculated spectra of DOX and Ful-DOX (although
the shapes of measured and theoretical spectrum of Cg are
similar (see Fig. 3), the latter is much weaker). This is a conse-
quence of fullerene aggregation in water which results in strong
scattering of incident light [49]). The main wavelength feature
of DOX stems from the HOMO = LUMO transition (77t
transition; see Table S1). Inspection of molecular orbitals in-
volved in the electronic transitions shows that the
HOMO = LUMO transition in DOX corresponds to the one
calculated at 480 nm in Ful-DOX (HOMO = LUMO+4; see
Table S1). Note, a large difference between the oscillator
strengths calculated for DOX (0.29; Table S1) and for the tran-
sition involving the same orbitals in Ful-DOX (0.07; Table S1).
The visible lowering of oscillator strength is a result of
fullerene-DOX interaction. In the remaining transitions (476
and 484 nm) giving rise to the long wavelength feature of
Ful-DOX (see Fig. 3b), the occupied orbitals with a consider-
able contribution from the fullerene are involved. All the above
demonstrate strong fullerene-DOX interactions in the conjugate
that justifies the non-additive eftects observed in the measured
absorption spectra.

For the Ful-DOX concentration of up to ca 30 uM, fluores-
cence intensity increases almost linearly with the amount of
conjugate (see the inset to Fig. 4). This suggests that also the
number of fluorescing sites increases linearly, which implies, in
turn, that the size of aggregates does not change substantially
within the discussed concentration range. The presence of Ful-
DOX aggregates in the studied aqueous DMSO solution was
confirmed by DLS measurements (see Fig. 5). The spectrum
presented in Fig. 5 shows that the average hydrodynamic radius
for those clusters amount to as much as 838 nm. The maximum
intensity of the fluorescence is observed for ca 60 uM and then
the fluorescence decreases with concentration. Change in the
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Fig. 5 Dynamic light scattering for an aqueous DMSO solution of Ful-
DOX conjugate 7 (¢ = 0.015 mM); average hydrodynamic radius, Z,,, =
838 nm
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shape of spectrum with increasing amount of Ful-DOX (see
Fig. 4) suggests a trivial mechanism of quenching
(reabsorption) [49]. Actually, the short-wavelength band of
fluorescence gradually disappears for more concentrated solu-
tions, which suggests reabsorption. Indeed, there is a strong
overlap between the absorption and emission spectra of Ful-
DOX in the range of 550-600 nm (cf. Figs. 3 and 4).

Impact of Ful-DOX on the viability of cancer cells

The main purpose of our study was to elucidate whether the
binding of DOX to a non- or low-toxic carrier should alleviate
the toxicity of doxorubicin. Actually, only then such construct
might be used as a safe platform that enables toxic chemother-
apeutics to be transported and released in the target cell. We
compared viability of cells treated for 48 h with doxorubicin
or Ful-DOX conjugate. To exclude that results might be cell

g

Fig. 6 The viability of MDA-
MB-231 (a, b), MCF-7 (¢, d), and
T47D (e, f) cells after 48-h
treatment with doxorubicin and
Ful-DOX conjugate 7 in a range
of concentrations from 0 (control;
ctrl) to 4 uM assessed by the SRB
assay. Results are shown as mean
+ SD of two independent
experiments performed in
triplicate. *Statistically significant
difference between the treated and
control (untreated sample)
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line specific, we used cancer cells derived from different or-
gans, namely breast (MCF-7, T47D, and MDA MB 231 cell
lines) and prostate (PC3 cell line). Breast cancer cells repre-
sent different molecular subtypes of this malignancy: MCF-7
and T47D cells are of luminal type characterized by the pres-
ence of estrogen receptor (ER) and progesterone receptor (PR)
while MDA MB 231 cells are so called triple negative as they
are negative for ER, PR, and human epithelial receptor 2
(HER2) and represent the most aggressive and one of the
worst prognosis breast cancer subtype. Moreover, two types
of viability assays have been used: SRB measuring total pro-
teins in the cells and WST-1 which, similarly as MTT, indi-
cates metabolically active cells.

As shown in Figs. 6 and 7, Ful-DOX in the studied range of
concentrations demonstrates no or very low effect on viability
of all tested cell lines, whereas free DOX reduces viability in a
dose-dependent manner with IC50 ca 1 (MDA MB 231 and

150-
_ b
£
§1oo- T T
e
(<}
B
x £ 504
3
s
>
04
L T © N 9% 5 &

& ¥ P
Ful-DOX concentration, uM

ata=0.05
150+ 150-
- c _ |d
£ £
§100- S 100- T T
- -
° 3]
B3 B
2 501 2 504
: :
s >
0- 0-
é(s&p&gg,\w'bv é{s&y&sg‘;\'\,ﬁh
DOX concentration, uM Ful-DOX concentration, uM
150+ 150
e e _ f
£ £
§ 1001 S 100- -
T
s k]
X ®
> 504 ¥ 2 50
g 3
S >
0- 0-
e - B B A PO TSP NE BN
DOX concentration, pM Ful-DOX concentration, M
@Springer

64



Struct Chem (2019) 30:2327-2338

2336
150+
°
b
s
© 1004
-
. *
o
°\. L - * * % *
2 50- ==
B
=
s
0- T T

NI .

DOX concentration, pM
Fig. 7 The viability of PC3 cells after 48 h of treatment with doxorubicin

and Ful-DOX conjugate 7 in a range of concentrations from 0 (control; ctrl)
to 4 uM determined by the WST-1 assay. Results are shown as mean + SD

MCEF-7 cells) or 2 uM (T47D and PC-3 cells). It is worth
noting that results of the WST-1 assay, which is much
simpler than the SRB one (see the Methods section),
show marginal standard deviations (see Fig. 7).
Presented results remain in apparent discrepancy with
those reported by Lu et al. [20]. They observed no difference
between Dox and Ful-DOX activity towards MCF-7 cells as

Hoechst Doxorubicin

DOX

Ful-DOX

Fig. 8 Images from confocal microscope of MCF-7 cells treated with
2 uM DOX and 2 uM Ful-DOX conjugate 7. Nuclei are stained blue
using Hoechst 33342, red color emitted by doxorubicin moieties, 2D and
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of two independent experiments performed in triplicate. *Statistically
significant difference is present between treated samples compared with
control (untreated sample) at v = 0.05

assessed by MTT assay. Moreover, Ful-DOX at the concen-
tration of 10 ng/mL, which roughly corresponds to our 4 uM,
reduced viability of cells by about 40% compared with un-
treated controls after 24-h exposition. It contrasts with our
results which indicate lack of toxicity of the conjugate, despite
the fact that in our experiments, the cells were treated for
longer time (48 h).

Merge 2D

Merge 3D

3D merged images including the Hoechst dye and DOX or Ful-DOX 7
emission show cellular localization. The MCF-7 cells were incubated at
with tested agents for 48 h. Scale bars are 25 pm
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Confocal microscopy

In order to verify our conclusions, we also carried out mea-
surements concerning the distribution of free DOX and the
conjugate in cells. Since DOX is a good fluorophore, we de-
cided to employ confocal microscopy. Figure 8 gathers several
confocal 2D and 3D images showing cellular distribution of
DOX or full-DOX.

Cell nuclei are depicted by blue spots as they were
stained with Hoechst 33342. On the other hand, DOX
emits a red fluorescence. As indicated by the middle panel of
Fig. 8, free DOX penetrates into the nuclei (DOX/Merge 2D,
Fig. 8) as well as adsorbs on nuclear membrane (DOX/Merge
3D, Fig. 8). The behavior of Ful-DOX is quite different. It
does not penetrate into the nuclei but accumulates on their
membranes (Ful-DOX/Merge 2D and Ful-DOX/Merge 3D,
Fig. 8). Taking into account the physicochemical properties
of Ful-DOX, i.e., strong interactions between DOX and ful-
lerene cage, chemically stable linker, as well as the size of
hydrodynamic radius of nanoparticles which Ful-DOX forms
in the buffered aqueous solution, one can expect that an effi-
cient nucleus penetration, which seems to be indispensable for
the DOX cytotoxic action, is reduced or abolished in case of
the conjugate.

Conclusions

In this study, we synthesized a fullerene-DOX conjugate, mea-
sured its physicochemical characteristics, and determined its
toxicity and the cellular distribution with the viability assays
and confocal microscopy, respectively. The physicochemical
characteristics indicate strong interactions between the fuller-
ene cage and doxorubicin in the Ful-DOX as well as the for-
mation of voluminous clusters of the conjugate under the con-
ditions employed in the cellular studies. These explain the
observed lack of cytotoxicity. Indeed, to be toxic, doxorubicin
has to penetrate into the nucleus in order to directly interact
with DNA or protein machinery dedicated to DNA process-
ing. Being covalently bound to the fullerene-poly(ethylene
glycol) moiety and additionally forming sizable clusters,
DOX possibilities to interact with DNA are very limited.
Moreover, a nuclear membrane does not support endocytosis
and its pores are able to accommodate particles up to only
about 25 nm diameter [50], while the synthesized Ful-DOX
conjugate forms clusters with an average hydrodynamic radi-
us of ca. 800 nm.

In summary, our study demonstrates that the studied con-
jugate has a potential to become a universal platform for safe
transportation of toxic drugs into tumor cells. A quest for
molecular modifications and implementation of DOX conju-
gates specifically releasing the drug is currently under way in
our laboratories.
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2. TLC analysis

Fig. S7 TLC plates visualized with UV light. A) the preparative TLC plate from the coupling reaction between
compound 6 and doxorubicin (after 24 h), B) purified compound 7 (right lane), the mixture before purification

(middle lane) unidentified contamination (the left lane).
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3. TD-DFT calculations

Table S1 Most important (oscillator strength > 0.05) electronic transitions as calculated by the TD-

DFT/B3LYP/def2-SVP method

Compound

DOX
FUL-DOX

Fullerene

Wavelength [nm]
465.67

483.56
480.52

476.07

Energy [eV]
2.6624

2.564
2.5802

2.6043

Oscillator
strength
0.29
0.06
0.07

0.10

Main contribution

HOMO — LUMO
HOMO — LUMO+4
HOMO-1 — LUMO+3
HOMO — LUMO+4
HOMO-2 — LUMO+3
HOMO-2 — LUMO+3
HOMO-1 — LUMO+3

78



LUMO+4

Fig. S8 The most important molecular orbitals taking part in the electronic transitions for DOX and Ful-DOX as

calculated by the TD-DFT/B3LYP/def2-SVP methods (isosurface value equal to 0.02 a.u.?)

79



2. K. Butowska, K. Zamojé, M. Kogut, W. Kozak, D. Wyrzykowski, W. Wiczk, J. Czub, J.
Piosik, J. Rak, The product of matrix metalloproteinase cleavage of doxorubicin conjugate for
anticancer drug delivery: calorimetric, spectroscopic, and molecular dynamic studies on
peptide-doxorubicin binding to DNA. International Journal of Molecular Sciences, 2020, 21,
6923. [P2]

80



International Journal of Z
. Molecular Sciences m\D\Py
Article
The Product of Matrix Metalloproteinase Cleavage of
Doxorubicin Conjugate for Anticancer Drug Delivery:

Calorimetric, Spectroscopic, and Molecular Dynamics
Studies on Peptide-Doxorubicin Binding to DNA

Kamila Butowska /2%, Krzysztof Zamojé 300, Mateusz Kogut 400, Witold Kozak 2,
Dariusz Wyrzykowski 3, Wiestaw Wiczk >*, Jacek Czub *, Jacek Piosik 1" and Janusz Rak 2

1" Laboratory of Biophysics, Intercollegiate Faculty of Biotechnology University of Gdarisk and Medical

University of Gdarisk, Abrahama 58, 80-307 Gdarnisk, Poland; jacek.piosik@biotech.ug.edu.pl
2 Department of Physical Chemistry, Faculty of Chemistry, University of Gdarisk, Wita Stwosza 63,
80-308 Gdarisk, Poland; davelombardo@wp.pl (W.K.); janusz.rak@ug.edu.pl (J.R.)
Department of General and Inorganic Chemistry, Faculty of Chemistry, University of Gdansk,
Wita Stwosza 63, 80-308 Gdarisk, Poland; krzysztof.zamojc@ug.edu.pl (K.Z.);
dariusz.wyrzykowski@ug.edu.pl (D.W.)
Department of Physical Chemistry, Faculty of Chemistry, Gdansk University of Technology,
Narutowicza 11/12, 80-233 Gdarisk, Poland; giggsmk@op.pl (M.K.); jacek.czub@pg.edu.pl (J.C.)
Department of Biomedical Chemistry, Faculty of Chemistry, University of Gdarisk, Wita Stwosza 63,
80-308 Gdansk, Poland; wieslaw.wiczk@ug.edu.pl
*  Correspondence: kamila.butowska@phdstud.ug.edu.pl; Tel.: +48-58-523-6310

check for
Received: 29 July 2020; Accepted: 18 September 2020; Published: 21 September 2020 updates

Abstract: Matrix metalloproteinases (MMPs) are extracellular matrix degradation factors, promoting
cancer progression. Hence, they could provide an enzyme-assisted delivery of doxorubicin (DOX)
in cancer treatment. In the current study, the intercalation process of DOX and tetrapeptide-DOX,
the product of the MMPs’ cleavage of carrier-linked DOX, into dsDNA was investigated
using stationary and time-resolved fluorescence spectroscopy, UV-Vis spectrophotometry and
isothermal titration calorimetry (ITC). The molecular dynamics (MD) simulations on the same
tetrapeptide-DOX - DNA and DOX - DNA systems were also performed. The undertaken studies
indicate that DOX and tetrapeptide-DOX can effectively bond with dsDNA through the intercalation
mode; however, tetrapeptide-DOX forms less stable complexes than free DOX. Moreover, the obtained
results demonstrate that the differences in DNA affinity of both forms of DOX can be attributed to
different intercalation modes. Tetrapeptide-DOX shows a preference to intercalate into DNA through
the major groove, whereas DOX does it through the minor one. In summary, we can conclude that the
tetrapeptide-DOX intercalation to DNA is significant and that even the lack of non-specific proteases
releasing DOX from the tetrapeptide conjugate, the presence of which is suggested by the literature
for the efficient release of DOX, should not prevent the cytostatic action of the anthracycline.

Keywords: doxorubicin; matrix metalloproteinases; intercalation; DNA; cleavable peptide;
drug delivery

1. Introduction

Cancer—the second leading cause of death worldwide—can be treated by several modalities,
of which chemotherapy represents 36% of the treatment options [1,2]. Anthracyclines are one of the most
widely used chemotherapeutic drugs for the treatment of various types of cancer including leukemia,
melanoma, Kaposi’s sarcoma, and solid tumors, e.g., breast or prostate [3,4]. Doxorubicin (DOX) is one

Int. J. Mol. Sci. 2020, 21, 6923; d0i:10.3390/ijms21186923 www.mdpi.com/journal/ijms
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of the well-known anthracycline antibiotics, which was isolated in the 1960s from a mutated variant
of Streptomyces peucetius (var. S. caesius) [5]. It is an important chemotherapeutic agent with a wide
spectrum of activity [3,6,7]. The mechanism of DOX action is related to its intercalation into cellular
DNA leading to the inhibition of the synthesis of macromolecules, DNA cross-linking, and alkylation,
as well as the generation of free radicals and the inhibition of topoisomerase II [8-10]. Despite its
clinical efficacy, it has severe disadvantages, including cardiotoxicity and myelosuppression [11,12].
Moreover, DOX can lead to several side effects that mainly affect the brain, kidneys, and liver [13].

One of the strategies to increase therapeutic efficiency, with high binding specificity and reduced
toxic effects of a drug, is to conjugate it with polymers, lipid nanoparticles, or antibody—drug
conjugates [14-16]. Such an approach can lead to a system characterized by enhanced solubility,
permeability, and retention in body plasma that triggers drug release in cancer cells [17]. A variety
of polymers, including polymer-drug conjugates (PDCs), polymer—protein/peptide, polymer-DNA,
and their hybrids, have been developed in the past decades as selective therapeutic agents. Several
examples of PDCs have been observed to couple a hydrophobic drug with hydrophilic polymers such
as poly(lactic-co-glycolic acid) (PLGA) and poly(ethylene glycol) (PEG) [18,19]. However, PDCs with
increased stability, solubility, and lower toxicity would not be suitable for cancer therapy if they did not
release an anticancer component at the target place. To overcome this problem, PDCs release a drug
using a peptide fragment selectively cleaved by enzymes, or under specific conditions [20]. Matrix
metalloproteinases (MMPs) are a group of over 20 proteolytic enzymes characterized by their ability to
remodel and degrade the extracellular matrix [21]. MMPs are overexpressed in newly formed tumor
tissues, thereby promoting angiogenesis, and are involved in cancer progression; MMP-2 and MMP-9,
in particular, play a critical role in this process [22,23]. Therefore, MMPs could constitute a promising
strategy for targeted therapeutic agent delivery via an enzyme-triggered release mechanism [24].
According to the literature, there are a series of substrate peptide sequences degradable in the presence of
MMPs, e.g., Gly-Pro-Leu-Gly-Ile-Ala-Gly-GlIn, Pro-Val-Gly-Leu-Ile-Gly, or Pro-Leu-Gly-Val-Arg,
where cleavage occurs between leucine (Leu) and glycine (Gly) [25-27]. Using this approach, new
polymer—drug conjugates with a selective peptide sequence between the carrier (polymer) and the cargo
(drug) have been designed [28]. The drug release from enzymatically cleavable prodrugs occurs within
a two-step mechanism: (1) a prodrug is cleaved by MMPs and is (2) further cleaved or hydrolyzed
to the desired drug [29]. Hence, some reports suggest that additional proteases are important for
liberating a free drug from intermediate cleavage products [30].

In this study, we present the synthesis of a tetrapeptide-DOX conjugate (Leu-Ala-Gly-Gly-DOX,
i.e.,, 4-pep-DOX), as a potential result of MMPs’ action on the substrate peptide sequence
(Figure 1). The selected MMP-2/-9-cleavable peptide, containing the Leu-Gly sequence, was expanded
to Gly-Pro-Leu-Gly-Leu-Ala-Gly-Gly, which is cleavable by the chosen MMPs’ domain [31].
We demonstrated the impact of the presence of the tetrapeptide fragment in 4-pep-DOX on its
intercalating properties to dsDNA, and compared the tetrapeptide-DOX - dsDNA complex with free
doxorubicin, namely DOX - dsDNA. The characteristics of the dSDNA complex with 4-pep—DOX
and DOX were studied by spectrophotometric titration, steady-state, and time-resolved fluorescence
spectroscopy, as well as isothermal titration calorimetry (ITC). Furthermore, molecular dynamics (MD)
simulations were carried out to determine the preferred binding sites to dsDNA. To the best of our
knowledge, this is the first report where an MMP-cleavable product (Leu—-Ala-Gly-Gly-DOX) has
been characterized at the molecular level.

82



Int. J. Mol. Sci. 2020, 21, 6923 30f17

e

o
MMPs-specific cleavage site \(

A
[carier ] cPLcLacc (NN

1st step l MMPs
El I | uo oM

H
2nd slepI l further cleavage ‘O‘O

Figure 1. Doxorubicin (DOX) release strategies for matrix metalloproteinase (MMP)-cleavable prodrugs.

2. Results and Discussion

2.1. Cleavage of Peptide by MMPs

The MMP-2/-9-cleavable peptide was degraded by collagenase IV (containing MMP-2/-9) in a
time-dependent manner. The MMPs’ substrate specificity, revealed by the MS analysis, is consistent
with that reported previously and indicates that the proposed octapeptide can be responsive to
MMPs [32,33]. The MALDI TOF spectrum proved that the octapeptide was cleaved between leucine
(Leu) and glycine (Gly), yielding two products, namely Fmoc-Gly-Pro-Leu-Gly and Leu-Ala-Gly-Gly
(see Figure S1, Supplementary Materials). Consistently, the HPLC chromatogram (Figure 2A) shows
two peaks from the enzymatic digestion—the substrate, Fmoc-Gly-Pro-Leu-Gly-Leu-Ala-Gly-Gly,
and the product, Fmoc-Gly-Pro-Leu-Gly, at 10.30 and 10.04 min, respectively. During incubation,
the Fmoc-Gly—-Pro-Leu-Gly peak significantly increased, whereas the octapeptide peak disappeared.
After 12 h of incubation, 17.43% of the substrate and 82.42% of the MMP-2/-9 cleaved product were
observed. In order to investigate how fast the octapeptide cleaved, the aliquots were removed after 2,
8, and 12 h. After 2 h of incubation, 52.54% of Fmoc-Gly-Pro-Leu-Gly was detected and after 8 h it
increased to 69.53% (Figure 2B). The efficiency of the enzymatic digestion reached 82.42% after 12 h
of incubation. The results proved that the octapeptide can be cleaved by collagenase IV and that the
amount of product formed increases with the incubation time.

2.2. Synthesis of Tetrapeptide—-DOX

In order to synthesize the desired conjugate, we performed a two-step procedure (Figure 3). First,
Fmoc-Leu-Ala-Gly-Gly was coupled with DOX using the mixed anhydride method. For this purpose,
Fmoc-Leu-Ala-Gly-Gly was treated with isobutyl chloroformate in the presence of triethylamine in
DME, followed by the addition of DOX (obtained independently by the reaction of DOX hydrochloride
with TEA in DMF). The so-obtained raw Fmoc-Leu-Ala-Gly-Gly-DOX was purified by preparative
column chromatography. In the second step, Fmoc-Leu-Ala-Gly-Gly-DOX was deprotected with
a 50% morpholine solution in DMF, furnishing raw Leu-Ala-Gly-Gly-DOX, which was finally
isolated with the HPLC system and proved by MALDI TOF/TOF (see Figure S2, Supplementary
Materials). It is worth mentioning that we had tested two different deprotection methods with
1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) and piperidine, respectively. In both cases, we struggled
through some difficulties. As far as DBU is concerned, dibenzofulvene is released during the reaction,
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which readily reacts, as an electrophile, with N-terminal amino acid residue leading to undesired
by-products [34]. When it came to piperidine, we obtained the desired product in a very poor yield,
which could be due to the presumed dealkylation properties of piperidine (DOX possesses a methoxyl
function in its constitution) [35].

Collagenase IV -y
Y

" 40 60 80 100 120
Retention time (min)
(B)

% of degradation

0 2 4 6 8 10 12
Time (min)

Figure 2. (A) HPLC chromatograms of the MMP-2/-9-cleavable peptide after 2, 8, and 12 h of incubation
with collagenase IV. (B) The curves depicting the efficacy of enzymatic cleavage, triggered in a
time-dependent manner.

2.3. Spectrophotometric Titrations

In order to evaluate the binding strength of DOX and 4-pep-DOX to dsDNA,
the binding/association constants (Ka) of the resulting complexes were determined from the
changes in absorbance of DOX and 4-pep-DOX bands with increasing amounts of dsDNA
(Figure 4). The intrinsic association constants (K5) of the complexes were calculated according
to the Benesi-Hildebrand equation:

Ao Ef £f 1
= . ! 1
A-Ap Eb—5f+5b—5f KA[DNA] )

where Ag and A are the absorbances of DOX/4-pep-DOX in the absence and presence of dsDNA in the
solution, respectively, & and ¢, correspond to the extinction coefficients of free and bound ligands,
respectively, while [DNA] is the concentration of dsDNA. The ligand—-dsDNA binding constants

were calculated from the ratio of the intercept to the slope of the linear equation of the plot of Aé()\o

(measured at 480 nm) to m, and were determined to be Kx pox ** d¢spna = 1.10 X 10° M1 and

KA 4pep-DOX "~ dsDNA = 0.54 X 10° M1, The free energies of the binding (AG) were calculated using
the standard thermodynamic relationship, AG = —RTInK,, and were determined to be AGpox *** dspNA
= —8.23 kecal/mol and AGy pep-pox *** dsbNa = —7.81 keal/mol.
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Figure 3. Synthesis scheme of the Leu-Ala-Gly-Gly-DOX conjugate.
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Figure 4. UV-Vis absorption spectra of DOX (A) and 4-pep-DOX (B) in the presence of dsDNA at
various concentrations in 10 mM Tris-HCI buffer (pH 7.2) at 25 °C (the initial concentration of DOX and
4-pep-DOX = 18 uM).

