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Rozdzial 1. Wykaz publikacji bedacych podstawg rozprawy doktorskiej

Sumaryczny Impact Factor (IF) dla cyklu publikacji: 13.241

Laczna liczba punktow wedhug listy czasopism punktowanych Ministerstwa Edukacji i Nauki
(MEiN): 280 punktow.

h-index: 3

Wykaz publikacji bedacych podstawa rozprawy doktorskiej:

Publikacja |

Milewska Sylwia, Niemirowicz-Laskowska Katarzyna, Siemiaszko Gabriela, Nowicki Piotr,
Wilczewska Agnieszka Zofia, Car Halina: Current Trends and Challenges in
Pharmacoeconomic Aspects of Nanocarriers as Drug Delivery Systems for Cancer Treatment.
International Journal of Nanomedicine, 2021: 16, s. 6593-6644, DOI: 10.2147/1JN.S323831,
IF: 7.033, MNiSW/MEIN: 140.0. Cytowania: 10/12 (Web of Science/Scopus).

Publikacja Il

Milewska Sylwia, Siemiaszko Gabriela, Wilczewska Agnieszka Zofia, Misztalewska-
Turkowicz Iwona, Markiewicz Karolina Halina, Szymczuk Dawid, Sawicka Diana, Car
Halina, Lazny Ryszard, Niemirowicz-Laskowska Katarzyna: Folic-acid-conjugated
thermoresponsive polymeric particles for targeted delivery of 5-fluorouracil to CRC cells.
International Journal of Molecular Sciences, 2023: 24(2), 1364, s. 1-25, DOL:
10.3390/ijms24021364, IF: 6.208, MNiSW/MEIN: 140.0.



Rozdzial 2. Wprowadzenie

Nanotechnologia jest jedng z najbardziej dynamicznie rozwijajacych si¢ dziedzin nauki i
techniki, ktora taczy w sobie elementy innych nauk, w tym biologii, chemii, mechaniki oraz
informatyki, co w konsekwencji nadaje jej interdyscyplinarny charakter dajac podstawy do jej
zastosowania w naukach medycznych. Odgrywa to znaczacg role w rozwoju medycyny, w
tym terapii celowanej dedykowanej leczeniu nowotworow [1].

Produktami nanotechnologii sg nanoczastki, ktore zgodnie z definicjg sg strukturami o
wielkosci do 100 nm przynajmniej w jednym wymiarze. Nanostruktury charakteryzujg sie
unikalnymi parametrami fizykochemicznymi oraz wilasciwosciami biologicznymi dzieki
czemu ich zastosowanie w terapii (leczenie celowane, fotouczulanie, hipertermia), jak
rowniez W diagnostyce (detekcja, obrazowanie) roznych chorob, zwlaszcza chordb
nowotworowych daje wiele nowych mozliwosci terapeutycznych. Na szczegdlng uwage
zastuguje uzycie inteligentnych systemoéw kontrolowanego dostarczania lekow (ang. Smart
Drug Delivery Systems, SDDS) oraz terapia celowana (ang. Target Therapy, TT) jak rowniez
techniki diagnostyczne, tj. nowoczesne techniki obrazowania w czasie rzeczywistym [2-5].

Rak jelita grubego jest trzecim najczeSciej diagnozowanym nowotworem na §wiecie. Na
podstawie danych opublikowanych przez International Agency for Research on Cancer w
2020 r., w bazie GLOBOCAN 2020, wykazano, iz zdiagnozowano okoto 2 mln nowych
przypadkow raka jelita grubego, z czego wigkszos¢ — ponad milion nowych przypadkow
(1065960) odnotowano u me¢zczyzn, za§ ponad 800 tys. nowych zachorowan stwierdzono u
kobiet [6-7]. Ze wzgledu na czgsto$¢ wystepowania, rak jelita grubego znalazt si¢ na drugim
miejscu wsrdd kobiet 1 na trzecim miejscu wsrod mezezyzn 1 w 2020 r. byl odpowiedzialny za
ponad 90 tysiecy zgonow [6-7]. Zgodnie z polskimi danymi epidemiologicznymi, rak jelita
grubego jest drugim pod wzgledem wystgpowania i §miertelno§ci nowotworem, czestszy jest
tylko rak ptuca u m¢zczyzn i rak piersi u kobiet. Co roku jest diagnozowany u ponad 18 tys.
0osOb, z czego 11 tys. pacjentow umiera [6-7]. Analizy predykcyjne umozliwiajg
prognozowanie i oszacowanie liczby nowych diagnozowanych przypadkéw nowotworow
jelita grubego i wskazuja, ze w Polsce liczba ta bedzie stale wzrasta¢ az do 2040 r. [8].
Szacuje si¢, ze dynamika wzrostu wzgledem 2018 r. w 2040 r. (13271 w 2018 r. 1 17925 w
2040 r.) wyniesie ok. 35% [9].

W terapii pacjentow z zdiagnozowanym nowotworem jelita grubego lekiem z wyboru
jest 5-fluorouracyl (5-FU) stosowany zarowno w monoterapii, w oparciu o schematy lekowe,

a takze w terapiach innowacyjnych, takich jak programy lekowe czy medycyna
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spersonalizowana. Powyzsze wynika z faktu, iz bazujac na danych pochodzacych z analiz
cech fenotypowych, transkryptomicznych i metabolomicznych tkanek, 5-FU ma
udowodnione badaniami naukowymi wyzsze powinowactwo do tkanek okr¢znicy niz do
pozostatych organéw w ciele cztowieka [10]. Z chemicznego punktu widzenia, 5-FU jest
fluorowa pochodng uracylu nalezaca do antymetabolitow pirymidyn, ktérych mechanizm
dziatania polega na inhibicji syntazy tymidylanowej (ang. Thymidylate Synthase, TS) [11-
12]. Podanie pacjentowi 5-FU prowadzi do inaktywacji wigkszosci czgsteczek leku przez
dehydrogenaze dihydropirymidynowa (ang. Dihydropyrimidine Dehydrogenase, DPD), a
nastepnie pozostata czg$¢ jest przeksztatcana do monofosforanu 5-fluorodeoksyurydyny (5-
FAUMP), ktéra hamuje aktywnos$¢ syntazy tymidylanowej, w konsekwencji uniemozliwiajac
metylacj¢ monofosforanu deoksyurydyny (ang. Deoxyuridine Monophosphate, dUMP) i
monofosforanu deoksytymidyny (ang. Thymidine Monophosphate, dTMP) [12]. Wyzej
scharakteryzowane procesy powoduja znaczne zmniejszenie zdolnosci komoérek do replikacji
1 naprawy DNA, co interferuje w proces ich podziatu. Wynikiem terapii jest zahamowanie
proliferacji komorek nowotworowych i skierowanie ich na szlak apoptozy badz nekrozy [12-
13].

Ocena skutecznosci leczenia w oparciu o 5-FU dowodzi, ze wskazniki odpowiedzi
pacjentdw na leczenie sg niskie, co ma bezposredni zwigzek z predyspozycjami do rozwoju
wrodzonej lub nabytej opornosci na ten lek. Powyzsze moze doprowadzi¢ do powaznych
ograniczen w efektywnym leczeniu pacjentow 1 w rezultacie osiagnig¢ciu niewielkich korzysci
terapeutycznych [14]. Co wigcej, nalezy podkreslic¢, ze terapia 5-FU obcigzona jest ryzykiem
wystapienia znacznych efektow ubocznych, a ich nasilenie moze by¢ wigksze, jezeli lek
bedzie podawany w skojarzeniu z innymi chemioterapeutykami. Dziatania niepozadane
mozna podzieli¢ na te, ktoére wystepuja bardzo czesto, czesto, rzadko oraz bardzo rzadko. W
terapii 5-FU bardzo czgsto wystepuja zaburzenia hematologiczne objawiajace si¢
zaburzeniem ilosci, jak 1 funkcji komorek krwi 1 szpiku kostnego, widocznymi jako
leukopenia, agranulocytoza, matoptytkowos¢ oraz niedokrwistos¢. Do dziatan niepozadanych,
ktoére wystepuja czesto mozna zaliczy¢: nudno$ci, wymioty, biegunke oraz jadtowstret. W
przebiegu leczenia moga wystapi¢ réwniez inne dziatania niepozadane takie jak: goraczka,
przetrwale zapalenie bton $luzowych jamy ustnej, trudne do leczenia owrzodzenia i
krwawienia z calego odcinka przewodu pokarmowego. Mozliwe s3g rowniez reakcje
nadwrazliwosci takie jak §wiad, zmiany skorne czy przemijajace zmiany w obrgbie paznokci,
a takze sporadycznie odnotowuje si¢ niebezpieczne reakcje anafilaktyczne. Podczas terapii 5-

FU u pacjentow odnotowano znaczng kardiotoksyczno$¢ manifestujacg sie jako wstrzas
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kardiogenny, nagle zatrzymanie krazenia, zawal mig¢snia sercowego. Stwierdzono takze
zwigzek terapii 5-FU z wystgpowaniem niedokrwiennego udaru moézgu, a takze martwicy
watroby [15-16].

Warto zwrdci¢ uwage na fakt, iz w leczeniu raka jelita grubego osiggnigto pewne
postepy, ale pacjenci w stadium przerzutowym, ktérzy nie kwalifikuja si¢ do intensywnej
terapii wcigz maja do dyspozycji niewiele opcji terapeutycznych. Jezeli choroba jest
rozpoznana w zaawansowanym stadium to czgs$¢ pacjentow jest w Srednim lub ztym stanie
ogolnym. U takich pacjentdw nie stosuje si¢ agresywnego leczenia, a opcji terapeutycznych
jest zdecydowanie mniej. Wprowadzenie metody leczenia opartej na nanotechnologii daje
ogromne  mozliwosci w  pokonaniu  ograniczen  konwencjonalnej  terapii
przeciwnowotworowej [11]. Opracowuje si¢ rozne formy i struktury nanomateriatlow, ktore
moga by¢ w sposdb znamienny wykorzystywane do leczenia nowotwordéw nie tylko za
pomoca chemioterapii, ale takze radioterapii (promieniowanie Gamma, Beta, X) [17-19] oraz
terapii fotodynamicznej (ang. Photodynamic Therapy, PTD) [20-22] lub termicznej (ang.
Hyperthermal Therapy, HT) [23-25].

Dane literaturowe wskazuja, iz 5-FU podawany w postaci iniekcji pozwala uzyskaé
obiektywng odpowiedz u 20% pacjentdw, zas podawany w cigglym wlewie dozylnym
zwigksza odsetek odpowiedzi, ale nie wywiera wplywu na czas przezycia chorych.
Udowodniono, ze leczenie uzupetniajace oparte na 5-FU i folinianie wapnia zmniejsza
wzgledne ryzyko wznowy nowotworu o 45%, a zgonu o 33%. Takie rozwigzanie rdwniez
prowadzi do zwigkszenia odsetka trzyletnich przezy¢ wolnych od choroby prawie o 20% (z
44% do 62%), a przezy¢ calkowitych o ponad 10% (z 64% do 76%). Innym
chemioterapeutykiem wykazujacym podobna skuteczno$¢ jest kapecytabina, ktorej
stosowanie nie wymaga koniecznosci przebywania pacjentow na oddziatach czy w
ambulatoriach szpitalnych. Dodanie oksaliplatyny do powyzszych lekéw zwigksza
skuteczno$¢ leczenia tylko w niewielkim stopniu, a nasila objawy niepozadane, takie jak
cigzka polineuropatia [26].

Eksperci podkres$laja, Zze zaangazowane nowego rodzaju rozwigzan terapeutycznych i
metod diagnostycznych pozwala na wydluzenie przezycia pacjenta ze zdiagnozowanym
nowotworem jelita grubego nawet trzykrotnie w poréwnaniu do poprzednich dziesiecioleci -
wowczas mozna bylo przedluzy¢ zycie pacjenta z rozsianym rakiem jelita grubego o 12
miesigcy [27].

Rosngca liczba doniesien literaturowych potwierdza, iz zastosowanie rozwigzan z

dziedziny nanotechnologii w poréwnaniu ze standardowym schematem leczeniem znacznie
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ogranicza wystepowanie dziatan niepozadanych [25, 28]. Niewatpliwe, posiadanie
mozliwo$ci uwolnienia leku w obrgbie nowotworu jest znacznie korzystniejsze od
ogoélnoustrojowej dystrybucji cytostatyku [29-31]. Powyzsze zwigzane jest ogdlng ideg
zastosowania inteligentnych, wrazliwych na bodzce nos$nikow lekow jako systemow do
selektywnego 1 ukierunkowanego dostarczenia substancji aktywnej do docelowych komorek i
tkanek, a nastgpnie uwolnienia jej w sposob kontrolowany, pomijajac przy tym zdrowe
narzady i czeSci ciala [5]. Kolejnym istotnym aspektem zwigzanym z osiggnieciem przez
nanonosnik punktu docelowego jest jego funkcjonalizacja tj. zastosowanie tzw. ligandow
nakierowujacych. Ich obecno$¢ nadaje no$nikom lekéw charakter multifunkcjonalny, co
stanowi kluczowy element w nowoczesnej terapii celowanej. Powyzsza idea opiera si¢ na
tzw. bio-targetingu czyli podtgczeniu do powierzchni nanotransportera zawierajacego w sobie
czasteczki leku, charakterystycznych dla danego nowotworu ligandow receptorowych, np.
czasteczek kwasu foliowego, peptydow integrynowych o sekwencji RGD / NLS lub
czasteczek aktywnych btonowo, np. peptydow badz ich mimetykéw sterydowych.
Osiagnigcie wysokiego powinowactwa i1 specyficzno$ci w stosunku do komoérek guza z
pomini¢ciem aktywnosci w stosunku do komorek niezmienionych nowotworowo opiera si¢
zaréwno na unikalnych wtasciwosciach fizykochemicznych i morfologicznych nanouktadow
oraz ich wlasciwosciach farmakologicznych [25, 32-33].

Jednymi z najbardziej obiecujacych kandydatow rozpatrywanych jako potencjalne
nos$niki lekow sa nosniki polimerowe. Ze wzgledu na wysoka biokompatybilno$¢ z
komoérkami gospodarza, zdolno$ci regeneracyjne 1 immunomodulujgce nanoczastek
polimerowych oraz mozliwo$¢ poprawy parametrow farmakokinetycznych stosowanych
obecnie chemioterapeutykow, istnieje mozliwo$¢ zastosowania tego typu nanono$nikow
jako komponentow badz tez jako nowych form lekow w nowoczesnej terapii
przeciwnowotworowej [5, 11]. W zwiazku z powyzszym, projektowane sg tzw. inteligentne
no$niki polimerowe [34]. Ich nazwa zwigzana jest z faktem, iz w odpowiedzi na zmiang
warunkow $rodowiska, tj. pH, temperatury, obecnos¢ pola magnetycznego sg one zdolne do
uwolnienia enkapsulowanej substancji aktywnej w sposob bodzco-zalezny. Czasteczka leku
moze by¢ uwigziona w nos$niku polimerowym w wyniku utworzenia wigzan kowalencyjnych
lub poprzez oddziatywania niekowalencyjne. W idealnych warunkach substancje czynne beda
zakotwiczone w no$niku o duzej fadownosci z zapewniong zdolnoscig do uwalniania ich w
sposob kontrolowany [33].

Zastosowanie  no$nikobw  lekow na  bazie polimerow  termowrazliwych

sfunkcjonalizowanych ligandem nakierowujagcym zdolnych do skompleksowania substancji
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aktywnej moze przyczyni¢ si¢ do zniesienia problemu lekoopornosci komorek
nowotworowych [35], definiowanej jako ich niewrazliwo$¢ na leczenie dedykowanym
chemioterapeutykiem. W skutek lekoopornosci zastosowanie zatozonego w wytycznych
postepowania terapeutycznego jest w duzym stopniu ograniczone, uniemozliwiajac tym
samym efektywna terapi¢ [36]. Wyrdznia si¢ rézne mechanizmy odpowiedzialne za
wytworzenie lekoopornosci przez komoérki nowotworowe. Nalezg do nich m. in.: zdolnos$¢
komorek zmienionych nowotworowo do hamowania apoptozy, co ma zwigzek z
rozregulowaniem szlaku apoptozy, nadekspresja biatek transportowych, ktére sg
odpowiedzialne za usuwanie chemioterapeutyku z komorek; aktywnoscig enzymow i / lub
bialek docelowych, ktora jest zalezna od zwigkszenia ich ekspresji w komadrkach zmienionych
chorobowo lub zmniejszenia powinowactwa wzgledem leku, co ostatecznie wplywa na
zaburzony targeting; zmieniona adhezja komorek objetych procesem nowotworowym,;
nasilenie procesé6w naprawczych uszkodzonego DNA w wyniku dziatania produktow
leczniczych [36]. W przypadku 5-FU znaczaca role w powstawaniu zjawiska lekoopornosci
ma zmieniony metabolizm tego leku.

Przeprowadzone przez nas badania poparte doniesieniami literaturowym potwierdzaja,
iz zastosowanie swoistych, wrazliwych na bodzce uktadoéw polimerowych jak i nanohybryd
polimerowo-magnetycznych jako nosnikow lekéow badz tez skladowych terapii
kombinowanej moze uwrazliwi¢ komorki nowotworowe na dany chemioterapeutyk [28].
Powyzsze moze by¢ zrealizowane kilkoma drogami. Pierwsza z nich bazuje na mechanizmie
wzajemnego oddziatywania pomig¢dzy nos$nikiem, a komorka neoplastyczng. Nosnik ten moze
zmieni¢ drog¢ transportu leku do wnetrza komorki znoszgc tym samym lekoopornos$¢ o
charakterze btonowym [28, 35]. Drugi mechanizm opiera si¢ na zdolnosci no$nikéw do
uwolnienia substancji aktywnej pod wptywem bodzcow zewngetrznych, np. w srodowisku o
obnizonym pH Iub podwyzZszonej temperaturze. W zwigzku z powyzszym, wlasciwosci
nanomaterialow moga by¢ szczegolnie wykorzystywane do leczenia nowotworow nie tylko za
pomocg chemioterapii, ale takze w metodzie leczenia wykorzystujacej terapie
fotodynamiczng lub hipertermig [28, 31].

Powyzsze ma tez znaczenie w aspekcie farmakoekonomicznym, ze wzgledu na fakt, iz
zastosowanie nosnikOw w terapii nowotworOw moze przyczyni¢ si¢ do racjonalizacji
farmakoterapii chordb nowotworowych, zwlaszcza w zakresie wydatkow ponoszonych na
leczenie, co w przysztosci moze utatwi¢ decydentom ochrony zdrowia identyfikacj¢ potrzeb
pacjentdw onkologicznych [11, 37-45]. Co wigcej, warto zauwazy¢, ze w 2018 r. sredni koszt

terapii rocznej lekow finansowanych w ramach programoéow lekowych w przeliczeniu na
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pacjenta na podstawie realnej wartosci refundacji rozliczonych mg leku wynosit nieco ponad
40 tys. zt [46]. Analiza skutecznosci leczenia przy zastosowaniu 5-FU pokazuje, ze wskazniki
odpowiedzi pacjentéw na leczenie sg niskie, co jest bezposrednio zwigzane ze sktonnoscig do
rozwoju wrodzonej lub nabytej opornosci na ten lek [12]. Moze to skutkowaé powaznymi
ograniczeniami w  efektywnym leczeniu pacjentdow 1 niewielkimi korzy$ciami
terapeutycznymi [47-48]. Nalezy podkresli¢, iz dzigki przeprowadzeniu rdéznego rodzaju
analiz farmakoekonomicznych mozliwe jest oszacowanie redukcji w kosztach przysztego
leczenia oraz wzrostu produktywnosci, wynikajacego z mniejszej chorobowosci i
wydtuzonego przezycia pacjentow onkologicznych [37-45]. W tym celu stosuje si¢ tzw.
wskazniki efektywnos$ci diagnostyki onkologicznej i leczenia onkologicznego, np. wskaznik
przezy¢ 5-letnich, unikanie niepotrzebnej hospitalizacji w trakcie chemioterapii lub czas od

przeprowadzenia konsylium do rozpoczecia pierwszego etapu leczenia raka [49].

Podsumowujac, zastosowanie inteligentnych systemdéw nanotargetingu jakimi sa
polimerowe nos$niki lekéw mozne przyczyni¢ si¢ do znacznej poprawy efektywnosci
dostarczania substancji czynnej zawartej w nosniku bezposrednio do miejsca zmienionego
chorobowego. Ma to réwniez przetozenie na poprawe skutecznosci leczenia oraz redukeji i
nasilenia dzialan niepozadanych takich jak, np. immunosupresja szpiku kostnego, ostra
kardiotoksyczno$¢ oraz przewlekte zapalenie btony $luzowe;j jelit. W zwiazku z powyzszym,
podczas projektowania systeméw dostarczania lekéw nalezy rozwazy¢ wiele sktadowych,
w tym droge podawania, formulacje no$nikéw 1 pdzniejszy transport przez btony biologiczne,
profil molekularny nowotworu, obecno$¢ receptorow powierzchniowych jak réwniez
szczegblne warunki, jakie panuja w miejscu zmienionym chorobowo (pH, temperatura).
W konsekwencji, nalezy wykorzysta¢ rozwigzania syntetyczne pozwalajace na otrzymanie
materialow  wrazliwych na bodzce oraz podatnych na dalsza funkcjonalizacje
powierzchniowa, aby kontrola procesu dostarczania oraz uwalniania leku byta osiagnigta w
sposob ukierunkowany w miejscach objetych procesem patologicznym, w odpowiedzi na
okre$lone warunki endogenne lub przy zastosowaniu bodzcow zewnetrznych [50]. Z
farmakoekonomicznego punktu widzenia, wdrozenie no$nikéw lekow moze w konsekwencji
wplynaé na obnizenie kosztow bezposrednich i posrednich procesu leczenia poprzez poprawe

compliance oraz jakosci zycia pacjentow, u ktorych zdiagnozowano nowotwor [37].
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Rozdzial 3. Cel pracy

Terapia celowana (TT) realizowana poprzez zastosowanie inteligentnych
transporterow lekéw (SDDS) to metody dostarczania lekow stosowane w nanofarmakologii,
ktorych celem jest poprawa parametrow farmakokinetycznych, zwigkszenie efektywnoSci
leczenia przeciwnowotworowego, jak réwniez ograniczenie liczby dziatan niepozadanych
towarzyszacych standardowym schematom leczenia. Obecnie istotnym wyzwaniem w
praktyce klinicznej raka jelita grubego jest znalezienie sposobu na poprawe skutecznosci
terapii przy zastosowaniu 5-FU. Efektywna farmakoterapia, moze przyczynic si¢ do obnizenia
kosztéw bezposrednich 1 posrednich procesu leczenia oraz moze mie¢ wptyw na poprawe
compliance pacjenta.

W ramach niniejszej rozprawy doktorskiej dokonano przegladu literatury (Publikacja
1) dotyczacej nowych mozliwos$ci oraz wyzwan w leczeniu nowotworéw w tym jelita grubego
Z wykorzystaniem osiggni¢¢ nanotechnologii oraz medycyny spersonalizowanej. W pracy
podniesiono takze aspekt farmakoekonomiczny stosowania systemow dostarczania lekéw
W terapii przeciwnowotworowej uwzgledniajac ogromny potencjal nanomedycyny w zakresie
doskonalenia i rozwoju systemu ochrony zdrowia.

Celem rozprawy doktorskiej byto rozpoznanie mozliwo$ci zastosowania nowych
termo wrazliwych nanoczastek polimerowych sfunkcjonalizowanych kwasem foliowym jako
nosnikéw 5-FU w terapii raka jelita grubego w modelu in vitro wykorzystujacym linie
komorkowe o zmiennej wrazliwosci na chemioterapeutyk (Publikacja 11). Nosniki
polimerowe na bazie akrylanu 2-hydroksyetylu i N-izopropylokrylamidu scharakteryzowane z
wykorzystaniem szeregu metod fizykochemicznych obejmujacych analizy spektralne,
chromatograficzne oraz mikroskopowe oceniono jako transportery 5-FU. Ocene¢ aktywnosci
biologicznej obejmujaca hemokompatybilno$¢ oraz cytotoksyczno$¢ przeprowadzono w
stosunku do reprezentantow komoérek gospodarza, tj: erytrocytow, monocytdw/makrofagéw,
kardiomiocytow, fibroblastow, jak réwniez do przedstawicieli komorek raka jelita grubego
charakteryzujacych si¢ zréznicowanym profilem molekularnym i wrazliwoscig na 5-FU. W
dalszym etapie przeprowadzono analiz¢ wplywu badanych no$nikéw na procesy proliferacji
komorek nowotworowych oraz ich zdolno$ci do indukcji apoptozy badz nekrozy. Na
podstawie otrzymanych wynikow dokonano oceny wplywu zastosowania rozwigzan opartych
na dynamicznie rozwijajacej si¢ dziedzinie jaka jest nanotechnologia na aspekty
doswiadczalne 1 farmakoekonomiczne  leczenia  nowotworu  jelita  grubego

z wykorzystaniem polimerowych nosnikow lekow.
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Rozdzial 4. Realizacja celow naukowych — materialy, metody badawcze,
wyniki badan

4.1. Material i metody

4.1.1. Polimerowe no$niki lekow

4.1.2. Synteza i charakterystyka wlasciwosci fizykochemicznych

Synteza i charakterystyka wtasciwos$ci fizykochemicznych oraz cech morfologicznych
ocenianych w ramach niniejszej rozprawy doktorskiej polimerowych nosnikéw 5-FU zostaly
wykonane w ramach wspoipracy Zaktadu Farmakologii Dos$wiadczalnej Uniwersytetu
Medycznego w Biatymstoku, a Zaktadem Polimerow i Syntezy Organicznej Uniwersytetu w
Bialymstoku i byly wykonane przez zespot kierowany przez Panig Prof. Agnieszke Zofie
Wilczewska pod nadzorem promotora pomocniczego — Pani dr n. chem. Ilwony
Misztalewskiej-Turkowicz, w ktorych roéwniez uczestniczytam.

Nosniki lekéw byly otrzymane w wyniku reakcji kontrolowanej polimeryzacji
wolnorodnikowej RAFT/MADIX (ang. Reverisble Addition-Fragemntation chain
Transfer/Macromolecular Design via Interchange of Xantathes). Kopolimery (PHEA-b-
PNIPAAmM) na bazie akrylanu 2-hydroksyetylu (HEA) i N-izopropylokrylamidu (NIPAAmM)
(roznigce si¢ dtugoscia bloku PHEA) byty nastgpnie modyfikowane kwasem foliowym (ang.
Folic Acid, FA). Otrzymano kopolimery o podobnej zawartosci czgsteczek kwasu foliowego
(PTF-1, PTF-2, PTF-3) roznigce si¢ iloscig wolnych grup hydroksylowych. Nos$niki te
wykorzystano do enkapsulacji 5-fluorouracylu. Oceniono wydajno$¢ procesu enkapsulacji
(ang. Loading Efficiency, LE) i zawarto$ci leku (ang. Loading Capacity, LC) w no$nikach.

Przed ewaluacja biologiczng, no$niki zostaty doktadnie scharakteryzowane pod katem
wlasciwosci fizykochemicznych oraz cech morfologicznych. W powyzszym celu
zastosowane zostaly nastgpujace techniki i metody badawcze:

- chromatograficzne: SEC (ang. Size Exclusion Chromatography),

- techniki spektralne: NMR (ang. Nuclear Magnetic Resonance), ATR-FTIR (ang. Attenuated
Total Reflectance Fourier Transform Infrared Spectroscopy), UV-Vis (ang. Ultraviolet—
Visible Spectroscopy), DLS (ang. Dynamic Light Scattering), z-potencjat - potencjat zeta
(potencjat (),

- Analizy termalne: TGA (ang. Thermogravimetric Analysis), DSC (ang. Differential
Scanning Calorimetry),
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- Analizy mikroskopowe: SEM (ang. Scaning Electron Microscopy), TEM (ang.
Transmission Electron Microscopy).

4.1.3. Ocena wlasciwosci biologicznych

Whasciwoséci  biologiczne  otrzymanych no$nikbw na poziomie in  Vitro
przeprowadzono poprzez ocen¢ nos$nikow w zakresie biokompatybilnosci z komoérkami
prawidlowymi wykorzystujac: erytrocyty ludzkie (ang. Red Blood Cells, RBC), komorki
monocytow linii THP-1, fibroblastow linii CRL-1475 oraz linii CCD-112 CoN oraz
kardiomiocytow linii H9C2 (2-1). Potencjal przeciwnowotworowy no$nikéw zbadano w
stosunku do komorek raka jelita grubego linii DLD-1, Caco-2 i HT-29, réznigcych sig
profilem molekularnym oraz wrazliwos$cig na chemioterapeutyk (5-FU).

Hemokompatybilno§¢ badanych no$nikow oceniono stosujac test hemolizy
erytrocytow po 1 h inkubacji z no$nikami bez leku oraz z nos$nikami z enkapsulowanym 5-FU
w stezeniu (0,5 mg/mL). Aktywno$¢ metaboliczng korelujacg z przezywalnoscig badanych
komorek monocytow THP-1 oceniono testem z uzyciem soli tetrazolowej MTS.
Przezywalno$¢ komorek prawidtowych linii CRL-1475, CCD-112 CoN oraz H9C2 (2-1), oraz
nowotworowych linii DLD-1, Caco-2 i HT-29 zbadano wykorzystujac test czerwieni
obojetnej. Wplyw badanych zwigzkow na proces proliferacji komorek nowotworowych
przeprowadzono za pomocg analizy fluorescencyjnej testem resazuryny. Powyzsze analizy
przeprowadzono po 24 h inkubacji, w obecnos$ci otrzymanych no$nikéw lekow z oraz bez
enkapsulowanego chemioterapeutyku (stezenia 0,1 i 0,5 mg/mL) w poréownaniu do
chemioterapeutyku w formie wolnej (5 1 25 pg/mL). Celem zbadania mechanizmu
odpowiedzialnego za redukcje¢ liczby Zywych komorek po inkubacji z badanymi zwigzkami,
przeprowadzono test multipleksowy obejmujacy ocene zdolnosci nosnikéw do indukcji
apoptozy 1i/lub nekrozy w komorkach raka jelita grubego wykorzystujac technike
luminometryczng oraz fluorymetryczng — zestaw RealTime-Glo™ Annexin V Apoptosis and

Necrosis Assay.
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4.2 Wyniki

Nosniki lekéw byly otrzymane w wyniku reakcji kontrolowanej polimeryzacji
wolnorodnikowej RAFT/MADIX. Sfunkcjonalizowane kwasem foliowym kopolimery
blokowe (PHEA-b-PNIPAAm) z postmodyfikacjg czgsteczkg kwasu foliowego (FA)
wykorzystano do enkapsulacji 5-fluorouracylu. Wydajnos¢ procesu enkapsulacji (LE) wnosita
~ 53%, a zawartosci leku (LC) w nosnikach klasyfikowata si¢ w granicach 9-12%. Na tle
dotychczas opublikowanych danych, otrzymane wyniki wydajnosci enkapsulacji jak i
zawartosci leku w nosniku sg jak najbardziej zadowalajace, gdyz zazwyczaj zawartos¢ nie
przekracza granicy 10% [51]. Przeprowadzone w kolejnym etapie analizy spektralne,
termalne i mikroskopowe potwierdzity strukture oraz morfologi¢ otrzymanych no$nikow.
Doktadna charakterystyka kandydatow na no$niki lekow, pod katem ich wlasciwosci
fizykochemicznych ma ogromne znaczenie z wzgledu na fakt, iz to one determinuja
wlasciwosci biologiczne otrzymanych materiatow. Ponadto, potwierdzenie na podstawie
powyzszych analiz jednorodnos$ci i homogennosci badanych kopolimeréw wywiera znaczacy
wplyw na powtarzalno$¢ i odtwarzalno$¢ otrzymywanych wynikéw jak i na bezpieczenstwo
ich stosowania [52-53].

Nosniki sfunkcjonalizowane kwasem foliowym na bazie kopolimeréw akrylanu 2-
hydroksyetylu (HEA) i N-izopropylokrylamidu (NIPAAm) rdznigce si¢ dlugoscia bloku
PHEA oceniono pod katem wiasciwosci biologicznych na poziomie in vitro. Przeprowadzono
ocen¢ nos$nikow w zakresie biokompatybilno$ci z komérkami prawidlowymi angazujac w
tym celu reprezentantow komorek gospodarza - erytrocyty ludzkie (RBC) oraz komercyjnie
dostepne linie komérkowe: monocytow (THP-1), fibroblastow skory (CRL-1475), 1 okreznicy
(CCD-112 CoN) oraz kardiomiocytow (H9C2 (2-1)). Zbadano takze potencjal cytotoksyczny
w stosunku do komorek nowotworowych trzech linii raka jelita grubego (DLD-1, Caco-2 i
HT-29).

Badania rozpoczeto od oceny hemokompatybilno$ci no$nikow. Analiza ta jest jednym
z kluczowych parametrow determinujacych kliniczne zastosowanie materiatdow majacych
kontakt z krwig. Powyzsze jest istotne ze wzgledu na fakt, iz przy braku zgodnos$ci nosnikow
z komorkami gospodarza, konsekwencja interakcji w przypadku no$nikoéw lekow podanych
droga dozylna moze by¢ m. in. =zagrazajgca zyciu indukcja reakcji hemolizy
wewnatrznaczyniowej. W tym celu zastosowano test hemolizy bazujacy na ocenie
spektrofotometrycznej uwalniania hemoglobiny z komoérek krwinek czerwonych

inkubowanych z no$nikiem przez okres 1 h. Pomiary aktywnos$ci hemolitycznej testowanych

14



no$nikow wykazaty, ze niezaleznie od obecnosci 5-FU wszystkie badane kopolimery
wykazujg aktywno$¢ hemolityczng w granicach 1-2%. Bazujac na danych opublikowanych
przez Webera i wsp. [54], dedykowanych biomaterialom implantacyjnym, materiaty
powodujace hemolize < 2% klasyfikuje si¢ jako biozgodne, przez co badane przez nas
kopolimery mozna uzna¢ jako niechemolityczne.

Podczas chemioterapii 5-FU, jednymi z czgéciej wystgpujacych skutkéw toksycznych
sg hematologiczne dziatania niepozadane obejmujace mie¢dzy innymi ciezka mielosupresje.
Stan ten prowadzi do zaburzen w ukladzie immunologicznym, czego konsekwencja jest
zwigkszenie podatnos$ci pacjentdéw onkologicznych na zagrazajace zyciu zakazenia
oportunistyczne [55]. Toksyczno$¢ hematologiczna zwigzana z terapig 5-FU prowadzi do
zmniejszenia liczby wszystkich rodzajow komorek krwi obwodowej, objawiajacy sie
neutropenig, monocytopenig i trombocytopenig. W obecnym badaniu poddano ocenie wplyw
zsyntetyzowanych no$nikdw polimerowych jako potencjalnych czynnikéw redukujacych
toksycznos¢ hematologiczng wywotang przez 5-FU. W tym celu oceniono wptyw 24
godzinnej inkubacji no$nikow z 1 bez obecnosci 5-FU z komérkami monocytéw linii THP-1.
Nalezy podkresli¢, iz komorki linii THP-1 s3 powszechnie stosowanym modelem
odwzorowujacym funkcje ludzkich komoérek monocytow/makrofagow [56]. Ich wybor byt
takze podyktowany faktem, iz zmniejszenie liczby monocytdow na wczesnym etapie
chemioterapii, jest waznym czynnikiem predykcyjnym wystapienia cigzkiej neutropenii [57].

Otrzymane wyniki wykazaty, ze po inkubacji komorek z 5-FU w formie wolnej
odnotowano okoto 30-40% zmniejszenie aktywnosci metabolicznej badanych komorek, co z
kolei jest bezposrednio zwigzane ze zmniejszeniem proliferacji 1 zywotnosci komorek.
Traktowanie komorek THP-1 zsyntetyzowanymi nosnikami bez enkapsulowanego
cytostatyku w stezeniu 0,5 mg/mL spowodowalo znamienne statystycznie zwigkszenie
aktywnos$ci metabolicznej badanych komoérek. Powyzsze jest charakterystyczne w przypadku
inkubacji komorek fizjologicznych z nosnikami polimerowymi na bazie NIPAAmM i §wiadczy
o ich kompatybilnos$ci i1 zdolnosci do proliferacji. Niezwykle istotnym byl wynik otrzymany
dla kopolimeréw z enkapsulowanym 5-FU, dla ktérych nie odnotowano znamiennego
statystycznie obnizenia aktywno$ci metabolicznej badanych komorek, niezaleznie od
zastosowanego stezenia. Wskazuje to na korzystny, cytoprotekcyjny wpltyw nosnikow, ktory
zmniejsza cytotoksyczne dziatanie badanego antymetabolitu.

Kardiotoksyczno$¢ manifestujaca si¢ u pacjentow poddanych terapii 5-FU jako bole
wiencowe, zawal mig$nia sercowego, a w konsekwencji $mier¢ jest jednym z najci¢zszych

efektow niepozadanych chemioterapii, z ktérymi borykaja si¢ pacjenci onkologiczni. W
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zwigzku z powyzszym, w kolejnym etapie przeprowadzono badania kompatybilnosci w
stosunku do reprezentantow komorek migénia sercowego, kardiomiocytow linii (H9C2 (2-1)).
Otrzymane wyniki wskazuja, ze nosniki polimerowe bez jak i z ekapsulowanym 5-FU
stosowane w obu badanych stezeniach (0,1 mg/mL oraz 0,5 mg/mL) nie zmniejszaly
zywotnosci kardiomiocytéw w poréwnaniu do kontroli. W przypadku inkubacji komorek z 5-
FU w stezeniach 5 1 25 pg/mLw formie wolnej zaobserwowano znamienne statystycznie
zmniejszenie ich zywotnosci — o ponad 60%. Nalezy rowniez podkresli¢, ze nosniki
kopolimerowe z enkapsulowanym 5-FU wywieraja statystycznie istotnie stabszy efekt
cytotoksyczny niz 5-FU w postaci wolnej. Powyzsze wskazuje na potencjat tych no$nikéw do
zapobiegania rozwojowi kardiotoksycznosci wywolanej chemioterapia u pacjentow
z nowotworem jelita grubego leczonych schematem opartym na 5-FU.

5-fluorouracyl jest silnym inhibitorem proliferacji fibroblastow, komoérek macierzy
zewnatrzkomorkowej odpowiedzialnych za procesy regeneracji oraz nadawanie skorze
wytrzymatos$ci i sprezystosci. Pacjenci poddawani chemioterapii opartej na 5-FU wykazywali
znaczace problemy z prawidlowym gojeniem si¢ ran [58]. W zwigzku z powyzszym,
w badaniach ocenialiSmy roéwniez wplyw nanono$nikow polimerowych
sfunkcjonalizowanych kwasem foliowym jako systemow dostarczania 5-FU na zywotnos¢
komorek fibroblastow skory i okr¢znicy. Otrzymane wyniki wykazaly, ze leczenie komoérek
fibroblastow skory za pomocg 5-FU w postaci wolnej spowodowato znaczne zmniejszenie ich
zywotnosci (ponizej 10%), za§ w przypadku fibroblastow okr¢znicy bylo to okoto 40%.
Zastosowanie zsyntetyzowanych nosnikéw jak transporterow 5-FU skutkowato statystycznie
istotnym mniejszym efektem cytotoksycznym, w poréwnaniu do traktowania 5-FU w formie
wolnej. W przypadku fibroblastow skory, zywotno$¢ byta 5-krotnie wyzsza, gdy komorki
byly traktowane 5-FU w postaci enkapsulowanej. Natomiast w przypadku traktowania
fibroblastéw okreznicy zaobserwowano 2-krotny wzrost zywotno$ci komorek po inkubacji z
uzyciem nos$nikow zmodyfikowanych kwasem foliowym wraz z enkapsulowanym 5-FU w
stezeniu 0,1 mg/mL. Uzyskane wyniki sugeruja, ze zastosowanie nosnika polimerowego do
dostarczania cytostatykéw moze by¢ pomocne w redukcji dzialan niepozadanych i
toksycznych skutkéw ubocznych zwigzanych z leczeniem przeciwnowotworowym.

Ostatnim etapem naszych badan byla ocena potencjalu przeciwnowotworowego
zsyntetyzowanych kopolimerow. W tym celu oceniono cytotoksyczno$¢ badanych no$nikow
z i bez enkapsulowanego 5-FU (0,1 i 0,5 mg/mL) w poréwnaniu do 5-FU w formie wolnej (5
125 pg/mL), w stosunku do trzech linii komérkowych raka jelita grubego: DLD-1, CaCo-2

oraz HT-29, roznigcych si¢ miedzy sobg profilem molekularnym oraz wrazliwo$cig na
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stosowany antymetabolit. Wszystkie z badanych linii komoérkowych posiadaja potwierdzong
obecno$¢ receptorow dla kwasu foliowego gtownie typu aFR [59-62].W wyniku 24-godzinnej
inkubacji zauwazono, ze traktowanie wszystkich rodzajow linii komorkowych (DLD-1, Caco-
2 i HT-29) cytostatykiem w stezeniu 5 pg/mL w postaci wolnej nie wplyneto znamiennie na
zmniejszenie odsetka zywych komorek, zwigkszenie st¢zenia do 25 pg/mL spowodowalo, iz
zywotnos¢ komorek linii DLD-1 i HT-29 zostatla obnizona odpowiednio do 80% i 60%,
natomiast w przypadku linii Caco-2 pozostala bez zmian. Zastosowanie 5-FU w formie
enkapsulowanej wywarto zréznicowany efekt cytotoksyczny na badane linie komérkowe. W
przypadku linii DLD-1 oraz Caco-2, ktére sa uznane jako oporne na leczenie 5-FU,
zastosowanie nosnikow lekow spowodowato zmniejszenie odsetka komodrek zywych o ok.
40% w porownaniu do kontroli. Wzrost dziatania cytotoksycznego 5-FU zaaplikowanego w
postaci nos$nika zaobserwowano rowniez w przypadku komorek HT-29, okreslanych jako
sredniowrazliwe na dzialanie 5-FU. W efekcie mozna stwierdzi¢, ze oceniane komorki
nowotworowe byly znacznie bardziej wrazliwe na leczenie oparte na 5-FU w formie
enkapsulowanej niz na lek w formie wolne;.

Lekooporno$¢ nowotworow wynika z wielu mechanizmoéw, do ktérych mozna
zaliczy¢: mechanizmy zwigzane z uposledzonym wychwytem/transportem leku. Obecno$cia
pomp typu efflux i zmianami miejsc docelowych. W oparciu o antymetabolity, sposob
dziatania indukuje cytotoksyczno$¢ poprzez zakldcanie biosyntezy kwasow nukleinowych.
Analizujac otrzymane wyniki, wskazujace na potencjal cytotoksyczny 5-FU w formie
enkapsulowanej, zalozono, 1z zastosowanie zsyntetyzowanych czastek polimerowych
sfunkcjonalizowanych kwasem foliowym moze prowadzi¢ do przezwyciezenia opornosci na
5-FU. Powyzsze moze by¢ osiagnigte poprzez interakcje nosnikow z receptorami dla FA. W
celu lepszego wyjasnienia proponowanego sposobu dziatania wykorzystano dwie linie
komorkowe raka jelita grubego: DLD-1 i HT-29 [61, 63]. Wybrane linie komorkowe
posiadaja odmienne profile molekularne 1 genetyczne, w tym status RER 1 mutacje w obrebie
TGFbIIR, a takze zréznicowany poziom ekspresji receptorow dla kwasu foliowego [64].