2.4. Steady-State and Time-Resolved Spectroscopy

Figure 5 shows the fluorescence emission spectra of DOX and 4-pep—DOX recorded in the presence
of various dsDNA concentrations, using drug excitation at 490 nm. It can be observed that the
fluorescence intensity of both drugs decreases regularly with the increasing concentration of dsDNA,
which may result from a variety of processes such as excited state reactions, ground-state complex
formations, or collisional processes.
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Figure 5. Fluorescence emission spectra of DOX (A) and 4-pep-DOX (B) in the presence of dsDNA at
various concentrations in 10 mM Tris-HCI buffer (pH 7.2) at 25 °C (the initial concentration of DOX and
4-pep-DOX = 1.94 uM).

In order to confirm the quenching mechanism, the fluorescence quenching was analyzed according

to the Stern—Volmer equation:
Fo

T = 1+ Ksv[Q] = 1+K470(Q, )

where Fj and F are the fluorescence intensities in the absence and presence of quencher, [Q] is the
quencher concentration, Ksy is the Stern-Volmer quenching constant, k is the bimolecular quenching
rate constant, while 7 is the lifetime of the fluorophore in the absence of quencher [36]. The graphs of
—FFQ versus [Q] plotted according to the Stern—Volmer equation are shown in Figure 6. It can be observed
that straight lines were obtained for both drug-DNA complexes, indicating that, in the investigated
range of concentrations, the quenching is purely static or dynamic. Since the 7 values for free DOX and
4-pep-DOX around neutral pH were determined to be 1.057 ns and 1.076 ns, respectively (see below),
the values of the bimolecular quenching rate constants (k;) are 9.37 x 10'> M~! s™! for DOX - dsDNA
and 5.20 x 10> M~ s7! for 4-pep-DOX - dsDNA complexes. As these values are much larger than
the maximum scatter collision quenching constant (2.0 x 1010 M1 s71) [37], this indicates that the
fluorescence quenching effects of DOX and 4-pep—DOX by dsDNA are not initiated by dynamic
collisions, but rather caused by the formation of ground-state complexes.

18+ sDOX-DNA +4-pep-DOX-DNA
4 y = 0.0099x + 1.0034
1.6 R?=0.9989
L 14
[T

y = 0.0056x + 1.0093
1.2+ R?=0.9975

0 20 40 60 80
[DNA](nm)

Figure 6. Stern—Volmer plots for the DOX - dsDNA and 4-pep-DOX ' dsDNA systems in 10 mM
Tris-HCl buffer (pH 7.2) at 25 °C.

Given that the fluorescence quenching of both DOX and 4-pep-DOX by dsDNA is static,
the dissociation constants (Kp) of the newly formed complexes can be determined by the

Lineweaver—-Burk formula [38]:
1 1 Kp

Fo-F Fo * Fo[0] ®)
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The Lineweaver-Burk double-reciprocal plots were constructed based on the relationship of %
vS. WT (Figure 7).

40 ¢ «DOX-DNA « 4-pep-DOX-DNA

30} K, = 0.563 x 10'M"!
R?=0.999

“ 201
&
‘ Tan-t
w Ka=1.10 x 10'M
107 R? = 0.9987
0 + + + + 1
0 4 8 12 16 20

1/[DNAJ(107M")

Figure 7. Lineweaver-Burk double-reciprocal curves of r"F—‘_’;- vs. W]- for the DOX -** dsDNA and

4-pep-DOX - dsDNA systems in 10 mM Tris-HCl buffer (pH 7.2) at 25 °C.

From the regression analysis, the association constants (Kx = K[')]) between dsDNA and both
studied drugs were determined to be KA pox """ dspna = 1.10 X 107 M~! and K 4-pep-DOX " dsDNA
= 0.56 X 107 M™! (as the averages of two independent experiments), respectively. The observed
discrepancies between the K5 values obtained from spectrophotometric and spectrofluorometric
titrations may result from the specificity of each method, as well as from differences in the experimental
conditions (i.e., concentrations). By comparing the measured association constants, it is clear that both
DOX and 4-pep-DOX show a high affinity to dSDNA; however, the complexes formed by DOX are
slightly more stable compared to those of 4-pep-DOX. When small molecules bind independently to
a set of equivalent sites on a macromolecule, the number of binding sites (1) can be found from the
following Scatchard equation [39]:

log[#] = log K4 + nlog[Q], 4)

The plots of log[@E—F] vs. log[Q] for both DOX and 4-pep-DOX are shown in Figure 8. It can
be observed that the n values, determined as the slopes of the straight-line plots, were found
to be approximately 1.0 for both ligands that are bound per dsDNA molecule. Furthermore,
the association constants estimated by this method are basically in accordance with those obtained by
the Lineweaver-Burk equation (Ka pox *** dsbNA > KA 4-pep-DOX """ dsDNA)-

-8.5 -8.2 -7.9 -7.6 -7.3 7 "

+-0.4
o y = 0.9634x + 6.7286
¢ Rz = 0.9991 I .0.8
w
g y=0.98x + 6.618 +-1.2

R? = 0.9978
-1.6

=«DOXDNA log [DNA]

*4-pep-DOX-DNA

Figure 8. Plots of log[ﬂ’fi] vs. log[DNA] for the DOX - dsDNA and 4-pep-DOX - dsDNA systems
in 10 mM Tris-HCl buffer (pH 7.2) at 25 °C.
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The determination of fluorescence lifetimes was carried out to confirm that the static quenching is
the sole reason for the observed fluorescence quenching. According to the performed time-resolved
experiments, the fluorescence lifetimes of DOX and 4-pep-DOX were constant, regardless of the
dsDNA concentration, and equal to 1.057 + 0.022 ns for DOX (the value is in good agreement with
literature data [40]) and 1.076 + 0.006 ns for 4-pep—DOX. Therefore, 7o/t = 1, which is characteristic for
pure static quenching. This is in a good agreement with the results presented in Figure 4, since the
formation of a complex is often reflected in a change of the absorption spectrum of the fluorophore.

2.5. Isothermal Titration Calorimetry

The ITC method was applied to determine the binding constants (Kj7¢) and the thermodynamic
parameters (AGrc, AHirc, ASitc) for the interactions of DOX and 4-pep-DOX with dsDNA.
Representative binding isotherms for the interactions under study are shown in Figure 9, and the
thermodynamic parameters are summarized in Table 1. The molar ratios of the resulting complexes
were estimated based on ITC data and they are 7.29 (+0.09) and 7.98 (+1.23) for DOX to dsDNA and
4-pep—-DOX to dsDNA, respectively. The binding constants of the resulting complexes, as well as
the binding enthalpies, were obtained directly from the calorimetric experiments by fitting binding
isotherms (a nonlinear least-squares procedure) to a model that assumes a single set of identical
binding sites.
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Figure 9. Calorimetric titration isotherms of the binding interaction between (A) DOX and dsDNA and
between (B) 4-pep-DOX and dsDNA in 10 mM Tris-HCl buffer (pH 7.2, 25 °C).

Table 1. Thermodynamic parameters of DOX and 4-pep—DOX bound to dsDNA in 10 mM Tris-HCl
buffer (pH 7.2) at 25 °C (standard deviation values in parentheses). ITC, isothermal titration calorimetry.

Parameter DOX - dsDNA 4-pep-DOX - dsDNA
logKjrc 6.03 (+0.04) 4.24 (+0.09)
AHjrc [kcal/mol] -9.52 (+0.17) -5.84 (£1.27)
TAS]TC [kcal/mol] -1.3 -0.05

AGirc [keal/mol] —8.26 (+0.05) —5.78 (0.12)
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The standard thermodynamic relationships, namely AG;r¢ = —RTInK;r¢c = AHjrc — TASi¢, were
used to calculate the free energy of binding (AG/rc) and the entropy change (TAS;r¢). The formation of
the investigated dsDNA complexes is an enthalpy-driven process (Table 1). The negative values of the
binding enthalpy and small entropic contribution correspond to the intercalative nature of the tetracyclic
core of the low-molecular ligands. The modification of the DOX structure with a Leu—-Ala-Gly-Gly
tetrapeptide results in a decreasing strength of interaction. This phenomenon is reflected in the
values of the binding constant logKjrc (DOX-dsDNA) > logKjr¢ (4-pep-DOX-dsDNA) and remains
in agreement with the results obtained from the spectroscopic measurements. In contrast to DOX,
the presence of the hydrophobic peptide chain in the structure of 4-pep-DOX hinders the intercalating
interactions of the modified ligand with dsDNA, and weakens its ability to form hydrogen-bonding
and electrostatic interactions, which are typical for groove binders [41]. According to the general
rule, the more new bonds are formed and the stronger they are, the more energy (heat) is released.
Thus, the difference in the binding enthalpy results from the different mode of the DOX-dsDNA and
4-pep-DOX-dsDNA interactions. This phenomenon probably is the most important factor responsible
for the release of a larger amount of energy in the case of DOX binding to dsDNA.

2.6. Molecular Dynamics Simulations

To provide a molecular-level understanding of the differences in the stability of the intercalation
complexes formed by DOX and 4-pep-DOX with dsDNA, we computed the free energy profiles for the
two different intercalation modes in which the amino sugar moiety is extended into either the minor or
major groove. As a collective coordinate describing the intercalation process, we used the separation
distance between the centers of mass of the two base pairs forming the intercalation site and the planar
chromophore of DOX and 4-pep-DOX (see Figure 10A).

(B)

Free energy [kcal/mol]
)

6 DOX minor groove
DOX major groove = = =

-8 =

4-pep-DOX minor groove = = =
-10 4-pep-DOX major groove I
12 1 | ] 1 1 I 1

15 2 25 3
Distance, r [nm]

35 4

Figure 10. (A) Intercalation of DOX and 4-pep-DOX into dsDNA in the simulation was studied using
the coordinate defined as the separation distance between the centers of mass of the two base pairs
forming the intercalation site, and the planar chromophore of the ligand (green solid line). In addition,
one-sided harmonic potentials were used to prevent association of the ligands at the dsDNA ends
(see Methods section, grey dashed lines.) (B) Free energy profiles for the formation of the intercalation
complexes of DOX and 4-pep-DOX with dsDNA as a function of the separation distance between them
(r), in two intercalation modes (minor/major groove).

Comparison of the two free energy profiles obtained for the DOX - dsDNA system (blue lines
in Figure 10B) strongly suggests that the highly stable DOX intercalation complex, observed in
spectrophotometric titrations and ITC, corresponds to the minor-groove binding mode. Indeed,
the intercalation of DOX from the major-groove side is 7.5 kcal/mol less favorable. This conclusion is
further supported by a very good agreement between the depth of the main free energy minimum
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computed for DOX intercalating from the minor groove (-9.8 kcal/mol at ~0.2 nm) and the measured
binding free energies. The free energy simulations further revealed that the intercalation of DOX is
preceded by its relatively strong binding to the dsDNA surface (—4.5 kcal/mol) with a clear kinetic
barrier to overcome. In contrast, 4-pep-DOX (red lines in Figure 10B) shows a 3.7 kcal/mol preference
for intercalation from the major groove. The predicted absolute binding free energy in this case
(=6.7 kcal/mol) is consistent with our ITC results and, to a lesser extent, the spectrophotometric values,
supporting the conclusion that the stable intercalation complexes of 4-pep—-DOX observed in our
experiments are in fact characterized by the major-groove binding mode.

To structurally compare the four intercalation complexes considered in Figure 10B, we performed
a cluster analysis of the MD-generated unbiased ensembles. This was done using the hybrid k-centers
k-medoids clustering algorithm for all heavy atoms of DOX and 4-pep-DOX, with a root mean square
deviation (RMSD) cut-off of 0.3 nm. Before clustering, the structures were superimposed by minimizing
a heavy-atom RMSD for the two dsDNA base pairs forming the intercalation site [42].

Figure 11 shows, separately, the most likely structures of DOX: dsDNA and
4-pep-DOX -+ dsDNA complexes identified by our cluster analysis for each of the four intercalation
cases considered. As expected, the energetically most favorable DOX - dsDNA complex in
the minor-groove mode is characterized by a well-defined structure with one preferred arrangement of
the ligand with respect to the dsDNA duplex (85% of the bound ensemble). This is also manifested by
the limited structural fluctuations of the ligand within the intercalation site, and by strong interactions
between the positively charged amino group of DOX with dsDNA phosphate groups, with the mean
distance to the closest phosphate being 0.62 nm. By comparison, intercalation of DOX from the
major-groove side does not allow for a favorable electrostatic contact between the amino group and the
dsDNA backbone (the mean distance to the closest phosphate is 1.06 nm), resulting in a substantially
reduced stability of the complex.

MINOR GROOVE MAJOR GROOVE

DOX

4-pep-DOX

Figure 11. The most likely structures (left) and the range of ligand fluctuations (right) in the two
considered intercalation modes (minor/major groove) of the DOX :-- dsDNA and 4-pep-DOX - dsDNA
complexes. In addition, 100 overlaid representative positions of the protonated amino group (in the
amino sugar of DOX or at the N-terminus of the tetrapeptide of 4-pep-DOX) are marked with spheres.

In contrast to the DOX case, the most likely arrangement of 4-pep-DOX intercalated into
dsDNA from the minor groove accounts for only 35% of the ensemble (Figure 11). In this position,
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the tetrapeptide fragment resides outside the minor groove, not interacting specifically with the dsDNA
chain despite a relatively small average distance to the closest phosphate group (0.76 nm). Notably,
DOX and 4-pep-DOX intercalated via the minor groove differ substantially in the orientation of their
planar chromophore relative to the flanking base pairs. In particular, the 4-pep-DOX core is rotated
by 33° resulting in a decreased stacking overlap with the flanking nucleobases, as compared to DOX
(see Figure S3, Supplementary Materials).

In its more stable major-groove intercalation mode, 4-pep—DOX exhibits one well-defined structure
(74% of the ensemble, Figure 11), in which the tetrapeptide interacts largely with one dsDNA strand,
with the mean distance of the amino group to the closest phosphate equal to 0.45 nm. This suggests
that effective stabilization of the intercalation complex requires accommodation of the flexible peptide
substituent in the wider and more accessible major groove.

3. Materials and Methods

3.1. Materials

Fmoc-Leu-Ala-Gly-Gly and Fmoc-Gly-Pro-Leu-Gly-Leu-Ala-Gly-Gly peptides were
purchased from Lipopharm.pl (Zblewo, Poland). Oligonucleotides 5-CGT ACG CGT ACG CGT
ACG CG-3’ and 5'-CGC GTA CGC GTA CGC GTA CG-3" were purchased from Future Synthesis
(Poznan, Poland). Collagenase IV and Hank’s Balanced Salt Solution (HBSS), with calcium and
magnesium, were purchased from ThermoFisher Scientific (Walthman, MA, USA). Acetonitrile (ACN),
4-aminophenylmercuric acetate (APMA), dichloromethane (DCM), 2,5-dihydroxybenzoic acid (DHB),
N,N-dimethylformamide (DMF), doxorubicin hydrochloride, formic acid, isobutyl chloroformate,
methanol, sodium hydroxide, tetrahydrofuran (THF), triethylamine (TEA), and Tris-HCl were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Column chromatography was performed using
silica gel NORMASIL 60 (40-63 mesh, VWR Chemicals, Radnor, PA, USA). Thin-layer chromatography
was performed using silica plates, 60G, F»s4 (Sigma-Aldrich, St. Louis, MO, USA).

3.2. Methods

3.2.1. Assembly of dsDNA

Two oligonucleotides of 20 base pairs, 5'-CGT ACG CGT ACG CGT ACG CG-3’ and 5-CGC GTA
CGC GTA CGC GTA CG-3’, were mixed at concentrations of 10 uM each, in 10 mM Tris-HCl buffer
(pH 7.2). The mixtures were submitted to the annealing procedure at 95 °C for 5 min, 50 °C for 30 min,
and cooled to 4 °C in 20 min using a Mastercycler gradient from Eppendorf (Hamburg, Germany).
The formation of double-stranded DNA was confirmed by the HPLC Dionex Ultimate 3000 System
(Waltham, MA, USA; data not shown). The analysis was performed on the XBridge OST C18 column
(2.5 um, 4.6 x 50 mm; Waters, Milford, MA, USA) at 20 °C. The flow was set at 1 mL/min with a mobile
phase consisting of solvent A (1% ACN with 50 mM triethylamine acetate) and solvent B (80% ACN).
The gradient was 0-20% of solvent B in 20 min.

3.2.2. Enzymatic Cleavage of Peptide by MMPs

The MMP-2/-9-cleavable octapeptide Fmoc-Gly-Pro-Leu-Gly-Leu-Ala-Gly-Gly was evaluated
by enzymatic digestion with the use of collagenase IV (containing MMP-2/-9). In the first step, 1 mL of
HBSS was added to 1 g of collagenase IV (205 u/mg) and mixed to complete dissolution. Activation
of collagenase IV was performed using 1 mM APMA in 0.15 M NaOH for 1.5 h at 37 °C [24,43].
The octapeptide stock solution was added to activated 1 mM collagenase IV and incubated at 37 °C.
The aliquots were removed and analyzed by HPLC, between 2 and 12 h. The HPLC Dionex Ultimate
3000 (Waltham, MA, USA) was equipped with a bioZen Intact XB-C8 column (3.6 um, 2.1 X 150 mm;
Phenomenex, Aschaffenburg, Germany). The flow rate was set at 0.5 mL/min with a mobile phase
consisting of solvent A (0.1% TFA) and solvent B (100% ACN). The gradient was as follows: 0-5 min,
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0% of solvent B; 5-8 min, 0-30% of solvent B. The hydrolysis product was detected by MALDI TOF/TOF
5800 mass spectrometry (AB Sciex, Darmstadt, Germany).

3.2.3. Synthesis of Fmoc-Leu-Ala-Gly-Gly-DOX

Isobutyl chloroformate (9.6 pL, 74.3 pmol) and TEA (10.4 uL, 74.3 umol) were added to the
solution of Fmoc-Leu-Ala-Gly-Gly (40 mg, 74.3 umol) in DMF (1 mL) cooled to —10 °C. After 20 min
of vigorous stirring, a solution of DOX (obtained by treating DOX hydrochloride (43 mg, 74.3 umol) in
DMEF with TEA (10.4 pL, 74.3 pmol)) in DMF (0.5 mL) was added to the reaction mixture. After 1 h
at RT, DMF was evaporated, azeotropically, with toluene on a rotary evaporator (Heidolph Hei-VAP
Gold 3, Heidolph, Schwabach, Germany). The raw Fmoc-Leu-Ala-Gly-Gly-DOX was purified by
preparative column chromatography, using CHCI3: MeOH 30: 1 as an eluent, to give the desired
product (59 mg) in a 75% yield.

3.2.4. Synthesis of Leu-Ala-Gly-Gly-DOX

Morpholine (0.5 mL) was added to a stirred solution of Fmoc-Leu-Ala-Gly-Gly-DOX (50 mg,
47 pmol) in DMF (0.5 mL), and the stirring was carried on for a further 2 h. Afterward, the mixture
was neutralized with trifluoroacetic acid (0.6 mL). The raw product was isolated on a semi-preparative
HPLC System (Shimadzu, LC 20AD, Shimadzu, Canby, OR, USA) using a Gemini NX Column (5.0 um,
10 X 150 mm) to give 24 mg in a 61% yield. The flow rate was set at 4.0 mL/min with the mobile phase
consisting of solvent A (0.1% formic acid) and solvent B (100% ACN). The gradient was as follows:
0-15 min, 10-90% of solvent B; 15-20 min, 90% of solvent B. The chemical structure of the product was
confirmed using MALDI TOF/TOF 5800 mass spectrometry (AB Sciex, Darmstadt, Germany). As a
matrix, 2,5-dihydroxybenzoic acid was used. The measurement was done in reflector positive ion
mode. Samples were prepared using the dried droplet preparation method by mixing 0.8 mL of an
analyte solution with 0.8 mL of the matrix solution (directly on a plate). MS spectra were acquired from
789 to 961 m/z for a total of 1000 laser shots by a 1 kHz OptiBeam laser (AB Sciex, Darmstadt, Germany).

3.2.5. Spectrophotometric Titrations

The concentrations of the studied compounds (DOX and 4-pep-DOX) were confirmed
spectrophotometrically based on the absorbance and the value of the molar extinction coefficient
determined at 480 nm (€480 = 11500 M~! ecm™') [44]. UV-Vis spectrophotometric experiments were
carried out in 10 mM Tris-HCl buffer (pH 7.2) at 25 °C using a PerkinElmer Lambda 650 UV/Vis
spectrophotometer (Walthnam, MA, USA). UV-Vis absorption spectra of DOX and 4-pep-DOX (18.0 uM)
were recorded in the absence and presence of increasing concentrations of dsDNA, up to 1.90 uM.
In the performed spectrophotometric experiments, 2 mL of DOX and 4-pep-DOX at 18.0 uM were
titrated with ten 10 puL aliquots of dsDNA solution at 40 pM.

3.2.6. Steady-State and Time-Resolved Fluorescence Spectroscopy

Steady-state fluorescence experiments were carried out at 25 °C using a Cary Eclipse Varian
spectrofluorometer (Agilent, St. Clara, CA, USA) equipped with a temperature controller and a
1.0 cm quartz multicell holder. The fluorescence emission spectra (Aex = 490 nm) of DOX and
4-pep-DOX (1.94 uM) were recorded from 510 to 690 nm in the absence and presence of increasing
concentrations of dsDNA, up to 75 nM. In the performed fluorescence titration experiments, 2 mL
of DOX and 4-pep-DOX at 1.94 uM were titrated with fifteen 1 uL aliquots of dsDNA solution at
10 uM. The intensity of the band at 594 nm (corresponding to the maximum emission of both, DOX and
its analogue 4-pep—DOX) was used to calculate the association constants (K, ) and other parameters.
Time-resolved fluorescence measurements were performed with a FluoTime 300 high performance
fluorescence lifetime spectrometer (PicoQuant, Berlin, Germany) at 20 °C. The excitation source was a
pulsed LED of the PLS series (Aex = 420 nm). The fluorescence lifetimes of both DOX and 4-pep-DOX
(5 uM) were measured in the absence and presence of variable concentrations of dsDNA (0.05 uM,
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0.10 uM, 0.15 uM, 0.20 uM, and 0.25 uM). After each added portion of dsDNA, the studied solution
was gently stirred, and the fluorescence lifetime was measured at the wavelength corresponding to the
maximum of the fluorophore emission (Aem = 594 nm).

3.2.7. Isothermal Titration Calorimetry

Al ITC experiments were performed at 25 °C using an AutolTC isothermal titration calorimeter
(MicroCal Inc. GE Healthcare, Northampton, MA, USA). The details of the measuring devices and
experimental setup have been described previously [45]. The reagents (DOX, 4-pep-DOX, and dsDNA)
were dissolved directly in 10 mM Tris-HCI buffer solution (pH 7.2). The experiment comprised
injections of 10.02 uL (29 injections, 2 uL for the first injection only) of the buffered solution of DOX
(0.174 mM) or 4-pep—DOX (0.470 mM) into the reaction cell, which initially contained the buffered
solution of dsDNA (0.002 mM or 0.005 mM, respectively). For each experiment, a blank was performed
by injecting the titrant solution into the cell filled with the buffer only. This blank was subtracted
from the corresponding titration to account for the heat of dilution. All solutions were degassed
prior to the titration. The titrant was injected at approximately 4 min intervals to ensure that the
titration peak returned to the baseline before the next injection. Each injection lasted 20 s. To ensure a
homogeneous mixing in the cell, the stirrer speed was kept constant at 300 rpm. Calibration of the
AutoITC calorimeter was carried out using electrically generated heat pulses. The CaCl,-EDTA titration
was performed to check the apparatus and the results (n—-stoichiometry, K, AH) were compared with
those obtained for the same samples (a test kit) at MicroCal Inc./Malvern Instruments (Malvern, UK).

3.2.8. Molecular Dynamics Simulations

All simulated systems were built on the basis of the crystal structure of the doxorubicin-dsDNA
complex (PDB id 1D12) [46]. Initial coordinates of a 20-bp long dsDNA helix with 5'-CGT ACG CGT
ACG CGT ACG CG-3’ sequence were generated by removing the two base pairs at the 3’-end of
dsDNA in the crystal structure, and then the appropriate extension of the structure at the 5" and 3" ends
by using the X3DNA program [47]. The obtained dsDNA-drug complexes were solvated with 13,947
TIP3P water molecules in a dodecahedral box with a cell vector length of 8.5 nm, at physiological ionic
strength (150 mM NaCl) [48]. The Amber parmbscl force field was used for dsDNA and ions [49].
The force field parameters for DOX and the tetrapeptide fragment of 4-pep-DOX were taken from the
General Amber Force Field (GAFF) and directly from Amber, respectively [50]. Partial charges for
both ligands were obtained from HF calculations in Gaussian via Merz-Kollman ESP fitting, using the
6-31G* basis set [51]. The MD simulations were performed using Gromacs 5.0.4 in the NPT ensemble,
with the temperature kept at 25 °C and using the v-rescale thermostat with the pressure kept at 1
bar using a Parrinello-Rahman barostat [52-54]. Periodic boundary conditions were applied in 3D,
and the electrostatic interactions were calculated using the particle mesh Ewald (PME) method with a
real-space cut-off of 1.2 nm and a Fourier grid spacing of 0.12 nm [55]. A cut-off of 1.2 nm was used
for Lennard-Jones interactions. All bond lengths were constrained using P-LINCS for dsDNA and
SETTLE for water [56,57]. The equations of motion were integrated using the leap-frog algorithm with
a 2 fs time step.

To study the relative stability of the complexes formed by DOX and 4-pep—-DOX with dsDNA
duplex in two different intercalation modes (with the amino sugar extending into either the minor or
major groove), we calculated the corresponding free energy profiles using replica-exchange umbrella
sampling (REUS). The calculations were carried out using the PLUMED 2.0 plugin coupled to
Gromacs [58]. To generate the initial configurations for the REUS simulations, we first performed
short equilibrium simulations (150 ns) of the DOX and 4-pep-DOX, initially intercalated at a CpG
step of dsDNA, in either a minor- or major-groove mode. In the former case, the initial configuration
of the DOX - dsDNA intercalation complex was taken directly from the crystal structure and the
4-pep-DOX - dsDNA complex was then obtained by attaching the tetrapeptide moiety to the amino
group of DOX. In the latter case, the orientation of both intercalators was manually inverted within the
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same intercalation site. To obtain the dissociated states for the so-prepared four systems, we ran steered
MD (SMD) simulations, in which the ligands were pulled away from dsDNA during 100 ns using a
moving harmonic potential with a force constant of 286.1 kcal/(mol'nm?) applied to the coordinate,
defined as the separation distance between the centers of mass of the two base pairs forming the
intercalation site and the planar chromophore of DOX and 4-pep-DOX (r vector in Figure 10A).

Next, from SMD trajectories, we generated 21 uniformly distributed 0.2 nm separated REUS
windows. In each of these windows, the systems were simulated for 0.5 us using the harmonic potential
with a force constant of 143.05 kcal/(mol'nm?) to restrain the system along the reaction coordinate
r. In addition, we used one-sided harmonic potentials with a force constant of 286.1 kcal/(mol-nm?),
turning on below 1.2 nm to prevent ligands binding at the dsSDNA ends (grey dashed lines in Figure 10A).
The exchanges between neighboring windows were attempted every 2 ps, and the acceptance rate
turned out to be 19 %. The free energy profiles were determined from the last 450 ns of the thus
obtained trajectories using the standard weighted histogram analysis method [59]. All molecular
images were created using VMD 1.9.2 (Univerisity of Illinois, Urbana, IL, USA) [60].

4. Conclusions

In this work, we successfully synthesized the tetrapeptide-DOX (4-pep-DOX) adduct as a product
of octapeptide cleavage by MMPs, for extensive investigation of the parameters that are critical in
forming a 4-pep—-DOX '~ dsDNA complex. The experimental and theoretical studies demonstrated
that the presence of tetrapeptide does not affect the overall tendency of DOX to intercalate into dsDNA,
but rather changes its binding mode. While the main mode of action of DOX has been attributed to
its intercalation from the minor groove of dsDNA, the binding of 4-pep—-DOX primarily occurs from
the major groove. Multifaceted binding modes for DOX and 4-pep-DOX highlight the important
role of electrostatic and hydrophobic interactions between the negatively charged phosphate group
on the groove surface and the peptide chain of 4-pep-DOX. Hence, these results demonstrate that
the release of a free DOX from the MMP-cleaved intermediate product by intracellular non-specific
proteases is probably not vital to the cytostatic action of the drug. We believe that the presented
detailed explanation of the intercalation mechanism of 4-pep-DOX adduct can be useful for paving the
way for the future design of peptide-DOX prodrugs.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/18/
6923/s1.
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Figure S1. MALDI-TOF mass spectrum of Fmoc-Gly-Pro-Leu-Gly in a positive mode (m/z 563.7732).
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Figure S3. Comparison of the minor groove intercalation modes of DOX (blue) and 4-pep-DOX (red) -- top view
(left), side view (right). When intercalated from the minor groove, 4-pep-DOX is rotated by ca. 33deg with respect
to the flanking base pairs, compared to DOX.
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Abstract: Doxorubicin (DOX) exhibits an exceptional therapeutic effect in different cancer therapies, but
severe side effects, like cardiomyopathy or nephropathy still limit the usage of this anthracycline. In the last
few decades increasing attention has been paid to solve these problems, as well as to improve the specificity
of DOX by targeted drug delivery. One of the approaches is the enzyme-sensitive release strategy to enhance
DOX delivery into cancer cells which overexpressed specific enzymes, e.g., matrix metalloproteinases
(MMPs). In the present study, a PEG-pep-DOX carrier has been synthesized using poly(ethylene glycol)
(PEG) and the MMPs-sensitive octapeptide moiety (pep) conjugated with DOX. Using atomic force micros-
copy and molecular dynamics simulation, the PEG-pep-DOX conjugate were found to create fibril-like ag-
gregates. The theoretical results indicate that the dimer, tetramer, and octamer of the conjugate have a ten-
dency to form linear structures, as a result of favorable octapeptide:-DOX and octapeptide-octapeptide inter-
actions. In vitro studies demonstrate that PEG-pep-DOX exhibits moderate toxicity against the cell lines with
MMPs overexpression compared to the cell line that does not overexpress the enzyme. Based on these find-
ings, we suggest thus that it is possible to use the PEG-pep-DOX carrier to deliver DOX despite its aggregation
effects. However, for efficient drug release, the concentration of MMPs has to be higher than in our in vitro
studies.

Keywords: doxorubicin; matrix metalloproteinases; drug delivery

1. Introduction

Over the past decades, stimuli-responsive polymers and nanoparticles have been
widely investigated as potential drug delivery systems (DDSs) [1,2]. Indeed, DDSs in re-
sponse to a specific stimulus (light, temperature or pH change) may release drug in
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desired target [3,4]. Additionally, DDSs can be modified by a substrate motif recognized 47
by enzymes, like phospholipases, glycosidases and proteases [5-7]. The improvements 48
achieved by incorporating substrate peptide sequence into nanoparticles or by conjugat- 49
ing it with different polymers are desirable for the delivery of known but toxic drugs [8]. 50
This concept is called a prodrug approach, and uses inert precursors (e.g., DDSs) which 51
undergo enzymatic degradation in the targeted site and release a pharmacologically ac- 52
tive drug or generate it by structural transformation [9,10]. 53
Numerous studies have shown that dendrimers, micelles and liposomes, poly- 54
mersomes and polymer-drug conjugates can be used as effective enzyme-sensitive DDSs 55
[11-14]. Comparing to free drug molecules, DDSs can enhance permeability and retention 56
effect, therefore avoiding non-specific drug administration in healthy tissues [15]. More- 57
over, their biocompatibility and improved pharmacokinetics prompted the approval of 58
some DDSs by US Food and Drug Administration (FDA) while many are under evalua- 59
tion in clinical trials [16,17]. There is many responsive DDSs, which have been transited 60
from preclinical animal studies to clinical trials [18]. For example, the ThermoDoxs under- 61
going Phase III clinical trial against different types of cancer, such as breast or liver cancer, 62
as a thermo-sensitive liposome for efficient DOX release [19]. Moreover, a promising and 63
the most advance enzyme-activated polymeric nanoparticle, called Opaxio, have entered 64
Phase III clinical trial in the treatment of ovarian cancer and non-small lung cancer [20]. 65
As mentioned above, responsive DDSs have shown great potential in a broad rage clinical 66
trials and further applications. Nowadays, studies of DDSs are well documented, itisalso = 67
well acknowledged that proteases are extremely useful to improve prodrug potency and 68
selectivity [21,22]. 69
One of the most extensively investigated proteases are matrix metalloproteinases 70
(MMPs) that belong to zinc-dependent endopeptidases and are involved in various patho- 71
logical processes including cancer progression and metastasis [23-25]. The overexpression 72
of MMPs is observed in many types of human carcinomas like breast, head and neck can- 73
cers, or fibrosarcoma. The major members of the MMPs family are MMP-2 and MMP-9 74
(gelatinase A and gelatinase B, respectively), known from their ability to remodel extra- 75
cellular matrix, basement membrane degradation and angiogenesis [26-28]. Commonly, 76
cancer patients are treated with many different drugs like mitotic inhibitors (paclitaxel), 77
alkylating agents (streptozocin) or DNA-intercalating agents (doxorubicin, DOX) [29]. 78
DOX has proven successful in the treatment of hematological malignancies, including Ka- 79
posi’s sarcoma, lymphomas, as well as solid tumors, e.g., ovarian and breast cancers. De- 80
spite its clinical application, DOX exhibited many side effects, such as cardiomyopathy, 81
bone marrow aplasia and hepatotoxicity [30]. In order to reduce those toxic effects and 82
achieve targetability and better tumor penetration, DOX has been incorporated in a wide 83
spectrum of DDSs sensitive to MMPs [31-35]. 84
The objective of the present work was to develop an MMP-2/-9 sensitive poly(eth- 85
ylene glycol) (PEG) carrier for a controlled DOX release. The Gly-Pro-Leu-Gly-Leu-Ala— 86
Gly-Gly (GPLGLAGG,) octapeptide sequence was selected as an MMP-2/-9-sensitive moi- 87
ety. In our previous study, we showed that the proposed octapeptide is recognized by 88
MMP-2/-9 and is cleaved between glycine and leucine in a time-dependent manner [36]. 89
Herein, the GPLGLAGG peptide was conjugated with DOX and PEG through the mixed 90
anhydride coupling reaction, giving a symmetric carrier (PEG-pep-DOX). Next, PEG-pep- 91
DOX was characterized using zeta-potential (C potential) measurements and atomic force 92
microscopy (AFM). The AFM images showed individual particles with a height of 3nm, 93
and many fibrillar aggregates. The cross-section profiles analysis of the aggregates has 94
suggested that the height values of fibrils were the multiple of the height of a single mol- 95
ecule. To determine the formation mechanism of the observed PEG-pep-DOX aggregates, 96
we performed molecular dynamics (MD) simulations. Additionally, the biological activity 97
and cellular uptake of PEG-pep-DOX were investigated using the 3-[4,5-dimethylthiazole- 98
2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay. These proof-of-concept studies pro- 99
vided that PEG-pep-DOX biological effects despite its aggregation. Further work to 100
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develop an efficient DOX delivery via MMPs-sensitive symmetric carriers is however re- 101

quired. 102

103
2. Materials and Methods 104
2.1. Materials 105

Fmoc-Gly-Pro-Leu-Gly-Leu-Ala—-Gly-Gly peptide were obtained on solid support us- 106
ing Fmoc strategy was purchased from Lipopharm.pl (Zblewo, Poland). Acetonitrile 107
(ACN), 4,6-diamidino-2-phenylindole 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazo- 108
lium bromide (MTT), dichloromethane (DCM), N,N-dimethylformamide (DMF), dime- 109
thyl sulfoxide (DMSO), doxorubicin hydrochloride (DOX), ethanol, formic acid, isobutyl 110
chloroformate (CICOOiBu), methanol, morpholine, tetrahydrofuran (THF), toluene, tri- 111
ethylamine (TEA), trifluoroacetic acid (TFA) were purchased from Sigma-Aldrich (St. 112
Louis, MO, USA). Column chromatography was performed using silica gel NORMASIL 113
60 (40-63 mesh, VWR Chemicals, Radnor, PA, USA). Thin-layer chromatography was per- 114

formed using silica plates, 60G, F254 (Sigma-Aldrich, St. Louis, MO, USA). 115
116
2.2. Cells 117

The human fibrosarcoma HT-1080, triple negative breast cancer MDA-MB-436, and lu- 118
minal A breast cancer MCF-7 cell lines were purchased from American Type Culture Col- 119
lection (ATCC, Manassas, VA, USA). Each cell line was maintained at 37 °C in a humidi- 120
fied atmosphere with 5% CO, passaged for a maximum of 3-4 months post resuscitation, 121
and regularly tested for mycoplasma contamination. HT-1080, MDA-MB-436 and MCE-7 = 122
cell lines were cultured in DMEM medium (Corning, NY, USA) supplemented with 10% 123

(v/v) fetal bovine serum (FBS) and 100 U/mL/100 ug/mL penicillin/streptomycin. 124
125
2.3. Synthesis of Fmoc—Gly—Pro—Leu-Gly—Leu—-Ala—Gly-Gly-DOX 5 126

The solution of Fmoc-Gly-Pro-Leu-Gly-Leu—Ala-Gly-Gly (40 mg, 46.4 umol) in DMF (4 127
mL) was prepared at room temperature (RT) and then cooled to —10 °C. After, isobutyl 128
chloroformate (6.0 puL, 46.4 umol) and TEA (6.5 uL, 46.4 umol) were added and stirred for 129
an additional 20 min. Next, a solution of DOX (obtained in an independent reaction of 130
DOX hydrochloride (26.8 mg, 46.4 umol) with TEA (6.5 pL, 46.4 umol)) in DMF (1 mL)) 131
was added to the reaction mixture. After 1 h of stirring at RT, DMF was evaporated azeo- 132
tropically with toluene on a rotary evaporator (Heidolph Hei-VAP Gold 3, Heidolph, 133
Schwabach, Germany). The raw Fmoc-Gly—Pro-Leu-Gly-Leu-Ala-Gly-Gly-DOX 6 was 134
purified by preparative column chromatography, using CHCl:: MeOH 15: 1 as an eluent, 135

furnishing the desired product (57 mg) in an 88.6% yield. 136
137
2.4. Synthesis of Gly-Pro-Leu-Gly-Leu-Ala-Gly-Gly-DOX 7 138

To a stirred solution of Fmoc-Gly-Pro-Leu-Gly-Leu-Ala-Gly-Gly-DOX (57 mg, 41.1 139
pumol) in DMF (0.5 mL), morpholine (0.5 mL) was added. After 2 h of stirring, the mixture 140
was neutralized with TFA (0.6 mL). Isolation of the raw product was performed ona semi- 141
preparative HPLC System (Shimadzu, LC 20AD, Shimadzu, Canby, OR, USA) using a 142
Gemini NX Column (5.0 um, 10 x 150 mm) giving a crystalline solid (22 mg) in a 46% 143
yield. The flow rate was set at 4.0 mL/min with the mobile phase consisting of solvent A 144
(0.1% formic acid) and solvent B (100% ACN). The gradient was as follows: 0-15 min, 10- 145

90% of solvent B; 15-20 min, 90% of solvent B. 146
147
2.5. Synthesis of PEG-pep-DOX 8 148

Isobutyl chloroformate (2.34 uL, 18.1 umol) and TEA (2.54 uL, 18.1 umol) were added to 149
the cooled to =10 °C solution of 14,16-dioxo-4,7,10,13,17,20,23,26-octaoxanonacosane-1,29- 150
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dioic acid (4.4 mg, 8.6 umol; obtained in an independent synthesis, by treating bis(14,14- 151
dimethyl-12-ox0-3,6,9,13-tetraoxapentadecyl malonate with TFA in DCM [37]) in DMF 152
(8.1 mL). After 20 min of stirring, a DMF (0.5 mL) solution of Gly—Pro-Leu-Gly-Leu-Ala— 153
Gly-Gly-DOX (20 mg, 17.2 umol) was added to the reaction mixture and further stirred 154
for 1 hat RT. DMF was evaporated azeotropically with toluene in a similar manner as the 155
synthesis of compound. A semi-preparative HPLC System (Shimadzu, LC 20AD, Shi- 156
madzu, Canby, OR, USA) with a Gemini NX Column (5.0 um, 10 x 150 mm) was used to 157

isolate the desired product (3 mg) in a 12.4% yield. 158
159
2.6. Mass spectrometry 160

MALDI-TOF/TOF mass spectrometry (MALDI TOF/TOF 5800, AB Sciex, Darmstadt, Ger- 161
many) was used to confirm the chemical structure of the final compound 8. The measure- 162
ment was performed in a reflector positive ion mode using 2,5-dihydroxybenzoic acid as 163
the MALDI matrix. Samples were prepared directly on a plate using a dried droplet prep- 164
aration method (0.8 mL of an analyte solution was mixed with 0.8 mL of the matrix solu- 165
tion). MS spectra were acquired from 99 to 3008 m/z for a total of 1000 laser shotsby a1l 166

kHz OptiBeam laser (AB Sciex, Darmstadt, Germany). 167
168
2.7. Zeta Potential 169

The zeta potential (C) of PEG-pep-DOX 8 was evaluated utilizing the Litesizer 500 particle 170
size analyser (Anton Paar GmbH, Graz, Austria), with a semiconductor laser diode (40 171
mW, 658 nm). In this system, zeta potential measurements are based on Electrophoretic 172
Light Scattering (ELS) with cmPALS technology. Zeta potential was calculated using re- 173
lation of the measured electrophoretic mobility (i) to the Smoluchowski equation: { 174
=UcT)(Erer x €0)1, where €0 is a dielectric constant of vacuum (the vacuum permittivity), &t 175
and 77 are relative permittivity and viscosity of the studied solution sample, respectively. 176
The PEG-pep-DOX stock solution was diluted with ethanol to a final volume of I mL and 177
concentration of 50 mM. The sample measurements were performed in Omega Cuvettes 178

(Anton Paar GmbH, Graz, Austria), in triplicate at RT. 179
180
2.8 Atomic Force Microscopy 181

Atomic force microscopy (AFM) measurements were performed using the NanoWizard 182
IV AFM system (JPK Instruments, Berlin, Germany). PEG-pep-DOX samples were diluted 183
at 1:10 and 1:100 using double-distilled water. 10 uL of sample solution was then depos- 184
ited on a freshly cleaved mica surface, flushed with water, and slowly dried before visu- 185
alization. AFM imaging was carried out in the air contact mode using a Tap150A1-G Soft 186
Tapping Mode AFM silicon cantilevers with aluminum reflective coating (150 kHz, 187
5 N/m) (BudgetSensors®, Innovative Solutions Bulgaria Ltd., Sofia, Bulgaria). AFM im- 188
ages were visualized and analyzed using the Gwyddion software package (version 2.56) 189

[38]. 190
191
2.9. Molecular Dynamics Simulations 192

The study included simulations of four systems containing 1, 2, 4 and 8 molecules of PEG- 193
pep-DOX. The initial structures of PEG-pep-DOX 8 were generated by Avogadro [39] and 194
then uniformly placed in the simulation box using PACKMOL [41] to avoid close contacts. 195
PEG-pep-DOX 8 molecules were solvated with TIP3P water [41] in a dodecahedral box 19
(see details of systems in Tab S1), at physiological ionic strength (150 mM NaCl). The Am- 197
ber force field was used for PEG-pep-DOX 8 and ions [42]. The force field parameters for 198
the DOX and octapeptide moieties were taken from our previous studies [36] and directly 199
from the Amber99sb, respectively [43]. Force field parameters for the poly(ethylene gly- 200
col) fragment were obtained from the General Amber Force Field (GAFF). Partial charges 201
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for PEG and its connection to the peptide were calculated at the HF/6-31G* level of theory 202
via Merz—Kollman ESP fitting, using Gaussian [44], consistently with the standard Amber 203
procedure. All molecular dynamics (MD) simulations were performed using Gromacs 204
2018 package [45] in the NPT ensemble using the v-rescale thermostat [46], a reference 205
temperature of 25 °C, and the Parrinello-Rahman barostat [47] while maintaining pres- 206
sure at 1 bar. Periodic boundary conditions were applied in 3D. The particle mesh Ewald 207
(PME) method [48] with a real-space cutoff of 1.2 nm and a Fourier grid spacing of 0.12 208
nm were used to account for long-range electrostatics. A cut-off of 1.2 nm was used for 209
Lennard-Jones interactions. During the simulations, all bond lengths were constrained us- 210
ing the P-LINCS algorithm [49] for PEG-pep-DOX and SETTLE algorithm for water [50]. 211
The equations of motion were integrated using the leap-frog algorithm with a 2 fs time 212
step. For each of the four systems, we ran 5 independent 500 ns equilibrium simulations 213

(with a total simulation time of 10 us). 214
215
2.10. Cytotoxicity assay 216

Cell viability was determined by the MTT colorimetric assay. HT-1080, MCF-7 and MDA- 217
MB-436 cells were seeded in 96-well plates in triplicate at 2 x 10° cell/well (HT-1080 cell = 218
line), 10 x 103 cell/well (MDA MB 436) and 7 x 103 cell/well (MCEF-7 cell line) with a final 219
volume of 100 uL of suitable medium and incubated overnight in a humidified atmos- 220
phere at 37 °C and 5% COz. The next day, cells were exposed to indicated concentrations 221
of free DOX or PEG-pep-DOX 8 (concentrations equal to 0.1 and 1puM) for a period of 72 222
h. Concentrated stock solutions of tested compounds were prepared in DMSO/sterile wa- 223
ter solution (< 0.5% of DMSO). Then, MTT stock solution was added to each well so that 224
the final concentration of MTT in the medium was 0.5 mg/mL and incubated for 2 h. Af- 225
terwards, the medium was discarded and replaced by 100 uL of DMSO to dissolve the 226
formed crystals. Absorbance was measured at 590 nm using a microplate reader. The MTT ~ 227
assay was performed in triplicate for each cell line. Results were analyzed with the use of 228
GraphPad Prism 5 software (San Diego, CA, USA). The statistical evaluation of treated 229
samples was calculated using one-way analysis of variance (ANOVA) followed by Dun- 230
nett’s multiple comparison test. Differences were considered significant at a <p, p=0.05. 231

232
3. Results 233
3.1. Synthesis 234

In order to synthesize the studied conjugate, we performed a three-step synthetic proce- 235
dure (Fig. 1). In a first step, a Fmoc-protected peptide (no. 5 in Fig. 1) was coupled toa 236
doxorubicin molecule in its neutral form (no. 2 in Fig. 1) in the presence of CICOOiBu and 237
TEA by a mixed anhydride approach. A such obtained compound (no. 6 in Fig. 1) was 238
subsequently deprotected in the presence of morpholine. Finally, a peptide-DOX conju- 239
gate (no.7in Fig. 1) was treated with 14,16-diox0-4,7,10,13,17,20,23,26 octaoxanonacosane- 240
1,29-dioic (no. 4 in Fig. 1, obtained in an independent synthesis by treating bis(14,14-di- 241
methyl-12-ox0-3,6,9,13-tetraoxapentadecyl) malonate with TFA in DCM [37]) using the 242
mixed anhydride procedure again. PEG-pep-DOX (no. 8 in Fig. 1) was successfully iso- 243
lated by HPLC in a low yield and identified by mass spectrometry. As was reported pre- 244
viously, in the MALDI ionization source, the doxorubicin moiety can lose the daunosa- 245
mine, as well as the 1-oxo-2-hydroxyethyl fragment [51,52]. The identities of fragments 246
are depicted below MALDI spectrum (Fig. S1 in Supplementary Information). The molec- 247
ular ion A [M + H* + Na*] of low intensity was observed (Fig. S1). Taking into account 248
fragments B, C and D (Fig. S1), one can state that the molecule contains a doxorubicin 249
moiety as well as the octapeptide and PEG fragments. 250

251
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Figure 1. Synthesis route of PEG-pep-DOX conjugate.

3.2. Zeta potential

Zeta potential provides information about the external surface charge of dispersed parti-
cles, which is related to the stability of their suspensions. The value of the potential of
PEG-pep-DOX was estimated at -20.4 + 0.9 mV (Fig. 2). In this range, e.g., 10-20 mV,
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255
256
257
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dispersion is considered to be rather stable [53], whereas higher values (> 30 mV) indicate 258
monodisperse solution. Based on the AFM measurements we established that for the PEG- 259
pep-DOX conjugate aggregates are formed. It was also confirmed by the DLS measure- 260
ments (data not shown because of high level of polydispersity). However, the negative 261
zeta potential can be an advantage because of the increased cellular uptake, and its mod- 262
erate value is considered beneficial for interactions with biological cells which have simi- 263

lar zeta values [54]. 264
265
266
5
— 44
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>
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G 3
3
o
D
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2 24
©
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Figure 2. Three independent measurements of Zeta potential distribution of PEG-pep-
DOX conjugate.