Ocene wpltywu zsyntetyzowanych no$nikow na aktywno$¢ metaboliczng i proliferacje
komorek nowotworowych przeprowadzono przy uzyciu metod fluorescencyjnych, stosujac
test z resazuryng. Otrzymane wyniki wskazuja, ze czgstki polimerowe sfunkcjonalizowane
FA znaczaco hamuja podziatl komoérek w poroéwnaniu do kontroli. W przypadku komorek linii
DLD-1 po traktowaniu nos$nikami z enkapsulowanym 5-FU, ponad 50% komorek
wykazywato znacznie zmniejszong aktywno$¢ metaboliczng, podczas gdy aplikacja 5-FU w

formie wolnej skutkowata brakiem wplywu hamujacego na proliferacje komorek. Inkubacja
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komorek linii HT-29 skutkowala podobng aktywnos$cig inhibicyjna dla obu form leku (wolnej
i enkapsulowanej). Nalezy podkreslic, ze w obu leczonych liniach komoérkowych
zaobserwowano zahamowanie proliferacji komorek po zastosowaniu nosnikéw lekéw bez
enkapsulowanego leku, co sugeruje, ze niektore cytotoksyczne mechanizmy dziatania moga
by¢ charakterystyczne dla no$nikéw samych w sobie. Dodatkowe zwickszenie aktywnosci
cytotoksycznej po zastosowaniu nosnika z enkapsulowanym cytostatykiem moze wynikac
Z jego obecnosci badz tez wzajemnej interakcji zachodzacej pomiedzy nosnikiem a lekiem.

Przy wykorzystaniu testu multiplexowego zbadano takze zdolnos¢ zsyntetyzowanych
no$nikéw do indukowania apoptozy i nekrozy. Po 24-godzinnej ekspozycji komorek jelita
grubego linii DLD-1 i HT-29 na no$niki z i bez 5-FU oraz 5-FU w formie wolnej,
przeprowadzono test bioluminescencyjny, ktory ocenia ekspozycje¢ fosfatydyloseryny (ang.
Phosphatidylserine, PS) na zewngtrznej blonie komorkowej, co jest charakterystycznym
markerem podczas procesu apoptozy. Wyniki wykazaty, ze w przypadku komoérek DLD-1
obcigzone nosniki powodowaty apoptoze na poziomie podobnym do 5-FU zastosowanego
wstezeniu 20 pg/mL w formie wolnej. Traktowanie komoérek HT-29 no$nikami
polimerowymi z enkapsulowanym 5-FU powodowato 2-krotnie zwickszong apoptoze w
porownaniu do apoptozy odnotowanej w przypadku zaaplikowania cytostatyku w formie
wolnej w stezeniu 20 pg/mL. W dalszym etapie w celu doktadniejszego okreslenia
mechanizmu molekularnego zaangazowanego w obserwowanag aktywno$¢ cytotoksyczng
zbadano czy 1 w jakim stopniu nastgpuje indukcja procesu nekrozy w traktowanych
komorkach. W tym celu zastosowano technikg opartg na pomiarze fluorescencji oceniajagcym
stopien utraty integralnosci btony. Otrzymane wyniki wskazuja, iz zsyntetyzowane nosniki,
zar6wno samodzielnie jak i z enkapsulowanym 5-FU indukujg nekroze w traktowanych
komorkach okoto 2,5-krotnie skuteczniej niz lek w formie wolnej, niezaleznie od
zastosowanego stezenia (20 lub 100 pg/mL).

Farmakoekonomiczny aspekt zastosowania nosnikow lekéw w optymalizacji
farmakoterapii choréb nowotworowych 1 racjonalizacji wydatkow ponoszonych na leczenie,
przeprowadzono w oparciu 0 dane pozyskane z baz danych takich jak PubMed, Embase czy
Cochrane oraz z danymi pochodzacymi zaréwno z polsko- jak i anglojezycznych baz danych
badan klinicznych takich jak INFARMA, Europejska Agencja Lekow (ang. European
Medicines Agency, EMA) czy U.S. National Library of Medicine. Zostal przeanalizowany
wplyw terapii standardowej VS terapii opartej na rozwigzaniach z dziedziny nanotechnologii
na perspektywy leczenia pacjentow (uwzgledniajac badania na poziomie in vitro, in vivo oraz

kliniczne) ze zdiagnozowanym nowotworem, w tym rakiem jelita grubego.
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Celem powyzszej analizy bylo dostarczenie informacji o tym, ktéra z dostepnych

aktualnie technologii medycznych (terapia standardowa vs terapia oparta na nanotechnologiti)

pozwoli na uzyskanie najlepszych efektow zdrowotnych przy mozliwie najnizszych kosztach.

Z obecnie przeanalizowanych prac, ktore shuzyly napisaniu pierwszej oraz drugiej

pracy wchodzacych w sktad niniejszej rozprawy doktorskiej wynika, iz:

rozwigzania oparte na nanotechnologii, ktore sa wykorzystywane w diagnostyce oraz
leczeniu nowotworéw sg bardziej kosztoefektywne (redukcja kosztow przysziego
leczenia, poprawa compliance pacjenta, poprawa jakosci i dlugosci zycia) w
poréwnaniu ze standardowg chemioterapia,

nanoformulacje wykazuja wysoka skuteczno$¢ terapeutyczng a takze ograniczaja
dziatania niepozadane cytostatykow,

zastosowanie nanono$nikow wigze si¢ z krotszym czasem hospitalizacji pacjenta, co
ma rowniez wptyw na koszty jego leczenia (np. bezposrednie koszty medyczne, takie
jak wykonane procedury medyczne czy opieka pielegniarska),

rozwigzania z dziedziny nanotechnologii umozliwiaja zmniejszenie liczby dziatan
niepozadanych, co moze skutkowa¢ spadkiem liczby wykonywanych procedur
medycznych, a takze prowadzi¢ do obnizenia kosztoéw osobowych, dawa¢ wigksze
szanse na remisj¢ oraz umozliwi¢ pacjentom powro6t zarowno do zycia prywatnego,

jak i zawodowego.

Niewatpliwie do perspektyw dalszego rozwoju tematu naleza:

aspekt farmakoekonomiczny i nanomedyczny w innych typach badan, np. w
badaniach mikrobiologicznych, badaniach obrazowych, szczepionkach [65-75],
aspekt farmakoekonomiczny i nanomedyczny w konkretnych typach choréb, takich

jak:

- cukrzyca: nieinwazyjne i bezbolesne monitorowanie poziomu glukozy we krwi [65-68],

- choroby sercowo-naczyniowe: inteligentne, nietoksyczne, biodegradowalne lub bioaktywne

materialy i urzadzenia stosowane do przeszczepow naczyniowych czy stentow uwalniajacych

leki o zwigkszonej biokompatybilno$ci [65-67, 74],

- rozwinigcie tematu choréb nowotworowych: srodki kontrastowe stosowane do skutecznego i

wczesnego diagnozowania, prognozowania i monitorowania postepu choroby oraz do oceny

ilosciowej srodkow terapeutycznych i jednoczesnego obrazowania [65-67, 70-71],

- choroby neurodegeneracyjne (choroba Alzheimera, choroba Parkinsona): urzadzenia

diagnostyczne i biosensory oparte 0 nanosystemy; $rodki kontrastowe, konkurencyjne pod
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wzgledem ekonomicznym, stosowane do wzmocnienia konwencjonalnych metod
obrazowania (MRI, obrazowanie molekularne, PET, itp.) [65-67, 72],

- choroby infekcyjne (HIV/AIDS): kontrolowane uwalnianie antybiotykow poprzez
miejscowe dostarczanie lekéw, co prowadzi do bardziej efektywnego wykorzystania
antybiotykdw 1 kontroli dawki przyjetej przez pacjenta; narzgdzia do diagnostyki
przesiewowej o wysokiej skutecznosci, z wykorzystaniem nanostruktur, o wysokiej czutosci i
krotkim czasie odpowiedzi [65-67, 73],

- inne choroby, np. choroba zwyrodnieniowa stawow, choroby skéry oraz leczenie ran:
nanobiomaterialy do unieruchamiania komoérek macierzystych w miejscu urazu czy
nanoczastki lipidowe do transportowania czastek biologicznych w procesie gojenia ran [65-
67, 74].

Analizujac wartosci kosztow jakie sa ponoszone przez pacjentéw onkologicznych,
mozna zauwazyC, ze dzialania prewencyjne sa najmniej kosztochtonne, drozsza jest
diagnostyka, za$§ leczenie wymaga najwigkszych naktadéw finansowych. Prawidlowe
dziatania profilaktyczne, takie jak badania przesiewowe oraz kampanie edukacyjne
skierowane nie tylko do osob obcigzonych genetycznie, ale rowniez do dzieci i mlodziezy,
umozliwilyby wczedniejsza diagnostyke nowotworu. Powszechnie wiadomo, ze im wcze$niej
nowotwor zostanie wykryty, tym wigksza jest szansa na jego wyleczenie. Pacjent, u ktorego
pozno zdiagnozowano nowotwor bedzie mial mniejsze szanse na remisj¢, a jego leczenie
bedzie kosztochtonne. Co wigcej, to wszystko przektada si¢ na aspekt farmakoekonomiczny
ze wzgledu na fakt, iz pacjent onkologiczny jest poniekad obcigzeniem dla systemu ochrony
zdrowia, gdyz jego niemozno$¢ do wypelniania r6l zawodowych i spotecznych bedzie
bezposrednio odzwierciedlona w kosztach posrednich takich jak absencja chorobowa
(zwolnienia lekarskie) [46].

Osiagnigcia nanomedycyny otwierajg szerokie mozliwosci rozwoju spersonalizowanej
terapii, w ktorej wykrywanie raka, diagnostyka i terapia sa dostosowane indywidualnie w
zalezno$ci od molekularnego profilu nowotworu oraz cech osobniczych pacjenta [34, 76].
Udokumentowany spadek liczby dziatan niepozadanych, poprawa biodostepnosci czy wzrost
compliance pacjentéw, to tylko niektore zlicznych =zalet jakimi charakteryzuja si¢
nanoformulacje. Zastosowanie powyzszych rozwigzan znajduje rdwniez odzwierciedlenie w
aspekcie farmakoekonomicznym. Zauwazalne jest znaczne obnizenie kosztow bezposrednich,
czyli kosztow zwigzanych z catym procesem leczenia (np. koszt sprzetu, lekéw, wykonanych

badan diagnostycznych i procedur medycznych, jak réwniez wynagrodzenia personelu
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medycznego) oraz kosztow posrednich, czyli czynnosci pozamedycznych (np. wyzywienie
w szpitalu czy transport chorego) [37].

W zwiazku z powyzszym, niezbedne s3 dalsze, poglgbione badania oceniajace
toksyczno$¢ 1 bezpieczenstwo stosowania nanoczgstek w terapii przeciwnowotworowej oraz
szczegbtowa analiza farmakoekonomiczna, ktora umozliwitaby oszacowanie optacalnos$ci i
efektywnosci nowych rozwiagzan [37, 65-67, 75].

Podsumowujac, nalezy podkresli¢, iz wcigz przed standardowymi schematami
leczenia onkologicznego stoi wiele wyzwan, takich jak poszukiwanie nowych form lekow
oraz modyfikacja juz obecnych, ktorych potencjal terapeutyczny jest efektywny zar6wno w
aspekcie kosztow, jak i osigganych efektow. Terapie celowane oparte na medycynie
spersonalizowanej sg kluczowymi 1 przyszio$ciowymi kierunkami badan. Niewatpliwie ich
zastosowanie wigze si¢ z poprawg skutecznosci leczenia oraz zmniejszeniem liczby dziatan
niepozadanych. Wykorzystanie rozwigzan opartych na nanotechnologii w odniesieniu do
onkologii ma na celu redukcj¢ ujemnych aspektow chemioterapii w tym compliance

pacjentow.
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Rozdzial 5. Wnioski

1. Nosniki na bazie kopolimeréw akrylanu 2-hydroksyetylu (HEA) i N-
izopropylokrylamidu (NIPAAm) sfunkcjonalizowane powierzchniowo ligandem
nakierowujacym, tj. czgsteczkami kwasu foliowego charakteryzuja dobrze
zdefiniowane wlasciwosci fizykochemiczne 1 cechy morfologiczne, a takze
biozgodno$¢ z komorkami gospodarza, przez co sa obiecujagcym materiatem do
kreowania nanosystemow, ktorych zadaniem jest selektywny transport leku oraz jego
kontrolowane uwalnianie w miejscu docelowego dziatania.

2. Enkapsulacja 5-fluorouracylu w polimerowym no$niku w sposéb istotny moduluje
jego cytotoksyczno$é, poprawia kompatybilno$¢ cytostatyku w stosunku do komorek
niezmienionych nowotworowo.

3. Zastosowanie systemoéw dostarczania 5-FU wykazuje dziatanie protekcyjne na
komorki prawidtowe chronigc przed szkodliwym dziataniem cytostatyku, co
w konsekwencji moze przetozy¢ si¢ na redukcje dziatan niepozadanych chemioterapii,
takich jak np. immunosupresja szpiku kostnego zwiazana z monocytopenig, ostra
kardiotoksyczno$¢ oraz przewlekte zapalenie btony sluzowej jelit.

4. Nosniki z enkapsulowanym 5-FU wykazujg silniejsze dziatanie przeciwnowotworowe
niz 5-FU zastosowany w formie wolnej oraz wykazuja zdolno$¢ do uwrazliwienia
komorek nowotworowych na 5-FU, pomimo potwierdzonej opornosci na ten
chemioterapeutyk.

5. Nanosystemy zawierajace enkapsulowany chemioterapeutyk majg zdolnos¢ do
indukcji apoptozy i1 nekrozy w traktowanych komoérkach nowotworowych, w tym
w komorkach charakteryzujacych si¢ fenotypem lekoopornosci.

6. W przypadku przetozenia otrzymanych wynikéw na warunki kliniczne, przyczyniloby
si¢ to do zwigkszenia efektywnosci terapii, poprawy jakosci zycia, a w efekcie do
wydtuzenia catkowitego czasu przezycia pacjentow.

7. Wprowadzenie nowych substancji 1 produktow leczniczych na rynek farmaceutyczny
takich  jak nanosystemy, mogloby przyczyni¢ si¢ do zapewnienia tanszej i
efektywniejszej opieki medycznej, a wdrozenie metody leczenia opartej na
nanotechnologii moze by¢ przysztosciowym rozwigzaniem umozliwiajacym

pokonanie ograniczen konwencjonalnej terapii przeciwnowotworowe;j.
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Rozdzial 7. Streszczenie w jezyku polskim

Rak jelita grubego jest trzecig najczesciej diagnozowang postacia nowotworu. Obecnie
ten nowotwodr jest drugim nowotworem w Polsce pod wzgledem wystepowania i
$miertelnosci, czestszy jest tylko rak ptuca u me¢zczyzn i rak piersi u kobiet. Co roku jest
diagnozowany u ponad 18 tys. 0sob, z czego 11 tys. pacjentdéw umiera.

Nanotechnologia jest interdyscyplinarng, nowoczesna i przysztosciowa dziedzing
wiedzy przez co znalazla zastosowanie w wielu obszarach, w tym w medycynie.
Farmakoekonomika jest cze$cia ekonomiki zdrowia, ktérej gldownym celem jest ocena
zastosowanej farmakoterapii z uwzglednieniem perspektywy ekonomicznej. Podobnie jak
nanotechnologia jest zaliczana do dziedzin interdyscyplinarnych poprzez taczenie ze sobag
nauk, medycznych i okoto medycznych, takich jak: medycyna, farmakologia, statystyka
medyczna czy tez ekonomia. Takie polaczenie umozliwia obiektywna ocen¢ i analizg
optacalno$ci zastosowanych S$rodkoéw farmakologicznych. Sluzy to okresleniu zaleznosci
pomigdzy kosztem leczenia a osiaggnigtym dzieki niemu efektom zdrowotnym.

Celem niniejszej rozprawy doktorskiej bylo rozpoznanie wptywu zastosowania
rozwigzan opartych na dynamicznie rozwijajacej si¢ dziedzinie jaka jest nanotechnologia na
aspekty doswiadczalne i farmakoekonomiczne leczenia nowotworu jelita grubego z
wykorzystaniem nowych inteligentnych no$nikow lekéw na Dbazie polimerow
termowrazliwych.

Niniejsza rozprawa doktorska powstala w oparciu o cykl spdjnie tematycznych
publikacji, z ktérych pierwsza jest praca przegladowa odzwierciedlajaca nowe mozliwosci
oraz wyzwania leczenia nowotworu jelita grubego z wykorzystaniem nanotechnologii oraz
medycyny spersonalizowanej, jak réwniez przyblizeniem aspektow farmakoekonomicznych
takich rozwigzan, czyli kosztow towarzyszacych calemu procesowi leczenia. Druga praca jest
praca oryginalng, w ktorej zostaly ocenione mozliwosci zastosowania nowych no$nikow
polimerowych sfunkcjonalizowanych kwasem foliowym do ukierunkowanego dostarczania 5-
fluorouracylu (5-FU) w terapii nowotwordow jelita grubego w modelu in vitro.

Badania wykazaty, iz enkapsulacja 5-fluorouracylu w polimerowym nos$niku w sposob
istotny moduluje jego cytotoksyczno$¢, poprawia kompatybilno$¢ cytostatyku w stosunku do
komorek niezmienionych nowotworowo. Powyzsze sklania do wysnucia hipotezy, 1z

zastosowanie systemOw dostarczania 5-FU wykazuje dzialanie protekcyjne na komorki
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prawidtowe chronigc przed szkodliwym dziataniem cytostatyku, co w konsekwencji moze
przetozy¢ si¢ na redukcje dziatan niepozadanych chemioterapii, takich jak
np. immunosupresja szpiku kostnego zwigzana z monocytopenia, ostra kardiotoksycznos¢
oraz przewlekle zapalenie blony Sluzowej jelit. Z kolei, podczas oceny przezywalnosci
komoérek zmienionych nowotworowo po zastosowaniu zsyntetyzowanych nanosystemow
wykazano silniejsze dziatanie przeciwnowotworowe niz 5-FU zastosowany w formie wolnej
oraz zdolno$¢ do uwrazliwienia komorek nowotworowych na 5-FU, pomimo potwierdzonej
oporno$ci na ten chemioterapeutyk. Ponadto, otrzymane nanosystemy zawierajace
enkapsulowany chemioterapeutyk maja zdolno$¢ do indukcji apoptozy i nekrozy w
traktowanych komorkach nowotworowych, w tym w komorkach charakteryzujacych sie
fenotypem lekoopornosci.

Podsumowujac, wdrozenie nowych form lekéw na rynek farmaceutyczny z
wykorzystaniem rozwigzan z dziedziny nanotechnologii oraz leczenie pacjentow w oparciu o
terapi¢ spersonalizowang moze w konsekwencji wplynagé na obnizenie kosztéw
bezposrednich i posrednich procesu leczenia poprzez zwigkszenie efektywnosci terapii oraz

poprawe compliance pacjentéw, u ktorych zdiagnozowano nowotwor.
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Rozdzial 8. Streszczenie w jezyku angielskim

Colorectal cancer is the third most frequently diagnosed form of cancer. Currently,
colorectal cancer is the second most common cancer in Poland in terms of incidence and
mortality, with only lung cancer in men and breast cancer in women being more common.
Every year it is diagnosed in more than 18,000 people, of whom 11,000 patients die.

Nanotechnology is an interdisciplinary, modern and forward-looking field of
knowledge and due to this might be applied in many areas, including medicine.
Pharmacoeconomics is a part of health economics, and the main purpose is to evaluate
applied pharmacotherapy from an economic perspective. Like nanotechnology, it is
categorized as an interdisciplinary field by combining sciences, medical and peri-medical,
such as medicine, pharmacology, medical statistics or economics. The aforementioned
combination makes it possible to objectively evaluate and analyze the cost-effectiveness of
the pharmacological agents used. This serves to determine the relationship between the cost of
treatment and the health effects achieved through it.

The purpose of this doctoral thesis was to recognize the impact of the use of solutions
based on the dynamically developing field which is nanotechnology on the experimental and
pharmacoeconomic aspects of colorectal cancer treatment using new smart drug carriers based
on thermoresponsive polymers.

This dissertation is based on a series of coherently thematic publications, the first of
which is a review paper reflecting the new opportunities and challenges of colorectal cancer
treatment using nanotechnology and personalized medicine, as well as an approximation of
the pharmacoeconomic aspects of such solutions, for instance the costs accompanying the
entire treatment process. The second paper is an original work, in which the possibilities of
using novel polymeric carriers functionalized with folic acid for targeted delivery of 5-
fluorouracil (5-FU) in the treatment of colorectal cancer in an in vitro model were evaluated.

Studies have shown that encapsulation of 5-fluorouracil in a polymeric carrier
significantly modulates its cytotoxicity via improving the compatibility of the cytostatic
agents against non-tumorigenic cells. The above leads to the hypothesis that the use of 5-FU
delivery systems exhibits a protective effect on normal cells, which might consequently
translate into a reduction of chemotherapy side effects, such as bone marrow
immunosuppression associated with monocytopenia, acute cardiotoxicity and chronic
intestinal mucositis. In turn, the evaluation of the survival of neopastic cells after application

of the synthesized nanosystems showed a more potent antitumor effect than 5-FU applied in
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free form, as well as the ability to sensitize tumor cells to 5-FU, despite confirmed resistance
to this chemotherapeutic. In addition, the obtained nanosystems containing the encapsulated
chemotherapeutic agent possess the ability to induce apoptosis and necrosis in treated cancer
cells, including those characterized by a drug-resistant phenotype.

In conclusion, the implementation of new forms of drugs into the pharmaceutical
market using nanotechnology solutions and the treatment of patients based on personalized
therapy might reduce the direct and indirect costs of the treatment process by increasing the

efficiency of therapy and improving the compliance of patients diagnosed with cancer.
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Abstract: Nanotherapy is a part of nanomedicine that involves nanoparticles as carriers to
deliver drugs to target locations. This novel targeting approach has been found to resolve
various problems, especially those associated with cancer treatment. In nanotherapy, the
carrier plays a crucial role in handling many of the existing challenges, including drug
protection before early-stage degradations of active substances, allowing them to reach
targeted cells and overcome cell resistance mechanisms. The present review comprises the
following sections: the first part presents the introduction of pharmacoeconomics as a branch
of healthcare economics, the second part covers various beneficial aspects of the use of
nanocarriers for in vitro, in vivo, and pre- and clinical studies, as well as discussion on drug
resistance problem and present solutions to overcome it. In the third part, progress in drug
manufacturing and optimization of the process of nanoparticle synthesis were discussed.
Finally, pharmacokinetic and toxicological properties of nanoformulations due to up-to-date
studies were summarized. In this review, the most recent developments in the field of
nanotechnology’s economic impact, particularly beneficial applications in medicine were
presented. Primarily focus on cancer treatment, but also discussion on other fields of
application, which are strongly associated with cancer epidemiology and treatment, was
made. In addition, the current limitations of nanomedicine and its huge potential to improve
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and develop the health care system
were presented.
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Introduction

Nowadays, increasing evidence indicates that nanomedicine might have revolutio-
nized therapeutic and diagnostic procedures, especially cancer treatment. This new
technology provides a new toolset impacting the prevention of diseases by applying
novel molecular diagnostic disease markers, early diagnosis of the neoplastic
lesions in molecular imaging, and the treatment by enabling precise and effective
therapies based on a personalized medication regimen."? Furthermore, there is
evidence suggesting that combining nanomedicine with pharmacoeconomic evalua-
tions could help reduce costs in managing cancer patients, for instance, by short-
ening the time of hospitalization or bringing down the number of necessary tests to
be carried out. Another important fact worth mentioning is that the efficacy of drugs
used with nanocarriers may substantially reduce cytotoxicity, preventing the occur-
rence of side effects by dose reduction and lower accumulation of therapeutic
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compounds in healthy body sites.>* The considerations
above provide a sound basis for holding nanotechnology
in future medical developments capable of delivering
highly efficacious and safe products. These new
approaches should be available at reasonable costs and
help restrict healthcare costs while maintaining clinical
efficacy.®’

From a pharmacoeconomic point of view, the develop-
ment of new drug substances and products such as nano-
systems and their introduction into the pharmaceutical
market could contribute to more affordable care.
Specifically, the potential for reducing adverse events
plays a significant role in new encapsulated therapeutics,
which results in fewer medical procedures and leads to the
reduction in personnel costs. It also gives greater chances
of remission and allows patients to return to professional
life5%

Moreover, it should be emphasized that the application
of nanotechnology in the medical field has many advan-
tages since nanoparticles make a significant contribution
as drug delivery systems due to their unique properties like
the small size and large surface area.”* The nanoformula-
tion of drugs increases efficacy by enhancing the drug’s
cellular uptake in the cellular targets; hence, it achieves
better biodistribution. Nanosized formulations, in compar-
ison with conventional forms of drugs, exhibit better con-
trol of drug release kinetics, which lead to an increased
active concentration and bioavailability. Another important
factor is that the nanodrugs could induce a marked sup-
pression of tumor growth, prolongation of total survival
time in cancer patients, and targeted delivery, which might
enhance cytotoxic effects on neoplastic cells and restrict
adverse effects in the whole body.'™!" All the above
advantages make nanotechnology much cheaper than con-
ventional therapies, which can also be reflected in the
pharmacoeconomic aspect as the reduction or total avoid-
ance of costs associated with medical (hospitalization,
medical devices, monitoring therapy), and non-medical
procedures (accommodation, transportation or the informal
care).

It is worth noting that a broad literature review was
undertaken. This paper presents existing evidence avail-
able regarding the effectiveness and expected pharmacoe-
conomic benefits of the alternative options of commonly
used chemotherapeutic drugs to treat different types of
cancers. Some factors may influence the results of the
treatment regimen applied, such as patients’ age, stage of
the disease, therapy onset, benefit duration, and also time

to recurrence. Pharmacoeconomic analyses of alternative
therapy options will improve decision-making and will
help to optimize the use of already limited health care
resources allocated to the care of cancer patients.'> This
paper aims to identify potential benefits from applying
pharmacoeconomic to the rapidly evolving area of nano-
technology, especially in the domain of drug development
for cancer treatment, which is presented in Figure 1.

Pharmacoeconomics - a Use Case
of Nanocarriers Evaluation

Pharmacoeconomics is considered as a branch of health
economics, which identifies, measures, and compares the
costs and consequences of drug therapy for healthcare
systems and society.'>"'> Moreover, it provides essential
guidance on the management of limited healthcare
resources and medical practice. Given the limited financial
resources, health economics, particularly pharmacoeco-
nomic analysis, is becoming a frequently used criterion
for decision-making in modern healthcare policy.'®!”
Therefore, searching for novel therapeutic options charac-
terized by high efficacy with restricted side effects remains
a highly desired goal.'®

Pharmacoeconomics applies the principles of health
economics to the field of pharmaceutical policy. Also, it
uses a broad range of techniques for health economic
evaluation in the specific context of drug
management.'”? In effect, the introduction of novel
forms of drugs, such as those encapsulated in carriers,
lies in pharmacoeconomic purposes.

If think about conducting a pharmacoeconomic analy-
sis, we should follow a clearly defined stepwise approach:
a) Define the pharmacoeconomic problem — we should
state the problem and select the objectives; b) Identify
the perspective of the study — the most popular are:
patients, provider, payer, and society; c¢) Identify the rele-
vant interventions — we need to answer a significant ques-
tion: “Have all relevant interventions been identified
(including non-drug interventions)?”; Use decision trees
or treatment models; d) Select the appropriate pharmacoe-
conomic method — CEA, CMA, CUA, CBA; e) Select the
primary data source and study design — retrospective/pro-
spective clinical trial data, economic (naturalistic) trial
data; f) Select the secondary data sources — such as data-
bases, literature, clinical expertise; g) Select appropriate
analysis technique — modeling, meta-analysis; h) Identify
the measures and the outcomes of alternative
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Figure 1 Pharmacoeconomic impacts in biomedical nanotechnology.

interventions — health outcomes and resource outcomes for
beneficial as well as adverse effects; i) Use analytical
methods — to establish the probability of outcome events
and to answer the research question — such as efficacy
rates, the incidence of adverse drug reactions, and decision
trees; j) Estimate costs and effectiveness — reduce costs
and outcomes; perform incremental cost analysis; k)
Perform sensitivity analysis — determine the effect of vary-
ing uncertain variables over a range of results/assump-
tions; 1) Interpret and present results — describe
assumptions, methods, data sources; study limitations
including significant omissions stated; interpret results.”!

There are four most popular analyses to estimate the
outcomes, and each of the methods is associated with
a different type of pharmacoeconomic analysis, see
Table 1.

In pharmacoeconomic analysis, costs are crucial ele-
ments that should be taken into consideration. They can be
classified as direct (medical and non-medical), indirect and
intangible costs. Financial costs relate to monetary pay-
ments associated with the price of a good or service traded
on the market. Economic costs match the broader concept
of resource consumption, irrespective of whether such
resources are traded in the market.'*** In Table 2, we
summarize and specify the types of costs that are consid-
ered in pharmacoeconomics. These costs together with the
expected pharmacoeconomic efficacy measure when

'AN IMPROVEMENT EFFICACY
DRUG DELIVERY SYSTEMS
. (DDS)

REDUCTION OF ADVERSE
EVENTS

applying nanocarriers in cancer treatment are shown in
Table 3.

For any pharmacoeconomic analysis, the perspective is
critical since it determines what costs and benefits will be
measured: 1. Societal — all costs and consequences that
occurred during the treatment, 2. Third-party payer—payers
are represented by insurance companies, employers, or the
government; the direct costs are included, but also indirect
costs can also be included, 3. Hospital/physician (health-
care providers) — providers include hospitals, private-prac-
tice physicians, or managed-care organizations; from this
perspective, direct medical costs are included, 4. Patient —
all costs borne by the patient for any product or services
and are not covered by any insurance; there are direct,
indirect, and intangible costs (out of pocket). According to
the aforementioned, those costs/analysis should be taken
into consideration if we are thinking about the safe appli-
cation of nanocarriers in modern therapy.'*%

The Cancer Burden in the World

The National Cancer Institute defines cancer as a set of
diseases in which abnormal cells divide without control
and can spread to various tissues. Cancers can manifest in
different parts of the body — leading to a range of different
cancer types.”® Based on the available data, it is assessed
that cancer is one of the leading causes of death. In 2018,
9.6 million people were estimated to have died of various

International Journal of Nanomedicine 2021:16

e 6595

Dove

38



Milewska et al Dove
Table 1 Types of Pharmacoeconomic Studies.?"24
Pharmacoeconomic Description Use Case Example
Study
Cost-minimization To select the least costly among several To identify the least costly option when Compare costs of Drug
analysis (CMA) similar interventions. outcomes/consequences are identical. | Aand Drug B (equal efficacy
+ Applied when there is a need to compare multiple for a given condition and
drugs of equal efficacy and equal tolerability. safety).

+ Is performed when the outcomes are the same for
the two interventions.

+ It cannot be used to evaluate programs or therapies
that lead to different outcomes.

Cost-benefit analysis
(CBA)

To identify, measure, and compare the
benefits and costs of a program or treatment
alternative.

+ The most comprehensive and the most difficult of
all economic evaluation techniques. The benefits are
assigned a monetary value so that costs and benefits
can be easily compared. Different interventions can
be compared - is a useful tool (like CUA) for
resource allocation by policy-makers.

+ CBA should be employed when comparing
treatment alternatives in which the costs and benefits
do not occur at the same time.

+ Can be used to compare programs with different
objectives - because all benefits are converted into
currency and to evaluate a single program or
compare various programs.

To compare programs or agents with
different objectives or one program
against a return on investment
benchmark.

Clinical pharmacy service vs
another institutional service.

Cost-effectiveness
analysis (CEA)

To assist decision-makers in identifying the
preferred choice among possible alternatives.

+ Used to evaluate multiple drug interventions for the
same condition. The cost of drug treatments is
weighed against the effectiveness of the drug.

+ The costs of drug treatments consist of acquisition
costs, physician engagement, and nursing costs for
administration of the drug.

+ The effectiveness of drug treatment is measured by
the duration of treatment, length of hospital stay, and
mortality rate.

+ The key measure of these evaluations is the
incremental cost-effectiveness ratio (ICER).

To compare treatment alternatives for
a given condition that differ in
outcomes and costs.

Osteoporosis: Drug A vs

Drug B on fracture risk

reduction ($/fractures
avoided).

Cost-utility analysis
(CUA)

To compare medications or interventions with
different outcomes.

+ Compare cost, quality, and the number of patient-
years.

+ Used when programs and treatment alternatives
should be compared.

+ CUA is applied less frequently than other
economic evaluations because of the lack of
standardization of measurement utilities, eg, difficulty
comparing QALYs (quality-adjusted life-years) across
patients and populations and difficulty quantifying
patient preferences.

The same as CEA, useful when
treatment extends life and/ or affects the
quality of life.

Compare cancer
chemotherapy regimens.
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Table 2 Type of Costs in Pharmacoeconomic Analysis. 3:22:24

Costs

Direct | Medical | 1°. Hospitalization

1°. Qutpatient visits (to primary care
providers)

1¢. Procedures and tests (laboratory tests,
surgical interventions, USG)

1¢. Medical devices

1¢. Homecare

1. Nursing care

1%. Medications

1". Monitoring therapy

1'. Adverse events management

1). Medical staff costs

1. Administrative costs

Non- 2. Accommodation

medical | 2°. Transportation

2¢. Non-medical services (home helper, meals
on wheels, social assistance)

24, Devices and investments

2¢, The informal care

Indirect 3%, Sick leave or absences (short term disability)
3°. Reduced productivity at work (productivity
loss)

3%, Early retirement due to illness (long term
disability)

3% The premature death

Intangible Costs which are difficult to assess; a patient or
their family might feel:

4°. Anxiety

4P, Pain

4, Suffering

forms of cancer. Globally, WHO roughly estimates that 1
in 6 deaths is due to cancer. Considering the income —
approximately 70% of deaths from cancer occur in low-
and middle-income countries. The most common cancers,
in terms of frequency and number of deaths, are lung,
breast, and colorectal.”’

Cancer burden is associated with risk factors belonging
to three main groups, which are: socio-economical, life-
style, and genetic/health predisposition comprising
prolonging and chronic inflammation caused by the exis-
tence of microbial infections. Besides the fact that
microbes might induce chronic inflammation, it was evi-
denced that they are able to produce carcinogenic bacterial
metabolites, which caused mutation of genetic materials.?®
It means that disturbance in one of these groups triggers
a cascade of processes leading to the development of

cancer. Researchers have found several risk factors that
may increase the chance of getting lung, breast, and color-
ectal cancer (Figure 2).

In the case of lung cancer, the number one risk factor is
smoking. People who smoke cigarettes are about 15, even
up to 30 times more likely to get or die of lung cancer than
people who do not smoke. Smoking only a few cigarettes
a day or occasionally increases the risk of developing lung
cancer. The longer a person smokes, and the more cigar-
ettes are smoked each day, the more risk becomes appar-
ent. It is a misleading belief that smoking can only cause
lung cancer. Smoking also causes several other neoplasms,
such as cancer of the mouth and throat, esophagus, sto-
mach, colon and rectum, liver, pancreas, kidney, urinary

* Moreover, it

bladder, and even acute myeloid leukemia.
should be emphasized that tuberculosis, pneumonia, and
chronic bronchitis are examples of pathology, which have
a profound role in the emergence of cancer. In effect, in
the case of lung cancer, prolonging microbial infections
are major inflammation-inducing factors, which is known
to be the cause of cancer development.*

Risk factors for breast cancer can be divided into
modifiable and non-modifiable.’! To have a lower risk of
getting breast cancer, every woman should be physically
active and keep the body weight normal, if possible —
avoid taking contraceptives and hormone replacement
therapy, have the first pregnancy before age 30, breastfeed,
and have a full-term pregnancy. Smoking, being exposed
to chemicals, drinking alcohol, and having changes in
other hormones due to night shift working may also
increase breast cancer risk.*' Non-modifiable risk factors
include age, genetic mutations, reproductive history, dense
breasts, personal and family history of breast cancer, and
previous treatment using radiotherapy. Important is the
fact that there is evidence linking chronic inflaimmation,
which might be caused by microbial infection, to breast
cancer risk, development and progression.*> For instance,
it is established that breast cancer was one example of
among other 15 incident cancer, in which the risk of
developing one year after Staphylococcus aureus bactere-
mia (SAB) was significantly increased compared to the
general population.”® Screening for this aspect in cancers
in populations with developed SAB infection might allow
for earlier disease detection. Additionally, the presence of
chronic infection also affects the human microbiota.
Recent studies have found that people who have a good
response to immunotherapy to treat their cancer appear to
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Table 3 Efficacy of Selected Drugs and Expected Pharmacoeconomic Benefits Due to Their Nanoformulations.!'>:140-167

Nanocarrier Efficacy Expected
Pharmaco-
Economic Efficacy*
NP Type of NPs Doxorubicin
Chitosan-dextran P Reduction of tumor size; Prolongation of survival. 121422
conjugate NPs 2° 3%
3d'4a,4c
Dox-loaded chitosan P Marked inhibition of tumor growth; Prolongation of survival. 12-1%,22-
NPs 2¢ 32
36,43_4:
Dendrimer-Dox P A single dose can cure mice with s.c. implanted colon cancer; The 100% 13-1%,28-
conjugates NPs survival of the tumor-bearing mice; A lower weight loss. 203
34’ 42-4¢
Peptide-Dox Pp Marked inhibition of tumor cells in vitro; An effectiveness against a Dox- 12-1%,22-
conjugates NPs resistant neuroblastoma cell line. 2¢3%
3d'4a.4c
Dox-loaded P The greatest inhibition of primary human liver tumors implanted s.c.; Reduction in 13-1%,22-
polymeric NPs tumor growth; greater tumor inhibition and tumor necrosis; A marked reduction 293
in the tumor collagen levels; A little to no toxicity to the mice. 39,4%-4¢
PCMB-Dox NPs P Prolongation of survival; Suppression of tumor growth by about 80%; No toxic 12-1%,22-
effects evidenced by histology, blood chemistries, and body weight. 2¢ 32
34, 42-4¢
Dox-loaded E Significant inhibition of tumors; No cardiotoxicity. 12-1%,2%-
exosomes 2° 32
3¢.4%-4¢
Paramagnetic NPs M A greater killing of cancer cells. 121,22
2¢ 32
3¢.4%-4¢
5-Fluorouracil
SLNs L An improvement of the uptake of anticancer drugs inside colon tumors; 12-1%,22-
Superior anticancer activity; Enhanced cytotoxic effects. 23~
3d,4a_4c
Chitosan-based NPs P Minimization of the toxic effects on healthy cells; An improvement of 12-1%,22-
localization of the drug at the colon region; A decrease in drug-induced 2¢ 32
toxicity; A reduction of dose frequency and drug administration; A provision 3¢,4%-4¢
of better targeting efficiency and the accumulation of the drug.
PLGA NPs P The rate of cell lysis was about 80%; A prominent exhibition of an effect on 12-1%,22-
target CRC cells. 2¢ 32
36,43_4:
FA and PLGA P An enhancement of anticancer activity; The lowest cell viability. 131,22
conjugates 2¢ 32
39 42-4¢
Eudragit $100 P A better targeting efficiency; An exhibition of drug release over a prolonged 12-1%,22
coated CPNs period. 203
39,44
SiNPs M An enhancement of cellular uptake; An improvement of cytotoxic effects. 12-1%,22-
2°, 32
3d’4a,4c
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Paclitaxel
PLGA-NPs Minimal systemic toxicity; Significantly better tumor growth inhibition effect e L7
with transplantable liver tumors; Facilitation of drug cell uptake; An increase in 2° 3%
cellular association; An enhancement of cytotoxicity; Inhibition of intimal 39,42-4¢
proliferation in a rabbit vascular injury model; A significant prolongation of
survival; Improvement of drug encapsulation efficiency; Better control of drug
release kinetics; An enhancement of cellular uptake; Better antitumor efficacy.
(Continued)
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Table 3 (Continued).