267
3.3. Atomic Force Microscopy 268

The AFM was used to visualize the PEG-pep-DOX conjugate to confirm its morphology. 269
Singular objects were observed with a height of 3 nm, and XY dimensions around 15 nm 270
x 25-30 nm (Fig. 3A.). The registered shape of the PEG-pep-DOX molecule is rather oval 271
which indicates the more flexible peptide fragment and PEG moiety are compactly 272
packed. It should be emphasized that Z-dimension is the most accurate, because of the 273
characteristic of scanning probe and basics of the technique itself; the XY dimensions are 274
only estimative. Many fibrillar structures were observed with lengths from several hun- 275
dred nanometers to dozens micrometers (Fig. 3B-3F). Their most common height values 276
were 3, 6, 12, 15 and 24 nm. One can see that the above-mentioned values are a multipli- 277
cation of the value of the height of the smallest objects observed, thus it can be concluded 278
that the investigated singular items are in fact the synthesized constructs, and observed 279
fibrils are built of multiple molecules. Therefore, we hypothesized that the resultant fibrils 280
are composed of a self-assemble layered individual conjugate. When looking for similar, 281
self-organizing PEG-pep hybrid structures, it is worth noting that for copolymers of PEG 282
with short peptide fragments, based on Af3(16-20) sequence, Hamley and Krysmann ob- 283
served an evidence for chain folding of PEG (crystallization) and fibril formation in these 284
PEG/peptide conjugates [55]. 285

286
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Figure 3. Representative AFM topography images (left panel) and cross-section profiles (right panel) of
individual molecule of PEG-pep-DOX (A) and its aggregates (B-F). The cross-section profiles correspond
the white lines.

287
288

3.3. Molecular Dynamic Simulations 289

To confirm the aggregation of PEG-pep-DOX in aqueous solution suggested by the zeta 290
potential and AFM imaging, we determined the fraction of simulation frames in which at 291
least 50% of the molecules in the simulation box are bound to any other (form at least two 292
intermolecular contacts with a cut-off of 0.6 nm). In the system containing 2, 4 and 8 mol- 293
ecules of PEG-pep-DOX, aggregation defined in this way is observed in 88, 92 and 80% of ~ 294
the simulation time, respectively. These results suggest a substantial propensity of PEG- 295
pep-DOX to aggregate in aqueous solution, even on a relatively short time scale of a few 29
hundreds of nanoseconds sampled in our simulations. To further characterize aggregation = 297
process, for subsequent analysis we selected only those MD frames in which all PEG-pep- 298
DOX present in a given system formed a single oligomer (~42% of all frames). 299
To compare and characterize structurally the PEG-pep-DOX aggregates as a function of 300
the number of monomers, we performed a cluster analysis of the MD-generated ensem- 301
bles. This was done using the hybrid k-centers k-medoids clustering algorithm for all 302
heavy atoms of PEG-pep-DOX, with a root mean square deviation (RMSD) cut-off of 0.8 303
nm. Before clustering, the structures were superimposed by minimizing a heavy-atom 304
RMSD for all PEG-pep-DOX molecules considering their permutations. Figure 4 shows, 305
the most likely structures of the PEG-pep-DOX oligomers identified by our cluster analy- 306
sis for each of the four considered systems. As can be seen, the simulated PEG-pep-DOX 307
oligomers (2-8 molecules) exhibit an extended shape and tend to grow in one direction, 308
which agrees with the fibrillar structures observed on mica by AFM. To characterize in 309
detail the size and shape of the PEG-pep-DOX monomers and oligomers, we calculated 310
their radius of gyration (Rg) and moments of inertia (MOI) with respect to the principal 311

109



Materials 2021, 13, x FOR PEER REVIEW 9 of 13

monomer

tetramer

I pox [ PEG PEP

Figure 4. Representative structures of the PEG-pep-DOX monomers and oligomers containing either 2, 4 or 8
associated molecules, determined by the cluster analysis (hydrogen atoms have been omitted for clarity).
DOX, PEP and PEG moieties are indicated in red, yellow, and gray, respectively. The bottom row shows the
surface representation of the oligomers using the same color code.

axes, as well as the center-of-mass distances between the DOX fragments in a given mol- 312
ecule, LDOX-DOX (Fig. 5). Comparison of the average radius of gyration of PEG-pep- 313
DOX monomers (0.79 + 0.02 nm) with the size of a maximally extended molecule (10 nm) 314
indicates that in aqueous solution they adopt very compact structures. The average diam- 315
eter of the PEG-pep-DOX monomer estimated from Rg (assuming a spherical shape [56] 316
is equal to 2.04 nm and agrees well with the values obtained from AFM (3 nm). The values 317
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Figure 5. Average values of the radius of gyration (A) and the moment of inertia with respect to the principal
axes (B) calculated for the PEG-pep-DOX monomers and oligomers containing either 2, 4 or 8 associated
molecules (C) Representative structures of the PEG-pep-DOX oligomer containing 16 associated molecules.
The same color code as in Fig. 4 was used.
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of Rg of the oligomers systematically increase with the number of monomers involved in
aggregate formation, but faster than expected for isotropic growth (e.g., for a sphere,
where N is a number of molecules), suggesting anisotropic growth of the aggregates. In-
deed, since the MOI with respect to the 1st axis is in all cases significantly smaller than for
the two remaining ones with (see Figure 5B), this indicates that aggregates prefer to adopt
elongated shapes with one dominant growth axis. To strengthen this conclusion, we also
simulated the system containing 16 molecules of PEG-pep-DOX, which confirmed our
earlier observation (see Fig. 5C). Relatively large separation distances between the two
DOX moieties in a given monomer (1.21+0.23 nm) compared to the effective diameter of
the molecule (d) indicate that these fragments do not tend to form intra-monomer contacts
(see DOX fragment highlighted in red in Fig. 4).

Next, to test whether enzyme-sensitive peptide fragments are directly accessible for
MMPs-2/-9- on the surface of the aggregates, we calculated the fraction of their total sol-
vent accessible surface area (SASA) corresponding to the DOX, PEP, and PEG moieties.
Figure 6A shows that the largest surface areas are formed by DOX (~39%) and PEP (~37%)
fragments, while PEG fragments on average contribute to the remaining 24% of the total
surface. Notably, the contributions from each of these moieties do not depend largely on

the oligomer stoichiometry. This shows that the peptide is always well exposed to the
water solution and therefore the efficiency of the MMPs-2/-9-mediated cleavage should
not be markedly affected by the aggregation. To examine how PEG-pep-DOX molecules
interact with each other to form aggregates, we calculated the number of intermolecular
contacts between their DOX, PEG and PEP moieties, for all oligomers considered (Figure
6B). As can be seen from the calculated pairwise contacts between the moieties, the aggre-
gation process is mediated largely by mutal interactions between the DOX moieties and
by DOX-PEP interactions, while the involvement of PEG in stabilization of aggregates is
much less.

T T T B 45
DOX W
PEG 1+ PEP 40
PEP T 35
o D 8
8 3075
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monomer  dimer tetramer octamer

PEG-pep-DOX(1)

Figure 6. Solvent accessible surface area (SASA) of PEG-pep-DOX monomers and oligomers containing ei-
ther 2, 4 or 8 associated molecules. (A) Average number of intermolecular contacts between DOX, PEG and
PEP moieties of within the PEG-pep-DOX oligomers. (B) A contact is defined when a pair of atoms is in con-
tact. The number of contacts were averaged over all oligomers and all pairs of moieties that form at least two

contacts with each other.

3.4. Cytotoxicty assay

Evaluation of DOX and free DOX cytotoxic activity was conducted in HT-1080, MCE-7
and MDA-MB-436 cell lines treated for 72 h. The HT-1080 cell line, which has been demon-
strated to overexpress MMPs, was compared with MMPs low-expressing MCE-7 cells
(negative control) [57]. Additionally, MDA-MB-436 cells were chosen as a model for the
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most aggressive subtype of breast cancer with a poor prognosis and lack of targeted ther- 352
apy [58]. As illustrated in Fig. 7, it was found that incubation of HT-1080 and MDA-MB- 353
436 but not MCF-7 cells with PEG-pep-DOX resulted in modest (20-25%), but statistically 354
significant growth inhibition. The results confirmed that PEG-pep-DOX affected the 355
growth of but, to our surprise, with moderately lower efficiency than expected. The ob- 356
served PEG-pep-DOX cytotoxicity can be rationalized by time lag needed to degrade the 357
peptide linker or the concentration of MMPs which is not sufficient for sustained releasing 358
of DOX from the carrier. Nevertheless, our results indicate that PEG-pep-DOX exhibits 359
higher potency in the cells expressing elevated level of MMPs. Additionally, the cytotox- 360
icity results for free DOX (Fig. S3 in Supplementary Information) show that its activity is 361
concentration dependent, and the compound is highly toxic against all tested cell lines 362

without any MMPs-related specificity. 363
364
150
= MCF-7
= MDA-MB-436
100+ 1 HT-1080

Cell Viability [%]

0 0,1

Concentration [uM]

Figure 7. Viability of MCF-7, MDA-MB-436 and HT-1080 cell lines incubated for 72 h
with PEG-pep-DOX (0,1 uM and 1 uM). Results are shown as the mean + SD of at least
three independent experiments performed in triplicate. Growth of cells in the presence

of PEG-pep-DOX was compared to control — untreated conditions, * p<0,1, ** p <0,01.

5. Conclusions 365

In summary, using few-steps synthesis route we obtained PEG-pep-DOX conjugate used 366
for potentially targeted DOX delivery. From the AFM images, as well as zeta potential 367
and DLS studies we hypothesized that PEG-pep-DOX has a high affinity to create fibril- 368
like aggregates. Our molecular dynamics simulations confirmed this finding and showed 369
that aggregation of PEG-pep-DOX occurs via DOX-DOX and DOX-peptide interactions. 370
Notably, we also found that the peptide fragment is well exposed even in the aggregated 371
state, such that aggregation should not affect MMP-2/-9 cleavage efficiency. The signifi- 372
cant cytotoxic effects of PEG-pep-DOX were expected in the MMPs overexpressing cell 373
line compared with cells that do not express those enzymes. However, we observed only 374
a moderate cell growth-inhibiting activity of the conjugate, which may be the result of 375
relatively low MMPs concentration or aggregation of PEG-pep-DOX at elevated concen- 376
trations. We also found that PEG-pep-DOX gently induced proliferation of MMPs-nega- 377
tive MCF-7 cells. This surprising effect might be explained by recognition of the peptide 378
by other cell membrane receptors which results in cell growth promotion. In the broader 379
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context, further studies will be required to demonstrate the efficacy of PEG-pep-DOX in
the future.

Supplementary Materials: The following are available online at www.md pi.com/xxx/s1, Figure S1:
MALDI-TOF mass spectrum of compound 8, Figure S2: AFM images of representative large scan
area (10x10 um) of PEG-pep-DOX, Figure S3: Viability of MDA MB 436, MCF-7 AND HT 1080 cell
lines incubated with free DOX Table S1: Details of simulates systems.
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Compound Chemical structure
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Figure S1. MALDI-TOF mass spectrum of compound 8 in positive ionization mode and ion

identities (exp-experimental mass; the-theoretical mass).
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Figure S2. AFM images of representative large scan area (10x10 pm) of PEG-pep-DOX
deposited on mica surface, presenting structures formed by this conjugate; both aggregated,
fibrillar forms and small, singular objects.
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Table S1. Details of simulated systems.

No. of PEG-pep-DOX | No. of water molecule | lons Unit cell len. (a X b X ¢) [nm]
1 17655 K*: 43 9.22 x9.22 x 6.28
Cl: 43
2 28079 K*: 68 10.69 x 10.69 x 7.56
Cl: 68
4 31137 K" 76 11.12x 11.12 x 7.86
Cl:76
8 54028 K*: 132 13.32 x 13.32 x 9.42
Cl: 132
16 67965 K*: 168 14.45 x 14.45 x 10.22
Cl: 168
150
mm MCF-7
3 = MDA-MB-436
> 100+ — 1 HT-1080
=
3
; 50_ sl Fedek
Q
(&)
0_
0 0,1 1

Concentration [uM]

Figure S3. Viability of MCF-7, MDA-MB-436 and HT-1080 cell lines incubated for 72 h with
free DOX (0,1 and 1 o«dM). Results are shown as the mean + SD of at least three independent
experiments performed in triplicate. Effect of DOX for cell growth was compared to control —
untreated conditions, * p< 0,1, ** p <0,01, *** p<0,001.
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Lipid nanoparticles have been shown to efficiently encapsulate siRNA and enable potent intracellular delivery for gene knockdown.

In this work, we engineered doxorubicin-conjugated siRNA lipid nanoparticles to achieve potent chemo- and RNA interference

(RNAI) therapy.
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Doxorubicin-conjugated siRNA lipid nanoparticles for combination cancer therapy

Abstract
Evasion of apoptosis is a hallmark of cancer, attributed in part to the overexpression of the anti-apoptotic protein B-cell

lymphoma 2 (Bcl-2). Bel-2 is overexpressed in a variety of cancer types, including lymphoma. Therapeutic targeting of Bcl-2
has demonstrated efficacy in the clinic and is the subject of extensive clinical testing in combination with chemotherapy.
Therefore, the development of co-delivery systems for Bel-2 targeting agents, such as small interfering RNA (siRNA), and
chemotherapeutics, such as doxorubicin (DOX), holds promise for enabling combination cancer therapies. Lipid nanoparticles
(LNPs) are a clinically advanced nucleic acid delivery system with a compact structure that is suitable for siRNA encapsulation
and delivery. Inspired by ongoing clinical trials of albumin-hitchhiking doxorubicin prodrugs, here we developed a DOX-siRNA
co-delivery strategy via conjugation of doxorubicin to the surface of siRNA-loaded LNPs. Our optimized LNPs enabled potent
knockdown of Bcl-2 and efficient delivery of DOX into the nucleus of Burkitts® lymphoma (Raji) cells, leading to effective
inhibition of tumor growth in a mouse model of lymphoma. Based on these results, our LNPs may provide a platform for the

co-delivery of various nucleic acids and DOX for the development of new combination cancer therapies.
KEY WORDS Lipid nanoparticles; Doxorubicin; Bel-2; siRNA delivery; Chemotherapy; Lymphoma

1. Introduction

The World Health Organization estimated that 10 million cancer deaths occurred worldwide in 2020, an increase from 9.4
million cancer-related cases in 20182, Cancer treatment typically involves the use of systemically administered therapies, such
as chemotherapy and immune therapy, or localized therapies (e.g., surgery) used separately or in combination®. For patients
with non-Hodgkin’s lymphoma, chemotherapy is a major treatment option*. However, many cancer patients do not respond to
chemotherapy or lose responsiveness over time, in part due to cancer cell resistance to apoptosis®.

Recent studies have indicated that evasion of apoptosis occurs through several mechanisms, including the enhancement of
DNA repair by nonhomologous end-joining proteins or the overexpression of anti-apoptotic proteins, which can act individually
or synergistically®. One of the major anti-apoptotic factors is the B cell lymphoma-2 (Bcl-2) family of proteins, discovered
almost 30 years ago in non-Hodgkin’s lymphoma’®. Bel-2 protein is incorporated into the membranes of mitochondria and
endoplasmic reticulum, which can prevent the release of apoptosis-inducing factor and cytochrome ¢, inhibiting caspase-
mediated cell apoptosis’. Due to the important role of Bel-2 in the apoptotic pathway, several therapeutic strategies have been

10

developed to inhibit or downregulate the Bcl-2 protein'’. For example, Bel-2-targeting antisense oligonucleotides (ASOs)—

such as Oblimersen, SPC2996 LNA gapmer, or PNT2258—were developed and tested in clinical trials against various types of

112 Tn 2016, a small molecule inhibitor of Bcl-2, Venetoclax, was approved

cancers including multiple myeloma and leukemia
as a monotherapy by the Food and Drug Administration (FDA) for treating patients with chronic lymphocytic leukemia'®.
However, due to the limited benefit of this monotherapy, many clinical trials are currently ongoing to evaluate combination
therapies with various chemotherapeutics, such as doxorubicin (DOX)'*. DOX acts as a pro-apoptotic drug which can cause cell
death. However, the overexpression of Bcl-2 by cancer cells can largely counteract the pharmacological effect of DOX.
Therefore, development of a clinically advanced platform to co-deliver Bel-2-targeting therapeutics and DOX holds promise in

the development of combination cancer therapies '*!¢.
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In recent years, efforts have been made to co-deliver Bel-2 siRNA (siBcl-2) and DOX for combination cancer therapies
against ovarian cancer, glioma, and other cancer typcs.”"s"". So far, biomaterials are the most widely used carriers for these
applications due to their multi-functionality and ability to either encapsulate or conjugate drugs. However, most of these delivery
systems suffer from non-degradability, complexity, and insufficient biological activity. Lipid nanoparticles (LNPs) are a
promising platform for the co-delivery of Bcl-2 siRNA and DOX, as they are a clinically advanced delivery system shown to
effectively encapsulate siRNA and facilitate its intracellular delivery®. The success of LNPs lies in their ability to remain stable
at physiologically relevant neutral pH but become ionized under acidic conditions—such as the endosomal compartment of the
cell—which enables LNPs to escape from the endosome and release siRNA into the cytosol. Over the last two decades,
significant progress in the development of LNP-based nucleic acid delivery systems has been achieved®'. The first LNP-based
siRNA therapeutic, Onpattro, was approved by the FDA in 2018 for the treatment of hereditary transthyretin-mediated
polyneuropathy®. More recently, two LNP-based COVID-19 mRNA vaccines received emergency use authorization®>?*,

Unlike liposomes, such as those used in the FDA-approved liposomal doxorubicin drug Doxil, LNPs have a compact
spherical structure and are highly optimized for siRNA delivery*>?®. Therefore, incorporation of chemotherapeutic drugs into
siRNA-LNPs by physical encapsulation may interrupt the highly organized structure and cause potential issues, such as low
encapsulation or destabilization of spherical shape due to accumulation in the lipid bilayer’”. To circumvent these issues, we
developed a strategy to conjugate doxorubicin directly to LNPs. We modified formulated siRNA-LNPs using a thiol-maleimide
Michael addition click reaction to conjugate a (6-maleimidocaproyl)hydrazone derivative of DOX (DOX-EMCH) to the LNP
surface. DOX-EMCH is a clinical prodrug of DOX possessing a maleimide group and an acid-cleavable hydrazone bond, which
can bind to albumin following intravenous injection to prolong its circulation half-life and release parental drug in an acidic
environment®®, Inspired by this process, we formulated a thiolated LNP with a sulfur-containing phospholipid to conjugate
DOX-EMCH to the surface of LNPs. Our optimized LNP formulation, siBcl-2 LNP2-DOX, achieved potent knockdown of Bel-
2 in Burkitts’ lymphoma (Raji) cells while also successfully delivering DOX to the cell nucleus. We also provide in vivo
evidence that siBcl-2 LNP2-DOX can effectively inhibit tumor growth in a NSG mouse model of lymphoma. These results
suggest that our LNPs may provide a platform for the co-delivery of various nucleic acids and DOX, which could be used to

develop combination therapies for a wide range of cancers.

2. Materials and methods
2.1. Materials

Aldoxorubicin (DOX-EMCH) was purchased from MedChem Express (Monmouth Junction, NJ, USA). Cholesterol and
dimethyl sulfoxide (DMSO) were purchased from SigmaAldrich (St. Louis, MO, USA). 1,2-dimyristoyl-sn- glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (ammonium salt, C14-PEG2000), 1,2-dipalmitoyl-sn-glycero-3-
phosphathioethanol (sodium salt, PTE) and 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) were purchased from Avanti
(Alabaster, AL, USA). The ionizable lipid 1,1'-((2-(4-(2-((2-(bis(2-hydroxydodecyl)amino)ethyl) (2 hydroxydodecyl)
amino)ethyl)piperazin-1-yl)ethyl)azanediyl)bis(dodecan-2-ol) (C12-200) was synthesized as previously described”.

2.2. Formulation of LNPs
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The ionizable lipid C12-200 was diluted in ethanol with cholesterol, DSPC or PTE, and C14-PEG-2000 at a 50:38.5:10:1.5
molar ratio in a total volume of 100 pL. Luciferase (siLuc) or Bel-2 (siBcl-2) siRNA was dissolved in 10 mM citrate buffer (pH
3.0) at weight ratios of 5:1 or 15:1 (ionizable lipid:siRNA), in a total volume of 300 pL. The aqueous and ethanol phases were
combined via mixing in a microfluidic device at a volume ratio of 3:1 (citrate buffer:ethanol, v/v)*’. Two LNPs with different
ionizable lipid:siRNA weight ratios (LNP1 - 5:1 and LNP2 - 15:1) were prepared. LNPs were dialyzed against 1X PBS for 2
hours before sterile filtration via 0.22 pm syringe filters (Genesee Scientific, EI Cajon, CA, USA). Next, DOX-EMCH (1.2
mmol) was added to LNPs (I mmol PTE) and incubated with shaking (250 rpm) for 2 hours. Afterwards, the mixture was
dialyzed against 1X PBS for 2 hours, sterilized through 0.22 pm syringe filters, and kept at 4 °C. A modified Quant-iT RiboGreen
assay (ThermoFisher, Waltham, MA, USA) was used to obtain the concentration and encapsulation efficiency of sSiRNA in LNPs

by comparing fluorescence intensity (Aex=490 nm, A =530 nm) in the presence and absence of Triton X-100%",

2.3. Physicochemical characterization of LNPs

20 pl of LNP solution was combined with 780 pl of H>O in 4 mL disposable cuvettes or zeta cuvettes for dynamic light
scattering (DLS) and zeta potential ({) measurements. Measurements were performed using a Zetasizer Nano (Malvern
Instruments, Malvern, UK) in triplicate, and reported as average diameter (z-average) = SD and polydispersity index (PDI) from
three runs. Light absorption spectra were obtained in a wide wavelength range of 350-650 nm with 2 nm intervals at 24°C using
an Infinite M Plex (Tecan, Morrisville, NC, USA) absorbance plate reader. Measurements were done in 100 pL of 1X PBS (pH
7.4) containing the same concentration of LNP2, DOX, and LNP2 conjugated with DOX (LNP2-DOX) using a transparent 96-

well plate.

2.4. Transmission electron microscopy (TEM)

A JEOL 1010 electron microscope system (Jeol, Tokyo, Japan) was used to collect the transmission electron microscopy
(TEM) images. Typically, 10 uLL of LNP2-DOX suspension was deposited on thin carbon films supported by copper grids (Ted
Pella Inc., Redding, CA, USA) and was dried at 37 °C. The sample was then stained with 2% uranyl acetate (Electron
Microscopy Sciences, Hatfield, PA, USA) for 10 min. TEM was operated under an 80 KV voltage mode.

2.5. Doxorubicin release profile

To assess DOX release in a physiological and slightly acidic environment, LNP2-DOX was suspended in 150 pL of 1X
PBS buffer solution adjusted to pH 7.4 or 5.1. The suspensions were placed into dialysis cassettes (MWCO: 20 kDa), and
subsequently placed into a beaker with 100 mL of PBS buffer at the same pH values at 37 °C. Beakers were constantly stirred
in the dark at 250 rpm for 24 hours. 10 pL of the solution inside the dialysis cassettes was collected at the indicated time points
and fluorescence (hex=470 nm, Aen=595 nm) of the samples was detected using an Infinite M Plex (Tecan, Morrisville, NC,

USA) fluorescence plate reader to determine the amount of DOX released.

2.6. Cell culture
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The human Burkitt lymphoma Raji cell line and luciferase-expressing Raji cell line (Raji Luc+) were purchased from
American Type Culture Collection (ATCC, Manassas, VA, USA). Both cell lines were cultured in RPMI medium
(ThermoFisher, Waltham, MA, USA) supplemented with 10% (v/v) fetal bovine serum (FBS) and 100 U/mL/100 pg/mL
penicillin/streptomycin. Cells were maintained at 37°C in a humidified atmosphere with 5% CO,. Cells were passaged every 2—

3 days after reaching 70% confluence.

2.7. In vitro cytotoxicity and luciferase knockdown assays

Luc+ Raji cells were plated at 10,000 cells per well in 96-well plates in 100 uLL of RPMI media. Cells were then treated
with LNPs at a siRNA dose of 50 nM diluted in RPMI. For dose-dependent cytotoxicity analysis, cells were treated with LNPs
at concentrations ranging from 10 to 100 nM of siRNA. DharmaFECT 1 Transfection Reagent (Horizon, Cambridge, UK) was
used as a positive control of knockdown according to the manufacturer’s protocol. Cell viability was measured using CellTiter-
Glo Luminescent Cell Viability assay according to the manufacturer’s protocol. Luciferase expression was measured using
Luciferase1000 according to the manufacturer’s protocol. Cell luminescence was quantified using an Infinite M Plex plate
reader (Tecan, Morrisville, NC, USA) and normalized to untreated cells. ICso for siRNA knockdown was determined on

GraphPad Prism 8 software through non-linear regression.