Nanocarrier Efficacy Expected
Pharmaco-
Economic Efficacy*
NP Type of NPs Doxorubicin
PLA NPs P Significant antitumor efficacy; More drug accumulation in tumors. 12-1%,22-
2¢ 3.
39,424
PCL NPs P’ An enhancement of cytotoxicity; A remarkable tumor growth inhibition; An 121,22
enhancement of antitumor efficacy; No acute toxicity; An increase in cellular 2° 3
uptake; An enhancement of toxicity; An improvement of tumor inhibitory activity. 39,4%-4°
PEG-PCL NPs 4 An improvement of the pharmacokinetic profile; An increase in the mean 121K, 22-
survival time; Better drug loading profile; An improvement in entrapment 2¢ 32
efficiency to 98%; Significantly greater tumor accumulation. 39,4%-4¢
PVP-b-PCL or PCL- P Significantly superior antitumor efficacy; An exhibition in reduction of drug 121K, 22
g-PVA release rate profiles; Better antitumor activity. 2%3%
36,4a.4c
HO-GC P Faster cellular uptake; Better therapeutic efficacy; An enhancement of the 121,22
aqueous solubility; Achievement of a higher drug loading up to 20%; 2¢ 32-
Achievement of maximum entrapment efficiency of 97%. 34,424
mPEG-CHO- P Significantly slower tumor growth rate; An improvement of life span. 12-1%,22-
chitosan NPs 2¢ 3
34)43_4:
LyP-1-Abraxane NPs Pp A significant improvement of antitumor efficacy. 13-1%,22-
20 3
34,41_4:
BSA NPs Pp High stability; Surface properties which specifically targeted to human prostate 12-1%,22-
cancer cells. 263
39,4%-4¢
OSA NPs Pp An improvement of the lipophilicity of albumin; Higher drug entrapment 12-1%,2%-
efficiency; Greater stability. 2¢ 3.
34,424
HA-NPs P A superior antitumor efficacy; An achievement of the drug loading up to 20.7%. 121k, 2222
3239, 4.4
PBCA-NPs, (HA)- P A gradual drug release up to 80% within 96 h; Reduction of the initial burst 12-1k 22-2¢
PBCA-NPs release of the drug; A decrease in the cytotoxicity; An enhancement by cellular 3239 42-4¢
uptake; More potent antitumor inhibition activity.
HPG-C10-PEG, PEI- P Drug release up to 80%; Better tolerance; A significant exhibition and 121k, 22.2¢
C18-HPG improvement of antitumor efficacy; A decrease in cytotoxicity. 3239, 424
PEG-PE NPs P Better antitumor activity; An improvement of antitumor efficacy. 12-1%, 22.2¢
32-3% 42-4°
Gelatin NPs P A significant improvement of antitumor activity. 121K 22-
2¢ 3
39,4%-4¢
NK 105 P A significant better antitumor efficacy; Dramatically lower neurocytotoxicity. 12-1%,22
2¢ 3.
311,41_4(
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Liposomes A significant better antitumor efficacy; Greater tumor uptake; Reduction of 13-1%,22-
toxicity; Significantly smaller tumor volumes; Inhibition of metastasis. 20 3
3.1, 424
SLNs Increased cellular uptake; Optimization of the drug entrapment efficiency; 131k 22.
A significant enhancement of toxicity; An increase in brain uptake; Slower 23
tumor growth rate; Potential to overcome P-gp-mediated MDR. 3¢,4%-4°
(Continued)
International Journal of Nanomedicine 2021:16 s 6601

Dove

44



Milewska et al Dove

Table 3 (Continued).
Nanocarrier Efficacy Expected
Pharmaco-
Economic Efficacy*
NP Type of NPs Doxorubicin
Lipid Nanocapsules L A significant increase in the life span; Potential to overcome P-gp-mediated 12-1%,23-
MDR; An increase in drug cell uptake and retention; An increase in drug 203%
loading and entrapment efficiency; Prolonged and sustained in vitro release; An 39,4%-4°
exhibition of better antitumor efficacy.
PTX Fatty Acid- L Tumor growth inhibition; Antitumor activity; Less toxic; A significant 12-1%22-
Prodrug Lipid-Based improvement of drug loading efficiency; A superior anti-tumor efficacy. 2° 3%
NPs 39,42-4¢
Micro- and Nano- L Much better tolerance; A significant improvement of antitumor efficacy; An 12-1%,22-
Emulsions increase in the life span; An extended release; Greater bioavailability. 293
3d,4a_4c
Drug-Polymer P A significantly better antitumor efficacy; A remarkable enhancement of tumor 121k 23.2¢
Conjugates inhibitory activity; Low toxicity; Superior antitumor activity; Complete 339, 4.4
elimination of tumors (in some cases); Prolonged circulation time.
MNPs M An enhancement of cell inhibition activity; Low toxicity. 121K 22-2¢
339, 44
CNTs C A significant improvement of antitumor activity; An increase in drug loading; 121K 22.2¢
A significant increase in cell death; Non-toxicity. 339, 424
CD NPs P Low haemolysis and cytotoxicity. 121K 23-2¢
3239, 44
Nanogel P A significant improvement of antitumor efficacy. 121k, 22.2¢
34 48
ANG 1005 Pp Better antitumor efficacy; An increase in survival time. 121k, 22-2¢
334 404

Note: *Based on Table 2.
Abbreviations: ABCB1 gene, ATP Binding Cassette Subfamily B Member 1; ANG 1005, Angiopep-2 Paclitaxel Conjug: BSA, Bovine Serum Albumin; C, carbon-based
nanoparticles; CD NPs, Cyclodextrin Nanoparticles; CNTs, Carbon Nanotubes; CRC, Colorectal Cancer; Dox, Doxorubicin; E, exosomes-based nanoparticles; Eudragit
$100, Anionic Copolymers based on Methacrylic Acid and Methyl Methacrylate; HA, Hyaluronic Acid; (HA)-PBCA-NPs, Hyaluronic acid coated poly(butyl cyanoacrylate)
nanoparticles; HO-GC, Hydrotropic Oligomer-Conjugated Glycol Chitosan; HPG, Hyperbranched Polyglycerol; HPG-C10-PEG, Hyperbranched polyglycerol-C10- poly
(ethylene glycol); i.v., intra venosa; L, lipid-based nanoparticles; LyP, 1-Abraxane - type of peptide; M, metallic-based nanoparticles; MNPs, Magnetic NPs; MDR, Multidrug
Resistance; mPEG-CHO-chitosan NPs, Methoxypoly(ethylene glycol) conjugated Chitosan Nanoparticles; NK 105, Paclitaxel-incorporating Micellar Nanoparticle
Formulation; PEG, polyaspartate micellar NPs; NPs, Nanoparticles; s.c., subc ; OSA, Octyl-modified bovine Serum Albumin; SiNP, Silica Nanoparticles; SLNs,
Solid Llpld Nanopamcles, P, polymeric-based nanoparticles; PBCA, Poly(butyl cyanoacrylate) PCL, Poly(s-caprolactone); PCMB-Dox NPs, PEGylated Carborane-Conjugated
icin Nanoparticles; PEI-C18-HPG, Polyethyleneimine (PEI)-C18-HPG; PEG-PCL, Poly(ethylene glycol)-Poly(s-caprolactone); PEG-PE Nps,
Poly(Ethylene Glycol)-Phosphatidyl Ethanolamine Nanoparticles; P-gp, Permeability glycoprotein; PLA, Polylactide; PLGA, Poly(lactic-co-glycolic acid); PLD, PEGylated
Liposomal Doxorubicin; PLMB-Dox NPs, Doxorubicin-Loaded Carborane-Conjugated Polymeric Nanoparticles; Pp, peptide-based nanoparticles.

have a different microbiome composition than those who
do not respond that well.**

The risk of getting colorectal cancer increases as the
patient gets older.*® About 90% of cases occur in people in
their 50s or older. Other risk factors include inflammatory
bowel disease (Crohn’s disease, ulcerative colitis),
a personal or family history of colorectal cancer or color-
ectal polyps, and a genetic syndrome, such as hereditary

non-polyposis colorectal cancer (Lynch syndrome).*

Moreover, in recent decades, there has been accumulating
information in the published literature about the link
between CRC and microbial infection. It has been
announced that both viruses and bacteria can cause CRC
via prolonged infection and accompanying inflammation,
as well as induction of mutagenesis that leads to uncon-
trolled epithelial cell proliferation. Based on data from
clinical and laboratory trials, among the aforementioned
microbial agents, a crucial role was noted for
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Figure 2 The burden of cancer: risk factors and the frequency of diagnosed cases and deaths (in the center).

Streptococcus bovis, Helicobacter pylori, Escherichia coli,
Klebsiella pneumoniae, and Fusobacterium.’’

It should be kept in mind that lifestyle factors may also
contribute to an increased risk of colorectal cancer, such as
lack of regular physical activity, low amount of fruit and
vegetables in the diet, a low-fiber and high-fat diet or
a diet high in processed meat, overweight and obesity,
alcohol consumption and tobacco use.*®

Noteworthy is the fact that between 30% and 50% of
cancers can be prevented by avoiding risk factors and
implementing existing evidence-based prevention strate-
gies. Cancer burden can also be reduced by early detection
of cancer and the management of patients who develop
cancer. Many cancers are curable if they are diagnosed
early and treated properly.®® Additionally, it should be
emphasized that inflammation is often associated with
cancer development and progression.’” The triggering of
chronic inflammation that increases cancer risk includes
bacterial infections. In effect, the application of nanotech-
nology products that possess proved antimicrobial proper-
ties might have important implications for cancer
preventions (Table 4).

Adequate prevention measures and early detection and
treatment might substantially reduce cancer mortality rate.
There are two components for efficient detection: 1. Early
diagnosis — cancer that is diagnosed at an early stage,
when it is not too large and has not spread, is more likely
to better respond to effective treatment and can result in
a greater improvement in survival rates, decrease in mor-
tality, and less expensive treatment; 2. Screening — aims to
detect cancer before the symptoms appear. The definition
says that it is the presumptive identification of unrecog-
nized disease or defects through tests, examinations, or
other procedures that can be applied rapidly.*

However, implementation of the above preventive
measures mentioned above in most cases cannot be
accomplished due to the failure of systemic approaches.

Different Aspects of the Use of
Nanocarriers - Prevention, Diagnostic
and Therapeutic Application

Recently, increasing evidence demonstrates that nanopar-
ticle-based targeting strategy is effective and promising at
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Table 4 The Examples of Nanotechnology-Based Applications with Proved Antimicrobial Properties
Nanoparticles Microbe Mode of Action Ref.
Metal and metal oxide NPs: Staphylococcus | Disruption of the bacterial cell wall. [40-43]
1. Ag NPs aureus MRSA | Stops cell division by interaction with both DNA and RNA.
2. BiOBr NPs with Fe** Disruption of signal transduction, and ROS generation.
Carbon-based NPs: Penetration of cell membranes. [40,41,44,45]
1. GO A significant enhancement of the anti-MRSA. Activity due to the
2. GO with curcumin illumination of LED lights.
3. CNFs The positively charged NCQDs interacted with negatively charged
4. NCQDs bacteria and then anchored specifically to particular sites on the
surface of MRSA.
Liposomes: Liposomal vancomycin (in comparison to free form) adequately [40,46-48]
1.liposomal vancomycin accumulated vancomycin levels in the macrophages and exhibited
2.exosomal linezolid a remarkable bactericidal effect against MRSA intracellularly.
The in vivo assessment of exosomal linezolid (vs free linezolid)
showed superior activity against intracellular MRSA.
Polymeric NPs: The system is able to target macrophages, release an antibiotic inside [40,49,50]
1.diblock guanidinium polymer the cell, and consequently increase the effectiveness against
2.encapsulation of vancomycin in the intracellular MRSA.
amphiphilic self-assembled Restore MRSA sensitivity to antibiotics as C1-PNPs increased the
supramolecular vesicles cellular uptake of gentamicin by MRSA and inhibited the MRSA efflux
3.C1-PNPs with gentamicin or mechanism for ciprofloxacin.
ciprofloxacin Target macrophages in an efficient way and also to improve the delivery
4.PEG-PLGA with Eudragit E100 and of vancomycin to MRSA inside the cells, and conclusively improved the
chitosan antibacterial activity of vancomycin on intracellular MRSA.
Silica NPs: The system is able to release loaded gentamicin upon the bacteria’s [40,51]
1.Gentamicin-loaded mesoporous silica presence followed with the bacterial toxins-caused degradation of
NPs the shell and thus could be used to treat the intracellular MRSA.
Polydopamine-based NPs: High targeted antimicrobial activity against MRSA when exposed to [52]
1.PDA-PEG-Van NPs NIR low-power radiation.
Metal and metal oxide NPs: Streptococcus | The mechanism of antimicrobial action of oxide NPs involves the 53]
1.Mg(OH)2 NPs bovis production of active oxygen species which are known to induce
bacterial cell death. The effect of MgO is stronger against Gram(+)
bacteria than Gram(-) bacteria, most likely because of differences in
bacterial membrane structure.
Metal and metal oxide NPs: Helicobacter Generation of ROS (oxidative damage) and exhibits antimicrobial and [54,55]
1.AG NPs pylori antibiofilm activity.
2.Tv-Ag NPs
Noble metal NPs: Escherichia coli | NIR irradiation - thermally kill at least 99.99% of E.coli. [56,57]
1.GNR@LDH-PEG NPs Concomitant release of ROS and chemotherapeutic Pt>*, resulting in
2.GNSs tri-model (photothermic/photodynamic/chemotherapeutic)
3.Tri-Ag NPs antibacterial activity against E. coli.
4.dvPtNPs
Metal sulfide/oxide NPs: Photothermic and photodynamic effects of chitosan-assisted MoS2 [56]
1.CS@MoS2 (CS@MoS2), resulting in the inhibition of 99.84% of E.coli.
2.MoS2/PDA-RGD MnO; can have interaction with GSH in bacteria and convert into
3.CuS NPs Mn?*, not only destroying the oxide balance of bacteria, as well as
4.MnO; NPs avoiding long-term body retention.
(Continued)
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Table 4 (Continued).
Nanoparticles Microbe Mode of Action Ref.
Polydopamine-based NPs: Specific interaction with bacteria and showed that under NIR [52]
1.PDA-coated polystyrene/silver NPs radiation induced a temperature rise to 45 'C could cause a marked
2.PDA-modified magainin NPs bacterial death.
Carbon-based NPs: Klebsiella Captured the bacterial cell wall membrane, and Au NPs destroyed [41]
1.rGO-Au NPs pneumoniae the outer coating of the bacterial cell wall.
Metal and metal oxide NPs: Fusobacterium | An exhibition of improved antimicrobial activity due to their [58,59]
1. Ag NPs enhanced surface-to-volume ratio.
2. GSH-Ag NPs Trigger inflammatory response in human gingival fibroblasts by the

increase of cytokine production.

Abbreviations: Ag NPs, silver nanoparticles; BiOBr NPs, polyethylenimine grafted bismuth oxybromide nanoplates with Fe?; C1-PNPs, pyridinium amphophile-
loaded PLGA (poly (lactic-co-glycolic acid) nanoparticles; CNFs, carbon nanofibers; CS@MoSz, chitosan-assisted MoSz; CuS NPs, copper sulfide nanoparticles;
dvPtNPs, dualvalent platinum nanoparticles; GNR@LDH-PEG, poly(ethylene glycol) (PEG) modified core-shell GNR@ (gold nanorod) layered double hydroxide
nanoparticles; GNSs, gold nanospheres; GO, graphene oxide; GSH, glutathione; GSH-Ag NPs, glutathione-stabilized silver nanoparticles; MDR, multidrug-resistant;
MIC, minimum inhibitory concentration; Mg(OH). NPs, magnesium hydroxide nanoparticles; MnO2 NPs, manganese oxide nanoparticles; MoS2/PDA-RGD,

disulfide/poly ginine-glyci partic acid; MRSA, methicillin-resistant Staphylococcus aureus; NCQDs, nitrogen-doped carbon quantum
dots NIR, Near-infrared irradiation; NPs, nanoparticles; PCE, tetrachloroethene; PDA-PEG-Van NPs, polydopamine-based nanoparticles modified with PEG and
vancomycin; rGO-Au NPs, reduced-graphene-oxide functionalized with gold nanoparticles; ROS, Reactive Oxygen Species; Tri-Ag NPs, citrate-coated triangular

nanoparticles; Tv-Ag NPs, toxicodendron vernicifluum silver nanoparticles.

a diagnostic and therapeutic level and might include many
kinds of cancers, such as colorectal cancer, breast cancer,
ovarian cancer, or lung cancer.®*> Nanotechnology can be
used in the prevention of disease, diagnosis, and treatment,
especially by enabling early disease detection and diagno-
sis, as well as a precise and effective therapy, which is
vital for developing personalized treatment strategy. In
effect, implementing the aforementioned new concept of
personalized medicine potentially offers an efficient cure
for virtually any type of malignancy. Various applications
of nanotechnology concerning prevention, diagnosis and
treatment fields of use are shown in Figure 3.

Many types of nanodevices could be clinically applic-
able, in different kinds of detection, such as imaging con-
trast agents, immunoassays, or targeted drug delivery
systems. In Table 5, commonly used nanodevices and
their primary areas of application are presented.

Treatments Using Drug Delivery Systems
An accurate cancer diagnosis is essential for adequate and
effective treatment because each type of cancer requires
a specific treatment regimen that encompasses one or more
actions, such as surgery, radiotherapy, and chemotherapy.
Determining treatment goals and palliative care is an
essential first step, and health services should be integrated
and patient-oriented. The fundamental aim is to cure can-
cer or to prolong life. Improving the patient’s quality of

life is not insignificant, and it can be achieved by suppor-
tive or palliative care with minimization of side effects of
drugs as well as via psychosocial help.”

Nanocarriers used in drug delivery systems are typi-
cally about a size below 500 nm. They are made of organic
(lipid, liposome, dendrimer, polymeric) or inorganic (car-
bon nanotubes, iron oxides, metallic) materials, as well as
their hybrids of varying sizes, shape, and surface
characteristics.”* Examples of the most widespread antic-
ancer drugs as part of drug delivery systems, specifying
the nanocarriers and type of cancer, are presented in
Figure 4.

To achieve targeted drug delivery with maximum phar-
macokinetic activity at pathology sites, constant progress
in drug delivery systems using nanotechnology strategies
has been noted. The use of drug carriers offers several
benefits in terms of the chemical and biological properties
of the drug. From a chemical point of view, the application
of nanocarriers exerts an impact on drug solubility and
penetration ability. Moreover, surface characteristics,
immobilization of homing molecules, as well as the sensi-
tivity of carriers to different stimuli determine specific-site
delivery, modulate drug release, exert the impact on bio-
distribution and retention process, as well as influence the
immunomodulatory properties of carriers. The above-men-
tioned features show that a strong association between
physicochemical and biological properties exists.
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Nanocarrier

Figure 4 Use of nanocarriers.”*

the hydrophobic region of micelles formed from diblock
hydrophobic-hydrophilic polymers. As a result of drug
encapsulation, a hydrophilic nanocarrier is created, which
due to the typically low critical micelle concentration,
remains stable even after dilution by body fluids. Drug-
containing polymeric micelles, such as Genexol PM® con-
taining Paclitaxel, already exist on the market.”®

Another example of delivery of poorly soluble drugs is
the liposomal formulation, where lipophilic drugs can be

Tumors

)

BREAST, COLON, LUNGS, PANCREATIC

dissolved in the lipid segment of the phospholipid bilayer
membrane. Liposomal carriers are very flexible when it
comes to their structure and functionality. Lipid formula-
tions of anticancer drugs have been successfully marketed,
such as Endo®TAG-1 which is a product containing
Paclitaxel that uses positively charged phospholipid vesi-
cles for pancreatic cancer treatment.””-®

Finally, hydrophilic dendrimeric polymers are recog-
nized as suitable carriers because drugs can be
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encapsulated in their interior. The presence of empty cav-
ities can be controlled by affecting the polymer conforma-
tion by changing the pH, the type of solvent, as well as the
design of the polymer structure itself. At the same time,
the encapsulation mechanisms can utilize electrostatic,
hydrophobic, acid-base interactions, or hydrogen bonds
between the drug and the polymer. Although there is no
dendrimer-based product on the cancer drug market,
research shows that some known dendrimeric vehicles
are good candidates. For example, it was reported that
polyamidoamine branched polymers with hydrophobic
Paclitaxel, in addition to better drug solubility, showed
10-fold higher anticancer activity compared to free drug,
which is attributed to better uptake by tumor cells.”
Interestingly, in the latest literature, there are such
bioinspired solutions for drug delivery as the use of
amphiphilic proteins to stabilize the hydrophobic drug
and induce biosilicification on its surface, which leads to
the formation of drug-core silica-shell nanoparticles.*’
Other interesting examples are hydrogels, biocompati-
ble crosslinked hydrophilic polymer networks already well
known for being a good hydrophilic drug delivery system,
which can be modified to encapsulate hydrophobic drugs,
for example, by having hydrophilic moieties or molecules
having empty cavities in their structure, or even containing
polymeric micelles or nanoparticles with the encapsulated

drug.xl

Targeted Drugs Delivery - the Passive
and Active Crossing of Biological Barriers

A key element for the effectiveness of the drug is to
successfully access diseased sites. This can be improved
or enabled by the use of nanosized drug delivery systems,
which themselves are capable of crossing biological bar-
riers or allow the encapsulated drug to traverse them to
achieve maximum effect at the target. Depending on the
method of administration (intravenous, oral, or inhalation),
the nanocarrier must cross various barriers on the way to
the tissues or organs and subsequently to the cells or
organelles, which takes place via two modes of transport,
“passive” and “active”. Targeted drug delivery systems
(TDDSs) have many advantages, including (1) reducing
the exposure of healthy cells to cytotoxic compounds, (2)
overcoming the increasingly common drug resistance of
tumors, and (3) reduction of side effects of therapy, which
directly translates into profits from a pharmacoeconomic
point of view.?

“Passive”, non-specific targeting is associated with
reduced nanoparticle sizes and surface properties, such as
hydrophobicity, surface charge, or non-specific adhesion,
which may result in reaching organs having porous
endothelial capillaries (liver, spleen), helping to cross spe-
cialized epithelial, and penetrating the cell cytoplasm.®
For example, in the case of cancer, the phenomenon of
increased permeability and retention (EPR effect) can be
observed, which is based on selective penetration into
cancer cells compared to normal tissues due to the size
of nanoparticles. This is caused by the leaky nature of the
tumor-bearing blood vessels that have endothelial cell lin-
ings of 100 to 700 nm, which is 10- to 70-fold more than
the normal endothelium. This, combined with the weak
drainage system typical of solid tumors, leads to the accu-
mulation of drug-loaded nanoparticles in the neoplasm.

Furthermore, due to the increased metabolism of tumor
cells, their surroundings are characterized by acidic pH
and slightly increased temperature, which can be used in
the design of stimuli-responsive nanocarriers. Finally,
tumors will release specific enzymes, such as metallopro-
teases, into their adjacent environment, which in addition
to function as tumor markers, can also be recognized by
functionalized drug delivery systems.”?

Unfortunately, for some organs, the delivery of drugs
passively using nanosystems is significantly impeded due
to the poor permeability of biological barriers, such as the
blood-brain barrier (BBB). In these cases, “active™ trans-
port methods can traversing  through
membranes.™ “Active targeting” relies on the increased

improve

selectivity of the drug-loaded nanocarrier through its sur-
face functionalization with a ligand showing an affinity for
the pathological site. Such ligands, including antibodies,
peptides, proteins, glycoproteins, growth factors, nutrient
compounds, vitamins, or nucleic acids, are bound by
receptors that are overexpressed on cancer cells. Then,
receptor-mediated endocytosis ensures cellular uptake of
nanocarriers providing higher drug concentration in the
cytoplasm.”® An interesting example of a ligand is folic
acid, whose receptor (FR) is overexpressed in many types
of cancer, such as breast, lung, ovarian, and colorectal
tumors.® Among classical targets, there are transferrin
receptors (TfR) or nicotinic acetylcholine receptors typical
for the vasculature of brain tumors.*®

Furthermore, targeting tumor endothelium on which
there are numerous moieties, such as vascular endothelial
growth factors (VEGFs) or vascular cell adhesion mole-
cules (VCAMs) can be a complementary strategy to drug
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delivery, as it involves the destruction of endothelial walls,
and thus cutting off oxygen and nutrient access leading to
cell death.”

Another advantage of nanocarrier functionalization is
the conjugation of the carrier with a fluorescent marker
that allows tracking of both the carrier and the drug
in vitro and in vivo studies, which can be used in
theranostics.®’

Nowadays, most of the clinical trials using nanocarriers
apply “passive” transport,® and the use of the EPR effect
in the design of drug delivery systems has become stan-
dard. Some of these products are commercially available,
such as Doxil® a liposomal formulation of the cytotoxic
Doxorubicin, or Caelyx®, a PEGylated liposomal formula-
tion of this drug. Besides, many studies are documenting
the in vivo antitumor activity of nanosystems using an
“active” mechanism of cell penetration, and some of
them are at the clinical trials, including a liposomal nano-
platform containing Doxorubicin with scFv antibody as
a ligand targeting the human epidermal growth factor
(HER2) receptor in advanced breast cancer, and
a polymeric nanoplatform having Docetaxel with nucleic
acid-based protein-ligand (ACUPA) targeting prostate-spe-
cific membrane antigen (PSMA) in solid tumors.*

Increasing Drug Stability and Controlled
Release

Drug delivery systems (DDSs) have many advantages over
using free medicines. Often, one type of carrier signifi-
cantly improves a given therapy by improving several
chemical properties of the formulation, thereby increasing
the stability of the formulation and drug during storage,
the stability of the formulation in vivo, and also allowing
for prolonged release of the drug.

Maintaining the unchanged properties of the drug dur-
ing storage and extending its suitability for use in the drug
delivery systems can be very helpful. For example, it was
reported that a carrier made of cyclodextrin could result in
increased thermal stability and reduced drug volatility.
Another case was described by Hsiao and coworkers, who
showed that chlorophyll, a valuable bioactive compound
known for its sensitivity to oxygen, high temperature, and
light, has been encapsulated in polycaprolactone, gaining
greater stability and therefore being more convenient for
storage.®

The drug delivery system can lead to increased drug
stability in vivo and protect it from degradation before and

after it gets into systemic circulation by decreasing meta-
bolic clearance in blood and gastrointestinal tract (GIT) or
renal reticuloendothelial system (RES) clearance.
However, it is very important to maintain constant nano-
particle parameters, such as size, morphology, size distri-
bution, porosity, or crystallinity, because their disturbance
can lead to altered pharmacological properties of the drug-
loaded nanosystem. Some active moieties, such as DNA or
siRNA, possess disadvantaged physicochemical properties
(molecular weight, charge, susceptibility to degradation by
enzymes) and have to be applied clinically together with
appropriate nanocarriers.*** Specifically, in the case of
immobilization of enzymes on nanocarriers, in addition to
increased stability, they are attributed to such benefits as
reduced protein degradation, resistance to mass transfer,
high mechanical strength, and minimum diffusional
problems.”® One should also mention the “stealth™ tech-
nology used for liposomes, which consists of attaching
a synthetic polymer poly(ethylene glycol) (PEG) to the
liposome structure. This modification extends the presence
of intact pegylated nanocarriers in the blood through
reduced uptake by the mononuclear phagocyte system
(MPS).”!

The formulation must be stable to external factors
mimicking conditions in the body, and therefore without
the evaluation nanomaterials cannot be used clinically.®
For instance, Villamizar-Sarmiento et al carried out
a comprehensive study and confirmed that the prepared
nanomedicines based on poly(styrene sulfonate) polymer
had unchanged hydrodynamic sizes and zeta potential for
over a dozen days at a varying salt concentration (NaCl),
pH, and temperature, and was durable despite freeze-dry-
ing and redissolving in water.”” Similarly, Kanwar et al
studied structural changes of nanostructured lipid carriers
(NLCs) under stress conditions, such as changing electro-
lyte concentration, pH, and stabilizing polymer addition.
Interestingly, NLCs are resistant to changes in the envir-
onment, which is important for their pharmaceutical
applications.”

The immobilization of a drug, both hydrophobic and
hydrophilic, helps to ensure its controlled slow-release and
avoid burst effect, which would not have been possible
without the carrier.” As a result of slow controlled drug
release, the active substance has a prolonged circulation in
the body and is released at pathological target sites. In one
of the strategies, due to the specific chemical properties of
the designed nanocarrier, its durability can be controlled
in vivo by local stimuli, such as abnormal pH?”
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temperature,”® or ionic strength” (so-called stimuli-
responsive materials). For instance, Guo et al reported
the synthesis of carriers consisting of cationic liposomes
coated with carboxymethyl chitosan, stable under physio-
logical conditions, but in an acidic environment specific to
the tumor (pH=6.5) quickly transformed into a cationic
form, which aided tumor-specific cellular uptake.
Moreover, in the presented studies synergistic use of two
active molecules, the anti-cancer drug (doxorubicin) and
oncogenic protein inhibitor (MDM2), was possible using
the dual-drug delivery system.” Recently, Razavi et al
described  multi-stimuli-responsive  block copolymers
based on poly(N-(2-(dimethylamino)ethyl)-methacrylate)
(PDMAEMA) and poly(methyl methacrylate) (PMMA)
chains terminated with spiropyran, wherein the size of
the nanoparticles, as well as the release of doxorubicin,
was controlled through pH, light, and temperature.”

The Efficiency of Encapsulation/
Immobilization of Drugs in Carriers

From a pharmacological point of view, it is important to
ensure efficient drug encapsulation to avoid such in vivo
side effects of the use of nanocarriers in excess such as
agglomeration resulting in excretion from the body by the
immune system, high blood pressure, renal failure or sys-
temic toxicity.'” Unfortunately, the majority of currently
known drug delivery systems are characterized by a low
loading efficiency (less than 10%), which is associated
with the use of a large amount of carrier.'”! To achieve
good loading efficiency, the kind of materials used (char-
acterized mainly by a large surface area) and their surface
modification and the method of drug encapsulation/immo-
bilization are important. In general, the mechanism of drug
loading through non-covalent interactions most often
results in low loaded drug carriers, and covalent or coor-
dination bonds result in high drug loading efficiency. Such
non-covalent bonds are electrostatic interactions, w7
stacking, hydrogen bonding, or hydrophobic/hydrophilic
interactions of the drug with the surface of the carrier.
For example, the most popular carrier, liposomal, depend-
ing on its morphology, is characterized by hydrophobic or
hydrophilic drug—carrier interactions. In the case of poly-
mer nanoparticles or dendrimers, they may form structures
that allow the drug to become entrapped in a micellar or
hollow structure, respectively, or to bind the drug via
a chemical linker. Typically, enzymatically or chemically
cleavable linkers are used, such as amide, ester, disulfide

bonds, or phosphate esters. There are also examples of
specific linkers sensitive to the stimulus or enzyme typical
of the tumor environment. For example, disulfide bonds
can be broken by glutathione, an enzyme that is over-
expressed on cancer cells.'*!0?

Due to the type of nanocarriers’ structure, the follow-
ing types of high drug loading nanomedicines can be
distinguished: 1. Inert porous material as a carrier (silica,
carbon, or protein nanoparticles); 2. Polymer-drug conju-
gates (PDCs); 3. Coordination polymer nanoparticles
(metal-organic frameworks); 4. Carrier-free nanomedi-
cines (drug amphiphilic ~ drug-drug
conjugates).'® The PDCs systems used are solid disper-
sion of the drug in a hydrophilic polymer, and nanoconju-
gates of an amphiphilic or hydrophilic polymer with the
drug. Recently, various PDCs carrier improvement strate-

nanocrystals,

gies have been introduced to enhance loading efficiencies,
such as the use of: 1. Multi-arm polymer conjugated with
drug;'™ 2. The hydrophobic'® as well as the
hydrophilic'® drugs as part of the core-shell carrier struc-
ture; 3. Two drugs with opposite hydrophilicity linked via
a hydrophilic carrier (spacer);'” 4. Encapsulation in core-
crosslinked polymer. %1%

Another class of nanomaterials that overcomes the
problem of low drug loading is nanocages (protein, gold,
carbon, silica, or DNA NCs), which have a hollow struc-
ture and can contain up to thousands of drug particles
inside.”” A different way to increase the effectiveness of
drug loading is surface modification. For example, porous
iron oxide nanoparticles (IONPs) coated with materials,
such as silica, surfactants, carbon, and polymers are used
as drug carriers. Moreover, the introduction of functional
groups on the surface allows its further modification, for
example, with proteins, which further increases the affinity
for drugs.'”® Another example describes calcium phospho-
silicate nanoparticles (CPSNPs) as phospho-drug nanocar-
riers  (5-Fluorouracil) where due to metal-ligand
complexes between the phosphate group and calcium,
efficient drug encapsulation is possible.””

It turns out that the effectiveness of the encapsulation
procedure depends on many factors, and in the literature,
comprehensive analyses can be found regarding specific
carriers in combination with various medicines and encap-
sulation methods. For example, the fact that the route of
immobilization should be selected depending on the type
of medicine was described by Krukiewicz et al where two
different loading methods have been tested with two var-
ious active substances. For quercetin, the highest loading
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was achieved by immobilization on a polypyrrole matrix
during the electropolymerization process, while in the case
of a second drug tested, ciprofloxacin, incorporation dur-
ing post-modification (polymer oxidation) was more
efficient."'” Furthermore, Perotto et al reported that in
addition to such medicine characteristics as hydrophilicity
and molecular weight, the charge of the drug might have
the most significant impact on its encapsulation, as in the
case of positively charged methylene blue-achieving up to
88% encapsulation efficiency in keratin nanoparticles.'!
Besides, the study of curcumin encapsulation into poly &-
caprolactone NPs was carried out by Nagy and coworkers
using Box-Behnken experimental design, where the vari-
ables in the encapsulation procedure were the initial
amount of the drug, the volume ratio of the organic and
aqueous phases, as well as the composition of the organic
phase. It was found that the volume of the organic phase
containing a drug used for nanoprecipitation of the poly-
mer was crucial for efficient drug loading.'"?

In the latest literature, one can also find reports about
drugs encapsulated in high loading carriers by environ-
mentally friendly methods. That is, due to aromatic—aro-
matic interactions and the formation of ionic pairs,
hydrophilic and aromatic low molecular weight drugs
(HALMD) were encapsulated in a poly(styrene sulfonate)
(PSS) with the yield of about 50%.'"

Application, Mechanism of Action, and
Drug-Resistance of Selected
Chemotherapeutics

Doxorubicin (DOX) is commonly used in various types of
malignancies, such as sarcoma, leukemia, lymphomas,
breast, lung, and ovarian cancer. There are two different
mechanisms of action: intercalation of doxorubicin into
DNA and inhibition of topoisomerase Il leading to
changes in chromatin structure; generation of free radicals
and oxidative damage to biomolecules. Repeated doxoru-
bicin administration leads to drug-resistant cancer cells; it
also increases drug cytotoxicity. The interaction between
signaling pathways can promote drug resistance through
the induction of proliferation, cell cycle progression, and
prevention of apoptosis. Doxorubicin-induced drug resis-
tance and tumor growth can occur through the adaptive
role of the MAPK/ERK pathway in the effort to protect
tumor cells. The mechanism of drug resistance of the
Anatomical Therapeutic Chemical Classification System
(ATC) is related to the expression of multidrug-resistant

1 (MDRI1) transporters. MDRI transporters pump Dox
molecules out of cells, reducing intracellular concentration
of drug and inhibiting chemotherapeutic efficacy.''*!'>

5-Fluorouracil (5-FU) could be applied to treat solid
tumors of the gastrointestinal tract, breast, head, and neck,
as well as the pancreas. Mechanism of action involves
blocking DNA synthesis and replication through inhibition
of thymidylate synthase and incorporation of 5-FU meta-
bolites into RNA and DNA. 5-FU resistance abrogated the
anticancer effect amplified by the Chk1 inhibition, even in
p53-deficient cancer cells. Chk1 inhibition might be effec-
tive in sensitizing 5-FU resistant cancer cells to 5-FU
because Chkl activation is reported to be related to the
resistance to chemotherapy. It has also been observed that
the synergistic cytotoxic potential for Chkl inhibition dur-
ing 5-FU treatment in p53-deficient colon cancer cells with
or without 5-FU resistance.!®!”

Paclitaxel (PTX) is used against many forms of cancer,
for example, ovarian, breast, lung, Kaposi sarcoma, cervi-
cal, and pancreatic cancer. Mechanism of action relates to
targeting microtubules — it disrupts the major function of
microtubules, which is the production of the mitotic spin-
dle during cell division, as well as maintenance of the cell
structure, motility, and cytoplasmic movement within the
cell. A weakened mitotic checkpoint confers only short-
term resistance to mitotic arrest but also the activation of
a mitotic checkpoint followed by mitotic slippage resulting
in optimal cell killing. There are some identified markers
of resistance or sensitivity to paclitaxel, such as protea-
some subunits, cyclin-G1 (CCNG1), and solute carrier
genes. The cytotoxicity of nanoparticles using tamarind
seed polysaccharide and paclitaxel by epichlorohydrin
crosslinking (PST-PTX) in cancer cell lines and resistant
cancer cell lines were determined by MTT assay.
Quantitative analysis of cell death was determined by
Annexin V dead cell assay, Caspase 3/7 assay, and expres-
sion of pro-apoptotic protein Bax. Overexpression of the
ABCB1 gene confers resistance to nab-paclitaxel in
urothelial cancer cells.''$!"?

Each of these drugs has a different field of application,
mechanism of action, and also various explanations of
drug-resistance. Cells become resistant to different drugs
through various mechanisms of modification of drug tar-
gets, alteration in drug metabolism, and genetic changes of
cells to target pathways.'” However, it is worth noting
that despite these differences, resistance to drugs continues
to be a principal problem in oncology, affecting most
cancer patients.
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Improving Activity and Help to
Overcome the Drug-Resistance

Currently, major treatments for cancer management
include cytotoxic chemotherapy, surgery, targeted therapy,
radiation therapy, endocrine therapy, and also immunother-
apy. Despite the efforts and achievements made in treating
cancers during the last few decades, resistance to classical
chemotherapeutic agents and novel targeted drugs remains
a major problem in cancer therapies.'”! Drug resistance,
also the one existing before treatment (intrinsic) or gener-
ated after therapy (acquired), is responsible for most
relapses of cancer, which are the major causes of death
of the disease. Heterogeneity among patients and tumors
and the comprehensiveness of cancer to circumvent thera-
pies make drug resistance even more difficult to deal with.
A better understanding of the mechanisms of drug resis-
tance is required to provide guidance to future cancer
treatment and achieve better results.'”' The complexity
of drug resistance development suggests that combina-
tional and personalized treatment might provide better
approaches and improved efficacy for fighting drug resis-
tance in cancer.'??

Cancer presents difficult challenges that would benefit
from uniting experts from a broad cross-section of related
and unrelated fields. Combining extant approaches with
novel ones could help in raising this challenging health
problem, enabling the development of therapeutics to stop
disease progression and prolong patient lives.'?
Regardless of the research approaches, based on the results
from clinical trials and research publications on the appli-
cation of nanoparticles as drug delivery systems in the
treatment of cancer, the main benefits are the enhancement
of vascular and gastrointestinal permeability and selectiv-
ity of drugs/compounds to tumor cells. Abdifetah et al,'*
in their summary of the review, note the fact that due to the
application of nanoparticles, the improved permeability
and selectivity resulted in the overall improvement of
cellular drug uptake, the inhibition of drug hepatic first-
pass metabolism and P-gp efflux, the increase in drug
solubility and stability, and the decrease in the rate of the
drug excretion. As a consequence, a reduced dosage can
be achieved without compromising the efficacy, which
minimizes potential drug toxicity. Still, regardless of the
therapeutic and research progress made, some of the chal-
lenges in cancer therapy, such as multidrug resistance
(MDR), are being further investigated to better understand
the molecular mechanisms and optimize the therapies

concerning efficacy and safety. According to El-Readi et -
al,'* due to the tumorous tissue specifics such as their
abnormal blood vessels and pathologic processes that hin-
der effective cancer chemotherapy, the design and applica-
tion of new methodologies for drug delivery like NPs are
vital. MDR is known to be a result of synergistic processes
taking place directly in cancer tissues and tumorous cells.
In Figure 5, different mechanisms synergistically, causing
multidrug resistance (MDR) are summarized.

The influence on membrane transport is one of the
most important mechanisms in the development of resis-
tance against anticancer drugs. The reduction of drug
concentration can be achieved by reduced drug uptake or
increased extrusion of the molecules. The overexpression
of P-glycoprotein is responsible for efflux. The use of
nanoparticles loaded with docetaxel (PLGA-PEG) has pro-
ven to be effective in overcoming the MDR as referenced
in the article.'?® The authors also listed other advantages
of the application of NPs in the therapy over the standard
dosage forms; for example, nanosized drug carriers mini-
mize the elimination of the molecules substantially
through the liver or kidney. Other properties like improved
permeability and accumulation of nanoparticles loaded
with drugs are passively targeting tumor tissues resulting
in lower systemic toxicity.

Another successful application of targeted anticancer
nanocarriers using biocarriers is presented in the article by
Radu et al.'” Poly(3-hydroxybutyrate-co-3-hydroxyvale-
rate) carriers were obtained via the emulsification-diffu-
sion method, loaded with 5-fluorouracil and therapeutic
potential on human adenocarcinoma cells was investi-
gated. As a result, it was observed that the drug-loaded
carrier could significantly decrease cell viability, showing
the high potential of destroying human adenocarcinoma
cells. Overall, significant progress has been made in the
field of nanocarriers in cancer treatment resulting in
improved pharmacokinetic properties, better antitumor
efficacy, and lower risk associated with the development
of undesirable drug effects. Physicochemical properties of
the therapeutic nanocarriers and pathophysiological tumor
characteristics still need to be investigated to get deeper
insights into the mechanisms allowing effective and safe
cancer treatments. Arranja et al reported a list of clinically
used nanomedicines containing mainly liposomes, poly-
mer-drug conjugates, and polymeric micelles.'”® In con-
trast to traditional chemotherapy, nanomedicines are
circulation

characterized by prolonged half-lives,

increased bioavailability, and better tumor disposition;
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Figure 5 Multidrug resistance in cancer mechanism overview.'ss

however, they rely mainly on the EPR effect. To increase
our understanding of actively targeted nanodrugs, the
authors suggest and discuss the application of strategies
from theranostics. The main aim of this approach is to
integrate molecular imaging properties into therapeutic
agent formulations to monitor tumor accumulation and
therapeutic efficacy of nanomedicines at the same applica-
tion time. More controlled targeted drug delivery should
further optimize therapeutic effects minimizing unwanted
cytotoxicity in the off-target tissues.

Cancer multidrug resistance (MDR) to chemotherapy is
a crucial barrier in the effective treatment of malignancies,
which may lead to therapeutic failure of the treatment
regimen. Nanotechnology ensures a novel and unconven-
tional approach to circumvent MDR. In Table 6, recent
literature examples of application nanocarriers to over-
come MDR are presented. Mechanisms and advantages
of various types of nanocarriers were discussed below as
well as potential approaches to overcome these limitations.

Establishing a practical nanotechnology-based drug
delivery systems may help in the future to improve the
bioavailability and therapeutic efficacy of antitumor drugs
while providing better accumulation at the target site
compared with conventional antitumor drug delivery
systems.

Pharmacoeconomic Aspect of Drug
Carriers

The efficacy of selected drugs due to their equivalents in
nanocarriers could have an impact on reducing or mini-
mizing costs in pharmacoeconomic analysis, especially in
shortening the time of hospitalization or a smaller number
of tests carried out. We could also avoid some intangible
costs, such as pain, suffering, or anxiety — if the patient
stays shorter in the ward and could be faster at home.
What is more, we can reduce the number of inpatient
days, resulting in decreased risk of infections and

6612 "

Dove!

International Journal of Nanomedicine 2021:16

55



Dove

Milewska et al

Table 6 Mechanism of Overcoming Drug Resistance and Benefits of Nanocarrier Use

Drug | Typeof Type of Nanocarrier Mechanism of Overcoming Drug Ref.
Cancer Resistance and Benefits of Nanocarrier
Use
DOX Ovarian Iron oxide-titanium dioxide core-shell nanocomposites Downregulation of TfR1 expression [120]
cancer
ATC Dopamine-melanin NPs Increased cellular uptake [129]
5-FU CRC Mesoporous silica NPs grafted with EGF Cell death through S phase arrest [117]
Downregulation of DPYD expression
GC Gelatinase-stimuli di-block copolymers poly(ethylene glycol)- Upregulation of TFAP2E and downregulation [130]
b-poly(e-caprolactone) (PEG-b-PCL) DKK4
Chitosan NPs Downregulation of HIF-1a expression [116]
PTX Lung Galactoxyloglucan Downregulation of the expression of multi- [131]
cancer drug resistant proteins P-gp and BCRP
MDCK- Two diblock copolymers, MePEG114-b-PCL200 and MePEG17- Increased accumulation of drug [132]
MDR1 b-PCL5 (PCL200/PCL5) + ultrasound

Abbreviations: 5-FU, 5-Fluorouracil; ATC, anaplastic thyroid cancer; BCRP, breast cancer resistance protein; CRC, colorectal cancer; DKK4, Dickkopf WNT Signaling
Pathway Inhibitor 4; DOX, Doxorubicin; DPYD, Dihydropyrimidine Dehydrogenase; EGF, Epidermal Growth Factor; GC, Gastric Cancer; HIF-1a, Hypoxia-inducible factor
1-alpha; MDCK-MDR1, Madin Darby canine kidney (MDCK) cells with the MDR1 gene; NPs, Nanoparticles; P-gp, Permeability glycoprotein; TFAP2E, Transcription Factor

AP-2 Epsilon; TfR1, Transferrin Receptor 1.

medication side effects, improve quality of treatment, and
increase hospital profit through more efficient bed
management.'*?

As a result of the use of drug carriers we can observe
the following benefits: 1. The economic benefits result
from the savings associated with a more cost-effective
medical procedure; 2. Clinical benefits are defined as the
direct positive effects of the applied therapy, measured by
primary or secondary endpoints. The size of clinical ben-
efits is a measure of the clinical effectiveness of the
examined medical procedures; 3. Unmeasurable benefits
concern the reduction of pain, anxiety, and improvement
of life comfort and its duration.