2.8. Confocal microscopy

Raji cells were plated at 5x10° cells per well in a 6-well plate in 1 mL of RPMI media and incubated with 50 nM of LNP2-
DOX for 3, 6, and 10 hours at 37 °C. Nuclei were stained using Hoechst 33342 (10 pg/mL). Cells were transferred into glass-
bottom chambers and imaged using a confocal laser scanning microscope Zeiss LSM 710 (Zeiss, White Plains, NY, USA) with
a 63x oil immersion lens. For siBcl-2-DOX-LNPs, the excitation wavelength was set to 479 nm and emission was detected at

595 nm.

2.9. Western blot

Raji cells were plated at 5x10° cells per well in a 6-well plate in 1 mL of RPMI media and incubated with 50 nM of Bcl-2
siRNA-encapsulating LNP2 (siBcl-2-LNP2) and Luc siRNA-encapsulating LNP2 (siLuc-LNP2) for 48 hours at 37 °C. Cells
were then collected, and total cell protein was extracted. Cells were lysed using lysis buffer, and the concentrations of total
protein were measured using a BCA assay (Thermo Scientific). 40 pg of protein was then separated using 10% SDS-
polyacrylamide gel electrophoresis (SDS-PAGE), and protein was then transferred to PVDF membranes. After blocking with
5% nonfat milk, the blots were incubated overnight with anti-Bcl-2 primary antibodies (R&D Systems) at 4°C. After repeated
washing, the blots were incubated with secondary antibodies at room temperature for 1 hour. Protein expression was detected

using an enhanced chemiluminescence reagent (Thermo Scientific). GAPDH was used as an internal control.

2.10. Caspase-3 assay

Caspase-3 activity in Raji cells was measured using a Caspase-3 Assay Kit (ab39401, Abcam, Waltham, MA, USA). Raji
cells were seeded in a 6-well plate (5x10° cells/well) and then treated with 50 nM of siBcl-2-LNP2 or siBcl-2-LNP2-DOX for

6
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6 hours. Raji cells were collected and incubated at 37 °C in the dark for 1 hour with a fluorescein isothiocyanate conjugate of
caspase inhibitor FITC-DEVD-FMK. Caspase-3 signal was quantified using flow cytometry according to the manufacturer’s

protocol.

2.11. Animal experiments

All animal use was in accordance with the guidelines and approval from the University of Pennsylvania Institution of Animal
Care and Use Committee. Male NSG mice aged 6-8 weeks were inoculated with 2x10° Raji Luc+ cells per mouse by
subcutaneous injection. After two weeks, mice were separated randomly into the following treatment groups: PBS, siLuc-LNP2,
siBcl-2-LNP2, and siBcl-2-LNP2-DOX treatment (n = 5). PBS and LNP formulations were administered via intratumoral
injection every three or four days for 11 days. Mice were treated with LNPs at an siRNA dose of 1 pg/mouse (DOX concentration
equal 80 pg/mL). Tumor growth curves were plotted based on normalized luminescence intensity to day 0 (Lumy/Lum).
Bioluminescence imaging was performed using an IVIS Spectrum Imaging system (Caliper Life Sciences, Waltham, MA, USA)

after mice were injected with 150 mg/kg of D-luciferin potassium salt.

2.12. Statistical analysis

Data represent the mean + SD for triplicate measurements in each experiment. The results were evaluated statistically with
GraphPad Prism 8 software. One-way variance analysis (ANOVA) followed by the post-hoc RIR Tukey’s test was applied.
Significance level was established at P<0.05.

3. Results and discussion
3.1. Formulation of LNPs encapsulating siRNA

In this study, LNPs were chosen for the co-delivery of siRNA and DOX to lymphoma cells due to their physicochemical
properties and in vivo potency. We first formulated two siRNA-encapsulating LNPs (LNP1 and LNP2) consisting of four
components: a gold standard ionizable lipid (C12-200), cholesterol, a thiolated phospholipid (PTE), and a lipid-anchored
polyethylene glycol (PEG) conjugate (C14-PEG-2000)*>*. The ionizable lipid to siRNA weight ratios were 5:1 and 15:1 for
LNP1 and LNP2, respectively (Table 1). The LNPs were formulated by microfluidic mixing at a component molar ratio of
50:38.5:10:1.5 (Fig. 1A)*. These molar ratios were selected based on previously optimized data for efficient siRNA delivery™.
The original C12-200 LNP incorporating DSPC was also formulated to serve as a positive control. Resulting LNPs were 65-95
nm in z-average diameter with siLuc encapsulation efficiencies between 48% and 72% (Table 1). Additionally, PDIs of the
original C12-200 LNP and LNP2 were low (0.032 and 0.078, respectively), while the PDI of LNP1 was equal to 1.0. These PDI
values suggested that the original C12-200 LNP and LNP2 formulations were monodisperse. The high PDI value for LNP1
indicated the formulation was polydisperse, and thus suggested that these LNPs had a broad size distribution. All LNPs were
neutral or slightly negatively charged, which is consistent with previous studies*. All three LNPs loaded with siRNA against
luciferase (siLuc) were then evaluated for their in vitro toxicity and ability to knockdown luciferase in a Raji Luc+ cell line.
After treatment with LNP1 and DharmaFECT (a commercial siRNA transfection reagent), cell viability was significantly
reduced compared to control samples (untreated group, Fig. 2A). By contrast, LNP2 and the original LNP induced minimal
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toxic effects at the same concentration. Furthermore, treatment with LNPs led to a decrease in luminescence signal intensity in
all groups. However, LNP1, DharmaFECT, and the original LNP were less effective than LNP2 at silencing luciferase
expression (Fig. 2B). LNP2 was the most effective formulation, with approximately 60% luciferase silencing efficacy (Fig. 2C).
Collectively, these results suggested that LNP2 was the optimal formulation for siRNA knockdown, and thus was selected for

subsequent DOX conjugation.

3.2. Synthesis and characterization of DOX-conjugated siRNA LNPs

After the initial screening, DOXO-EMCH, a clinically tested maleimide-containing prodrug, was chosen for conjugation
to LNPs. DOXO-EMCH contains a pH-sensitive hydrazone bond, which is relatively stable in blood plasma, but cleavable
under slightly acidic conditions such as those in the endosome®’. To synthesize LNP2-DOX, we utilized a well-known click
chemistry reaction between thiol and maleimide groups that results in a thiosuccinimide product (Fig. 1A)**. DOXO-EMCH
was incubated with LNP2 containing free thiol groups. The reaction product was then dialyzed against 1X PBS, sterilized using
syringe filters, and characterized. DOX conjugation was examined by absorbance spectroscopy. The UV/Vis absorption
spectrum of free DOX along with the spectra of LNP2 and LNP2-DOX are depicted in Fig. 3A. The LNP2-DOX spectrum
demonstrated the characteristic shape of the DOX spectrum, indicating a successful conjugation. Importantly, the reaction with
DOXO-EMCH was shown to not affect encapsulation efficiency of siRNA in LNPs (Table 1.).

We then measured z-average diameter and PDI of LNP2-DOX, and no significant changes in z-average diameter or PDI
were observed compared to LNP2 (Fig. 3B). Additionally, the surface charge of LNP2-DOX was similar to that of unconjugated
LNP2. Next, the size of LNP2-DOX and its morphology were confirmed by TEM. The TEM image of LNP2-DOX showed a
monodisperse spherical structure with an average size of ~70 nm, which was comparable with DLS results (Fig. 3C). Since the
DOXO-EMCH used for LNP2-DOX synthesis is an acid-sensitive prodrug, we investigated the DOX release from LNP2-DOX
via hydrolysis of the hydrazone bond*’. We performed a drug release experiment in 1X PBS buffer solution adjusted to pH 5.1,
which corresponds to the pH of the late endosome/lysosome (Fig. 3C)*. At pH 5.1, 80% of DOX was released within 8 hours,
and reached almost 90% at 24 hours. In comparison, only 40% of DOX was released from LNP2-DOX at pH 7.4 within 8 hours.
These results suggest that DOX can successfully be conjugated to the LNP2 formulation and achieve drug release under acidic

conditions.

3.3. Bcl-2 knockdown and DOX cytotoxicity in vitro

A key aspect of siRNA and DOX action is cellular uptake and release into cancer cells (Fig. 1B). To investigate the
intracellular distribution of LNP2-DOX, LNP-treated Raji cells were assessed using confocal microscopy. After 3 hours of
incubation, strong punctate signals indicative of DOX fluorescence appeared in the cytoplasm (Fig. 4A), indicating that LNP2-
DOX was taken up through the endocytic pathway and trapped initially in endosomal compartments, similar to other LNPs
reported previously*'. Based on pH-dependent drug release results, it was expected that accelerated DOX release can be
achieved in the acidic endosome. After 6 hours of incubation, a weak red fluorescence signal appeared in the nucleus, suggesting
that DOX can be successfully released from LNP2-DOX and accumulate in the nucleus. At 10 hours post LNP2-DOX treatment,
the DOX fluorescence signal was predominantly localized in the nucleus, where DOX can intercalate within DNA and induce

cell apoptosis*.
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An important consideration for the combination of DOX and Bcl-2 knockdown is to enhance cytotoxicity when cellular
anti-apoptotic defense is dampened. First, knockdown of anti-apoptotic Bcl-2 protein by siBcl-2 LNP was confirmed by western
blotting. The results showed that after treatment with siBcl-2 LNP2, the level of Bel-2 protein was down-regulated to 55% of
the level of the control group (Fig. 4B). However, based on viability measurements of siBcl-2 LNP2-treated cells, knockdown
of Bcl-2 alone was unable to trigger cell death after 48 hours at siRNA doses ranging from 10 to 100 nM (Fig. 4C). These results
motivated us to explore the cytotoxicity of siBcl-2 LNP2-DOX. Raji cells incubated with a high dose of siBcl-2 LNP2-DOX
for 24 hours showed a significant reduction in cell viability, but no obvious toxicity was observed in low dose-treated cells. This
is most likely due to insufficient Bel-2 knockdown and DOX accumulation at this short incubation time point. To determine
this, we measured cell viability at 48 hours post-treatment. As expected, siBcl-2 LNP2-DOX exhibited toxic effects at the lowest
tested concentration (25 nM), and reduced cell viability to 60%. The percentage of live cells was further reduced to 20% when
cells were treated with 50 nM of siBcl-2 LNP2-DOX and reduced further to 6% at the highest dose (100 nM). Based on these
results, the half-maximal inhibitory concentration (ICso) of siBcl-2 LNP2-DOX at 48 hours was calculated to be 25.64 nM. Prior
investigations have shown that DOX is a pro-apoptotic anticancer drug.** Therefore, we measured caspase-3 activity—a crucial
mediator of apoptosis—to examine apoptotic pathways*. Cells treated with siBcl-2 LNP2 showed a low level of caspase-3
activity comparable to the control group (Fig. 4D and S1), further suggesting that knockdown of Bcl-2 alone is not enough to
trigger caspase 3-mediated apoptosis. However, caspase-3 activity was significantly higher in cells treated with Bel-2 LNP2-
DOX than other groups. Collectively, these results indicate that treatment with siBcl-2 LNP2-DOX can activate caspase-3 in

Raji cells to induce apoptosis.

3.4. Tumor growth inhibition by siBcl-2 and DOX co-delivered LNPs

To evaluate the therapeutic potential of siBcl-2 LNP2-DOX, we performed an in vivo experiment in Raji Luc+ tumor-
bearing NSG mice. As a proof-of-concept, different LNP formulations (siLuc LNP2, siBcl-2 LNP2, and siBcl-2 LNP2-DOX)
were intratumorally administered to mice at a dose of 1 pg of siRNA (Fig. 5A). Tumor growth was measured every 3 days by
bioluminescence imaging (Fig. SB). Results showed that tumors in the non-treated control group grew rapidly, causing the
tumor luminescence signal on day 11 to be 10 times higher than the tumor luminescence signal on day 0 (Fig. 5C). The second
control group, treated with siLuc LNP2, exhibited a similar trend in tumor growth, demonstrating that siLuc LNP2 exhibited no
anti-tumor activity. Interestingly, the tumor growth for the siBcl-2 LNP2 treatment group was slowed significantly. While no
cytotoxic effect for siBcl-2 LNP2 was observed in vitro—potentially due to the lack of pro-apoptotic triggers—such significant
in vivo anti-tumor activity may be ascribed to existing intrinsic pro-apoptotic pressures such as hypoxia and nutrient shortage™.
Importantly, tumor growth was inhibited completely after treatment with siBcl-2 LNP2-DOX. After 11 days, tumors had no
significant increase in size, suggesting that a combination of siBcl-2 siRNA and DOX was the most effective treatment. In
addition to tumor growth examination, body weight was monitored to studying the potential toxic effects of various treatment
regimens. As shown in Figure 5D, all groups exhibited no significant weight loss within the 11 days of treatment, and no
abnormal changes in mice behavior was observed. Together, these results suggest that DOX-conjugated siBcl-2 LNP2 can serve

as a promising regimen for enhanced LNP-based combination chemo- and RNAI therapy.
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4.Conclusions

In summary, we have developed a DOX-conjugated siRNA LNP platform for combination chemo- and RNAI therapy. The
optimized LNP achieved efficient Bcl-2 silencing while also delivering DOX in a controlled manner. This dual delivery system
exhibits strong toxicity in lymphoma cells, due to increased apoptosis. Finally, we demonstrate that introducing DOX into LNPs
enhanced Bcl-2-targeted RNAI therapy, and inhibited tumor growth in a mouse model of lymphoma. Therefore, our DOX
conjugation strategy holds great promise in augmenting the anti-tumor efficacy of LNP-based siRNA therapy. Together, these
results suggest that DOX-conjugated LNPs are a promising candidate for combination cancer therapies, and in the future could

be used in the treatment of many types of cancer.
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Figure 1. (A) A schematic illustrating the preparation of doxorubicin-conjugated Bel-2 siRNA loaded lipid nanoparticles (siBcl-
2 LNP2-DOX). LNPs were formulated by microfluidic mixing, followed by conjugation with DOX through a thiol-maleimide
Michael addition click reaction between DOXO-EMCH and thiolated phospholipid PET. (B) Schematic diagram of intracellular
co-delivery of siBcl2 and DOX enabled by siBcl-2 LNP2-DOX.
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Figure 3. Physicochemical characterization of DOX-conjugated siRNA LNPs. (A) UV-vis spectra of LNP2, DOX, and
LNP2-DOX in PBS; (B) The size (z-average) distribution of a representative sample of siBcl-2 LNP2-DOX, revealing a diameter
of 70 nm using DLS (C) TEM image of siBcl-2 LNP2-DOX. Scale bar = 200 nm; (C) The time-dependent release profiles of
DOX from Bcl-2 LNP-DOX at pH 5.1 and pH 7.4.
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schedules for in vivo experiments. The treatment doses for Bel-2 siRNA and DOX were | pgand 0.1 pg per mouse, respectively.;

(B) Representative bioluminescence images of tumor-bearing mice; (C) Tumor growth curves for different treatment groups.
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*P<0.05 vs. Control. (D) Average body weight of different treatment groups during the treatment schedule.

Table 1 LNP characterization data consisting of hydrodynamic diameter, polydispersity index (PDI), encapsulation efficiency (EE),

and zeta potential of each LNP formulation (+standard deviation).

LNP Phospholipid EE (%) Ionizable lipid: siRNA Size (nm) PDI Zeta potential
(wt:wt) (mV)
Original DSPC 71.80 5:1 65.59+1.85 0.032 -4.96+1.13
LNP1 PTE 48.25 5:1 95.06+5.29 1.000 -13.83+3.73
LNP2 PTE 65.06 15:1 69.88+4.16 0.078 -5.02+1.68
LNP2-DOX PTE 65.00 15:1 72.60+1.49 0.120 -6.42+0.27
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Abstract: Doxorubicin, a member of the anthracycline family, is a common anticancer agent often
used as a first line treatment for the wide spectrum of cancers. Doxorubicin-based chemotherapy,
although effective, is associated with serious side effects, such as irreversible cardiotoxicity or nephro-
toxicity. Those often life-threatening adverse risks, responsible for the elongation of the patients’
recuperation period and increasing medical expenses, have prompted the need for creating novel and
safer drug delivery systems. Among many proposed concepts, polymeric nanocarriers are shown
to be a promising approach, allowing for controlled and selective drug delivery, simultaneously
enhancing its activity towards cancerous cells and reducing toxic effects on healthy tissues. This
article is a chronological examination of the history of the work progress on polymeric nanostruc-
tures, designed as efficient doxorubicin nanocarriers, with the emphasis on the main achievements of
2010-2020. Numerous publications have been reviewed to provide an essential summation of the
nanopolymer types and their essential properties, mechanisms towards efficient drug delivery, as
well as active targeting stimuli-responsive strategies that are currently utilized in the doxorubicin
transportation field.

Keywords: doxorubicin; drug delivery; polymers; targeted therapy; anticancer treatment; con-
trolled release

1. Introduction
1.1. Doxorubicin and Other Anthracyclines

Anthracyclines, including doxorubicin (DOX), daunorubicin, and epirubicin, are
among the most active antitumor compounds with the widest spectrum of activity in
human cancers such as carcinomas, sarcomas, and hematological malignancies. They are
widely used (alone or in combination with other cytotoxic agents) in clinical practice for
the treatment of lung, breast, ovarian, and urinary bladder cancers, as well as multiple
myeloma, soft tissue sarcoma, osteosarcoma, leukemias, and Hodgkin’s lymphoma. DOX
was initially obtained from Streptomyces peucetius actinobacteria isolated from a soil sam-
ple, identified, and developed in the 1960s [1,2]. Although DOX was granted marketing
authorization nearly five decades ago, it is present on the current World Health Organiza-
tion Model List of Essential Medicines, listing the most efficient, safe, and cost-effective
medicines needed in the healthcare system [3].

Apart from its high efficacy in monotherapy (especially in treatment of metastatic
breast cancer), several combination therapies including DOX were also developed. The
combination of DOX with cyclophosphamide, vincristine, and prednisone is used for
treatment of diffuse large cell non-Hodgkin’s lymphomas [4]. The combination of DOX
with bleomycin, vincristine, and dacarbazine is beneficial and well tolerated in patients
with Hodgkin’s lymphoma [4]. Several combination regimens consisting of DOX are used

Materials 2021, 14, 2135. https:/ /doi.org/10.3390 /ma14092135
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for treatment of breast cancer (DOX with cyclophosphamide and/or taxotere, DOX with
cyclophosphamide and fluorouracil).

Structurally, DOX is a glycoside of anthracyclinone. It contains an anthraquinone
chromophore placed within a planar aromatic system of four cycles, bound by a glycosidic
bond to daunosamine (Figure 1). Anthraquinone groups can participate in redox reactions,
contributing to the generation of reactive chemical species, which might be associated with
anthracycline cardiotoxicity [5].

O OH

‘O‘ on

O O OHO,

OH
NH,

Figure 1. Chemical structure of doxorubicin.

1.2. Doxorubicin Mechanism of Action

To date, several distinct mechanisms of DOX action are discussed (Figure 2). The
first and primary one includes the interaction of DOX with mammalian topoisomerase
II, stabilization of enzyme-DNA complex, and resulting inhibition of single- and double-
strand DNA breaks re-ligation during the DNA replication process [6]. This leads to
irreversible DNA damage and cell death. Importantly, this mode of DOX action is specific
for proliferating (e.g., cancer) cells which, mitotically—active, are predominantly affected by
topoisomerase II-induced DNA breaks [7]. Such a mechanism of action was confirmed in
in vitro studies on cell lines with mutated or downregulated topoisomerase II, in which
resistance to DOX was reported [8-10]. Intercalation of DOX into DNA double-helix is
well-evidenced and widely accepted, and 5'TCA was reported as a consensus sequence
for the highest DOX affinity [11]. Nevertheless, the actual role of DOX intercalation to
DNA in topoisomerase II-mediated DNA damage remains unknown. Topoisomerase
II-related DNA breaks are reported at DOX concentrations which fall below the DOX-
DNA association constant, along with the fact that selected anthracycline analogs do not
intercalate into DNA but still exert cytotoxic activity, might suggest that DOX intercalation
to DNA is not essential for its interference with topoisomerase II [12,13].

Intercalation of DOX into DNA, although possibly not involved in targeting topoiso-
merase II, has an impact on several vital intracellular processes. It can affect the activity
of enzymes involved in DNA replication and transcription, such as helicases, DNA, or
RNA polymerases [14,15]. Topological DNA changes following DOX intercalation were
also reported to be associated with increased nucleosome turnover around promoters,
which affected levels of gene expression [16]. DOX-related removal of nucleosomes at open
chromatin regions, which alters epigenetic regulation of transcription and contributes to
reduced DNA repair of DOX-induced double-strand breaks, was recently reported [17].

Apart from its well-established topoisomerase II-mediated cytotoxicity, DOX, while
undergoing intracellular oxidation and reduction cycles, leads to the generation of reactive
oxygen species. This exposes nuclear and mitochondrial DNA to oxidative stress and
can exert additional cytotoxic effects [18,19]. Indeed, oxidized DNA bases are detected in
the blood and urine of patients treated with DOX [20,21]. Additionally, DOX was shown
to form covalent adducts with DNA, which can induce apoptosis, further contributing
to the overall cytotoxic activity of the drug [22,23]. All in all, at DOX concentrations
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reflecting peak plasma concentration during treatment, targeting topoisomerase Il seems
to be the primary mechanism of antitumor action, whereas, at higher drug concentrations,
the toxicity of free radicals and DNA cross-linking may become relevant [24].
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Figure 2. Molecular mechanism of action of doxorubicin (TOPIIA-topoisomerase II, ROS-reactive oxygen species).

1.3. Limitations of DOX Therapy

Two important limitations associated with antitumor therapy with DOX are recog-
nized: development of drug resistance and treatment toxicity, associated with the occur-
rence of serious adverse effects. The former include enhanced drug efflux (specific for
anthracyclines and through multidrug resistance transporters), altered topoisomerase II
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activity, and enhanced antioxidant defense [25]. Cardiac toxicity, both acute and chronic,
represents the major complication associated with DOX treatment and constitutes the
main reason for dose-limited drug administration [26]. Acute cardiotoxic effects such as
arrhythmias, hypotension, and electrocardiographic alterations are transient and disappear
at treatment cessation. Chronic cardiotoxicity is dose-dependent; more than a quarter of
patients receiving DOX with a cumulative dose of 550 mg/m? would develop congestive
heart failure [27]. The mechanism responsible for DOX heart toxicity is not fully under-
stood, but oxidative stress disrupting major mitochondrial functions is considered the
most presumable.

DOX induces myelosuppression, mainly in the form of leukopenia (principally gran-
ulocytopenia), neutropenia, or thrombocytopenia, with up to 80% of patients treated
with conventional doses of DOX being affected [4,28]. The severity of myelotoxicity is
dose-dependent; therefore, it represents the major dose-limiting side effect of anthracy-
cline therapy.

Besides the heart and bone marrow, toxic effects of DOX are also observed in the liver,
kidney, and brain [26]. Other side effects of DOX include nausea and vomiting, stomatitis,
mucositis, alopecia, and neurologic disturbances (dizziness, hallucinations) [4,29]. Severe
vesicant reactions might also occur upon extravasation of DOX which can lead to severe
local tissue necrosis and reduced mobility in the adjacent joints.

Cancer survivors in childhood have more than a two-fold increased risk of acute
leukemia and solid tumors at the age of 40, and the history of DOX treatment has a
well-established association with the development of secondary cancer [30].

For decades, significant effort has been made to develop new anthracycline deriva-
tives that would markedly reduce DOX toxic effects and at least maintain its antitumor
activity [31,32]. Although a few of them (e.g., epirubicin, idarubicin, valrubicin) were
granted marketing authorization, no evident or clinically relevant benefit in terms of
enhanced effectiveness and/or improved safety profile has been achieved so far. More re-
cently, heteroarene—fused anthracenediones, a combination of anthraquinone and polyphe-
nolic structures, and bis-intercalating agents, have been described as novel promising
approaches [33-35].

The rapid development of novel drug delivery systems (DDSs), which are aimed at
directing the drug specifically to neoplastic cells, provides promising tools to minimize
DOX systemic toxicity. Such an approach, while maintaining DOX satisfactory profile of
antitumor activity, would allow the delivery of higher doses of the drug directly to the
cancer cells. Here, we review recent advances on new platforms of targeted DOX delivery.