Comparing the use of traditional therapy with alterna-
tive therapy, such as nanocarrier-based-therapy, we can
evaluate examples of systemic treatment parameters in
oncology such as Evaluation of response to treatment
(%): Percentage of
Percentage of total remissions (%); Time to relapse
(months, years); Percentage of reduction in risk of recur-
rence (%); Percentage of 5-year survival rate (%);
Percentage of responses to treatment (%); Percentage of
total pathological remissions (%); Total survival time
(months); Median survival (months); Indicators of quality
of life and reduction of symptoms, such as VAS
procedure.'**

corresponding  patients  (%):

Clinical studies have demonstrated the effects of using
PEGylated-liposomal doxorubicin in adjuvant chemother-
apy for advanced and metastatic breast cancer (Table 7).
Reflected in Table 7, results review the clinical application
of PLD in the adjuvant chemotherapy of breast cancer and
illustrate the therapeutic effects of pegylated liposomal
doxorubicin in various treatment regimens. These clinical
studies, which presented therapeutic strategies for apply-
ing listed drugs to such adjuvant chemotherapy, show
a significant improvement in the treatment results in
terms of increased survival time as well as progression-
free survival time. Both of these indicators are crucial in
the effective treatment of oncological patients.

Over the past decade, the application of nanomaterials
for the treatment of cancer features high sensitivity, speci-
ficity, and efficacy. Nanomaterials could be applied to
employ specific ligands to target cancer cells predictably
and deliver encapsulated load capacity effectively.
Besides, nanomaterials can also be created for enhanced
drug loading, greater half-life in the body, sustained
release, and selective distribution by transforming their
size, composition, morphology, and surface area. For
instance, carbon-based materials, polymeric nanomater-
ials, metallic nanoparticles, dendrimers, and liposomes
have been developed as smart drug delivery systems for
cancer treatment, showing improved pharmacokinetic and
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Table 7 The Effects of Using Pegylated Liposomal Doxorubicin (PLD) for Adjuvant Chemotherapy of Advanced and Metastatic Breast

Cancer
Treatment Regimen Phase Number Results Ref.
of o The Total Median Total
Clinical Enrolled
st Patients Effective Progression- Median
udy acien Rate (%) Free Survival Survival
(Months) (Months)
Evaluation of the effect and safety of salvage Il 45 41.9 8.2 Up to 36.6 | [135]

chemotherapy for treating metastatic breast cancer with
PLD (40 mg/m?)+cyclophosphamide (500 mg/m?) and
5-fluorouracil (500 mg/m?) in the presence of paclitaxel.

Adjuvant chemotherapy in patients with advanced HER-2 Il
positive breast cancer by PLD (administered at 40 mg/m?
every four weeks) in combination with lapatinib and
trastuzumab.

- 4 5.8 233 [136]

Comparison of combined PLD (administered at 30 mg/m’ 1]
every three weeks) and docetaxel with the separate use of
docetaxel.

= 2536 7.09.8 . [137]

Examination of the therapeutic efficacy of PLD -
(administered at 20 mg/m? every two weeks) in elderly
patients with advanced breast cancer and all patients
enrolled were older than 70 years.

= 33.3 10.3 . [138]

Evaluation of the combined regimen of PLD (administered =
at 40 mg/m? every four weeks) and navelbine
(administered at 25 mg/m? every four weeks) and its
therapeutic efficacy in first-line chemotherapy in elderly
patients with metastatic breast cancer.

34 50 . 30f34 | [139]

pharmacodynamic parameters over standard formulations
because of their nanosize and individual physicochemical
properties.

The data presented in Table 3, suggest that nanotech-
nology will provide new opportunities for cancer manage-
ment. Moreover, a range of nanoparticles demonstrate
significant efficacy for anticancer therapies, and their
application can also be discussed in the pharmacoeco-
nomic context. Considering that all the presented benefits
from the use of nanomaterials make nanotechnology much
cheaper than conventional treatment, it can also be
reflected in the expected pharmacoeconomic efficacy.
This could result in the reduction or total avoidance of
costs in the management of cancer patients, particularly by
reducing costs of interventions, shortening the time of
hospitalization or avoided expenditure on illness which
results in fewer medical procedures carried out, leads to
the reduction of personnel costs and allows patients to
return to professional life.

Clinical Application of Drug Carriers

The website clinicaltrials.gov was searched on 09.12.2020.
The search was conducted using the keywords: cancer and
nanoparticle. The start and end dates of the study were
determined from 01.01.2015 to 09.12.2020. The status of
the study was also defined — only studies with “completed”
status were taken into consideration. As a result of this
search, 13 studies meeting the above criteria were found.
The search strategy is presented in Table 8.

To summarize, in Table 9, all studies are interventional
(clinical trials), which are presented on the clinicaltrials.
gov website. Each study involves a different number of
patients, ranging from 2 to 146 participants. Different
types of cancer were investigated, and the degree of sever-
ity is also taken into account, whether or not it is meta-
static cancer. Each study describes arms — experimental or
placebo, as well as treatment/other intervention. The
selected endpoints — primary, secondary, or other — are
included in the studies as per the protocols.
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Table 8 Terms and Synonyms Searched in Clinical Trials
Database

Terms/Synonyms Search Results* Entire Database**
Nanoparticle 13 studies 452 studies
Cancer 13 studies 78,405 studies
Neoplasm 13 studies 70,026 studies
Tumor 6 studies 17,331 studies
Malignancy 3274 studies
Neoplasia 651 studies
Neoplastic Disease 22 studies
Neoplastic syndrome 618 studies
Oncology 1348 studies

Notes: - No search results. *Number of studies in the results matching the search
term or synonym. “*Number of studies in the entire database matching the search
term or synonym.

Unfortunately, so far, no results have been published
for any of the thirteen studies, so we cannot draw any
conclusions, but we can state that the use of nanoparticles
in medicine, in the treatment of cancer, is becoming
increasingly popular.

Business Criteria for the
Development of Drug Carriers

During the manufacturing of drug forms, different meth-
ods should be considered. The selection of manufacturing
methods often depends on the final product’s requirements
in terms of clinical efficacy, including size distribution,
chemical composition, and drug release characteristics
together, which dictates the pharmacokinetic demonstra-
tion of adsorption, distribution, metabolism, and elimina-
tion (ADME).'$!

Reducing Cost/Reagents/Green Synthesis
It is estimated that the development of a new nanodrugs
takes only about 3-4 years and $20- $50 million. In
comparison, discovering new active molecules takes
more than 10 years, costing an average of about $500
millions.'$?

In order to perform the procedure for obtaining a drug
delivery system designed in a laboratory on an industrial
scale, careful optimization of the synthesis must be carried
out in order to reduce the production costs. For example,
Ding et al carried out a tedious optimization of polymer
synthesis for protein therapy by changing time, solvent,
and equivalents of reagents. As a result, the cost of
a polymer prepared on a few hundred grams scale,

following the principles of green chemistry, was reduced
by almost 90%. "%

Furthermore, in industrial-scale production, the time of
synthesis directly translates into cost; thus, it is important

lnu

to choose the most time-efficient'® and inexpensive pro-

duction method.'® Finally, affordable, non-toxic, and
common solvents, such as water, are most desirable.'"!
Interestingly, to reduce the time and cost of formulation
development, computational methods are used to predict
in vitro/in vivo properties of carriers, such as stability,
solubility, and potential toxicity. '3

It is also worth noting that multifunctional carriers with
targeting and imaging properties as well as multistep
synthesis and greater regulatory hurdles thereof are worth
the cost due to their numerous advantages, such as redu-
cing side effects, dosing frequency, use in theranostics, and
even reducing the toxicity of the drug, as proved by Cheng
et al.'""” Despite higher production costs, recent analyses
show that the use of targeted drug delivery systems for
cancer patients leads to long-term reduced healthcare uti-
lization and expense.'**

Transfer of Drug Carriers Synthesis
Methods from Lab to Industry -
Challenges

Despite increased interest in nanodrugs in recent years, the
transfer of methods to the market is still a challenge due to
the difficult industrial transfer.'®*'*" In general, proce-
dures of nanocarriers synthesis are sensitive to reaction
conditions and the characteristics of nanomaterials (size,
charge, shape, morphology, and dispersity) can be easily
disturbed due to scaling-up and thus formulation and
effectiveness of nanodrugs may change.'”! Furthermore,
these parameters are very important for the in vivo stabi-
lity and toxicity of nanocarriers.'"

In an industrial plant, the particle size can be affected
by the available chemical reactor volume, stirring velocity,
and time, as well as the energy used during the synthesis.
These fluctuations in features may further lead to
decreased efficiency of drug loading.'”*'** One of the
examples of difficulties associated with large-scale pro-
duction can be Doxil, the first nanodrug authorized in
1995, whose sales were suspended in 2011-2014 due to
production and sterility problems.'” Furthermore, it was
described in the literature how scaling-up generated new
minor impurity, which was found to be cytotoxic and
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Table 9 Characteristics of Searched Clinical Studies

1. An Early Phase Study of Abr:

Combined with
(8 participants)
Metastatic Breast Cancer

Sulfate in Patients with Metastatic or Advanced Breast Cancer'*

Selected Study Details

Arms and Interventions

Brief description and Outcome Measures

Official Study Title:
A Phase Ib Safety and Pharmacokinetics (PK)/

(PD) Study to the
Dosage of Abraxane in Combination with Phenelzine
Sulfate in Metastatic or Inoperable Locally Advanced
Breast Cancer
Study Phase:
Phase 1b
Study Objectives:
To determine the safety and efficacy after

of Abraxane and
(Nardil) for metastatic or locally advanced breast
cancer.
Study design:
, open label,

cumulative cohort group design (5 groups) with
adefined target toxicity fraction of 30% and
acorresponding margin of 10%.
The toxicity fraction s defined for clinical application
and study as the number of study subjects receiving
particular dose who experience a Dose-Limiting
Toxicity.
Study Status: completed (October 30, 2019)

Arms:

Brief Summary

1. Nanoparticle albumin-bound paclitaxel. Abraxane i.v. (100mg/m?)
2. Phenelzine Sulfate (Nardil) p.o. initial dose of 15mg/d to a max dose of 90mg/d

with ic breast cancer or inoperable
locally advanced breast cancer of age 18 years or above will receive
i of Abray

sulfate orally. Both of the medicinal products have been applied in
clinical practice for years however the combination of both has not
been given for cancer therapy.

The aim of the study is to investigate the effect of those two drugs
together. Safety and efficacy will be assessed weekly for the period of
3 administration cycles.

Abraxane administration is given weekly for the first 3 weeks of

a 4-week period for 3 consecutive cycles.

Phenelzine sulfate will be given daily for 3 cycles.

Study is divided in five cohort groups each will be given

a progressively increasing dose of phenelzine sulfate.

Primary Outcome Measures

Dose-Limiting Toxicity events assessed during the initial fifty-six (56) days
Secondary Outcome Measures

1. Abraxane Cmax

2. Abraxane Tmax

7. Nardil Half-life

8. Nardil AUC

9. Circulating Tumour Cell burden:
a PDL1 expressing Circulating Tumour Cell
b. HER2 expressing Circulating Tumour Cell
. FFPE Tumour cells
d. FFPE Stoma cells
e. FFPE Cancer Stem Cells

® 1 BXsMaIN
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1l. Nanoparticle Albumin-Bound Rapamycin in Treating Patients With Advanced Cancer With mTOR Mutations'*?

(2 participants)

Advanced Malignant Neoplasm; Cervical Squamous Cell Carcinoma; Endometrial Carcinoma; Malignant Uterine Neoplasm; Recurrent Carcinoma of Bladder, Breast, Cervical, Head, and Neck, Ovarian, Prostate; Recurrent
Malignant Neoplasm; Recurrent Renal Cell Carcinoma; Solid Neoplasm Stage I; Bladder Cancer Stage: I, IVA, IVB; Prostate Cancer Stage Il & Stage IV; Renal Cell Cancer Stage A & Stage IVA; Breast Cancer Stage: llIA,
1B, HIC, IV; Cervical Cancer Stage: llIA, I1IB, IVB; Ovarian Cancer Stage: IlIB, HlIC, IV

Selected Study Details

Arms and Interventions

Brief description and Outcome Measures

Official Study Title:
APilot Study of a Rapid Access Platform for
Investigational Drugs (RAPID) in Advanced Cancers
Study Phase: Phase 1
Study Objectives:
PRIMARY OBJECTIVES:

1. To investigate efficacy.

. T nab-
rapamycin
SECONDARY OBJECTIVES:

1. To estimate other clinical outcomes

Il To assess the adverse event profile

Il To assess the clinical benefit

IV. To assess progression-free survival and overall
survival of these patients.
TERTIARY OBJECTIVES:

1. To assess quality of life and to comrelate HRQOL/
symptoms with genomic markers.

Il. To assess the rate of individual mTOR pathway
aberrations
Study design: Interventional, Open label, Single group
assignment
Study dates: Study start date: January 2016; Study end
date: April 24, 2018
Study Status: completed

Arms:
1. Nanoparticle albumin-bound rapamycin

Interventions
1. Laboratory Biomarker Analysis
2. Quality-of-Life Assessment

Brief Summary

This pilot study investigates clinical response to rapamycin administered
to patients with advanced cancer and having abnormal genetic test
results in a protein called mechanistic target of rapamycin (mTOR).
Patients are given nanoparticle albumin-bound rapamycin, which may
inhibit the growth of cancer cells by influencing the mTOR enzyme,
required for cell growth.

Primary Outcome Measures

1. Proportion of confirmed responses (clinical benefit)
Secondary Outcome Measures

1. Incidence of adverse events

2. Relationship of adverse events to study treatment

3. Survival time

1.Quality of life (EORTC QLQ-C30 questionnaire)
2. Rate of mTOR pathway aberrations

(Continued)
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Table 9 (Continued).

Il A Study of CriPec® Docetaxel Given to Patients With Solid Tumours'™

(33 participants)
Metastatic Cancer, Sotid Tumors

Selected Study Details

Arms and Interventions

Brief description and Outcome Measures

Official Study Title:

A Phase | Open-Label, Safety, Pharmacokinetic and
Preliminary Efficacy Study of CriPec® Docetaxel in
Patients With Solid Tumours

Study Phase: Phase 1

Study Objectives:

To assess safety and tolerability

Study design:

Open Label, Single Group Assignment

Study dates:

Study start date: August 2015

Study end date: July 2018

Study Status: completed

Brief Summary

The aim of this study is to determine safety by finding the highest safe
dose of CriPec”® docetaxel that can be administered to patients with
solid tumours.

Primary Outcome Measures

1. Incidence of adverse events (grade 3 or 4) as a measure of safety
and tolerability.

2. Incidence of abnormal clinical laboratory values as a measure of
safety and tolerability.
3. Incidence abnormal of
safety and tolerability.
4. Incidence of adverse events at the Maximum Tolerated Dose (grade
3or4)

5. Incidence of abnormal lab values at the Maximum Tolerated Dose
6. Incidence of ECG abnormalities at the Maximum Tolerated Dose
7. Pharmacokinetics: (Tmax), (Cmax), volume of distribution (Vd),
half life (t1/2), total body clearance (CL) and area under the
concentration-time curve (AUC)

Secondary Outcome Measures

1. Early signs of anti-tumor efficacy (overall response rate)

2. Early signs of anti-tumor efficacy (duration of response)

findings as a
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IV. PIPAC Nab-pac for Stomach, Pancreas, Breast and Ovarian Cancer'”

20 participants)

Ovarian Cancer Stage: IlIB, IIIC, IV; Breast Cancer Stage: B, llic, IV; Stomach Cancer; Stage Ill & Stage IV with Metastases; Pancreas Cancer, Stage lll& Stage IV

Selected Study Details

Arms and Interventions

Brief description and Outcome Measures

Official Study Title:

Intraperitoneal Aerosolization of Albumin-stabilized
Paclitaxel Nanoparticles for Stomach, Pancreas,
Breast and Ovarian Cancer

Study Phase: Phase 1

Study Objectives:

To assess maximal tolerated dose via dose escalation
combined with pharmacokinetic/ pharmacodynamic
modelling which incorporates, in addition to plasma,
tumor tissue, and peritoneal drug concentrations,
biomarkers of toxicity and efficacy

Study design:

Interventional,

Randomized,

Single Group Assignment,

Double blinded,

Multicenter

Study dates: Study start date: September 16, 2017;
Study end date: May 6, 2020

Study Status: completed

Arms:
1. PIPAC with Abraxane (35 mg/m?)
2. PIPAC with Abraxane (70 mg/m?)
3. PIPAC with Abraxane (90 mg/m?)
4. PIPAC with Abraxane (112,5 mg/m?)
5. PIPAC with Abraxane (140 mg/m?)

Brief Summary

The study is designed to assess the maximal tolerated dose of albumin

bound nanoparticle paclitaxel (nab-pac) administered with repeated
i aerosol

Primary Outcome Measures

1. Maximally tolerated dose of Abraxane (dose limiting toxicities)

Secondary Outcome Measures

1. Surgical morbidity will be measured (Dindo-Clavien classification)

2. Maximum plasma concentration of Abraxane

3. Area Under the Curve (AUC)

4 of be tumor

markers (CA15.3 for breast cancer, CEA for stomach cancer, CA19.9

for pancreatic cancer, CA125 in case of ovarian cancer).

5. Pharmacodynamics (PD) of Abraxane will be analyzed by tumor

biopsies

6. Quality of Life (EORTC QLQ-C30 questionnaire)

7. Quality of Life (FACT-G questionnaire)

8. Neutropenia (neutrophil count)

9. Decreased platelet count

(Continued)
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Table 9 (Continued).

V. Ceritinib and Combination Chemotherapy in Treating Patients With Advanced Solid Tumors or Locally Advanced or Metastatic Pancreatic Cancer'’?

(38 participants)

Advanced Malignant Solid Neoplasm; ALK Positive Metastatic Pancreatic Adenocarcinoma Pancreatic Cancer Stage Iil & Stage IV

Selected Study Details

Arms and Interventions

Brief description and Outcome Measures

Official Study Title:

A Phase | Study of Ceritinib (LDK378), a Novel ALK
Inhibitor, in Combination With Gemcitabine-Based
Chemotherapy in Patients With Advanced Solid
Tumors

Study Phase: Phase 1

Study Objectives:

PRIMARY OBJECTIVES:

| Determine the maximum tolerated dose and
recommended Phase I1 dose of ceritinib in

with
alone, paclitaxel and
gemcitabine/cisplatin in patients with advanced solid
malignancies.
SECONDARY OBJECTIVES:
| Assess the safety profile

II. Determine the pharmacokinetic characteristics
Iil. Determine the preliminary efficacy of the study

drug combinations.
TERTIARY OBJECTIVES:
I Investigate potential biomarkers of efficacy
Study design:
N Label, Parallel
assignment

Study dates: Study start date: January 8, 2015;
Study end date: February 12, 2019
Study Status: completed

Arms:
1. Ceritinib maximum tolerated dose (MTD) then gemcitabine alone
Interventions 1:
Drug: Ceritinib
Drug: Gemcitabine Hydrochloride
Other: Laboratory Biomarker Analysis
Other: Pharmacological Study

tolerated dose the:
stabilized nanoparticle
Interventions 2:

and pactitaxel albumin-

Drug: Pactitaxel Albumin-Stabilized Nanoparticle Formulation
Other: Laboratory Biomarker Analysis
Other: Pharmacological Study

3. Ceritinib maximum tolerated dose then with gemcitabine and cisplatin
Interventions 3:
Drug: Ceritinib
Drug: Cisplatin
Drug: Gemcitabine Hydrochloride
Other: Laboratory Biomarker Analysis
Other: Pharmacological Study

Brief Summary

Study to determine safety - the maximum tolerated dose and
recommended Phase Il dose for chemotherapy with Ceritinib
(LDK378) in patients with advanced solid tumors

Primary Outcome Measures
1. Maximum tolerated dose and recommended Phase Il dose of

with alone
2. Maximum tolerated dose and recommended Phase Il dose of
and cisplatin

3. Maximum tolerated dose and recommended Phase Il dose of
ceritinid in with and paclitaxel
albumin-stabilized nanoparticle formulation

Secondary Outcome Measures

1. Incidence of adverse events of Ceritinib in combination treatment

Safety profile based on event type, frequency, severity, time
relationship, seriousness and relationship to study treatment.

2 of Ceritinib and

combined: A lation based model to estimat
individual AUC or clearance of Ceritinib

3. f Ceritinib, and

pactitaxel albumin-stabilized nanoparticte formulation; A population
based pharmacokinetic model will be developed to estimate individual
AUCs or CL of Ceritinib in combination with Gemcitabine
hydrochloride and nab-Paclitaxel.

4. Pharmacokinetic characteristics of paclitaxel albumin-stabilized
nanoparticle formulation, and cisplatin;

A population based pharmacokinetic model will be developed to
estimate individual AUCs or CL of Ceritinib in combination with
Gemcitabine hydrochloride and Cisplatin.

5. Progression free survival

6. Response rate as estimated by the RECIST 1.1

Other Outcome Measures:

1. Tumor biomarkers and levels of serum
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V1. Phase 1 Trial of PAN-301-1 (SNS-301) in Cancer Patients'”
(12 participants)
Prostate Cancer

Selected Study Details

Arms and Interventions

Brief description and Outcome Measures

Official Study Title:

Phase 1, Open Label Trial to Evaluate the Safety and
Immunogenicity of PAN-301-1 in Cancer Patients
Study Phase: Phase 1

Study Objectives:

Study design:

Interventional, Sequential Assignment, Open label
Study dates: Study start date: December 2016;
Study end date: December 2018

Study Status: completed

Arms:
1. PAN-301-1 (SNS-301) Vaccine

Intervention:
Biological: PAN-301-1

Brief Summary
Research phase 1 study of PAN-301-1 (SNS-301), a HAAH directed
vaccine, given cohorts of patients with

biochemically relapsed prostate cancer, aiming to assess safety
parameters.

Primary Outcome Measures

Safety assessment to determine maximum tolerated dose by
the of adi d d "

toxicity

Secondary Outcome Measures
Safety i

abnormal lab values and adverse events

(Continued)
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Table 9 (Continued).

VII. Gemcitabine Hydrochloride, Cisplatin, and Nab-Paclitaxel in Treating Patients With Advanced or Metastatic Biliary Cancer'™
(62 participants)
Stage Il Intrahepatic Cholangiocarcinoma AJCC v7 Stage lIIA Cancer AJCC V7 Stage Cancer AJCC v7 Stage IVA Gallbladder Cancer AJCC v7 Stage IVA Intrahepatic Cholangiocarcinoma AJCC v7
Stage IVB Gallbladder Cancer AJCC v7 Stage IVB ic Ch ACC V7 Bile Duct Carcinoma Unresectable Gallbladder Carcinoma

Selected Study Details

Arms and Interventions

Brief description and Outcome Measures

Officlal Study Title:

A Phase Il Study of Gemcitabine, Cisplatin, and
Abraxane in Advanced Biliary Cancers

Study Phase: Phase 2

Study Objectives:

PRIMARY OBJECTIVES:

|. Determine the progression-free survival of
gemcitabine hydrochloride (gemcitabine), cisplatin,
and nab-paclitaxel in advanced, untreated biliary
cancers.

SECONDARY OBJECTIVES:

I the respon nd

rate

I I survival of 3
cisplatin, and nab-paclitaxel in advanced biliary
cancers.

Iil. Evaluate the toxicity of gemcitabine, cisplatin, and
nab-paclitaxel in advanced biliary cancers.
Study design:

Interventional, Single Group Assignment, Open -
label

Study dates: Study start date: April 2, 2015; Study
end date: August 13, 2020

Study Status: completed

Arms:
1. Treatment (nab-paclitaxel, cisplatin, gemcitabine)

Other: Laboratory Biomarker Analysis, Correlative studies

Brief Summary
This study investigates the efficacy of the intervention drugs
administered in patients with biliary cancers.

Primary Outcome Measures
Progression free survival
Secondary Outcome Measures
Incidence of adverse events
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VIl Radiosensitization of Multiple Brain Metastases Using AGulX Gadolinium Based Nanoparticles'”

(15 participants)
Brain Metastases

Selected Study Details

Arms and Interventions

Brief description and Outcome Measures

Offical Study Title:
Phase | Clinical Study of Radiosensitization of Brain

By P
Study Phase: Phase 1
Study Objectives:
To study safety and preliminary efficacy
Study design:

Interventional, open label, Single Group Assignment
Study dates:

Study start date: March 2016; Study end date:
February 2019

Study Status: completed

Arms:
1. AGuIX and radiotherapy

With the following escalation cohorts: 15 mg/kg, 30 mg/kg, 50 mg/kg, 75 mg/kg and 100 mg/
L]

Intervention/treatment
Drug: AGuIX

Brief Summary

Study investigates if AGuIX particles may increase the effectiveness of
radiation therapy by sensitizing tumor cells to radiation. This trial
studies the side effects and optimal dose of AGuIX when injected
together with whole brain radiation therapy. The preliminary
effectiveness of the combination of AGuIX and radiation therapy will
be also assessed.

Primary Outcome Measures
1. Maxi olerated dose of AGuIX
radiation therapy
Secondary Outcome Measures

1. Pharmacokinetic parameter of AGuIX particles - Cmax

2. Pharmacokinetic parameter of AGulX particles - AUC

3. Pharmacokinetic parameter of AGuIX particles -T1/2

4. MRI to evaluate distribution of AGuIX particles in brain metastases.
and surrounding healthy tissue

5. MRI to assess

6. Overall survival

the whole brain

(Continued)
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Table 9 (Continued).

Selected Study Details

Brief description and Outcome Measures

Official Study Title:

Phase 1/2 Study of CORT125134 in Combination
With Nab-paclitaxel in Patients With Solid Tumors.
Study Phase: Phase 1/2

Study Objectives:

To assess the safety and to determine the preliminary
efficacy

Study design:

Interventional, non-randomized, open label, Single
Group Assignment, multicenter

Study dates: Study start date: May 2016; Study end
date: May 2020

Study Status: completed

CORT125134 with nab-paclitaxel

Intervention/treatment
CORT125134 with nab-paclitaxel p.o.
Nab-paclitaxel iv.

Brief Summary

The purpose of this study is to assess the safety and preliminary
efficacy of the combination of drugs: CORT125134 and nab-paclitaxel
administered in patients with solid tumors.

Primary Outcome Measures

1. Maximum Tolerated Dose of CORT125134

Secondary Outcome Measures

1. Incidence of Treatment-Related Adverse Events

Other Outcome Measures

1. Objective response rate, progression free survival, overall survival
2. Objective response rate, progression free survival, and overall
survival in patients with GR-positive or GR negative solid tumors.

3. Pharmacokinetics: exposure-response

4. Pharmacodynamics: modulation of GR function, hormonal changes
and FKBPS
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X. Study of Topical SOR007 for G

(23 participants)
Cutaneous Metastasis

Selected Study Details

Arms and Interventions

Brief description and Outcome Measures

Official Study Title:

Phase 1/2 Dose-Rising, Safety, Tolerability and Efficacy
Study of Topical SOR007 for Cutaneous Metastases
Study Phase: Phase 1/2

Study Objectives:

To evaluate the safety, tolerability and preliminary
efficacy of SOR007 (in different concentrations)
Study design:

Interventional, Non-Randomized, Sequential
Assignment, open-label, dose-rising

Study dates: Study start date: January 31, 2018;
Study end date: April 29, 2020

Study Status: completed

Arms:
1. SOR007 0.15%
(Uncoated Nanoparticle Paclitaxel) Ointment
2. SOR007 1.0% (Uncoated Nanoparticle Paclitaxel) Ointment
3. SOR007 2.0%
(Uncoated Nanoparticie Paclitaxel) Ointment

Intervention
Drug: Uncoated Nanoparticle Paclitaxel) Ointment

Brief Summary

To study a topical nanoparticle paclitaxel ointment (SOR007) for the
treatment of f cancer in
adults,

Primary Outcome Measures

1. Incidence of treatment emergent adverse events

Secondary Outcome Measures

1. Difference in total area of eligible lesion(s) in the treatment area
2. Objective clinical response

1. Reduction in pain at the treatment area

(Continued)
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Table 9 (Continued).

XI. PET Study With [89Zr]-Df-CriPec® Docetaxel'™
(7 participants)
Solid Tumor

Selected Study Details

Arms and Interventions

Brief Description and Outcome Measures

Officfal Study Title:

A Clinical Phase |, Open-label, PET Study With
[892r)-Df-CriPec® Docetaxel in Patients With Solid
Tumours to Assess Biodistribution and Tumour
Accumulation of [89Zr)-Df-CriPec® Docetaxel
Study Phase: Phase 1

Study Objectives:

To assess and tumour

the drug administered.

Study design:

Open Label, Single Group Assignment

Study dates: Study start date: April 1, 2018; Study
end date: May 8, 2020

Study Status: completed

Arms:
1. [892r]-Df-CriPec® docetaxel

Study with administration of [892r]-Df-CriPec® docetaxel in patients
with solid tumours to assess biodistribution and tumour accumulation
of the drug given.

Primary Outcome Measures

Detection (visual) of [89Zr]-Df-CriPec* docetaxel in tumour lesions
Visual detection (absent/present) of tumor uptake

Detection (quantitative) of [89Zr]-Df-CriPec® docetaxel in tumour
lesions

Secondary Outcome Measures

Dosimetry of [89Zr]-Df-CriPec docetaxel based on activity
concentration and biodistribution

Optimal time point for PET imaging after [89Zr]-Df-CriPec®
docetaxel administration

Linearity between [89Zr]-Df-CriPec® docetaxel and total docetaxel
Biodistribution of low dose dose [89Zr]-Df-CriPec® docetaxel before
and after administration of therapeutic dose of CriPec® docetaxel.
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XIl. A Sunscreen Based on Bioadhesive Nanoparticles'™
(13 participants)
Melanoma; UV Ray Skin Damage

Selected Study Details

Arms and Interventions

Brief description and Outcome Measures

Official Study Title:
Assessing the Safety and Efficacy of Multifunctional

Arms:
1. UV filtering agent and bioadhesive nanoparticles (BNPs)

Skil for uv 1. Standar of padimate O (7%) and oxybenzone (3%).
Humans 3. Sham Comparator:

Study Phase: Phase 1 A placebo strips with no UV filtering

Study Objectives: 4. Control, no agent applied.

To evaluate the duration of protection and efficacy of
a bioadhesive nanoparticle sunscreen

Study design:

Randomized, double blinded, parallel assignment
Study dates:

Study start date: July 17, 2017

Study end date: August 18, 2017

Study Status: completed

Brief Summary:
Study assesses the safety, sun protection factor (SPF) characteristics,
and the duration of protection.

Primary Outcome Measures
Skin Reaction assessed by examination (evidence of irritation,
inflammation, follicular occlusion).

(Continued)
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Table 9 (Continued).

Xill. NU-0129 in Treating Patients With or

(8 participants)

Surgery'®

Selected Study Details

Arms and Interventions

Brief description and Outcome Measures

Offictal Study Title:
A Phase 0 First-In-Human Study Using NU-0129:
ASpherical Nucleic Acid (SNA) Gold Nanoparticle
Targeting BCL2L12 in Recurrent Glioblastoma
Multiforme or Gliosarcoma Patients
Study Phase: Phase 0
Study Objectives:
PRIMARY OBJECTIVES:

I. To assess the safety of i.v. administration of NU-
0129
SECONDARY OBJECTIVES:

I. Toassess serum drug concentration

Il. To verify intratumoral penetration of NU-0129.

1ll, To verify the feasibility of administering NU-
0129 as a standard treatment for recurrent
glioblastoma multiforme or gliosarcoma.
TERTIARY OBJECTIVES:

I. To analyze Bcl2L12 expression levels

Il. Progression free survival and overall survival at 6
months; overall response rate.
Study design:
Interventional, Open Label, Single Group Assignment
Study dates: Study start date: May 25, 2017; Study
end date: August 19, 2020
Study Status: completed

Arms:
1. Experimental treatment (NU-0129)

Intervention:
1. Laboratory Biomarker Analysis
2. Pharmacological Study

Brief Summary:

The aim of this study is to evaluate the safety of the administered
drug, NU-0129, (via application of nucleic acids arranged on the
surface of a small spherical gold nanoparticle) in patients with
recurrent i or The

expect that targeting the Bcl2L12 gene with NU-0129 will stop cancer
cells from growing.

Primary Outcome Measures

Incidence of Adverse Events

Secondary Outcome Measures

1. Drug concentration in blood

2. Biodistribution of NU-0129 in tumor tissue (concentration of
particles in various parts of the tumors).

3. Feasibility of administering NU-0129 as a standard treatment
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changed the colloidal and structural properties of
nanoparticles.'*

Another challenge regarding the industrial transfer of
nanodrugs is an insufficient number of guidelines for the
characterization of nanoparticles concerning their safety
and non-toxicity and lack of strict legal regulations.'s%!?
Given the listed challenges, to obtain the desired features
during the synthesis of drug formulations, the Food and
Drug Administration (FDA) introduced in the 2000s
a method of quality by design, which provides product
quality controls at every stage of the process (by using pH
or ionic strength sensors). In this way, the key parameters
of the drug carrier synthesis must be obtained via standar-
dized procedures and scalable chemical equipment. Since
the synthesis conditions in the industrial plant are different
from in the laboratory, each stage of the synthesis must be
transferred according to Chemistry, Manufacturing and
Controls (CMCs) and follow good manufacturing practice
(GMP) requirements.'”""'”* However, as it is not easy to
control the process taking into account so many para-
meters that nanoparticles desire, a reproducibility problem
arises.'” As a consequence, each batch of produced mate-
rial must be thoroughly tested to ensure its characteristics,
safety, and non-toxicity.'” Some researchers suggest that
routine testing of large-scale formulations in animal mod-
els would be desirable.'”!

One may notice a deficit of simple industrial proce-
dures for the synthesis of nanomaterials regarding the
limited possibilities of the industrial plant.'”” Methods
for the synthesis of nanomaterials described in the litera-
ture have many limitations, such as the difficult removal of
a toxic organic solvent (in solvent emulsification-diffusion
technique applied to lipids) or challenging maintaining
sterility of the product.'®!1:20 Fyrthermore, some meth-
ods to produce nanoformulations, such as freeze-drying
and spray-drying used to fabricate nanoencapsulates in
powder form, are expensive and may affect particle
size.”! Large-scale preparation of nanocarriers that will
be biodegradable in vivo is another challenge.?"'2"
Therefore, top-down processes (consisting of mechanical
fragmentation of the product) are still more common than
the bottom-up approach (generating nanoparticles starting
from molecules or atoms).””> However, some production
methods seem to be more useful than others for large-scale
applications, such as supercritical reverse-phase evapora-
tion or microfluidic mixers.'?"!1*?

Furthermore, as usually creating a new drug delivery
system is a reformulation of a previously known drug,

pharmaceutical companies often do not consider this pro-
cess worth the time and costs compared to profits and
prefer investing in the search for new drugs by simply
screening libraries of small compounds.'$%!%

Green Synthesis in Drug Carriers

Manufacturing

“Green nanomedicine” is a new field of drug delivery
systems based on nanomaterials, which provides tools for
more economical nanocarriers synthesis. However, cur-
rently, only a few literature examples of research can be
found in which at least a few of the dozen “green chem-
istry” postulates have been met. Among syntheses of such
drug carriers as nanometallic compounds, polymer nano-
composites, and quantum dots one can find examples of
the use of safer reagents, solvents or auxiliaries, the design
of safer, atom economical syntheses, application of renew-
able energy sources, or the synthesis of biodegradable
carriers. Among the described nanosystems, protein and
lipid compounds are the safest of known drug
carriers, 204205

A very important aspect is the choice of the synthesis
method among those available.”” A separate group of
non-toxic reactions in nanomedicine are methods that use
plant extracts as reagents. For example, Palai et al
described the synthesis of a decorated graphene nanocom-
posite, where the aqueous neem leaf extract was used to
reduce graphene oxide, while the synthetic procedure was
modified to reduce the number of toxic gases and impu-
rities generated.””’

One of the latest examples of the use of eco-friendly
reagents was delivered by Uthappa et al, who described
the green synthesis of natural diatoms modified with poly-
dopamine as a drug delivery system, in which additionally
the synthesis time was reduced and no toxic reagents and
solvents were used.®” Furthermore, Hasan et al described
the eco-friendly synthesis of silver nanoparticles in which
the reduction process by chemical compounds has been
replaced by a reduction by a biopolymer (dextrin).?®® An
alternative to green solvents may be the use of ionic
liquids.””

Despite the existence of more adaptive techniques,
such as reverse-phase evaporation or thin-film hydration,
a green technique, energy-saving probe sonification
method using only water as a solvent, was chosen for the
production of niosomes by Khan et al.''* Next, Ca** cross-
linked Fe-guanosine monophosphate (Fe-GMP) hydrogel
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for doxorubicin delivery was prepared by facile mixing of
appropriate components at ambient conditions.?'” Finally,
it is important to select those biocompatible from among
the available polymers (poly(sodium 4-styrene sulfonate),
PSS), and assure that the encapsulation of the drug takes
place using a simple green method, for example, by mix-
ing of two aqueous phases containing the polymer and the
drug, respectively.”” From the producer’s point of view,
the more “green” the process, the cheaper and safer for the
final product due to the lack of toxic impurities.

Pharmacokinetic and Toxicological
Studies of Nanoparticles as
a Delivery System

Pharmacokinetics, often described as what an organism
does to a drug, is a branch of pharmacology dealing with
the study of the activity of compounds in the body over
a period of time with a primary focus on processes by
which medicinal products and drugs are absorbed, distrib-
uted, metabolized, and finally excreted (ADME).
Pharmacokinetics depends on many factors that are related
to the physicochemical properties of the complex sub-
stance as well as to patient-related conditions like gender,
age, individual physiology, or genetics. Knowledge of
pharmacokinetics is crucial for targeted and safe applica-
tion of drugs to achieve the maximum therapeutic effect
and the minimum risk associated with the occurrence of
adverse effects.

An ideal drug should be highly specific concerning the
pathologic processes and changes without any toxicity to
healthy organs, tissues, or cells. The most desired proper-
ties of an active compound should directly lead to proper
absorption and drug distribution, low metabolism, decent
elimination, and low toxicity.

Pharmacokinetic key parameters used for defining and
describing the ADME processes include bioavailability
(by determining the area under the plasma concentration—
time curve), elimination half-life (t;»), the volume of

distribution (Vd), and clearance (CL).'> These factors
play a crucial role in the determination of the concentra-
tion of the drug in the body at a specific therapeutic target.
Pharmacokinetics is applied to estimate the exposure and
the most important parameters used to define the optimal
dosage form and the dosing regimen in clinical practice to
achieve maximum efficacy and lowest toxicity.>!!

Pharmacokinetic Aspect of the
Application of Nanoparticles as Delivery
Systems

Drugs encounter many barriers in living organisms from
the time of administration in a specific dosage form until
the therapeutic molecules reach the target. Advances in
technology allow us to make structural changes that make
significant improvements in drug properties and help over-
come the limitations of reduced drug efficacy and potential
safety issues. Advances in nanotechnology over the past
decades did revolutionize drug delivery systems by
improving their pharmacokinetic and pharmacodynamic
properties, such as higher solubility, duration of exposure,
and targeted delivery to the site of action.”'?

The tabulation below briefly summarizes the main dif-
ferences in pharmacokinetic properties of small drug
molecules and the desirable drug-loaded nanoparticles
(Table 10).

There are many different types of nanoparticles used as
carriers for therapeutic compounds, as shown in Figure 6.,
each of them having different properties.

As mentioned in previous sections, nanoparticles differ
in their surface charge, particle size and shape, efficiency,
loading capacity, and stability, leading to substantial varia-
bility in pharmacologic effects and the safety of different
nanocarriers. Petschauer et al summarize in their review
the main factors affecting the pharmacokinetic (PK) and
pharmacodynamic (PD) properties of anticancer carrier-

213

mediated agents in patients.”’” The discussion includes

the following elements: Uptake by the mononuclear

Table 10 Pharmacokinetic Properties Comparison Between Small Molecule Drugs and Drug-Loaded Nanoparticles

PK Property Small Molecule Medicine Drug-Loaded Nanoparticle
Volume of distribution High Low
Bioavailability (AUC) Low High
Circulation half time Short Long
Tumor accumulation Poor Good
Clearance Rapid Slow
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Figure 6 Classification of nanocarriers for drug delivery.

phagocyte system; Delivery of the compounds in tumors:
nanoparticles (NPs) can get into tumors” tissue due to the
leaky vasculature, which results in enhanced permeability
and retention effect.; Particle size and shape: NPs between
100 and 200 nm have been observed to be most efficient in
uptake by tumors; in turn, particles smaller than 50 nm
showed short circulation time, and NPs greater than 300
nm prevented particles from taking advantage of the EPR
effect, leading to lower tumor accumulation; Surface mod-
ification and charge (Conjugation of PEG to the surface of
NPs increases circulation time and bioavailability — mea-
sured by Area Under The Curve — AUC: Uncharged par-
ticles have less mononuclear phagocyte system uptake,
which results in longer circulation time); The concentra-
tion of NPs administered: a higher concentration level of

particles per dose given increases the drug exposure in
both plasma and tumor.

Besides, the authors stress the fact of the existence of
a relationship between NP clearance and patient age, gen-
der, disease conditions like liver or renal impairments, or
concomitant medications. Another point to consider is the
possibility to predict pharmacokinetic properties of
PEGylated liposomal NPs based on the monocyte and
dendritic cells function.

Advances in computational sciences over the past dec-
ade allow researchers to focus on mathematical and statis-
tical approaches. Dogra et al describe a novel modeling
approach aiming to predict whole-body nanoparticle phar-
macokinetics and their tumor delivery.”"* The identified
main factors governing NP kinetics in the tumor
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interstitium were nanoparticle size, tumor vascular frac-
tion, tumor vascular porosity, nanoparticle degradation
rate, and tumor blood viscosity. Since the number of
potential factors having an influence on the ADME pro-
cesses in the living organism is huge by nature, mathema-
tical modeling in this parameter space is proposed as an
efficient alternative to traditional experiments.

The authors discuss the impact and particular values of
parameters to optimize the delivery of NPs into tumor
tissue. Garofalo et al present another methodology com-
bining computer-aided drug design from the domain of
computational chemistry and drug delivery techniques.?'®
The multidisciplinary approach gives promising results in
overcoming some of the main challenges, such as poor
selectivity for the target or poor ADME properties. The
authors discuss selected applications of the new approach,
aiming to provide insights into a novel rational design of
anticancer therapies. According to the authors, the compu-
ter-aided drug delivery system design should be combined
with “wet” laboratory techniques that allow better predic-
tion of drug delivery systems in vivo and helps in design-
ing drug molecules that increase therapeutic targeting and
reduce the optimal dosage.