2. Evolution of Drug Delivery Systems
2.1. From Macro- to Nanoscale

The history of DDSs stretches back to 1960 when Folkman discovered a constant rate
drug delivery implant for prolonged therapy used a silicone rubber tube (Silactic®) loaded
with the drug [36,37]. The seminal work of Folkman et al. was an inspiration for scientists
who focused on new concepts of zero—order-controlled drug delivery in the macroscale
using various types of polymers in a wide field of medicine. In the following years,
Ocusert® containing an anti-glaucoma drug, Progestesert® releasing progesterone in the
uterine cavity, or Implanon® as sub-dermal devices were developed [38]. In 1976, Folkman
and Langer reported a pioneering work showing that proteins and other macromolecules
(large molecular weight drugs) could undergo sustained release from non-inflammatory
polymers [39]. On the turn of the 1980s and 1990s, other strategies of zero—order DDSs with
controlled diffusions such as skin patches and osmotic capsules were investigated. Since the
first demonstration of low and large molecular weight drug delivery matrices, DDSs have
evolved from zero-order macroscale systems to biodegradable microscopic polymers, using
poly(glycolic acid) (PGA), poly(lactic-co-glycolic acid) (PLGA), or copolymers of PGA—
PLGA [40]. Then, various approaches were adopted to deliver drugs by rationally designed
polymers enter the nano-sized era and showed significant therapeutic potential [41,42].
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Indeed, polymeric systems such as polymer-drug conjugates, block copolymers, and
polymer-protein conjugates, also lipid and inorganic nanoparticles or multicomponent
systems, were widely utilized in combination with therapies [43-46]. During the last
decade, there has been significant progress in the development of high-performance DDSs.
They became increasingly complex, and it became possible to control their chemical and
physical properties. Since many aspects of these topics were thoroughly described in
previous reviews, we focused on the latest trends in the doxorubicin delivery systems
combined with increasingly innovative systems [47,48].

2.2. Bringing New Life to Carriers

All above mentioned polymeric subclasses used specific polymers with exceptional
properties to develop sophisticated and biodegradable DDSs in nanosize ranging from
1 to 100 nm [49,50]. Polymeric-based nanoparticles (PNPs), based on natural and syn-
thetic polymers, have various physicochemical properties, and different architectures
and sizes, which allow them to carry drugs to the target [51]. Therefore, the choice of
the polymer, drug loading, and shape are crucial for the design of PNPs in a controlled
manner to achieve the desired DDSs (Figure 3). Additionally, PNPs show significant
solubility and stability, higher targeting specificity, and exhibit controlled drug release
by carrier degradation, diffusion through carrier matrix, or dissociation mechanisms e.g.,
photo-dissociation [52]. From the biological standpoint, polymeric nanocarriers showed
a longer half-life in pharmacokinetic studies and have an enhanced permeability and
retention effect which allows them to accumulate in cancer tumors rather than in healthy
tissues [53]. With this fact in mind, many natural and synthetic polymers, as well as
pseudosynthetic ones, attract attention in medicine, as antineoplastic or antimicrobial
drug carriers (Figure 4). To note, natural polymers are more biocompatible than synthetic,
nevertheless, some natural polymers are highly immunogenic [54]. On the other hand,
synthetic polymers are less biodegradable than the natural ones, but this may be altered
through structural modifications. Hence, current efforts focused on synthetic polymers to
control the monomer class and its ratio, as well as molecular weight and crosslinking of the
polymer. Modern polymer chemistry takes advantage of different structures, from a linear
block and gradient copolymers to increasingly intricate polymers, including stars, combs,
and brushes, to dendronized and (hyper)branched polymers [55-57]. This demanded many
polymerization methods to be employed for polymers to be formed in a piece-by—piece
fashion. The most effective and widely used methods are controlled radical methods, such
as reversible additional fragmentation chain transfer (RAFT), and atom transfer radical
polymerization (ATRP), which were reported as more effective than conventional poly-
merization techniques [58,59]. Considering the wide spectrum of polymers and efficient
polymerization methods, numerous potential DDSs appeared to offer many advantages
including self-assembly, biocompatibility, and high loading capacity.

After years of research, Doxil®—pegylated liposomal DOX delivery systems—was
approved by Food and Drug Administration (FDA) in 1995. Additionally, Myocet® (non-
pegylated liposomal DOX) in 2000 has received Fast Track Designation from FDA for the
treatment of HER2 positive breast cancer and has been approved in Europe and Canada.
Despite the well-known and approved DOX delivery systems, efforts continued to develop
more efficient and safe carriers [60,61].

The first natural polymer—DOX conjugate, called AD-70, which entered clinical trials
in 1993, employed polymer derivatives of the oxidized dextran (DX) coupled with DOX
(DX-DOX) via Schiff base [62]. AD-70 conjugate was highly selective for DOX delivery
in an animal model; unfortunately, in a Phase I clinical study, substantial toxicity was
observed leading to thrombocytopenia and hepatotoxicity in the patients.
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Figure 3. Design and properties requirements for drug delivery systems using wide spectrum of particles.

In the following years, Mitra et al. encapsulated DX-DOX conjugate into chitosan
(CS) nanoparticles using reverse microemulsion [63]. This resulted in faster regression
of tumor volume from 514 + 6 mm? in the middle of treatment to 170 + 7.3 mm? at day
90. Throughout 90 days of the study, Balb/C mice treated with DX-DOX encapsulated
into CS showed almost 50% survival rate, while mice treated with DX-DOX demonstrated
only a 20% survival rate. Furthermore, Janes et al. described a similar conception that
included encapsulation of DOX into CS nanoparticles (with encapsulation efficiency ~20%)
through the charge repulsion between the polymer and the drug. Encapsulation of the
drug in CS was possible via the interaction of a DOX amino group with incorporated
DX sulfate [64]. Another strategy for designing DDSs, reported in 2010 by Qi et al.,
used a simple protocol to develop biocompatible bovine serum albumin (BSA)-DX-CS
nanoparticles by heating, with DOX loaded into nanoparticles by diffusion following pH
change from 5.4 to 7.4 [65]. Hepatoma H22 tumor-bearing mice treated with 12.0 mg/kg
of DOX nanoparticles had prolonged life from 10.3 to 14.8 days, but tumor growth was
reduced less effectively compared with free DOX. Similarly, in the study by Du et al.,
BSA was used to synthesize a water—soluble DOX delivery system with higher tumor
selectivity achieved by linking to folic acid (FA), which binds to folate receptors over—
expressed on the surface of mammary human cancer cells [66]. With the continuing desire to
increase the DOX loading and entrapping capacity into a carrier, Maspoch’s group prepared
coordination polymer particles generated by connecting Zn®** metal ions through 1,4—
bis(imidazol-1-ylmethyl)benzene organic ligands (bix) via coordination polymerization
followed by fast precipitation [67]. DOX entrapped into Zn(bix) showed ~80% of drug
released in PBS pH = 7.4 at 37 °C within 8 h, suggesting gradual erosion of Zn(bix) in time.
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DOX/Zn(bix) diminished human promyelocytic leukemia HL60 cells viability to 25% at
higher concentrations ~10 uM with ICs of 5.2 uM. Against the HeLa cell line, Mrowczyriski
et al. developed polydopamine coated Fe3O4 nanoparticles through a coprecipitation
method and oxidative polymerization of dopamine loaded with DOX [68]. The maximum
of DOX release was achieved after 24 h. The cellular study against HeLa cells showed that
after three days of incubation, cell viability dramatically decreased to 6% at a concentration
of 100 pg/mL.
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Figure 4. Structures of natural, pseudosynthetic, and synthetic polymers used for drug deli-
very applications.

Currently, the rise of nanotechnology and polymer science provided many novel DDSs
for efficient anticancer therapy by rational design, and allows one to study the behavior of
nanoparticles on the cellular level. The theoretical and experimental findings shown in 2020
by Zhang et al. demonstrated the criteria for the preparation of new fluorinated polymers
for DDSs, denoted poly(oligo(ethylene glycol) methyl ether acrylate)m—perfluoropolyether
(poly(OEGA)-PFPE; where m = 5, 10, and 20) [69]. Block copolymers containing OEGA and
PFPE with different fluorine contents (28.7 weight percentage (wt.%) (m = 5, named P5),
17.0 wt.% (m = 10, named P10), and 9.8 wt.% (m = 20, named P20) were prepared through
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RAFT and conjugated with DOX via a hydrazine bond. Molecular dynamics (MD) simula-
tions were consistent with experimental results and showed single—chain folded confor-
mation of DOX-conjugated P20, whereas DOX—conjugated P5 and DOX—conjugated P10
formed micelle-like assemblies. Moreover, MD results, performed with NAMD code, inves-
tigating interactions between DOX-conjugated poly(OEGA),~PFPE with a cell membrane,
highlighted faster diffusion across the membrane of DOX—conjugated P20 than P5 and P10
because of its small hydrophobic core (PFPE). Furthermore, DOX—conjugated P20 showed
higher cellular uptake and therapeutic efficacy toward breast cancer cell line MCF-7 than
the P5 and P10.

3. Stimuli-Responsive Drug Delivery Systems
3.1. Choose Your Target

Further studies showed that polymers can be combined with inorganic nanoparticles
and small molecules to create stimuli-responsive or targeted DDSs (Figure 5) [70-73].
The targeting of DDSs focuses on both active targeting and improving the efficacy by
stimuli-responsive approaches. For example, monoclonal antibodies (mAbs) are becoming
increasingly popular, i.e., trastuzumab, cetuximab, or bevacizumab, and, apart from their
intrinsic anticancer activity, are proposed to be used for selective delivery of antineoplastic
drugs to tumors [74-77]. Additionally, to achieve active targeting, a large number of
ligands have been employed, including polysaccharides and peptides (i.e., hyaluronic
acid and RGD peptide), as well as small molecules like folate or anisamidephenylbornic
acid [78,79]. Furthermore, overexpression of enzymes, i.e., proteases, is another approach
that can be used to design responsive DDSs [80,81]. In the enzyme-sensitive DDSs, the
peptide side chain is designed as a specific substrate of a target enzyme that could directly
release the drug from a carrier. Other promising strategies include chemical stimuli-
responsive DDSs that can release the drug from a carrier by pH changes and using acid—
labile or redox-responsive chemical bonds [82,83]. Among the common physical stimuli,
thermo/magnetic-responsiveness and light/ultrasound-triggered stimulus are the most
frequently used [84-86]. For all these features, targeting strategies of DDSs present an
exciting approach for anticancer treatment.

A B Stimuli-responsive strategies B 5 Active targeting strategies
Chemical +*y Physical * Biological antibodies
pH | temperature m( : cell
penetrating
peptides
redox \— ultrasound glucose
o

-~ magnetic

light

Figure 5. Different types of stimulus appleid in the design of drug delivery system (A) and various factors affecting active
targenting of drug delivery systems (B).
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3.2. Drug Delivery Systems Responsive to Physical and Chemical Stimuli

Cancers are known to acidify their environment by dysregulation of pH dynamics.
During neoplastic progression, the extracellular pHi of cancer decreases to 6.8 compared
with normal cells (7.4), whereas intracellular pH increases to 7.3-7.6 (vs. 7.05-7.2 in normal
cells) [87]. Moreover, membrane-bound organelles such as endosomes and liposomes,
involved in the endocytic pathway, which is a specific mechanism for some DDSs to enter
cells, exhibit remarkably lower pH, approximately 5-6 and 4.5-5, respectively [88,89].

These properties provide a rationale to design a prodrug-based carrier with the time—
dependent drug release behavior in the acidic environment of cancer, reported by Zhang
et al. [90]. Designed prodrug (DOXDT) consisted of dextran—poly(oligoethylene glycol)
methyl ether methacrylate-co-methyl glycol methacrylate copolymer prepared by one-step
ATRP and conjugated with DOX, forming stable micelles. DOXDT showed pronounced
tumor permeability and cytotoxicity. In vivo studies showed that Balb/C mice bearing 4T1
tumors treated with DOXDT (DOX dosage, 5 mg/kg) suppressed the tumor with an 85.5%
inhibition rate, and was far more effective than free DOX. Importantly, DOXDT presented
a good safety profile toward major organs, including the heart, liver, spleen, lung, and
kidney, and minimal systemic toxicity.

Investigations carried out by She et al. showed that dendronized heparin-DOX could
be also useful for pH-stimuli delivery of antineoplastic drugs [91]. The dendron conjugated
through the hydrazine bond to DOX was attached to azido-heparin via click reaction,
resulting in a self-assembled nanocarrier. DOX release from nanocarrier was faster and
higher at pH 5.0 (80% of drug release after 56 h) than at the physiological pH of 7.4. In
addition, both in vitro and in vivo studies showed high 4T1 breast tumor inhibition and
no significant toxicity toward healthy organs.

Due to the cancer acidic environment, PLGA—coated stabilized (Mn, Zn) ferrite
nanoparticles loaded with DOX (DOX-PLGA@CS@Mnq 9Zng 1 Fe;04) were designed for
pH-triggered DOX release [92]. The pH change from physiological to acidic resulted in a
significant increase in the DOX release rate (34.26% for physiological pH vs. 57.18% for
acidic pH). DOX-PLGA@CS@Mn( 9Zng 1 Fe;04 was less cytotoxic (from 3 to 125 pg/mL)
against HeLa cells compared with free DOX, while at higher concentrations (250 pg/mL)
its cytotoxicity was similar to that of DOX.

In an effort to further improve DOX release performance of the DDSs, dual or multi-
stimuli responsive DDSs were recently developed [93]. Novel DOX-CuCo0,S4@PIL nanocar-
rier, proposed by Fan et al. to be effective in anticancer treatment, responds to both pH-
and thermo-stimuli. The primary prepared Cu Co,S; nanoparticles were subsequently
modified with the poly(tetrabutyl phosphonium styrenesulfonate) (PIL), then the DOX
was loaded onto PIL. CuCo0,Sy utilized the near-infrared (NIR) irradiation to convert light
energy into heat to destabilize the PIL and promote drug release. The DOX release of
DOX-Cu C02S4@PIL at 45 °C and pH 5.0 reached 90.5% compared with 79.5% at 37 °C. At
pH 7.4, the release ratio was only 21.8% (37 °C) and 20.5% (45 °C). The in vitro analysis
against MCF-7 cells showed the biocompatibility of CuCo0;S4@PIL carrier even at high
concentration. The cytotoxic effects were much higher when the cells were treated with
DOX-C0,54@PIL in the presence of NIR laser irradiation at 808 nm than without such
irradiation. The in vivo effects of DOX-C0,S4@PIL on the breast tumor-carrying mice were
assessed 16 days following the treatment. DOX-Co0,S4@PIL with exposure to NIR laser
irradiation at 808 nm resulting in improved tumor inhibition, whereas DOX-Co0,S,@PIL
without NIR laser irradiation displayed tumor inhibition the same as free DOX.

Several reports described stimuli-responsive three-dimensional hydrogels as smart
DDSs. Xiong et al. prepared the pH- and temperature-responsive nanogels consisting of
poly(N-isopropylacrylamide-co-acrylic acid) and DOX (DOX-PNA) as promising DDSs
against human liver carcinoma cells HepG2 [94]. Under hyperthermia of 43 °C at pH 6.8,
the cytotoxicity of DOX-PNA increased by approximately 43% when compared with the
equivalent dose of DOX-PNA at 37 °C and pH 7 4.
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Omidi et al. developed pH-responsive DOX-loaded hydrogel composed of CS,
aminated-graphene, and amino—functionalized cellulose nanowhisker cross-linked by
dialdehyde (DOX-CGW) [95]. Field Emission Scanning Electron Microscopes images
showed a randomly porous structure with DOX accumulated on the surface of CGW, which
remained stable at PBS buffer (pH 7.4) after 6 h, contrarily to distilled water. The significant
DOX release rate (63%) from CGW was observed at pH 5.4, whereas approximately 35%
of the drug was released at pH 7.4. Ultimately, subcutaneous injection at the back of the
rat led to in vivo hydrogel formation 2 min after the injection. This provided a basis for
further engineering of CGW as injectable DDSs.

A tremendous amount of work has been done to predict the drug release behaviors of
stimuli-responsive hydrogels with artificial intelligence-based techniques such as Artificial
Natural Networks (ANNs), Support Vector Machine (SVM), and its adaptation—Support
Vector Regression (SVR) [96,97]. Boztepe et al. used these methods to predict the DOX
release behavior of interpenetrating polymer network (IPN) hydrogel. IPN hydrogel
based on poly(N-isopropyl acrylamide-co-acrylic acid and poly(ethylene glycol) was
synthesized by free radical solution polymerization and loaded with DOX (64.81 mg
DOX/g polymer) [98]. The DOX release rate was much more rapid at acidic pH and at a
temperature above the lower critical solution temperature. The most efficient DOX release
from IPN hydrogel was observed at pH 4 and 45 °C (88%), whereas at pH 7 at the same
temperature DOX release was two times lower (~40%). Further mathematical ANN studies
showed agreement between prediction and observations (i.e., experimental DOX release
kinetic data), which proves its usefulness as a tool for the rational design and modeling of
DDS-like hydrogels.

Meanwhile, Zhang et al. reported the efficacy of dual-sensitive (pH and redox)
nanogels (DSNGs) against triple-negative breast cancer by hydrogel-assisted delivery [99].
Hydrogel composed of oxidized DX was crosslinked by imine bonds with 25% G5-PAMAM
dendrimer that degraded under hydrolytic conditions [100]. Furthermore, DSNGs based
on oxidized DX were crosslinked with cystamine, introducing a redox-sensitive disulfide
bond cleaved in the presence of glutathione-reductant in cancer cells. Additionally, DOX
was conjugated by a pH-sensitive imine bond to DX. DSNGs were released from degraded
hydrogel, followed by a rapid release of DOX in cancer cells. Cell viability toward MDA
MB 231 and 3T3 cell lines treated by DSNGs showed significantly higher toxicity in the
presence of glutathione (ICsp values equal to 114 and 2338 nM, respectively), whereas
in vivo studies showed tumor value reduction in the first 24 h post-injection, but slow
tumor growth up was accelerated at 72 h, which may limit DSNGs applications.

Recently, Biswas et al. developed PEG functionalized guanosine-quadruplex—based
hydrogel (G4PEG) to produce stimuli-responsive DDSs with zero—order DOX release [101].
It is well known that 1,2—cis—diol of guanosine forms dynamic boronate ester bonds with
2-formylphenylboronic acid (FPBA). Moreover, FPBA simultaneously forms dynamic imine
bonds with primary amines such as 4-arm PEG-NH,. Thus, the working mechanism of
GA4PEG is believed to depend on iminoboronate bonds, which are unstable at lower pH,
resulting in sustained DOX release. DOX release rates obtained for acidic and physiological
pH were 7.4 x 107> and 2.25 x 10> mmol/sec, respectively. The cell viability MTT assay
using MCF-7 cell line showed weak, concentration-dependent cytotoxic effects of G4PEG
with an ICsg value of approximately 2.27 mM. For DOX-loaded G4PEG, the ICsq value was
lower (1.3 mM).

3.3. Mitochondrial-Targeting Drug Delivery Systems

Interestingly, despite many unique characteristics of cancer cells, like low extracellular
pH and hypoxia, their hyperpolarized mitochondria opened new directions to targeted
drug delivery [102]. Many reports demonstrated potential applications of modified poly-
mers to locate drugs inside the mitochondria [103,104].

In 2019, Tan et al. presented micelles for DOX delivering, using glycolipid polymer

chitosan-stearic acid (CSOSA), which was modified by lipophilic (4-carboxybutyl)triphenylphospho
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bromide (CTPP) cations, to form mitochondria-targeted DDSs (C-P-CSOSA /DOX) [105].
The relatively small C-P-CSOSA /DOX particles, with a size around 100 nm, showed higher
cellular uptake in human breast adenocarcinoma cells (MCF-7 cell line) than in human
normal liver cells (L02 cell line). Importantly, C-P-CSOSA /DOX demonstrated efficient
colocalization into mitochondria in vitro and in vivo, compared with the free DOX. More-
over, in vitro studies showed high cytotoxic effects of C-P-CSOSA/DOX against MCE-7
(IC50 equal 1.45 ug/mL, where for free DOX IC50 was 5 times higher), and increased the
generation of reactive oxygen spices with simultaneous activation of tumor apoptosis.

More recently, Jiang et al. reported delocalized lipophilic cations conjugated with
synthesized anionic, cationic, and charge-neutral polymers [106] to improve mitochon-
drial targeting. Delocalized lipophilic cations conjugated anionic polymers accumulated
in mitochondria when DLC-conjugated with cationic and charge-neutral polymers do
not reach the target efficiently. Interestingly, side-chain modifications by hydrophobic
hexyl or hydrophilic hydroxyl do not affect the mitochondrial localization, which was
observed for 13 cell lines, e.g., adenocarcinoma human epithelial cell line A549, human
cervical cancer cells HeLa or human umbilical vein endothelial cells HUVEC. Additionally,
cyanine 3-tagged anionic polymers loaded with DOX demonstrated ability to inhibit the
mitochondrial metabolic activity more effectively than free DOX after a 24 h treatment of
HelLa cells.

3.4. Enzyme-Responsive Drug Delivery Systems

Alternatively, enzyme-sensitive conjugates can serve as a promising vehicle for cancer—
targeting DDSs, capable of releasing the drug upon the hydrolysis of the amide bond of
a specific peptide by proteases (Figure 6) [107]. Matrix metalloproteinases (MMPs) and
cathepsin B (CB) are important representatives of proteases associated with cancer. MMPs
are a family of zinc-dependent proteases involved in extracellular matrix degradation and
tumor progression [108]. CB is a lysosomal cysteine protease, and its overexpression is
correlated with invasion and metastasis of cancer cells [109]. Alternatively, DDSs can be
activated by an enzyme to expose targeting ligands for cellular uptake.

B. C. [Gooaes

Drug 10, sensitive bond Drug Carrier Enzyme-responsive moiety Drug
l e -
© ) M GPLGLAGG—®
o
m\,/\s)Ls/\)l\o/’ I~ @
| =
o
us/\)j\o/. it
1 hydrolysis l
= Drug
PY (&)

Figure 6. Drug release strategies for (A) chemical-responsiveDDSs by hydolysis of hydrazone bond to release free drug; (B)
physical-responsive DDSs using near infrared light to generate singlet oxygen, which undergoes reaction with thioketal
group; (C) biological-sensitive DDSs cleaved byenzyme, and further cleaved to release free drug.
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Lee et al. synthesized dendrimer-methoxy poly(ethylene glycol)-DOX conjugate
(Dendrimer-MPEG-DOX) using four amino acid (GFLG) peptides for CB-dependent
targeting [110]. In vitro anti-tumor activity against CT26 colon carcinoma cells showed
enhanced cytotoxicity of Dendrimer-MPEG-DOX. Importantly, Dendrimer-MPEG-DOX
was more effective than DOX alone in inhibiting tumor growth in the mice CT26 tumor
xenograft model. Additionally, it accumulated selectively in the tumor, whereas free DOX
was equally distributed within the organism.

In 2020, Luo el al. developed DOX/nifuroxazide (NFX) co-loaded micelles (CLM)
with enzyme-sensitive peptide GFLG. Hydroxypropyl methacrylate and oligo(ethylene
glycol) methacrylate copolymer with GFLG peptide backbone was conjugated with DOX
via acid-labile hydrazine bond [111]. Moreover, NFX was loaded via thin—film hydration
and self-assembled into micelles. In vivo and ex vivo studies confirmed that CLM exerted
anti-metastatic effect in orthotropic and lung metastatic breast cancer models. Along with
the high anti-tumor efficacy of CLM, a reduced DOX cardiotoxicity was reported. On day
21 post-treatment, all mice treated with CLM (3 mg/kg of DOX and 5 mg/mL of NFX)
survived with a tumor growth inhibition rate of 57%, whereas in the case of DOX-loaded
micelles (3 mg/kg of DOX) inhibition rate was 27%.

Based on previous studies on the cleavage site specificity of MMP-2 and MMP-9,
many MMPs-specific peptide sequences were proposed [112]. For example, Kratz et al.
demonstrated that GPQRIAGQ peptide incorporated in DOX-human serum albumin
conjugate was cleaved efficiently by activated MMP-2/9 [113]. Lee et al., in their study,
employed two PEGylated peptide-DOX conjugate micelles using GPLGV and GPLGVRG
peptides [114]. In vivo studies showed 72% (micelles using GPLGV) and 63.3% (micelles
using GPLGVRG) tumor growth inhibition, compared with untreated control. In another
study, two tumor activated prodrug-conjugated polystyrene nanoparticles (TAP-NPs),
containing PLGSYL and GPLGIAGQN peptides, demonstrated substantial cytotoxicity to-
ward HT1080, HDF, and HUVEC cells in a time-dependent manner [115]. More prominent
effects were observed for HT1080 cells than for healthy and primary cells, and stronger
inhibition was reported for TAP-NPs functionalized by GPLGIAGQN than by PLGSYL.