Despite the fact that nanoparticles demonstrate excel-
lent potential as drug delivery agents, the nano-protein
interaction and the formation of a protein corona have
been found to interfere with the nanoparticle delivery. In
recently published studies, Zhang et al provided a brief
summary of the latest developments on the nano-protein
interactions between NPs and enzymes of the digestion
and initiated an engaging discussion on the possibility of
the use of the digestive enzyme corona for the targeted
delivery in the colon.”'® The authors described physico-
chemical properties that are closely linked to the oral
absorption of NPs, which include: size, zeta potential and
surface molecules, which are greatly affected by the inter-
action of nano-enzymes and the formation of the enzyme
corona. Moreover, it has been shown that the uptake of
NPs by epithelial cells is significantly increased after the
formation of the enzyme corona. The interaction of nano-
enzymes is thus a major challenge for oral delivery of NPs
and might exert an impact on pharmacological properties.
On the other hand, a nano-enzyme interaction could also
be applied to advanced oral delivery. As epithelial absorp-
tion of NPs is inhibited by the enzyme corona, a great
number of NPs have a high chance of passing into the
colon in the form of the NP-corona complex. After that,
inside the colon, the enzyme corona and indeed NPs could

be degraded and metabolized throughout the greatest
microbiota in the organism, resulting in the release of
loaded drugs straight into the colon area. The same pro-
blem has been previously discussed by Peng et al.*!” They
synthesized the cationic NPs (CNPs) based on poly
(3-hydroxybutyrate-co-3-hydroxyhexanoate) and exam-
ined the interaction of CNPs with digestive enzyme and
its impact on cellular uptake. Author’s results show for the
first time the formation of the enzyme corona and its
inhibitory effect on CNP uptake by epithelial cells. In
another paper, Peng et al assessed the interaction between
proteins and nanomaterials, which results that, in the
in vivo performance of nanomaterials, are significantly
different from these in vitro. It has been shown that the
protein—nanomaterial interaction may induce remarkable
changes in the properties of nanomaterials as well as
their associated proteins.’'® These changes in properties
will eventually lead to undesirable outcomes, which
include: 1. Fast clearance of the bloodstream owing to
opsonin adsorption; 2. Capillary blockage risk from the
increased size after adsorption of serum proteins; 3. The
loss of ability to target due to the original surface ligand
being covered by the protein corona; 4. Possible toxicity
due to the change in conformation of bound proteins. On
the one hand, the above interactions are a major challenge
for the safe and effective use of nanomaterials in clinical
way, but, on the other hand, these interactions could be the
possibility of decorating nanomaterial-based drug delivery
systems. Consequently, in vivo transport and subsequent
behavior of the protein-nanomaterial complex is much
more controlled and indeed such a complex holds greater
promise for being transferred to the practical products. In
effect, it could be supposed that in the near future, these
new smart products will be on the market for clinical use.

Toxicity of Drug Delivery Systems

Toxicity remains a challenge even when applying nano-
particles as drug carriers. Highly complex interactions
between the molecules, cells, and the host environment
are influenced by nanoparticles with many questions aris-
ing concerning their long-term safety.

Khan et al describe some of the potential NPs toxici-
ties, which depend on various factors and types of particles
219 One of them, as pointed out by the authors, is the
ability to organize around the protein concentration. This
particular feature depends on particle size, curvature,
shape and surface charge, functional groups, and free
energy. Based on these properties, there is at least

used.
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a theoretical possibility for NPs to generate adverse and
unexpected outcomes through protein unfolding, crosslink-
ing, or causing loss of enzymatic activity.

It becomes evident that despite the promising results
and improvement of pharmacokinetic properties of antic-
ancer drug-loaded NPs, long-term research and further
studies must be rolled out to better understand complex
interactions at the molecular level in vivo.

The Problems of Nanotechnology in
Practical Use. The Limitations and
Concerns of Different Types of
Nanoparticles for Drug Delivery
Applications

In view of this paper, the use of nanotechnology in prac-
tice may face some challenges. The biggest concern is that
the health and safety implications of the specific properties
of nanoparticles have not yet been addressed by the reg-
ulatory authorities. The new European chemicals policy
REACH does not consider side effects. Nanoparticles raise
a number of safety and regulatory issues that governments
are now beginning to address. A review of recent regula-
tions and ongoing monitoring by authorities is
necessary.”? Moreover, some problems such as toxicity
demonstrated by some nanoparticles cannot be overlooked
when considering the application of nanomedicine in rou-
tine clinical practice. Recently, nanoparticles are mostly
used together with natural products to reduce toxicity
problems. The green chemistry pathway in the design of
drug-containing nanoparticles is being extensively pro-
moted due to the fact that it minimizes harmful compo-
nents in the process of biosynthesis. Therefore, the use of
“green” nanoparticles for delivering drugs can potentially
reduce the side effects of drugs.'s?

The use of an optimal nanoparticle drug delivery sys-
tem is mainly determined by the biophysical and biochem-
ical properties of the targeted drugs that are selected for
treatment and could help to improve the successful deliv-
ery of nanosystems and optimize the pharmacoeconomic
impacts.'®

Recently, various nanotechnology-based solutions for
drug delivery in the field of medicine have attracted great
interest. Despite the above, unfortunately there are still
many concerns about the safety application of nanoparti-
cles as drug delivery systems.*'

Studies carried out on nanotechnology have proven
that every type of nanoparticles has some limitations in

practical use. The NPs” toxic effects are in general asso-
ciated with the poor biocompatibility of the nanomaterials
that were used to develop them. Carbon nanotubes (CNTs)
are the type of NPs with more toxic potential observed.
They have been found to be lung carcinogenic, but they
are also toxic to CNS, blood and GIT. Heavy metals may
accumulate in the liver and kidneys and can be toxic to the
CNS and GIT. Silicates also have a significant potential to
accumulate in the liver and lungs, leading to fibrosis.
Direct toxicity of liposomes may be caused primarily by
their size, charge or composition. For instance, cationic
liposomes may interact with lipoproteins, serum proteins
or even with the extracellular matrix, resulting in aggrega-
tion or release of agents that are loaded before they reach
target cells, causing the systemic toxicity. At doses much
higher than those administered (multiple injections of
>100 mg/kg lipid), liposomes have been demonstrated to
cause RES impairment, granulomas, hepatomegaly or even
splenomegaly. Furthermore, the increase in lipid dose has
been demonstrated to deplete plasma of different proteins.
While the identification and importance of all deleted
proteins remain unclear, it is possible that their loss will
cause impairment in normal homeostasis. Metallic NPs
could lead to peribronchitis, granulomas, interstitial fibro-
sis, collagen deposition, adenocarcinoma and pleural
lesions. Nanoemulsions could be responsible for interfer-
ence with the close linkage in GIT and direct cytotoxicity.
Carbon NPs exhibit the oxidative stress, depletion of glu-
tathione, an increase in the number of dermal cells, and
also thickening of the skin and rash. Dendrimers and gold
nanoshells demonstrate toxicity induced by macrophages,
plasma protein depletion, aggregation of platelets and also
their pathway of synthesis is complicated.*****

In view of the above, the awareness of particle levels
that may cause health effects is imperative for both work-
ers and exposed patients.?*?

Challenges in Pharmacoeconomic
Aspects of Nanocarriers as Drug
Delivery Systems

Nanomedicine adopts the use of nanotechnology for
highly specific medical interventions for the prevention,
diagnosis and treatment of diseases, all of which are pre-
sented in this paper. The development of nanomedicines
tends to improve the therapeutic efficacy, reduce the dose
that is therapeutically effective, and decrease the risk of
developing side effects.’?* Nanocarriers as DDS are
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designed to reduce the cost of administering the drug,
improve the compliance and help patients to recover as
soon as possible. All of these aspects are reflected in
pharmacoeconomics, a discipline that aims to provide
reliable information on the cost of therapies and to choose
the best one, considering its effectiveness at the lowest
possible costs. In the above paper, nanotechnology solu-
tions and standard therapies, their costs and effectiveness
were discussed.?*

The clinical development of nanomedicine encompass
many aspects, there are some key issues to look out for:
biological development (appropriate in vivo structural sta-
bility of the nanomedicine after application); process of
manufacturing (production on a large scale according to
GMP standards, which includes: reproducibility, techni-
ques, infrastructure, experience, and costs of the whole
process; tests used to control the quality for characteriza-
tion which includes: charge, size, morphology, dispersion,
encapsulation, modification of the surface, stability and
purity); biocompatibility and safety concerns (develop-
ment of much more targeted toxicoassays for nanomedi-
cines; appropriate  understanding of nanocarriers
interactions with cells and tissues; reduced level of nano-
particles accumulation in targeted cells, tissues or organs);
intellectual property (understand of the nanomedicine
patent complexity); government regulations (development
of clear nanomedicine regulatory guidelines); and total
cost-effectiveness compared to standard treatment regi-
mens (restricted understanding of the nanomedicine’s bio-
logical interactions with the patient’s biological
environment, leading to an impossibility to apply
a pharmacoeconomic approach).** **

Such determinants could be substantial obstacles that
limit the market emergence of nanomedicines, despite
their therapeutic efficacy.

Conclusion
The availability of evidence resulting from the application
of pharmacoeconomics can be useful in health policy
decision-making. It can be applied by healthcare profes-
sionals such as policymakers, primary healthcare provi-
ders, health-care administrators, and health managers.
Pharmacoeconomics can certainly help in decision-
making when evaluating the affordability and access to
the right medication for the right patient at the right time,
comparing alternative drugs from the same therapeutic
class or drugs with a similar mechanism of action, and
establishing  accountability that the claims by

a manufacturer regarding a drug are justified. Proper appli-
cation of pharmacoeconomics will allow the pharmacy
practitioners and administrators to make better and more
informed decisions regarding the products and services.

Based on the published literature, the engagement
of nanoforms at different stages, including prevention,
diagnosis, and treatment, might provide significant ben-
efits from an economic as well as treatment perspec-
tive. Those include but are not limited to the factors
like faster diagnosis, increase in the viability of
patients during antitumor therapy, overcoming the
mechanisms of resistance in neoplastic cells, or enhan-
cing therapeutic efficacy via synergistic or additive
interactions.

The use of drug nanocarriers is a unique opportunity
for an economically attractive improvement of known
drugs because the development of novel nanoformulations
is much cheaper and faster than the discovery of new
drugs. Despite higher production costs, greater regulatory
hurdles and difficult industrial transfer, they are worth the
cost due to their numerous advantages.

Nanoencapsulation can increase the bioavailability of
poorly soluble drugs, facilitate access to pathologically
altered sites by improving the crossing of biological bar-
riers and increased selectivity of drug-loaded nanocarriers,
provide better storage and in vivo stability, and enable
slow, controlled release of the drug in the human body.
From a pharmaceutical and economic point of view, all of
these benefits can reduce dose and associated toxicity,
dosing frequency, side effects and costs, improve formula-
tion, protect patents, and enhance patient compliance. In
addition, the use of drug nanocarriers has found wide
application in theranostics.

However, there are doubts about the use of drug car-
riers regarding the risks associated with the excess of
nanocarriers used, such as high blood pressure or systemic
toxicity. These side effects can be countered by selecting
an appropriate carrier material as well as proper drug-
carrier binding to ensure a low drug-to-carrier ratio in
the formulation. Furthermore, changes in the stability and
toxicity of carriers associated with industrial production
can be avoided due to carefully optimized synthesis,
including product control at every stage of its production,
as well as the preparing guidelines for the synthesis of
nanomaterials.

It is impossible to say which is better: discovering new
drug nanocarriers or searching for new, more effective
active substances. But surely to improve the well-known
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drugs with serious side effects through the use of their
nanoformulations is very desirable and cost-effective from
the point of view of pharmacoeconomics.

Nowadays, nanotechnology has many advantages, which
includes: great bioadhesive properties, high biocompatibility,
low toxicity, high encapsulation efficiency and also great drug-
loading capacity. Analyzing the above features of nanoformu-
lations it can be concluded that nanoparticles hold a huge
potential as drug delivery systems, imaging agents and also
in phototherapy. Despite these advantages, there still remain
many issues that need to be resolved before nanoparticles can
be used in a safe and comprehensive clinical way. Some
aspects need further studies, such as: to the generation of
nanoparticles with desired sizes; control of the thickness of
each layer of the nanoparticles and the impact of it on the
therapeutic efficacy; development of more stable nanoparticle;
optimization of the drug release profile from nanomaterials;
presently, the release rates differ significantly and depend on
how drugs are integrated into nanomaterials (mostly by: sur-
face adsorption, conjugation or encapsulation); safety and
clinical applications; their biodistribution and long-term toxi-
city profile. Finally, to understand the mechanisms for meta-
bolism, accumulation and biodegradation of nanoparticles in
in vivo studies; discover interactions of nanoparticles with
other materials, substances, drugs, and living organisms.

Furthermore, current studies have been limited to the
in vitro stage and do not show in-depth toxicology and
pharmacokinetic parameters. However, as time passes, the
science and publication aspects are broadening, and we are
getting much more data that allow us to evaluate and
predict the effects of the nanocarriers formulations.

Moreover, from a manufacturing point of view, opti-
mization of the synthesis parameter, encapsulation effi-
cacy, and improved stabilization of nanoproducts will
also provide a better understanding of their mode of action
and potentially predict the risks of eventual use. In effect,
it might be a substantial achievement in reducing the direct
and indirect costs of therapy.

Undoubtedly, implementation of new therapeutic
options, such as nanotherapy, will be associated with to
date still unknown risks; however, expansion and devel-
opment of the currently performed studies will conse-
quently eliminate the existing gap in our knowledge and
understanding of relevant mechanisms when applying
nanotechnology to drug development and related costs.

Given the above, more attention should be paid to the
pharmacoeconomic aspects of the nanocarriers, to properly

assess the risk and benefit balance of the very promising
technology presented in this review.
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hydroxide nanoparticles; MIC, Minimum inhibitory con-
centration; MnO> NPs, Manganese oxide nanoparticles;
MNPs, magnetic  nanoparticles;  MoS»/PDA-RGD,
molybdenum  disulfide/polydopamine-arginine-glycine-
aspartic acid; mPEG-CHO-chitosan NPs, Methoxypoly
(ethylene glycol) conjugated chitosan nanoparticles;
MPS, Mononuclear phagocyte system; MRI, Magnetic
imaging;:  MRSA,  Methicillin-resistant
Staphylococcus aureus; MTD, The maximum tolerated
dose; MTT, The (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) tetrazolium reduction assay;
mTOR, mechanistic target of rapamycin; NaCl, sodium
chloride; NCI's CTCAE, The National Cancer Institute
Common Terminology Criteria for Adverse Events; NCs,
Neocarzinostatin; NCQDs, Nitrogen-doped carbon quan-
tum dots; NIH, National Institutes of Health; NIR, Near-
infrared irradiation; NK 105, Paclitaxel-incorporating
micellar nanoparticle formulation; NLCs, nanostructured
lipid carriers; NPs, Nanoparticles; NRS-11, The Numeric
Rating Scale; ORR, Overall response rate; OSA, Octyl-

resonance

modified bovine serum albumin; OS, Overall survival;
PBCA-NPs, Poly(butyl cyanoacrylate) nanoparticles;
PCE, Tetrachloroethene; PCL, Poly(e-caprolactone);
PCMB-Dox NPs, PEGylated carborane-conjugated
amphiphilic copolymer doxorubicin nanoparticles; PD,
Pharmacodynamics; PD, Progressive disease; PDA-
PEG-Van NPs, Polydopamine-based nanoparticles modi-
fied with PEG and vancomycin; PDCs, Polymer-drug
conjugates; PDL1, programmed death-ligand 1
PDMAEMA, Poly(N-(2-(dimethylamino)ethyl)-metha-
crylate); PEG, Poly(ethylene glycol); PEG,
Polyaspartate micellar nanoparticles; PEG-PCL, Poly
(ethylene glycol)-poly(e-caprolactone); PEG-PE, Poly
(ethylene glycol)phosphatidyl ethanolamine; PEI-C18-
HPG, polyethyleneimine (PEI)-C18-HPG; PET, Positron
emission tomography; PFS, Progression free survival;
PG, Pharmacogenomic; P-gp, permeability glycoprotein;
pH, potential of hydrogen; PIPAC, Pressurized intraper-
itoneal aerosol chemotherapy; PK, Pharmacokinetics;
PLA, Polylactide; PLD, PEGylated liposomal doxorubi-
cin; PLGA, Poly(lactic-co-glycolic acid); PLGA-PEG,
Poly(lactic acid-co-glycolic acid)-poly(ethylene glycol);
PLMB-Dox NPs, Doxorubicin-loaded carborane-conju-
gated polymeric nanoparticles; PMMA, Poly(methyl
methacrylate); p.o., Per os; PR, Partial response; PSMA,
Prostate-specific membrane antigen; PSS, Poly(sodium
4-styrene sulfonate); PST-PTX, Poly(styrene)-paclitaxel;
PTX, Paclitaxel; RECIST, Response Evaluation Criteria
in Solid Tumours; RES, Renal reticuloendothelial sys-
tem; rGO-Au NPs, Reduced-graphene-oxide functiona-
lized with gold nanoparticles; RNA, Ribonucleic acid;
ROS, Reactive oxygen species; RP2D, The recommended
Phase II dose (in clinical trials); SAB, Staphylococcus
aureus bacteremia; SAE, Serious adverse event; s.c.,
Subcutaneously; scFv, Single-chain fragment variable;
SD, Stable disease; siRNA, Small interfering RNA;
SLNs, solid lipid nanoparticles; SNA, Spherical nucleic
acid; SNPs/SiNPs, silica nanoparticles; SPF, Sun protec-
tion factor; t1/2, Half-life; TDDSs, targeted drug delivery
systems; TFAP2E, transcription factor AP-2 epsilon; TfR
1, transferrin receptor 1; Tmax, The time it takes to reach
Cmax; Tri-Ag NPs, Citrate-coated triangular nanoparti-
cles; Tv-Ag NPs, Toxicodendron vernicifluum silver
nanoparticles; UPLC-MS/MS, Ultra-performance liquid
chromatography—tandem  mass  spectrometry; UV,
Ultraviolet; VAS, Vasectomy; VCAMs, vascular cell
adhesion molecules; VEGFs, vascular endothelial growth
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factors; Vd, volume of distribution; VOI, volumes of
interest; QALYSs, quality-adjusted life-years.

Funding
National Science Centre, Poland, grant no. NCN/2016/21/
B/ST5/01365 (AZW).

Disclosure
The authors declare no conflicts of interest in this work.

References

~

w

w

B

~

®

. Alharbi KK, Al-Sheikh YA. Role and implications of nanodiag-

nostics in the changing trends of clinical diagnosis. Saudi J Biol
Sci. 2014:21(2):109-117. doi:10.1016/j.5jbs.2013.11.001

. Fornaguera C, Garcfa-Celma MJ. Personalized nanomedicine:

a revolution at the nanoscale. J Pers Med. 2017:7(4):12.
doi:10.3390/jpm7040012

. Farjadian F, Ghasemi A, Gohari O, Roointan A, Karimi M,

Hamblin MR. Nanopharmaceuticals and nanomedicines currently
on the market: challenges and opportunities. Nanomedicine
(Lond). 2019:14(1):93-126. doi:10.2217/nnm-2018-0120

Xu X, Ho W, Zhang X, Bertrand N, Farokhzad O. Cancer nano-
medicine: from targeted delivery to combination therapy. Trends
Mol Med. 2015:21(4):223-232. doi:10.1016/j.molmed.2015.01.001

. Bosetti R. Cost-effectiveness of nanomedicine: the path to

a future successful and dominant market? Nanomedicine (Lond).
2015:10(12):1851-1853. doi:10.2217/nnm.15.74

Soares S, Sousa J, Pais A, Vitorino C. Nanomedicine: principles,
properties, and regulatory issues. Front Chem. 2018:6:360.
doi:10.3389/fchem.2018.00360

. Acebes-Fernindez V, Landeria-Vifuela A, Juanes-Velasco P, etal.

Nanc and onco-i py: from the bench to bed-
side to biomarkers. Nanomaterials (Basel). 2020:10(7):1274.

doi:10.3390/nano 10071274

. Sun Q, Ojha T, Kiessling F, Lammers T, Shi Y. Enhancing tumor

penetration of nanomedicines. Biomacromolecules. 2017;18
(5):1449-1459. doi:10.1021/acs.biomac.7b00068

Su H, Wang Y, Gu Y, Bowman L, Zhao J, Ding M. Potential
applications and human biosafety of nanomaterials used in
nanomedicine. J Appl Toxicol. 2018:38(1):3-24. doi:10.1002/
jat.3476

. Salvioni L, Rizzuto MA, Bertolini JA, Pandolfi L, Colombo M,

Prosperi D. Thirty years of cancer nanomedicine: success, frus-
tration, and hope. Cancers (Basel). 2019:11(12):1855. doi:10.33
90/cancers11121855

. Alshehri S, Imam SS, Rizwanullah M, et al. Progress of cancer

nanotechnology as diagnostics, therapeutics, and theranostics
nanomedicine: preclinical promise and translational challenges.
Pharmaceutics. 2020;13(1):24. doi:10.3390/pharmaceutics 130
10024

. Pallis A, Tsiantou V, Simou E, Maniadakis N. Pharmacoeconomic

ions in the of breast cancer. Clinicoecon
Qutcomes Res. 2010;2:47-61. doi:10.2147/CEOR.S4220

. Rai M, Goyal R, Vohora D, Singh G. Chapter 33 -

Pharmacoeconomics in healthcare. In: Vohora D, Singh G, edi-
tors.  Pharmaceutical Medicine and Translational ~Clinical
Research. Ist ed. Academic Press; 2018:465-472.

. Haddad FS, McLawhomn AS. Guidelines for reporting health

economic research. Bone Joint J. 2016;98-B(2):147-151. doi:10.
1302/0301-620X.98B2.37643

17.

21.

22,

2

2

2

2

30.

31

32.

3

34.

o

)

»

¥

@

. Ho MY, Chan KK, Peacock S, Cheung WY. Improving the quality

of abstract reporting for economic analyses in oncology. Curr
Oncol. 2012:19(6):e428-35. doi:10.3747/c0.19.1152

. Kumar S, Baldi A. Pharmacoeconomics: principles, methods and

economic evaluation of drug therapies. Pharm Tech Med. 2013:2
(5):362-369.

Bracco A, Krol M. Economic evaluations in European reimburse-
ment submission guidelines: current status and comparisons.
Expert Rev Pharmacoecon Outcomes Res. 2013;13(5):579-595.
doi:10.1586/14737167.2013.837766

. Zafari Z, Bryan S, Sin DD, Conte T, Khakban R, Sadatsafavi M.

A systematic review of health economics simulation models of
chronic obstructive pulmonary disease. Value Health. 2017:20
(1):152-162. doi:10.1016/j.jval.2016.08.003

. Sanders GD. Neumann PJ, Basu A, et al. Recommendations for

Conduct, methodological  practices, and reporting  of
cost-effectiveness analyses: second panel on cost-effectiveness
in health and medicine. JAMA. 2016:316(10):1093-1103.
doi:10.1001/jama.2016.12195

. Ghadge O, Khale A. Pharmacoeconomics — a brief review. Indian

Pharmacist. 2012:29-36.
Zaidi S, Babar Z. Chapter 9 - Applying pharmacoeconomics in
community and hospital pharmacy research. In: Adis, Cham,

editor.  Pharmacy Practice  Research Methods. Springer
International ~ Publishing AG: 2015.doi:10.1007/978-3-319-
14672-0_9

Tomori G, Bdes Z. Application of cost analysis methods in
pharmacoeconomic decisions. Proc Econ Financ. 2015;32: 416—
422. doi:10.1016/52212-5671(15)01412-4

. Cati¢ T. Pharmacoeconomics — short overview and perspectives

in Bosnia and Herzegovina. Pharmacia. 2015;18(1):15-21.

. Kumar R. Health economics and cost-effectiveness research with

special reference to hemato-oncology. Med J Armed Forces India.
2013:69(3):273-277. doi:10.1016/j.mjafi.2013.06.003

. Gangone S, Godala D, Kashetti SV. A review of pharmacoeco-

nomics and a discussion on branded, branded generics and
generics. Pharmacoeconomics. 2017:2(2):1-5. doi:10.4172/24
72-1042.1000112

National Cancer Institute. Available from: https:/www.cancer.
gov/about-cancer/understanding/what-is-cancer. Accessed
January 29, 2020.

Available from: https://ourworldindata.org/cancer#note-1.
Accessed January 29, 2020.

Parsonnet J. Bacterial infection as a cause of cancer. Environ
Health Perspect. 1995:103 Suppl 8(Suppl8):263-268. doi:10.12
89/¢hp.95103s8263

Centers for Disease Control and Prevention. Available from:
https://www.cde.gov/cancer/lung/basic_info/risk_factors.htm.
Accessed April 22, 2020.

Keikha M, Esfahani BN. The relationship between tuberculosis
and lung cancer. Adv Biomed Res. 2018:7:58. doi:10.4103/abr.
abr_182_17

Centers for Disease Control and Prevention. Available from:
https://www.cdc.gov/cancer/breast/basic_info/risk_factors.htm.
Accessed April 22, 2020.

Cole SW. Chronic inflammation and breast cancer
recurrence. J Clin Oncol. 2009;3418-9:21. doi:10.1200/JCO.20
09.21.9782

Gotland N, Hansen M-LU, Mejer N, et al. Increased risk of
incident cancer after Staphylococcus aureus Bacteremia:
a Matched Cohort Study. Open Forum Infect Dis. 201653
(suppl_1). doi:10.1097/MD.0000000000019984

Shui L, Yang X, Li J, Yi C, Sun Q, Zhu H. Gut microbiome as
a potential factor for modulating resistance to cancer
i herapy. Front I l. 2019:10:2989. doi:10.3389/
fimmu.2019.02989

International Journal of Nanomedicine 2021:16

e 6637

Dove

80



Milewska et al

Dove

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

46.

47.

48.

49.

50.

w

‘World Health Organization. Cancer Mortality Database. Available
from: https://www-dep.iarc.fr/WHOdb/WHOdb.htm. Accessed
December 16, 2020.

Centers for Disease Control and Prevention. Available from:
https://www.cde.gov/cancer/colorectal/basic_info/risk_factors.
htm. Accessed April 22, 2020.

Antonic V. Stojadinovic A, Kester KE, et al. Significance of
infectious agents in colorectal cancer development. Review.
J Cancer. 2013:4(3):227-240. doi:10.7150/jca.5835

World Health Organization. Available from: https://www.who.int/
news-room/fact-sheets/detail/cancer. Accessed January 29, 2020.
Singh N, Baby D, Rajguru JP, Patil PB, Thakkannavar SS,
Pujari VB. Inflammation and cancer. Ann Afr Med. 2019:18
(3):121-126. doi: 10.4103/aam.aam_56_18

Gao Y, Chen Y, Cao Y, Mo A, Peng Q. Potentials of nanotech-
nology in treatment of methicillin-resistant Staphylococcus
aureus. Eur J Med Chem. 2021:213:113056. doi:10.1016/j.
ejmech.2020.113056

Xia MY, Xie Y, Yu CH, et al. Graphene-based als: the
promising active agents for antibiotics-independent antibacterial
applications. J Control Release. 2019;307:16-31. doi:10.1016/j.
jeonrel.2019.06.011

Galar A, Weil AA, Dudzinski DM, Muiioz P, Siedner MJ.
Methicillin-resistant - Staphylococcus aureus prosthetic  valve
endocarditis: pathophysiology, epidemiology, clinical presenta-
tion, diagnosis, and management. Clin Microbiol Rev. 2019:32
(2):¢00041-18. doi:10.1128/CMR.00041-18

Gerlach D, Guo Y, De Castro C, et al. Methicillin-resistant
Staphylococcus aureus alters cell wall glycosylation to evade
immunity.  Nature.  2018:563(7733):705-709.  doi:10.1038/
$41586-018-0730-x

Liu J, Dong J, Zhang T, Peng Q. Graphene-based nanomaterials and
their potentials in advanced drug delivery and cancer therapy.
J Control Release. 2018:286:64-73. doi:10.1016/j.jconrel.20
18.07.034

. Lu B-Y, Zhu G-Y, Yu C-H, et al. Functionalized graphene oxide

nanosheets with unique three-in one properties for efficient and
tunable antibacterial applications. Nano Res. 2021:14 (1):185—
190. doi:10.1007/5s12274-020-3064-6

Hanaki H, Kuwahara-Arai K, Boyle-Vavra S, Daum RS,
Labischinski H, Hiramatsu K. Activated cell-wall synthesis is
associated with vancomycin resistance in methicillin-resistant
Staphylococcus  aureus  clinical strains Mu3  and Mu50.
J Antimicrob Chemother. 1998:42(2):199-209. doi:10.1093/jac/
422.199

Katayama Y, Sekine M, Hishinuma T, Aiba Y, Hiramatsu K.
Complete reconstitution of the vancomycin-intermediate
Staphylococcus  aureus phenotype of strain  MuS0 in
vancomycin-susceptible S. aureus. Antimicrob Agents Chemother.
2016:60(6):3730-3742. doi:10.1128/AAC.00420-16

Howden BP. Stinear TP, Allen DL, Johnson PD, Ward PB,
Davies JK. Genomic analysis reveals a point mutation in the
two-component sensor gene graS that leads to intermediate van-
comycin resistance in clinical Staphylococcus aureus. Antimicrob
Agents  Chemother.  2008:52(10):3755-3762.  doi:10.1128/
AAC.0161307

Assis LM, Nedeljkovi¢ M, Dessen A. New strategies for targeting
and treatment of multi-drug resistant Staphylococcus aureus. Drug
Resist Update. 2017:31:1-14. doi:10.1016/j.drup.2017.03.001
Zhou K, Li C, Chen DM, et al. A review on nanosystems as an
effective approach against infections of Staphylococcus aureus.
IntJ Nanomedicine. 2018;13:7333-7347. doi:10.2147/1IN.S169935

. Wang L, Chen YP, Miller KP, et al. Functionalised nanoparticles

complexed with antibiotic efficiently kill MRSA and other
bacteria. Chem Commun (Camb). 2014:50(81):12030-12033.
doi:10.1039/c4¢c04936e

52.

5

54.

56.

57.

58.

59.

61.

62.

63.

65.

67.

6

69.

@

I

Li H, Yin D, Li W, Tang Q, Zou L, Peng Q. Polydopamine-based
nanomaterials and their potentials in advanced drug delivery and
therapy. Colloids Surf B Biointerfaces. 2020:199:111502.
doi:10.1016/j.colsurfb.2020.111502

Al Attas SG. Al-Hazmi F, Alwafi R. Bactericidal efficacy of new
types of magnesium hydroxide and calcium carbonate
nanoparticles. Mol Genet Microbiol Virol. 2019;34:252-262.
doi:10.3103/S08914168 19040086

Safarov T, Kiran B, Bagirova M, Allahverdiyev AM,
Abamor ES. An overview of nanotechnology-based treatment
approaches against Helicobacter Pylori. Expert Rev Anti Infect
Ther. 2019:17(10):829-840. doi:10.1080/14787210.2019.167
7464

. Zhang Q, Wu W, Zhang J, Xia X. Eradication of Helicobacter

pylori: the power of nanosized formulations. Nanomedicine
(Lond). 2020:15(5):527-542. doi:10.2217/nnm-2019-0329

Chen Y, Gao Y, Liu L, Mo A, Peng Q. Nanomaterials-based
photothermal therapy and its potentials in  antibacterial
treatment. J Control Release. 2020;328:251-262. doi:10.1016/j.
jeonrel.2020.08.055

Guo P, Xue HY, Buttaro BA, Tran NT, Wong HL. Enhanced
eradication  of intracellular and biofilm-residing
methicillin-resistant Staphylococcus aureus (MRSA) reservoirs
with hybrid nanoparticles delivering rifampicin. Int J Pharm.
2020:589:119784. doi:10.1016/j.ijpharm.2020.119784
Zorraquin-Pena I, Cueva C, Gonzilez de Llano D, Bartolomé B,
Moreno-Arribas MV. Glutathione-stabilized silver nanoparticles:
antibacterial activity against periodontal bacteria, and cytotoxicity
and inflammatory response in oral cells. Biomedicines. 2020:8
(10):375. doi:10.3390/biomedicines8100375

Nam G, Rangasamy S, Purushothaman B, Song JM. The applica-
tion of bactericidal silver particles in wound
Nanomater Naotechnol. 2015:5(23):1-14. doi:10.5772/60918
World Health Organization. Available from: https://www.who.int/
cancer/detection/variouscancer/en/. Accessed January 29, 2020.
Zhang Q, Zhang F, Li S, et al. A multifunctional nanotherapy for
targeted treatment of colon cancer by simultaneously regulating
tumor microenvironment. Theranostics. 2019;9(13):3732-3753.
doi:10.7150/thno.34377

Shi J, Kantoff PW, Wooster R, Farokhzad OC. Cancer nanome-
dicine: progress, challenges and opportunities. Nat Rev Cancer.
2017:17(1):20-37. doi:10.1038/nrc.2016.108

Jain KK. Nanodiagnostics: application of nanotechnology in
molecular diagnostics. Expert Rev Mol Diagn. 2003:3 (2):153—
161. doi:10.1586/14737159.3.2.153

Fortina P, Kricka LJ, Surrey S, Grodzinski P. Nanobiotechnology:
the promise and reality of new approaches to molecular
recognition. Trends Biotechnol. 2005:23(4):168-173. doi:10.10
16/j.tibtech.2005.02.007

Wu G, Datar RH, Hansen KM, Thundat T, Cote RJ, Majumdar A.
Bioassay  of  prostate-specific  antigen  (PSA)  using
microcantilevers. Nat  Biotechnol. 2001:19(9):856-860.
doi:10.1038/nbt0901-856

West JL, Halas NJ. Engi d ials for biop
applications: improving sensing, imaging, and therapeutics. Annu
Rev  Biomed Eng. 2003:5:285-292. doi:10.1146/annurev.
bioeng.5.011303.120723

Jain KK. Nanotechnology in clinical laboratory diagnostics. Clin
Chim Acta. 2005;358(1-2):37-54. doi:10.1016/j.ccen.2005.03.
014

Storhoff JJ. Lucas AD, Garimella V, Bao YP, Miiller UR.
Homogeneous detection of unamplified genomic DNA sequences
based on colorimetric scatter of gold nanoparticle probes. Nar
Biotechnol. 2004:22(7):883-887. doi:10.1038/nbt977

Salata OV. Applications of nanoparticles in biology and medicine.
J Nanobiotechnology. 2004;2(1):1-6. doi:10.1186/1477-3155-2-3

h

6638

hitps:

Dove

International Journal of Nanomedicine 2021:16

81



Dove

Milewska et al

70.

71

72.

73.

74.

75.

76.

77.

78.

79

80.

81.

82.

83.

84.

85.

86.

87.

. Han M, Gao X, Su JZ, Nie S. Qi

Zheng G, Patolsky F, Cui Y, Wang WU, Lieber CM. Multiplexed
electrical detection of cancer markers with nanowire sensor
arrays. Nat Biotechnol. 2005;23(10):1294-1301. doi:10.1038/
nbt1138

Jot-tagged microbeads
for multiplexed optical coding of biomolecules. Nat Biotechnol.
2001;19(7):631-635. doi:10.1038/90228

Wu X, Liu H, Liu J, et al. Immunofluorescent labeling of cancer
marker Her2 and other cellular targets with semiconductor quan-
tum dots. Nat Biotechnol. 2003;21(1):41-46. doi:10.1038/nbt764
Din FU, Aman W, Ullah I, et al. Effective use of nanocarriers as drug
delivery systems for the treatment of selected tumors.
Int J Nanomedicine. 2017:12:7291-7309. doi: 10.2147/LIN.S 146315
Ahmed N, Mora-Huertas CE, Jaafar-Maalej C. Fessi H,
Elaissari A. Polymeric drug delivery systems for encapsulating
hydrophobic drugs. In: Drug Delivery Strategies for Poorly
Water-Soluble Drugs (Advances in Pharmaceutical Technology).
Ist ed. Willey; 2013:chap 5.

Onetto N, Canetta R, Winograd B, et al. Overview of Taxol
safety. J Natl Cancer Inst Monogr. 1993;15:131-139.

Kalepu S, Nekkanti V. Insoluble drug delivery strategies: review
of recent advances and business prospects. Acta Pharm Sin B.
2015:5(5):442-453. doi:10.1016/j.apsb.2015.07.003

Fahr A, Liu X. Drug delivery strategies for poorly water-soluble
drugs. Expert Opin Drug Deliv. 2007:4(4):403-416. doi:10.1517/
17425247.4.4.403

van Hoogevest P, Liu X, Fahr A. Drug delivery strategies for
poorly water-soluble drugs: the industrial perspective. Expert
Opin Drug  Deliv.  2011:8(11):1481-1500.  doi:10.1517/
17425247.2011.614228

Markowicz-Piasecka M, Mikiciuk-Olasik E. Chapter 2 -
Dendrimers in drug delivery. In: Grumezescu AM, editor.
Nanobiomaterials in  Drug  Delivery  Applications  of
Nanobiomaterials. Elsevier Ltd.; 2016.

Yang G, Liu Y, Wang H, et al. Bioinspired core-shell nanoparti-
cles for hydrophobic drug delivery. Angew Chem Int Ed Engl.
2019:58(40):14357-14364. doi:10.1002/anie.201908357
Larraneta E, Stewart S, Ervine M, Al-Kasasbeh R, Donnelly RF.
Hydrogels for hydrophobic drug delivery. Classification, synth-
esis and applications. J Funct Biomater. 2018:9(1):13.
doi:10.3390/jf69010013

Attia MF, Anton N, Wallyn J, Omran Z, Vandamme TF. An
overview of active and passive targeting strategies to improve
the nanocarriers efficiency to tumour sites. J Pharm Pharmacol.
2019:71(8):1185-1198. doi:10.1111/jphp.13098

Rabanel JM, Aoun V, Elkin I, Mokhtar M, Hildgen P. Drug-
loaded nanocarriers: passive targeting and crossing of biological
barriers. Curr Med Chem. 2012;19(19):3070-3102. doi:10.2174/
092986712800784702

Alyautdin R, Khalin I, Nafeeza MI, Haron MH, Kuznetsov D.
Nanoscale drug delivery systems and the blood-brain barrier.
Int J Nanomedicine. 2014:9:795-811. doi:10.2147/1IN.S52236
Narmani A, Rezvani M, Farhood B, et al. Folic acid functiona-
lized nanoparticles as pharmaceutical carriers in drug delivery
systems. Drug Dev Res. 2019:80(4):404-424. doi:10.1002/
ddr.21545

Hsiao C-J, Lin J-F, Wen H-Y, et al. Enhancement of the stability
of chlorophyll using chlorophyll-encapsulated polycaprolactone
microparticles based on droplet microfluidics. Food Chem.
2020:306:1-6. doi:10.1016/j.foodchem.2019.125300

Uthappaa UT, Kigga M, Sriram G, et al. Facile green synthetic
approach of bio inspired polydopamine coated diatoms as a drug
vehicle for controlled drug release and active catalyst for dye
degradation. Microporous Mesoporous Mater. 2019:;288:1-10.
doi:10.1016/j.micromeso.2019.109572

88.

89.

91.

92.

93.

94.

95.

96.

97

98.

101.

102.

103.

. Razavi

Bruschi ML. Chapter 6 - Drug delivery systems: principles, local
of administration, materials, characterization, applications,
advances and the use of natural products. In: Bruschi ML, editor.
Strategies to Modify the Drug Release from Pharmaceutical
Systems. 1st ed. Elsevier; 2015.

Midha K, Diwan P, Marwah S, Sood A, Arora G. Nanocarrier:
a boom or a bane in the medical industry. Acta Sci Pharm Sci.
2019:3(5):8-23.

. Hassan ME, Yang Q. Xiao Z, et al. Impact of immobilization

technology in industrial and pharmaceutical applications. 3
Biotech. 2019;9(12):1-16. doi:10.1007/s13205-019-1969-0
Immordino ML, Dosio F, Cattel L. Stealth liposomes: review of
the basic science, rationale, and clinical applications, existing and
potential. Int J Nanomedicine. 2006;1(3):297-315.
Villamizar-Sarmiento MG, Molina-Soto EF, Guerrero J, et al.
A new methodology to create polymeric nanocarriers containing
hydrophilic low molecular-weight drugs: a green strategy provid-
ing a very high drug loading. Mol Pharm. 2019;16(7):2892-2901.
doi:10.1021/acs.molpharmaceut.9b00097
Kanwar R, Gradzielski M, Prevost S, Kaur G, Appavou MS,
Mehta SK. Physicochemical stimuli as tuning parameters to mod-
ulate the structure and stability of nanostructured lipid carriers
and release kinetics of encapsulated antileprosy drugs. J Mater
Chem B. 2019:;7(42):6539-6555. doi:10.1039/c9tb01330j
Moustafa A, Moustafa MMAR, Zilinskas GJ, Gillies ER.
Covalent drug immobilization in poly(ester amide) nanoparticles
for controlled release. Can J Chem Eng. 2015:93(12):2098-2106.
doi:10.1002/cjce.22323
Goyal AK, Rath G, Faujdar C, Malik B. Chapter 2 - Application
and perspective of pH-responsive nano drug delivery systems. In:
Mohapatra S, Ranjan S, Dasgupta N, Mishra R, Thomas S.
editors. Applications of Targeted Nano Drugs and Delivery
System Nanoscience and Nanotechnology in Drug Delivery. 1st
ed. Elsevier; 2019.
Bikram M, West JL. Thermo-responsive systems for controlled
drug delivery. Expert Opin Drug Deliv. 2008:5(10):1077-1091.
doi:10.1517/17425247.5.10.1077
Garcia M. 14 - lonic-strength-responsive polymers for drug deliv-
ery applications. In: Makhlouf ASH, Abu-Thabit NY, editors.
Stimuli Responsive Polymeric Nanocarriers for Drug Delivery
Applications  Volume 2: Advanced  Nanocarriers  for
Therapeutics. 1st ed. Elsevier; 2019.
Guo L, Xu Y, Zhou A, et al. A stimuli-responsive combination
therapy for recovering p53-inactivation associated drug
resistance. Mater Sci Eng C. 2020;108:1-11. doi:10.1016/j.
msec.2019.110403
B, Abdollahi A, Roghani-Mamagani H, Salami-
Kalajahi M. Light-, temperature-, and pH-responsive micellar
blies of spiropyran-initiated amphiphilic block copolymers:
kinetics of photochromism, responsiveness, and smart drug
delivery. Mater Sci Eng C Mater Biol Appl. 2020;109:110524.
doi:10.1016/j.msec.2019.110524

. Karimi M, Zangabad PS, Mehdizadeh F, et al. Nanocaged plat-

forms: modification, drug delivery and nanotoxicity. Opening
synthetic cages to release the tiger. Nanoscale. 2017:9 (4):1356-
1392. doi:10.1039/c6nr07315h

Shen S, Wu Y, Liu Y, Wu D. High drug-loading nanomedicines:
progress, current status, and prospects. Int J Nanomedicine.
2017:12:4085-4109. doi:10.2147/1IN.S 132780

Mitra A, Lee CH, Cheng K. Advanced Drug Delivery. Wiley;
2013:550.

Loc WS, Linton SS. Wilczynski ZR, et al. Effective encapsulation
and biological activity of phosphorylated chemotherapeutics in
calcium phosphosilicate nanoparticles for the treatment of pan-
creatic cancer. Nanomedicine. 2017:13(7):2313-2324.
doi:10.1016/j.nan0.2017.06.017

International Journal of Nanomedicine 2021:16

e 6639

Dove

82



Milewska et al

Dove

104.

105.

107.

108.

110.

11

112.

113.

114.

116.

117.

118.

119.

. Tran TTD, Tran PHL. Nanoconj and

Zhao H, Rubio B, Sapra P, et al. Novel prodrugs of SN38 using
multiarm poly(ethylene glycol) linkers. Bioconjug Chem. 2008:19
(4):849-859. doi:10.1021/bc700333s

Tian R, Wang H, Niu R, Ding D. Drug delivery with nanosphe-
rical supramolecular cell penetrating peptide-taxol conjugates
containing a high drug loading. J Colloid Interface Sci.
2015:453:15-20. doi:10.1016/j.j¢is.2015.04.028

. Phan UT, Nguyen KT, Vo TV, Duan W, Tran PH, Tran TD.

Investigation of Fucoidan-Oleic acid conjugate for delivery of
Curcumin and Paclitaxel. Anticancer Agents Med Chem.
2016:16(10):1281-1287.  doi:10.2174/15672018106661311241
40259
Kushwah V, Katiyar SS, Agrawal AK, Gupta RC, Jain S. Co-
delivery of docetaxel and gemcitabine using PEGylated
self: bled stealth particles for improved breast cancer
therapy. Nanomedicine. 2018;14(5):1629-1641. doi:10.1016/j.
nano.2018.04.009
Han HS, Choi KY, Ko H, et al. Bioreducible core-crosslinked
hyaluronic acid micelle for targeted cancer therapy. J Control
Release. 2015:200:158-166. doi:10.1016/j.jconrel.2014.12.032
gati lation strate-
gies for improving drug delivery and therapeutic efficacy of
poorly water-soluble drugs. Pharmaceutics. 2019;11(7):1-41.
doi:10.3390/pharmaceutics 11070325
Krukiewicz K., Stokfisz A, Zak JK. Two approaches to the model
drug immobilization into conjugated polymer matrix. Mater Sci
Eng C Mater Biol Appl. 2015:54:176-181. doi:10.1016/j.
msec.2015.05.017

. Peroto G, Sandri G, Pignatelli C, Milanesiband G,

Athanassiou A. Water-based synthesis of keratin micro- and
nanoparticles with tunable mucoadhesive properties for drug
delivery. J Mater Chem B. 2019:7(28):4385-4392. doi:10.1039/
C9TB00443B

Nagy NZ, Varga Z, Mihdly J, Kasza G, Ivin B, Kiss E. Highly
efficient encapsulation of curcumin into and pH-controlled drug
release from poly(e-caprolactone) nanoparticles stabilized with
a novel amphiphilic hyperbranched polyglycerol. Express Polym
Lert. 2020:14(1):90-101. doi:10.3144/expresspolymlett.2020.8
Khan DH, Bashir S, Correia A, et al. Utilization of green for-
mulation technique and efficacy estimation on cell line studies for
dual anticancer drug therapy with niosomes. Int J Pharm.
2019:572:1-41. doi:10.1016/j.ijpharm.2019.118764
Taymaz-Nikerel H, Karabekmez ME, Eraslan S, Kirdar B.
Doxorubicin induces an extensive transcriptional and metabolic
rewiring in yeast cells. Sci Rep. 2018:8(1):13672. doi:10.1038/
s41598-018-31939-9

5. Lelle M, Freidel C, Kaloyanova S, et al. Overcoming drug resis-

tance by cell-p ing peptid diated delivery of
a doxorubicin dimer with high DNA-binding affinity. Eur J Med
Chem. 2017:130:336-345. doi:10.1016/j.ejmech.2017.02.056
Chen Y, Sun L, Guo D, Wu Z, Chen W. Co-delivery of hypoxia
inducible factor-la small interfering RNA and 5-fluorouracil to
overcome drug resistance in gastric cancer SGC-7901 cells.
J Gene Med. 2017:19(12):€2998. doi:10.1002/jgm.2998

Chen L, She X, Wang T, et al. Overcoming acquired drug resis-
tance in colorectal cancer cells by targeted delivery of 5-FU with
EGF grafted hollow mesoporous silica nanoparticles. Nanoscale.
2015:7(33):14080-14092. doi:10.1039/c5nr03527a

Kampan NC, Madondo MT, McNally OM, Quinn M,
Plebanski M. Paclitaxel and its evolving role in the management
of ovarian cancer. Biomed Res Int. 2015:2015:413076.
doi:10.1155/2015/413076

Weaver BA. How Taxol/paclitaxel kills cancer cells. Mol Biol
Cell. 2014:25(18):2677-2681. doi:10.1091/mbc.E14-04-0916

120.

12

122.

123.

124.

125.

126.

127.

128.

129.

130.

w

132.

133.

135.

Arora HC, Jensen MP, Yuan Y, et al. Nanocarriers enhance
Doxorubicin uptake in drug-resistant ovarian cancer cells. Cancer
Res. 2012;72(3):769-778. doi:10.1 158/0008-5472.CAN-11-2890

. Wang X, Zhang H, Chen X. Drug resistance and combating drug

resistance in cancer. Cancer Drug Resist. 2019:2:141-160.
doi:10.20517/cdr.2019.10

Cagan R, Meyer P. Rethinking cancer: current challenges and
oppc ities in cancer res h. Dis Model Mech. 2017:10
(4):349-352. doi:10.1242/dmm.030007

Abdifetah O, Na-Bangchang K. Pharmacokinetic studies of nano-
particles as a delivery system for conventional drugs and
herb-derived compounds for cancer therapy: a systematic
review. Int J Nanomedicine. 2019:14:5659-5677. doi:10.2147/
1IN.S213229

El-Readi MZ, Althubiti AM. Cancer nanomedicine: a new era of
successful targeted therapy. J Nanomater. 2019;2019:13.
doi:10.1155/2019/4927312

Mansoori B, Mohammadi A, Davudian S, Shifjang S,
Baradaran B. The different mechanisms of cancer drug resistance:
a brief review. Adv  Pharm Bull. 2017:7(3):339-348.
doi:10.15171/apb.2017.041

Wang Y, Li J, Chen JJ, Gao X, Huang Z, Shen Q. Multifunctional
nanoparticles loading with docetaxel and GDC0941 for reversing
multidrug resistance mediated by PI3K/Akt signal pathway. Mol
Pharm. 2017:14(4):1120-1132. doi:10.1021/acs.
molpharmaceut.6b01045

Radu IC, Hudita A, Zaharia C, et al. Poly(3-hydroxybutyrate-CO-
3-hydroxyvalerate) PHBHV biocompatible nanocarriers for 5-FU
delivery targeting colorectal cancer. Drug Deliv. 2019:26
(1):318-327. doi:10.1080/10717544.2019.1582729

Arranja AG, Pathak V, Lammers T, Shi Y. Tumor-targeted nano-
medicines for cancer theranostics. Pharmacol Res. 2017;115:87—
95. doi:10.1016/j.phrs.2016.11.014

Wang K, Wang S, Chen K, Zhao Y, Ma X, Wang L. Doxorubicin-
loaded melanin particles for enhanced chemotherapy in
drug-resistant anaplastic thyroid cancer cells. J Nanomater.
2018. doi:10.1155/2018/2603712

Hong YD, Zhang J, Zhuang M, et al. Efficacy of
decitabine-loaded gelatinases-stimuli nanoparticles in overcoming
cancer drug resi is liated via its ced demethylating
activity to transcription factor AP-2 epsilon. Oncotarget. 2017:8
(70):114495-114505. doi:10.18632/oncotarget.21274

. Reshma PL, Unnikrishnan BS, Preethi GU, et al. Overcoming

drug-resistance in lung cancer cells by paclitaxel loaded galactox-
yloglucan nanoparticles. Int J Biol Macromol. 2019;136:266-274.
doi:10.1016/j.ijbiomac.2019.06.075

Jackson J, Leung D, Burt H. The use of ultrasound to increase the
uptake and cytotoxicity of dual taxane and P-glycoprotein inhi-
bitor loaded, solid core nanoparticles in drug resistant cells.
Ultrasonics. 2020;101:106033. doi:10.1016/j.ultras.2019.106033
Baek H, Cho M, Kim S, Hwang H, Song M. Yoo S. Analysis of
length of hospital stay using electronic health recor tatistical
and data mining approach. PLoS One. 2018:13(4):¢0195901.
doi:10.1371/journal.pone.0195901

. Schirrmacher V. From chemotherapy to biological therapy:

a review of novel concepts to reduce the side effects of systemic
cancer treatment (Review). Inr J Oncol. 2019;54(2):407-419.
doi:10.3892/ij0.2018.4661

Rau KM, Lin YC, Chen YY, et al. Pegylated liposomal doxor-
ubicin  (Lipo-Dox®) combi with cyclophosphamide and
S-fluorouracil is effective and safe as salvage chemotherapy in
taxane-treated metastatic breast cancer: an open-label, multi-cen-
ter, non-comparative phase II study. BMC Cancer. 2015;15:423.
doi:10.1186/512885-015-1433-4

6640

hitps:

Dove

International Journal of Nanomedicine 2021:16

83



Dove

Milewska et al

136. Pircher M, Mlineritsch B, Fridrik MA, et al. Lapatinib-plus-pegy-

137.

138.

139.

141.

142.

145.

147.

148.

149.

150.

151.

3. Xiong

lated liposomal doxorubicin in advanced HER2-positive breast
cancer following trastuzumab: a phase II trial. Anticancer Res.
2015:35(1):517-521.

Sparano JA, Makhson AN, Semiglazov VF, et al. Pegylated
liposomal doxorubicin plus docetaxel significantly improves
time to progression without additive cardiotoxicity compared
with docetaxel monotherapy in patients with advanced breast
cancer previously treated with neoadjuvant-adjuvant anthracy-
cline therapy: results from a randomized Phase III study. J Clin
Oncol. 2009;27(27):4522-4529. doi:10.1200/1C0.2008.20.5013
Basso U, Roma A, Brunello A, et al. Bi-weekly liposomal doxor-
ubicin for advanced breast cancer in elderly women (> 70 years).
J Geriatr Oncol.2013:4(4):340-345. doi: 10.1016/j.jg0.2013.07.004
Addeo R, Faiola V, Guarrasi R, et al. Liposomal pegylated dox-
orubicin plus vinorelbine combination as first-line chemotherapy
for metastatic breast cancer in elderly women > or = 65 years of
age. Cancer Chemother Pharmacol. 2008:62(2):285-292.
doi:10.1007/500280-007-0605-6

. Zhao N, Woodle MC, Mixson AJ. Advances in delivery systems

for doxorubicin. J Nanomed Nanotechnol.
doi:10.4172/2157-7439.1000519

Rafiyath SM, Rasul M, Lee B, Wei G, Lamba G, Liu D.
Comparison of safety and toxicity of liposomal doxorubicin vs.
conventional anthracyclines: a meta-analysis. Exp Hematol
Oncol. 2012:1(1):10. doi:10.1186/2162-3619-1-10

Jeong YI, Jin SG, Kim IY, et al. Doxorubicin-incorporated nano-
particles composed of poly(ethylene glycol)-grafted carboxy-
methyl chitosan and antitumor activity against glioma cells in
vitro. Colloids Surf B Biointerfaces. 2010;79(1):149-155.
doi:10.1016/j.colsurfb.2010.03.037

H, Zhou D, Qi Y, et al. Doxorubicin-loaded
carborane-conjugated polymeric nanoparticles as delivery system
for combination cancer therapy. Biomacromolecules. 2015;16
(12):3980-3988. doi: 10.1021/acs.biomac.5b01311

2018:9(5):1-9.

. Zhang Y, Yang C, Wang W, et al. Co-delivery of doxorubicin

and curcumin by pH-sensitive prodrug nanoparticle for combi-
nation therapy of cancer. Sci Rep. 2016:6:21225. doi:10.1038/
srep21225

Liu C, Liu F, Feng L, Li M, Zhang J, Zhang N. The targeted
co-delivery of DNA and doxorubicin to tumor cells via multi-
functional PEI-PEG based nanoparticles. Biomaterials. 2013:34
(10):2547-2564. doi:10.1016/j.biomaterials.2012.12.038

. Tian Y, Li S, Song J, et al. A doxorubicin delivery platform using

1 natural vesicle exosomes for targeted
tumor therapy. Biomaterials. 2014;35(7):2383-2390.
doi:10.1016/j.biomaterials.2013.11.083
Hadla M, Palazzolo S. Corona G, et al. Exosomes increase the
therapeutic index of doxorubicin in breast and ovarian cancer
mouse models. Nanomedicine (Lond). 2016:11(18):2431-2441.
doi:10.2217/nnm-2016-0154
Wuang SC, Neoh KG, Kang ET, Leckband DE, Pack DW. Acid-
sensitive magnetic nanop les as p ial drug depots. AiChE
J.2011:57(6):1638-1645. doi:10.1002/aic.12373
Gautier J, Munnier E, Paillard A, et al. A pharmaceutical study of
doxorubicin-loaded PEGylated nanoparticles for magnetic drug
targeting. Int J Pharm. 2012;423(1):16-25. doi:10.1016/j.
ijpharm.2011.06.010
Chandran SP, Natarajan SB, Chandraseharan S, Shahimi MSBM.
Nano drug delivery strategy of S-fluorouracil for the treatment of
colorectal cancer. J Cancer Res Pract. 2017:4:45-48.
doi:10.1016/j.jerpr.2017.02.002
Subudhi MB, Jain A, Hurkat P, Shilpi S, Gulbake A, Jain SK.
Eudragit S100 coated citrus pectin nanoparticles for colon target-
ing of S5-Fluorouracil. Materials (Basel). 2015;8(3):832-849.
doi:10.3390/ma8030832

15

153.

154.

156.

157.

15

159.

160.

161.

16!

163.

164.

165.

166.

167.

16

5]

2

»N

00

Patel MN, Lakkadwala S, Majrad MS, et al. Characterization and
evaluation of 5-fluorouracil-loaded solid lipid nanoparticles prepared
via a temperature-modulated solidification technique. AAPS
PharmSciTech. 2014;15(6):1498-1508. doi:10.1208/512249-014-
0168-x

Yassin AE, Anwer MK, Mowafy HA, El-Bagory IM, Bayomi MA,
Alsarra TA. Optimization of 5-fluorouracil solid-lipid nanoparti-
cles: a preliminary study to treat colon cancer. Int J Med Sci.
2010:7(6):398-408. doi:10.7150/ijms.7.398

Wang JJ, Zeng ZW, Xiao RZ, et al. Recent advances of chitosan
nanoparticles as drug carriers. Int J Nanomedicine. 2011;6:765-
774. doi:10.2147/1IN.S 17296

5. Tummala S, Satish Kumar MN, Prakash A. Formulation and char-

acterization of 5-Fluorouracil enteric coated nanoparticles for sus-
tained and localized release in treating colorectal cancer. Saudi
Pharm J. 2015:23(3):308-314. doi:10.1016/j.jsps.2014.11.010
Wang Y, Li P, Chen L, Gao W, Zeng F, Kong LX. Targeted
delivery of 5-fluorouracil to HT-29 cells using high efficient
folic acid-conjugated nanoparticles. Drug Deliv. 201522
(2):191-198. doi:10.3109/10717544.2013.875603

Ma P, Mumper RIJ. Paclitaxel nano-delivery systems:
a Comprehensive Review. J N d Nanotechnol. 2013:4
(2):1-35. doi:10.4172/2157-7439.1000164

Trickler WJ, Nagvekar AA, Dash AK. A novel nanoparticle for-
mulation for sustained paclitaxel delivery. AAPS PharmSciTech.
2008:9(2):486-493. doi:10.1208/512249-008-9063-7

Yoshizawa Y, Kono Y, Ogawara K, Kimura T, Higaki K. PEG
lipc lization of p 1 improved its in vivo disposition
and anti-tumor efficacy. Int J Pharm. 2011:412(1-2):132-141.
doi:10.1016/j.ijpharm.2011.04.008

Jin C, Wu H, Liu J, Bai L, Guo G. The effect of paclitaxel-loaded
nanoparticles with radiation on hypoxic MCF-7 cells. J Clin Pharm
Ther. 2007:32(1):41-47. doi:10.1111/j.1365-2710.2007.00796.x
Jin C, Bai L, Wu H, Liu J, Guo G, Chen J. Paclitaxel-loaded poly
(D,L-lactide-co-glycolide) nanoparticles for radiotherapy in
hypoxic human tumor cells in vitro. Cancer Biol Ther. 20087
(6):911-916. doi:10.4161/cbt.7.6.5912

Danhier F, Lecouturier N, Vroman B, et al. Paclitaxel-loaded
PEGylated PLGA-based nanoparticles: in vitro and in vivo
evaluation. J Control Release. 2009;133(1):11-17. doi:10.1016/j.
jeonrel.2008.09.086

Dong Y, Feng SS. Poly(D,L-lactide-co-glycolide) (PLGA) nano-
particles prepared by high pressure homogenization for paclitaxel
chemotherapy.  Int J  Pharm.  2007:342(1-2):208-214.
doi:10.1016/j.ijpharm.2007.04.031

Chakravarthi SS, Robinson DH. Enhanced cellular association of
paclitaxel delivered in chitosan-PLGA particles. Int J Pharm.
2011:409(1-2):111-120. doi:10.1016/j.ijpharm.2011.02.034

Mei L, Sun H, Jin X, et al. Modified paclitaxel-loaded nanopar-
ticles for inhibition of hyperplasia in a rabbit arterial balloon
injury model. Pharm Res. 2007;24(5):955-962. doi:10.1007/
511095-006-9214-z

Zhao L, Feng SS. Enhanced oral bioavailability of paclitaxel
formulated in vitamin E-TPGS emulsified nanoparticles of biode-
gradable polymers: in vitro and in vivo studies. J Pharm Sci.
2010:99(8):3552-3560. doi:10.1002/jps.22113

Liu Y, Pan J, Feng SS. Nanoparticles of lipid monolayer shell and
biodegradable polymer core for controlled release of paclitaxel:
effects of surfactants on particles size, characteristics and in vitro
performance. Int J Pharm. 2010;395(1-2):243-250. doi:10.1016/
jjpharm.2010.05.008

National Institutes of Health (NIH) U.S. National Library of
Medicine ClinicalTrialsgov. Available from: https://www.clinical
trials.gov/ct2/show/NCT03505528 term=nanoparticle&recrs=
e&cond=Cancer&strd_s=01%2F01%2F2015&strd_e=09%
2F12%2F2020&draw=2&rank=1. Accessed December 09, 2020.

International Journal of Nanomedicine 2021:16

e 6641

Dove

84



Milewska et al Dove;

169. National Institutes of Health (NIH) U.S. National Library of 183. Ding X, Miller PG, Hwang MP, Fu J, Wang Y. Scale-up
Medicine ClinicalTrialsgov. Available from: https://www.clinical synthesis of a polymer designed for protein therapy. Eur
trials.gov/ct2/show/NCT026463 19 *erm=nanoparticle&recrs= Polym  J. 2019;117:353-362.  doi:10.1016/j.eurpolym;j.
e&cond=Cancer&strd_s=01%2F01%2F2015&strd_e=09% 2019.05.032
2F12%2F2020&draw=2&rank=2. Accessed December 09, 2020. 184. Galindo-Rodriguez SA, Puel F, Briancon S, Allémann E,

170. National Institutes of Health (NIH) U.S. National Library of Doelker E, Fessi H. Comparative scale-up of three methods for
Medicine ClinicalTrialsgov. Available from: https://www.clinical producing ibuprofen-loaded nanoparticles. Eur J Pharm Sci.
trials.gov/ct2/show/NCT0244253 | term=nanoparticle&recrs= 2005;25(4-5):357-367. doi:10.1016/j.¢jps.2005.03.013
e&cond=Cancer&strd_s=01%2F01%2F2015&strd_e=09% 185. Rafiee Z, Jafari SM. Application of Lipid Nanocarriers for the
2F12%2F2020&draw=2&rank=3. Accessed December 09, 2020. Food Industry. Cham: Springer; 2019:623-665.

171. National Institutes of Health (NIH) U.S. National Library of 186. Bajracharya R, Song JG, Back SY, Han HK. Recent advancements in
Medicine ClinicalTrialsgov. Available from: https://www.clinical non-invasive formulations for protein drug delivery. Comput Struct
trials.gov/ct2/show/NCT03304210erm=nanoparticle&recrs= Biotechnol J.2019:17:1290-1308. doi:10.1016/j.csbj.2019.09.004
e&cond=Cancer&strd_s=01%2F01%2F2015&strd_e=09% 187. Cheng Z, Zaki AA, Hui JZ, Muzykantov VR, Tsourkas A.
2F12%2F2020&draw=2&rank=4. Accessed December 09, 2020. Multifunctional nanoparticles: cost versus benefit of adding tar-

172. National Institutes of Health (NIH) U.S. National Library of geting and imaging capabilities. Science. 2012:338 (6109):903—-
Medicine ClinicalTrialsgov. Available from: https:/www.clinical 910. doi: 10.1126/science.1226338
trials. gov/ct2/show/NCT02227940term=nanoparticle&recrs= 188. Stearns LJ, Narang S, Albright RE, et al. Assessment of health
e&cond=Cancer&strd_s=01%2F01%2F2015&strd_e=09% care utilization and cost of targeted drug delivery and conven-
2F12%2F2020&draw=2&rank=5. Accessed December 09, 2020. tional medical 2 VS ¢ ional medical

173. National Institutes of Health (NIH) U.S. National Library of alone for patients with cancer-related pain. JAMA Network Open.
Medicine ClinicalTrialsgov. Available from: https://www.clinical 2019:2(4):1-14. doi:10.1001/jamanetworkopen.2019.1549
trials. gov/ct2/show/NCT03 120832 *erm=nanoparticle&recrs= 189. Patra JK, Das G, Fraceto LF, et al. Nano based drug delivery
e&cond=Cancer&strd_s=01%2F01%2F2015&strd_e=09% systems: recent developments and future  prospects.
2F12%2F2020&draw=2&rank=7. Accessed December 09, 2020. J Nanobiotechnology. 2018:16(1):1-33. doi:10.1186/s12951-018-

174. National Institutes of Health (NIH) U.S. National Library of 0392-8
Medicine ClinicalTrialsgov. Available from: https://www.clinical 190. Muthu MS, Wilson B. Challenges posed by the scale-up of
trials. gov/ct2/show/NCT02392637 term=nanoparticle&recrs= 4 licines. N dicine  (Lond). 2012;7(3):307-309.
e&cond=Cancer&strd_s=01%2F01%2F2015&strd_e=09% doi:10.2217/nnm.12.3
2F12%2F2020&draw=2&rank=6. Accessed December 09, 2020. 191. Ventola CL. Progress in nanomedicine: approved and investiga-

175. National Institutes of Health (NIH) U.S. National Library of tional nanodrugs. Pharm Ther. 2017:42(12):742-755.

Medicine ClinicalTrialsgov. Available from: https://www.clinical 192. Landesman-Milo D, Peer D. Transforming nanomedicines from
trials. gov/ct2/show/NCT02820454 term=nanoparticle&recrs= lab scale production to novel clinical modality. Bioconjug
e&cond=Cancer&strd_s=01%2F01%2F2015&strd_e=09% Chem. 2016:27(4):855-862. doi:10.1021/acs.bioconjchem.5b0
2F12%2F2020&draw=2&rank=8. Accessed December 09, 2020. 0607

176. National Institutes of Health (NIH) U.S. National Library of 193 Fernindez-Garcfa R. Lalatsa A, Statts L. Bolds-Fernindez F.
Medicine ClinicalTrialsgov. Available from: https://www.clinical Ballesteros MP, Serrano DR. Transferosomes as nanocarriers for
trials. gov/ct2/show/NCT0276298 1 term=nanoparticle&recrs= drugs across the skin: quality by design from lab to industrial
e&cond=Cancer&strd_s=01%2F01%2F2015&strd_e=09% scale. Int J Pharm. 2020:573:1-44. doi:10.1016/j.ijpharm.20
2F12%2F2020&draw=2&rank=9. Accessed December 09, 2020. 19.113817

177. National Institutes of Health (NIH) U.S. National Library of 194 Cabs S, Oztirk K, Fatma A, Arslan B, Eroglu H, Capan Y.
Medicine ClinicalTrialsgov. Available from: https://www.clinical Chapter 4 - Nanopharmaceuticals as drug delivery systems: for,
trials. gov/ct2/show/NCT03 101358 %erm=nanoparticle&recrs= against, and current applications. In: Mohapatra S, Ranjan S,
e&cond=Cancer&strd_s=01%2F01%2F2015&strd_e=09% Dasgupta N, Mishra R, Thomas S, editors. Nanocarriers for
2F12%2F2020&draw=2&rank=10. Accessed December 09, 2020. Drug Delivery Nanoscience and Nanotechnology in Drug

178. National Institutes of Health (NTH) U.S. National Library of Deliver. Elsevier.

Medicine ClinicalTrialsgov. Available from: https:/www.clinical 195. Wu LP, Wang D, Li Z. Grand challenges in nanomedicine. Mater
trials. gov/ct2/show/NCT03712423 %erm=nanoparticle&recrs= Sci Eng C. 2020;106:1-7. doi:10.1016/j.msec.2019.110302

e&cond=Cancer&strd_s=01%2F01%2F2015&strd_e=09% 196. Dormont F, Rouquette M, Mahatsekake C, et al. Translation of
2F12%2F2020&draw=2&rank=11. Accessed December 09, 2020. nanomedicines from lab to industrial scale synthesis: the case of

179. National Institutes of Health (NIH) U.S. National Library of squalene-adenosine  manoparticles.  J  Control  Release.
Medicine ClinicalTrialsgov. Available from: https:/www.clinical 2019;307:302-314. doi:10.1016/j.jconrel.2019.06.040
trials. gov/ct2/show/NCT02668536 Aerm=nanoparticle &recrs= 197. Alvarez MM, Aizenberg J, Analoui M, et al. Emerging trends in
e&cond=Cancer&strd s=01%2F01%2F2015&strd e=09% micro- and nanoscale technologies in medicine: from basic dis-
2F12%2F2020&draw=2&rank=12. Accessed December 09, 2020. coveries to translation. ACS Nano. 2017;11(6):5195-5214.

180. National Institutes of Health (NIH) U.S. National Library of doi:10.1021/acsnano. 7601493
Medicine ClinicalTrialsgov. Available from: https:/www.clinical 198. Colombo AP, Briangon S, Lieto J, Fessi H. Project, design, and
trials. gov/ct2/show/NCT03020017 term=nanoparticle &recrs= use of a pilot plant for nanocapsule production. Drug Dev Ind
e&cond=Cancer&strd_s=01%2F01%2F2015&strd_e=09% Pharm. 2001:27(10):1063-1072. doi:10.108 1/ddc-100108369
2F12%2F2020&draw=2&rank=13. Accessed December 09, 2020. 199. Flegler A, Wintzheimer S, Schneider M, Gellermann C,

181. Worsham RD, Thomas V, Farid SS. Potential of continuous Mandel K. Chapter 7 - Tailored nanoparticles by wet chemical
manufacturing for liposomal drug products. Biotechnol J. particle technology: from Lab to Pilot Scale. In: Hussain CM,
2019:14(2):¢1700740. doi: 10.1002/biot. 201700740 editor. Handbook of Nanomaterials for Industrial Applications

182. Verma RK, Garg S. Current status of drug delivery technologies Micro and Nano Technologies. Elsevier: 2018. doi:10.1016/
and future directions. Pharm Technol On-Line. 2001;25(2):1-14. B978-0-12-813351-4.00007-9

6642 " International Journal of Nanomedicine 2021:16

Dove

85



Dove

Milewska et al

200.

20

202.

203.

204.

205.

206.

207.

3

208.

209.

210.

21

21

2

21

w

214.

. Katouzian I, Jafari SM. Nano-

Venditto VJ, Szoka FC. Cancer nanomedicines: so many papers
and so few drugs! Adv Drug Deliv Rev. 2013:65(1):80-88.
doi:10.1016/j.addr.2012.09.038

lation as a promising
approach for targeted delivery and controlled release of
vitamins. Trends Food Sci Technol. 2016:53:34-48. doi:10.1016/
j4ifs.2016.05.002

Sun Q, Barz M, De Geest BG, et al. Nanomedicine and macro-
scale materials in immuno-oncology. Chem Soc Rev. 2019:48
(1):351-381. doi:10.1039/c8cs00473k

Paliwal R, Babu RJ, Palakurthi S. Nanomedicine scale-up tech-
nologies: feasibilities and challenges. AAPS PharmSciTech.
2014:15(6):1527-1534. doi:10.1208/512249-014-0177-9
Jahangirian H, Lemraski EG, Webster TJ, Rafiee-Moghaddam R,
Abdollahi Y. A review of drug delivery systems based on nano-

technology and green chemistry: green nanomedicine.
Int J Nanomedicine. 2017:12:2957-2978. doi:10.2147/1IN.
S127683

Kanwar R, Rathee J, Salunke DB, Mehta SK. Green
nanotechnology-driven drug delivery assemblies. ACS Omega.
2019:4(5):8804-8815. doi:10.1021/acsomega.9b00304

Zhong D, Wu H, Wu Y, et al. Rational design and facile fabrica-
tion of biocompatible triple responsive dendrimeric nanocages for
targeted drug delivery. Nanoscale. 2019:11(32):15091-15103.
doi:10.1039/c9nr04631¢

Palai PK, Mondal A, Chakraborti CK, Banerjee I, Pal K,
Rathnam VSS. Doxorubicin loaded green synthesized Nanoceria
decorated  functionalized ~ graphene  nanocomposite for
cancer-specific drug release. J Cluster Sci. 2019;30:1565-1582.
doi:10.1007/510876-019-01599-4

Hasan I, Quais FA, Husain FM, et al. Eco-friendly green synthesis
of dextrin based poly (methyl methacrylate) grafted silver nano-
composites and their antibacterial and antibiofilm efficacy against
multi-drug resistance pathogens. J Clean Prod. 2019;230:1148-
1155. doi:10.1016/j.jclepro.2019.05.157

Huang W, Wu X, Qi J, et al. Tonic liquids: green and tailor-made
solvents in drug delivery. Drug Discov Today. 2020;25 (5):901-
908. doi:10.1016/j.drudis.2019.09.018

Thakur N, Sharma B, Bishnoi S, Jain S, Nayak D. Sarma TK.
Biocompatible Fe3+ and Ca2+ dual cross-linked G-quadruplex
hydrogels as effective drug delivery system for pH-responsive
sustained zero-order release of doxorubicin. ACS Appl Bio
Mater. 2019:2(8):3300-3311. doi:10.1021/acsabm.9b00334

. Di L, Kems EH, Carter GT. Drug-like property concepts in

pharmaceutical design. Curr Pharm Des. 2009;15 (19):2184—
2194. doi:10.2174/138161209788682479

. Gali-Muhtasib H, Chouaib C. Nanoparticle Drug Delivery

Systems for Cancer Treatment. 1st ed. Jenny Stanford
Publishing; 2020:342.

. Petschaver JS. Madden AJ, Kirschbrown WP, Song G.

Zamboni WC. The effects of nanoparticle drug loading on the
pharmacokinetics of anticancer agents. Nanomedicine (Lond).
2015:10(3):447-463. doi:10.2217/nnm. 14.179

Dogra P, Butner JD, Ruiz Ramirez J, et al. A mathematical model
to predict nanomedicine pharmacokinetics and tumor delivery.
Comput Struct Biotechnol J. 2020;18:518-531. doi:10.1016/j.
€sbj.2020.02.014

215.

216.

217.

218.

219.

220.

221.

222.

223.

224,

225.

226.

227.

228.

229.

Garofalo M, Grazioso G, Cavalli A, Sgrignani J. How computa-
tional chemistry and drug delivery techniques can support the
development of new a drugs. Molecules. 2020:25
(7):1756. doi:10.3390/molecules25071756

Zhang T, Zhu G, Lu B, Qian Z, Peng Q. Protein corona formed in
the gastrointestinal tract and its impacts on oral delivery of
nanoparticles. ~ Med ~ Res  Rev. 2021:41(3):1835-1850.
doi:10.1002/med.21767

Peng Q, Liu J, Zhang T, Zhang TX, Zhang CL, Mu H. Digestive
enzyme corona formed in the gastrointestinal tract and its impact
on epithelial cell uptake of nanoparticles. Biomacromolecules.
2019:20(4):1789-1797. doi:10.1021/acs.biomac.9b00175

Peng Q, Mu H. The potential of protein-nanomaterial interaction
for advanced drug delivery. J Control Release. 2016:225:121—
132. doi:10.1016/j.jconrel.2016.01.041

Khan I, Saeed K, Khan I. Nanoparticles: properties, applications
and toxicities. Arab J Chem. 2019:12(7):908-931. doi:10.1016/j.
arabjc.2017.05.011

Lauterwasser C. Small sizes that matter: Opportunities and risks
of Nanotechnologies. Report in co-operation with the OECD
International ~ Futures  Programme.  Allianz ~ Center  for
Technology. Available from: https://www.oecd.org/science/nano
safety/44108334.pdf. Accessed February 06, 2021.

Manzoor AA, Lindner LH, Landon CD, et al. Overcoming limita-
tions in nanoparticle drug delivery: triggered, intravascular
release to improve drug penetration into tumors. Cancer Res.
2012:72(21):5566-5575. doi:10.1158/0008-5472.CAN-12-1683
Lamberti M, Zappavigna S. Sannolo N, Porto S, Caraglia M.
Advantages and risks of nanotechnologies in cancer patients and
occupationally exposed workers. Expert Opin Drug Deliv.
2014:;11(7):1087-1101. doi:10.1517/17425247.2014.913568

De Jong WH, Borm PJ. Drug delivery and nanoparticles: applica-
tions and hazards. Int J Nanomedicine. 2008:3(2):133-149.
doi:10.2147/ijn.s596

Hua S, de Matos MBC, Metselaar JM, Storm G. Current trends
and challenges in the clinical translation of nanoparticulate nano-
medicines: pathways for translational development and
commercialization. Front Pharmacol. 2018:9:790. doi:10.3389/
fphar.2018.00790

Allen TM, Cullis PR. Liposomal drug delivery systems: from
concept to clinical applications. Adv Drug Deliv Rev. 2013;65
(1):36-48. doi:10.1016/j.addr.2012.09.037

Allen T™M, Cullis PR. Drug delivery systems: entering the
mainstream. Science. 2004;303(5665):1818-1822. doi:10.1126/
science. 1095833

Zhang L, Gu FX, Chan JM, Wang AZ, Langer RS,
Farokhzad OC. Nanoparticles in medicine: therapeutic applica-
tions and developments. Clin Pharmacol Ther. 2008;83 (5):761—
769. doi:10.1038/sj.clpt.6 100400

Sawant RR, Torchilin VP. Challenges in development of targeted
liposomal  therapeutics. ~ AAPS J.  2012;14(2):303-315.
doi:10.1208/512248-012-9330-0

Narang AS, Chang RK, Hussain MA. Pharmaceutical develop-
ment and regulatory considerations for nanoparticles and nano-
particulate drug delivery systems. J Pharm Sci. 2013:102
(11):3867-3882. doi:10.1002/jps.23691

International Journal of Nanomedicine 2021:16

e 6643

Dove

86



Milewska et al

Dove

International Journal of Nanomedicine

Publish your work in this journal

The International Journal of N: is an internati peer-

iewed journal focusing on the appl of nanotechnology in
diagnostics, therapeutics, and drug delivery systems throughout the
biomedical field. This journal is indexed on PubMed Central,
MedLine, CAS, SciSearch®, Current Contents®/Clinical Medicine,

e

Dove

Journal Citation Reports/Science Edition, EMBase, Scopus and the
Elsevier Bibliographic datab The if system
is completely online and includes a very quick and fair peer-review
system, which is all easy to use. Visit http://www.dovepress.com/
testimonials.php to read real quotes from published authors.

submit your manuscript here: https://www.dovepress.com/international-journal-of-nanomedicine-journal

International Journal of Nanomedicine 2021:16

6644 B ¥ jn @ "



Rozdzial 10. Folic-acid-conjugated thermoresponsive polymeric particles
for targeted delivery of 5-fluorouracil to CRC cells

Milewska Sylwia, Siemiaszko Gabriela, Wilczewska Agnieszka Zofia, Misztalewska-
Turkowicz Iwona, Markiewicz Karolina Halina, Szymczuk Dawid, Sawicka Diana, Car
Halina, Lazny Ryszard, Niemirowicz-Laskowska Katarzyna: Folic-acid-conjugated
thermoresponsive polymeric particles for targeted delivery of 5-fluorouracil to CRC cells.
International Journal of Molecular Sciences, 2023: 24(2), 1364, s. 1-25, DOI:
10.3390/ijms24021364, IF: 6.208, MNiSW/MEIN: 140.0.

88



International Journal of
Molecular Sciences

by

Article

Folic-Acid-Conjugated Thermoresponsive Polymeric Particles
for Targeted Delivery of 5-Fluorouracil to CRC Cells

Sylwia Milewska 1?*(, Gabriela Siemiaszko %1, Agnieszka Zofia Wilczewska 3Q,
Iwona Misztalewska-Turkowicz 3, Karolina Halina Markiewicz 3, Dawid Szymczuk 3,40, Diana Sawicka '@,
Halina Car !, Ryszard Lazny ® and Katarzyna Niemirowicz-Laskowska 1*©

check for
updates

Citation: Milewska, S.; Siemiaszko,
G.; Wilczewska, A.Z.; Misztalewska-
Turkowicz, I.; Markiewicz, K.H.;
Szymczuk, D.; Sawicka, D.; Car, H.;
Lazny, R.; Niemirowicz-Laskowska,
K. Folic-Acid-Conjugated
Thermoresponsive Polymeric
Particles for Targeted Delivery of
5-Fluorouracil to CRC Cells. Int. |.
Mol. Sci. 2023, 24,1364. https://
doi.org/10.3390/ijms24021364

Academic Editor: Yuri Lyubchenko

Received: 9 November 2022
Revised: 15 December 2022
Accepted: 21 December 2022
Published: 10 January 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/ licenses /by /
4.0/).

Department of Experimental Pharmacology, Medical University of Bialystok, Szpitalna 37,
15-361 Bialystok, Poland

2 Doctoral School, Medical University of Bialystok, Kilinskiego 1, 15-089 Bialystok, Poland

3 Faculty of Chemistry, University of Bialystok, Ciolkowskiego 1K, 15-245 Bialystok, Poland
Doctoral School of Exact and Natural Science, University of Bialystok, Ciolkowskiego 1K,
15-245 Bialystok, Poland

*  Correspondence: katarzyna.niemirowicz@umb.edu.pl

1t These authors contributed equally to this work.

Abstract: Colorectal cancer is the fourth most common cancer worldwide and the third most fre-
quently diagnosed form of cancer associated with high mortality rates. Recently, targeted drug
delivery systems have been under increasing attention owing to advantages such as high thera-
peutic effectiveness with a significant depletion in adverse events. In this report, we describe the
biocompatible and thermoresponsive FA-conjugated PHEA-b-PNIPAAm copolymers as nanocarriers
for the delivery of 5-FU. The block copolymers were obtained using RAFT (Reversible Addition—
Fragmentation chain Transfer) polymerization and were characterized by methods such as SEC (Size
Exclusion Chromatography), NMR (Nuclear Magnetic Resonance), UV-Vis (Ultraviolet-Visible), FT-
IR (Fourier Transform Infrared) spectroscopy, and TGA (Thermogravimetric Analysis). Nanoparticles
were formed from polymers with and without the drug-5-fluorouracil, which was confirmed using
DLS (Dynamic Light Scattering), zeta potential measurements, and TEM (Transmission Electron
Microscopy) imaging. The cloud points of the polymers were found to be close to the temperature of
the human body. Eventually, polymeric carriers were tested as drug delivery systems for the safety,
compatibility, and targeting of colorectal cancer cells (CRC). The biological evaluation indicated high
compatibility with the representative host cells. Furthermore, it showed that proposed nanosystems
might have therapeutic potential as mitigators for 5-FU-induced monocytopenia, cardiotoxicity, and
other chemotherapy-associated disorders. Moreover, results show increased cytotoxicity against
cancer cells compared to the drug, including a line with a drug resistance phenotype. Additionally,
the ability of synthesized carriers to induce apoptosis and necrosis in treated CRC cells has been
confirmed. Undoubtedly, the presented aspects of colorectal cancer therapy promise future solutions
to overcome the conventional limitations of current treatment regimens for this type of cancer and to
improve the quality of life of the patients.

Keywords: folic acid; colorectal cancer; targeted delivery; drug delivery systems; 5-fluorouracil;
folate receptors; mitigator; thermoresponsive polymer; polymeric carriers; RAFT polymerization;
PHEA-b-PNIPAAm; PNIPAAm; NIPAAm

1. Introduction

Current medical statistics indicate that colorectal cancer (CRC) is a widespread disease
with a high mortality rate. Rawla et al. reported, based on the GLOBOCAN database, that
CRC is the third most deadly and fourth most frequently detected cancer in the world [1].
The analysis of the risk and occurrence of CRC presented by the Polish National Cancer
Registry shows that approximately 1 in 23 men and 1 in 25 women will be diagnosed
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with CRC in their lifetime [2]. The most common treatment combines chemotherapy,
surgery, radiotherapy, and targeted therapy [3]. The current chemotherapy involves using
5-fluorouracil (5-FU), an effective drug in various solid tumors, including colorectal, neck,
head, and breast cancers [4]. Unfortunately, the problem of resistance to this drug is
emerging and much effort has been put into improving 5-FU-based therapy in recent
years [5]. One of the methods is to use nanosized drug delivery systems (DDS) that
transport the drug to cancer cells and minimize the cytotoxic effect against host cells via
restriction of drug penetration and retention in healthy tissues [6]. Compared to a free drug,
the drug entrapped in the nanocarrier is protected against enzymatic degradation in the
digestive system, allowing the drug to penetrate the bloodstream and reach diseased tissues.
To date, the most important known delivery systems for 5-fluorouracil are, e.g., solid lipid,
chitosan, poly(lactic-co-glycolic acid) (PLGA), silica, polymeric, and folic-acid-conjugated
nanoparticles. Their main advantages are enhanced cytotoxic effect and cellular uptake,
better targeting efficiency, and prolonged drug release [6,7].

Polymeric therapeutics are an important class of drugs in which the polymer per-
forms an integral role, providing an effective encapsulation, controlled delivery, and drug
release [8]. Furthermore, polymers are a class of chemical compounds with advantages
such as tunable composition, geometry, size, and ease of derivatization. The latter feature
allows attachment to the system ligands for targeting tissues or cells [9]. Drug loading
methods include the generation of hydrolytic or acid-sensitive linkage, complexation, and
ion pair or permanent bond formation, ensuring the release/action of the drug in the target
place [10]. One of the advantages of nanoscale drug carriers is their ability to uptake into
tumor sites via the enhanced permeability and retention (EPR) effect. The abovementioned
effect, discovered by Maeda et al., is based on a universal pathophysiological mechanism in
which macromolecular compounds (above 40 kDa) such as polymeric drug carriers might
be accumulated in the tumor area. This in turn leads to achieving targeted delivery and
retention of the anticancer agent into tumor tissue. It should be emphasized, that EPR
strongly depends on factors associated with the tumor location and vascularization degree
as well as the physicochemical properties of the carrier and anticancer agent. In clinical
practice, using the EPR effect is the main idea in the passive targeting of solid tumors in
cancer nanotherapy [11,12].

It was proved that drug delivery technologies can enhance the health of patients. This
is due to minimizing off-target drug accumulation, improving the delivery of a drug to the
target site, and facilitating patient compliance [13,14]. Furthermore, the controlled release
of the active substance through the use of nanoformulation may be helpful for creating a
reduction in adverse events. This can result in fewer medical procedures, lead to lower
staff costs, and provide a greater chance of remission [15].