In 2012, Shi et al. synthesized cell-penetrating peptide-DOX conjugate (ACPP) with
PLGLAG sensitive sequence that could release DOX in response to MMP-2 and MMP—
9 [116]. The conjugate exerted high cytotoxic effects against HT-1080 cells which overex-
press MMP-2/9, whereas only low cytotoxic activity was reported against MCF-7 cells
characterized by low expression of MMPs. Upon addition of GM6001, an MMP inhibitor,
the cellular uptake of ACPP by HT-1080 cells was reduced, demonstrating that the uptake
is dependent on MMP activity.

A more investigative approach was used by Zhang et al., who designed DOX loaded
on multifunctional envelope-type mesoporous silica nanoparticles (MEMSM) [117]. The
surface of DOX-loaded MEMSM was functionalized with f—cyclodextrin (CD) via click
chemistry through a disulfide bond. Next, mesoporous silica nanoparticles-CD was
modified by the RGD peptide motif, a ligand for cell surface integrins, and subsequently
by an MMP substrate PLGVR peptide, covalently coupled with polyanion (PASP) to form a
protective layer. In vitro studies demonstrated efficient MEMSM uptake by the squamous
carcinoma SCC-7 cells and human colon cancer HT-29 cells via RGD-mediated interactions
following removal of PASP layer through cleavage of PLGVR by MMP-2, and DOX release
in the presence of glutathione. Viability of both SCC-7 and HT-29 cells incubated with
MEMSM (125 pg/mL) was reduced to 40%, and when MMP inhibitor was added, cell
viability exceeded 70%, demonstrating enzyme—-enhanced drug uptake and highlighting
the role of MMPs in directing the drug to the tumor cells.

A similar approach with the application of another MMP substrate, KDPLGVC pep-
tide, was proposed by Eskandari et al. [118]. The peptide was bound onto the surface of
DOX-loaded MSN through amidation reaction, and then grafted with a gold nanoparticle-
biotin conjugate (GNP) as end—capping and active targeting agent. Amount of DOX
released from MSN-GNP-Bio@DOX increased to 82.5% in the presence of MMP-2 at
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pH 5.5, and due to the Au-S bond breaking, release decreased to 10% in the absence of
MMP-2 and at pH 7.4. The DDSs demonstrated significant efficacy towards 4T1 biotin
receptor—positive cancer cells overexpressing MMP-2 with a high level of cellular uptake
and cell viability reduced to 4% after 72 h treatment. In contrast, viability of T47D breast
cancer cells, which are characterized by a lack of biotin receptor and low MMPs expression,
reached 60% upon the same treatment.

In other studies, DOX was conjugated to humanized IgG1 monoclonal antibody—
trastuzumab by MMP-2 sensitive peptide linker (MAHNP-DOX) [119]. Trastuzumab
targets human epidermal growth factor receptor 2 (HER2), and inhibits HER2-mediated
malignant transformation [120]. In that study, 12-amino acid anti-HER2 peptide mimetic
and GPLGLAGDD MMP-2 sensitive peptides were conjugated to DOX as active targeting
strategy. MAHNP-DOX treatment decreased the growth rate of HER2 positive breast
cancer cell lines BT474 and SKBR3 in a dose-dependent manner (ICsy values 747 and 110
nM for BT474 and SKBRS3 cells, respectively). ICso values were higher (1328.0 and 146.7 nM
for BT474 and SKBR3 cells, respectively) when the cells had been pretreated with MMP-2
inhibitor. In vivo experiments on BT474 tumor-bearing mice showed that MAHNP-DOX
resulted in 74.7% inhibition of tumor growth 25 days following the treatment. In mice
treated with free DOX, inhibition of tumor growth was lower than in mice treated with
MAHNP-DOX. Significant body weight loss was observed only in mice receiving free DOX
rather than MAHNP-DOX.

Zhang et al. prepared dextran—coated Fe304 nanoparticles conjugated with DOX
and chimeric monoclonal antibody cetuximab (DOX-NPs—Cet) for targeted anticancer
therapy [121]. Dextran—coated Fe3O4 nanoparticles without DOX and Cet provided de-
sirable stability and good biocompatibility, allowing for their application as drug carriers.
DOX-NPs-Cet bound specifically to the epidermal growth factor receptor, which is overex-
pressed in non-small lung cancer A549 cells, and released DOX directly into the cells via
endocytosis. Notably, DOX-NPs—Cet exhibited higher cytotoxicity against A549 cells than
DOX-NPs (ICsq values after 48 h 0.22 ug/mL and 0.68 ug/mL, respectively).

In addition, transferrin receptor (TfR) overexpressed in many tumors seems to be
a good target for selective drug delivery to enhance cellular uptake via TfR-mediated
endocytosis [122]. In 2019, Li et al. designed TfR-targeted binding peptide analog BP9a
(CAHLHNRS) coupled with DOX through N-succinimidyl-3-maleimidopropionate as a
crosslinker [123]. Higher cytotoxic effects were observed toward HepG2 hepatoma cells
overexpressing TfR than toward L-O2 normal human liver cells, whereas for free DOX,
only poor selectivity for cancer cells was shown.

Moreover, some reports demonstrated that ferritin, an iron storage protein, success-
fully binds to TfR [124], and has been used to encapsulate chemotherapeutic drugs for
targeted delivery. On the other hand, in the absence of iron, ferritin can form the hallow
apoferritin, which has the same above-mentioned properties as ferritin.

Chen et al. used DOX-loaded apoferritin (DOX-APO) for delivering into the brain to
inhibit the glioma tumor growth [125]. Here, the highly TfR-expressed C6 (glioma cell line)
and bEnd.3 (mouse brain microvascular endothelial cells) cell lines were used to determine
a significant cellular uptake via TfR receptor and efficient blood-brain barrier penetration
by DOX-APO. In vivo studies using C6-beating mice demonstrated an accumulation of
DOX-APO (1 mg/kg DOX) into brain tumor tissues with simultaneous longer mice survival
time. Unfortunately, high liver accumulation was observed, which may introduce some
limitation in the use of nanoparticle and required further analysis. Recently, H-chain
modified apoferritin (TL-HFn) was used to deliver DOX into the cell nucleus after cellular
uptake via TfR receptors and lysosome escape [126]. These studies proved that TL-HFn
could be used as a safe carrier for small molecules without any cytotoxic effects against
HelLa cells. After DOX encapsulation into TL-HFn, the cytotoxicity was observed in a wide
range of concentrations (0.016-4.00 mg/mL) and was comparable to the action of free DOX.

Developing a carrier that induces apoptosis specifically in tumors using tumor necro-
sis factor-related apoptosis-inducing ligand (TRAIL) represents another exciting DDSs
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approach [127]. Jiang et al. developed DOX encapsulated liposomes with TRAIL and
cell-penetrating peptide R8H3, further coated by hyaluronic acid—cross-linked gel shell
(TRAIL/DOX-Gelipo). Hyaluronidase, an extracellular enzyme overexpressed in tumors,
degraded hyaluronic acid—cross-linked gel shell, exposed R8H3 to facilitate the cellular
uptake via endocytosis, and released TRAIL [128]. After the endosomal escape, DOX
accumulated into the cell nucleus to trigger apoptosis. TRAIL/DOX-Gelipo treated by
hyaluronidase showed cytotoxicity toward MDA MB 231 cells significantly higher than
DOX-Gelipo without TRAIL, with ICsq value 83 ng/mL (vs. 569 ng/mL). Additionally,
TRAIL/DOX-Gelipo triggered high DOX accumulation in tumor and efficient tumor
growth suppression.

4. Conclusions

In this review, we discussed DOX delivery systems and their evolution in the last few
years. Since Doxil® and Myocet®, many different DDS concepts appeared to overcome bio-
logical barriers and reduce drug side effects. All summarized technologies share common
ideas of efficient pharmaceutical cargo transportation through the whole body, followed
by DOX maximized accumulation in cancer tissue, improved through controlled release
into cancer cells by a wide spectrum of stimuli. For example, DDSs can be sensitive to
chemical and physical stimuli such as pH changes or light, as well as biological ones, e.g.,
enzymes overexpressed by cancer cells. Therefore, choosing the type of delivery system
and its design is critical. For these reasons, new synthetic approaches and polymerization
methods to create DDSs in a controlled manner with desired features in a relatively short
time are a subject of intensive studies. A tremendous amount of effort is being put into
maximized execution of DOX therapeutic effects towards targeted cells. Future benefits,
that are being expected to be brought with engineered nanotechnology in DDs, involve
overcoming possible physiological conditions against DOX on its road to the targeted
site, simultaneously providing sufficient concentration of the drug to cancerous cells in a
specified therapeutic window. Carefully designed nanocarriers would also harness their
potential to synergistically support DOX in decreasing tumor developments, accompanied
by reduced systemic harmfulness. For all the researchers, it is also crucial to consider
drawbacks that potentially can be faced in the future during technology translation from
the laboratory bench to the clinical trials and product administration to patients. There is
no doubt that the DDSs described in this review demonstrate the potential to form efficient
and targeted systems for future innovations in the field of DOX delivery. However, many
challenges must be improved to achieve clinical trials and FDA approval. In our opinion,
biosafety and biocompatibility are one of the most important parameters of DDSs, and
their lack of toxicity may reduce the risk of side effects and enhance therapeutic outcomes.
As for polymeric DDSs, the major obstacle is their high complexity and architecture which
required advanced polymerization methods to obtain a polymer with high efficiency and
without impurities. Despite their hurdle and difficulties with synthesis, some simple poly-
mers, like PEG, are commonly used to increase the solubility and biocompatibility of DDSs.
Moreover, the rational design of DDSs might be improved by stimuli-responsive moieties
conjugated to previously synthesized polymers. Hundreds of stimuli-responsive DDSs
have been reported up to now, and showed many advantages, like improvement of phar-
macokinetics and accumulation of DOX in the tumor site. Besides, they also may decrease
off-target effects and metastasis. However, the application of stimuli-responsive DDSs
requires better control of drug dose which is released from the carrier in a time-dependent
manner. Unfortunately, many of them are not suitable for in vivo studies, because of non-
biodegradable character or lack of high therapeutic efficacy. On the other hand, targeted
DDSs using, e.g., receptors, are capable to overcome biological barriers associated with
cellular uptake by receptor/ligand-mediated endocytosis. Great efforts have been made
based on binding ligands and open new opportunities for cellular targeting and DDSs
selectivity. This approach is related to surface binding by DDSs and further mechanism
of drug release into the cytosol after the endosomal escape. Targeted DDSs have shown
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promise as potential therapeutic agents, but a detailed understating of their mechanism of
action is needed to avoid nonspecific interactions and achieve delivery to different cancer
cells. Given this, DDSs still have a long way to go in terms of optimization and innovation
in design and development. We believe that thoroughly reviewed information and critical
evaluation of the work progress on DDS in recent years would inspire the creation of new
strategies for the DOX ideal carrier development.
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Gdansk, dnia 19.10.2021 r.
Kamila Butowska

Migdzyuczelniany Wydziat Biotechnologii
Uniwersytetu Gdanskiego i Gdanskiego
Uniwersytetu Medycznego

ul. Abrahama 58

80-307 Gdansk

OSWIADCZENIE WSPOLAUTORA

Ja nizej podpisana, Kamila Butowska o$wiadczam, ze mdj wkiad w publikacje

wchodzace w skfad rozprawy doktorskiej byt nastepujacy:

Tytut: Cytotoxicity of doxorubicin conjugated with Ceo fullerene. Structural and in vitro
studies.

Autorzy: K. Butowska, W. Kozak, M. Zdrowowicz, S. Makurat, M. Rychtowski, A. Ha¢, A.
Herman-Antosiewicz, J. Piosik, J. Rak

Opublikowanej w: Structural Chemistry, 2019, 30, 6, 2327-2338 (DOI: 10.1007/s11224-019-

01428-4).

moj udzial polegal na: zaprojektowaniu koncepcji i planu badan, wykonaniu syntezy
tytulowego  koniugatu, przeprowadzeniu  pomiaréw  spektorofotometrycznych i
spektrofluorometrycznych oraz przy uzyciu DLS, wykonaniu testu cytotoksycznego SRB,
analizie otrzymanych wynikow, przygotowaniu grafik oraz czg$ci manuskryptu dotyczacych

wykonanych eksperymentoéw, korekcie manusktyptu.

Tytul: The product of matrix metalloproteinase cleavage of doxorubicin for anticancer
drug delivery: calorimetric, spectroscopic, and molecular dynamics studies on
peptide-doxorubicin binding to DNA.

Autorzy: K. Butowska, K. Zamojé, M. Kogut, W. Kozak, D. Wyrzykowski, W. Wiczk, J.
Czub, J. Rak, J. Piosik

Opublikowanej w: International Journal of Molecular Sciences, 2020, 21, 18, 6923 (DOI:

10.3390/ijms2118623).
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moj udzial polegal na: zaprojektowaniu koncepcji i planu badan, wykonaniu syntezy
tytulowego koniugatu, przeprowadzeniu trawienia enzymatycznego i analizie HPLC, analizie
otrzymanych wynikow, przygotowaniu grafik oraz przygotowaniu ostatecznej wersji

manuskryptu (autor korespondencyjny).

Tytul: MMPs-sensitive release of doxorubicin as a strategy for cancer targeted therapy.

Autorzy: K. Butowska, W. Kozak, M. Kogut, Z. Pietralik-Moliniska, A. Molinski, K.
Kitowska, M. Kozak, J. Czub, R. Sadej, J. Rak, J. Piosik

Przestanej do: Materials, 2021

Moj udzial polegat na: zaprojektowaniu koncepcji i planu badan, wykonaniu syntezy

tytutowego koniugatu, wykonaniu pomiaréw AFM, przeprowadzeniu testu cytotoksycznego

MTT, analizie otrzymanych wynikow, przygotowaniu grafik oraz przygotowaniu ostatecznej

wersji manuskryptu (drugi autor korespondencyjny).

Tytut: Doxorubicin-conjugated siRNA lipid nanoparticles for combination cancer
therapy.
Autorzy: K. Butowska, X. Han, N. Gong, R. El-Mayta, R. M. Haley, W. Zhong, W. Guo,
M. J. Mitchell
Przestanej do: Acta Pharmacologica Sinica B, 2021
Moj udziat polegal na: zaprojektowaniu koncepcji badan, otrzymaniu badanych uktadow,
przeprowadzeniu pomiaréw DLS, zeta potencjatu i spektrofotometyrycznych, wykonaniu
testow 1 analiz in vitro, okre$leniu profilu uwalniania DOX, uczestniczeniu i przeprowadzeniu
czgSci badan in vivo, analizie otrzymanych wynikéw, przygotowaniu grafik oraz

przygotowaniu tresci manuskryptu.

Tytut: Polymeric nanocarriers: a transformation in doxorubicin therapies.
Autor: K. Butowska, A. Woziwodzka, A. Borowik, J. Piosik
Opublikowanej w: Materials, 2021, 14, 2135. (DOI:10.3390/ma14092135)
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Mo¢j udzial polegal na: opracowaniu koncepcji pracy przegladowej, zebraniu literatury

podmiotu, napisaniu gléwnej czeSci manuskryptu, przygotowaniu figur, przygotowaniu

N

ostatecznej wersji manuskryptu.
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Gdansk, dnia 21.10.2021 r.
dr hab. Jacek Piosik, prof. UG

Pracowania Biofizyki
Migdzyuczelniany Wydziat Biotechnologii
Uniwersytetu Gdanskiego i Gdanskiego

Uniwersytetu Medycznego

OSWIADCZENIE

Oswiadczam, ze moéj wktad w ponizsze publikacje

Tytul: Cytotoxicity of doxorubicin conjugated with Ceo fullerene. Structural and in vitro
studies

Autorzy: K. Butowska, W. Kozak, M. Zdrowowicz, S. Makurat, M. Rychtowski, A. Ha¢, A.
Herman-Antosiewicz, J. Piosik, J. Rak

Opublikowanej w: Structural Chemistry, 2019, 30, 6, 2327-2338 (DOI: 10.1007/s11224-019-
01428-4).

Tytut: The product of matrix metalloproteinase cleavage of doxorubicin for anticancer
drug delivery: calorimetric, spectroscopic, and molecular dynamics studies on
peptide-doxor ubicin binding to DNA.

Autorzy: K. Butowska, K. Zamojé, M. Kogut, W. Kozak, D. Wyrzykowski, W. Wiczk, J. Czub,
J. Rak, J. Piosik

Opublikowanej w: International Journal of Molecular Sciences, 2020, 21, 18, 6923 (DOI:
10.3390/ijms2118623).

Tytut: Polymeric nanocarriers: a transformation in doxor ubicin therapies
Autorzy: K. Butowska, A. Woziwodzka, A. Borowik, J. Piosik
Opublikowanej w: Materials, 2021, 14, 9, 22135 (D Ol: 10.3390/ma14092135).

Tytut: MM P-sendtive release of doxorubicin asa strategy for cancer targeted therapy.
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Autorzy: K. Butowska, W. Kozak, M. Kogut, Z. Pietralik-Molinska, A. Molinski, K. Kitowska,
M. Kozak, J. Czub, R. Sadej, J. Rak, J. Piosik

Przestanej do: Materials

moj udziat polegat na : opieka merytoryczna, interpretowaniu wynikdo1) eksperymentéw oraz

edycji tresci manuskrypu.

Podkreslam, iz mgr Kamila Agnieszka Butowska pelila wiodaca rol¢ w powstanie
powyzszych manuskryptow.

(podpis)

.
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Do VIA CUA
Gdafisk, 20 pazdziemniks 2021 r.

prof. dr hab. Janusz Rak
Wydzial Chemii
Uniwersytet Gdanski

OSWIADCZENIE

Oswiadczam, z¢ méj wkiad do nizej wymienionych publikacji, skladajacych si¢ na
pracg doktorskg mgr Kamili Agnieszki Butowskiej, polegal na uczestniczeniu w:
planowaniu  projektéw, interpretowaniu  wynikéw  cksperymentéw  oraz
przygotowaniu poszczegolnych manuskryptow. :

1. K. Butowska, W. Kozak, M. Zdrowowicz, S. Makurat, M. Rychlowski, A.
Haé, A. Herman-Antosiewicz, J. Piosik, J. Rak, Cytotoxicity of doxorubicin
conjugated with C60 fullerene. Structural and in vitro studies. Structural
Chemistry, 2019, 30, 2327-2338,

2. K. Butowska, K. Zamojé, M. Kogut, W. Kozak, D. Wyrzykowski, W. Wiczk,
J. Czub, J. Piosik, J. Rak, The product of matrix metalloproteinase cleavage
of doxorubicin conjugate for anticancer drug delivery: calorimetric,
spectroscopic, and molecular dynamic studies on peptide-doxorubicin
binding to DNA. International Journal of Molecular Sciences, 2020, 21, 6923.

3. K. Butowska, W. Kozak, M. Kogut, Z. Pietralik-Molinska, A. Molifski, K.
Kitowska, M. Kozak, J. Czub, R. Sadej, J. Rak, J. Piosik, MMPs-sensitive
release of doxorubicin as a strategy for cancer targeted therapy. Przeslana do
Materials. 2021.

ul Wita Stwosza 63, B0-308 Gdadsk
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Gdarisk, dnia 05.08.2021 r.
Prof. dr hab. Anna Herman-Antosiewicz
Katedra Biologii i Genetyki Medycznej
Wydziat Biologii
Uniwersytet Gdanski
Wita Stwosza 59
80-309 Gdansk

OSWIADCZENIE WSPOELAUTORA

Osdwiadczam, ze w pracy pt. Cytotoxicity of doxorubicin conjugated with Ce
fullerene. Structural and in vitro studies (autorzy: K. Butowska, W. Kozak, M. Zdrowowicz.
S. Makurat. M. Rychlowski, A. Haé, A. Herman-Antosiewicz, J. Piosik, J. Rak). opublikowanej
w Strucrural Chemistry, 2019, 30, 6, 2227-2338 (DOI: 10.1007/s11224-019-01428-4)
méj wkiad w jej powstanie polegat na sprawowaniu nadzoru merytorycznego nad czescig
biologiczna badan (testy zywotnosci) craz wspoudziale w przyvgotowaniu manuskryptu.

f‘\ e \NJ Min- (MG
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Gdansk, dnia 03.08.202) r,
dr Aleksandra Haé

Wydzial Biologii
Uniwersytet Gdanski
Wita Stwosza 59
80-309 Gdansk

OSWIADCZENIE WSPOLAUTORA

Os$wiadczam, ze w pracy:

Tytul: Cytotoxicity of doxorubicin conjugated with Cg fullerene. Structural and in vitro
studies.

Autorzy: K, Butowska, W, Kozak, M. Zdrowowicz, S, Makurat, M. Rychlowski, A, Haé, A.
Herman-Antosiewicz, J. Piosik, J. Rak

Opublikowanej w: Structural Chemistry, 2019, 30, 6, 2327-2338 (DOI: 10.1007/s1 1224-019-
01428-4).

mdj udzial polegal na: prowadzeniu hodowli komoérkowych, wspoludzisle w projektowaniu
i wykonaniu testow zywotnosci oraz przygotowaniu preparatéw do mikroskopii konfokalnej.
wspbludziale w opracowaniu wynikéw oraz redagowaniu manuskryptu,

Pelsod "
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Gdansk, dnia 25.09.2021 r.
dr in2. Witold Kozak

Wydzial Chemii
Uniwersytet Gdasiski

ul. Wita Stwosza 80/308
80-308 Gdasisk

OSWIADCZENIE WSPOLAUTORA

Odwiadczam, 2¢ w pracy:

Tytul: Cytotoxicity of doxorubicin conjugated with Ceo fullerene. Structural and in vitro
studies.

Autorzy: K. Butowska, W. Kozak, M. Zdrowowicz, S. Makurat, M. Rychlowski, A. Haé. A.
Herman-Antosiewicz, J. Piosik, J. Rak

Opublikowanej w: Structural Chemistry, 2019, 30, 6, 2327-2338 (DOI: 10.1007/s11224-019-
01428-4),

méj udzial polegal na syntezie tytulowego koniugatu oraz na pomocy przy redagowaniu
manuskryptu.

AL foa

(podpis)
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Gdansk, dma 30.07.2021 r.
dr Samanta Romanowska (Makurat)

Wydzial Chemui
Uniwersytet Gdanski
Wita Stwosza 63
80-308 Gdansk

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze w pracy:

Tytul: Cytotoxicity of doxorubicin conjugated with Ceo fullerene. Structural and in vitro
studies.

Autorzy: K. Butowska, W. Kozak, M. Zdrowowicz, S. Makurat, M. Rychtowski, A. Ha¢, A.
Herman-Antosiewicz, J. Piosik, J. Rak

Opublikowanej w: Structural Chemistry, 2019, 30, 6, 2327-2338 (DOI: 10.1007/511224-019-
01428-4).

ma) udziat polegat na:

e wykonaniu i opracowaniu wynikéw obliczen kwantowochemicznych (TD-DFT).

0 ,ﬂ.on,?LCL ,é?yn,a rwb-féo_
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Gdansk, dnia 09.08.2021 r.
dr Michal Rychlowski

Migdzyuczelniany Wydzial Biotechnologli

Uniwersytetu Gdafiskiego i Gdafiskiego Uniwersytetu Medycznego
Abrahama 58

80-307 Gdansk

OSWIADCZENIE WSPOLAUTORA

Odwiadczam, 2e w pracy:
Tywt:
Cytotoxicity of doxorubicin conjugated with Ces fullerene. Structural and in vitro studies.
Autorzy:
K. Butowska, W. Kozak, M. Zdrowowicz, S. Makurat, M. Rychtowski. A. Ha¢,
A. Herman-Antosiewicz, J. Piosik, J. Rak
Opublikowanej w:

Structural Chemistry, 2019, 30, 6, 2327-2338 (DOI: 10.1007/s11224-019-01428-4).

méj udzial polegal na pomocy w zaprojektowaniu doswiadczen z uzyciem mikroskopu
konfokalnego i wykonaniu zdjeé, oraz wspdludziale w przygotowaniu manuskrypiu,

/(4’5""'//% "m;(/_( /
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Gdansk, dnia 11.08.2021 r.
dr Magdalena Zdrowowicz-Zamojé

Wydzial Chemii
Uniwersytet Gdariski
Wita Stwosza 63
80-308 Gdansk

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, Ze w pracy:

Tytul: Cytotoxicity of doxorubicin conjugated with Ces fullerenc. Structural and in vitro
studies.