It was established that a plethora of tumors overexpressed folate receptors (FR) on
their surface [16]. Therefore, FR-targeting has become the basis of many therapeutic, diag-
nostic, and imaging methods in the treatment of cancer to enhance cancer cells” uptake of
drug-loaded vehicles. Known strategies of active targeting rely on folic-acid-modified anti-
cancer drugs, antibodies, or antibody—drug conjugates, as well as drug delivery nanoplat-
forms. Folic acid was used as a targeting ligand because of its low price, availability,
non-toxicity, lack of immunogenicity, and presence of functional groups that facilitate its
chemical modification without compromising functionality [16,17]. For example, in our
previous study, we showed that new polymeric drug carriers, poly(2-hydroxyethylacrylate)-
b-poly(N-vinylcaprolactam) (PHEA-b-PNVCL) conjugated with folic acid, used as part of a
combinatory treatment, showed improved cytotoxicity of 5-FU against colon cancer cells,
while also playing a protective role for healthy tissues [18].

Thermoresponsive polymeric nanocarriers have been intensively studied over the last
two decades. They have all of the advantages of drug delivery systems, such as protection
against early drug degradation in the body, extended plasma half-life, and increased solubil-
ity of non-hydrophilic drugs. Moreover, they are sensitive to external stimuli, allowing for
better drug release control. In aqueous solutions, such polymers may exhibit lower or upper
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critical solution temperature (LCST or UCST). Poly(N-isopropylacrylamide) (PNIPAAm) is
the most investigated thermoresponsive polymer that was found to have many biomedi-
cal applications, including tissue engineering [19-21]. As evidence, we recently showed
the non-hemolytic nature of polymeric nanoparticles made of polymers containing the
cholesterol moiety and PNIPAAm block [22]. Consequently, the biocompatible copolymers
consisting of PNIPAAm and poly(2-hydroxyethylacrylate) (PHEA) blocks could provide a
high-potential platform for drug delivery [23].

PNIPA Am-based folic-acid-functionalized polymeric drug carriers were demonstrated to
be effective in the form of micellar nanoparticles in the delivery of anticancer drugs or model
hydrophobic drugs. For instance, Razaei et al. reported that the targeted delivery of pacli-
taxel via a star-shaped amphiphilic block copolymer (4s[poly(E-caprolactone)-b-2s(poly(N-
isopropylacrylamide-co-acrylamide)-b’-methoxy) poly(ethylene glycol)/poly(ethylene glycol)-
folate]) was non-hemolytic and resulted in improved cellular uptake [24-29]. Another example
is nanocapsules based on PNIPAAm (PNIPAAm-co-PMA) and externally functionalized
with folic acid, which are promising carriers for doxorubicin [30,31]. Furthermore, magnetic
nanoparticles or nanocomposites functionalized with a temperature-sensitive polymer
and a folate ligand were tested as doxorubicin delivery systems [32-34]. Interestingly,
in addition to drug transport, folate-conjugated biopolymer was used to deliver an en-
zyme that converts a non-toxic prodrug to 5-fluorouracil [35]. Dubé et al. described the
synthesis of folate-conjugated copolymer based on NIPAAm and amino-N'-ethylenedioxy-
bis(ethylacrylamide) [36]. Shin et al. proposed poly(N-isopropylacrylamide)-pyrrole-
folate nanocomposites as doxorubicin carriers triggered by near-infrared light for chemo-
photothermal cancer therapy [37].

Herein we report the synthesis of the series of biocompatible and thermorespon-
sive folate-conjugated PHEA-b-PNIPAAm block copolymers using reversible addition—
fragmentation chain transfer (RAFT) polymerization. The preparation of polymers with
different ratios of PHEA to PNIPAAm block and different degrees of functionalization
with folic acid allows an understanding of the influence of individual components on the
formation of micellar structures, the cloud point values, and the strength of interaction
with the drug. In consequence, it provides the design of the best drug delivery platform. A
comprehensive physicochemical characterization of block copolymers and micelles with
encapsulated 5-FU has been carried out. Furthermore, prepared drug carriers were sub-
jected to biological evaluation. Their biocompatibility with representative host cells—red
blood cells, monocytic cells, cardiomyocyte cells, skin, and colorectal fibroblast cells was
tested. Moreover, cytotoxic activity against three colon cancer cell lines, including those
resistant to chemotherapeutic agents, was investigated.

2. Results and Discussion
2.1. Synthesis and Characterization of PHEA and PHEA-b-PNIPAAm Polymers

PHEA-b-PNIPAAm copolymers were obtained from commercially available monomers
and simple-chain transfer agent (CTA, methyl 2-((ethoxycarbonothioyl)thio)propanoate)
in two steps. First, three poly(2-hydroxyethylacrylate)s (PHEA; P-1, P-2, P-3) of differ-
ent molecular weights were synthesized by RAFT polymerization using an optimized
reaction procedure (Scheme 1, Table S1). Next, chain extensions of each of the PHEA poly-
mers were carried out using RAFT polymerizations of N-isopropylacrylamide (NIPAAm)
(Scheme 1, Table S2). The obtained thermoresponsive resins (PT-1, PT-2, PT-3) differed
in the length of the PHEA block, ensuring a different amount of hydroxyl groups were
available for functionalization with folic acid. The polymers and block copolymers were
characterized using 'H NMR (Table 1, Figures 1 and S1-S3), FT IR (Figures 2 and S$4),
UV-Vis (Figures S5 and S6), and SEC (Table 1, Figure S7). The results obtained either from
NMR or SEC indicate obtaining PHEA homopolymers with molecular weights close to the
theoretical ones, growing in a row P-1, P-2, P-3 (Table 1, Figure S7). The differences in the
polymeric chain lengths were also confirmed using UV-Vis analysis. As shown in Figure S5,
the dithiocarbonate groups possess the absorption band at 280 nm [38], where intensity
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decreases as more monomer is incorporated into the structure of the material. An increase
in molecular weight values for block copolymers, in comparison to the corresponding ho-
mopolymers, confirms successful RAFT copolymerization. For the copolymer of the lowest
theoretical number average molecular weight (M,, y,) (PT-1), good agreement was observed
between M, 41, and the value obtained from SEC (Figure S7, Table 1). However, in the cases
of PT-2 and PT-3, the M, sgc values differ from the theoretical ones (Table 1). This is most
likely due to chain transfer to solvent, which dictates an upper limit in accessible molecular
weight [39,40]. The molecular weights of block copolymers could not be determined from
the '"H NMR spectra, because the intensity of the dithiocarbonate group signal was at the
noise level, making reliable calculations impossible.
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Scheme 1. Schematic representation of the synthesis of polymers (considering the theoretical numbers
of monomers and folic acid units).
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Figure 1. Juxtaposition of "H NMR spectra of folic acid, folate-conjugated PTF-1, PTF-2, and PTF-3
polymers, and an example of non-conjugated polymer PT-1 in DMSO-d,.
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Figure 2. ATR-FT IR spectra of folic acid, PT-1, and folic-acid-conjugated PTF-1 polymer (magnifica-
tion of the region below 1900 cm ™).

Table 1. Summary of molecular weights of copolymers based on SEC.

Tolymer F‘Xf:/"a wt% FA® <g..’f.’§i‘—“1> ¢ (gl.\:.“;,’?ﬂ'i a <g.’f'n“‘;?f?> g, P°
P1 - - 2710 3500 2740 1.87
P2 5 - 5220 5800 6640 155
3 : : 10,210 8700 8300 197
PT-1 - - 9210 - 9070 1.40
PT-2 - - 12,600 - 9780 1.42
PT-3 - - 19,610 - 11,040 155

PTE-1 3 10 13,700 - 13,040 1.65
PTE-2 2 9 17,840 . 14,700 1.51
PTE-3 2 8 26,500 2 17,040 1.57

* wt% FAth = (equivFA x MFA x convFA): Mn,th. ® Calculated using the calibration curve of FA absorbance at
280 nm in distilled H,O vs. concentration (Figure S5). © Mn,th = MCTA + MHEA x equivHEA x convHEA +
MNIPAAmM x equivNIPAAm x convNIPAAm + equivFA x MFA x convFA; numbers of equivalents and degrees
of conversion are taken from Tables S1-53; we assume that the conversion of folic acid is quantitative. d Measured
using 'H NMR. € Measured using SEC-RI-MALS.

2.2. Conjugation of Folic Acid

The third step in the synthesis of target polymers was the esterification reaction
between the hydroxyl groups of PHEA-b-PNIPAAm and the carboxyl group of the folic
acid using N,N’-dicyclohexylcarbodiimide (DCC) and 4-dimethylaminopyridine (DMAP)
(Scheme 1, Table S3). We initially performed the coupling of each copolymer with a
quantitative amount of folic acid and coupling reagents based on the number of -OH
groups, followed by extensive dialysis and freeze-drying. However, the resulting polymers
became insoluble in water and phosphate-buffered saline (PBS). Therefore, we carried out
the esterification of polymers (PT-(1-3)) with a reduced amount of folic acid, DCC, and
DMAP, followed by extensive dialysis leading to the removal of unreacted low molecular
weight substrates and by-products. It should be mentioned that two esterification products
were probably obtained [41]. We believe that the excess of hydroxyl groups in the system,
as well as the appropriate order of adding the reagents, causes only a minimal side reaction
between the extreme -NH; group and -COOH groups of the folic acid. The resulting
folate-conjugated resins, P[(HEA-FA)-ran-(HEA)]-b-P(NIPAAm) (PTF-1, PTE-2, PTE-3), had
folic acid randomly distributed in the structure of the PHEA block. Furthermore, the
resins were assumed to have an equal amount of folic acid but differ in the number of
non-functionalized -OH groups, ensuring better solubility in water and PBS.
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The successful functionalization with folic acid was supported by 'H NMR analysis.
The 'H NMR spectrum of the PTF-1 polymer shows characteristic signals in the range of
8.7 to 6.5 nm corresponding to the aromatic protons and the pterine moiety of FA (Figure S3).
The signal from the amine group overlaps with the strong signal from the -NH group of
NIPAAm. A comparison of the spectra of all folic-acid-functionalized polymers with the
spectrum of folic acid and the exemplary unfunctionalized polymer PT-1 in DMSO-dg is
presented in Figure 1. The presence of folic acid proton signals in the PTF-1, PTF-2, and
PTEF-3 spectra indicates the successful completion of the coupling reaction.

Furthermore, ATR-FT IR spectroscopy supported the presence of FA in the structure
of folate-functionalized polymers. Although signals responding to folic acid or formed
ester bonds were overlapped by bands characteristic of functional groups present in the
PHEA-b-NIPAAm polymers, some differences may be indicated. Comparing the spectrum
showing the enlarged region below 1900 cm™! of the polymer PT-1 with the spectrum of
its folic-acid-conjugated counterpart PTF-1, an increase in the signal intensity can be seen
at 1644 cm !, corresponding to C=O stretching of the secondary amine in the folic acid
structure, compared to the signal at 1732 cm™! (Figure 2) [42]. This is all the more striking
because we expected an increase in the intensity of the second signal mentioned due to the
C=0 stretching of the newly formed ester bond. The same relationship can be seen when
comparing polymers in which the theoretical mass content of folic acid is lower than their
counterparts, that is, PTF-2 with PT-2 and PTF-3 with PT-3 (Figure S4).

UV-Vis spectroscopy was used to support the successful post-functionalization of
copolymers with folic acid (Figures S5 and S6). The vitamin folate absorbs ultraviolet light
and has absorption peaks at 280 and 350 nm [43]. On the spectra of PTF-1, PTF-2, and
PTF-3 polymers in deionized water in a concentration of 0.2 mg-mL~!, these two bands
can be observed. However, the signal at 350 nm is more reliable as the signal intensity
at 280 nm may be slightly overestimated due to absorption by the dithiocarbonate group
(Figure S6). The bands are more intense when more FA moieties are present in the polymer
structure, providing an expected series of materials. The absorbance values were used to
calculate the exact folic acid content of the samples (Table S6). The calibration curve of
folic acid in H,O performed previously was applied [18]. The values obtained are equal
to 8-10 wt% (Table 1), about three times lower than the theoretical ones. This is due to
the incomplete conversion of the reagents in the esterification reaction, but also due to the
intensive dialysis through which some of the functionalized PTF chains were removed
from the sample.

The molecular weights of folate-conjugated block copolymers were determined using
SEC analysis and are given in Table 1 (and Figure S7). After functionalization of PHEA-b-
PNIPAAm copolymers with FA, there was a M, sgc and D increase (Table 1), which can be
explained by the random presence of FA in the polymeric chains.

The thermal stability of the copolymers and their conjugates with FA were studied
using thermogravimetric analysis (Figures S8-510, Table S4). The tested materials de-
composed almost totally, showing one significant weight loss between 300-500 °C. The
maximum decomposition rate differed depending on the type of polymer. It was around
440 °C for the PHEA homopolymers, 415 °C for the block copolymers, and 405 °C for the
FA-conjugated block copolymers (Table S4). The residues observed on the TG curves of the
FA-conjugated samples (PTF-1, PTF-2, PTF-3) at 800 °C were larger compared to the ones
determined for the block copolymers (PT-1, PT-2, and PT-3) (Table S4). This confirms the
presence of FA, which does not decompose totally in an inert atmosphere in the applied
temperature range [18]. Additionally, TG analysis was performed for PTF-1 micelles con-
taining 5-FU (Figure S8, Table S4). In comparison to the PTF-1 (without 5-FU), a shift of the
maximum degradation rate to a lower temperature and an increase in the amount of residue
at 800 °C were observed, confirming modification of the material. The glass transition
temperature (Tg) values determined using DSC for PHEA-b-PNIPAAm copolymers (82.0,
94.0, 83.2 °C, Table S4) differed from the ones designated for PHEA (<0 °C, Table S4) and
known for PNIPAAm homopolymers (>100 °C) [22]. Moreover, the modification of the

94



Int. J. Mol. Sci. 2023, 24, 1364

7 of 25

block copolymers with FA results created a further increase in Ty (Table S4). This confirms
different compositions of the samples.

2.3. Hydrodynamic Diameter and Colloidal Stability Measurements

Dynamic light scattering (DLS) and zeta potential measurements were used to charac-
terize the polymeric structures formed in aqueous media (Figures 3 and S11). The samples
were prepared by dropping a concentrated polymer solution in DMF into the water, fol-
lowed by dialysis and freeze-drying. The measurements were carried out using solutions
with a polymer concentration of 0.5 mg-mL~! after stabilization in the dark for 24 h at
25 °C. The block copolymers PT-(1-2) form large unorganized aggregates with hydrody-
namic sizes between 40-100 nm, while PT-3, with the longest PHEA chain, forms smaller
(around 10 nm) and more stable aggregates. The presence of randomly distributed folic
acid molecules in the FA-conjugated PHAE-b-NIPAAm chains changes the hydrodynamic
sizes of the PTF-2 but does not significantly affect PTF-1 and PTF-3. However, differences
in zeta potential values prove that the presence of folic acid results in the formation of more
stable structures (Figure 3, Table 2). Furthermore, all six polymers were analyzed in the
presence of the anticancer drug, 5-fluorouracil. The samples were prepared by dropping a
mixture of polymer and 5-FU in DMF into the water, followed by dialysis and freeze-drying.
In the presence of the drug, all polymers form small structures, below 10 nm. It can be
supposed that the interaction between the hydrophilic drug and the hydrophilic block,
PHEA, resulted in the formation of smaller and more stable aggregates, which was also
confirmed by zeta potential results (Figure 3).
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Figure 3. MADLS (size by number) and zeta potential measurements data of all prepared polymers.
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Table 2. MADLS (size by number) and zeta potential measurement data of all prepared polymers.

Parameters
Polymer
Size (nm) ¢[mV]
PT-1 54.33 + 4.98 —0.44 = 0.07
PT-2 92.83 + 3.66 —3.56 + 0.45
PT-3 6.21 +£0.11 —8.56 + 0.54
PTF-1 53.10 + 4.60 —16.61 £+ 2.67
PTF-2 6.37 +0.28 —15.18 £ 2.51
PTF-3 8.69 £+ 0.70 —12.34 +2.02
PT-1 (5FU) 533+ 1.97 —-12.94 + 1.02
PT-2 (5FU) 473 +0.63 —1391 +£1.52
PT-3 (5FU) 6.66 = 0.11 —21.55+1.47
PTF-1 (5FU) 7.77 £ 0.54 —17.02 £ 0.65
PTF-2 (5FU) 8.02 £ 091 —9.08 £ 0.84
PTE-3 (5FU) 9.4 +0.96 —1564 +£23

Transmission electron microscopy (TEM) imaging was performed to determine the
morphology of the polymeric structures containing 5-FU in the aqueous solution (Figure 4).
All analyzed structures formed spherical shapes with round edges. Polymeric structures
with diameters from 5 to 7 nm were observed when polymers with encapsulated drug
molecules (PTF-1 (5-FU), PTE-2 (5-FU), and PTF-3 (5-FU)) were imagined. These results
correspond with the DLS output. The folic-acid-conjugated polymers PTF-1 and PTF-2
during the preparation of TEM samples aggregate to form larger objects (20 nm in PTF-2)
or fall apart to form thin polymeric film (PTF-1). Only PTF-3 polymeric structures were
well visible during TEM imaging, and separated structures around 6 nm were observed
(see SI, Figure S12). This stability of PTF-3 may be caused by larger participation of the
PHEA block in the polymeric chain in comparison to PTF-1 and PTF-2.

— G0

Figure 4. TEM images of polymers with encapsulated 5-fluorouracil.

2.4. Thermoresponsive Behavior

Turbidimetric measurements were carried out to estimate the cloud point temperature
(TCP) of prepared polymers (Table 3). Polymeric particles were dissolved in deionized
water at a concentration of 1 mg-mL~! and tested in the temperature range from 28 to 40 °C.
The change in the light intensity at 550 nm transmitted through the sample was monitored.
The phase transition temperature of copolymers PT-(1-3) was approximately 35.5 °C, which
is about 3.5 °C more than that of pure PNIPAAm possessing sharp cloud point in the range
from 31 °C to 33 “C in water, irrespective of the polymer concentration [44]. This is probably
due to the long length of the hydrophilic PHEA block in the PHEA-b-PNIPAAm polymers,
which causes the solubility despite exceeding the phase transition temperature typical for
PNIPAAm (around 32 °C). The appearance of folic acid molecules (hydrophilic) in the
copolymer structure increased the Tcp of PTF-1 and PTF-2 polymers by up to 0.5 °C [45].
This can be explained by the formation of hydrogen bonds through its amino and free
carboxylic groups. The phase transition temperature of PTF-3, which contained the smallest
amount of FA, remained unchanged.
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Table 3. Turbidimetry data for PHEA-b-PNIPAAm and P[(HEA-FA)-ran-(HEA)]-b-PNIPAAm polymers °.

Tcp [°Cl
Polymer
Without 5-FU With 5-FU
PT-1 357 36.0
PT-2 355 36.0
PT-3 354 36.0
PTF-1 36.1 36.5
PTF-2 36.0 36.6
PTF-3 35.6 36.5

# Solutions of polymeric micelles in water in conc. 1 mg:mL™" in H,O at 25 °C.

Subsequently, we examined the Tcp of structures formed by dissolving polymers
in a solution of the drug in DMF, followed by dialysis and freeze-drying. Polymeric
carriers with the encapsulated drug were redissolved in deionized water at a concentration
of 1 mg'mL~! and tested as particles without a drug. As predicted, the formation of
hydrophobic bonds and 7-7t interactions of the hydrophilic drug molecule with polymers
increased their Tcp. In the case of copolymers PT-(1-3), an increase of approx. 0.5 °C was
noted. In turn, polymers conjugated with folate PTF-(1-3) showed an increase in the phase
transition temperature by 0.5 to 0.9 “C. In conclusion, the designed carriers, together with a
specific drug, led to the formation of structures whose Tcp was close to the temperature of
the human body and higher than that of pure PNIPAAm. Furthermore, superior Tcp was
achieved compared to some known systems consisting of FA and PNIPAAm [24,29].

2.5. Drug Encapsulation and Release

5-Fluorouracil was chosen to investigate the drug loading and controlled release be-
havior of FA-conjugated thermoresponsive polymers. Drug-loaded micelles were prepared
by dissolving the polymer in a DMF solution of 5-FU (to 1 mg 5-FU per 5 mg of drug
carrier) and then dropping the solution into vigorously stirred water. Then, dialysis was
performed to remove unbound drug and organic solvent, and the content of the dialysis
membrane was freeze-dried. Aliquots taken from outside the dialysis membrane were
used to indirectly determine the drug loading efficiency (LE) and drug loading content
(LC) in the carrier. To increase the drug concentration in the samples, the aliquots were
freeze-dried, and the obtained dry residue was redissolved in a small amount of water,
followed by HPLC analysis. The encapsulation efficiency calculated on this basis was
within the range of 16.8% to 89.4% (Table 4). The yield increased in series from PT-1 to PT-3,
in accordance with the growth in the number of hydroxyl and amide groups present in the
carrier, indicating the formation of hydrogen bonds between 5-FU and the copolymer. In
the case of folic-acid-functionalized copolymers, 7-7t interactions between FA and the drug
may be responsible for the encapsulation of 5-FU. According to this, the LE decreases as
the amount of FA in the polymer decreases in the series from PTF-1 to PTF-3. Hydrogen
bonds seem to play a minor role, perhaps by obscuring the small units possessing -OH
and -NH groups with large FA molecules. The obtained LE values translate directly into
drug loading content (LC). They range from 3.3% to 15.2%, with 15.2% being the highest
for the compounds with the highest LE, thus 15.2% for PT-3 and 12.2% for PTF-1 (Table 4).
These are satisfactory results, as most drug carriers are characterized by a low drug content,
generally not exceeding 10% [46].

Subsequently, we studied the release of the drug from the 5-FU-loaded polymeric
micelles. Carriers prepared in the same way as in the case of studying the efficiency of
drug encapsulation were dissolved in imitating-physiological-fluid phosphate-buffered
saline. The solution was dialyzed against PBS thermostated at 37 °C for 24 h. The release
temperature corresponded to the temperature of the human body in a low-grade fever
state. It was aimed at exceeding the Tcp of carriers, thus precipitating the polymers and
pushing 5-FU out of the polymer chains. Aliquots were taken from outside the dialysis
membrane after specified periods of time, and loss was replenished with fresh PBS. The
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samples were freeze-dried and dissolved in deionized water for further analysis using
HPLC. Unfortunately, the calculated drug content was generally hovering around zero.
Only in the case of the polymer with a high drug content PTF-1 was it possible to determine
the total release of the adsorbed 5-FU over 24 h as equal to 4.0% (Table 4). Additionally,
the influence of the media on drug release was investigated using two selected polymeric
systems: PT-3 and PTF-1. In both cases, the degrees of drug release in water could be
determined, but they did not exceed 2.0% (Table 4). It can be concluded that in the tested
system, the drug is permanently attached to the polymeric structure. Drug loading methods
based on complexation or permanent bond formation have already been used in drug
delivery. Some of the systems representing these methods are at the stage of clinical
trials [14].

Table 4. Drug encapsulation and release data.

el %] 3 . Release after 24 h [%]
olymer LE [% %

- Lelal PBS H,O
PT-1 16.8 33 n.d. -
PT-2 295 5.6 n.d. -
PT-3 894 152 n.d. 1.5

PTF-1 69.2 12.2 4.0 2.0

PTF-2 45.5 8.3 n.d. -

PTF-3 41.7 77 n.d. -

? Drug loading efficiency (LE) was determined using HPLC. ® Drug loading content (LC) was determined using
HPLC. n.d.—not detected.

2.6. Biological Studies

Colorectal cancer (CRC) is a disease that is classified as one of the most common
cancers globally [5]. CRC is also one of the most significant contributors to high cancer-
related mortality rates [47]. In the treatment of colorectal cancer, both in monotherapy
and in combination therapy, it is recommended that the first-line therapy is based on
5-fluorouracil (5-FU). In the past, several regimen modulation strategies, including the
introduction of 5-FU-based combination schemes, have been developed and tested to
improve the anticancer effectiveness and overcome the clinical drug resistance of 5-FU and
5-FU prodrugs [48]. Unfortunately, the 5-year survival rate of patients with early diagnosed
CRC (stages I and II) is just over 60%, and well over 50% of patients are diagnosed at stage
IIT or later when distant metastases have already developed. In this case, the overall 5-year
survival rate decreases to only 10% [47].

Treatment schemes that are 5-FU-based have several disadvantages, such as unpre-
dictable severe toxicity, which is generally associated with personal changes in dihydropy-
rimidine dehydrogenase (DPD) expression, short biological half-life, and strong side effects
such as cardiotoxicity or myelosuppression. The aim of developing novel drug delivery
systems is to overcome all of these limitations. The DDS can facilitate the slow and sus-
tained release of 5-FU. This further prevents its in vivo degradation and reduces its toxicity.
Undoubtedly, the advantages mentioned above would significantly improve the length
and quality of life of patients with CRC [49].

To develop effective nanosized drug delivery systems, understanding the interaction
between nanoparticles and host cells is a crucial step in biological studies [50]. Conse-
quently, the lack of compatibility at this research step might be a considerable limitation in
further clinical introduction [51]. To evaluate whether the encapsulation of 5-FU in PHEA-
b-PNIPAAm-based carriers would prevent toxic effects on host cells (including human
RBC, monocytic cells, skin, colon fibroblast cells, and cardiomyocyte cells), hemolysis assay
and cytotoxicity evaluation have been performed.

The first step of the study was focused on the interaction of human RBC with poly-
meric nanosystems applied at the highest concentration (Figure 5A). For this purpose, the
hemolytic activity of developed micelles in free form and loaded with 5-FU was examined.
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Results showed that both forms of tested carriers (PTF and PTF-FU) did not damage the
RBC membrane after 1 h incubation. Consequently, synthesized nanosystems proposed as
a carrier for 5-FU meet the criteria foreseen in the pharmaceutical recommendation, where
the hemolysis level is classified below 10% [52]. Furthermore, they also conform to the
conditions for blood-contacting materials, where the acceptable percentage of hemolysis is
below 2% [53]. In effect, proposed carriers might be considered in the further step of the
research, including in in vivo evaluation.
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Figure 5. Hemocompatibility of folate-conjugated polymers. Hemolytic activity (panel (A)) and
viability of monocytic THP-1 cells after the addition of bare folate-conjugated polymers (PTF 1-3)
and folate-conjugated polymers with loaded 5-FU (PTF-1-3-FU) (panel (B)), and 5-FU (panel (C)).
Statistical significance for the bare folate-conjugated polymers or folate-conjugated polymers loaded
with 5-FU or 5-FU at free form vs. control was marked with (*); comparison of 5-FU concentration
at free form vs. polymeric form with or without 5-FU was marked with (); and comparison of
bare folate-conjugated polymers (PTF 1-3) vs. folate-conjugated polymers loaded with 5-FU (PTF-
1-3-FU) was marked with ($). p < 0.05. The data presented constitute average results from three
measurements = SD.

During chemotherapy, many cancer patients experience hematological side effects
following 5-FU treatment. 5-FU causes severe myelosuppression, leading to morbidity
and mortality in cancer patients. This is due to an immunocompromised state and the
possibility of serious infection development [54]. As an effect of 5-FU treatment, significant
hematologic toxicity appears. This involves a decrease in all types of peripheral blood cell
levels, manifested as neutropenia, monocytopenia, thrombocytopenia, and thrombocytosis.
In our study, we focus on evaluating the protective effects of synthesized polymeric particles
as mitigators against 5-FU-induced hematologic toxicity. For this purpose, THP-1 cells were
tested. They are a suitable model of human monocyte/macrophage cells which reflects
their physiological function [55]. The choice of these types of cells is also essential because
early monocytopenia after chemotherapy is an important risk factor for neutropenia [56].
Our results showed that after treatment with 5-FU, the monocytic cell exerted a ~30-40%
reduction in metabolic activity, which is directly associated with a depletion in proliferation
and cell viability (Figure 5C). In turn, after the addition of polymeric micelles to the THP-1
cells, an increased ability with regards to proliferation was observed (Figure 5B). Most
importantly, the treatment of representative cells by synthesized micelles after loading
5-FU does not significantly affect their metabolic activity and proliferation, independent of
applied concentration. This indicates that the favorable influence of the carriers alleviates
the cytotoxic effect of antimetabolite.

It is generally accepted that anticancer drugs are powerful tools for individual or
combinatory treatment [57,58]. Their application significantly increases survival and de-
pletes the recurrence rate of cancer. However, their use might be limited by cardiotoxicity.
During the therapy, cardiotoxicity can be manifested at an early or late stage of treatment.
Importantly, cardiac dysfunction might appear as subtle changes in cardiac structure and
function up to irreversible heart failure, which is dangerous to the lives of patients [59].
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The search for new methods that could restrict the occurrence of cardiac dysfunction is a
challenge for current chemotherapeutic strategies.

Results presented in Figure 6A indicate that empty and loaded-with-5-FU polymeric
micelles applied at both tested concentrations did not decrease the viability of cardiomy-
ocytes if compared to the control. However, the treatment of cells with 5-FU in free form
causes a statistically marked depletion in cell viability—more than 60% (Figure 6B). It
should be emphasized that our 5-FU-loaded carriers exert a statistically significant lower
cytotoxic effect than 5-FU applied in free form. This indicates the potential of these carriers
to prevent the development of chemotherapy-induced cardiotoxicity in cancer patients.
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Figure 6. Compatibility of folate-conjugated polymers against representatives of host cells. Viability
of cardiomyocyte cells (Panels (A,B)), skin fibroblast cells (Panels (C,D)), and colon fibroblast cells
(panels (E,F)) after the addition of bare folate-conjugated polymers (PTF-1-3), folate-conjugated
polymers with loaded 5-FU (PTF 1-3-FU), and 5-FU (5 and 25 ug-mL~1). Statistical significance for the
bare folate-conjugated polymers or folate-conjugated polymers loaded with 5-FU or 5-FU at free form
vs. control was marked with (*); comparison of 5-FU concentration at free form vs. polymeric form
with or without 5-FU was marked with (°); and comparison of bare folate-conjugated polymers (PTF
1-3) vs. folate-conjugated polymers loaded with 5-FU (PTF-1-3-FU) was marked with ($), p < 0.05.
The data presented constitute average results from three measurements =+ SD.
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5-Fluorouracil is a potent inhibitor of the proliferation of fibroblasts, the extracellular
matrix cells responsible for conferring strength and resiliency of the skin. The patients
undergoing 5-FU-based chemotherapy indicated problems with normal wound healing [60].
This is associated with the fact that cytostatic agents, in a non-specific manner, inhibit the
proliferation of normal cells, which are responsible for the regeneration process, and exert
a negative impact on the wound healing process. Additionally, the adverse effect of 5-FU
chemotherapy is recurrent and causes chronic intestinal mucositis. This is also related to
the increased production of pro-inflammatory cytokines and the suppression of efficient
healing abilities of the mucosa [61]. In our study, we examined the effect of FA-modified
micellar nanocarriers as a delivery system of 5-FU on the viability of skin and colon
fibroblast cells (Figure 6C-F). Results showed that the treatment of fibroblast cells with
5-FU applied in free form caused a significant reduction in viable cells below 10% in the
case of skin fibroblast and ~40% in the case of colon fibroblast (Figure 6D,F). However,
using the synthesized carriers with FA moiety resulted in a statistically significant increased
viability of treated cells, simultaneously causing a depletion in 5-FU cytotoxicity. In the
case of skin fibroblast, the viability was 5-fold higher when cells had been treated with a
micellar form of 5-FU. In turn, the treatment of colon fibroblast caused a 2-fold increase
in cells” viability after treatment using folic-acid-modified micelles with loaded 5-FU at
concentration 0.1 mg-mL~!. The obtained results suggest that the use of a micellar carrier
for cytostatic delivery could be helpful in reducing the side and toxic effects related to
anticancer treatment.

In the last step of the research, the anticancer potential of synthesized polymeric
particles as drug carriers of 5-FU against three different CRC cell lines was investigated.
For this purpose, DLD-1, CaCo-2, and HT-29 were chosen for testing sensitivity to 5-FU
applied in free form and incorporated form (Figure 7A-F). Tested cells were incubated with
empty and loaded nanoparticles at two concentrations (0.1 and 0.5 mg-mL~!) and with
5-FU added in the free form at two concentrations (5 and 25 ug‘mLfl) for 24 h. As shown
in Figure 7B,D,F, treatment of all kinds of cancerous cell lines with 5-FU in the free form
resulted in a lack of statistically significant depletion in survival if the drug was applied
at a concentration of 5 ug~mL_1; at the highest tested dose of 5-FU, i.e., 25 ug‘mL_1, the
cell viability of DLD-1 (Figure 7B) and HT-29 (Figure 7F) cells was reduced to 80% and
60%, respectively.

Interestingly, the viability of CaCo-2 cells in the presence of 5-FU has remained un-
changed, independent of the applied concentration (Figure 7D). However, the incubation
of CRC cells with synthesized carriers indicated divergent effects (Figure 7A,C,E). In the
case of DLD-1 cells and CaCo-2 cells, known in the literature as being resistant to 5-FU,
our results showed that encapsulation of 5-FU inside the synthesized carriers caused a
statistically significant depletion in cell growth and viability by 40% in comparison to the
untreated control. The increase in the cytotoxic effect of 5-FU added in the encapsulated
form was also observed in the case of HT-29 cells, known as intermediately sensitive to
5-FU. In effect, it could be concluded that evaluated cancer cells were considerably more
sensitive to particle-mediated treatment than the free drug.

It is established that the major mechanisms responsible for the development of a
5-FU resistance phenotype in cancer cells are associated with impaired drug uptake and
target alterations. Based on antimetabolites, the mode of action induces cytotoxicity via
interfering with the biosynthesis of nucleic acids RNA and DNA. We suggested that the
application of synthesized FA-functionalized polymeric particles might lead to overcoming
5-FU resistance [62]. The abovementioned suggestion could be accomplished via interaction
with FA receptors which provide drug uptake and then inhibition of proliferation, and
finally induction of cell death. In order to better explain the proposed mode of action,
two CRC cell lines of DLD-1 and HT-29 cells have been engaged [63,64]. The chosen CRC
cells possess different molecular and genetic profiles including RER status and TGFbIIR
mutations, as well as the expression level of the folate receptors [65]. To evaluate the
impact of the synthesized carriers on cancer cells” metabolic activity and proliferation,
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a resazurin assay has been performed. Results presented in Figure 8A-D indicate that
FA-functionalized polymeric particles significantly inhibit cell division if compared to the
control. In the case of DLD-1 cells, after treatment with 5-FU-loaded carriers, more than
50% of cells possessed markedly decreased metabolic activity, while the treatment of cells
with 5-FU at free form indicated a lack of impact on cell proliferation. In turn, in the case
of HT-29 cells, similar activity has been observed for both forms of the drug (free and
encapsulated). It should be emphasized that in both treated cell’s lines, an inhibition of cell
proliferation has been noted after the treatment of cells with empty carriers, which suggests
that some cytotoxic modes of action might be characteristic for carriers alone. In another
set of experiments, to elucidate the mode of action, bioluminescent- and fluorometric-
based assays were used. After 24 h exposition of CRC cells to synthesized carriers, a
bioluminescent assay that measures the exposure of phosphatidylserine (PS) on the outer
leaflet of the cell membrane during the apoptotic process was performed. Results indicated
that, in the case of DLD-1 cells, loaded carriers caused apoptosis at a level similar to 5-FU
applied at a concentration of 20 pg~mL_1at free form. In turn, the treatment of HT-29
cells with 5-FU-loaded polymeric carriers caused a 2-fold increased apoptosis if compared
to drugs applied at free form in a concentration of 20 pg-mL~!. To investigate more
accurately the molecular mechanism involved in observed killing activity, we investigated
whether the necrosis pathway might be involved in this process. For this purpose, a
fluorescent-based technique was applied. Upon the loss of membrane integrity, the dye
enters the cell, then binds to DNA, and generates a fluorescent signal. As demonstrated
in Figure 8I-L, synthesized carriers, both empty and loaded with 5-FU, are able to induce
cell death more effectively than a drug in free form, independent of applied concentration
(20 or 100 p.g~mL‘1). This suggests that the main mechanism of action of the proposed
carriers is the induction of necrosis in treated cells. The abovementioned suggestion might
explain the cytotoxic effect (decreased viability and inhibition of proliferation) observed for
empty carriers.

Using 5-FU (or its derivatives) encapsulated in polymeric carriers to treat CRC has
been reported recently. Moodley and Singh [66] synthesized polymeric mesoporous sil-
ica nanoparticles (MSNs) functionalized with biocompatible polymers, chitosan, and
poly(ethylene glycol) for the delivery of 5-FU. The results showed better controlled release
profiles (15-65%) over 72 h and cell-specific cytotoxicity against cancer cells. After the
in vitro assessment, they also found that these formulations are safe and efficient delivery
systems with great potential for in vivo applications. Oztiirk et al. [67] have examined
the 5-fluorouracil-loaded PCL nanoparticles. The obtained formulations showed high
encapsulation efficiency of about 93%. Cytotoxicity studies revealed that PCL nanoparticles
containing 5-FU exhibited a higher antiproliferative effect than free form 5-FU on the Caco-2
cell line. In turn, Wang et al. [68] designed PLGA nanoparticles conjugated with folic acid.
They found lower LCs for encapsulated 5-FU against HT-29 cancer cells if compared to the
free form of the drug. The authors indicated that the presence of the folic acid moiety on the
surface of the nanoparticles is responsible for the rapid uptake of the nanoparticle into the
cell. Those mentioned above and the currently presented results agree with our previously
published study. We introduced the synthesis and biological activity of well-defined poly-
meric drug delivery systems based on PHEA-PNVCL with folic acid moiety. These studies
showed that appropriately created carriers could be used in 5-fluorouracil complexation
and combinatory treatment. The statement was established based on cytotoxic results, in
which a significant decrease in the viability of the representatives of CRC cells has been
noted [18].
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Figure 7. Cytotoxic effect of folate-conjugated polymers against CRC cells. Viability of DLD-1
(panels (A,B)), CaCo-2 (panels (C,D)), and HT-29 (panels (E,F)) cells after the addition of bare folate-
conjugated polymers (PTF 1-3), folate-conjugated polymers loaded with 5-FU (PTF-1-3-FU), and 5-FU.
Statistical significance for the bare folate-conjugated polymers and folate-conjugated polymers loaded
with 5-FU or 5-FU at free form vs. control was marked with (*); comparison of 5-FU concentration
at free form vs. polymeric form with or without 5-FU was marked with (%), and comparison of
bare folate-conjugated polymers (PTF 1-3) vs. folate-conjugated polymers loaded with 5-FU (PTF-
1-3-FU) was marked with ($), p < 0.05. The data presented constitute average results from three

measurements + SD.
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Figure 8. Inhibition of proliferation and mode of action of folate-conjugated polymers against CRC
cells. Proliferation of DLD-1 (panels (A,B)) and HT-29 (panels (C,D)) cells after the addition of bare
folate-conjugated polymers (PTF 1-3), folate-conjugated polymers loaded with 5-FU (PTF-1-3-FU)
and 5-FU. Induction of apoptosis in DLD-1 (panels (E,F)) and HT-29 (panels (G,H)) cells after the
addition of bare folate-conjugated polymers (PTF 1-3), folate-conjugated polymers loaded with 5-FU
(PTF-1-3-FU), and 5-FU. Induction of necrosis in DLD-1 (panels (LJ)) and HT-29 (panels (K,L)) cells
after the addition of bare folate-conjugated polymers (PTF 1-3), folate-conjugated polymers loaded
with 5-FU (PTF-1-3-FU), and 5-FU. Statistical significance for the bare folate-conjugated polymers
or folate-conjugated polymers loaded with 5-FU or 5-FU at free form vs. control was marked with
(*); comparison of 5-FU concentration (5 or 5 x 4 ugAmL‘]) at free form vs. polymeric form with or
without 5-FU was marked with (*); and comparison of 5-FU concentration (25 or 4 x 25 ug-mL’l) at
free form vs. polymeric form with or without 5-FU was marked with (#). p < 0.05. The data presented
constitute average results from three measurements + SD.

3. Experimental Section
3.1. Materials

The initiator, 2,2’ -azobis(2-methylpropionitrile) (AIBN, 98%, MERCK, Darmstadt, Ger-
many) was recrystallized from methanol. Monomer, N-isopropylacrylamide (NIPAAm,
99%, ACROS, Geel, Belgium) was recrystallized from toluene-hexane (60:40, v/v), before
use. 2-Hydroxyethyl acrylate (96%, Aldrich, Burlington, MA, USA), folic acid (FA, pure,
Alfa Aesar, Kandel, Germany), N, N’-djcyclohexylcarbodijmide (DCC, 98%, Fluorochem,
Pune, India), 4-dimethylaminopyridine (DMAP, >99%, Aldrich), 5-fluorouracil (5-FU, Ebewe
Pharma, Unterach am Attersee, Austria), pyrene (Py, >99%, Aldrich), phosphate-buffered
solution (PBS, pH = 7.4, GIBCO, Monza, Italy), and Dulbecco’s Modified Eagle Medium
(DMEM, GIBCO) were used as received. Potassium O-ethylcarbonodithioate [21] and methyl
2-((ethoxycarbonothioyl)thio)propanoate [69] were synthesized according to previously re-
ported procedures. Organic solvents THF, EtOH, and DMF were purchased from Avantor
Performance Materials, Poland, S.A., DMSO from Chempur, and MeOH for HPLC from
Merck. DMSO and THF were dried over activated molecular sieves 4 A and stored under
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argon. The deuterated solvent was purchased from Armar Chemicals (DMSO-dg). For all
experiments, glassware was dried in a laboratory oven at 120 °C for 20 h.

3.2. Methods
3.2.1. Nuclear Magnetic Resonance (NMR)

1H NMR spectra were recorded on a Bruker Avance II 400 spectrometer at 400 MHz.
Chemical shifts § are given in ppm, referenced to the solvent peak of CDCl3, defined at
8 =7.26, or DMSO-dg, defined at & = 2.50.

3.2.2. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR)

ATR-FTIR spectra were taken on a Thermo Scientific Nicolet 6700 FTIR spectropho-
tometer, possessing an ATR accessory. Spectra were collected in the wavenumber range
from 4000 to 500 cm~! by adding 64 scans with a resolution of 4 cm™L.

3.2.3. Size Exclusion Chromatography (SEC)

The polymers, copolymers, and their conjugates with folic acid were characterized
using size exclusion chromatography (SEC). DMF/LiBr (10 mM) solution was used as
eluent at 55 °C with a flow rate of 1.0 mL min~!. Prior to injections, the samples were
dissolved in the eluent to a concentration of 5 mg mL~! and filtered through 0.45 um
PTEFE filters. The samples were analyzed using two column sets, KF-804L and KF-805L
Shodex (homopolymers), or TSKgel Alpha-2500 and Alpha-3000 Tosh Bioscience (block
copolymers and their FA conjugates), coupled with a three-detector system: a refractometer
thermostated at 35 °C (Optilab Rex, Wyatt technology, Santa Barbara, CA, USA), a UV
detector (Prostar, Varian, Palo Alto, CA, USA) set at 254 nm, and a multi-angle laser light
scattering (MALS) detector (Mini Dawn, 3 angles, Wyatt technology). The dn/dc of PHEA
(0.076 mL-g~!) was taken from the literature [70]. The dn/dc value of block copolymers
and their FA conjugates was assumed to be equal to one of the PNIPAAm homopolymers
(0.087 mL-g~1) [71].