Autorzy: K. Butowska, W. Kozak, M. Zdrowowicz, S. Makurat, M. Rychlowski, A. Haé, A.
Herman-Antosiewicz, J, Plosik, J. Rak

Opublikowanej w: Structural Chemistry, 2019, 30, 6, 2327-2338 (DOI: 10.1007/s1 1224-019-
01428-4).

moj udzial polegal na: preeprowadzeniu testu evtotoksycznosci dla badanych zwigzkéw przy
wdyciu testu WST-1. opracowaniu | analizie statysiycznef uzyskanych wynikow.
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Gdansk, dnia 24.09.2021 r.
dr hab. inz. Jacek Czub, prof. PG

Wyadziat Chemiczny
Politechnika Gdanska
ul. Narutowicza 11/12
80-233 Gdansk

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze w pracy:

Tytul: The product of matrix metalloproteinase cleavage of doxorubicin for anticancer
drug delivery: calorimetric, spectroscopic, and molecular dynamics studies on
peptide-doxor ubicin binding to DNA.

Autorzy: K. Butowska, K. Zamojé, M. Kogut, W. Kozak, D. Wyrzykowski, W. Wiczk, J.
Czub, J. Rak, J. Piosik

Opublikowanej w: International Journal of Molecular Sciences, 2020, 21, 18, 6923 (DOI:
10.3390/ijms2118623).

moj wkiad polegat na: wspétudziale w zaprojektowaniu symulacji molekularnych, analizieich
wynikéw oraz napisaniu czesci tekstu dotyczgcego tychze symulagji.

/y’(g& " Lk

(podpis)
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Warszawa, dnia 24.09.2021 r.
dr Mateusz Kogut

Instytut Fizyki

Polska Akademia Nauk
Aleja Lotnikow 32/46
02-668 Warszawa

OSWIADCZENIE WSPOEAUTORA

Oswiadczam, ze w pracy:

Tytul: The product of matrix metalloproteinase cleavage of doxorubicin for anticancer
drug delivery: calorimetric, spectroscopic, and molecular dynamics studies on
peptide-doxorubicin binding to DNA.

Autorzy: K. Butowska, K. Zamoj¢, M. Kogut, W. Kozak, D. Wyrzykowski, W. Wiczk, J.
Czub, J. Rak, J. Piosik

Opublikowanej w: International Journal of Molecular Sciences, 2020, 21, 18, 6923 (DOI:
10.3390/ijms2118623).

mdj udzial polegal na
wspétudziale w zaprojektowaniu symulacji molekularnych, wykonaniu symulacji, analizie ich

wynikéw oraz napisaniu czesci tekstu dotyczqcego tychze symulacji.

/5 /9 Z%%«JK"

(podpis)
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Gdansk, dnin 25.09.2021 r,
dr inz. Witold Kozak

Wydzial Chemii
Uniwersytet Gdanski

ul. Wita Stwosza 80/308
80-308 Gdasnsk

OSWIADCZENIE WSPOLAUTORA

Odwiadczam, 2e w pracy:

Tywt: The product of matrix metalloproteinase cleavage of doxorubicin for anticancer
drug delivery: calorimetric, spectroscopic, and molecular dynamics studies on
peptide-doxorubicin binding to DNA.

Autorzy: K. Butowska, K. Zamojé, M. Kogut, W. Kozak, D. Wyrzykowski, W, Wiczk, J. Czub,
J.Rak, J. Piosik

Opublikowanej w: Intemational Journal of Molecular Sciences, 2020, 21, 18, 6923 (DOI:
10.33907ijms2118623).

méj udzial polegal na syntezie tytulowego koniugatu oraz na pomocy przy redagowaniu
manuskryptu.

N Kesle
(podpis)
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Gdansk, dnia 03.09.2021 r.
Prof. Dr hab. Wieslaw Wiczk

Wydziat Chemii
Uniwersytet Gdanski
Wita Stwosza 63
80-308 Gdansk

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze w pracy:

Tytul: The product of matrix metalloproteinase cleavage of doxorubicin for anticancer
drug delivery: calorimetric, spectroscopic, and molecular dynamics studies on
peptide-doxorubicin binding to DNA.

Autorzy: K. Butowska, K. Zamojé, M. Kogut, W. Kozak, D. Wyrzykowski, W. Wiczk,

J. Czub, J. Rak, J. Piosik

Opublikowanej w: International Journal of Molecular Sciences, 2020, 21, 18, 6923 (DOL:
10.3390/ijms2118623).

méj udziat polegal na wspoétudziale i sprawowaniu nadzoru merytorycznego w pomiarach

spektrofluorymetrycznych.

O b»i qﬂyyz\"&:
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_ Gdansk. dnia 03.08.2021 r.
dr hab. Dariusz Wyrzykowski

Wydzial Chemii
Uniwersytet Gdanski
Wita Stwosza 63

80-308 Gdansk

OSWIADCZENIE WSPOLAUTORA

Oswiadezam. ze w pracy:

Tytl: The product of matrix metalloproteinase cleavage of doxorubicin for anticancer
drug delivery: calorimetric, spectroscopic, and molecular dynamics studies on
peptide-doxorubicin binding to DNA.

Autorzy: K. Butowska. K. Zamojé. M. Kogut. W. Kozak. D. Wyrzykowski. W. Wiczk. J.
Czub. J. Rak. I. Piosik

opublikowanej w: International Journal of Molecular Sciences. 2020, 21, 18. 6923 (DOI:
10.3390/ijms2118623).

moj udzial  polegal  wylgezenic na obsludze  techniczne izotermicznego  kalorymetru
miareczkowego (wykonaniu pomiarow kalorymetrycznych) oraz przekazaniu uzyskanych
wynikow Pani Magister Kamili Butowskiej. Powyzszej pracy nie wykorzystalem i nie
zamierzam wykorzysta¢ w postepowaniu o nadanie jakiegokolwiek stopnia naukowego lub

/Il\\UL]U\\C‘:?U

Dariusz Wyrzvko\vsfi
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Dr ink. Krzysztof Zamojé Gdansk, dnia 03.08.2021 r,

Wydzial Chemii
Uniwersytet Gdanski
Wita Stwosza 63
80-308 Gdansk
OSWIADCZENIE WSPOLAUTORA
Oswiadczam, 2e w pracy

Tytuk The product of matrix metalloproteinase cleavage of doxorubicin for
anticancer drug delivery: calorimetric, spectrescopic, and molecular
dynamics studies on peptide-doxorubicin binding to DNA,

Autorzy: K Butowska, K Zamojé, M. Kogut, W Kozak, D. Wyrzykowski, W Wiczk,
J Czub, J. Rak, J. Piosik

opublikowanej w:

International Journal of Molecular Sciences, 2020, 21, 18, 6923 (DOIL
10.3390/ijms2 1 18623).

moj udzial polegal na przeprowadzeniu wszystkich pomiardw spektrofluorymetrycznych (w
stanie podstawowym) oraz opracowaniu i opisaniu uzyskanych z nich wynikow

dr Int. Krzysztof 2emojé
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Gdansk, dnia 21.10.2021 r.
dr hab. Jacek Piosik, prof. UG

Pracowania Biofizyki
Migdzyuczelniany Wydziat Biotechnologii
Uniwersytetu Gdanskiego i Gdanskiego

Uniwersytetu Medycznego

OSWIADCZENIE AUTORA KORESPONDECYJNEGO
Oswiadczam, ze moj wktad autorow w ponizszg publikacje

Tytut: MM P-sendtive release of doxorubicin asa strategy for cancer targeted therapy.

Autorzy: K. Butowska (K.B.), W. Kozak (W.K.), M. Kogut (M.K.), Z. Pietralik-Molinska (Z.P-
M.), A. Molinski (A.M.) , K. Kitowska (K.K.), M. Kozak (M.K.), J. Czub (J.C.), R.
Sadej (R.S.), J. Rak (J. R.), J. Piosik (J. R.)

Przestanej do: Materials

byt nastgpujgcy:

Koncepcja: K.B., J.R, J.P,; Analiza:, K.B., WK., MK, ZP-M,, AM,, KK, MK, RS, JR,

J.C., JP.; Przeprowadzenie eksperymentow:. K.B.,, WK., MK. ZP-M., AM. KK,

Finansowanie: J.R., J.P.; Pisanie oryginal nego tekstu manuskryptu: K.B., WK., M.K., Z.P-M.,

AM.; Edycja manuskryptu:, K.K, M.K, RS, J.R, J.C., J.P.; Opieka merytoryczna, J.R., J.P.;

administrowanie projektem:, K.B.

Wszyscy autorzy przeczytali i zaakceptowali ostateczng wer §je manuskryptu.

(podpis)

e
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Michael J. Mitchell, Ph.D. University of Pennsylvania

Skirkanich Assistant Professor of Innovation 240 Skirkanich Hall, 210 S. 33 Street
School of Engineering and Applied Science Philadelphia, PA 19104
Department of Bioengineering Phone: 215-898-0882
Abramson Cancer Center Email: mjmitch@seas.upenn.edu

Institute for Translational Medicine and Therapeutics

Philadelphia, 10/12/2021

CORRESPONDING AUTHOR STATEMENT

Here [ declare that authors contribution into the publication:

Title: Doxorubicin-conjugated siRNA lipid nanoparticles for combination cancer
therapy

Autors: K. Butowska, X. Han, N. Gong, R. El-Mayta, R. M. Haley, W. Zhong, W. Guo, M. J.
Mitchell

Submitted on September 29", 2021, to Acta Pharmaceutica Sinica B

was as follows:

K. Butowska and X. Han contributed equally to this work. K. Butowska, X. Han, and M. J.
Mitchell conceived the project and designed the experiments. The experiments were performed
by K. Butowska, X. Han, N. Gong, and W. Zhang and interpreted by all authors. K. Butowska,
X. Han, and M. J. M. wrote the manuscript. K. Butowska designed and prepared the figures.

All authors edited the manuscript and figures and approved the final version for submission.

M. J. Mitchell
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Gdansk, dnia 19.10.2021 r.
PhD Xuexiang Han

Department of Bioengineering
University of Pennsylvania

240 Skirkanich Hall, 210 S. 33rd St
Philadelphia, PA 19104

AUTHOR STATMENT
Here I declare that I contributed equal work below with Kamila Butowska

Title: Doxorubicin-conjugated siRNA lipid nanoparticles for combination cancer therapy.
Authors: K. Butowska, X. Han, N. Gong, R. El-Mayta, R. M. Haley, W. Zhong, W. Guo,

M. J. Mitchell
Submitted to: Acta Pharmacologica Sinica B, 2021

and my contribution into the publication was as follows:

I participated in project design. I was mentoring Kamila Butowska and and help with
experiments.

I consent to the use of the manuscript for Kamila’s Butowska PhD thesis and further

O /7 M?//ﬁ

processing.
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Oklahoma City, dnia 21.09.2021 r.

dr Agnieszka Borowik
Oklahoma Medical Research Foundation
Oklahoma City, OK 73104

Stany Zjednoczone

OSWIADCZENIE WSPOEAUTORA

Oswiadczam, Ze w pracy:
Tytut: Polymeric nanocarriers: a transformation in doxorubicin therapies.
Autorzy: K. Butowska, A. Woziwodzka, A. Borowik, J. Piosik
Opublikowanej w: Materials, 2021, 14, 9, 22135 (DOI: 10.3390/ma14092135).

moj udziat polegat na:
e pomocy W selekcji literatury Zrodiowe;j,
e opracowaniu tekstu manuskryptu — abstrakt,

e wprowadzeniu poprawek i redakcji tekstu.

Agnieszka Borowik
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Gdafsk, dnia 7.09.2021 r,

dr Anna Woziwodzka

Migdzy uczelniany Wydzial Biotechnologii

Uniwersytety Gdusiskiego | Gdanskiego Uniwersytetu Medycznego
ul. Antoniego Abrahama 58

80-307 Gdansk

€N anna woziwodeka@ug edu pl

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, 2e w pracy
Polymeric nanocarriers: a transformation in doxorubicin therapies,
asutorstwa: K. Butowska, A. Woziwodzka, A. Borowik, J. Piosik. kidra zostala opublikowana
w czasopismie Matenials (2021; 14; 2135, doi: 103390/ mals0u2135),

mdj udziul polegal na.
¢ uwdzisie w opracowaniu koncepeji pracy,
* poszukiwaniu 1 wyselekejonowaniu literatury Zrodtowe;j,
* krytyczne; analizie zebranej literatury,
o onfacnwaniu tekstu manuskryptu - rozdzial ‘Introduction”,
* sprowadzeniu istotnych merytoryeznie poprawek do catosi tekstu manuskryptu,

ozl

Anna Woziwodzka
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I X. Spis dorobku naukowego

1. Pozostale publikacje nie wchodzace w sklad rozprawy doktorskiej

e [P6] D. O. Zavodovskiy, N. V. Bulgakova, I. Sokotowska, Y. Pryluskyy, U. Ritter,
0. 0. Gonchar, A. I. Kostyukov, O. V. Vlasenko, K. Butowska, J. Piosik, A.V. Maznychenko,
Water-soluble pristine C60 fullerenes increase in force of isometric muscle contraction in
inflammatory pain model in rats. Scientific Reports, 2021, przestana
Wspotczynnik wplywu: 4.379

e [P7] H. Zhang, X. Han, M. G. Alameh, M. S. Padilla, L. Xue, K. Butowska, D. Weissman,
M. J. Mitchell, Rational design of anti-inflammatory lipid nanoparticles for mRNA delivery.
Journal of Biomedical Materials Research -Part A, 2021, w recenzji
Wspotczynnik wplywu: 4.396

e [P8] X. Han, H. Zhang, K. Butowska, K. L. Swingle, M.-G. Alameh, D. Weissman,
M. J. Mitchell, An ionizable lipid toolbox for RNA delivery. Nature Communications, 2021,
w recenzji
Wspotczynnik wptywu: 14.919

e [P9] O. O. Gonchar, A.V. Maznychenko, O.M. Klyuchko, .M. Mankovska, K. Butowska,
A. Borowik, J. Piosik, I. Sokotowska, Ceo fullerene reduces 3-nitropropionic acid-induced
oxidative stress disorders and mitochondrial dysunction in rats by modulation of P53, Bcl-2
and Nrf2 targeted proteins. International Journal of Molecular Sciences, 2020, 21, 6923.
Wspotczynnik wplywu: 5.923

o [P10] A.V. Maznychenko, N.V. Bulgakova, I. V. Sokotowska, K. Butowska, A. Borowik,
O.P. Mankivska, J. Piosik, T. Tomiak, O.0. Gonchar, V.O. Maisky, A.l. Kostyukov, Fatigue-
induced Fos immunoreactivity within the lumbar cord and amygdala decreases after Cgo
fullerene pretreatment, Scientific Reports, 2020, 10, 1-12.

Wspolczynnik wplywu: 4.379

e [P11] H. Myszka, D. Grzywacz, M. Zdrowowicz, P. Spisz, K. Butowska, J. Rak, J. Piosik,
M. Jaskiewicz, W. Kamysz, B. Liberek, Design, synthesis and biological evaluation of betulin-
3-yl 2-amino-2-deoxy-B-D-glycopyranosides. Bioorganic Chemistry, 2019, 30, 2327-2338.
Wspotczynnik wpltywu: 5.275

o [P12] A. Borowik, K. Butowska, K. Konkel, R. Banasiuk, N. Derewonko, D. Wyrzykowski,
M. Davydenko, V. Cherepanov, V. Styopkin, Y. Pryluskyy, P. Pohl, A. Kroélicka, J. Piosik, The
impact of surface functionalization on the biophysical properties of silver nanoparticles.
Nanomaterials, 2019, 9, 973.

Wspolczynnik wplywu: 4.034

o [P13] J. Ameixa, E. Arthur-Baidoo, R. Meisser, S. Makurat, W. Kozak, K. Butowska,
F. Ferreira da Silva, J. Rak, S. Denifl, Low-energy electron-induced decomposition of
5-trifluoromethanesulfonyl-uracil: a potential radiosensitizer. The Journal of Chemical
Physics, 2018, 149, 164-307.

Wspotczynnik wptywu: 3.488
Sumaryczny wspotczynnik wptywu: 46.339

Sumaryczny wspotczynnik wptywu publikacji [P1] — [P13]: 72.438
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2. Rozdzialy w monografiach

[R1] M. Zdrowowicz, L. Chomicz-Manka, K. Butowska, P. Spisz, K. Falkiewicz, A. Czaja,
J. Rak, DNA damage radiosensitizers geared towards hydrated electrons w Practical Aspects
of Computional Chemistry V. Ed. J. Leszczynski oraz M. Shukla, Springer, 2022, ISBN 978-3-
030-83243-8.

3. Granty i stypendia badawcze

[G1] Narodowe Centrum Nauki, Maestro (2015 — 2016): Od modelu molekularnego in silico do
odpowiedzi komorkowej in vitro. Modyfikowane nukleozydy jak radio- bgd?/i fotosensybilizatry
uszkodzen DNA.

Rola: Wykonawca

[G2] Europejski Fundusz Spoteczny, Konkurs Amber (2014 — 2015): Radiosensybilizatory
0 wysokim powinowactwie to elektronu-mimetyki tlenu. Badania fizykochemiczne
1 komorkowe.

Rola: Kierownik

4. Staze naukowe

Uniwersytet Pensylwanii, Filadelfia, Stany Zjednoczone (2020 — 2021)

Uniwersytet Ludwika Maksymiliana, Monachium, Niemcy (2014)

5. Konferencje

Referaty ustne:
[K2] K. Butowska, M. Zdrowowicz, J. Rak, Badania fizykochamiczne nad wiasciwsciami

metronidazolu - potencjalnego radiosensybilizatora uszkodzern DNA, 1V Poznanskie
Sympozjum Mtodych Naukowcow, Poznan, Polska, 2017.

[K3] K. Butowska, M. Zdrowowicz, M. Sosnowska, P. Spisz, I. Serdiuk, J. Rak, Ocena
cytotoksycznosci pochodnych uracylu jako potencjalnych sensybilizatorow DNA, XLV
Ogolnopolska Szkota Chemii "Chemia na fali”, Rozewie, Polska, 2016.

[K4] K. Butowska, M. Zdrowowicz, P. Wityk, K. Stoknicki, K. Bobrowski, J. Rak, Dwie
twarze metronidazolu. Protektor czy radiosensybilizator DNA? XLIII Ogoélnopolska Szkota
Chemii "Chemia wydobyta wiedzg", Pokrzywna, Polska, 2015.

[K5] K. Butowska, Nitroimidazole jako sensybilizatory stosowane w walce z nowotworami,
XLI Ogoélnopolska Szkota Chemii "W sieci chemii", Karpacz, Polska, 2014.

Postery:
[PS2] J. Ameixa, E. Arthur-Baidoo, R. MeiBner, S. Makurat, W. Kozak, K. Butowska,

F. Ferreira da Silva, J. Rak, S. Denifl, Electron attachment of OTfU: a potential radiosensitizer,
MD-GAS WG1 & WG2 Meeting, on-line, 2021.

[PS3] I. Mruk, K. Butowska, J. Piosik, Influence of platinum nanoparticles on the biological
activity of doxorubicin, e-Zjazd Zimowy SSPTChem, on-line, 2020.

[PS4] P. Beldzinska, K. Butowska, D. Wyrzykowski, J. Piosik, Interactions of platinum
nanoparticles with cisplatin and their influence on the biological activity of the analyzed
substance, e-Zjazd Zimowy SSPTChem, 2020.
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[PS5] I. Mruk, K. Butowska, D. Wyrzykowski, Modulation of doxorubicin biological activity
by platinum nanoparticles, | Studenckie Sympozjum Chemiczne, on-line, 2020.

[PS5] P. Beldzinska, K. Butowska, D. Wyrzykowski, J. Piosik, Interactions of platinum
nanoparticles with cisplatin and carboplatin, and their influence on the biological activity of
the analyzed substances, on-line, 2020.

[PS6] K. Butowska, A. Borowik, K. Konkel, D. Wyrzykowski, J. Piosik, Functionalized silver
nanoparticles interactions with model mutagen ICR-191, Intercollegiate Biotechnology
Symposium "Symbioza", Warszawa, Polska, 2019.

[PS7] K. Konkel, K. Butowska, D. Wyrzykowski, J. Piosik, Functionalized silver nanoparticles
and their interactions with anthracycilne antibiotic - doxorubicin, Intercollegiate
Biotechnology Symposium ""Symbioza", Warszawa, Polska, 2019.

[PS8] K. Bankowska, K. Butowska, J. Piosik, Modulation of daunomycin activity by silver
nanopatrticle, Intercollegiate Biotechnology Symposium "Symbioza", Warszawa, Polska, 2019.

[PS9] K. Konkel, K. Butowska, A. Borowik, D. Wyrzykowski, J. Piosik, Charakterystyka
biofizyczna nanoczgstek srebra i ich oddziatywania z mutagenem akrydynowym ICR-191, XXV
Konferencja Naukowa Wydzialu Farmaceutycznego z OML, Gdansk, Polska, 2018.

[PS10] K. Butowska, M. Zdrowowicz, J. Rak, Metronidazole - a potential radiosensitizer,
9th PULS Conference on Pulse Investigations in Chemistry, Physics and Biology and 4th
PKCM Conference on Reaction Kinetics in Condensed Matter, 1.6dz, Polska, 2018.

[PS11] A. Woziwodzka, A. Borowik, K. Butowska, J. Piosik, Assessing caffeine impact on cell
membrane integrity, 5th European Join Theoretical/Experimental Meeting on Membranes,
Krakow, Polska, 2017.

[PS12] K. Butowska, How do oxygen-mimetic radiosensitizers work? Theoretical and
experimental studies, Bioinnovation International Summit, Gdansk, Polska, 2017.

[PS13] K. Butowska, M. Zdrowowicz, P. Wityk, J. Rak, Na drodze do rozwigzania zagadki
radiosensybilizujacego dziatania metronidazolu, XLIV Ogolnopolska Szkota Chemii "Poznaj
nasza chemie”, Poznan, Polska, 2016.

[PS14] K. Butowska, M. Zdrowowicz, P. Wityk, M. Zyndul, K. Stoknicki, K. Bobrowski,
J. Rak, Influence of metronidazole on DNA damage induced by ionizing radiation. Is
metronidazole a radiosensitizer or radioprotector? 55 Zjazd Polskiego Towarzystwa
Chemicznego, Gdansk, Polska, 2015.

[PS15] K. Butowska, P. Wityk, L. Chomicz, J. Rak, Oxygen-mimetic radiosensitizers for use
in radiotherapy, International Science Conference-Chemistry, Environmental and
Nanotechnology, Gdansk, Polska, 2015.

[PS16] K. Butowska, P. Wityk, L. Chomicz, J. Rak, Jak dziatlaja radiosensybilizatory?
Badania metoda teorii funkcjonatu gestosci (DFT), Ogoélnopolskie Mikrosympozjum
Chemikow "Chemia-zaczyna sie dzis", Biatystok, Polska, 2015.

[PS17] P. Wityk, L. Chomicz, M. Wieczor, J. Czub, K. Butowska, J. Rak, A DFT study of

radiosensitizers, CECAM Tutorial: Hybrid Quantum Mechanics/Molecular Mechanics
(QM/MM), Approaches to Biochemistry and Beyond, Lozanna, Szwajcaria, 2015.
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o [PS18] P. Wityk, K. Butowska, L. Chomicz, J. Rak, How do oxygen-mimetic radiosensitizers
work? A DFT study, 22nd Young Research Fellows Meeting Chemistry and Biology:
a permanent dialogue, Paryz, Francja, 2015.

e [PS19] K. Butowska, Radiosensibilizatory o wysokim powinowactwie do elektronu, XVII
Zjazd Zimowy Sekcji Studenckiej Polskiego Towarzystwa Chemicznego, Wroctaw, Polska,
2014.

o [PS20] K. Butowska, Green Fluorescence Protein - niezwykie biatko o szerokim spectrum
zastosowan, XL Ogolnopolska Szkota Chemii "Chemia zrodzona z natury", Augustow, Poland,

2014.

Sumaryczna ilo$¢ konferencji: 25

6. Nagrody i wyrdznienia

o Narodowa Agencja Wymiany Akademickiej, Program im. Iwanowskiej (2020 — 2021):
Multifunctional lipid nanoparticles for overcoming biological barriers to drug delivery.

o Zwickszone stypendium z dotacji projakosciowej dla najlepszych doktorantow MWB UG-
GUMed (2017 — 2021)
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