3.2.4. Dynamic Light Scattering (DLS) and ¢ Potential

The colloidal stability of the polymeric systems was examined using Zetasizer Ul-
tra (Malvern Panalytical Ltd., Malvern, UK) equipped with a 10 mW helium /neon laser
(I = 633 nm) at 25 °C. The instrument settings were optimized automatically using the ZS
XPLORER software (Malvern Panalytical Ltd., Malvern, UK). All measurements were carried
out using a Multiangle Dynamic Light Scattering (MADLS) detection system. The measure-
ments of polymer samples (prepared according to procedures given in Sections 3.3.4 and 3.3.5)
with conc. 0.5 mg-mL~! in reversible osmosis water were completed at 25 °C after stabilization
in the dark for 24 h. The analyses were repeated five times, two extreme results were rejected,
and the remaining mean of three results was taken.

3.2.5. Ultraviolet-Visible Spectroscopy (UV-Vis)

UV-Vis spectra were collected using a Jasco V-670 Spectrophotometer at a wave-
length range of 250-460 nm. PHEA-b-PNIPAAm polymers and folate-conjugated PHEA-b-
PNIPAAm polymers in conc. 0.2 mg-mL~! in deionized water at 25 °C were analyzed.

3.2.6. Turbidimetry

Thermo-regulated UV-Vis spectroscopy was applied to determine the cloud points of
the samples. Particle suspensions were prepared using deionized water at a concentration of
1mg-mL~!. A Jasco V-670 Spectrophotometer was used to record spectra at a wavelength of
550 nm in the absorbance mode with a heating rate of 0.5 °C per minute in the temperature
range of 28-40 °C. The temperature at which optical transmittance was starting to drop
sharply was considered Tcp.
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3.2.7. Thermogravimetric Analysis (TGA)

Thermogravimetric analyses were conducted using a Mettler Toledo Star TGA /DSC
unit. Polymeric samples weighing 2-3 mg placed in aluminum oxide crucibles were heated
from 50 °C to 900 °C. The heating rate was equal to 10 K-min~!, and the argon flow rate
was 40 mL-min~!. An empty pan was used as a reference.

3.2.8. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) was performed using a Mettler Toledo Star
DSC unit. A sample weighing 2-3 mg was placed in an aluminum crucible and sealed. A
sample was first heated from 25 to 200 °C at a rate of 10 °C-min~!, held isothermally for
5 min, and then cooled to —50 °C at a rate of —20 °C-min~!. Two heating/cooling cycles
under an argon flow rate of 200 mL-min~! were performed, and an empty pan was used as
a reference. The glass transition temperature (Tg) was taken as the midpoint of the heat
capacity change in the second heating run.

3.2.9. Transmission Electron Microscope

In order to be analyzed with a Transmission Electron Microscope (TEM), plunge-
freeze-drying was applied to prepare samples. Briefly, solutions of polymers (pretreated
according to Sections 3.3.4 and 3.3.5) with a concentration of 0.1 mg-mL~! in deionized
water were prepared. Next, 3 uL of the sample was placed on a holey carbon copper grid
(200 mesh copper, SPI Supplies, West Chester, PA, USA) and excess of the solution was
taken away with a tissue; this was repeated twice. Treated grids were frozen with liquid
nitrogen (LN2) and dried overnight on a vacuum pump. A Tecnai G2 X-Twin microscope
was used to take images that were taken at the accelerating 200 kV voltage applying LN2
cryotrap for the microscope column.

3.2.10. Freeze-Drying

Samples were freeze-dried on Christ Alpha 1-2 LDplus apparatus equipped with
a double chamber. Solutions of polymers in distilled water were frozen with liquid N,
followed by freeze-drying under 0.013 mbar pressure for 24 h.

3.2.11. Dialysis

Dialysis of folate-conjugated polymers was performed against DMSO or distilled
water using dialysis membrane Spectra/Por® 6 (MWCO 1000, surface width 18 mm) at
25 °C. Dialysis of polymeric micelles was performed against distilled water using dialysis
membrane ZelluTrans/ROTH T1 (MWCO 3500, surface width 46 mm) at 25 °C.

3.3. Synthetic Procedures
3.3.1. General Procedure for RAFT Polymerization of HEA (P-(1-3))

Methyl 2-((ethoxycarbonothioyl)thio)propanoate (CTA) and 2-hydroxyethyl acrylate
(HEA) were dissolved in dry THF under argon. The mixture was immersed in an oil bath
and thermostated at 70 °C while stirring. AIBN as a solution in dry THF was added, and
polymerization proceeded for 2 h at 70 °C until monomer conversion was high (96-98%).
After cooling, the polymer was isolated and purified via precipitation in cold Et;O, collected,
and dried under reduced pressure, affording the product (PHEA, P-(1-3)) as a colorless
sticky resin. The HEA unit numbers and molecular weights (M, nvr) were calculated by
integrating the 'H NMR signals of -CH,CH3 and -CH,CH,OH protons and are given in
Table S1. P-1: 'H NMR (DMSO-ds, 400 MHz): § 4.80-4.70 (m, OH), 4.61 (q, ] = 7.2 Hz,
2H, -CH,CH3), 4.05-3.90 (m, -CH,CH,OH), 3.60-3.50 (m, -CH,CH,OH), 2.45-2.15 (m,
-CH,CHC(0O)-), 1.90-1.40 (m, -CH,CHC(O)-), 1.37-1.31 (m, 3H, -CHCHj3), 1.08-1.03 (m, 3H,
-CH,CHy3). FTIR (neat): 3396 (OH), 2949, 2882, 1724 (C=0), 1448, 1394, 1331, 1238, 1159,
1073, 1022, 889, 842, 757 cm™ 1.
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3.3.2. General Procedure for RAFT Polymerization of PHEA with NIPAAm (PT-(1-3))

Polymer PHEA and N-isopropylacrylamide were dissolved in anhydrous THF under
argon. The mixture was immersed in an oil bath and thermostated at 70 °C while stir-
ring. AIBN as a solution in anhydrous THF was added, and polymerization proceeded
for 5 h at 70 °C. After cooling, the polymer was isolated and purified via double precip-
itation in cold Et,O, collected, and dried under reduced pressure, affording the product
as (PHEA-b-PNIPAAm, PT-(1-3)) a white powder. PT-1: '"H NMR (DMSO-d, 400 MHz):
8 6.90-7.60 (m, -NH-), 4.85-4.70 (m, OH), 4.10-3.95 (m, -OCH,CH,0H), 3.95-3.70 (m, -
CH(CH3),), 3.60-3.50 (m, -OCH,CH,0H), 2.40-2.15 (m, -CH,CHC(O)O-), 2.15-1.15 (m,
-CH,CHC(O)O-, -CH,CHC(O)NH-), 1.15-0.85 (m, CH(CH3),). FTIR (neat): 3282 (OH),
3075, 2970, 2933, 2875, 1732 (C=0), 1641, 1536, 1457, 1386, 1366, 1329, 1244, 1169, 1130,
1079 em ™.

3.3.3. General Procedure for Conjugation of PHEA-b-PNIPAAm with Folic Acid (PTF-(1-3))

Polymer PHEA-b-PNIPAAm was freeze-dried right before the reaction. Folic acid
was dissolved in anhydrous DMSO under argon for several hours. The folic acid solution
was added to the polymer, DCC, and DMAP, and the reaction proceeded for 48 h at room
temperature under argon. Then, the reaction mixture was filtered through a cotton pad
and dialyzed against DMSO for 48 h and subsequently against water for 96 h. The aqueous
solution of the polymer was freeze-dried, affording the product (PTF-(1-3)) as a yellow light
solid. PTF-1: 'H NMR (DMSO-dg, 400 MHz) characteristic signals: 6 8.68-8.58 (m, Ar-H,
FA), 7.68-7.58 (m, 2 x -Ar-H, FA), 7.55-6.75 (m, -NHCH(CH3)5), 6.68-6.56 (m, 2 x -Ar-H, FA),
4.85-4.65 (m, OH), 4.52-4.43 (-CH,NH-, FA), 4.10-3.95 (m, -OCH,CH,OH, -OCH,CH,OFA),
3.95-3.70 (m, -CH(CH3)»), 3.60-3.50 (m, -OCH,CH,OH), 2.40-2.15 (m, -CH,CHC(O)O-),
2.15-1.15 (m, -CH,CHC(O)O-, -CH,CHC(O)NH-), 1.15-0.90 (m, CH(CH3),). FTIR (neat):
3291 (OH), 2971, 2933, 2874, 1732 (C=0), 1644, 1541, 1458, 1387, 1367, 1263, 1171, 1130,
1080 cm .

3.3.4. Polymeric Micelles Formation

15 mg of the polymer were dissolved in 1.5 mL of DMF and added dropwise to 15 mL
of distilled water with constant stirring. Next, the sample was dialyzed against 1 L of
distilled water for 24 h, changing the water in which the membrane was immersed twice
(after 1 h and 3 h). Finally, the polymeric micelles solution (content of the membrane) was
freeze-dried and stored in the dark.

3.3.5. Drug Encapsulation

Drug-encapsulated polymer particles were formed as follows: 15 mg of the polymer
was dissolved in 1.5 mL solution of 5-FU in DMF (c = 2 mg-mL~") and added dropwise
to 15 mL of distilled water with constant stirring. Next, it was dialyzed against 1 L of
distilled water for 24 h, changing the water twice (after 1 h and 3 h). The membrane content
(polymeric particles with encapsulated drug) was freeze-dried and further analyzed.

The encapsulation efficiency was measured indirectly by measuring the content of
the non-encapsulated drug for each sample as follows: aliquots outside the membrane
(30 mL) from each 1 L of water used in dialysis were taken, combined (90 mL in total),
and freeze-dried. Next, samples were dissolved in 3 mL of deionized water, filtered using
0.45 um PTEFE filters, and analyzed using high-performance liquid chromatography (HPLC).
First, a calibration curve of 5-FU (1.0-0.01 mg-mL~!) aqueous solutions was made using
HPLC with a UV detector. A ThermoScientific Hypersilil GOLD 25005-254630 RP column
(4.6 x 250 mm, 5 pm) was used for separation, maintaining the column temperature at
20 °C. The standards and samples were analyzed using a mobile phase of water and
methanol (90:10, v/v) at a flow rate of 1.0 mg~mL_1. The volume of injection was 20 uL. The
peak of 5-FU was detected at the wavelength of 265 nm.
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Drug loading efficiency (LE) and drug loading content (LC) were calculated as follows:

mass of 5FU in carriers

JE=
mass of 5FU feed

~ mass of 5FU in carriers
" mass of 5FU loaded carriers

3.3.6. Drug Release

5 mg of polymeric micelles with the encapsulated drug were dissolved in 5 mL of PBS
and dialyzed against 100 mL of PBS thermostated at 37 °C while stirring. Aliquots (10 mL)
were taken from outside the membrane after 15 min, 30 min, 45 min, 60 min, 90 min, 2 h, 4 h,
6 h, 8 h, and 24 h while adding PBS each time to maintain the total PBS volume of 100 mL.
Aliquots were freeze-dried, dissolved in 1 mL of deionized water, and further analyzed
using HPLC. First, a calibration curve of 5-FU solutions in PBS (0.1-0.001 mg~mL‘1) was
made using HPLC with a UV detector. The same conditions and RP column were used
for drug release analysis, as for drug encapsulation. As a result, the drug content in the
samples oscillated at around zero. For this reason, only the highest value for all samples
after 24 h, calculated without the effect of dilution, is given in Table 4. Drug release from
selected samples (PT-3 and PTF-1) was also performed in distilled water using an analogous
procedure to investigate the effect of the medium on 5-fluorouracil released from micelles.

3.4. Biological Studies
3.4.1. Hemolysis Assay

The hemolytic activity was tested using human red blood cells (RBCs) suspended
in phosphate-buffered saline (PBS) (hematocrit ~5%) with a high applied concentration
of empty or 5-FU-entrapped polymeric agents —0.5 mg-mL~!. Briefly, the RBCs were
incubated with tested agents for 1 hat 37 °C. After the incubation, samples were centrifuged,
and absorbance was measured at 540 nm. Hemolysis was calculated according to the
following equation: Hemolysis (%) = [(As — An)/(Ap — An) x 100)], where Ap, As, and
An are the absorbance of the positive control, test sample, and negative control, respectively.
The positive control was the RBCs lysed with 1% Triton X-100, and the negative control
was the human red blood cell suspension treated with PBS.

3.4.2. Cell Culture

Human colorectal adenocarcinoma cell lines (DLD-1, CaCo-2, and HT-29), human
colorectal fibroblasts (CCD-112CoN), skin fibroblasts (CRL-1475), human monocytic cell line
(THP-1), and rat embryonic cardiomyocytes (H9c2(2-1)) were obtained from the American
Type Culture Collection (ATCC). The DLD-1, CaCo-2, CCD-112 CoN, and CRL-1475 cells
were grown in RPMI 1640 medium, line HT-29 in McCoy’s 5a medium supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin, at 37 °C and 5%
CO,. The THP-1 cells were grown in RPMI 1640 medium supplemented with 10% heat-
inactivated FBS. The 1% penicillin/streptomycin and 2-mercaptoethanol were added at
37 °C in a 5% CO, atmosphere, so the final concentration was 0.05 mM. The H9¢2(2-1)
cells were grown in Dulbecco’s modified Eagle’s Medium supplemented with 10% FBS. 1%
penicillin/streptomycin was added, and cells were cultured at 37 °C in 5% CO;-air.

3.4.3. Cytotoxicity Assay

In vitro cytotoxicity was evaluated by performing neutral red assay of the represen-
tatives of the healthy host (cardiomyocyte, skin fibroblast, and colon fibroblast cells) and
colorectal cancer cells. In brief, polymeric carriers in free form or encapsulated with 5-FU
form at concentrations of 0.1 and 0.5 mg-mL~! were added to treated cells and incubated
for 24 h. Simultaneously, the cells were treated with 5-FU applied at concentrations of
5 and 25 ug-mL~'. After exposure, the percentage of viable cells was measured using
spectrophotometric methods. For this purpose,10 pL of 0.33% neutral red solution was
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added to each well and incubated. Following this, neutral red was removed after 2-3 h,
and then to the cells, neutral red assay fixative (100 pL) was thoroughly added. As a final
step, the fixative solution was removed, and the incorporated dye was then solubilized
in an adequate volume of solubilization solution (100 pL). After that, the absorbance was
measured at 540 nm, and the results were normalized to the control.

In another set of experiments the proliferation and metabolic activity of representatives
of CRC cells-DLD-1 and HT-29 cells were determined using resazurin-based assay. For this
purpose, the cells were treated with the tested polymeric carriers, 5-FU-loaded polymeric
carriers, and free 5-FU, and applied at concentrations of 5 and 25 ug-mL~!. After 24 h of
exposure, 10 uL of resazurin reagent was added to each well. Then, the cells were incubated
for 2 hin the dark at 37 °C in a 5% CO, atmosphere. Absorbance was recorded at 570 nm
using a microplate reader. The results were normalized to the control.

During the next series of experiments, the viability and metabolic activity of THP-1
monocytic cells were evaluated after treatment with the tested polymeric micelles applied
as free or encapsulated with 5-FU form using the MTS assay. After 24 h of exposure, 20 uL
of MTS reagent was added to each well. Then, the cells were incubated for 2 h in the dark
at 37 °Cin a 5% CO, atmosphere. Absorbance was measured at 490 nm using a microplate
reader. The results were normalized to the control.

3.4.4. Mode of Action-Apoptosis and Necrosis Detection

To examine the ability of the synthesized carriers to induce apoptosis and necrosis,
multiplex assay including bioluminescent annexin v assay and fluorometric assay-necrosis
assay were performed. In brief, polymeric carriers in free form or encapsulated with 5-FU
form at concentrations of 0.5 mg-mL~! were added to treated cells and incubated for
24 h. Simultaneously, the cells were treated with 5-FU applied at concentrations 4 x 5
and 4 x 25 ugme"l. Then, an equal volume (100 nL) of 2 x Detection Reagent was added.
After 24 h of exposure, luminescence and fluorescence ex 485 nm em 530 nm signal were
collected. The results were normalized to the untreated control.

4. Statistical Analysis

Statistical analyses were performed using Statistica 13.3 software (StatSoft Inc., Tulsa,
OK, USA). Three replicates were measured per time point in each cell experiment. The
results were normalized to the control and reported as mean = standard deviation. For
statistical calculations, a one-way analysis of variance (ANOVA) with Dunnett’s correction
was used. Statistical significance was accepted at p < 0.05.

5. Conclusions

Current cancer treatment regimens help to increase survival rates and prognosis, which
undoubtedly results in a pharmacoeconomic aspect as a reduction in costs is associated
with the treatment process. Despite this, the challenge of fighting against cancer is not over,
especially in the case of CRC, considered one of the most aggressive types of cancer.

Created carriers loaded with 5-FU showed significantly lower cytotoxicity against
representative host cells and a notable reduction in the viability of CRC cells, including
those with a resistance phenotype. Using multiplex-based assay, the ability of synthesized
carriers to induce apoptosis and necrosis in treated CRC cells has been confirmed.

The presented polymeric nanosystem may function as a mitigator of 5-FU-induced
cytotoxicity against normal cells and a potent drug delivery system against cancer cells.
Additionally, it could simplify the therapeutic approaches and overcome the problems of
the current 5-FU delivery strategies.

Finally, it could be concluded that the obtained results have underlined the potential
of using folate-conjugated polymeric carriers, which could play an essential role in the
treatment of colorectal cancer.
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wchodzacej w sklad rozprawy doktorskiej Pani mgr Sylwii Milewskiej polegal na
wspoltudziale w tworzeniu koncepcji pracy, nadzorze merytorycznym nad publikacjg oraz
udziale w przygotowaniu finalnej wersji manuskryptu.

2. Milewska Sylwia, Siemiaszko Gabriela, Wilczewska Agnieszka Zofia, Misztalewska-
Turkowicz Iwona, Markiewicz Karolina Halina, Szymczuk Dawid, Sawicka Diana,
Car Halina, Lazny Ryszard, Niemirowicz-Laskowska Katarzyna: Folic-acid-
conjugated thermoresponsive polymeric particles for targeted delivery of 3-
Sfuorouracil to CRC cells. International Journal of Molecular Sciences, 2023: 24(2),
1364, 5. 1-25, DOI: 10.3390/ijms24021364, IF: 6.208, MNiSW: 140.0.

wchodzacej w sklad rozprawy doktorskiej Pani mgr Sylwii Milewskiej polegal na nadzorze
merytorycznym oraz przygotowaniu finalnej wersji manuskryptu.

Jednoczesnie wyrazam zgode na przedlozenie wyzej wymienionych prac przez Panig mgr
Sylwie Milewska jako czesé rozprawy doktorskiej w formie spéjnego tematycznie cyklu prac
opublikowanych w czasopismach naukowych.

Podpis (czytelny)
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Biatystok, 24.05.2023 r.
Katarzyna Niemirowicz-Laskowska

Imiona i nazwisko wspélautora

Zaktad Farmakologii Doswiadczalnej
Wydzial Nauk o Zdrowiu

Uniwersytet Medyczny w Biatymstoku
Miejsce pracy/afiliacja

Oswiadczenie wspélautora
Oswiadczam, iz méj udziat w przygotowaniu publikacji:

1. Sylwia Milewska, Katarzyna Niemirowicz-Laskowska, Gabriela Siemiaszko, Piotr
Nowicki, Agnieszka Z Wilczewska, Halina Car: Current Trends and Challenges in
Pharmacoeconomic Aspects of Nanocarriers as Drug Delivery Systems for Cancer
Treatment. International Journal of Nanomedicine, 2021: 16, s. 6593-6644, DOI:
10.2147/IJN.S323831, IF: 7.033, MNiSW: 140.0.

wchodzacej w skfad rozprawy doktorskiej Pani mgr Sylwii Milewskiej polegal na
wspétudziale w tworzeniu koncepcji pracy, nadzorze merytorycznym nad publikacjg oraz
udziale w przygotowaniu finalnej wersji manuskryptu

2. Milewska Sylwia, Siemiaszko Gabriela, Wilczewska Agnieszka Zofia, Misztalewska-
Turkowicz Iwona, Markiewicz Karolina Halina, Szymczuk Dawid, Sawicka Diana,
Car Halina, Lazny Ryszard, Niemirowicz-Laskowska Katarzyna: Folic-acid-
conjugated thermoresponsive polymeric particles for targeted delivery of 5-
Sfluorouracil to CRC cells. International Journal of Molecular Sciences, 2023: 24(2),
1364, s. 1-25, DOI: 10.3390/ijms24021364, IF: 6.208, MNiSW: 140.0.

wchodzacej w skitad rozprawy doktorskiej Pani mgr Sylwii Milewskiej polegal na
wspbltworzeniu koncepcji pracy, nadzorze merytorycznym dotyczacym czesci biologicznej
publikacji oraz udziale w edycji i przygotowaniu finalnej wersji manuskryptu.

Jednocze$nie wyrazam zgode na przedlozenie wyzej wymienionych prac przez Panig mgr
Sylwig Milewska jako czgé¢ rozprawy doktorskiej w formie spdjnego tematycznie cyklu prac
opublikowanych w czasopismach naukowych.

Podpis (czytelny)
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Biatystok, 24.05.2023 r.
Diana Sawicka
Imiona i nazwisko wspélautora

Zaktad Farmakologii Doswiadczalnej
Wydziat Nauk o Zdrowiu

Uniwersytet Medyczny w Biatymstoku
Miejsce pracy/afiliacja

Oswiadczenie wspélautora

Oséwiadczam, iz m6j udzial w przygotowaniu publikacji:

1. Milewska Sylwia, Siemiaszko Gabriela, Wilczewska Agnieszka Zofia, Misztalewska-
Turkowicz Iwona, Markiewicz Karolina Halina, Szymczuk Dawid, Sawicka Diana, Car
Halina, Lazny Ryszard, Niemirowicz-Laskowska Katarzyna: Folic-acid-conjugated
thermoresponsive polymeric particles for targeted delivery of 5-fluorouracil to CRC
cells. International Journal of Molecular Sciences, 2023: 24(2), 1364, s. 1-25, DOI:
10.3390/ijms24021364, IF: 6.208, MNiSW: 140.0.

wehodzacej w skiad rozprawy doktorskiej Pani mgr Sylwii Milewskiej polegat na wspotudziale
w wykonaniu analizy statystycznej otrzymanych wynikéw badan.

Jednoczesnie wyrazam zgode na przediozenie wyzej wymienionych prac przez Panig mgr
Sylwie Milewska jako czgé¢ rozprawy doktorskiej w formie sp6jnego tematycznie cyklu prac

opublikowanych w czasopismach naukowych.
K. Sx«m&a/

Podpis (czytelny)
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Biatystok, 24.05.2023 r.
Piotr Nowicki
Imiona i nazwisko wspolautora

Zaktad Farmakologii Do$wiadczalne;j
Wydziat Nauk o Zdrowiu

Uniwersytet Medyczny w Biatymstoku
Miejsce pracy/afiliacja

Os$wiadczenie wspoélautora
Oswiadczam, iz moj udziat w przygotowaniu publikacji:

1. Sylwia Milewska, Katarzyna Niemirowicz-Laskowska, Gabriela Siemiaszko, Piotr
Nowicki, Agnieszka Z Wilczewska, Halina Car: Current Trends and Challenges in
Pharmacoeconomic Aspects of Nanocarriers as Drug Delivery Systems for Cancer
Treatment. International Journal of Nanomedicine, 2021: 16, s. 6593-6644, DOI:
10.2147/1JN.§323831, IF: 7.033, MNiSW: 140.0.

wchodzacej w sktad rozprawy doktorskiej Pani mgr Sylwii Milewskiej polegat na konsultacji
merytorycznej dotyczacej badan klinicznych oraz udziale w przygotowaniu finalnej wersji

manuskryptu.

Jednoczes$nie wyrazam zgod¢ na przedlozenie wyzej wymienionej pracy przez Panig mgr
Sylwi¢ Milewska jako cz¢$¢ rozprawy doktorskiej w formie spojnego tematycznie cyklu prac
opublikowanych w czasopismach naukowych.

oty Mol

Podpis (czytelny)
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Bialystok, 24.05.2023 r.
Agnieszka Zofia Wilczewska
Imiona i nazwisko wspélautora

Zaktad Polimeréw i Syntezy Organicznej
Wydzial Chemii

Uniwersytet w Bialymstoku

Miejsce pracy/afiliacja

O$wiadczenie wspolautora
Oswiadczam, iz moj udzial w przygotowaniu publikacji:

1. Sylwia Milewska, Katarzyna Niemirowicz-Laskowska, Gabriela Siemiaszko, Piotr
Nowicki, Agnieszka 7 Wilczewska, Halina Car: Current Trends and Challenges in
Pharmacoeconomic Aspects of Nanocarriers as Drug Delivery Systems for Cancer
Treatment. International Journal of Nanomedicine, 2021: 16, s. 6593-6644. DOI:
10.2147/IJN.S323831, IF: 7.033, MNiSW: 140.0.

wchodzacej w sklad rozprawy doktorskiej Pani mgr Sylwii Milewskiej polegat na wspétudziale

w tworzeniu koncepcji pracy, nadzorze merytorycznym nad publikacja oraz udziale

w przygotowaniu finalnej wersji manuskryptu w tym na wspofudziale w wykonaniu rycin.
2. Milewska Syhwia, Siemiaszko Gabriela, Wilczewska Agnieszka Zofia, Misztalewska-
Turkowicz Iwona, Markiewicz Karolina Halina, Szymezuk Dawid, Sawicka Diana, Car
Halina, Lazny Ryszard, Niemirowicz-Laskowska Katarzyna: Folic-acid-conjugated
thermoresponsive polymeric particles for targeted delivery of 5-fluorouracil to CRC
cells. International Journal of Molecular Sciences, 2023: 24(2), 1364, s. 1-25, DOI:
10.3390/ijms24021364, IF: 6.208, MNiSW: 140.0.

wchodzacej w sklad rozprawy doktorskiej Pani mgr Sylwii Milewskiej polegal na
wspottworzeniu koncepcji pracy. nadzorze merytorycznym dotyczacym czgsci chemicznej
publikacji, udziale w edycji i przygotowaniu finalnej wersji manuskryptu.

Jednocze$nie wyrazam zgode na przedtozenie wyzej wymienionych prac przez Pania mgr
Sylwi¢ Milewska jako czgs$¢ rozprawy doktorskiej w formie spojnego tematycznie cyklu prac
opublikowanych w czasopismach naukowych.

%wﬂléﬂ/‘g‘d(é"

Podpis (czytelny)
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Bialystok, 24.05.2023 r.
Ryszard Lazny
Imiona i nazwisko wspélautora

Zaklad Polimeréw i Syntezy Organicznej
Wydziat Chemii

Uniwersytet w Biatymstoku

Miejsce pracy/afiliacja

Oswiadczenie wspélautora
Os$wiadczam, iz m6j udziat w przygotowaniu publikacji:

1. Milewska Sylwia, Siemiaszko Gabriela, Wilczewska Agnieszka Zofia, Misztalewska-
Turkowicz Iwona, Markiewicz Karolina Halina, Szymczuk Dawid, Sawicka Diana,
Car Halina, Lazny Ryszard, Niemirowicz-Laskowska Katarzyna: Folic-acid-
conjugated thermoresponsive polymeric particles for targeted delivery of 5-
Sfuorouracil to CRC cells. International Journal of Molecular Sciences, 2023: 24(2),
1364, 5. 1-25, DOI: 10.3390/ijms24021364, IF: 6.208, MNiSW: 140.0.

wehodzgcej w sktad rozprawy doktorskiej Pani mgr Sylwii Milewskiej polegat na udziale w
walidacji uzyskanych wynikow oraz wspétudziale w edycji ostatecznej wersji manuskryptu.

Jednoczesnie wyrazam zgodg na przedtozenie wyzej wymienionej pracy przez Panig mgr
Sylwi¢ Milewska jako czg$¢ rozprawy doktorskiej w formie spéjnego tematycznie cyklu prac
opublikowanych w czasopismach naukowych.
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Bialystok, 24.05.2023 r.
Gabriela Siemiaszko

Imiona i nazwisko wspoélautora

Zak}ad Chemii Organicznej

Wydzial Farmaceutyczny z Oddzialem
Medycyny Laboratoryjnej

Uniwersytet Medyczny w Biatymstoku
Miejsce pracy/afiliacja

OS$wiadczenie wspolautora
O$wiadczam, iz moj udzial w przygotowaniu publikacji:

1. Sylwia Milewska, Katarzyna Niemirowicz-Laskowska, Gabriela Siemiaszko, Piotr
Nowicki, Agnieszka Z Wilczewska, Halina Car: Current Trends and Challenges in
Pharmacoeconomic Aspects of Nanocarriers as Drug Delivery Systems for'Cancer
Treatment. International Journal of Nanomedicine, 2021: 16, s. 6593-6644, DOI:
10.2147/IJN.S323831, IF: 7.033, MNiSW: 140.0.

wchodzgcej w sklad rozprawy doktorskiej Pani mgr Sylwii Milewskiej polegal na
wspotudziale w tworzeniu koncepcji pracy oraz wspéludziale w opracowaniu czesci
dotyczacych chemicznych aspektow nosnikow lekow.

2. Milewska Sylwia, Siemiaszko Gabriela, Wilczewska Agnieszka Zofia, Misztalewska-
Turkowicz Iwona, Markiewicz Karolina Halina, Szymczuk Dawid, Sawicka Diana,
Car Halina, Lazny Ryszard, Niemirowicz-Laskowska Katarzyna: Folic-acid-
conjugated thermoresponsive polymeric particles for targeted delivery of 5-
Sluorouracil to CRC cells. International Journal of Molecular Sciences, 2023: 24(2),
1364, 5. 1-25, DOI: 10.3390/ijms24021364, IF: 6.208, MNiSW: 140.0.

wchodzgcej w sktad rozprawy doktorskiej Pani mgr Sylwii Milewskiej polegal na wykonaniu
badan z zakresu syntezy i analizy fizykochemicznej no$nikéw lekéw, udziahn w
przygotowaniu i-edycji finalnej wersji manuskryptu

Jednocze$nie wyrazam zgode na przediozenie wyzej wymienionych prac przez Panig mgr
Sylwig Milewska jako czgé¢ rozprawy doktorskiej w formie spojnego tematycznie cyklu prac
opublikowanych w czasopismach naukowych.

kja)cmdc\. DewnaATlass

Podpis (czytelny)
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Biatystok, 24.05.2023 r.
Karolina Halina Markiewicz

Imiona i nazwisko wspélautora

Zaklad Polimeréw i Syntezy Organicznej
Wydziat Chemii

Uniwersytet w Bialymstoku

Miejsce pracy/afiliacja

Oswiadczenie wspoélautora
Oséwiadczam, iz moj udzial w przygotowaniu publikacji:

1. Milewska Sylwia, Siemiaszko Gabriela, Wilczewska Agnieszka Zofia, Misztalewska-
Turkowicz Iwona, Markiewicz Karolina Halina, Szymczuk Dawid, Sawicka Diana, Car
Halina, Lazny Ryszard, Niemirowicz-Laskowska Katarzyna: Folic-acid-conjugated
thermoresponsive polymeric particles for targeted delivery of 5-fluorouracil to CRC
cells. International Journal of Molecular Sciences, 2023: 24(2), 1364, s. 1-25, DOI:
10.3390/ijms24021364, IF: 6.208, MNiSW: 140.0.

wehodzacej w sktad rozprawy doktorskiej Pani mgr Sylwii Milewskiej polegat na wspotudziale
w wykonaniu oraz opisaniu badan fizykochemicznych (TGA, DSC) w manuskrypcie oraz
edycji finalnej wersji manuskryptu.

Jednoczesnie wyrazam zgode na przediozenie wyzej wymienionych prac przez Panig mgr
Sylwie Milewska jako czes¢ rozprawy doktorskiej w formie spéjnego tematycznie cyklu prac
opublikowanych w czasopismach naukowych.

Podpis (czytelny)
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Biatystok, 24.05.2023 r.
Iwona Misztalewska-Turkowicz
Imiona i nazwisko wspélautora

Zaklad Polimerdéw i Syntezy Organicznej
Wydziat Chemii

Uniwersytet w Bialymstoku

Miejsce pracy/afiliacja

Oswiadczenie wspolautora
O$wiadczam, iz m6j udziat w przygotowaniu publikacji:

1. Milewska Sylwia, Siemiaszko Gabriela, Wilczewska Agnieszka Zofia, Misztalewska-
Turkowicz Iwona, Markiewicz Karolina Halina, Szymezuk Dawid, Sawicka Diana, Car
Halina, Lazny Ryszard, Niemirowicz-Laskowska Katarzyna: Folic-acid-conjugated
thermoresponsive polymeric particles for targeted delivery of 5-fluorouracil to CRC
cells. International Journal of Molecular Sciences, 2023: 24(2), 1364, s. 1-25, DOI:
10.3390/ijms24021364, IF: 6.208, MNiSW: 140.0.

wehodzacej w sklad rozprawy doktorskiej Pani mgr Sylwii Milewskiej polegat na wspotudziale
w tworzeniu koncepcji pracy, nadzorze merytorycznym oraz udziale w badaniach
fizykochemicznych.

Jednoczeénie wyrazam zgodg na przedlozenie wyzej wymienionych prac przez Panig mgr
Sylwie Milewska jako czg$¢ rozprawy doktorskiej w formie spdjnego tematycznie cyklu prac
opublikowanych w czasopismach naukowych.

de Jm Shnfeleatn Do
Podpis (czytelny)

123




Biatystok, 24.05.2023 .
Dawid Szymczuk
Imiona i nazwisko wspo6lautora

Zaklad Polimerow i Syntezy Organicznej
Wydzial Chemii

Uniwersytet w Biatymstoku

Miejsce pracy/afiliacja

Os$wiadczenie wspélautora
Oéwiadczam, iz moj udzial w przygotowaniu publikacji:

1. Milewska Sylwia, Siemiaszko Gabriela, Wilczewska Agnieszka Zofia, Misztalewska-
Turkowicz Iwona, Markiewicz Karolina Halina, Szvmezuk Dawid, Sawicka Diana, Car
Halina, Lazny Ryszard, Niemirowicz-Laskowska Katarzyna: Folic-acid-conjugated
thermoresponsive polymeric particles for targeted delivery of 5-fluorouracil to CRC
cells. International Journal of Molecular Sciences, 2023: 24(2), 1364, s. 1-25, DOI:
10.3390/ijms24021364. IF: 6.208, MNiSW: 140.0.

wehodzacej w sklad rozprawy doktorskiej Pani mgr Sylwii Milewskiej polegal na wspotudziale
w wykonaniu analiz fizykochemicznych DLS.

Jednoczesnie wyrazam zgode na przedlozenie wyzej wymienionej pracy przez Panig mgr
Sylwie Milewska jako czgs¢ rozprawy doktorskiej w formie spdjnego tematycznie cyklu prac
opublikowanych w czasopismach naukowych.

Coad 3 7?!4?%’1
Podpis (czytelny)
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Rozdzial 13. Dorobek naukowy

13.1. Wykaz publikacji stanowiacych rozprawe doktorska

Publikacja |

Milewska Sylwia, Niemirowicz-Laskowska Katarzyna, Siemiaszko Gabriela, Nowicki Piotr,
Wilczewska Agnieszka Zofia, Car Halina: Current Trends and Challenges in
Pharmacoeconomic Aspects of Nanocarriers as Drug Delivery Systems for Cancer Treatment.
International Journal of Nanomedicine, 2021: 16, s. 6593-6644, DOI: 10.2147/1JN.S323831,
IF: 7.033, MNiSW/MEIN: 140.00. Cytowania: 10/12 (Web of Science/Scopus).

Publikacja Il

Milewska Sylwia, Siemiaszko Gabriela, Wilczewska Agnieszka Zofia, Misztalewska-
Turkowicz Iwona, Markiewicz Karolina Halina, Szymczuk Dawid, Sawicka Diana, Car
Halina, Lazny Ryszard, Niemirowicz-Laskowska Katarzyna: Folic-acid-conjugated
thermoresponsive polymeric particles for targeted delivery of 5-fluorouracil to CRC cells.
International Journal of Molecular Sciences, 2023: 24(2), 1364, s. 1-25, DOL:
10.3390/ijms24021364, IF: 6.208, MNiSW/MEIN: 140.00.

Sumaryczny Impact Factor (IF) dla cyklu publikacji: 13.241

Laczna liczba punktow wedtug listy czasopism punktowanych Ministerstwa Edukacji i Nauki
(MEiN): 280 punktow.

h-index: 3

13.2. Wykaz innych publikacji naukowych

1. Milewska Sylwia, Nowicki Piotr, Car Halina, Niemirowicz-Laskowska Katarzyna:
Zastosowanie nanonos$nikow S-fluorouracylu w terapii raka jelita grubego. W:
Badania i osiggnigcia z zakresu nauk przyrodniczych, pod. red. Maciag M., Maciag
K., Lublin 2021, s. 53-67, p-ISBN: 978-83-66489-69-1, IF: 0, punktacja
MNiSW/MEIN: 20.00.

2. Markiewicz Karolina Halina, Niemirowicz-Laskowska Katarzyna, Szymczuk Dawid,
Makarewicz Kacper, Misztalewska-Turkowicz Iwona, Wielgat Przemystaw, Majcher-
Fitas Anna Matgorzata, Milewska Sylwia, Car Halina, Wilczewska Agnieszka Zofia:

Magnetic Particles with Polymeric Shells Bearing Cholesterol Moieties Sensitize
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Breast Cancer Cells to Low Doses of Doxorubicin, International Journal of Molecular
Sciences, DOI: 10.3390/ijms22094898, IF: 6.208, punktacja MNiSW/MEIN: 140.00.

3. Siemiaszko Gabriela, Niemirowicz-Laskowska Katarzyna, Markiewicz Karolina
Halina, Misztalewska-Turkowicz Iwona, Dudz Ewelina, Milewska Sylwia, Misiak
Pawel, Kurowska lzabela, Sadowska Anna, Car Halina, Wilczewska Agnieszka Zofia:
Synergistic effect of folate-conjugated thermosensitive polymers and 5-fluorouracil in
the treatment of colon cancer, Journal of Nanobiotechnology, DOI: 10.1186/512645-
021-00104-9, IF: 7.917, punktacja MNiSW/MEIN: 100.00.

4. Car Halina, Milewska Sylwia, Niemirowicz-Laskowska Katarzyna: Politerapia i
geriatryczny zespot jatrogenny W: Wielkie zespoly geriatryczne. Red. nauk. Mateusz
Cybulski, Elzbieta Krajewska-Kutak., Wroctaw: Edra Urban & Partner, 2021, s. 4964,
p-ISBN: 978-83-66548-75-6, IF: 0, punktacja MNiSW/MEIN: 20.00.

Sumaryczny Impact Factor (IF) dla powyzszych publikacji: 14.125

Laczna liczba punktow wedtug listy czasopism punktowanych Ministerstwa Edukacji i Nauki
(MEiN): 280 punktow.

h-index: 3

13.3. Wykaz doniesien zjazdowych

1. Milewska Sylwia, Niemirowicz-Laskowska Katarzyna, Nowicki Piotr, Siemiaszko
Gabriela, Misztalewska-Turkowicz Iwona, Wilczewska Agnieszka Zofia, Car Halina:
Leczenie raka jelita grubego oparte na nanotechnologii — kosztochtonne czy
kosztoefektywne? W: X Jubileuszowa Ogoélnopolska Konferencja Naukowo-
Szkoleniowa™" Farmakoekonomika szansg na zbilansowanie wydatkow systemu opieki

zdrowotnej w Polsce", Poznan, 17-18.11.2022. Konferencja w formie online.

2. Niemirowicz-Laskowska Katarzyna, Milewska Sylwia, Siemiaszko Gabriela,
Misztalewska-Turkowicz Iwona, Sadowska Anna, Car Halina, Wilczewska Agnieszka
Zofia: Zastosowanie polimeréow skoniugowanych z kwasem foliowym w terapii
nowotworow jelita grubego. W: VII Konferencja Zwiagzki Biologicznie Czynne -

Aktywno$¢, Struktura, Synteza, Wydziat Chemii Uniwersytetu w Bialymstoku,
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Biatostocki Oddziat Polskiego Towarzystwa Chemicznego, Biatystok, 24-25 czerwca
2022.

Milewska Sylwia, Siemiaszko Gabriela, Sadowska Anna, Sawicka Diana, Nowicki
Piotr, Misztalewska-Turkowicz Iwona, Wilczewska Agnieszka Zofia, Car Halina,
Niemirowicz-Laskowska Katarzyna: The useof folic acid in the targeted treatment of
colorectal cancer. W: National Scientific Conference "e-Factory of Science" - VII
edition, 09.04.2022 r. Online Conference.

Szymczuk Dawid, Markiewicz Karolina Halina, Niemirowicz-Laskowska Katarzyna,
Misztalewska-Turkowicz Iwona, Wielgat Przemystaw, Milewska Sylwia, Car Halina,
Wilczewska Agnieszka Zofia: Biological application of magnetic particles with
polymeric shells containing cholesterol moieties. W: The Silesian Meetings on
Polymer Materials POLYMAT 2022 in memory of Prof. Andrzej Dworak. Zabrze,
17th of March, 2022.

Milewska Sylwia, Misiak Pawet, Kurowska Izabela, Rogowski Karol: Cholesterol
end-capped poly(N-isopropylacrylamide)s as a first step of creation of new drug
delivery carriers. W: 15" Bialystok International Medical Congress for Young
Scientists, Biatystok, 21-22 May, 2021.

Milewska Sylwia, Niemirowicz-Laskowska Katarzyna, Nowicki Piotr, Siemiaszko
Gabriela, Misztalewska-Turkowicz lwona, Wilczewska Agnieszka Zofia, Car Halina:
Farmakoekonomiczne aspekty nanotechnologii. W: IX Ogolnopolska Konferencja
Naukowo-Szkoleniowa "Farmakoekonomika szansg na zbilansowanie wydatkoéw

systemu opieki zdrowotnej w Polsce", on-line, 19 listopada 2021.

Milewska Sylwia, Siemiaszko Gabriela, Sadowska Anna, Misztalewska-Turkowicz
Iwona, Niemirowicz-Laskowska Katarzyna, Car Halina, Wilczewska Agnieszka
Zofia: Zastosowanie nos$nikow polimerowych jako komponentow  terapii
synergistycznej z 5-fluorouracylem w terapii raka jelita grubego - aspekty
doswiadczalne 1 farmakoekonomiczne. W: Ogdlnopolska Konferencja Naukowa
"Kierunek NANO - badania i osiggni¢cia z obszaru nanotechnologii", 27 listopada
2020 .
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13.4. Wykaz innych aktywnosci naukowych
Aktywno$¢ dydaktyczna:
1. Prowadzenie zaj¢¢ dydaktycznych dla studentow ponizszych kierunkow:

- Pielggniarstwo I° — przedmiot Farmakologia w roku akademickim 2019/2020, 2020/2021,
2021/2022, 2022/2023,

- Potoznictwo I° — przedmiot Farmakologia w roku akademickim 2019/2020, 2020/2021,
2021/2022,

- Poloznictwo 1I° — przedmiot Farmakologia i ordynowanie produktéw leczniczych w roku

akademickim 2022/2023,

- Dietetyka I° — przedmiot Farmakologia i farmakoterapia Zywieniowa oraz interakcja lekow z

zywnoscig W roku akademickim 2019/2020, 2020/2021, 2021/2022,

- Ratownictwo medyczne — przedmioty: Farmakologia, Farmakologia i toksykologia kliniczna
w roku akademickim 2021/2022,

- Zdrowie publiczne — przedmiot Farmakoekonomika w roku akademickim 2020/2021,
2021/2022, 2022/2023.
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